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Top left sample — greisen with cassiterite, Hnilec locality; Figs. 7 and 9.

Top right sample — porphyric Bt/Kfs granite with pink feldspars, Delava locality, borehole DP-1, depth 553 m; Fig. 4.
Sample in the middle right — U-bearing SedEx mineralization from the KoSice-KuriSkova locality; Figs. 28 and 30.
Bottom left sample — stockwork with apatite-xenotime mineralization, Cuéma locality; Figs. 19 and 20.

Bottom right sample — skarn from the Dlha dolina locality, borehole VDD-43, depth 266 m; Figs. 16, 17 and 18.
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Genetic model of Permian hydrothermal mineralization
in Gemeric unit (W. Carpathians)
from the deep-seated zone of anatectic melting
to volcanic-exhalative SedEx mineralization on the surface

MARTIN RADVANEC and STANISLAV GONDA
State Geological Institute of Dionyz Stur, Mlynska dolina 1, SK-817 04 Bratislava, Slovakia

Abstract: The hydrothermal mineral assemblages of Permian age were studied in rocks of immediate contact
with Permian granite, as well as of granite exocontact, rocks in the granite wider surrounding, as well as Permian
volcanosedimentary sequences and volcanic breccia in Gemeric unit (Internal Western Carpathians). Presented
evolution of Permian mineralization in closed metamorphic-magmatic-hydrothermal (MMH) cycle is based on
new mineralogical and geochemical studies of various mineralization etalons, distinguished by their genetic
succession and location within the anatectic melting zone in amphibolite facies (amphibolite, granite) through
epidote-amphibolite facies to biotite zone with cassiterite-tourmaline bearing greisen in the Hnilec locality. In the
chlorite-apatite zone there were studied the cassiterite-tourmaline-Fe carbonates-bearing greisen in the Dlha dolina
valley and tourmaline-molybdenite-Fe carbonates-bearing greisen of the Hnilec locality. The apatite-xenotime
bearing mineralization of chlorite-apatite zone occurs in stockwork of the Cu¢ma locality and Sb-rich sulfides-
tourmaline-Fe carbonates in Rozabela vein. The sedimentary exhalative U-rich SedEx mineralization was studied
in localities of Kuriskovéa and Pora¢ in the Permian volcanosedimentary sequences of chlorite-apatite zone. In
the stilpnomelane-chlorite zone, skarns were formed at the boundary of magnesite-dolomite and calcite-ankerite
bodies in locality of Dlh4 dolina. The body of Ca-Mg-Fe carbonates was separately formed by Mg and Fe-rich
fluids that had replaced the former Silurian limestone. In these metasomatites the skarn consists of assemblage of
maghemite-cassiterite-Fe carbonate-FeZnCuBiTeln sulfides. The siderite-sulfides bearing veins having an etalon
of Konstancia and Strieborna veins are distributed in the chlorite zone.

Permian metamorphic-magmatic and hydrothermal cycle in the Gemeric region was a product of the final
(collisional) stage of earlier subduction and related to the volcanic arc magmatism, having two stages: (1) Older
cycle (281-273 Ma) producing porphyric granite (VAG), cassiterite greisen, apatite-xenotime stockworks,
maghemite-cassiterite-ankerite skarn, as well as andesite (K-CAB) and U-rich SedEx mineralization in the North-
Gemeric zone, having source in the upper crust. (2) Younger cycle (263-251 Ma) had the mantle influence and
produced differentiated granite (syn-COLG) with cassiterite-tourmaline-Fe, as well as tourmaline-molybdenite-Fe
carbonates greisens, maghemite-cassiterite-Fe carbonate-FeZnCuBiTeln sulfides bearing skarn and related Mg-Fe
metasomatites, Sb-rich sulfides-tourmaline-Fe carbonates veins, siderite-sulfides veins and rhyolite (K-CAB) with
related U-Mo-Cu-rich SedEx breccia. According to the Re-Os dating of molybdenite and cassiterite there has been
found that mineralization in the Permian cycle formed within an interval of 268—-256 Ma and lasted 12 Ma. The
igneous cycle lasted 30 Ma from 281 to 251 Ma. The primary source for Permian mineralization was represented
by the lydites and stratabound sulfidic mineralization (Silurian and Devonian). Gemeric granites are of S-type and
K, P, Rb, Li, Ta, Nb and mainly Sn, B and Sb-bearing. The study is focussed exclusively on Permian (late Variscan)
metallogeny and does not treat with the younger Alpine period metallogenesis.

Key words: metallogenesis, granite of S-type, Sn greisen, skarn, In-rich sulfides, apatite-xenotime stockwork, Fe
carbonate veins, U-SedEx mineralization, volcanic arc magmatism, Gemeric unit
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* Metamorphic-magmatic and hydrothermal cycle in Permian of
e N the Gemeric region was a product of collisional stage, terminating
the subduction, with exceeded volcanic arc magmatism of two

(syn-COLG) — Cst-Tur-Mo-Sd/Ank-greisens — Mgh-Cst-Sd/
Ank-FeZnCuBiTeln sulf. skarn — Mg and Fe metasomatites —
Sb-sulf.-Tur-Sd/Ank veins — Sd-sulf. veins — rhyolite (K-CAB)

* Primary source of fluids for Permian mineralization are lydites

» Gemeric granites of S-type are K, P, Rb, Li, Ta, Nb and mainly
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Introduction

Presented model of the mineralization origin within the
Gemeric region during the closed Permian metamorphic-
magmatic-hydrothermal (MMH) cycle summarizes new
mineralogical, petrological and geochemical findings,
evaluates and completes the recent knowledge about the
evolution of hydrothermal mineralization in Gemeric
unit and its geotectonic background and time succession
(Radvanec et al., 2010; Radvanec & Grecula, 2016).
This study is focussed exclusively on Permian (late
Variscan) metallogeny and does not treat with the younger
metallogenesis, related to Alpine metamorphic core
complex in Upper Cretaceous (metamorphism M2 and
deformation phase AD2; Németh in Radvanec, Németh &
Bajtos — eds., 2010; Németh et al., 2016 — Fig. 1G ibid).

In the type localities of Hnilec, Delava, Dlha do-
lina, Cuéma, Rozabela-Stofova dolina, Strieborna vein,
Konstancia vein, Pora¢, Krompachy, Kuriskova, the hy-
drothermal mineral assemblages of Permian MMH cycle
were studied in granite, as well as in the rocks at direct
contact with granite, in the granite exocontact, in the wider
mantle of granite, as well as in Permian volcanites and vol-
canic breccias (Fig. 1). In precisely localized samples from
boreholes, workings and outcrops in these type localities,
the crystallization successions of mineral assemblages in
relation on P-T conditions of their origin were revealed.

New findings explain the relation of sedimentary-
exhalative (SedEx) mineralization to further metamorphic-
anatectic-hydrothermal mineralization types, occurring in

S SpiSska Nova Ves|

Meliatic unit
Prehnite facies
Chloritoid facies
Blueschists facies

HP metamorphism

Gemericunitin greisenbodies, skarns, stockworks and veins
(Bartalsky et al., 1973; Grecula et al., 1995). The SedEx
U-Mo-Fe-Cu sulfidic mineralization originated in basins
with evaporites and is genetically interconnected with
andesite-rhyolite volcanisms, or forms matrix in Permian
volcanogene-pneumatolytic and tectonic breccias. First
demonstrations of this SedEx type mineralization occur
in volcano-sedimentary sequences of Lower and Middle
Permian (Cisuralian; the Knola Fm.). The first occurrences
of economically significant mineralization occur in the
Middle and Upper Permian (Novotny & Mihal, 1987;
Vozarova & Vozar, 1988; Grecula et al., 1995; Kohut et
al., 2013).

The etalons of various mineralization types were
selected by succession of their occurrence and location
from the anatectic zone in amphibolite facies (amphibolite,
granite) through the epidote-amphibolite facies or
biotite zone with greisens. In the chlorite-apatite zone in
stockworks, the quartz-apatite-tourmaline mineralization
with REE-P-U-Ti minerals occurs, similarly as greisen
and Fe carbonate veins with Sb sulfides. In stilpnomelane-
chlorite zone the Mg/Fe metasomatites and skarns were
found. In the chlorite zone numerous siderite veins
with sulfides occur. In this succession the Sn-Nb/Ta
mineralization we have newly studied in localities of
Hnilec and DIha dolina. The REE-P-U-Ti mineralization
was studied in localities of Cuéma and Betliar. The Fe-
Sn-In-Bi-Te skarn mineralization was studied in locality
of Dlha dolina and Fe carbonate mineralization with Sb

neric unit
lower

Grefenschist
acies e

Bt-Act zone

Epidote-
amphibolite

Ep-Act zone
facies Ep-Act-Hbl zone
hornblende zone
Amphibolite pargasite zone
facies anatectic melting
[~ | granite S-type

Fig. 1. Metamorphic zonality of Meliatic and Gemeric units from the anatectic zone in amphibolite facies through the epidote-amphi-
bolite facies or biotite zone to greenschists facies and relation of etalon mineralizations to metamorphic facies in the 3D model.
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sulfides in Rozabela vein, as well as the siderite sulfidic
mineralization in Kon$tancia and Strieborna veins. In
Permian volcano-sedimentary sequences, the SedEx
mineralization, forming a matrix in tectonic breccias, was
newly studied in localities of Kuriskova and Porac (Fig. 1).

Methodology

Mineralogical, geochemical and petrological research
was done on etalons of various mineralization genetic
types in known localities of Gemeric unit.

Greisen mineralization was newly studied in locality
of Hnilec — samples from trenches R-HC-2a (48° 49'
34.44"N, 20° 29' 0.17"E) and R-HC-3a (48° 49' 35.23"N,
20° 29' 2.86"E) as well as mining levels 1 and 2: samples
HN-10 (48° 49' 35.79"N, 20° 29' 11.15"E), HN-133 (48°
49' 33.36"N, 20° 28' 15.11"E) and HN-1253/27 (48° 49'
34.77"N, 20° 29' 0.46"E), including the outcrop in the
DIlha dolina valley (48° 46' 7.30"N, 20° 31' 54.56"E).

Apatite-xenotime mineralization was studied in
locality of Cu¢ma (superficial flat-lying outcrop; 48° 43'
0.10"N, 20° 33' 20.87"E and adit), as well as in locality
of Betliar.

Skarn mineralization was studied in locality of
DIlha dolina, applying samples from the borehole V-DD-
43 (266.8 m; 48° 46' 19.16"N, 20° 32' 35.16"E) and the
Elisabeth adit (borehole VSV05-2, 43.0-43.3 m, 48° 46'
19.26"N, 20° 32'43.39"E).

Sb  sulfidic, tourmaline and Fe carbonate
mineralization was studied in the samples from the dumps
of Rozabela vein in the Stofova dolina valley (dumps;
48° 46' 8.21"N, 20° 45' 19.01"E; 48° 46' 4.65"N, 20° 45'
5.90"E; 48° 46' 4.64"N, 20° 45' 3.84"E; 48° 46' 4.61"N,
20°45' 1.83"E; 48° 44' 57.59"N, 20° 49' 37.99"E).

Siderite-sulfidic mineralization was studied in veins
of Konstancia vein (Jedl'ovec locality; dumps located in
the distance 150.6 m in profile PF 53 of earlier project
SGR — Geophysics (Grecula & Kuchari¢, 1985; 48° 44"
57.59"N, 20° 49' 37.99"E), as well as the 6th deep level of
the Strieborna vein at the Roznava town.

U-rich SedEx mineralization in Permian volcano-
sedimentary rocks in the Kuriskova locality (borehole LE-
K-29, 150.0 m; 48° 46' 4.90"N, 21° 9' 1.41"E), as well
as Porac locality (48° 53' 4.70"N, 20° 42' 0.90"E), where
SedEx occurs in the matrix of the tectonic breccia.

In locality of Smolnik (near the former Pech shaft; 48°
4' 23.62"N, 20° 45 '57.57"E) the representative samples
of stratabound sulfidic mineralization of Devonian age
were taken:
from the former central zone of ore-bearing fluid ef-
fluence on sea bottom — Cu zone
from the transitional zone — the Zn-Pb fluid effluence
from the external zone — the Ba-Sn-Mo fluid effluence
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The Sn-Mo mineralization was sampled (48° 43'
24.51"N, 20° 44' 53.42"E) in external zone of Devonian
stratiform sulfidic mineralization of the Smolnik type
(Radvanec & Grecula, 1985).

Silurian lydite/volcanosilicite of the Betliar Fm. was
sampled in the Jedl'ovec locality and in locality between
Smolnik and Uhorna settlements (48° 43' 40.03"N, 20° 43'
5.99"E; 48° 43' 22.17"N, 20° 43' 0.36"E; 48° 43' 21.16"N,
20°42' 58.90"E).

Representative varieties of Permian S-type granites
were studied in Hnilec and Delava localities — from the
mine HN-Sn-128 (48° 49' 34.77"N, 20° 29' 0.46"E),
borehole HD-41, 1037.9 m (48° 49' 46.79"N, 20° 28
39.59"E) and borehole HD-28, 380.0 m (48° 50" 3.50"N,
20° 30' 22.68"E).

Representative samples of Permian andesite and
rhyolite, including samples with mineralization were
studied in the Krompachy area from boreholes 953
(38.4 m, 48° 55' 1.61"N, 20° 53' 46.80"E) and 1113
(99.0 m, 502.1 m; 48° 54' 55.28"N, 20° 53' 28.73"E).

The relations between minerals were studied in
polished thin sections. Chemical composition of minerals
was determined by EMPA analyses. All above listed type
rocks and mineralizations were analysed by quantitative
analyses encompassing 62 elements (Tab. 11). Chemical
analyses were done in SGIDS GAL Laboratories in
Spisska Nova Ves, Slovakia. The EMPA mineral analyses
and their crystallization succession were obtained in the
SGIDS Department of microanalysis, Bratislava. The
Cameca SX-100 electron microscope was equipped by
three spectrometers and Kevex delta IV EDS system. The
natural and synthetic standards were used for calibration.
Measuring conditions: acceleration voltages 15 KV, 25 KV
and 80 KV, current 10 nA at analyses of carbonates or 20 nA
at silicate analyses. The diameter of the electron beam was
changed according to the type and size of minerals. Micas
were measured by widened beam 7-10 pum, carbonates
10—-15 um and other minerals by 2-5 um beam. The
measurement time from 10 to 35 s was chosen for the best
measurement accuracy of given element. Detection limit
for individual elements is smaller than 0.05 wt.% with an
error 1-sigma. The area distribution of element contents
(X-Ray map) was determined at the same measurement
conditions as analyses of individual minerals.

All above stated type localities were mineralogically
and economically evaluated also in the past, being a part
of extended metallogenetic investigation in the Gemeric
region, lasting from the Middle Ages. The mineralogical-
geological results from these localities were evaluated
in extended studies by Bartalsky et al. (1973, 1993),
Grecula et al. (1995), a.o. Earlier mineralogical research
in these localities was not done systematically. Authors
usually described in details only main mineral association.
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For example — the carbonates (siderite, Mn ankerite,
ankerite) in greisens of Hnilec and DIlha dolina localities
were not found, or were described only marginally and
mineralogical investigation was focussed only on Sn-Nb-
Ta mineralization. Similarly, in veins with prevailing Sb-
sulfides the co-existing, from the viewpoint of mineralogists
“subsidiary” Fe carbonate mineralization with tourmaline,
white mica and apatite was evaluated only as Sb sulfidic
mineralization without a comprehensive evaluation. This
Sb mineralization from other vein mineralizations (siderite
veins) of Gemeric unit differs by the content of Sb sulfides.
More than 1200 veins prevailingly of siderite-sulfidic
composition are known in Gemeric unit. In these veins the
same Sb and other minerals occur as in Sb veins. Though
in siderite-sulfidic veins these minerals are subsidiary and
revealed were in lower parts of veins (Bartalsky et al.,
1973; Grecula et al., 1995).

The above stated mineralogical discrepancy was
areason for a new mineralogical-geochemical-petrological
investigation of etalon localities, being presented in this
study. New mineralogical data in above listed localities
were classified in the same way. After study in optical
microscope the EMPA results for all revealed minerals
were projected in triangle and tetrahedron diagrams. These
projections were done for carbonates, sulfides, REE-P-
U-Ti mineralization and further matrix minerals in each
etalon locality (Figs. 9, 11, 15, 18, 20, 22, 24, 25, 30, 31).

Carbonates were projected in triangle diagrams
magnesite-siderite-calcite, resp. with the end-member
rhodochrosite. The projection of silicate analyses after
re-calculation to chemical formula was shown in CFA
triangle diagram (Fig. 6). Chemical analyses of projections
of the matrix minerals were shown in tetrahedron diagram
K=KfsFCaA. The projections of chemical analyses of
minerals intended their exact view in crystallization
system. In KAI=KfsFCA projection the critical minerals
are shown, classifying individual mineralizations to zones
from the biotite zone of epidote-amphibolite facies through
the chlorite-apatite, stilpnomelane-chlorite to chlorite
zones (Figs. 6, 9, 11, 15, 18, 20, 22, 24, 25, 30, 31).

The projection of sulfides, arsenides and other
minerals (halides, oxyhalides) analyses after recalculation
for chemical formula was visualized in projection of
individual tetrahedron diagrams:
in AsPbFeZn projection
in ZnPbFe projection (alternatively Sb or Cu or Te
— in further text an alternative)
in PbBiFe (Cu/Sb/Te alternative) projection
in ZnFeln (Cu/Sb/Te alternative) projection.

The S and F contents were in these projections ignored.
The analyses projections were joined into a single unit
aiming to show sulfides in crystallization system according
to above stated end elements.
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The REE-P-U-Ti minerals were visualized in two in-
dividual tetrahedron projections PCaUREE and PCaTiU.
Similarly as at sulfides, arsenides and other minerals pro-
cessing they were joined to one entity PCaUREETi. In
the case when a mineral contains a significant amount of
another element of the above projections, this element is
highlighted by the name of the mineral. For example, gers-
dorffite Co, U-kobeite, Ta-polycrase, etc. (Figs. 6, 9, 11,
15, 18, 20, 22, 24, 25, 30, 31).

The bulk chemical analyses of etalon mineralizations,
lydites, S-types of granites and their effusive equivalents in
Permian (andesite, rhyolite) were normalized according to
REE standards. There were found two groups. Older group
of investigated samples suits to upper crust normalization
and the second, younger group of samples suits to
primitive mantle normalization (Fig. 33). By this REE
normalization the etalon mineralization were divided into
two groups fully compliant with geotectonic background
and model of the origin of two groups of granites in hot
lines above subduction zone during Permian evolution of
Paleo-Gemericum according to Radvanec et al. (2009; Fig.
2). In subsequent processing the group of bulk analyses
of the “upper crust” was normalized on porphyric granite,
representing the source non-differentiated anatectic melt.
This anatectic melt generated the fluid phase, from which
in the granite exocontact the mineralization originated
with the upper crust characteristics. According to REE
normalization this mineralization complies with the source
porphyric granite. Variation of 62 elements contents from
the group of “upper crust” after normalization to porphyric
granite were visualized in isocones (isoconcentrations) and
in the logarithmic scale they were evaluated as enrichment
or deficiency in the element content (Fig. 35).

The second — younger group, having the influence of
primitive mantle, was normalized on younger differenti-
ated granite, which correspondingly was displayed as en-
richment or deficiency of the element content (Figs. 36,
37). This approach was used also for characterization of
pre-Permian, i.e. Early Paleozoic mineralizations, being
after anatectic process in hot line the source of metals for
fluid phase in Permian. Such source of elements is repre-
sented by stratabound sulfidic mineralization of Smolnik
type (Silurian—Devonian) and the Betliar Fm. with lydites
(Silurian; Fig. 34).

In our geotectonic model of the mineralization origin
in Gemeric unit in closed Permian MMH cycle, the until
published zircon ages (SHRIMP) and Re-Os ages of
molybdenite were used (see following text). These methods
of dating determine the real age of these minerals without
their possible younger rejuvenation or their “substitution”
contamination during their origin (see references in further
text). The monazite, uraninite and xenotime ages derived
from EMPA are directly dependent on the quality of WD
analyses.
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Determining ages of these minerals, the Pb content
measurement preciseness is principal and in the
calculations of ages also U and Th contents from highly
precise analyses play an important role (Suzuki & Adachi,
1991, 1994; Suzuki et al., 1994, Montel, 1996; Nagy,
2002; Konecny et al.; 2004). From the total number of
100 monazite analyses from above stated mineralizations,
altogether 42 % were without Pb and Th. It means that the
age of this monazite generation was not found and further
derived ages were variable, similarly and in xenotime. The
xenotime from the Cuéma locality was analysed in the
“dating area” in Fig. 19. In this chemically homogeneous
grain in area 100 m x 50 m the xenotime was precisely
analysed, applying focussed beam of 5 mm in 21 points.
Analysed points are well visible. Chaotic dating results
were as follows: Permian 290-247 Ma (n = 2), average
268.5 Ma; Triassic 226204 Ma (n = 2), 215 Ma; Jurassic
282-151 Ma (n = 4), 166 Ma; Cretaceous 137-68 Ma
(n=29), 101 Ma; Paleogene 56-25 Ma (n = 2), 41 Ma;
Paleocene 23-5 Ma (n = 2), 14 Ma. Points of analyses
with totally differing ages 290 Ma and 5 Ma were mutually
distant 10 pm. Monazite at the place does not contain Pb
and Th (Tab. 6).

Uraninites, encosed in hosting cassiterite and
molybdenite of the Hnilec greisen, by the EMPA dating
provide ages around 185 Ma (Fig. 7). According to
mineralogical criteria cassiterite, filling also small
fractures in uraninite, must be younger that uraninite.
But the cassiterite provides ages of 268 Ma and hosting
molybdenite 263 Ma, so both minerals are older than
uraninite enclosing them (Fig. 7). It is probable that the
Pb content is influenced also by the total balance of Pb
in hydrothermal solution. The primary content of Pb in
the fluid is probable variously substitutionally bound and
distributed among coexisting galena, monazite, uraninite,
xenotime and other minerals. Possibly the Pb content
derived by the uranium decomposition is influenced also
by the fluid, from which monazite, uraninite and xenotime
had crystallized. In analysed xenotime in the Cu¢ma
locality numerous small inclusions of galena were found
(Fig. 19). Distribution of Pb in this system is until not well
studied and will be a topic for further research. Due to this
reason the dating results by means of the total content of Pb
in monazite, uraninite and xenotime cannot be interpreted.
The dating results derived from the analyses (EMPA) of
monazite, uraninite and xenotime as well as from until
published works were not taken into consideration in this
study.

The position of mineralization etalons in vertical
cross-section through the upper crust was determined by
the P-T conditions at origin of mineralization etalons. All
above described approached were taken into account in
metallogenetic model of the gradual origin of mineralization
from the Lower to Upper Permian in Paleo-Gemericum
(Figs. 38, 39). According to individual mineral etalons the
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existing databases were reevaluated. New analyses from
our mineralogical-petrographical study are presented in
Tables 1-12 as Supplement to this paper.

Permian metamorphic-magmatic cycle in Gemeric unit

The Permian metamorphic-magmatic cycle is
represented by individual facies of orogenic metamorphism,
S-type granites and their effusive equivalents (andesite,
dacite, rhyolite, basalt) on the surface (Grecula et al., 2009;
Radvanec & Grecula, 2016; Vozarova & Vozar, 1988).
Permian period is characterized by the low- to medium-
pressure metamorphism with high temperature gradients
in the range of 40-50 °C/km (Radvanec et al., 2007, 2009,
2017; Radvanec & Grecula, 2016; Radvanec & Németh,
2018). This extreme overheating of the Paleo-Gemeric
region in Permian caused regional metamorphism and
culminated with S-type anatectic granite magmatism. The
Gemeric granites as anatectic products have increased
SiO, contents (73-78 wt.%) and are weakly peraluminous
(Shand's index — A/CNK = 1.2-1.6), having high
concentration of F, B, Rb, Li, Cs, Sn, Mo, Be, as well
as low concentrations of Sr, Ba, Zr and V (Tauson et al.,
1977; Petrik & Kohut, 1997; Broska & Uher, 2001). The
high Sr initial isotopic ratios (I = 0.711-0.715), together
with negative values e, = —4.6 and increased values of
stable isotopes dlgo(VSMOW) =10 %o, d34S(CDT) = 4.48 %o,
indicate the mature continental protolith, rich in rocks
with high content of feldspars and muscovite (Kovach et
al., 1986; Cambel et al., 1989; Kohut et al., 1999, 2001;
Kohut & Recio, 2002). The presence of residual fluids rich
in volatile substances in short distance from the anatexic
zone allowed the crystallization of the rare-element Sn-
Li-Nb-Ta-B-F-U-Bi-Mo-As mineralization (Drnzik et al.,
1981; Drnzik, 1982). The numerous group of radiometric
ages within the range of 300-230 Ma for Gemeric granites
(Kovach et al., 1981) was refined by the zircon (SHRIMP)
and monazite dating to 275-258 Ma (Radvanec et al.,
2009) and the Re-Os molybdenite ages to 263 Ma (Kohut
et al., 2005).

The high temperature gradients are characteristic for
metamorphic events, related to large region overheating
during the volcanism of the island-arc type (Spear, 1995),
or they underwent overheating during the calc-alkaline and
K-calc-alkaline volcanic activity in continental arc. The
Permian period in Gemeric unit has signs of the island arc
magmatism with accompanied low- to medium-pressure
metamorphism from amphibolite to greenschist facies
(Fig. 1). In this period of the Gemeric and South Veporic
evolution the granite melt originated in amphibolite
facies metamorphism having its effusive andesite-rhyolite
volcanic equivalents on the surface (Radvanec et al., 2007,
2009, 2017; Grecula et al., 2009; Radvanec & Németh,
2018; Radvanec & Grecula, 2016; Novotny & Mihal,
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1987; Vozarova & Vozar, 1988). The geochemical
classification of andesite-dacite-rhyolite, calc-alkaline
and K-calc-alkaline type of volcanism is in diagrams
evaluated as equivalent of granites of volcanic arc (VAG).
Part of chemical analyses is in the field of syn-collisional
granites (syn-COLG; Fig. 3). The source of volcanism is
represented by melting of prevailingly continental crust
(Vozarova et al., 2015). Permian volcanic suite of andesite,
dacite and rhyolite has two zircon generations. Older one
is derived prevailingly from andesites, having ages ranging
from 287 to 273 Ma (SHRIMP). Younger group of zircons
is prevailingly from dacites to rhyolites, having ages from
269 to 251 Ma (Vozarova et al., 2009, 2009a, 2010, 2012,
2013, 2015).

The geotectonic back-ground of anatectic melting of
pre-Permian rocks, origin of S-type granites and volcan-
ites (andesite-rhyolite) of island arc in Permian in the
Paleo-Gemeric zone is related to the heat input and melt-
ing of the crust in two hot lines above subduction zone
(Radvanec et al., 2007, 2009;
Fig. 2). This subduction started
with compression in Lower Car-
boniferous between subducted
plate and the mantle accretion
prism (“hanging wall”, Rad-
vanec & Grecula, 2016). Tec-
tonic blocks of Cpx-SrEp-rich
metagabbros registered gradual
“exhumation”  metamorphism
from the eclogite facies, through
blueschist to pumpellyite-acti-
nolite facies. During subduc-
tion, in Upper Carboniferous
the blocks of these metagab-
bros were exhumed to accretion
prism (Radvanec & Németh,
2018). Followingly in Permian
the heat transfer from this sub-
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basic magma penetration towards the surface, as well as
facilitated the heat flow in two parallel “hot lines” (l.c.)
The heat ascend in upper crust of the Paleo-Gemeric fun-
dament is demonstrated by metamorphic differentiation
(seggregation) to local partial melting of metapelites,
metapsammites and acid Early Paleozoic metavolcanites
(Grecula et al., 2009). Granites were melted from the crus-
tal and partly also the under-crust protoliths during exten-
sional régime and intrusively entered up to upper crust,
where they increased the thermal gradient to such level
that the synmetamorphic differentiation/seggregation of
metapelites, metapsammites and metavolcanites occurred,
being originally metamorphosed in the pumpellyite-actin-
olite facies and in biotite zone of the orogenic (Upper Car-
boniferous—Lower Permian) metamorphism (Radvanec et
al., 2017; Radvanec & Németh, 2018).

In Gemeric unit, the S-type granite varieties are divided
into two different belts (lines) or groups (Figs. 2, 3, 4).
Southern hot line is older and according to granite dating
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Position of S-type granite bodies over the northern and southern hotlines in present Gemeric unit

Fig. 2. Permian geodynamic evolution of Paleo-Gemericum over subduction zone and the zir-
con dating in granites, metamorphites and sediments of accretion prism (Radvanec et al., 2007,
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it originated within the ages 275-262 Ma. Northern line
is younger and anatectic granites there originated within
interval 263-258 Ma (Radvanec et al., 2009; Fig. 2). The
age shift of granites of “southern hot line” (275-262 Ma)
comparing to granites of the “northern hot line” (S-type
— 263-258 Ma; A-type — 265-251 Ma) accounts around
12 Ma with ca 24 Ma total duration of granite magmatism
in hot lines (Radvanec et al., 2009; Fig. 2). The age shift
of the granite melt origin, and by this way also the age of
extension in the crust, relates to submerging of subducting
plate and the depth of subduction in the direction from
the south to north. Above the plate the collapse of late-
Variscan accretion prism occurred due to extension of the
crust and mantle lithosphere.

The age of a part of zircons in the Betliar (484
Ma) and Sulova (458 Ma) granites indicates that the
S-type granite protolith was represented by Ordovician
volcanosedimentary rocks. The metamorphic differentiated
metapelite to “metatectic granite” from the Gulapalag
locality contains besides the Ordovician zircon (455 Ma
and 467 Ma; average ages) also of zircon with inherited
Late Proterozoic (560 Ma) and Late Archaic (2560 Ma)
cores (Radvanec et al., 2007, 2009). The same ages of
pre-magmatic zircon we found in the “southern”, as
well as “northern” hot lines. It confirms that prevailingly
Ordovician protolith (volcanosedimentary complex of
the Gelnica Group and the lower crust sequences of
Ordovician age partially melted in Devonian (Putis et al.,

Older magmatic cycle
Age 287-273 Ma, Zrn

Volcanic equivalents on the surface - CAB magma

2008,2009) had in the pre-Variscan “Gemericum” the whole
area distribution and were from the Upper Carboniferous
to Lower Permian again metamorphosed during the late-
Variscan subduction-collision metamorphism. In “hot
lines” the late-Variscan metamorphism in the Middle
and Upper Permian gradually reached P-T conditions
of synmetamorphic (metatectic) seggregation of
metamorphosed prevailingly pelitic protolith.

After Alpine folding, the arrangement of tectonic blocks
of variably metamorphosed rocks in Paleo-Gemericum has
preserved its original Permian metamorphic zonality of two
above stated parallel “lines” (Fig. 1). In the amphibolite
facies zones there originated the anatectic granites.
The distribution of tectonic blocks of metamorphites of
epidote-amphibolite and greenschists facies represents the
gradual vertical cooling along hot line from the anatexic
zone to greenschists facies rocks (Figs. 1, 2).

The magmatic activity on hot line is superficially
manifested by Permian volcanism of island-arc type,
which, similarly as Permian granites is characterized
by two volcanic periods with volcanoes situated in
two parallel lines. At the northern margin of Gemeric
unit the andesite-dacite and dacite-rhyolite volcanism
prevails, starting from Lower Permian and having linear
arrangement of volcanoes in E-W direction (Novotny
& Mihal’, 1987; Vozarova & Vozar, 1988). Furthermore to
the north — at the boundary of Gemeric and Veporic units
and in souther Veporic unit — the younger volcanic chain
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prevailingly of Upper Permian age has also E-W trending
linear arrangement, consisting of dacite-rhyolite as well
as individual basalt volcanic bodies (Novotny & Mihal,
1987; Vozarova et al., 1988; Grecula et al., 2009).
According to stratigraphic position and dating results, the
older andesite—dacite volcanic suite has the ages within the
range of 287 to 273 Ma and younger suite of dacites to
rhyolites the ages 269-251 Ma (Novotny & Mihal’, 1987;
Vozarova et al., 2012, 2013, 2015).

Older magmatic cycle on hot line had produced
a porphyric granite with andesite as its main effusive
equivalent on the surface. Younger magmatic cycle
produced medium- and fine-grained granite with rhyolite
as its main effusive equivalent (Fig. 3). The REE contents
normalized on upper crust and primitive mantle clearly
demonstrate the upper crust influence during the anatectic
melting in the case of older magmatites, producing a pair
of porphyric granite and andesite as its effusive equivalent
(Fig. 4). The influence of primitive mantle in younger
magmatites is represented by differentiated medium-
and fine-grained granites and rhyolite as their effusive
equivalent. The influence of upper crust in the period
of 281-273 Ma in older magmatic cycle relates to the
shallower melting depth of the rocks in subduction zone.
In this period the heat was transferred from shallower
melting zone (southern hot line), where the fluid phase
prevailed over magma. The influence of primitive mantle

Older magmatic cycle Melting of the upper crust on the hot lin
Age 287-273 Ma, Zrn A pair of older porphyric granite and its
Andesite effusive time equivalent - andesite.

The effect of the

Krompachy - boreholes 953 and 1113

e.

rimitive
mantle on the hot line.

A pair of younger differentiated granite

and rhyolite as its effusive equivalent \

in younger magmatic cycle in the period of 269-251
Ma indicates that in this period the subducted rocks were
melted in deeper part of subduction zone together with
mantle (Fig. 2). This deep-located melting in the mantle
results in differenciated granitic melt with the mantle
influence, found in medium- and fine-grained granites
and their effusive equivalent — rhyolite (Figs. 3, 4).
The individual basalt bodies in Permian reflect direct
melting of the mantle, when the subduction reached in
the astenosphere the deepest level (Fig. 2). The basalt
effusions are younger than two above stated magmatic
cycles on hot lines and recently are located further north
and away of andesite, dacite and rhyolite bodies (Vozarova
& Vozar, 1988; Grecula et al., 2009).

Relation of metamorphism, granites, residual fluid
phase and matrix index minerals in hot line

The gradual origin and position of porphyric,
medium- and fine-grained granites and relation of these
varieties to exocontact were investigated in details by the
borehole and mine surveys in type occurrences located
between the Babina hill and the Hnilec village (Drnzik
et al., 1981; Drnzik, 1982; Fig. 5). Here, the exocontact
of granites is formed by chlorite-muscovite phyllites,
metabasalt/amphibolite, as well as (Cpx/Sr) clinopyroxene
metagabbro, containing Sr-rich epidote (Drnzik et al.,
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equivalents in Permian mag-
matic cycle in type localities
according to REE courses.
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1981; Radvanec & Németh, 2018; Fig. 5). SHRIMP zircon
dating indicates the polystadial metamorphism of these
rocks during (1) the earlier Carboniferous metamorphism
of Variscan orogenic phase Mla (348-307 Ma) and (2)
later Permian metamorphic overprint M1b (261 Ma).
During Carboniferous metamorphism M1a, the Cpx-Sr Ep
metagabbro exhumed in subduction zone was gradually
metamorphosed — firstly in epidote-eclogite facies and
later the blueschist facies retrograde metamorphism, being
followed by pumpellyite-actinolite facies (Radvanec
& Németh, 2018). In Permian the Cpx-Sr Ep metagabbro,
metabasalt/amphibolite and chlorite-muscovite phyllites
were newly metamorphosed in orogenic metamorphism
Mi1b. In the area of localities Babind and Hnilec the
orogenic metamorphism M1b reached the conditions
of amphibolite (600-700 °C, ~8 kbar) and epidote-
amphibolite facies (~550 °C, ~5 kbar; lc.; Fig. 1).
In chlorite-muscovite phyllites the equivalents of
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amphibolite and epidote-amphibolite facies were revealed,
being present in the biotite zone (cross-section in Fig. 7).
These new M1b mineral assemblages M1b originated
in the exocontact of the Hnilec granite body during the
brittle-ductile deformation, when this new association
infilled the joints in metabasalt, which had underwent
also earlier Carboniferous overprint in the pumpellyite-
actinolite facies Mla (Fig. 6). Along the hot line in
investigated Hnilec area the Permian metamorphism of
amphibolite and epidote-amphibolite facies reached the
same P-T conditions (600—650 °C, 3—6 kbar) as the biotite
zone metamorphism in metapelites. In biotite zone there
originated the granite magma of S-type during anatectic
melting of metapelites, lydites and the Lower Paleozoic
metavolcanites (Radvanec et al., 2007, 2009; Grecula et
al., 2009; Radvanec & Németh, 2018).

According to mineralogical investigation, the micas,
apatite, tourmaline and Mn/Fe carbonates represent in-
dex minerals of granites,
metamorphism and simul-
taneously represent also
index minerals of residual
i fluid phase, which source

gt &
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type, in apophyses and in
greisens (Figs. 5, 6; Drnzik
et al., 1981; Drnzik, 1982).
Tourmaline registered the
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Fig. 5. Relation of anatectic zone with various S-types granites and epidote-amphibolite/amphibolite
facies in granite exocontact in locality of Hnilec. Mineral assemblages in the greisen and granite
exocontact were taken from boreholes and are shown in cross-section (Drnzik et al., 1981). Main mi-
nerals of S-type granites are: albite (Ab), quartz (Qtz), biotite (Bt), phengite/muscovite (Ms), K feld-
spar (Kfs), apatite-F (Ap), tourmaline (Tur), fluorite (F1), chlorite (Chl), ilmenite (Ilm), rutile (Rt). In
the medium-grained granite the inclusions of zonal dolomite (Dol) to ankerite (Ank) and siderite (Sd)
in quartz-albite matrix were found. Biotite (Bt) is at margin changed to phengite (Png). Chemical
classification of carbonates is provided by triangle diagram magnesite-siderite-calcite.
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the zonal grains, which
centre has a higher content
of Fe, Al and Mn than its
margin. During second
L-stage there originated
second generation of tour-
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maline, which fills tiny cracks at brittle-ductile deforma-
tion in the granite exocontact (Fig. 6; Tab. 1). Tourmaline
from L-stage is richer in Mg and poorer in Fe, Al and Mn as
tourmaline from M-stage. In granites the tourmaline from
L-stage has similar composition as younger tourmaline
margin from M-stage. The contents of d''B boron isotopes
from M-stage range from —10.3 %o to -15.4 %o, so there is
not possible to distinguish the centre and rim of the grain,
though some tourmaline grains from the granite exocon-
tact (biotite zone) have higher values of d"'B in the centre
than in the margin. Younger tourmalines from L-stage have
lower values of d""B (from —16.0 %o to —17.1 %o; Jiang et
al., 2008). Revealed isotopic ranges and trends indicate
the change of the source from the dominant magmatic-hy-
drothermal fluid phase to late stage, where in the granite
exocontact (epidote-amphibolite facies, amphibolite facies
or biotite zone) the B source prevails from metamorphic
fluid phase of orogenic metamorphism. The significantly
higher content of Fe** in tourmaline from L-stage reflects
the change of redox conditions towards the oxidation in
younger L-stage (Jiang et al., 2008). This change of redox
conditions significantly influences the origin of hydrother-
mal greisen Sn mineralization in investigated area. Re-Os
age of molybdenite 263 Ma dates the origin of this gre-
isen mineralization to Middle Permian (Kohut & Stein,
2005). Dated molybdenite in the greisen is in coexistence
with Mn ankerite, apatite-F and tourmaline (Fig. 21).

Tourmaline of schorl-dravite series occurs in type
localities of Hnilec, DIha dolina, Cuéma, Rozabela
and Kuriskova in greisen, skarn, veinlets, Fe carbonate
veins with Sb sulfides and in U-SedEx mineralization (Tab.
1). In these localities, tourmaline from epidote amphibolite
facies, from biotite zone up to greenschists facies has
approximately corresponding chemical composition and
is a part of KAI=KfsFCA crystallization system (Figs. 9,
11, 15, 18, 20, 22, 24, 30). The values of the ratio Al/(Al
+ Fe + Mg) tourmaline was within the range 0.60-0.77
and values Na/(Na + Ca) within the range 0.63—0.99. In
localities with zonal tourmaline, the Mg/(Mg + Fe) ratio
in the centre of tourmaline ranges from 0 to 0.34 and
at the margin from 0.59 to 0.89 (Tab. 1). Mineralogical
investigation revealed that the tourmaline of schorl-dravite
series is a part of mineral assemblage in the root and lower
parts of numerous siderite-sulfidic veins of Gemeric unit
(Bartalsky et al., 1973; Grecula et al., 1995).

Micas, Mn/Fe carbonates, topaz and apatite-F

Next index minerals, originating during Permian
metamorphism and anatectic melting in M1b from residual
fluid phase, represent white micas, Mn/Fe carbonates, topaz
and apatite. Mn/Fe carbonates and phengite originated by
the reaction of biotite in granite with residual fluid phase.
It was found in Hnilec locality in younger medium-grained
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granite, containing isolated and zonal ankerite and Mn
ankerite grains (Fig. 5). Biotite in this granite consists
of molecules of annite (82 %) and siderophyllite (18 %).
Its margin was changed to phengite with the content of
muscovite (74 %), seladonite (15 %) and pyrophyllite (7 %)
molecule (Fig. 5). This change of the dark mica to white
mica porphyroblast has shown that the granite varieties
from the younger magmatic cycle were altered by residual
fluid phase with high CO, content. At the P-T boundary
for anatectic melting, this fluid phase has destructed the
former biotite and from it deliberated Mg and Fe were
bound in ankerite, dolomite or siderite (Fig. 5). In other
places in the quartz and albite matrix of this granite, the
separated dolomite and siderite grains were found. Mn-Fe-
Mg carbonates were not found in older porphyric granite.

Similarly, within the biotite zone of locality Roznava-
Tureckd (35th mining level), in the metapelite with
psammitic component (quartz clasts) the manifestations
of local corrosion of allanite by fluid phase were found.
This fluid phase had a high content of Mn and CO,.
Allanite from this biotite zone is in the margin changed to
Mn siderite and bastndsite. Mn siderite fills the fractures
in the allanite grain (Radvanec et al., 2004, 2007). This
metapelite with allanite from the Roznava-Turecka area is
metamorphosed in the P-T boundary for anatectic melting,
correspondingly as there were metamorphosed rocks in the
area Babina — Hnilec.

In the exocontact of the Hnilec granite in biotite
zone of epidote-amphibolite facies the following gradual
metamorphism of chlorite-muscovite phyllite (sample
HG-3, geological cross-section in Figs. 7, 8, 21) took place:
Former white mica in phyllite originated in Carboniferous
pumpellyite-actinolite facies M1a (Radvanec et al., 2017,
Radvanec & Németh, 2018). In the biotite zone of Permian
metamorphism M1b this white mica recrystallized to
fine-grained phengite and subsequently to muscovite.
This replacement was controlled by residual fluid phase
and during the metamorphism of white mica there
originated also topaz and apatite. The reaction, which
formed phengite, muscovite and topaz in the sample HG-3
is directly related with the origin of Fe/Ca carbonates
and metamorphism of former sedimentary intercalations
of calcite-limestone in phyllite to ankerite and siderite, as
well as apatite-F according to reactions 1-2:

2K1 .65Mgo.8OFeO.132+FeOA753+A|4A34Si

Fe-rich white mica

+ CaCO, + 0.38KCI + 0.77Si0, + 2.73AIO(OH) +
calcite sylvite

+2C0, — K, 4 Mg, ;Fe

(OH), +

6.24020

quartz boehmite-diaspore
2+ i
0.18 A|4.59SI (OR), +
phengite
0,,(OH), +ALO, +

6.53 20
in topaz

6.72020

K1 .BSM90.18Fe0.552+A|4.828i

muscovite
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Feo.zeMgo.7oca1.o4(Cos)2 + Feo.77Mgo.1gcoa +
ankerite siderite

+H,0 + OH + 0.38CI- 1)

A|203 + SiO2 +2HF — A|28i04F2 + H20 (2)

from quartz topaz

reaction 1

Reaction (1) explains the relation between a former
(probably sedimentary?) Fe-rich white mica in the core
and the mixture of phengite and muscovite at the rim of
the white mica porphyroblast (Figs. 8, 21). In agreement
with increasing temperature on hot line in Permian
metamorphism M1b, the former Fe content in the core
of porphyroblast lowered and in the mixture of phengite
and muscovite at the rim the Fe content is low. During
this recrystallization of the white mica porphyroblasts,
the main part of Fe content from original Fe-rich white
mica deliberated to fluid phase and subsequently caused
the replacement of neighbouring sedimentary calcite
to Fe/Ca carbonates, which is expressed by the reaction
(1). After this heat exchange there followed the exchange
of Fe in retrograde phase M1b, which started with the
origin of ankerite and later continued with the carbonate
phase, rich in Mn-Fe-Mg-Ca and siderite. The exchange
of calcite to ankerite was found only locally, because the
primary sedimentary calcite represented only insignificant
admixture in primary phyllite (Figs. 8, 21). The primary
sediment contained mainly quartz and Fe-rich white mica.
This local Fe metasomatism, or replacement of calcite to
ankerite in phyllite, is comparable with identical process
of the metamorphism of large bodies of Lower Paleozoic
limestone to ankerite and siderite, e.g. in the deposit
Mano at the village of Nizna Slana (Ir6 & Radvanec,
1997; Radvanec at al., 2004). Metasomatic ankerite and
siderite by this way originated also in the contact of former
limestone with skarn in the borehole V-DD-43 (Dlha
dolina, Fig. 18).

White mica of phengite-muscovite composition
and Fe/Ca carbonates originated by the replacement of
biotite and recrystallization of former sedimentary Fe-
rich white micas in metapelite according to reaction 1
and reactions in KAI=KfsFCA crystallization system.
The phengite-muscovite represents a significant part of
matrix mineral assemblage in granites, greisens, skarn, in
apatite-xenotime stockworks, Sb-sulfide-tourmaline-Fe
carbonate veins, in siderite-sufidic veins and U-rich SedEx
mieralizaion as well. Values of the ratio Fe/(Fe + Mg)
in phengite-muscovite occur within the range 0.24-0,91
(Tab. 2). According to mineralogical investigation
and projection of chemical composition of phengite-
muscovite in KAI=KfsFCA system, phengite-muscovite
from chlorite-apatite zone occur in two generations, which
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agrees with reaction 1. These two generations were found in
the greisen in locality Hnilec and in SedEx mineralization
(Figs. 22, 30). In other zones there was found only one
phengite generation (Figs. 9, 11, 15, 18, 20, 24, 25).

Apatite-F

In locality of Hnilec (sample HG-3) part of original
calcite in phyllite reacted with residual fluid phase
with H,PO, content forming apatite-F according to
reaction (3):

5Calcite + 3H,PO, + HF — Apatite-F + 5H,0 + 5CO, (3)

The origin of apatite-F is conditioned by the existence
of original calcite or limestone, reacted to this mineral.
Reaction 3 runs simultaneously with Fe metasomatism
of calcite to ankerite. Apatite-F and ankerite represent
coexisting minerals (Fig. 21). Mineral assemblage
phengite, muscovite, tourmaline, topaz, ankerite, apatite-F
and dated molybdenite in the sample HG-3 characterize
greisen from apatite-chlorite zone in the Hnilec locality
(Figs. 21, 22).

Apatite-F occurs in all type localities — Hnilec, Dlha
dolina, Cuéma, Rozabela, Pora¢ and Kuriskova. It occurs
in granites, greisens, skarns, Mg-Fe metasomatites in
the contact with skarns, in apatite-xenotime stockworks,
Sb-sulfidic-tourmaline-Fe carbonate veins, in siderite-
sulfidic veins and U-SedEx mineralization. In all these
localities from greisens to U-SedEx mineralization,
apatite-F does not contain any admixture of other elements
and its chemical formula is Ca(PO,),F (Tab. 3). The
same apatite-F occurs in assemblage with tourmaline,
biotite, phengite, margarite, topaz, stilpnomelane, chlorite,
quartz, fluorite, calcite, ankerite, dolomite, kutnahorite,
rodochrozite, siderite, magnesite, allanite, goyazite
and represents a part of KAI=KfsFCA crystallization
system (Figs. 9, 11, 15, 18, 20, 22, 24, 30). According
to metamorphic zones and the distance from the zone of
anatectic melting on the hot line, the above stated mineral
assemblages in KAI=KfsFCA system change, with an
exception of stable chemical composition of apatite-F.
The metamorphic zone, where the apatite-F occurs
with dominant phengite and chlorite, was named the
apatite-chlorite zone (Figs. 11, 20, 22, 24, 30).

Minerals crystallizing in KAI=KfsFCA system
represent matrix minerals. According to projections
of minerals chemical composition in KAI=KfsSFCA
system the matrix assemblage well characterizes the
metamorphic-mineralization zones. In locality of Hnilec
the classification of matrix minerals in ACF diagram
and KAI=KfsFCA system revealed epidote-amphibolite
and biotite zones, where originated the greisens (Figs.
6-9). In locality of DIlha dolina the chlorite-apatite zone
was revealed with the greisen occurrence (Figs. 10, 11). In
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in three places in boreholes HD-41 and V-Hc-74. Samples of the granite exocontact from boreholes were studied in cross-section
(Drnzik et al., 1981). Fractures are filled with two gradual assemblages: 1 — diopside (Di), pargasite (Prg), edenite-hornblende (Ed/
Hbl), epidote-clinozoisite (Ep/Czo), grossular-andradite (Grs/Adr), biotite (Bt), albite, (Ab) and Mn ilmenite (Mnllm); 2 — tourmaline
(Tur), fluorite (F1), apatite (Ap), chlorite (Chl), titanite (Tnt), calcite (Cal), westerveldite (Wes), gersdorffite (Ges) and glaucodote (Gla)
sulphides. Mineral assemblage 1 is older in fracture, being enveloped by assemblage 2 (see relation of blue tourmaline and other mi-
nerals in reflected electrons). According to biotite thermometer, the mineral assemblage 1 originated at 550-600 °C. In CFA diagram
the minerals of Permian assemblage M1b from the brittle-ductile fractures characterize the epidote-amphibolite and amphibolite facies
of orogenic metamorphism, but not contact metamorphism. Relatively younger assemblage of minerals 2 represents the crystallization
from the residual fluid phase and encompasses arsenides, sulfide, tourmaline, fluorite, apatite-F and calcite. BSE.

VHc-74, 38.5m

the same locality the skarns were found in stilpnomelane-  The relations of disseminated U-SedEx mineralization on
chlorite zone (Figs. 12—18). In localities Cuéma, Hnilec,  the surface to hydrothermal mineralization, generated in
Rozabela, Pora¢ and Kuriskova in chlorite-apatite zone  the depth, were not evaluated in previous genetic models
the variegated mineralization was found in the greisen,  of the Permian development. These relations represent the
in stockworks, veins and in the form of disseminations  main goal of this study.

in volcanosedimentary sequences on the surface (Figs.

19-24 and 27-30). In mineral deposits of Strieborna vein Greisen of the biotite and epidote-amphibolite zones
and KonsStancia vein, their vein-type mineralization was in the line of anatectic melting in the Hnilec type
found in the chlorite zone (Fig. 25). locality

In all these metamorphic zones together with
matrix minerals there crystallized the variegated “ore” Greisen in the Hnilec locality originated in the zone of

hydrothermal mineralization. The recent distribution and  anatectic melting and in the area of S-type granite magma
classification of “‘ore” mineralization on hot lines revealed,  differentiation. In the granite exocontact the greisen was
in Gemeric unit, has not been comprehensively evaluated ~ found in amphibolite and epidote-amphibolite facies, as
yet from the viewpoint of succession of the magmatic ~ well as in biotite zone. Greisen originated in the granite
and metamorphic zones origin. In previous models the  cupola, where the residual fluid phase changed the original
hydrothermal mineralization was evaluated from the  granite to so-called “internal greisen”. It occurs also in the
viewpoint of P-T conditions of orogenic metamorphism  immediate contact of granite with amphibolite and phyllite
in the range of anatectic melting zone in the depth up to  (Figs. 6, 7, 8).

greenschists facies towards the surface (Greculaetal., 1995; The greisen mineralization was found also in short
Radvanec et al., 2004, 2010; Radvanec & Grecula, 2016).  apophyses reaching max. 100 m distance from the granite
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corresponds with older magmatic pair of porphyric granite and andesite. The REE normalization shows that the greisen mineralization

has the upper crust source.
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(Figs.7,8; Drnzik etal., 1981). In amphibolites and chlorite-
muscovite phyllites it fills the fractures originating in
brittle-ductile deformation and in this environment it has
the stockwork to pseudo-disseminated form, being found
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by the mine and borehole survey in three mineralization
zones (Figs. 6-8; Drnzik et al., 1981). Mineralized zones
1,2 and 3 originated to the max. distance of 300 m from the
granite and their shape copies parallel the cupola of granite
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magma (Fig. 7). In these zones there prevails the pyrite
above assemblage of chalcopyrite, cassiterite, quartz,
tourmaline, Fe oxides. Individual zones contain varying
Sn content of 0.012-0.072 wt.% (Drnzik et al., 1981). The
normalization of REE contents in this greisen has positive
Eu anomaly and is corresponding with older magmatic
pair of porphyric granite and andesite. According to
REE normalization, the source of greisen mineralization
occurred in the upper crust and mineralization originated
by rocks melting (Fig. 7).

The greisen mineralization of the stockwork,
apophyses, inner greisen and pseudodisseminations
in mineralized zones 1, 2 and 3 originated in one
gradual event and chemically is classified by various
crystallization systems: In the KAI=KfsFA system there
originated a matrix assemblage of K feldspar, phengite,
biotite, tourmaline, kaolinite and albite. Biotite, margarite
and K feldspar represent index minerals of the biotite
zone or epidote-amphibolite facies. In FCA system there
originated the matrix assemblage apatite-F, fluorite,
calcite, dolomite, ankerite, kutnahorite, rhodochrosite,
margarite, REE goyazite and topaz. Mineral matrix

Biotite zone or epidote-amphibolite facies
3Kfs+2H= Ms/Png+2K+6Qtz
Ms/Png+6HF = 3Tpz+3Qtz+2K+4H
Mrg+4HF+Qtz = Kin+Tpz+FI+H,0
KInt2HF =Tpz+Qtz+3H,0
Topaz formation:

A
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Kaolinite Apatite formation:
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KMASH
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dolomite
ankerite

Carbonates

minerals in KAI=KfsFA and FCA systems represent
coexisting associations and their projections are shown in
joint system KAI=KfsFCA (Fig. 9). Matrix minerals and
relations among them in KAI=KfsFA and FCA system
describe the process of greisenization in the biotite zone
and in epidote-amphibolite facies. Muscovite-phengite and
quartz originated by reaction of K-feldspar with residual
fluid phase, produced by the melting of the upper crust.
Reaction of muscovite-phengite with HF produced topaz
and quartz. Reaction of margarite and quartz with HF
produced kaolinite, topaz, fluorite and quartz. Kaolinite
reacted with fluid phase to topaz and quartz. The origin of
topaz, muscovite-phengite, ankerite, siderite and quartz is
well described by reactions 1 and 2. Assemblage cassiterite,
maghemite, siderite, Mn/Mg/Fe carbonates, quartz
and muscovite-phengite originated by decomposition of
biotite with residual fluid phase, containing SnCl, CO, and
water. Biotite represents one of main minerals in the S-type
granite. Its decomposition during greisenization of granite
cupolas conditiones not only the origin of cassiterite,
but during its decomposition a significant amount of Fe
was released into residual fluid phase. Released Fe then
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Fig. 9. Projections of the cassiterite greisen mineral assemblages on hot line in the zone of anatectic melting in epidote-amphibo-
lite facies or biotite zone M1b in the Hnilec locality. Chemical composition of carbonates is projected in triangle diagram siderite/
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(M. Kohut, personal information). Further minerals are quartz, cassiterite, molybdenite, zircon and maghemite.
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bounds together with CO, in Fe/Ca carbonates. These
carbonates were found in younger differentiates of granite
melt in medium-grained Ms granite-G1 and in greisen
(Figs. 5, 8, 9). Apatite-F originated by reaction of calcite
with residual fluid phase, containing H,PO, (reaction 3).
Besides this, calcite represented a part of Lower Paleozoic
sediments of upper crust (Grecula et al., 2009) and these
sediments suffered anatectic melting on hot line. This
means that anatectic melt contained sufficient amount of
Ca for the origin of apatite-F in granite and greisen. The
reactions of greisenization and matrix mineral assemblage
are shown in Fig. 9.

Next minerals, originating in greisen, are shown
in PCaUREE system, where originated xenotime,
REE goyazite, florencite, monazite and apatite-F. In
the PCaUTi system it is assemblage of uraninite, Th
crasite(?), U/Ta polycrase, U-kobeite, Mn columbite, Nb
rutile and ilmenite. In FeAsPb system there originated
pyrrhotine, arsenopyrite, 16llingite, Ni/Co westerveldite,
Co gersdorffite, gersdorffite, galena and rooseveltite.
In FePbBiCu/Te system it is a native bismuth, gananite,
zavaritskite, bismuthinite, tetradymite and staninite. Be-
sides mineral assemblages in these crystallization systems
in greisen there was found the main mineral of the greisen
— cassiterite, next zircon, maghemite and quartz (Fig. 9).
Altogether — the found minerals, equilibria reactions 1-3
and reactions in Fig. 9 allowed to reveal that residual fluid
phase of the hot line, in the area close to anatectic melting,
contained H,S, H,0, CO,, HF, BO,, SnCl,, H,PO,, Na, K,
Ca, Al, Si, Ni, Co, As, Fe, Mn, Mg Sn, REE, U, Ti, Y, Ta,
Nb, Cu, Te, Bi, Pb and Sr (Fig. 9). According to the amount
of found minerals this greisen mineralization can be
designated as cassiterite-topaz-apatite-tourmaline-mica-
quartz-Mn/Fe carbonate As-Bi mineralization. According
to cassiterite dating, the age of this mineralizatiom is
268 Ma (M. Kohut, personal information).

Greisen mineralization of chlorite-apatite zone in the
DIha dolina type locality

The greisen mineralization in the type locality of Dlha
dolina was revealed in outcrop of dimensions 70 x 5-10
m. The borehole and mine survey did not found the depth
continuation of this mineralization (Fig. 10). Greisen
represents a tectonic block of the apophyse or stockwork-
type. Mineralization has fine- to medium-grained texture
with frequent albite and quartz veinlets. It originated and
is localized in chlorite-apatite zone (Fig. 10). The REE
contents in greisen and their normalization to primitive
mantle suits to group of younger magmatic cycle, being
in Permian represented by differentiated medium- and
fine-grained granite and its effusive equivalent rhyolite.
Though, the light REE contents from La to Eu are deficiet
in this comparison (Fig. 10). According to mineralogical
study, Mg siderite and ankerite occur together with
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tourmaline, apatite-F, quartz, bastnésite, chlorite, tho-
rianite and gersdorffite, representing a coexsisting
assemblage in the greisen (Fig. 10). In the ankerite clusters
the assemblage sphalerite, galena, pyrite, chalcopyrite, Sb-
rich gersdorffite and gersdorffite was found. Siderite fills
the tiny cracks in cassiterite and phengite. These cracks
with siderite in cassiterite do not continue to surrounding
quartz matrix and at the boundary of phengite and quartz
the bartonite was revealed. In cassiterite, an assemblage
columbite — Ta-Fe columbite, U polycrase and U kobeite
often was found. The position of chemical composition of
these oxides in UNbCaTi projection has revealed the origin
of U polycrase and U kobeite from the reaction of rutile-
columbite-meta-autunite-scheelite end members (Fig. 10).

Greisen in locality of DIlhda dolina is formed by
mineralization, originating gradually in one event,
chemically classified in various crystallization systems.
In KAI=KfsFCA system there originated the matrix
association of phengite, bartonite, chlorite, tourmaline,
kaolinite, albite, apatite-F, fluorite, scheelite, ankerite, Mn
ankerite and siderite. Tourmaline belongs to schorl-dravite
series similarly as in the Hnilec locality and bartonite,
chlorite and apatite-F represent index minerals of chlorite-
apatite zone. In PCaUREE system there originated
xenotime, bastnésite, monazite and apatite-F. In the system
PCaUTi itis an assemblage of uraninite, U polycrase, Ta-Fe
columbite, U kobeite, rutile and ilmenite. In FeZnAsPb it is
pyrrhotite, pyrite, sphalerite, arsenopyrite, Sb gersdorffite,
Co gersdorffite, gersdorffite and galena. In FePbBiCu/
Te system there originated native bismuth, bismuthinite,
tetradymite and chalcopyrite. Besides mineral assemblages
in above listed crystallization systems, cassiterite, zircon,
huttonite and quartz were found in the greisen as the main
minerals (Fig. 11). Using equilibrium reactions for the
formation of apatite-F, cassiterite and Fe/Mn carbonates
there was detected that residual fluid phase on hot line in
the chlorite zone area contained H,S, H,0, CO,, HF, BO,,
SnCl,, H,PO,, Na, K, Ca, Al, Si, Ni, Co, As, Fe, Mg Sn,
REE, U, Ti, Y, Ta, Nb, Cu, Sb, Te, Bi, Pb and Zn (Fig.
11). Comparing with the biotite zone greisen of the Hnilec
locality, in the DIlha dolina chlorite-apatite greisen the Fe
carbonates do not contain a distinct share of Mn, and Mn
carbonates are missing. Within the element association,
Zn and Sb appeared in the fluid phase. Zn is bound in
sphalerite and the Sb balance is isomorphically bound
in Sb gersdorffite. Individual Sb minerals in greisen were
not found. The variability of the Bi binding on minerals
was restricted to native Bi and bismuthinite. The Mn,
Zn and Sb + Bi difference in the biotite zone element
assemblage is explained by the temperature decrease at
the greisen origin in the chlorite-apatite zone. Further
elements and molecules in the Dlha dolina greisen are the
same like in the biotite zone Hnilec greisen. According to
amount of minerals, the Dlha dolina greisen mineralization
can be designated as the cassiterite, tourmaline, ankerite-
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siderite and quartz-bearing mineralization (Fig. 11). The
comparison of projections of U-Ti-Nb-Ca mineralization
from the biotite zone greisen (Hnilec) and chlorite-apatite
zone greisen (Dlha dolina) in tetrahedron projection
UNDCaTi shows a gradual origin of zonal oxides from
U kobeite in the middle of the grains to U polycrase at
the margin. U kobeite and U polycrase originated in the
chlorite-apatite zone greisen (Dlha dolina) by the reaction
between the end members rutile—columbite-meta-
autunite. The same oxides in the higher temperature biotite
zone (Hnilec), originated by the reaction among the end
members rutile—columbite—meta-autunite and scheelite/
aptite-F (Fig. 10).

