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Crystal size distribution (CSD) of titanite inclusions
in grossular from a calc-silicate rock
in the Malé Karpaty Mts., Slovakia
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Abstract: Titanite inclusions (L = 10-60 um) regularly dispersed in a grossular porphyroblast (¥ = 0.068 cm?®)
from calc-silicate rock have been studied using the X-ray high resolution micro-tomography (Nanotom 180). This
advanced methodical approach allowed the direct acquiring of the titanite crystal size distribution CSD and its
numerical assessment that formed 3D visualization and a stereological basis for detailed analysis. The data for
titanite nucleation rate (J” = 5.6 x 10 cm’s™), average growth rate (G’ = 1.4 x 10-12 cm s™) and residence time
(t = 4-84 yr) have been acquired. Crystallization of titanite inclusions was relative swift and in a short time span.
The calculation of isobaric mineral equilibria indicates that garnets grew in an equilibrium calc-silicate assemblage
of grossular + calcite + phlogopite + tremolite + quartz at pressure P ~ 300 MPa, temperature of T ~ 500-550 °C and

fluid composition of X,

< 0.25. These conditions are related neither to a long-term regional, neither to short-lived

contact-metamorphic conditions, but to regional-periplutonic metamorphism along granitic plutons.

Key words: crystal size distribution, titanite, 3D X-ray CT, grossular, residence time, growth rate
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Introduction

Magmatic and metamorphic rock textures can indicate
the mode and rate of crystallization as the crystal arrange-
ment and crystal size is a direct documentation of the
crystallization path at which a particular rock developed.
Numerical crystal size data yield thus a more complex
insight into a rock thermal evolution through quantitative
textural data. And though many rock texture forming pro-
cesses have been successfully duplicated in laboratories,
detailed kinetic inconsistencies still persist.

A fundamental observation is that grain size variations
throughout a particular rock are small. This indicates that
crystallization process did not vary significantly. However,
the combination of heating and cooling history of a met-
amorphic rock during progressive and regressive stages

113

* The calculated slope and intercept of the crystal size
distribution (CSD) plot suggest the higher nucleation
rates for the studied titanite inclusions in grossular
from calc-silicate rocks and shorter growth, but not
such as for typical contact metamorhism.

Highlights

e The different forms of CSD in contact and regional
metamorphic rocks are consequences of different
thermal histories of two metamorphic environments.

remains a pertaining problem. The relation between tem-
perature, recrystallization including mixed fluid transpor-
tation in an open system is however considerably complex.

Crystal size is the product of some mean growth rate
and growth residence time. If the number of crystals per
unit size in rock sample is plotted versus their representa-
tive sizes in a semilogaritmic fasion, many rock samples
show a remarkable smooth, often linear trends with nega-
tive slopes (see e.g. Marsh, 1988).

The theory of crystal size distribution (CSD) developed
by Randolph and Larson (1971) in chemical engineering
enables these data to be interpreted to yield quantitative
information on crystal growth rate, nucleation rate and
nucleation density. Consequently, the CSD theory was
applied to igneous and metamorphic rocks (Kretz, 1966;
Cashman & Marsh, 1984; Cashman & Ferry, 1988) and
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developed to a very effective petrographic method (see
e.g. Peterson, 1996; Higgins, 2000; Zeh & Millar, 2001;
Higgins, 2002; Eberl et al., 2002; Petrik et al., 2003; Zeh,
2004; Higgins, 2006). CSD studies thus became a tool
through which crystallization can be studied in a complex
system with minimum assumptions.

X-ray computed micro-tomography (CT) is a powerful,
non-destructive method to investigate small objects, mine-
rals and rocks’ textures in three dimensions. Particular pha-
ses are distinguished in X-ray tomography on the basis of
their linear attenuation coefficient. This depends
directly on the electron density of the mineral, |
the effective atomic structure of the mineral, and
the energy of the incoming X-ray beam. The data
collected is a serie of closely spaced 2D slices
through the object can be constructed to produce

The sedimentary overburden was metamorphosed to
greenschists facies before the granitoidic rocks intrusion
and the periplutonic processes became dominant in some
areas. The Variscan postkinematic granitoidic rocks are the
predominant constituent of the Malé Karpaty Mts. crystal-
line complex. They form two separate granitoid massifs,
the Bratislava (S-type) and Modra (I-type affinity) massif
(Cambel & Vilinovi¢, 1987) separated by a 4-8 km wide
zone of schists.

a 3D image. The modern range of X-ray micro-
tomography instruments have resolutions in the

r/' Bratislava
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H
(jzech /hmf akand 20 km
R publikf bl
— 49°N [HX
¢ Ukraine
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ungary -

range of 7-30 pm with sample sizes of ~ 7 cm
by ~ 3 cm diameter (see e.g.: Zeh, 2004; Jerram
et al., 2009; Putis et al., 2011; Vojtko et al., 2011;
Ruzicka et al., 2013; Dyda et al., 2014).

The acquired 3D data provides a valuable in-
formation on titanite shape, number and volume
which has been used to characterize the titani-
te inclusion population in the grossular garnet.
Both, 2D and 3D textural studies using CSD tex-
tural analysis techniques are successfully tested
on complex rock textures, and prove to be a use-
ful technique in specific quantification of mineral
phases in rock analysis.

i

Geology of the studied area

The pre-Alpine basement of the Western
Carpathians is represented mainly by medium to
high-graded paragneisses, orthogneisses, amphi-
bolites and other metamorphic rock complexes
which were later intruded by granitoidic rocks
of Variscan age. These high-grade polymeta-
morphic rocks are found in the ,,core mountains*
which exhibit the crystalline core, specific tec-
tonic features and tectonical overprinting by Me-
sozoic events.

The Malé Karpaty Mts. are the westernmost
and outermost core mountains (Fig. 1.) and they
possess some distinctive features in comparison
with other Western Carpathians core mountains.
Malé Karpaty Mts. play a specific and important
role in the Eastern Alpine and Western Carpathi-
an relationship as they bear some typical geolog-
ical features of both mountain systems but they
have a prevailing Carpathian influence (Mahel,
1983).

e

JEWEN RORD

—

W

Explanations

Quaternary sediments
Dolomite, limestone, sandy shales, sandstones, conglomerates (Triassic)

Polymic arcosic breccia, quartz sandstones, conglomerates (Permian)

Granitoidic rocks, Modra Massif (Paleozoic)

Pezinok Group (Silurian - Devonian)
Actinolitic amphibolites

Phylites, metasandstones with interbeds of graphitic schists
Metacarbonate and Ca-skarns
Lines of the nappe units, overthrusts, faults, mylonitization zones

Sample localization

Fig. 1. The occurrence of the studied calc-silicate rock, Dolinkovsky vrch,
in the crystalline complex of the Malé Karpaty Mts. Scatch is based on the
geological map of Mahel’ and Cambel (1972).

14



M. Dyda et al.: Crystal size distribution (CSD) of titanite inclusions in grossular from a calc-silicate rock in the Malé Karpaty Mts., Slovakia

The age data based on the Rb-Sr isochrone gives for
granodiorite of Modra massive 327 = 18 m.y. (Cambel
et al., 1990) and age acquired by U-Pb method 320 m.y.
(Shcherbak et al., 1988). These age determinations are
considered to be the age of Modra granodiorite massif
intrusion and have been later confirmed by Kohut et al.
(2009).

Metamorphic zonation is connected with granitoidic in-
trusion (Cambel, 1954; Simova & Samajova, 1979; Cam-
bel et al., 1989). The spatial relationship and metamorphic
zonality exists in some areas only as rudimentary rem-
nants. At other places the complete metamorphic zonality
has been preserved (Dyda & Miklés, 1993; Dyda, 1997).
Metamorphic zones documenting the intrusive character
of Modra granodiorite are lithologically complex and have
been described by Cambel (1958) as the Harmonia serie.
Its periplutonic zones are relatively narrow ~50-100 m,
(Kovacik in Maglay et al., 2011).

Complex tectonic structures of the mountains reflect
their complicated development which started hundreds of
kilometers southwards and rests of Variscan mountains
were overridden by Paleo-Alpine nappe piles. Their struc-
tures were modified by back-thrusts and transpressional
tectonics (Putis, 1987, 1991; Plasienka, 1989; Plasienka et
al., 1991). Due to the tectonic disturbances of the Variscan
orogen it is still unclear whether the crystalline complexes
in some ,,core mountains“are in autochthonous position
(see Maglay et al., 2011; Polak et al., 2012).

Grossular garnet, enriched in Cr and V, with diopsi-
de, albite, K-feldspar, titanite and clinozoisite in Ca-skarn
near Dubova, Malé Karpaty Mts., was studied by Uher et
al. (2015).

Fig. 2. Hand specimen of the studied layered calc-silicate rock.
Grossular garnets are accumulated probably according to the pre-
ffered chemical composition of the sedimentary protolith.

Mineral assemblage of the grossular bearing
cale-silicate rock

The mineral assemblage of the studied calc-silicate
rock (Fig. 2.): grossular (Grs), tremolite (Tr), phlogopite
(Phl), calcite (Cal) and quartz (Qtz) is given in the terms
of the following mass - balance reactions of mixed fluid
phase equilibria:

6Cal + 5Phl + 24Qtz = 3Tr + 5Kfs +2H,0 + 6CO, L

5Dol +8Qtz + H,0 =Tr +3Cal +7CO, 1L
Tr + 3Cal + 2Qtz = 5Di + H,0O + 3CO, I11.
2Czo + 3Qtz + 5Cal = 3Grs + H,0 + 5CO, V.
Qtz + Cal = Wo + CO, V.
2Czo + CO, = Cal + 3An + H,O VL

with the following metamorphic reaction thermo-data ta-
ken from Holland and Powell (2011):

AH [kJ] AS [T K] AV [kJbar']

617.14 1288.6 -15.14 ]

476.43 1024.2 -11.98 [11°.]

324.32 207.9 -10.79 [111°.]

448.97 860.3 -14.93 [1V*.]
91.90 162.2 -1.96 V<]
38.07 74.7 6.81 [VI]

Choosing the isobaric approach to the mineral-fluid
equilibria calculation, the monovariant equilibrium tempe-
rature for a particular reaction has been assessed according
to the formulation given by Kretz (1994):

AH +(P—-1).AV

= AS— R(nln(x,P-1)).¢, + (m In (ij—l)).goj

(1]

where X, X, is the mole fraction of fluid component in fluid
mixture and ®, @, is the fugacity coefficient of component
I ] at chosen temperature and pressure, n and m stand for
number of moles of fluid species in the reaction.

The iterative calculation of the isobaric monovariant
curves determines thus the limited divariant field of the
studied mineral assemblage.

Presence of zoizite in a calc-silicate rock is an X, li-
mit indicator that represents the maximum mole fraction
of CO, (X_,) in equilibrium metamorphic fluid (Fig.3).
Calculated monovariant curve [VIL.] is valid for equilib-
rium coexistence of calcite and zoizite. Maximum X, at
which zoizite is stable is at ~ 520 °C and ~ 0.4 X ,. From
this simplified restriction steams that studied mineral as-

semblage was formed at X, < 0.4 at maximum pressure
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of 300 MPa. Tremolite divariant stability field is restricted
by monovariant curves [1.] and [IIL.]. It has a wider tempe-
rature extent and the maximum temperature of coexistence
of tremolite with zoizite in the divariant zoizite stability
field is ~ 550 °C. Intersection of monovariant lines [III.]
and [IV.] at temperature ~ 550 °C determines the maximum
temperature of Gros + Tr + Czo equilibrium coexistence.
This assemblage remains stable at lower temperatures and
at lower CO, content X, = 0.25 in metamorphic fluid.
In the studied assemblage Gros + Cal + Tr + Phl + Qtz
(striped area) the higher temperature phases as diopside
and wolastonite were absent and the temperature in the this
periplutonic zone not exceeded ~ 550 °C and 300 MPa at
fluid composition X, < 0.25.

Monovariant curves are calculated for pure solid
phases. Thus in the first approximation the equilibrium
temperature for the reaction (I.) is calculated using the
chosen fluid composition: X, = 0.25, X, = 0.75 and
with fugacity coefficints for water ¢H,O = 1 and carbon

dioxide ¢CO, = 1. The obtained temperature is 440 °C. For

this temperature 440 °C and pressure are tabulated values
for H,0 = 0.293 and for ¢CO, = 7.307. Substituting the-
se values in the above formula we repeat the calculation
getting 520 °C. And, iteratively, for this temperature and
pressure the tabulated values for H,O and ¢CO, are used
for next calculation obtaining finally 524 °C. As the re-
peated calculation yields practically the same number, we
consider the resulting value to be the equilibrium tempera-
ture. Calculated isobaric mineral equilibrium indicates that
univariant mineral assemblage Phl + Qtz + Cal + Kfs + Tr
occuring at temperature ~ 524 °C may coexists with me-
tamorphic fluid of composition X,,,, = 0.25, X, = 0.75;

For many metamorphic equilibria calculations invol-
ving H O and CO,, the fugacity coefficints for water and
carbon dioxide may be acquired from tables e.g. of Bur-
nham et al.,1969; Helgeson & Kirkham, 1974, for H,O
and for CO, from Takenouchi & Kennedy, 1964; Melnik,
1972, or by using a computer program of Belonoshko et
al., (1992).

Titanite inclusions in grossular

300 MPa

T[C]
700

600

500

400

300

The growth rate of minerals in
most magmatic and metamorphic roc-
ks is approximately constant at 10°1°
to 5 x10" cm/sec and these rates are
consistent with many crystal size me-
asurements. Growth rate is generally
increasing with increasing of effective
overstepping of metamorphic reaction
(AT) as it is predicted from many kine-
tic crystallization models (Kretz, 1966;
Jones et al., 1972; Kirkpatric, 1976;
Waters & Lovegrove, 2002; Zieg &
Marsh, 2002; Kile & Eberl, 2003). This
is consistent with many tectonic inter-
pretations of undercooling processes
in magmatic systems and/or overhea-
ting and cooling during metamorphic
crystallization. In samples, where defor-
mation or annealing does not appear, to
have been important, the processes were
mostly temperature and time dependent
and size distribution was controlled by
the rate of heating of the host rocks du-
ring metamorphism and by relative rates

Xcoz

Fig. 3. Schematic isobaric T - X, diagram determines the mineral equilibria pertinent
to the studied mineral assemblage. The shaded area indicates the fluid composition
with which the stable mineral assemblage was in equilibrium. Topologies of the iso-
baric univariant curves are calculated using the internally consistent thermodynamic

dataset of Holland and Powell (2011).

of crystal nucleation and growth.

1.0 Size distribution is in many cases
typically bell-shaped with maximum
number of crystals at intermediate size,
where the right hand part of the distribu-
tion curve is approximately linear. The-
refore, certain generalization about the
development of the titanite population
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can be made from the linear correlation between crystal
sizes and their population density. Nucleation rate depends
significantly on the type of metamorphic regime. High
nucleation rates occur during contact metamorphic con-
ditions whereas the high-grade regional metamorphism is
represented by slow rate of nucleation. The observed trend
thus suggests that nucleation rate changes with regime of
metamorphism: rate during contact metamorphism > rate
during lowgrade regional metamorphism > rate during
high grade regional metamorphism (Cashman & Ferry,
1988).

2D X-Y

Tiny idioblastic titanite inclusions (L =~ 10-60 um) are
regularly dispersed in garnet porphyroblast (V= 0.068 cm?)
as determined using the X-ray high-resolution microtomo-
graphy (Fig. 4) that allowed the direct acquiring of the
titanite crystal size distribution (CSD) as seen in Fig. 5.
Such a numerical assessment formed a stereological basis
for detailed analysis of number, shape and size of titanite
inclusions (Fig. 6).

However, in calc-silicate rock matrix minerals (calci-
te + tremolite + quartz), titanite crystals have been only
seldom identified microscopically. It is presumed that the

3D

Fig. 4. The 3D distribution of titanite inclusions (red-brown) in grosssular is obtained by X-ray computer tomography (Nanotom 180).
Volume of crystal containing 116 inclusions is 0.068 cm?®. This is an ideal technique to obtain a 3D image of an object. It creates a series
of closely spaced 2 D images that are produced by the attenuation of X-ray passing through the object. The sections are then combined
to create a 3D image. Minerals must have different X-ray attenuation coefficient to be distinguished by this CT image technique. De-
spite these new and expensive techniques the standard 2-D sections methods are likely to continue for gaining the data for /n (n) versus

L plot construction (see e.g. Castro et al., 2003).
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Fig. 5. Crystal size frequency histogram of titanite inclusions in grossular is quasi bell-shaped and documents the increase of nucleation
at a constant growth rate that presumes a crystal independent growth, similar to behavior of other silicate minerals.

In normal (Gauss) distribution, the frequency distribution curve is symetrical to aritmetical mean (x). The class size intervals are chosen
in such a way that in the size intervals X - 26 to X + 2o are grouped ~ 95 % of all acquired size data. The extent of class intervals — 4

is then given: & = (X

max

and last size class is usually left open.

protolith contained some detritic sedimentary Ti minerals
as e.g. ilmenite, titanomagnetite, leucoxene, etc. which
could have been partly transformed during increase of
metamorphic temperature by metamorphic reactions into
idioblastic shapes of titanite. These may have served later
as the potential places for garnet heterogeneous nucleation
and growth.

CSD of tiny titanite inclusions in grossular present the
normal, Gauss’ distribution patterns (Fig. 5) indicating
thus that the conservation of number and shape of the for-
med CSD, after the crystallization remained unchanged.
This figure shows that studied titanite distribution in gros-
sular was not changed due to final contact metamorphism
and formation of diopside and wollastonite.

The cummulative curve of acquired data rises steeply
and then flattens (Fig. 5). When these data are converted
to number of crystals per unit volume, these trends are
enhanced. Important is the cumulative CSD presentation
through the plot In(n) versus “L”. This plot is then used
to linearize crystal size distribution (see e.g. Marsh, 1988;
Cashman & Marsh, 1988; Eberl et al., 2002). The constru-
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-X )/ m,where X__is the maximal value in the set, X . is the minimal value, m is number of classes. First

cted plot, In (n) vs. “L” from the acquired data (Fig. 6) was
then used to calculate the least-squares line and its slope
that has been determined to be b =-616 cm™.
According to Marsh (1988), it is convenient to deal
with a cumulative distribution which can be derived from
the histogram function n (L):
L
N(L)=] n(L)dL [2.]
0
N (L) is thus a function describing the total number
of crystal of size L and smaller (number of crystals per
unit volume). N( L) is also a simpler and more certain
measurement in that progressively increasing sum. Stable
population density # (L) is defined as the slope of cumula-
tive number curve at any given size class. The n (L) is the
number of crystals per unit length (L) and per unit volume:

- 20

The function » (L) is defined as the population density
of crystals in any size range divided by the size interval

[3.]
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Fig. 6. The correlation of /n (n) vs. L in the diagram has the function n = n° e ** where n° is the intercept at L = 0 and b is the linear
equation constant describing the slope of the curve. In CSD theory the G is the growth rate and t is the effective residence time of
the titanite population growth in the sample. Slope describes the comparative parameter of the measured CSD indicating that titanite
inclusions must have been grown within a very short time interval. Population density (#) is the number of crystals in any size range

divided by the size interval.

and on the plot of cumulative number of crystals against
size (L) that gives the slope of the curve. In a typical crystal
size distribution, In (n) versus (L) the slope of the line is
determined by the relation

slope = —
P Gt

(4]

where k is the constant, G is the growth rate and T is the
residence time.

Tab. 1
Calculated data for titanite inclusions nucleation
and growth.
Tntercept Slope Nucrlaeteétion Avera%aetegrowth Reiiir(iince
[J,N°em®s!]  [G',ems!] [z, yr]

In 15.50 -616 5.61x10° 1.04x 10" 49
\XgLSZ)V T [°C] AT [°C] AS, [J/mol/deg] 1 [years]

520 1-10 5-80 4 -84

Discusion and conclusions

Crystal size histogram of titanite inclusions is bell-
shaped with the maximum number of crystals at interme-
diate sizes (Fig. 5). This distribution shape is similar to
many others CSD data which represent crystal distribution
in most contact metamorphic rocks. However, the residen-
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ce time for nucleation and growth of mineral phases along
the contacts with granitic plutons emplaced in upper crust
can be very similar. This size distribution suggests that
titanite inclusions in the studied sample grew under con-
ditions of continuous nucleation and growth and we could
determine their growth characteristics and their crystalli-
zation residence time.

Walther and Wood (1984) proposed a general Arrhe-
nius relation between temperature and growth rate of
many silicate minerals. This empirical relation has been
successfully applied to the crystallization of minerals at
higher temperatures. On the basis of the formulated rela-
tions among reaction entropy (AS,) of the reaction under
given T and P and the equilibrium temperature overstep-
ping (A7), the presupposed growth rate and crystallization
residence time may be approximated. In many cases the
reaction overstep and extent of disequilibrium can be as-
sessed (Waters & Lovegrove, 2002; Zeh & Holness, 2003).

The exact value of AS, for titanite forming reaction
is unknown. A lower limit for AS, is probably ~ 5 J/mol/
deg, what is a typical value for polymorphic transforma-
tions (e.g. andaluzite — sillimanite, calcite — aragonite).
AS, ~ 80 J/mol/deg stands for most metamorphic reaction
and may be taken as the higher limit. Accepting these AS,
limits and the AT extent, the residence time may be brack-
eted T~ 4 — 84 years (Tab. 1).

The nucleation and growth of titanite inclusions was
swift and the CSD data show (Tab. 1) that titanite inclu-
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sions have been grown within a short period of time. The
calculated value obtained for average nucleation rate was
as J = 5.61 x 10° N°cm®s”!, and average growth rate
G’ = 1.04 x 10" cm s, giving thus the crystallisation
residence time for titanite inclusions in garnet at Tt = 49
yr., what is consistent with the other CSD data on titanite
nucleation and growth in metamorphic environment (see
e.g. Zeh, 2004).

These obtained residence time data are consistent e.g.
with growth time for magnetite in rock between 0.03 — 32
years or 210 years for a growth of 0.05 cm pyroxene from
contact aureole studied by Joesten (1983).

Histogram Fig. 5 shows a quasi normal distribution of
crystal sizes. This indicates that post crystallization pro-
cesses did not modify the original size distribution after
crystallization has been completed. In some specific cases
the increase of grain size occurs upon annealing. Crys-
tals will coarsen by the transfer of matter from small to
large crystals. The process is driven by resulting overall
reduction of the total specific surface free energy at the
crystal-matrix contact interfaces. Ostwald ripening is
characterized by simultaneous growth and resorption of
crystals in the same matrix and the system is not in ther-
modynamic equilibrium until all precipitated material is
gathered in one crystal of each mineral present. While this
never occurs in nature, the local equilibrium is reached
when all crystals are approximately of the same size
(Kretz, 1994; Waters & Lovegrove, 2002; Eberl et al.,
2002). Such a process of Ostwald ripening is recognized
to occur due to diffusion trough matrix. However, the high
diffusion coefficient of grossular in post-crystallization
conditions (T < 520 °C) could have hindered the possible
annealing and/or riping of titanite inclusions during post
peak-metamorphic cooling.

Titanite inclusions in grossular from the studied
calc-silicate rock offered CSD data which suggest their
continuous nucleation and growth. The calculated slope
and intercept (see Tab. 1) of the CSD plot (Fig. 6) suggest,
in comparison with other titanite growth rate estimates,
that the growth rate for studied titanites was short and
nucleation rates were high, but no so high as for typical
contact metamorphosis. There is no evidence for further
modification of the CSD after the initial period of crystal
nucleation and growth has been completed.

Finally, the different forms of CSD in contact and
regional metamorphic rocks are natural consequences of
the differences in thermal history of two metamorphic
environments. Regional metamorphism involves high
temperature followed by prolonged cooling at high to
moderate temperatures. CSD initially produced by conti-
nuous nucleation and growth at, or near thermal peak of
regional metamorphism may later be significantly mod-
ified by annealing processes during prolonged cooling.
Studied sample involved crystallization temperatures
~ 500 - 550 °C for a short period of time and CSD char-
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acteristics of continuous nucleation and growth of the
studied titanite remained unmodified. This implies that the
choice of studied specimen was outside of an immediate
contact with granitic apophyses and does not represent
a typical hornfels.

Variscan metamorphism of paragneises in the Malé Kar-
paty Mts. involved, however, higher periplutonic recrys-
tallization peak temperatures and pressures 570 - 650 °C,
350 - 610 MPa (Dyda, 2000), followed by tectonic uplift
and cooling to moderate temperatures. The CSD of garnets
initially produced by continuous nucleation and growth at,
or near thermal peak of metamorphism were later signifi-
cantly modified by annealing during prolonged cooling and
exhumation at various calculated cooling rates, verifying
thus the different uplift conditions of individual tectonic
blocks during final stages of the Variscan orogenic events.
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Distribtcia krystalovych velkosti (CSD) titanitovych inkluzii v grosulari
z vapenato-silikatovej horniny Malych Karpat, Slovensko

Merania distribticie krystalovych velkosti (CSD)
v malom objeme hornin st skor ojedinelé a v rozmeroch
~ 0,07 cm?® sa zatial’ nerealizovali. Bezny metodicky pri-
stup hodnotenia CSD je zaloZeny hlavne na 2D meraniach
a transformacia 2D hodnét do 3D tdajov je spojena so
znaénymi komplikaciami a numerickymi upravami.

Na rontgenovom mikrotomografe Nanotom 180 sa ste-
reologickym zobrazenim ziskalo 116 titanitovych inkluzii,
rovnomerne rozptylenych v objeme grosularu (obr. 4). Ich
pocetnost, vel'kost (L = 10 — 60 pm) a rovnomerna dis-
tribucia umoznili uplatnit’ numerické metodiky CSD (obr.
6) a ziskat’ tak charakteristiky definujice nukleacnu rych-
lost’ (J° = 5,6 x 107 cm® . s71), rychlost’ kryStalového rastu
(G’=1,4x 10— 12 cm.. s!) aj rezidenény ¢as krystalizacie
(t = 4 — 84 rok) titanitovych inkluzii.

Latkova bilancia progresivnej reakcie vytvarajicej
titanitové inkluzie nebola Specifikovand a hodnota entro-
pickej zmeny (AS,) pri reakcii vytvarajucej titanit nie je
znama. Spodny limit AS, je pravdepodobne ~ 5 J/mol/deg,
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¢o je typicka hodnota pre polymorfné transformacie (napr.
andaluzit — sillimanit, kalcit — aragonit). Entropicka
zmena AS, ~ 80 J/mol/deg je platna pri mnohych meta-
morfnych reakciach a moze sa povazovat za horny limit.

Akceptovanim tychto limitov AS, a teploty AT moZze
byt’ potom reziden¢ny Cas rastu ramcovo vymedzeny roz-
sahom t = 4 — 84 rokov (tab. 1). Nukleacia a rast idio-
blastickych titanitovych inklazii v takmer homogénnom
granate boli rychle a trvali kratky casovy interval, ¢o je
konzistentné s inymi udajmi o nukledcii a raste titanito-
vych inklizii v metamorfnom prostredi (napr. Castro et
al., 2003; Zeh, 2004). Rezidenc¢né Casy rastu koreSpondujt
napr. s ¢asom rastu magnetitu v rohovcoch (0,03 — 32 ro-
kov) a tiez s rastom 0,05 cm pyroxénu v kontaktnej aureole
(= 210 rokov; Joesten, 1983).

Granaty krystalizovali ako rovnovazna sucast’ progre-
sivnej mineralnej asociacie grosular + kalcit + flogopit +
tremolit + kremen pri teplote (T ~ 500 — 550 °C) a tlaku
(P ~ 300 MPa), vymedzenych monovariantnymi krivka-
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mi uréujucimi divariantné pole tejto asociacie. Mineralna
asociacia bola uréovana intruzivnym magmatickym tele-
som aj zlozenim metamorfného fluida, ked’ vysoky obsah
H,O0 (X, < 0,2) vyjadruje intenzivny periplutonicky
vplyv magmatickych fluid na mineralnu asociéciu.

Periplutonicka kontaktna krystalizacia granatu zrejme
kopirovala povodné litologické zlozenie sedimentarne-
ho komplexného karbonatového protolitu. Porfyroblasty
grosularu maji zachovany idioblasticky vyvoj a su bez
sekundarnych retrogradnych aj deformaénych znakov.
Vyvoj titanitovych inklzii bol progresivny, jednoetapovy
a nepodliehal neskor§im zmenam, ktoré by modifikovali
povodnu distribuciu krystalovych vel'kosti. Vel'kost titani-
tovych inkltzii méa normalnu, Gaussovu distribuciu krys-
talovych velkosti a minimalnu tendenciu k lognormalnej
distribucii. To potvrdzuje minimalnu zmenu poctu a tvaru
krystalov po skonceni krystalizacie a pocas neskorSieho
chladnutia, ked’ v procese Ostwaldovho zrenia sa hmota
menej stabilnych, mensich krystalov transferuje na vécsie,
stabilnejsie krystaly.

Progresivna minerdlna reakcia vytvarajica titanito-
vé inkluzie nebola definovana. Je vSak pravdepodobné,
ze Ciastocnymi reaktantmi boli povodné Fe-Ti mineraly
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v protolite (napr. ilmenit, titanomagnetit, leukoxén), ktoré
mohli pri rozklade zaroven podmieniovat heterogénnu nuk-
leaciu granatov aj titanitovych inklazii. V matrixe horniny
bol vsak titanit mikroskopicky identifikovany len zriedka-
vo. Rast inkluzii a grosularu mohol byt synchronny. To
by vsak vyzadovalo definiciu progresivnej metamorfne;j
reakcie na hmotnostnej bilancnej baze, ked” by titanit aj
grosular boli reakénymi produktmi takejto reakcie. Vypo-
&itana dizka rezidenéného Gasu rastu titanitovych inklizii
je so zretel'om na metamorfné podmienky relativne kratka.

