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Variscan dismembered metaophiolite suite fragments
of Paleo-Tethys in Gemeric unit, Western Carpathians

MARTIN RADVANEC, ZOLTAN NEMETH, JAN KRAL and SILVESTER PRAMUKA

State Geological Institute of Dionyz Stur, Mlynska dolina 1, SK-817 04 Bratislava, Slovakia

Abstract: The Variscan dismembered ophiolite suite is exhumed in the northern zone of Gemeric unit of the
Western Carpathians (so-called North Gemeric zone). It consists of variegated lithology of former segment of
Paleozoic mid-ocean ridge of Paleo-Tethys, occurring now in three traditional principal localities of the gneiss-am-
phibolite complex (GAC) in the Gemeric unit (Western Carpatians) - the Dobsina, Rudiiany and Klatov localities.
Additional smaller occurrences at Jaklovce, Delava and Dobsina (Cpx metagabbro) and the Strazny vrch hill

(serpentinite) were recently also added to this suite.

The Paleozoic ophiolite suite in Gemeric unit is built of six polymetamorphosed principal rock types: (1) gneiss
with garnet (Alm+PI+Bt+Ms+Qtz+Act+Chl) and graphite (occurrences at Dobsina and Rudnany), (2) plagiograni-
te (Kfs+Ab+Pl+Ms+Bt-Qtz+Zo+Cal; &Sr/%Sr=0.7033; age 374 Ma Rudiiany), (3) gneiss with amphibole porphy-
roclasts (Cum-Hbl/Prg-Act) and graphite (Klatov), (4) amphibolite (PlI+Hbl+Tnt+Ap+Pmp+lIm+Act+Ep+Chl;
Klatov, Rudnany, Dobsind); (5) serpentinite (Tlc+Tr+Chl+Act+Dol+Ctl+CrSpl+Hem; Klatov, Strazny vrch hill);
(6) metagabbro (Di+Aug+CrSpl+Pl+Hbl/Prg-KPrg-Act+Ep+Qtz+Tnt+Chl+MnlIm+Tnt+Ap+Zrn+Png+Ab+Hyl,

Jaklovce, Delava, Dobsind).

The suite of above listed rocks underwent a multi-stadial tectono-metamorphic overprint. First - Late De-
vonian to Early Carboniferous low-pressure amphibolite facies metamorphism MO (deformation stage VDO0) of
ocean floor is documented by the hornblende cooling age 362 Ma. Later metamorphic recrystallization of the
pumpellyite—actinolite facies is related to compressional Variscan orogenic stage Mla (VD1a) affecting the meta-
ophiolite suite in Late Carboniferous (around 300 Ma). During Permian metamorphism M1b (VD1b), the tectonic
blocks of metaophiolite suite underwent recrystallization in the epidote-amphibolite facies to amphibolite facies
by the input of heat at medium pressure. This metamorphism on the hot line was accompanied with the origin od
anatectic granite of S-type and corresponding volcanism on the surface. The youngest metamorphic overpring M2
(AD?2) in the greenschist facies is the result of Alpine orogenic processes.

Key words: Gneiss-amphibolite complex (GAC), serpentinite, metagabbro, tectono-metamorphic overprint, Varis-
can orogeny, Alpine orogeny, Gemeric unit, Western Carpathians
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Introduction

The belt of the Paleozoic (Variscan) metaophio-
lite suite, built dominantly of aphibolites, gneisses
(metapelite-metasemipelite), Cpx metagabbros, as well
as ultramafic rocks, crops out in several separated blocks
spread in the northern zone of Gemeric unit (so-called
North Gemeric zone) at the municipalities of Dob3ina,
Rudriany to Klatov (Figs. 1-4). From the historical per-
spective, the amphibolite facies rocks of this belt were
defined by Dianiska and Grecula (1979) as the gneiss-am-

N Paleo-Tethys is present in Gemeric unit of the
Western Carpathians

« Early Paleozoic protolith of metaophiolite sui-
te undervent recrystallization and deformation
due to multi-stadial metamorphic (MO0, M1a,
M1b, M2) and related tectonic overprints in
Varican (VD,, VD_,, VD,,) and in subsequent
Alpine orogeny (AD,).

Highlights

phibolite complex (GAC). In the Rudiiany ore field it was
revealed underground in the depth of 300-1100 m (Fig. 3).
The Dobsina and Klatov blocks are present on the surface
(Figs. 2 and 4). The Dobsiné body in its southern part con-
tains besides amphibolite and metapelite also metagabbro
of the rift zone with preserved magmatic diopside. The
Klatov body is bearing at its southern margin also the ser-
pentinite (Fig. 2). The blocks of the GAC are in tectonic
contact with other complexes of the lower-grade Early
Paleozoic metamorphic rocks (prevailingly metatholeiitic
basalts a metapelites) and the Late Paleozoic sequences
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of the Gemeric unit (Grecula, 1982; Grecula and Kucha-
ri¢, 1985, 1989; Grecula et al, 2009). Because rocks with
different metamorpic overprint occur in one group or one
tectonic zone, SpiSiak et al. (1985) re-named the Klatov
gneiss-amphibolite complex to Klatov Group and there
was distinguished also an individual Klatov nappe (Ho-
vorka et al., 1984).

Recent knowledge about the gneiss-amphibolite
complex in the North Gemeric zone

The metamorphic evolution of the GAC in the Kla-
tov area (Fig. 2) was firstly characterized by Grecula and
Dianiska (1977), as well as Dianiska and Grecula (1979),
and later by Faryad (1986) and Radvanec (1992, 1994a,
1994b). In the Rudiiany area the amphibolite-gneiss com-
plex was described by Poprenak et al. (1973), Hovorka
et al. (1979), Hovorka and Spisiak (1981), Spisiak and
Hovorka (1985), Hovorka and Spisiak in Cambel and Jar-
kovsky (1985), Hovorka et al. in Hurny (1982) and Pra-
muka (1985b, 1986). In the Dobsina area (Fig. 4) these
metamorphites were described by Rozloznik (1965) and
Pramuka (1985a). Individual minerals of metabasites of
the Rakovec zone were petrologically characterized by
Bajanik and Hovorka (1981).

DobSina il 12X X3
ST

The southern part of GAC in the Rudriany ore field
(Fig. 3) was described by Mandakova et al. (1971) as an
intrusive body, containing rocks of gabbro and diorite
magma with differentiation of both types from ultrabasics
through the gabbroic rocks up to granitoid rocks. It was
Poprenak et al. (1973) firstly pointing out that the GAC
represents metamorphic rocks with P-T conditions close
to granitization. Subsequently Hovorka et al. (1979), Ho-
vorka and Spisiak (1981), Spisiak and Hovorka (1985),
Hovorka and Spisiak in Cambel et al. (1985), Hovorka
et al. in Hurny (1982), Pramuka (1985b, 1986), as well
as Radvanec (1992, 1994a, b) described the GAC in de-
tails and determined P-T conditions of its metamorphism.
According to petrographic study of above stated authors
the gneisses and paragneisses of GAC in localities Kla-
tov, Rudiany and Dobsina can be divided to four types:
biotite-plagioclase-, garnet-biotite-plagioclase-, amphi-
bole-biotite-plagioclase- and garnet-amphibole-bio-
tite-plagioclase-gneisses and paragneisses. The dominant
part of the GAC is formed of amphibolite, garnet amphi-
bolite, clinozoisite amphibolite, and locally ophtalmitic
(eyed) amphibolite. The protolith of this complex was
represented by metamorphosed ocean floor tholeiites (ba-
salt and its pyroclastics), as well as metasediments (grey-
wackes and schists), which in Rudnany area underwent
the thermal overprint of 510-620 °C. The metamorphic
process was considered to be chemically conservative at
medium pressure conditions (e.g. Pramuka, 1985b).

Fig. 1. Location of occurences of Paleozoic dismembered metaophiolite suite in Gemeric unit. 1, 2 - Quaternary, Neogene and Paleo-
gene sediments, 3 - Mesozoic sequences of Silicic unit, 4, 5 - Meliatic unit, 8-19 - Gemeric unit: 6-7 - Permian, 8-10 - Carboniferous,
11 - Carboniferous-Upper Devonian, 12 - zone of ocean floor sediments (Rakovec geosuture; protolith - Lower Paleozoic to Lower Car-
boniferous), including the occurrences of dismembered ophiolite suite, 13-18 - Lower Paleozoic sediments and volcanic products of the
Paleo-Tethys southern marginal zone divided according to increased representation of acid volcanic products in volcano-sedimentary
sequences towards the south and basic volcanic products towards the north, 19 - granite (Permian), 20-22 - Veporic unit: 20-21 - Trias-
sic and Upper Paleozoic cover, 22 - crystalline basement. The basemap, depicting Gemeric unit, is taken from Grecula et al. (2009).
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Above stated studies prevailingly aimed to determine
the P-T conditions of metamorphism of the Early Paleo-
zoic metabasites, their pyroclastics and sediments, alter-
nating in one lithostratigraphic unit. Thermal overprint of
rocks of GAC in the Rudiiany reached 500-620 °C (Hovor-
ka et al. in Hurny, 1982; Hovorka and Spisiak in Cambel,
1985), similarly as in the Dobsina area (Pramuka, 1985a).
The Klatov paragnesses were metamorphosed at 580-620
°C (Faryad, 1986), resp. 400-650 °C (Radvanec, 1992,
1994a, 1994Db).

Concerning metamorphic overprint, it was generally
assumed that the GAC had originated at medium-pressure
metamorphism (Hovorka in Hurny, 1982). The low-pres-
sure metamorphism of this complexu in the DobSina area
was assumed by Pramuka (1985a), and generally in the
whole GAC by Radvanec (1992, 1994a, b).

Assuming the chemically conservative ocean floor
metamorphism of amphibolite facies, Hovorka and Ivan
(1985) interpreted the Early Paleozoic fore-arc geotectonic
evolution of Gemeric unit. The interpretation of regional
chemically conservative metamorphism in Gemeric unit
was later proved to be incorrect (Radvanec, 1992; Bartal-
sky and Radvanec, 1993; Radvanec et al., 1994a, b).

The detail petrological study of the whole belt of GAC
(Dobsind - Rudnany - Klatov) revealed that the pre-me-
tamorphic protolith was represented by sediment (pelite)
+ carbonate (limestone) + organic material + products of
tholeiitic volcanism, undergoing regional and polyphase
metamorphism in open system for the fluid phase (Rad-
vanec, 1992, 1994a, b). The ratio of the tholeiitic volcanic
products to organic substance in former sediment varies
in different places, so Radvanec (1.c.) named the protolith
of the GAC as semipelite. The semipelite has underwent
polyphase metamorphism. The first metamorphic over-
pring Ml at P = 2-3 kbar has reached the chlorite-biotite
(500 °C, Dabsind), biotite (550 °C, Rudnany) and cum-

mingtonite metamorphic zone (650 °C, Klatov; l.c.). In
the prograde path of the M1 metamorphism from the
CaNKFMASCHTO system there mobilized Ca + Fe + Mn
+ Mg, H,0 and CO,. These components entered into the
fluid phase and at the temperature/pressure decrease in M1
retrograde path the Fe and Mn carbonates have crystal-
lized. The origin of fluid phase during Permian prograde
metamorphic path explains the genesis of the vein sideri-
te mineralization of Gemeric unit (Radvanec et al., 2004
and 2010). The superimposed younger metamorphism
M2 in chlorite zone partially re-worked older mineral
assemblages of the metasemipelite at higher pressure (P
= 4 kbar, T = 400 °C). Metamorphism MI was classified
as Variscan and metamorphism M2 as Alpine (Radvanec,
1992, 1994a, b).