Maghemite-cassiterite-Fe carbonate skarn
with FeZnCuBiTeln sulfides in stilpnomelane-chlorite
zone in locality of Dlha dolina

Skarn in locality of Dlha dolina does not reach the
surface. It was revealed by the survey boreholes DD-11
and DD-21 in the depth 283.9-285.4 m, resp. 353.2-354.5
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m, where it reaches thickness 1.3—1.5 m (Malachovsky
et al., 1983, 1992, 2000). These boreholes surveyed the
magnesite-talc deposit Gemerska Poloma, developed
beneath the Dlha dolina valley. Samples in this study are
from the underground borehole VSV-05-2 in 43 m, drilled
in this area for verification of continuation of magnesite-
talc mineralization in Elisabeth exploration adit. Here the
skarn thickness in the underground borehole VPSOB-2
reaches 5.3 m (Kilik et al., 1995). Further samples are from
the superficial borehole V-DD-43, where skarn was verified
in the depth of 266.8 m. The distance of both studied skarn
bodies is 300 m. Skarn originated in the direct contact of
former limestone lens, being a part of the Holec Beds. The
Silurian Holec Beds belong to the Betliar Fm. (Grecula et
al., 2009; Radvanec & Grecula, 2016). In both boreholes
the sulfidic mineralization with prevailing pyrite forms the
immediate contact of the skarn with carbonates or former
limestone. The thickness of this sulfidic rim is up to 5 cm.
Besides sulfides, the Fe/Mg carbonates, stilpnomelane,
chlorite, phengite and locally also phlogopite were found
in this immediate contact (Figs. 12, 16). In the skarn of
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(Chl) with dolomite (Dol) relics were preserved in maghemite. BSE image.
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both boreholes the maghemite strongly prevails above
cassiterite and siderite. It is of black colour having pseudo-
cast monomineral form and is weakly magnetic.

Maghemite is strongly prevailing in the skarn of the
borehole VSV-05-2V and rarely contains magnetite.
Cassiterite, native bismuth and bismuthinite form in
maghemite irregular and frequent inclusions with size up
to 50 um, co-existing with maghemite and magnetite. In
maghemite calcite is very rarely preserved together with
chlorite. Siderite and dolomite were found in clusters and
irregular fractures of maghemite. These three minerals
are principal in the skarn (Fig. 12). The REE contents of
the skarn and magnesite-dolomite metasomatite from the
borehole VSV-05-2V and their normalization to primitive
mantle classifies it to the group of younger magmatite
cycle, originating in Permian hot line (Fig. 15). According
to the REE contents normalization skarn belongs to the
group of differentiated medium- and fine-grained S-type
granites with rhyolite as their effusive equivalent (Fig. 4).

Sulfidic rim in immediate contact of the skarn
with carbonates is formed by variegated association.
Pyrite is the main mineral of this zone. At the pyrite
margin, the tetradymite, pavoite and gladite often occur
(Fig. 13a, b). In pyrite the inclusions of pyrrhotite,
pavoite, bismuthinite, chalcopyrite, magnesite, dolomite
and molybdenite were found. In the matrix, among
pyrite grains the association of siderite, Mg siderite, Mg
magnesite, dolomite, bismuthinite, stilpnomelane, phengite
and chlorite was found. Stilpnomelane and chlorite
represent index minerals defining the stilpnomelane-
chlorite zone of MIlb metamorphism, where skarn
originated (Fig. 13c).

Mineral composition of the skarn and immediate
contact of the skarn with sulfidic rim is in both boreholes
approximately identical. Mineral composition of carbonates
in the contact with skarn is differing (Figs. 12, 17).

In the borehole VSV-05-2 skarn originated in the
contact with magnesite and dolomite (Figs. 12—14), which
are relatively older than skarn and originated by gradual
metasomatic replacement of former Silurian limestone
lens. The chemical composition of fluid inclusions
in magnesite and dolomite revealed that Mg-rich bitter
brines represented the determining factor for the origin
of Mg-carbonates (Radvanec & Prochaska, 2001; Kodéra
& Radvanec, 2002, 2003; Radvanec et al., 2004a, b).
Analyses of leachates from fluid inclusions in magnesite
and dolomite provided the CI/Br ratio 107-185 and Na/
Br ratio 48—135, which clearly indicates the fraccionated
and evaporitic origin of Permian Mg-rich bitter brines
due to advanced evaporation of the sea water (Radvanec
et al., 2010). The Mg metasomatic replacement of former
limestone/calcite took place during Variscan orogenic
metamorphism M1b at temperature 300-420 °C: 3calcite
+ 2Mg-brine — dolomite + magnesite + 2Ca-in epidote/
allanite/apatite/fluorite (Radvanec et al., 2010).
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In borehole VSV-05-2 the magnesite and dolomite
clusters at the skarn contact are covered and replaced by
Mg siderite, siderite and ankerite. In other places of this
contact Mg siderite mixes with Fe magnesite (Fig. 14).
According to mineralogical investigation in the carbonate
part of the contact with the skarn the Mg brine mixed
with residual Fe-bearing fluid phase to the distance
of 1 cm from the immediate contact. By this way there
originated the mixture of Fe magnesite and Mg siderite
(Fig. 14a). In external part, besides the distance of 1 cm
from the contact, the influence of Fe residual fluid phase
was not found and magnesite-dolomite mineralization
does not contain Fe carbonates (Fig. 14). In this external
part, the apatite-F of oval or aphanitic form often occurs
in magnesite and dolomite. Similarly as in greisens
from Hnilec and Dlha dolina, apatite-F in Mg carbonates
does not contain any admixture of other elements and its
chemical formula is Ca (PO,).F (Tab. 3). Analysis of Mg/
Fe carbonates from the contact of skarn on REE contents
and their normalization on primitive mantle classifies the
mixture of Mg/Fe carbonates, similarly as maghemite
skarn, into a group of younger cycle of Permian magmatites
in hot line (Fig. 14).

According to above stated division on three zones, the
skarn mineralization in borehole VSV-05-2 has originated
in one gradual event of Variscan metamorphic process
M1b. In P-T conditions of biotite zone the Silurian lime-
stones were replaced to magnesite and dolomite (Radvanec
et al., 2010). In retrograde P-T conditions of stilpnomel-
ane-chlorite zone, during the same M1b process the Fe car-
bonate, sulphidic and skarn mineralization originated. The
gradual origin of mineral assemblages is chemically clas-
sified in various crystallization systems: In KAI=KfsFCA
system there originated the matrix association of phengite,
phlogopite, stilpnomelane, chlorite, apatite-F, fluorite,
calcite, ankerite, dolomite, Fe magnesite, magnesite, Mg
siderite, siderite and magnetite and tourmaline (Fig. 15).
Tourmaline belongs to schorl-dravite series, similarly as
in greisens localities of Hnilec and Dlha dolina (Tab. 1).
In classification triangle diagram magnesite-siderite-cal-
cite there is in stages 1-2 expressed the gradual exchange
of former Silurian limestone — calcite to dolomite—-magne-
site and dolomite—Fe magnesite. Younger stage 3 from the
contact of skarn with Mg carbonates is in this triangle dia-
gram classified among ankerite and Fe magnesite and Mg
siderite. Ankerite, Fe magnesite and Mg siderite originated
in the stilpnomelane-chlorite zone. In the skarn cracks the
siderite with the MgCO, content of 14-22 mol. % crystal-
lized (Fig. 15). In the ZnPbCuFe system there originated
pyrrhotite, pyrite, sphalerite, chalcopyrite and tetrahedrite.
In FePbBiTe system it was native bismuth, bismuthinite,
pavoite, gladite and tetradymite. Besides above stated
mineral assemblages, in skarn and in the contact of the
skarn with Mg carbonates there was found cassiterite,
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maghemite, molybdenite, zircon, huttonite, quartz, mona- The borehole V-DD-43 revealed the skarn in the contact
zite, synchisite, bastnésite and kobelite (Fig. 15). Talc ~ with former Silurian limestone body (calcite), where
originated by the replacement of magnesite in Alpine met-  limestone is locally replaced to dolomite. During the skarn
amorphism M2 (Radvanec et al., 2010). origin the mixture of ankerite, stilpnomelane, chlorite and

Dol

Pavoite/Gladite

Fig. 13. Sulfidic contact of Mg carbonates
with skarn in stilpnomelane-chlorite zone
y M1b in the Dlha dolina locality, borehole
GEoteR o ¢ VSV-05-2, 43 m. Direct contact is formed
by association: @ — pyrite (Py), tetradymite,
bismuthinite (BiS) in matrix of Fe magnesi-
te (FeMgs), dolomite (Dol) and Mg siderite
(MgSd); b — pyrite encloses inclusions of
pyrrhotite (Po) and pavoite. Dolomite con-
tains individual grains of pavoite/gladite,
Mg siderite, chlorite (Chl) and bismutinite;
¢ — association of dolomite, siderite (Sd),
stilpnomelane (Stp), Mg siderite, chlorite,
bismuthinite in the contact with maghemite
(Mgh); d — inclusions of molybdenite (Mo),
bismuthinite and chalcopyrite (Ccp), magne-
site (Mgs) and dolomite (Dol) in pyrite. BSE
image.
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Maghemite >>cassiterite +
siderite magnetite

Fig. 14. Dolomite and magnesite body at the
contact with skarn. Stilpnomelane-chlori-
te zone of M1b metamorphism in the Dlha
dolina locality, borehole VSV-05-2, 43 m.
Dolomite and magnesite originated by me-
tasomatic replacement of Silurian limestone
by Mg bitter brine in Permian (Radvanec et
al., 2010). a—d — the contact zone with skarn
is formed of Mg/Fe carbonates. Magnesite
(Mgs) and dolomite (Dol) rims and repla-
ces Mg siderite (MgSd) and Fe magnesite
(FeMgs). Carbonate closes tetrahedrite (Ttd)
and pyrite (Py). BSE image.

Maghemite >>cassiterite +
siderite:magnetite
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Fig. 15. Classifications of mineral associations in the contact of the skarn with a body of Mg carbonates (dolomite and magnesite)
in locality of Dlha dolina, borehole VSV-05-2, 43 m, the Elisabeth adit. Chemical composition of carbonates is projected in triangle
diagram magnesite-siderite-calcite. Gradual process of the former calcite replacement to dolomite and magnesite in a limestone body
(stages 1 and 2); younger stage 3 — ankerite and Mg siderite rim and replace earlier Mg carbonates from the stage 1-2 or form with
them a crystallization mixture. This mixture of Mg and Fe carbonates was found only to the 1 cm distance from the contact with skarn.
Siderite was found in the matrix of skarn, in a mass between maghemite. Minerals in KAI=KfsFCA projection characterize the stilpno-
melane-chlorite and biotite zone of Variscan metamorphism M1b. The composition of sulfides is visualized in tetrahedron projection
in combination of ZnFe(Cu/Sb/Te)Pb and FePb(Cu/Sb/Te)Bi. Reactions describe the origin of apatite-F and cassiterite. The phlogopi-

te-biotite analyses are from Radvanec et al. (2010).

phengite originated in the limestone. Maghemite forms the
pseudo-veinlets developed in the limestone cleavage (Fig.
16a). Borehole V-DD-43 has verified the external part of
the limestone body, where, differing from findings in the
borehole VSV-05-2, no metasomatic exchange of calcite
to magnesite occurred.

Skarn in the borehole V-DD-43 is formed by ma-
ghemite. In the maghemite fractures bastnisite was found
and among the maghemite grains the mixture of Mn
ilmenite and former calcite frequently occurs (Fig. 16b).
Cassiterite, native bismuth, bimuthinite, ankerite and
chalcopyrite form irregular inclusions in the maghemite,
large up to 200 pm, being in co-existence with maghemite
(Fig. 16a-b). Ankerite, allanite, chlorite, bimuthinite,
monazite, cassiterite and chalcopyrite (Fig. 16d—e) were
found among maghemite grains. These minerals form
a skarn mass, where maghemite dominates.

128

The REE contents in the skarn from the borehole
V-DD-43 and their normalization on upper crust provides
a good agreement with the group of older cycle of Permian
magmatites (Fig. 16). According to normalization of REE
contents the skarn belongs to group of porphyric granites
of S-type with andesite as effusive equivalent. The REE
contents analyses of carbonates from partially changed
limestone and their sulfidic rim after their normalization to
primitive mantle manifest a good agreement of these skarn
parts with younger Permian mineralization group, together
with differentiated granite and its volcanic equivalent —
rhyolite (Fig. 16).

In the boreholee V-DD-43 the sulfidic rim in the
immediate skarn contact with carbonate is formed by the
main association of pyrite and ankerite. Similarly as in
the borehole VSV-05-2, pyrite forms a main mineral of
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this zone. The inclusions and enclosures of cassiterite,
maghemite, pyrrhotite,  bismutinite, chalcopyrite,
dolomite, Mg siderite, calcite, sakuraiite and electrum
were found in pyrite (Fig. 17). In the pyrite cracks the
association of chalcopyrite, bismutinite, bismuthinite with
Pb content, tetradymite and electrum was found, where
Au distinctly prevails above Ag (Fig. 17a, c). At the pyrite
margin the tetrahedrite, chalcopyrite and apatite-F often
occur (Fig. 17a, b). In the matrix among pyrite grains, the
association of siderite, Mg siderite, dolomite, Mn ankerite,
ankerite, cassiterite, bismuthinite was found and on pyrite
margin occurred tetradymite, stilpnomelane, phengite,
chlorite, chalcopyrite, apatite-F, uraninite, thorite, rutile,
rutile with the content of W, bastnésite, huttonite, zircon,
talc, monazite and quartz. Also aggregates of sphalerite,
bismutinite, pyrite, tetrahedrite and chalcopyrite were
revealed there. In chalcopyrite and locally also in pyrite
the enclosures of the sphalerite mixture with the content of
In up to 5 wt.%, sakuraiite with Zn content and roquesite
(Fig. 17d—f) occur. Rarely in pyrrhotite there were found
fine enclosures of chalcopyrite and sakuraiite with Sn
content. Stilpnomelane and chlorite represent the index
minerals for defining the stilpnomelane-chlorite zone of
the skarn origin (Figs. 16, 17).

Skarn and its contact in borehole V-DD-43 is
characterized by gradual origin of mineral associations,
being chemically classified in various crystallization
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systems. In KAI=KfsFCA system there originated the
matrix association phengite, stilpnomelane, chlorite
and allanite, apatite-F, calcite, ankerite, dolomite, Mg
siderite and siderite. Apatite-F does not contain any
admixture of other elements and its chemical formula is
Ca,(PO,),F (Tab. 3). Mineral associations in KAI=KfsFCA
characterize the stilpnomelane-chlorite zone of Variscan
metamorphism M1b (Fig. 18).

In the magnesite-siderite-calcite triangle the
replacement of former Silurian limestone — calcite to
dolomite and ankerite is expressed in two gradual stages.
In this triangle, Fe carbonates from the contact of skarn
with calcite are chemically classified between ankerite and
coexisting Mg siderite to siderite. In the skarn mass there
crystallized siderite with MgCO, content 22-25 mol. %
and in pyrite and pyrrhotite the Mg siderite inclusions
reach MgCO, content 46-50 mol. % (Fig. 18). Chemical
composition of sulfides pyrrhotite, pyrite, sphalerite,
chalcopyrite and tetrahedrite is projected in ZnPb(Cu or
alt. Sb)Fe system. In FePbBi(Te or alt. Cu) system it is
a projection of native bismuth, bismuthinite, bismuthinite
Pb, bismuthinite Cu and tetradymite. In ZnFeCuln system
there was found the complete substitution row among
the end members sphalerite—chalcopyrite—roquesite.
According to chemical formula, in this substitution row of
In sulfides there were found sphalerite with a content of In,
sakuraiite Zn, ishiharaite Fe, roquesite, sakuraiite with Sn
and chalcopyrite with In (Fig. 18).

Fig. 16. Partial replacement of Silurian li-
mestone from the Holec Beds of Betliar Fm.
to dolomite and ankerite, sulfidic contact
with skarn and skarn in locality of Dlha do-
lina, borehole V-DD-43, 266.8 m. a — Relic
of former calcite (Cal), dolomite (Dol), an-
kerite (Ank) and mixture of chlorite (Chl),
stilpnomelane (Stp) and phengite (Png). In
the vein of Mg/Fe carbonates the maghemite
is present (Mgh). b—e — skarn is formed by
the main association maghemite (Mgh), cas-
siterite (Cst) and ankerite (Ank). Rarely in
the skarn the relics of former calcite are pre-
served. In the maghemite there are present
numerous inclusions of bismuthinite (Bis).
The occurrences of Mn ilmenite (Mnllm),
bastnésite (Bas), native bismuth (Bi), chal-
copyrite (Ccp), allanite (Aln) and monazite
(Mnz). BSE image. The REE contents from
the sulfidic contact and partially changed
limestone on Mg/Fe carbonates are in ag-
reement with the primitive mantle. The
changed limestone and sulfidic rim at the
contact with skarn belong according to nor-
malization of the REE contents to younger
Permian mineralization group. Into the older
Permian mineralization stage there belongs
the maghemite skarn, which after REE nor-
malization corresponds with upper crust.

Binative
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The PCaUREE system shows projections of chemical
composition of monazite, bastnisite, allanite (Y, light
REE), apatite-F, calcite, ankerite and dolomite. System

(Fig. 18).
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Fig. 17. Minerals in sulfidic rim of the skarn in immediate contact with Mg/Fe
carbonates. Locality of Dlha dolina, borehole VVD-43, 266.8 m. Main minerals
of the sulfidic contact are represented by pyrite (Py), ankerite (Ank), chalcopyrite
(Ccp), apatite-F (Ap) and bismuthinite (Bis). a—f — Cassiterite (Cst) inclusions
in pyrite and ankerite. bismuthinite, tetrahedrite (Ttd) and cassiterite cover the
chalcopyrite. In mixture with pyrite there was found thorite (Thr), chlorite (Chl),
uraninite (U), apatite-F, rutile and rutile with the W content. Fractures in pyrite are
filled with chalcopyrite and inclusions of electrum (Au >> Ag), bismuthinite with
the content of Pb (BisPb) and tetradymite. In the immediate contact with maghe-
mite (Mgh) chalcopyrite contains inclusions of ishiharaite Fe (IshFe), sakuraiite
(Sak) and sakuraiite Zn (SakZn). Inclusions in sulfides are in chalcopyrite inho-
mogeneous and often form a mixture of sphalerite In (Spln), sakuraiite and stilp-
nomelane. In other places in chalcopyrite it is a mixture of sphalerite In, sakuraiite
Zn (SakZn) and roquesite (Rqu). In chalcopyrite the ishiharaite Fe forms also in-
dividual inclusions. BSE image.
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PCaUTi shows association uraninite, rutile, rutile with W
and illmenite. This mineralization was named REE-P-U-Ti

The dividing of the skarn contact to
carbonate zone, sulfidic zone and skarn
characterizes the origin of skarn in the
borehole V-DD-43, similarly as in VSV-
05-2. Mineralogical study revealed the
skarn origin in one gradual event together
with the sulfidic zone. This mineralization
crystallized from residual fluid phase
with high Fe content. In the area of borehole
VSV-05-2 the source of residual fluid
phase was influenced by primitive mantle
in all three zones from the skarn through
sulfidic zone to body of Mg/Fe carbonates
at the skarn contact. In the maghemite
skarn around borehole V-DD-43 the source
of fluid phase if influenced by the upper
crust. The sulfidic zone of the skarn as well
as body of carbonates (calcite, dolomite,
ankerite) indicate the influence of the source
by primitive mantle (Figs. 16, 17).

The skarn present in both boreholes ori-
ginated in the same stilpnomelane-chlorite
zone of M1b metamorphism (Figs. 15, 18).
P-T conditions were derived from stilp-
nomelane-muscovite—quartz geothermome-
ter and the stilpnomelane stability between
300-370 °C and 4.3-5.7 kbar (Tropper &
Piber, 2012). Applying the classification of
minerals, equilibria reactions for the origin
of apatite-F, cassiterite and Fe carbonates,
there was found that the residual fluid phase
on hot line within the stilpnomelane-chlo-
rite zone contained H,S, H,O, CO,, HF,
BO,, SnCl,, H,PO,, K, Ca, Al, Si, Fe, Mg,
Sn, REE, U, Ti, Y, Cu, Sb, Te, Bi, Zn and
In (Figs. 15, 18). In the element association
in fluid phase there additionally occurred
In. In the skarn of stilpnomelane-chlorite
zone there are missing Na, Ta, Nb, Pb, Ni,
Co and As in comparison with the greisen
of biotite zone (Hnilec locality) and the gre-
isen of chlorite-apatite zone (Dlha dolina).
Depletion of these elements was caused
by the decrease of temperature in the stilp-
nomelane-chlorite zone to 300-370 °C.
Mineralogical investigation revealed the P-T
conditions of stilpnomelane—chlorite zone
with the lower limit for the cassiterite and
iron origin, being boun in maghemite and Fe
carbonates and representing main elements
of this zone (Figs. 12—18).

Similarly as in greisen, the presence
of calcite is determining for the origin
of apatite-F. At the contact of skarn, the
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Fig. 18. Classifications of mineral associations of the skarn and the contact of skarn with a body of Silurian limestone, partially replaced
to dolomite and ankerite. Locality of Dlha dolina, borehole V-DD-43, 266.8 m. Chemical composition of carbonates is projected in
triangle diagram magnesite-siderite-calcite. Older stage — partial Mg metasomatism of calcite to dolomite; younger stage — ankerite and
Mg siderite replace the former calcite. Inclusions of Mg siderite were found in pyrite and pyrrhotite. Siderite was found in the matrix
of the skarn — in a mass among maghemite. The matrix minerals in KAI=KfSFCA projection characterize stilpnomelane-chlorite zone
of Variscan metamorphism M1b. The composition of sulfides is shown in tetrahedron projection in combination with ZnFe(Cu/Sb/Te)
Pb, FePb(Cu/Sb/Te)Bi and ZnFe(Cu/Sb/Te)In. A complete substitution row of In sulfides — sphalerite In, sakuraiite Zn, ishiharaite Fe,
sakuraiite and roquesite was found between sphalerite—chalcopyrite-roquesite end members. The sakuraiite with Sn content belongs
also to this projection. REE-P-U-Ti mineralization is classified in PCaUREE and PCaUTi projections. Reactions describe the origin of

apatite-F, cassiterite, maghemite and siderite.

calcite from the former limestone reacted with H,PO, and
the apatite-F has originated without the content of other
elements (Figs. 15, 18). The occurrence of apatite-F was
revealed in sulfidic zone mainly of Mg/Fe carbonatic part
of the contact with the skarn (Figs. 15, 17a). So the skarn
mineralization in locality Dlha dolina (vicinity of the
Gemerské Poloma village) can be named as maghemite—
cassiterite—siderite—In-Bi-Te—sulfidic mineralization. It is
a significant source of In, Bi and Te sulfides.

Stockwork apatite-xenotime-quartz-phengite-tourma-
line mineralization in the chlorite-apatite zone
in the Cu¢ma locality

The apatite-xenotime-quartz-phengite-tourmaline mi-
neralization in the Cu¢ma locality forms short irregular
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stockworks thick up to 2 cm (Fig. 19). The depth range
of the stockwork is several tens of meters, max. 70 m
(Pecho, 1976). The stockwork was sampled in the outcrop
and exploration adit No. 26 (Donat, 1998; Figs. 1, 19).
The stockwork type of mineralization indicates that the
separation of residual fluid phase from the rock, from
which mineralization in small cracks crystallized, occurred
close to the zone of anatectic melting.

The stockwork shape simultaneously indicates that
P-T conditions of the chlorite-apatite zone and fluid phase
crystallization were close to equilibrium with surrounding
rock, where the stockwork at Cué¢ma was revealed.

The mineral assemblages of the stockwork with apatite-
xenotime-quartz-phengite-tourmaline mineralization was
found in the “augen” metapelite. Macroscopically well
recognizable “augens” in the metapelite are formed of
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the admixture of clastic quartz large up to 3 mm. In the
metapelite matrix these clasts have random distribution
and locally form 20 % of the rock volume. Mineral
composition of the metapelite beneath the stockwork
was revealed by mining survey: quartz, albite, phengite,
biotite, garnet-core (Spess,, Alm, . Gross ), garnet-
rim  (Gross,, , Alm,, ..Spess, ,), Kfs (micrographic
overgrowths Kfs + Qtz, micropertite Ab + Kfs + Qtz),
chlorite, zoisite, epidote, allanite, actinolite, apatite,
tourmaline, zircon, Mn ilmenite, ilmenite, rutile, titanite,
xenotime, monazite, uraninite, thorianite, bastnasite,
graphite, calcite, siderite, Mn siderite and pyrite. This
metapelite with biotite porphyroblasts and clastic quartz
of psammitic fraction was designated as Bt metapelite
(Radvanec et al., 2007). In carlier literature about Gemeric
unit this rock was named “porphyroid”. Bt metapelite was
metamorphosed in the biotite zone (see cross-section in Fig.
19). The micrographic and micropertitic clusters indicate
the P-T conditions of biotite zone close to metapelite
melting. The peak temperature of low-pressure biotite zone
was 600 °C (Fig. 19). At these P-T conditions in Gemeric
unit the local anatectic metapelite melting occurred with
the origin of the minimum-type granite melt (Radvanec
et al., 2007, 2009). The assemblage of K-feldspar, quartz
and albite after metamorphism of Bt metapelite in situ has
an arrangement and textural signs of granite, shown in
thin-sections by micrographic overgrowths of K-feldspar
and quartz, as well as the presence of myrmekite and
micropertite. The local textural signs of melting in thin-
sections do not overreach 2 cm? and were found besides
investigated locality of Cuéma also in further localites
— Gulapalag, Majerské dolina, Bystry potok, Roznava-
Turecka, Hrelichov potok and Dlha dolina (Radvanec et
al., 2007).

Tourmaline represents the index and matrix mineral of
the anatectic melting zone of the pelite in the immediate
footwall of investigated stockwork. It crystallized in Bt
metapelite in the same kinematic regime as matrix Bt
metapelite. At the beginning of ductile regime the Fe > Mg
tourmaline (Srl, Foi, ,Drv,,) had crystallized and at the end
the Mg-Fe tourmaline (Srl,Foi, Drv,.), being relatively
younger than Fe > Mg tourmaline (Radvanec et al., 2007).
Based on chemical classification of Al, Mg, Fe and Ca
this tourmaline belongs to groups of dravite, Al-dravite
and schorl (sensu Henry & Guidotti, 1985). Schorl with
the high content of foitite molecule was found in samples
of Bt metapelite with indications of melting (micropertite
and micrographic overgrowths of K-feldspar with quartz)
and the Betliar granite. The Fe-tourmaline in Bt metapelite
has the same chemical composition as tourmaline in the
Hnilec granite (Radvanec et al., 2007).

The occurrence of the group of metamorphic minerals
epidote, garnet and amphibole confirms the equivalence of
the biotite zone in the Cuéma stockwork underlier to the
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epidote-amphibolite facies, similar as in the Hnilec locality.
According to biotite geothermometer the Bt metapelite
metamorphism in the stockwork surrounding reached
temperature 400-500 °C (Fig. 19). Age of Bt metapelite
was revealed from monazite-uraninite isochrone within
the range of 275-262 Ma, though also older Carboniferous
ages 323-310 Ma were found (Radvanec et al., 2007).

The main minerals of the stockwork are apatite-F,
xenotime, quartz, phengite, tourmaline and monazite.
Apatite-F does not contain any admixture of other
elements and its chemical formula is Ca(PO,),F. The
hypidiomorphic and idiomorphic apatite-F reaches the
grain-size 1 cm and often encloses goethite and xenotime
of grain-size up to 0.5 cm. This assemblage forms
aggregates in quartz-phengite matrix (Fig. 19). Xenotime
often encloses inclusions and admixtures of monazite,
uraninite, galena and vyacheslavite. In the matrix there was
found goyazite-REE, allanite, orthobrannerite, monazite,
tourmaline (schorl-dravite), meta-autunite and rarely
unknoun Ti-P-Fe-U-Ca-Pb phase, pyrite, chalcopyrite,
gersdorffite-Co and jamesonite/boulangerite, at the rim
being replaced by plumbogummite and evansite. Evansite
in this rim makes a micture with corroded jamesonite/
boulangerite, so the evansite has variegated contents of Sb,
Fe and S (Fig. 19).

According to projections of chemical composition of
the matrix assemblage in classification diagrams (Fig.
20), in the KAI=KfsFCA system the stockwork belongs
to chlorite-apatite zone. The projections of REE-P-U-Ti
mineralization are in PCaUREE and PCaUTi systems.
Projection of sulfides are visualized in triangle diagrams
PbFeAs and PbFe(Sb alternative Cu) and the matrix
minerals in KAI=KfsFCA projection. Reaction describes
the origin of apatite-F and four qualitative reactions
described the origin of REE-U-Ti mineralization (Fig.
20). Using reactions for formation of apatite-F, goyazite-
REE, vyacheslavite, meta-autunite and orthobrannerite we
have derived that residual fluid phase contained H,S, H,O,
HF, BO,, H,PO,, K, Ca, Al, Si, Fe, REE, U, Ti, Ni, Co,
As, Pb, Cu, Sb and Sr (Fig. 20). Besides the contents of
SnCl,, Mg, Ni, Co, As, Te, Bi, Zn and In, the composition
of residual fluid phase is close to skarn mineralization and
also originated in the chlorite-apatite zone.

Analyses of four stockwork samples to REE contents
and their normalization to upper crust classify stockwork
with apatite-quartz-phengite-tourmaline and REE-P-U-Ti
mineralization, which is in good agreement with a group
of older Permian magmatites. According to normalization
of REE contents this mineralization belongs to group of
S-type porphyric granites with andesite as their effusive
equivalent (Fig. 19). The age 275-262 Ma of Bt metapelite,
where stockwork occurs, is in good agreement with the
age of Permian older magmatic cycle (Figs. 3, 4).

The accessoric occurrence of apatite-F, monazite,
xenotime, chlorite, allanite, tourmaline, zircon, rutile,
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Fig. 19. Mineral assemblages
of the stockwork with apati-
te-xenotime-quartz-phengi-
te-tourmaline mineralization
in chlorite-apatite zone of
M1b metamorphism in lo-
cality of Cuéma. Samples in
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uraninite and pyrite in Bt metapelite and the same minerals
in stockwork characterize the same residual fluid phase,
from which these equal assemblages originated.

Tourmaline-molybdenite-Fe carbonate
and quartz-phengite-topaz-apatite-sulfidic
mineralization in the greisen of chlorite-apatite zone
from the granite exocontact in the Hnilec locality

From the granite exocontact in locality of Hnilec the
samples of tourmaline-molybdenite-Fe carbonate and
quartz-phengite-topaz-apatite-sulfidic mineralization were
taken from the adit 1 (HG-133), adit 2 (HG-3) and bore-
holes (HD-16, HD-8). The sampling sites are visualized in
cross-section (Fig. 21; Drnzik et al., 1981).

Mineralization occurs in the granite exocontact in the
greenschists facies chlorite-muscovite phyllite. Greisen
occurs in irregular form, in short pseudoveins, clusters
and stockworks and often envelopes older greisen from
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the biotite zone (Fig. 22). This greisen mineralization is
younger than mineralization in internal cassiterite greisene
or cassiterite greisen in immediate contact of granite with
its exocontact in the area of anatectic melting (Figs. 6, 7,
8). Greisenized phyllite contains irregular sedimentary
carbonate interbeds, intercallations or thin beds. In the
phyllite these interbeds of calcite — limestone are thick up
to several cm (Fig. 22). Residual fluid phase in the granite
exocontact changed this former phyllite to greisen type
with prevailing matrix association of quartz, phengite,
tourmaline, apatite-F, ankerite and siderite. The fluid phase
metasomatically replaced the former calcite in phyllite to
ankerite and siderite according to reaction 1 and coexisting
apatite-F with ankerite originated according to reaction 3.
Beside this main mineralization in greisen there was found
topaz, bismuthinite, molybdenite, arsenopyrite, pyrite and
rarely also pyrrhotite, jamesonite and garavellite (Figs. 21,
22). Topaz originated according to reaction 2.

REE contents from this greisen are normalized to
primitive mantle, having corresponding course and the

-

Os/Re age of molybdenite 263 Ma
Sample HG-3

calcite (C)
CaCO,

MnCO, <4.5 mol.%

C+D+S

MgCO,
magnesite

 FeCO,
siderite (S)

Fig. 21. Tourmaline-molybdenite-Fe carbonate mineralization with quartz-phengite-topaz-apatite and sulfides in the greisen of chlori-
te-apatite zone M1b in the granite exocontact of the Hnilec locality. Sampling sites: boreholes HD-8 and HD-16, adit 1 — HG-133, adit
2 — HG-3. Position of samples in cross-section according to Drnzik et al. (1981) is marked blue. Abbreviations: Quartz (Qtz), calcite
(Cal), galena (Gn), topaz (Toz), molybdenite (Mo), bismuthinite (Bis), phengite 1-2 (Pngl, Png2), tourmaline (Tur), apatite-F (Ap),
ankerite (Ank). BSE image. REE contents from this greisen are normalized to primitive mantle. Greisen belongs to younger minera-
lization group of Permian together with differentiated granite and its volcanic equivalent — rhyolite. Molybdenite Re-Os age is 263 Ma

(Kohtt & Stein, 2005).
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same negative Eu anomaly in concordance with the dif-
ferentiated granites G1 and G2 (Fig. 21). Griesen belongs
to younger mineralization group of Permian together
with differentiated granites and their volcanic equivalent
— rhyolite. Origin of the greisen from rezidual fluid phase
was influenced by the mantle (Fig. 21). The Re-Os age of
molybdenite from the sample HG-3 is ~263 Ma. The sul-
phur isotopic composition of dated molybdenite is d**S (o)
= 1.71 £ 0.2 %o and prefers its crustal origin connected
with magmatic process (Kohut & Stein, 2005). In apatite-F
of phengite matrix the sphalerite clusters with chalcopyrite
and tetrahedrite were found. Galena was revealed in cal-
cite and in other places of the greisen the galena forms the
matrix of pneumatolytic breccia in the mass of apatite-F,
phengite and topas (Fig. 22).

Greisen with tourmaline-molybdenite-Fe carbonate
and quartz-phengite-topaz-apatite sulfidic mineralization
ich characterized by gradual origin of mineral associa-
tions, chemically classified in crystallization systems.
KAI=KfsFCA projection shows matrix association of
phengite, chlorite, tourmaline, topaz, apatite-F, calcite,
ankerite and siderite. Apatite-F does not contain any ad-

mixture of other elements and its chemical formula is
Chlorite-apatite zone Cassite

Ms/Png+6HF = 3Tpz+3Qtz+2K+4H*
5Cal+3HPOHF = Ap-F+5H,0+5C0, A

SedEx mineralization on the surface

Ca (PO,),F. Projection of matrix association characterizes
chlorite-apatite zone (Fig. 22). The projections of chemi-
cal composition of above stated sulfides are shown in Zn-
Fe(Sb/Cu)Pb, ZnFePbAs and PbFe(Sb/Cu)Bi systems
(Fig. 22). The classification of minerals and equilibrium
reactions revealed that residual fluid phase in chlorite-ap-
atite zone contained H,S, H,0, CO,, HF, BO,, H,PO,, Na,
K, Ca, Al, Si, Fe, REE, As, Pb, Zn, Cu, Bi, Mo and Sb.
Comparison with higher temperature fluid phase, produc-
ing greisen in epidote-amphibolite facies and in biotite
zone revealed that the fluid phase of chlorite-apatite zone
was deficient in SnCl,, Mn, Mg, U, Ti, Y, Ni, Co, Ta, Nb
and Te (Fig. 9). In this comparison we have found that in
chlorite-apatite zone the Mo and Sb content was increas-
ing. The Mo content is bound in dated molybdenite and Sb
in garavellite, jamesonite and tetrahedrite (Figs. 21, 22).

Sb sulfides-rich tourmaline-Fe carbonate
mineralization in chlorite-apatite zone in Rozabela
vein in the Stofova dolina valley

The Sb sulfides-rich tourmaline-Fe carbonate mine-
ralization in Rozabela vein of Stofova dolina was verified

rite-tourmaline-Fe carbonates bearing greisen
Hnilec exocontact of granite - mineral assemblage

i ion: i + Ruti + i
Topaz and apatite formation:  Ajite ’.lTopaz < aclc(i:tg © + Quartz +;l:)tllll:lite Molybdenite
aCo, A
i i 3 + Zircon
Other minerals < metapete A0
Carbonates
MnCO;< 11 mol. 9+0 C+D+S Ap+Png+
Toz
dolomite f——9"

Pneumatolitic
breccia

A

~ \Apatite-F
- Calcite
c
MgCO,
magnesite
i Alternate
Siderite Cu+
F Sb+

Sulfides

As

Bismuthinite

FeCO,
siderite (S)

Os/Re age of molybdenite
263 Ma

Bt+Tur+Ap+

Bi Biotite zone Fe/Mn Carb.

Fig. 22. Projections of positions of mineral asociations of tourmaline-molybdenite-Fe carbonate mineralization with quartz-phen-

gite-topaz-apatite and sulfides in the greisen of chlorite- apatite zon

e M1b. Granite exocontact in locality of Hnilec. Projections of

chemical composition of carbonates are in triangle diagram magnesite-siderite-calcite. Position of matrix minerals in KAI=KfsFCA
projection. Position of sulfides in FePb(Cu/Sb)Bi, ZnFe(Cu/Sb)Pb and ZnFePbAs projection. Reactions describe the origin of topaz

and apatite-F. 1 —in the cross-section the older greisen from the biotite
2 — pneumatolitic breccia with the galena (Gn) matrix. Abbreviations
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zone is enveloped by younger greisen from chlorite-apatite zone.
of minerals are in Fig. 21.
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by four small exploration adits located along the whole
500 m length of this vein cropping out. From related
small dumps four samples were taken for determination
of the contents of 62 elements (Tabs. 3, 4) and mineral
association of the vein.

In older literature the above stated mineralization
was simply called as stibnite—mineralization or marked
as Sb veins (Bartalsky et al., 1973; Grecula et al., 1995).
This name was due to the target raw material — stibnite,
though the main mineral of Sb veins is quartz. Sb veins
were found in the southern Cuéma-Popro¢ zone as well
as in northern Dobsina — Helcmanovce — Zlata Idka zone.
These two zones of Sb mineralization are identical with
southern and northern hot lines, where originated the
metamorphic zones and anatectic granites of S-type in
Permian magmatic cycle of Variscan orogenic belt (Fig.
1; Radvanec et al., 2007, 2009; Grecula et al., 2009).
According to the amount, the occurrences of Sb veins in
southern zone distinctly prevail above occurrences in the
northern zone (Bartalsky et al., 1973; Grecula et al., 1995).

o
S

[>Rozabela vein Qtz+Ms+Ap+
r - Tur+Sd+Ank+Sulf.

-
=

T T T

i

Sample/Primitive mantle

[ Hnilec differentiated granites
I G1, G2 and rhyolite

Comparison of normalized REE content
from Sb-Fe carbonates vein Rozabela
with differentiated granites G1, G2 and
rhyolite. Locality Stofova dolina

Sb veins were verified by exploration trenches, adits and
in numerous places Sb ores were exploited — mainly in
the surrounding of Betliar, Popro¢ and Zlata Idka villages.
Quartz in Sb veins is significantly prevailing over Sb
sulfides. The subsidiary minerals represent sulfides, Fe
carbonates, albite, phengite, apatite, tourmaline, a.0. The
level of geological knowledge on this mineralization type
was summed up by Bartalsky et al. (1973) and Grecula et
al. (1995, 2009). Sb veins always occur close to granite,
having variegated length from several tens of meters
to 1 km. Vertically they occur close above granites and
their depth range is maximum 300 m. Thickness of veins
is from several cm in stockworks to veins and lenses of
8 m thickness. Sb veins were tectonically segmented and
mylonitized during Alpine orogenesis. They occur in
tectonic blocks together with surrounding rocks of biotite
zone, or tectonic blocks of epidote-amphibolite facies
of Variscan metamorphism M1b (Fig. 1; Grecula et al.,
2009).

Stibnite ’
i

* a=—Antimony
Qz - %

+Y
~Jamesonite
PhyFeSb)S14

Fig. 23. Sb-sulfides rich tourmaline-Fe carbonate mineralization in Rozabela vein. Association quartz (Qtz), ankerite (Ank), siderite
(Sd), apatite-F (FAp), tourmaline (Tur), phengite (Png) with Sb sulfides and albite in chlorite-apatite zone of M1b metamorphism in
locality of Stofova dolina. BSE image. REE contents from this Sb vein are normalized to primitive mantle and vein belongs to younger
Permian mineralization group together with differentiated granites and their volcanic equivalent - rhyolite. Four samples for REE con-
tents were taken from small dumps and represent the whole known superficially cropping out course of the vein.
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The Rozabela vein in whole known profile near surface
is formed by agglomerates and clusters of ankerite, stibnite,
berthierite, phengite, apatite-F, tourmaline, albite, siderite,
chalcostibite, chapmanite, senarmontite, fiilloppite, pyrite,
pyrrhotite, chalcopyrite, arsenopyrite and native antimony
in the quartz matrix. These clusters are often bearing zircon.
Jamesonite forms in berthierite admixtures and inclusions.
Stibnite fills cleavage joints in siderite and ankerite. These
small stibnite veinlets do not continue to quartz matrix. It
is an evidence that Fe carbonates and Sb sulfides represent
coexisting minerals (Figs. 23, 24). Tourmaline belongs to
schorl-dravite series. It has the same zonality and chemical
composition as in other investigated localities (Jiang et al.,
2008). Apatite-F does not contain any admixture of further
elements and its chemical formula is Ca (PO,),F.

The Rozabela vein is characterized by gradual origin
of mineral associations, chemically classified in various
crystallization systems. Matrix association of phengite,
chlorite, tourmaline, apatite-F, ankerite, siderite and albite
in KAI=KfsFCA projection, characterizing the chlorite-
apatite zone (Fig. 24). Classification triangle diagram

Chlorite-apatite zone

Apatite formation:
5Cal+3H,P0, +HF = Ap-F+5H,0+5C0,

1cm

A

Other minerals Albite

KMASH 1)
b KFMASH '
+BO3
+HF
+H,PO,
Muscovite

kg sl Cc
KAI=Kfs Chiorite<:-
Celadonite
Phlogopite
Siderite Fey 7150260
F hydrated

Sulfides .~
+HS

Arsenopyrite

As Pb

Sh: u+
-native

) ibnite . S0+
Apatite-F halcostibite

enarmontite.

Jamesonite

Sb sulphides

Alternate

magnesite-siderite-calcite shows projection of ankerite
and siderite chemical composition. The projections of
sulfides chemical composition are visualized in connected
triangles FePbAs and Fe(Sb/Cu)Pb. The equilibrium
reaction describes the origin of apatite-F (Fig. 24). Applying
the classification of minerals and equilibrium reactions
there was derived that residual fluid phase in chlorite-
apatite zone contained H,S, H O, CO,, HF, BO,, H,PO,,
Na, K, Ca, Al, Si, Fe, As, Pb, Cu and Sb. Comparison of
composition with residual fluid phase in chlorite-apatite
zone of Hnilec locality we found that in the fluid phase in
the Rozabela vein the REE, Zn, Bi and Mo are missing.
The other components are equally represented.

Siderite-sulfidic mineralization of the Strieborna
and KonsStancia veins in the chlorite zone
of metamorphism

The Strieborna and KonStancia veins were selected
to this study as etalons of the vein siderite-sulfidic
mineralization in the Gemeric unit. This mineralization is

Sh-rich sulphides-tourmaline-Fe carbonates bearing vein

Rozabhela Sb vein - mineral assemblage

+ Quartz
+ Zircon
+ Monazite
calcite (C)
caCo,
Carbonates

MnCO;<4.5 mol.%

Sb sulphides +
Fe-Ca carbonates

MgCO,
magnesite

T -

Siderite
Ankerite
Phengite

Fig. 24. Mineral associations of Sb-vein Rozabela in classification diagrams for carbonates, sulfides and further minerals. Chemical
formula of the association phengite, apatite-F, chlorite, siderite, ankerite and albite are identical with chemical composition of cor-
responding minerals in studied localities of chlorite-apatite zone of Gemeric unit. 1 — cut sample shows the relation of apatite (Ap),
tourmaline (Tur), quartz (Qtz) and Fe carbonates. 2 — cut sample shows the relation of albite, quartz and Sb sulfides with Fe carbonates.

Reaction describes the origin of apatite-F.
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represented by ca 1200 veins, being explored and numerous
of them also exploited. The depth range of the veins is
around 1000 m and their thickness ranges from several
cm to 50 m. Detail description of mineral associations of
these veins and their location were summed up in works
by Bartalsky et al. (1973) and Grecula et al. (1995), as
well as numerous other studies and reports from their
survey. Veins and vein systems of quartz-siderite-sulfidic
mineralization are located in chlorite zone of greenschists
facies (Grecula et al., 2009). Genetic model of the origin of
this mineralization is derived from the origin of fluid phase
in amphibolite, epidote-amphibolite facies and in biotite
zone of metamorphism, acting from Upper Carboniferous,
but mainly in Permian on hot line of Variscan orogenesis
in Paleo-Gemericum. This fluid phase migrated from the
zone of ductile overprint into colder area of greenschists
facies, where it crystallized in cracks formed in the brittle
deformation conditions. Source of elements for this fluid
phase is represented by Devonian stratiform sulfidic
mineralization, Silurian organogene sediments and
lydites of Betliar Fm., all metamorphosed and melted in
amphibolite facies conditions (Grecula et al., 1995, 2009;

Chlorite zone

74k et al., 2005; Radvanec et al., 2004, 2010; Radvanec
& Grecula, 2016).

Representative samples of quartz-siderite-sulfidic
mineralization were taken from the 6th mining level of the
Strieborna vein, not reaching the surface. The Konstancia
vein represents the same mineralization located in the
Betliar Fm.

The veins Strieborna and KonsStancia are characterized
by the origin of mineral associations, being chemically
classified in crystallization systems. The KAI=KfsFCA
projection demonstrates the matrix association of
phengite, chlorite, apatite-F, siderite and albite. Apatite-F
and tourmaline in these veins occurs in their bottom parts.
In the quartz siderite matrix occur accessoric minerals.
Main matrix association phengite-chlorite-siderite cha-
racterizes the chlorite zone (Fig. 25). In classification
triangle diagram magnesite-siderite-calcite are shown
projections of siderite chemical composition. Siderite
from the Stricborna vein has 10-20 mol.% MgCO,
content and siderite from the Konstancia vein the content
2-3 mol. %. Projections of chemical composition of
sulfides are shown in connected systems of ZnFePbAs,

Siderite-sulfides bearing veins

Strieborna and Konstancia veins - mineral assemblage

Other minerals Jibite calcite (¢)  +Quartz +Monazite +Hematite
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Fig. 25. Mineral association of siderite-sulfidic mineralization in veins of KonStancia and Strieborna in classification diagrams for
carbonates, sulfides, arsenides and other minerals. Chemical formula of the association phengite, apatite-F, chlorite, siderite and albite
corresponds with chemical composition of the same minerals in studied localities of chlorite-apatite zone of Gemeric unit. Reaction

describes the origin of apatite-F.
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Zn(Cu/Sb)FePb and Fe(Cu/Sb)PbBi. The Konstancia
vein contains the native Bi, bismuthinite, cannizzarite,
cosalite and alloclasite, native Cu and ullmannite, missing
in the Strieborna vein. The Strieborna vein contains Bi
jamesonite, boulangerite and gersdorffite, missing in
the Konstancia vein. Other sulfides — pyrite, pyrrhotite,
arsenopyrite, chalcopyrite, tetrahedrite and quartz,
monazite, xenotime, zircon and hematite have the same
chemical composition and found they were in both veins,
forming their main sulfidic association. The equilibrium
reaction describes the origin of apatite-F (Fig. 25). Applying
these classifications and the equilibrium reaction we have
derived the composition of residual fluid phase, containing
H,S, H,0, CO,,Na, K, Ca, Al, Si, Fe, Ni, Co, As, Pb, Bi,
Cu, Sb = HF, BO, and H,PO,. The REE contents from
both veins of Konstancia (four samples with various ratios
of sulfides, siderite, quartz and albite) and Strieborna are
normalized in good agreement with primitive mantle. This
classification ranks them to younger mineralization group
of Permian, together with differentiated granites and their
volcanic equivalent — rhyolite (Fig. 26).

Disseminated sedimentary-exhalation U-SedEx
mineralization from chlorite-apatite zone in Permian
volcanosedimentary sequences in locality
of Krompachy, Kuriskova and in tectonic breccia
in the Porac locality

The disseminated sedimentary-exhalation phengite-
apatite-carbonate-U-Mo-Cu-Fe SedEx mineralization (in
further text U-SedEx) is known from numerous localities
from Novoveska Huta to Kosice along the northern margin
of Gemeric unit and is genetically interconnected with
Permian andesite-rhyolite volcanism (Novotny & Mihal’,
1987; Vozarova & Vozar, 1988; Grecula et al., 2009).

SO T T T T T T T T T T T T T 1

/AJedlovec - Konstancia vein, siderite, sulfides
[JRoznava - Strieborna vein, siderite, sulfides

Chlorite zone

Sample/Primitive mantle

Hnilec differentiated granites
G1, G2 and rhyolite
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Fig. 26. Normalization of REE to primitive mantle of siderite-sul-
fidic mineralization of the Konstancia and Strieborna veins.
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U-SedEx mineralization was newly studied in volcano-
sedimentary sequences and andesite tuff in Kuriskova lo-
cality. Besides a new mineralogical investigation we have
completed the missing data about evolution and chemical
composition of minerals in this locality, as well as com-
pared and comprehensively evaluated until published ana-
lyses of minerals from works by Ferenc & Mato (2006),
Ferenc & Demko (2007; 2010), Demko & Ferenc (2007),
Demko et al., (2007, 2011) and Ferenc et al. (2008).

In the Pora¢ locality the mineralogical investigation
of U-SedEx mineralization studied the matrix of tetonic
breccia. In Krompachy locality the pneumatolitic breccia
in andesite tuff was found in borehole 953, 103.3 m,
which matrix is formed by Fe-Ca carbonates, phengite,
apatite-F, chlorite and pyrite. In borehole 1113, 454.8 m in
this locality a stockwork of Fe-Ca carbonates in andesite
was found (Fig. 27 and Table 3). This mineralization
belongs to the process of the origin of U-SedEx
mineralization. According to normalization of REE
contents the mineralization from pneumatolitic breccia is
corresponding with normalization of the contents on upper
crust, so belongs to earlier Permian mineralization cycle,
with the origin of porphyric granite and andesite (Fig. 27).

In the Kuriskova locality we have newly studied
samples from the borehole LE-K-29, where the U-SedEx
mineralization was revealed in phengite-chlorite shale
and in the borehole KGJ-21A-165, where it occurs
in the andesite tuff. U-SedEx mineralization forms
impregnations or it was found in concordant stockworks
and veins with thickness of several tens of um up to
1 cm. It is formed by pyrite, apatite-F, orthobrannerite,
albite, rutile, quartz, phengite, dolomite, chlorite and
coffinite (Fig. 28). The mixture of chlorite and phengite or
apatite-F is often rimmed by the mixture of albite, coffinite
and quartz (Figs. 28a, 28e). Concerning the U-SedEx
mineralization in Poraé¢ locality, quartz in the matrix of
tectonic breccia encloses the association of phengite,
pyrite and molybdenite (Fig. 29).

The projections of chemical composition of the matrix
association are in the KAI=KfsFCA system completed
by K-feldspar, tourmaline and actinolite from above stated
earlier studies. Mineral associations gradually originated
in the KAI=KfsFCA system. Association of K-feldspar,
phengite-1 and albite relates with the origin of andesite tuff
and volcanosediments during effusions of andesite lava.
Association phengite-2, tourmaline, chlorite, actinolite,
coffinite, apatite-F, ankerite, dolomite and Mg siderite
crystallized from residual fluid phase, which altered
and infiltrated the unsolidified sediments and volcanic
products to U-SedEx mineralization (Fig. 30). Apatite-F
similarly as in other investigated localities does not
contain any admixture of other elements and its chemical
formula is Ca (PO,),F. Matrix association in KAI=KfsFCA
system indicates that U-SedEx mineralization originated
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at chlorite-apatite zone conditions. The projections
of chemical composition of the mineral assemblages
of U-SedEx mineralization are shown in PCaUREE
system with projected positions of florencite, monazite,
apatite-F, dolomite, ankerite, Mg siderite, uraninite,
metacalciouranoite, calciouranoite and coffinite. In
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Fig. 27. Pneumatolitic breccia in Permian andesite tuff — bore-
hole 953-7 and stockwork of carbonates in andezite, borehole
1113-22. Boreholes are from the Krompachy locality. Abbrevia-
tion: Calcite (Cal), ankerite (Ank), phengite (Png), chlorite (Chl),
apatite-F (Ap-F), pyrite (Py). Normalizations of REE contents
from carbonate mineralization of boreholes 953-7 and 1113-
22 are consistent with normalization of the REE contents from
U-SedEx mineralization, found in chlorite schists in locality of
Kuriskova. The REE normalizations are in good agreement with
upper crust. Chlorite-apatite zone.

PCaUTi system it is association uraninite, orthobrannerite
and rutile. In the frame of U-SedEx mineralization the
assemblages in PCaUREE and PCaUTi systems are
named as REE-P-U-Ti mineralization correspondingly as
in other studied localities (Figs. 9, 11, 18, 20, 30). Sulfides
from U-SedEx mineralization are shown in ZnFePbAs
system. It is an association of sphalerite, pyrite, galena,
arzenopyrite and gersdorffite. In ZnFePbCu/Sb system it is
tennantite, chalcopyrite, bournonite, tetrahedrite, bornite,
chalcocite, roxbylite and covellite. Coexisting carbonates
from U-SedEx mineralization — calcite, dolomite, ankerite
and Mg siderite/Fe magnesite are visualized in triangle
diagram magnesite-siderite-calcite. Unclassified minerals
of U-SedEx mineralization in the systems are represented
by quartz, molybdenite, zircon, goethite, barite, organic
substance (C), hematite and magnetite (Fig. 30). Projections
of chemical formula of minerals in classification diagrams
correspond with chemical composition of the same
minerals, which originated in studied localities in chlorite-
apatite zone of M1b metamorphism.

Using the above stated classification systems, it has
been found that residual fluid phase, forming U-SedEx
mineralization contained H,S, H,O, CO,, HF, BO,, H,PO,,
Na, K, Ca, Al, Si, Fe, Mg, REE, U, Ti, Zn, Pb, Ni, As, Cu,
Sb, Mo and Ba (Fig. 30). Composition of this fluid phase
is in good agreement with the composition of residual
fluid from apatite-chlorite and stilpnomelane-chlorite zone
in localities of Hnilec, Dlha dolina (skarn and greisen),
Cu¢ma and Rozabela vein. In fluid phase of U-SedEx the
contents of Y, Te, Bi, In, Sr and Co are missing in this total
comparison of the fluid phase composition. In U-SedEx
fluid phase there occurred also Ba content (Fig. 30). The
age of U-SedEx mineralization is according to Re-Os
molybdenite dating 257-256 Ma (Kohtt et al., 2013).

The normalization of the REE contents in locality
of Kuriskova confirms that U-SedEx mineralization
is identical with the mineralization of pneumatolytic
breccia from the locality of Krompachy and correspond
with REE contents normalization to upper crust (Fig. 27).
According to this characteristic both localities belong to
older mineralization cycle, when in Permian originated the
porphyric granite and andesite. U-SedEx mineralization
with molybdenite from the matrix of tectonic breccia in
locality of Pora¢ belongs to younger granite-rhyolite cycle
with characteristic REE normalization to primitive mantle
(Fig. 29).

Mineralization source in Permian
metamorphic-magmatic-hydrothermal cycle

The source of elements for mineralization of Permian
metamorphic-magmatic cycle is represented by pre-
Permian rocks, having in Lower Paleozoic Paleo-
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eAndesite tuff, KGJ-21A-165

Fig. 28. Disseminated sedimentary-exhalative U-SedEx mineralization in Permian
chlorite schist in locality of Kuriskova (a—e). Abbreviations: Albite (Ab), dolomite
(Dol), phengite (Png), chlorite (Chl), apatite-F (Ap), pyrite (Py), quartz (Qtz), rutile

(Rt), orthobrannerite (OBrn), coffinite (Cof). BSE image.

Gemericum significant areal/volume spread. This
condition is fulfilled by Devonian disseminated and
stratabound sulfidic mineralization of the Smolnik Fm.
and phyllites with organic substance and interbeds of
lydites/volcanosilicites of Silurian Betliar Fm. (Grecula et
al., 2009). Stratabound sulfidic mineralization originated
during bimodal basalt-keratophyre magmatism in the rift
zone of oceanic floor. Both formations — Smolnik Fm
with stratabound sulfidic mineralization and Betliar Fm.
with organic substance and lydites — were on Permian hot
line metamorphosed and underwent anatectic melting.
Hence, the Betliar Fm. became a source of CO, and the
stratabound sulfidic mineralization of Smolnik Fm. became
a source of elements forming oxidic-sulfidic and Fe-Mn-
Ca carbonatic mineralization. The process of mobilization
of CO, from the rocks of Betliar Fm. and elements from
stratiform sulfidic mineralization of Smolnik Fm. to
residual fluid phase was found by Radvanec (1988),
Grecula et al. (1995), Radvanec et al. (2004), Zak et al.
(2005) and Radvanec et al. (2010).

~ Chl-schists, LE-K-29

The occurrences of primary strata-
bound sulfidic mineralization are still
well preserved in greenschists facies
sequences not degrading it and its areal
spread together with rocks of Betliar Fm.
is significant also in recent Gemeric unit.

Etalon of stratabound sulfidic
mineralization is represented by the
Smolnik locality (Fig. 1). Considering
the position to former effusive center of
ore-bearing fluids on sea bottom, three
representative samples of basalts and one
sample of keratophyre were taken from
the Pech adit. These samples have dis-
tinctly prevailing sulfidic impregna-
tions over host basalt and keratophyre.
Mineralogical and geochemical investi-
gation revealed that chalcopyrite- pyrite/
pyrrhotite Fe-Cu + Ni, B mineralization
forms in basalt the central part around
the former hydrothermal vent and this
mineralization of the sea floor originated
from the black smoke at ca 370 °C. Dis-
seminated Fe-Zn-Pb + Rb, As, Ag, Co
mineralization forms transitional, more
external part from the vent and besides
pyrite there crystallized mainly sphalerite
and galena. External part of effusion is
formed by Fe-Ba-Sn-Mo dissemination
mineralization in keratophyres, where
the former ore-bearing fluid generated in
the rift of Silurian-Devonian ocean crust
and significantly was diluted with the

°
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Fig. 29. The REE contents from tectonic breccia in locality of
Pora¢ are normalized to primitive mantle. Contents of La and Ce
are enriched in comparison with the mantle and mineralization
belongs to younger mineralization group together with differen-
tiated granite and its volcanic equivalent — rhyolite.
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Chlorite-apatite zone

Apatite formation:
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Fig. 30. Mineral associations of sedimentary-exhalative phengite-apatite-carbonate U-Mo-Cu-Fe mineralization of SedEx type in Per-
mian volcanosedimentary sequences from chlorite- apatite zone. Classification diagrams show separately projections of carbonates,
sulfides and REE-P-U-Ti minerals. The molybdenite age is 257-256 Ma (Kohut at al., 2013).

sea water (Bartalsky et al., 1993; Radvanec et al., 1993;
Grecula et al., 1995). In this external part the molybdenite
was found in association with pyrite in metakeratophyre
and Sn contents in metabasalt reach 960 mg/kg (Radvanec
& Grecula, 1985).

The main mineral association of stratabound sulfidic
mineralization in locality of Smolnik is represented
by pyrite, significantly prevailing over chalcopyrite,
sphalerite, galena, pyrrhotite and arsenopyrite. Besides
the main association also subsidiary minerals were found:
glaucodote, arsenolite, claudetite, bismuthinite, native Bi,
boulangerite, bournonite, jamesonite, bornite, tetrahedrite,
ullmanite, stibnite, native Cu, chalcotite (Bartalsky et al.,
1993). Projections of these minerals are shown in systems
ZnFePbAs, ZnPbCu/SbFe and FePbCu/SbBi (Fig. 31).
Besides the main and subsidiary mineral association
in the stratabound sulfidic mineralization also other
minerals were found: quartz, K-feldspar, K-SO minerals,
gypsum, phengite, chlorite, albite, cassiterite, hematite,
molybdenite, sulphur, gold, anatase, apatite, fluorite,
biotite, epidote, graphite, ilmenite, uraninite, scheelite,
tourmaline, magnetite, topaz, zircon, ankerite, Mn ankerite,
siderite and calcite (L.c.). It is probable that some mineral
associations originated in former stratabound sulfidic
mineralization and by auto-metamorphogenic process in
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the greenschists facies respectivelly (Fig. 31). The locality
of Smolnik is metamorphosed in this facies (Grecula
et al.,, 2009). According to above stated mineralogical
composition, the stratabound sulfidic mineralization is a
source of S, F, B, Sn, K, Ca, As, Fe, U, Ti, Cu, Bi, Pb, Zn,
Mo, Li and U entering the residual fluid phase (Fig. 31).

Lydites in localities of Smolnik-Uhorna and Jedl'ovec
(Fig. 1) are formed prevailingly of quartz, phengite,
graphite and pyrite. Next minerals in the quartz matrix
of lydite are represented by chlorite, allanpringite, rutile,
hematite and white mica with the V content. According to
mineralogical composition, lydites are a source of P, Ti, Si,
Fe, U and CO,, entering into residual fluid phase (Fig. 32).

The REE contents from the central, transitional
and external part of the stratabound sulfidic mineralization
and lydite are after normalization in good agreement with
the etalon of upper crust (Figs. 31, 32).

Classification of Permian
metamorphic-magmatic-hydrothermal cycle
according to normalization of REE contents and ages

The normalization of REE contents from granites, vol-
canites and various above stated mineralizations classifies
Permian metamorphic-magmatic-hydrothermal (MMH)
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cycle into two groups. First group corresponds with up-
per crust and second group with primitive mantle (Fig.
33). Dating of granites, volcanites and mineralizations
indicates gradual origin of two Permian parallel hot lines
in Paleo-Gemericum (Figs. 1, 2; Radvanec et al., 2007,
2009). Older hot line metamorphosed and anatectical-

Chlorite zone

ly melted upper crust and classifies this older evolution
of MMH cycle as upper crustal. The S-type porphyric
granites and andesite as their effusive equivalent originat-
ed in this line. The stratabound sulfidic mineralization of
the Smolnik type of Smolnik Fm. and lydites of the Betliar
Fm. were a source of mineralization in this anatectic-hy-

Disseminated and stratiform sulphidic mineralization
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Fig. 31. Mineral association of Devonian stratabound sulfidic mineralization in the Smolnik locality (Bartalsky et al., 1993) with
greenschists facies overprint, belonging to Smolnik Fm. (Grecula et al., 2009). The REE contents normalization is in agreement with

that of lydites and upper crust.

Fig. 32. Mineral association
of lydite: quartz (Qtz), phen-
gite (Png), pyrite (Py), chlorite
(Chl), graphite (C), rutile (Rt),
hematite with V content (Hem +
V), allanpringite and mica with
V content. BSE image. Lydite
belonging to Silurian Betliar

A Lydite
Silurian age - Betliar Formation

Fm. underwent the greenschists
facies overprint (Grecula et
al., 2009). The REE contents
normalization in lydite agrees
with the upper crust. Localities
Smolnik-Uhorna and Jedlovec.
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drothermal cycle (Fig. 33). The related hydrothermal
mineralization was found in biotite zone and chlorite-apa-
tite zone in etalon localities of Hnilec, Dlha dolina, Cuéma,
Betliar, Krompachy and Kuriskova (Fig. 33). This older
Permian upper crustal MMH cycle was active within the
period of 281-268 Ma and its termination is indicated by
the cassiterite age 268 Ma from the greisen at the Hnilec
village (Kohut, personal information; Fig. 33).