Variska periplutonicka zonalnost’ v Malych Karpatoch
je na mnohych miestach vyznamne porusend, fragmen-
tovana alpinskou tektonogenézou a niektoré horninové
bloky nemusia priestorovo zapadat do predpokladanej
metamorfnej zondlnosti. Podmienenost’ periplutonickych
kontaktnych premien, ich intenzita a rozsah su potom ur-
cované najmi vzdialenostou od tepelného zdroja. V Spe-
cifickych metamorfnych horninovych blokoch ma potom
numerické hodnotenie CSD najmé vSeobecny komparativ-
ny petrologicky vyznam.
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Pebble-material of Hronic Upper Paleozoic sediments in the Malé Karpaty Mts.
(Western Carpathians): petrogenetic and provenance aspects

Abstract: The paper presents the results of petrographic study of the pebbles in Permian Peterklin Beds, belonging
to the Maluzina Fm. and locally to the Upper Carboniterous Nizna Boca Fm. of the Hronic Unit in the Malé Kar-
paty Mts. The pebble material consists of basement rocks — dominantly leucocratic granites and synsedimentary
acid volcanics and clastics of intraformation origin. Therefore it is presumed that the source of this material was
represented by the basement of the southern parts of that time Tatro-Veporic Unit — the Variscan predecessor of
Alpine Tatric and Veporic units. The rocks of the Gemeric Unit provenance were not clearly evidenced in inves-
tigated pebbles. Low-grade deformation superimposed upon the basement-rock pebbles indicates a Late-Variscan
tectonic event, which occurred approx. inbetween the thermal consolidation of the Variscan granitic massifs and
the development of the Upper Paleozoic formations. Mineralization found in chalcedony silicite points to Late
Carboniferous low-temperature hydrothermal sulfidic-carbonatic-(phosphatic) metallogenetic period.

Key words: Hronic nappe unit, Upper Paleozoic conglomerates, Late Variscan deformation, provenance, minera-
lized chalcedony silicite, Malé Karpaty Mts., Western Carpathians

Graphical abstract

Uvod

Pri geologickom mapovani spodnej Casti veterlinske-
ho prikrovu tvoreného ipoltickou skupinou (OlSavsky in
Polék et al., 2010) bola vyzbierana kolekcia obliakového
materialu na petrografické stadium. Polymiktny material
bol ziskany hlavne z permskych peterklinskych vrstiev
a orientacne z vrchnokarbonskeho niznobocianskeho su-
vrstvia. Petrograficky sme zhodnotili zhruba 40 vzoriek.
Vytypované petrogenetické ¢i Strukturne prvky boli zdo-
kumentované mikrofotograficky a na elektronovom mik-
roanalyzatore Cameca SX 100 (SGUDS Bratislava) boli
analyzované vybrané mineraly a identifikované akceso-
rické mineraly alebo jemnozrnné alteracné fazy. Cielom
prace nie je podat’ systematickii obliakovi analyzu, je
zamerand najmd na fenomény osvetlujiice proveniencné
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¢ Resistent crystalline pebble material underwent
the pre-depositional Late Variscan deformation;

e Gemeric provenance of the pebbles was not
proved;

e Low thermal Late-Carboniferous ankeri-
te-sulfide-xenotime mineralization was found
in chalcedony silicite.

Highlights

a predvrchnopaleozoické petrogenetické otazky a fakto-
graficky aj interpretacne rozsiruje predchadzajuci kratky
prispevok autorov Kovacik a Olsavsky (2012).

Struény prehl’ad doterajsich prac

Vyskumom proveniencie zdrojovych oblasti ipolticke;j
skupiny (niznobocianske a maluzinské suvrstvie) sa rdzni
autori v minulom storo¢i vo svojich pracach dotkli tejto
problematiky skor okrajovo. Prvé pokusy o zhotovenie
obliakovej analyzy prisli s pracami uranového prieskumu
(Novotny a Jancok, 1971, s. 45; Novotny, 1972, s. 57).
Tu identifikovali petrografické variety a ich priblizné per-
centualne zastiipenie. Pokus o charakterizovanie petrogra-
fického zlozenia klastického materialu je mozné evidovat
v d’al$ej dekade (Vozarova, 1981; Vozarova a Vozar, 1988,
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s. 267 — 268). Novsie geochemické/geochronologické
stadie s ohl'adom na zdrojovu oblast’ boli sustredené na
areal Malych Karpat (Vd’a¢ny, 2013; Vd’acny et al., 2013;
Vozarova et al., 2014; Vda¢ny a Bacik, 2015) a zamerané
prevazne na maluzinské suvrstvie.

Ako hlavny zdroj sa uvadzaju acidné felzitické plu-
tonické horniny. Menej zastpené boli nizko az vyso-
ko metamorfované horniny s felzitickymi a mafickymi
vulkanickymi horninami (Vd’a¢ny, 2013). Material bol
derivovany zo zlomovo ohrani¢eného vyzdvihnutého fun-
damentu aktivneho kontinentalneho okraja (Vdacny et al.,
2013). Boli identifikované viaceré potencialne zdrojové
oblasti: variské magmatity ohrani¢ené subdukénou zénou
ako hlavny zdroj, acidné metavulkanity spojené s nizko
metamorfovanym krystalinickym komplexom a ryoli-
tovo-dacitové synsedimentarne vulkanické centrd v sa-
motnej panve ipoltickej skupiny (Vozarova et al., 2014).
V starSom prispevku (Vozarova, 1981, s. 187), tykajicom
sa vylucne niznobocianskeho suvrstvia, boli na zaklade
petrografickej analyzy dolozené tri zdroje: komplex gra-
nitoidov, migmatitov a ral, ako aj komplex epimetamor-
fovanych hornin a tiez syngeneticky dacitovo-andezitovy
vulkanizmus. V obliakovom materiali hronického permu
Durovi¢ (1971) opisal kvarcity, grafitické kvarcity, grani-
toidné horniny, kremité porfyry, zelené chloriticko-serici-
tické bridlice, muskovitické svory a pieskovce.

Extraformacny (obliakovy) material sa nachadza prak-
ticky v celom profile ipoltickej skupiny. V niznobocian-
skom suvrstvi st pritomné polohy piescitych zlepencov

v asociacii so sludnatymi arkézami. V permskych sedi-
mentoch sa zlepence s extraforma¢nym materidlom vy-
skytuju v Styroch zo Siestich znamych litostratigrafickych
¢lenov maluzinského stvrstvia. V Nizkych Tatrach a na
Horehroni su to: bystrianske, kubasské, vysovské a bre-
zovské/stupianske vrstvy (sensu Tulis a Novotny, 1998;
Olsavsky, 2008). V Malych Karpatoch su to ich stratigra-
fické ekvivalenty: zliabocké, peterklinské, klokoéské a za-
mocké vrstvy (Olsavsky in Polék et al., 2012).

Vystupovanie obliakového materialu

Sktimany polymiktny materidl z ipoltickej skupiny
rozSirenej na tzemi Malych Karpat pochadza z dvoch
stratigrafickych trovni (obr. 2). V niznobocianskom su-
vrstvi vytvara polohy hrubozrnnych sedimentov v podo-
be sivych, struktirne nevytriedenych zlepencov, niekedy
piescitych zlepencov s polymiktnym materialom (obr. 3),
ktoré¢ho klasty dosahuju velkost' 10 cm. Ide o nepravidel-
né vyskyty v pies¢itych hrubozrnnych sl'udnatych arko-
zach (ojedinele s polohami prachovcov).

V maluzinskom suvrstvi najhojnejsi (najpestrejs$i) ma-
terial poskytuju peterklinské vrstvy. Prakticky v celom
pruhu jeho vyskytu (juzné svahy Vépennej a Klokoca)
sa nachadzaji sedimentarne polohy s hruboklastickym
materialom. Niekol'ko lokalit s vyskytom zlepencov bolo
zaregistrovanych aj v nadloznych kloko¢skych vrstvach,
kde tvoria len mensSie, skor vzacne akumulacie.

Peterklinské vrstvy sa vyznacuju predovsetkym pri-
tomnost'ou hruboklastického polymiktného materialu,

500, 0 500 1000 1 §00 2000m

ZAakladny interval vrstevnic 5 m

peterklinské vrstvy -
maluzinské suvrstvie

>

—— o S e A

Obr. 1. Situa¢na mapa vyskytov polymiktnych zlepencov na liste 1 : 50 000 Solo$nica 34-442 (Polak et al., 2010).
Fig. 1. Location of polymict pebble occurrences on the map sheet 1 : 50 000 Solosnica 34-442 (Polak et al., 2010).
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Obr. 2. Litostratigraficka tabul'ka ipoltickej skupiny z oblasti Vel'ky Peterklin — Vapenna — Klokoc¢.
Fig. 2. Lithostratigraphic column of the Ipoltica Group in the area of Vel'ky Peterklin — Vapenna — Kloko¢.

ktory je zaroven najhrubsie zrnity aj v ramci vyskytov ma-
luzinského stvrstvia v Zapadnych Karpatoch. Obliaky tu
dosahujt velkost’ az 30 cm.

Peterklinské vrstvy st zastipené predovsetkym
drobnozrnnymi piesCitymi zlepencami a hrubozrnnymi
arkézovymi zlepencami. Vacsie klasty su spravidla vel-
mi dobre opracované, priestor medzi nimi je vyplneny
drobnozlepencovitym alebo hrubopiescitym materialom.
Charakteristicka je ich mineralogicka a Struktirna nezre-
lost’. Stratigraficky zaznam hruboklastickych sedimentov
peterklinskych vrstiev v maluzinskom suvrstvi z Malych
Karpat mozno korelovat’ s depozi¢nou sekvenciou (DS3)
kubasskych vrstiev (Tulis a Novotny, 1998; Olsavsky,
2008), resp. s bazou II. megacyklu na sv. svahoch Nizkych
Tatier (sensu Vozarova a Vozar, 1981).

Dokumentacné body opisovanych vzoriek

Dok. bod 92 (GPS: N 48° 26,664', E 17°14,338"):
peterklinské vrstvy, v = 455 m n. m., 480 m na JV od k.

Velky Peterklin, nevyrazny hrebent smeru VSV — ZJZ,
ohyb lesnej cesty, vel'mi strmo ulozené vrstvy permskych
hrubozrnnych piescitych az drobnozrnnych zlepencov.
Vzorky tlomkov hornin z polymiktnych variet (metamor-
fit a tmava bridlica). Klasty st velké az 15 — 20 cm.

D. b. 94 (N 48° 26,770', E 17° 14,454"): peterklinské
vrstvy: v=350 mn. m., 710 m na V od k. Vel’ky Peterklin,
80 mna Z od k. 361, l'ava strana (v smere toku) bezmenne;j
dolinky zhruba v.-z. smeru, lesna cesta, strmo ulozené vrs-
tvy hrubozrnnych zlepencov az hrubozrnnych pieskovcov,
60 — 80 cm hruba zlepencova lavica je prekryta polohou
hrubozrnnych ¢ervenohnedych pieskovcov. Svetloruzov-
kasté zlepence s obliakovym materialom maju velkost’ do
30 cm.

D.b. 127 (N 48° 26,943', E 17° 15,765'): peterklinské
vrstvy, v =400 m n. m., 500 m na SSV od hajovne Zliabok,
nevyrazny hreben smeru S — J, ohyb lesnej cesty, pies¢ité
zlepence.

D. b. 140 (N 48° 27,161', E 17° 16,786'): peterklinské
vrstvy, v =440 - 435 m n. m., prava strana doliny Solos-
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Obr. 3. Niznobocianske stvrstvie: a, b, ¢ — polymiktné zlepence z lokality na 'avej strane doliny Solo$nického potoka juzne od
Hornych zliabkov (dokumentacny bod 159); d, e, f — zlepence z lokality severne od koty Mesac¢na (d. b. 210), tlomky tvori material
z kremena, rul, granitoidov a tmavych (meta)sedimentov.

Fig. 3. The Nizna Boca Fm.: a, b, ¢ — polymict conglomerates, localized on the left side of the Solosnica creek valley, south of Horné
zliabky elevation point (documentation point 159); d, e, f— conglomerates built of quartzitic, gneissic, granitic and (meta)sedimentary
pebble-material, location e. p. Mesacna (d. p. 210).
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Obr. 4. Peterklinské vrstvy: a — strmo sklonené lavice zlepencov v zareze lesnej cesty (dokumentaény bod 92); b — detail drobnozrnné-
ho zlepenca s va¢simi ilomkami kremennych obliakov (d. b. 92); ¢ — kolmo vztycené az mierne preklopené hrubolavicovité zlepence
z lokality vychodne od k. Vel'ky Peterklin (d. b. 94) obsahuju polymiktny material z krystalinika s klastami do 30 cm; d — detail drob-
nozrnného zlepenca s obliakmi ortoruly a kremena (d. b. 94); e, f — polymiktné zlepence z lokality jjz. od k. Kloko¢ (d. b. 208).

Fig. 4. The Peterklin Beds: a — deeply dipping conglomerate banks in the forest road rock-cut (documentation point 92); b — detailed
view on fine-grained conglomerate with larger quartzose pebbles (d. p. 92); ¢ — subvertical rudely bedded conglomerates contain poly-
mict crystalline material up to 30 cm in scale, locality east of e. p. Vel'ky Peterklin (d. p. 94); d — detailed view to fine-grained conglo-
merate with large pebbles of ortogneiss and quartz (d. p. 94); e, f — polymict conglomerates localized SSW from e. p. Kloko¢ (d. p. 208).
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nického potoka, Horné Zliabky, 200 m na JJZ od k. 547,
v ohybe lesnej cesty sa objavuju rozpadavé polymiktné
zlepence ruzovkastej farby s obliakmi velkymi do 10 cm.

D.b. 159 (N 48°26,736', E 17° 16,721"): niznobocian-
ske suvrstvie, v =380 — 400 m n. m., v sutine sa nachadza-
ju sivé polymiktné zlepence, zaznamenali sme pritomnost’
¢iernych ulomkov.

D. b. 208 (N 48° 27.949', E 17° 18,408'): peterklinské
vrstvy, v =485 m n. m., na JJZ od k. Kloko¢, blokova suti-
na na svahu, typické polymiktné zlepence ¢ervenohnedych
farieb, v okoli vyvetrané klasty obliakov.

D.b.210 (N 48°27,564', E 17° 18,456"): niznobocian-
ske suvrstvie, v = 430 — 435 m n. m., juZzne od Klokoca,
680 mna S od k. 462 Mesacna, 'ava strana kratkej dolinky
smeru S —J, 170 m na SV od k. 433, polymiktné zlepence
svetlosivych farieb, pies¢ité zlepence, netriedeny material,
hrubozrnné arkoézy s bielymi zivcami + klasticka sl'uda,
v sutine su typické tmavosivozelené s'udnaté bridlice.

D.b.224 (N 48° 26,440, E 17° 13,083"): rozhranie klo-
kocské/peterklinske vrstvy, v =350 m n. m., jz. od k. Vel’ky
Peterklin, 140 m na JJV od k. 408, hrubolavicovité pies¢ité
zlepence, polymiktné zlepence az hrubozrnné pieskovce,
ojedinele s klastami do 10 cm.

D. b. 274 (N 48° 28,052', E 17° 20,482"): niznobo-
cianske suvrstvie, v = 365 m n. m., na miernej elevacii
st v sutine ulomky hrubozrnnych arkéz (jeden Glomok
s grada¢nym zvrstvenim) a drobnozrnné zlepence, zlozené
najmi z kremena, svetlého zivca a ilomkov hornin.

Petrograficka charakteristika obliakového materialu

Formovanie obliakového materialu je ovplyvnené
mnozstvom Cinitelov — zlozenim zdrojovych hornin,
charakterom zvetravania a reliéfu, transportom az po se-
dimentarno-diagenetické procesy. Skiimany material je
viac rezistentny a celkovo dobre opracovany, sved¢iaci
o dynamike znosovej oblasti. Exponované prostredie vod-
nych tokov poskytuje horSie podmienky na zachovanie
mechanicky menej odolnych horninovych tlomkov, ako
napriklad sl'udnatych ¢i ilovitych bridlic. Povod Studova-
ného obliakového materialu, do ktorého neboli zahrnuté

celkovo prevazujice kremenné obliaky, mozno na zaklade
petrografického zhodnotenia zaradit’ do tychto zakladnych
skupin: krystalinika, pozostavajuceho prevazne z leuko-
kratnych granitickych hornin, kyslych vulkanickych hor-
nin, menej zastapené su sedimentarne horniny klastického
povodu alebo kremité horniny s nie vzdy ujasnenou ge-
nézou.

Krystalinikum

Dominantni skupinu v Studovanom petrografickom
materiali reprezentuju granitické horniny. V zavislosti od
odchylok v primarnom mineralnom zlozeni a Struktire,
ako aj naslednych deformacnych a latkovych modifikacii
mozno spomedzi granitickych hornin rozlisit' viacero va-
riet. Prevazujuci typ predstavujii vSesmerné muskovitové
leukokratné granity, kde obvykle prevazuje kremen nad
albitickym plagioklasom. Maji jednoduché mineralne
zlozenie, zvycajne obsahujii malo sI'ad a v mnohych pri-
padoch neobsahuju K-zivec ani biotit. Prevazuje hypi-
diomorfna, miestami aj apliticka Struktara, ojedinele sa
objavil pegmatitoidny granit s granofyrickou Strukturou.
Muskovit a albiticky plagioklas dosahuji vel'kost' v prie-
mere 1,5 — 2 mm, zrna kremena byvaji spravidla drob-
nejsie. V niekolkych pripadoch je mozné pozorovat
porfyricky vyvoj zivcov dosahujucich vel’kost’ 5 — 10 mm.

Typy granitov s prevazujiicou jemno- az strednozrnnou
homogénnou  Struktirou maji  priemerna  zrnitost’
0,3 — 0,5 mm. Muskoviticky granit (obr. 5a) ma v porov-
nani s vyhranenej$imi leukokratnymi typmi vyssi podiel
muskovitu (kremen > plagioklas > muskovit ~ K-Zivec)
a typicku granitick Struktiru. Podobné §truktarne Crty ne-
sie aj zriedkavy biotiticky granit-granodiorit s mineralnym
zlozenim kremen > plagioklas > K-zivec > biotit. Zrnitost’
tychto hornin dosahuje v priemere 1,5 — 3 mm, s lokalnym
vyvojom vyrastlic K-zivca a plagioklasu. K-zivcové vy-
rastlice miestami uzatvaraji plagioklas, samotny K-zivec
sa vSak Casto vyskytuje uz len vo forme Sachovnicového
albitu. Na zaklade optickych prejavov plagioklas vystu-
puje v dvoch generaciach. Relativne starSie plagioklasy,
na rozdiel od mladsich, sa vyznacuju dobre obmedzenymi

»
'

Obr. 5. Mikrosnimky leukokratnych granitov az ,,ortoral” (vlavo neskrizené, vpravo skrizené nikoly): a — muskoviticky granit —
v spodnej casti koncentracia sericitizovaného plagioklasu, hore mierne deformovana doména kremena s muskovitom (vzorka 127);
b — duktilne deformovany leukokratny granit — najlepsie odolavaji premenam vyrastlice K-zivca (diagonalne orientované, tmavosivé,
pri skrizenych nikoloch) (vz. 94h); ¢ — chloriticko-sericiticka pseudomorfoza po granate (Cierne relikty pri skrizenych nikoloch) v Cias-
tocne deformovanej kremenno-zivcovej hmote (vz. 94c¢); d — pseudomorféza po granate zatlacana sericitom, chloritom a drobnymi
krystalmi kremena (vz. 140, analyzy zvySkov granatu v tab. 1).

Fig. 5. Microphotographs of leucocrate granites and “ortogneisses” (left — parallel nicols, right — crossed nicols): a — muscovite granite
— sericitized plagioclases aggregate at the bottom part; upper part shows weakly deformed quartz domain with muscovite (sample
127); b — ductile deformation of leucocrate granite — porphyric K-feldspar are the most resistant to deformation (diagonally oriented,
dark grey at crossed nicols) (s. 94h); ¢ — chlorite-sericite pseudomorph after garnet (black relics at crossed nicols) in partly deformed
quartz-feldspar matter (s. 94c); d — pseudomorph after garnet replaced by sericite, chlorite and fine quartz crystals (s. 140, for garnet
analyses see Tab. 1).
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krystalovymi tvarmi. Zivce, najmi plagioklasy, miestami
vytvaraju charakteristické rastové agregaty (obr. 5a).

Skupina usmernenych granitickych hornin zdruzuje
viacero horninovych typov, ktoré maju obdobné mine-
ralne, ¢iastocne aj mikrostruktarne parametre ako leuko-
kratné granity. Pomerné mineralne zloZenie hornin mozno
generalizovat’ takto: krement > plagioklas > K-Zivec >>
muskovit, biotit. Celkovo prevazuje hypidiomorfna zr-
nitost’ s premenlivou velkostou zrna — niekedy je jem-
nozrnna (do 0,5 mm) a zarovenn homogénna, inokedy je
heterogénna, s rozsahom zhruba 0,3 — 2,5 mm. Prerasty
ziveovych zin alebo ojedinelé uzavreniny plagioklasu
v K-Zivei naznacuji magmaticky povod. Plagioklas je
zvycajne sericitizovany, na rozdiel od menej premeneného
K-zivca, ktory byva po okrajoch albitizovany vo forme
,Sachovnicového albitu“. Ciry albiticky plagioklas, asi
produkt neskorsej krystalizacie, nezriedka obsahuje drob-
ny myrmekiticky kremen. V nevyznamnom mnozstve su
zastipené sl'udy — drobnolupenovy intersticialny muskovit
alebo biotit, spravidla premeneny na chlorit.

Tieto horniny (obr. 5b) sa vyznacuju deformaciou
sprevadzanou predizenim kremennych a Zivcovych zin za
vzniku novotvoreného (rekrystalizovaného) drobného kre-
mena a sl'udy. Obcas pozorujeme druhotne poohybané vy-
rastlice muskovitovych lupenov. Vytvara sa nepravidelna
foliacna stavba s prejavmi deformacie v semiduktilnych az
duktilnych podmienkach, pricom horniny nadobtidaji tex-
turne znaky pripominajuce ortoruly. Leukokratna tavenina
sa mohla formovat’ aj v procese injekénej migmatitizacie
v anizotropnom prostredi metamorfného substratu a moze
predstavovat’ leukosémovu zlozku.

Osobitn skupinu tvoria hrubsie zrnité leukokratné
ruly s grandatom, pricom horniny nesu znaky granitickej
magmatickej Struktiry. Granat sa zachovava vo forme hy-
pidiomorfne obmedzenych pseudomorféz velkych okolo
2 mm a zlozenych z vel'mi jemnozrnného sericitu (obr. Sc,
d). Sucastou pseudomorféz byva novotvoreny kremen,
v niektorych pripadoch tu vznikali aj jemné pukliny vypl-
nené chloritom — penninom (tab. 1). Analyza ojedinelych
reliktov granatu dokumentuje spessartinovo-almandinové
zlozenie (obr. 5d, tab. 1) naznacujuce jeho krystalizaciu
z rezidualnych faz leukokratnej taveniny. Tvorba granatu
a vyssieteplotna folidcia nemusia byt’ v pricinnom vzt'ahu,
ked’ze existuje mnozstvo bezgranatovych hornin s dobre
vyvinutou usmernenou stavbou. Neskorej magmaticko-di-
ferenciacnej genéze tychto hornin méze nasvedCovat’ aj
hojny vyskyt xenotimu, nezriedka aj monazitu v asociacii
s akcesorickymi mineralmi.

Z obliakového materialu sa nepodarilo s istotou dolo-
zit horniny peliticko-psamitického povodu, ktorym dava
zasadnu podobu metamorfné prepracovanie (fylity, svory,
pararuly). Silno zbridlicnatena jemnozrnna plagioklaso-
vo-kremita rula s muskovitom moze alternativne predsta-
vovat’ deformacny produkt aplitoidnej horniny.
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Tab. 1
Mikrosondové analyzy zvyskov granatu v sericitovej pseudo-
morfoze a novotvoreného penninu v usmernenej leukokratnej
,ortorule® (pozri obr. 5d); posledné 2 analyzy — ankerit asociu-
juci s chalcedonom (obr. 8).

Microprobe analyses (Cameca SX 100, SGIDS) of relic garnet
in sericitized pseudomorph and newly-formed chlorite — pen-
nine in banded leucocrate “orthoneiss” (see Fig. 5d); last analy-
ses — ankerite from chalcedone silicite (Fig. 8).

Granat Chlorit Karbonat
Vz. MK-140 MK-140 MK-210A
SiO, 37,03 36,82 36,36
TiO, 0,02 0,02 0,02
AlLO, 20,58 20,32 32,73
FeO,, 25,48 29,64 3,29 13,25 14,91
MgO 0,41 0,59 14,12 10,48 9,27
MnO 14,69 10,39 0,04 0,81 0,80
CaO 1,83 1,86 0,09 29,07 28,08
Na,0 0,06 0,01 0,00
K,0 0,01 0,00 0,19
Total 100,11 99,65 86,84 53,61 53,06
per 120 per 14 O per 6 O
Si 3,022 3,024 3,291
Al IV.
Al 1,979 1,967 3,492
Ti 0,001 0,000 0,001
Cr 0,001
Mg 0,050 0,072 1,905 1,363 1,453
Fe?* 1,739 2,036 0,249 1,329 1,311
Mn 1,015 0,723 0,003 0,081 0,071
Ca 0,160 0,164 0,009 3,226 3,164
Na
K 0,022
alm 58,7 68,0
spes 342 24,1
gros 5,4 5,5
py 1,7 2,4
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Obr. 6. Druhotne deformované leukokratné horniny: a — nepravidelne orientovana diaftoretickd deformacia sprevadzana tlakovou
rekrystalizaciou kremennych zin na jemné vlaknité Gtvary (vpravo v strede) (vz. 210c); b — diaftoreticka svetla ortorula s reliktmi
primarnej stavby; ¢ — Giastoénd rekrystalizacia muskovitu zo sericitu pozdiz druhotnej bridli¢natosti; povodna hrubozrnna Struktira
horniny je takmer zotreta (vz. 224a).

Fig. 6. Secondary deformed leucocrate rocks: a — irregularly oriented deformation accompanied with imposed recrystallization of
quartz grains into fine fibre structure (on right side in the middle) (sample 210c); b — diapthorized light orthogneiss with relics of
primary structure; ¢ — partial recrystallization of muscovite from sericitic alterations along the secondary schistosity; the primary
coarse-grained rock-structure is almost wiped off (s. 224a).
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Druhotna deformacia a nizkostupiiové metamorfné
premeny

Granitoidné horniny, v mensej miere aj usmernené
svetlé ,,ortoruly®, boli nezriedka postihnuté nizkotermal-
nymi premenami, ktoré st zvyc€ajne sprevadzané aj kreh-
kou, niekedy az krehko-duktilnou deforméciou (na rozdiel
od zivcov, kremen ma tendenciu duktilne rekrystalizovat’
na predizené zrnd). V primérnej horninovej §truktire sa
vytvarali deformacné kremité prizky (,,ribbony®), spre-
vadzané masivnou sericitizaciou zivcovej hmoty a ka-
taklastickych zon. Premenam l'ahko podlieha biotit, ktory
byva nahradeny biotitom so zelenym pleochroizmom ale-
bo vybielenym (,,baueritizovanym®) biotitom, nezriedka
aj chloritom. Odmiesavanim rudnej zlozky vznikaju zrnka
hematitu, titanitu a leukoxénové fazy, obcas ihlickovy ru-
til. Ako druhotny akcesoricky mineral sa objavuje epidot
a zoisit.

K-zivec odolava tymto premenam spravidla lepsie,
sericitizacia postupuje od okraja, zatial' ¢o v plagioklase
byva sericitizacia celoplosna. Neobvyklu podobu ziskava-
ju lokalne altera¢né produkty po K-zivci, ked’ sa vyvija
ultrajemnozrnna svetld hmota pripominajica jemnozrnna
felziticka mikrostruktiru. Pri intenzivnych alochemickych
premendach zivcov a ojedinelého granatu sa popri intenziv-
nej sericitizacii vyvija aj velmi jemnozrnny kremen, lo-
kalne aj chlorit.

Kataklasticka deformécia postihuje zvy¢ajne celt hor-
ninu (obr. 6a, b). Vo viacerych pripadoch sa vyvijaju aj
uzke (asi do 1 mm) jemnozrnné mylonitové zony, ktoré
v pripade usmernenych typov hornin prebiechaju casto
koso k dominujucej vyssiestupiiovej foliacii (obr. 6a).
Z uvedeného nepriamo vyplyva, ze nalozend deformdcia
ma predalpinsky vek. Nasved¢uju tomu aj rozmanité sme-
ry deformacénych Struktir obliakov, ktoré nemaju vztah
k sedimentarnej ¢i alpinskej bridlicnatosti mladopaleozo-
ickych hostitel'skych sedimentov.

Z nizsiestupiiovych premien predstavuje krajny pri-
pad hornina, ktort mozno petrograficky klasifikovat’ ako
muskovitickl rulu. Otazka predmetamorfného povodu je

zlozitejsia, usudzujeme, Ze i$lo o nejaky typ uz opisanej
leukokratnej granitickej horniny, neskor prepracovanej
do textrnej podoby jemnozrnnej ruly. Dana rula (obr.
6¢) ma takéto minerdlne zlozenie: kremen > sericiti-
zovany plagioklas > muskovit > opakové Fe mineraly.
Horninova Struktara je vcelku homogénna — na zaklade
poslednej deformacnej udalosti ju hodnotime ako (lepi-
do)-granoblastickt. Granoblasticka zlozka je jemnozrnna,
s prevazujucou zrnitost'ou 0,2 — 0,3 mm, pri¢om sericitizo-
vany plagioklas dosahuje o nieco vacsiu vel'kost. Pre ziv-
ce je charakteristickd systematicka sericitizacia, z ktorej
sa v pokracujicom metamorfnom procese vyvijaju lupene
muskovitu (obr. 6¢).