Our recent study of the succession of metamorphic
events in traditional localities of the GAC in Gemericum
(Klatov-Rudnany-Dobsind) was supplemented by new
mineralogical-petrological, geochemical, structural and
geochronological data from localities of metagabbros
(Jaklovce, Dobsina), plagiogranite (Rudiiany) and serpen-
tinites (Strazny vreh hill, Klatov). According to geochro-
nological results, P-T conditions of polymetamorphism, as
well as whole-rock chemical analyses, these new localities
belong to Early Paleozoic metaophiolite suite, similarly as
the traditional localities.

Summing up, the Early Paleozoic metaophiolite suite
of Gemericum is built of six principal rock types: (1) gneiss
with garnet (AIm+PIl+Bt+Ms+Qtz+Act+Chl) and graphite
(occurrences at DobSina and Rudriany), (2) plagiogranite
(Kfs-Ab-P1-Ms-Bt-Qtz+Zo+Cal; Rudnany), (3) gneiss with
amphibole porphyroclasts (Cum-Hbl/Prg-Act) and graphi-
te (Klatov), (4) amphibolite (PlI+Hbl+Tnt+Ap+Pmp+Iim
+Act+Ep+Chl; Kldtov, Rudnany, Dobsind); (5) ser-
pentinite (Chl+Dol+Ctl+CrSpl+Hem; Klatov, Strdzny
vrch hill); (6) metagabbro (Di+Aug+Hbl/Prg-KPrg-Act+
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Ep+Qtz+Tnt+Chl+IIm+Chl, Jaklovce, DobSind). Serpenti-
nite and metagabbro in localities Strazny vrch hill, Jaklov-
ce and Dobsina represent new localities added to the Early
Paleozoic metaophiolite suite (Fig. 1). The alternation of
gneisses (metapelite/metasemipelite) and amphibolites in
localities of Klatov, Rudiiany, DobSin& (Figs. 5, 6 and 7)
often in bands thick to 1 cm, and their common polyphase
metamorphism in amphibolite facies, do not allow to se-
parate both lithotypes. It is the reason why the whole-rock
analyses of amphibolites of the GAC are always influen-
ced by mutual interbedding of rocks or contamination. The
protolith of gneisses represented a sediment with organic
admixture, forming the Early Paleozoic (Silurian-Devo-
nian) footwall of volcanites and gabbros of ophiolite suite
(Grecula et al., 2009). This protolith underwent polyphase
metamorphism together with further rocks of ophiolite
suite (Figs. Se, 5f, 7a and 7b; Radvanec 1992 and 1994a).

Methodology of the study of polyphase metamorphism
Analytical works

Preferably the oriented samples from the outcrops of
the metaophiolite suite were taken in localities DobSin4,
Rudnany, Klatov, Strazny vrch hill, Jaklovce and Delava.
In locality Rudiiany the samples were taken underground
from the mine adit wall in the northern part of the ore
field (Fig. 3) in the adit segment from the Severna zila
(Northern vein) to veins Matej and Jakub (Gonda et al.,
1993). Further there were prepared polished thin sections
and separated zircons and apatite for geochronological
study (based on collaboration with Comenius University,
Faculty of Natural Science, Prof. M. Putis; Puti$ et al.,
2017). Samples were used also for the whole-rock ana-
lyses in Geoanalytical laboratories of SGUDS in Spisska
Nova Ves (Supplement 1).

Further mineralogical-petrological and structural
type, being studied in details, represented a contact zone
of metapelite/metasemipelite (gneiss) with interbeds of
amphibolites. In localities Klatov, Rudrniany and DobSi-
na the GAC often contains pseudo-interbeds of gneisses
and green amphibolites, thick only several centimetres,
so the GAC often acquires a banded structure. This detail
study intended to reveal the relics of older mineral assem-
blage, which in individual interbeds could be replaced by
younger more dominant metamorphic process.

Concerning the petrological and geochemical research
we have selected the rock type, having in all localities in
one thin section the same volume representation of these
minerals: quartz 30-40 vol.%, plagioclase 20-25 %, biotite
+ garnet 15-20 %, amphibole + chlorite 10-20 %, epidote
group 5-10 %, phengite - muscovite 5 %. Besides these
main minerals, the next important requirement was a pre-
sence of ilmenite + rutile + titanite + calcite + apatite and

graphite(?) (former organic material) in each investigated
thin section. The volume representation of this assemblage
did not overreached 3 %. The next important requirement
was that none of above minerals in thin section has to be
localized in younger veinlet than the matrix of the rock.
The individual rock samples were selected carefully with
the demand of petrographic and petrological certainty that
we investigate the same rock type in the whole spatial ex-
tension of the GAC, i.e. we investigate the same silicate
system in different places. Polished thin sections were
firstly studied by optical microscopy. According to clas-
sification by Hovorka and Spisiak (in Cambel, 1985) the
lithotype, we investigated, can be designated as the bio-
tite-plagioclase-, garnet-biotite-plagioclase- and amphi-
bole-plagioclase paragneiss. Despite, regarding the study
of metamorphic reactions and metamorphic zonality this
petrographic classification is inapplicable, because in the
GAC it does not classify the critical mineral assemblages
in metamorphic zones. It was the reason why we derived
the name of studied metamorphic rock from its protolith,
which besides the pelitic sediment (quartz, micas, clay
minerals * carbonates + organic substance) contained also
volcanic tholeiitic admixture (basalt?). Its presence in the
metamorphic rock is indicated by amphibole and chlorite.

Mineral assemblages were studied applying the scan-
ning electron microscope Hitachi S 550 with Kevex
energy-dispersive X-ray analytical system and programs
Magie V and Kevex 7000 in the Kyoto University. In the
majority of analyses we used the detector Kevex Si (Li)
with Be-window at accelerating voltage 15 kV and 300
picoampere electron beam, applying natural standards.

Next the minerals were studied in back-scattered elec-
trons (BSE) with detector GW-BSE, applying the scanning
electron microscopes Hitachi S 530 and S 550 at 20 kV
and ca 1000 pA.

Chemical composition of minerals, resp. mineral as-
semblages was studied by X-ray mapping, applying the
program Kevex Advanced Image. The mapping of chemi-
cal composition we did on appropriate plane during 12-15
hours at stable microprobe conditions. Based on this map-
ping we have selected appropriate places for quantitative
analysis. Later the chemical analyses of minerals were
completed by the microprobe Cameca SX 100 in the State
Geological Institute of Dionyz Star in Bratislava. Used
mineral standards: Ca - wollastonite, Mn - rodonite, Na -
albite, K - orthoclase, Cr - chromite. Synthetic compounds
were used for determination of the content of Ti, Al, Fe,
Mg, as well as BaF, for F. Analytical parameters: 15 kV,
intensity of beam 10 nA at analyses of carbonates or 20 nA
at analyses of silicates. The 1-5 um diameter of analysed
area changed in relation to mineral dimensions. Measuring
time of one element was 10 s or 25 s for F. Detection limit
together with an error 1-sigma for individual elements was
smaller than 0.05 wt. % (Supplement 2).



Fig. 5. Mineral assem-
blages of amphiboli-
te with graphite (C)
in GAC in the Klatov
locality. Ab+Zo — mix-
ture of albite and zoi-
site (decomposition of
former plagioclase); Ab
— albite; Ep — epidote;
Hbl - hornblende; Ed
— edenite, Cum — cum-
mingtonite, Chl — chlo-
rite; Ap — apatite; C
— graphite, Pl — plagio-
clase; Tnt - titanite; Act
— actinolite; Zo — zoisi-
te; Mnllm - ilmenite
with MnO content, Qtz
— quartz, Zrn — zircon.
Backscattered electron
images.

Ep/.AlﬁCzo\/

Mineralia Slovaca, 49 (2017)

KL-28-3 Kol2 11

__—Ep+REE

Klatov-R ko1 1 |—————n,0 55 547 ——= Klatov-R kol2 f1

Cum/Hbl/Act1

Klatov-R kol3 1

Fig. 6. Mineral assemblages of amphibolite in GAC in the Rud-
nany locality. Ab+Czo — mixture of albite and clinozoisite (de-
composition of former plagioclase); Ab — albite; Ep — epidote;
Hbl — hornblende; Ed — edenite, Chl — chlorite; Pl — plagioclase;
Tnt — titanite; Mnllm — ilmenite with MnO, Cal - calcite, Kfs —
K-feldspar. Backscattered electron image.
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Main minerals of GAC in localities
Klatov, Rudiiany and DobSina

Feldspars

In metasemipelite of GAC the plagioclase prevailin-
gly forms porphyroclasts, but also relic irregularly shaped
3-7 mm large porphyroblasts in the matrix (Figs. 6 and 7a,
b). Former porphyroblasts as well as porphyroclasts are of-
ten replaced by the metamorphogenic mixture of Ab/Czo
or Ab/Zo (Figs. 5, 6, 7 and 9).

In the DobSina metapelite/metasemipelite (gneiss) we
found plagioclase porphyroclast — either andesine/oligoc-
lase or albite (Fig. 8), occurring in assemblage with Png,
Grt, Bt, Chl and Qtz in the matrix. Pl porphyroclasts con-

Gneiss

Fig. 7. Mineral assem-
blages at the contact of
metapelite/metasemi-
pelite with the content
of graphite (C) and am-
phibolite in GAC in
the Dobsina locality.
Bt — biotite; Ab/Czo
— mixture of albite
and clinozoisite (de-
compositon of former
plagioclase); Ab — albi-
te; Pmp — pumpellyite;
Ep - epidote; Hbl —
hornblende; Chl - chlo-
rite; Ap — apatite; Png
— phengite, white mica;
Kfs — K feldspar; Grt
— garnet; C — graphite,
Pl - plagioclase; Tnt
— titanite; Py — pyrite;
Act — actinolite. Zo —
zoisite; Mnllm — ilme-
nite with MnO content.
Borehole - VD-47.
Backscattered electron
images.

tain inclusions of Pngl, Czo and Zo, sometimes also Qtz,
Ap and C - graphite (Fig. 7a, b). In the fractures of por-
phyroclasts the biotite has crystallized. Older plagioclase
porphyroblast (PI1), which crystallized in the tight vicinity
of garnet (Grt) and formed the assemblage with it, is dis-
tinctly zonal: core X = 0.33-0.47, contact X = 0.1-0.2
(oligoclase). Rarely the core has values around X_ = 0.24.
The margin of porphyroclast has a value X_ = 0.05-0.07
(albite). Younger porphyroblast (P12) of allotriomor-
phic shape is homogeneous, having in its various points
X, = 0.14-0.01. This porphyroblast is always in assem-
blage with Bt + Chl + Qtz. From the comparison of the
X, contents in Pll and P12 there follows that P12 has
crystallized during crystallization of the porphyroblast PII
margin, because the X_ value of PIl margin has similar
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value as porphyroblast P12. In the matrix of the DobSina
metapelite/metasemipelite (gneiss) the relic grains of the
plagioclase PI1 have X = 0.25-0.33 (oligoclase, Fig. 8).
In metapelite/metasemipelite to amphibolite from Rud-
nany, the plagioclase porphyroclast consists of non-zonal
grains in the mixture of plagioclases with X_ from 0.61
(labradorite) to albite of metamorphic origin (X, = 0.07;

Or

@ Klatov
v Rudﬁany
M Dobsina

g NN

A Andesine  Labradorite Bytownite Anorthite
Ab An
Fig. 8. Chemical classification of feldspars and plagioclases of
the GAC of Gemeric unit.