Permian MMH cycle gradually continued by the
evolution within younger hot line (Figs. 1, 2; Radvanec
et al.,, 2007, 2009). The magmatites and mineralization
were influenced by the primitive mantle (Fig. 33),
which has reflected in the differentiated S-type granites,
rhyolites and mineralization of chlorite-stilpnomelane
zone, chlorite-apatite zone and chlorite zone. It was
revealed in type localities of Hnilec, DIlha dolina,
Jedl'ovec (Konstancia vein), Roznhava (Strieborna vein),
Stofova dolina (Rozabela vein) and Poraé (Fig. 33.).
According to zircon, monazite and uraninite dating,

the younger differentiated granites originated within an
interval of 263-256 Ma (Radvanec et al., 2007, 2009).
The molybdenite Re-Os ages of 263-256 Ma (Fig. 33)
confirm that the mineralization with the primitive mantle
influence is coeval with differentiated granites. The age
of the Hnilec molybdenite is 263 Ma and the Kuriskova
molybdenite 256 Ma (Kohut & Stein, 2005; Kohut et al.,
2013). The molybdenite ages together with the ages of both
— differentiated granites and dacite-rhyolite — put younger
MMH cycle to the Middle—Upper Permian (263-251 Ma;
Fig. 33; Radvanec et al., 2007, 2009; Kohut & Stein, 2005;
Kohut et al., 2013; Vozarova et al., 2015).

Isoconcetrations, anomalous and deficient contents
of elements in reference rocks and type mineralizations
of metamorphic-magmatic-hydrothermal cycle
in Permian

The content of 62 elements was analysed from numerous
reference granites, lydites, andesites, rhyolites and etalon
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mineralizations. Applyning the normalization of the
element contents to those in reference rocks, the deficient
and anomalous contents were revealed, being visualized in
logarithmic scale. After the normalization of the element
content to reference rock, the isoconcentration (in further
text — the isocone) in compared sample is the same in the
case of their ratio equal to 1. In good agreement with the
reference granite an isocone falls within the range 0.1-10.
Values beneath 0.1 represent a deficiency and above 10
the enrichment against the reference rock (Figs. 34-37).
The contents of 62 elements have colour division and
division to groups, respecting the results of mineralogical
investigation and binding of elements in mineral
associations, found in type localities by mineralogical-
geochemical investigation. Part of the main components
of analyses and unclassified element contents occur in the
black group. The red and green groups belong to elements
prevailingly from apophyses, greisens and stockworks.
Yellow group is formed by elements from the stockwork
mineralization and blue group belongs to elements of vein
mineral association (Figs. 36, 37).

As already expressed earlier, two groups of rocks and
etalon mineralizations were divided according to REE
classification, ages and mineralogical results. First group
of samples is Lower and Middle Permian and identical
with the upper crust, second Middle and Upper Permian
group is identical with primitive mantle (Fig. 33). The
grey muscovite-biotite (Ms/Bt) porphyric anatectic
granite G from the Hnilec locality is a reference rock of
the first group — according to normalized REE contents
identical with upper crust. It has indistinct negative Eu
anomaly, indicating the plagioclase origin from anatectic
melt not differentiated in hot line (Fig. 4). So the contents
of elements in grey Ms/Bt porphyric granite G represent
the reference upper crust, which underwent anatectic
melting without magmatic differentiation. To this crust
were normalized and compared in isocones the samples of
hydrothermal mineralization as well as andesite samples
from the Permian MMH cycle (Figs. 34, 35).

The reference rock for the second group of samples
with the primitive mantle influence is represented by
fine-grained aplitic granite G2 from the Hnilec locality
(Fig. 4). Contents of normalized REE in this granite,
identical with primitive mantle, show a distinct negative
Eu anomaly, related to the origin of plagioclase — albite
from differentiated anatectic magma. The element
contents in this fine-grained aplitic granite G2 represent a
rock which underwent magmatic differentiation. Analyses
of hydrothermal mineralization with the primitive mantle
nature and rhyolite analyses were compared to this granite
in isocones (Figs. 36, 37).

Concordantly with the methodology described above,
on the contents of reference grey porphyric granite G
of the upper crust, the elements contents in lydites and
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stratabound sulfidic mineralization of the Smolnik type
were normalized. According to zonality of stratabound
mineralization from the vent centre on the sea floor, the
metabasalt samples with dissemination mineralization
were separately normalized in the central, transitional
and external zones. From external zone of the effluence
the disseminations in metakeratophyre were analysed and
in the isocone of this mineralization also two incomplete
analyses (taken from Radvanec and Grecula, 1985)
are included — one from the metabasalt and one from
metakeratophyre (Fig. 34). In metakeratophyre were rich
molybdenite disseminations and in metabasalt the Sn
contents reach the value of 960 mg/kg (l.c.).

The normalized isocones show that the lydite
represents a source of Si, P, Rb, Cu, Cr, Ni, Ba, Sc, V,
Cd and Se, entering to the Permian MMH cycle, and
according to frequent occurrence of carbon being also a
source of CO, (Fig. 32). Lydite from Jedl’oveg locality
is a source of HREE and lydite from Smolnik-Uhorna is
a source of Ti, Fe, Mg, U, Zn, Pb, Sb, Tl and Hf (Fig.
34). Normalized isocones express the element potential of
Silurian lydites much more precise than primarily derived
from mineralogical investigation (Fig. 32).

Mineral associations and chemical composition of
analysed samples of stratiform sulfidic mineralization
confirms that the Devonian mineralization is a main
source of elements to Permian MMH cycle (Fig. 34).
Central and transitional zone of stratabound sulfidic
mineralization is a source of Fe, Mn, Mg, L1, S, Bi, In, Cu,
Zn, Pb, Cr, Ni, Co, Ag, Ga, Cd and Se. External zone is a
source of Rb, Nb, Sn, B, Mo and As. According to isocone,
the F high content 600-700 mg/kg in stratabound sulfidic
mineralization represents an equivalent of the content
in reference granite G, similarly like in lydite from the
area of Smolnik-Uhorna. The source of F in MMH cycle
is stratibound sulfidic mineralization and lydite (Fig. 34).
Normalized isocone of stratabound sulfidic mineralization
specifies the elemental potential derived by mineralogical
research in Fig. 31.

The magmatic differentiation of S-type granites was
compared and evaluated in isocones, aiming to reveal
the enrichment or deficiency of elements in individual
granite varieties. The enrichment or deficiency in contents
in differentiation succession of granites from Bt/Kfs
porphyric to medium-grained granite G with pink feldspar
(in further text Bt/Kfs granite G) through the medium-
grained Ms granite G1 (Ms granite G1) to fine-grained
aplitic granite G2 (granite G2), determines that granite
type, where the residual fluid phase was separated (Figs.
3, 5). The element associations of enrichment or deficiency
determine in isocones also composition of separated fluid
phase, which according to the change of P-T conditions has
crystallized in metamorphic zones. By this way the various
anomalous element associations, characterizing greisens,
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in lydites and samples of zonal stratabound sulfidic mineralization of the Smolnik type. According to sample classification by REE
contents normalization to upper crust, the normalization logarithmically visualized the relation with the reference grey Ms/Bt porphyric
granite G from the Hnilec locality. This normalization to granite G shows, which elements from lydites and stratabound mineralization
were mobilized to metamorphic-magmatic-hydrothermal cycle in Permian.

skarns, stockworks, veins and SedEx mineralization were
found (Figs. 35-37).

The evolution of Permian granite magma started
with melting of upper crust with the origin of grey Ms/
Bt porphyric granite G and Bt/Kfs granite G (Fig. 5). The
younger differentiation varieties of Ms granite G1 and
granite G2 were influenced by the mantle at their origin
(Figs. 3, 4). The granite differentiates were normalized by
the elements contents in reference Ms/Bt granite G (Fig.
35). Differentiated Bt/Kfs granite G and younger granites
G1 and G2 are enriched by association of elements K, P,
Rb, Li, Ta, Nb, Sn, B, F, S, Sb, Ba, Cs, Ga, Tl, Cl £+ U
and depleted by Ti, Mg, Na, W, Mo, As, Y, REE, Bi, Cr,
Co, Ag, Sr, Zr and V. The gradual differentiation of granite
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melt caused the deficiency of REE contents in all melt
varieties and in younger granites G1 and G2 also deficieny
of Y content. It means that the residual fluid phase with
the content of Y and REE has separated from granite
melt during first differentiation, when in localities Hnilec
and Delava originated the bodies of pink Bt/Kfs granite
G in the grey Ms/Bt granite G (Figs. 4, 5). The separated
fluid phase with the content of Y and REE partially
crystallized in the greisen of biotite zone and mainly
crystallized in stockworks of chlorite-apatite zone. The Y
and REE contents in the greisen and stockworks represent
a part of xenotime, monazite and REE goyazite (Figs. 19,
20, 35). Separated fluid phase with a significant content of
Y and REE has preserved the geochemical characteristic
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of upper crust, similarly as reference grey Ms/Bt granite
G. Reference grey porphyric granite and fluid phase
with Y-REE belong to older Permian MMH cycle (Fig.
33). From the viewpoint of raw materials, the isocones
comparison revealed that Permian gemeric granites of
S-type are bearers of K, P, Rb, Li, Ta, Nb and mainly Sn,
B and Sb (Fig. 395).

Apairof grey Ms/Bt granite G and its effusive equivalent
andesite, represent melting of upper crust in Permian hot
line. The ratios of Sn, W, Mo, As, Bi and Te contents are
in andesite isocone in deficience in relation to reference
Ms/Bt granite (Fig. 35). Other values of elements ratios
are in the range of 0.1-10, which is in good agreement
with reference Ms/Bt granite and in andesite isocone are
not considered as deficits or anomalies. Reference Ms/
Bt granite and its effusive equivalent andesite are besides
the association Sn, W, Mo, As, Bi and Te by the range of
enrichment and depletion of elements the same rocks and
represent the magmatic end members of older granite —
andesite cycle with Permian ages 281-273 Ma.

Besides the reference grey Ms/Bt granite G and andesite
into the first older group with the signs of upper crust
there belong also greisen from the apophysis in Hnilec,
stockworks from Cuma and Betliar, skarn from DIlha
dolina and SedEx mineralization from Kuriskova
and Petrova hora localities at the town of Krompachy
(Fig. 35). These mineralizations originates or gradually
are localized in epidote-amphibolite facies, in biotite zone,
chlorite- apatite zone and in stilpnomelane-chlorite zone
(Fig. 35). They originated and crystallized from residual
fluid phase gradually in relation on the temperature decrease
in metamorphic facies from the zone of anatectic melting
in hot line towards the surface. Greisen from apophysis in
Hnilec concentrates Ca, P, Rb, Nb, Sn, F, Eu, Se and is
deficit with the content of Na and Co (Fig. 35). According
to mineralogical investigation and this element association,
the Hnilec greisen is characterized by apatite-topaz-
columbite-cassiterite mineralization without the origin of
albitu. According to cassiterite age, this mineralization is
dated to 268 Ma (Figs. 7-9, 35). Anomalous Eu content in
this greisen is a part of indistinct enrichment of this greisen
by REE. Position of greisen in biotite zone and its direct
genetic relation with the origin of granites indicate that
mobilized REE in locality of Hnilec are from granite melt
transported by residual fluid phase to area of biotite zone
or epidote-amphibolite facies (Fig. 35). In these facies the
elements REE are bound to crystallization of xenotime,
REE goyazite and monazite (Figs. 8, 9). The distinct Eu
enrichment in greisen apophysis in Hnilec relates with the
Eu deficiency during differentiation of granite melt, when
during the fractionation of granite melt the Na plagioclase
— albite originates (Figs. 4, 7). Differentiation of the
granite melt has mobilized Eu and transported by residual
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fluid phase, and from it followingly at the temperature
decrease in the biotite zone or in epidote-amfibolite facies
around 550 °C crystallized in the greisen the association
of REE-P-Ca minerals with anomalous content of Eu
(Figs. 9, 35). The remnant residual fluid phase from this
zone migrated in the granite exocontact to colder chlorit-
apatite zone. From it the REE-P-U-Ti mineralization has
crystallized: xenotime, REE goyazite, monazite, allanite,
vyacheslavite, apatite-F, meta-autunite, uraninite and
orthobrannerite in the stockwork form. This mineralization
is known from the Cu¢ma and Betliar area (Figs. 19, 20).
Isocone of the stockwork mineralization from the Cu¢ma
and Betliar areas is in comparison with reference Ms/Bt
granite G anomalous by Ca, P, U, Y, REE, Bi, Cu, Te,
Ni and Se contents. Deficit contents of Na, Sn and W
indicate that residual fluid phase did not contain theses
elements (Fig. 35). In the stockwork with REE-P-U-Ti
mineralization from the Cu¢ma and Betliar areas, albite
and Sn mineralization were not found (Figs. 19, 20). Skarn
from the borehole V-DD-43 in stilpnomelane-chlorite zone
in the DIha dolina locality has, according to normalization
to reference grey Ms/Bt granite G, the anomalous contents
of Fe, Mn, Mg, Sn, S, In and Cu (Fig. 35). Residual fluid
phase containing these elements has crystallized in the
contact with the limestone tectonic block from Holec
Beds and in this contact originated maghemite, cassiterite
and In sulfidic mineralization in the range of stilpnomelane
stability from 370 to 300 °C (Figs. 17, 18).

The SedEx mineralization of the older group, having
upper crust signs, originated and is located in Permian
volcanic sequences of chlorite-apatite zone (Fig. 35). In
locality of Petrova hora at the Krompachy town it was a
shallow sea in the immediate surrounding of the andesite
lava outflow centers. Isocones of SedEx mineralization
from localities of Petrova hora and Kuriskova represent
disseminated mineralization, which is anomalous to the
reference grey Ms/Bt porphyric granite G by the contents of
Rb, B, U, S, Cu, Cr, Ni, Co, Ba and TI. The contents of Ca,
Sn and W are deficient. The area of residual fluid outflow
into sediments in the Kuriskova locality is characteristic
with Mo enrichment. In the area near the andesite effusion,
in the andesite tuff, the Mo content is deficient (Fig. 35).
It means that the U-Mo-Cu-Fe SedEx mineralization is
zonal concerning molybdenite, and similarly it is also in
Early Paleozoic stratabound sulfidic mineralization of
the Smolnik type. Molybdenite in SedEx mineralization
crystallized in the external part of the vent on sea bottom,
where the residual fluid phase mixed with the sea water.

Second group, where isocones were calculated, has
REE normalization identical with primitive mantle and
its age, revealed by the dating of differentiated granites
and molybdenite, is Middle to Upper Permian (Fig.
33). Second group represents younger magmatic cycle
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volcanic sequences of Kuriskova and Krompachy localities. These type mineralizations are located in epidote-amphibole facies, in
biotite zone, in chlorite-apatite zone and in stilpnomelane-chlorite zone. Isocones were calculated in normalization to grey Ms/Bt por-
phyric granite G to Bt/Kfs porphyric granite G with pink phenocrysts of feldspar, in medium-grained Ms granite G1, fine-grained aplitic
granite G2 and andesite. According this normalization there was found that granites of S-type have increasing contents of K, P, Rb, Li,
Ta, Nb, but mainly Sn, B and Sb. Andesite is depleted by association Sn, W, Mo, As, Bi and Te, characterizing greisens. Anomalous
ratios in isocone are marked by the abbreviation of mineral — the main bearer of anomalous element. Abbreviations are explained in

mineralogical figures.

with differentiated Ms granite G1 and granite G2, as well
as rhyolite as their effusive equivalent (Figs. 4, 33). Type
mineralizations of this group encompass greisens, skarns
and veins, located in chlorite-apatite, stilpnomelane-
chlorite and chlorite zone. Reference rock for the second
group isocones is a fine-grained aplitic granite G2. Its
effusive equivalent — rhyolite is depleted by P, Rb, Nb, Sn,
W, As, Bi, In, Zn, Te, Pb, Sb and TI after normalization
to reference granite G2 and enriched by U and V (Fig.
37). It is interpreted by finding that rhyolite magma does
not contain elements, being in the anatectic process and
in magmatic chambers of rhyolite magma separated into
residual fluid phase. This element association separated
in residual fluid phase was bound in mineralizations from
epidote-amphibolite facies to chlorite zone (Figs. 36, 37).

Greisen from chlorite-apatite zone in locality of Dlha
dolina is in comparison to reference granite G2 enriched
by Nb, Sn, Bi, Ag and Se, but depleted by the contents
of Na, P, LREE, Cs, Tl and Be. According to mineral
association and isocone, this greisen type is characterized
by columbite and cassiterite (Figs. 10, 36). According to
molybdenite Re-Os age of 263 Ma, the greisen from the
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chlorite-apatite zone in locality of Hnilec is younger than
in this locality present older apatite-topaz-columbite-
cassiterite greisen from epidote-amphibolite facies and
biotite zone. The age of older greisen is according to
cassiterite 268 Ma and has the source characteristic in
the upper crust (Figs. 8, 9, 33). According to isocone, the
younger greisen from chlorite-apatite zone in the locality
of Hnilec is enriched by B, F, Mo, As, S, Bi, Ag and Cd and
depleted by Na, K, Rb, Sn, In, Cs and Tl contents (Fig. 36).
According to mineral association and isocone, this type
of greisen is characterized by association of tourmaline-
topaz-apatite and As-Bi-Mo sulfides, as well as Fe-Ca
carbonates (Figs. 21, 22, 36).

The skarn samples of stilpnomelane-chlorite zone
were taken from the Dlha dolina — the borehole V-DD-43,
266,8 m and underground borehole VSV 05-2, 43,2 m,
drilled in the Elisabeth gallery in the magnesite and talc
deposit (Fig. 1). The skarn isocone from the borehole VSV
05-2, 43,2 m is enriched by Fe, Mo, Bi, Cu, Cr and Cd, but
depleted by Si, Ti, Al, Na, K, P, Rb, Li, Nb, B, W, As, Th,
U, Sb, Sr, Cs, Zr and Be in the ratio to reference granite
G2. Sulfidic zone from the skarn contact with former
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limestone in borehole V-DD-43, 266,8 m is according to
REE normalization influenced by primitive mantle, so this
part of the skarn belongs to the second - younger group
of Permian mineralization development (Figs. 16, 17).
Isocone of this sulfidic zone is depleted by Fe, Mn, Mg,
Ca, LREE, S, Bi, In, Cu, Co, Sr, V and Cd and enriched
by Si, Al, Na, K, Rb, Ta, Nb, W and TI. Other elements
are in good agreement with reference fine-grained granite
G2 (Fig. 36). Comparison of skarn mineralization and its
isocones demonstrates that the skarn mineralization is
zonal and characterized by maghemite-cassiterite-Bi-In-
sulfidic mineralization (Figs. 12-18, 36).

Isocones of the vein mineralization were calculated in
Fe-Ca carbonate Rozabela vein with Sb sulfides, in siderite
veins with sulfides Konstancia and Strieborna, as well as
in SedEx mineralization from tectonic breccia in Porac¢
(Figs. 1, 37). These mineralizations are located in chlorite-
apatite zone and in chlorite zone, and according to REE
normalization they are influenced by primitive mantle,
likewise the reference granite G2 (Fig. 33). Isocone of Fe-
Ca carbonate vein with Sb sulfides is enriched by Ti, Ca,
Mo, S, Pb, Sb, V, Cd and Se and depleted by Na, P, Rb,
Ta, Nb, Sn, In, Cs and Zr (Fig. 37). This mineralization
in chlorite-apatite zone represents the transition from the
skarn and stockwork form of crystallization of residual
fluid phase to the vein form. The origin of veins with Fe-
Ca carbonates and Sb sulfides was facilitated by the brittle
deformation, originating after doming of rocks above hot

Differentiation of granite magma
Ep-Amp facies

line in termination of Variscan orogenesis. These veins
have variegated depth range from 50 to 300 m (Grecula
et al, 1995).

The isocone of the Konstancia siderite vein with
sulfides is enriched by Fe, Mn, W, Mo, As, S, Bi, Cu, Pb,
Ni, Co, Ag, V, Cd and Se, but depleted by Ca, K, Rb, Nb,
Sn, B, Th, U, Cs, Tl and Be. The isocone of the Strieborna
siderite vein with sulfides, similarly as the Konstancia vein
is enriched by Fe, Mn, As, S, Cu, Zn, Pb, Sb, Ag and Cd,
being depleted by Si, Ti, Al, Na, K, Rb, Li, Nb, Sn, B,
W, Th, U, Cs and Be (Fig. 37). Both type mineralizations
represent siderite mineralization with sulfides, forming the
main raw material potential of Gemeric unit. The origin of
veins was allowed by the brittle deformation in the chlorite
zone of greenschists facies during Variscan orogenesis.
Vein structures have variegated depth ranging to 1000 m
and originated with the doming of rocks above hot line in
external part of the zone of amphibolite facies and the area
of anatectic melting (Grecula et al., 1995).

SedEx mineralization is genetically related to rhyolite
phase of Permian volcanism in the -chlorite-apatite
zone. It was studied by normalization to granite G2
in tectonic breccia in locality of Porac. The isocone of this
mineralization is enriched by Mo, U, S, Cu, Cr, Ni, Ag,
V and Cd, but depleted by Mn, Mg, Ca, Na, Sn, W and In.
The comparison of isoconcentration of vein mineralization
with isocone of SedEx mineralization in tectonic breccia
show their good trend concordance (Fig. 37).

Greisens, stockwork and skarn - exocontact
Chl-Ap zone Stp-Chl zone

650C 281-275Ma 265-258 Ma ; 500-400°C 263 Ma 370-300”6»
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shows that rhyolite is depleted by P, Rb, Nb, Sn, W, As, Bi, In, Zn, Te, Pb, Sb and TI, but
enriched by U and V. Rhyolite does not contain elements, deliberating to residual fluid phase

tal crust in Upper Carboniferous,
producing orogenic collapse relat-
ed to subduction that culminated
by the transfer of heat, volatiles
and magma from the boundary of
asthenosphere. The heat transfer
caused metamorphism in amphi-
bolite facies, leading to anatectic
melting of a part of upper crust
with dominant granitoid magma-
tism in Lower and Middle Permian
and on the surface corresponding
with andesite volcanism. In the
Middle and Upper Permian the
differentiation of granite magma
caused the rhyolite volcanism on
the surface. This younger mag-
matism influenced the transfer of
heat, volatilies and magma from
the melting of subducted material
in the asthenosphere. Differen-
tiated granites and rhyolite have
the upper mantle geochemical
characteristics. In the upper crust
this gradual Permian metamor-
phism and magmatic activity was
arranged in two hot lines, trend-
ing E-W. They caused doming
of Early Paleozoic sequences of
metasediments, metabasalts and
metarhyolites in the overlier of
anatectic granite (Figs. 1, 2; Gre-
cula et al., 2009, Radvanec et al.,
2010, Radvanec & Grecula, 2016).
In the collision zone of Paleo-Ge-
meric and Paleo-Veporic units this
megaanticlinal setting (doming) of
sediments has produced the inten-
sive unroofing, being confirmed
also by the beds of conglomerates
and detritic sediments (Novotny
& Mihal’, 1987). The detritus of
conglomerates consists of rocks

in the anatectic process.

Genetic model
of metamorphic-magmatic-hydrothermal cycle
in Permian

The reconstruction of geotectonic background of
Permian evolution in Gemeric unit summarizes the results
of mineralogical and geochemical study. This reconstruc-
tion takes into account the principles of previous Lower
Paleozoic and Carboniferous evolution. Mineralization
process in Permian is based on thickening of continen-
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from surrounding Early Permian

sequences and volcanic rhyolite-andesite interbeds.
Doming of rocks above hot line caused the fan
like opening of brittle-ductile structures above granite
and towards the surface opening of brittle structures. In all
these structures, from greisens, through stockworks, skarns
to veins, the same main or matrix mineral association of
phengite, quartz, apatite-F, tourmaline and Mn/Fe/Mg/Ca
carbonates was found. According to chemical formula,
phengite, apatite-F, tourmaline and carbonates have the
same composition (Tabs. 1-3). The crystallization of
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this matrix association is not related on
the decrease of temperature from the
anatectic zone ~ 650 °C to greenschists
facies ~ 300 °C in the extension area
above granite. In the coexistence with
this matrix mineralization various
associations have crystallized from
residual metamorphic-magmatic fluid
phase in relation to temperature decrease
towards the surface. Nearest to granite
the greisen mineralization originated
in epidote-amphibolite facies of biotite
zone with minerals, crystallizing from
residual fluid phase with the content of
H,S, H,0, CO,, HF, BO,, SnCl,, H,PO,,
Na, K, Ca, Al, Si, Ni, Co, As, Fe, Mn,
Mg Sn, REE, U, Ti, Y, Ta, Nb, Cu, Te, Bi,
Pb and Sr (locality of Hnilec). Towards
the surface, in colder chlorite-apatite
zone the greisen originated from the
fluid phase of following composition:
H,S, H,0, CO,, HF, BO,, Cl,, H,PO,,
Na, K, Ca, Al, Si, Ni, Co, As, Fe, Mg
Sn, REE, U, Ti, Y, Ta, Nb, Cu, Sb, Te,
Bi, Pb and Zn (locality of DIlha dolina).
In stilpnomelane-chlorite zone the
skarn mineral association originated
from the fluid phase of H S, H,O, CO,,
HF, BO,, SnCl,, H,PO,, K, Ca, Al, Si,
Fe, Mg, REE, U, Ti, Y, Cu, Sb, Te, Bi,
Zn and In (locality of Dlha dolina). In
the stockwork of chlorite-apatite zone
there originated the mineral association
from the fluid phase of H,S, H O, HF,
BO,, H,PO,, K, Ca, Al, Si, Fe, REE, U,
Ti, Ni, Co, As, Pb, Cu, Sb and Sr (locality
of Cu¢ma). In the greisen of chlorite-
apatite zone the mineral association
originated from the fluid phase of H_S,

H,0, CO,, HF, BO,, H,PO,, Na, K, Ca,

Al, Si, Fe, REE, As, Pb, Zn, Cu, Bi, Mo
and Sb (locality of Hnilec). Veins in
chlorite-apatite zone consist of mineral

association from the fluid phase of
H,S, H,0, CO,, HF, BO,, H,PO,, Na,

K, Ca, Al, Si, Fe, As, Pb, Cu and Sb

(Rozabela vein, Stofova dolina). Veins

of chlorite zone bear mineralization from

the fluid phase consisting of H.S, H O,

CO,, Na, K, Ca, Al Si, Fe, Ni, Co, As,

Pb, Bi, Cu, Sb + HF, BO, and H,PO,

(Konstancia vein and Strieborna vein).

Towards the surface and on sea bottom

of Permian evaporitic basins the SedEx
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2009, 2010, 2016), Vozarova & Vozar (1988), Vozarova et al. (2015). The cassiterite
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denites age (Kohtt & Stein, 2005; Kohut et al 2013).

151



Mineralia Slovaca, 51, 2 (2019)

mineralization originated on chlorite-apatite zone from
the fluid phase of H S, H,O, CO,, HF, BO,, H,PO,, Na, K,
Ca, Al, Si, Fe, Mg, REE, U, Ti, Zn, Pb, Ni, As, Cu, Sb, Mo
and Ba (localites of Kuriskova and Porac).

In above stated zones, the boundaries of the occurrence
of individual mineral associations are not strictly delimited
and composition of the fluid phase changed in relation on
the age of mineralization and its source. The geotecton-
ic background of metallogenetic evolution in Lower and
Middle Permian is derived from metamorphism and ana-
tectic melting of upper crust. The metallogenetic evolution
from the Middle to Upper Permian is connected with the
influence of upper mantle — both in magmatites and fluid
phase (Figs. 38, 39).
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Geneticky model permskej hydrotermalnej mineralizacie gemerika od zony
anatektického tavenia v hlbke po vulkanicko-exhala¢ni SedEx mineralizaciu
na povrchu

Prezentovany model vzniku mineralizacie gemerika
v permskom uzavretom metamorfno-magmaticko-hydro-
termalnom cykle bol vytvoreny na zaklade nového minera-
logického, petrologického a geochemického studia. Model
hodnoti a dopina vysledky doterajsicho poznania vyvoja
hydrotermalnej mineralizacie a geo-tektonického vyvoja
gemerika v Case (Radvanec et al., 2010; Radvanec a Gre-
cula, 2016).

Na typovych lokalitich Hnilec, Delava, Dlha
dolina, Cu¢ma, Stofova dolina-Rozabela, Strieborna
zila, zila KonStancia, Pora¢, Krompachy a Kuriskova
sa hydrotermalne mineralne asociacie permského me-
tamorfno-magmaticko-hydrotermalneho cyklu Studovali
v granite, v horninach priameho kontaktu s granitom,
v horninach exokontaktu granitu, v §irSom plasti granitu
a vo vulkanitoch a vulkanickych brekciach permu (obr.
1). Na presne lokalizovanych vzorkach z vrtov, banskych
diel a odkryvov sa na tychto typovych lokalitach zistoval
vzt'ah metamorfozy granitov a rezidudlnej fluidnej fazy,
petrologicky sa hodnotili rovnaké indexové mineraly
matrixu na hortcej linii (turmalin, sludy, Mn/Fe/Ca
karbonaty, F-apatit + albit, chlorit, stilpnomelan, topas,
goyazit, allanit a kaolinit) a zistovala sa postupnost’
krystalizacie mineralnych asociacii v zavislosti od
P-T podmienok ich vzniku. Bola pri tom zohl'adnena
normalizicia obsahu vzacnych zemin, izokoncetracia
a anomdlny a deficitny obsah 62 prvkov v referencnych
granitoch a typovych mineralizdciich metamorfno-
-magmaticko-hydrotermalneho cyklu v perme (obr. 2 — 30).

Etalony rozneho typu mineralizacie sa vybrali pod-
l'a postupnosti ich vyskytu a vzdialenosti ich lokalizacie
od zony anatexie v amfibolitovej facii (amfibolit, granit)
cez epidotovo-aktinolitovu faciu alebo biotitova zénu
s greisenmi (obr. 1). Predmetom detailného §tadia boli
greisen z biotitovej zony a z epidotovo-amfibolitovej linie
v zone anatektického tavenia na typovej lokalite Hnilec,
greisenova mineralizdcia v chloritovo-apatitovej zoéne na
typovej lokalite Dlha dolina, skarn s In sulfidmi v stilp-
nomelanovo-chloritovej zoéne na lokalite Dlha dolina,
zilnikova  apatitovo-kremenovo-fengitovo-turmalinova
a REE-P-U-Ti mineralizacia v chloritovo-apatitovej zone
metamorfozy na lokalite Cu¢ma, kremefiovo-fengito-
vo-topasovo-apatitovo-turmalinovo-zelezity karbonat,
sulfidicka mineralizacia v greisene chloritovo-apatitove;j
zony z exokontaktu granitu na lokalite Hnilec, kreme-
novo-Fe, karbonatovo-apatitovo-turmalinovo-fengitova
a Sb sulfidicka mineralizacia v chloritovo-apatitovej zone
na zile Rozabela v Stofovej doline, kremefiovo-siderito-
vo-sulfidicka mineralizacia Striebornej zily a zily Kon-
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Stancia v chloritovej zéne metamorfézy a vtruseninova
sedimentarno-exhala¢na fengitovo-apatitovo-karbonatova
U-Mo-Cu-Fe SedEx (sedimentarno-exhalacnd) minera-
lizacia z chloritovo-apatitovej zoény vo vulkanicko-sedi-
mentarnych sekvenciach permu na lokalite Krompachy,
Kuriskova a v tektonickej brekcii na lokalite Porac. Nové
zistenia vysvetl'uji vztah hydrotermalno-exhalacnej ura-
nonosnej SedEx mineralizacie v permskych vulkanickych
sekvenciach gemerika k ostatnej metamorfno-anatekticko-
-hydrotermalnej mineralizacii, ktora sa v gemeriku vysky-
tuje v greisene, skarne, zilnikoch a zilach (Bartalsky et al.,
1973; Grecula et al., 1995). Uranonosna SedEx mineraliza-
cia sa bud’ geneticky priamo viaze na andezitovo-ryolitovy
vulkanizmus, alebo sa vyskytuje vo vulkanicko-sedimen-
tarnych sekvenciach v sedimentaénych bazénoch, alebo
tvori matrix vo vulkanogénno-pneumatolitickych a tekto-
nickych brekciach permu (Novotny a Mihal’, 1987; Voza-
rova a Vozar, 1988; Grecula et al., 1995).

O vysledky mineralogického a geochemického studia
sa opiera aj rekonstrukcia geotektonického vyvoja permu
v gemeriku, pricom sa vychadza z poznatkov o predcha-
dzajicom spodnopaleozoickom a karbonskom vyvoji.
Vyvoj mineralizacie v perme gemerika bol najprv podmie-
neny zhrubnutim kontinentalnej kory koliziou vo vrchnom
karbone a naslednym orogénnym kolapsom. V perme
bola kolizia vyvrcholenim subdukéného procesu s pre-
nosom tepla, volatilii a magmy zo zony tavenia v hibke
okolo 100 km, najprv do litosféry a nasledne z hranice
astenosféry (obr. 2; Radvanec, et al., 2007, 2009; Putis et
al., 2009). Tento postupny prenos tepla spdsobil na dvoch
paralelnych horticich liniach metamorfozu, ktora v amfi-
bolitovej facii vyvrcholila anatektickym tavenim vrchnej
kory s dominantnym granitovym magmatizmom v spod-
nom a strednom perme a na povrchu korespondujucim an-
dezitovym vulkanizmom (obr. 2). V strednom a vrchnom
perme doslo k diferenciacii granitovej magmy s vulkanic-
kym ryolitovym ekvivalentom na povrchu (obr. 3 az 6).
Tento mladsi magmatizmus bol ovplyvneny prenosom tep-
la, volatilii a magmy z tavenia subdukovaného materialu
v astenosfére (obr. 2). Diferencované granity a ryolit maju
podla normalizacie obsahom REE geochemicku charak-
teristiku vrchného plasta (obr. 4). Tato postupna permska
metamorfna a magmaticka aktivita mala vo vrchnej kore
sukcesivne usporiadanie v dvoch dominantnych horu-
cich liniach s priebechom V — Z, pri¢om teplo spdsobilo
vyklenutie staropaleozoickych sekvencii metasedimentov
a metavulkanitov v nadlozi anatektického granitu (obr. 1
a 2; Grecula et al., 2009; Radvanec et al., 2010; Radvanec
a Grecula, 2016). Vyklenutie horninovych sekvencii v osi
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gemerika sa prejavilo intenzivnym odstreSovanim od osi
vyklenutia smerom na sever aj juh, pricom v severoge-
merickej zone otvaranie nového bazénu dokladaji polohy
zlepencov knolského a petrovohorského suvrstvia krom-
passkej skupiny a postupne jemnozrnnejSich detritickych
sedimentov (cf. Novotny a Mihal’, 1987). Detrit zlepencov
v knolskom stvrstvi pozostava z okolitych starSich sek-
vencii a v petrovohorskom stvrstvi z klastov permskych
ryolitov a andezitov.

Vyklenutie hornin nad horacou liniou sposobilo
vejarovité otvorenie krehko-duktilnych Struktir nad
granitom a smerom na povrch otvorenie krehkych struktar.
Vo vsetkych tychto §truktarach od greisenov cez zilniky,
skarny az po zily sa zistila rovnaka matrixova mineralna
asociacia fengit, kremen, apatit-F, turmalin a Mn/Fe/
Mg/Ca karbonaty + albit, chlorit, stilpnomelan, topas,
goyazit, allanit a kaolinit (obr. 9, 11, 15, 18, 20, 22, 24, 25
a 30). Fengit, apatit-F, turmalin a karbonaty maji podla
chemickych vzorcov rovnaké zlozenie (tab. 1 — 3). Na
krystalizaciu tejto matrixovej asociacie nema vplyv pokles
teploty od zony anatexie ~ 650 °C po faciu zelenych bridlic
~ 300 °C v extenznej oblasti od granitu. V koexistencii
s touto matrixovou mineralizaciou z rezidualnej meta-
morfno-magmatickej fluidnej fazy v zavislosti od po-
klesu teploty smerom k povrchu krystalizovali rézne
asociacie. NajblizSie ku granitu vznikla mineralizacia
greisenov v epidotovo-amfibolitovej facii a v biotitovej
z6ne s mineralmi, ktoré vznikli z rezidualne fluidnej fazy
s obsahom H,S, H,0O, CO,, HF, BO,, SnCl,, H,PO,, Na,
K, Ca, Al, Si, Ni, Co, As, Fe, Mn, Mg, Sn, REE, U, T1, Y,
Ta, Nb, Cu, Te, Bi, Pb a Sr (lokalita Hnilec). V chladnejsej
chloritovo-apatitovej zoéne smerom na povrch bolo
zlozenie fluidnej fazy, z ktorej vznikol greisen, H,S, H O,
CO,, HF, BO,, SnCl,, H,PO,, Na, K, Ca, Al, Si, Ni, Co,
As, Fe, Mg Sn, REE, U, Ti, Y, Ta, Nb, Cu, Sb, Te, Bi, Pb
a Zn (lokalita Dlha dolina). V stilpnomelanovo-chloritovej
zone vnikla mineralna asociacia skarnu z fluidnej fazy
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H,S, H,0, CO,, HF, BO,, SnCl,, H,PO,, K, Ca, Al, Si, Fe,
Mg, REE, U, Ti, Y, Cu, Sb, Te, Bi, Zn a In (lokalita Dlha
dolina). V zilniku v chloritovo-apatitovej zoéne vznikla
mineréalna asocidcia z fluidnej fazy H,S, H,O, HF, BO,,
H,PO,, K, Ca, Al Si, Fe, REE, U, Ti, Ni, Co, As, Pb, Cu,
Sb a Sr (lokalita Cuéma). V greisene chloritovo-apatitovej
zony vznikla minerdlna asocidcia z fluidnej fazy H.S, H O,
CO,, HF, BO,, H,PO,, Na, K, Ca, Al, Si, Fe, REE, As, Pb,
Zn, Cu, Bi, Mo a Sb (lokalita Hnilec). V zilach chloritovo-
-apatitovej zony vznikla mineralna asociacia z fluidnej
fazy H,S, H,0, CO,, HF, BO,, H,PO,, Na, K, Ca, Al, Si, Fe,
As, Pb, Cu a Sb (Zila Rozabela, Stofova dolina). V zilach
chloritovej zony vnikla mineralizacia z fluidnej fazy H.,S,
H,0, CO,,Na, K, Ca, Al, Si, Fe, Ni, Co, As, Pb, Bi, Cu,
Sb = HF, BO, a H,PO, (Zily KonStancia a Strieborna Zila).
Blizko povrchu a na morskom dne evaporitovych bazénov
vo vulkanickom perme vznikla v chloritovo-apatitove;j
zone SedEx mineralizicia z fluidnej fazy H.S, H,O, CO,,
HF, BO,, H,PO,, Na, K, Ca, Al, Si, Fe, Mg, REE, U, Ti, Zn,
Pb, Ni, As, Cu, Sb, Mo a Ba (lokalita Kuriskova a Porac).

V uvedenych zoénach hranice vyskytu mineralnych
asociacii nie su striktne vymedzené a zlozenie fluidnej
fazy sa menilo v zavislosti od veku mineralizacie a jej
zdroja. Geotektonické pozadie metalogenetického vyvoja
v spodnom a strednom perme je odvodné od metamorfozy
a anatektického tavenia vrchnej kory a metalogeneticky
vyvoj od stredného po vrchny perm je spojeny s vplyvom
vrchného plasta v magmatitoch a vo fluidnej faze (obr. 38
a 39).

Analyzy mineralov, hornin a mineralizacii st v tabul’-
kach 1 aZ 12 v prilohe tejto Studie.
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Tab. 1

Representative analyses of tourmaline in Permian metamorphic-magmatic-hydrothermal (MMH) cycle in Gemeric unit.

£ £ £ £ 2 £ £ £ £ 2 £ £ £ £
2 2 2 2 2 2 2 2 2 2 2 2 2 2
Locality Hnilec Hnilec Hnilec Hnilec Hnilec Hnilec dD".]é D".'é Dlhé D".‘é Cuéma Cuéma § ;%’
olina dolina dolina dolina IS =
[ 2
Sample HD-41 HN-1253 HN-1253 HG-3 HG-3 HG-3 DD-3a DD-3a V-DD-43 V-DD-43 Cu-1 CU-1 ROZ-4-2 LE-K-29
Place in Act+Adr core rim core rim rim-rim core rim core rim matrix matrix in Sd U-SEDEX
Location Cracks Greisen Greisen Greisen Greisen Greisen Greisen Greisen Skarn Skarn Vein swarm | Vein swarm Vein Chl schist
Zone Bt/EpAmp | Bt/EpAmp | Bt/EpAmp Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Stp-Chl Stp-Chl Chl-Ap Chl-Ap Chl-Ap Chl-Ap
SiO, 37.26 36.12 37.21 35.29 37.68 37.46 34.91 38.65 35.65 36.53 36.88 35.94 36.20 36.56
TiO, 0.05 0.37 0.07 0.03 0.10 0.22 0.15 0.10 0.45 0.25 0.27 0.28 0.05 0.06
ALO, 35.28 32.40 34.09 33.13 33.39 32.31 34.33 31.55 34.93 31.94 35.33 32.31 31.58 26.85
FeO 6.98 12.28 4.53 15.69 6.74 6.06 14.90 249 14.08 8.83 10.05 13.31 9.09 19.50
MnO 0.00 0.13 0.00 0.33 0.03 0.00 0.19 0.00 0.22 0.04 0.00 0.00 0.28 0.08
MgO 5.57 3.47 8.38 0.02 6.81 7.98 0.75 10.81 0.33 6.53 3.47 3.34 6.30 3.12
Ca0 0.10 0.18 0.52 0.04 0.09 0.15 0.14 0.08 0.05 0.09 0.00 0.07 0.35 2.00
Na,O 1.58 2.06 2.23 1.83 2.09 2.47 2.09 2.10 1.87 2.48 1.92 2.41 2.55 1.90
K,O 0.02 0.05 0.02 0.03 0.02 0.02 0.01 0.01 0.02 0.04 0.06 0.00 0.00 0.03
V,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00
B,O, 10.78 10.44 10.86 10.17 10.77 10.74 10.34 10.90 10.38 10.60 10.69 10.47 10.51 10.35
F 0.00 0.00 0.00 0.88 0.12 0.20 0.00 1.15 0.00 0.00 0.00 0.00 0.57 0.12
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08
Cr,0O, 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
H,0 1.90 1.85 1.91 1.80 1.90 1.90 1.82 1.92 1.83 1.87 1.89 1.85 1.86 1.83
SPOLU 99.53 99.37 99.85 99.23 99.75 99.51 99.63 99.77 99.82 99.21 100.56 99.98 99.39 98.78
Si 6.008 6.011 5.955 6.029 6.083 6.063 5.869 6.16 5.968 5.987 5.993 5.967 5.985 6.141
Al 6.704 6.355 6.429 6.672 6.352 6.164 6.801 5.927 6.891 6.17 6.767 6.323 6.154 5.317
Ti 0.006 0.046 0.009 0.004 0.012 0.027 0.019 0.012 0.056 0.031 0.033 0.035 0.006 0.008
Fe, 0.941 1.709 0.607 2.242 0.91 0.82 2.094 0.332 1.971 1.211 1.366 1.848 1.257 2.739
Cr 0.001 0 0.001 0 0 0 0 0 0 0 0 0 0 0.001
Mn 0 0.019 0 0.048 0.004 0 0.027 0 0.032 0.006 0 0 0.039 0.012
Mg 1.339 0.861 1.999 0.005 1.639 1.926 0.189 2.569 0.081 1.595 0.841 0.827 1.553 0.782
Ca 0.018 0.033 0.09 0.007 0.016 0.026 0.025 0.014 0.009 0.016 0 0.012 0.062 0.36
Na 0.495 0.665 0.692 0.605 0.653 0.775 0.682 0.648 0.608 0.787 0.605 0.776 0.816 0.618
K 0.004 0.011 0.004 0.007 0.004 0.004 0.002 0.002 0.004 0.008 0.012 0 0 0.007
0 0 0 0.477 0.062 0.102 0 0.582 0 0 0 0 0.297 0.066
Cl 0 0.006 0 0 0 0 0 0 0 0 0 0 0 0.024
0 0 0 0 0 0 0 0 0 0 0 0 0.005 0
B 3 3 3 3 3 3 3 3 3 3 3 3 3 3
OH 2 2 2 2 2 2 2 2 2 2 2 2 2 2
AlZ 6 6 6 6 6 6 6 6 6 6 6 6 6 6
AlY 0.712 0.366 0.384 0.701 0.435 0.227 0.670 0.087 0.860 0.158 0.760 0.290 0.140 0
X-side vacancy 0.494 0.304 0.236 0.386 0.334 0.201 0.299 0.341 0.384 0.194 0.388 0.215 0.130 0.024
Al/(Al+Fe+Mg) 0.746 0.712 0.712 0.748 0.714 0.692 0.749 0.671 0.771 0.687 0.754 0.703 0.687 0.602
Na/(Na+Ca) 0.965 0.953 0.885 0.989 0.976 0.968 0.965 0.979 0.985 0.980 1.000 0.985 0.929 0.632
Mg/(Mg+Fe) 0.587 0.335 0.767 0.002 0.643 0.701 0.083 0.886 0.040 0.569 0.381 0.309 0.553 0.222




Tab. 2
Representative analyses of biotite, phengite, margarite, topaz, kaolinite, chlorite and stilpnomelane in Permian MMH cycle in Gemeric unit.

g
Mineral £ = 2 2 @ £ 2 2 £ @ @ 2 2 2 £ £ @ @ @ 2 2 2 2 2 2 £ 2 @
£ £ £ 2 5, 2 & 8 = S 2 2 2 2 5 b= = 2 2 2 2 5 5 5 2 2 2 2 2 2 2 2 5
a2 |2 | | 2|8 | e|l&e|&8|s|&|&|&£|&|ls|5|&8 | &|&|58 | &|s5|8|s|&|&|£|&lc&]l&|&|&]| 5
E| £E| E| E| E|E|E|E|E|E| E | E = 2| 2| s
ey 8 | s | 8| 8| 8| 8| 8| &|8|s|g|s|E|s|E ||| ||| ElE|E sl 2|2 2
ElElE |22 2 B2l 2 5lelale =l=lalal=l=la2l8|=|&|32]| 32 &2 = | &| &2 8, ¢
Sample HD-28 | HNL-1 6\1%35 HN-1253|HN-1253| HN-6 | HN-6 [HN-1253|HN-1253|HN-1253| HG-3 | HG-3 | DD-2 | DD-2 | DD-3a | DD-3a | DD-3a | DD-3a | DD-3a |V-DD-43|V-DD-43(V-DD-43|V-DD-43|V-DD-43| CU-1 [ CU-1 | CU-1 |ROZ-4-2| G-400 | G-400 |KGJ-21a|LE-K-29(KGJ-21a
o (=] -2 - - - -2 - - = -
s | = Ll f 2| 5| 2| 5| 5|5 |5| % 2| £| ¢
Place w | E| B | E| B | E e | 2| 8| & | & | 23| B| B | x| BB B|E|E|lE]|E]| E - 2|l E| Bl = | & | & | & | & fn
2 ® = ® ® s o o - = (<} (<} (<} (<} (<} (<} (<} (<} (<} = ® ® = a ® ® ® (2] = = = = =
o £ £ £ £ £ £ £ £ = £ £ £ £ £ £ £ £ £ £ £ £ £ £ EE| EE| EE £ »n ) ) ) »
Location G1. Greisen | Greisen | Greisen | Greisen | Greisen | Greisen | Greisen | Greisen | Greisen | Greisen [ Greisen | Greisen | Greisen | Greisen | Greisen | Greisen | Greisen | Greisen| Skarn | Skarn | Skarn | Skarn | Skarn Ul Lo he Vein s | LOE, e Ch.l' Sl
granite swarm | swarm | swarm Brec. | Brec. Tuf | schist Tuf
Zone Epitrln ) Ep‘ﬁ o Ep%p Epit:n ) Epit; ) Ep%p Ep‘:‘; olE p'i‘; ) Ep%p Ep‘:‘;p Chl-Ap | Chl-Ap | Chl-Ap | Chi-Ap | Chi-Ap | Chi-Ap | Chi-Ap | Chi-Ap | Chi-Ap | Chi-Sti | Chi-Sti | Chi-Sti | ChI-stl | Chi-stl | Chi-Ap | Chi-Ap | Chi-Ap | Chi-Ap | Chl-Ap | Chi-Ap | Chi-Ap | Chi-Ap | Chl-Ap
SiO, 3444 | 3467 |37.99 | 49.04 | 30.27 | 4877 | 3206 | 31.75 | 45.06 | 26.89 | 50.16 | 48.25 | 48.58 | 49.88 | 24.8 36.1 3519 | 50.89 | 5232 | 48.79 | 51.31 | 2746 | 31.1 2931 | 486 | 4814 | 48.05 | 46.96 | 46.42 | 49.28 | 47.73 | 46.33 | 31.57
TiO, 213 1.77 0 0.19 0 0.01 0.01 0 0 0 0.07 0.01 0.07 0.09 0.02 0 0.01 0.08 0.07 0.02 0.03 0.03 0 0.04 0.26 0.28 0.27 0.22 0.8 0.1 0.19 0.08 0.05
ALO, 1742 | 17.27 | 24.3 28.04 | 5121 | 3322 | 56.07 | 55.71 | 35.32 | 17.72 | 30.22 | 30.25 | 3259 | 31.34 | 21.34 | 37.45 | 36.96 | 33.1 29.51 559 | 3271 | 17.64 | 19.78 | 2254 | 31.69 | 32.03 | 3222 | 3545 | 30.61 | 31.03 | 30.15 | 32.7 23.2
Cr,0, 0.01 0.09 0.03 0 0.02 0 0 0 0.04 0 0.02 0.03 0.03 0.01 0.01 0 0 0.01 0.02 0 0 0 0 0 0 0.01 0 0.05 0 0.04 0.28 0.01 0.13
FeO 28.43 | 2357 | 204 1.9 0.16 0.31 0 0.07 352 | 37.37 123 | 488 0.69 0.92 | 28.26 7 2.21 0.71 147 | 10 0.32 | 24.15 3.06 5.1 1.75 1.06 1.05 1.31 4.18 1.85 3.58 3.78 | 1457
MnO 0.22 0.17 1.32 0.01 0 0 0 0 0.03 0.2 0 0.05 0.03 0 0.25 0.05 0 0 0 0.17 0.04 0.22 0.02 0.02 0.01 0.02 0.01 0 0 0 0.04 0.01 0.05
MgO 2.14 8.16 0.06 3.79 0.05 1.7 0 0 0.73 3.36 2.37 0.88 2.1 24 12.17 3.52 1.9 1.62 2.95 7.06 287 | 1686 | 32.5 29.46 1.84 2.11 2 0.64 1.25 1.71 2.83 2.3 16.61
CaO 0.02 0.02 0.07 0.04 | 10.58 0.04 0 0 0.27 0.15 0.06 0.02 0.03 0.04 0.04 0.09 0.16 0.15 0.16 0.22 0.55 0.07 0 0.01 0.09 0.03 0.06 0.05 0.06 0.1 0.05 0.14 0.07
Na,0 0.04 0.02 0.12 0.1 1.82 0.2 0 0.01 0 0.06 0.12 0.22 0.41 0.26 0.02 0.07 0.06 0.33 0.1 0.25 0.61 0.03 0.02 0.02 0.32 0.37 0.4 0.9 0.36 0.4 0.2 0.59 0
K,O 9.39 9.14 9.64 9.59 0.05 | 10.05 0.01 0.01 0.79 0.02 | 10.62 | 10.88 | 10.41 | 10.23 0 0.89 0.66 8.49 9.41 1.6 9.46 0 0 0.01 | 1015 | 10.44 | 10.3 9.24 | 10.36 9.29 9.81 8.99 1.69
F 1.35 0.77 0.12 0.86 0.06 0.85 [ 20.35 | 19.93 0 0 0.28 0.23 0 0.12 0 0 0 0 0.44 0 0.89 0 0.27 0.24 0 0 0 0 0 0 0 0 0
Cl 0.13 0.11 0.03 0.03 0 0 0 0 0.01 0 0 0 0.01 0 0.02 0.02 0.04 0 0 0.02 0.02 0 0 0 0 0 0 0.01 0 0 0 0 0
H,0 3.99 507 | 4.11 0.14 0.27 | 1349 | 10.43 438 | 432 | 451 448 | 11.08 | 12.87 | 12.08 462 | 4.39 2.66 427 | 11.29 | 1257 | 12.46 449 | 448 | 448 452 438 | 447 445 | 446 | 12.21
Total 95.05 | 95.37 | 94.02 | 9758 | 99.29 | 99.26 |108.64 (107.75 | 99.26 | 96.2 99.53 (100.02 | 9946 | 99.77 | 98.01 | 98.06 | 89.27 (100 100.84 | 96.91 |103.08 | 97.75 | 99.32 | 99.21 | 99.2 98.97 | 98.84 | 99.35 | 98.42 | 98.27 | 99.31 | 99.39 |100.15
O_F_ClI 0.6 0.35 0.06 0.37 0.03 0.36 8.57 8.39 0 0 0.12 0.1 0 0.05 0 0 0.01 0 0.19 0 0.38 0 0.1 0.1 0 0 0 0 0 0 0 0 0
Cro 9445 | 9502 |93.96 | 97.21 | 99.26 | 98.9 [100.07 | 99.36 | 99.26 | 96.2 9941 | 99.92 | 9946 | 99.72 | 98.01 | 98.06 | 89.26 |100 100.65 | 96.91 |102.7 97.75 | 99.21 | 99.11 | 99.2 98.97 | 98.84 | 99.35 | 98.42 | 98.27 | 99.31 | 99.39 (100.15
Si 5567 | 5427| 5.82 6.682 | 4.003| 6.474| 0982 0979| 4.006| 6.183| 6.672| 6.526 | 6.449| 6.591| 5365| 6.725| 1.746| 6.611 | 6.817| 8229 | 6.551| 5835| 5875| 5591 | 6.491| 6.44 6.431| 6.229| 6.361| 6.605| 6.436| 6.228| 6.202
AlV 24331 2573| 218 1318 3997 | 1526 0.018 | 0.021| 0O 1817 1328 | 1474 1551 1409 2635| 1.275| 216 1389 | 1183 | 0 14491 2165( 2125( 2409 1509| 1.56 1569 | 1771 1.639( 1.395( 1564 | 1772 1.798
AM 0.883 | 0.611 | 2204| 3.182| 3979 | 3.667 | 2.004| 2.003| 3.698| 2981 3406 3.345| 3.544| 3468 | 2.802| 6.941| 0O 3.675| 3.345( 1.1 3.47 2249 | 2275 | 2655 3.475| 3486 | 3.51 3.766 | 3.301| 3.503| 3.224| 3404 3.569
Ti 0259 ( 0.208| 0 0019 0 0001 O 0 0 0 0.007 ( 0.001| 0.007| 0.009| 0.003( 0 0 0.008 [ 0.007| 0.003| 0.003| 0.005( 0 0.006 [ 0.026| 0.028 | 0.027 | 0.022| 0.082| 0.01 0.019( 0.008| 0.007
Fe? 3.843 | 3.086| 2614 0217 0.018| 0.034| 0 0.002( 0.262| 7.186| 0.137 | 0.552| 0.077| 0102 5113 1.091| 0.092| 0.077| 0.16 1.41 0.034 | 4291| 0483| 0814| 0.195( 0.119| 0118 | 0.145| 0.479| 0.207| 0404 | 0425 2.3%
Cr 0.001( 0.011] 0.004]| 0 0.002]| 0 0 0 0.003| 0 0.002 ( 0.003| 0.003| 0.001| 0.002( 0 0 0.001( 0.002| 0 0 0 0 0 0 0001 O 0.005( 0 0.004 | 0.03 0.001( 0.02
Mn 0.03 0.023( 0.171] 0.001]| 0 0 0 0 0.002( 0.039] 0 0.006 [ 0.003]| 0 0.046 | 0.008]| 0 0 0 0.024 | 0.004| 0.04 0.003 | 0.003| 0.001| 0.002| 0.001| 0 0 0 0.005| 0.001| 0.008
Mg 0516 1.904| 0.014| 0.77 0.01 0336 | 0 0 0.097 | 1.152| 047 0177 0416| 0473| 3.925| 0.978( 0.141| 0.314| 0.573| 1.775| 0.546| 5.34 9.153 | 8378 0.366| 0.421| 0.399| 0.127| 0.255| 0.342| 0569 | 0.461| 4.864
Ca 0.003| 0.003( 0.011| 0.006| 1.499( 0.006| 0 0 0.026 | 0.037( 0.009| 0.03| 0.004| 0.006( 0.009| 0.018| 0.009| 0.021| 0.022| 0.04 0.075| 0.016| 0 0.002| 0.013| 0.004| 0.009| 0.07| 0.009| 0.014| 0.007| 0.02 0.015
Na 0.013| 0.006| 0.036| 0.026| 0467 0.051| 0 0.001] 0 0.027| 0.031| 0.058| 0.106| 0.067| 0.008| 0.025| 0.006| 0.083| 0.025| 0.082| 0.151| 0.012| 0.007| 0.007| 0.083| 0.096| 0.104| 0.231| 0.096| 0.104| 0.052| 0.154| 0
K 1.936| 1.825| 1.884| 1.667| 0.008( 1.702| 0 0 0.09 0.006| 1.802| 1.877| 1.763| 1.725| 0 0212 0.042| 1407 1.564| 0344 1541| 0 0 0.002| 1.729| 1.782| 1.759| 1.564| 1.811| 1.588| 1.688| 1.542| 0.424
Cations 15.484 | 15.677 | 14.938 | 13.888| 13.983| 13.797 | 3.004| 3.006| 8.184| 19.428| 13.864 | 14.022| 13.923 | 13.851| 19.908| 17.273| 4.196| 13.586 | 13.698 | 15.62 | 13.824 | 19.953| 19.921| 19.867 | 13.888| 13.939| 13.927 | 13.867 | 14.033| 13.772| 13.998 | 14.016 [ 19.301
CF 1.38 0.762| 0.116| 0.741| 0.05 0.714 | 3.941| 3.889| 0 0 0236 0197 0 0.1 0 0 0 0 0.363| 0 0719 0 0.323| 0.29 0 0 0 0 0 0 0 0 0
CCl 0.071| 0.058| 0.016 | 0.014( 0 0 0 0 0.003]| 0 0 0 0.005( 0O 0.015( 0.013] 0.007| 0 0 0.011 | 0.009]| 0 0 0 0 0 0 0004 0 0 0 0 0
OH 0 0 0 3622 | 4475( 3643| 0.029| 0.056| 7.998| 16 3.882| 3.902| 3998| 3.95 | 15993 | 15994 3997 | 4 3819 | 2994 3636]| 16 15.839 | 15.855| 4 4 4 3998 | 4 4 4 4 16
o] 22 22 22 24 24 24 6 6 18 36 24 24 24 24 36 36 9 24 24 27 24 36 36 36 24 24 24 24 24 24 24 24 36
Mg/(Fe+Mg)| 0.12 0.38 0.01 0.78 0.36 0.91 0.00 0.00 0.27 0.14 0.77 0.24 0.84 0.82 0.43 0.47 0.61 0.80 0.78 0.56 0.94 0.55 0.95 0.91 0.65 0.78 0.77 0.47 0.35 0.62 0.58 0.52 0.67




Tab. 3

Representative analyses of apatite in Permian MMH cycle in Gemeric unit.

Mineral Ap-F Ap-F Ap-F Ap-F Ap-F Ap-F Ap-F Ap-F Ap-F Ap-F Ap-F Ap-F
Locality Hnilec D. dolina D. dolina Hnilec Hnilec Cuéma D. dolina D. dolina Rozabela Porac Kuriskova | KuriSkova
Sample HN-1253 DD-2 DD-3a HN-133 HN-133 Cu-17-1 VSV-05-2 V-DD-43-1 ROZ-4-2 G-400 KGJ-21A LE-K-29
Place Cst-Ms Cst-sulf. Cst-sulf. core rim Mnz-Xtm-U Mgh-Cst Mgh-Cst Mgh-Cst U-SedEx U-SedEx U-SedEx
Location Greisen Greisen Greisen Greisen Greisen Vein swarm Skarn Skarn Vein Sb Tec. breccia | Andesite | Chl. schist
Zone Bt Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Stp Chl-Stp Chl-Ap Chl-Ap Chl-Ap Chl-Ap
Sio, 0 0.21 0.01 0.09 0.02 0 0.05 0 0.27 0 0 0
ALO, 0 0.02 0.01 0.03 0 0 0 0.02 0.01 0 0 0.11
FeO 0.08 0.12 0.13 0.3 0 0.14 0.64 0.17 0.25 0 0.32 0.21
MnO 0.85 6.54 0 3.41 0.1 0.06 0.03 0.05 0.18 0.04 0.04 0.01
MgO 0.01 0 0.01 0 0 0 0 0 0 0 0 0
SrO 0.29 0 0.06 0 0 0.14 0 0.09 0 0.14 0.16 0.14
Y,0, 0 0.03 0 0.17 0.16 0.07 0 0 0.09 0 0.13 0
uo, 0 0.64 0 0 0.02 0.07 0 0 0.02 0 0.03 0.14
ThO, 0 0.47 0 0.01 0 0 0 0 0 0 0.02 0
CaO 55.44 47.95 55.22 51.83 55.69 55.57 55.51 54.98 54.53 55.69 547 56.17
Na,O 0.06 0.19 0 0.06 0.03 0 0 0 0.13 0 0 0
K,O 0 0 0 0 0 0 0 0 0 0 0 0
PO 41.88 40.41 41.56 40.54 40.91 42.42 42.3 42.79 40.97 41.7 43.28 42.88
La,0, 0.02 0 0 0 0.03 0 0 0 0.22 0 0.14 0
Ce,O, 0 0 0 0.1 0 0.1 0 0 0.56 0 0.57 0.03
Nd,O, 0.02 0.03 0 0.03 0.03 0.07 0 0 0.32 0 0.35 0
SO, 0 0 0.03 0 0 0 0.15 0.02 0 0 0 0
F 3.73 3.69 4.05 4.53 4.64 3.79 3.2 4.34 4.02 45 2.85 3.7
Cl 0.02 0.05 0 0.08 0.01 0.02 0.04 0 0.03 0.04 0.32 0.12
Total 102.4 100.35 101.08 101.18 101.64 102.45 101.92 102.46 101.6 102.1 102.91 103.51
O_F_cl 1.58 1.56 1.71 1.93 1.96 1.6 1.36 1.83 1.7 1.9 1.27 1.58
Cra 100.82 98.79 99.37 99.25 99.68 100.85 100.56 100.63 99.9 100.2 101.64 101.93
Fe, 0.006 0.009 0.009 0.022 0 0.01 0.045 0.012 0.018 0 0.022 0.014
Mn 0.06 0.482 0 0.249 0.007 0.004 0.002 0.004 0.013 0.003 0.003 0.001
Mg 0.001 0 0.001 0 0 0 0 0 0 0 0 0
Sr 0.014 0 0.003 0 0 0.007 0 0.004 0 0.007 0.008 0.007
Ca 4.98 4.468 5.018 4.788 5.088 4.97 4.956 4.916 4,973 5.038 4.842 4.966
Na 0.01 0.032 0 0.01 0.005 0 0 0 0.021 0 0 0
K 0 0 0 0 0 0 0 0 0 0 0 0
Si 0 0.018 0.001 0.008 0.002 0 0.004 0 0.023 0 0 0
P 2.973 2.976 2.984 2.959 2.954 2.998 2.984 3.023 2.952 2.981 3.027 2.996
0 0.001 0 0.008 0.007 0.003 0 0 0.004 0 0.006 0
Th 0 0.009 0 0 0 0 0 0 0 0 0 0
u 0 0.012 0 0 0 0.001 0 0 0 0 0.001 0.003
La 0.001 0 0 0 0.001 0 0 0 0.007 0 0.004 0
Ce 0 0 0 0.003 0 0.003 0 0 0.017 0 0.017 0.001
Nd 0.001 0.001 0 0.001 0.001 0.002 0 0 0.01 0 0.01 0
Al 0 0.002 0.001 0.003 0 0 0 0.002 0.001 0 0 0.011
S 0 0 0.002 0 0 0 0.009 0.001 0 0 0 0
Cations 8.046 8.01 8.019 8.051 8.065 7.998 8 7.962 8.039 8.029 7.94 7.999
CF 1.978 2.03 2172 247 2.503 2.001 1.687 2.291 2.164 2.401 1.489 1.931
CcCl 0.006 0.015 0 0.023 0.003 0.006 0.011 0 0.009 0.011 0.09 0.034
o 13 13 13 13 13 13 13 13 13 13 13 13




Tab. 4
Representative analyses of carbonates in Permian MMH cycle in Gemeric unit.
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Tab. 5
Representative analyses of oxides in Hnilec locality. Permian MMH cycle in Gemeric unit.