Kremenno-zivcova hmota javi prednostnt semiduktil-
nl orientaciu, jednotlivé zrna vytvaraju tzv. deformaéné
klasty. Novotvoreny muskovit dosahuje maximalne 1 mm
a kopiruje smer druhotnej metamorfnej bridli¢natosti.
Muskovit netvori samostatné lepidoblastické pasiky, je
takmer vylucne viazany na sericitizovany hostitel'sky pla-
gioklas. Ked’ze sericitizacia zivcov v premenach krystalic-
kych hornin je bezna, domnievame sa, ze vo vyhranenych
striznych zonach doslo po tivodnej nizkotermalnej sericiti-
zacii k metamorfnej rekrystalizacii muskovitu. Stupen de-
formaéného postihnutia a vyvoj novotvoreného muskovitu
naznacuje metamorfné podmienky stredného stupiia facie
zelenych bridlic a vyjadruje maximalne podmienky tejto
nalozenej tektonicko-deformacnej udalosti.

Sedimentarne a vulkanické horniny

Pieskovcové az mikrokonglomeratové obliaky odzr-
kadl'uju litologicky charakter zdrojovej oblasti a spolu
s vulkanicko-sedimentarnymi horninami poukazuju na
intraformacnu prislusnost.

Klastické sedimentarne horniny mozno s istotou
identifikovat’ najmé pri hrubozrnnej polymiktnej povahe
klastov, pretoze pri viacerych jemnozrnnych horninach
bohatych na kremen je v pripade naloZenych premien t'az-
ké stanovit’, ¢i ide primarne o sediment alebo o diaftorit
krystalinika. Nemetamorfované horniny obliakov zastu-

»
'

Obr. 7. Klastické sedimenty a kyslé vulkanity: a — polymiktny hrubozrnny pieskovec zlozeny z kremennych a zivcovych zin, li-
toklastov jemnozrnného silicitu (pri modrej bodke), kyslého vulkanitu (hnedy klast vpravo) a pod. (vzorka 941); b — hydrotermalne
alterovany pieskovec(?) so zilkami ultrajemnozrnného kremena (vlavo) a hematitu (vpravo) (vz. 224b); ¢ — kremity arenit alebo
premenend kremenovo-zivcova hornina z krystalinika? (vz. 274, skrizené nikoly); d — ilomok svetlého drobnokrystalického felzitu
je uzatvarany mierne devitrifikovanym vulkanickym sklom (vl'avo) stykajticim sa s kyslym pyroklastikom (vpravo, vz. 94u, skrizené
nikoly); e — usmernené vulkanické sklo (vlavo dole) a kysly tuf (vpravo) sprevadza epiklasticka zlozka s hrubSou zrnitost'ou (vl'avo
hore) (rovnobezné a skrizené nikoly).

Fig. 7. Clastic sediments and acid volcanites: a — coarse-grained polymict sandstone composed of quartz and feldspar grains, lithoclasts
of fine-grained silicite (by the blue point), acid volcanite (brown on the right), etc. (sample 941); b — hydrothermally altered sand-
stone(?) with veinlets of ultra-fine quartz (left) and hematite silicite (on the right) (sample 224b); ¢ — quartz arenite or transformed
quartz-feldspar rock of crystalline basement? (s. 274, crossed nicols); d — small fragment od fine-crystalline felsite enclosed in weakly
devitrified glass (on the left) on the contact with acidic pyroclastics (right, s. 94u, crossed nicols); e — oriented volcanic glass (left bot-
tom corner) and acidic tuff (on the right) amalgamated with coarser-grained epiclastic matter (upper left corner) (planar and crossed
nicols).

134



M. Kovacik a M. Olsavsky: Obliakovy material vichnopaleozoickych sedimentov hronika v Malych Karpatoch:
petrogenetické a proveniencné otdazky




Mineralia Slovaca, 49 (2017)

Obr. 8. Silicit s nizkotermalnou mineralnou paragenézou (rovnobezné a skrizené nikoly): a — jemnozrnna zakalena kremita zakladna
hmota (vrchna ¢ast’) so svetlymi hniezdami chalcedonu a hnedych krystalikov ankeritu (vz. 210a); b — v chalcedonovom utvare detail
¢irych lucovitych vlakien chalcedonu (v strede snimky) dorastajuceho tmavym koncentrickym ankeritom.

Fig. 8. Low-thermal mineral paragenesis in silicite (planar and crossed nicols): a — beige fine-grained quartzite groundmass (upper part)
with light chalcedony nest and fine brown ankerite crystals (s. 210a); b — detail of chalcedony nest: on light radial fibres of chalcedony

(in the middle) grow up dark concentric ankerite.

puju polymiktné hrubozrnné pieskovce, zlozené z mine-
ralnych a litickych klastov v réznom stupni opracovania.
Okrem zivcov, kremena a svetlej sl'udy tieto pieskovce
obsahuju litoklasty jemnozrnnych kremencov, sericitic-
kych bridlic, kyslych vulkanitov, ako aj fragmentov hornin
rulovo-granitického povodu. Obrazok 7a ilustruje priklad
horniny pozostavajicej tiez z litoklastov sklovitej kyslej
horniny podobnej vulkanitom, ktoré opisujeme dalej.
Pravdepodobne aj kremity pieskovec s premenenymi Ziv-
cami nahradenymi hnedymi ilovymi mineralmi (obr. 7b)
predstavuje klasticky sediment. V pripade urcenia, ¢i ide
o kremity arenit alebo blastomylonit krystalinika (obr. 7¢),
zostava povod neisty.

Jemnozrnné, zlozito premiesané produkty kyslého vul-
kanizmu su kvoli svojej rezistentnosti charakteristickou
sucastou obliakového materialu. Niekol’ko orientacnych
vzoriek bolo odobranych z peterklinskych vrstiev, kde je
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pritomnost’ vulkanickych hornin prizna¢na. V horninove;j
kompozicii celkovo prevazuje jemnozrnny pyroklasticky
material zahfiajuci aj sericit, ktory sa pravdepodobne vy-
tvoril ako diageneticky produkt premeny Zivcov. Obrazok
7d poukazuje na polyfazovy vyvoj kyslych vulkanickych
hornin — na zvlnenom kontakte sa styka kysly tuf (vpravo)
s predpokladanou lapilou — vulkanickym sklom, uzatvara-
jucim fragmenty jemnozrnnej felzitickej horniny (vl'avo).
Ina horninova doména obsahuje usmernenti skloviti hmo-
tu zmieSanu s vel'mi jemnozrnnym tufom (ignimbritom?)
(obr. 7e, vlavo dole). Obsahuje aj klasticka primes so zrni-
tost'ou okolo 0,3 mm (vl'avo hore na obr. 7¢), kde lokalne
pozorujeme aj vacsi kremenny litoklast alebo poohybany
klast muskovitu vel'ky az 2 mm. Takato epiklasticka litolo-
gicka zlozka byva usmernena a pozostava z nerovnomerne
opracovaného klastického kremena, zivcov, drobnych list
muskovitu, Fe odmiesanych faz, ako aj vulkanickej pri-
mesi.
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Pozoruhodny obliak z niznobocianskeho stvrstvia
predstavuje silicit s chalcedénovymi a karbondtovymi
Utvarmi (obr. 8). Vyse 95 % Struktarne nehomogénnej
horniny tvori kremen vystupujuci v réznorodych podo-
bach. V prevladajicej jemnozrnnej kremitej hmote sa
nachadzaji 3 az 5 mm vel'ké, morfologicky dobre vy-
medzené kremenné utvary predstavujuce rekrystalizo-
vanl mikro$truktiru po chalcedéne (obr. 8a). (Nemozno
celkom vylucit’, ze chalcedonové utvary st pseudomor-
fézou po nejakom malo stabilnom minerali — sadrovci?).
Lamelované pasy kremena su vacsinou rézne pokratené,
v strede sa ¢asto nachddzaji vel'mi jemnozrnné, hnedo
zakalené agregaty chalcedonu, ktory pripomina skor ro-
hovcovu Struktaru alebo rekryStalizovanu Struktaru po
opali(?). Tieto hnedasté chalcedénové agregaty su zrejme
starSie, ako to dokumentuju segmetované utrzky, ktorych
medzipriestory si vyplnené ¢irymi, priecne usporiadany-
mi vlaknami kremena — taktiez najskor rekrystalizovanym
chalcedonom (obr. 8a). Ini mikrostrukturnu formu chal-
cedonu reprezentuju radialne vlakna (chalcedon I1?; obr.
8b). Zhasaju rovnobezne, maju pozitivny (+) charakter mi-
neralu a javia opticku zonalitu, najcastejSie v hnedastych
a zItych odtienoch.

Neoddelitelntt sucast’ horniny tvori karbonaticka
zlozka — ankerit (tab. 1) vystupujtci v podobe hnedych
koncentrickych ¢i izometrickych utvarov alebo vytvara
drobné, nezriedka zonalne krystaly (obr. 8b). Na zaklade
mikrosondovej identifikacie sa v hornine zistilo aj znacné
mnozstvo pyritovych, barytovych a xenotimovych zrniek,
ako aj jemna zilka galenitu. Tato mineralizacia spolu s vy-
vojom chalcedonu sved¢i o vyznamnom pdsobeni hydro-
termalnych roztokov. Pravdepodobne aj zakladna hmota
silicitu vznikla v désledku vyzrazania kremitych roztokov,
zrejme viazanych na (post)vulkanicku aktivitu. Zachované
zvySky chalcedonu poukazuji na skuto¢nost, ze transfor-
macia na vysSietermalnu modifikaciu kremena prebehla
len Ciasto¢ne, co dokumentuje vel'mi nizke metamorfné
podmienky. Toto z kandidatiry zdrojovych hornin vylucu-
je hercynsku metamorfno-magmaticku genetick spojitost’
a uprednostiiuje predstavu o relikte z denudovaného vrch-
nokarbonskeho (karbonskeho?) vulkanického komplexu.

Malo zrete'nou puklinovou deforméciou boli postih-
nuté aj horniny sedimentarno-vulkanického pévodu. Ten-
ké a veelku priame pukliny su vacsinou vyhojené vel'mi
jemnozrnnou kremennou hmotou, miestami aj so zrud-
nenim (obr. 7b, 8a). Tato deformacia ma celkovo nizsiu
intenzitu v porovnani s opisanou penetrativnou kataklazou
krystalinika a je pravdepodobne aj mladSia. Domnievame
sa, ze ide o rané synsedimentarne pukliny preniknuté dia-
genetickymi, pripadne hydrotermalnymi fluidami. Tieto
horniny boli v priebehu vyvoja vrchnopaleozoického ba-
zénu redeponované a usadené v obliakovej forme.
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Tektonogenetické aspekty a diskusia

Obliakovy material, pozostavajici predovsetkym
z hornin bohatych na kremen, sved¢i o dynamickom re-
zime vodnych tokov, kde sa zachovavali odolnejsie typy
hornin. Tieto horniny byvaju navyse v hojnej miere postih-
nuté deformaciou. Aj to moze prispievat’ k zriedkavému
vyskytu menej odolnych sludnatych metamorfovanych
hornin. Metamorfovany plast granitov bol zrejme rychlej-
Sie dezintegrovany a jeho piescity zvetraninovy material
sa uplatioval v litologickom zloZeni vrchnopaleozoickych
klastickych formacii.

V hroniku Malych Karpat su obliaky kyslych vulka-
nickych hornin rozsirené hojnejsie v permskych usade-
ninach nez vo vrchnokarbonskych. I ked’ tato situacia
nemusi platit’ generalne a existuje mnozstvo arealnych
litologickych odlisnosti (Vozarova a Vozar, 1988), otaz-
ka povodu kyslych vulkanitov nie je celkom ozrejmena.
V niznobocianskom stvrstvi sa obcas vyskytujii drobné
telesa syngenetického dacitového (,,kremité keratofyry*)
az andezitového vulkanizmu (Vozarova, 1981; Kovacik,
2008), tie vSak svojou petrografickou povahou prili§ ne-
pripominaju skiimané obliaky kyslych vulkanitov. Na
druhej strane, v niznobocianskom suvrstvi Malych Kar-
pat sa vyskytuju polohy silicitov (Vozarova, 1981), ktoré
mohli byt zdrojom opisovaného chalceddénového silicitu.
V permskych peterklinskych vrstvach, na rozdiel od hoj-
nejSicho vyskytu kyslych vulkanitov, sme nezaznamenali
obliaky takychto silicitov. Vzhl'adom na okolnost’, ze ob-
liaky kyslych vulkanitov predstavuji mechanicky odolny
materidl a vyskytuju sa vo viacerych horizontoch, mozno
predpokladat’ ich diverzifikovany zdroj. V pripade tohto
obliakového materialu v permskom suvrstvi nepovazuje-
me za vyliéené hl'adat’ primarny zdroj kyslého vulkanizmu
v susednych jednotkach, ako je napriklad horizont Harno-
bisu nachadzajici sa v spodno- az stredno(?)permskom
brusnianskom suvrstvi. Petrograficky opis tohto vulka-
nogénneho horizontu (Vozarova, 1979) taktiez naznacuje
viacero pribuznych znakov so skimanymi obliakmi. Pri
predstave hlbsieho zalozenia hronického bazénu je moz-
né uvazovat’ o istom prinose rezistentného materialu aj
z inych komunikujucich vrchnopaleozoickych vulkanic-
ko-sedimentarnych bazénov.

Koreriové oblasti tzv. vrchného subtatranského prikro-
vu komentoval uz Kettner (1927). Podl'a neho lezi juzne
od Hrona v pohori Vepra alebo este d’alej. Tektonickou
prislusnost'ou a vekom melafyrovych hornin na severnych
svahoch Nizkych Tatier a celkovo v Zapadnych Karpatoch
sa zaoberal Andrusov (1936). Jeho dovtedajsie znalosti ho
viedli k poznaniu, ze ,,poludnicky prikrov* nemozno za-
korenit’ v oblasti gemerid. Roth (1938) rozoberal facidlne
a tektonické otazky tejto oblasti. Poukazuje na facialne
odlisnosti vernarskeho a cho¢ského pruhu a za povodnu
sedimentacnu oblast’ cho¢ského prikrovu pokladd zonu
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Kralovej hole. Sedimentacna oblast’ hronika sa v stcas-
nosti najcastejsie kladie do medzipriestoru veporika a ge-
merika (Biely a Fusan, 1967; Andrusov, 1968). Z iného
pohl'adu je korenovy systém hronika umiestneny do sever-
nej oblasti gemerika (Mahel’, 1986).

V horninovom inventari skimanych obliakov sa ne-
podarilo spolahlivo preukazat’ horninové typy prislicha-
juce ku gemeriku. Najskor by sa mohli o¢akavat’ tlomky
bazickych a d’alSich hornin severného pasma gemerika,
pripadne porfyroidy, lydity a i. z gelnickej skupiny — teda
podobné horniny, aké sa nachadzaju vo vrchnopaleozoic-
kych formaciach gemerika. Cierne kremité horniny sa sice
objavuju v konglomeratoch (obr. 3), no takéto lomky sa
vyskytuja aj v inych jednotkach, napriklad v triasovych si-
liciklastickych horninach centralnych Zapadnych Karpat.
V suvislosti s otdzkou znosovej oblasti mozno vyslovit
predstavu, ze vrchnopaleozoicky hronicky areal sa vyvi-
jal severne od ochtinského vulkanicko-sedimentacného
priestoru a substrat hronickej panvy predstavuje tatrove-
porikum (,,slovensky blok*) — pohltena alebo tektonickym
nadlozim zakryt4 Cast’ kryStalinika, situovand v dneSnom
(alpinskom) ponimani juzne (juhovychodne) od veporic-
kej jednotky. Vrchnopaleozoicky hronicky bazén by sa
z takéhoto pohl'adu mohol umiestnit’ do blizkosti koreiio-
vej oblasti vernarskeho prikrovu (definovany Mahel'om,
1986, v zmysle mezozoickej jednotky) s tym, ze jeho
predvrchnopaleozoicky substrat najskor nenalezi ku ge-
meriku ani k inej hypotetickej jednotke (napr. fundamentu
ochtinského sedimentac¢ného priestoru).

Na povodni magmaticku alebo vysokoteplotnu, duk-
tilne usmernent horninova $truktaru je ¢asto nalozené
kataklastické az krehko-duktilné deformacné prepracova-
nie, spojené s nizkostupiiovymi mineralnymi premenami
(sericitizacia-muskovitizacia, chloritizacia). Deformacné
podmienky, ale aj smerové usporiadanie foliacnych ploch
v obliakovom materidli bolo rozmanité a nezavislé od
vyvoja bridlicnatosti materskych mladopaleozoickych
sedimentov hronika. To vylucuje tivahu o syngenetickom
metamorfnom postihnuti spolu s hostitel'skymi vrchno-
paleozoickymi sedimentmi. VSeobecne takéto premeny
mozno s vacsou istotou definovat’ len v obliakoch, pretoze
inde sa takato deformdcia stotoziiuje s alpinskou meta-
morfézou, s ktorou ma v podstate aj mnoho spolocnych
znakov. Interna deformécia obliakov sved¢i v prospech ne-
skorovariského deformacéného prepracovania zdrojovych
hornin, ktoré sa odohravalo v obdobi priblizne po teplot-
nej konsolidacii variského krystalinika a pred zapiianim
vrchnopaleozoickych panvovych priestorov hronika alebo
subezne s nim.

Podl'a vSetkého ide o obdobu tzv. variskej diaftorézy
v zmysle Kamenického (in Mahel et al., 1967). Uvedo-
mujeme si, ze existuji domény krystalinika (napr. Mala
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Magura, Povazsky Inovec alebo Malé Karpaty), kde dru-
hotna deformacia krystalinika nebyva taka vyrazna a je
tazké ju prirovnavat k opisanej naloZenej deformacii
hornin obliakov. Vysvetlenie mozno azda hl'adat’ v tek-
tonicky naméhanych zénach vrchnopaleozoickej (alebo
len vrchnokarbonskej) tafrogenézy, kde doslo k pokroci-
lej kataklaze krystalinika a vzdialené bloky krysStalinika
nemuseli pausalne podlichat’ diaftoréze. Koncepcia o va-
riskej diaftoréze bola v podstate definovana zo studia vrch-
nokarbonskych obliakov v Povazskom Inovci (Kamenicky
in Mahel et al., 1967) a nie na zaklade sukcesie deformac-
no-metamorfnych faz priamo v krystaliniku.

V netypickom silicite sa vytvarali hniezda vyplnené
chalcedénom, ktory obcas sprevadza ankerit. Predpoklada-
me, ze tato mineralizacia vznikala subezne s chalcedonom
z nizkotermalneho hydrotermalneho roztoku ako vysledok
fluidnej aktivity vrchnokarbonskeho, viac-menej synse-
dimentarneho vulkanizmu. Tento proces bol sprevadzany
tektonickym nepokojom, ako nasvedcuju pocetné, zrejme
extenzné mikroporuchy vyplnené novou generaciou jem-
ného chalced6nu. Zachovana nizkoteplotnd paragenéza
neumoznuje spajat’ tito horninu s pripadnymi dozvukmi
hercynskeho granitoidného magmatizmu. Vyvoj ankerito-
vej a asociujucej sulfidicko(pyrit, barit, galenit)-fosfatove;j
(xenotim, monazit) mineralnej paragenézy mozno v tomto
pripade zaclenit’ do vrchnokarbonskeho metalogenetické-
ho obdobia.

Zaver

Zo skimaného obliakového materialu sa nepodarilo
presved¢ivo dolozit’ horniny gemerickej proveniencie,
preto sa v otazke zdrojového materialu malokarpatského
mladsieho paleozoika hronika priklaname k variskym
doménam juznych casti krystalinika vtedajsieho ,.tatro-
veporika“ (podlozie blizke arealu neskor strukturovaného
,,vernarika“?).

Druhotna bridli¢natost’ nalozena na vSesmerné alebo
duktilne usmernené granitické horniny sved¢i v prospech
neskorovariskej deformacie (,,variskej diaftorézy*) — star-
Sej alebo maximalne stvekej s vyvinom vrchnopaleozo-
ickej hronickej panvy. Je pravdepodobné, Ze tato, zvicsa
kataklasticka deformacia sprevadzand mineralnymi pre-
menami v podmienkach nizkych casti facie zelenych brid-
lic sa uplatiovala predovsetkym v zonach tektonogenézy
vrchnopaleozoickych paniev.

Metamorfovany plast granitov, ktory sa v obliako-
vom materiali takmer nenachadza, bol zrejme mechanic-
ky menej rezistentny ako prevazujice obliaky kremena
a leukokratnych granitov. Zriedkavé obliaky pieskovcov
mozno spolo¢ne s hojnymi obliakmi kyslych vulkanitov
povazovat za vrchnopaleozoické resedimentované hor-
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niny. V pripade casti felzitickych az sklovitych kyslych
vulkanitov nevylucujeme ich redepoziciu zo susediacich
vrchnopaleozoickych aredlov.

Pozoruhodny horninovy typ predstavuje silicit, ktory
popri masivnej kremitej hmote pozostava z chalcedo-
novych utvarov, v mensej miere ankeritu, sulfidov a xe-
notimu. Nizkostupiiova hydrotermalna genéza obliaka
naznacuje metalogenetickll suvislost’ danej mineralizacie
s vrchnokarbonskym vulkanizmom.
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Pebble-material of Hronic Upper Paleozoic sediments in the Malé Karpaty Mts.
(Western Carpathians): petrogenetic and provenance aspects

During geologic mapping of the lower part of the Ve-
terlin nappe (Olsavsky in Polak, 2010), built of the Ipoltica
Group sediments (Fig. 2), a collection of pebble material
was taken (Fig. 3, 4). We have later petrographically stu-
died about 40 thin-section samples of this material. The
polymict material was taken mainly from the Petrklin
Beds of Permian age and partially from the Nizna Boca
Fm. of Late Carboniferous age.

The provenience studies of the source rocks of the
Ipoltica Group (consisting of the Nizna Boca Fm. and Ma-
luzina Fm., sensu Vozarova and Vozar, 1981) were addres-
sed by further authors in the last century only marginally
(Novotny and Jancok, 1971; Novotny, 1972; Vozarova,
1981; Vozarova and Vozar, 1988). Various petrographic
varieties in pebbles have been identified, as well as their
approximate percentages and interpretations of the sour-
ce rocks providing clastic material were done. The more
recent geochemical/geochronological studies, looking for
the source area were focused on the Maluzind Fm. in the
Mal¢ Karpaty Mts. (Vd’acny, 2013; Vdacny et al., 2013;
Vozarova et al., 2014; Vd’a¢ny and Bacik, 2015).

Investigated pebble-material is rather resistant and ge-
nerally well rounded, which indicates dynamic processing
of the rock-fragments. An exposed environment during the
water transport results in fewer opportunities for preserva-
tion of a softer mica- or clayey shists. Source rocks of the
studied pebble material, which does not include the prevai-
ling quartzitic pebbles, can be divided into following basic
groups grounded on petrographic evaluation: basement
rocks consisting mainly of leucocratic granitic rocks and
acidic volcanic rocks. Sedimentary rocks of clastic origin
or silicic rocks of not always clearly determined genesis
are less common.

The secondary cleavage, overprinting the isotropic or
ductile preferred orientation fabric in granitic rocks (Figs.
5 and 6) supports the concept of the Late Variscan de-
formation (“Variscan diapthoresis®, sensu Kamenicky in
Mabhel et al., 1967) — which should be older or maximally
coeval with evolution of the Upper Paleozoic Hronic ba-
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sin. It is probable that this mostly cataclastic deformation,
accompanied by mineral transformations under conditions
of the lower part of the greenschist metamorphic facies,
dominantly affected areas of the Upper Paleozoic (Upper
Carboniferous?) basin tectonogenesis and it may not have
expanded into the Tatro-Veporic crystalline, generally.

Rocks of the Gemeric provenance were not convincin-
gly evidenced by means of petrographical pebble analysis.
Therefore we are considering Variscan domains of a hid-
den/swallowed basement of “Tatro-Veporic” Unit, situated
southerly (SE) of the present-day (Alpine) Veporic Unit
basement to be the source material of the Upper Paleozoic
Hronic Unit in the Malé Karpaty Mts. Paleotectonically, it
is possible that the Upper Paleozoic Hronic Unit evolved
northerly of the Ochtind volcano-sedimentary area, pro-
bably in the vicinity of basement of the later structurated
Mesozoic unit of Verndricum (Vernar Nappe sensu Mahel’,
1986).

Metamorphosed mantle of the granitic rocks almost
absents in the studied pebble material. We presume it was
due to its smaller mechanical resistance than the dominant
leucocratic granites have. Rare pebbles of sandstones and
commonly present acidic volcanic pebbles (Fig. 7) may
be considered as re-sediments of Upper Paleozoic age. It
may be not ruled out, that a part of felsic and/or glassy acid
volcanites could have been redeposited from juxtaposed
Upper Paleozoic units into the Hronic basin.

A silicite, which besides the massive fine-grained
quartzitic material, consists of chalcedony nests, as well
as of a low percentage of ankerite, sulfides and xenotime,
proves to be an interesting rock type present in the collec-
ted material (Fig. 8). The low temperature hydrothermal
genesis of the pebble indicates a metallogenetic relation-
ship of this mineralization with the Late Carboniferous
volcanism.
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Paleoecology of calcareous nannofossils from Paleogene
formations of the Magura Unit in the Western Carpathians
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Abstract: The main objective of this paper is to reveal how the calcareous nannofossils react to environmental
changes at changed paleoecological conditions, which occurred during the Eocene/Oligocene transitional period.
The calcareous nannofossils were identified and statistically evaluated in the time span from the Late Eocene to
Early Oligocene.

The research results have demonstrated that the species Coccolithus pelagicus (Wallich) Schiller, Coccolithus
eopelagicus (Bramlette et Riedel) Bramlette et Sullivan, Reticulofenestra umbilica (Levin) Martini et Ritzkowski
and Dictyococcites bisectus (Hay, Mohler et Wade) Bukry et Percival enlarged their body dimensions as a response
to changed paleoecological conditions. The reason for this effect was not just the cooling trend during the Late
Eocene to Early Oligocene, but also eutrophication of the environment, supply of continental material, volcanic
activity, as well as the presence of half-separated basin.

Based on evaluated biostratigraphic data, the relationships between the cold-water and warm-water species, as
well as species present in the moderate tempered water, were statistically processed.

Key words: calcareous nannofossils, Late Eocene-Early Oligocene, biostratigraphy, paleoecology, Rac¢a Unit, Zlin

Formation, Krynica Unit, Malcov Formation, Magura nappe, Western Carpathians
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Introduction

The paper presents how the calcareous nannofossils re-
act on changed paleoecological conditions during the Late
Eocene and Early Oligocene. The study was focused on
sedimentary rocks of the Tertiary Magura nappe — the Zlin
Formation of the Ra¢a Unit (the Kriva Orlka locality) and
the Malcov Formation of the Krynica Unit (the Stulany
locality) in the region of the Nizke Beskydy Mts., located
in the Flysch zone of the Outer Western Carpathians in
the north-eastern Slovakia (Fig. 1). Recently this region
underwent an extensive geological mapping and research,
resulting in issuing of two new general geological maps at
a scale 1 : 50 000 (Zec et al., 2011; Kovagik et al., 2012).
During this research, as well as its further continuation in
the project Update of Geological Setting of Problematic

Percentage of individual taxons
preferring different temperatures

~ warm-water species (WWS)

cold-water species (CWS)
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* The Eocene and Oligocene were the periods of
major changes in ocean water circulation and glo-
bal climate.

Enlarged body dimensions of several nannofossil
species are a response to changed paleoecological
conditions — cooling during the Late Eocene to
Early Oligocene, and according to other authors,
also to the eutrophication of environment, supply
of continental material, volcanic activity and the
change of nutritional conditions.

Highlights

Territories of the Slovak Republic, the study of paleoecolo-
gy of calcareous nannofossils from Paleogene formations
of this region was done, being presented in this paper.

Brief review of the geological setting
of the Nizke Beskydy region

In the Nizke Beskydy region, the Flysch zone is domi-
nantly present in the Magura nappe, being a product of the
Eocene and Early Miocene north-vergent thrusting (Fig.
1). From the southern side, the Magura nappe is bordered
by the Klippen belt, and north-eastward it is thrust over the
Dukla Unit (Fig. 1).

Based on lithofacial and lithostratigraphic differences,
the Magura nappe is divided to three partial lithotecton-
ic units (from the S/SW to N/ME): the Krynica, Bystrica
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and Raca units (Fig. 1). Their lithotectonic characteristics,
briefly reviewed in further text, were excerpted from the
works of Zec et al. (1997, 2011) and Kovagik et al. (2012).

The Krynica Unit s.s. represents the southernmost lo-
cated part of the Flysch zone, extending north-northeast
of the Klippen Belt and consisting (from the footwall
upwards) of the transitional formation (fine- to medi-
um-rhythmic flysch sequences), Strihovce Fm., Inovce
Fm., Menilite Fm. and Malcov Fm. All these formations
are built of alternating flysch sediments - claystones to silt-
stones, sandstones, less abundant monomict and polymict
conglomerates, as well as sporadic calcareous sediments
and limestones. In the western part of the Nizke Besky-
dy region the Strihovce Fm. (E.-L. Eocene) is formed by
several hundreds m thick complex of sandstones with in-
terbeds of conglomerates and very small amount of clay-
stones.

The Bystrica Unit, occurring in a narrow zone between
the Krynica and Raca units, is represented from the south
northward by the Beloveza Fm. (L. Paleocene—M. Eocene;
variegated calcareous and non-calcareous, rarely silicified
claystones, towards overlier more abundant sandstone
facies occur) and the Zlin Fm. (M. to L. Eocene—calcare-
ous claystones to marlstones with interbeds of glauconitic
sandstones).

The Raca Unit, representing the northernmost lithotec-
tonic unit of the Magura nappe, is divided by the Kriva
OTka tectonic line to inner and outer zones with lithofacial
differences in the Zlin Fm. In the Outer Raca zone the glau-
conitic-sandstone lithofacies prevail and the sediments are
more pelitic. The outer zone, located N/NE of the Kriva
OTlka tectonic line, is built of Beloveza and Zlin fms.

The Inner Raca Unit, located south of the Kriva Ol'ka
tectonic line, being more variegated than the Outer Raca
zone, is characteristic with the Makovica sandstones in the
lower part of the Zlin Fm.