Grt M1 rim2
X:=0.42
Ab+Czo

Figs. 6 and 8). After metamorphic overprint the former
porphyroclast represents a mixture of Ab+Czo and conta-
ins also inclusions of small (<5 um) non-measurable phen-
gite grains. In the rock matrix, the metamorphogenic albite
together with Bt, Chl, Hbl and Qtz occurs in the form of
small non-zonal hypidiomorphic grains. Albite does not
contain inclusions. K-feldspar X = 0.98-0.99 occurs at
the rim of calcite or together with calcite and chlorite. This
mixture is younger than porphyroclasts of former plagioc-
lase and fills tiny fractures (Fig. 6).

In  metapelite/metasemipelite to amphibolite from
Klatov, the plagioclase occurs, similarly as in Rudnany
and Dobsina, in the form of porphyroclast (Pl), consis-
ting of various relics of plagioclases (X, = 0.16-0.26), or
it is formed of homogeneous grains of metamorphogenic
albite (X,, = 0.02). The porfyroclast contains inclusions
of Png and a mixture of Ab+Ep or Ab+Zo (Fig. 5). Some
former PI porphyroblasts in assemblage with amphibole
contain only epidote inclusions. In rock matrix we found
the hypidiomorphic albite grains (P12; X = 0.02-0.09) in
assemblage with Chl + Qtz. In the Klatov GAC, the albite
is often without mineral inclusions.

Garnet

Idiomorphic garnet grains large up to 4 mm were in
GAC found in Dobsina and Rudnany blocks. The garnet
grains do not form aggregates. They contain the inclu-
sions of quartz, graphite and rarely also zircon and ilme-

Fig. 9. Relation of garnet and
matrix in mineral assembla-
ge of G-A komplex in loca-
lity of Dobsina. Bt — biotite;
Ab+Czo — mixture of albite
and clinozoisite (disintegra-
tion of former plagioclase);
Ab - albite; Pmp - pum-
pellyite; Hbl — hornblende;
Chl — chlorite; Ap — apatite;
Png — phengite, white mica;
C - graphite, Pl — plagiocla-
se; Tnt — titanite; Py — pyrite;
Act — actinolite, Zo - zoisite;
¥ Mnllm — ilmenite with the
content of MnO, Grt — gar-
net; MO — ocean floor meta-
ot RS ety morphism, M1 — metamor-
RENCIIR  phism on hot line (Radvanec
rim2 et al., 2007 and 2010). c-d —
X atol garnet M1 around relics
of older garnet MO. Back-
scattered electron images.

DV-47-kol1 f2

Ab+Czo
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Fig. 10. Distribution of CaO in garnet of GAC in localities of Dobsiné and Rudiiany. Highest content — red. Smaller content — green.

Grt — garnet, Bt — biotite.

XCa
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Fig. 11. Chemical classification of garnet in GAC of Gemeric
unit. M0 — ocean floor metamorphism. M1 — metamorphism on
hot line (Radvanec et al., 2007 and 2010).

nite. In fractures of garnet there crystallized Chl, Bt, but
also Cal, Mn-Cal, Png and Ttn (Fig. 9). The garnet from
Dobsina has also the atol form, when on older garnet core
of MO, replaced by chlorite, a new garnet was grown in the
metamorphic process M1. Chemical composition of both
garnets differs (Fig. 9¢c-d).

In  metapelite/metasemipelite  from DobSina du-
ring the mapping of the garnet chemistry we have re-
vealed its distinct zonality. The Fe content decreases
from the garnet core (X_, = 0.615-0.718), through the
inner rim1 (X_, = 0.440-0.618; MO) to the outer rim2
(X, = 0.360-0.559; M1). On the contrary, content of
MnO (3.46-6.56 wt.%) in the core of the grain increases
in the inner riml (MnO = 6.19-9.44 %) and at the con-
tact of the grain with the matrix (outer rim2) it increases

to 5.19-13.11 wt.%. CaO content increases from the Grt
core (0.96-1.96 wt.%) through the inner riml (2.89-6.23
wt.%) to outher rim2 (7.90-11.03 wt.%). The changes of
X, - X, - X, from the Grt core to rim are visualized
in triangle diagram (Fig. 11). According to Banno et al.
(1986) the zonality in Mn content indicates the change
of temperature during the garnet crystallization, so the
core of Grt in metapelite/metasemipelite from DobSina
crystallized at higher temperature than its two rims. The
thin (30-50 mm) outer rim2 with high content of Ca + Mn
indicates that at the end of Grt crystallization there has
occurred the mutual interaction between the solid phase
and excess content of Ca + Mn in the fluid phase of the
rock. Ca-Mn rim is compact around the whole Grt, i.e. the
contents of CaO and MnQ, but also of MgO and FeO do
not change in any place. Concerning the metamorphic re-
actions it means that the crystallization of the assemblage
Bt + Chl + Qtz (matrix) did not influence the change of the
Ca, Mn, Fe, Mg contents in the Grt rim (Fig. 9). From it
derives that the prevailing part of the mixture of Bt + Chl
has crystallized simultaneously with the Grt core or inner
rim1 and before crystallization of the outer rim2. It means
that the Grt grain as a whole and the mixture of Bt + Chl
in the DobSin& metapelite/metasemipelite are not directly
coexisting minerals. The change of mutually conditioned
chemical composition among simultaneously crystallizing
Grt and Bt was described by Tracy (in Ferry, 1986; Spear
1995). He found that in interacting places in the shape of
“bays” the Fe and Mg contents changed in both minerals.
This change of chemical compositon among simultane-
ously crystallizing Grt + Bt we did not find in the DobSi-
n& metapelite/metasemipelite. We suppose that probable
coexistence of Grt(core) or Grt(rim1) with Bt (M0) was
obscured by crystallization of outer rim2 in younger and
time separated P-T system M1 (Fig. 9).

The atol type garnet does not occur in the metapeli-
te/metasemipelite to amphibolite from Rudiiany. During
the mapping of chemical composition of individual gar-
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Fig. 12. Chemical classification of dark mica in gneiss-amphibo-
lite complex of Gemeric unit and relation of both generations of
biotite Btl in matrix and Bt2 in garnet.
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net grains we revealed the homogeneous distribution of
the Ca content (Fig. 10), but also Fe in the garnet cores
(X, = 0.502-0.652) and rims (rim1; X_, = 0.572-0.671). In
garnet from Rudsiany only in one place there was found the
discontinuous younger rim2 thick 10x5 um, having identi-
cal content of elements (X_,= 0.512, MnO = 6.69 %, CaO
=10.08 %) as the rim2 in Dob3ina garnet (Fig. 11). The
garnet of the Rudrnany metapelite/metasemipelite origina-
ted at higher temperature than the garnet from DobSing,
because is homogeneous and has smaller content of MnO
(Figs. 10 and 11).

Biotite

We have indentified the Mg-Fe biotite (Figs. 12) in
GAC in the DobSina and Rudriany localities. The GAC in
the Klatov area does not contain biotite. In the matrix of
Dobsina metapelite/metasemipelite we found two biotite
modifications: Btl (A1 = 2.588-2.388) in assemblage
with Png1+Chl1+Qtz+Czo1; and Bt2 (A1V=2.921-2.615),
which crystallized with Chl2. Both alternate in the rock
matrix, and we have found them also in fractures in pla-
gioclase and garnet porphyroclasts (Figs. 9 and 12). The
Bt2 does not form the “interlayer” mixture with chlorite
and is chemically homogeneous (Fig. 12). The biotite in
the matrix of Rudiany metapelite/metasemipelite (gneiss)
has also two modifications: Btl (A1 = 2.486-2.541) in
assemblage with Chll + Qtz and Bt2 (A1 = 2.856) in as-
semblage with Hbl. Bt2 was identified also in the fractures
in plagioclase (Fig. 12). Biotite from both localities has Ti
within the range 0.11-0.27, besides part of Bt2 in garnet
from Dobsina (Ti = 0.352-0.389).

Phengite

The phengite-1 (Pngl), studied in the DobSina
metapelite/metasemipelite, occurs in porphyroclasts
Pll and P12 in inclusions large up to 20 pm. Phengite-2
(Png2) is present in the rock matrix in assemblage Qtz
+ Btl + Gtr + Chl, or in assemblage Chl + Ab + Czo +
Ttn + Cal. Phengite (Png2) was found also in fractures in
Grt. Two different phengites occur also in the Rudrnany
metapelite/metasemipelite to amphibolite. In the matrix,
the Pngl occurs in assemblage with Chl + Bt. Phg2 occurs
in assemblage with Hbl and Chl, as well as in fractures in
Grt. In metapelite/metasemipelite from Klatov there pre-
vails one generation of phengite, occurring in plagioclase
porphyroclast in inclusions together with Ep £ Zo. This
phengite has a chemical composition closest to muscovite
and according to relation Si versus Al (apfu) it is a product
of the highest metamorphic temperature in the whole in-
vestigated territory. Png2 occurs rarely (Fig. 13).

All three compared localities of the GAC contain two
chemically different phengite generations - Pngl and Png?2.
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Fig. 13. Chemical classification of white mica in GAC of Gemeric
unit and relation of phengite-1 (Pngl) and phengite-2 (Png2), as well

as core-rim in the matrix.

The phengite grains are sometimes zonal. The inner part
of the grain is formed of Pngl and rim of Png2. Part of
Png2 belongs among the youngest minerals in GAC. The
occurrence of phengite two generations was found in va-
rious mineral assemblages, chemical composition of Pngl
and Png2 changes in relation to metamorphic tempera-
ture and pressure. This change is sensitively reflected by
Al O, content, which in phengite/muscovite increases by
the increase of metamorphic temperature. The content of
Fe, Mg and Mn decreases with increasing metamorphic
temperature (Radvanec and Banno, 1991). All found for-
ms of phengitel have low content of celadonite molecule
(Si=3.03-3.15 apfu), which reflects the low-pressure con-
ditions of their origin in MO metamorphism. Phengite-2
has Si content within the range of 3.11-3.55 apfu, and ac-
cording this content it originated at conditions of younger
and timely separated medium-pressure metamorphism M1
(Fig. 13).

Amphiboles

In the amphibolite and metapelite/metasemipelite,
the chemically identical Ca-amphiboles were found in
substitution row between pargasite-hornblende and acti-
nolite (Fig. 14a). In all three investigated localities with
alternating amphibolite and metasemipelite interbeds,
in amphibolite interbeds there prevails the hornblende
above the pargasite-edenite hornblende to pargasite and
actinolite (Figs. 5-7). In the Klatov GAC we have iden-
tified also porphyroclasts composed of coexisting lamella
of cummingtonite-hornblende-actinolite-1 (Fig. 14b, d),
or cummingtonite-hornblende-pargasite/tschermakite-ac-
tinolite-1 (Fig. 16). These porphyroclasts were found
already ecarlier by Radvanec (1992). According to the
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place of crystallization, chemical classification and the
assemblage of coexisting minerals, the Ca-amphiboles
originated subsequently in timely separated metamor-
phic evets M0 and M1 (Fig. 14), or more precisely MO,
M1la and M1b (Fig. 16). All Ca-amphiboles (Hbl-Ed-
Prg, Act) have Na(M4) in the range of 0.019-0.144,
which indiates low glaucophane substitution in these
rocks. Such amphiboles originated at low to medium
pressures and have a value Na(M4) beneath 0.25
(Brown, 1977; Goodge, 1989).