Mineral Uraninite U-Polycrase U-Polycrase Nb-Rutile Mn-Columbite | Ta-Polycrase | Ta-Polycrase | Th-Crasite(?) U-Kobeite Cassiterite Cassiterite
Locality Hnilec Hnilec Hnilec Hnilec Hnilec Hnilec Hnilec Hnilec Hnilec Hnilec Hnilec
Sample HN-1253 HN-1253 HN-1253 HN-1253 HN-1253 HN-1253 HN-1253 HN-1253 HN-1253 HN-1253 HN-1253
Place in Cst core core core in Cst in Cst in Cst rim rim matrix matrix
Location Greisen Greisen Greisen Greisen Greisen Greisen Greisen Greisen Greisen Greisen Greisen
Zone Bt/EpAmp Bt/EpAmp Bt/EpAmp Bt/EpAmp Bt/EpAmp Bt/EpAmp Bt/EpAmp Bt/EpAmp Bt/EpAmp Bt/EpAmp Bt/EpAmp
CaO 0 1.44 2 0.01 0 1.56 1.96 0.47 0.63 0 0
Ta,0, 0 2.81 3.69 1.07 16.5 30.74 24.8 0.01 4.8 0.48 0
WO, 0 1.44 1.09 0 2.89 1.14 1.15 0.4 0.19 0 0
TiO, 0 28 271 89.45 242 18.99 19.85 3.72 44 .59 0.83 0.74
FeO 0 2.87 3 2.57 8.88 0 0 1.23 3.88 0.18 0.16
Fe,O, 0 0 0 0 0 1.17 2.63 0 0 0 0
MnO 0 0.36 0.31 0 10.85 0.05 0.19 0.17 0.13 0 0
Zn0O 0 0 0.03 0 0 0 0.01 0.04 0.11 0.09 0
Sc,0, 0 0 0 0 0.25 0.05 0.04 0 0.03 0.03 0
SnO2 0 0.05 0.03 0 0.31 0.07 0.04 0.18 0.12 97.35 97.65
Y, 0, 0.12 7.25 7.1 0 0 15.41 12.23 0.52 0.37 0 0
uo, 89.80 29.77 26.48 0 0.15 3.12 7.73 35.72 18.33 0 0
ZrQ, 0 0.06 0.14 0.05 0.21 0.02 0.1 0.09 0.29 0 0.08
Nb,O, 0 13.14 14.3 5.44 58.6 13.94 13.36 3.92 12.54 0.39 0.14
MgO 0 0 0 0 0.01 0 0 0.04 0.09 0.14 0.16
ThO, 5.94 217 2.84 0 0 0.83 2.3 35.64 2.34 0 0
SiO, 0.06 0.15 0.28 0 0 0 0 9.46 4.71 0 0
La,0, 0 0 0 0 0 0.01 0 0 0.03 0 0
Ce,O, 0.07 0.15 0.11 0 0 0.14 0.08 0.12 0.39 0 0
Pr,O, 0.33 0.2 0.17 0 0 0.27 0.21 0.22 0.14 0 0
Nd,O, 0 0.12 0.13 0 0 0.76 0.25 0.05 0.13 0 0
Sm,0O, 0.16 0.34 0.45 0 0 1.6 0.88 0.09 0.04 0 0
Eu,0, 0.24 1.05 0.37 0 0 0.44 0.53 0.26 0.25 0 0
Gd,0, 0.04 0.99 1.13 0 0 3.08 2.24 0.2 0.16 0 0
Tb,0, 0.04 0.33 0.4 0 0 0.6 0.66 0.11 0.04 0 0
Dy,O, 0.05 2.24 2.83 0 0 3.14 4.09 0.23 0.13 0 0
Ho,O, 0.00 0.29 0.36 0 0 0.27 0.46 0.04 0 0 0
Er,0O, 0.49 1.52 1.69 0 0 1.03 1.68 0.5 0.32 0 0
Tm,O, 0.08 0.37 0.42 0 0 0.87 0.8 0.14 0.18 0 0
Yb,O, 0.18 1.15 1.27 0 0 0.99 1.46 0.36 0.17 0 0
Lu,O, 0.10 0.44 0.25 0 0 0.25 0.24 0.13 0.09 0 0
BaO 0 0 0 0 0 0 0 0 0 0 0
PbO 2.25 0 0 0 0 0 0 0 0 0 0
Sb,0, 0 0 0 0 0 0 0 0 0 0.29 0.26
H,O 0 1.16 1.29 0 0 0 0 0.41 0 0 0
Total 99.99 99.86 99.26 98.59 101.07 100.54 99.97 94.47 95.22 99.78 99.19
Ti 0 1.359 1.307 0.937 0.108 0.953 1.007 0.253 1.841 0.016 0.014
Fe, 0 0 0 0 0 0.059 0.133 0 0 0 0

Fe, 0 0.155 0.161 0.03 0.442 0 0 0.093 0.178 0.004 0.003
Ta 0 0.049 0.064 0.004 0.267 0.558 0.455 0 0.072 0.003 0

Mn 0 0.02 0.017 0 0.547 0.003 0.011 0.013 0.006 0 0

Mg 0 0 0 0 0.001 0 0 0.005 0.007 0.005 0.006
Ca 0 0.1 0.137 0 0 0.111 0.142 0.046 0.037 0 0

w 0 0.024 0.018 0 0.045 0.02 0.02 0.009 0.003 0 0

Zn 0 0 0.001 0 0 0 0 0.003 0.004 0.002 0

Sc 0 0 0 0 0.013 0.003 0.002 0 0.001 0.001 0

Sn 0 0.001 0.001 0 0.007 0.002 0.001 0.006 0.003 0.967 0.976
Y 0.003 0.249 0.242 0 0 0.546 0.438 0.025 0.011 0 0

U 0.897 0.427 0.378 0 0.002 0.046 0.116 0.718 0.224 0 0

Zr 0 0.002 0.004 0 0.006 0.001 0.003 0.004 0.008 0 0.001
Nb 0 0.383 0.414 0.034 1.577 0.42 0.407 0.16 0.311 0.004 0.002
Th 0.061 0.032 0.041 0 0 0.013 0.035 0.733 0.029 0 0

Si 0.003 0.01 0.018 0 0 0 0 0.855 0.259 0 0

La 0 0 0 0 0 0 0 0 0.001 0 0

Ce 0.001 0.004 0.003 0 0 0.003 0.002 0.004 0.008 0 0

Pr 0.005 0.005 0.004 0 0 0.007 0.005 0.007 0.003 0 0

Nd 0 0.003 0.003 0 0 0.018 0.006 0.002 0.003 0 0

Sm 0.003 0.008 0.01 0 0 0.037 0.02 0.003 0.001 0 0

Eu 0.004 0.02 0.01 0 0 0.01 0.01 0.01 0 0 0

Gd 0.001 0.021 0.024 0 0 0.068 0.05 0.006 0.003 0 0

Tb 0.001 0.007 0.008 0 0 0.013 0.015 0.003 0.001 0 0

Dy 0.001 0.047 0.058 0 0 0.067 0.089 0.007 0.002 0 0

Ho 0 0.006 0.007 0 0 0.006 0.01 0.001 0 0 0

Er 0.007 0.031 0.034 0 0 0.022 0.036 0.014 0.006 0 0

Tm 0.001 0.007 0.008 0 0 0.018 0.017 0.004 0.003 0 0

Yb 0.003 0.023 0.025 0 0 0.02 0.03 0.01 0.003 0 0

Lu 0.001 0.009 0.005 0 0 0.005 0.005 0.004 0.001 0 0

Ba 0 0 0 0 0 0 0 0 0 0 0

Pb 0.027 0 0 0 0 0 0 0 0 0 0

Sb 0 0 0 0 0 0 0 0 0 0.003 0.003
Cations 1.020 3.002 3.002 1.005 3.015 3.029 3.065 2.998 3.029 1.005 1.005
OH 0 0.5 0.55 0 0 0 0 0.25 0 0 0

O 2 6 6 2 6 6 6 6 6 2 2




Representative analyses of U-Ti-Sr-P minerals in Cué¢ma and Kurigkova localities

Tab. 6

. Permian MMH cycle Gemeric unit.

2 ) 2 2 2
. s @ @ B s s 2 s
Meral 1 g £ £ 2 £ s s z 2 2 % : 2 :
< g e g g 3 3 g = g bt bt 5 £ 3
5 2 2 3 3 = = = 2 5 = = S S 5
Locality Cuéma Cuéma Cuéma Cuéma Cuéma Cuéma Cuéma Cuéma Cuéma | Kuriskova | KuriSkova | Kuriskova | Kuriskova | Kuriskova | Kuriskova
Sample CU-1741 CuU-1 CU-1741 CU-1741 CU-1741 CuU-1 Cu-1 CU-1741 Cu-1 KGJ-21a KGJ-21a KGJ-21a KGJ-21a LE-K-29 LE-K-29
Place in Png matrii')]( +Ap | m atriir)]( +Ap in Xtn in Xtn matriir)‘( +Ap | m atriir)]( +Ap in Xtn matriir)l( +Ap matrix in Png matrix in Png matrix in Png
Location sx‘:\ipm sw:\ipm sw;irnm svvv:irnm s\\:;ipm sw:\irnm smirnm sw;irnm sylzipm SedEx SedEx SedEx SedEx SedEx SedEx
Zone Chl-Ap | ChL-Ap | Ch-Ap | Ch-Ap | Chi-Ap | ChlAp | ChLAp | Ch-Ap | Chi-Ap | Chi-Ap | Chl-Ap | ChlAp | Chl-Ap | Chl-Ap Chl-Ap
CaO 1.01 0.35 0.30 0.34 0.53 6.72 6.72 0.07 2.41 0.92 4.49 5.24 5.07 3.1 1.73
TiO, 36.19 0 0.05 0.01 0 0 0 0.02 38.01 0.11 0.28 0.05 0.1 0.23 35.22
FeO 0.00 0 0 0.13 0.12 0 0 0 6.11 0.08 0.01 0.22 0.38 0.49 1.09
Fe,O, 3.99 0 5.10 0.00 0 0 0 0 0 0 0 0 0 0 0
SrO 0 0.01 0 13.14 6.67 0.37 0.37 0 0.18 0 0 0 0 0 0
ALQ, 0 0 0.07 30.37 30.33 0 0 0.09 0 0.01 0.22 1.09 3.37 1.58 0.16
PO 0 29.54 32.90 30.05 29.43 16.12 16.12 18.12 11.21 0.05 0.52 0.98 2.82 0.95 0.03
MnO 0.08 0 0.03 0.04 0.02 0 0 0 0.03 0.02 0.22 0.04 0.04 0.08 0
ZnO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Y, 0, 0.27 1.1 40.11 0.01 0.01 0.03 0.03 0.03 0.13 0.23 0.20 0.14 0.32 0.47 0
uo, 53.52 0.19 1.59 0.02 0.05 68.82 68.82 67.72 14.41 94.49 85.32 80.41 71.94 73.38 55.91
Nb,O, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
MgO 0 0 0 0.01 0.05 0 0 0.04 0.12 0.04 0 0.14 0.50 0.14 0.06
ThO, 0 0 0.02 0 0.01 0 0 0 0.05 0 0 0 0 0 0
La,0, 0 7.94 0 1.77 3.56 0 0 0 0 0 0 0 0 0 0
Ce,O, 0.15 23.46 0.09 5.08 9.06 0 0 0.03 0.28 0.13 0.21 0.10 0.20 0.10 0.14
Pr,0, 0.34 4.21 0.10 0.82 1.37 0.21 0.21 0.22 0.13 0.25 0.32 0.32 0.36 0.44 0.20
Nd,O, 0.09 22.30 0.10 3.67 6.17 0 0 0 0.1 0 0.04 0 0.15 0.02 0
Sm,0, 0.14 6.02 0.87 0.94 1.58 0 0 0.01 0.09 0 0.01 0.02 0.01 0.10 0
Eu,0, 0.40 0.21 0.1 0.1 0.12 0.15 0.15 0.27 0.12 0.08 0.34 0.27 0.24 0.44 0.14
Gd,0, 0.30 2.17 4.03 0.26 0.29 0.14 0.14 0.08 0.17 0.25 0.23 0.28 0.25 0.24 0.14
Tb,0, 0.05 0.17 0.97 0 0 0.07 0.07 0.04 0.10 0.05 0.05 0.03 0.1 0 0.02
Dy, 0, 0.03 0.56 6.69 0.04 0.05 0.03 0.03 0.06 0.08 0.05 0.01 0 0.01 0 0
Ho,O, 0.12 0 0.83 0.03 0.04 0 0 0.02 0.04 0.05 0.00 0 0.15 0.01 0.04
Er,0O, 0.36 0.33 3.53 0.16 0.08 0.16 0.16 0.26 0.25 0.66 0.52 0.42 0.61 0.45 0.55
Tm,0O, 0.12 0.11 0.61 0 0 0.03 0.03 0.11 0.1 0.11 0.08 0.15 0.02 0.11 0.07
Yb,O, 0.35 0.15 2.81 0.08 0.09 0.05 0.05 0.06 0.27 0.29 0.28 0.13 0.30 0.15 0.06
Lu,O, 0.25 0.02 0.15 0.17 0.27 0 0 0 0 0 0 0.13 0.10 0.20 0.10
CuO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
As,O, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SO, 0 0.07 0 0 0 0 0 0 0 0 0 0 0 0 0
SiO, 0 0.21 0 0 0 0 0 0 0 0 0 0 0 15.99 0
PbO 0.85 0 0 0.02 0 0 0 0 8.74 2.18 1.38 0 0.04 0 1.21
F 0 0 0 0.46 0 0 0 0 0 0 0 0 0 0 0
Cl 0 0 0.01 0.01 0.02 0 0 0.03 0.05 0.05 0.01 0.01 0.02 0.00 0.03
H,O 1.12 0 0.00 8.10 7.89 5.79 5.79 2.57 7.03 0 0 0 0 1.19 1.89
Total 99.73 99.12 101.07 95.84 97.81 98.69 98.69 89.85 90.23 100.12 94.75 90.20 87.10 99.85 98.79
Ti 1.826 0 0.001 0.001 0 0 0 0.001 6.085 0.004 0.009 0.006 0.011 0.009 4.194
Fe, 0.201 0 0.129 0 0 0 0 0 0 0 0 0 0 0 0
Fe, 0 0 0 0.009 0.008 0 0 0 1.087 0.003 0 0.027 0.043 0.021 0.144
Mn 0 0 0.001 0.003 0.001 0 0 0 0.005 0.001 0.008 0.006 0.004 0.004 0
Mg 0.005 0 0 0.001 0.006 0 0 0.004 0.038 0.003 0 0.032 0.099 0.010 0.014
Ca 0.073 0.089 0.011 0.030 0.046 0.392 0.392 0.005 0.550 0.044 0.207 0.837 0.729 0.168 0.293
P 0 5.948 0.938 2.063 2.035 0.742 0.742 0.983 2.020 0.002 0.019 0.124 0.320 0.040 0.004
Zn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Al 0 0 0.003 2.900 2.917 0 0 0.007 0 0.001 0.011 0.192 0.532 0.094 0.030
Y 0.01 0.141 0.718 0 0 0.001 0.001 0.001 0.015 0.005 0.005 0.011 0.023 0.013 0
u 0.799 0.010 0.012 0 0.001 0.833 0.833 0.966 0.682 0.930 0.817 2.667 2.149 0.824 1.970
Sr 0 0.001 0 0.618 0.316 0.012 0.012 0 0.022 0 0 0 0 0 0
Nb 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Th 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0
La 0 0.697 0 0.053 0.107 0 0 0 0 0 0 0 0 0 0
Ce 0.004 2.043 0.001 0.151 0.271 0 0 0.001 0.022 0.002 0.003 0.005 0.010 0.002 0.008
Pr 0.008 0.365 0.001 0.024 0.041 0.004 0.004 0.005 0.010 0.004 0.005 0.017 0.018 0.008 0.012
Nd 0.002 1.894 0.001 0.106 0.180 0 0 0 0.008 0 0.001 0 0.007 0 0
Sm 0.003 0.494 0.010 0.026 0.044 0 0 0 0.007 0 0 0.001 0.001 0.002 0
Eu 0.009 0.017 0.001 0.003 0.003 0.003 0.003 0.006 0.009 0.001 0.005 0.014 0.011 0.007 0.008
Gd 0.007 0.171 0.045 0.007 0.008 0.003 0.003 0.002 0.012 0.004 0.003 0.014 0.011 0.004 0.007
Tb 0.001 0.013 0.011 0 0 0.001 0.001 0.001 0.007 0.001 0.001 0.002 0.005 0 0.001
Dy 0.001 0.043 0.073 0.001 0.001 0.001 0.001 0.001 0.005 0.001 0 0 0.001 0 0
Ho 0.003 0 0.009 0.001 0.001 0 0 0 0.003 0.001 0 0 0.006 0 0.002




Tab. 6 — continuation

Representative analyses of U-Ti-Sr-P minerals in Cu¢ma and Kuriskova localities. Permian MMH cycle in Gemeric unit.

2 ) 2 2 2
. s @ @ B s s 2 s
Meral 1 g £ £ 2 £ s s z 2 2 % : 2 5
3 : E g ) 3 3 g > S 3 £ =
5 2 2 3 3 = = = 2 5 = = S S 5
Locality Cuéma Cuéma Cuéma Cuéma Cuéma Cuéma Cuéma Cuéma Cuéma | Kuriskova | KuriSkova | Kuriskova | Kuriskova | Kuriskova | Kuriskova
Sample CU-1741 CuU-1 CU-1741 CU-1741 CU-1741 CuU-1 Cu-1 CU-1741 CuU-1 KGJ-21a KGJ-21a KGJ-21a KGJ-21a LE-K-29 LE-K-29
Place in Png matrii')]( +Ap | m atriir)]( +Ap in Xtn in Xtn matriir)‘( +Ap matriir)]( +Ap in Xtn matriir)l( +Ap matrix in Png matrix in Png matrix in Png
Location sw:\irnm sxzipm sw;irnm sw;irnm s\\:;ipm sxt:\ipm smipm smirnm sylzipm SedEx SedEx SedEx SedEx SedEx SedEx
Zone Chl-Ap | ChL-Ap | Ch-Ap | Ch-Ap | Chi-Ap | ChlAp | ChLAp | Ch-Ap | Chi-Ap | Chi-Ap | Chl-Ap | ChlAp | Chl-Ap | Chl-Ap Chl-Ap
Er 0.008 0.025 0.037 0.004 0.002 0.003 0.003 0.005 0.017 0.009 0.007 0.019 0.026 0.007 0.027
Tm 0.003 0.008 0.006 0 0 0.001 0.001 0.002 0.007 0.002 0.001 0.007 0.001 0.002 0.003
Yb 0.007 0.011 0.029 0.002 0.002 0.001 0.001 0.001 0.018 0.004 0.004 0.006 0.012 0.002 0.003
Lu 0.005 0.001 0.002 0.004 0.007 0 0 0 0 0 0 0.006 0.004 0.003 0.005
Pb 0.015 0 0 0 0 0 0 0 0.501 0.026 0.016 0 0.001 0 0.052
Cu 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S 0 0.012 0 0 0 0 0 0 0 0 0 0 0 0 0
Si 0 0.049 0 0 0 0 0 0 0 0 0 0 0 0.807 0
As 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cations 2.99 12.032 2.039 6.007 5.997 1.997 1.997 1.991 11.132 1.048 1.122 3.993 4.024 2.027 6.777
CF 0 0 0.236 0 0 0 0 0 0 0 0 0 0 0
CClI 0 0.001 0.003 0.006 0 0 0.007 0.036 0.008 0.002 0.006 0.011 0 0.016
OH 0.5 0 4.381 4.297 2.100 2.100 1.097 9.982 0 0 0 0 0.400 1.992
(0] 6 24 4.000 13.000 13.000 5.000 5.000 5.000 26.000 2.000 2.000 7.000 7.000 4.000 14.000
O_F CI 0 0 0 0.200 0 0 0 0.010 0.010 0.010 0 0 0 0 0.010
O F 0 0 0 0.190 0 0 0 0 0 0 0 0 0 0 0
O_ClI 0 0 0 0 0 0 0 0.010 0.010 0.010 0 0 0 0 0.010




Tab. 7

Representative analyses of oxides in Dlha dolina locality. Permian MMH cycle in Gemeric unit.

Mineral Ta-Columbite | Ta-Columbite | Ta-Columbite | Fe-Columbite | U-Polycrase | U-Polycrase U-Kobeite U-Kobeite Rutile Scheelite Cassiterite Cassiterite
Locality DIha dolina DIha dolina Diha dolina Dlha dolina Dlha dolina Diha dolina Dihda dolina | Dlhadolina | Dlhadolina | Dlha dolina Diha dolina Diha dolina
Sample DD-2 DD-2 DD-2 DD-2 DD-2 DD-2 DD-2 DD-2 DD-3a DD-2 DD-2 V-DD-43-1
Place core core core-rim rim core core rim rim matrix core matrix with Mgh
Location Greisen Greisen Greisen Greisen Greisen Greisen Greisen Greisen Greisen Greisen Greisen Skarn
Zone Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Stp
CaO 0 0.01 0.02 0 2.61 3.8 0.42 0.23 0 17.15 0.27 0
Ta,0, 25.73 20.3 13.08 3.62 6.18 5.67 5.91 6.17 0 0.31 0.00 0
WO, 3.07 0.81 2.53 4.64 2.26 4.65 1.69 1.21 0 71.59 0.00 0.01
TiO, 7.24 4.4 4.67 3.69 25.53 2714 41.71 35.71 97.64 0.33 0.00 0
FeO 7.32 14.62 17.3 17.52 0.00 0 4.08 24 1.77 2.02 0.03 1.29
Fe,O, 0 0 0 0 412 4.08 0 0 0 0 0 0
MnO 8.8 2.55 1.02 1.51 0.11 0.1 0.05 0 0.04 0.11 0.04 0
ZnO 0.03 0 0.04 0 0.04 0 0 0 0 0 0 0
Sc,0, 0.69 0.98 0.76 0.89 0.04 0.07 0.03 0.05 0 0.1 0 0
Sno, 1.81 0.65 0.6 0.33 0.12 0.32 0.62 0.66 0 0.33 99.13 98.3
Y,0, 0 0.07 0.04 0 8.41 4.58 1.04 1.23 0 0 0 0
uo, 0 0.09 0.18 0.07 24.21 26.69 18.14 23.55 0 0 0 0
ZrQO, 0.4 0.27 0.13 0.11 0.02 0 0.22 0.34 0 0 0 0
Nb,O, 42.02 52.14 57.57 66.2 17.00 13.91 12.7 12.35 0 8.53 0 0.18
MgO 0 0.35 0.37 0.41 0.00 0 0 0 0.13 0.02 0 0.13
ThO, 0.02 0 0.02 0 1.48 1.75 1.54 2.04 0 0.01 0 0
SiO, 0 0 0 0 0.16 1.07 1.53 4.09 0 0 0
La,0O, 0 0.02 0 0 0.00 0 0 0.02 0 0 0 0
Ce,O, 0.07 0.06 0.04 0 0.11 0.11 0.32 0.41 0 0 0 0
Pr,0, 0.17 0.2 0.24 0.17 0.21 0.24 0.26 0.31 0 0 0 0
Nd,O, 0 0.01 0 0 0.38 0.27 0.25 0.48 0 0 0 0
Sm,0O, 0.01 0.06 0.03 0.06 0.41 0.38 0.25 0.5 0 0 0 0
Eu,0, 0.6 0.55 0.55 0.55 0.32 0.34 0.26 0.28 0 0 0 0
Gd,0, 0.08 0.11 0.12 0.08 0.80 0.72 0.37 0.61 0 0 0 0
Tb,0, 0.08 0.06 0.08 0.07 0.22 0.2 0.11 0.19 0 0 0 0

Dy, 0, 0.02 0.04 0 0 1.40 1.3 0.53 0.82 0 0 0 0
Ho,O, 0 0 0 0 0.26 0.17 0 0.09 0 0 0 0
Er,0O, 0.13 0.18 0.22 0.27 1.29 1.14 0.53 0.66 0 0 0 0
Tm,0O, 0.58 0.47 0.31 0.15 0.37 0.29 0.24 0.25 0 0 0 0
Yb,O, 0.14 0.14 0.11 0.1 0.96 0.81 0.35 0.41 0 0 0 0
Lu,O, 0.14 0.08 0.09 0.19 0.16 0.21 0.17 0.12 0 0 0 0
Total 99.15 99.22 100.12 100.63 99.18 100.01 93.32 95.18 99.59 100.5 99.47 99.91
Ti 0.342 0.203 0.208 0.158 1.237 1.295 1.854 1.626 0.998 0.011 0 0

Fe, 0 0 0 0 0.199 0.195 0 0 0 0 0 0

Fe, 0.384 0.748 0.855 0.834 0 0 0.202 0.121 0.02 0.078 0.001 0.027
Ta 0.439 0.338 0.21 0.056 0.108 0.098 0.095 0.102 0 0.004 0 0

Mn 0.468 0.132 0.051 0.073 0.006 0.005 0.003 0 0 0.004 0.001 0

Mg 0 0.032 0.033 0.035 0 0 0 0 0.003 0.001 0 0.005
Ca 0 0.001 0.001 0 0.18 0.258 0.027 0.015 0 0.849 0.007 0

w 0.05 0.013 0.039 0.068 0.038 0.076 0.026 0.019 0 0.856 0 0

Zn 0.001 0 0.002 0 0.002 0 0 0 0 0 0 0

Sc 0.038 0.052 0.039 0.044 0.002 0.004 0.002 0.003 0 0.004 0 0

Sn 0.045 0.016 0.014 0.007 0.003 0.008 0.015 0.016 0 0.006 0.996 0.981
Y 0 0.002 0.001 0 0.288 0.154 0.033 0.04 0 0 0 0

u 0 0.001 0.002 0.001 0.347 0.377 0.238 0.317 0 0 0 0

Zr 0.012 0.008 0.004 0.003 0.001 0 0.006 0.01 0 0 0 0

Nb 1.192 1.443 1.539 1.704 0.495 0.399 0.339 0.338 0 0.178 0 0.002
Th 0 0 0 0 0.022 0.025 0.021 0.028 0 0 0 0

Si 0 0 0 0 0.01 0.068 0.09 0.248 0 0 0 0

La 0 0 0 0 0 0 0 0 0 0 0 0

Ce 0.002 0.001 0.001 0 0.003 0.003 0.007 0.009 0 0 0 0

Pr 0.004 0.004 0.005 0.004 0.005 0.006 0.006 0.007 0 0 0 0

Nd 0 0 0 0 0.009 0.006 0.005 0.01 0 0 0 0

Sm 0 0.001 0.001 0.001 0.009 0.008 0.005 0.01 0 0 0 0

Eu 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0 0 0 0

Gd 0.002 0.002 0.002 0.002 0.017 0.015 0.007 0.012 0 0 0 0

Tb 0.002 0.001 0.002 0.001 0.005 0.004 0.002 0.004 0 0 0 0

Dy 0 0.001 0 0 0.029 0.027 0.01 0.016 0 0 0 0

Ho 0 0 0 0 0.005 0.003 0 0.002 0 0 0 0

Er 0.003 0.003 0.004 0.005 0.026 0.023 0.01 0.013 0 0 0 0

Tm 0.011 0.009 0.006 0.003 0.007 0.006 0.004 0.005 0 0 0 0

Yb 0.003 0.003 0.002 0.002 0.019 0.016 0.006 0.008 0 0 0 0

Lu 0.003 0.001 0.002 0.003 0.003 0.004 0.003 0.002 0 0 0 0

Ba 0 0 0 0 0 0 0 0 0 0 0 0
Cations 3.011 3.025 3.033 3.014 3.085 3.093 3.026 2.991 1.011 1.991 1.005 1.015




Tab. 8
Representative analyses of In-rich sulfides in skarn. Dlha dolina area, V-DD-43 borehole. Permian MMH cycle in Gemeric unit.

@ > > > £ Q (] [} ] [} ] [} ] [} (] (] Q @ [} @ [ @ [ @ [} ] £ = =
s | 2| 22| 2| £ £ || £ £ | S| E || £ £ |2 ||| 8| ||| |£|5|z2]|:z
n (7] n »n n i & i D i & i £ i & @ & n & (72 o o o (72 i D »n o o
Locality dDII_\é DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha Dlha DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha DIha
olina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina | dolina
Sample | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43 | V-DD-43
Location| szl el e2lele &l & 2la sl Ele EBElEe|lclElEglclE] ] 2]E |z
fz|l e | s ||| |2 |2 |2 |2 |22 |2 |2 |2 |2 |2|2|2[121212]12]12]12]12]%|%]|%s
Zone Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl | Stp-Chl
S 32.80 | 3190 | 31.76 | 32.70 | 30.91 | 31.23 | 30.03 | 30.38 | 29.35 | 31.10 | 28.66 | 30.04 | 31.02 | 29.83 | 29.38 | 28.92 | 30.79 | 28.51 | 32.07 | 26.08 | 25.57 | 26.64 | 24.90 | 25.24 | 30.97 | 29.21 | 29.38 | 32.71 | 34.12
Cd 2.57 0.64 0.61 0.62 0.27 0.28 0.28 0.30 0.74 0.80 0.86 0.63 0.61 0.60 0.77 0.33 0.25 0.45 0.08 0.14 0.07 0.06 0.11 0.08 0.48 0.02 0.16 0.11 0.02
Ag 0 0 0 0.02 0.02 0.02 0 0.02 0 0 0.01 0 0 0 0.02 0.03 0.02 0.02 0.06 0.02 0 0 0.08 0.08 0.04 0.06 0 0.03 0.03
Zn 60.80 | 59.31 | 57.53 | 52.37 | 54.76 | 50.56 | 47.07 | 45.95 | 38.71 | 36.69 | 3247 | 31.59 | 31.41 | 30.38 | 28.73 | 27.54 | 27.60 | 18.43 0.78 3.10 0.33 0.44 5.17 1.08 | 16.10 0.12 5.18 3.50 0.06
Fe 1.96 3.62 2.37 2.08 0.97 1.05 1.66 1.73 2.76 3.01 4.55 213 6.90 2.64 6.95 1.03 | 14.24 8.39 | 13.15 2.64 272 4.04 1.36 2.06 | 15.73 | 17.30 11.27 | 26.58 | 30.65
Mn 0.09 0 0.01 0 0 0.01 0 0.01 0 0 0 0.01 0 0 0 0.10 0.03 0 0 0.08 0 0 0.03 0 0 0 0 0 0
Cu 1.17 1.80 3.20 4.80 4.59 6.05 7.96 8.16 | 10.44 | 10.99 | 13.59 | 13.17 | 14.07 | 13.61 | 1560 | 14.91 9.38 | 20.23 | 19.83 | 24.07 | 2545 | 24.27 | 2547 | 25.64 | 24.04 | 30.34 | 30.15 | 31.99 | 34.68
In 0.34 2.35 4.32 7.04 799 |[10.49 | 13.07 13.74 | 17.49 | 18.01 19.56 | 22.64 | 16.12 | 23.44 | 1837 | 27.84 | 17.52 | 23.84 | 33.14 | 43.28 | 4546 | 44.30 | 42.86 | 45.55 | 12.23 | 22.47 4.71 5.16 0.15
Sn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 18.98 0 0
Sb 0.05 0 0.02 0 0 0 0.03 0 0.02 0 0.03 0 0 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0
Te 0 0.01 0.02 0 0 0 0 0 0.01 0 0 0 0 0 0.03 0 0 0 0 0 0 0 0 0 0 0 0.05 0 0
Pb 0.15 0.13 0.13 0.15 0.13 0.15 0.14 0.21 0.16 0.07 0.12 0 0.10 0 0.13 0.12 0.20 0 0.10 0.08 0.10 0.15 0.10 0.12 0.21 0.17 0.18 0.13 0.25
Bi 0.03 0 0.01 0 0.09 0.02 0 0.03 0.01 0 0 0 0.02 0 0 0.05 0 0 0.08 0.03 0.31 0 0 0.02 0 0.07 0 0 0.05
Total 99.96 | 99.76 | 99.98 | 99.78 | 99.72 | 99.85 |100.24 |100.53 | 99.69 [|100.67 | 99.83 [|100.21 [100.25 |100.50 | 99.97 [100.88 (100.02 | 99.88 [ 99.29 | 99.52 [ 99.68 | 99.90 (100.10 | 99.85 | 99.80 | 99.76 [100.05 |100.20 |100.01
S 1.005( 0.984| 0987| 1.019| 0.981| 0.996| 0.971| 0.980| 0.973| 1.009| 0.959| 1.003| 0.998( 0.997( 0.968| 0.988| 0.989| 0960 1.081| 1.951| 1.933| 1.979| 1.875| 1.916| 0.974| 0.960| 3.908| 0.972| 1.968
Cd 0.022| 0.006| 0.005| 0.006| 0.002| 0.003| 0.003| 0.003| 0.007| 0.007| 0.008| 0.006( 0.006| 0.006( 0.007| 0.003| 0.002| 0.004| 0.001| 0.003| 0.001| 0.001| 0.002| 0.002| 0.004| O 0.006| 0.001| O
Ag 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001| O 0 0 0.002| 0.002| O 0.001| O 0 0.001
Sn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.682| 0 0
Cu 0.018 | 0.028| 0.050| 0.075| 0.074| 0.097| 0.130| 0.133| 0.175| 0.180| 0.229| 0.222| 0.228| 0.230| 0.259 (| 0.257| 0.152| 0.344 | 0.337| 0.909 | 0.971| 0.910| 0.968 | 0.983| 0.381| 0.503| 2.024| 0.480| 1.009
Zn 0.914| 0.897| 0.877| 0.801| 0.853| 0.791| 0.747| 0.727 | 0.630| 0.584 | 0.533 | 0.517| 0.496| 0498 | 0464 | 0462 | 0435| 0.305| 0.013| 0.114| 0.012| 0.016| 0.191| 0.040| 0.248 | 0.002| 0.338 | 0.051| 0.002
Mn 0.002| O 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002 | 0.001| O 0 0.003| O 0 0.001| O 0 0 0.001| O 0
Fe 0.034( 0.064| 0.042| 0.037| 0.018| 0.019| 0.031| 0.032| 0.053| 0.056| 0.087( 0.041| 0.127( 0.051 0.131| 0.020( 0.263| 0.162| 0.255( 0.113| 0.118| 0.172| 0.059| 0.090| 0.284| 0.327| 0.861| 0.453| 1.015
In 0.003| 0.020( 0.037| 0.061| 0.071| 0.093| 0.118| 0.124| 0.162| 0.163| 0.183| 0.211| 0.145| 0.219| 0.169| 0.266| 0.157| 0.224( 0.312| 0.905| 0.960| 0.920| 0.901| 0.966| 0.107| 0.206| 0.175| 0.043| 0.002
Sb 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Te 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002( O 0
Pb 0.001| 0.001| 0.001]| 0.001| 0.001| 0.001| 0.001| 0.001| 0.001| O 0.001| O 0 0 0.001| 0.001| 0.001| O 0.001| 0.001| 0.001| 0.002| 0.001( 0.001| 0.001| 0.001| 0.004| 0.001| 0.002
Bi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.004| O 0 0 0 0 0.001| O 0
Sum 1.999( 2.000| 1.999| 2.000| 2.000| 2.000| 2.001| 2.000| 2.001| 1.999| 2.000| 2.000| 2.000( 2.000| 1.999( 1.999( 2.000| 2.000( 2.001| 3.999| 4.000| 4.000| 4.000| 4.000| 1.999| 2.000| 8.002| 2.001| 3.999
Fe+Cu 0.052 | 0.092| 0.092| 0.112| 0.092| 0.116| 0.161| 0.165| 0.228| 0.236| 0.316| 0.263| 0.355| 0.280| 0.390| 0.277| 0415| 0506 0.592| 1.022| 1.089| 1.082| 1.027| 1.073| 0.665| 0.830| 2.885| 0.933| 2.024
In+Fe 0917 0.917| 0.914| 0.862| 0.924| 0.884| 0.865| 0.851| 0.792| 0.747| 0.716| 0.728| 0.641| 0.717| 0.633| 0.728| 0.592| 0529 0.325| 1.019| 0.976| 0.936| 1.092| 1.006| 0.355| 0.208| 0.514| 0.094| 0.004
Suma 0.969( 1.009| 1.006| 0.974| 1.016| 1.000| 1.026| 1.016| 1.020| 0.983| 1.032| 0.991| 0.996| 0.997| 1.023| 1.005| 1.007| 1.035( 0.917| 2.041| 2.065| 2.018| 2119 | 2.079| 1.020| 1.038| 3.399| 1.027 | 2.028




Tab. 9

Representative analyses of sulfides in greisen and skarn. Dlha dolina area. Permian MMH cycle in Gemeric unit.

2 "g 'g 2 [ [ FS % 2 ’g ’g
vineral | 5| 3 5 s : . . . 3 3 2 2 e 2 2 s 2 5 £ £

o o o @ k5 £ £ £ E E 5 5 & E i i 8 £ £ £

&) Lk &3 5 ] 2 2 2 2 2 & & 2 S) o T 3 e e e
Locality D. dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina | D.dolina D. dolina
Sample DD-3a DD-3a DD-3a DD-3a DD-3a DD-3a VSV-05-2 | V-DD-43-1 | VSV-05-2 | V-DD-43-1 | VSV-05-2 | V-DD-43-1 | VSV-05-2 | VSV-05-2 | VSV-05-2 | VSV-05-2 | V-DD-43-1 | V-DD-43-1 | V-DD-43-1 | V-DD-43-5
Place in Ccp+Sp | in Ccp+Sp | in Ccp+Sp | in Ccp+Sp | in Ccp+Sp matrix in Dol in Ank in Py in Py in Dol in Ank in Mgh in MgSd in MgSd in Dol in Gladite |rim Ustara.| in Cal/Ank in Ank
Location Greisen Greisen Greisen Greisen Greisen Greisen Skarn Skarn Skarn Skarn Skarn Skarn Skarn Skarn Skarn Skarn Skarn Skarn Skarn Skarn
Zone Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp Chl-Stp
S 19.28 18.22 19.28 18.51 13.63 53.07 53.63 53.1 39.36 39.88 18.95 18.55 0.02 18.86 18.86 18.83 18.57 4.65 25.08 245
Cd 0 0 0 0 0 0 0 0.02 0 0.03 0.02 0.1 0.04 0.09 0.03 0.04 0.04 0.01 0.19 0.23
Ag 0 0 0 0 0 0.03 0 0.02 0 0.05 0.04 0 0 0 0.03 0 0 0.02 1.42 0.36
Zn 0 0 0 0 0 0 0 0 0 0.12 0.02 0 0.05 0.02 0.01 0 0 0 3.62 4.7
Fe 5.37 1.35 5.33 10.71 0.39 44.06 46.38 46.2 60 60.09 2.27 0.79 5.75 3.71 4.21 1.41 0.04 0 3.38 2.51
Mn 0 0 0 0 0 0 0 0.01 0 0 0.12 0 0 0.04 0.01 0 0 0 0 0
Cu 0.09 0.37 0.08 0.02 0.31 0.03 0 0 0 0.21 4 4.26 0 0.98 0.41 2.8 0.76 0.02 37.76 38.66
In 0 0 0 0.02 0 0 0 0.01 0 0.02 0 0.03 0.03 0.01 0.03 0.04 0.03 0 0.05 0.03
Sn 0 0 0 0 0 0 0 0 0 0 0 0.04 0.05 0 0 0.07 0 0 0.04 0.02
Sb 2.66 12.8 1.08 0 0.19 0 0 0 0 0 1.66 1.88 0.07 1.54 1.19 1.46 1.18 0 26.3 27.28
Te 0 0 0 0 0 0 0 0 0 0.01 0 0.03 0 0 0 0.01 0.01 36.09 0 0
Co 0.15 0.06 14.27 10.67 0.03 1.79 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ni 30.22 33.28 16.32 14.35 0.02 0.79 0 0 0 0 0 0 0 0 0 0 0 0 0 0
As 41.94 33.7 42.18 45.73 0.01 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Pb 0.1 0.16 2.34 0.1 85.09 0.42 0 0 0 0.27 13.54 13.89 0.05 3.57 1.32 9.32 2.39 0.05 0.13 0.14
Bi 0 0.06 0.13 0.03 1.58 0 0 0 0 0 59.96 59.92 96.53 711 74.64 67.61 76.6 59.44 1.22 1.24
Total 99.81 100 101.01 100.14 101.25 100.24 100.01 99.36 99.36 100.68 100.58 99.49 102.59 99.92 100.74 101.59 99.62 100.28 99.19 99.67
S 1.003 0.99 1.001 0.959 0.991 1.993 2.005 2 1.066 1.069 12.002 12.011 0.001 9.03 9.01 9.048 10.043 1.017 13.107 12.838
Cd 0 0 0 0 0 0 0 0 0 0 0.004 0.018 0.001 0.012 0.004 0.005 0.006 0.001 0.028 0.034
Ag 0 0 0 0 0 0 0 0 0 0 0.008 0 0 0 0.004 0 0 0.001 0.221 0.056
Sn 0 0 0 0 0 0 0 0 0 0 0 0.007 0.001 0 0 0.009 0 0 0.006 0.003
Cu 0.002 0.01 0.002 0.001 0.011 0.001 0 0 0 0.003 1.279 1.392 0 0.237 0.099 0.679 0.207 0.002 9.959 10.224
Zn 0.001 0 0 0 0 0 0 0 0 0.002 0.006 0 0.001 0.005 0.002 0 0 0 0.928 1.208
Mn 0 0 0 0 0 0 0 0 0 0 0.044 0 0 0.011 0.003 0 0 0 0 0
Fe 0.16 0.042 0.159 0.319 0.016 0.95 0.995 0.999 0.934 0.925 0.826 0.294 0.181 1.02 1.155 0.389 0.012 0 1.014 0.755
In 0 0 0 0 0 0 0 0 0 0 0 0.005 0 0.001 0.004 0.005 0.005 0 0.007 0.004
Sb 0.036 0.183 0.015 0 0.004 0 0 0 0 0 0.277 0.321 0.001 0.194 0.15 0.185 0.168 0 3.621 3.765
Te 0 0 0 0 0 0 0 0 0 0 0 0.005 0 0 0 0.001 0.001 1.983 0 0
Co 0.004 0.002 0.403 0.301 0.001 0.037 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ni 0.859 0.988 0.463 0.406 0.001 0.016 0 0 0 0 0 0 0 0 0 0 0 0 0 0
As 0.934 0.784 0.937 1.014 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Pb 0.001 0.001 0.019 0.001 0.958 0.002 0 0 0 0.001 1.327 1.392 0 0.265 0.098 0.693 0.2 0.002 0.011 0.011
Bi 0 0.001 0.001 0 0.018 0 0 0 0 0 5.828 5.954 0.813 5.224 5.472 4.985 6.357 1.994 0.098 0.1
Sum 2.999 3.001 3 3.001 2 3 3 2.999 2 2 21.601 21.399 0.999 15.999 16.001 15.999 16.999 5 29 28.998




Tab. 10

Representative analyses of minerals in Rozabela Sb-rich vein. Permian MMH cycle in Gemeric unit.

Mineral | Jamesonite | Jamesonite | Fiiloppite Fuloppite Berthierite | Berthierite | Berthierite |Chalcostibite| Stibnite Stibnite [Senarmontite| Native Sb
Locality | Rozabela Rozabela Rozabela Rozabela Rozabela Rozabela Rozabela Rozabela Rozabela Rozabela Rozabela Rozabela
Sample ROZ-1-2 ROZ-1-2 ROZ-1-2 ROZ-1-2 ROZ-4-2 ROZ-4-2 ROZ-1-2 ROZ-4-2 ROZ-1-2 ROZ-4-2 ROZ-4-2 ROZ-4-2
Place in Stb in Stb in Sd+Ank | in Ank+Tur | in Ank+Stb in Qtz in Sd+Ank in Qtz in Png+Sd in Ank in Qtz in Qtz
Location Vein Vein Vein Vein Vein Vein Vein Vein Vein Vein Vein Vein
Zone Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap
S 21.84 22.18 23.91 25.67 30.10 29.97 30.73 26.22 28.64 29.12 0 0

Ag 0 0 0 0 0 0.01 0.01 0.01 0 0 0.01 0

Fe 2,57 3.41 1.55 1.03 9.81 12.78 12.91 0.02 0.14 0.64 0.00 0.04

Cu 0 0.01 0.05 0.04 0.00 0.03 0.03 26.43 0 0.04 0 0.05

Sb 36.03 34.32 50.65 58.89 59.14 56.71 55.69 46.79 68.91 70.10 88.83 98.93
Co 0.04 0 0 0 0 0.03 0.02 0 0 0 0 0.01

Ni 0.01 0.01 0.01 0 0.03 0.01 0 0 0 0 0.01 0.01

Pb 38.96 40.19 23.49 14.40 0.63 0.26 0.30 0.15 1.97 0.21 0 0

Bi 0.04 0.08 0.07 0.02 0.02 0 0 0 0 0 0.03 0.05
Total 99.50 100.20 99.73 100.05 99.73 99.80 99.69 99.62 99.65 100.10 88.88 99.10

S 3.933 3.938 4.002 4.082 4.097 4.009 4.068 2.020 3.035 3.033 0 0

Ag 0 0 0 0 0 0 0 0 0 0 0 0

Cu 0 0.001 0.004 0.003 0 0.002 0.002 1.028 0 0.002 0 0.001
Fe 0.266 0.348 0.149 0.094 0.767 0.982 0.981 0.001 0.009 0.038 0 0.001
Sb 1.709 1.605 2.233 2.466 2.120 1.998 1.942 0.950 1.924 1.923 0.999 0.997
Co 0.004 0 0 0 0 0.002 0.001 0 0 0 0 0

Ni 0.001 0.001 0.001 0 0.002 0.001 0 0 0 0 0 0

Pb 1.086 1.105 0.608 0.354 0.013 0.005 0.006 0.002 0.032 0.003 0 0

Bi 0.001 0.002 0.002 0 0 0 0 0 0 0 0 0

Sum 7.000 7.000 6.999 6.999 6.999 6.999 7.000 4.001 5.000 4.999 0.999 0.999




Tab. 11

Representative analyses of sulfides and native Bi in Konstancia and Strieborna (Stz) - siderite and sulfide bearing veins. Permian MMH cycle in Gemeric unit.

Mineral Cannizzarite [ Cosalite Native Bi | Bisnuthinite [Jamesonite-Bil Bournonite | Alloclasite | Ulimannite |Chalcopyrite [ Pyrrhotite | Tetrahedrite | Arsenopyrite [ Arsenopyrite [ Gersdorffite
Locality | Konstancia | Konstancia | Konstancia | Konstancia | Strieborna | Strieborna | Konstancia | Konstancia | Konstancia | Konstancia Stz-6 Stz-6 Konstancia Stz-6
Sample 53-150 53-150 53-150 53-150 Stz-6 Stz-6 53-150 53-150 53-150 53-150 Stz-6 Stz-6 53-150 Stz-6
Place in siderite | insiderite | insiderite | insiderite | insiderite | insiderite | insiderite | insiderite | insiderite | insiderite | insiderite | insiderite | in siderite | in siderite
Location | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein | siderite-vein
Zone Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite Chlorite
S 17.73 16.58 0.04 18.69 19.73 19.68 21.24 15.05 34.93 40.12 25.18 20.88 19.73 19.57
Cd 0.05 0.11 0.07 0.08 0.02 0.05 0 0 0 0 0.01 0 0 0

Ag 0.05 0.08 0.03 0 0.02 0 0 0 0 0.02 1.05 0.02 0 0

Zn 0.01 0 0.01 0 0.02 0 0.01 0.02 0.04 0 1.33 0 0.03 0

Fe 1.72 0.39 0.71 0.64 0.46 0.31 5.07 4.34 30.32 59.65 5.56 34.54 30.65 6.10
Mn 0 0.01 0.03 0.04 0 0 0 0 0 0 0 0 0 0

Cu 1.07 0.24 0 0.1 2.01 13.02 0.60 1.09 34.41 0.47 37.70 0.16 0.20 0.06
In 0 0.01 0.03 0.03 0.00 0 0 0 0 0 0 0 0 0

Sn 0.06 0 0.08 0 0.05 0 0 0 0 0 0.08 0 0 0

Sb 6.95 2.73 0.42 1.38 20.50 23.25 0 53.61 0.02 0.01 29.38 0.18 0.08 1.18
Te 0.02 0.01 0 0.01 0 0 0 0 0 0.00 0 0 0 0

Co 0 0 0 0 0 0 28.81 0.02 0.02 0.00 0 0.15 4.79 0.33
Ni 0 0 0 0 0 0 2.62 25.79 0 0.02 0 0.69 0.06 29.40
As 0 0 0 0 0 0 41.47 0 0.03 0.07 0 43.43 44.01 43.89
Pb 35.95 41.56 0.04 1.07 36.48 41.64 0 0 0 0 0.08 0 0 0

Se 0 0 0 0 0 0 0 0.20 0 0 0 0.01 0.02 0

Bi 36.26 38.35 99.81 77.64 21.58 1.92 0 0 0 0 0.21 0 0 0
Total 99.87 100.06 101.27 99.69 100.87 99.86 99.82 100.10 99.77 100.36 100.58 100.06 99.57 100.53
S 12.638 4.969 0.003 2.956 3.901 3.004 1.074 0.973 2.003 1.075 13.000 1.046 1.004 1.005
Cd 0.010 0.009 0.001 0.004 0.001 0.002 0 0 0 0 0.001 0 0 0

Ag 0.010 0.007 0.001 0 0.001 0 0 0 0 0 0.161 0 0 0

Sn 0.011 0 0.001 0 0.003 0 0 0 0 0 0.011 0 0 0

Cu 0.386 0.036 0 0.009 0.201 1.003 0.015 0.035 0.996 0.006 9.823 0.004 0.005 0.002
Zn 0.003 0 0 0 0.002 0 0 0.001 0.001 0 0.337 0 0.001 0

Mn 0 0.002 0.001 0.004 0 0 0 0 0 0 0 0 0 0

Fe 0.702 0.068 0.026 0.058 0.052 0.027 0.147 0.161 0.999 0.918 1.648 0.993 0.896 0.180
In 0 0.001 0.001 0.001 0 0 0 0 0 0 0 0 0 0

Sb 1.305 0.215 0.007 0.058 1.068 0.935 0 0.913 0 0 3.995 0.002 0.001 0.016
Te 0.003 0.001 0 0 0 0 0 0 0 0 0 0 0 0

Co 0 0 0 0 0 0 0.793 0.001 0.001 0 0 0.004 0.133 0.009
NI 0 0 0 0 0 0 0.072 0.911 0 0 0 0.019 0.002 0.825
As 0 0 0 0 0 0 0.898 0 0.001 0.001 0.006 0.931 0.959 0.964
Pb 3.966 1.929 0 0.026 1.116 0.984 0 0 0 0 0.006 0 0 0

Se 0 0 0 0 0 0 0 0.005 0 0 0 0 0 0

Bi 3.965 1.764 0.960 1.885 0.655 0.045 0 0 0 0 0.017 0 0 0
Sum 22.999 9.001 1.001 5.001 7.000 6.000 2.999 3.000 4.001 2.000 28.999 2.999 3.001 3.001




Tab. 12

Representative analyses of rock and mineralizations. Permian MMH cycle in Gemeric unit.

£ £

Locality | JedFovec slmg’lmg' Smolnik | Smolnik | Smolnik | Smolnik [ Hnilec Hnilec Delava Hnilec Hnilec Hnilec Cuéma d%ll?r?a Kuriskova Pﬁt;?: a g:. d%ll?l'téa Hnilec d%ll?l'léa d%ll?:a ééglfi%vaa Jedfovec | Rozinava | Porac g

< <

B B B 2

. . 3 3 3 £ = = . » : : : , . , .| SedEx-U- .

Rock Lydite Lydite :og § g g 'E 'E 'E g g Aplitic | Greisen |Stockwork| Skarn | U-SedEx | U-SedEx | Andesite | Greisen | Greisen Skarn Skarn Vein Vein Vein Mo Rhyolite
5 5 5 g kS kS g | &g
3 3
e | e | e | SRk | R | £y | g el e | O | g
vl e i o e e I

sample | o3 | PPl | sm3 | sma | sm2 | prsog | D41 | HD-AL- | DB 1 HA2B- 0 gtlevel | HN-1253 | CUAT-1 | Yoarr | LEK2 ) galiery.55 | 1113.24m| DD | HN-133 | VSve052 | VDRI Rozabela-t] 53 Zzﬁe‘r’; G400 | 11137 m
Age-Ma | Silurian | Silurian | Devonian | Devonian | Devonian | Devonian | 281-275 | 281-275 | 281-275 | 265258 | 265-258 | 268 e | o | e 263 25 | 263-258
Zone Chl Chl Chl Chl Chl Chl Bt/EpAmp | BEpAmp | Bt/EpAmp | BtEpAmp | Bt/EpAmp | B/EpAmp | Chl-Ap Chl-Stl Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Stl Chl-Stl Chi Chl Chl-Ap Chl-Ap
Si0, wt.% 92 73.3 55.5 6.88 28.2 72.6 75.9 744 731 74 761 20.4 71.8 4.8 55.8 61.8 55 77.5 59.2 0.42 513 56.7 14 1.28 84.4 79.5
TiO, 0.075 0.45 0.18 0.04 0.71 0.61 0.21 0.06 0.22 0.06 0.04 0.55 0.02 0.074 1.043 1.495 0.98 0.15 0.02 0.001 0.091 0.4 0.027 0.001 0.297 0.05
ALQO, 142 10.6 6.47 5.15 19.1 12.8 13.2 14.1 13.5 13.6 13.5 16.3 2.87 1.38 257 16.6 15.3 1.67 16.7 0.11 0.9 3.25 117 0.08 6.22 8.47
Fe,0, 0.56 8.4 242 175 275 4.66 1.04 1 1.97 1.28 1.22 0.51 1.06 79.2 38 5.36 9.08 0.43 4.91 93.5 51.5 3.63 59.8 48.7 3.73 1.97
MnO 0.008 0.011 0.1 1.39 0.01 0.01 0.02 0.02 0.03 0.02 0.04 0.13 0.008 0.215 0.013 0.018 0.17 0.009 0.02 0.095 0.633 0.08 1.538 2.1 0.003 0.08
MgO 0.005 0.43 4.42 16.1 0.41 0.79 0.24 0.05 0.5 0.05 0.34 0.24 0.27 3.56 0.74 5.68 2.29 0.04 1.02 1.65 9.71 1.04 1.93 3.07 0.005 1.42
Ca0o 0.005 0.005 0.37 24 0.29 0.07 0.67 0.56 0.61 0.71 0.57 20.7 1.8 4.2 0.005 0.005 413 343 0.21 1.35 13.3 8.07 0.005 0.36 0.005 0.8
Na,0 0.01 0.07 0.09 0.09 0.6 0.31 6.1 44 3.2 4.1 29 0.19 0.2 0.01 0.83 213 34 0.19 0.19 0.003 0.01 0.19 0.63 0.04 0.16 38
K,0 0.42 2.84 0.02 0.04 6.13 4.81 1.06 4.06 5.77 3.98 2.94 3.39 0.54 0.06 6.33 243 2.03 0.33 0.28 0.025 0.04 0.8 0.03 0.025 1.76 0.75
PO, 0.15 0.49 0.02 0.01 0.02 0.07 0.08 0.14 0.15 0.18 0.18 7.59 9.46 0.058 0.54 0.35 0.63 0.01 0.13 0.001 0.107 0.01 0.06 0.229 0.05 0.005
St. zih 4.78 3.98 0 253 0 2.76 1.17 0.56 0 0.83 1.42 1.94 0.77 46 3.12 3.62 6.81 4.28 476 2.55 14 6.17 42 26.1 1.6 3.03
Suma wt.% 99.433| 100.576 91.38 96.5 82.97 99.49 99.69 99.35 99.05 98.81 99.25 71.94|  98.798|  98.157 97.921 99.488 99.82 88.039 87.44 99.704 95.421 80.34 83.39 81.995 98.23 99.875

Rb mglkg 25 122 3 0.15 182 177 18 312 261 608 602 164 27 49 212 100 70 75 23 0.5 21 45 6 0.5 79 39

Li 2 27 85.6 74.3 11 16.9 16.9 13.1 28 62.8 47.3 91.3 22 10 39 115 55 9.5 51.1 1.6 6.6 10.1 6 1.1 20 11
Ta 0.25 0.25 0.15 0.15 0.3 0.3 1.1 2.9 1.9 2.1 2.3 4.6 0.8 0.1 3.2 1.2 14 5.1 0.3 0.9 0.1 0.01 0.25 0.25 0.25 2.2
Nb 0.25 4.9 0.8 0.15 3.6 58 12 25 11 17 36 233 25 2.8 9.1 5.1 13.3 1199 7 0.25 0.9 0.2 0.25 0.25 4 3.1

Sn 1 3 18 7 11 12 139 3967 9 222 3686 217500 5 3592 7 4 4 122000 337 568 2065 48 23 109 3 6

B 8 76 4 4 45 34 17 1303 14 18 143 26 12 71 900 56 40 39 1686 25 24 64 25 25 124 13

F 250 700 10 10 10 10 800 600 400 1600 2100 8900 800 200 900 250 600 490 47000 250 800 800 250 250 250 400

w 5 5 14 9 93 9 140 16 5 24 73 91 6 5 27 12 8 419 100 5 5 7 2595 1 5 5

Mo 16 4 2 2 2 10 32 32 2 33 0.9 13.8 45 1 1113 1.5 2 4.2 229 10 6 8.9 10 1.5 413 2

As 64 108 234 84 1342 70 108 44 6 228 84 34 56 7 322 178 6 26 68550 5 71 43 41897 4220 45 5
Th 10.3 7.93 5.7 7.7 10.9 10.7 18 10.9 18.7 74 6.8 27.9 2.08 1.82 1.9 9.8 9.26 33 5 0.25 1.76 2.1 0.45 0.25 24 1.66

u 5 21 1.7 24 14 1.3 9.1 11.9 62.8 235 10.5 15.7 | 1169 17.8 3516 3216 242 5.8 233 0.25 4.09 1 0.05 0.25 237 326
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Representative analyses of rock and mineralizations. Permian MMH cycle in Gemeric unit.
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5 5 5 g kS kS g | &g
3 3
e | e | e | SRk | R | £y | g el e | O | g
vl e i o e e I

sample | o3 | PPl | sm3 | sma | sm2 | prsog | D41 | HD-AL- | DB 1 HA2B- 0 gtlevel | HN-1253 | CUAT-1 | Yoarr | LEK2 ) galiery.55 | 1113.24m| DD | HN-133 | VSve052 | VDRI Rozabela-t] 53 Zzﬁe‘r’; G400 | 11137 m
Age-Ma | Silurian | Silurian | Devonian | Devonian | Devonian | Devonian | 281-275 | 281-275 | 281-275 | 265258 | 265-258 | 268 e | o | e 263 25 | 263-258
Zone Chl Chl Chl Chl Chl Chl Bt/EpAmp | BEpAmp | Bt/EpAmp | BtEpAmp | Bt/EpAmp | B/EpAmp | Chl-Ap Chl-Stl Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Stl Chl-Stl Chi Chl Chl-Ap Chl-Ap
Y 13 25 23 16 21 35 35 45 41 14 12 78 4385 15 34 60 52 6 10 5 20 7 64 12 13 13
La 8.5 32 14 11 53 35 375 12.2 23 2.7 1.3 298 | 613 39 66 34 44 0.3 1.35 0.5 74 5.22 4.1 2 13 4.1
Ce 12 59 31 28 108 76 87.7 333 45 6.69 3.37 68.9 | 1321 116 133 78 84 0.28 3.65 1.9 26.6 9.64 15 11 24 8
Pr 7.62 5.18 3.1 2.25 7.7 7.6 10.5 4.49 7.64 0.91 0.51 8.26] 209 10.1 5.44 7.32 1.7 0.07 0.53 0.18 2.21 1.16 0.79 0.67 0.77 1.05
Nd 41.5 19.6 12.5 8.6 284 28.7 37.6 16.2 29.4 3.18 1.97 25.8 910 40.5 20.2 394 48.3 0.29 1.86 0.83 9.96 443 3.31 29 2.98 4.06
Sm 19.9 4.38 2.56 2.05 4.69 5.3 8.73 5.1 749 1.29 1.05 9.31| 369 76 5.39 184 10 0.16 1 0.52 2.68 1.22 1.28 1.48 1.33 1.07
Eu 6.74 1.23 0.36 0.76 1.05 0.78 0.93 0.57 0.87 0.08 0.07 16.5 57.1 1.88 1.54 6.22 248 0.09 0.05 0.23 0.89 0.36 0.37 0.52 0.68 | 0.41
Gd 16.9 455 1.99 2.46 3.65 3.95 7.71 3.35 7.34 1.3 1.13 9.24 311 6.54 5.8 16.1 104 0.31 0.92 0.55 2.77 1.19 1.32 1.24 149 | 118
Tb 3.16 0.75 0.2 0.43 0.3 0.38 1.12 0.5 1.1 0.33 0.26 215 71.8 0.73 1.4 2.96 1.57 0.08 0.23 0.22 0.43 0.21 0.4 0.32 0.38 | 0.21
Dy 17 3.19 0.74 249 0.97 1.19 4.55 2.09 5.92 1.77 1.43 1.7 265 3.25 5.5 15.7 9.07 0.63 1.26 0.73 2.34 1 24 1.05 1.4 1.52
Ho 2.84 0.63 0.12 0.49 0.15 0.19 0.85 0.36 0.97 0.29 0.24 2.02 63.1 0.62 1.1 2.66 1.8 0.17 0.19 0.26 0.47 0.22 0.54 0.26 033 | 0.28
Er 71 1.56 0.41 14 0.49 0.67 1.84 0.88 2.89 0.62 0.53 474 112 1.78 2.66 6.6 497 0.44 0.43 0.7 1.39 0.52 1.72 0.61 0.79 [ 0.86
m 1.4 0.32 0.06 0.2 0.06 0.09 0.28 0.16 0.38 0.09 0.08 0.86 209 0.23 0.5 0.95 0.74 0.07 0.07 0.24 0.18 0.08 0.42 0.23 023 | 0.12
Yb 5.51 1.37 0.54 1.32 0.5 0.83 1.61 1.17 1.94 0.57 0.46 6.28 88.9 1.37 263 58 4.88 0.49 04 0.84 1.22 0.49 213 0.98 0.8 0.77
Lu 0.74 0.2 0.09 0.22 0.08 0.14 0.35 0.19 0.28 0.11 0.11 1.13 15.8 0.19 0.4 0.69 0.74 0.09 0.09 0.11 0.17 0.1 0.29 0.13 0.1 0.11
S 200 50 84800 38800 | 169000 600 200 500 400 1500 100 200 200 7300 15800 400 200 100 8400 100 32300 62400  [102000 56200 24100 {200
Bi 12.3 35 12 13 5 6 5.2 22 038 3.1 2.1 235 83 5.7 1 33 0.05 21.8 390 16.7 113 0.8 1255 431 18.4 0.05
In 0.05 0.05 1 0.8 0.1 0.1 0.09 0.1 0.1 0.2 1.3 0.6 004 332 0.05 0.05 0.08 9.8 0.1 0.7 747 0.09 2.16 1.9 0.05 | 0.05
Cu 51 288 4423 1702 65 38 4 23 4 26 31 6 102 4805 98 17 11 4 1.2 | 100 11160 33.3 | 20020 67100 96 4
Zn 25 57 233 374 27 15 18.6 23 34 30.7 39.6 25.1 22 111 5 14 15 9.3 30.9 34 140 181 143 2032 9 4
Te 0.5 0.5 0.4 04 04 04 0.9 0.9 05 0.9 09 0.9 36 0.2 0.5 0.5 0.05 0.9 0.9 0.25 0.2 0.9 0.5 0.25 0.5 0.05
Pb 9 21 68 213 1162 22 9.3 135 229 14.8 6.1 75 322 1.7 62 110 1.1 245 4 12.1 9.9 384 544 1423 15 0.4
Sb 3 31 5 7 39 4 14 29 1.5 4584 107 59 79 14 9 12 4 25 85 6 19 |130600 402 54383 13 6
Cr 42 68 12 9 87 53 5.6 46 15 4.1 29 36 3 37 132 31 6 34 2.1 62 22 13.5 15 29 46 5
Ni 2 56 3 3 27 7 0.9 0.8 3 0.4 1.6 3.9 40 2 127 10 3 0.8 0.8 2 2 7.7 304 2 44 3
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sample | o3 | PPl | sm3 | sma | sm2 | prsog | D41 | HD-AL- | DB 1 HA2B- 0 gtlevel | HN-1253 | CUAT-1 | Yoarr | LEK2 ) galiery.55 | 1113.24m| DD | HN-133 | VSve052 | VDRI Rozabela-t] 53 Zzﬁe‘r’; G400 | 11137 m
Age-Ma | Silurian | Silurian | Devonian | Devonian | Devonian | Devonian | 281-275 | 281-275 | 281-275 | 265258 | 265-258 | 268 e | o | e 263 25 | 263-258
Zone Chl Chl Chl Chl Chl Chl Bt/EpAmp | BEpAmp | Bt/EpAmp | BtEpAmp | Bt/EpAmp | B/EpAmp | Chl-Ap Chl-Stl Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Stl Chl-Stl Chi Chl Chl-Ap Chl-Ap
Co 6.2 1.9 36.1 26.9 9.6 26 9.8 28 5 4.6 6.8 0.9 13 62 928 105 10 8.7 6.1 9.6 159 7.7 3383 106 57.9 8
Ag 0.25 0.25 36 26 3.1 0.8 0.49 0.49 0.3 0.4 0.04 0.4 0.5 0.2 23 1.3 0.3 0.49 0.4 0.25 0.2 0.04 47 1155 0.7 0.3
Ba 78 523 17 12 1182 688 61 89 195 74 130 392 83 32 488 222 100 23 48 17 23 109 13 5 550 (1163
Sr 7 25 2 129 91 16 53 32 38 13 13 330 324 33 82 25 48 4 21 1 135 121 17 1 28 45
Cs 0.25 43 0.2 0.15 3.8 4.4 8.3 12.7 4.83 324 35.9 8.4 1.53 15 10.6 4.1 141 2.6 24 0.8 6.5 2.3 0.25 0.25 5.2 3.43
Ga 7 18 38 23 17 23 15.9 21.9 21 26.1 22.7 6.4 2 1.9 35 17 21 5.6 43 29 5.6 3.1 120 0.7 12 7
Tl 0.15 0.8 0.15 0.15 249 0.8 05 1.3 1.3 24 24 1.5 0.2 0.3 5.72 0.37 0.3 0.2 0.2 04 0.2 0.3 0.15 15.9 295 | 041
Hf 0.7 28 1 0.9 1.2 1.7 1.7 1.7 4 1.6 1.7 0.6 17 0.9 55 38 8.7 74 1.1 1 32 0.4 4.1 0.5 2 15
Zr 23 75 9N 38 81 131 134 49 120 36 38 38 36 2 209 286 343 75 35 25 19 1 15 25 100 42
Sc 12.3 5.89 5 4 18 16 38 38 4 33 24 43 6.9 2.7 30.8 12.2 14.1 10.3 0.4 05 29 3.1 0.91 26 288 | 15
\ 674 177 17 4 114 7 9.4 2.1 10 0.45 0.45 4.7 57 30 186 164 45 0.45 0.45 25 33 1.4 17 25 317 15
Cd 0.5 1 0.2 0.8 0.1 0.2 0.1 0.03 0.1 0.03 0.03 0.5 0.1 0.2 0.5 0.5 0.1 0.03 04 0.5 0.5 0.4 10 54 0.5 0.05
Cl 90 90 90 90 90 90 90 300 90 90 90 90 90 50 90 90 80 90 90 50 50 90 90 50 50 50
Be 0.3 25 0.21 0.33 2.98 3.25 7.72 6.14 4.1 2.32 443 2.09 1.9 47 497 29 23 0.34 1.17 0.2 1.1 0.96 0.13 0.05 0.94 0.9
Se 0.5 22 0.8 0.8 10 0.8 0.09 0.1 0.5 1 0.09 0.9 2 0.5 0.5 1.5 0.05 5 0.09 0.5 0.5 5 3 0.5 0.5 0.05
Summg/kg| 177321 | 2752.73 | 90329.29 | 41733.35 [174003.42 | 2347.87 | 2201.76 | 7534.03 | 1974.56 | 9278.43 | 7428.85 |228586.78 | 12220.35 |16757.51 | 24824.00 | 5776.92 | 2047.04 (124717.98 (127159.74 | 1280.46 | 47364.66 |195039.14 (173252.47 (187184.14 | 26716.45 | 2411.08
Suma total 99.61 100.85 100.41 100.67 100.37 99.72 99.91 100.10 101.02 99.74 99.99 94.80 100.02 99.83 100.40 100.07 100.02 100.51 100.16 99.83 100.16 99.84 100.72 100.71 100.902|  100.116
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Mineralogical and geochemical proxies
for the Middle Eocene oil shales from the foothills
of the Greater Caucasus, Azerbaijan: Implications
for depositional environments and paleoclimate
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Abstract: The sedimentary environment of the Middle Eocene oil shales in the foothills of the Greater Caucasus
(Shamakhi-Gobustan region and Absheron Peninsula), including the salinity, redox, and climate conditions were
restored using mineralogical and bulk-rock geochemical signatures of 10 samples taken from the outcrop sections
and ejecta of mud volcanoes. Obtained results are in agreement with the evolutionary history of the Middle Eocene
sediments, being described in the literature. The samples demonstrate their formation feature within the aquatic
environments - lagoons and lakes, having a depth of 10 meters. With the exception of some areas of the Absheron
Peninsula, all samples can be associated with freshwater, mixed redox (mostly reducing), and arid/semi-arid en-

vironments.