Outer Western ~_.——"_

Methodology

The sampled and studied Kriva Ol'ka and Stul'any pro-
files are situated in the Flysch zone of Magura nappe in the
north-eastern Slovakia (Fig. 1). In the Kriva Olka profile
(4907 47.44N; 21 51 03.81 E; Figs. 2, 3 and 10) the grey-
green to grey partly calcareous claystones of the Zlin Fm.
of Raca Unit crop out. In the Stul’any profile (49 08 10.16
N; 21 23 40.37 E), the strongly calcareous claystones of
brown-green colour crop out, as well as greenish grey to
grey calcareous siltstones to claystones, dark grey calcare-
ous claystones with fine disseminated mica and conchoidal
disintegration, belonging to Malcov Fm. of the Krynica
Unit.

Preparates for the research were pripared by classical
decantation method (Haq and Lohman, 1976; Perch-Niel-
sen, 1985). Sample for the study of calcareous nannofos-
sils was crushed and then poured into 200 ml of hydrogen
peroxide (H,0O; 6-7 %) and allowed to stand for two days.
Next it was stirred and boiled for 30 minutes with sodi-
um bicarbonate NaHCO, (bicarbonate soda). After cool-
ing, there was added the distilled water reaching a water
column of 4.5 cm. The entire contents of the beaker was
shortly stirred and allowed to sediment for 2-3 minutes.
The water column was poured into a smaller beaker to a
height of 4.5 cm, the coarse fraction was then removed.
The sediment in the water column was stirred and left to
stand for 45 minutes. After this time, the upper part was
poured off and the coarsest fraction removed. We repeated
this step until the brewed water became clean. After the
last decantation, the beaker was filled with distilled water
to the water column height of about 2 cm. We stirred it
well. The suspension in the beaker was drawn into a pi-
pette. The first 2-3 drops were removed by dripping and
the residue was inserted on the microscope slide, Care-
fully torn into the square (the pipette must not touch the

Carpathians

Snina

Fig. 1. The position of studied area in the tectonic scheme of the Western Carpathians (left) and location of sampling sites Stul'any and
Kriva Olka in the Krynica and Raca units of the Outer Western Carpatians.
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glass) and allowed to dry. Then the Canadian balm was
applied and the preparate overlapped with the cover glass.
The preparations were studied applying the Axioscope 40
Carl Zeiss light microscope with magnification x1250 and
documented with the Axiocam 105 color digital camera.

In paleochemical research, a quantitative analysis of
nannofossil communities was performed, with recorded
500 specimens of each preparate. Data processing consis-
ted of determining the number of individual species within
the samples and their sorting, based on temperature condi-
tions, changes in the size of the coccolith, nutrient content
in the environment and autochtonity.

Subsequently, the shares of individual occurrences of
observed species were deduced in terms of temperature
conditions within individual samples. These shares were
graphically displayed in the form of pie charts. These sha-
res were then compared in the form of point correlation
graphs to visualize the existence, resp. absence of relation-
ship between species in different temperature conditions.
Also, these shares were displayed in the form of verti-
cal bar graphs to demonstrate a variation in the species
abundance over time and its eventual trend, as well as to
confirm hypotheses about relations at substitution of indi-
vidual species at changed temperature conditions.

For the biostratigraphic classification of communities
we used the Martini’s zonation (1971).

Characteristics of the studied localities
The Kriva Olka locality

Location, lithological characteristic and biostrati-
graphy

The quarry is situated south-east of the Kriva Olka
village. Outcropped beds belong to the Zlin Fm. of the
Raca Unit of the Magura nappe (Fig. 2). Its perpendicular
thickness is app. 32 m. The grey-green to grey variable
calcareous claystones manifest significant prevalence over
the sandstones. Sandstones are prevailingly fine-grained
with well preserved gradation, horizontal, wavy and less
moderately convolute lamination. The thickness of inter-
beds varies from 5 to 40 cm, rarely up to 150 cm. Coar-
ser-grained sandstones are sporadically present at the base
of thicker beds. The sandstone beds usually have the stable
lateral thickness. The current traces or traces after towing
objects in the stream indicate the paleocurrent direction
from SSE to NNW.

Claystones are green, grey-green to grey, variable cal-
careous. They reach thickness of 0.5 to 10 m, sometimes
even more. The significant predominance of claystone
and character of lithofacies indicate their deposition from
turbidity currents in the distal, northernmore part of the
sedimentary system of the Magura basin, which was pre-
dominantly filled from the south and southeast.

Fig. 2. Location of the quarry Kriva Ol’ka in the tectonic map of the Magura nappe (A), topographic map (B) and sampling sites on
the quarry wall (C). The geological hammer positioned right of the sample KRO17 (left margin of the part C), long 40 cm, can serve

as a scale for C.
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The overthrust plane 260/65° with sinistral displa-
cement (of ca 2 m) represents the dominating structural
element in the central part of the quarry. The trend of the
thrust plane corresponds with the bedding course north of
the Kriva Olka tectonic structure, which demonstrates its
overthrust kinematics. Altogether 17 samples for the as-
sessment of the calcareous nannofossils were taken from

the quarry.

Paleoecological conditions
Based on the observation of calcareous nannofossils in
the Kriva Olka locality we can conclude that sedimenta-

Legend:
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[ Temperature i
water specie.
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M=1:200
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In the higher part of the Late Eocene (NP21), the spe-
cies of a moderately temperate environment (TWS) are
replaced by the cold-water species (CWS), indicating the
cooling of the environment (Fig. 4). The increase of the
amount of cold-water species (CWS) is particularly noti-
ceable in the nannofossil community present in samples
KRO16 and KRO17.

The results are very similar to those of Oszczyp-
ko-Clowes et al. (2012), also indicating, on the basis of
her research in the area of Leluchow in Poland, the ne-
gative relationship between warm-water species and the
species of moderately tempered environment.

Sample ID KRO17| KRO16| KRO15| KRO14| KRO13] KRO12] KROT1| KRO10] KROS | KROB | KRO7 | KRO6 | KROS5 | KRO4 | KRO3 | KRO2 | KRO1
Nanno-zone Np21 NP19-20| Np21 |NP19-20 Np21 NP19-20 Np21
bR MMMEIEIN AN A EYAE
m 14 12 | 13 24 | 15 17 1 8 1 8 2 12 3 11
Perc[‘;”]tage O s0 | eo | 73 | 62 | 72 | 69 | 78 | 8 | 76 | na | nA | 83 | 94 | 8 | 93 | nA | 79
ol @l 27 28 | 14 14 | 13 14 1 9 13 9 4 3 4 10
Fig. 3. Representation of individual species in relation on the temperature of the environment in the Kriva Ol'ka locality.
tign of the Zlin Fm. took place during the Late Eocene Nanno-| Sample | (%)
with revealed zones NP 19/20 and NP 21. In the Table 1 zone ID 0 10 20 30 40 50 60 70 80 90 100
the representation of each species is displayed. KRO17
In the vast majority of samples the poor and weakly
diversified nannofossil communities have been found. The KRO16
species of temperate marine environments predominated KRO15
in them. The percentage of these species ranged from 59 % KRO13
to 94 % (Fig. 3). The warm-water species in the communi- N
ties were represented by 2-24 %, and the cold-water spe- % KRO11
cies by 3-28 %. KRO10
Obtained biostratigraphic data were evaluated and re- KRO9
sults were summarized in the graph (Fig. 4), expressing the
interrelation of species that prefer different temperatures KROG
of the environment. From the graph, a distinctly negative KRO1
relationship be.tween the warm—wat.er species (WWS) and KRO14
those of the slightly temperate environment (TWS) is ob- o | kro12
vious in the lower part of the Late Eocene (NP19/20). This q
indicates the replacement of slightly temperate environ- E KROS5
ment (TWS) species by the warm-water species (WWS), =z KRO4
indicating a moderate warming of the environment. KRO3
Fig. 4. Percentage of taxons of different temperatures of the en- > warm-water sp e,Cies - temperate-water species
vironment. cold-water species
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Tab. 1
Representation of calcareous nannofossil species in the samples from the Kriva Ol'ka locality.

el sl ol elaleslzlalalz]elelzx

d|E|le|e|g|8|28|&8|E €|8|&8|&8]|¢&
Clausiococcus subdistichus X X
Coccolithus eopelagicus X X X X X X X X X X X X X
Coccolithus pelagicus X X X X X X X X X X X X X X
Coccolithus formosus X X X X X X X X X X X X X
Coronocyclus nitescens X X X X X X X X X
Corannulus germanicus X X
Cribrocentrum reticulatum X X X X X X X X X X X X
Cribrocentrum coenurum X X X
Cruciplacolithus tenuis X
Cruciplacolithus sp. X
Cyclicargolithus floridanus X X X X X X X X X X X X X X
Chiasmolithus expansus X
Chiasmolithus grandis X X
Chiasmolithus solitus X
Chiasmolithus oamaruensis X X X X
Dictyococcites sp. X X X
Dictyococcites daviesii X X X
Dictyococcites bisectus X X X X X X X X X X X X X X
Discoaster barbadiensis X X X X X X X
Discoaster binodosus X
Discoaster deflandrei X X X X
Discoaster lodoensis X X X X X X X
Discoaster mahmoudii X
Discoaster multiradiatus X X X X
Discoaster nodifer X
Discoaster saipanensis X X X X X X X X X X X
Discoaster septemradiatus X
Discoaster tanii X X X X
Ellipsolithus macellus X X X X
Helicosphaera sp. X X
Helicosphaera compacta X X X X X X X X X X X X X X
Helicosphaera seminulum X
Helicosphaera wilcoxonii X
Isthmolithus recurvus X X X X X X X X X X X X X X
Nannotetrina sp. X
Lanternithus minutus X X X X X X X X X
Neococcolithes dubius X
Pemma sp. X X X
Pontosphaera alta X
Pontosphaera multipora X X X
Pontosphaera exilis X
Prinsius martini X
Prinsius sp. X X X X X X X X X X X X
Reticulofenestra callida X X X X X X
Reticulofenestra dictyoda X X X X X X X X X X X X
Reticulofenestra hillae X X X X X X X X X X X X X X
Reticulofenestra umbilica X X X X X X X X X X X X X X
Reticulofenestra lockeri X X X X X X X X X
Reticulofenestra oamaruensis X X X X X
Reticulofenestra westerholdii X X
Reticulofenestra sp. X X X X X X X X X X
Sphenolithus anarrhopus X X
Sphenolithus moriformis X X X X X X X X X X X X X X
Sphenolithus pseudoradians X
Sphenolithus radians X X
Sphenolithus spiniger X
Toweius eminens X X X
Toweius sp. X X
Transversopontis obliquipons X
Tribrachiatus orthostylus X
Zygrhablithus bijugatus X X X X X X X X X X X
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A more detailed study of the relationship between the
warm-water aand cold-water species has highlighted the
fact that if the population of warm-water species (WWS)
increases in number, the share of the cold-water species
(CWS) also increases. This means that they are not mu-
tually excluding each other, but the progress in the num-
ber of individual species will depend on the decline in
the number of the moderately temperated environment
(TWS), Fig. 5.

CWS vs WWS
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’ ) ° °
(@] , % e
0,10 e
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Fig. 5. Relation between the cold-watern and warm-water nanno-
fossils populations in the Kriva OTka locality.

If the environment has warmed up, then the number of
species bound to moderate tempered environment (TWS)
has lowered in the favour of warm-water species (WWS),
Fig. 6.

Graph in Fig. 7, showing the relation of the modera-
te tempered environment species (TWS) to those of the
cold-water species (CWS), documents that the cooling of
the environment initiates the alternation of the species of
moderate tempered environment (TWS) by the cold-wa-
ter species (CWS).

Presented data show that the Paratethys cooling in the
Late Eocene was also manifested by the nannofossil com-
munities in the Kriva Ol’ka locality by a very small increa-
se in the number of cold-water species (CWS).

The trend of the environment cooling during the Late
Eocene and Early Oligocene was also manifested by the
change in the size of the coccoliths. As a part of the re-
search the coccolith sizes of the species Coccolithus eo-
pelagicus (Bramlette et Riedel) Bramlette et Sullivan,
Dictyococcites bisectus (Hay, Mohler et Wade) Bukry et
Percival and Reticulofenestra umbilica (Levin) Martini et
Ritzkowski were measured and the average values for in-
dividual samples were calculated (Fig. 8).

146

WWS vs TWS
0,95 +
N
N
0,9 BN
AN
\\
0,85 N )
*
\\
0,8
v ‘Q
g 0,75 '\‘
@
AN
0,7 N
\\
0,65 AN
. \\ )
0,6 ° "
\\
0,55 -
0 0,05 0,1 0,15 02 025 0,3
TWS

Fig. 6. Relation between the share of thermophilic species and
those of moderate tempered environment in the Kriva Olka lo-
cality.
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Fig. 7. Relation between the share of the cold-water (CWS) and
moderate tempered environment species (TWS) in the Kriva
Orlka locality.

The measured values manifest that the species Dictyo-
coccites bisectus (Hay, Mohler et Wade) Bukry et Percival
reached in NP 19/20 zone (Late Eocene) the dimensions
from 8.7 um to 9.5 um. In the nannoplankton zone NP
21 (Late Eocene) it reached dimensions from 8.9 um to
10.2 pm. This indicates that this species reached in the NP
21 zone a certain enlargement of the dimensions in compa-
rison with the zone NP 19/20.

The Coccolithus eopelagicus (Bramlette et Riedel)
Bramlette et Sullivan represents further observed spe-
cies. It reached in the zone NP 19/20 dimensions from
11.2-13.9 um and in zone NP 21 dimensions 11.4-14.2 um.
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size (um)
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Sample |
ID 8

KRO17
KRO16
KRO15
KRO13
KRO1M1
KRO10
KRO9
KRO6
KRO1
KRO14
KRO12
KROS5
KRO4

KRO3

- Dictyococcites bisectus
Coccolithus eopelagicus

Nanno-

zone 9 10 11 14 15 16 17

NP21

NP19-20

-~ Reticulofenestra umbilica

Fig. 8. Representation of species in individual samples in relation
on their dimensions.

The individuals with the largest dimensions were reavea-
led in the sample KROI.

The last species with revealed change in the coccoliths
size was a species of Reticulofenestra umbilica (Levin)
Martini et Ritzkowski. This species, on the basis of the
measured sizes, recorded the biggest changes. Its measured
coccoliths sizes from the NP 19/20 zone samples ranged
from 14.5 um to 15.9 pm. In zone NP 21 the dimensions
varied from 14.6 um to 16.8 pm. In this zone a gradual
increase in size of individuals of this species towards the
hanging wall was observable (Fig. 8).

Evaluation of calcareous nannofossils
concering to environmental conditions
in the Kriva OPka locality

Like the temperature, also the amount of nutrients in
the marine environment is one of the most important fac-
tors affecting the distribution of calcareous nannoplank-
ton in the Paleogene period (Aubry, 1992; Krhovsky et
al., 1992 and Villa et al., 2008). According to the work
of Boresma et al. (1987) and Hallock et al. (1991), during
the older Eocene the oligotrophic conditions prevailed in
the euphotic zones of the oceans and the marginal seas.
Subsequently, during the Middle and Late Eocene, the
environment was gradually eutrophic due to cooling. In
the course of the Late Eocene and Early Oligocene, condi-
tions became more eutrophic, and the types of calcareous
nannoplankton preferring the eutrophic environment are
present.
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However, some species may be adaptable to change in
the nutritional values of the environment. As an example
we can mention small forms of the species Reticulofene-
stra, capable of withstanding oligotrophic conditions, but
only in a high nutrient environment. Similarly also Zygr-
hablithus bijugatus (Deflandre) Deflandre is a species
adaptable to oligotrophic, as well as eutrophic conditions.
Species preferring eutrophic conditions, being found in stu-
died assemblages: Chiasmolithus oamaruensis (Deflandre)
Hay, Mohler et Wade, Chiasmolithus sp., Chiasmolithus
expansus (Bramlette et Sullivan) Gartner, Chiasmolithus
solitus (Bramlette et Sullivan) Locker, Coccolithus pela-
gicus (Wallich) Schiller, Cyclicargolithus floridanus (Roth
et Hay) Bukry, Dictyococcites bisectus (Hay, Mohler et
Wade) Bukry et Percival, Dictyococcites sp., Lanternithus
minutus Stradner, Pontosphaera multipora (Kamptner)
Roth, Reticulofenestra ornata Miiller, Transversopontis
pulcher (Deflandre) Perch-Nielsen, Transversopontis pul-
cheroides (Sullivan) Romein and Zygrhablithus bijugatus
(Deflandre) Deflandre, Villa et al., 2008.

The percentage of eutrophic species was evaluated in
this work, since the eutrophic conditions at the Eocene/
Oligocene boundary dominated, and species preferring
these conditions should prevail in assemblages. Based on
our assessments, we can conclude that the representation
of eutrophic species does not correspond to the percen-
tage of the cold-water species, which would characterize
a significant cooling of the environment, as well as a chan-
ge in its nutritional values.

Some change is observable in the samples KRO16
and KRO17, where the number of cold-water species, as
well as, eutrophic species increases (Fig. 9). It is therefo-
re probable that the cooling trend and changed nutritional
conditions of the environment have been manifested in the
Kriva Olka locality during this period.

Occurrence of resedimented taxons in calcareous
nannofossil assemblages in the Kriva Olka locality

A typical phenomenon observable in nannofossil as-
semblages from Flysch zone sediments is a presence of
both — autochthonous and resedimented species. This phe-
nomenon is closely related to the dynamics of the environ-
ment during the sedimentation of flysch sequences in the
deep-sea trogs.

During the quantitative analysis of species from indivi-
dual samples, altogether 61 species were found, of which
the percentage of autochthonous and resedimented species
was calculated. Within the resedimented species, the per-
centage of Paleogene and Mesozoic resediments was also
calculated and visualized (Fig. 9).

The most commonly represented autochthonous
species: Coccolithus pelagicus (Wallich) Schiller, Coc-
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Nanno-| Sample | (%) et Ritzkowski, Sphenolithus radians Deflandre, Corono-
zone ID 0 10 20 30 40 50 60 70 80 90 100 cyclus nitescens (Kamptner) Bramlette et Wilcoxon and
KRO17 P T Y S T N B Reticulofenestra lockeri Miiller.
The redeposited Paleogene species were Crucipla-
KRO16 colithus tenuis (Stradner) Hay et Mohler, Chiasmolitus
KRO15 grandis (Bramlette et Riedel) Radomski, Discoaster mul-
KRO13 tiradiatus Bramlette et Riedel, Discoaster barbadiensis
§ KRO11 Tan, Discoaster lodoensis Bramlette et Riedel, Discoaster
z saipanensis Bramlette et Riedel, Discoaster tanii Bramlet-
KRO10 te et Riedel, Ellipsolithus macellus (Bramlette et Sulli-
KRO9 van) Sullivan, Neococcolithes dubius (Deflandre) Black,
KRO6 Prinsius  martinii (Perch-Nielsen) Haq, Sphenolithus
anarrhopus Bukry et Bramlette and Sphenolithus spiniger
KRO1 . .
Bukry. The percentage of redeposited Paleogene species
KRO14 / ranged from 5 to 30 %.
& | KRO12 : A significant part of redeposited species was represen-
é KRO5 ted by Mesozoic ones, mainly by Arkhangelskiella cymbi-
% KRO4 formis Vekshina, Biscutum sp., Broinsonia para constricta
Hattner, Calculites sp., Cribrosphaerella ehrenbergii
KRO3 (Arkhangelsky) Deflandre, Eiffellithus eximius (Stover)
- warm-water species ~ — temperate water species Perch-Nielsen, Lucianorhabdus cauyexii Deflandre, Mi-
cold-water species eutrophic species cula sp., Micula decussata Vekshina, Micranotlithus sp.,

Fig. 9. Percentage of species bound to different temperatures of ~ Prediscosphaera cretacea (Arkhangelsky) Gartner, Rete-
the environment and percentage of eutrophic species in the Kriva  capsa crenulata (Bramlette et Martini) Griin, Refecapsa
Orka locality. surirella (Deflandre et Fert) Griin, Watznaueria barnesae
colithus eopelagicus (Bramlette et Riedel) Bramlette et  (Black) Perch-Nielsen, Watznaueria sp., Watznaueria bri-
Sullivan, Cyclicargolithus floridanus (Roth et Hay) Bukry,  tannica (Stradner) Reinhardt, Watznaueria ovata Bukry a
Dictyococcites sp., Dictyococcites bisectus (Hay, Mohler  Zeugrhabdotus embergeri (Noél) Perch-Nielsen. The per-
et Wade) Bukry et Percival, Dictyococcites daviesii Haq,  centage of redeposited Mesozoic species in assemblages
Discoaster deflandrei Bramlette et Riedel, Helicosphaera ranged from 8 to 48 %.

compacta Bramlette et Wilcoxon, Lanternithus minutus The percentage of redeposited species indicates that
Stradner, Sphenolithus moriformis (Bronnimann et Strad-  this component represents a significant part of the na-
ner) Bramlette et Wilcoxon, Pontosphaera multipora  nofossil assemblages - in some samples it is more than
(Kamptner) Roth, Reticulofenestra dictyoda (Deflandre et~ 50 % of the assemblage (KRO1, KRO12, KRO13, KRO14
Fert) Stradner, Reticulofenestra umbilica (Levin) Martini ~ a KRO15), Fig. 10.
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Fig. 10. Percentage of autochthonous and redeposited calcareous nannofossil species in the Kriva Olka locality.
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The Stul’any locality

From the locality, positioned ca 1.5 km to SW of the
Stulany village, built of Malcov Fm. of the Krynica Unit
of the Magura nappe (Fig. 11), altogether 11 samples were
taken for the evaluation of calcareous nannofossils.

The sedimentation of the Malcov Fm. in the locality
Stulany took part mainly in the zone NP 23, lower inter-
beds with samples STU 6 and STU 8 were enlisted to NP
21, Late Eocene, and samples STU 5 and STU 7 into the
zone NP 22, Early Oligocene.

Table 2 presents the occurrence of individual species,
found in nannofossils assemblages from the Stulany lo-
cality.

In the sample STU 6 the species preferring the modera-
tely tempered marine environment (76 %) have prevailed,
the warm-water species represented only 3 % of the as-
semblage and cold-water species 21 %. Contrary to this, in
the sample STU 8 the cold-water species dominated in the
assemblage by 61 % representation, while the species of
moderately tempered environment represented 35 % and
the least abundant were warm-water species by 4 %.

In the samples STU 5 and STU 7 the least abundant
were the warm-water species, in the sample STU 5 there
prevailed cold-water species, forming 50 % and species of
moderately tempered environment by 43 %. In the sample
STU 7 these species formed the majoirty of the assemblage
- 61 %, while the cold-water species 32 % and warm-water
species only 7 % (Fig. 12).

In samples STU1-5 and STU 11 we have calculated
the percentage of the species representation in relation on
temperature. In samples STU 1 and STU 2 the species of

T
ez oy
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the moderate tempered environment prevailed (58 % and
71 %). In assemblages the cold-water species (29 % and
22 %) were more abundant than the warm-water species
(13 % and 7 %). In sasmples STU 3, STU 4, STU 5 and
STU 11 the dominant were the cold-water species (53 %,
58 %, 50 % and 68 %). The second most numerous group
represented the specie of moderately temperate environ-
ment (41 %, 37 %, 43 % and 28 %), and the smallest group
represented the warm-water species (6 %, 5 %, 7 %, 4 %),
Fig. 12.

Such composition of communities reflects changes in
ecological conditions - cooling at the Eocene / Oligocene
boundary. Similar results are reported in works by Mita
(2001); Blaj (2009); as well as Persico and Villa (2004). In
Slovakia, the research of changes in calcareous nannofos-
sil assemblages at the Eocene / Oligocene boundary was
done by Ozdinova (2013).

Graph (Fig. 13) shows the percentage representation of
the species in relation on temperature. The relation betwe-
en the shares of cold-water species (CWS) and the species
of moderate tempered environment (TWS) is distinct in
the graph. The share of these species over time shows in-
verse changes, indicating that the proportion of one nan-
nofossil group is replaced by another, depending on the
change in the temperature of the environment.

From a more detailed analysis of relationships between
species bound to a different temperature of the environ-
ment, there is a significant, exclusive relationship between
the CWS and TWS assemblages of species. This rela-
tionship points to the fact that the share of the cold-water
species (CWS) increases at the expense of the species of
moderately temperated environment (TWS). This means
that the environment was cooled (Fig. 14).
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Fig. 11. Detail map of sampling sites in the branching tight valley localed ca 1.5 km to SW of the Stul'any village. The position of the

map detail (red circle) on the basemap is in the centre of the circle.



Mineralia Slovaca, 49 (2017)

Tab. 2
Calcareous nannofossils distribution in the Stul’any locality.

— N I < ) © ™~ I =

) ) =) =) ) ) =) = =)

2 % 2 2 2 2 2 2 2
Blackites spinosus X X X X X
Clausiococcus subdistichus X X X X X X X X X
Coccolithus eopelagicus X X X X X X X X
Coccolithus pelagicus X X X X X X X X
Coccolithus formosus X X X X X
Coronocyclus nitescens X X X X X X X
Cribrocentrum reticulatum X X X X X X
Cribrocentrum coenurum X
Cruciplacolithus tenuis X X
Cyclicargolithus floridanus X X X X X X X X X
Chiasmolithus eolatus X
Chiasmolithus oamaruensis X X
Dictyococcites daviesii X X X X X X X X
Dictyococcites bisectus X X X X X X X X X
Discoaster barbadiensis X X X X X
Discoaster deflandrei X
Discoaster lodoensis X X
Discoaster multiradiatus X
Discoaster saipanensis X
Discoaster tanii X
Helicosphaera alta X
Helicosphaera bramlettei X X X X X
Helicosphaera compacta X X X X X X X
Helicosphaera intermedia X X X
Helicosphaera lophota X
Helicosphaera papillata X
Helicosphaera euphratis X
Helicosphaera recta X
Helicosphaera reticulata X
Helicosphaera seminulum X
Isthmolithus recurvus X X X X X X X
Lanternithus minutus X X X X X X
Neococcolithes dubius X
Orthozygus aureus X X X X X
Pontosphaera alta X X
Pontosphaera enormis X
Pontosphaera multipora X X X X X X X X
Pontosphaera latelliptica X X X X
Pontosphaera rimosa X
Prinsius dimorphus X
Prinsius martini X X X X X X X
Prinsius sp. X
Reticulofenestra callida X X X X X X X X X
Reticulofenestra dictyoda X X X X X X X X
Reticulofenestra ornata X X X X X X X
Reticulofenestra hillae X X X X X X X X
Reticulofenestra macmillanii X
Reticulofenestra umbilica X X X X X X X X
Reticulofenestra lockeri X X X X X X X X X
Reticulofenestra oamaruensis X
Reticulofenestra sp. X X X X X X X X X
Sphenolithus anarrhopus
Sphenolithus moriformis X X X X X X X X X
Sphenolithus radians X X
Transversopontis fibula X X X X X
Toweius crassus X
Transversopontis pulcher X X X
Transversopontis pulcheroides
Zygrhablithus bijugatus X X X X X X X X X
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Fig. 12. Percentage representation of species in
individual samples based on temperature, the
Stulany locality.
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From the mutual comparison of the relationship betwe-
en the warm-water species (WWS) and the moderately
temperated species (TWS), there is a clear absence of a
relationship between the share of the population of both
groups of species (Fig. 15).

The non-existing relationship between shares of po-
pulations of cold-water species (CWS) and warm-water
species (WWS) of calcareous nannofossils is shown in the
graph (Fig. 16):

Similarly as in the Kriva Olka locality, also in the
Stulany locality there were observed the changes of the
coccolith dimensions in the case of species Dictyococcites
bisectus (Hay, Mohler et Wade) Bukry et Percival and
Coccolithus eopelagicus (Bramlette et Riedel) Bramlette
et Sullivan.

The measured coccolith dimension of the species Dic-
tyococcites bisectus in zone NP21 were 9.8 pm. In zone
NP22 their ranged from 10.1 to 10.3 pm and in zone NP23
from 9.6 to 11 pm. The obtained values indicate that the
largest increase in coccolith sizes of this species was in
zone NP 23, namely in samples STU 3 and STU 1 (Fig.
17).

Similarly also a species of Coccolithus eopelagicus
has registered a certain increase in coccolith size, namely
in the nannoplankton zones NP22 and NP23 (Late Oligo-
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cene). In zone NP21 the coccoliths of this species reached
dimensions from 11 to 11.2 um, in zone NP22 it was 11.3
to 11.51 pm and in zone NP23 10.6 to 11.9 um (Fig. 17).

Evaluation of calcareous nannofossils
in terms of environmental conditions
in the Stulany locality

Eutrophic species from the Stulany locality, similarly
as those in the Kriva Orlka locality, did not manifest any
distinct change in nutritional conditions. Some consisten-
cy is evident in the samples STU2 and STU3, where the
increase of cold-water species is observabe, as well as the
eutrophic species. It can indicate some cooling trend and
certain change in nutrition conditions in the higher part of
Early Oligocene in locality of Stulany (Fig. 18).

The composition of autochthonous and resedimented
species of calcareous nannofossils
in the Stulany locality

The presence of resedimented species in nannofossil
assemblages was found also in samples from the Stulany
locality.
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Fig. 13. Percentage representation of species according to tempe-
rature in the Stul'any locality.
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Fig. 16. The share of cold-water and warm-water nannofossil
species in locality of Stul'any.

In revealed assemblages these species were present in
amount of 38-62 %, from which the resedimented Meso-
zoic species represented 11-30 % and resedimented Paleo-
gene species 23-33 % (Fig. 19). Relatively high percentage
of resedimented species in nannofossil assemblages mani-
fests the high activity of turbidite flows.