In the Klatov metasemipelite, the hornblende (Hbl)
forms hypidiomorphic, chemically zonal grains in as-
semblage with Chl (Fig. 5). Hbl we found in porphy-
roclasts consisting of the mixture of coexisting and
homogeneous amphiboles Hbl + Cum in assemblage
with Pl + Czo + C. This porphyroclast sometimes en-
closes also Ap and Czo + C (graphite). Third form of
the amphibolite occurrence represents the porphyroc-
last of coexisting minerals Hbl + Cum + Actl (Fig. 51).
This porphyroclast occurs in the assemblage with Pl +

Chl + Ttn + Cal + Qtz. All above stated varieties of am-
phiboles were identified in one thin section. This allows
to reconstruct the P-T conditions of metamorhism of the
oldest metamorphism MO of the Klatov metasemipeli-
te-amfibolite. At relatively highest pressure there crystalli-
zed the core of the porphyroclast Hbl-Cum-Actl with Hbl
(A1 =1.485 and A1V' = 1.104). The Hbl rim crystallized
at lower pressure, because the Al value in the rim is lower
(A1v=1.026 and A1V' = 0.770). At the same pressure and
same time of Hbl margin crystallization there crystallized
also the porpyroclast of coexisting pair Hbl + Cum. Itis in-
dicated by the relation of values A1 - A1V' in Hbl, which
have the same values as the rim of porphyroclast with Hbl-
Cum-Actl (Fig. 16). The coexisting amphiboles Hbl +
Cum in porphyroblast have registered beside the low pres-
sure also the temperature of metamorphism MO, reaching
from 560 to 675 °C (Fig. 15). Earlier studies (Robinson
et al. in Veblen and Ribbe, 1982) revealed the crystalliza-
tion of the mixture of homogeneous cummingtonite and
hornblende grains at the metamorphism of epidotite-am-
phibolite to granulite facies. The most often it was found
in sillimanite-K-feldspar zone (Robinson and Jaffe, 1969).
Numerous authors consider such mixture of amphiboles
as direct geothermometer, which at low pressure of me-
tamorphism (2-3 kbar) indicates the temperature of their
crystallization between 600-650 °C (Robinson et al. in
Veblen and Ribbe, 1982). This study about the temperature
range of crystallization confirms that Hbl-Cum porphyrob-
last has originated in the amphibolite to granulite facies of
metamorphism (Figs. 5d and 15). Some MO porpfyroclasts
of Hbl-Cum contain lamellas of Actl to form the complex
Hbl + Cum + Actl porphyroblast (Fig.5f). The Actl in Hbl
+ Cum + Actl porphyroblast originates generally in re-
trograde metamorphic path as a crystallization admixture
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Fig. 14. Chemical classification of amphiboles in GAC of Gemeric unit. a) Classification of amphiboles from the substitution row
pargasite-actinolite. MO — older metamorphism, being represented by the field of hornblende and actinolite Actl. M1 — younger meta-
morphism, being represented by the field of edenite-pargasite and actinolite Act2; b) Chemical classification of cummingtonite (Leake,
1978). ¢) Contents of Ti vs. Si and trend of increase of the Ti content in relation to temperature of metamorphism with relative boundary
of low and medium pressure metamorphism in amphiboles. d) Relation of lamella of coexisting amphiboles of cummingtonite-horn-
blende-actinolite-1 in amphibole porphyroclast in Klatov locality - older metamorphism MO and chemical classification of younger
edenite-pargasite and actinolite-2 from metamorphism M1, occurring in the matrix.
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Fig. 16. Chemical classification of subsequent generations of amphiboles from the
GAC of Gemeric unit in older process M0 and two younger processes M1a and M1b.
MO — classification of amphiboles in porphyroclast from the substitution row cum-
mingtonite-hornblende-pargasite/tschermakite-actinolite-1 (Actl). Mla — field of
actinolite-2 (Act2), being in coexistence with pumpellyite, younger metamorphism.
M1b — field of amphiboles in substitution row edenite-pargasite (rim) envelops Act2
(core) or edenite-pargasite forms matrix of amphibolite, the youngest metamorphism.

at the pressure decrease from the upper
boundary of the greenschists facies up to
middle amphibolite facies (Sampson and
Fawcett, 1977). It was confirmed also
by the results of this study. The charac-
teristics of coexisting amphiboles Cum
— Hbl — Actl are for the amphibolite fa-
cies metamorphism of metasemipelite of
the GAC expressed in diagram R%*, Ca +
Na(M,) according to Robinson (in Veblen
and Ribbe, 1982; Figs. 14d and 16).

Pumpellyite

At the contact of amphibolite and me-
tasemipelite the relics of pumpellyite
were found in assemblage with Ab + Czo
+ Act2 + Pngl + Hbll + Kfs + C + Chl
(Fig. 7), being in coexistence with actino-
lite-2 (Fig. 7b). Pumpellyite often repla-
ces or corrodes younger Hbl2 (Fig. 7d, 1),
or is enclosed in younger epidote (Fig. 7c,
f). Pumpellyite contains Mg, according to
chemical classification (Fig. 17) it is pro-
jected into the field for natural pumpellyi-
te (Deer et al., 1997).

See text.

Fig. 17. Pumpellyite in Al-Fe-Mg diagram in the Dobsina loca-
lity.

Epidote group

In the metasemipelite of the GAC, minerals of epido-
te group have the non-zonal distribution of elements and
neither in one grain, nor in mineral aggregate a variability
of the values X_, = Fe*/(Al + Fe**) was found from the
core of the grain towards its margin (Nakajima et al, 1977,
Otsuky and Banno, 1990). Minerals of the epidote group
as inclusions occur in albite or relics of former plagiocla-
se porphyroclasts/porphyroblasts. The epidote group has
originated by the decomposition of former plagioclase to
Czo-Zo-Ep and Ab (Figs. 5, 6, 7 and 9). In the rock matrix
they form hypidiomorphic to allotriomorphic grains and
clusters. At the contact of amphibolite and metasemipeli-
te the younger epidote encloses older pumpellyite (Figs.
7 and 9a). The epidote group minerals occur in two sub-
sequent mineral assemblages:

In the matrix of the Klatov metasemipelite, the epidote
(Fe,0, = 7.32-7.96 %) was rarely identified. More often
it occurs in amphibole porphyroclasts Hbl + Cum, Hbl
+ Cum + Act, and mainly in the matrix there was identi-
fied the homogeneous clinozoisite (FezO3 =4.76 %, X, =
0.099), which has originated simultaneously with graphite
(Fig. 5¢). The Klatov metasemipelite contains in the for-
mer plagioclase porphyroclast (PIl) the epidote (Fe,O, =
7.67-7.99 wt.%; X, = 0.179). In this type of porphyroclast
the Png inclusions were not found. Other type of PIl por-
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phyroclast occurs usually in assemblage with Hbl + Cum.
There was identified the epidote + zoisite (Fe,O, = 0.08-2-
27 %, X, = 0.02). Both minerals crystallized as decompo-
sition inclusions (crystallization admixtures) together with
phengite-1 and albite.

Minerals of epidote group have in the Rudiiany meta-
semipelite the content of Fe,O, = 5.25-7.90 wt.% and were
found in the rock matrix in assemblage with Ap + Chl + Phg.
The non-measurable ca 5 um large grains were identified
also in the former porphyroblast Pll, which contains also
phengite of similar dimensions (Fig. 6). We were not able
to perform the quantitative analyses from these grains, but
semiquantitative analyses indicate the presence of zoisite
and epidote in this plagioclase. In the matrix of Rudiiany
metasemipelite the epidote (X, = 0.173) is in assemblage
with Chll + Pngl and clinozoisite (Czol, X, = 0.122) forms
here the assemblage with Ap + Btl + Grt + P12/Ab + Hbl.
In the matrix there was identified also clinozoisite (Cz02)
in assemblage with Chl2 + Ttn + Cal + Qtz.

In the DobSina metasemipelite there was identified the
zoisite and clinozoisite. Zoisite (X, = 0.011) occurs only
in former plagioclase porphyroblast together with Pngl.
Clinozoisite (Czol, X_, = 0.086) was found also in the form
of inclusions in older relic of former porphyroblast PIl. In
the rock matrix the clinozoisite Czo2 (X, = 0.078) occurs
in assemblage with Pngl, 2 + Btl + Chl+Ab, being a part
of this assemblage, which originated from the decomposi-
tion of former plagioclase P11 (Figs. 7 and 9).

Chlorite

In metasemipelite from DobSiné the chlorite occurs in
four assemblages. Totally 76 % of its volume is formed
by pycnochlorite. Chlorite most often occurs together
with biotite. In this assemblage both minerals are coexis-
ting and occur in two forms Btl + Chll (pycnochlorite)
and Bt2 + Chl2 (ripidolite), which mutually overgrow in
mineral aggregates. Aggregates together with Qtz + Phg
form the principal part of the matrix (Fig. 7). Also in the
matrix of metasemipelite there occurs the pycnochlorite
(Ch13) and ripidolite (Chl3) in assemblage with Phg3 +
Ttn + Cal + Czo2. In fractures of garnet and in the matrix
we have identified also pycnochlorite (Chl4), belonging to
the youngest minerals of the rock (Fig. 9). Pycnochlorite
(Chl4) crystallized at relatively higher pressure (A1Y'+2Ti
+Cr-1=0.207-0.311) as crystallized older pycnochlorite
(Chll and Chl3) and ripidolite (Chl2, AIM' - 2Ti + Cr- 1 =
0.306-0.364). The relation of A1V' - 2Ti + Cr - 1 and Mg/
(Mg + Fe) for orientation determination of the pressure at
the chlorite crystallization was used after Lariad in Bailey
(1988).

Chlorite from the Rudriiany amphibolite crops out
in several mineral assemblages (Fig. 6). From the total
amount of Chl, pycnochlorite forms 38 %. Ripidolite and
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pycnochlorite (Chl2) was found in the metasemipelite
matrix in assemblage with Hbl + Ep + Czo2 + Btl + Bt2
+ Ap + Phgl, 2 + Kfs + Cal. The youngest Chl represents
pycnochlorite (Chl3), which crystallized in the fractures
of plagioclase porfyroblast inside the fractures in garnet.
We have found it also in the matrix in assemblage with
Qtz. It crystallized at higher pressure as Chll, 2 (A1V' - 2Ti
+ Cr - 1 = 0.301-0.378). It was registered by the values
AIV'-2Ti+Cr-1-0.169 - 0.297 in Chl3, which are lower
than values of Chll, 2.

In the Klatov metasemipelite the chlorite (Chll) occurs
in assemblage with Hbll, in assemblage with porphyro-
clasts Hbl + Cum and Hbl + Cum + Actl and in assem-
blage with Czo + C + Ttn + Qtz (Fig. 5). Ripidolite (Chll)
is older as pycnochlorite (Chl2), which similarly as in
the Rudiany metasemipelite forms 38 % of the volume
of chlorite in the rock. Chl2 originated in higher pressure
(A1V' - 2Ti + Cr - 1 = 0.224-0.291) and crystallized also
on older low pressure ripidolite (Chll, AIV' - 2Ti + Cr - 1
= (.325-0.345). Chl2 has equivalent in Chl4 in the Dob-
Sind metasemipelite and in Rudiiany it corresponds to
Chl3. These chlorites belong to youngest minerals, which
originated in timely separated and younger metamorphic
process M2.

Other minerals

Among other minerals of the GAC there belongs tita-
nite, calcite and quartz. Calcite from Rudriany has higher
content of FeO + MnO + MgO = 7.20 wt.% as calcite from
Dobsina and Klatov and can be classified as Mn-calcite.
Carbonates were found in the rock matrix in the shape of
allotriomorphic clusters large up to 0.1mm and were found
also in fractures in garnet and former plagioclase porphy-
roblasts.