Key words: oil shales, mineralogy, geochemistry, depositional environment, paleoclimate, Greater Caucasus

Salinity, paleoclimate and paleoredox of the environment

Area (sample) Sr/Cu Paleoclimate Sr/Ba Water VI(V-+Ni) Pf gﬁ‘:]'“‘i“’f
- 0-9 0-8 0-1
3 " > < - bl >
E Kichik Siyeki (1)| slightly dry hot fresh b
engichay (2) dry hot fresh anoxic
7 Jengichay (2
"g Shikhzerli (3) dry hot fresh
'—“' Demirchi (4) slightly dry hot fresh
:E Bozaakhtarma (5) slightly dry hot fresh
=% Qotur (6) slightly dry hot fresh
g Otmanbozdagh (7) dry hot } brakish
O Lokbatan (8) slightly dry hot fresh
Bozdagh-Qobu (9) dry hot > saline anoxic
Keyreki (10) dry hot fresh
Introduction
The Shamakhi-Gobustan region and Absheron

Peninsula at the foothills of the Greater Caucasus (Fig. 1a)
are located in the collision zone between the Arabian and
the Eurasian lithospheric plates (Aliyev & Abbasov, 2019).
The specific geodynamic and depositional environments
provided favorable conditions for the formation of rich oil
and gas fields, mud volcanoes and especially oil shales in
the Eastern Azerbaijan, including the adjacent Caspian Sea
(Aliyev et al., 2019).

Oil shales are very important for Azerbaijan, being
considered as an alternative source of energy and raw
materials (Sultanov & Sultanov, 1947; Ali-zade et al., 1962;
Salaev et al., 1990; Aliyev et al., 2002, 2015; Abbasov et
al., 2013; Aliyev & Abbasov, 2019). It was determined that
the main qualitative parameters (organic matter 15-31 %,
sulfur 0.4-1.2 %, ash content 65-85 % and caloric value
6.0-12 MJ . kg') in oil shale deposits such as Guba,
Diyally, Jengichay, Kichik Siyeki and others in Azerbaijan
exceed low-caloric deposits of some other countries, like
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 The gradual transition of the sedimentary environ-
ment from continental to marine is typical for ge-
nesis of Middle Eocene oil shales.

» The depositional conditions of the Middle Eocene
oil shales most likely correspond to isolated
coastal-marine zones - lagoons and lakes with
a depth of 10 meters.

Highlights

» Except of some samples of the studied regions,
oil shales are associated with freshwater, mixed
paleoredox (mostly reducing) and arid/semi-arid
environments.

Germany, Romania, China, etc. (Abbasov, 2015; Aliyev
et al., 2015a; Aliyev & Abbasov, 2018). In addition, this
shale in Azerbaijan has a great potential as a source rock
of oil (Abbasov et al., 2012, 2015; Abbasov, 2016a). The
beds of oil shales in Central Gobustan, located at relatively
shallow depths, are considered as future sources of shale
gas for the country (Abbasov, 2016a).

In the Upper Cretaceous—Middle Miocene sedimentary
sequences in Eastern Azerbaijan, about 60 oil shale outcrop
sections were recorded (Aliyev et al., 2014). However,
the main deposits of Middle Eocene oil shales are very
thick and have wide spatial distribution (Abbasov, 2009).
Oil shales were also found in the ejecta of mud volcanoes
(Abbasov et al., 2012; Aliyev & Abbasov, 2018). In these
rocks, the Globigerina bulloides (ORBIGNY), Cibicides
sp., Globigerina triloculinoides (PLUMMER), benthos and
planktonic foraminifers, as well as fish teeth and bones
were found, belonging also to Middle Eocene.

In the published literature, an extended research was
devoted to the general geological, organic-geochemical,
and other characteristics of oil shales in Azerbaijan
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Fig. 1. Location maps (after Aliyev & Abbasov, 2019; Aliyev et al., 2015b) of study regions and samples collected from outcrop
sections (1 — Kichik Siyeki, 2 — Jengichay) and ejecta of mud volcanoes (3 — Shikhzarli, 4 — Demirchi, 5 — Bozaakhtarma, 6 — Qotur,
7 — Otmanbozdagh, 8 — Lokbatan, 9 — Bozdagh-Qobu, 10 — Keyreki).

(Sultanov & Sultanov, 1945; Sultanov, 1948; Ali-zade et
al., 1962; Salaev et al., 1990; Aliyev et al., 2002, 2014,
2015, 2018a; Aliyev & Abbasov, 2018; Abbasov, 2009,
2016, 2017; Abbasov et al., 2013). Because the studies of
depositional environments and paleoclimate conditions
were insufficient, this study is devoted to the reconstruction
of depositional environments and paleoclimate conditions
in relation to the mineralogical and geochemical proxies
for the Middle Eocene oil shales of researched areas.

Geology and tectonics: a general overview

The Shamakhi-Gobustan region, located in south-
eastern side of the Greater Caucasus, is built of Mesozoic
and Cenozoic sediments. About 40 oil shale outcrop
sections were registered in the region (Sultanov, 1948;
Salaev et al., 1990; Abbasov, 2009; Aliyev et al., 2014).
The oil shale interbeds are associated with the sediments
of the Upper Cretaceous—Upper Miocene (Sultanov &
Sultanov, 1947; Salaev et al., 1990; Aliyev & Abbasov,
2018).

The Middle Eocene sediments are also very important
for Azerbaijan (Sachsenhofer et al., 2018), including
the Shamakhi-Gobustan region in terms of oil shales-
bearing lithofacies (Aliyev & Abbasov, 2019). Besides
the outcrops, the Middle Eocene oil shale samples were
collected also from the mud volcanoes (Shikhzarli,
Demirchi, Bozaakhktarma and Qotur), which brought
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additional information. In the region, the thickness of
Middle Eocene sediments varies from 1.7 km (Central
Gobustan) to 3.8 km (Southern Gobustan; Fig. 2).

The variability of the Middle Eocene lithofacies in
this region is characteristic. The basal sequence is made
up of black shales with interbeds of light brown oil shales
(Sultanov & Sultanov, 1947; Aliyev & Abbasov, 2019).
The thickness of the interbeds of oil shales found on the
wings and ridges of anticlines and synclines, such as
Kichik-Siyeki, Jengichay, Jengidagh, a.o., varies from
a few centimeters to about 10 meters (Salaev et al., 1990;
Abbasov, 2009).

The tectonic block identified between the Altyagaj-
-Kurqgachidagh fault and the Goradil-Masazyr underthrust
is called the Northern Gobustan allochthon. This
allochthon is related to the Baskal overthrust mass that
the Cretaceous flyschoid sequences cover the Paleogene-
-Miocene sediments (Aliyev & Bayramov, 1999).
A microblock located south of the Goradil-Masazyr
underthrust and bounded by the Gujur-Qyzyldash thrust
is Bayanata parautochthon (Fig. 1). The total thickness
of the Paleogene-Miocene sediments in this microblock
is 2.5-4.5 km (Fig. 2), and it is the largest exposed area
(Boyuk Siyeki, Kichik Siyeki, Jengichay, a.0.) of the
Middle Eocene oil shale in the Shamakhi-Gobustan
region (Sultanov & Sultanov, 1947; Abbasov, 2009).
A microblock located south of the Gujur-Qyzyldash thrust
is named Toragay autochthon (Fig. 1b) that made up of
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Fig. 2. Geological profile of the Bayanata and Toragay microblocks (after Aliyev et al., 2015b).

the Cenozoic sediments. In this microblock, the top of the
Upper Cretaceous lies at a depth of 8-11.5 km (Fig. 2). In
addition, the largest and active mud volcanoes (Toragay,
Boyuk Kenizadagh, Qotur, a.0.) of the region crop out
here (Aliyev et al., 2015b). The ejected mud of these mud
volcanoes typically originates from the Maikopian series
(Inan et al., 1997; Aliyev et al., 2015) and Middle Eocene
sediments (Aliyev et al., 2015b) that have been buried to
depths of 4-10 km (Odonne et al., 2020).

On the Absheron Peninsula, which is the southeastern
end of the Greater Caucasus, 18 oil shale outcrops have
been discovered (Sultanov, 1948; Aliyev et al., 2002).
The Peninsula is built of Upper Cretaceous-Cenozoic
sediments (Aliyev et al., 2015). The oil shale outcrops
related to the Middle Eocene have been found only in
Goytepe and Govundagh areas, and they associated mainly
with the Upper Maikop and the Upper Miocene (Abbasov,
2016b, 2017).

The tectonic zones studied here dip to the southeast, in
the direction of the extension of the Greater Caucasus. The
Mesozoic complex in the south of the Absheron Peninsula
abruptly descends (Aliyev et al., 2015). The Paleogene-
-Pliocene sediments dominate in the geological structure
of the uplifts, which was found in some outcrop sections
(Khirdalan, Zigilpiri, a.0.).

Four tectonic zones have been established in the
Peninsula, and there is a morphological connection
between the anticlines and the synclines. The dislocations
in the Peninsula are indicated also by mud volcanoes
Keyreki, Lokbatan, Bozdagh-Qobu, etc. (Aliyev et al.,
2015).

Sampling and methods
Sampling collected two samples of oil shales from the

outcrops (1 — Kichik Siyeki, 2 — Jengichay) and eight
samples from ejecta of mud volcanoes (3 — Shikhzarli, 4 —
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Demirchi, 5 —Bozaakhtarma, 6—Qotur, 7—Otmanbozdagh,
8 — Lokbatan, 9 — Bozdagh-Qobu, 10 — Keyreki; Fig. 1b).
The samples were black, grey and brown in colour, having
laminated structure.

Mineralogical composition of rocks. Bulk rock mi-
neralogical composition of oil shale samples was determi-
ned by XRD “MiniFlex 600” at the Institute of Geology
and Geophysics, Azerbaijan National Academy of Scien-
ces. The samples were first wet-ground to fine powders
(~5 pm), and then they were loaded onto a zero-back-
ground sample holder. After running on the XRD, the re-
sulting diffraction patterns were scanned over the 26 range
of 5 to 65° using Cu—Ka radiation (accelerating voltage
of 40 kV and current of 15 mA) with a D/tex high-speed
detector using 0.02° steps and a scan rate of 2° per minute.
XRD patterns were analysed with the CRYSTAL IMPACT
software Match!, and mineral abundances were determi-
ned by the RockJock XRD pattern fitting program.

Bulk rock geochemistry. The major elements were
determined by X-ray fluorescence spectrometry with
wavelength energy dispersion on the S8 TIGER Series 2
WDXREF. The sample was prepared via a hydraulic press
at 25 tons. The fire loss was determined at 1000 °C. The
quality of the data was verified by analysing the certified
sample SRM 2709 (NIST, 2002).

The trace elements were analysed using an Agilent
7700 Series ICP-MS. All samples were finely ground
until they could be sieved through a 75 um sieve. A total
of 50 mg of the powder of each sample was dissolved by
cleavage with ultrapure acids in three stages. The solutions
were transferred to clean flasks and diluted with 1 %
HNO, to 50 ml. Acids were purified using acid purification
equipment. Analytical uncertainties (relative standard
deviations) related to measuring elements were less than
5 %. The analyses of major oxides and trace elements were
also performed at the Institute of Geology and Geophysics,
Azerbaijan National Academy of Sciences.
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Age of rocks. The ages of a)
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Tab. 1
Mineralogical composition of samples [wt.%].

2

E
Area (sample) = TE P o o 2 =
S| 2| S| E| 2|8 | |2 |3|2)|¢
§ Kichik Siyeki (1) 26.7 10.0 2.0 9.0 10.0 15.0 1.5 - 25.8 - -
é Jengichay (2) 28.0 6.0 8.0 10.0 13.0 | 20.0 15.0 - - - -
(75 é) Shikhzarli (3) 23.0 7.0 - 15.0 15.0 | 20.0 | 20.0 - - - -
5 © | Demirchi (4) 28.0 13.0 4.0 15.0 15.0 18.0 4.0 - - 3.0 -
g Bozaakhtarma (5) 27.0 5.0 - 7.0 | 26.0 10.0 | 22.0 - 3.0 - -
7 Qotur (6) 23.0 5.0 12.0 10.0 12.0 16.0 16.0 1.0 - - 5.0
c = Otmanbozdagh (7) 20.0 15.0 9.0 12.0 17.0 17.0 7.0 - - - -
E) TZ Lokbatan (8) 23.0 5.0 14.0 10.0 16.0 15.0 17.0 - - - -
% § Bozdagh-Qobu (9) 35.0 8.0 3.0 11.0 12.0 16.0 12.0 - - 3.0 -
Keyreki (10) 24.0 8.0 18.0 10.0 15.0 15.0 4.0 - - 6.0 -
Mean 25.8 8.2 7.0 10.9 15.1 16.2 11.8 0.1 2.9 1.2 0.5

= 2.9 %) with carbonates (Tab. 1). The most common sul-
phate in the samples is jarosite (mean = 11.8 %). In addi-
tion, 5 % of gypsum was defined in the Qotur sample. The
mean value of hematite is 1.2 %.

Major oxides

The value of SiO, ranges from 45.72 to 55.55 %,
with an average value of 49.81 %. Compared to the mud
volcanoes of the Shamakhi-Gobustan region, the value of
this major oxide differs in samples taken from the outcrop
sections (Kichik Siyeki and Jengichay) in some regions.
The maximum values were recorded in the Northern
Gobustan allochthon. The concentration of Al,O, varies
from 12.69 to 16.81 % (with an average value of 14.64 %)
and the same regularity can be given for this major oxide.
The highest Fe,O, value was determined only in Kichik Siyeki,

and in the remaining nine samples its value is much lower
(Fig. 4).

The compositions of Na,O (0.97-1.76 %, average
value 1.34 %), MgO (2.25-3.20 %, aver. 2.65 %),
PO, (0.03-0.39 %, aver. 0.17 %), SO, (0.35-7.37 %,
aver. 2.93 %), K,0 (2.06-3.89 %, aver. 3.36 %), CaO
(0.29-9.67 %, aver. 3.97 %), TiO, (0.61-0.90 %, aver. 0.76
%) and MnO (0.02-0.18 %, aver. 0.09 %) are shown in Tab.
2. The regularity of the abundance of oxide compounds in
the samples was as follows: SiO, > AL, O, > Fe O, > CaO >
K,0>80,>MgO >Na,0 > TiO, > P,O, >MnO.

Trace elements
The maximum Zr values were recorded in the samples

of the mud volcanoes Lokbatan and Bozdagh-Qobu (317
and 419 ppm). Unlike the Otmanbozdagh sample, the Sr
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Fig. 4. Variation of major oxides in the samples.
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value is higher in samples from three other mud volcanoes
(426 ppm in Lokbatan and Keyreki, and 1000 ppm in
Bozdagh-Qobu) of the Absheron Peninsula. According
to the distribution of Mo, an absolute superiority of the
Shamakhi-Gobustan region was established. The value
of Zn reaches 112 ppm in the sample of mud volcano
Demirchi, 100 ppm in the Lokbatan, 114 ppm in the
Keyreki and 541 ppm in the Bozdagh-Qobu. The Absheron
Peninsula has a significant advantage in the Cr content

distribution. The highest value of V was recorded in the
sample of the Bozaakhtarma mud volcano. In addition, the
value of this element in other samples, such as Jengichay
reaches 104 ppm, Demirchi — 241 ppm and Shikzarli —
246 ppm. The values of Ga and U are characterized by low
concentrations. The regularity of the abundance of trace
elements in the samples was as follows: Ba > Sr > Zr > Rb
>V>Cr>Zn>Ni>Mo>Cu>Pb>Br>Ga>As>U
= Se (Tab. 2).

Major and trace element corll;zclgr'ltzrations of oil shale samples.

—_ . = = _g

é .—;‘ > = = g é = 5

g | Z £ g £ = £ g | =

= = = = < = = ] ) =
| 3 2 | Z ; S| £ | E | 2| % & | 3
< 2z = 7 a 2 <] <} = = 2 =
Major oxide [wt %]
SiO, 46.04 49.55 53.39 55.55 51.23 46.43 49.71 46.07 54.39 45.72 49.81
ALO, 13.36 15.36 16.06 16.81 14.93 12.69 15.10 12.96 15.27 13.82 14.64
Fe O, 13.54 4.92 7.29 5.53 8.54 4.97 5.63 5.42 5.46 7.12 6.84
FeO 12.18 4.43 6.56 4.98 7.68 4.47 5.07 4.88 491 6.41 6.16
CaO 1.37 5.22 0.37 2.09 0.29 2.97 7.32 8.47 1.97 9.67 3.97
Na O 1.15 1.38 1.34 1.00 0.97 1.76 1.50 1.63 1.42 1.23 1.34
K,0 2.06 3.84 3.65 3.61 3.61 2.93 3.47 3.38 3.89 3.15 3.36
MgO 2.67 3.20 2.49 2.25 2.58 2.76 2.56 2.81 2.89 2.34 2.65
TiO, 0.74 0.75 0.76 0.87 0.71 0.61 0.83 0.66 0.80 0.90 0.76
PO, 0.39 0.04 0.03 0.26 0.03 0.25 0.21 0.25 0.17 0.08 0.17
SO, 0.45 3.06 3.90 1.26 7.37 4.69 1.69 3.30 3.20 0.35 2.93
MnO 0.18 0.07 0.09 0.02 0.02 0.05 0.13 0.07 0.07 0.17 0.09
Trace element [ppm]

Ba 235 405 426 555 384 412 241 516 142 434 375
Zr 116 196 215 142 184 214 117 419 317 154 207.4
Br 8 12 5 1 5 72 5 5 8 3 12.4
Mo 80 77 64 48 126 5 19 16 34 12 48.1
Sr 116 325 214 317 134 294 295 426 1000 426 354.7
Cu 49 11 11 83 94 88 19 89 12 15 47.1
Cr 87 112 141 84 96 214 216 212 134 142 143.8
Rb 53 218 191 94 175 184 710 114 41 81 186.1
Zn 83 71 86 112 85 84 77 100 541 114 1353
Ni 74 16 102 31 75 34 41 176 60 74 68.3
Se 0.4 0.1 0.6 0.3 11.6 0.7 0.3 0.5 0.1 0.4 1.5
As 5 3 5 8 2 7 23 3 9 7 7.2
Ga 17 8 15 11 7 12 14 5 8 12 10.9
A% 31 104 246 241 964 41 24 61 61 71 184.4
U 3 1 2 1 1 1 1 1 3 1 1.5
Pb 7 34 12 19 19 18 9 18 11 21 16.8
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Interpretation of analytical data based on knowledge
from earlier researches

Depositional environments. The mineralogical assem-
blages of the studied areas have provided information on
the depositional environments during the Middle Eocene
age.

Mason and Moore (1982) considered illite as the
applicable mineral for the marine environment analysis.
Illite associates with a K-rich alkaline environment.
A decrease in water depth leads to a decrease in illite
concentration (Freed, 1980). Powers (1957) found the
genesis of chlorite in a marine environment. However,
in addition to an open sea, Weaver (1956) believed this
mineral may also be associated with sedimentation
occurring in a freshwater environment. Parham (1966)
suggested a general clay zonation from a coast to deep
ocean environment in the following order: kaolinite,
illite, chlorite, palygorskite, and sepiolite. Together with
montmorillonite, mixed I/S minerals can be formed at
almost all paleodeposition ranges. A typical pattern of
distribution of clay minerals from shore to open sea is
determined as follows: kaolinite — illite — smectite (Galan,
2006). Transformation of smectite to illite occurs due to
the absorption of K* and the release of Na*. Removed Na*
leads to albitization, which was found in some samples
(Fig. 3b, d). Hence, replacing Na*® with K* contributes
to albitization in sandstones and shales. The process of
converting of kaolinite to illite requires a relatively high
temperature (100-130 °C), which
leads to removal of a certain
amount of K* (Saigal et al., 1988).

The genesis of calcite is
associated with shallow phreatic
zones (De Ros et al., 1994). In
addition, there is an evidence
that calcite occurs in alluvial
environment  (Leeder, 1975;
Wright & Tucker, 1991).

Jarosite occurs in an aqueous
and acidic environment (Singh
et al,, 2016). Hematite is more
susceptible to oxidation and can be
considered a replacement product
of magnetite. In many igneous
rocks, this mineral is a solid solu-
tion in the composition of ilmenite.
Higher contents of hematite produ-
ce a strip-like iron formation. The
origin of this mineral is related to

/

Marine zone

activity (Nelson, 2014). Zolotov and Shock (2005) consi-
dered that the genesis of hematite spherules is associated
with mineral deposition in an aqueous environment. They
concluded that the occurrence of a jarosite-goethite-gyp-
sum assemblage is a result of precipitation of acidic so-
lutions formed through near-surface aqueous oxidation of
pyrite mineral. Unlike a marine environment, the content
of Ca and Mn in siderite mineral, associated with the depo-
sition of freshwater, is relatively higher. Such a difference
is explained by various activities of Fe*", Mg*, Ca**, and
Mn?" in a marine environment and porous meteoric wa-
ter (Mozley, 1989). In addition, the formation condition
of halite, which was found in lower concentrations in two
samples, is associated with an evaporite deposition occur-
ring in a saline lake.

Geochemical proxies of lithofacies assemblages
provide useful information on paleodepositional
environments. Some ratios and plots based on the major
oxides, such as ALO,, K,0, Na, O, CaO, Fe,0,, etc., and
trace elements, were used to reconstruct the deposition
processes of oil shale samples during the Middle Eocene.

Englund and Jergensen (1973) established a ternary
classification diagram based on a study of soil and
shale samples from different geographical regions of
the world to ascertain the depositional environments of
the sediments. The position of samples, associated with
various geochemical, mineralogical and paleoweathering
conditions, in various parts of AKF ternary diagram [ALO,
—(K,0 +Na,O + Ca0) - (Fe,0, + MgO)] reveals whether

A(ALO,)

Transition zone

geothermal waters, as well as to a

Catbomweo&

Carbonaceous ferrite

stagnant water environment at the
bottom of lakes, sometimes also
anhydrous conditions and volcanic

K(K,0 +Na,0 + Ca0)
Fig. 5. Oil shale samples in AKF diagram (after Englund and Jergensen, 1973).
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the sediments were deposited in continental, transition
and/or marine zone. Fig. 5 shows a gradual transition
of sediments of the basin from freshwater to marine
environment, majorly falling within the transition zone.

Na is often transported in the form of a solvent. Its
high concentration indicates a continental sedimentary
environment and arid climate. However, within the sea
and lake conditions, this element is associated with a
humid climate. Low amount of Na is considered typical
for a coastal marine condition. The amount of Al increases
when this clay-forming element relates to an open sea
environment (Engalychev & Panova, 2011). In addition,
the ratio of Na,0O/ALO, provides information on the
relationship of rocks with clay minerals or plagioclase
(Ratcliffe et al., 2007). Such a specific feature creates
this ratio to be a favorable indicator for assessing
a paleodepositional environment. The Na,O/Al O, values
are characterized by an increased tendency from the
Northern Gobustan to Absheron.

Since a high MgO value indicates marine lithofacies,
then an increase in this major oxide in the samples
characterizes a broad transition from the terrestrial to
marine lithofacies. The use of the binary diagram MgO
vs. Fe,0, and the ternary diagram (MgO — SiO,/ALO, —

Fe,0,) excludes a formation condition associated with the
nonmarine assemblages (Fig. 6a, b).

K is mainly transported as solvent in a humid
climate condition. Lower concentration of this element
is associated with a coastal-sea basin environment
(Engalychev & Panova, 2011). Taking into account the
role of K in the reconstruction of a paleodepositional
environment of sedimentary rocks, Roaldest (1978)
established a classification diagram based on K,0/Al0O,
vs. log MgO/ALO,. Our samples in the diagram confirm
the marine provenance of studied oil shales (Fig. 6¢).

An important issue represents a determination of the
water type (seawater or freshwater), as well as the structure
(delta, coastal, lagoon, etc.) and depth of the paleobasin of
the studied oil shale. To clarify these parameters, detailed
chemical characteristics are investigated. Mn and Fe are
mobile in the water, Fe™ oxidizes more easily than Mn*™.
Mg tends to be reduced faster than Fe. In addition, these
two elements, mobile in water, freely transfer from the
rock to a reducing environment. Vertical and horizontal
flows occurring in a water column cause a separation of
Fe and Mg ions from the sediment, so no precipitation of
these ions occurs in sediment. However, Fe precipitates
in a colloidal form in a low saline environment, while Mn

8
a) _ o b) MgO (%)
7L Nonmarine o
- 6r o O oo
S 4f
-]
=
3r )
Marine Marine
2 L
1r Nonmarine
0 0.5 1 1.5 2 23 3 35 4 -
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fe 20
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Fig. 6. Diagrams showing depositional conditions of samples: a) MgO vs. Fe,0,; b) MgO SiO,/ALO, — Fe,O, (after Ratcliffe et al.,

2007); ¢) log K,0/AL O, vs. log MgO/Al O, (after Roaldest, 1978).
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is more stable and its precipitation occurs only when an
environment is too saline (Liang et al., 2014). Lower Fe
values indicate a sedimentation environment associated
with a pelagic zone, but higher values represent a zone
close to a shelf. The value of Fe/Mn indicates that the
studied samples correspond to sedimentation occurring at
shallow depths (Fig. 7).

better preservation of Zr in comparison to Ti. A higher value
of this ratio corresponds to deep water, a lower — to coastal
marine environment (l.c.). The ratio values for samples
range from 9.55 to 42.74. Sr and Ba as alkaline earth metals
reflect a similar chemical feature. However, Br salts have
a lower solubility than those of Sr. On the other hand, the
radius of its ion is larger. In the process of paleoweathering

Kichik Siyeki (1)
Jengichay (2)
Shikhzarli (3)
Demirchi (4)
Bozaakhtarma (5)
Qotur (6)
Otmanbozdagh (7)
Lokbatan (8)
Bozdagh-Qobu (9)
Keyreki (10)

Fig. 7. Paleodepositio-
nal conditions of oil
shales based on the Fe/
Mn ratios of samples.

Shallow wa

100 150

Fe/Mn

200

250 300 350

In sedimentary rocks, a Ti/Mn ratio increases in
a nonmarine zone. Resistance to chemical weathering of
Ti mineral leads to association with an alluvial and coastal
marine region. Ti concentration in saline water basins is
characterized by low values, which is associated with the
absence of their solutions (Engalychev & Panova, 2011).
For the samples studied, the Ti/Mn ratio ranges from
3.14 to 21.5. The obtained results are well-correlated with
a shallow water basin.

Indicators such as Mn/Ni and Mn/Ga are widely used to
determine a sedimentation conditions. Genetic significance
of these indicators is based on a migration characteristics
of these elements. As mentioned above, a rich Mn content
is characteristic for pelagic zone located far from the coast,
but Ga most likely precipitates close to coast, and its value
decreases sharply in the direction of deep sea. From the
point of view of nickel, a rich concentration of this element
is associated with a closed basin — a lagoon, which is
rich in organic matter. As a pyroxene exchange product,
Ni is incorporated with high concentrations of chloride
(Ratcliffe et al., 2007). Therefore, it is used as a facial
indicator of a coastal-marine environment to explain the
sedimentation process in published literature (Engalychev
& Panova, 2011). For the studied samples, the value of
Mn/Ni ranges from 2.67 to 31.25, and Mn/Ga from 18.18
to 108.33.

Ti/Zr ratio provides information on the transportation
of terrigenous material. Such an estimate is based on the
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and sedimentation, Ba containing clay minerals can easily
be adsorbed by colloids and organic particles (l.c.; Liang et
al., 2014). In mixed marine and freshwater environments,
the main part of this element is deposited as BaSO,.
A higher Ba concentration is associated with coastal-
marine environment, including an outflow of large rivers.
However, the presence of this element in an open sea is
very limited (Engalychev & Panova, 2011). In contrast to
Sr, an increase in salinity leads to early precipitation of Ba
(Liang et al., 2014). However, Sr has the same feature as
a crisis limit of salinity. Thus, this element is practically
not chemically precipitated, since a salinity becomes
higher in seawater. Also, the Sr migration occurs together
with Ca (Engalychev & Panova, 2011). Based on the
specific chemical characteristics of both elements, a St/Ba
ratio is considered as an favorable indicator for assessing
the water salinity. It was established that the ratio >1
indicates seawater (saltwater) and <1 — freshwater (Couch,
1971; Miknis & McKay, 1983). Except for two samples
(Otmanbozdagh and Bozdagh-Qobu), the calculated
values of this ratio for oil shales are lower than one.
Paleoredox conditions. Inorganic contents provide
indicators of oxygenation of bottom sediment and
water column. A number of indices and plots have been
identified for the reconstruction of paleoredox conditions
of sedimentary rocks, some of which are associated with
metals (Jones & Manning, 1994). The value of V in the
composition of oil shales increases sharply from the
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center to the north in Gobustan. A downward trend was
established for oil shale sampled from the Absheron
Peninsula (Tab. 2). The general analysis shows that, the
V value of oil shale (mean = 184 ppm) is much higher
than that of NASC (130 ppm; Gromet et al., 1984),
PAAS (150 ppm; Taylor & McLennan, 1985) and UCC
(97 ppm; L.c.). Such enrichment corresponds to a marine
environment (Ernst, 1970). From the point of view of
the incorporation of V#* into porphyrins, V binds to rich
organic matter, including oil shale. Such incorporation is
the result of substitution for Mg in porphyrins, which are
degradation products of chlorophyll (Emerson & Huested,
1991). V is not always correlated with organic matter, and
Glikson et al. (1985) found it may be physically hosted by
detrital silicate sources (Jones & Manning, 1994). Mangini
et al. (2001) explained the richness of U and V during
sedimentation due to an anoxic-euxinic environment in
bottom sediment and water column. Organic compounds
rich in V and other metals are always correlated with Type I
and II kerogens. This is due to the organic origin of these
kerogens, including their relationship with phytoplankton.
However, Type III kerogen is not rich in metals (less than
100 ppm), such as V and Ni. The high stability of V and Ni
in organic compounds plays a key role in their connection
with tetrapyrrole complexes. The preservation of organic
matter associated with tetrapyrroles is also favored under
anaerobic conditions. In general, the abundance of these
metals in organic matter depends on the concentration of
tetrapyrrole complexes contained in organic composition
(highly aliphatic material of algal origin). The amount of
preservation of such complexes in organic compounds
is a function of exposure time to aerobic conditions
(Lewan & Maynard, 1982). Huerta-Diaz and Morse
(1992) believed that in reducing conditions, which sulfate
reduction is more efficient, V accumulates preferentially
over Ni (Watitemsu et al., 2014). Emerson and Huested
(1991) note that the content of Mo and V in a water column
of anoxic condition are usually lower than in oxic seawater
environment due to uptake into highly anoxic sediments.
Anderson et al. (1989) also established this pattern for
U. Shaw et al. (1968) made a conclusion that during
early diagenesis under oxygen conditions, V is mobilized
from biogenic material, although its mobilization is
limited under anoxic environments (Watitemsu et al.,
2014). V is more likely to be enriched under acidic
conditions, while Ni can be enriched in both basic and
acidic conditions (Lewan & Maynard, 1982). In addition,
Hatch and Levental (1992) note that high Mo, U, V, Zn
and S contents provide an indication on the presence of
dissolved H_S in a strongly stratified water column. Their
low contents indicate a weakly stratified, dysoxic water
column. Organic sediments are rich in heavy metals such
as Cu and Cr. They are well-uptaken and stored by organic
matter (Glikson et al., 1985). Cu** can be reduced to Cu,S
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and precipitates in an environment bound to reducing state
(Liang et al., 2014). Cr is always bound to detrital fractions
of sedimentary rocks.

The tendency to a decrease in Ni/V ratio indicates that
the genesis of sedimentation environment associated with
hydrocarbons is more reductive (Telnaes et al., 1991).
This is bound to the fact that the unavailability of V under
oxic conditions, and the removal of nickel as sulfide under
anoxic environments (Jones & Manning, 1994). Unlike the
Kichik Siyeki sample, the Ni/V ratio is characterized by
lower values in the samples of Central Gobustan compared
to the Absheron Peninsula.

In general, the suboxic and anoxic intermediate
environments show an average V/Cr value >4.25, while
the dysoxic state ranges from 2 to 4.25, and the oxic
condition <2. The values around 1 suggesting the O —-H,S
interface is within the sediment (Jones & Manning, 1994).
Interpretation of this ratio shows the distinctive features
of two studied regions. Thus, with a few exceptions, there
is a tendency showing that the oxic state dominates on the
Absheron Peninsula compared to the Shamakhi-Gobustan
region (Fig. 8).

OXIC DYSOXI: SUBOXIC TO ANOXIC

= Kichik Siyeki

| Jengichay
| Shikhzerli
| Demirchi

VICr

BozaakhturmaT

P Qotur
il Otmanbozdagh
M Lokbatan

M Bozdahg-Qobu

K eyreki
0 2 4 6 8 10

Fig. 8. V/Cr plot showing paleoredox conditions of oil shale sam-
ples.

Depending on the content of some metals in
sedimentary rocks, the V/(V + Ni) value > 0.84 presents
a significant indicator of dissolved H,S in the deeper part
of a strongly stratified water column, which corresponds
to euxinic, while the value is between 0.54 and 0.72
indicating minimal dissolved H,S (anoxic) and a less
strongly stratified water column. The dysoxic, weakly
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stratified water column shows an average V/(V + Ni) value
of 0.46-0.60 (Hatch & Leventhal, 1992). In addition,
some other researchers have almost similar classifications
on the same ratio (Lewan & Maynard, 1982; Lewan,
1984; Hoffman et al., 1998; Rimmerr, 2004). The values
of V/(V + Ni) for the samples range from 0.26 to 0.93,
suggesting that except for Kichik Siyeki and Qotur, the
reducing anoxic states are characteristic in other areas of
the Shamakhi-Gobustan region. A (Cu + Mo)/Zn ratio is
proposed as an indicator for the oxidation of bottom waters
(Hallberg, 1982). In the process of sedimentation that
occurs in the presence of H,S, Cu precipitates more than
Zn. The abundance of Mo in the water content, which is rich
in H,S, led to its inclusion in this ratio. In addition, under
anoxic and sulfide (euxinic) conditions, the adsorption
nature of Mo on humic substances provides a favorable
environment to transfer this element to the sediment—water
interface (Hoffman et al., 1998). The (Cu + Mo)/Zn values
increase in reducing conditions (Hoffman et al., 1998).
Unlike the sample taken from the Lokbatan mud volcano,
the calculated values of this ratio are higher in the samples
of the Shamakhi-Gobustan region compared to the whole
Absheron Peninsula.

Paleoclimate. Study of the nature of mineral formation
is only informative in assessing of paleoclimatic conditions.
Westermann et al. (2013) found that in marine settings, the
variations in bulk-rock mineralogical proxies may record
paleoenvironmental changes and/or diagenetic overprint
(Madhavaraju et al., 2016). On the other hand, variations
in paleoclimate affect the water basin, including pH, redox

conditions, etc. Therefore the general paleoclimate 100
characteristics of some minerals, discovered in

the content of oil shale samples, are reviewed. 90_
Chamley (1977) made a conclusion that sediments

rich mainly in chlorite and quartz relate to arid _ 80
climates, while humid periods lead to an alteration §

in primary minerals, and formation of kaolinite and o' 704
degraded mixed layers (Singer, 1984). In relatively 3
low-relief areas, arid climatic conditions replaced 60-
by short-term humid seasons are characteristic by

high concentrations of smectites (l.c.). Chamley 50-

(1979) found in semi-arid conditions the smectite

bound to moderately hot and only periodically wet 40
seasons. Keller (1970) noted that the formation
of smectites of detrital origin is more associated
with the semi-arid conditions. Like smectite and
chloride, illite is one of the major minerals forming
in arid or semi-arid climates (Khormali & Abtahi,
2003). The widespread distribution of chlorite and illite
in sedimentary rocks formed during the initial stage of
weathering (Nesbitt & Young, 1989), associated with rapid
erosion, occurring in source area (Fursich et al., 2005).
This condition is considered as a typical change in the
paleoclimate from warm and humid (seasonal) to arid or
semi-arid one (Madhavaraju et al., 2016).
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The dominance of semi-arid climatic conditions is
favourable for carbonate minerals, including calcite (Emadi
et al., 2008). Like potassium and iron hydroxide, jarosite
demonstrates the genesis of the weathering associated with
arid climate conditions. Diagenetic processes and semi-
arid fluid environments occurring at shallow depth are
characteristic for hematite (Walker, 1976). Paleoclimate
environment of calcium is bound to semi-arid zones
(Leeder, 1975).

Liu et al. (1984) noted the relative lower mobile
properties of Al, Fe, and Mg, and leaching of the other
more-easily and more-rapidly deliberating elements,
which provides very useful information in assessing
paleoclimatic conditions (Chandra et al., 2016). K and
Na are the most rapidly and easily deliberating, which
leads to their accumulation in dry climatic condition
(L.c.). Transient climatic conditions, such as sub-arid and
sub-humid, influence some properties of Ca (dissolution,
accumulation, etc.; Shang et al., 2013). The arid/
semi-arid paleoclimatic states in the above-mentioned
mineralogical properties should prevail in the case of
higher concentrations of Al, Fe, Mg and Ca (Gao et al.,
2011) (Tab. 2).

Suttner and Dutta (1986) established a binary diagram
based on (AL,O, + K,O + Na O) versus SiO, to constrain
the paleoclimatic condition during sedimentation of
siliciclastic rocks. The result of this plot confirms the
arid climatic conditions for the studied oil shale samples

(Fig. 9).

Q3

5 10 15 20 25
AlO, +K,0 +Na,0 (%)

Fig. 9. Discriminant diagram showing paleoclimatic properties of oil shale
samples (after Suttner & Dutta, 1986).

In our study we used various ratios such as Na,O/
ALO,, Na,0/K,0, Na, 0O/Ca0, and Na,O/TiO, to get more
information on paleoclimate changes. Fig. 10 shows that
there are some variations for the curves depending on the
areasinwhichthe analysed samples are located. Commonly,
in response to chemical weathering and precipitation, the

values of these ratios decrease as a result of rapid loss of
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Na* (Chandra et al., 2016). In addition, depletion in CaO,
MgO, TiO,, and K,O, and enrichment in these ratios are
also interpreted as an indicator of cold and arid climatic
conditions. The detailed analysis of the research areas
shows that values of Na,O/AlO,, Na,0/K,O and Na,O/
TiO, ratios for samples taken from the northern part of
Gobustan (Demirchi) and the adjacent Central Gobustan
(Bozaakhtarma) are relatively lower (Fig. 10), which is
typical for hot and comparatively humid conditions. For
some samples (Qotur and Lokbatan), the depletion in
values of some major oxides, such as ALO,, TiO,, and
enrichment in these ratios indicate the prevalence of colder
and arid climatic conditions.

of weathered rocks. Its higher concentration indicates the
salty environment of the basin in arid season, which limits
the flow of seawater in it (Couch, 1971). Accumulation of
Cu is favourable for oil shale, which is enriched in organic
matter, deposited in warm and humid climates (Liang et
al., 2014). The Sr/Cu ratio is used to reveal paleoclimatic
conditions: a warm humid climate is manifested by the
value of 1.3-5.0, whereas Sr/Cu >5.0 suggests a hot arid
climate (Abraham, 1978). In our case, the Sr/Cu ratio is
expressed by the much higher values (1.4-83.33), which
suggests a hot arid climatic conditions for the majority of
samples.

Discussion

Area (sample) | Na,0O/ALO, Na,0/K,0 Na,0/Ca0 Na,0/T1,0
0-0.16 0-1 0-4 0-3 The genetic properties of
>« >« P > clay mineral assemblages and
Kichik Siyeki (1) P also calcite, jarosite, hematite,
R ) d et.c., found in the sampl‘es in-
dicate that the studied oil sha-
Shikhzarli (3) 3 les were formed in an aqueous
environment. The determined
Demirchi (4) B values of illite suggest an idea
that the samples are associated
Bozaakhtarma (5) i with peripheral zones. Also, the
Qotur (6) = presence of ca'lcite in the com-
position of mineral complexes
Otmanbozdagh (7) 1 (Tab. 1) indicates a condition of
sedimentation related to shallow
Lokbatan (8) n water zones. Studied oil shales
are rich in chlorite (Tab. 1),
Rozdagh-tobm () 2 which indicates both — marine
Keyreki (10) r and . freshwater sedimentary
conditions, so the freshwater

Fig. 10. Profiles of selected ratios, showing the paleoclimatic conditions of the samples.

An eluvial coefficient is used to obtain information
on weathering of sediments (Zhang et al., 2013). In its
formula

Ki=R,0,/(RO +R,0)

RO represents the value of CaO and MgO in the sample
and R O is a sum of Na,O and K,0. R, 0, indicates trivalent
oxides, including AL,O, and Fe O,. The calculated values
for the samples range from 6.1 to 13.15, indicating weak
to moderate leaching of elements, which corresponds to
semi-arid climatic conditions.

Concerning specific features of trace elements, various
ratios are used to understand paleoclimate environments.
Thus, the Sr, found in the samples, represents one of the
most active trace elements — easily dissolving in the content
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basin conditions should not be
excluded in our interpretation.

Since the lagoon systems are characterized by a high
concentration of smectite, illite, chlorite, calcite, and
quartz (Sabatier et al., 2010; Abidi et al., 2019), data on the
bulk-rock mineralogy of our samples (Tab. 1) confirm the
idea that the paleodepositional conditions in studied areas
are associated with isolated coastal marine areas.

The AKF diagram indicates that the paleosedimentation
conditions of oil shale can be associated with transition
zones located between continental and marine areas
(Fig. 5). The use of classification diagrams based on the
chemical composition of oil shales clearly indicates the
bound of samples to aqueous environments (Fig. 6a, b, ¢).

Moreover, published works (Sultanov & Sultanov,
1945; Aliyev & Abbasov, 2018) show the traces of fauna,
such as fish larvae and planktonic crustaceans, often
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recorded in oil shale-containing assemblages located in
both studied regions, which provide a sign of aquatic
faunas. This fact is confirmed by the fauna (benthos,
planktonic foraminifers, as well as the teeth and bones of
fish), determined in recent studies and providing the age of
samples from mud volcanoes. The values of Fe/Mn ratio
suggest the shallow Middle Eocene sedimentation basin
during the deposition of oil shale samples (Fig. 7). The
comparison of these values from the Absheron Peninsula,
located in a short distance from the South Caspian
Basin, as well as from the Central and South Gobustan,
manifests an increasing tendency of the water column
in the direction to North Gobustan, which is situated at
a high hypsometric level. The values of Fe/Mn ratio in
the samples from the mud volcanoes of Bozaakhtarma and
Demirchi are higher, which indicates the shallow-coastal
water conditions (Fig. 7).

The maximum values of Ti/Mn were also recorded
for the samples of the Bozaakhtarma (21.5) and Demirchi
(26) mud volcanoes, which confirms the finding of the
relatively shallow water column in comparison with other
areas. The Mn/Ni and Mn/Ga values indicate that the
paleodepositional environments of oil shale collected from
Kichik Siyeki (Mn/Ni = 18.92; Mn/Ga = 82.35), Jengichay
(Mn/Ni = 31.25; Mn/Ga = 62.5), Otmanbozdagh (Mn/Ni =
24.39; Mn/Ga = 71.43) and Keyreki (Mn/Ni = 17.57; Mn/
Ga = 108.33) areas are associated with relatively deeper
water levels.

Based on values obtained for the Ti/Zr ratio, it can be
assumed that the transfer distance of terrigenous materials
derived from the source terrains to the sedimentary basin
was relatively long.

Aliyev and Abbasov (2019) found that the Middle
Eocene sedimentation was probably associated with
the final Eocene basin, which represented the northern
branch of Meso-Tethys in the Crimea-Greater Caucasus-
Kopet Dagh system. The evolution of that independent
deepwater basin, fed on the left — north branch of Meso-
Tethys (Rustamov, 2005, 2008) is associated with areas
covering the shale-flysch trough of the axial zone, which
formed as a result of Jurrasic rifting (Zonenshain & Le
Pichon, 1986; Khain, 1995; Babayev et al., 2015) in the
North Crimea-Greater Caucasus-Kopet Dagh system, and
extended to the east of Kopet Dagh. The shale-flysch and
non-compensated (Babayev et al., 2015; Rustamov, 2015)
deep basin played a role as a border between the Scythian-
Turan plate of the Eurasian continent and the intra-
Transcaucasian plate (Rustamov, 2005). The beginning
of the late Alpine tectogenesis corresponds to the period
of regional uplift in the Caucasus-Caspian region and
Iran (Shixalibeyli, 1967; Rustamov, 2008; Babayev et
al., 2015). The flysch basin of Meso-Tethys covered the
southern slopes of the Greater Caucasus and the Absheron
Sill, playing a role in transporting terrigenous material
during the Tufan and Vandam uplifts, and being completely
closed in the Upper Eocene (Brunet et al., 2003; Rustamov,
2015). The intensification of regional uplift processes in
the transitional phase of the Upper Cretaceous-Paleogene
(in the tectonic phase of Laramie; Babayev et al., 2015)
probably led to a decrease in the depth of the final Eocene
basin (Aliyev & Abbasov, 2019). Such an interpretation
corresponds well with the results obtained in the present
study for the depths of the Middle Eocene sedimentary
basin and the transport distance of terrigenous materials.

Area (sample) (E]‘,r_/(; (L)l Paleoclimate Sor/_Béa Water V/%V_JrlNi) Pfoliglriff)?lx
b P

Kichik Siyeki (1) slightly dry hot fresh | oxic
Jengichay (2) dry hot fresh anoxic
Shikhzerli (3) dry hot fresh anoxic
Demirchi (4) slightly dry hot fresh anoxic
Bozaakhtarma (5) slightly dry hot fresh anoxic
Qotur (6) slightly dry hot fresh If anoxic

Otmanbozdagh (7) dry hot } brakish oxic

Lokbatan (8) slightly dry hot J fresh oxic
Bozdagh-Qobu (9) dry hot saline anoxic
Keyreki (10) dry hot 5 fresh anoxic

Fig. 11. Vertical profiles showing salinity, paleoclimate and paleoredox of samples.
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Taking into account an analog (Engalichev & Panova,
2011) of the obtained results, the paleodepositional
conditions for the Middle Eocene oil shales are most likely
associated with isolated coastal-marine zones, in more
detail, lagoons and lakes, which depth was 10 meters.

The results of the well-known approaches used in
the reconstruction of the paleo-redox conditions of oil
shales do not coincide. In more detail, although the
amount of V determined in oil shales exceeds 100 ppm
(mean = 184.4 ppm) but the average value of Ni is lower
than this indication (mean = 68.3 ppm). In addition, it
was established that the kerogen of oil shale samples is
a mixture of type Il and III (Aliyev et al., 2018b).

Unlike the Kichik Siyeki area in Central Gobustan
and all areas of the Absheron Peninsula, the reducing
conditions were established based on lower Ni/V values
for the Shamakhi-Gobustan region. The same result was
also recorded for the V/Cr ratio (Fig. 8). Except for the
Lokbatan sample, the (Cu + Mo)/Zn values are lower in
the Absheron samples. Jones and Manning (1994) found
that the Ni/V and (Cu + Mo)/Zn are not reliable ratios in
the interpretation of the palaco-redox conditions.

The study of the nature of the minerals found in oil
shales, which related to paleoclimatic conditions shows
the samples are more strongly associated with arid/semi-
arid seasons. In addition, the results of the widely used
diagram (AL O, + K,O + Na,0) vs. SiO, (Fig. 9), Na,0/
AlLO,, Na,O/K,0, Na,0/Ca0, and Na,O/TiO, ratios (Fig.
10), and also the eluvial coefficient confirm the dominance
of arid paleoclimatic conditions.

In general, the obtained results of the map of vertical
variabilities of salinity, paleoclimate and paleoredox
of samples (Fig. 11) can be considered as characteristic
features of oil shale from the foothills of the Greater
Caucasus.

Conclusion

The nature of the clay minerals found in the samples
and the results of used ratios and diagrams based on the
analysis of the bulk rock geochemistry data indicate that
the oil shale is associated with the paleodepositional
environment bound to a transition zone located between
continental and marine zones. The AKF plots show a gradual
transition of the sediments of the basin from continental
to marine environment. The process of sedimentation in
the aquatic environments was probably associated with
the final Eocene basin, which was the northern branch of
Meso-Tethys in the Crimea-Greater Caucasus-Kopet Dagh
system. The intensification of regional uplift movements
in the Upper Cretaceous-Paleogene periods probably led
to a decrease in the depth of the final Eocene basin. The
paleodepositional conditions of the Middle Eocene oil
shales most likely correspond to isolated coastal- marine
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zones, in more detail, lagoons and lakes, which depth was
10 meters.

The mineralogical and geochemical proxies of the
Middle Eocene oil shales suggest an idea that except for
some samples of the Apsheron Peninsula, all oil shales can
be associated with freshwater, mixed paleo-redox (mostly
reducing), and arid/semi-arid environments.
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Aplikéacia mineralogickych a geochemickych udajov zo strednoeocénnych
roponosnych bridlic na Gpéti Velkého Kaukazu v Azerbajdzane pri rekonstrukcii
environmentalnych a paleoklimatickych podmienok ich genézy

Produktivna oblast’ na upéti Velkého Kaukazu je situ-
ovana v koliznej zone medzi arabskou a euroazijskou lito-
sférickou platiiou. Specifické geodynamické a depoziéné
podmienky v tejto zoéne prispeli k vytvoreniu bohatych
akumuldcii ropy a zemného plynu (cf. Aliyev & Abbasov,
2019).

Roponosné bridlice v Azerbajdzane sa vyznacuju
vysokou kvalitou (energeticka hodnota 6,0 — 12 MJ . kg!,
zastipenie organickej substancie 15—-31 %, siry 0,4—1,2 %
a popola 65 — 85 %), prevysujucou kvalitu roponosnych
bridlic v inych Statoch. Ked’ze vystupuju v hrubych po-
lohéach s velkym plosnym rozsirenim, predpoklada sa, ze
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sa v tejto krajine v budicnosti stani dolezitym zdrojom
ropy a zemného plynu (Abbasov, 2015, 2016a, b).

Tento ¢lanok ma za ciel preklenut doterajsi nedostatok
poznatkov o depozi¢nom prostredi a paleoklimatickych
podmienkach pocas strednoeocénnej evolucie roponosnych
bridlic. Vyskum sa realizoval na 10 vzorkach z odkryvov
a bahennych vulkanov v oblasti medzi lokalitami Gobus-
tan a Baku, nachadzajucimi sa na polostrove AbSeron
na vychodnom upéti Velkého Kaukazu v susedstve
Kaspického mora (obr. 1). Produktivne strednoeocénne
stvrstvie je v tejto zone situované v hibke len niekol’ko
stoviek metrov, pripadne vychadza az na povrch (obr. 2).
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Metodika vyskumu zahfiala $tudium mineralogického
a geochemického zlozenia hornin (hlavné oxidy a stopové
prvky; tab. 1 a 2, obr. 3 — 6) spojené s datovanim. Depo-
zi¢né prostredie bridlic sa uréovalo na zaklade pomerov
determinujtch prvkov (obr. 7 — 11), pricom pri interpreta-
cii sa brali do Gvahy aj publikované zistenia a rekonstruk-
cie inych autorov aj z inych Casti sveta.
Vysledkom vyskumu je dolozenie sedimentacnych
podmienok strednoeocénnych roponosnych bridlic v pro-
stredi izolovanych pribrezno-morskych oblasti — lagin

a jazier — s hibkou okolo 10 m. DoloZeny bol postupny
prechod z kontinentalneho sedimenta¢ného prostredia do
morského. Roponosné bridlice v $tudovanom regione,
s vynimkou niekol'kych vzoriek, vznikali dominantne
v sladkovodnom a prevazne redukénom prostredi v arid-
nych a poloaridnych podmienkach.
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Block rotations in the Carpathian Shear Corridor
— a paleomagnetic record
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Abstract: So far realized paleomagnetic research describes uniform, approximately 60-90° declination of the
Early Miocene paleomeridians as a result of en-bloc rotation of the ALCAPA plate. After this en-bloc rotation,
during the Neo-Alpine (Cenozoic) tectonic evolution an important role belonged to a strike-slip brittle shear zone,
the Carpathian Shear Corridor. It represents the lateral ramp transform boundary of an extruded crustal segment
and within this zone extensive counterclockwise rotation of small blocks is expected due to sinistral shearing. To
detect and to measure exactly anomalous block rotations a paleomagnetic research was applied and focussed to
localities situated inside the shear corridor. Gained declinations of paleomeridians from the Eggenburgian and Late
Oligocene sediments indicate large 120-240° CCW block rotations within this wide shear corridor. These results
support the existence and the geodynamic role of the Carpathian Shear Corridor as a prominent dynamic strike-slip
boundary of an extruded Inner Carpathians crustal block.

Key words: block rotation, paleomagnetic data, strike-slip tectonics, Neo-Alpine evolution, Western Carpathians
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Introduction

The extensive block rotations and tilting cannot be
avoided at reconstruction of the Western Carpathians
structure evolution. Except of an en-bloc rotation of
the Internides of Western Carpathians (e.g. Balla, 1987,
Kovac et al., 1989; Kovac and Tunyi, 1995; Marton and
Fodor, 1995; Fodor, 1995; Fodor et al., 1998; Marton
et al., 2013), the large domino-style rotations inside the
strike-slip shear zones, rimming moving individual blocks,
are expected (e.g. Kovaé et al., 1997). Just the Carpathian
Shear Corridor (CSC, sensu Marko et al., 2017) should
represent such a zone with rotated blocks inside it due
to an extensive Miocene rotation (Marko et al., 1991,
2013, 2017; Marko, 2012), uplift/subsidence, tilting
and contemporancous blocks exhumation at different
erosional levels. The Carpathian Shear Corridor, a wide
ENE-WSW trending strike-slip brittle shear zone creates
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* The domino-style rotations of small blocks inside
a prominent sinistral strike-slip brittle shear zone —
the Carpathian Shear Corridor, related to eastward
escape of the Inner Western Carpathians crustal
segment, is interpreted applying the paleomagnetic
data.

* In contrast to until known average 60-90°
declinations of magnetic paleomeridians due to
ALCAPA en-bloc rotation, 120-240° ranging
declinations of magnetic paleomeridians were
detected inside the wrench corridor, supporting the
interpretation of additional rotation of the blocks.

Highlights

a dynamic boundary, controlling eastward escape of the
Inner Western Carpathians crustal segment during the
Neo-Alpine oblique collision of the Western Carpathians
with foreland. This structure was recognized in the 1990s
(Jankd et al., 1984; Doktor et al., 1985) and dynamically
interpreted as a strike-slip structure (Pospisil et al., 1986,
2012; Pospisil, 1989, 1990; Nemcok et al., 1998; Vass,
1998). The rotation and tilting of individualized blocks
inside the corridor accomodated long distance escape
(extreme strike-slip separation) of the Central Western
Carpathians crustal segment (along CSC) and resulted in
formation of the basin and range-like tectonic style — the
alternation of intramountaine basins and horsts, roughly
corresponding with the belt of outer core mountains.
Except of structural-tectonic arguments, aiming to
detect exactly and quantify block rotations and tilting
expected within the strike-slip corridor, a paleomagnetic
research was applied. Samples measurements were realized
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in 2013-2014 within the paleomagnetic laboratory of the
Geophysical Institute of the Slovak Academy of Science
in Bratislava.