The most abundant resedimented species were Cruci-
placolithus tenuis (Stradner) Hay et Mohler, Discoaster
barbadiensis Tan, Discoaster saipanensis Bramlette et
Riedel, Discoaster lodoensis Bramlette et Riedel, Nanno-
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Fig. 17. The species average size values in locality of Stul'any.
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Fig. 18. Percentage of species bound to different temperatures of
the environment and the percentage of eutrophic species in the
Stul'any locality.
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tetrina fulgens (Stradner) Achuthan et Stradner, Helicos-
phaera seminulum Bramlette et Sullivan, Helicosphaera
lophota Bramlette et Sullivan, Chiasmolithus expansus
(Bramlette et Sullivan) Gartner, Ellipsolithus macellus
(Bramlette et Sullivan) Sullivan, Helicosphaera papillata
(Bukry et Bramlette) Jafar et Martin and Prinsius martini
(Perch-Nielsen) Haq.

The resedimented Mesozic species formed the small-
er percentage in the nannofossil assemblages (11-30 %),
being represented with Arkhangelskiella cymbiformis
Vekshina, Arkhangelskiella maastrichtiana Burnett, Bis-
cutum sp., Braarudosphaera bigelowii (Gran et Braarud)
Def-landre, Broinsonia parca constricta Hattner, Cera-
tolithina hamata hamata Martini, Cribrosphaerella eh-
renbergii (Arkhangelsky) Deflandre, Eiffellithus eximius
(Stover) Perch-Nielsen, Lucianorhabdus cauyexii Deflan-
dre, Markalius inversus (Deflandre) Bramlette et Martini,
Micula sp., Micula decussata Vekshina, Micula murus
(Martini) Bukry, Micranotlithus sp., Microrhabdulus
decoratus Deflandre, Prediscosphaera cretacea (Arkhan-
gelsky) Gartner, Retecapsa crenulata (Bramlette et Mar-
tini) Griin, Retecapsa surirella (Deflandre et Fert) Griin,
Watznaueria barnesae (Black) Perch-Nielsen, Watznaue-
ria sp., Watznaueria britannica (Stradner) Reinhardt,
Watznaueria ovata Bukry and Zeugrhabdotus embergeri
(Noél) Perch-Nielsen.

From autochthonous Paleogene species the most abun-
dant were Lanternithus minutus Stradner, Dictyococcites
bisectus (Hay, Mohler et Wade) Bukry et Percival, Dictyo-
coccites callidus Perch-Nielsen, Reticulofenestra umbilica
(Levin) Martini et Ritzkowski, Reticulofenestra lockeri
Miiller, Clausiococcus subdistichus (Roth et Hay) Prins,
Coccolithus  formosus (Kamptner) Wise, Coccolithus
eopelagicus (Bramlette et Riedel) Bramlette et Sullivan,
Cyclicargolithus floridanus (Roth et Hay) Bukry, Helico-
sphaera compacta Bramlette et Wilcoxon, Helicosphaera
recta (Haq) Jafar et Martini, Blackites spinosus (Deflandre
et Fert) Hay et Towe, Isthmolithus recurvus Deflandre,
Coronocyclus nitescens (Kamptner) Bramlette et Wilcox-
on, Zygrhablithus bijugatus (Deflandre) Deflandre, Sphe-
nolithus moriformis (Bronnimann et Stradner) Bramlette
et Wilcoxon, Sphenolithus radians Deflandre, Transverso-
pontis fibula Gheta, Dictyococcites daviesii Perch-Niel-
sen, Reticulofenestra dictyoda (Deflandre) Stradner,
Helicosphaera euphratis Haq, Discoaster tanii Bramlette
et Riedel, Pontosphaera latelliptica (Baldi Béke et Baldi)
Perch-Nielsen, Pontosphaera multipora (Kamptner) Roth,
Reticulofenestra hillae Bukry et Percival, Chiasmolithus
oamaruensis (Deflandre) Hay, Mohler et Wade, Helicos-
phaera bramlettei Miiller, Discoaster deflandrei Bram-
lette et Riedel, Transversopontis obliquipons (Deflandre)
Hay, Mohler et Wade and Coccolithus pelagicus (Wallich)
Schiller. Percentage of autochthonous species in nannofos-
sil assemblages varied in the range of 38-62 %.
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The research of resedimented species in Poland was
partly done by M. Oszczypko-Clowes (Oszcypko-Clowes
& Zydek., 2012), studying the nannofossil assemblages
of the Malcov Formation of the Krynica Unit of Magu-
ra nappe in the area south of Leluchow. The author (l.c.)
based on study of the nannofossil assemblages revealed
than the percentage of resedimented species of the Mal-
cov Formation represents ca 31.35 %. In comparison
with our research, the data found by Oszczypkova have
demonstrated a smaller amount of resedimented species
in the areas she was studying. It manifests a smaller ac-
tivity of turbuditic currents in the Early Oligocene in the
Leluchow area (Oszczypko-Clowes et al., 2012).

Conclusion

The found assemblages of calcareous nannofossils in
localities Kriva Ol'ka and Stulany were distinctly deplet-
ed. Low diversity of species was typical for the majority
of assemblages. This phenomenon is typical for the Late
Eocene and Early Oligocene period. The significant part of
the assemblages was formed also by the species of moder-
ately tempered environment.

Based on research of the calcareous nannofossil as-
semblages in the Kriva Olka locality we can conclude that
the Zlin Formation sedimentation took part during Late
Eocene in the zones NP 19/20 and NP 21.

The found data manifest the fact that no more signif-
icant increase of the cold-water species was in the Late
Eocene in the Kriva Orlka locality, the strongest cooling
was reflected in the samples KRO16 and KRO17 (NP21).
In these samples the biggest share of cold-water species
was registered.

The environment cooling trend during the Late Eocene
and Early Oligocene was manifested also by the change of
the coccolith dimensions, being registered in the case of
the species Coccolithus eopelagicus, Dictyococcites bisec-
tus and Reticulofenestra umbilica.

Similarly as in the Zlin Formation of the Raca Unit
in the Kriva Olka locality, also in the Malcov Fm. of the
Krynica Unit in Stul’any locality the species bound to mod-
erately tempered environment (TWS) formed the signifi-
cant part of the assemblage. The results of the nannofossil
assemblages study indicate the distinct relation between
the population shares of cold-water species (CWS) and
those of moderate tempered environment (TWS). The
share of the populations of these species in time shows the
inverse changes, which indicates the replacement of the
share of one group by another in relation to the change of
the environment temperature.

The climatic changes were reflected in changed species
dimensions also in Stul’any locality. We have investigated
the species Dictyococcites bisectus and Coccolithus eope-
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lagicus. The species Dictyococcites bisectus reaches the
dimensions in the zone NP23 (Early Oligocene). However,
the signs of increasing the coccolith size in this species are
already observable in the samples included into the zones
NP 21 and NP 22.

An important factor in the environment that affects the
distribution of calcareous nannoplankton is represented
also by the amount of nutrients in the marine environ-
ment. In the Kriva Olka locality, only a small change in
nutritional conditions was recorded, namely in the samples
KRO16 and KRO17. The sedimentation of the Zlin Fm.
here probably took place in the cold-water environment
with its gradual eutrophication.

Similarly, in the Stul'any locality was not found a sig-
nificant change in the nutritional conditions of the envi-
ronment. Some change is observable in the samples STU2
and STU1. The species Reticulofenestra ornata Miiller and
Transversopontis fibula Gheta were found in the assem-
blages, being typical for the moderately brackish cold-wa-
ter environment. The species Reticulofenestra ornata
represents an endemite species of the Paratethys. Based on
the obtained data we assume that the sedimentation of the
Malcov Fm. in the Stul'any locality probably took place in
the slightly brackish and cold-water environment.

The representation of large numbers of resedimented
species reflects the high activity of turbidic currents during
sedimentation in the case of the Zlin Fm. in locality of
Kriva Olka, as well as of the Malcov Fm. in locality of
Stulany.
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Paleoekologia vapnitych nanofosilii z paleogénnych stuvrstvi magurskej jednotky
Zapadnych Karpéat

Témou clanku su vapnité nanofosilie aich reakcia na
zmenu paleoekologickych podmienok v obdobi mladsie-
ho eocénu a starSieho oligocénu. Predmetom vyskumu
boli véapnité nanofosilie sedimentarnych hornin patriacich
do dvoch litotektonickych jednotiek magurského prikro-
vu Vonkajsich Zapadnych Karpat. Na lokalite Kriva Olka
(vzorky KRO1 — 17; geografické koordinaty vo WGS84:
490747,44S;215103,81V;obr. 1, 2,3 a 10) sme skumali
vapnité nanofosilie zo sivozelenych az sivych, premenlivo
vapnitych ilovcov zlinskeho suvrstvia racianskej jednot-
ky magurského prikrovu. V profile Stul'any (vzorky STU
1 —11; koordinaty 49 08 10,16 S; 21 23 40,37 V; obr. 1, 11,
12, 19) boli predmetom skiimania silno vapnité ilovce hne-
dozelenej farby, zelenkavo sivé az sivé vapnité siltovce az
ilovce a tmavosivé vapnité ilovee s jemne dispergovanou
sl'udou a lasturnatym rozpadom, ktoré patria k malcovské-
mu suvrstviu krynickej jednotky magurského prikrovu.
Skumana oblast’ je stcastou regionu Nizke Beskydy na
severovychodnom Slovensku a vystupuje severovychodne
od bradlového pasma.

Preparaty na vyskum boli pripravené klasickou dekan-
tatnou metddou (Haq a Lohman, 1976; Perch-Nielsen,
1985). V ramci paleoekologického vyskumu sa robila
kvantitativna analyza spolocenstiev nanofosilii. Z kazdého
preparatu bolo zaznamenanych 500 jedincov. Spracovanie
udajov spocivalo v urceni pocetnosti jednotlivych druhov
v ramci odobranych vzoriek a ich triedeni podl'a teplot-
nych podmienok, zmien velkosti kokolitov, obsahu zivin
v prostredi a autochtonity. Studovali sme ich polarizaénym
mikroskopom Axioskop 40 Carl Zeiss pri zvacSeni 1 250x
a dokumentovali digitdlnym fotoaparatom Axiocam 105
color. Na biostratigrafické zaradenie spoloCenstiev bola
pouzita Martiniho zondcia (1971).

Na zéklade analyz spolocenstiev nanofosilii sa zistilo,
ze sedimentécia zlinskeho stuvrstvia na lokalite Kriva Olka
(obr. 2 a 3) prebiehala pocas mladSieho eocénu (NP 19/20
a NP21). Ziskané tidaje poukazuju na fakt, ze v tomto ob-
dobi na lokalite Kriva Olka nedoslo k vyraznému narastu
chladnomilnych druhov, napriek tomu urcity narast poc-
tu chladnomilnych druhov sa zistil vo vzorkach KRO16
a KRO17. Zmenené paleoekologické podmienky sa preja-
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vili aj zmenou velkosti plakolitov, ktoré boli zaznamenané
v pripade druhov Coccolithus eopelagicus, Dictyococcites
bisectus a Reticulofenestra umbilica. Vyznamnym fakto-
rom prostredia, ktory ovplyviiuje distribiciu vapnitého
nanoplankténu, je aj mnozstvo zivin v morskom prostre-
di. Na lokalite Krivda Olka sme zaznamenali len mala
zmenu nutriénych podmienok, a to vo vzorkach KRO16
a KRO17. Kvantitativnou analyzou spolo¢enstiev vapni-
tych nanofosilii sa zistovalo percentudlne zastipenie pre-
plavenych a autochtonnych druhov. Zastipenie vel'kého
poctu preplavenych druhov odraza vysoku aktivitu tur-
biditnych prudov pocas sedimentécie zlinskeho stvrstvia
na lokalite Kriva Ol'ka. Z urobenych analyz vyplyva, ze
sedimentécia zlinskeho suvrstvia na lokalite Kriva Ol'ka
prebichala pravdepodobne v chladnom prostredi s jeho
postupnou eutrofizaciou (obr. 3 — 10).

Podobnym spdsobom sa robila kvantitativna analyza
spolo¢enstiev nanofosilii aj na lokalite Stul'any (obr. 11,
12 a 19), kde je zastipené malcovské suvrstvie krynicke;j
jednotky magurského prikrovu. Spolocenstva nanofosilii
preukazali, ze sedimentacia na lokalite Stulany prebie-
hala pocas starSieho oligocénu (NP21 — NP23). Zistené
spolo€enstvd boli chudobnejSie a malo diverzifikované.
Dominantnou zlozkou spolocenstiev boli druhy viazané
na mierne temperované prostredie (TWS). Aj na lokalite
Stulany sa robila analyza velkosti plakolitov. Z vysled-
kov vyplyva, Ze podobne ako na lokalite Kriva Olka, aj tu
vapnité nanofosilie reagovali na zmenené paleoekologické
podmienky zmenenymi rozmermi. Zmenené paleoekolo-
gické podmienky sa prejavili v malej miere urcitym na-
rastom poctu eutrofickych druhov, a to vo vzorkach STU1
a STU2. Vyrazna dynamika prostredia sa prejavila zasti-
penim velkého poctu preplavenych druhov, podobne ako
na lokalite Krivd Olka. Vzhl'adom na zistené tidaje mo-
zeme konsStatovat’, ze sedimentacia malcovského suvrstvia
na lokalite Stulany pravdepodobne prebiehala v mierne
brakickom a chladnom prostredi (obr. 13 — 19).
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Caves in magnesite — a rare phenomenon of karstification:
The case study from Slovakia
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Abstract: The existence of underground karst cavities in magnesite deposits in Slovakia was indicated already
at the end of the 1950s. Their speleological survey started only from 1983, when the caves were investigated in
magnesite deposits Podrecany, Burda, Lubenik and Bankov in the Carboniferous rock belt 120 km long between
Lucenec and Kosice towns, located along the boundary zone between the Gemeric and Veporic tectonic units
of the Western Carpathians in the Slovenské rudohorie (Slovak Ore) Mountains. Until now, altogether 16 caves
in magnesite deposits were speleologically investigated and mapped in Slovakia. Except of one, all of them are
accessible only from the mine workings. Generally their lengths are between 10 and 20 m but the longest cave
reaches up to 73 m. These caves occur in Carboniferous magnesite-dolomite lenses surrounded by graphite-sericite
schists or phyllites of the Gemeric Unit. As our research has manifested, the caves in magnesite originated due to
the post-Upper Cretaceous shearing of the Alpine deformation phase AD,. Shearing during this deformation phase
caused the origin of the penetrative NE-SW trending regional shear faults in the western segment of the magnesite
bearing Carboniferous belt, encompassing the caves in the Podrecany, Burda, Lubenik and Dubrava Massif mag-
nesite bodies. In the eastern segment of the belt with the Bankov deposit the NW-SE trending faults of the AD,
phase were dominant. In particular cases, the faults of the AD, phase may represent the reactivated discontinuities
of earlier Alpine phases AD, and AD,. The azimuth and dip parameters of the caves manifest that besides the main
AD, discontinuities, parallel with the shear faults, the extensional AD3 antithetic shears in-between individual
shear faults have the supreme importance at the origin of the cave open spaces. Faults cutting the whole magnesite
bodies allowed penetration of hydrothermal fluids throughout them. The fissures were widened by a hydrothermal
karst process, accelerated by oxidation of Fe in the oxidation zone (FeO as an isomorphic admixture in the mag-
nesite is represented app. by 3 %). Hydrothermal process related to the cave formation was caused by low-salinity
fluids probably with progressively higher proportion of meteoric water and with the temperature less than 150 °C.
In Neogene, after the first uplift of the magnesite bodies, the water level decreased in relation to the incision of
adjacent valleys and the aragonite crystals and palygorskite started to crystallize in the vadose conditions.

Key words: magnesite, dolomite, karst, cave, faults, shear zones, synthetic and antithetic shears, hydrothermal
speleogenesis, hypogene cave, Lower Carboniferous, Gemeric Unit, Western Carpathians
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Introduction

Caves in magnesite represent a specific lithological
group of underground karst phenomena. In the world they
occur far less often than the caves in limestones. The rea-
son for this scarcity is the rare occurrence of magnesite
bodies and the low ability of magnesite to dissolve. The
dissolution rate of magnesite is about four orders of mag-
nitude lower than that of calcite (Chou et al., 1989).

Some smaller underground cavities in magnesite were
mentioned from magnesite deposits in California and
Nevada, USA (Hess, 1908; Gale, 1912) and in Ceara and
Brumado Bahia, Brazil (Bodenlos, 1950, 1954). The exist-
ence of underground karst cavities in magnesite deposits in
Slovakia was indicated by Gul'a (1959), Klir (1962, 1968)
and Cabala (1976), but their speleological survey began in
the Dibrava Massif near the JelSava town in 1983 (Gaal
and Zenis, 1984). Thereafter, further caves were investi-
gated in another magnesite deposits including Podrecany
near Lucenec, Burda near Hntst'a, Lubenik near JelSava
and Bankov in Kogice (Zeni§ and Gaal, 1986a, b). Some
small caves in magnesite were surveyed also in Tasmania,
that originated by dissolution of magnesite owing the wa-
ter inriched in CO, or H,SO, (Houshold, 1998; Houshold
etal., 1999).

Altogether 16 caves in magnesite deposit have been
speleologically investigated and mapped in Slovakia until
now. Except of one, all of them are accessible only from
the mine workings. Generally, their lengths are between
10 — 20 m, but the longest caves reach up to 73 m (BU-2)
or 51 m (DM-3). Several papers and reports, dealing with
mining, geology or hydrogeology of magnesite deposits,
contain mentions about further underground spaces in
magnesite of various sizes, though they have been not spe-
leologically surveyed yet (Gul'a, 1959; Klir, 1962, 1968;
Cabala, 1976, 1985; Mitter and Pavlarcik, 1996; Cicmano-
va, 2002; Bajtos, 2004). A part of magnesite caves was
destroyed by mining or flooded by water.

The origin of magnesite caves in Slovakia was ex-
plained by oxidation of Fe in the magnesite along tectonic
faults, and the formation of Fe-oxyhydroxides with clay
minerals (ochre), that were out washed from underground
cavities (Trdlicka, 1959; Gaal and Zenis, 1984; Zenis and
Gaal, 1986a,b). Magnesite deposits present karst-fissure
aquifers with a similar hydrography as limestone karst
areas (Klir, 1962, 1968, a.0.). Preliminary evidences on the
possible hydrothermal origin of some magnesite caves re-
sulted from the stable isotope and fluid inclusions analyses
of cave mineral fills (Bella et al., 2013).

Surface landforms and normal (non-hydrothermal)
caves originated by dissolution or chemical decomposition
of magnesite are considered as parakarst (Kiernan, 1988).
Within a parakarst, caves in magnesite with an admixture
of iron, that originated mainly by magnesite decomposi-
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tion due to the oxidation Fe*" to Fe** along faults guiding
the flow of groundwater, can be classified as bradykarst
(Bella, 1994, 2011).

This study presents a new knowledge on the role of
tectonic processes for the origin of appropriate disconti-
nuities, processes widening the caves and estimated age
of the origin of caves in magnesite bodies in the southern
part of Slovakia.

Magnesite karst in Slovakia — location and geological
setting

Magnesite lenses in Slovakia occur in the Slovenské
rudohorie (Slovak Ore) Mountains in ca 120 km long
arcuate belt between Lucenec and KoSice towns (Fig. 1).
From the geological point of view, they belong to two prin-
cipal Western Carpathians units: the Veporic and Gemeric
ones. The lenses are located in the close vicinity of the
Lubenik-Margecany thrust plane separating both units.

In the Veporic Unit, the magnesite lenses are present
in the Lower Paleozoic chlorite-sericite and garnet-mica-
schists with talc (Slavkay et al., 2004). Bezak (1999) and
Németh et al. (2004) showed that their host lithology cor-
responds to the Lower Carboniferous Ochtina Formation,
which hosts magnesite bodies in the Gemeric Unit south
of the Lubenik-Margecany thrust plane. Altogether three
well-known magnesite deposits are located in the Veporic
Unit including Hnust'a (Mutnik mine), Sinec (Samo mine)
and Kokava, but no karst phenomena have been revealed
here yet.

In the Gemeric Unit, magnesite bodies occur in two
horizons. The magnesite lenses in the Lower Paleozoic
horizon occur in black schists, chlorite-sericite schists
with porphyroids and talc of the volcanic-sedimentary
Gelnica Group (Grecula et al., 1995). Here, the magnesite
bodies are mostly replaced to talk, which is exploited near
the Gemerska Poloma village, but no karst phenomena is
known from here. These magnesite bodies do not reach
the surface, with the uppermost parts ca 200 m beneath the
surface. Their setting is known from extensive borehole
survey and a new adit constructed for talc extraction.

Until now, the karst and caves in magnesite lenses are
known only from the Lower Carboniferous horizon of the
Ochtina Formation (Tournaisian-Viséan until Serpukhovi-
an), containing dolomite and magnesite lenses hosted by
graphite-sericite schists. The carbonate lenses represent
original coral reefs, later replaced by calcite to dolomite
and magnesite (Abonyi and Abonyiova, 1981; Ilavsky
et al., 1991; a.0.). The origin of Mg fluids was interpret-
ed by several recent stable isotope and fluid inclusions
studies. Radvanec and Prochaska (2001), Németh et al.
(2004) and Radvanec et al. (2010) have demonstrated that
the Mg-bearing fluids came from the Upper Permian to
Lowermost Triassic shallow evaporite basins in which
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Fig. 1. Position of studied caves
within the magnesite bodies belt
(black planes) in the south-eastern
Slovakia.

heavier Mg-bitter brines concentrated at its bottom. Dur-
ing the Upper Permian, the extensional tectonic regime in
Gemeric Unit allowed the penetration of Mg-rich brines
depthward along faults, where they reached the Low-
er Carboniferous limestone lenses. At the temperature
370400 °C the exchange reaction between the Mg-rich
fluids and the reef limestone resulted in the crystallization
of a coarse-grained magnesite (Radvanec and Prochaska,
2001; Németh et al., 2004; Radvanec et al., 2010). So, the
Mg-metasomatism is linked with the infiltration of bitter
brines to limestones along faults during the onset of Per-
mo-Triassic (Paleo-Alpine) rifting on continental crust. An
important prerequisite for the replacement was the elevat-
ed temperature (370—-400 °C).

Hurai et al. (2011) also suggest the presence of evapo-
rated seawater component in the magnesite-forming fluid
and opened hydrothermal system, based on fluid inclu-
sion and stable isotope data, including high Br/Cl ratio
of the paleofluids. This interpretation (l.c.) states that the
Mg-metasomatism could have occurred during the remo-
bilisation of the buried Permian evaporitic brines in the
early stage of Alpine orogeny in Late Jurassic to Early
Cretaceous (l.c.). However, this interpretation is not sup-
ported by the compressional field producing the “cold”
north-vergent imbrication and thrusting within the Gemer-
ic Unit during that time.

According to Németh et al. (2004) and Sasvari & Kon-
dela (2007), the host lithology and magnesite bodies have
underwent 3 principal Alpine (post-Permian) deformation
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overprints. The oldest, Lower Cretaceous AD, north-ver-
gent imbrication of Paleozoic sequences of the Gemeric
Unit and thrusting of this unit as a basement nappe over
the Veporic Unit caused “sandwiching” of schist and
magnesite bodies of the Ochtind Formation between both
tectonic units. The second — post-collision (post-AD))
deformation phase AD, was in progress in the Upper Cre-
taceous (8488 Ma; Maluski et al., 1993; Dallmeyer et
al., 1996), when due to previous Alpine AD, collision and
crust thickening the Alpine thermal metamorphism and
the post-collision unroofing have occurred. This process
caused steatitization of already existing magnesite bodies
and the origin of talc along discontinuities due to the SiO,
ingress. The main planar structures being produced by the
AD, phase are moderately south-(south-east, south-west)-
dipping normal faults.

During following third deformation phase AD, a con-
jugate system of transpressional shear zones originated:
the sinistral NE-SW trending system is dominant in the
western part of the contact zone between Gemeric and Ve-
poric units (Lubenik-Margecany zone), while the dextral
NW-SE trending system dominates in the eastern part of
the contact zone (KoSice-Margecany shear zone). Taking
into account the whole Western Carpathians, both shear
systems were developed simultaneously, though having
unequal representation in various parts of this orogenic
belt (Grecula et al., 1990). The NE-SW trending system is
the most significant in the western part of the Western Car-
pathians, causing even the NE-SW course of the mountain
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ranges there. The NW-SE trending system is prominent in
the eastern part of the Western Carpathians. Mutual offsets
along both shear systems caused the origin of arcuate bend
of the Western Carpathians (l.c.).

Methods

The main aim of the presented research was to obtain
an integrated image about position of magnesite caves in
the tectonic plan of the Gemeric Unit, as well as to reveal
their genesis and age. For mapping of the caves and do-
cumenting of all tectonic discontinuities (the direction of
dip and the size of dip) in underground spaces a geologi-
cal compass was preferably used. During our research we
have utilized also earlier data of Gaal and Zeni$ (1984)
and Zeni$ and Gaal (1986a). Obtained data were correlated
with the tectonic plan of the Gemeric Unit (Németh et al.,
2004; Sasvari & Kondela, 2007; Radvanec et al., 2010).

In intention to reveal the genesis of the caves, the
samples of dolomite crystals from the DM-7 Cave in the
Dubrava deposit have been used for fluid inclusion study.
Fluid inclusions hosted in these dolomite crystals were
studied using doubly polished wafers (~200 pm thick)
using a high resolution optical microscope. The obser-
ved inclusions were assigned a primary or secondary
origin according to the criteria by Roedder (1984). The
thermometric behaviour of fluid inclusions was studied
on a Linkam THMSG-600 heating-freezing stage. The
equipment was calibrated with natural fluid inclusions
with pure CO, (-56.6 °C), pure water (0 °C) and inorganic
standards (K,Cr,0., 398 °C). The precision and accuracy
of the microthermometric measurements, based on stan-
dard calibration procedures, is estimated as +0.1 °C for
the freezing runs and £2 °C for the heating runs. Salinity
estimates are based on the last melting temperatures of ice
in the system NaCl-H,O (Bodnar, 1993).

Caves in magnesite

The karst phenomena of magnesite bodies are evident
on the surface only very rarely. Sporadically, there occur
some badly developed karren, but no sinkholes are known.
In the Dubrava deposit only one small cave named Pod
Dubravou in dolomite is accessible from the surface. Un-
derground spaces in magnesite are known only in the deep
parts of magnesite bodies, being discovered by the mining
works.

Until now the following magnesite bodies were spele-
ologically surveyed (from W to E):

Podrecany

Five lenses of magnesite and dolomite with the dip of
30-50° to SE are covered by Pliocene gravel and sand.
The upper part of carbonate and surrounding schists oc-
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cur in the strongly weathered zone, about 40-60 m thick
(Abonyi and Abonyiova, 1981). In the mine 110 m under
the surface a cavity of 13 x 9 m was surveyed in magnesite
which was particularly filled with a yellow ochre clay (Fig.
2). The cavity was formed inside a tectonic fault trending
200/70° (direction of dip and size of dip) (Zenis and Gaal,
1986a).

Burda

One magnesite-dolomite lens in phyllite is trending
NE-SW with the dip 25-55° to SE. Its directional length
is 1.5 km and thickness 150-200 m (Varga, 1992). Three
caves were surveyed in this magnesite deposit. The biggest
is BU-2 with the length of 73 m in the Sth horizon of the
mine. Three parallel corridors of this cave originated along
the tectonic faults 345/65° and 335/75°, which are crossed
by faults of about 40/80° (Fig. 3). The walls of the cave are
covered by weathered magnesite and ochre sporadically
with the crusts of palygorskite. Near this cave an another
similar cave was found with the length of 45 m. In other
horizon a cavity of 13.5 x 8.5 m occurs with the height of
5-6 m (Zenis and Gaal, 1986a).

Lubenik

The magnesite-dolomite lens with the total length of
880 m and max. thickness of 200 m is trending NE-SW
with dip of 55-60° to SE. Only one the LK-1 Cave was
found in the 7th horizon of the mine. This cave in mag-
nesite has an irregular spheroidal shape with the length of
9.7 m. Its filling represents only ochre (Fe-oxyhydroxide)
in the bottom of the cave (Gaal and Zenis, 1986).

Dibrava Massif

This is the largest magnesite-dolomite body in Slo-
vakia with the directional length of more than 4 km and
with the thickness of 600—-1000 m (Fig 4). It is trending
E-W with a dip of 45-85° to S (Tréger and Balaz, 2001).
The carbonate body is surrounded by impermeable dark
schists, therefore it behaves as an autochthonous collector,
primarily drained by the spring Tepla voda with a deep
circulation, which is indicated by its relatively high tem-
perature 14.5 °C (Halecka, 1983). In the first stage of the
speleological survey in 1983 and 1984 altogether 7 caves
were mapped in the mining level 350 and 400 m a.s.1. (Gaal
and Zenis, 1984). Later, in 2012 a new research was made
with sampling and surveying of two other caves (Bella
et al., 2013). The shape of underground spaces of caves
follows mainly tectonic faults but sporadically there also
occur geode-like cavities (DM-2, DM-7 and Ostrohovita
Cave). The basic data of the surveyed caves are presented
in Table 1.

As clearly demonstrated by the parameters of associat-
ed faults (their trend and dip), the geological structure con-
trolling the origin of caves is the product of a translation
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Tab. 1.
The basic data of surveyed caves in the Dubrava magnesite deposit.
Cave Host rock Length (m) | Associated faults Minerals
DM-1 magnesite 25 15/88° palygorskite
DM-2 magnesite 2
DM-3 magnesite, dolomite, ochre 51 10/65°, 325/65° dolomite, ¢ alcite, aragonite,
palygorskite
Pod Dubravou dolomite (in surface) 4 135/88°
DM-5 dolomite 10.3 115/80°
DM-6 magnesite, ochre 10.4 5/88° dolomite
DM-7 magnesite 10 calcite, dolomite, palygorskite
Ostrohovita magnesite 7.6 250/80° calcite, dolomite
oAl s . 60/88°, 70/85°, 145/85°, . .
Krystalova magnesite 28.2 176/86°, 155/85° calcite, dolomite

-~ /\,«‘
!