Approximately the same content of MnO = 4.55 wt.%
as calcite has also ilmenite, which together with rutile
belongs among the oldest minerals (Figs. 5, 6, 9 and 9).
In the process of polyphase metamorphism the ilmenite
was replaced to titanite (Figs. 5b, 6, 7 and 9). The titanite
analyses have low content of A1 O,, while Ttn has similar
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chemical composition in all studied localities.

Facies of gradual metamorphism in ACF diagram

According to metamorphogenic mineral assemblage,
the metapelite/metasemipelite to amphibolite of the me-
taophiolite suite of Gemeric unit in localities Klatov, Rud-
nany and Dob8ind was gradually metamorphosed firstly
in amphibolite facies (M0), next in pumpellyite—actino-
lite facies (M1a) and during the last event of polymeta-
morphism in epidote—amphibolite to amphibolite facies
(M1b). Three subsequent metamorphic events are accor-
ding to chemical composition of found metamorphogenic
minerals classified in CFA diagrams (Fig. 18a, b, c).
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Successive metamorphic events, overprinting relations
and kinematics in deformation stages
VD, (M0), VD,, (M1a) and VD,, (M1b)

The mineral assemblages in ACF diagrams (Fig. 18a,
b, ¢) were confirmed also by microtectonic researches.
Each successive metamorphic stage is accompanied with
corresponding deformation, recrystallization and kinema-
tics, produced by the stress field in particular geodynamic
processes (Fig. 18d). The succession of Variscan deforma-
tion events was numbered correspondingly with that of
metamorphic events - VD, (related to metamorphism MO0),
VD,, (Mla) and VD,, (M1b). Geochronological SIMS
data of the GAC (Klatov) yielded magmatic ages of zircon
in amphibolite ranging from ca. 410 to 380 Ma (Pultis et
al., 2009a).

Above described multi-stage ductile deformation of
the rocks of metaophiolite suite was revealed by the study
of spatially oriented thin sections, which corresponded
with the real situation of the rock in the outcrop. The duc-
tility of deformation was directly dependent on individual
metamorphic stages (cf. ACF diagrams in Fig. 18a, b, c):
Differing of two amphibolite facies overprints - MO (def.
stage VD) and M1b (VD,,), inbetween these two in tec-
tono-metamorphic succession there occurred the “harder”
(less ductile) overprint of cooler pumpellyite-actinolite
facies M1a (Fig. 18b; VD,,). In this paper, these overprin-
ting relations in the microscale we document on oriented
amphibolite sample from the Klatov metaophiolite body
(Fig. 18d): The hornblende (Hbl) MO porphyroblasts in
oriented thin section manifest sinistral overthrust shearing
during the VD, deformation phase at M1a metamorphic
conditions, producing their o-porphyroclasts. The shape-
-preferred orientation of these porphyroclasts indicates the
top-to-the SSW thrusting. This deformation stage in the
hornblende porphyroclasts terminated with the origin of
the fragments of brittle micro-cleavage, being parallel to

Dob3ina - Rudiany - Klatov

a)

Amphibolite facies .
Ocean-floor metamorphism

h)

Pumpellyite-actinolite

both - the elongation of these minerals and mesoscopic
foliation planes. The relics of MO plagioclases were de-
composed to mixture of Ab+Czo+Tnt, being abundantly
present in the matrix. At the end of VD, deformation due
to the switch of kinematics from thrusting top-to-the SSW
to unroofing towards the NNE there originated the vertical
brittle micro-fissures in the thin-section scale, being infil-
led with albite (Ab; cf. the middle of thin section).

The subsequent “softer” deformation stage VD,
in amphibolite facies (M1b; Fig. 18c) has produced the
extensional normal micro-faulting with the origin of fo-
liation planes, partly utilizing already existing earlier
VD, discontinuities. The extension along these VD,
foliation planes manifests well the unroofing kinematics
(top-to-the-NNE), similarly as transport of older mineral
fragments into opening spaces. The former vertical VD,
brittle micro-fissures were overgrown by new VD, assem-
blage of Ed/Prg + Ep + Act2.

2 Plagiogranite of the metaophiolite suite of gneiss-
-amphibolite complex at the Rudiiany village

Introduction

In the northern part of the zone of siderite veins in
the Rudiiany ore field - the area between Severna Zila
(Northern) vein and veins Matej and Jakub, we have found
during the study of GAC on 19th mining level the sample
of granite, occurring on the adit wall (area of ca 100 cm?)
within the amphibolite facies rocks as their integral part.
This occurrence of granite in GAC represents a local
phenomenon - other similar occurrence has not been
yet revealed (Figs. 1, 3 and 19). Prior the discovery, the
mine gallery was excavated by the tunneling machine and
therefore the whole segment of the gallery has excellent
strength and there is no need of the wall support. A great
advantage for the macroscopic study was that in the GAC

Epidote-amphibolite to amphibolite

c)

facies A facies
Kfs
+Qtz
M1a O M1b
Carboniferous \ Permian
\ Png2
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d)

M1a micro-fissure
infilled with albite
(Ab), being
overgrown / partially
replaced by younger
M1b assemblage
Ed/Prg+Ep+Act2

Real position

of thin-section
KL-254-A1

and microphotos
in the space

L | Micro-fissures with albite (
of M1a stage penetrate the older assemblages
: of M0 and M1a stages

Ductile deformation

of primary MO
hornblende (Hbl) during
sinistral shearing

% (overthrust) of the M1a
stage and subsequent
extension dextral ductile
unroofing in M1b, at the
end with formation

of brittle extension

Scale of microphotographs
| —
1000 pm

Fig. 18. Mineral assemblages and evolution of polymetamorphism of the GAC of the ophiolite suite of Gemeric unit in localities
Dobsina, Rudiiany and Klatov in ACF diagrams and concering the gradual recrystallization and origin of microstructures of M0, M1a
and M1b tectono-metamorphic stages. a - Ocean floor metamorphism - amphibolite facies MO; b - Pumpellyite-actinolite facies M1a;
c - Epidote-amphibolite facies to amphibolite facies M1b. d - Kinematics and sense of shearing in real recent coordinates are indi-
cated by the blue (M1a) and red (M1b) arrows. Individual microtectonic phenomena, manifested by microphotographs, are described
directly in the picture (part d) and in the text. Pl — plagioclase, Grt — garnet, Cum — cummingtonite, Ab — albite, Chl — chlorite, Png —
phengite, Pmp — pumpellyite, Ep — epidote, Act — actinolite, Prg — pargasite, Ed — edenite, Hbl — hornblende, Bt — biotite, Cal — calcite,
Kfs — K-feldspar.
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siderite veins

Plagiogranite

G-A complex

Fig. 19. Position of the plagiogranite sample in GAC on 19th mining level of
the Rudiiany ore field, 107 m a.s.1. For detail cross-section of the occurrence
see Fig. 3.

. . T
the excavated circular profile corridor 2

had very smooth walls. It allowed to
investigate the varieties and structural
relations between clusters of mine-
ral in the whole occurrence with the

Sample/Oceanic Crust

MW_

Petrographic description of plagiogranite

Optical microscopy proved that granite does
not produced any thermal effects on surrounding
amphibolite and crystallized with it in equilib-
rium (Fig. 20). The mineral composition of
plagiogranite: plagioclase (oligoclase), albite,
quartz, biotite, K feldspars (Kfs1, Kfs2), musco-
vite (Ms1, Ms2), chlorite, zoisite, epidote, rutile,
titanite, apatite, barite, chalcopyrite and calcite
(Fig. 21). The detail petrographic study revea-
led that crystallization of quartz and plagioclase
formed myrmekitic structure, and crystallization
of plagioclase with K feldspar formed the micro-
pertite (Fig. 21). The origin of micropertite we
interpret as mutually conditioned crystallization
of two immiscible silicate solutions containing
Na and K. The simultaneous crystallization of
both mineral pairs is generally interpreted as pet-
rographic evidence of crystallization from grani-

E?

ey, - |

confidence that all varieties and in-
homogeneities in amphibolite will be
documented properly.

Our new research has brought new
mineralogical, isotopic and age data,
significantly completing previous stu-
dy of plagiogranite and amphibolite in
this locality (Radvanec, 1994a, b).
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and comparison of chemical composition 2 [ Age373.6%4 Ma *"__homblernde
of plagiogranite with the host amphibolite. é ; €) Agefia) Plateau age 362553 Ma oo
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giogranite and host amphibolite are nor-
malised to oceanic crust and c) — to ocean
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Plagioclase-albite (Ab), muscovite (Ms), Qtz — quartz, Ep - epidote.
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Fig. 21. Relations of
minerals in plagiograni-
te of the GAC on the 19th
mining level of the Rudia-
ny ore field. a - Relation
of muscovite-1 (Msl)
with muscovite-2 (Ms2),
K feldspar, K feldspar-2
(Kfs2), rutile (Rt) and al-
bite (Ab). Quartz (Otz),
calcite (Cal) and U, Y infill
tiny fractures. b - Myrme-
kitic structure, originat-
ing during simultaneous
crystallization of quartz
and plagioclase (Ab/PI)
from the minimum granit-
ic melt. ¢ - Muscovite-1
infills biotite (Bt). d - De-
composition of plagioclase
to albite and zoisite (Zo).
Muscovite-1 is enveloped
by muscovite-2. e - Epi-
dote (Ep) envelopes mus-
covite-2 and calcite infills
the fractures in quartz. f
- K feldspar and albite in
the form of micropertite.
Albite crystallized simul-
taneously with K feldspar
from the minimum melt,
structure is a result of the
recent crystallization of
two immiscible compo-
nents with Na and K in the
minimum melt of granite
composition. Calcite in-
fills the fractures, being
present only in granite.
Ap — apatite, Btr — barite.
Backscattered electron im-
ages.

toid melt. Johannes (1989) considers the existence of P1 +
Qtz in the myrmekite structure as a sign of partial melting.
The contact of granite with amphibolite is formed with
epidote, plagioclase and quartz. In the immediate contact
of amphibolite with granite, the hornblende, plagioclase,
epidote, clinozoisite and quartz are present. Both mineral
assemblages have sharp boundary, being mapped in details
applying the quantitative chemical analyses (Fig. 20). In
minerals in the frame of one grain, or mineral assembla-
ge, we have not found any changes or extreme values in
the content and composition of elements. Minerals have
homogeneous chemical composition. Optical and macro-
scopic study of the position of sample within the mine
gallery has confirmed that mineral assemblages of granite
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and amphibolite crystallized in the same process and at the
same P-T conditions.

Procedure of the plagiogranite research

From the granite through the contact with surrounding
amphibolite we did the polished thin sections (Fig. 20).
Petrological characteristics, temperature and pressure of
crystallization of minerals in granite we have revealed
from quantitative chemical composition of minerals and
from the crystallization sequence of mineral assemblages
in granite. The results of P-T-x conditions of phase reac-
tions we have compared with the same characteristics in
the surrounding GAC.
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Fig. 23. Chemical classification of biotite in plagiogranite of GAC on

the 19th mining level of the Rudnany ore field.

Mineral composition of plagiogranite
Plagioclase

The plagioclase (X, = 0.229-0.295; oligoclase), oc-
curring in the middle of the plagiogranite sample, has
usually hypidiomorphic shape and the grain-size up to 1
cm. It is in assemblage with K feldspar, quartz, muscovite
and epidote. In other places between the core and margin

Andesine | Labradorite \IBytownite Y’;o,,;\
\/ AV \ K
An

Fig. 22. Chemical classification of feldspars in plagiogranite of GAC
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of the granite, the plagioclase phenocrysts consist of al-
lotriomorphic to hypidiomorphic grains and clusters of
albite reaching dimensions up to 1.5 cm with the value
X, = 0.012-0.062 (Fig. 22). The oligoclase-albite gra-
ins (X, = 0.050-0.210) contain inclusions of muscovite
exsolutions of 30 um dimensions (Fig. 21). At the im-
mediate contact with mineral phases of amphibolite the
plagioclase of granite - albite (X, = 0.029-0.063) oc-
curs in the form of allotriomorphic exsolutions (micro-
pertite; droplet shape) of dimensions up to 150 um in
K feldspar (X, = 0.020-0.033; Fig. 22).