According the generally accepted geodynamic
scenario for the Western Carpathians morphostructural
evolution, the shear corridor ought to be active during the
Miocene period. So the most appropriate rocks recording
the dynamics of the corridor seems to be the Early
Miocene sediments. Limiting factors for sampling were
the occurences and physical properties of measured rocks.
We had to face the problem of the grain size of clastic
sediments, because coarse grained sediments represent the
most frequent transgressive facies of the Early Miocene
period. Psephitic-psammitic rocks are not ideal for
a paleomagnetic procedure, but even in such cases we
succeeded and we gained acceptable results.

Analysed samples

The sampling was focussed on the Eggenburgian
sediments, relics of inverted and destroyed wrench furrow
basin, whose origin was related to Carpathian Shear
Corridor, inside which these remnants exclusively occur.
Five localities of the Eggenburgian sediments, exhumed
remnants of wrench furrow basin fill were selected within

51,2(2019)

the corridor to detect current paleomeridians orientation
— Cachtice, Rozfiové Mitice, Patrovec, Dubodiel, Krasna
Ves. One sampled locality — Hrabnik (near village of
Solos$nica) — is situated within the Uppermost Oligocene
sediments of the Bukova furrow (Fig. 1, 3a—e).

Cachtice (CACH)

N 48°43"41.6", E 17° 47 40.6", 255 m a.s.l.

A large active quarry where the Mesozoic carbonates
(Hronic unit) are covered by transgressive facies of
Eggenburgian sediments. A samples were extracted from
the Eggenburgian thick layered calcarenites (S, 140/25°)
and micro-conglomerates exposed at the first exploitation
site (Fig. 3a). Locality is situated at the southeastern edge
of the Cachtické Karpaty Mts. horst.

RoZiové Mitice (ROM)

N 48°48'39.4", E 18°06'24.2",354 m a.s.l.

A large active quarry in Mesozoic dolomites and
limestones (Hronic unit). Samples were extracted from the
very probably Eggenburgian (R. Marschalko, pers. com.)
conglomerates (Fig. 3b) — a tiny relic of Early Miocene
wrench furrow basin fill (Marko, 2012). Although the
conglomerates are massive and bedding is not clear, as
the S 155/42° was detected one from the contacts of
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Fig. 1. Position of selected and paleomagnetically analysed rock samples within the Carpathian Shear Corridor and a synopsis of gained

main results and tectonic interpretation for the Miocene period.
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conglomerate body with the basement. Other contacts are
faults. Locality is situated at the horst of the Strazovské
vrchy Mts.

Dubodiel (DUB)
N 48°45'55.5", E 18°05'49.6",362 m a.s.l.

Unpawed road cut nearby small dam at the stream
Inovec in the village Dubodiel. There are exposed the
Eggenburgian sandstones and carbonatic conglomerates of

Causa Formation (Ivani¢ka et al., 2007). The stratification
is not clear, ca S 60/40°. Locality is situated at the western
rim of the Povazsky Inovec Mts. horst, affected by the
Zavada-Dubodiel fault, which separates Povazsky Inovec
Mts. horst from the Miocene fill of the Banovska kotlina

depresion. The influence of this marginal fault dynamics
to recent position of sampled rocks is highly probable.
Bedrock represents carbonates of the Tatric cover unit cut
by N-S Zavada-Dubodiel fault.

Fig. 3. Sampling on studied sites. a — Sampling of Eggenburgian
calcareous micro-conglomerates in the active Cachtice quarry;
b — Sampling of Eggenburgian(?) calcareous fine-grained
conglomerates in the active Rozové Mitice quarry; ¢ — Sampling
of weakly lithified fine to medium-grained Eggenburgian
calcareous conglomerates for the paleomagnetic analysis (I.
Tunyi) and FT analysis (J. Kral) in the abandoned Krasna
Ves quarry; d — Marked oriented samples of grey Oligocene
sandstones for paleomagnetic analysis in the active Hrabnik
quarry before extraction; e — So we remember Igor, tireless and
loving field works, just taking samples from the Eggenburgian
sediments at locality KI'a¢no, which ones he has already missed
to analyse.
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Tab. 1

Results of paleomagnetic measurements. Good results with low scatter are marked bold. For samples localization see Fig. 1.

q q Average ey Inclination .
Locality Locality name N Paleo-north azimuth Declination after bedding Resul.ts Bedding
code & rock age 5 q CCwW 5 scattering S

after bedding correction correction 0
CACH Cachtice 30 223° 130° 7300 8° 138/25°
Eggenburgian
ROM Roziiové Mitice 30 236° 1220 580 15° 180/45°
Eggenburgian?
, o
KVES Krisna Ves 16 ca 195° 173° 29° 21 150/55°
Eggenburgian 119
DUB Dubodiel 17 151° 210° 56° 7° 60/40°
Eggenburgian
PAT Patrovee 5 120° 245° 55° 9° 60/27°
Eggenburgian
Hrabnik o 173° o o °
HRA Latest Oligocene 10 188 23 14 150/45
Patrovec (PAT) (NP 22). Locality is situated in the realm of the Malé

N 48°46'35.4", E 18° 06' 07.8",363 m a.s.l

Small outcrop beside road connecting Dubodiel and
Trencianske Jastrabie villages. There are exposed massive
Eggenburgian carbonatic conglomerates and sandstones of
Causa Formation (Ivani¢ka et al., 2007), latest one were
sampled. As bedding (S, 60/30°) was identified contact of
sandstones and conglomerates. Locality is situated at the
western rim of the Povazsky Inovec Mts. horst.

Krasna Ves (KVES)
N 48° 50" 08.8", E 18° 13" 33.2"”,283 m a.s.l.

A large abbandoned quarry in the Krasna Ves village.
There are exposed basal Eggenburgian sediments
transgressed over dolomites of the Hronic unit. Observed
successions are faulted and individual blocks are tilted
(Marko, 2012). Locality is situated near the N-S Timoradza
fault affecting the northern rim of the Banovska kotlina
depression (Danube basin). Sampled were well lithified
beds of medium-grained conglomerates (Fig. 3c) dipping
due to block tilting to the NE (S, 150/55°). Locality is
situated at the northern periphery of the Banovska kotlina
depression.

Hrabnik (HRA)
N 48°27'26.0", E 17° 13/ 36.8", 257 m a.s.l.

Currently active excavation pit Hrabnik is situated
close to the Solosnica village at the Bukova furrow filled
with the Paleogene sediments. The sample (Fig. 3d) was
extracted from the upper, not folded part of the Hrabnik
Formation (H. F., sensu Marko et al., 1990) that is built
up by the sandstone-calcarenite beds, intercalated by
weakly indurated claystones (S, 150/45°). The age of H. F.
was determined (1. ¢.) according to the nanoplankton and
foraminifers as the Uppermost Oligocene, the Kiscellian
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Karpaty Mts. horst (Polak et al., 2011).

Klacno (KLA)

N 48°53"20.4", E 18°38'15.8”, 368 ma.s.l.

A short defilé at the road cut, nearby entrance
to agricultural farm. Neokomian limestones of the
Fatric unit are covered by transgressive facies of the
Eggenburgian sediments — Kla¢no conglomerates and
microconglomerates of the Causa Formation (Ivanitka
et al., 2007), bedding is ca S 265/33° (Fig. 3e). Locality
is situated in the northern termination of the Horna Nitra
depression.

Method of magnetic parameters measurements and
gained results

To measure magnetic characteristics of investigated
rocks a well-established methodology was applied,
being developped in Geophysical Institute of the Slovak
Academy of Sciences in Bratislava, including self-
construction of original measurement and supporting
devices. This methodology was verified by a long lasting
practice.

Subsamples for further paleomagnetic analysis were
extracted in laboratory by core drilling (up to 25.4 mm in
diameter) from oriented field samples. The volume of each
sample was established and by the susceptibilitymeter
KL-Y2 and RMP spinner magnetometer JR-5 was used
to measure the magnetic susceptibility (kappa) and
natural remanent magnetic polarization (NRM). Gained
values were recalculated in relation to the volume of
the sample. After that the samples were demagnetized
by step-wise procedure and before each measurement
in given temperature (approximately 14 steps with ca
50 °C temperature increment up to the highest temperature
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650°C) was external magnetic field compensated
automatically by means of MAVACS system, as well as
manually to exclude eventual problems with the automatic
system. The period of sample warming was ca 30 min.
After cooling the samples to laboratory temperature the
magnetic susceptibility and remanent magnetization RM
were measured. Magnetic data gained from measurement
devices were processed by a specialized software, and
magnetic parameters for each sample were calculated.
As the final software output was Zijderveld diagram in
stereographic projection with the evaluation of relation
between magnetic susceptibility and intenzity of RM

and temperature; and changes of RM with the changing
temperature. Selected measured data were processed by
means of Fisher's statistics and mean magnetic vector
(paleonorth direction for given sample) was constructed.

Analysed samples situated inside CSC rendered
remarkable paleomagnetic results (Tab. 1, Fig. 2). They
show 120-240° declination of paleomeridians (Fig. 1)
interpreted as a value of CCW rotation. So far gained
paleomagnetic data from the Inner Western Carpathians
declare generally ca 60-90° declinations (e.g. Tunyi and
Marton, 1996; Kova¢ and Tunyi, 1995; Marton et al.,
1999).

a) — cachl
CACH1.fis, number of vectors: 30, parameters BBC (left), ABC (right):
D I R k alfa Js dg KAPs dKAP
279.91 61.26 27.5199 11.693 8.03 0.089 0.101 5.330 12.546
222.70 72.66 27.5199 11.693 8.03 0.089 0.101 5.330 12.546
Chosen samples, demagnetization fields, marking:
12f1 150 1 12f2 300 2 12f3 50 3 12f2 200 4 12£5 100 5 12f6 200 6 13f1 150 7 13f2 400 8
13£3 150 9 13f4 350 A 13£f5 200 B 13f6 250 C 13f7 450 D 14£f1 300 E 14f2 150 F 14£3 200 G
14f4 150 H 14f5 150 T 14£f6 100 J 14£7 50 K 15f1 100 L 15£2 100 M 15£3 150 N 15f4 150 O
155 50 P 15f6 50 Q 16£1 50 R 16£2 250 s 16£3 350 T 16£4 50 U
a) — cach2
CACH2.fis, number of vectors: 9, parameters BBC (left), ABC (right):
D I R k alfa Js dJg KAPs dKAP
87.66 43.54 7.3439 4.831 26.16 0.073 0.037 2.944 10.736
99.39 24.86 7.3366 4.809 26.23 0.073 0.037 2.944 10.736

Chosen samples,
11£1 150 1
17£6 100 9

demagnetization fields

11£2 200 2 16£5

marking:

50 3 17f1 350 4
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17£2 300 5 17£3 350 6 174 50 7 17£5 100 8
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b) — kvesl
KVEl.fis, number of vectors: 8, parameters BBC (left), ABC (right):
D I R k alfa Js dJg KAPs dKAP
239,64 59,20 7.1164 7.922 20.98 0.606 1.137 2.725 1.021
185.97 29.34 7.1164 7.922 20.98 0.606 1.137 2.725 1.021
Chosen samples, demagnetization fields, marking:
7£1 100 1 7£2 350 2 7£3 150 3 7£4 200 4 7£5 150 5 7£8 150 6 9f4 400 7 9f6 350 8
b) — rom

ROM. fis, number of vectors: 30, parameters BBC (left), ABC (right):

D I R k alfa Js dg KAPs dKAP
311.62 54.24 22.7315 3.990 15.16 1.083 0.830 -0.257 1.551
235.58 58.02 22.7315 3.990 15.16 1.083 0.830 -0.257 1.551

Chosen samples, demagnetization fields, marking:

1f1 350 1 1£2 350 2 1£3 350 3 2f1 350 4 2f2 350 5 2f3 400 6 2f4 350 7 2f6 150 8

2£7 100 9 3f1 400 A 3f2 350 B 3f3 450 C 3f6 100 D 4f1 450 E 4£2 250 F 4£3 100 G

4f4 400 H 4£5 450 I 5f1 350 J 5£2 350 K 5£3 100 L 5f4 350 M 5f5 100 N 5£6 150 O

6f1 300 P 6f2 350 Q 6f3 450 R 6f4 150 s 6f5 200 T 6f6 150 U

Below are presented results of paleomagnetic measure-
ments for single localities displayed in the lower hemispe-
here of streographic projection. For each sample — locality
the diagram has marked calculated mean vector direction
with the circle of results reliability, and magnetic north
direction estabilished for the Neogene period (after Krs,
1979).

Tectonic interpretation of paleomagnetic results

Anomalous declinations in Eggenburgian and Late
Oligocene sediments inside the Carpathian Shear Corridor
points to large blocks rotation due to the post-Eggenburgian
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sinistral strike-slip regime. Nevertheless, such extreme
rigid body block rotations can be hardly realized inside
one shear zone due to geometrical limits of rotations.
We expect combination of succeeding events (Marko et
al., 2014), during which the blocks gradually rotated to
present position. First rotation took place due to CCW en-
bloc rotation of ALCAPA (Balla, 1987). This event could
has been followed by CCW domino-style rotation inside
wide sinistral N-S trending shear zone, separating already
stacked Eastern Alpine units from still northward moving
Carpathians units. The final part of CCW block rotations
took place inside ENE-WSW trending Carpathian
Shear Corridor operating in sinistral regime. It drove
the castward escape of the Central Carpathians crustal
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¢) — kves2
KVES2.fis, number of vectors: 8, parameters BBC (left), ABC (right):
D I R k alfa Js dg KAPs dKAP
192.81 2.39 7.1413 8.151 20.65 1.906 2.253 2.588 2.238
206.20 -35.20 7.1413 8.151 20.65 1.906 2.253 2.588 2.238
Chosen samples, demagnetization fields, marking:
8fl1 350 1 8f2 350 2 8f3 100 3 8f4 350 4 8f5 150 5 9f1 250 6 9f£2 150 7 9f3 50 8
¢) — kves3
* *
+ +
KVES3.fis, number of vectors: 5, parameters BBC (left), ABC (right):
D I R k alfa Js dg KAPs dKAP
282,20 55,83 4.4700 7.547 29.79 0.724 0.957 -1.200 11.970
247.24 40.72 4.4700 7.547 29.79 0.724 0.957 -1.200 11.970

Chosen samples,
10£1 350 1

demagnetization fields,

10£f2 350 2 10£3 650 3

marking:

segment. The highest values of block rotation (ca 240°
CCW) was measured in localities Dubodiel and Patrovec.
Both localities are situated at the zone of N-S trending
Zavada-Dubodiel fault, a marginal fault of the Povazsky
Inovec Mts. horst. These extreme values of rotation could
be a result of superposed rotational events within sinistral
N-S trending shear zone, followed by rotation within
sinistral Carpathian Shear Corridor.

Simultaneuously with block rotations around vertical
axes due to sinistral strike-slip regime inside CSC, block
tilting (Fig. 4) took place. It is evident from inclinations
of formerly horizontally laying cover and nappe units in
asymmetrical horsts (core mountains). This process is well
described e.g. by Jaroszewski (1980) and Zolnai (1995).

10f4 350 4
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10£9 350 5

Block tilting is a reason of high-angle paleomeridians
inclinations observed inside CSC.

The Carpathian Shear Corridor is a zone of Late
Miocene exhumation of crystalline basement in individual
blocks; where the AFT data from the Strazovské vrchy
Mts. inside the corridor point to two uplift and exhumation
phases, with moderate to slow cooling 24-22 Ma ago and
fast cooling approximately 10-7 Ma ago (Marko et al.,
2017). These processes were driven by shear zone activity.
The rigid body block rotation and tilting, resp. blocks
uplift/subsidence inside strike-slip zones are usually
coeval processes. However, the ages of two uplift events
in CSC are different from the published Lower/Middle
Miocene ages of rotations in the Western Carpathians
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d) — dub
DUB. fis, number of vectors: 17, parameters BBC (left), ABC (right):
D I R k alfa Js dg KAPs dKAP
49.59 32.86 16.3902 26.239 7.10 0.015 0.005 -12.982 17.555
151.29 56.49 16.3902 26.239 7.10 0.015 0.005 -12.982 17.555
Chosen samples, demagnetization fields, marking:
18f1 350 1 18f2 150 2 18f3 100 3 18f4 50 4 18f5 150 5 19f2 200 6 19£f3 150 7 19f4 200 8
19£5 200 9 20f1 300 A 20f2 400 B 21f1 400 C 21f2 350 D 21f3 150 E 21f4 100 F 21f5 150 G
22f1 350 H
d) — pat

PAT.fis, number of vectors: 10, parameters BBC (left), ABC (right):

D I R k alfa Js dJg KAPs dKAP
162.53 60.32 9.8940 84.880 5.27 0.106 0.015 55.560 6.218
117.93 58.68 9.7840 41.660 7.57 0.106 0.015 55.560 6.218

Chosen samples, demagnetization fields, marking:
23fla 150 1

24f2b 200 9

23f2a 150 2 24fla 200 3

24f3b 150 A

(e.g. Kralikova et al., 2016). One explanation of this
contradiction involves rotations inside the corridor ca
8 Ma ago, contemporaneously with the last AFT related
uplift event. We prefer this alternative. Other explanation
involves rotations inside the corridor, taking place at the
same age (15—17 Ma) as has been already declared, but in
this case the rotations were realized withouth uplift of the
blocks.

Rotations revealed in localities in Eggenburgian
sediments and one in Late Oligocene sediments, all situated
inside the corridor, are large, but not exactly the same in
each locality. It can be explained by strain heterogeneity,
resp. deformation as well rotation partitioning. Individual
localities are probably situated in blocks of different
dimensions, which were affected by different intensity of

24f2a 200 4
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24f3a 100 5 23f1b 150 6 23f2b 150 7 24f1b 200 8

rotation. Differences in magnetic fabric of core mountains
(Hrouda et al., 2002) is desctribed as a result of not uniform
Neo-Alpine rotation of individual blocks (1. c.) as well.

Discussion

Paleomagnetic measurements from several studied
localities display more scattered results, but others are
well clustered (loc. CACH, DUB, PAT, HRA — Fig. 1).
Nevertheless we gained usable results, which correspond
to our earlier interpretation of CSC as a dynamic strike-slip
zone. Despite that some of the gained paleomagnetic data
are not perfect, our preliminary results of paleomagnetic
measurements reflect what happened inside the CSC — the
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e) — hra

HRA.fis, number of vectors: 10, parameters BBC (left), ABC (right):
D I R k alfa Js dJg KAPs dKAP
216.64 51.94 9.4916 17.704 11.81 0.145 0.075 133.180 88.854
187.80 22.57 9.4916 17.704 11.81 0.145 0.075 133.180 88.854

Chosen samples,
hpml_1 300 1
hpml_11 300 9

demagnetization fields
hpml_2 300 2 hpml_3 200 3
hpml_12 400 A

marking:

hpml_4 350 4

hpml_5 300 5

hpml_6 400 6  hpml_7 400 7  hpml_9 150 8

Fig. 2a—e. Diagrams (stereographic projection, lower hemisphere) with magnetic paleo-poles directions of single measurements (al-
phabets and numbers) and mean paleomagnetic direction (gothic cross) with the circle of reliability calculated for localities Cachtice
(CACH), Roziové Mitice (ROM), Krasna Ves (KVES), Dubodiel (DUB), Patrovec (PAT) and Hrabnik (HRAB) (compare with Tab. 1)
before bedding correction (BBC) and after bedding correction (ABC) was done. Star represents an orientation of the North magnetic
pole for the Neogene period (after Krs, 1979). Normal and reversal magnetic polarization are distinguished by single measurements
symbols position — normal position means normal magnetic polarization, sloping position of symbol means reversal polarization.

large block rotation and tilting. It is difficult to explain such
large rigid body block rotations, but we have examples for
even larger rotations from the nature, which are quite usual
and effective in mineral dimensions within metamorphic
processes (e.g. porphyroblast rotations). If we accept
the scale invariance principle (see also Marko, 2012),
equivalent rotations can be expected in all scales. The
step-wise rotation in superposed shear zones can explain
the extreme values of block roatation as well. Similar idea
was suggested also in pioneering work by Grecula et al.
(1990).

There is a linear relation between magnitude of strike-
slip separation and magnitude of blocks rotation inside
a shear zone. A map view domino-style model simplifies
and explains evolution of observed real structures, but
not in 3D. Question is what happens in depth during the
rotaion, whether and where are individualized and rotated
blocks detached from the basement. Towards the depth
we can expect transition from brittle to ductile rheology
of deformation. In the case of moderate rigid body block
rotation in the schizosphere, there is a gradual transition
to rotation in ductile conditions in plastosphere and no
detachement is necessary. Blocks are rooted in depth.
However, extreme 180° and even more block rotations
due to extreme strike-slip separation identified along the
CSC needs total detachement of rotated blocks from the
basement. Detachment of rotated blocks from the basement
should be somewhere at the brittle-ductile transitional
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zone, or could be situated at the basal thrust plane of the
Western Carpathians micro-plate.

We explain declinations of paleomeridians tectonically,
as a result of CCW Early/Middle Miocene rigid-body
block rotations due to sinistral shearing in the wrench
corridor. However, there exist another, non tectonic
hypothesis explaining extreme values of declinations
by autoreversal of remanent magnetization of minerals
(Orlicky, 2018). This eventuality declaring the complexity
of the physical principles of magnetism has not been
taken into considerartion in our tectonic concept based on
classical field-reversal theory.

Conclusions

An important block rotations occurred during the
Western Carpathians Neo-Alpine tectonic evolution.
Paleomagnetic data were so far tectonically interpreted
as a proof of counter-clockwise ALCAPA micro-plate
rotation during its invasion into the North-European
Platform embayment of subducting thin oceanic crust in
the early stages of the Neo-Alpine tectonic evolution.

We suggest that subsequent domino-style rotations of
small blocks took place inside a prominent sinistral strike-
slip brittle shear zone — a strike-slip corridor controlling
eastward escape of the Inner Western Carpathians crustal
segment and inside this shear zone the high values of
block rotations are expected. To confirm this concept five
oriented samples of Eggenburgian sediments and one
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N

L4

T

Fig. 4. Model of domino-style rigid-body blocks rotation and tilting, accommodated by antithetic Riedel’s shears inside sinistral
strike-slip brittle shear zone with arrow indicating subsided marginal parts (after Jaroszewski, 1980).

Late Oligocene sample from the localities situated inside
the wrench corridor were selected and declinations of
magnetic paleomeridians were detected.

In contrast to so far known average 60—90° declinations
of magnetic paleomeridians due to ALCAPA en-bloc
rotation, 120-240° ranging declinations of magnetic
paleomeridians were detected inside the wrench corridor.
It is an evidence of the occurrence and the geodynamic
role of the Carpathian Shear Corridor inside which the
subsequent CCW rotation took place after the ALCAPA
en-bloc rotation. Although the paleomagnetic results are
preliminary and some gained data are not perfect, these are
important, because they reflect what happened inside the
CSC — the excessive block rotations.
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Rotacie blokov v karpatskom striznom koridore — paleomagneticky zdznam

Paleomagnetické Studie realizované v Zapadnych
Karpatoch (napr. Balla, 1987; Kovac et al., 1989; Kovac
a Tanyi, 1995; Marton a Fodor, 1995; Fodor, 1995; Fodor
et al., 1998; Marton et al., 2013) dokladaji odklon spod-
nomiocénnych magnetickych paleomeridianov od neo-
génneho magnetického meridianu definovaného Krsom
zhruba 60 — 90° (1979). Tieto deklinacie sa interpretuju
ako dosledok CCW en-bloc rotacie mikroplatne ALCA-
PA prenikajicej do zalivu severoeuropskej platformy,
tvoreného tenkou oceanskou koérou subdukujucou pod
Karpaty. Domnievame sa, ze v obdobi neoalpinskej tek-
tonickej evoltcie po rotacii karpatskej mikroplatne zohral
pri postupe samostatnych mens$ich kdrovych blokov in-
ternid Zapadnych Karpat dolezitt ulohu karpatsky strizny
koridor (CSC sensu Marko et al., 2017). Dynamiku tohto
rozhrania identifikovaného zo snimok dial’kového priesku-
mu Zeme (DPZ) (Janku et al., 1984; Doktor et al., 1985)
opisali Pospisil et al. (1986, 2012) a Pospisil (1989, 1990).
CSC reprezentoval smernoposunovi lateralnu rampu
korového segmentu internid Zapadnych Karpat extruduja-
ceho na vychod (obr. 1). Podl'a tohto modelu bolo vysuva-
nie centralnokarpatského korového segmentu relaxované
v zone CSC intenzivnou striznou deformaciou s CCW
rotaciou a tiltovanim mikroblokov (obr. 4) v sinistralnom
smernoposunovom, pravdepodobne transtenznom rezi-
me. Vysledkom stredno- az vrchnomiocénnej dynamiky
je Specificky stavebny §tyl v zone karpatského strizného
koridoru, charakteristicky striedanim vyzdvihnutych (jad-
rové pohoria) a poklesnutych (sedimentarne vnutrohorské
bazény) rotovanych a tiltovanych blokov. Nacrtnuty kon-
cept predpokladd anomalne lavostranné (CCW) rotacie
mikroblokov vnutri karpatského strizného koridoru. Aby
sme overili tato predstavu, zamerali sme sa na $tadium
orientacie magnetickych paleomeridianov v ranomiocén-
nych sedimentoch na niektorych dostupnych lokalitach
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v priestore karpatského strizného koridoru. Orientované
vzorky boli odobrané z 5 lokalit v egenburskych sedimen-
toch, jedna lokalita bola vo vrchnooligocénnych sedimen-
toch (obr. 1, 3a — e). Vzhl'adom na nie idedlnu zrnitost’
meranych sedimentov a technické komplikacie s meracou
aparatirou povazujeme vysledky merani (obr. 2) za pred-
bezné. Vysledky st vSak vypovedné, odrazaji dynamiku
strizného koridoru a podporuji nasu tektonicku koncep-
ciu. Zistené hodnoty deklinacii magnetickych paleomeri-
dianov potvrdzuju nas predpoklad a CCW rotacie blokov
v rozmedzi 120 — 240° (tab. 1) vyplyvajice z orientacie
paleomerididnov su anomalne. Tento poznatok podporuje
existenciu a geodynamickt Glohu karpatského strizného
koridoru ako prominentného smernoposunového rozhra-
nia extrudujuceho vnutrokarpatského kdrového segmentu.

Rozdielne hodnoty deklinacii meranych na roznych
lokalitach situovanych v tej istej striznej zone mozu byt
vysvetlené deformacnou, resp. rotacnou heterogenitou,
ktora mohla byt sposobena aj odlisnou mierou rotacie blo-
kov rdznych rozmerov. Okrem rotacii okolo vertikalnych
osi bloky zaroven tiltovali. Tilting je evidentny z tektonic-
kého $tylu asymetrickych hrasti jadrovych pohori a half-
grabenov sedimentarnych bazénov. Tilting je aj pri¢inou
vysokych hodnot inklindcii magnetickych vektorov na
niektorych lokalitach.

Prezentované vysledky paleomagnetickych merani
v CSC st sice predbezné, ale dolezité pri verifikacii
tektonickej koncepcie CSC. Tieto cenné tidaje sme ziskali
vdaka nasadeniu a entuziazmu priekopnika spoluprace
medzi geologmi a geofyzikmi Igora Tunyiho, ktorému aj
tymto vzdavame hold.

26.9.2019
2.12.2019

Dorucené / Received:
Prijaté na publikovanie / Accepted:



Graphical abstract

Mineralia Slovaca, Web ISSN 1338-3523, ISSN 0369-2086
51(2019), 187 — 204, © Authors 2019. CC BY 4.0

Hidden groundwater inflows from the Slovensky kras Mts.
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Abstract: Longitudinal profile measurement of specific electric conductivity (resistivimetry) and water temperature
(thermometry) along the watercourse of a surface stream, if performed in sufficient density of measuring points, can
reveal position of hidden groundwater inflows in a surprisingly detailed scale. Contrary to flow accretion survey,
i.e. discharge measurements on appropriately distanced locations of streams that are able to quantitatively define
hidden surpluses or losses of discharge, but their evaluator can attribute these to stream segments only, outputs
of thermometry and resistivimetry have potential of precise location identification of groundwater outlets. The
best season for such measurements is culminating summer or winter with naturally highlighted contrast in surface
water and groundwater temperatures. In our case, thermometric and resistivimetric measurements were performed
on the watercourse of the Slana River (SE Slovakia), segment between Brzotin and Gombasek municipalities,
where the river is cutting two major karstic plateaus (Silicka planina and Plesivska planina) in a form of several
hundred meters wide and several hundred meters deep canyon. Three major karstic springs are found in this area,
but hidden dewatering of karst water resources directly into the Slana River remained unknown. Measurements
were performed within 5 summer days from 21/06/2016 until 25/06/2016 on an 8300 meters long rivercourse
section. The basic footage step of measurements was 1.0 meter. Mesurements were performed in the streamline of
active flow and also along its left and right side, 20 cm aside the stream-bank. Both parameters — water temperature
and specific electric conductivity — were measured near the streambed, ~5 cm above the bottom, in the ~20 to
40 cm distance from the left or right bank, and also in the main streamline. No major karstic groundwater inlets
were found here, but small-scale inflows were mostly found on the left bank pointing to groundwater flow from
the east — from the Silicka planina Plateau. It seems that at least on the Brzotin-Gombasek watercourse segment of
the Slana River, Plesivska planina Plateau is dewatered only through already registered karstic springs west from
the river.

Key words: hidden groundwater surpluses, Slana River surface stream, longitudinal profile measurements, water
electric conductivity, resistivimetry, thermometry

and electric conductivity measurements.

+ Major karst groundwater inputs were not registered.

Highlights

planina Plateau.

» Hidden dewatering of the PleSivska planina Plateau was not verified.

» Hidden groundwater inflows to the river were verified by water temperature

* River section between Brzotin and Gombasek had low incidence of right-
sided anomalies, more inflows were from the left bank from the Silicka

Introduction

The use of longitudinal profile measurements of tem-
perature and specific electrical conductivity (EC, also
described as electrolytic conductivity, which is a recipro-
cal value of specific electrical resistance) in the investi-
gation of quantitative-qualitative relationships between
groundwater and surface waters has long been considered
a proven geophysical method in Slovak hydrogeological
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practice. This simple, less costly but very effective method
has been applied initially to surface streams in karst are-
as since the early 1980s (Husak and Lizon, 1980; Lizon,
1980; Foltan, 1983; Kullman et al., 1985). Later, it was
also successfully applied in hydrogeological surveys for
mineral water sources (e.g. Ferenc et al., 1986). Resisti-
vimetric and thermometric measurements were used to
locate hidden groundwater inflows into surface streams
(Filo and Svastova, 1994; Svastova in Malik et al., 2000;
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Vojtkova and Malik, 2005). These measurements utilize
the temperature and conductivity contrast between surface
water and groundwater, when the groundwater is consi-
derably colder in summer time and considerably warmer
in winter time than surface water. Therefore, periods of
extreme air temperatures (culminating winter or summer)
are usually most preferable for such measurements. The
EC contrast depends on the differences in the geochemical
nature of the rocks in the whole source watershed of the
surface stream and in the immediate surroundings of the
measurements, where groundwater is supposed to origina-
te. In this (EC) case, one should also consider possible pre-
sence of anthropogenic influences (usually contaminants).
The groundwater inflow rate is reflected over the surface
streamflow course in the range of temperature and spe-
cific electric conductivity anomalies, taking into account
the total flow discharge of the investigated stream/river.
Correlation of both data (temperature/EC) allows quali-
tative identification of hidden groundwater surpluses as
anomalies caused by inflowing groundwater and excludes
possible false anomalies caused by other factors.

Resistivimetric and thermometric measurements were
also applied to detect hidden water increments inside cave
spaces, respectively in underground hydrological systems
of caves (Malik et al., 2010a, 2010b, 2011; Gregor et al.,
2017). In karst hydrogeology, such methods are even
more effective in the cases of combination of surface and
underground parts of streams in karst areas (Auxt et al.,
2012; Malik et al., 2013; Malik et al., 2016). Performing
resistivimetric and thermometric measurements inside the
cave, the thermal contrast rate is usually suppressed due to
the constant temperature inside the underground spaces,
and the detection of inflows relies on EC anomalies
unless a significant inflow from the ground surface
enters the underground hydrological system. If in this
case there is limited time for temperature equalisation,
water temperature measurements can be helpful as well.
From a speleological point of view, lateral, hydraulically
active branches of the karst systems can be inspected
for in hidden water inflows from unknown places. For
karst hydrologists and hydrogeologists, these results are
important in assessment of hydraulic and hydrodynamic
conditions of water flow in open karst conduits. Great
importance of such a knowledge is valuable especially
in the design and refinement of caves’ protection zones
or recharge areas/protection zones of (exploited) karstic
springs.

Another interesting contribution of the longitudinal
profile measurements of water temperature and EC may
also be their indirect impact on the water balance calculation
as it was in the case of Kopa karstic hydrogeological
structure (NW part of the Velka Fatra Mts., northern
Slovakia). Balance closure of this hydrogeological
structure was verified by thermometric and resistivimetric
measurements carried out directly from the boat to reveal
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signs of hidden groundwater inflows into the surface water
of the Krpelany Reservoir (Svasta and Malik, 2006).
Identification of places of hidden groundwater inflows
remains the main goal of resistivimetric and thermometric
measurements, however, their quantification, i.e. the
determination of the hidden groundwater amounts must
already be done by other methods — mostly by hydrometric
measurements. On the other hand, interval (sectional)
hydrometric measurements are usually performed by
measuring stream cross-section in profiles distanced each
from other in the order of hundreds of meters, if not more.
For this reason, only combination of both methodologies
is currently able to reliably determine both — the size and
location of hidden groundwater inflows existing in the
form of streamflow surpluses.

In the current paper, we present the results of
measurements of temperature and specific electrical
conductivity of surface water carried out along both banks
of the surface stream of the Slana River in its section
between Brzotin and Gombasek, in the Slovensky kras Mts.
(Fig. 1). In this section, Slana River preserves relatively
low total dissolved solids (TDS) content characteristic for
phyllites, sandstones and metarhyolites of the low-grade
metamorphic Gemeric sequences (Hanzel in Bajanik et al.,
1983). TDS of natural waters here is usually in the range
between 100 and 200 mg.I"" while in karstic waters of
Silicka planina Plateau it is ranging from 400 to 700 mg.1"!
(Haviarova et al., 2010; Flakova et al., 2018). In the past,
a geophysical thermometric survey was carried out here
(Dzuppa and Husak, 1976), but measurements applied
shallow probes of 0.5 to 1.0 m depth in a regular network
of 4 x 4 m in the surroundings of major karstic springs
of Gyepl/Brzotinska vyvieracka, Pisztrang/Pstruhova
vyvieracka and Vyvieracka pod Velkou skalou springs. In
total, 503 measurements were carried out here in February
1976, focusing only on the immediate surroundings of
the aforementioned three karstic springs, and leaving the
surface flow of the Sland River without measurements.
The presence of such karst water outflows in this area
encouraged also our measurements, aiming to verify the
existence of possible hidden groundwater inflows to the
Slana River. The Slana River in the Brzotin area enters
a deep but also wide canyon, where both canyon slopes
are formed by light-grey Wetterstein limestones of the
Silica unit (Mello — ed., 1996, 1997). The obtained and
interpreted results contributed to the better understanding
of water communication between Slana River as the main
surface recipient in the area and the karstic groundwater
accumulated in the extensive karstic plateaus of the Silicka
planina and PleSivska planina plateaus.

Data acquisition methodology

The suitability of resistivity measurements usage is
based on the assumed differences in TDS of surface water
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electrolytic conductivity and water
temperature were performed near the
river bottom, about 5 cm above its level
and in the distance of 20 to 40 cm from
the bank on both sides of the river. EC
and water temperature values were
also taken from the streamline (flow
nozzle) at the same footage, where
measuring point was also some 5 cm

Fig. 1. Location of the investigated area on the territory of Slovak Republic and loca-
tion of thermometric and resistivimetric measurements performed in the period between
21/06/2016 — 25/06/2016 on the Slana River on the Brzotin — Gombasek section.

and groundwater and thus the places of hidden groundwater
inflows are manifested by local change of specific electric
conductivity (in our case, the entry of groundwater into
the surface water should be signalised by its increase).
The inflow rate (its discharge) is reflected in the course
and range of temperature and conductivity anomalies,
taking into account the total discharge of the investigated
river watercourse. Correlation of both (temperature and
EC anomalies) allows qualitative interpretation of hidden
tributaries and enables exclusion of false anomalies caused
by other phenomena like sewage or drainage channels. To
obtain appropriate dataset for the Slana River between
Brzotin and Gombasek, side measurement of the stream
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above the river bottom (Fig. 2a, b). The
measurement step was set to 1.0 m,
and before taking, a footage path was
drawn up using the measuring tape
following the streamline (Fig. 2c¢). All
the measurement records, present in the
detailed documentation for both river
banks, are then related to this uniform
footage of river axis/streamline.
Measurements were performed by
two WTW ProfiLine Cond 197i field
conductivitymeters (Fig. 2b), allowing
the water temperature measurement
accuracy of 0.1 °C and the accuracy of
EC measurements of 0.1 pS.cm™. In
the second case, 1.0 uS.cm™ resolution
of EC data records was applied.
Thermometric and  resistivimetric
measurements on the Sland River
were carried out from 21/06/2016
to 25/06/2016. The measurements
were performed by two closely
cooperating measuring groups moving
independently but in coordination
along both banks of the river (Fig. 2d)
following the footage measuring tape.
Each measuring group consisted of a
data recording person equipped with
waterproof notebook, and a surveyor,
equipped with a conductivitymeter.
Conductivitymeter probe was placed
on the measuring rod to keep the probe
constantly submerged in the water and to avoid fluctuations
in the probe measurements caused by its transfer through
the air. It was verified by practical experience that each
probe emergence above the water level caused time-
consuming stabilization of measured parameters. There
were two measuring groups, each for the left resp. right
bank, and one “geometer” group equipped with measuring
tape and GPS device following the river streamline and
thus marking the footage of measurements. Garmin 60 CSx
GPS instruments were used here to measure the position
of the endpoints of the band, i.e. to mark the measured
section by point of every 50 m (Fig. 2¢). The measured
section had a total length of 8300 m and consisted of the
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Fig. 2a. Measurements of water temperature and specific elec-
tric conductivity performed along the Slana River left bank on
23/06/2016.

Z 4 2, S

Fig. 2c. Fixing of the measuring tape for positioning of thermo-
metric and resistivimetric measurements of the Slana River on
25/06/2016.

same number of footage measurements (8300) along the
left bank and right bank of the river. Taking into account
the river width, EC and water temperature measurements
for the streamline were separately measured by each
measuring group. Therefore the group moving along the
right bank marked its streamline measurements as center-
right and a group moving along the left bank referred
respective measurements as center-left.

Obtained data and discussion

The first measurement on the footage of 0 m in the area
under the railway bridge over the Sland River near Brzotin
was carried out on 21/06/2016 at 10 : 10, the last measurement
in the alluvium in the middle of fields under the Gombasek
municipality, respectively in between Slavec-Vidova and
Plesivec municipalities took place on 25/06/2016 at 15 : 10.
During each day of measurements, systematic daily changes
in water temperature were observed — a gradual increase by
2.3 to 4.3 °C (3.2 °C in average) depending on the weather
conditions. Systematic daily increase in the specific electric
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Fig. 2b. Measurements of water temperature and specific elec-
tric conductivity performed along the Slana River left bank on
25/06/2016.

Fig. 2d. Thermometric and resistivimetric measurements of the
Slana River on 24/06/2016 — coordination of measuring groups
on both right and left river bank.

conductivity values was not as significant, ranging from
1 to 8 uS.cm™ (4.2 puS.cm™ in average), but in the meantime
a slight decrease in conductivity was observed, associated with
a noticeable increase in discharge in the afternoons, which
was possibly related to the water manipulation at the upstream
hydro-power plant in Dobsind. Data on water temperatures and
EC at the beginning and at the end of the day are summarized
in Table 1. An overview presentation of the thermometric
and resistivimetric measurement results of the Slana River in
the section between Brzotin and Gombasek, along with the
footage indication of individual measured sections is shown
in Figs. 4 and 5. Course of water temperatures and EC values
measured on both river banks as well as in the middle of the
river (streamline), indicating some important anomalies, are
depicted here.

A detailed description of the results of water temperature
and EC measurements in the Sland River streamline and its
right and left banks by both measurement groups is presented
in the following text from the beginning to the end of
measurements, thus from the footage 0 to 8300 m. After the start
of measurements on the “zero point” located under the railway
bridge south of Brzotin, an anomaly of a hidden tributary from
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Fig. 3. Graphical representation of the water temperatures observed at both — right and left banks of the Slana River and in the middle
of the river (“left middle — L” or “right middle — P’ according to the measuring working group) during thermometric and resistivimetric
measurements in the section between Brzotin and Gombasek during 21/06/2016 — 25/06/2016.

the right side was observed on the 95 m footage. This anomaly
is not shown in temperature response, but significantly affects
the EC for a few meters on the right bank of the Slana River.
The recorded EC increase was from 299 to 335 uS.cm™'. On
the left bank, a decrease of temperature and an EC increase
between the 388 and 395 m footage reflects a hidden
groundwater inflow into the surface water flow of Slana River
(decrease of temperature by 0.2 resp. 0.3 °C, increase of EC
by 20 resp. 29 uS.cm™'). We assume that this is groundwater
circulating in the alluvium of the Cremo3na stream, which
enters into the Slana River on the footage of 405 m. Here,
surface water of the Cremo$na stream had a conductivity of

Tab. 1

Data on the initial and final values of water temperatures and
EC during the individual measurement days and the corres-
ponding values of the measured footage in the Slana River.
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eEs(eSg| oM =S
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21/06/2016 |0-1200 m 16.6 19.2 299 300
22/06/2016 | 1200-3000 m 15.4 18.8 300 303
23/06/2016 |3000-5000 m 16.4 20.7 314 320
24/06/2016 |5000-7200 m 18.6 21.9 334 342
25/06/2016 |7200-8300 m 19.9 22.2 326 331
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409 pS.cm™' and a water temperature of 18.9 °C (Slana River:
302 pS.cm! and 17.7 °C). Although Cremosna stream is
considerably warmer (probably the effect of water storage in
the Brzotin ponds), groundwater in its alluvium accompanying
its surface stream maintains a lower (more stable) temperature,
and shows a higher conductivity than Slana River. A display of
an interpretation graph of measurements on the footages 0 to
500 m is shown in Fig. 5.

On 614 m footage, there is a smaller hidden anomaly on
the left bank, manifested by an isolated temperature drop
of 0.2 °C and an increase in conductivity of 4 puS.cm™. The
already visible spring on the left bank on 765 m footage
causes a high increase in EC, from 305 to 388 uS.cm™ and
a drop in temperature from 18.9 to 15.5 °C, but its influence
on these values on the left bank quickly resembles. In 29
meters downstream (footage of 794 m) there is a smaller left-
bank anomaly of the hidden inflow (temperature decrease by
0.4 °C, increase of EC by 7 uS.cm™), also without significant
influence on the surrounding water flow. Similarly, there is an
anomaly on the right bank (footage 871 m) with a temperature
drop of 0.1 °C and an increase in EC of 6 uS.cm'. The hidden
groundwater surplus from the left bank is then manifested by a
minor anomaly at 1006 m footage (temperature drop of 0.4 °C
from 19.2 to 18.8 °C, EC increase of 7 pS.cm™ from 303 to
310 pS.cm™). Another, almost 500 m long section of Slana
River is without any significant sudden changes in temperature
or specific electric conductivity. A smaller visible spring,
manifested also by an increase in water temperature of 0.3 °C
and an EC of 8 pS.cm™, is found on footage 1515 m on the left.
An overview of the measurement results on the 0 to 2000 m
meter is shown in Fig. 6.

As very pronounced there can be then considered the
manifestation of a visible spring on the Slana River left bank
of on the footage of 1687 m (values measured directly in the
spring were 10.3 °C and 555 pS.cm™!, which is in 5.9 °C less
and in 260 pS.cm™ more than the respective values in the
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stream). This spring, named Hradna vyvieracka/Varforras
(Castle Spring), leaves a significant mixing track along the left
bank on a stretch of more than 25 m. Smaller visible springs
on the left side of the river on footages 1826 and 1871 m are

manifested by an increase of EC values by 12 resp. 14 pS.cm™!
and by increasing the water temperature by 0.1 °C without
significantly affecting the properties of the river water.
These are probably parts of larger drainage area of already
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Fig. 4. Graphical representation of the specific electric conductivity observed at both — right and left banks of the Slana River and in
the middle of the river (“left middle — L or “right middle — P* according to the measuring working group) during thermometric and
resistivimetric measurements in the section between Brzotin and Gombasek during 21/06/2016 — 25/06/2016.
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Fig. 6. Location of anomalies detected by thermometric and resistivimetric measure-
ments on the Slana River in the Brzotin — Gombasek section, 0 to 2000 m footage. For

explanation of symbols see Fig. 5.

mentioned Hradné vyvieracka/Varforras spring system, which
itself also appears on the ground surface in the form of three
seemingly independent spring outlets. In the past in this area,
pretty productive hydrogeological exploration boreholes were
drilled, of which the 507.6 m deep RC-12C borehole (Orvan,
1992) is currently exploited for a drinking water supply. In
addition, there are also other unexploited boreholes in the same
area — HR-1 (419 m deep) on the right and R-29 (25 m deep)
on the left side of the Slana River. Significant manifestation
of the main Hradna vyvieracka/Varforras spring, discharging
approximately 5 ls' at the time of measurements, was
visible on the left bank on the 1915 m footage by reducing
the water temperature by 6.5 to 9.9 °C and increasing the
specific electric conductivity in 264 to 564 pS.cm™. Significant
persistence of this signal along the left bank and a decrease in
water temperature of 0.1 °C even in the river streamline was
registered here. Behind this place, two significant anomalies
were found on the left bank in 1932 and 1935 m footages (drop
in water temperature by 6.4 and 3.8 °C respectively; increase in
EC by 253 and 166 pS.cm™, respectively). On this site, a steel
waterworks pipeline is crossing the river bed, and it is not
possible to exclude the influence of possible water leaks from
this pipeline on the water properties in the river. Slightly lower,
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on the 1963 m footage, two smaller right-
side anomalies were detected, probably
originating in a hidden surface inflow
(increase in water temperature by 0.3
and 0.5 °C, increasing of EC values by
17 and 8 puS.cm™' respectively). Similarly,
anomalies of elevated water temperature
(rise of 0.4 °C in water temperature and
of 26 uS.cm™ in EC values) were also
detected on the left bank on the footage
from 1980 to 1982 m, originating in
visible water leakage from the left bank.
On the right bank, a significant anomaly
appeared on the 1991 m footage with
a drop in water temperature of 0.9 °C
and a rise in conductivity of 82 uS.cm™!
(here, a visible water inflow of 13.9 °C
and 512 pS.cm™ was recorded). Slightly
warmer water (by 0.3 °C) with slightly
increased conductivity (by 7 uS.cm™)
was spotted on the opposite bank (footage
1998 m). At the same place, dry tributary
outlet was found with already abandoned
gauging by Thomson weir. At the time of
measurements, it was without any runoff
and stagnant water was found in the small
pools along the river bank. So far (i.e.
from the footage 1687 m to the footage
of 1998 m), we can observe both visible
and hidden large drainage area around
the group of springs Hradna vyvieracka/
Varforras, where karstic groundwater of
the Silicka planina Plateau is feeding the
surface flow of the Slana River.

An overview of the measurement
results on the footage interval 2000—
4000 m is shown in Fig. 7. On the 2052 m
footage, a hidden anomaly was identified
on the right bank (water temperature
in 0.2 °C lower and EC in 22 pS.cm™
higher than surface water in the river), whereas on the opposite
left bank a small groundwater inflow was also recognized,
responsible for a 0.2 °C drop in the water temperature. This
was followed by a number of minor anomalies along the left
bank of the river. A small groundwater outflow on the 2083 m
footage causing a local 10 uS.cm™' EC increase on the left river
bank was registered, and on the 2113 m footage a similar visible
flow caused not only an increase in EC of 6 uS.cm™, but also
a drop in water tem-perature of 0.5 °C. On the 2181 m footage,
a visible groundwater outlet on the left bank caused an increase
of EC in 10 puS.cm™ and a drop in the water temperature of
0.1 °C. The hidden anomaly was identified in the deep pool of
the river water course at 2239 m footage, this caused a more
intense change in the properties of the Slana River water on
the left bank — decrease in water temperature by 1.1 °C and
an increase in specific electrical conductivity by 15 pS.cm™.
This clearly recognizable feature was accompanied by smaller
anomalies in 5 to 7 meters upstream. Down-stream, in the
distance of 35 to 40 m, another two anomalies signalizing
hidden inflows to Slana River from its left bank were found:
on footage 2275 m with water temperature drop by 0.2 °C and
EC increase by 33 pS.cm™'; on footage 2281 m with water
temperature drop by 0.2 °C and increase of EC by 23 pS.cm™.
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Fig. 7. Location of anomalies detected by thermometric and resistivimetric measure-
ments on the Slana River in the Brzotin — Gombasek section, footage of 20004000 m.
For explanation of symbols see Fig. 5.

Approximately at the 2300 m footage, the Slana River
watercourse changes its position from the foot of the Silicka
planina Plateau towards the foot of the PleSivskd planina
Plateau (the transition watercourse segment is up to the footage
of approximately 3100 m). At these places then the Slana
River crosses its own alluvium from northeast to southwest.
If we suppose the groundwater flow in the Quaternary alluvial
sediments to be parallel with the general course of river alluvia,
one should expect anomalies pointing to groundwater inflows
mostly (if not only) on the right bank of the Slana River in this
section. This assumption has been fulfilled by two small hidden
anomalies on the 2388 m footage (local water temperature drop
of 0.1 °C and EC increase of 4 pS.cm™) and on the 2436 m
footage (here the water temperature on the right bank was
by 0.3 °C less and EC by 14 pS.cm™ more than the water in
the main stream). Very surprising was then the discovery of
a 1.6 °C drop in the water temperature on the left bank and an
increase of EC by 72 uS.cm™' (footage 2471 m), and of a water
temperature drop of up to 3.6 °C and an EC increase in 50 pS.
cm™! (footage 2478 m, also on the left bank). The temperature
and the specific electrical conductivity on the left bank of the
river in these places of the left bank were significantly affected
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on a larger section. The origin of this
anomalies can only be explained by the
entry of groundwater directed from the
foot of the Silicka planina Plateau towards
the west—but such an assumption can only
be verified by otherwise conceived field
work. Right-side anomalies of different
levels were then registered along the
footage 2520 m (local temperature drop
by 0.5 °C and EC increase of 23 pS.cm™
on the most significant anomaly). Signs
of groundwater inflow from the left-bank
were again discovered at a footage of
2607 m — by a presence of minor anomaly
indicated by temperature drop of 0.2 °C
an EC increase of 6 pS.cm'. Further
downstream there are four anomalies on
the right bank — on the footages 2709 m,
2714 m, 2727 m and 2742 m. On the
first, the highest one (footage 2709 m),
water temperature compared to the main
river flow was in 0.9 °C less and the
EC there was in 67 pS.cm™ higher. On
the next anomalies below, the water
temperature was found identically to be
only in 0.1 °C lower, and the difference
in the specific electrical conductivity
was found to be in 6 or 21 uS.cm™'. Only
after the change of the direction of the
Slana River watercourse to the south,
along the edge of the PleSivska planina
Plateau (footage of 3176 m with visible
inflow of the tributary from the Gyepil/
Brzotinska vyvieracka Xkarstic spring),
two smaller right-side anomalies (3035 m
and 3088 m footages) were identified.
The lower anomaly influenced also the
surface flow temperature by 0.3 °C (the
EC values has been increased, compared
to the main flow, in both anomalies — by
8 and 9 uS.cm™ respectively). Significant visible inflow of
water from the Gyepii/Brzotinska vyvieracka karstic springs,
where the water temperature 13.6 °C and EC 516 puS.cm™ were
directly measured at the footage of 3176 m, was influencing
the water temperature along the right side of the Slana River
watercourse at a section of about 40 m and EC values even at
a section of about 60 m long. The right bank was then found to
be without any major changes in measured values up to footage
of 3460 m.

Much more varied data have been registered along the left
bank of the Sland River since its approach to the foot of the
Plesivska planina Plateau, approximately from the footage
of 3070 m. A small visible spring was found on the left bank
(footage 3073 m), which influenced only difference in EC
by 3 pS.cm™. Downstream, three smaller anomalies without
visible inflow were identified at footages of 3084 m, 3099 m
and 3110 m. In all three cases, the temperature difference (drop)
was only up to 0.2 °C and EC rise up to 11 uS.cm'. Further
on, on footages 3137 and 3142 m, the EC was raised in 55
and 99 pS.cm™ (at equally small temperature differences),
and several significant EC fluctuations were also recorded
on footages 3150 m, 3164 m and 3170 m. At the latter point
(footage 3170 m), a water temperature drop of 1.0 °C (EC
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increase in 97 uS.cm™) was also registered. This place on
footage 3170 m therefore represents a more significant left-side
anomaly, together with an analogous point on the footage of
3185 m (water temperature decrease by 1.3 °C and EC increase
by 67 uS.cm™), also found along the left bank. A visible
groundwater outlet on the left bank (15.2 °C; 487 pS.cm™)
was then found on the 3225 m footage, a smaller one also
on the 3246 m footage (16.7 °C; 338 uS.cm™). The left-side
anomalies at footage points of 3195 m, 3258 m, 3270 m,
3327 m, 3339 m, 3349 m and 3371 m are likely to belong to
the same groundwater flow that is invisibly drained by the
surface flow of the Slana River. Later, this is also evidently
reflected in the 3390 m footage visible spring (14.5 °C, 414 pS.
cm™) and by minor hidden anomalies at 3416 m and 3427 m
footages (temperature drops of 0.4 and 0.2 °C, respectively,
and an EC increase in 27 and 20 uS.cm™, respectively). Also
a significant anomaly was detected on the 3462 m footage
(water temperature drop by 1.9 °C and EC was found higher
by 44 pS.cm™). The whole left-bank groundwater transfer
front probably ends with small anomalies on footages 3476 m
and 3479 m (local temperature drops of 0.3 °C and increase
of EC by 10 pS.cm™ and 26 pS.cm™ respectively). There is
also a small right-bank anomaly in this area (3460 m footage,
water temperature increase in 0.2 °C and conductivity increase
9 uS.cm™).

Despite the fact that the watercourse of the Slana River
is in direct contact with the important compact karst area of
Plesivska planina Plateu foothills in these places, no sign of
visible or hidden groundwater inflow into the river was noticed
on its right bank. Only the left river bank was active, where
there was a minor hidden anomaly on the 3560 m footage
(0.5 °C water temperature drop, EC increase of 29 puS.cm™),
followed by a larger 3571 m footage anomaly (temperature
drop of 1.7 °C with EC increase of 75 pS.cm™). A series of
minor detected anomalies between footages of 3647 and
3673 m (3647 m, 3651 m, 3658 m and 3673 m) was associated
with an increase of water temperature on the left bank (0.2 and
0.5°C, latera 0.2 respectively 0.1 °C decrease) associated with
a slight increase in EC from 5 to 13 pS.cm™!, which, however,
was still recognizable along the left bank up to the footage of
3700 m. From this section, water of the Slana River showed
a uniform temperature increase within the usual daily variation
without records of significant temperature and conductivity
anomalies up to approximately 4100 m footage. The difference
(increase) of water temperature by 1.1 °C on footage 4021 m
was recorded during approximately hour-long lunch break, and
the specific electric conductivity values remained unchanged.
Fig. 8 shows the overall situation of measurement results on
the footage from 4000 to 6000 m.

In the immediate area of the Slavec municipality, the
first major anomaly was found on the 4118 m footage, where
the 0.9 °C drop of water temperature and the local EC value
increase by 8 uS.cm™' was detected on the left river bank. The
following section of the river, more than 100 m wide up to
4230 m footage, is characterized by an intensive variation in
water temperature (decreases, but also significant increases) on
the left bank of the Slana River. However, elevated temperatures
were recorded in the shallow water by the river bank, possibly
heated by the sun, while the decreases were as high as 1.6 °C
(4142 m footage). This significant temperature anomaly was
also accompanied by an increase in conductivity of 29 pS.cm™,
which is also the largest measured difference in this section.
Other left-bank anomalies were located on footages of 4131 m,

195

4171 m (change in EC with rising temperature), 4177 m (drop
in water temperature by 0.6 °C, increase in EC by 18 uS.cm™),
and 4187 m (drop in water temperature by 0.5 °C, EC
increase of 22 uS.cm™); partly also on footages of 4201 m
and 4210 m (lowering of temperature in 0.4 °C and increasing
EC by 16 uS.cm™). It should be stated that the values in the
streamflow remained unchanged, however, a slight decrease of
0.1 °C was registered in the section between footages 4251 m
and 4217 m. The values along the right bank of the Slana River
remained unchanged for the whole described section (water
temperature 20.0 to 20.1 °C; EC value 326 uS.cm™). The river
section up to the 4290 m footage was then found without any
changes of both parameters along the both river banks.

After an approximately 80 m long section without
manifestations of anomalies in EC and water temperature,
another section with signs of hidden groundwater inflows
begins in footages approx. 4290 to 4400 m, starting in the area
of the cart-road bridge across the Slana River (the cart-road
leads to the captured spring Pisztrang/Pstruhova vyvieracka).
This section starts with a slight increase in conductivity at the
right bank (from 326 to 330 uS.cm™) and a decrease in water
temperature (from 20.2 t0 20.0 °C) on the 4292 m footage. Then,
a series of slightly more pronounced anomalies, but only at the
left bank, follows. On the 4300 m footage the temperature drop
by 0.5 °C and the EC increase by 7 uS.cm' were recorded, on
the 4314 m by 0.3 °C and 9 pS.cm™, on footages of 4325 and
4358 m EC was increased by 18 resp. 17 uS.cm™, but also the
temperature was increased by 0.6 resp. 0.5 °C, what points
to shallow water circulation in these places. The whole series
of aforementioned anomalies is then terminated again on the
right bank and again only by slightly increasing conductivity
on the right bank (by 3 pS.cm™, from 326 to 329 uS.cm™) and
by lowering the water temperature (by 0.2 °C, from 20.3 to
20.1 °C) on 4404 m footage. The left-bank change in EC value
of 21 uS.cm™ on 4489 m footage did not have a temperature
changing effect and was caused by a visible inflow of low yield
(from behind a stone).

By following river course section, about 800 m long,
the Slana River gradually returns from the foothills of the
Plesivska planina Plateau back to the foothills of the Silicka
planina Plateau, again crossing the entire width of its alluvium.
However, up to 5000 m footage, this section is significantly
hydraulically passive — for more than 500 m, no sudden drop in
the water temperature of the surface stream has been recorded,
either in the middle of the stream or at its edge. On the footage
around 4930 m, there was a slight increase in the EC values at
the left bank by 6 resp. 4 puS.cm™' (from 323 to 329 and from
322 to 326 pS.cm! respectively), but these were accompanied
by an increase in the water temperature (by 0.5 and 0.6 °C
respectively). These increased temperature anomalies had
some persistence along the river bank but did not occur in
the middle of the stream. Measurement on 23/06/2016 was
completed on footage of 5000 m at air temperature of 27 °C
and water temperature in the river of 20.7 °C.

The next day of measurement (24/06/2016) began with
18.7 °C at the main flow (2.0 °C lower than at the end of the
previous day measurement), but specific electric conductivity
changed even more significantly — it was 334 pS.cm™' compared
to 320 uS.cm™' measured at the end of the previous day. Stable
values of water parameters, similarly as in the previous section,
continued up to the 5070 m footage. Then there were five
left-bank anomalies on the 110 m long section, two of which
more significant. These can be found on footages 5074 and
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footages. For explanation of symbols see Fig. 5.

5104 m, where the water temperature drops by 0.6 and 0.5 °C
respectively and EC increases in 25 and 19 puS.cm ™ respectively.
On footages 5086 and 5137 m, without water temperature
change, only the specific electric conductivity is increased by
10, resp. 7 uS.cm™'. On the footage 5174 m, the EC increase
of 15 uS.cm™ was registered as a manifestation of the visible
water inflow into the stream, tributary from the 0.5 km distanced
Pisztrang/Pstruhova vyvieracka karstic spring. It is interesting
that the water temperature on the left bank reacts only in a drop
by 0.1 °C. The left-side anomaly found on the footage 5374 m
is more pronounced, where the water temperature has dropped
by 2.6 from 19.0 to 16.4 °C and the conductivity has risen
from 336 to 381 uS.cm™ (by 45 uS.cm™). After this significant
fluctuation of water properties of the Slana River, the measured
values up to 5520 m footage showed then only a stable course
of values, with the exception of a small anomaly (again left-
side) on footage 5452 m (water temperature drop by 0.1 °C, EC
increase by 7 puS.cm™).

Between the 5525 and 5646 m footages, there is a frequent
manifestation of temperature and specific electric conductivity
anomalies on the appro-ximately 120 m long section on the
Slana River left bank. This situation is also illustrated in the
interpretative graph of measurements on footages 5500-6000 m
in Fig. 9. Its effect can be observed on this relatively long section
for both variables along the shore, but the main streamflow

Fig. 8. Location of anomalies detected by thermometric and resistivimetric
measurements on the river Slana in the Brzotin — Gombasek section, 4000 to 6000 m
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remains unaffected. Anomalies in footages
5526 m, 5565 m and 5609 m are manifested
only by a significant increase in EC — by
42, 30 and 10 pS.cm™' — without sufficient
parallel decrease in water temperature (or
only by 0.1, 0.3 and 0.2 °C). Therefore,
anomalies detected here are classified as
minor hidden anomalies, compared to the
more pronounced anomalies in footages
5550 m, 5573 m and 5588 m. The anomaly
on footage 5550 m is characterized by a drop
in the water temperature by 0.5 °C (from
19.4 to 18.9 °C) and increase of EC value
by 25 uS.cm™! (from 336 to 361 pS.cm™). On
the footage 5573 m, the water temperature
dropped by 0.5 °C and the EC increased by
64 uS.cm’', on the footage 5588 m by 0.7 °C
and 29 pS.cm™!. Interestingly, as soon as the
above-described occurrence of anomalies on
the left bank diminishes approximately on
footage 5646 m, similar changes in water
properties appear on the right river bank
on approximately 55 to 60 m long section
roughly between footage of 5651 and 5706 m.
Influence of the lowered water temperature
and increased EC can be observed here in the
whole aforementioned section, but the most
significant is the anomaly on 5655 m footage,
where the temperature difference was found
in 0.4 °C (decrease from 19.8 to 19.4 °C)
and conductivity difference of 29 pS.cm™
(increase from 334 to 363 uS.cm™). A less
contrasting, but long-lasting anomaly was
found on footage 5672 m (temperature drop
by 0.1 °C and increase in EC by 17 pS.cm™).
There were no phenomena documented by
the hydrogeological mapping (Malik et al.,
2013) to which the hidden inflows could be
related.