— \/\F’/

section A- A’

DRIFT KA-21

Fig. 3. Map of the BU-2 Cave in the Burda
magnesite mine. Mapped by L. Gaal, L. Bene-

BU-2 Cave (Burda Mine)

dek, J. Svoreii, P. Zenis, 1985.
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Fig. 2. Cavity in magnesite
particularly filled with ochre
in the Podrecany magnesi-
te mine. 1 — thin laminated
yellow ochre, 2 — bedded yel-
low ochre (Zeni§ and Gadl,
1986a).
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Fig. 4. View of the Dubrava Massif magnesite deposit near JelSava town. (Photo: L. Gaal.)

along the fan-like shear system trending NE-SW (DM-3 linity inclusions showed eutectic temperatures in the range
— 325/65°, Fig. 5; Pod Dtbravou — 135/88°; Krystalova  -25.0 to -23.7 °C, indicating the predominance of NaCl
— 145/85°, 155/85°, Figs. 6 and 7)
but also along related antithetic faults
(DM-1 — 15/88°; DM-3 — 10/65°;
DM-6 —5/88°; Ostrohovita —250/80°;
Krystalova — 60/88°, 70/85°). In mi-
nor cases related synthetic shears are
also present (DM-5 — 115/80°).

A sample with idiomorphic
dolomite crystals from the DM-7
Cave was studied by fluid inclusion
microthermometry (Fig. 8). Rare
fluid inclusions showed here various
degree of fill which could be related
to partial or total dehermetization,
necking down or heterogeneous
trapping of liquid and vapour during
boiling of the fluid. Only assembla-
ges of primary inclusions that showed
roughly constant degree of fill were
analysed by  microthermometry.
During heating homogenization to
liquid occurred in a broad range of

temperatures from 117 to 277 °C, and 4 P
some of inclusions showed signs of '
dehermetization (growing of vapour . ‘
bubble) on heating. During freezing Vg o vl S .
runs fluid inclusion produced ice mel- -7 i
; [£8) S .

ting temperatures in two intervals:
-0.3t0 0.0 °C and -4.5 to -2.8 °C, cor-

responding to salinities 0.0-0.5 and Fig. 5. Map of the DM-3 Cave in the Dubrava Massif magnesite deposit. Mapped by L.
4.6-7.2 wt % NaCl eq. The higher sa-  Gaal and P. Zenis (1984).

DM-3 Cave

Dubrava Massif

ground plan
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Krystalova Cave
(Dubrava Massif)

Fig. 7. Irregular morphology of the Krystalo-
véa Cave. (Photo: L. Gaal.)

side section
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Fig. 6. Map of the Krystalova Cave in the Du-
brava Massif magnesite deposit. Mapped by:
L. Gaal, L. Vigek, 2012.

over KClI in the fluid. The high variability
of homogenization temperatures affects in-
clusions from both salinity intervals, thus
the temperatures above 150 °C probably
result from post-entrapment modification
of inclusions or heterogeneous trapping of
boiling fluids. Because the low salinity in-
clusions are located usually in outer parts
of zonal carbonate crystals, it is likely that
the crystals have grown from fluids with
progressively higher proportion of meteo-
ric water.

Bankov

The Bankov deposit in Kosice situated
in the eastern side of the magnesite-bear-
ing Carboniferous zone (Fig. 1) consists
of two irregular lenses oriented to NW-SE
with a dip of 40-70° to SW. Its directional
length is 1.6—1.8 km, max. thickness is 280
m (Grecula et al., 1995). Two caves were
surveyed at 6th mining level of this deposit.
The first of them is Bankov-1, which origi-
nated in crossing of two tectonic faults with
dominant W-E direction. Its total length
is 43.7 m. The second cave with a small
lake is Bankov-2 with the length of 14 m
originated along two parallel tectonic faults
75/60° (Zeni§ and Gaal, 1986a).
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Fig. 8. Diagram showing the results of fluid inclusion microthermometry
on a sample of carbonate from the DM-7 Cave in the Dibrava massif.
This salinity vs. homogenization temperature (Th) diagram shows high
variability of Th values probably due to post-entrapment modification of
inclusions or heterogeneous trapping of liquid and vapour, but in both
cases, the temperatures above ~150 °C are higher than the real trapping
temperatures.
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NE-SW and NW-SE trending shear zones. Tectonograms manifest projection of open spaces into the lower hemisphere. Left tectono-
gram — data from the Podrecany and Burda deposits, middle tectonogram — open spaces in the Diibrava Massif magnesite deposits. In
both cases the open spaces are related to NE-SW trending AD3 shear zone in the West-Gemeric Spur. Right tectonogram — open space
in the Bankov deposit, which genesis is related to the KoSice-Margecany shear zone.
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Discussion
The relation of open fissures to regional tectonic plan

On the basis of measurements of tectonic faults in the
surveyed caves we can assert that their predominant direc-
tions are WSW-ENE and NW-SE, in all cases having steep
or nearly vertical dip. The most representative caves with
these directions are BU-2 in the Burda deposit and Krysta-
lova in the Dubrava Massif. These parameters correspond
to the fault system originated during the deformation
phase AD, in the Slovenské rudohorie (Slovak Ore)
Mountains, as being ascertained by Németh et al. (2004),
as well as Sasvari and Kondela (2007). The brittle faulting
allowed the origin of open fissures and their penetration
by hydrothermal fluids. Typical examples of open fissure
caves are DM-1, DM-3 (with aragonite, Fig. 9), DM-5,
DM-6 and Krystalova Cave in the Dubrava Massif and
also Bankov-1 or Bankov-2 in the Bankov deposit.

Antithetic shears of direction WNW-ESE represent
the most important structures between individual NE-SW
trending shear faults. The sinistral NE-SW trending AD,
shear zones are dominant in the western part of the Lu-
benik-Margecany zone and the Ochtind Lower Carboni-
ferous belt. Synthetic shears of the direction close to N-S
are of minor importance (Fig. 10). Described directions
are the most frequent trends of fractures and caves in mag-
nesite bodies located in the western segment of the Lube-
nik-Margecany zone in the so-called West-Gemeric Spur
(Podrecany, Burda, Lubenik, Dtibrava Massif deposits),
though the most prominent for opening of the cave spaces
are WNW-ESE trending antithetic shears.

In the eastern part of the contact zone of the Geme-
ric and Veporic units and parallel magnesite-bearing belt,
the dominant role had the dextral NW-SE trending Kosi-
ce-Margecany shear zone (firstly defined by Grecula et al.,
1990). This zone hosts the magnesite body Bankov (Fig.
10). The fractures (including the dominant cleavage) are
parallel to this zone, but open spaces are related to antithe-
tic shears trending ENE-WSW, while less important for
the origin of the caves are synthetic shears of NNW-SSE
direction.

Processes contributing to the formation of magnesite
caves and their age

At the beginning of the karstification the prevalent part
of open spaces in magnesite was probably filled with hy-
drothermal fluids, what is indicated by irregularly spheri-
cal shapes of several caves, such as DM-7, Ostrohovita and
Krystalova. These caves correspond to the main strike-slip
faults and related antithetic and synthetic shears of the AD,
phase; which is post-AD, i. e. post-Upper Cretaceous
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in age. On the cave walls the carbonate crystals precipi-
tated from the hydrothermal fluids. The carbonates were
identified by Raman spectroscopy as dolomite and calcite
(realized by R. Milovsky — see Bella et al., 2013). It is not
clear what was the temperature of the source fluids, but
based on the limited fluid inclusion data it was probably
less than 150 °C. Interestingly, this is significantly lower
temperature compared to hydrothermal solutions that have
formed metasomatic magnesite deposits of the Gemer-
ic Unit (180-310°C; Hurai et al., 2011), which host the
caves. The fluid inclusion data and morphology indicate,
that these caves can be classified as hydrothermal or hy-
pogene caves (Bella et al., 2013; Bella and Gaal, 2014a,b,
2017; Bella, 2016).

Calcite on the walls of open spaces is younger in the
contact with dolomite there is a thin film of goethite with
hematite, representing a supergene alteration product. In
the Krystalova Cave (Fig. 7) the carbonate crystals grow
upon dark-brown substratum, consisting of oxides of Mn
(hollandite) and Fe (goethite, magnetite and hematite), as
identified by Raman spectroscopy (Bella et al., 2013). It
indicates that the hydrothermal crystals started to grow
after weathering of magnesite on cave walls, i.e. after
widening of fissure-like cavities (Bella et al., 2013).

The primary fissures have been enlarged by weather-
ing of magnesite mainly due to the presence of Fe. Ap-
proximately 3 % of FeO, as an isomorphic admixture, was
revealed in magnesite (Abonyi and Abonyiova, 1981).
FeO is not stable in the oxidation zone and so it was re-
moved from magnesite and re-precipitated as amorphous
FeO(OH) and goethite. The process of oxidation of Fe
was probably accelerated by the impact of earlier hydro-
thermal fluids. The role of Fe in widening of underground
spaces is also supported by the fact that in the magnesite
bodies without increased Fe content no cave is known (in
magnesite deposits Kokava, Sinec, Hnusta and Gemerska
Poloma).

Since the occurrence of secondary sulfate minerals is
relatively common in magnesite deposits, water enriched
with sulfate ions (most of sulfate minerals are easily sol-
uble in water) is more aggressive and is one of the main
factors of secondary changes (formation of Fe-oxyhy-
droxides) in magnesite deposits (Vanéova and Turan,
1979). The sulfate minerals probably originate here by the
decomposition of pyrite in the oxidation zone (ibid.).

The yellow-brown Fe-oxyhydroxides (ochre) deposits
occur in majority of surveyed caves. The ochre enabled
growing of aragonite crystals in the DM-3 Cave, which
required adjusted climatic conditions in this cave (Fig. 9).
The aragonite and palygorskite have probably appeared in
the caves after decreasing of water level in the carbonate
massif. This situation started in Neogene when the belt,
bearing the magnesite bodies, was uplifted and later cut
by fluvial erosion, mainly during Quaternary (Luknis,
1964).
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Conclusions

Data obtained by the structural geological and minera-
logical research of the caves hosted by magnesite bodies in
Slovakia suggest that:

The origin of caves in magnesite in the Gemeric Unit
was markedly influenced by the Alpine post-Upper Creta-
ceous (Tertiary—Recent) AD, tectonic deformation, when
in transpression regime the NE-SW and NW-SE trending
conjugate fault systems were formed. The NE-SW tren-
ding system manifests sinistral subhorizontal shearing.
This system is dominantly developed in the western part
of the Gemeric Unit and so-called West-Gemeric Spur,
where it represents a continuation of the ENE-WSW tren-
ding Transgemeric shear zone (Grecula et al., 1990; Fig.
10). In the eastern part of the Gemeric Unit, the NW-SE
trending dextral shear system — so-called KoSice-Marge-
cany shear zone (l.c.) dominates. The regional shearing in
both systems was accompanied by the origin of numerous
faults and cleavage parallel to shear systems in rheologi-
cally weaker lithology. The weakened zones had a predis-
position for the penetration of fluids. Principal importance
in opening of the fissures in magnesite also had antithetic
shears in-between individual faults in shear systems. Com-
bination of principal faults of individual shear systems
and related antithetic shears were the principal factors
for the origin of caves, especially in the competent (rigid,
rheologically hard) lithology, represented by magnesite.
However, the faults of the AD, phase might in some cases
represent the reactivated earlier discontinuities originated
in the AD, and AD, phases, which can especially be the
case of the AD, NE-SW trending shear zone in the We-
st-Gemeric Spur and the NW-SE trending KoSice-Marge-
cany shear zone.

The tectonic shearing allowed the origin of opened fis-
sures and their penetration by hydrothermal fluids.

Hydrothermal process related to the cave formation
was caused by low-salinity fluids probably with progres-
sively higher proportion of meteoric water and with the
temperature less than 150 °C, as indicated by fluid inclu-
sions in the newly formed dolomite crystals in the DM-7
Cave in the Dubrava magnesite deposit. The fissures were
widened by karstification process and oxidation of Fe has
accelerated the hydrothermal impact.

After the Neogene and Quaternary uplift of the We-
st-Gemeric Spur (the zone hosting magnesite deposits
Podrecany, Burda, Lubenik and Dtbrava Massif) and the
incision of adjacent valleys, the decrease of water level has
allowed the growth of aragonite crystals and palygorskite
in the vadose conditions.

Considering magnesite deposits as karst-fissure aqui-
fers and their hydrographical zones, probably also vadose
and epiphreatic/phreatic non-hydrothermal caves could
have originated in the southern part of Slovakia. Vadose
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fissure caves were formed by meteoric waters seeping
along steep faults (Gaal and Zenis, 1984, 1986; Zenis and
Gaal, 19864, b; Mitter and Pavlar¢ik, 1996). Subhorizontal
epiphreatic dissolution caves were formed by normal or
mixing waters along the water table in relation to phases
of stabilized local erosion base on the surface. Mostly ir-
regular phreatic cavities with oval hollows or steep chim-
neys originated in the deeper phreatic parts of karst-fissure
aquifers. Caves of hydrothermal origin could be remodel-
led or enlarged during the younger developmental stages
(in the epiphreatic and vadose zone) after lowering of the
local erosion base by the incision of surrounding valleys
(Bella and Gaal, 2014a).

Acknowledgements

The authors are grateful to the director of the Slovak
Magnesite Works, Mr. Jaroslav Svejkovsky for agree-
ment to entry the Dibrava magnesite mine. The study is
the result of projects of the Scientific Grant Agency of the
Ministry of Education, Science, Research and Sport of
the Slovak Republic and the Slovak Academy of Sciences
(VEGA) No. 1/0030/12, 1/0430/15 and 1/0560/15.

References

ABONYI, A. & ABoNYIOVA, M., 1981: Magnezitové loziska Slo-
venska. Miner. Slov., Monogr., 125 p.

Bairos, P., 2004: Groundwater chemical composition changes in
the Dubravsky Massif hydrogeological structure, induced by
magnesite exploitation. Acta Petrol. Sinica, 20, 4, 887 — 898.

BEeLLA, P., 1994: Genetické typy jaskynnych priestorov Zapad-
nych Karpat. Slov. Kras, 32, 3 —22.

BEeLLa, P, 2011: Genetické typy jaskyn. Ruzomberok, VERBUM,
220 p.

BEeLLa, P., 2016: Jaskyne na Slovensku — genetické typy a morfo-
logia. Ruzomberok, VERBUM, 124 p.

BeLLA, P, GAAL, L., MiLovskA, S., MiLovskY, R. & Kobira, P.,
2013: Jaskyne v magnezitoch — d’alsi priklad hydrotermalnej
speleogenézy na Slovensku. Aragonit, 18, 1, 42 — 44.

BeLLa, P. & GaAr, L., 2014a: Jaskyne v magnezitoch: morfoge-
netické odli$nosti a zakladna typolégia. Aragonit, 19, 1 — 2,
3-10.

BELLA, P. & GaAL, L., 2014b: Vznik a morfologia hydrotermal-
nych jaskyn v Zapadnych Karpatoch a ich predpoli. Geomor-
phol. Slov. Bohem., 14, 2, 15 — 30.

BELLA, P. & GaAL, L., 2017: Hypogene caves in Slovakia. /n:
Klimchouk, A., Palmer, A., De Waele, J., Aurel, A. & Audra,
P. (Eds.): Hypogene Karst Regions and Caves of the World.
Cave and Karst Systems of the World. Cham, Springer,
299 -311.

BezAk, V. (ed.), Hrasko, L., KovACik, M., MADARAS, J., SIMAN, P.,
Pristas, J., DuBLaN, L., KoNECNY, V., PLASIENKA, D., VozARO-
VA, A., KUBES, P., Svasta, J., SLavkay, M. & LiscAk, P., 1999:
Vysvetlivky ku geologickej mape Slovenského rudohoria-za-
padna cast’ 1 : 50 000. (Explanations to the geological map of
the Slovak Ore Mountains-western part 1 : 50 000.) Bratisla-
va, GS SR, Vyd. D. Stira, 1 — 176.



L. Gadl et al.: Caves in magnesite — a rare phenomenon of karstification: The case study from Slovakia

BobEenLos, A. J., 1950: Magnesite deposits of central Ceara, Bra-
zil. Geol. Surv. Bull., 962-C, 121 — 153.

BobenLos, A. J., 1954: Magnesite deposits in the Serra das Eguas,
Brumado Babhia, Brazil. Geol. Surv. Bull., 975-C, 87 — 170.

BobNar, R. J., 1993: Revised equation and table for determining
the freezing point depression of H,0-NaCl solutions. Geo-
chim. Cosmochim. Acta, 57, 683 — 684.

CaBaLA, D., 1976: Riesenie hydrogeologickych pomerov mag-
nezitovych lozisk na priklade loziska Burda. Miner. Slov., &,
4,369-377.

CaBaLA, D., 1985: The water problem in relation to mining at
magnesite deposits in Slovakia. Proceedings, 2™ Internatio-
nal Mine Water Association Congress, 2, Granada, 919 —930.

CicMANOVA, S., 2002: Geoenvironmental assessment of magne-
site deposit Jelsava — Dubrava Massif. Boletim Paranaense
Geoci., 50, 87 — 95.

DALLMEYER, R. D., NEUBAUER, F., HANDLER, R., FriTz, H., MUL-
LER, W., PaNna, D. & Putis, M., 1996: Tectonothermal evo-
lution of the internal Alps and Carpathians: Evidence from
“Ar/*Ar mineral and whole-rock data. Eclogae geol. Helv.,
89, 1,203 -227.

CHou, L., GARrELS, R. M. & WoLLast, R., 1989: Comparative
study of the kinetics and mechanisms of dissolution of carbo-
nate minerals. Chem. Geol., 78, 3 —4, 269 — 82.

GaAL, I. & Zenis, P., 1984: T askyne v magnezitoch Dubravského
masivu. Spravodaj SSS, 15, 4, 3 —11.

GAAL, . & Zenis, P., 1986: Kras Revuckej vrchoviny. Slov. Kras,
24, 27 — 60.

GaLg, H. S., 1912: Late developments of magnesite deposits
in California and Nevada. U. S. Geol. Surv. Bull., 540,
483 —520.

GRecuLA, P., NAVESNAK, D., BartaLsky, B., Gazpacko, L., Ne-
METH, Z., I§TVAN, J. & VRBATOVIC, P., 1990: Shear zones and
arc structure of Gemericum, the Western Carpathians. Miner:
Slov., 22, 2, 97— 110.

GRECULA, P., ABoNYIL, A., ABONYIOVA, M., ANTAS, J., BARTALSKY,
B., BARTALSKY, J., DianNiska, 1., Drnzik, E., Dupa, R., GARr-
GULAK, M., GAzDACKO, ., HUDACEK, J., KoBULSKY, J., LORIN-
cz, L., Macko, J., NAVESNAK, D., NEMETH, Z., NovoTny, L.,
Rabvanec, M., Rojkovi¢, L., RozLoznik, O., VARCEK, C. &
Z1LoCHA, J., 1995: Loziské nerastnych surovin Slovenského
rudohoria. Zv. 1. (Mineral deposit of the Slovak Ore Moun-
tains, vol. 1.) Miner. Slov., Monogr., Bratislava, 1 — 834.

Guea, J., 1959: Geologické pomery magnezitového loziska Lu-
benik a jeho okolia. Geol. Prace, Zpr., 16, 79 — 99.

HALECKA, J., 1983: Zavere¢na sprava Dubravsky masiv — PP, hy-
drogeologické zhodnotenie loziska magnezitu. Manuscript.
Bratislava, archive SGUDS, 128 p.

Hess, F. L., 1908: The magnesite deposits of California. U. S.
Geol. Surv. Bull., 355, 67 p.

HousHoLp, 1., 1998: Magnesite karst in Tasmania. Australasian
Cave & Karst Management Assoc. J., 33, 43 — 50.

HousHoLb, 1., CLAVER, C. & SHARPLES, C., 1999: Magnesite karst
in Northwest Tasmania: geology, geomorphology and hydro-
logy. Report to Division of Investment. Tasmania, Trade and
Development Department of State Development, 148 p.

Hural, V., Huralova, M., KobEra, P., PRocHAskA, W., VozARO-
VA, A. & DIANISKA, 1., 2011: Fluid inclusion and stable C-O
isotope constraints on the origin of metasomatic magnesite
deposits of the Western Carpathians, Slovakia. Russ. Geol.
Geophys., 52, 11, 1 474 — 1 490.

167

ILavsky, J., TURAN, J. & TURANOVA, L., 1991: Magnesite deposits
and occurrences in the West Carpathians of Czecho-Slova-
kia. Ore Geol. Rev., 6, 6, 537 — 561.

Kiernan, K., 1988: Caves and karst areas of Tasmania. J. Sydney
Speleol. Soc., 32, 6, 112.

KLiRr, S., 1962: Hydrogeologie slovenskych magnesitovych lozi-
sek v karbonu gemerid. Geol. Prdace, Zpr., 24, 97 — 122.
KLir, S., 1968: Subsurface waters of the magnesite karst in Cze-

choslovakia. Steir: Beitr. Hydrogeol., 20, 5 — 22.

Luknis, M., 1964: Pozostatky starSich povrchov zarovnavania
reli¢fu v Ceskoslovenskych Karpatoch. Geogr: Cas., 16, 3,
289 — 298.

Matuski, H., Raitich, P. & MATTE, P., 1993: “Ar-*?Ar dating of
the Thned Carpathians Variscan basement and Alpine myloni-
tic overprint. Tectonophysics, 223, 313 — 337.

MITTER, P. & PAVLARCIK, S., 1996: Niektoré poznatky o krasova-
teni magnezitov v okoli JelSavy. In: Lalkovi¢, M. (Ed.): Kras
a jaskyne — vyskum, vyuzivanie a ochrana. Proceedings, Lip-
tovsky Mikulas, 39 — 44.

NEMETH, Z., PRocHASKA, W., RADVANEC, M., KOoVACIK, M., MADA-
RAS, J., KopEra, P. & Hrasko, L., 2004: Magnesite and talc
origin in the sequence of geodynamic events in Veporicum,
Inner Western Carpathians, Slovakia. Acta Petrol. Sinica, 30,
837 — 854.

Rabpvanec, M. & Prochaska, W., 2001: Successive replacement
of Upper Carboniferous calcite to dolomite and magnesite in
Dubrava magnesite deposit (Western Carpathians, Slovakia).
In: Radvanec, M., Gondim, A. C. & Németh, Z. (Eds.): IGCP
443 Newsletter No. 1. Miner. Slov., 33, 6, 517 — 525.

Rapvanec, M., Baitos, P., NEMETH, Z., KoDERA, P., PROCHASKA,
W., Ropa, S_, TREGER, M., BaLAz, P., Grecura, P., Cicma-
NOVA, S., Krar, J. & Zak, K., 2010: Magnesite and talc in
Slovakia — genetic and geoenvironmental model. Bratislava,
St. Geol. Ust. D. Stira, 189 )2

ROEDDER, E., 1984: Fluid inclusions. Rev. Mineral., Mineral. Soc.
America, 12, 644 p.

SasvAri, T. & KoNDELA, J., 2007: Demonstration of alpine struc-
tural phenomena at the structure of magnesite deposit Jelsava
— Dubrava Massif. Metalurgija, 46, 2, 117 — 122.

Sravkay, M. (Ed.), 2004: Loziska nerastnych surovin Sloven-
ského rudohoria, vol. 2. Miner. Slov.,, Monogr., Bratislava,
282 p.

TREGER, M. & BaLAZ, P., 2001: Economic assessment of magne-
site and talc deposits in the Slovak Republic. Miner. Slov.,
33.6, 527 - 534.

TuraN, J. & VaNCova, L., 1979: Bridlice magnezitovych lozisk
v karbone Spissko-gemerského rudohoria. Miner. Slov., 11,
3,205-218.

Vancova, L. & Turan, J., 1979: Vyskyty siranov na magnezi-
tovych loziskach v karbone Spissko-gemerského rudohoria.
Miner. Slov., 11, 3, 219 —227.

VaRGa, 1. (Ed.), 1992: Zavere¢na sprava tlohy Progndzne zdroje
nerastnych surovin SR — magnezit. Manuscript. Bratislava,
archive SGUDS, 1 77 p.

ZeNis, P. & GaaL, L., 1986a: Nové jaskyne v magnezitoch Slo-
venského rudohoria. Spravodaj SSS, 17, 1 -2, 41 —47.

ZeNis, P. & GaaL, L., 1986b: Magnesite karst in the Slovenské
rudohorie Mts. (Czechoslovakia). Communications, 9" Inter-
national Congress of Speleology, 2, Barcelona, 36 — 39.



Mineralia Slovaca, 49 (2017)

Jaskyne v magnezitoch — vzacny fenomén krasovatenia:
prikladova stiidia zo Slovenska

O existencii podzemnych dutin na niektorych magne-
zitovych loziskach Slovenska sa zmienili viaceri autori
(napr. Gula, 1959; Klir, 1962, 1968; Cabala, 1976), prvy
speleologicky prieskum jaskyi v magnezitoch vSak vyko-
nali az v roku 1983 v Dubravskom masive (Gaal a Zenis,
1984). Nasledne boli preskimané jaskyne aj v dalSich
magnezitovych loziskach 120 km dlhej zony karbonskych
hornin pozdiZ severného okraja gemerika, a to v Podre&a-
noch, Burde, Lubeniku a na Bankove pri Kosiciach (Zenis
a Gaal, 1986a, b; obr. 1). Doteraz je v slovenskych magne-
zitoch preskimanych 16 jaskyi s dizkou najéastejsie medzi
10 a 20 m, najdlhsie vSak dosahuju 73 m (BU-2 na Bur-
de) a 51 m (DM-3 v Dubravskom masive). Z genetického
hl'adiska pri vzniku jaskyn v magnezitoch obsahujucich
Fe hra podstatni tlohu oxidacia Fe pozdiz tektonickych
zlomov usmeriiyjucich cirkuldciu atmosférickej vody
a nasledny oxidacny rozklad zelezitych magnezitov na
oker (hydroxidy Fe). Oker vyplavuje cirkulujuca voda,
¢im vznikaju volné podzemné priestory (Trdlicka, 1959;
Gadl a Zenis, 1984; Zenis a Gaal, 1986a, b; Mitter a Pav-
lar¢ik, 1996). Novsie vyskumy vykonané pomocou sta-
bilnych izotopov a fluidnych inklizii v mineralnej vyplni
jaskyil Dubravského masivu dokazali ich hydrotermalny
povod (Bella et al., 2013). Pocas posobenia hydrotermal-
nych procesov oxidacia Fe prebiehala intenzivnejsie, ale
prebicha aj v sucasnosti posobenim presakujicich atmo-
sférickych vod vo vadoznych podmienkach ¢i pri mieSa-
ni vod v epifreatickych, resp. freatickych podmienkach.
Koncepciu vytvarania jaskyn oxidaciou Fe v magnezitoch
podporuje aj Gplné absencia vol'nych podzemnych priesto-
rov na loziskdch bezzelezitych magnezitov vo veporiku
(napr. Hnusta-Mutnik, Sinec, Kokava) ¢i v Gemerskej
Polome v zéne centralneho gemerika. Na zdklade mera-
nia uloznych pomerov zlomov vo vSetkych preskimanych
jaskyniach v magnezitoch sa zistilo, ze podzemné priesto-
ry sa vytvorili ako désledok predispozicii vzniknutych
povrchnokriedovymi tektonickymi strihmi alpinskeho
deformacného Stadia AD, pozdiz lubenicko-margecian-
skej a koSicko-margecianskej striznej zony (obr. 10). Toto
deformacné Stadium spodsobilo vznik striznych systémov
smeru SV — JZ v zapadnej Casti karbonskeho magnezito-
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vého pasma. Zistili sa v jaskyniach na lokalitdich Podre-
¢any, Burda, Lubenik a Dubravsky masiv. Naproti tomu,
vo vychodnej Casti pasma a v jaskyni na lokalite Ban-
kov dominuje smer tektonickych diskontinuit SZ — JV.
V niektorych pripadoch zlomy deforma¢ného Stadia AD,
modzu reprezentovat’ reaktivované diskontinuity starSich
alpinskych deformacnych $tadii AD, alebo AD,. Smery
a sklony zlomov v preskimanych jaskyniach dokazuju, ze
v ramci hlavnych diskontinuit deformaéného Stadia AD,
smerov SV — JZ a SZ — JV hrali hlavnu ulohu v genéze
podzemnych priestorov aj ich asociované AD, synteticke
a antitetické strihy. Extenzné zlomy umoznili 'ahku cirku-
laciu hydrotermalnych roztokov. Na zéklade vykonanych
analyz fluidnych inklazii v dolomitovych krystaloch z jas-
kyne DM-7 v Dubravskom masive (obr. 8) i§lo o nizko
salinické roztoky s teplotou menej ako 150 °C. V neogéne,
po prvych intenzivnych klenbovitych vystupoch tzemia
Slovenského rudohoria a vyhibeni dolin, vyrazne poklesla
hladina podzemnej vody a ¢ast’ podzemnych priestorov sa
dostala do vadéznej zény. Vo vol'nych priestoroch sa tym
vytvorili vhodné podmienky na vznik aragonitu a palygor-
skitu, aké sa zistili v jaskyni DM-3 v Dubravskom masive
(obr. 9). Preskiimané jaskyne v slovenskych magnezito-
vych loziskdch maji zna¢ny vyznam, pretoze podobnych
jaskyil je vo svete znamych len vel'mi malo. Opisané su
z Tasménie (Houshold, 1998; Houshold et al., 1999), z ob-
lasti Ceara a Brumado Bahia v Brazilii (Bodenlos, 1950,
1954) alebo z Kalifornie a Nevady v USA (Hess, 1908;
Gale, 1912). St to vSak menSie dutiny, ktoré podl'a udajov
znamych v sucasnosti nedosahuji rozmery slovenskych
jaskyil v magnezitovych telesach. Povrchové i podzemné
formy reliéfu, ktoré vznikaji rozptstanim alebo chemic-
kym rozkladom magnezitu, povazuje Kiernan (1988) za
parakras. V ramci parakrasu mozno jaskyne v magnezi-
toch obsahujucich Fe, ktoré vznikaju najmi rozkladom
magnezitov v dosledku oxidécie Fe, klasifikovat’ ako bra-
dykras (Bella, 1994, 2011).
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from the Dubravica-Zolnica Fe deposit
(North Veporic Unit, Slovak Republic)
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Abstract: Cryptomelane, K(Mn*"_Mn*)O , representing a member of the coronadite group and hollandite super-
group, is described from the abandoned Fe deposit Dubravica-Zolnica (near the town of Banska Bystrica, Central
Slovakia). Cryptomelane occurs in association with two generations of goethite and /imonite. Cryptomelane is
located on the cracks and in cavities of Lower Triassic quartzites, arkoses and sandstones of the Lizna Formation
(North Veporic Unit). It forms net of irregular veins of the steel grey to blue grey colour and botryoidal aggregates
of steel grey colour. The thickness of veins is up to 3 mm. Botryoidal aggregates occur on the area of up to 2 x 3
mm. The lustre is in both cases earthy to dull, or metallic. Cryptomelane was confirmed by Raman spectroscopy and
EPMA-WDS analyses. Its empirical formula is (in the mean of 8 point analyses): (K, Na, Ba, Sr  Ca  Zn
Coo_m)20‘76[(Mn4*6_97U“*0_02P(J_0I)2.7_00(Mn3*0A83Fe3*0A]2)20_95]0] s00- CTyptomelane has a tunnel structure, in the case of this
study these tunnels are occupied by water molecules. It 1s a weathering product of primary manganese mineral
phases (probably rhodonite, pyrolusite or braunite). Formation of cryptomelane indicates slight change in pH and
Eh. It precipitates at higher pH values, than associated Fe oxihydroxide minerals. The coexistence of iron and
manganese oxidic minerals well corresponds to iron residual deposit.