K feldspar

Relatively older micropertitic hypidiomorphic
to allotriomorphic K feldspar An  ,Ab, ., .Or, ..,
(Kfs-1), occurring in clusters of dimensions up to 2
cm crystallized simultaneously with plagioclase (X =
0.020-0.033; Figs. 21 and 22). Recent crystallization
of two immiscible solutions with the content of Na
and K (micropertite) has occurred without binding of
the Ca (An,) content in solid phases of simultaneously
crystallizing PI and Kfs. Significant Na and K miscibi-
lity occurred during the pertite crystallization (Fig. 21).
Second relatively younger and usually allotriomorphic
form of K feldspar (Kfs-2) has in comparison with
older forms lower content of the albite molecule An
02ADg 5, 30r,, . and crystallized in matrix within an
assemblage of epidote + quartz + plagioclase + mus-
covite. The contens of BaO are in both Kfs generations
variable (0.14-1.44 wt.%).

Dark mica - biotite

In the granite matrix the dark mica forms irregular
clusters in assemblage with albite, muscovite, epidote,
plagioclase and K feldspar (Figs. 20 and 21). The grains
of the dark mica contain chlorite, muscovite-1, titanite
and calcite in the inter-layer lamella. The dark mica is
enveloped by muscovite-1 (Fig. 21). Chemically the
dark mica is homogeneous and represents a transitional
type between phengite and eastonite or annite and phlo-
gopite (Fig. 23).

Muscovite

Similarly as in the surrounding GAC (Ch. 1; Radvanec,
1992, 1994a), also in plagiogranite we have found che-
mically different phases of white mica (muscovite). The
oldest Ms1 crystallized in plagioclase as tiny inclusions
(Fig. 21). In the flakes in rock matrix there crystallized
Ms1 in assemblage Pl + Kfs + Ep + Qtz. Ms1 contains Fe
and Mg, so this form of the white mica can be classified as
phengite (Fig. 24). The size of chemically homogeneous
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Muscovite

ture of gradual crystallization of solid phases from
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Celadonite

the granite melt. Crystallization of these coexisting
minerals took place also in the intersection of the
phase curve of the melting of pelite saturated by
the water and the phase curve of the stability Ms +
Ab + Qtz = K feldspar +And + V-fluid phase at the
temperature around 650 °C. The muscovite-2 has
crystallized in gradually cooling granite, prevailin-
ly in subsolid and solid phases.

Chlorite

The pycnochlorite and ripidolite of the similar
chemical composition, as present in the GAC, sur-
rounding the plagiogranite (Radvanec, 1994a), we
have found also in the granite. Chlorite forms inter-

0.5 : ' :
3.0 33 35 38
Si (p.f.u, 0=11)

4.0 bedlamella with biotite and muscovite-2, which en-
close titanite. These minerals form aggregates large
up to 1 cm, having optical parameters of biotite.

4 | I 1
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Fe+Mg
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Muscovite

Celadonite

Epidote group

o Epidote - the main mineral of this group - oc-
curs in hypidiomorphic grains large up to 100 pum,
1  which often form clusters of the flake shape (Fig.
21). Grains and clusters are chemically homogene-
- ous. In the epidote in direction from the contact of
amphibolite with plagiogranite towards the middle
of granite in the distance of ca 5 cm the content of
X = Fe*/(Al+Fe*) increases from 0.2 to 0.3.
Epidote has crystallized in the assemblage Plg +
Kfs + Msl concordantly with the Bowen crystal-
lization succession of solid phases from the acid
magma. According this, directly from the melt there

0 I |
20 25 3.0 35

Si (p.f.u, 0=11)

Fig. 24. Chemical classification of the white mica in plagiogranite of the

GAC on the 19th mining level of the Rudrany ore field.

and well crystallized Ms1 in the granite matrix is up to
0.5 cm. Muscovite-1 crystallized after biotite, enveloping
it (Fig. 21c). Muscovite-2 represents the younger form of
the occurrence of white mica, forming the margin of the
muscovite-1. It was found also in veinlets with Cal and
Qtz and in assemblage with Bt + Tnt + Chl (Fig. 21).
Both generations of the muscovite-phengite row in-
dicate gradual cooling of the plagiogranite melt. At the
highest possible temperature, when a relative equilibrium
of the granite melt and subsolidus (existing crystalli-
zed solid phase) was in the system, the plagioclase with
inclusions of Ms1 has crystallized. We estimate that this
couple together with K feldspar and micropertite has re-
gistered temperature around 600-650 °C, i.e. the tempera-
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4.0 crystallized first the solid phases with the highest
content of Ca (Ca-Pl+Ep+Sph). Crystallization of
epidote in assemblage with Pl in plagiogranite was
conditioned by the content of Ca and Fe in the melt,
as well as Fe®** activity. The Fe content entered into
the granite melt probable from the rest of unbound Fe®*
from metamorphic reactions in surrounding amphibolite.
The metamorphic reactions in amphibolite have controlled
the crystallization of epidote group minerals with binding
of Fe* on the epidote-clinozoisite row, and locally also
to hematite (Radvanec, 1992, 1994a). In the plagiograni-
te there occur the zoisite together with albite, being se-
parated from epidote. This assemblage of zoisite-albite is
metamorphogenic and originated in plagiogranite by the
decomposition of former plagioclase (Fig. 21b, d).

Titanite

In plagiogranite we found frequently occurring titani-
te, crystallizing among biotite lamella in tiny allotriomor-
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phic grains large up to 20 um. Only in one case we have
found in the assemblage Bt + Chl + Ms + Cal the titanite
of dimensions 250 um, which fully replaced the former
ilmenite. The exchange reaction of the ilmenite recrystal-
lization to titanite took part perfectly with the participa-
tion of Si and Ca in the early phase of crystallization of
minerals from the granite melt. The same exchange was
found in the distance of 1 cm from the contact of granite in
amphibolite with hornblende. The exchange of ilmenite to
titanite in amphibolite did not take part perfectly, because
the ilmenite in the centre of titanite is well preserved. Ti-
tanite in plagiogranite has low content of A1,0,and simi-
lar chemical composition as titanite in surrounding GAC
(Radvanec, 1994a).

Calcite

Calcite was found in plagiogranite most often in the
assemblage with Ms2 and Qtz, forming young up to 1 cm
long and several um thick veinlets, occurring only in gra-
nite, but not entering into the surrounding amphibolites
(Figs. 20 and 21). Allotriomorphic form of calcite is en-
closed also in titanite. In the rock matrix the calcite has
crystallized in the similar form together with chemically
pure chalcopyrite in assemblage with Ms2 + Kfs2 + Qtz.
In all forms the calcite is without more important content
of Fe, Mg and Mn.

The sequence of crystallization of mineral
assemblages in plagiogranite

Plagiogranite is characterized with this sequence of
crystallization of mineral assemblages:

A) P1 + Qtz + Msl + Kfsl + Bt + Tnt + Ep

(OLIG ALB)
B) Msl+Pl, . +Qtz+Kfs2+Czo+Bt+ Cal + Ms2 +
Ab + Zo + Qtz + Cal + Chl + Ccp

Our petrographic and petrological studies revealed that
part of mineral assemblage A has crystallized directly from
the melt and in “magmatic phase” of granite crystalliza-
tion it represents the highest temperature stage. At the end
of solidification of the granite melt, i.e. at the beginning
of subsolidic crystallization during gradual cooling there
crystallized other part of minerals of the mineral assem-
blage A: Msl + Bt + Tnt + Ep. The mineral assemblage
B crystallized in subsolidic stage and the end of crystal-
lization from the minimum melt is represented by third
group of minerals - C, representing in granite the subsoli-
dus to solidus stage of crystallization and metamorphism
due to the decomposition of former oligoclase to albite
and zoisite.
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The often occurrence of titanite and calcite in plagio-
granite together with epidote indicates the Ca excess in
the granitic melt. At the beginning of direct crystallization
from the melt, Ca was bound in plagioclase. During the co-
oling in subsolidic and solidic stages, there became domi-
nant the Ca binding to carbonate, because in the gradually
cooling crystallization system the phase silicate reactions
changed to reactions, where CO, was applied. This change
caused the crystallization of carbonates in the rock matrix
in the final stages of granite crystallization and finally also
in fractures. The relation of granite mineral assemblages
visualizes the phase diagram (Fig. 25).

Crystallization of AKF mineral assemblages

The oligoclase inclusions in Kfs (micropertite), inclu-
sions of Msl in PI, perfect conversion of llm to Tnt and
crystallization of small Ep clusters in the granite matrix
(mineral assemblage A) we interpret as the initial crystal-
lization of the mineral assemblage in the AKF system (A
=A1,0,+Fe,0, K=K0, F=FeO + MgO + MnO) from
the minimum melt (Fig. 25). The crystallization of matrix,
i.e. part of the assemblage B — Ms2 + Pl + Bt + Kfs we in-
terpret as the last stage of the existence of liquid in the AKF
crystallization system. This mineral assemblage crystal-
lized also in the subsolidum state, when the chemical com-
postion of minerals formed from the A melt has changed.
Itis e.g. the change of the Mg and Fe content in muscovite,
content of Or molecule in K feldspar or change of X in
plagioclase. In the subsolidic state there crystallized also
remaining minerals of asemblage B (Czo + Cal). All AKF

A

Pl

Celadonite

Phli it

KAI=Kfs W F
Fig. 25. AKF diagram depicts the position of the white mica
(Ms1 and Ms2), dark mica (Bt) between phengite and eastonite
and the position of feldspars (Kfs, Ab, PI).
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minerals in mineral assemblage C crystallized in the gra-
nite subsolidic state. Biotite and chlorite are not - as we
have already mentioned - the coexisting minerals, because
they have different ratios Mg/(Mg+Fe) (Bt = 0.36, Chl =
0.55). Muscovite-2, occurring with Bt and Chl between the
lamella of both minerals (Fig. 21), has this ratio 0.45. It is
a value between the marginal values of Bt and Chl and it
indicates the partial exhange of biotite to chlorite and Ms2,
which took part at the end of the granite subsolidic crystal-
lization, together with further minerals of C assemblage
(Fig. 25).

P-T-x phase equilibria in subsolidic phase of granite
crystallization

P-T-x conditions of the stability of phase equilibria
and the sequence of crystallization of minerals after direct
crystallization from the granite minimum melt we have
modelled in the subsolidic crystallization stage applying
the Geocalc program (Berman, 1987). The input condi-
tions of the modelling were:

3. Element assemblage found in minerals: Si, Al, Fe, Mg,
Ca, Na, K, O, Hand C.

Mineral assemblage, i.e. the end members, which were
found in the subsolidic stage mineral assemblage: al-
bite + quartz + clinozoisite + calcite + K feldspar +
phlogopite (Bt) + muscovite + clinochlore (Chl) + H,0O
+CO,.