After weakening of right-side anomalies approximately
from the 5707 m footage, the stable water temperature of
20.0 °C and its EC value of 337 puS.cm™ are maintained in the
stream and along the banks of the Slana River for approx. 230 m
long section up to footage 5934 m. This state is eventually
interrupted by fluctuations of values in small anomaly on
5934 m footage on the left bank (water temperature drop by
0.2 °C and increase in EC by 6 puS.cm™). Behind it, about 20 m
long stone paved bottom stretches along the right bank of the
river, and downstream a small left-bank anomaly on footage
of 5954 m (water temperature drop of 0.5 °C and EC increase
by 5 uS.cm™) signalizes the onset of very significant change
of water properties at the left bank on the 5962 m footage. At
this significant anomaly, a drop in water temperature of 2.4 °C
and a rise in EC of 56 pS.cm™' were measured, followed by
a smaller anomaly on footage 5968 m (0.4 °C/20 uS.cm™).
Manifestations of lowered temperature and increased EC are
then following the left bank on approximately 80 to 90 m
long section and can be considered to completely diminish
on the 6050 m footage. Surface water properties of the Slana
River remained unchanged in EC but its temperature has
increased from 20.2 to 21.0 °C (by 0.8 °C) during one-hour
lasting lunch break (13 : 40 — 14 : 40). On the left bank, on
6003 m footage, another significant anomaly was then detected
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Fig. 9. Relative changes in the course of the water temperature of the Slana River [°C] and its specific electric conductivity [uS.cm™]
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group) in the footage 5500—-6000 meters based on measurements from 24/06/2016.

by water temperature decreased in 1.8 °C and EC increase
by 57 uS.cm™!. This was followed by another minor anomaly
5 meters downstream (footage 6008 m; water temperature drop
by 0.5 °C, conductivity increase by 20 uS.cm™). The whole
section of left-side anomalies (in the 5950-6050 m footages)
was then finally terminated by a small left-side anomaly at
6047 m (water temperature drop of 0.1 °C, EC increase of
6 uS.cm™). This part of the Slana River watercourse can be
considered as affected by the most significant manifestations
of hidden groundwater inflows to the surface flow in the
area south of the Slavec municipality, and here too, previous
hydrogeological investigations on the ground surface did not
document any phenomena pointing to groundwater — surface
water interaction in these places.

An overview of the measurement results of the Slana River
on the footages from 6000 to 8300 m is shown in Fig. 10.
After the smooth section of the stable water temperature and
its specific electrical conductivity both in the streamflow and
on the river banks, which follows from 6050 m footage and
reaches approximately to 6360 m footage and is interrupted by
only one small right-side anomaly on 6188 m footage (isolated
drop of water temperature by 0.4 °C and increase of EC by
8 uS.cm™), the first significant right-side anomaly was detected
on the 6367 m footage. It is situated approximately at the
previously existing, in the meantime dry outflow intermittent
stream from Slavec municipality between the Slana River and
the railroad, bringing water from the occasional karst spring
Pri cintorine (“Near the cemetery”), active only during higher
water levels. The tributary riverbed is on the bank of the Slana
River terminated by a concrete building with a shut-off valve.
At the time of measurement, this bed was dry, but a visible
flow of surface water was observed on the bank of Slana River.
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This was manifested by the above-mentioned anomaly on the
6367 m footage by decreasing the water temperature by 1.3 °C
and increasing the EC by 46 uS.cm™. It is likely that there is
still a hidden drainage of groundwater in the area from the
right side, from the PleSivsk4 planina Plateau (Pri cintorine
spring), although in small quantities. Low flow conditions at
that time of measurements let this anomaly to resolve relatively
quickly, after about 20 m. Continuation of thermometric and
resistivimetric measurements revealed a visible water flow on
the left bank on the 6402 m footage, in a small pool close to
the streamflow. This visible inflow resulted in a decrease in
the water temperature of 0.7 °C and an increase in its specific
electrical conductivity by 39 uS.cm™'. Several minor anomalies
were found on the right bank, successively on footages
of 6432 m, 6440 m, 6462 m and 6480 m where changes in
0.3 °C/11 pS.cm™; 0.1 °C/2 pS.cm™; 0.3 °C/9 pS.cm™! resp.
0.1 °C/7 pS.cm™" were detected, all for water temperature drop
and EC increase. Shallow water exposed to the sun on the
left bank contributed to the increase of the water temperature
between footages of 6406 to 6494 m, while the EC value on the
left bank in this section as well as the water temperature in the
streamflow remained unchanged.

The following nearly 500 meters of the watercourse remain
without significant anomalies. At the 6533 m footage, there was
a small visible spring on the left bank, which was manifested
by an increase in water temperature of 0.3 °C and an increase
in EC of 5 puS.cm™!, which was then accompanied by two
smaller hidden anomalies on 6521 and 6536 m footages (EC
increase by 2 and 5 pS.cm™' respectively, water temperature
decreased by 0.1 °C in both cases). On the 6673 m footage,
a right-side anomaly was detected, indicated by a decrease
in water temperature by 0.1 °C and an increase in its specific
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electrical conductivity by 9 pS.cm™.
In the area of anomaly there is also a
water management object on the right
bank, a flood damper signalizing surface
water communication, and perhaps also
hidden groundwater communication,
which may also lead to appearance of a
hidden anomaly on the 6673 m footage.
Between 6415 and 6720 m footages,
there is a road bridge for the road leading
to the Gombasecka jaskymna Cave and the
village of Silica. Another anomaly (left-
bank) was detected on footage 6865 m
and is characterized by a 0.3 °C drop in
water temperature (from 22.1 to 21.8 °C)
and an increase in EC value of 18 uS.cm!
(from 341 to 359 puS.cm™).

The section between footage 6935
and 7166 m is accompanied by a series
of minor anomalies on the left bank, part
of which (footages 6935 m, 6948 m and
6983 m) is a manifestation of visible
groundwater outflows on the left bank
of the Slana River (temperature decrease
by 0.6, 0.1 and 3.5 °C and an increase
in the EC of 7 uS.cm™, 3 puS.cm™ and
67 upS.cm™). Anomalies representing
possible hidden groundwater inflows
to the surface stream were indicated on
footages of 6962 m, 6,973 m and 6978 m.
Here, a temperature decrease of 0.3 °C,
0.5 °C and 0.6 °C and an increase in
the specific electrical conductivity of
8 pS.cm™, 19 pS.cm™ and 21 pS.cm™
were recorded. Nearby, a karstic spring
of Biela vyvieracka (“White Spring”)/
Margitin pramen (“Margita’s spring”) is
lo-cated, and it is possible that the water
in anomalies is coming from this source,
moving in the underground in the alluvium
of an old, no longer existing trough. The currently existing
inflow from the Biela vyvieracka/Margitin pramen spring was
recorded on footage of 7143 m. Its estimated discharge rate at
the mouth was approximately 4 l.s™'; the measured EC value
directly in the inflow was 572 pS.cm™ and the inlet water
temperature was 15.2 °C. Directly at the mouth of the tributary,
it was possible to observe the formation of recent travertines
and travertine mass connecting gravel pebbles in the river
alluvium. However, between this visible tributary and 7000 m
footage there were even more anomalies indicating hidden
groundwater inflows to the surface stream from its left side: on
7008 m footage there was a minor anomaly (water temperature
drop of 0.4 °C and EC increase of 14 pS.cm™), bigger anomaly
was on footage of 7023 m (water temperature drop by 0.6 °C
and EC increase by 16 uS.cm™), and finally a smaller anomaly
on the footage 7040 m (water temperature drop by 0.2 °C and
EC increase by 13 pS.cm™). Still on the left bank, these were
followed by three major anomalies on footages of 7064 m,
7087 m and 7107 m. On these temperature decreases of 0.5 °C,
0.6 °C and 0.4 °C were recorded with an increase in EC of
18 uS.cm™, 19 uS.cm™" and 24 puS.cm™. In the case of the last of
these anomalies, there was a visible groundwater inflow from
the gravel paved by travertine to the Slana River. At the same
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Fig. 10. Location of anomalies detected by thermometric and resistivimetric measure-
ments on the river Slana in the Brzotin — Gombasek section, 6000 to 8300 m footages.
For explanation of symbols see Fig. 5.

time, anomalies were also indicated on the right bank of the
river — on footages 7094 and 7109 m. The first was manifested
by a decrease in water temperature by 0.1 °C and an increase
in EC by 23 pS.cm™; in the second case the water temperature
drop was more pronounced (by 0.4 °C) and EC increase was
less (by 12 pS.cm™). In the case of a minor anomaly found on
the left bank on the 7166 m footage of the Slana River (already
below the mouth of the Biela vyvieracka/Margitin pramen
spring), a drop in water temperature of 0.3 °C and an increase
in EC by 12 pS.cm™ was accompanied by a visible spring on
the river bank.

The measurement on 24/06/2016 was completed on
7200 m footage at a water temperature in the river of 21.9 °C
and its specific electrical conductivity of 340 uS.cm™'. At the
onset of measurements the next day (25/06/2016), the main
water temperature was 20.2 °C (in 1.7 °C lower), and EC was
322 uS.cm™ (in 18 uS.cm™ less than the value measured at the
end of the previous day). On that day, two significant anomalies
were detected in the section between 7200 and 7500 m
footages: on 7247 m, where a significant hidden anomaly was
indicated by the measurement, accompanied by a 4.2 °C drop
in the water temperature and a 194 uS.cm' specific electrical
conductivity rise, and on footage 7359 m, where the water
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temperature drop by 3.7 °C and the EC increase by 220 pS.cm™
were also accompanied by a visible manifestation of water
output from the left bank of the Slana River. In the meantime,
both these significant anomalies were (always on the left bank)
accompanied by several minor anomalies — in the section that
recorded their onset were footages 7236 and 7244 m, which
preceded the above-mentioned more significant hidden inflow
on the 7247 m footage. In the case of 7236 m footage only
EC increased by 7 puS.cm™, in the case of 7244 m footage,
in addition to an EC increase of 20 pS.cm™', a temperature
drop of 0.3 °C was also observed. This significant anomaly
(footage 7247 m) was followed by indications of hidden
groundwater inflows on footages 7254 m, 7259 m, 7270 m,
7275 m, 7299 m and 7311 m. Water temperature decreases
of 0.3 °C/0.2 °C/0.2 °C/0.3 °C/0.4 °C and 0.3 °C were
recorded there, as well as an increase in the EC values of
26 pS.cm /7 puS.em /17 pS.cm'/18 uS.cm /32 pS.cm™ and
20 pS.cm. Significant anomaly on footage 7359 m with
visible manifestation of groundwater output was preceded
by smaller anomaly on footage 7345 m (water temperature
drop by 0.2 °C and EC increase by 44 pS.cm™), followed by
cloud of smaller left-bank anomalies on footages of 7372 m,
7389 m, 7399 m, 7446 m and 7460 m. Decreases in water
temperature of 0.3 °C/0.2 °C/0.3 °C/0.0 °C and 0.1 °C,
and an increase in the specific electrical conductivity of
20 puS.cm™/20 puS.cm™/29 pS.em™/18 uS.cm™ and 30 puS.cm™.
Of the five anomalies, two (on footages 7399 and 7446 m)
were accompanied by a smaller visible groundwater inlet to
the Slana River.

On the footage of 7502 m, a visible tributary of the flow
from the karstic spring Cierna vyvieracka (“Black spring”),
previously an underground flow through the Gombasecka
jaskyna Cave, enters the Slana River from the left. Its
temperature at the mouth was 13.0 °C and a specific electrical
conductivity of 624 pS.cm™' was recorded here. The flow rate
of this inflow was estimated to be about 10 Ls™'. Mixing of
the spring water with the river water along the left bank was
evident up to the footage of 7539 m, may last beyond in high
water stages. The flow of the Slana River is already influenced
by the backwater of a small hydroelectric power plant, deep
water in many places made the continuous measurements
impossible. The footage 7600 m is then assigned to the dam
body, which divides a part of the Sland River into an upper
artificial derivation channel supplying the turbines of the
power plant, closer to the foot of the slope eastwards, and
the original old riverbed. The measurements took place in
the old riverbed, again along both its banks. An anomaly was
reported on footage 7606 m, associated with an increase in
water temperature of 1.6 °C and an increase in conductivity
of 128 uS.cm™. Due to its temperature, we assume that this is
a manifestation of surface water leakage. In the continuation
of the old Slana riverbed, several other minor anomalies were
found on 7676 m, 7654 m and 7681 m footages at the right
bank. Changes of 1.1 °C/5 pS.cm™; 0.1 °C/7 uS.cm™' resp.
0.2 °C/5 pS.cm™ were recorded here where there was a decrease
in water temperature and an increase in its EC value. Along the
left bank, anomalies are found on the opposite section (footages
of 7657 m, 7663 m, 7684 m and 7687 m). The biggest anomaly
found there (footage 7657 m) was associated with a 0.3 °C
water drop in water temperature and an increase in the specific
electrical conductivity by 34 uS.cm™'. The other three have
already been associated with a higher water temperature than
in the surface stream and are therefore associated with water
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leaking through the embankment of the uppermost derivation
channel, and in the last three cases these leaks were directly
visible by the naked eye. The observed changes in EC in
footages of 7663 m, 7684 m and 7687 m were 40 uS.cm™;
21 puS.em™ and 17 pS.cm™!, with temperatures varying within
the range of 2.4 from 21.0 to 23.4 °C (Slana River streamline
temperature was 21.0 °C). A small inflow with a discharge rate
of about 0.04 1.s™! was visually observed on footage 7733 m,
but this caused an extremely strong drop of 5.1 °C on the left
bank water temperature and an EC rise by 46 puS.cm™'. On the
continuing course of water temperature records on the left bank
of the Slana River downstream we find only minor anomalies
on footages 7778 and 7932 m. On its right bank, up to footage
8000 m (nearby the AK-15 hydrogeological borehole) only
smaller anomalies were found on footages of 7786 and 7948 m.
Aforementioned left-bank anomalies (on 7778 and 7932 m
footage) can be characterized by a drop in water temperature
by 0.7 and 0.3 °C; as well as increasing the EC value by 16
and 4 pS.cm™'. A smaller groundwater inflow was also visually
observed on 7,778 m footage in connection with the registered
anomaly. Concerning right-bank anomalies (footage 7786 and
7948 m), a drop in water temperature by 0.2 resp. 0.1 °C and
an EC increase by 3 and 6 uS.cm™ were recorded — these were
really small anomalies.

Along the left bank, a series of leaks from the more and
more higher (with greater height difference between the levels)
derivation channel of the power plant, whose step with turbines
is located on the Slana River near the Vidova-Rima osada area.
The 8040 m footage shows a shift in water temperatures (an
increase by 0.6 °C) during an approximately 1 hour lunch
break while maintaining the specific electrical conductivity
values. Visible leaks were observed in large quantities at the
foot of the derivation channel. On 8051 m footage, leakage
with EC parameters of 344 pS.cm™, temperature 18.6 °C
and discharge rate of about 0.3 L.s' was manifested only by
a small left-bank anomaly of EC increase by 1 puS.cm™ and
without change of water temperature. Much more pronounced
was the hidden anomaly on the right bank on 8061 m footage
(increase of water temperature by 1.7 °C and increase of
EC by 56 pS.cm™). According to the water temperature,
this is probably surface water input. From the leakages
on footages of 8072 m, 8078 m and 8095 m (8072 m: EC
338 pS.cm™!, water temperature 20.7 °C, discharge 0.5 1. s°;
8078 m: EC 342 pS.cm™!, water temperature 20.2 °C, discharge
approximately 0.5 Ls™'; 8095 m: EC 352 pS.cm’, water
temperature 21.1 °C, negligible discharge), only that from
8078 m footage can be considered as left-side groundwater
inflow (water temperature drop by 1.7 °C, EC increase by
12 uS.cm™). However, the two adjacent left-hand anomalies
on the footages 8101 and 8106 m were much more significant.
They were characterized by a high temperature drop (by 4.4 and
4.6 °C) as well as by a steep change in conductivity (increase
by 229 and 124 pS.cm™). In the area of the first anomaly,
there was a small spring with a yield of about 0.05 1.s!, the
spring in the area of the second anomaly had a discharge
of up to about 1.0 Ls', a conductivity of 592 pS.cm™ and
a water temperature of 11.0 °C. Given these parameters, it was
obviously not a seepage water from the derivation channel, but
a real manifestation of the transiting groundwater. Series of
visible leaks from the derivation channel foot, with its position
along the foot of the Silicka planina Plateau slope continued
also in the next sections. Leakage of approximately 0.1 Ls™!
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on footage 8126 m had the same EC as the river water, but
the water temperature dropped by 2.3 °C. On footage 8132 m,
there was a similar drop in water temperature of 2.0 °C, without
conductivity change at the leak registered here. The leakage on
the 8137 m had an EC value of 339 uS.cm™!, the same as in the
Slana River stream, but its water temperature of 20.4 °C was
in 1.1 °C decreased. In these places, finally a small anomaly of
the hidden groundwater inflow was detected by lowering the
water temperature by 1.0 °C and increasing the conductivity
by 16 uS.cm™ at the right bank. Along the left bank, leaks from
the dam were visually observed on footages of 8147 m, 8150 m
and 8155 m, but they did not affect the water properties on
the left bank of the old riverbed. Electric conductivity values
measured here were 337 uS.cm™; 340 uS.cm ' and 395 pS.cm™!,
the water temperatures were 21.2 °C, 20.3 °C and 18.7 °C. The
leak on meter 8150 m had an estimated discharge of 0.15 L.s™".
Similarly, undetected in the river, was the impact of leaks from
8166 and 8182 m footages (although the first had a discharge
of 0.1 1.s!, a temperature of 17.3 °C and an EC of 350 uS.cm™
and the second one, even discharge of approximately 0.8 1.s™!,
temperature 20.9 °C and EC of 338 uS.cm'). On the
other hand, the leakage on the footage 8175 m between the
aforementioned two, although at the surface of negligible
yield, caused a decrease in water temperature of 0.9 °C and
an increase in conductivity of 11 uS.cm™. On the footage
8205 m, an anomaly of a hidden groundwater inflow from the
left bank, but without visible leaks from the derivation channel
was detected by a decrease in water temperature of 1.0 °C and
an increase in conductivity by 15 uS.cm™'. The series of leaks
from the channel above the left bank of the Slana River old
riverbed between footages of 8218 and 8240 m was manifested
only by temperature drops, the difference in EC is (due to

its similar source) only very slight. For the leakage on the
footage 8218 m the EC value of 334 pS.cm™ and the water
temperature of 21.7 °C were found, the large leakage on the
footage 8220 m had 338 uS.cm™' and 21.0 °C and a discharge
of about 0.2 1.s!, similar leakage on 8225 m had a discharge of
approximately 0.4 Ls™', EC 338 pS.cm™ and a temperature of
20.5 °C. Between these two leakages, another water amount of
approximately 1.0 l.s™" was seeping into the old riverbed. The
leakage on the 8231 m footage had a temperature of 21.8 °C
and a conductivity of 333 pS.cm™, and the last one in this
section was the leakage on the 8240 m footage of about 0.2 L.s!,
20.2 °C and 340 pS.cm™'. Temperature manifestations of these
leakages in the Sland River stream resulted in a significant
decrease in water temperature by 1.5 °C on 8224 m footage and
by 2.0 °C on 8242 m footage. Similarly to the section between
8140 and 8160 m footages, visually observed leaks from the
derivation channel of the hydropower plant between footages
8290 and 8300 m did not affect the water properties on the
left bank of the old riverbed. Gradually, a leakage of about
0.05 L.s™" of water at 18.9 °C with an EC value of 345 uS.cm!
was observed on footage 8290 m; 0.03 l.s™' of water with
a temperature of 21.2 °C and an EC value of 338 uS.cm™ on
the footage 8293 m and leakage with a water temperature of
21.9 °C and EC of 333 uS.cm™. On a footage of 8296 m it
was about 0.4 1.s™' of water with a temperature of 21.3 °C and
an EC value of 336 uS.cm™'; on the 8298 m then there was a
leak with a water temperature of 21.1 °C and an EC value of
339 pS.cm™. At that time, the temperature of the water stream
in the Slana River had a temperature of 22.2 °C and a specific
electric conductivity of 331 pS.cm™. On the footage 8300 m,
the measurements of 25/06/2016 as well as all measurements
in the section between Brzotin and Gombasek were completed.
The list and location of the most significant hidden anomalies

Tab. 2

List of the most important hidden anomalies detected by thermometric and resistivimetric measurements
in the Brzotin — Gombasek section of the Slana River within the 21/06/2016 — 25/06/2016 period and coordinates
of their location (S-JTSK coordinate system).

Footage Anomaly position Date of detection X — SJTSK coordinates Y — SJTSK coordinates

95 right-hand 21/06/2016 —319298.411 —1 247 663.155
1932 left-hand 22/06/2016 —320210.395 —1 249 183.652
1935 left-hand 22/06/2016 —320210.956 —1249 185.734
1991 right-hand 22/06/2016 —320225.100 —1 249 226.696
2239 left-hand 22/06/2016 —320 326.176 —1249 449.714
2275 left-hand 22/06/2016 —320 344.190 —1249 480.750
2477 left-hand 22/06/2016 —320 509.375 —1 249 596.989
2709 right-hand 22/06/2016 —320 712.472 —1249 703.060
3170 left-hand 23/06/2016 —321 089.051 —1 249 936.888
3185 left-hand 23/06/2016 —321096.591 —1 249 953.836
3462 left-hand 23/06/2016 —321 143.573 —1250219.787
4142 left-hand 23/06/2016 —321 334.789 —1 250 845.376
5374 left-hand 24/06/2016 —321373.394 —1 251 993.740
5962 left-hand 24/06/2016 —321 687.469 —1252478.810
6003 left-hand 24/06/2016 —321 700.782 —1252516.582
7247 left-hand 25/06/2016 —322 240.598 —1 253 580.874
7359 left-hand 25/06/2016 —322 281.701 —1 253 679.324
7606 right-hand 25/06/2016 —322 392.022 —1 253 899.883
8101 left-hand 25/06/2016 —322 852.895 —1254 049.285
8106 left-hand 25/06/2016 —322 857.149 —1254051.279
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and resistivimetric measurements performed within the period 21/06/2016 —

25/06/2016 in the Brzotin — Gombasek section of the Slana River.

detected by thermometric and resistivimetric measurements
in the Sland River between Brzotin and Gombasek within the
period 21/06/2016 — 25/06/2016 are shown in Tab. 2 and their
overview in Fig. 11.

Conclusion

Results of longitudinal profile measurement of specific
electric conductivity (resistivimetry) and water tempe-
rature (thermometry) along the watercourse of the Slana
River in its segment between Brzotin and Gombasek mu-
nicipalities during 5 summer days from 21/06/2016 until
25/06/2016 enabled identification of hidden groundwater
inflows position. Although many small anomalies were
found, no major karstic groundwater inlets that would be
able to influence water temperature and its specific electric
conductivity were found here.

More pronounced hidden groundwater inflows to
the Slana River were found in several sections between
the footages of 1900 and 8000 m. Detected hidden
inflows mostly correspond to the position of already
known important karstic springs rising from the foot of
the western slopes of the Silickd planina Plateau. Such
significant left-side anomalies from the footages of 1932
and 1935 m correlate with their location to the visible
springs of Hradnd vyvieracka/Varforras. Downstream,
also left-side ano-malies of footages 2239 m, 2275 m
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and 2477 m are also interesting as these can
point to hidden groundwater flow from the
karstified Triassic limestones of the Silicka
planina Plateau towards Slana River through
gravels of Quaternary alluvia. However, right-
hand anomalies from the footages of 1991 and
2709 m can be considered as also interesting,
as quite distanced from the Plesivska planina
Plateau and from the Brzotinska vyvieracka/
Gyepii spring, the only karst water outlet is
in these places. However, the highest right-
hand anomaly on 95 m footage which does
not manifest itself in temperature (only the
value of specific electrical conductivity is
increased), can be attributed to the passage
of groundwater previously circulating in
alluvium which could be partially affected
by human polluting activity. Much more
interesting is the origin of large left-side
anomalies, which were registered along the
left bank of the Slana River on footages of
3170 m, 3185 m, 3462 m and 4142 m. Despite
the fact that Slana River watercourse in these
places directly touches the foot of the Plesivska
planina Plateau, any indication of visible
or hidden groundwater inlet into the surface
stream was recorded here. The presence of
left-sided anomalies on these places suggests
that groundwater flow here must cross a wide
alluvium between the river and the foot of the
Silicka planina Plateau, while the side of Plesivska planina
Plateau remains hydraulically inactive. The last of these
anomalies (on the footage of 4142 m) could correspond by
its location to the position of the karst spring Pod Velkou
skalou, which is known for strong variations in yield. It is
possible that at minimum water stages these karstic waters
are invisibly entering the alluvium and after passing this
Quaternary gravely aquifer they feed the river. The point
of their inlet can be marked by the anomaly found on
footage 4142 m.

Similarly to the Hradna vyvieracka/Varforras spring
near Brzotin situation, where anomalies were found
several hundred meters below it, we can possibly attribute
left-hand anomalies on footages 5374 m, 5962 m and
6003 m to residual karstic groundwater that are visible
rise in the Pstruhova vyvieracka/Pisztrang spring. This
is already captured and exploited drinking water source,
but remains of uncaptured waters are possibly invisibly
feeding alluvial gravels and only after flowing here in
direction parallel to the Slana River course, they finally
appear on its left bank. In the area of Gombasek, along
the left bank of the Slana River on the stretch between
footages 6850 to 7500 m, a series of small anomalies
located between the springs Biela vyvieracka spring (also
known as Margitin prame spring) and Cierna vyvieracka
spring (outflow from the underground hydrologic system
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of the Gombasecka jaskyna Cave) is clearly visible. It
is obvious that part of waters here either re-enters the
Quaternary sediments from the short streams bellow the
springs, or is directly fed in the underground by karstic
groundwater of Triassic limestones, and later in groups
of scattered inlets subsidize the Slana River from its left
bank. The most prominent points of these surpluses were
indicated by anomalies on footages of 7247 and 7359 m.
This makes the presence of a right-side anomaly at these
places (footage 7606 m) even more interesting. The
7606 m footage anomaly is associated with an increase in
water temperature (in 1.6 °C) with parallel EC increase
in 128 uS.cm™, so we assume that this is a manifestation
of surface water or the water that had previously been in
contact with the ground surface.

During the measurements in the old riverbed of the
Slana River, numerous left-side inflows from the body
of the supply channel embankment belonging to the
small hydroelectric power plant were observed. The river
step equipped with turbines is several hundred meters
downwards around the Vidova-Rima osada site. These
anomalies did not show any significant indication of
groundwater inlets, but the presence of such a number of
leaks is likely to jeopardize the stability of the embankment
of this supply channel. However, this falls within the
competence and responsibility of the Slovak Water
Management Company to assess the seriousness of our
findings. Karst groundwater outflows in these places were
contrasting with the characteristics of the aforementioned
seepages. These (karst groundwater outflows) were found
in two adjacent left-hand anomalies (footages 8101 and
8106 m). Inlets of karstic groundwater was characterized
by a high temperature drop (by 4.4 and 4.6 °C) as well as
by a step change in EC (increase by 229 and 124 pS.cm™!,
respectively). In the area of the first mentioned anomaly,
also a small spring with discharge rate of about 0.05 L.s™
was registered, and the spring found in the area of the
second anomaly had a discharge of nearly 1.0 1.s™!, electric
conductivity of 592 uS.cm' and water temperature
11.0 °C. In the vicinity of these groundwater inlets, there is
no other natural karstic spring (visible groundwater outlet)
at the foot of the Silicka planina karstic Plateau, and the
anomalies thus indicate the presence of an intense hidden
surpluses of karst groundwater from limestones covered
by alluvial gravels here.
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Skryté prestupy podzemnych vod Slovenského krasu do rieky Sland medzi Brzotinom
a Gombasekom identifikované termometrickymi a rezistivimetrickymi meraniami

Merania mernej elektrickej vodivosti (rezistivimetria)
a teploty vody (termometria) pozdiz povrchového
vodného toku vykonavané v dostatocne zahustenej
sieti meracich bodov dokazu identifikovat polohu
skrytych pritokov podzemnej vody do povrchového toku
v prekvapivo podrobnej miere detailu. Pri intervalovych
meraniach prietoku, t. j. merani a vzajomnom porovnavani
prietoku na vhodne vzdialenych miestach tokov,
dokazeme kvantitativne definovat skryté prestupy do
toku alebo straty prietokového mnozstva, ale velkost
prestupu moézeme priradit’ iba k istému segmentu toku
s dizkou rovnajiicou sa vzdialenosti merani. Na rozdiel
od toho, vystupy termometrie a rezistivimetrie maju
potencial presnej identifikacie polohy prestupov, a to aj
bez ich kvantifikacie. Casovo najvhodnejsie obdobia na
termometrické a rezistivimetrické merania s vrcholiace
leto alebo zima, ktoré prirodzene zvyraziuju teplotny
kontrast povrchovej a podzemnej vody. V naSom pripade
sa termometrické a rezistivimetrické merania uskutocnili
na toku rieky Slana v jeho useku medzi obcami Brzotin
a Slavec, cast Gombasek. Ricka sa tu vo forme kanonu
Sirokého aj hlbokého niekolko sto metrov prerezava
pomedzi dve velké krasové planiny (Silickdl planinu
a PleSivsku planinu). V tejto oblasti su zname tri vel'ké
krasové pramene, ale skryté odvodiovanie krasovej
podzemnej vody priamo do rieky Sland nebolo doteraz
preskiimané. Merania na danom useku rieky v dizke
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8 300 m sa uskuto¢nili pocas 5 letnych dni od 21. do
25. 6. 2016. Zakladny krok merani bol 1,0 m, jednotlivé
zémery sa realizovali 20 cm od okraja toku pozdiz Pavého
a pravého brehu, ako aj v pradnici aktivneho toku Slane;j.
Oba parametre, teplota vody a merna elektricka vodivost,
sa merali v blizkosti dna ~ 5 cm nad nim a vo vzdialenosti
~ 20 az 40 cm od brehu. Na celom useku toku rieky
Slana medzi Brzotinom a Gombasekom dlhom 8 300 m
sa vSak nezistili ziadne vyznamné skryté pritoky krasove;j
podzemnej vody. Malé pritoky boli vacSinou situované
na lavom brehu a naznacovali smer prudenia skryto
prestupujicej podzemnej vody z vychodu — od priestorov
Silickej planiny. Zda sa, ze prinajmenSom v nami
overovanom useku sa Plesivska planina odvodnuje len cez
zname krasové pramene, registrované zapadne od rieky
Slana.

Z celkového priebehu termometrickych a rezisti-
vimetrickych merani (teploty vody a jej mernej elektricke;j
vodivosti) realizovanych v diloch 21. az25. 6. 2016 naricke
Slanej v useku medzi Brzotinom a Gombasekom mozno
ur¢it’ polohu vyznamnejSich anomalii, ktoré by mohli
byt sposobené skrytymi prestupmi podzemnej vody do
povrchového toku. Treba vSak konstatovat, ze k skutocne
vyraznym prestupom vel’kého mnozstva podzemnej vody,
ktoré by ovplyvnilo aj teplotu vody a vodivost’ celého
toku meraného v pradnici, tu nedochadza. Vyznamnejsie
prestupy sme zaznamenali na niekolkych usekoch
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medzi 1 900 a 8 000 m. V porovnani s pomerne malym
vyskytom pravostrannych anomalii boli v ovela vicsej
miere anomaliami indikované skryté prestupy podzemne;j
vody do l'avého brehu Slanej (v smere od Silickej planiny).
Tie vo velkej miere svojou polohou zodpovedaju polohe
vyznamnych znamych krasovych pramenov vystupujicich
z Updtia zépadnych svahov Silickej planiny. Vyznamné
lavostranné anomalie z Gsekov 1 932 a 1 935 m svojou
polohou koreluju s viditelnymi vyvermi pramena Hradna
vyvieracka/Varforras. Zaujimavé st aj lavostranné ano-
malie nachadzajuce sa nizSie po toku z usekov 2 239,
2275 a 2477 m, ktoré by mohli indikovat’ pohyb krasovej
vody z véapencov budujtcich Silicka planinu do Slanej
prostrednictvom aluvialnych naplavov, do ktorych skryto
vstupuji z planiny. Zaujimavé st ale aj pravostranné
anomalie z isekov 1 991 a 2 709 m, ktoré su dost’ vzdialené
od Plesivskej planiny, resp. od Brzotinskej vyvieracky/
Gyepli, ktora ju v tychto miestach odvodiuje. Najvyssie
sa nachadzajiicu pravostranni anomaliu na urovni 95 m,
ktora sa teplotne neprejavuje (stipla len hodnota merne;j
elektrickej vodivosti), mézeme priradit’ k prestupu vod
infiltrovanych a obiehajucich v alGviu. Tie mohli byt
Ciasto¢ne ovplyvnené (znecistujucou) ¢innostou ¢loveka.
Ovela zaujimavejsi je povod velkych Tlavostrannych
anomalii, ktoré boli registrované popri 'avom brehu Slanej
na usekoch 3 170, 3 185, 3 462 a 4 142 m. Napriek tomu,
ze tok rieky Slanej sa v tychto miestach dotyka upétia
Plesivskej planiny, z jej strany nebol na pravom brehu
toku Slanej zaznamenany ziaden naznak viditeI'ného alebo
skrytého vstupu podzemnej vody do povrchového toku.
Pritomnost’ l'avostrannych anomalii naznacuje, ze prad
podzemnej vody tu musi krizovat’ Siroké alavium smerom
od upitia Silickej planiny, kym zo strany Plesivskej planiny
k jej odvodnovaniu nedochadza. Posledna z uvedenych
anomalii (na useku 4 142 m) by svojou polohou mohla
zodpovedat’ polohe krasového pramena Pod Velkou
skalou, ktory je znamy silnym rozkyvom vydatnosti
(je mozné, Ze pri minimalnych vodnych stavoch voda
vstupuje iba skryto do altvia a az neskor do rieky, co moze
byt’ signalizované anomaliou zistenou na useku 4 142 m).

Podobne ako v pripade brzotinskej Hradnej vyvieracky
(pramena Varforras) sa anomalie zistili aj niekol’ko sto-
viek metrov pod nou. LCavostranné anomalie na usekoch
5374,5 962 a 6 003 m mézeme pravdepodobne priradit’
k zvyskovej krasovej vode, ktora viditelne nevystupuje
v prameni Pstruhovy/Pisztrang (tiez ,,Pstruzia® alebo
,»Vodovodna* vyvieracka, ktory je v sucasnosti vodarensky
zachyteny), ale pravdepodobne sa pod znamou uroviiou
vystupov skryto ,,vlieva“ do aluvidlnych naplavov a az
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po preteceni (v prude paralelnom s tokom rieky) skryto
prestupuje do Slanej. V oblasti Gombaseka potom mozno
popri lavom brehu Slanej zhruba na Giseku medzi 6 850 az
7 500 m sledovat’ sériu malych anomalii, ktoré sa nachadza-
ju medzi pramenmi Biela vyvieracka (tiez Margitin
prameii) a Cierna vyvieratka (vytstenie krasového
podzemného toku pretekajuceho Gombaseckou jaskynou).
Je zjavné, ze cast’ tu vyvierajucich vod bud spitne
vstupuje do kvartérnych sedimentov, alebo do nich priamo
vteka z prostredia skrasovatenych vapencov a rozptylene
dotuje rieku Slant z jej l'avého brehu. Najvyraznejsie
miesta tychto prestupov boli indikované anomaliami na
usekoch 7247 a 7359 m. O to zaujimavejsia je pritomnost’
pravostrannej anomalie v tychto miestach (7 606 m).
Pretoze je vSak tato anomalia spojena so zvySenim teploty
vody (o0 1,6 °C) pri zvySeni jej vodivosti 0 128 puS . cm™,
predpokladame, ze ide o prejav povrchovej vody, resp.
vody, ktora uz bola v predchadzajucom case v kontakte
s povrchom terénu. Pofas merani na starom koryte
Slanej sme pozorovali mnozstvo pritokov z telesa hradze
privodného kanala malej vodnej elektrarne, ktorej stupen
(stavba s turbinami) sa nachadza na rieke Slanej v oblasti
Vidovej, osady Rima. Vzhladom na obeh podzemnej
vody zvdc8a nemali vyznamny indikacny vyznam,
no pritomnost’ takého mnozstva miest presakovania
moze pravdepodobne ohrozovat' stabilitu telesa hradze
tohto privodného kanala. To vSak patri do kompetencie
Slovenského vodohospodarskeho podniku, ktory by mal
posudit’ realnu zavaznost’ danych zisteni. Vyvery krasovej
podzemnej vody v tychto miestach, ktora je z hladiska
vlastnosti v kontraste so  spominanou presakujiicou
vodou, sa zistili na dvoch susediacich Tavostrannych
anomalidch (tseky 8 101 a 8 106 m). Tato voda bola
charakteristicka vysokym poklesom teploty (o 4,4, resp.
4,6 °C), ako aj skokovou zmenou vodivosti (narast o 229,
resp. 124 pS . ecm). V oblasti prvej z nich sa navyse
vyskytoval maly pramefi s vydatnostou zhruba 0,05 1. s,
Pramen v oblasti druhej anomalie mal vydatnost’ az okolo
1,0 1. s, vodivost 592 uS . cm™! a teplotu vody 11,0 °C.
V blizkosti uvedenych prestupov podzemnej vody sa na
povrchu terénu (pri upiti krasovej planiny) nevyskytuje
ziaden viditelny prirodzeny vyver (pramen). Dané
anomalie tak indikuju pritomnost’ intenzivneho skrytého
vystupu krasovej podzemnej vody z krasovych priestorov
prekrytych alviom.
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Removal of toxic elements from the minerals particles
of contaminated soil by chemical and biological leaching
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Abstract: Four experiments of chemical (CHL) and biological (BL) leaching oftoxic elements from the contaminated
soil using chelants Ethylenediaminetetraacetic acid disodium salt dihydrate (Na,EDTA), Ethylenediamine-N,N'-
disuccinic acid trisodium salt (Na,EDDS) and heterotrophic indigenous bacteria was realized with the aim to
remove mobile toxic elements from the contaminated soil. The first test of chemical extraction using 10 mM
chelants was effective for toxic metal removal in order Cu(Il) > Zn(II) > Pb(II), but was very low for the As(V),
Sb(I1I) and Ba(Il) extraction. Next the chemically leached sample was treated in the second test combining CHL
and BL with 2 mM chelants and nutrients. The second test allowed to enhance the Pb and As extraction to 4
and 6 %, respectively. The extraction of Cu(Il) and Ba(Il) decreased. Therefore the sample originated from the
abiotic control was next treated in the third test only by bioleaching. The effect of leaching was similar as in
previous combined test and the As extraction reached 44 %. Based on the obtained result technological method of
leaching of contaminants was tested and verified. The effect of Cu(Il) and Zn(II) extraction reached 68 and 59 %,

respectively. For Zn(II) it was 49 %, for As(V) and Sb(IIT) 40 and 31 %, respectively and for Ba(II) only 22 %.

Key words: soil, toxic elements, chelants, bacteria, bioremediation
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Introduction

Metal pollution of soils is widespread across the globe,
as caused by many anthropogenic activities, including
mining operations, smelting, waste disposition, coal
combustion, application of pesticides, etc. Most hazardous
sites are contaminated with mixed heavy metals and
metalloids rather than a single heavy metal. One major
concern is the treatment of soil contaminated by arsenic.
Arsenic as a toxic metalloid occurs in the environment
in several oxidation states (-3, 0, +3, +5). Major As
species in common environments are predominantly
oxyanions, trivalent arsenite and pentavalent arsenate
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The study verified the intensification of toxic
elements extraction from the contaminated soils.

Higher As concentration in soil required longer time
of bioleaching and higher nutrients concentration
during the leaching cycle.

The As mobility was influenced by the mineralogical
composition of particular soil samples.

Highlights

Chemical leaching for metals removal following
by bioleaching for maximum As removal seems to
be a promising method.

and their mobility differs from other heavy metals
(Chatain et al., 2005; Lee et al., 2013). Many methods
have been suggested to eliminate contaminants from soil:
stabilization/solidification, vitrification, electrical process,
but require long term monitoring and appropriate controls
and are limited because of high material costs, regeneration
of sludge, high energy requirements, etc. (Yamamura et
al., 2005; Yao et al., 2012; Torres et al., 2012; Wang et
al., 2009; Bahemmat et al., 2015; Tandy et al., 2004).
The detailed overview of different methods for soil
remediation and their combination is described by Peng
et al. (2018). Soil washing offers a permanent remediation
alternative for metal-polluted sites. Washed out metals can
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also be recovered from leachate, and then reintroduced
into the social material cycle instead of being landfilled
(Li et al., 2015). Chemical-enhanced soil washing has
shown promising results in removing heavy metals. Soil
washing with chelating agents is considered to be an
emerging remedial method for removal contaminants from
soil rapidly and/or efficiently relative to other methods
(Wang et al., 2018). Use of organic metal chelants in the
wash formulation offer the advantages of high potential
extraction, efficiencies, homogenous treatment of the
polluted matrix and specificity for metals. Scientists
remain uncertainty as to the optimal choice of chelating
agents. Degradability and residues, potential adverse
health effects, cost, extraction effect and possibility of
chelant recovery need to be considered (Vandevivere et
al., 2001). Also, ratio of chelating agent to toxic metals,
pH, quantity of major cations extracted and source of
contamination should be regarded (Tandy et al., 2004).
Ethylenediaminetetraacetic acid (EDTA) is the most
popular chelating agent and is used in various industrial
fields. EDTA is nominated as a chemical unlikely to be
removed during biological sewage treatment even after
prolonged exposure. The reason for this might be that
it has a slow biodegradation rate under conventional
treatment conditions, which usually results in deterioration
of soil function (Takahashi et al., 1997; Wang et al., 2018).
[S, S]-stereoisomer of ethylenediamine disuccinic acid
(EDDS) is a strong transition metal chelant which was
originally developed for application in laundry detergents.
It was tested as an agent for metal extraction based on its
biodegradability, low toxicity, high affinity for most heavy
metals ions and low sorption tendency which makes it
perspective for environmentally sustainable treatment
process (Takahashi et al., 1997; Vandevivere et al., 2001).
The extraction of Cu, Zn and Pb using bioedegradable
chelant EDDS was studied by Hauser et al. (2005). While
the Cu extractability was higher in batch experiments, the
Zn and Pb extraction was higher in column experiments.
Between 18 and 42 % of the applied EDDS was lost
through biodegradation after 7 weeks. Kim et al. (2015a,
b, 2016) studied the reductive arsenic extraction from
soils with various reducing agents in order to remediate
arsenic-contaminated soils. Oxalate and ascorbic acid
were effective only at extracting arsenic associated
with amorphous iron oxide. Extraction by dithionite
was not effective because of re-adsorption of arsenic to
the newly formed iron oxide phase. But the addition of
oxalate enhanced the As extraction. Also, combination
of chelating agents (EDTA) with reducing agents greatly
improved the As extraction from the soil samples. The
increase of the enhancement of EDTA extraction was
greatly affected by the reducing conditions and soil-metal
binding characteristics. The reductant and chelating agent
were applied to remove arsenic and chromium in soil
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by electrokinetic technology coupled with permeable
reactive barrier (Xu et al., 2019). The pretreatment with
reductant (ascorbic acid) enhanced arsenic removal but
reduced chromium removal. Moreover, pretreating with
chelating agent (EDTA-2Na) slightly enhanced arsenic
and chromium removals. For such co-contaminated soils,
pretreatment with sodium citrate was a relatively good way,
because sodium citrate had both chelation and reducibility.
Hashem et al. (2015) studied the effect of phosphate on
arsenic mobilization from the contaminated sediment.
The leached amount of As(V) was strongly depended on
the phosphate concentration. It was expected that during
long time leaching under anaerobic, leached As(V) will be
reduced to As(II) but after 24 h of the leaching As(III)
concentration was decreased. However, EDDS is more
expensive than EDTA, therefore the possibility to combine
these chelants could be promising for remediation
technology.

Bioleaching is second promise technique generally
used at industrial scale for low-grade ores. Microbial-
based technologies for metal extraction have become
attractive because of great potential for future development
due to environmental compatibility and possible cost-
effectiveness (Chatain et al., 2005; Wang and Zhao,
2009). Bioleaching may be applicable for a large number
of inorganic pollutants and can be carried out under
either anaerobic or aerobic conditions following specific
microbial metabolisms. The stimulation of biochemical
processes in decontamination is possible, if resistant
bacteria are present in the soil (Styriakova et al., 2015).
Zeng et al. (2015) studied the removal of Cu, Pb and Zn
from the contaminated sediment using Aspergillus niger
strain SY 1. The bioleaching efficiencies of heavy metals in
the two-step bioleaching were better than that in one-step
bioleaching. After the bioleaching, metals remaining in the
sediment were mainly found in the stable fractions, and the
toxicity of it was reduced to a level for it to be used safely
in landfill or in land application. Anaerobic heterotrophic
bioleaching batch tests with indigenous bacteria and carbon
source addition showed that a fraction of arsenic could be
extracted using appropriate biostimulation. When carbon
source was added, release of arsenic increased 28-fold
(Chatain et al., 2005). Arsenic bioleaching can be a result
of direct reduction of arsenite associated with a solid phase
to more mobile arsenate, the bio-oxidation of arsenic-
containing sulfides or the reductive dissolution of iron
hydroxides (Wang et al., 2009). Dissimilatory arsenate-
reducing bacterium (DARB), Bacillus sp. SF-1 was able
to effectively extract arsenic from various arsenic-laden
solid via the reduction of solid-phase arsenate to arsenite.
Extraction of As from the soil was a little more efficient
with rotary shaking than without it. On the other hand,
maximum extraction can be achieved even under static
conditions by prolonged treatment (Yamamura et al., 2005).
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Vaxevanidou et al. (2008) reported that bacterial activity
of Desulfuromonas palmitatis can induce the reductive
dissolution of Fe(Ill)-oxides in the contaminated soil and
thus enhanced the release the retained arsenic without its
reduction. However the pure chemical treatment by EDTA
extracted only one third of the arsenic contamination.

The aim of this work is to suggest a method for
toxic elements, mainly As(III)/(V), extraction from the
contaminated soils, considering the environment and
costs requiremnts. The chemical and biological leaching
of soil samples using heterotrophic indigenous bacteria
and resistant heterotrophic bacteria from sediments was
studied in different leaching tests. Finally, the experiment
with higher amounts of contaminated soils were performed
to compare and verify the particular results and defined the
method of mobile As(III)/(V) extraction.

Materials and Methods

Chemical analyses of soil samples

The soil samples of 20 kg were sampled from three
sites of Richnava locality (denoted as R1, R2 and R3). The
one of the sampling site was a garden (R1) often flooded
by the river Hornad, being through the localities hard
loaded by the anthropogenic activities, especially after
mining and metallurgical industry. The soils were sieved
to grain size <4 mm. The oversized product consisted of
anthropogenic sludge and larger rock grains. The grains
below 4 mm were used for the experimental purposes.

X-ray diffraction analysis
The powder X-ray diffraction (XRD) patterns of R1,R2
and R3 soil samples were recorded using a diffractometer
D2 Phaser (Bruker, Germany), equipped with a CuKa
radiation source (30 kV, 10 mA) and Lynxeye detector.
The data were qualitatively and quantitatively analysed
using Software DIFFRAC.EVA with PDF-2 Database.

Electron probe micro analyzer

The particular soil grains were observed by electron
micro analyzer CAMECA SX-100, allowing to provide the
point chemical analyses, line profiles, RTG quantitative
and qualitative maps, backscattered electron (BEI) and
secondary electron (SEI) images.

Bioleaching experiments

For the bioleaching experiments the heterotrophic
bacteria Bacillus spp. isolated from the sediment of Ruzin
water dam were used. The samples were heated at 80 °C
for 15 min to kill vegetative cells. The sediment contained
the spore-forming bacteria at a concentration of 10° CFU/g
active in Fe dissolution (Styriakovéa et al., 2016). The
isolates were grown in Trypton soya broth at 28 °C for 18 h.
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Next the cells were centrifuged at 4000 rpm for 15 min
and washed twice with saline solution (0.9 wt % NaCl).
These bacteria were inoculated into parallel columns
before the medium percolation (to ensure the activity of
autochthonous bacteria). The stimulation of indigenous
heterotrophic bacteria using nutrients in form of fertilizers
verified the mobilization of toxic elements from the soil
samples.

Leaching tests

The first chemical leaching was performed in ex-situ
conditions. 600 ml of media percolated through the 300 g
of contaminated sample for 5 days. For the experiments
three types of media containing different chelants (solution
of 10 mM) were used: Na,EDTA (chl), Na,EDDS (ch2)
and combination of both chelants in ratio 1 : 1 (ch3). The
combination of chelants was used with the aim to decrease
EDTA non-degradability according to the Beiyuan et
al. (2018). From the chemical analyses of the solutions
(leachates) the cumulative concentrations of extracted
elements were calculated and compared. The effect of
chemical leaching by different chelants was evaluated.

In the second series of experiments the percolation
cycle combining CHL and BL in six steps was tested
and compared with abiotic control (chemical leaching).
The sample from the previous CHL represented the first
step of this cycle. Following the medium of 300 mL
containing 2 mM chelant and nutrients was percolated
through the column (Scheme 1). For the abiotic control,
chemical leaching by 10 mM chelant was performed. Also,
the chemical leaching using 2 mM chelant as an abiotic
control was tested, but the effect of As(IIT)/(V) extraction
was approximately half in comparison with use of 10 mM
chelant. The media percolated through the soil sample for
15 and 3 days for BL and CHL steps, respectively. The soil
sample contained less than 5 % of clay fraction to ensure
sufficient percolation of used media.

In the third series of bioleaching the soil sample after
previous leaching in abiotic control (soil leached by 10 mM
chelants) was treated in the percolation of 4 steps, Scheme
2. Media of 100 ml with 2 mM chelant with nutrients
percolated through the 100 g of soil sample in four cycles
during two months. The extraction was controlled after
the finish of the experiment. The concentration of toxic
elements were compared with abiotic control (CHL) using
2 mM chelants in the same time intervals.

Finally, according to the obtained results from the
previous tests, the combination of particular leaching
steps was tested and verified. Through the glass column
of 80 mm in diameter and 340 mm high containing 1
kg of contaminated soil percolated 2 1 of media with
10 mM Na,EDTA (to eliminate the most content of
contaminants such as Cu(Il), Zn(IT) and Pb(II)). Then,
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Contaminated soil (with content
of clay fraction <5 %)

6 steps percolation cycle [ Abiotic control (CHL)
15t step 15t step
Chemical leaching, Chemical leaching,
10 mM chelant, 2 I/kg 10 mM chelant, 2 I/kg
2m step 2nd — 6t step
Biological leaching, 2 mM chelant Chemical leaching,
+ nutrients in media, 1 /kg 10 mM chelant, 1 I/kg
3rdstep

Chemical leaching,
2 mM chelant, 1 I/kg

4th step
Biological leaching, 2 mM chelant
+ nutrients in media, 1 I/kg

5t step
Chemical leaching,
2 mM chelant, 1 I/kg

6™ step Scheme 1. Method of the chemical
Biological leaching, 2 mM chelant and biological-chemical leaching of
+ nutrients in media, 1 kg soil with abiotic control.

Contaminated soil (with content
of clay fraction <5 %)

4 steps percolation cycle ‘ Abiotic control (CHL)
15t step 15t step
Chemical leaching, Chemical leaching,
10 mM chelant, 7 I/kg 10 mM chelant, 7 I/kg
2" step 2nd _ 4h step
Biological leaching, 2 mM chelant Chemical leaching,
+ nutrients in media, 4 1/kg 2 mM chelant, 4 I/kg
3" step

Biological leaching, 2 mM chelant
+ nutrients in media, 4 1/kg

4% step

Biological leaching, 2 mM chelant Scheme 2. Method of the bioleaching
+ nutrients in media, 4 I/kg of soil with the abiotic control.
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1.5 I of medium with Na,EDDS percolated
through the glass bottle contained 800 g
of chemically leached soil with the aim
to remove the non-biodegradable chelant
from the soil (and remaining content of
inorganic contaminants). After that 700 g
of pretreated soil was bioleached using 3 1
of media with 2 mM chelant and nutrients.

The percolation rate of the medium was
not studied during the experiments, more
important for each cycle was the volume of
percolated media.

Results

Chemical and mineralogical analyses

Chemical analysis of soil samples
showed higher contamination by toxic
elements for the sample R1, Table 1, in
the order Ba(Il) > As(II)/(V) > Sb(III)/
(V) > Cu(Il). The sites of sampling R2 and
R3 soils are far from the flooded locality,
where the soil is contaminated by minerals
particles of alluvial deposits containing
studied heavy metals and metalloids.

The chemical analysis of the plants
(onion and potatoes) from the locality
R1 showed the presence of over limited
concentration of As(II)/(V) (0.7 ppm).
Other toxic elements were present
in admissible concentrations  Cu(II)
(0.7-1.5 ppm), Ba(ll) (0.5-0.7 ppm),
Sb(III (< 0.1 ppm). From the reason of the
highest contamination of R1 sample, the
leaching tests were performed with this
soil. Because the concentration of Zn(Il),
Pb(I), Ni(IT) and Cd(IT) did not exceed
the values of permissible limits of their
concentration, the leaching of As(II)/(V),
Cu(II), Sb(III)/(V) and Ba(Il) was studied
more detailed and discussed.

Knowledge of the mineralogical
composition of soil is important to better
explain the mobility of toxic elements in
the process of biological treatment. For
example, As(III)/(V) is bonded by various
bonds in different minerals (arsenopyrite, te-
trahedrite, gersdorffite or in the secondary
phases of grains coatings), what can
influence its liberation into the solution.
Therefore, the detailed study of mineralogy
of different soil fraction is needed to
obtain the information about the As(III)/
(V) bonding and mobility in contaminated
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Basic chemical composition of soil sample and ZSr?éelrltration of contaminants in studied soil samples.
As(IID)/(V) Cu(II) Zn(I1) Ph(II) Ni(II) Cd(I1) Sb(IID)/(V) Ba(II)
[mg.kg™] [mg.kg™| [mg.kg] [mg.kg™] [mg.kg™] [mg.kg] [mg.kg™] [mg.kg™]
1D 65 500 1500 250 180 10 25 900
IT 70 600 2500 300 250 20 40 1000
R1 364 692 541 143 86 1 61 3303
R2 56 104 329 80 54 <1 17 465
R3 40 600 187 46 49 <1 40 478

ID — permissible limit of contaminant concentration in soils

Tab. 2
Amount of magnetic and non-magnetic fraction in soil sample.
Mass yield of
Grain . Magnetic products
size RE bl (MP) in relation with
grain fraction
Non-magnetic
(mml | gl | %] | (\p) fraction %]
MP1 0.96
>0.5 7.621 2.51
NP1 1.55
MP2 16.82
<0.5 [295.77| 97.49
NP2 80.67

soil. For the mineralogical analysis the soil sample was
separated to fractions (< 0.5 mm, > 0.5 mm), magnetically
and gravitationally separated. The amount of magnetic and
non-magnetic fraction is listed in Table 2. The soil fraction
of grain size below 0.5 mm was used for the following
XRD analysis.

The XRD analysis confirmed the presence of main
mineral phase quartz, creating more than 70 % of soil,
12 % of siderite and Mg-siderite (especially siderite
grains coated by Fe oxides should be the key factor for
As(III)/(V) bioleaching from the soil), next lower content
of plagioclase (4.3 %), muscovite (2.4 %), K-feldspar
and chlorite (both approximately 1 %), calcite (1.8 %),
dolomite (1.4 %) and below 1 % of barite, hematite and
illite. The magnetic fraction below 0.5 mm composed of
76 % siderite, 13.5 % quartz and 1.4 % hematite.

In the grains of non-magnetic fraction the point
chemical analysis confirmed the content of Fe(IIl) (almost
50 wt.%), next toxic elements mainly Zn(Il) and Co(Il),
whose content together with other elements (As(II)/(V),
Cu(Il), Sb(III)/(V)) was more than 0.5 wt.%. The self-
standing particles of sulphide minerals (chalcopyrite and
pyrite) coated by Fe(II)/(IlI) layers were observed in the
magnetic fraction (Fig. 1). They represented 30-65 % of
total content with 1.5 wt.% As(IlI)/(V). The Ba(ll) was
bonded in the form of barite, which is very resistant
towards chemical and biological leaching (Fig. 2).
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IT — critical limit of contaminant concentration in soils

On the basis of XRD and electron microanalyses it
can be concluded that the mobile form of As(IIT)/(V) is
preferentially bonded on Fe(II)/(III) oxides coating the
grains of silicate minerals and carbonates. In the case of
Fe(IT)/(IIT) coatings of sulphides more resistant bondings
of As(V) towards chemical and biological leaching can be
expected (Wolthers et al., 2007).

Fig. 1. Electron probe BSI image of selected chalcopyrite grain in
magnetic fraction of soil sample.

200 1un RAF

Fig. 2. Electron probe BSI image of selected barite grain in magne-
tic fraction of soil sample.
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Chemical leaching of soil

Using the chemical leaching the extraction of studied
elements decreased in the order Cu(II) > Zn(II) > Pb(II).
However, the concentration of extracted As(III)/(V), Ba(II)
and Sb(III)/(V) was very low. Higher effect of extraction
of Pb(II) was observed for chelant ch1, while for the Zn(II)
and Cu(II) leaching the chelant ch2 was more effective.
Effect of extraction of other elements decreased in order
Mn(II) > Fe(III) > Ni(II) > As(IIT)/(V) > Cd(II) > Ba(Il) >
Sb(III)/(V). The chelant ch2 was more effective for Mn(II),
Fe(III), Ni(II), As(IIT)/(V) and Sb(III)/(V) extraction (Fig.
3). Ba(Il) and As(IIT)/(V) are strongly bonded in minerals,
their cumulative amount was below 1 mg.kg ' after the first
cycle of media percolation. The highest effect of extraction
was obtained for Cu(Il) removal. For Sb(II)/(V) and
As(II)/(V) leaching more washing cycles are needed to
decrease their over-limited concentrations in soil.

Chemical and biological-chemical leaching of soil

The 3 days chemical leaching with medium of 2 mM
chelant was combined with 15 days bioleaching (Scheme
1). The toxic elements extraction was studied after each
step and compared with the abiotic control (chemical
leaching of soil sample using 10 mM chelant in the same
time intervals). In the abiotic control the extraction of
Cu(Il) decreased after the second percolation cycle for
all chelants. The effect of bioleaching was very low,
the extraction decreased after the first step of chemical
leaching and leaching by bacteria was not effective (Fig.

4). After the last step, the Cu(Il) concentration in the soil
sample was decreased up to 36 %, what was at 4 % less
than in case of abiotic control. Similarly, the effect of
Zn(II) removal was lower in comparison with CHL (Tab.
3). Also, biological extraction of Sb(III)/(V) and Ba (II)
was very low. The effect of extraction slightly increase in
the 3™ and in the 5% step (after the nutrients addition in
the previous BL step) for chelants chl and ch3, but it was
comparable with CHL (Figs. 5 and 6). The combination
of CHL and BL resulted in 43 % effect of As(IIT)/(V)
extraction, what was at 6 % higher in comparison with
CHL using 10 mM chelant. Positive running of the
extraction curve can be observed especially in the 3% and
5% step (Fig. 7). Addition of nutrients in BL step enhanced
the mobilization of toxic elements by bacteria and they
were following removed in CHL step in higher amounts.
The process of bioleaching seems to be effective only for
As(II1)/(V) and Pb(II) (Tab. 3). But, comparing the results
from CHL and BL, the concentrations of extracted toxic
elements and heavy metals are similar, what pointed at the
propriety of combined method of soil leaching, mainly
from the reason of using of lower amounts of chelants
(especially non-biodegradable EDTA).

Bioleaching of soil

The sample after chemical leaching using 10 mM
chelant (from the previous abiotic control) was bioleached
in 4 steps by percolation of medium containing 2 mM
chelant and nutrients during 2 months and compared with
the abiotic control (according to the Scheme 2). The partial
Cu(II) extraction was observable only in the first

step of bioleaching. The concentration of extracted
Cu(II) was minimal (Fig. 8). In spite of relatively

high concentration of Ba(Il) in the as-obtained
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Fig. 3. Cumulative amounts of extracted toxic elements Cu, Sb, As and Ba.

As

Ba

Sb

210

sample, the concentration of extracted Ba(Il)
was only 2 mg/L (Fig. 9). The highest extraction
was observed for chelant chl after the first step
of bioleaching. Then the extraction decreased
for chl and ch2. In the next steps it has slightly
increased. For chelant ch3, the Ba(Il) extraction
increased for the 2" and the 3™ step of BL. As was
mentioned above, Ba(Il) is strongly bonded in the
mineral phase of barite, that is resistant towards
chemical and biological leaching. The mobile
phase of Ba(ll) in the tested sample represents
only 20 %. The extraction of As(IIT)/(V) increased
in the 2" step for chelant chl and ch2. The most
expressive increase of extraction can be observed
for the 3" step of BL for chelant ch3. Comparing
the extraction curves with the abiotic control, BL
of As(III)/(V) is more effective in each BL step
for each used chelant (Fig. 10). The concentration
of As(III)/(V) 24 mg.l"! was obtained after the
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Fig. 6. Chemical (A) and biological-chemical (BL) extraction of Ba from the soil sample.

leaching of soil using chelant ch3. The maximal effect of
As(IID)/(V) removal was 44 %, what confirmed that the
BL enhanced the effect of As(III)/(V) extraction from the
contaminated soil.

The over-limited concentration of Cu(Il) and partially
Sb(III)/(V) in soil can be decreased by chemical and
biological leaching. Also, the decrease of other toxic
elements and heavy metals was observed, such as Pb(II),
Zn(II), Ni(II), Co(II). The concentration of these elements
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did not exceed the permissible values. After the CHL
and BL the toxic elements As(III)/(V) and Ba(ll) are still
present in the over-limited concentrations in the soil. Effect
of their extraction was 44 and 21 %, respectively (Tab. 4).
By the combination of biological and chemical leaching
as an activity of heterotrophic bacteria and chelants it is
possible to remove only mobile amounts of elements,
whose can come into food chain through the plant growing
in the contaminated soil.
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Tab. 3
Effect of toxic elements extraction by chemical leaching using ch2 chelant in comparison with bioleaching.

Initial Concentration ncentration Differen
concentration after CHL Eﬁ‘ectoof O € a:teer BL ° Eﬁ'ec: LS in CH]i :n(cieBL
(mg kg [mgkg] 4] (mg kg 1 1%l
Cu(Il) 692 219 68 267 64 -4
Zn(IT) 541 261 52 287 47 -5
Sb(II)/(V) 61 43 30 43 30 0
Ba(Il) 3303 2592 22 2632 20 -3
As(II1)/(V) 364 229 37 208 43 +6
Pb(II) 143 88 39 82 43 +4

Verification of the process of chemical and biological
leaching of soil

On the basis of the results obtained from the previous
test the verification of the CHL and BL of soil sample of
weight 1 kg was performed. The applied volume of solution
was equal with previous tests, but during the CHL leaching
it was decreased up to half (with the aim to decrease
amounts of used chelants). It was shown above that the
extraction of Cu(Il) (partially also Pb(Il)) is inhibited by
heterotrophic bacteria. On the other hand, higher As(III)/
(V) extraction was achieved by BL. For that reason the
soil was at first leached by chelant chl with the aim to
extract heavy metals. Subsequently the chelant ch2 was
used to remove the non-biodegradable chelant chl as well
as the rest of toxic elements from the soil. Finally, the BL
was performed to ensure the maximal possible extraction
of mobile As(IIL)/(V).