Key words: cryptomelane, manganese minerals, Fe deposit, Dubravica-Zolnica, North Veporic Unit, Western
Carpathians
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Raman spectra of cryptomelane (Dibravica-Zolnica deposit)

* A new occurrence of cryptomelane in the
territory of Slovakia — in the deposit Dubra-
vica-Zolnica — was confirmend by electron
microanalyses and Raman spectroscopy

Found cryptomelane extends the knowledge
about the mineral forms of Mn in weathered
Fe-oxihydroxide deposits

Graphical abstract
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Paper presents one of a few published Raman
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Introduction Lubietova-Podlipa deposit and in South Gemeric Unit in

In the nature, the occurrences of manganese are very
common and the Mn minerals are commonly in associa-
tion with Fe minerals. The same is valid also in the case
of the less known historical deposit of iron ores Dubra-
vica-Zolnica (district of Banska Bystrica, Slovakia). So
far in Slovakia, the cryptomelane was identified in seve-
ral geotectonic units. Specifically in the Neogene volca-
nic rocks of the Stiavnica Stratovolcano on the Banska
Stiavnica deposit (Terézia vein), in Pieniny Klippen Belt
on the Sarisské Jastrabie site, in North Veporic Unit in the
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the Cuéma deposit and the Mala Hekerova site (Jele et
al., 2006; Luptakova et al., 2012; Rojkovi¢, 2001; Rojko-
vic et al., 2003). Cryptomelane belongs to the hollandite
supergroup, respectively coronadite group. The ideal che-
mical formula is K(Mn* Mn**)O, . It is extended main-
ly in the oxidation zone of Mn deposits, most often fills
intergranular spaces or replaces primary minerals, conta-
ining manganese (Biagioni et al., 2013). The subject of
the contribution is the mineralogical characteristic of the
cryptomelane, identified in the investigated deposit of Du-
bravica-Zolnica.
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Geological setting

The Dubravica-Zolnica deposit is located in the Po-
l'ana Mountains, on the eastern side of the Zolnica cre-
ek, ca 2.5 km ESE from Dubravica village (Fig. 1) and
ca | km ENE from the Medvedinec hill (620 m a.s.l.). GPS
coordinates of the cryptomelane occurrence are as follows:
48.67324° N and 19.30667° E.

Iron ores are developed on the cracks in light grey qu-
artzite (Lower Triassic) of the Luzna Formation of North
Veporic Unit (Fejdiova, 1980). Deposit was open with
a large number of prospect and mining galleries (towards
the south), and also open cuts. The mining works are loca-
ted on ca 300 x 300 m large area. Mined directional length
was about 200 m and mined inclined length was 65 m (Pet-
ro et al., 2001).

Based on the distribution of open cut, there can be as-
sumed that ores (/imonite ores) are created by richer nest
accumulation. During the earlier study of fragments of
partially weathered dump pile material goethite and limo-
nite were identified, which probably originated from he-
matite by weathering by meteoritic waters (Slavkay et al.,
2004). The last analyses of ores were probably performed
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at the time of the deposit mining in 1872, when there is
a mention, that the Fe O, content in the mined ores attains
46.31 wt. % and PO, 2.94 wt. % (Bergfest, 1951).

Analytical methods

The optical properties of minerals were studied with
the Nikon ECLIPSE LV 100 POL polarizing microscope
in combination with the Nikon DS-Fi2 digital camera (De-
partment of Geography and Geology, Faculty of Natural
Sciences, Matej Bel University in Banska Bystrica, Slovak
Republic), used for photography in transmitted and reflec-
ted light.

Chemical composition of cryptomelane was determined
by the Jeol-JXA-8530F electron microprobe in WDS mode
(Earth Science Institute of Slovak Academy of Sciences,
Banska Bystrica, Slovak Republic). WDS microanalyses
was determined under these conditions: acclerating vol-
tage 15kV, probe current 20nA, beam diameter 5-10 pum,
ZAF correction. Used elements, lines and detection limits
(in ppm) are as follows: K(Ka, 21-66) - orthoclase, Ca
(Ka, 25-27) - diopside, U (MB, 57-65) - UO,, Pb (M8,
66-98) - crocoite, S (Ka, 31-36) - barite, P (Ka, 45-58)
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- apatite, Na (Ka, 48-56) - albite, Si (Ka, 54-59) - albite,
Al (Ka, 34-37) - corundum, As (La, 90-101) - GaAs,, Mg
(Ko, 32-38) - olivine, Zn (Ka, 231-267) - willemite, Cu
(Ko, 98-112) - cuprite, Ni (Ka, 85-98) - pentlandite, Co
(Ka, 48-55) - Co, Fe (Ka, 114-155) - olivine, Mn (Ka,
111-138) - rhodonite, V (Ka, 141-340) - ScVO,, Ti (Ka,
131-197) - rutile, Ba (Lo 71-72) - barite, Sr (La 70-74) -
celestine. Contents of the above elements, which are not
included in Table 1, were quantitatively analyzed, but the
detected contents were below the detection limits. Photo-
documentation were made also in backscattered electron
mode (BSE), applying the same device.

Cryptomelane was also identified by the Raman spec-
troscopy study by DXR dispersed spectrometer (Thermo
Scientific) connections with confocal microscope Olym-
pus (Department of Mineralogy and Petrology, National
Museum, Prague). The analyses were held at following
measurement conditions: lens zoom 50x, used laser
532 nm, measuring range 50-1880 cm™', exposure time 1 s,
total exposure 1000, set laser power 4 mW, 50 um slit of
the aperture used, beam size 1.6 pm.

Results

Cryptomelane forms a net of irregular veins from steel
grey to blue grey colour on crack walls in quartzites, less
arkoses and sandstones. The thickness of veins is max.
3 mm, in average it is 1 mm in size (Fig. 2). Cryptomelane
rarely creates botryoidal steel grey aggregates in the cavi-
ties of rocks (Fig. 3), of which the largest area size is 2 x 3
mm. The lustre is in both cases earthy to dull or metallic.
The texture of ores is brecciated (Fig. 4) and coloform.
Cryptomelane is in association with goethite of 1st gene-
ration (I), goethite of 2nd generation (II) and /imonite, or
occurs separately. Goethite II often replaces cryptomela-
ne (Fig. 5) and goethite I is replaced by cryptomelane. In
studied materials (thin sections) there were identified also
quartz grains with the grain-size up to 1.5 mm, manifesting
distinct undulose extinction. They are angular to suban-
gular. Less often there are present feldspar, rarely micas,
their size is up to 0.3 mm. Matrix is mostly of quartz or
sericite type.

Study of chemical composition of cryptomelane
(Table 1) has revealed the admixtures of Co and Zn (up
to 0.013-0.022 apfu) in the cryptomelane structure. In the
cationic position A there is characteristic the predominan-
ce of potassium (0.734 apfu) over sodium (0.082 apfu),
barium (0.024 apfu) and stroncium (0.016 apfu). There
was also found the presence of Ca (0.015 apfu). Inte-
resting there is also the increased contents of Fe (0.215
apfu), U (0.021 apfu) and P (0.021 apfu) in position
M1/2. Chemical composition of cryptomelane (average
of 8 point analyses) can be expressed by the following
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Fig. 2. Vein of cryptomelane (light) in association with Fe oxy-
hydroxides (grey). Length of bottom side is 50 pm. Photo: L.
Vrtiska.

Fig. 3. Steel grey botryoidal aggregates of cryptomelane in the

cavity in the limonitized quartzite. Length of bottom side is
6 mm. Photo: J. Vlasac.

21 g L Gy %

Fig. 4. Brecciated texture of iron ores.
12 cm. Photo: L. Polak.

Length of bottom side is
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Chemical composition of the crypton}‘ealgilg from the Dubravica-Zolnica deposit.
1 2 3 4 5 6 7 8
P,0, 0.12 0.14 0.11 0.21 0.11 0.11 0.10 0.05
AlLO, 0.03 0.03 0.03 0.07 0.04 0.02 0.00 0.00
V,0, 0.00 0.06 0.09 0.00 0.00 0.00 0.00 0.01
Fe,O, 1.46 1.70 242 2.27 0.77 0.53 0.48 0.74
uo, 0.53 0.59 0.62 0.69 0.46 0.83 0.60 0.59
SiO, 0.00 0.04 0.00 0.00 0.00 0.00 0.02 0.00
TiO, 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.03
MnO, 93.72 92.85 93.31 92.15 95.21 94.23 93.34 95.08
CaO 0.12 0.11 0.11 0.08 0.09 0.09 0.11 0.10
CoO 0.14 0.10 0.10 0.13 0.12 0.10 0.10 0.10
BaO 0.41 0.44 0.51 0.41 0.31 0.18 0.22 0.15
SrO 0.19 0.21 0.19 0.22 0.20 0.23 0.21 0.14
ZnO 0.16 0.08 0.10 0.07 0.26 0.14 0.17 0.17
PbO 0.03 0.02 0.00 0.02 0.00 0.00 0.04 0.00
Na,O 0.22 0.30 0.22 0.20 0.23 0.30 0.35 0.36
K,0 3.80 3.97 4.36 4.83 3.48 4.26 4.28 4.71
H,0 1.26 1.26 1.25 1.25 1.26 1.25 1.25 1.25
> 102.19 101.90 103.54 102.60 102.80 102.28 101.29 103.47
Na* 0.052 0.069 0.050 0.046 0.051 0.068 0.082 0.082
K* 0.574 0.603 0.655 0.734 0.524 0.645 0.654 0.705
Ca* 0.015 0.014 0.014 0.010 0.012 0.012 0.014 0.012
Co* 0.013 0.010 0.009 0.013 0.012 0.010 0.010 0.009
Ba?* 0.019 0.021 0.024 0.019 0.014 0.008 0.010 0.007
Sr?t 0.013 0.015 0.013 0.015 0.014 0.016 0.015 0.010
Zn* 0.014 0.007 0.009 0.007 0.022 0.012 0.015 0.015
Pb* 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.000
YA 0.701 0.840 0.774 0.845 0.649 0.771 0.801 0.840
cation charge A 0.777 0.807 0.842 0.908 0.721 0.830 0.867 0.891
Si+ 0.000 0.005 0.000 0.000 0.000 0.000 0.003 0.000
Ti** 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002
Mn* 6.975 6.966 6.972 6.962 6.979 6.968 6.972 6.978
Pt 0.012 0.014 0.011 0.021 0.010 0.011 0.010 0.005
ue 0.013 0.015 0.015 0.017 0.011 0.021 0.015 0.015
>M1 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000
cation charge M1 28.000 28.000 28.000 28.000 28.000 28.000 28.000 28.000
AP 0.004 0.004 0.005 0.010 0.006 0.003 0.001 0.000
A% 0.000 0.005 0.009 0.000 0.000 0.000 0.000 0.000
Mn** 0.712 0.684 0.627 0.617 0.769 0.756 0.753 0.731
Fe** 0.130 0.153 0.215 0.203 0.068 0.048 0.044 0.065
>M2 0.846 0.846 0.856 0.830 0.843 0.807 0.798 0.796
cation charge M2 2.538 2.540 2.566 2.490 2.529 2.419 2.393 2.389
Y cation charge A, M1, M2 31.315 31.347 31.408 31.398 31.250 31.249 31.260 31.280
difference compared to neutral -0.685 -0.653 -0.592 -0.602 -0.750 -0.751 -0.740 -0.720
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empirical formula: (K Na Ba Sr Ca

0.64 " ©0.06 <0027 0.01 0.01zno.01co
4+ 6+ 3+ 3+
[(Mn 6.97U 0.021)0,01)27.00(1\/1rl 0.83Fe 0.12)20.95]016.00.

Obtained Raman spectrum (Fig. 6) correlates very well
with published cryptomelane spectra (Gao et al., 2008; Ba-
ranchikov et al., 2015).

Interpretation of the Raman spectrum of cryptomelane
is as follows: The Raman spectrum shows low frequency
bands at ~ 182 ¢m™ (translation motion of MnO, octa-
hedra), 282, 367 and 383 cm™' (bending vibrations of Mn
- O bonds). Strong high frequency bands at ~ 508, 579 and
632 cm! correspond to symmetrical vibrations of oxygen
atoms relative to manganese atoms along the octahedra
chains and Mn-O stretching vibrations in the direction
perpendicular to the double chains of MnO, octahedra. At
the same time sharp bands at 579 and 632 cm™! indicate
a well-developed tetragonal structure of cryptomelane
with an interstitial space consisting of tunnels (2 x 2).
Bands at 1393 a 1414 cm™! can be assigned to OH- bond.

0.01)

20.76

30

o
o

Raman intensity (cps)
=

Fig. 5. Goethite II (2nd generation; light grey) replaces crypto-
melane veins (white). Reflected light, parallel polaroids. Length
of bottom side is 250 um. Photo: L. Polak.

Other bands in Raman spectrum which were not assigned
with any bonds are the result of very minor admixtures
contributing to the overall chemical composition of cryp-
tomelane.

Discussion

In the area of the North Veporic Unit, the mineralogical
research has been devoted mainly to Cu minerals (e.g. the
Lubietova deposit) and less to manganese oxides and hy-
droxides. Rarely, the manganese minerals were identified
in the Cubietova-Podlipa deposit (Luptakova et al., 2012)
and recently revealed Poniky-Holy Vrch deposit, without
detailed characteristics (Polak and Vlasac, 2017).

In the case of cryptomelane and its occurrences in
the Slovak Republic it is important to mention that the
occurrences of this mineral have not been always clearly
identified, which relates the cases of cryptomelane from

579

1800 1500 1200

900 600 300

Raman shift (cm™)

Fig. 6. Raman spectrum of cryptomelane from the Dubravica-Zolnica deposit.
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the Cuéma deposit and the Mala Hekerova site in South
Gemeric Unit (Rojkovi¢, 2001), as well as the cave Ska-
listy Potok in the Silicic Unit (Bénova et al., 2008). In the
first two cases, the potassium content in cryptomelane is
very low, occurring in its cationic position A. In the third
case, cryptomelane was determined only by X-ray powder
diffraction analyses and major cryptomelane reflexes over-
lap with vernardite reflexes. Cryptomelane from the Du-
bravica-Zolnica deposit has a similar composition as the
cryptomelane, which has been uniquely identified by other
authors (e.g. Jirasek et al., 2015; Malendkova et al., 2016).

Only slightly increased amount of chemical analyses
of cryptomelane is probably caused by its hydratation,
resp. by the presence of zeolite water in its crystal structure
(Pasero, 2005). Hollandite supergroup, respectively coro-
nadite group to which cryptomelane belongs, has five valid
end members (Biagoni et al., 2013). The difference is ma-
inly in position A, where the tunnel cation can be occupied
by potassium, lead, barium, sodium and strontium (Pase-
ro, 2005). The first mention about the increased content
of manganese on the Dubravica-Zolnica deposit occurs in
work by Kerpely (1872, ex Bergfest, 1951). The Mn,O,
content was 5.99 wt. %. Content of Fe, O, was 46.31 wt. %
and P,0, 2.94 %. Despite the increased phosphorus con-
tent in the deposit, no phosphorus bearing minerals were
identified yet, having this element present in its crystal
structure in either major, or minor amount. The common
existence of manganese and iron oxides (+/- hydroxides)
is common in nature (e.g. Hildebrand and Mosier, 1974;
Siddiquie et al., 2015). Studied association in this work is
relatively poor in many related mineral phases (e.g. coro-
nadite, hollandite or manjiroite).

Cryptomelane is typical by a tunnel structure (so-cal-
led tunnel oxides - e.g. Pasero, 2005), which is made up
of individual, twinned or wider MnO, octahedron chains,
joined together through the edges into a mesh that closes
the tunnels thus formed inside the structure (Biagoni et al.,
2013). These tunnels can be occupied by water molecules
and the previously mentioned cations (Na*, K*, Sr**, Ba?*
and Pb*"). Water molecules occupy free positions in the
canal site together with dominant K in the studied crypto-
melane. In particular, the presence of water in cryptome-
lane confirms the calculation from WDS analyses (Table
1) and OH- group is demonstrated by the Raman spectrum
(Fig. 6). Length of hydrogen bond O-H...O, calculated ac-
cording to an empirical formula of Libowitzky (1999), is
~2,47A.

Increased content of different cations (including trace
elements) in oxides and hydroxides of Mn, is the result of
their strong sorption abilities. For example, in the Silver
Cliff site in Colorado, U.S.A., the cryptomelane structure
is bearing 1 wt. % of silver (Ravikumar and Fuerstenau,
1997).
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The iron ores (+/- cryptomelane) are typical with brec-
ciated texture. The mineralization in the Dubravica-Zolni-
ca iron deposit is classified as the weathered, residual type
(Slavkay et al., 2004). Cryptomelane in the case of this
study represents the final (secondary) product of the pri-
mary minerals phases weathering. The manganese for the
formation of the cryptomelane could be from two sources:
(1) The Middle- to Upper Triassic dolomites, which can
contain elevated Mn or Fe contents and occur in a close
vicinity of the deposit (Polak et al., 2003). Manganese co-
uld be leached from these dolomitic rocks by the surface
water, bringing it into the oxidation zone of the deposit.
However, we suggest (2) the unspecified primary Mn mi-
nerals from already inaccessible parts of the deposit as
the most probable sources of the manganese. Most likely,
whey were hydroxides and oxides of manganese, because
the carbonate rocks are not directly present in the depo-
sit. These facts support an opinion (Hill and Forti, 1997)
that at the surface pressures and temperatures the water
soluble manganese ions (Mn*" mobile form) oxidize to
Mn** and Mn*" ions (immobile form), which due to very
low solubility of stable minerals accumulate at the top of
weathering profiles of rocks and mineralized bodies.

Slight change in pH and Eh conditions during precipi-
tation of Fe-Mn indicates cryptomelane, which precipita-
tes at higher pH values, than iron minerals (Bouska et al.,
1980). The potassium, which is located in the cryptome-
lane structure, is a product of chemical weathering, resp.
the decomposition and subsequent transport of potassium
feldspars, which are present in the deposit located in arko-
ses and sandstones.

Conclusion

The new occurrence of cryptomelane on the territory
of the Slovakia was unambiguously confirmed by elec-
tron microanalyses and Raman spectroscopy. Finding the
cryptomelane mineral extends our knowledge about the
mineral forms of Mn in weathered Fe-oxide deposits, on
an example of the Dubravica-Zolnica deposit. In this con-
tribution is presented one of the small number of published
of Raman spectra of cryptomelane, and the length of the
hydrogen bond O-H... O to ~ 2.47 A was calculated. The

empirical formulais (K, Na Ba,.Sr, Ca, Zn, Co, )
4+ 6+ 3+ 3+
20.76[(Mn 6.97U 0.02P0.01)27.00(Mn 0,83Fe 0,12)20.95]016.00'
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Kryptomelan K(Mn* _Mn*")O,  z Fe loZiska
Dubravica-Zolnica (severné veporikum)

Témou prispevku je kryptomelan K(Mn* Mn*")O
(¢len hollanditovej superskupiny, coronaditovej sku-
piny), ktory bol identifikovany na zadklade Ramanovej
spektroskopie (obr. 6) a elektronovej mikroanalyzy (tab.
1). Mineral bol zisteny na menej zndmom historickom
zeleznom lozisku Dubravica-Zolnica (obr. 1), ktoré sa na-
chadza v spodnotriasovom liznanskom suvrstvi v oblasti
severného veporika v pohori Pol'ana (Dublan et al., 1997a;
Fejdiova, 1980). V minulosti malo lozisko v tejto oblas-
ti Va¢§i vyznam, pretoze bolo dolezitym zasobovatel'om
2 km vzdialenej vysokej pece v Ponickej Hute Zeleznou
rudou.

Na zéklade rozlozenia povrchovych dobyvok sa da
usudzovat’, ze zrudnenie (/imonitické rudy) tvorili bo-
hatSie hniezdovité akumulacie. Pocas posledného $tudia
haldového materidlu sa zistili len goethit a limonit, ktoré
pravdepodobne vznikli zvetravanim hematitu meteoricky-
mi vodami (Slavkay et al., 2004). Posledné analyzy rudy
sa vykonavali pravdepodobne v ¢ase exploatacie loziska
v roku 1877. Uvadzaju, ze obsah Fe,O, v tazenych rudach
bol 46,31 hm. %, Mn,O, 5,99 hm. % a P,O, 2,94 hm. %
(Bergfest, 1951).

Mineral sa (spolu s Fe zrudnenim) nachddza na pukli-
nach a dutinach kremencov, arkéz a pieskovcov. Vytvara
siete nepravidelnych ziliek modrosivej az ocelovosivej
farby, hrubych maximalne do 3 mm (v priemere do 1 mm;
obr. 2) a botryoidné agregaty (obr. 3) ocelovosivej farby
v maximalnom plo$nom rozsahu 2 x 3 mm. Lesk je zemity
az matny, popripade kovovy. Textura rad je brekciovita
(obr. 4) a koloformna. V $tudovanom materiali (vo vybru-
soch) boli identifikované aj klasty kremena s vyraznym
unduléznym zhasanim vo velkosti do 1,5 mm. Su angu-
larne az subangularne. Menej st pritomné zivee, zriedka-
vo sl'udy. Ich velkost’ je do 0,3 mm. Matrix ma vacs§inou
kremenny, popripade sericitovy charakter. Kryptomelan
sa nachadza v asociacii s goethitom I. a II. generacie a /i-
monitom. Goethit Il ¢asto nahradza kryptomelan (obr. 5)
a goethit | je zas nahradzany kryptomelanom. Celkovo je
vSak asociacia chudobna na pritomnost’ inych pribuznych
mineralov, ako su napr. hollandit, coronadit alebo manji-
roit.

Stadiom chemického zloZenia kryptomelanu (tab. 1)
sa zistili v jeho Struktare primesi Co a Zn (do 0,01 a 0,02
apfu). Na kationovej pozicii 4 je charakteristicka prevaha
draslika (0,73 apfu) nad sodikom (0,08 apfit), bariom (0,02
apfu) a stronciom (0,02 apfu), zistila sa aj pritomnost’ Ca
(0,02 apfur). Zaujimavy je aj zvySeny obsah Fe (0,22 apfu),
U (0,02 apfu) a P (0,02 apfir) v pozicii M1/2. Empiricky
vzorec bol na zéklade elektronovej mikroanalyzy (prie-

mer 8 bodovych analyz) stanoveny takto: (K  Na  Ba,
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Ca, Zn, 6 Co

()ZSI'O,OI3 0,013 0.01
+ +

(Mn 0.83]‘:e 0.12)2095]016,000 . .
Ziskané Ramanovo spektrum poskytlo informéacie

o pritomnosti rozlicnych pasov, ktoré sa pripisuju do
rodiny manganovych oxidov (obr. 6). Spektrum velmi
dobre koresponduje s publikovanymi hodnotami spektra
kryptomelanu (Gao et al., 2008; Baranchikov et al., 2015).
Ramanovo spektrum zobrazuje nizkofrekvenéné pasy pri
~ 182 cm™ (transla¢ny pohyb MnO, oktaédra), 282, 367
a 383 cm™! (deformacna vibracia Mn-O vizieb). Silné vy-
sokofrekvenéné pasy su pri~ 508, 579 a 632 cm™' a zodpo-
vedaji symetrickym vibraciam atdmov kyslika vzhl'adom
na atéomy manganu pozdiz oktaédrickych retazcov a va-
lenénym vibraciam Mn-O vézieb v kolmom smere na dvo-
jité retazce oktaédrov MnO,. Ostré pasy pri 579 a 632 cm™!
zaroven naznacuju dobre vyvinutll tetragonalnu ststavu
kryptomelanu s intersticialnym priestorom pozostavajucim
z tunelov (2 x 2). Pasy pri 1 393 a 1 414 cm™! je mozné
priradit’ k vizbe OH". Ostatné pasy v Ramanovom spektre,
ktoré neboli priradené k ziadnym vézbam, su vysledkom
vel'mi minoritnych primesi podiel’ajicich sa na celkovom
chemickom zlozeni kryptomelanu.

Pre kryptomelan je typicka tunelova Struktira (Biagio-
ni et al., 2013), do ktorej mézu vchadzat' molekuly vody
napriek tomu, Ze jeho idealny vzorec ju neobsahuje. To
je aj pripad tejto Studie kryptomelanu, do ktorého Struk-
tary vchadza zeolitova voda. Ta sa potvrdila elektrono-
vou mikroanalyzou aj Ramanovou spektroskopiou. Na
zaklade prejavu OH™ vézieb v Ramanovom spektre bola
vypoéitana dizka vizby O-H...O na ~ 2,47 A (Libowitzky,
1999). Pritomnost’ zeolitovej vody v jeho Struktire vsak
podla platnej nomenklatiry hollanditovej superskupiny
nie je podnetom na vyc¢lenenie nového mineralneho druhu
(Ozdin et al., 2004).

Kryptomelan je findlny produkt zvetravania primar-
nych manganovych mineralnych faz, ktoré¢ sa vSak v ram-
ci tejto prace nezistili. Zdrojom manganu mohli byt:
a) stredno- az vrchnotriasové dolomity, ktoré mozu bezne
obsahovat’ primes manganu. Z nich mohol byt mangan
vyluhovany povrchovou vodou, vd’aka ¢omu sa mohol
dostat’ do prostredia oxidacnej zony loziska a povrchovo
blizkych partii; b) primarne mineraly manganu, ktoré sa
nachadzali/nachadzaju v Castiach loziska, v sucasnosti
nepristupnych. Zdrojom draslika pritomného v Struktire
kryptomelanu mézu byt arkozy a pieskovce, resp. che-
mické zvetravanie zivcov, z ktorych bol pocas rozkladu
draslik nasledne transportovany. Lozisko ma zvetravaci,
rezidualny charakter (Slavkay et al., 2004).

P
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Abstract: The process of biological leaching is a simple and effective technology for quality improvement of
non-metallics, which is possible to use either as a pretreatment of these raw materials before the electromagne-
tic separation for the increase of the yield at iron removal, or as an autonomous 1-3 months lasting treatment of
non-metallics in the processes of discontinuous static leaching in the water environment. These processes were
tested under laboratory conditions, applying the quartz sands from the deposits of Vy$ny Petrovec, Sastin and
Plachtince, next the feldspar raw materials from localities of Liestany, Vydrovo and Rudnik, as well as the kaolin
from the deposits of Horna Prievrana, Vysny Petrovec and Rudnik. The amount of removed iron was not directly
proportional to the initial iron content in the natural samples; it was dependent on the mineralogical composition
of the iron minerals and on the binding of Fe with the clays and silicate minerals, as well as on the grain-size of the
iron minerals, the bioleaching conditions, and on the addition of chelating substances. The heterotrophic bacteria,
growing in the presence of all non-metallic raw materials, were able to dissolve the iron. Quickly forming anaero-
bic conditions by bacteria for iron reduction and dissolution enable simple manipulation with the sample solution.

Presented simple comparison of laboratory bioleaching experiments for iron decrease applying the heterotrophic
bacteria on non-metallics were conducted to explore the best economical way for non-metallic raw materials
treatment with the elimination of conventional operations in the industrial scale. The laboratory experiments of
the iron removal from the host industrial minerals were verified twice - during the in-situ conditions applying the
quartz sand, where the unsterile climatic conditions were taken into consideration. At the in-sifu bioleaching of the
quartz sands, the changes of medium pH, oxygen and glucose concentration, as well as bioleaching time, were the
important factors during iron removal.

Key words: non-metallic raw materials, kaolin, feldspars, quartz sands, bioleaching
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trial utilization
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Introduction

The non-metallic raw materials, such as carbonates and
silicates, contain no energy source for the microorganisms
to utilize. Such raw materials may be leached applying the
heterotrophic bacteria and fungi, which require an organic
source as a source of energy and carbon for their growth.
Bioleaching of non-metallic raw materials and minerals
may be used for the recovery of valuable metals from the
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low-grade ores and minerals, as well as for the beneficia-
tion of raw materials (Jain and Sharma, 2004).

Industrial silicate-based minerals, such as kaolin, feld-
spars and quartziferous sands, often contain impurities that
lower their economic value and hinder their application in
the ceramic and paper industries. The main impurities are
Fe(IlI)-oxides, because they lower the degree of whitene-
ss, being an important factor related to the quality of the
product (Veglio, 1997).



Mineralia Slovaca, 49 (2017)

The chemical treatment methods are based on the le-
aching with mineral acids and treatment with reducing
agents such as Na-dithionite and Al-sulphate, sulphur
dioxide and Al-powder, or sulphur dioxide and Zn-powder.
These bleaching methods are usually suitable for achie-
ving a high degree of iron removal, but they are expensive,
need complex operating conditions, and are environmen-
tally hazardous (Mesquita et al., 1996).