The composition of the fluid phase H,O + CO, was in
the ratio 0.6 H,0 + 0.4 CO,. An estimate of this composi-
tion was derived from the composition in secondary fluid
inclusions. The calculated stable crystallization reactions
1-5 are as follows:

4,

3Chl + 8Kfs = 9Qtz + 5Bt + 3Ms + 4H,0;
P=3.5Kb, T =460-470 °C (1)
32Cal + 9Chl + 15Ms + 21aQtz = 16Czo + 15Bt + 28H,0
+32C0,;

P=1.7-4 Kb, T = 470-540 °C ()
4Cal + 3Chl + 5Kfs = 2Czo + 3aQtz + 5Bt + 6H,O + 4CO,
P-0-4 Kb, T = 420-555 °C (3)

12Cal + 6Chl + 3Ms + 7Kfs = 6Czo + 10 Bt + 14 H.O +
12CO,

P=0-1.7 Kb, T = 440-470 °C 4
4Cal + 3Ms + 6aQtz = 2Czo + 3Kfs + 2H,0 + 4CO,
P=0-1.7 Kb, T =430-470 °C (5)

The optimum course of these reactions at constant
pressure 3 kbar is related on the change of mole fraction
X(CO,) in fluid phase at 400-530 °C. The stability of
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reaction 1 is related on the decrease of temperature from
500 °C to 400 °C, when simultaneously increases the mo-
lar fragment X(CO), in reacting fluid phase. Reactions 3
and 5 relate on change of X(CO,) and run optimum at con-
stant temperature 490-530 °C. At the constant temperature
of 500 °C there was calculated the optimum pressure of
the phase reactions 2 and 5 2-2.8 kbar. Reaction 1 took
part at the temperature of 500 °C in tight pressure field
0.5-2.6 kbar and at very low molar fragment X(CO,) in
fluid phase.

Reactions 1-5 represent the lower P-T limits of the
stability fields of solid phases of crystallization of mine-
rals in the subsolidic to solidic stage of the granite. Part
of mineral assemblage B and C (Czo+Qtz+Bt) from the
reaction 3 originated at higher temperature, as is its course,
namely at the boundary of granite solidus (580-600 °C).
This limit in similar P-T conditions (P =1 to 3 kbarand T
= 500-750 °C) of the granite melt crystallization with the
H,O, F and B content was experimentally determined by
Pichavant et al. (1987). Crystallization of minerals in sub-
solidic stage took part under the control of the fluid phase
with the content of CO_+H, O+H_S. The presence of H,S
in final crystallization stages of the granite solid phases is
indicated by chalcopyrite. The stability of Ep to Czo with
Bt (reaction 2) and Ep to Czo with Kfs (reacion 5) reached
in the area of the highest pressure of the subsolidus to so-
lidus crystallization system P = 2-2.8 kbar. At the decrease
of the pressure beneath the 2.5 kbar to 0.5 kbar the mine-
ral assemblage biotite + muscovite + quartz is not stable
(reaction 1). The stability conditions of crystallized mine-
ral assemblage B and C were similar as P-T-x conditions
of the origin of mineral assemblages in the regional meta-
morphism of epidote-amphibolite to amphibolite facies or
biotite zone (Radvanec, 1994 a, b), which we have found
in amphibolite surrounding the plagiogranite (see Ch. 1).
The crystallization reactions leading to origin of mineral
assemblages in the subsolidic stage of the granite took part
at the pressure decrease of regional (orogenic) metamor-
phism from 3 kbar to 2.8 or even to 2 kbar at the ocean
floor metamorphism. During the temperature and pressure
decrease in the retrograde branch of regional metamor-
phism, which in this stage had the same P-T conditions
as solid stage of granite, partly the high-temperature solid
phases (Kfs+PI+Bt) from the mineral assemblage A and B
were replaced by mineral assemblage C (Chl+Qtz+Ms-2)
according to reaction 1.

The estimate of P-T conditions of the origin
of minimum melt of granite composition
in amphibolite facies regional metamorphism MO

Estimation of P-T conditions of the origin of the mi-
nimum melt of granite composition in amphibolite with
hornblend was derived from the stability of mineral assem-
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blages in calculated P-T-x conditions of the phase reac-
tions in the subsolidus and solidus stages of crystallization.
These reactions describe the “coolest” part of the granite
genesis in the solid state. The crystallization sequence of
the mineral assemblages A, B and C represented the next
limit, which provides an information about the genesis and
crystallization state in plagiogranite immediately after the
origin of minimum melt from the beginning of its soli-
dification to the end of plagiogranite crystallization. The
determination of P-T conditions of the origin of the melt is
limited by the boundaries of P-T-x conditions of the phase
reactions in the epidote-amphibolite to amphibolite facies
or biotite zone of regional metamorphism, being studied
in details in individual varieties of metamorphic rocks of
GAC in the surrounding of the granite (c.f. Chs. 1 and 6).
Only by this study there was firstly possible to distinguish
the gradual metamorphic events in GAC and therefore the
melt stage and subsequent subsolidus stages of the plagio-
granite are included into the oldest metamorphic event MO
(Devonian-Lower Carboniferous). The subsolidus stage
is an equivalent of epidote-amphibolite or biotite zone of
metamorphism MO. Radvanec (1994a) derived from it the
temperature in the lower boundary: 530-580 °C and low
pressure. Regarding the fluid phase, the metamorphism
MO represents an open system. The upper temperature
interval of the subsolidus stage of plagiogranite is borde-
red by cummingtonite zone of amphibolite facies MO at
T = 600-640 °C and pressure 1 -2 kbar (Radvanec, 1992).
In the amphibolite from the northern part of the Rudna-
ny ore field we have not find the mineral assemblages of
cummingtonite zone. Therefore the origin of the minimum
melt of granitic composition by partial melting of amphi-
bolite with hornblende was limited only by the P-T condi-
tions of amphibolite facies, i.e. temperature about 650 °C
and simulaneously tight pressure interval of 3.0-3.5 kbar.
The melting of amphibolite proceeded in its temperature
and pressure peak. Besides the found P-T-x conditions de-
rived from subsolidus stage, the upper P-T boundary of
melting was limited by the intersection of the phase reac-
tion of melting of metapelite saturated with water (Huang
and Wyllie, 1975; Thompson and Algor, 1977) and phase
reaction Ms + Ab + Qtz = Kfs + And + V (Thompson,
1974). We have not find the simultaneous crystallization
of Ms and PI (Ab) in the plagiogranite. The intersection
is on boundary T = 640-650 °C and P = 3-3.5 kbar. The
lower P-T boundary, at which in crystallizing system still
can exist or there originates the granite melt, was experi-
mentally found by Pichavant et al. (1987) to T = 580 °C.
Experiments by Pichavant et al. (1987), Manning and Pi-
chavant (1984) with crystallization of granite melt having
higher content of B, F, (Li) and H,O have demonstrated
that the presence of these elements in the melt lowers the
eutectic point from 650 °C by 30 or even by 130 °C, resp.
there is stated the temperature of the local existence of low
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temperature granite melt at 3 kbar and 550-580 °C. The oc-
currence of tourmaline and locally also fluorite in GAC of
Gemeric unit is widely known in the matrix of individual
rock varieties and short veins with quartz.

All above stated findings prove that the minimum
and anatectic melt of plagiogranite compostion from the
local partial melting of amphibolite with hornblende has
originated on upper limit of MO amphibolite facies meta-
morphism in the temperature range 650-700 °C and tight
pressure field P = 3-3.5 kbar, while the last melt stage was
at the subsolidic boundary around T = 580 °C.

Rb-Sr isotopic data from plagiogranite

The Sr isotopic analyses were performed on separated
minerals: two populations of K- feldspar (according to op-
tical characteristic and colour), biotite (partly chloritized,
but manually separated under binocular microscope, puri-
fied in agate mortar with methanole and repeatedly cleaned
ultrasonically), plagioclase with the share of unseparated
quartz (overgrowth) and amphibole (hornblende) from the
host rock that is the contact of amphibolite and granite.

The concentration of Rb and Sr in mineral samples (P,
Kfs1, Kfs2, Bt, Hbl) were obtained by ID method accor-
ding to the standard laboratory procedure. Sr isotopic com-
position was measured on VG 54E MS installed at ING
PAN, Warsaw. Used decay constant for Rb =1.42x10Y/a,
8Sr/%8Sr = 0.1194. Raw data were adjusted to NIST 987
standard #Sr/®Sr = 0.710248 (sce tables in Fig. 20d).

The ordinary regresion analysis is shown in Fig. 20d.
The linear correlation of the analytical points on the Rb-Sr
graph does not really meet the criterion for true isochron
acoording to Isoplot version (Ludwig, 2003). Two variants
of linear regresions can be obtained: The first variant as-
sumes that the Hbl from host amphibolite is isotopically
equilibrated with PI, Kfs1, Kfs2 and Bt (minerals of pla-
giogranite), resulting in an initial 8Sr/%Sr ratio = 0.7051.
The slope of that regression corresponds to the age of
373.6 Ma. The second variant of regression is calculated
only for plagiogranite minerals without the Hbl influence
of values. The Hbl related to main minerals of the host
amphibolite. The calculated intercept of the plagiogranite
regression is equal to 0.7033 and corresponds to the age
of 374.5 Ma. The obtained #’Sr/%Sr = 0.7033 is the typical
MORB value showing the “MORB-source” of magma to
form the plagiogranite during Devonian in the oceanic rift.
(Fig. 20e).

The plagiogranite initial ratio of 8Sr/®Sr = 0.7033
represents the lowermost value in the frame of Western
Carpathian granitoids. The second lowermost value ma-
nifested the Tribe¢ tonalite (0.7055; Cambel et al., 1990).

The initial ratio 8Sr/%Sr = 0.7033 vs. the age 374.5
+ 4 Ma is very close to the boundary of the mantle and
the basalt field. The mutual interaction of the mantle melt,
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basalt melt of MORB type and oceanic crust can be best
explained by the model of oceanic rift. From this mutual
interaction there is possible to derive the fractionation of
“plagiogranite melt” in the oceanic rift with the 8 Sr/8Sr
isotopic ratio = 0.7033.

The Rb/Sr analysis of separated hornblende from am-
phibolite (immediate surrounding of plagiogranite) is iso-
topically not exactly reequilibrated with plagiogranite.
It means that no gneisses from the GAC represented the
source of granitic melt, but it was the mixture of mantle
rocks and oceanic crust (i.e. amphibolites). The melting of
the mantle rocks and differentiation of magma could occur
in the oceanic rift during the ocean floor metamorphism
MO. Besides Rb-Sr analyses, from the same separated
hornblende there were done also analyses of Ar isoto-
pes (Fig. 20¢). The “Ar/*Ar analysis were performed at
CEAL laboratory (GU SAV, Bratislava) according to the
standard laboratory procedure (see e.g. Putis et al., 2009b).
The highest amount of deliberated argon, around 80 %,
gave the “plateau” age of 362.5 Ma + 5.3 Ma, which can
be supposed as the age of degassing or the cooling age
of hornblende at cca 550 °C. From it results that the age
of melting out of plagiogranite 373.6 + 4 Ma corresponds
with the solidification of the granite melt and the melt must
originate at temperature about 650 °C but not more than
700 °C. The cooling age 362.5 Ma of hornblende (app.
Devonian-Lower Carboniferous boundary), registered at
550 °C and represents the terminating of the melt interac-
tion with the ocean floor metamorphism in the Early Pa-
leozoic rift. However a rough evidence for reequilibrium
of horblende indicates the Permian ages (cca 250-300 Ma)
at the beginning of cumulative % Ar released values (Fig.
20e).