The chemical analyses of leachates after each cycle
pointed at the chemical extraction of Cu(Il), Zn(II) and
Pb(II). Higher extraction of As(III)/(V), Sb{ID/(V),
Ba(Il) and Ni(II) was obtained by BL (Fig. 11). The
effect of Ba(Il) extraction was minimal in comparison
with its concentration in the soil. Because the barite is
very stable form towards the CHL and BL, and as such
is not accessible for plants, it should not be dangerous for
underground waters.
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This test of chemical and biological leaching in three
steps showed the enhance of Cu(II) extraction at 5 %, but a
small decrease in As(IIT)/(V), Ni(Il) and Co(II) extraction
in comparison with the biological leaching (previous 4
steps test; Tab. 5). The chemical leaching, using chelant
ch2, did not influence the As(II)/(V) and Sb(III)/(V)
extraction. On the other hand, the bioleaching enhanced
the As(III)/(V) removal at 7 %. The effect of leaching
obtained from this test is a little bit lower in comparison
with 4 steps bioleaching. Considering the decrease of
chelants consumption, the difference is not so significant.
The concentration of toxic elements As(III)/(V), Ba(Il)
and Sb(I1I)/(V) remained still over limited in the soil. But,
their mobile phases, whose are the potential source of the
contamination of groundwater and agricultural plants were
removed successfully.

Conclusion

The study was focused on testing the chemical and
chemical-biological methods of toxic elements extraction
from the soil. The aim of the study was to outline
environmentally friendly as well as cost effective method
of the soil decontamination. Four different leaching tests
showed that Cu(Il), Zn(Il) and Pb(Il) can be removed
by chemical leaching. The biological leaching combined
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Tab. 4
Effect of chemical and biological leaching in extraction of different toxic elements concentrations.
As(IID/(V) Cu(I) Zn(IT) PbII) Ni(IT) Co(II) SbID/(V) Ba(Il)
[mgkg'] | [mgkg'] | [mgkg'] | [mgkg'] | [mgkg'] | [mgkg'] | [mgkg'] | [mgkg']
Soil 364 692 541 143 86 25 61 3303
CHL + BL 204 258 276 57 50 7 42 2598
Effect [%) 44 63 49 60 42 72 31 21
with the chemical leaching resulted in increase of As(III)/ References
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Fig. 11. Effect of chemical and biological leaching on extraction of studied
toxic elements.

Chemical analysis of soil sample after the chemical leachri[‘rzllgb ;Nsith chelants chl and ch2 and after the biological leaching.
As(IID/(V) Cu(Il) Zn(1I) Pb(II) Ni(ID) Co(1D) Sb(IIL)/(V) B(I)
[mg.kg'] | [mgkg'] | [mgkg'] | [mgkg'] | [mgkg'] | [mgkg'] | [mgkg'] | [mg.kg"]

Soil 364 692 541 143 86 25 61 3303
CHL, chl 244 317 296 70 65 14 43 2721
Effect [%] 33 54 45 51 24 44 30 18
CHL, ch2 245 242 281 63 68 11 42 2618
Effect [%] 33 65 48 56 21 56 31 21
BL 218 224 275 59 53 8 42 2562
Effect [%] 40 68 49 59 38 68 31 22
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Odstranovanie toxickych prvkov z mineralnych ¢astic kontaminovanej pody
chemickym a biologickym lthovanim

S cielom odstranit’ toxické prvky z kontaminovanej
pddy z lokality Richnava sa realizovali testy chemického
a biologického luhovania pddy. Vzorky pody boli
odobrané z lokality Richnava (R1, R2 a R3). Vzorka
pody R1 pochadzala z oblasti kontaminovanej nanosmi
rieky Hornad, ktora preteka lokalitami zatazenymi
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metalurgickym priemyslom, ako aj niekdajSou banskou
¢innost'ou. Chemicka analyza poukazala na jej znecistenie
toxickymi prvkami v poradi Ba > As > Hg > Sb > Cu.
Koncentracia Zn, Pb, Cd a Ni neprekracovala hodnotu
stanovenych koncentracnych limitov. V dalSich dvoch
vzorkach sledované toxické prvky neprekracovali
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povolené limitné hodnoty ich koncentracie v pode
(tab. 1). Preto na dalSie experimenty bola zvolena
vzorka pddy R1. Rontgenovodifrakéna (rtg.) analyza
a elektronova mikroanalyza ukazali, ze As sa prioritne
viaze s oxidmi zeleza (hydroxidmi) pokryvajicimi zrna
silikatovych a karbonatovych mineralov (obr. 1 a 2). Na
zaklade uvedenych analyz sa predpokladala aj vyssia
odolnost Fe povlakov sulfidov proti chemickému
a biologickému Iuhovaniu. Chemické lahovanie sa
realizovalo pouzitim troch réznych cheldtov: Na EDTA
(médium chl), Na3 EDDS (ch2) a ich zmes v pomere
1 : 1 (ch3). Pocas chemického lthovania klesala koncen-
tracia extrahovanych sledovanych prvkov v poradi Cu >
Zn > Pb, pricom v pripade As a Ba sa ziskala vo vyluhoch
len velmi nizka koncentracia. Pri luhovani chelatom
chl sme pozorovali viac extrahované¢ho Pb, zatial' ¢o
pri lthovani Cu a Zn bol uc¢innejsi chelat ch2. Vysledky
extrakcie pri ostatnych prvkoch klesali v poradi Mn > Fe >
Ni > As > Cd > Ba > Sb, pricom vyssi Gi¢inok odstranenia
Mn, Fe, Ni, As a Sb bol dosiahnuty pri pouziti chelatu
ch2 (obr. 3). Vizby Ba a As v mineraloch boli silné a ich
kumulativna koncentracia v roztoku po prvej perkolacii
média predstavovala hodnotu niz§iu ako 1 mg . kg
Najvyssia ucinnost’ lthovania sa dosiahla pri Cu. Na
znizenie nadlimitnej koncentracie Sb a As v pdde by bolo
potrebné opakovanie niekol’kych cyklov chemického
lthovania.

Druhy ldhovaci test sa realizoval pouzitim auto-
chtonnych baktérii a heterotrofnych baktérii izolovanych
zo sedimentov (Styriakova et al., 2016). Extrakcia tazkych
kovov a toxickych prvkov sa sledovala kombinovanym
testom 15-diového bioluhovania a 3-diiového chemického
lthovania s 2 mM chelatom. Vysledky sa porovnavali
s abiotickou kontrolou (chemické lthovanie pody 10 mM
chelatom) v rovnakych casovych intervaloch (schéma
1). V prvych dvoch perkolaénych cykloch sa prejavil
vyrazny vplyv chemického lihovania na odstranenie Cu.
Pocas bioltthovania koncentracia Cu poklesla uz v druhom
perkolacnom cykle. Kombinacia chemického a nasledného
biologického ltthovania umoznila pokles obsahu Cu vo
vzorke pody o 64 %. Uéinnost odstranenia Sb a Ba bola
rovnaka ako pri pouziti 10 mM chelatu v chemickom
lthovani. Kombinované lahovanie v§ak umoznilo odstra-
nenie 43 % As, €o predstavovalo o 6 % viac ako pri Gprave
pddy chemickym ldhovanim 10 mM chelatom (tab. 3).
Aj ked” ucinnost’ odstranenia sledovanych prvkov touto
kombinovanou metddou bola porovnatelna s G¢innost'ou
chemického lihovania pddy, kombinovana metoda je ove-
'a vhodnejsia. Dévodom je pouzitie mensiecho mnozstva
chelatov, ¢o je dolezité z environmentalneho hl'adiska,
najmd pri pouziti biologicky nedegradovatel'ného
Na EDTA (Takahashi et al., 1997; Wang et al., 2018).

Vzorka po chemickom Idhovani 10 mM chelatom
z predchadzajiceho testu (abiotickej kontroly) sa pocas
dvoch mesiacov biologicky lthovala v Stvorstupnovom
perkola¢nom cykle s pouzitim média obsahujiceho 2 mM
chelat a ziviny a porovnavala sa s abiotickou kontrolou
(chemické luhovanie 2 mM chelatom; schéma 2). Iba
v prvom ldhovacom cykle sme pozorovali Ciasto¢nu
extrakciu Cu (obr. 8). Koncentracia Ba aj napriek jeho
vysokému obsahu v pode dosiahla iba 2 mg . I'! (obr. 9).
Barium je pevne viazané v mineralnej faze baritu, ktory
je velmi odolny proti biologickému luhovaniu. Mobilna
faza v testovanej vzorke predstavovala iba 20 % Ba.
Najvyssia koncentracia As bola extrahovana pri pouziti
média ch3 (obr. 10). Maximalna G¢innost’ odstranenia
As dosiahla 44 %. Chemické a biologické luhovanie
viedlo k poklesu koncentracie Cu v pdde a k Ciastoénému
poklesu koncentracie Sb, Pb, Zn, Ni a Co. As a Ba nad’alej
ostavali v koncentracii prekracujucej ich dovolené limitné
hodnoty v pode (tab. 4). Biologicko-chemické luhovanie
ukazalo, ze tymto spdsobom je mozné odstranit’ iba
kontaminanty v mobilnej faze, ktoré mozu vstupovat
do potravinového retazca prostrednictvom plodin pes-
tovanych v kontaminovanej pdde.

Posledny test sa uskutocnil na overenie vysledkov
ziskanych z predchadzajicich lthovacich experimentov.
Realizoval sa na vzorke pddy s hmotnostou 1 kg, pri-
¢om objem jednotlivych médii korespondoval s objemom
v predchadzajucich testoch. Pri chemickom Ithovani sa
vSak pouzil poloviény objem roztokov s cielom znizit
spotrebu chelatov. Vzorka sa najprv lahovala chemicky
chelatom chl s cielom odstranit’ tazké kovy ako Cu, Zn
a Pb. Nasledne sa pouzilo médium s chelatom ch2, aby
sa odstranili zvy$né mobilné fazy kontaminantov, ale naj-
mé, aby sa z pddy odstranil biologicky nedegradovatelny
chelat. Poslednym krokom bolo biologické lthovanie za-
merana na maximalne odstranenie As z pody. Opakova-
ny trojstupniovy test na jednej strane zvysil extrahované
mnozstvo Cu o 5 % v porovnani so Stvorstupiiovym perko-
laénym testom, na druhej strane sme pozorovali ¢iastocny
pokles v extrakcii As, Ni a Co po chemickom lthovani.
Biologické luhovanie zvysilo odstranenie As este o 7 %
(tab. 5). Tato kombinovana metoda je vel'mi perspektiv-
na, pretoze na extrakciu toxickych prvkov vyuziva men-
Sie mnozstvo chelatov. Navyse, je aj financne nenarocna
a umozinuje odstranenie mobilnych faz kontaminantov
z pddy, ktoré su potencidlnym zdrojom znecistenia vody
a kontamindcie rastlin.
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banskou ¢innost’ou v oblasti opusteného Sb loziska Cu¢ma
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Geochemical and mineralogical exploration of soils affected by mining activities
at the abandoned Sb-deposit Cu¢ma

Abstract: One of the most important sources of soil contamination with metals and metalloids is mining and
processing of mined ores. Old tailing ponds and dumps affect the surrounding environment mainly by releasing
potentially toxic trace elements, and thus contribute to contamination of the natural environment, including soils.
The area of abandoned antimony deposit Cuéma (eastern Slovakia) with unliquidated and unsecured mining wastes
belongs to environmental burden, which should be monitored and eventually remediated. The main objective
of this article was to (i) determine the basic physicochemical properties of mining soils at the former Cu¢ma
antimony deposit and total concentrations of selected trace elements with the emphasis on antimony (Sb) and
arsenic (As), (ii) characterize mineralogy of these soils and (iii) evaluate the mobility of the two metalloids by
means of extraction experiments with distilled water. The soils of the former antimony deposit Cuéma showed
a wide range of pH values (2.84 — 7.45 for a soil depth of 0 — 15 cm and 2.82 — 7.74 for a soil depth of 15 —30 cm)
and the organic carbon content varied from 0.13 wt. % to 19.1 wt. % with a median value of 3.67 wt. % in the
soil surface layer, with a decrease to a median value of 1.21 wt. %. Total concentrations of the main contaminants
Sb and As in the soils from 0 — 15 cm were in the range from 6.2 mg . kg™' to 142 322 mg . kg™' with a median of
433 mg . kg!' and 16 — 2 253 mg . kg™' with a median of 116 mg . kg!, respectively, and significantly correlated
with each other (R?>=0.87 at p < 0.000 1). The indication (ID = 65 mg . kg for As and 25 mg . kg™ for Sb) and
intervention (IT = 140 mg . kg' for As and 80 mg . kg™ for Sb) criteria for industrial areas were exceeded in most
soil samples and the median concentrations of Sb and As were far higher than their median concentrations within
the soils of Slovakia (0.70 mg . kg ! and 7.20 mg . kg! for Sb and As in A-horizon, respectively). Despite the high
total concentrations of these metalloids in some soils irrespective of depth, the extractable proportions of Sb and
As were low (median of 0.46 % and 0.50 % for Sb and 0.60 % and 0.70 % for As at soil depths of 0 — 15 cm and
15 —30 cm, respectively). The low mobility of Sb and As has been interpreted as a result of their incorporation into
stable secondary mineral phases under oxidizing conditions, in particular Fe-oxy-hydroxides and, in the case of Sb,
also due to the formation of separate secondary mineral phases such as romeite (Ca,Sb,0.), cervantite (Sb,0,) and
stibiconite [Sb,O (OH)]. The presence of all these secondary solid phases in the investigated soils was confirmed
by optical microscopy, X-ray diffraction and electron micro-probe analyses. Slightly higher mobility of As and
Sb in soils from 15 — 30 cm depth than their mobility in soils from the top layer does not exclude the influence of
organic matter on the release of these elements into natural waters.

Key words: antimony, arsenic, contamination, mine, mineralogy, mobility, soil

+ The soils at former antimony mines in Cuéma (Eastern
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Slovakia) are contaminated mainly with antimony (Sb)
and arsenic (As)
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Uvod

Jednym z vyznamnych geochemickych a environ-
mentalnych problémov sucasnosti je exaktné hodnotenie
kontaminacie zivotného prostredia, ktora je ¢asto odrazom
prirodzenych geologickych procesov v krajine v kombina-
cii s nevhodnymi l'udskymi aktivitami. Medzi Casté pri-
¢iny nadmerného vyskytu potencidlne toxickych prvkov
v prostredi patri tazba a spracovanie nerastnych surovin.
Napriek svojej pomerne malej rozlohe patri Slovensko
medzi krajiny s vysokou pocetnostou environmentalnych
zat'azi, ktoré su viazané na intenzivnu bansku a upravnic-
ku ¢innost’. Opustené oblasti rudnych lozisk zostavali dlhé
roky nepovsimnuté, pricom sa len pomerne malo vedelo o
moznych environmentalnych rizikach pre zivotné prostre-
die vyplyvajucich z geochemicko-mineralogickych osobi-
tosti tychto oblasti. Staré banské diela, haldy a odkaliska
ovplyviuji svoje okolie v dosledku uvolnovania pritom-
nych potencialne toxickych stopovych prvkov a prispie-
vaju ku kontaminacii prirodného prostredia (Bajtos et al.,
2012; Sottnik et al., 2015). Tazobné a spracovatel’'ské ak-
tivity sa Casto vyznacuju rozsiahlym negativnym dosahom
na vSetky zlozky zivotného prostredia. Znecistenie pod-
nych substratov, vodnych zdrojov, ovzdusia, ako aj celko-
vé zmeny v krajine patria medzi najzavaznejsie dosledky
banskej ¢innosti, ktorych prejav nadobuda regionalny
charakter. Po skonceni tazby a spracovania nerastnych su-
rovin predstavuje deponovany tazobny odpad vyznamné
riziko a potencialny zdroj znecistenia. V désledku vysta-
venia veternej erézii a prirodzenym procesom zvetravania
mineralnych faz mézu prispievat’ k tvorbe kyslych ban-
skych vyluhov v procese drenaze (Helios Rybicka, 1996;
Brusseau et al., 2006). Postupnd mobilizacia rizikovych
latok moze negativne ovplyvilovat’ pddne substraty a pri-
rodné vody v oblastiach opustenych lozisk (Jurkovi¢ et al.,
2010, 2016; Mangova a Lintnerova, 2015; Bajtos, 2016;
Flakova et al., 2017 a i.).

Banictvo na Slovensku ma vel'mi dlht historiu. Na
vacsine byvalych lozisk boli prace pozastavené uz po-
merne davno. V sucasnosti sa loziskd spominaju hlavne
ako oblasti environmentalnych zatazi so Specifickymi
kontaminantmi, ako st napriklad potencidlne toxické sto-
pové prvky (PTSP). Medzi také prvky patri aj arzén (As)
a antimon (Sb), ktoré st zname svojimi karcinogénnymi
a mutagénnymi ucinkami a schopnostou spdsobovat’
chronické ochorenia I'udi. Pritomnost” kovov, a hlavne
ich zvySeného mnozstva (aj v dosledku lokalnej prirodze-
nej vysokej koncentracie v horninovom prostredi), méze
predstavovat’ vazny environmentalny problém (Rapant et
al., 2006; Zenisova et al., 2009). K takymto potencialnym
zdrojom znecistenia patri aj lokalita opusteného Sb loziska
Cu¢ma leziaca v oblasti Spissko-gemerského rudohoria,
ktoré predstavuje najvyssiu koncentraciu rudnych lozisk
na Slovensku (Rojkovic, 2003).

218

Opustené Sb lozisko Cuéma leZi v juznom pruhu Spis-
sko-gemerského rudohoria. Tazobné &innost’ sa za¢ala uz
v 13. storoci, najvacsi rozsah vSak dosiahla v 19. storoci.
V case pred 2. svetovou vojnou bolo vdaka tejto lozis-
kovej oblasti byvalé Ceskoslovensko na §iestom mieste
vo svete v tazbe antimonovych rad. Sirsia oblast’ loziska
patrila k najvyznamnej$im producentom Sb v ramci Euro6-
py (najma zily Vincent, Gabriela, Klement a Matej) (Roz-
loznik et al., 1987). Hlavnym mineralom kremennych Zzil
bol antimonit, sprevadzany mnohymi d’al§imi mineralmi
(napriklad siderit, pyrit, arzenopyrit, sfalerit a iné). Tazba
Sb na lozisku sa skoncila v roku 1952, pricom neskorsie
geologické prieskumy oblasti nezaznamenali priaznivé
vysledky (Grecula et al., 1995; Rojkovic, 2003).

V sucasnosti je Cast’ lokality opusteného Sb loziska
Cu¢ma zaradena v Registri environmentalnych zatazi
(REZ) medzi pravdepodobné environmentalne zataze.
V REZ je evidovana pod oznaéenim RV (003)/Cuéma —
byvaly bansky zavod (SK/EZ/RV/777) a je evidovana aj
v registri tloZisk (IS NTO) ako Cuéma — Odkalisko Cug-
ma. Predchadzajuce prieskumné a vedecké prace potvr-
dili, ze za hlavny zdroj znecCistenia v oblasti sa povazuji
vytoky banskej vody a odpadovy material zanechany na
uzemi (Hiller et al., 2012). Uvoltiovanie Sb a As v dosled-
ku zvetravania antimonitu a arzenopyritu zo spracovaného
horninového materialu aj dnes spdsobuje Sirenie stopo-
vych prvkov do okolitého zivotného prostredia (Lalinska
etal., 2010).

Cielom c¢lanku je detailné geochemické a mineralo-
gické stidium podnych substratov z tzemia opusteného
Sb loziska v Cuéme a experimentalna kvantifikdcia mo-
bilizovateI'ného podielu potencialne toxickych stopovych
prvkov v zmysle hodnotenia environmentalnych zatazi
na Slovensku. Vysledky prezentované v §tadii maji vy-
znam pri exaktnom vyhodnoteni aktudlnej kontaminacie
pddnych substratov, ktora je vysledkom prirodzenych
zvetravacich procesov materskych hornin tejto Casti Slo-
venského rudohoria v kombinacii s dlhodobou tazobnou
¢innost'ou a nevhodnym deponovanim tazobného odpadu
v oblasti.

Geologicka stavba studovanej oblasti

Opustené Sb lozisko Cuéma je situované vo vychodnej
Casti Slovenského rudohoria a patri do gemerickej tek-
tonickej jednotky Zapadnych Karpat. Gelnicka skupina,
ktora ma v tejto oblasti najvacsi rozsah, predstavuje vyvo-
jovu etapu od vrchného kambria po spodny devon. Tvori
ju nizko metamorfovany staropaleozoicky komplex sedi-
mentarnych a vulkanickych hornin, do ktorych intruduju
permské granitoidné telesa. Sedimentarne stbory pozo-
stavaju z hrubntcich flySovych megacyklov s terigénnym,
a hlavne vulkanogénnym materidlom (smerom nahor).
Bazy cyklov su tvorené pelagickymi silicitmi (lyditmi),
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anoxickymi bridlicami a miestami aj karbonatmi. Vulka-
nity, prevazne vulkanoklastika, maju kysly, bazicky, pre-
vazne vsak intermediarny charakter (Bajanik et al., 1983;
Kobulsky et al., 2006; Simurkova et al., 2016). Kremen-
no-antimonitové zily (obr. 1) vytvaraji oblukovita liniu
vychodno-zapadného smeru dlhu priblizne 50 km, ktora
sa tiahne od mesta Rozilava (loziska Betliar a Cuéma) po
Kosice (lozisko Zlata Idka).

NajvyraznejSie a najvyznamnejSie antimonitovo-zla-
tonosné loziska sa nachadzaji v ¢uémianskej rudonosne;j
Struktare. Mineralna vyplii antimonitovych Zil je prevazne
kremenovo-sulfidickd. Pozostava najmi z kremena a anti-
monitu, Casty je aj pyrit, menej arzenopyrit, zriedkavejsie

st sulfidy Pb, Zn, As a karbonaty (Chovan et al., 1994;
Bakos et al., 2004). Podl'a Rojkovic¢a (2003) na zaklade
paragenetickych $tidii sa vyclenili 4 mineraliza¢né perio-
dy: kremenna, karbonatova, kremenovo-sulfidicka a kalci-
tova. Kremenna peridda je v zavislosti od bezprostredne;j
blizkosti granitovej intriizie vysSie termalna a mineralna
asociacia potvrdzuje topomineralny vplyv granitov a por-
fyroidov pri jej vzniku (kremen, albit, chlorit, turmalin,
sericit). Karbonatova peridoda je vyvinutd len na lokalite
Strakova. Kremenovo-sulfidicka peribda ma samostatnti
tektonick poziciu a jej zloZenie je najpestrejSie (polyme-
talicka a antimonitova mineralizacia). Klimko et al. (2009)
opisali predpokladany vyvoj hydrotermalnej mineralizacie
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Obr. 1. Geologicka mapa juznej Casti SpiSsko-gemerského rudohoria s vyznacenym priebehom antimonitovych zil (antimonitovy pas).
A — metapieskovce, fylity, karbonaty, lydity a kyslé vulkanity (stivrstvie Bystrého potoka; ordovik — silur); B — metapieskovce, fylity,
karbonaty a kysl¢é vulkanity (drnavské suvrstvie; siltir — spodny devon); C — sericiticko-chloritické fylity, metapieskovce a zlepence,
metavulkanity, karbonaty a lydity (vlachovské stivrstvie; vrchné kambrium — spodny siltr); D — metapieskovce, fylity a spilitovo-ke-
ratofyrové vulkanity (smrecinské suvrstvie; spodny az vrchny devon?); E — pestré kaolinové ily, piesky a $trky (pont); F — biotitické az
dvojsl'udové granity (neskorovariské); G — metamorfované pieskovce a zlepence, fylity, bazické vulkanity, dolomity a magnezity (lu-
benicke suvrstvie; visén — star§i namur); H — plochy nasunov 1. a 2. radu; CH — zlomy; I — antimonitové loziska (1 — Betliar-Strakova;
2 — Cuéma; 3 — Bystry potok; 4 — Stofova dolina; 5 — Popro¢); J — antimonitové Zily (podF'a Klimka et al., 2009).

Fig. 1. Geological map of the southern part of Spis-Gemer Ore Mts. with course of stibnite veins (stibnite zone). A — metasandstones,
phyllites, carbonates, cherts, acid volcanics (Bystry potok Fm.; Ordovician — Silurian); B — metasandstones, phyllites, carbonates,
cherts, acid volcanics (Drnava Fm.; Silurian — Lower Devonian); C — sericite-chlorite phyllites, metasandstones and conglomerates,
metavolcanics, carbonates, cherts (Vlachovo Fm.; Upper Cambrian — Lower Silurian); D — metasandstones, phyllites, spilite-kera-
tophyre volcanics (Smrec¢inka Fm.; Middle — Upper Devonian?); E — variegated kaolinite clayes, sands, gravels, rate lignite seams
(Pontian); F — biotite to two-mica granites (Upper Hercynian); G — metamorphosed sandstones and conglomerates, phyllites, mafic
volcanics, dolomites and magnesites (Lubenik Fm., Visean — Lower Namurian); H — overthrust lines, first and second order; CH —
faults; T — antimony deposits (1 — Betliar-Strakova; 2 — Cuéma; 3 — Bystry potok; 4 — Stofova dolina; 5 — Popro¢); J — stibnite veins
(according Klimko et al., 2009).
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od najstarSicho Stadia: /. turmalinové Stadium (kremen,
turmalin a chlorit); 2. pyritove Stadium (kremen, pyrit
a arzenopyrit); 3. sfaleritové Stadium (karbonat, kremen,
sfalerit, chalkopyrit, tetraedrit, bournonit a tintinait); 4.
galenitove stadium (boulangerit a galenit); 5. antimonitové
Stadium (kremen, dolomit, antimonit, bertierit, senarmon-
tit, jamesonit, chalkostibit a zinkenit).

Metodika prace

Pre potreby studia geochemickych a mineralogickych
vlastnosti pod z oblasti opustené¢ho Sb loziska Cuéma sa
pocas terénneho vyskumu odobrali vzorky pod v okoli po-
toka Laz, Cuémianskeho potoka a Roziiavského potoka.
Po odstraneni rastlinného pokryvu boli vzorky odobrané
podnym vrtakom v zmysle horizontalneho principu vzor-
kovania pod (Curlik a Jurkovi¢, 2012). V zavislosti od
lokalnych podmienok pédneho profilu sa odber uskutoc¢nil
v dvoch hibkovych horizontoch: 0 — 15 ¢cm (18 vzoriek)
a 15 — 30 cm (5 vzoriek). Schematicka lokalizacia odber-
nych miest (18) je uvedend na obr. 2.

Vzorky pdédnych substratov sa spractvali v laborato-
riu Katedry geochémie PriF UK v Bratislave. Odobrany
podny material sa vysusil (pri laboratérnej teplote zhruba
25 °C, volne na konstantni hmotnost’), homogenizoval
a preosial (frakcia <2 mm). Nasledne podl'a zavdznej me-
todiky pre pody a zeminy (Fiala et al., 1999) sa zmerali
hodnoty podnej reakcie (pH) (aktivna, vymennd) a elek-
trickej vodivosti (EC) pomocou multimetra typu WTW pH
340i. Chemické analyzy podnych substratov sa realizovali
v akreditovanych laboratériach spolo¢nosti ACME Ana-
lytical Laboratories Ltd. (Vancouver, Kanada) metédami
ICP-OES, resp. ICP-MS (typ rozkladu pddnych substratov
— aqua regia). Stanovenie obsahu karbonatov a organické-
ho uhlika sa urobilo na zéklade Tjurinovej metédy s mo-
difikaciou Nikitina (Fiala et al., 1999). Zrnitostné zloZenie
pod sa studovalo pipetovacou metodou s neopakovanou
sedimentéaciou podl'a Novaka (Fiala et al., 1999) v labora-
toriach PriF UK v Bratislave.

Na ucely mineralogického Stidia pod sa vybrané
vzorky rozdrvili v achatovej miske a preosiali na frakciu
< 0,16 mm. Vzorky sa nasledne mleli s ALO, (vnutorny
Standard) na Specidlnom mlyne (McCrone Micronizing
Mill, KLG PriF UK, podla metodiky Srodofa et al.,
2001). Ziskané vzorky sa zaslali na RTG difraként ana-
lyzu (laboratéria Ustavu vied o Zemi SAV v Bratislave
— difraktometer PHILLIPS PW 1710 pri pouziti CuKa).
Na mikroskopické stadium pdd sa z pevnej fazy vzoriek
vytvorili leStené vybrusy, ktoré sa Studovali viacerymi
mineralogickymi metdédami. Hlavnymi mineralogickymi
metddami boli mikroskopia v odrazenom, prechadzaji-
com a polarizovanom svetle. Mineralne fazy sa Studovali
na pristroji CAMECA SX 100 (metédy EDS, BSE a WDS,
SGUDS Bratislava) pri nasledujucich podmienkach: ZAF
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korekcia, urychl'ovacie napétie 15 — 20 kV, vzorkovy prad
20 nA a priemer elektronového luca 1 — 10 pm. Pouzité
Standardy merania: Si Ka — SiO,; Al Ka — ortoklas; Pb Mo
—PbS; S Ka.— CuFeS,; Fe Ka— CuFeS; Sb LB —Sb,S ; As
K3 — FeAsS; Co Ka — Co; Ni Ka — Ni; Cu Ka — CuFeSZ;
Zn Ko, — ZnS Mn Ka — rodonit; Ca Ka — wollastonit; P Ka.
— apatit. ’

Exaktné hodnotenie kontaminacie pdd bolo rozsirené
o Studium potencialnej mobilizacie vybranych stopovych
prvkov prostrednictvom statickych lthovacich experi-
mentov (Hiller, 2003; Vitkova et al., 2009; Ettler et al.,
2012; Hlodak et al., 2015), ktoré poskytujii dolezité in-
formacie o ich spravani v Zivotnom prostredi. Lihovacie
experimenty sa zrealizovali na 14 vzorkach s preukdzanou
kontaminéciou stopovymi prvkami: 10 substratov z vrch-
ného hibkového horizontu a 4 substraty zo spodného
hibkového horizontu. Experimentalny postup reprezento-
vali jednokrokové extrakcie pomocou destilovanej vody
s cielom simulacie uvolfiovania 'ahko mobilizovatel-
nych podielov prvkov v geologickom prostredi vplyvom
prirodnych procesov (napriklad zrazkova ¢innost’). Ex-
trahovatel'ny podiel prvku bol stanoveny z vodnej suspen-
zie v pomere pevna faza : roztok 1 : 10 (w/v). Ziskané
suspenzie sa premiesavali na laboratornom multirotatore
(Biosan Multi Bio RS-24) pocas 2 hodin (60 ot . min™)
a po skonceni extrakcie sa centrifugovali a prefiltrovali cez
0,45 um membranovy filter (Pragopor 6). V ramci preven-
cie proti zrazaniu prvkov sa vyluhy stabilizovali pridanim
2 % HNO, (Ettler et al., 2007). Z hladiska zabezpeCenia
homogenity vysledkov sa vsetky extrakcie robili duplicit-
ne. Chemické analyzy ziskanych vyluhov sa urobili na pri-
stroji EcaFlow 150 GLP metddou prietokovej rozptstacej
chronopotenciometrie.

Ziskané hodnoty celkovej koncentracie arzénu a anti-
moénu v Studovanych pddach sa vyhodnotili v stlade so
smernicou MZP SR ¢&. 1/2015-7 na vypracovanie analyzy
rizika znecisteného uzemia, ktord definuje limitné hodno-
ty kontaminantov [indikac¢né kritérium (ID) a intervencné
kritérium (IT) v pripade obytnych, resp. priemyselnych
z6n]. ID vyjadruje hrani¢nu hodnotu koncentracie znecis-
tujucej latky, ktord predstavuje mozné ohrozenie zdravia
a zivotného prostredia. IT je hodnota koncentracie s vy-
sokou pravdepodobnostou ohrozenia zdravia a zivotného
prostredia.

Zavislosti medzi obsahom prvkov a niektorymi fyzi-
kalno-chemickymi vlastnostami pod vyjadrené pomocou
koeficientov korelacie boli vypocitané v prostredi softvéru
GraphPadPrism.

Vysledky a diskusia
Fyzikalno-chemické vlastnosti pod

Z vysledkov laboratornych analyz podnych substratov
je zrejmé, ze odobrané vzorky vykazuji vyznamnu hetero-
genitu prejavujlicu sa v pripade jednotlivych sledovanych
parametrov (tab. 1). Hodnoty pddnej reakcie pri podach
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Obr. 2. Mapa odbernych miest pddnych vzoriek a vyskytu antimonitovych Zil na lokalite Cuéma.
Fig. 2. Map of soil sampling sites and stibnite veins at the Cu¢ma deposit.
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z hibky 0 az 15 cm sa nachadzaju vo velmi §irokom roz-
sahu: 2,84 — 7,45, resp. 2,06 — 7,13 v prislusnom poradi
varipade pH(H,0) a pH(KCI). Na zaklade stupnice USDA
(Seftik et al., 2012) na hodnotenie aktivneho pH pdd spa-
daji skiimané substraty do kategérii od ultra kyslych az
po slabo alkalické pddy, s medianom hodnét patriacim
do kategorie silne kyslych pdd. Rovnaku tendenciu po-
zorujeme aj v pripade substratov odobranych z hibky 15
az 30 cm. Percentualne zastipenie karbonatov v podnych
substratoch kolise rovnakym sposobom ako hodnoty pH,
pricom najvyssi obsah bol preukazany v podach s vyssimi
hodnotami pH. Elektricka vodivost’ vsetkych odobranych
pdd sa pohybuje v rozmedzi od 64 do 718 uS . cm™..

Na zaklade vysledkov zrnitostného zloZenia je mozné
klasifikovat’ odobrané vzorky ako pody I'ahké az stredne
tazké (SPS VUPOP, 2014). Spomedzi odobranych pod
boli najviac zastipené pody pieso¢nato-hlinité a hlini-
to-piesocnaté (tab. 1). Vynimku tvori len niekol’ko vzoriek
pddnych substratov antrozemi odobranych z priestoru od-
kaliska, ktoré sa vyznacuju vyS$s§im obsahom ilu a pred-
stavuju triedu ilovito-hlinitych pdd. Z hladiska pddnej
skupiny v Studovanej oblasti i§lo predovsetkym o inicialne
pddy bez pritomnosti horizontov alebo s pritomnostou
tazko rozlisite'nych horizontov, hlavne fluvizeme a antro-
zeme.

Z hladiska hodnotenia Specifickych kontaminantov
v Studovanej oblasti je oCividna vel'mi vysoka koncen-
tracia niektorych stopovych prvkov, hlavne Sb a As.
V pripade antiménu bola koncentracia v rozsahu 6,2 az
142 322 mg . kg, s medianmi 433 mg . kg (v hibke do
15 cm) a 882 mg . kg'! (v hibke do 30 cm), s evidentnym

narastom hodno6t medianu, ako aj priemernej koncentracie
Sb smerom do hibky (8 525 mg . kg™ vs. 24 872 mg . kg ™).
Obohatenie spodnejsich hibkovych horizontov inicialnych
pdd oproti vrchnym v pripade banskych oblasti stvisi
na jednej strane so zvetravanim materskych hornin a na
druhej strane s lthovanim stopovych prvkov z povrcho-
vych vrstiev vplyvom kyslého prostredia (napriklad ban-
skych vytokov z hald) (Jung, 2008). Obsah As v pddnych
matriciach vo vyznamnej miere koreluje s obsahom anti-
ménu (R? = 0,87 pri p < 0,000 1). Pozorovali sme stc¢asne
vysokt koncentraciu obidvoch prvkov, no na rozdiel od
Sb, obsah As s hibkou klesa. Distribucia rizikovych stopo-
vych prvkov vyjadrena formou bodovej mapy (obr. 3) pou-
kazuje na vyskyt pddnych substratov s vysokym obsahom
prvkov (Sb_ 142 322 mg . kg', As 2253 mg . kg")
v blizkosti bezprostrednych zdrojov kontaminacie na uze-
mi, teda byvalych §tolni a hald. Najvyssi obsah Sb a As
bol identifikovany v pddnych vzorkach na uzemi medzi
stolnami Matej, Gabriela a Jozef (CUP-3, CUP-4, CUP-6,
CUP-7, CUP-11, CUP-12). V studovanom tuzemi boli
pozorované miesta s tzv. kumulativnym efektom konta-
minantov (CUP-10, CUP-16, CUP-18), prejavujicim sa
pri sttoku potokov (Rozitavsky potok, Laz, Cuémiansky
potok) drénujucich celu oblast’ opusteného Sb loziska.
V tychto vzorkach pddnych substratov bol okrem As a Sb
stanoveny aj vysoky obsah inych prvkov (hlavne Pb, Zn
a Cu).

Indikac¢né kritérium (ID) a intervenéné kritérium (IT)
pre pody (zeminy) boli v zmysle hodnotenia environmen-
talnych rizik podla smernice MZP SR 1/2015-7 viackrat
prekrocené (17x IDg a 9x IT,, resp. 18x ID, a 17x IT, ).

Sb?

Tab. 1
Vybrané fyzikalno-chemické parametre odobranych pdd spolu s prislusnymi intervenénymi a indikacnymi limitmi
a priemernou koncentraciou prvkov v podach SR.
Tab. 1
Selected physicochemical parameters of collected soils with corresponding intervention and indication limits and median soil
element concentrations for SR.

As | sb | pb | zZn | cCu CaCo, | C._ il | Prach | Piesok
Img . kg PH(H,0) | pH(KCI) [hm. %] %]
0-15cm
MIN 16 6.2 47 33 113 | 284 2,06 0 0,13 3 13 25
MAX 2253 (142322 | 2538 | 189 97,9 | 745 7,03 | 1449 | 19,07 34 41 82
MED 116 | 4333 39,15 | 74 204 | 547 4,67 1,04 3,67 5 28 68
15-30 cm
MIN 19 13,4 24,7 44 179 | 282 2,24 0,50 037 4 24 29
MAX 763 [121061 | 2158 | 101 64 7,74 7,42 350 | 17,16 30 41 71
MED 110 882 34,7 73 533 | 595 4,84 0,58 1,21 8 28,5 63,5
ID* 65 25 | 250 | 1500 500
™ 140 80 | 800 [5000 | 1500
ﬁgi;_ 72066 | 0,705 | 20014 | 61/55 | 17/17

aLimitné hodnoty stopovych prvkov predstavujii indikaéné kritérium (ID) a intervenény limit (IT) pre priemyselné oblasti podla smernice MZP SR ¢.

1/2015-7; ® medidnova koncentréacia v podach SR (Curlik a Seféik, 1999).

*Limit values for trace elements represent an indication criterion (ID) and an intervention limit (IT) for industrial areas according to directive of MoE
SR no. 1/2015-7; ®* median soil element concentrations for SR (Curlik and Sef¢ik, 1999).
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Obr. 3. Distribucia vybranych kontaminantov (Sb a As) v podach Studovanej oblasti.
Fig. 3. Distribution of selected contaminants (Sb and As) in soils of the studied area.
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Obr. 3. Distribucia vybranych kontaminantov (Sb a As) v podach Studovanej oblasti.
Fig. 3. Distribution of selected contaminants (Sb and As) in soils of the studied area.
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Pri véacsSine odobranych pdd boli v pripade rizikovych sto-
povych prvkov Sb a As stanovené vyznamné prekroCenia
hrani¢nych hodndt (obr. 4), pri ktorych sa predpoklada
moznost, resp. vysoka pravdepodobnost’ ohrozenia l'ud-
ského zdravia a zZivotného prostredia. Spomedzi d’alsich
stopovych prvkov bol pomerne vysoky obsah stanoveny aj
v pripade Pb, Zn a Cu. Medianovy obsah Pb v podach bol
niekol’konasobne vyssi ako median v ramci pod Slovenska
(Curlik a Seftik, 1999). Maximalny obsah Pb prevysoval
ID daného prvku. Podobna situacia bola pozorovana aj pri
Cu, pricom prekrocenie ID nastalo pri 2 vzorkach pod.
V pripade vyskytu Zn v pddnych substratoch bol median
koncentracie v porovnani s medianom v podach SR vyssi
len nepatrne, ale ojedinele sa vyskytovala aj pomerne vy-
sokd koncentracia (Zn 189 mg . kg™").

Mineraléogia podnych substrdatov

Pri exaktnom hodnoteni kontaminacie pod a potencialu
uvolovania rizikovych stopovych prvkov z pritomnych
substratov je nevyhnutné poznat’ mineralne fazy tvoriace
Studované substraty (Rochette et al., 1998; Veselska et al.,
2013; Hiller et al., 2016). Prave detailné mineralogické
studium substratov prinasa zakladné informacie o stabilite
pritomnych mineralnych faz a litoklastov tvoriacich podnu
matricu vratane pevnych zloziek generovanych antropo-
génnou ¢innostou.

Podny substrat tvoria litoklasty a krystaloklasty s roz-
nou zrnitostou (Wentworth, 1922) — od hrubych strkov/
brekcii (viac ako 4 — 10 mm) az po ilovce (menej ako
0,003 9 mm; obr. 5). Medzi litoklastami prevladaju vel-
mi jemnozrnné metapieskovce (obr. 5, A-1, B-1, C-1).
Litoklasty st stmelené ¢ervenohnedym az Ciernym amor-
fnym tmelom, ktory Casto do litoklastov prenika po pukli-
nach (obr. 5, A-3, E-1, F-2). Litoklasty s zastupené aj
acidnymi metavulkanoklastikami (obr. 5, H-1, I-1, J-1)
a acidnymi metapyroklastikami (obr. 5, K). Cervenohnedy
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az ¢ierny amorfny tmel obsahuje najmi vel'mi jemnozrnny
kremen, svetla sl'udu (sericit), ilové mineraly, albit a kar-
bonat (obr. 5, C-2, L).

Materskymi horninami litoklastov a krystaloklastov
substratu boli najma metapieskovce, acidné metavulkanity,
metavulkanoklastika a metapyroklastika gelnickej skupiny
gemerika. Potvrdzuji to zachované Struktiry litoklastov
a ich mineralne zlozenie (obr. 5, H-1, I-1, J-1, K). V al-
terovanych litoklastoch je primarny biotit premeneny na
sericit + Fe oxidy, primarny muskovit je nahradeny illitom
a zivce zastupuje albit. V najjemnozrnnejsej frakcii, ktora
sa nachadza vzdy v ¢ervenohnedom az ¢iernom amorfnom
tmele, tak prevladaju illit, albit, kremen, sericit a vzacne sa
vyskytuje aj karbonat.

Na zaklade vyhodnotenia RTG zaznamov mozno
konstatovat, ze hlavnymi mineralnymi fazami v podach
Studovanej oblasti su kremen, kalcit, albit, muskovit
a illit. Z rudnych minerdlov bol vo vzorkach pod
oblasti Cuémy najéastejsie identifikovany tetraedrit
[(Cu,Fe,Ag,Zn) ,Sb,S.] a zriedkavo chalkopyrit
(CuFeS,). Medzi bezné amorfné mineralne fazy v podach
patria Fe oxyhydroxidy, ktorych pritomnost’ bola do-
kumentovand snimkami z polarizatného mikroskopu
(obr. 6). Zaznamenali sa zelezité agregaty a tmely, pricom
sekundarne Sb(Fe) minerdlne fazy tmelia litoklasty
v podnom materiali. ZvysSeny obsah Fe vo vrchnych
horizontoch pdd na lokalite Cu¢ma opisuju aj autori §tidie
o opustenych Sb loziskach (Chovan et al., 2010; Lalinska
et al., 2010). Dolezitym zistenim z vyhodnotenia RTG
difrakénych zaznamov je identifikacia sekundarnych Sb
mineralnych faz — romeit (Ca,Sb,0.) a cervantit (Sb,0,),
ktoré st produktmi zvetravania antimonovych rad a boli
opisané na viacerych lokalitach opustenych Sb lozisk na
Slovensku (Klimko et al., 2011).

Najcastej$im nerudnym mineralom vo vsetkych vzor-
kach bol kremen. Tvori celistvé zrna a obklopuje ostatné
mineraly, ktoré don najcastejSie vnikaji v podobe réznych
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Obr. 4. Koncentracia Sb a As (a), Pb, Zn a Cu (b) vo vzorkach pdd z dvoch hibkovych intervalov (0 — 15 cm a 15 — 30 cm) a ich po-

rovnanie s ID a IT.

Fig. 4. Sb and As (a) and Pb, Zn and Cu (b) concentrations in soil samples from two depth intervals (0 — 15 cm and 15 — 30 cm) and

their comparison with ID and IT.
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ziliek (Klimko et al., 2009). Vo vsetkych vzorkach st Casto
pritomné aj karbonaty. Su tvorené hlavne sideritom a Fe
dolomitmi, pricom po puklinach su zatlacené oxidmi Fe
s primesou Mn a Mg (Lalinska et al., 2010).

Oxidy Sb su najfrekventovanejSie minerdlne fazy
v takmer vSetkych vzorkach. Typickym prikladom je
identifikovany oxid Sb stibikonit [Sb,O (OH)] (obr. 7).
Najvyssi podiel tychto faz sa zistil vo vzorke podneho
substratu v blizkosti §tolne Jozef (az 63 %). Vysoky podiel

Sb oxidov bol stanoveny aj v substratoch odkaliskovych
sedimentov v Cuéme. Oxidy Fe a Sb maju velmi varia-
bilné zlozenie, od ,,Cistych* oxidov Sb a Fe az po zmie-
Sané Fe-Sb oxidy bez primesi a Sb-Fe oxidy so zvySenym
obsahom inych prvkov, napriklad Ca, As a Pb (Lalinska
et al., 2010). Podobny trend plati aj pri celkovom obsahu
v podnej matrici odobranych vzoriek pod, kde Fe vystu-
puje ako dominantny prvok v systéme Ca — Fe — As, resp.
Ca—Fe — Sb (obr. 8).
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Mobilita stopovych prvkov v pédach

Vysledky extrakéného experimentu s destilovanou vo-
dou (tab. 2) poukazali na relativne nizky mobilizovatel'ny
podiel Sb a As z celkového obsahu tychto prvkov v pdd-
nych substratoch. V pripade antiménu sa z pod (hibka 0
— 15 cm) vylthovalo 0,14 az 1,42 % Sb z jeho celkovej
koncentracie s medidnom 0,46 %. Podobny trend ltihova-
nia Sb sa zaznamenal aj pri pddnom substrate z hibky 15
— 30 cm, kde bol median nepatrne vyssi (0,50 %). Vo vse-

vody uvolnilo 0,26 — 2,69 % As (median 0,60 %) a z pody
z hibky 15 —-30 cm to bolo 0,56 — 1,60 % (median 0,70 %)
z celkového obsahu As v pddach. Nizsie rozpustené po-

Tab. 2
Celkovy obsah SbaAs (C_, .; mg.kg™"), ich extrahovana

celk™?

koncentracia (C , ; mg . kg™'), percentualny podiel (% mob.)

vo vodnych vyluhoch z p6d a hodnoty pH vyluhov.

Tab. 2
Total contents of Sb and As (Ccc”i.; mg . kg, their extractable
concentrations (C gy M8 - kg™) and proportions (% mob.)
in aqueous extracts of soils and leachate pH values.

obecnosti sa preukazalo, Ze koncentracia extrahovaného - "
Sb bola imerna jeho celkovému obsahu, teda pri podach - - pH
s vysokym obsahom Sb bola stanovena aj jeho najvyssia Cou C i mg)b. C.i | Coun mﬁ’b.
mobilnd koncentracia. Vzt'ah medzi celkovym obsahom 015 em

Sb v pddach a extrahovatelnou koncentraciou Sb bol

Statisticky vel'mi vyznamny (R? = 0,93 pri p < 0,000 1). MIN 69 0,09 0,14 16 | 039 | 0,26 | 328
Celkovo nizke percento extrahované¢ho Sb sa uvadza aj

v ramci viacerych predchadzajucich stadii (Ettler et al., MAX [142322 | 198 1,42 | 2253 | 592 | 2,69 | 7.42
2007; Hiller et al., 2012; Nakamaru et al., 2017; Zhang
et al., 2018), pricom hlavnou pri¢inou nizkej mobility Sb MED 620 3,43 | 046 1531 0,73 | 0,60 | 6,47

je silna adsorpcia alebo koprecipitacia s oxidmi Fe v pro-

cesoch zvetravania (Hammel et al., 2000). Podl'a Alva- 15-30 cm
rez-Ayuso et al. (2013) vSak aj nizky podiel mobilného
o . L Ay MIN 13,4 0,1 0,15 19 [ 0,30 | 0,56 [ 3,20
Sb (< 2 % z celkovej koncentracie Sb) mdze predstavo-
vat’ zna¢né nebezpecenstvo pre okolité prostredie, najma
S P , P .p , > J MAX |121 061 181 0,77 763 | 5,29 1,60 [ 7,85
rastlinnil biomasu rasticu na kontaminovanych pddach
v Gizemi. Percentudlny podiel uvol'neného As v porovnani MED | 1448 9,03 | 0.50 304 | 206 | 070 | 6.54

s Sb bol relativne vys§i. Z pody z hibky 0 — 15 cm sa do

<

Obr. 5. Mikrofotografie §tudovanych podnych substratov (vzorky CUP-3B, CUP-7, CUP-11).

A: 1 - litoklasty vel'mi jemnozrnného metapieskovca s prevahou kremena; 2 — ilovec s prevahou sericitu, ilovych mineralov a amor-
fného tmelu (hnedy az ¢ierny); 3 — vel'mi jemnozrnny metapieskovec s klastami kremena a karbonatov v amorfnom tmele; 4 — tmel
z amorfnych Fe oxyhydroxidov (X polaroidy). B: detail A1 (X polaroidy). C: 1 — litoklast vel'mi jemnozrnného pieskovca (kremen
+ sericit + albit + karbonat); 2 — substrat s prevahou tmelu, menej st zastiipené ilové mineraly, kremen, albit, svetla sl'uda a karbonat
s prachovcovou zrnitostou (X polaroidy). D: 1 — vel'mi jemnozrnny substrat tvori kremen, karbonaty, ilové mineraly a prevlada amor-
fny tmel; 2 — polykrystalicky (zilny?) kremefi s amorfnym tmelom po puklinach (X polaroidy). E: 1 — ve'mi hruby metapieskovec
(kremen + muskovit + albit) s amorfnym tmelom Fe oxyhydroxidov na folia¢nych plochéach; 2 —ako D 1 (X polaroidy). F: 1 —litoklasty
polykrystalického hrubozrnnejsSicho metamorfného kremena v jemnozrnnejSom substrate (II polaroidy). G: 1 — fragmenty kremena
v submikroskopickom matrixe (kremen + sl'uda + albit); 2 — ve'mi jemnozrnny metapieskovec; 3 — rdzne litoklasty v tmele (X polaroi-
dy). H: 1 —litoklast alterovaného metavulkanoklastika; 2 — krystaloklast undulézneho kremena v submikroskopickom matrixe (kremen
+ karbonat + sericit) (I polaroidy). I: ako H (X polaroidy). J: 1 — litoklast acidného metavulkanoklastika; 2 — jemnozrnné fragmenty
kremena, svetlej sl'udy, karbonatu a albitu v amorfnom tmele (X polaroidy). K: alterované acidné metapyroklastikum (kremen + kar-
bonat + sericit + albit) (X polaroidy). L: vel'mi jemnozrnny substrat (kremen + ilové mineraly + albit + amorfny tmel) (II polaroidy).
Fig. 5. Microphotography of studied soil substrates (samples CUP-3B, CUP-7, CUP-11).

A: 1 — very fine-grained metasandstone with a predominance of quartz; 2 — claystone with predominance of sericite, clay minerals and
amorphous cement (red-brown to black); 3 — very fine grained metasandstone with quartz and carbonate in amorphous cement; 4 — ce-
ment of amorphous Fe-oxyhydroxides (X polaroids). B: Detail A1 image (X polaroids). C: 1 — very fine-grained metasandstone (quartz
+ sericite + albite + carbonate); 2 — a substrate in which cement prevails, clay minerals, quartz, albite, light mica and silstone grain
size carbonate are less represented (X polaroids). D: 1 — a very fine-grained substrate consists of quartz, carbonates, clay minerals and
amorphous cement predominates; 2 — polycrystalline (vein?) quartz with amorphous cracks (X polaroids). E: 1 — very coarse-grained
metasandstone with amorphous Fe-oxyhydroxides cement in foliar areas; 2 — as Fig. D 1 (X polaroids). F: 1-lithoclasts of polycrystal-
line coarse-grained metamorphic quartz in fine-grained substrate (II polaroids). G: 1 — quartz fragments in submicroscopic matrix
(quartz + mica + albite); 2 — very fine grained metasandstone; 3 — different lithoclasts in cement (X polaroids). H: 1 — lithoclast of
altered metavulcanoclastics; 2 — crystalloid of undulose quartz in submicroscopic matrix (quartz + carbonate + sericite) (I polaroids).
I: as Fig. H (X polaroids). J: 1 — lithoclast of acid metavulcanoclastics; 2 — fine grained fragments of quartz, light mica, carbonate and
albite in amorphous cement (X polaroids). K: altered acid metapyclastics (quartz + carbonate + sericite + albite) (X polaroids). L: very
fine-grained substrate (quartz + clay minerals + albite + amorphous matrix) (II polaroids).
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2 e
Obr. 6. Fe fazy tmelu litoklastov vo vybruse podnej vzorky (vzorka CUP-8, vl'avo II polaroidy, vpravo X polaroidy).
Fig. 6. Fe-phase of amorphous cement in soil microscope slice (sample CUP-8, left II polaroids, right X polaroids).

Obr. 7. Antimonit (biely) obklopeny oxidom Sb stibikonitom (svetlosivy). Najtmavsie zrna reprezentuje kremen a muskovit (obrazok
vpravo — detailny pohl'ad).

Fig. 7. Stibnite (white) surrounded by Sb oxide stibiconite (light gray). The darkest grains are quartz and muscovite (picture right —
detail view).

Obr. 8. Diagram chemického zlozenia podnych substratov v systéme Ca — Fe — Sb a Ca — Fe — As (v %).
Fig. 8. Diagram of chemical composition of soil substrates in Ca — Fe — Sb and Ca — Fe — As systems (in %).
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diely As a Sb v najvrchnejSej vrstve pod pravdepodobne
stvisia s vy$$im obsahom organickej hmoty (fulvokyselin
a huminovych kyselin), ktora je schopna viazat’ tieto po-
lokovy prostrednictvom tvorby komplexov (Herath et al.,
2017). Statisticky silny pozitivny vztah medzi celkovym
obsahom a extrahovanou koncentraciou sa rovnako potvr-
dil aj pri As (R>= 0,95 pri p < 0,000 1). Nizke percentualne
podiely mobilného As, rovnako ako v pripade Sb, mozno
vysvetlit’ adsorpciou As na povrch sekundarnych oxidov
Fe, ako aj jeho inkorporaciou do Struktiry hojne zastipe-
nych oxidov Fe. Potvrdzuji to aj vysledky z mineralogic-
kého vyskumu tychto pod.

Na zéklade vysledkov statickych extrakénych experi-
mentov mozno konstatovat, ze v ramci skumaného 0ze-
mia EZ v Cuéme st identifikované miesta s extrémnym
obsahom rizikovych prvkov ako Sb a As v substratoch
inicidlnych pod, ktoré sucasne predstavuju potencialne
riziko vyplyvajice z mobilizacie Sb a As v procesoch
zvetravania. Su to hlavne miesta v blizkosti historickych
$tolni a opustenych hald a odvalov.

Zaver

Na zaklade zrealizovaného mineralogicko-geoche-
mického prieskumu pdd v oblasti opusteného Sb loziska
Cuéma bola zretelne preukazana kontaminacia pddnych
substratov antiménom a arzénom. Geologicka stavba toh-
to Gzemia, ako aj rozsiahla banska Cinnost’ prebiehajica
v minulosti su hlavnymi pri¢inami extrémne vysokého
obsahu stopovych prvkov, ktorych maxima s pozorované
najmé v blizkosti deponovanych hald a odvalov s tazob-
nym odpadom a byvalych §tolni. Zvetravanie mechanicky
porusenych materskych hornin so zastipenim sulfidov Sb
a As sposobuje neustale uvolnovanie tychto dvoch konta-
minantov do prostredia. Nizky podiel 'ahko mobilizova-
tel'nych foriem Sb a As je spojeny s ich pomerne stabilnou
vézbou v Struktirach hojne zastipenych sekundarnych
oxidov Fe v tychto podach. V pripade Sb je to aj vd’aka
tvorbe samostatnych stabilnych oxidov Sb (stibikonit,
cervantit a roméit) a nemozno vylucit ani tlohu pddne;j
organickej hmoty. Aj tento nizky extrahovatelny podiel je
vsak stale pre SirSie okolie potencialnym rizikom, pretoze
bol stanoveny v pripade slabého extrakéného ¢inidla (des-
tilovana voda) a nezohl'adiiuje v tomto pripade dlhodoby
realny ucinok v prostredi. V stvislosti s tym je potrebny
d’alsi vyskum a vyhodnotenie potencialneho environmen-
talneho rizika v tejto oblasti zamerané na detailnejsie $ta-
dium podmienok Sirenia a biopristupnosti kontaminantov.
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Geochemical and mineralogical exploration of soils affected by mining activities
at the abandoned Sb-deposit Cu¢ma

Abandoned Sb-deposit Cuéma is one of the typical mi-
ning sites in Slovakia, situated in the southern belt of the
Spissko-gemerské rudohorie Mts. (Western Carpathians)
(Fig. 1). At present, part of the locality is classified as
probable environmental burden (registered as RV (003)/
Cuéma — former mining plant, SK/EZ/RV/777) and the
impoundment is registered in the repository register. The
main source of environmental contamination (mostly Sb
and As) in the area are the outflows of mining waters
from old galleries and deposited mining wastes in the area
(Hiller et al., 2012). Soil samples were taken at two depth
horizons (0 — 15 cm/18 samples and 15 — 30 cm/5 samples)
for the study of geochemical and mineralogical properties
of soils (Fig. 2).

Laboratory analyses of soil substrates showed their
significant heterogeneity (Tab. 1). The soil pH values for
samples from a depth of 0 — 15 cm were in the range of
2.84 —7.45 and 2.06 — 7.13 for pH(H,O) and pH(KCI),
respectively with the same tendency for soil samples from
a depth of 15 to 30 cm. The soil substrates fell into the
categories from “ultra-acidic” to “weakly alkaline soils
with a median of values belonging to the “strongly acidic”
soils based on the USDA scale for the assessment of acti-
ve soil pH. The soil samples represented primarily initial
soils without the presence of horizons or with the presence
of hardly distinguishable horizons, mainly fluvisols and
technosols.

Total concentrations of potentially toxic trace elements
were high in several cases, especially in the case of Sb and
As (the range of Sb contents was 6.2 — 142 322 mg . kg!
with a median of 433 mg . kg! for a depth of 0 — 15 cm and
a median of 882 mg . kg! for a depth 15 — 30 cm). Median
and mean Sb (8 525 mg . kg! vs. 24 872 mg . kg!) concen-
trations increased with soil depth. The enrichment of the
lower depth horizons of the initial soils compared to the
upper horizons in mining areas relates to the rock weathe-
ring and leaching of trace elements from surface layers due
to acidic environments (e.g. mine effluents) (Jung, 2008).
The As contents of the soils significantly correlated with
antimony (R?=0.87 at p <0.000 1), however, the As con-
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tent decreases with depth of soil profiles. The highest total
concentrations of Sb and As as well as Pb, Zn and Cu were
identified in soil samples of the area between the adits of
Matej, Gabriela and Jozef (CUP-3, CUP-4, CUP-6, CUP-
7, CUP-11, CUP-12) and at sites with the cumulative
effect of contaminants (CUP-10, CUP-16, CUP-18), at the
confluence of streams draining the whole area of abando-
ned Sb deposit (Fig. 3). Indication (ID) and intervention
(IT) criteria for soils (according to Directive of Ministry
of Environment of the Slovak Republic) were exceeded in
17 samples for ID, and in 9 samples for IT,, resp. in 18
samples for ID, and 17 samples for IT, (Fig. 4). For most
soils, significant exceedances of limit values, assuming the
possibility of a high probability of endangering human he-
alth and the environment, were assessed.

The soil substrate consists of lithoclasts and
crystalloclasts of variable grain size (Wentworth, 1922)
— from coarse gravel/breccias (more than 4 — 10 mm) to
granularity of claystones (less than 0.003 9 mm). Very fine-
grained meta-sandstones predominate among lithoclasts
(Fig. 5). Lithoclasts are cemented with red-brown to black
amorphous cement, which often penetrates the cracks. The
red-brown to black amorphous cement contains especially
fine-grained quartz, light mica (sericite), clay minerals,
albite and carbonates.

Quartz, calcite, albite, muscovite and illite are the main
mineral phases in the soils of the study area. Concerning
the ore minerals, tetrahedrite and rarely chalcopyrite were
mostly identified in the soil samples. Common amorphous
mineral phases in the soils were Fe oxy-hydroxides.
Ferric aggregates and cement were recorded (Fig. 6),
secondary Sb(Fe) mineral phases cemented lithoclasts
in the soil substrates. Secondary Sb mineral phases —
romeite (Ca,Sb,0.,), cervantite (Sb,0,) and stibiconite
[Sb,O,(OH)] were identified as products of weathering of
antimony ores, mostly stibnite (Fig. 7). Antimony oxides
are the most frequent mineral phases in almost all samples.
In all samples, quartz was the most common non-ore
mineral, which forms whole grains and surrounds other
minerals that most often enter it in the form of various
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veins (Klimko et al., 2009). Carbonates are also often
present in all samples. They are mainly made up of siderite
and Fe-dolomites, and the fissures are pushed by Fe oxides
with the addition of Mn and Mg (Lalinska et al., 2010).
The results of the extraction experiment with distilled
water indicated relatively low mobile proportions of Sb
and As (Tab. 2). Only 0.14 to 1.42 % Sb (median of 0.46 %)
of its total content was extracted from soils at a depth of
0 — 15 cm. A similar trend of Sb extractability was also
observed in the soils taken from a depth of 15 — 30 cm,
where the median was slightly higher (0.50 %). In general,
extractable Sb concentration was proportional to its
total content. The main cause of low Sb mobility was
likely a strong adsorption or co-precipitation of Sb with
Fe oxides in weathering processes (Hammel et al., 2000)
and the formation of individual secondary Sb minerals
with low solubility in water under oxidizing conditions.
The percentage of extracted As was somewhat higher
compared to that of extracted Sb. For soils from 0 — 15 cm
depth, 0.26 — 2.68 % As (median of 0.60 %) was released
into the water, and for soils from 15 — 30 cm depth, it was
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0.56 — 1.60 % (median of 0.70 %) of the total As content
in soils. The lower extractable proportions of As and Sb in
the surface soil layers are probably related to the higher
organic carbon content (fulvic acids and humic acids),
which bind these metalloids through complex formation
(Herath et al., 2017). The low extractable As proportions,
as in the case of Sb, can be explained by the adsorption
of As to the surfaces of secondary Fe oxides as well as
its incorporation into the structure of abundant Fe oxides,
whose presence was confirmed by mineralogical research
of these soils. It can be concluded from the results of
extraction experiments that there are sites with anomalous
concentrations of risk elements, such as Sb and As, in
substrates of initial soils within the investigated area
of abandoned antimony deposit Cuéma, representing
a potential risk to the surrounding environment. These
sites are mainly places located near historical adits and
abandoned heaps and dumps.
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