The bioleaching is environmental friendly, it may
lower operational cost and energy requirements. Hete-
rotrophic bacteria have the potential for producing acidic
metabolites that can solubilize oxide, silicate, carbonate
and hydroxide minerals by reduction, acid attack, and
complexation mechanisms (Jain and Sharma, 2004).

Naturally occurring silicates contain oxidic iron mine-
rals as coatings on grains or impregnations in the matrix.
The extent of iron removal from industrial silicate mine-
rals depends on the mineralogy and distribution of iron in
silicate rocks. For this reason, bioleaching studies with
industrial minerals for their beneficiation have examined
the kinetics of iron dissolution from the siliceous matrix
(Veglio, 1997).

Heterotrophic bacteria production of organics by fer-
mentation (Styriakova et al., 1999), or reductive dissolu-
tion of Fe mineral phases from non-metallics (Styriakova
et al., 2003a) greatly accelerates the destruction of mica
(Styriakova et al., 2004, Styriakova et al., 2003c) and
smectite (Styriakova et al., 2006b), or silicate matrix that is
impregnated with iron minerals (Styriakova et al., 2003a).

The purpose of the present study is to provide an over-
view of biochemical leaching of the non-metallics and to
highlight the recent advances in application of this process
for purification of industrial silicate minerals such as kao-
lin, feldspars and quartz sands.

Bioleaching

Bioleaching was tested under laboratory conditions on
feldspar raw materials of localities Liestany (F1), Vydrovo
(F2), Rudnik (F3), on kaolin from the deposits of Horna
Prievrana (K1), Vysny Petrovec (K2) and Rudnik (K3),
as well as on quartz sands of the ore Sastin (Q1), Vysny
Petrovec (Q2) and Plachtince (Q3). In-situ bioleaching
processes were attested by half-processing of quartz sands
of the Sastin deposit.

Laboratory bioleaching

The bioleaching experiments were carried out inde-
pendently in 300 ml and 500 ml Erlenmeyer flasks con-
taining 10 g powdered feldspar (F), 50 g quartz sands (Q)
and 100 ml liquid medium and also 100 g kaolin (K) and
300 ml of liquid medium. The medium contained 2.0 g
K,HPO,, 1.0 g(NH,),SO,,0.1 gCaCl, 0.2 gNaCl, 0.085 g
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NaNO,, 0.2 g urea and 0.1 g yeast extract, as well as 20 g
of glucose per liter. The samples were inoculated with in-
digenous heterotrophic bacteria. The flasks were incubated
under static conditions at 24 °C, with the contents being
stirred to homogenize the solution prior to sampling and
chemical analyses. After 10 minutes of centrifugation at
10 000 rpm, the culture solution was separated from the
sample. The liquid supernatant was collected three times,
always after the replacement of the culture solution during
the bioleaching experiment. Appropriate abiotic controls
were included in the experiments of article citations.

In-situ bioleaching

The in-situ bioleaching experiments were carried
out with 13 tons of Q in fixed-basin container (volume
16.3 m?), being filled with a leaching solution consisting
of 7000 1 of fresh surface water, supplemented with (per
litre) 0.5 g NaH PO,, 1.0 g (NH,),SO, and 0.2 g NaCL
Moreover 20 g of technical-grade glucose A60 per litre
media with 2mM Na EDTA was added into the container,
too. The container was incubated under static ambient con-
ditions for 3 months. The liquid phase was replaced four
times with 7000 litres of fresh medium. The spent media
(leachates) were sampled for iron analysis. Bioleaching
experiments and analyses were conducted in duplicate,
and the presented data are the averaged value of the mea-
surements.

Laboratory bioleaching
Feldspar raw materials

Iron removal (Tab. 1) from feldspar ores by heterotro-
phic bacteria was investigated during 95 days of samples
incubation. Three types of feldspar raw materials were
used (F1) leucocratic granitoid; (F2) hydrolite granite and
(F3) granite (Styriakova et al., 2006a). The overall effect
of batch bioleaching on Fe removal was different in these
individual samples.

Granite was the most suitable feldspar raw material in
iron removal by bioleaching. Despite the fact that Fe,O,
content in granite was two times higher than in samples
F1 and F2, the effect of biological leaching on the sample
F3 (Tab. 1) was manifested more expressively, up to 60 %
decrease of Fe content in this raw material. It is postulated
that Fe is not as tightly bound between grains or on the
surface of silicate particles. The bioleaching of hydrolite
granite and leucocratic granite was less effective and the
decrease in the Fe content was about 22-35 %.

The amount of solubilized and removed iron from
feldspar ores was not directly proportional to the initial
Fe content in natural sample, because it was dependent on
mineralogical composition of iron minerals and the dis-
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Tab. 1

feldspars raw materials.

Feldspar ores beg)izeol:if)‘;:;;/;)ing aff;elf(lziso(l‘:;.col/:i)ng
Fl 0.175 0.114
F2 0.198 0.129
F3 0.288 0.115

semination of iron minerals in silicate matrix. Although,
the bioleaching released the Fe impurities from the silicate
mineral matrix, additional chemical leaching with 0.1 M
oxalic acid and subsequent magnetic separation allows to
increase their iron removal. The chemical leaching applied
after the bioleaching increased the iron concentration only
negligible, up to 41 % and 25 % in the sample F1 and F2,
respectively (Figs. 1, 2 and 3). The magnetic separation
and the combination of bioleaching and magnetic sepa-
ration decreased the content of independent particles of
iron minerals and mica, which ensure the higher quality
and white colour of raw materials. The whiteness of feld-
spar raw materials (mainly F1 and F3) was confirmed by
smelting (Figs. 1 and 3) because the subsequent magnetic
separation decreased the Fe content below to 69—75 % in
the samples F1 and F3. The sample F2 did not contain the
magnetic minerals. A low decrease in the Fe-content of
the sample (F2) is a result of geological transformation of
granite, which underwent the hydrothermal transformation
— illitization up to kaolinization.

1

Fig. 1. Smeltings of the untreated sample F1 (1), bioleached sam-
ple (2), bio-chemical leached sample (6), bioleached and mag-
netic separated sample (3), bio-chemical leached and magnetic
separated sample (7).

11 14

Fig. 2. Smeltings of the untreated sample F2 (10), bioleached
samples (11), bio-chemical leached (14).

. 2
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Fig. 3. Smeltings of the untreated sample F3 (17), bioleached
sample (18), bio-chemical leached sample (22), bioleached and
magnetic separated samples (19), bio-chemical leached and mag-
netic separated sample (23).

A dramatic increase in Fe, Si and K release was also
observed due to the destruction of feldspars and Fe oxides
in granitic eluvium by bacteria of Bacillus spp. (Styria-
kova et al., 2003b). The results obtained in the laboratory
conditions suggest that this bacterial genus, ubiquitous
in silicate rocks, plays an important role in biochemical
destruction of feldspars, as well as in the cycle and trans-
formation of iron bearing minerals. Despite the decrease
of distribution of fine-grained fraction, there was observed
the increase in the value of the specific surface area of feld-
spar grains from 3.65 m*/g to 4.82 m?/g. This fact confirms
the activity of bacteria of Bacillus genus in point corrosion
of mineral grains suitable for the releasing of iron mineral
disseminations in silicate matrix.

A summary of the iron dissolution results achieved by
various investigators is given by Eisele and Gabby (2014).
The large variation in results appears to be mainly due to
(a) differences in the organisms used; (b) varying degrees
of crystallinity of the iron minerals being dissolved; and
(c) differing goals of the leaching process. Some of these
studies are examining removal of iron contaminants from
another material, some are specifically recovering iron as
a product, and some are describing geochemical studies
that are not attempting to maximize iron dissolution for
industrial application at all.

Tab. 2
Comparison of iron content before and after kaolin bioleaching.

. Fe,0, (wt. %) Fe,0, (wt. %)
Kaolin before bioleaching after bioleaching
K1 0.92 0.53
K2 1.43 1.29
K3 0.69 0.55
Kaolin

Iron removal was investigated on three samples of kao-
lin raw material (K1, K2, K3) over 28 days of bioleaching
(Tab. 2). The K1 sample of kaolin contains iron (0.92
wt.%), especially in the form of Fe hydroxides. The pre-
sence of Fe minerals was also identified by visible brown
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colour of this material. However, the samples K2 and K3
contained iron, these materials were of white colour with
high mica disseminations. Therefore it is suggested that
substantial part of iron in the sample is bounded in the
aluminosilicate lattice. The removal of structural Fe ions
from K2 and K3 samples was not so efficient because only
about 15-20 % of Fe,0, was removed; however, from K1
sample 43 % of free iron was removed by bioleaching.
The prolongation of bioleaching time from 1 month to 3
months and thus the longer production of organic acids
and metal-complexing substances by Bacillus spp. caused
the increase of iron removal from K3. After 3 months there
was observed the 52 % extraction of Fe atoms from the
octahedral position in mica, when Al removal was only
about 2 % (Styriakova et al., 2000).

The mica destruction was detected in kaolin and quartz
sands samples by X-ray diffraction analysis and also by
scanning electron microscopy (SEM). The SEM pictures
show a different morphology in the boundary region of
mica grains before and after the bioleaching (Fig. 4). The

s !

Fig. 4. SEM of border parts of mica before bioleaching (A) and
after bioleaching (B).
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biological destruction of mica led to the development of
illite, which was detected by energy-dispersion micro-
analysis (EDS). The illite development also caused the
enrichment of the kaolin sample by fine-grained fraction.
This effect is important for manufacturing of papier (Sty-
riakova et al., 2003c).

The disordering of kaolinite structure has favourable
effect on the iron removal, because the poorly ordered
kaolinite sample KG2 provided better results in the iron
extraction during the bioleaching (Mockovciakova et al.,
2008). The bioleaching did not cause significant chan-
ges in the major mineral compositions, but improved the
degree of crystallinity.

More than 50 % of the iron impurities were removed
from the china kaolin by bioleaching at a sugar concen-
tration of around 5 % after 7 days of incubation. The
increase of the whiteness index from 61 % to 82 % by
bioleaching indicated that the quality of the kaolin sample
was improved after the heating of bioleached sample to
1280 °C (Guo et al., 2010). In other study, the reduction
of iron oxides contents, using the species Aspergilus niger,
resulted in a removal of 43 % of Fe in the kaolin (Hosseini
et al., 2007). The corresponding removal of iron was obta-
ined also in the chemical leaching tests with 0.1 M oxalic
acid at 100 °C for 90 min (Ambikadevi and Lalithambika,
2000).

The biobeneficiation methods, applied during the past
two decades, were collected and divided into three cate-
gories, named as fungal leaching, bacterial leaching, and
bioflocculation. Then, the last findings in each area were
revealed, and the influence of effective parameters on
both - the process efficiency and clay specifications - were
described. Most of the involved studies have offered valu-
able knowledge about the technique, and have presented
very promising results which are worthy of note and to
continue in testing with a higher amount of material (Hos-
seini and Ahmadi, 2015).

Quartz sands

Naturally occurring quartz sands contain various iron
and clay minerals, which are coating the quartz particles or
impregnating the quartz surfaces. Three types of sand ma-
terials were used: (Q1) quartz sands; (Q2) kaolin sands and
(Q3) glauconite sands. As can be seen from the results lis-
ted in Table 3, the extent of iron removal was the highest in
sample Q1, where hematite covered quartz particles, than
in the samples Q2 and Q3 with higher mica or glauconite
contents. The 83 days lasting bacterial treatment resulted
ina 60 %, 47 % and 30 % decrease of Fe content in Q1, Q2
and Q3 sample, respectively.

The sample Q3 is typically dominated by glauconite
(10-12 %) over smectite (2—7 %). A part of glauconite
has been removed by magnetic separation. Following the
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bioleaching, the washing of Q3 resulted in up to 0.56 %
decrease of Fe,O, content in the sample Q3 with lower
purification by bioleaching than in the sample Q1 or Q2
(Suba and Styriakova, 2015).

Comparison of iron conte?t'g:egore and after quartz sands
bioleaching.
0 )
Quartzsands | to% nieaching | aftes biolaching
Ql 0.32 0.13
Q2 0.36 0.19
Q3 1.03 0.72

The bioleaching processes in combination with other
methods such as electromagnetic separation or elutriation
can increase the iron removal from non-metallic raw ma-
terials, because the bioleaching is predominantly effective
for the removal of surface layers of fine iron minerals. The
lower depletion of iron in the sample Q2 due to the content
of different mineral impurities was successfully treated
with bioleaching and elutriation. In the process, poorly
crystalline Fe-oxides, sealing siderite nodules, were re-
leased due to the bacterial action from the intergranular
space of quartz sands. These Fe-oxides formed a fine-gra-
ined fraction with Fe-bearing minerals and the fine mica
fraction, which were subsequently removed by elutriation
process (Styriakova et al., 2003a).

For the sample Q1, the bioleaching resulted in a 60 %
decrease of the Fe content in the quartz sands and the
subsequent two stages of magnetic separation decreased
the Fe content in Fe,O, from 0.13 % to 0.02 %. Thus the
separated magnetic fraction was about 5 % from the untre-
ated Q1 sample and 10 % from the bioleached sample (Sty-
riakova et al., 2007). Several experiments have recently
confirmed that the bioleaching enhances the release of Fe
minerals from silicate matrix and the yield of iron removal
by magnetic separation.

The best leaching acid, used only in the chemical puri-
fication of iron impurities from the quartz sands, is H,PO,
under ultrasound irradiation, which can be compared with
the other strong acids such as H SO,, HCI and HF. The
optimal leaching rate is up to 77 % at the temperature con-
ditions of 80 °C, 10 % ratio of solid to liquid, and quartz
sands size of 100 mesh for 120 min with ultrasound and
conventional stirrings at 500 rpm (Zhang et al., 2012).
The chemical purification with heating and stirring has
increased the economic cost of the quality improvement
process of non-metallic raw materials. The bioleaching
process in combination with the physical processes (mag-
netic separation, elutriation, etc.) represents an alternative,
eco-friendly and effective process for the purification of
non-metallic raw materials.
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The bioleaching running for three months makes the
process less feasible than the chemical leaching. Appli-
cation of the bioleaching would require much shorter
duration - for example at least by 60 % for removal of Fe
from the sample Q1. This is why the optimization applying
AQDS, NTA, EDTA and other chelating agents proved
to be useful. The addition of Na EDTA caused that the
amount of totally dissolved iron was significantly higher
than in case of other forms of chelators. NTA were partial-
ly less effective than Na,EDTA in Fe dissolution from the
samples, but more effective than Na, EDTA or EDTA p.a.
The changes in iron removal from the samples obtained
during the laboratory bioleaching were used to assess the
chelator effectiveness of the heterotrophic in-situ biole-
aching process, because the bioleaching time was shorted
from 4 months to 2.5 months in natural conditions (Styria-
kova et al., 2010). Shelebolina (2004) stimulated iron-re-
ducing bacteria by addition of the chelator, nitriloacetic
acid (NTA), which was used to increase the bioavailability
of Fe in clay and to intensify natural processes.

In-situ bioleaching

The laboratory experiments of quartz sand bioleaching
were verified twice during the in-situ conditions in contai-
ners (Fig. 5A) without the using of big-bags in 2009 (Sty-
riakova et al., 2010) and second time in 2010 in containers,
using the big-bags (Styriakova et al., 2015), when the in-
fluence of unsterile climatic conditions and the application
of big-bags was taken into consideration. The manipula-
tion with quartz sands in big-bags was easier during the re-
placement of leachates for fresh medium. The composition
of medium, its pH changes, oxygen concentration, presen-
ce of active bacterial species, granularity and the bounds
of iron minerals, as well as the mineralogical composition
of the industrial mineral, were the important factors of the
in-situ bioleaching.

Under the first and second in-situ static bioleaching
conditions, the initial oxygen content of 9-7 mg/l O, was
consumed by microbial respiration to 0.09-0.08 mg/l O,
within 6 days, indicating the formation of anaerobic en-
vironment. The value of the initial redox potential +180
mV decreased within 6 days to —150 mV, indicating the
formation of reducing conditions. The bacterial growth
has produced organic acids within 19 days of incubation
of quartz sands in the presence of non-sterile bioleaching
conditions, as the pH has decreased from 7 to 4. In leacha-
tes, the concentration of dissolved CO, was increased up to
730-1336 mg/l, because the heterotrophic bacteria fermen-
ted of organic source. The pH decrease was neutralized at
each replacement of the medium. The temperatures of the
media during the first bioleaching (June—August 2009) and
the second bioleaching (July and September 2010), when
the bioleaching was carried out, were reported in the range
from 13 to 26 °C.
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Application of a discontinuous process, in which the
medium was exchanged after the maximum concentra-
tion of iron in solution had been reached, prevented the
iron ions from the re-oxidation and precipitation. By this
way there is possible to remove the iron from the quartz
sand by in-situ bioleaching, though the negative effects of
surrounding temperature changes and especially unsteri-
le conditions must be eliminated by chemical additions.
The investigation of the iron extraction concentration into
liquid phase - the leachates - served especially for moni-
toring of bacterial activity and bioleaching time. The great
volumes of leachates were changed in basins of a volume
app. of 7000 1, but the exact measurements of solution ex-
changes were not performed. That is why the measurement
of Fe,O, concentration from the solid phase represented
a conclusive background for the determination of the visu-
al effect of bioleaching process (Fig. 5B).

The first and second bacterial pilot-plant bioleaching
tests have decreased the iron content in Fe O, from 0.26 %
to 0.13 %, being comparable with the results of laboratory

Fig. 5. In-situ bioleaching in container (A) and the visual colour
comparison of the heaps of industrially washed and bioleached
quartz sands (B).

bioleaching. The subsequent industrial magnetic separa-
tion decreased the Fe,O, concentration to 0.08 %. The total
decrease of iron content by up to 70 % was obtained under
in-situ conditions. In the world, the pilot plant processes
of quartz sands bioleaching were firstly held in Slovakia
in 2009-2010.

Conclusion

The naturally occurring non-metallic ores contain the
unfavourable admixture of iron minerals, occurring in the
form of coatings on grains or impregnations in the matrix.
The study presents results of laboratory bioleaching of
the non-metallic raw materials represented by feldspars,
kaolin and quartz sands. The extent of iron removal was
different and dependent on the mineralogy and distribu-
tion of iron in silicate matrix. The bioleaching process in
iron removal has to be tested specifically at each type of
non-metallic raw material, but the experimental treatment
is needed to clarify the intensity of iron binding in diffe-
rent minerals and the feasibility to increase the bacterial
iron removal by addition of nutrients and chelators. The
laboratory experiments on iron removal were firstly veri-
fied twice during in-situ conditions on industrial mineral
of quartz sands, taking the influence of unsterile climatic
conditions into the consideration. The changes of medium
pH, oxygen and glucose concentration, as well as biole-
aching time represented the important factors during the
iron removal in the in-situ bioleaching of the quartz sands.
The bioleaching can be performed also on heaps, what is
the future plan for development of this technology.
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ZlepSovanie kvality nerudnych surovin biolithovanim

Proces biolthovania patri k nekonvenénym technolo-
giam Upravy nerudnych surovin, ktory je mozné vyuzit
bud’ ako upravu suroviny pred magnetickou separaciou na
zvySenie vytaznosti Fe, alebo ako samostatnt, 1 — 3-me-
sa¢nu Upravu nerudnych surovin v procesoch diskon-
tinualneho statického Iuhovania suroviny vo vodnom
prostredi. Postupy biolthovania boli odsku$ané na troch
typoch zivcovych surovin z lokalit Liestany (F1), Vydrovo
(F2) a Rudnik (F3), na kaolinoch zo slovenskych lozisk
Horna Prievrana (K1), VySny Petrovec (K2) a Rudnik
(K3), ako aj na kremennych pieskoch lozisk Sastin (Q1),
Vysny Petrovec (Q2) a Plachtince (Q3).

Pri prvom type granitoidnej horniny (F1) s obsahom
zivcov sa dosiahlo biologickym lthovanim 35 % znizenie
obsahu Fe, ¢o sa prejavilo viditelnou zmenou belosti su-
roviny po taveni vzorky. Chemickym doltthovanim vzorky
s 0,1 M kyselinou oxalovou sa odstranilo eSte 6 % Fe. Na-
sledujiicou magnetickou separaciou uvolnenych castic Fe
mineralov, a hlavne sI'id po biologicko-chemickom liho-
vani F1, sa ziskala vysoko kvalitna surovina pre keramicky
priemysel s obsahom 0,046 % Fe,O, s bielym vytavkom.
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Pri druhom type granitoidnej horniny (F2) sa kombino-
vanym biologicko-chemickym luhovanim dosiahlo 25 %
znizenie obsahu Fe, pricom magneticka separacia sa nere-
alizovala, pretoZe vzorka neobsahovala magnetické mine-
ralne Castice. Pri tretom type granitoidnej horniny (F3) sa
biologické lthovanie prejavilo 60 % znizenim obsahu Fe
v surovine. Organochemickym lihovanim suroviny sa eSte
odstranili 4 % Fe. Nasledujiicou magnetickou separaciou
po biologicko-chemickom lthovani sa ziskala surovina
s obsahom 0,061 % Fe, O, a vytavky bielej farby, ktoré
svedc¢ia o vysokej kvalite suroviny po vyuziti konvenc-
nych a nekonvenénych spésobov upravy.

Pri biolthovani kaolinov bolo mozné pozorovat aktivi-
tu heterotrofnych baktérii v destrukcii s'ud a odstranovani
zelezitych i6nov z krystalovej mriezky neusporiadaného
kaolinitu. Z vysledkov bioltthovania kaolinov vyplynulo,
ze po mesacnom lthovani su tieto baktérie schopné od-
stranit’ 43 % volIného Fe obsiahnutého v amorfnych
formach oxyhydroxidov vzorky K1 a priblizne 10 % via-
zaného Fe v sl'ude po biolthovani kaolinov K2. Vzorka
K15 0,92 % Fe,O, mala cervent farbu, pretoze obsaho-
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vala vol'né oxyhydroxidy Fe, ale vzorka K2 s obsahom
1,43 % Fe,0, bola biela, pretoze Zzelezo bolo viazané
v sludach. Amorfné formy Fe st l'ahsie extrahovatelné
bakterialnym lthovanim ako viazané formy Fe v sl'udach.
V kaolinoch z Vy$ného Petrovca (K2) sa pri predizeni Gasu
lthovania na 3 mesiace podarilo odstranit’ 52 % viazané-
ho Fe, pricom dochadzalo k destrukcii sI'ad a obohateniu
vzorky o jemnozrnnejSie frakcie. Biotransformacia sl'udy
s fengitickym zlozenim na illit bola zachytena fotodo-
kumentaciou rastrovacim elektronovym mikroskopom
s energiovo-disperznou analyzou po bakterialnom lthova-
ni separovanych vzoriek sl'ad z loziska Vysny Petrovec.
Ako je preukazané v publikaciach, baktérie druhov Bacil-
lus spp. mozu znizit’ obsah vol'ného Fe, ako aj viazan¢ho
Fe v sl'ude, ktora ma fengitické zlozenie. Biologickym lua-
hovanim kaolinu z loziska Rudnik (K3) bolo mozné znizit’
obsah Fe O, priblizne 0 20 % a pri kombindcii bakterial-
neho luhovania a magnetickej separacie bolo mozné znizit
obsah Fe,0, 0 36 %, pricom vplyvom aktivity baktérii sa
obohatila jemnozrnna frakcia a tym sa zvysil index plasti-
city z 18 na 20 %.

Biolthovanim kremennych pieskov loZiska Sastin
(Q1) v laboratoérnych podmienkach sa odstranilo 60 % Fe
a nasledujiicimi opakovanymi laboratornymi magneticky-
mi separaciami sa zvysilo celkové mnozstvo odstraneného
zeleza z 0,13 na 0,02 % Fe,0,. REM odhalila nerovny
povrch kremennych zin po bakteridlnom lthovani a EDS
analyza potvrdila pritomnost’ inklazii ilovych mineralov
s obsahom Mg, Na a Fe, ktoré tvorili jemny povlak a im-
pregnacie v kremennom matrixe. Baktérie svojou cielenou
produkciou organickych kyselin uvolnovali ilové a Ze-
lezité mineraly, pricom sa dosiahlo vybielenie povrchu
kremennych castic s formovanim jemnozrnnej frakcie.
Rontgenovo-difrakénd analyza jemnozrnnej frakcie preu-
kazala okrem hlavnej fazy kremena pritomnost’ kaolinitu,
smektitu a zivcov. Z laboratornych bakterialne inokulova-
nych extrakénych studii po pridani rozli¢nych foriem che-
latov EDTA (p. a., Na,EDTA, Na EDTA), AQDS a NTA
koncentracia rozpusteného totalncho Zeleza bola ovela
vysSia nez bioticka kontrola bez chelatov. To indikovalo,
ze zelezité mineraly sa rychlejSie bakteridlne rozkladali
v pritomnosti chelatov. Pridanie Na EDTA v8ak vykazova-
lo, Ze obsah totalne rozpusteného zeleza bol signifikantne
vys$i nez v pripade inych foriem chelatonov pocas biolua-
hovania kremennych pieskov.

Potencidlna surovina kremennych pieskov z loziska
Vysny Petrovec (Q2) po vyplaveni ilovych mineralov ob-
sahovala zelezité mineraly, ktoré zvySovali koncentraciu
zeleza v surovine. Technikou diskontinudlneho biolua-
hovania a plavenia bolo mozné odstranit’ podstatnti ¢ast’
zelezitych mineralov. Hned¢ mineralne zrna s velkostou
0,1 — 0,8 mm boli identifikované rontgenovo-difrakénou
analyzou, ktora potvrdila polykomponentné mineralne
zlozenie vo forme sideritu, rutilu, anatasu, ferrihydritu
a kaolinitu, s vynimkou kremena. Sideritové noduly st
cementované oxyhydroxidmi zeleza a tieto oxyhydroxi-
dy tvoria aj povlaky na kremennych zrnach. V prvej faze
biolthovania sa odstranili povlaky Zelezitych mineralov
z povrchu zfn a v druhej faze sa formovala hneda jem-
nozrnna frakcia mineralnych castic s vel’kostou menej ako
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0,1 mm rozkladom sideritovych nodul s polykomponent-
nym zlozenim. Této jemnozrnna frakcia, ktora obsahovala
vysoky podiel Zelezitych mineralnych Castic, bola odstra-
nena z Q2 jednoduchym procesom plavenia. Bioluhovacie
experimenty uskutoénené na kremennych pieskoch z lo-
ziska Vysny Petrovec potvrdili, Zze baktérie rodu Bacillus
extrahuji Fe, Si a Al z kremennych pieskov a redukuji
oxyhydroxidy Fe stmelené sideritom. Aplikaciou biolo-
gického ltihovania a plavenia bolo mozné odstranit’ 47 %
Fe z kremennych pieskov, ktoré moézu slizit” ako nerud-
na priemyselna surovina. Glaukoniticky piesok (Q3) bol
z pohl'adu odstranenia zelezitych mineralov biolthovanim
najnevhodnejSou surovinou.

Kremenny piesok je potencialna surovina pre sklarsky
priemysel, preto tieto laboratorne procesy biolthovania
boli prvykrat overené v poloprevadzkovych podmienkach
Slovenska na kremennom piesku z loziska Sastin. Potvr-
dilo sa, ze nesterilné podmienky in-situ nemali vplyv na
dosiahnutie zhodného odstranenia neziaducich povlakov
zeleza ako v laboratornych experimentoch. Dve velkoob-
jemové nadrze (18 m?) boli umiestnené v technologickom
areali LB MINERALS, a. s., kazda nadrz bola naplnena
13 tonami priemyselne plaveného piesku v big-bagoch.
V blizkosti bazénovych nadrzi boli umiestnené paletové
nadrze potrebné na mnoZzenie a nasledujucu inokulaciu
baktérii a pripravu zivnych médii. Na,EDTA bol v hete-
rotrofnom biolthovacom systéme najacinnejsi chelat,
ktory zamedzoval spatnt precipitaciu Zeleza v roztoku.
Potvrdilo sa to laboratornymi pracami. V. podmienkach
in-situ bol proces odstranovania zeleza z kremennych
pieskov kombinovany s pritomnostou autochtonnych bak-
térii, ktora nemala inhibi¢ny vplyv na rozpustanie zeleza.
Potvrdil to aj laboratorny test riedenia vzoriek autochton-
nej kultary.

Heterotrofné baktérie izolované z miest zvetravania
silikatovych hornin a jazier produkuji organické kyseliny
a siderofory v procesoch biolthovania nerudnych surovin.
Je to spojené s rozpustanim jemnych povlakov zeleza ako
hlavnej neziaducej primesi tychto surovin. Proces bio-
lthovania prebicha v modifikovanom médiu s obsahom
zakladnych biogénnych prvkov, uhlika a chelatov. Che-
mické dolthovanie s 0,1 M kyselinou oxalovou sa moze
uskutocnit’ v pripade, ak chceme skratit’ samotny proces
biolthovania. Magneticku separaciu je mozné vyuzit’ pred
samotnou biologickou tpravou alebo po biologicko-che-
mickej Uprave, ak surovina obsahuje vysoky podiel sl'td
alebo samostatné odolné ¢astice Fe-Ti mineralov.

Ziskané poznatky su vyznamné pri zlepSovani kvali-
tativnych vlastnosti tak zivcov a kaolinov, ako aj kremen-
nych pieskov pouzivanych v keramickom a sklarskom
priemysle. Realne sa predpoklada, ze vyuzivanie bakteri-
alnej Gpravy je v porovnani s klasickymi kombinaciami
technologii, magnetickou separaciou a flotaciou, ekono-
micky a ekologicky vyhodnejsie, a to najma pri vyuziti
hnojiv a odpadovych nutri¢nych zdrojov s obsahom uhlika
ako nahradného zdroja energie pre heterotrofné baktérie.
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napr. fotografie a diagramy, sa uvadzaju ako jeden obrazok s jednotlivymi
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4. Pri zaslelani fotografii vo forme pocitatovych suborov (formaty
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e.g. photographs and diagrams, are compiled as one figure with separate parts
designated by letters (a, b, c, etc.).
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