Geochemical characteristics of the whole-rock
analyses and geotectonic background of the origin
of amphibolite and plagiogranite

Normalized contents of the trace elements and norma-
lization of the REE contents confirm the origin of plagio-
granite and surrounding amphibolite in the rift in oceanic
crust (Fig. 20a; Supplement 1). The plagiogranites are cha-
racterized by the positive Eu anomaly and the course of the
elements content from Rb to Yb in normalization to gra-
nites originating in the oceanic rift (Fig. 20c). Normalized
trends of the contents of elements of both rocks - amphi-
bolite and plagiogranite - are parallel and in plagiogranite
are systematically lowered (Fig. 20b). Both these trends
are equally enriched by Cs, Rb, Ba, U, Pb and B in the
host amphibolite and in plagiogranite. The plagiogranite is
deficient in Sc in comparison to amphibolite, as well as to
normalized oceanic crust (Fig. 20b). Systematic lowering
of the normalized contents of elements in plagiogranite
in comparison to source amphibolite we explain by the
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depletion after partial or anatectic melting of amphibolite,
from which the granite melt has originated. New “plagiog-
ranite” melt has preserved in lowered trend of normalized
IE contents, which are well comparable with the protolith
(amphibolite). The source of granite melt from the am-
phibolite melting is demonstrated not only according to
isotopic data, but also according to the comparison of IE
contents normalization to amphibolite and oceanic crust
(Fig. 20).

3 Metamorphosed gabbro at Jaklovce, Delava and
Dobsinad

The metagabbro in localities Jaklovce (N48° 52.763'
E20° 59.787"), Delava (N48° 48.940" E20° 32.664") and
Dobsina (N48° 50.149' E20° 23.523") represents a part
of the Paleozoic metaophiolite suite in Gemeric unit, to-
gether with GAC, plagiogranite and serpentinite. In first
two localities, the metagabbro was revealed in the field
in tectonically isolated blocks. In locality of Dobsina the
metagabbro crops out in the southern part of GAC. The
location of metagabbros occurrences is provided by Ch.
1. Geochemical proofs for enlistment of this metagabbro
into the metaophiolite suite provides Ch. 6, the mineralo-
gical-petrographic-petrological evidences are presented in
this chapter.

Metamorphosed gabbro to amphibolite
at the Jaklovce village

In position NW and SE of Jaklovce two metagabbro
blocks were verified by mapping, being in tectonic contact
with surrounding rocks. The metagabbro from the Jaklovce
locality, described in this paper, locally encloses the violet
jaspilites, belonging to Lower variegated volcanic horizon
of Early Paleozoic rift (cf. Grecula et al., 2009, 2011). The-
se local enclosures differ from Mesozoic violet radiolarites
located in the close vicinity of our studied occurrence. The
Early Paleozoic rhyolites and dacites were also revealed in
position above the studied metagabbro. It was surveyed al-
ready earlier by boreholes, shafts and exploration adits be-
cause of their close position to metaperidotite-serpentinite,
which is supposed here to be a part of the tectonic block
of Meliatic unit (Fedor and Tomko, 1968; Zlocha et al.,
1980). Kamenicky (1957), Fedor and Tomko (1968) and
Zlocha et al. (1980) described the metagabbro at Jaklovce
as paleobasalts or diabases. Mineralogical and petro-
logical investigation revealed that this rock contains the
multidirectional phenocrysts of augite and plagioclase and
the crystals have often an acicular habitus (Fig. 26a, d).
The metagabbro contains primary “magmatic” and sec-
ondary “metamorphogenic” assemblages (Figs. 26 and
27). Magmatic assemblage consists of augite (TiO, =
0.46-1.75 wt.%; FeO = 7.48-21.28 %), plagioclase (lab-
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Fig. 26. Relation of minerals in polymetamorphosed gabbro from the Jaklovce locality. Aug - augite, FeAug — augite with the content of
Fe, Pl — plagioclase, Ab — albite, Chl — chlorite, Tnt — titanite. Png — phengite, Mnllm — ilmenite with the content of Mn, CrSpl — chro-
mite-Mg-chromite, Cp — chalcopyrite, TiAug — augite with a high content of Ti, Pmp — pumpellyite, Czo - clinozoisite, Ep — epidote,
Act — actinolite, FeAct — actinolite with the high content of Fe. Backscattered electron images.
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Fig. 27. Relations bet-
ween minerals of the
Jaklovce metagabbro in
backscattered electrons.
Magmatogenic minerals:
augite (Aug), Fe augite
(FeAug), chromite (Cr-
Spl), labradorite (PI),
Mn ilmenite  (Mnllm)
and apatite (Ap). Me-
tamorphogenic ~ mine-
rals: titanite (Tnt), albite
(Ab), clinozoisite (Czo),
chlorite (Chl), phengite
(Png), Ti garnet (TiGrt)
and chalcopyrite (Cp).
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Fig. 28. Chemical classification of clinopyroxenes in triangle diagram En-Fs-Wo in localities Jaklovce, Delava and DobSina. Polymeta-
morphosed gabro of the ophiolite suite of Gemeric unit.
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Fig. 30. Chemical classification of Mn ilmenite and hematite
from the Jaklovce metagabbro in classification triangle diagram.
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Fig. 29. Chemical classification of chromite from the Jaklovce Fe (tOtaI) 9
locality and Ti of maghemite from the DobSina metagabbro. Fig. 32. Chemical classification of pumpellyite from the Jaklovce
and Delava metagabbro in triangle diagram Fe-Mg-Al.
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Fig. 31. Chemical classification of feldspars from the Jaklovce, Delava and DobSina metagabbro in the classification triangle diagram
Ab-An-Or.
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Fig. 33. Relations among minerals of the Jaklovce metagabbro - amphibolite in backscattered electron images. Former metagabbro

was totally recrystallized to amphibolite. Actinolite (Act) — Fe actinolite (FeAct), epidote (Ep), titanite (Tnt), albite (Ab), chlorite (Chl),
calcite (Cal), hematite has a shape of former magnetite (Mag), a - Ti hematite (TiHem) - detail of the former shape of Ti magnetite is

shown also in further Figs.
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Fig. 34. Chemical classification of white mica in polymetamorphosed
gabbro of the ophiolite suite of Gemeric unit in localities Jaklovce,
Delava and DobSina. Pngl — first generation of phengite. Png2 — se-
cond generation of phengite. Recalculation of chemical composition

on O =11.
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and rutile. According to chemical classification of augite
and chemical classification of Mg chromite-chromite
and Mn ilmenite the former gabbro represented originally
the pyroxene-plagioclase cumulate, which crystallized in
oceanic rift (Figs. 28 and 29). According to chemical clas-
sification of the chromite, the former gabbro originated
from the melt of the MORB type (Fig. 29).

The metamorphogenic mineral assemblage originated
during the gradual polyphase recrystallization of gabbro:
Fe augite-hedenbergite replaces at the margins magmatic
augite, next it consists of titanite, pumpellyite, clinozoisite,
epidote, albite, actinolite — Fe actinolite, Ti hydroandradite,
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phengite, chlorite, hematite — Ti hematite, chalcopyrite
and pyrite. Mn ilmenite is at margin replaced to titanite
(Figs. 26 and 27) and a substantial part of titanite in
the rock is a result not only of replacement of Mn il-
menite but also former rutile. According to chemical
classification of amphiboles two generations of acti-
nolite have originated, being divided according to suc-
cessive metamorphic events in Fig. 37. We have found
two generations of the white mica, occurring with albite
(Fig. 34). According to metamorphogenic mineral as-
semblage, the gabbro was successively metamorphosed
firstly in pumpellyite—actinolite facies (Mla meta-
morphism), then in epidote—amphibolite facies (M1b)
and then in retrograde greenschist facies (M2). These
gradual metamorphic events were according to chemi-
cal composition of revealed metamorphogenic minerals
classified in CFA diagrams (Fig. 42). Metamorphism in
the frame of individual metagabbro blocks has differing
intensity. In the NW part of the metagabbro body in the
area of tectonic contact with limestone, the metagabbro
is nearly totally recrystallized to actinolite amphibolite
(Fig. 33). Due to tectonic overprint of the rock, this
prevailingly fine-grained amphibolite has macroscopic
and petrographic signs of “pseudobedding”, pseudo-
lamination or schistosity, being by earlier authors inter-
preted as signs of primary effusive basalt, tuffite.

Age of the gabro at Jaklovce

The age of the metagabbro was revealed by U — Pb
(U-PB SIMS SHRIMP) method, applied on separated
zircons (Putis§ et al. 2011). The results significantly con-
tributed to reconstruction a geotectonic model a meta-
gabbro at Jaklovce.

The age of subsolidic or magmatic zircon in the me-
tagabbro is 342 and 359 Ma. The zircon from the meta-
gabbro contains in samples also relic of the zircon core
old 490 and 505 Ma. According to mineralogical-pet-
rological study the metagabro in the magmatic stage

was a part of oceanic crust. The zircon age determines the
Lower Carboniferous termination of magmatic activity of
a mid-oceanic ridge. In earlier geological maps, or even
the recent ones (e.g. Grecula et al., 2009), this metagabbro
was considered to be a part of the Triassic-Jurassic oceanic
crust of Meliatic unit. Similarly also the zircon Carboni-
ferous age from this rock was interpreted as represented
the hereditary grains, entering to the Triassic basalt magma
from unknown Carboniferous source. These Carbonife-
rous zircons were found in two different samples of the
metagabbro from Jaklovce area. Question is, why only the
Carboniferous zircons have entered into the Triassic basalt
magma, when sedimentary rock of the same Triassic age
contains mainly the Permian and older zircons (Ch. 7).
These detritic zircons should be present similarly also in
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Fig. 35. Relation of minerals in polymetamorphosed gabbro from the Delava locality. a — Porphyroclast of magmatic diopside (Dil)
on the rim replaced by actinolite (Act). Albite is present in fractures and matrix. Squares — details in parts b and ¢ of this Fig. b — Diop-
side-2 replaces the diopside-1 in individual fractures or it is replaced together with Ab and actinolite-1 (Actl) or edenite (Ed). Chl
— chlorite infills the individual fractures in Dil, Tnt - titanite, Py — pyrite. ¢ — On the margin of Dil the assemlage pumpellyite (Pum)
with Actl fills the fractures and younger pargasitic amphibole (Prg) rims Actl at the contact with the matrix. Ap — apatite. Tnt — titanite.
d — Relation of gradual replacement of Dil to Actl, Prg and Act2. Ilm — ilmenite. Ab/Pl — mixture of original plagioclase with new
albite. e — Gradual change of the rim of porphyroclast Dil to Actl and relation of younger assemblage Act2, Prg and Fe hornblende
(FeHbl) to Actl on the rim of Dil. Pargasitic amphibole (Prg) — infills the fractures in Dil together with albite (Ab). Dil encloses
andesine (Adz), which in fractures replaces the Actl, Fe phlogopite (Phg), Ab and Prg. f — Decomposition of plagioclase (Adz), which
originally crystallized from the magma, on the mixture of albite (Ab), clinozoisite (Czo) to epidote. Hyalophane (Hyb, BaKfs) or Ba
K feldspar crystallized in short veins. Backscattered electron images.
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Fig. 36. Chemical classification of the epidote group minerals present in polymetamorphosed gabbro of the Delava locality.
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the hypothetic Triassic magma as they occur in the Triassic
sediment in the vicinity of the metagabbro.

The former gabbro represented a part of the magmatic
MORB-cumulate of the oceanic crust, being a part of the
Early Paleozoic ophiolitic suite (see Chs. 5 and 7). During
the gradual crystallization of the cumulate melt, the mag-
matic zircon crystallized together with Cr spinel and Mn
ilmenite. These magmatic zircons have the Early Carboni-
ferous age (from 359 to 342 Ma). The age corresponds to
the cooling age 362 Ma of amphiboles that were formed
around the plagiogranite (374 Ma, see Ch. 2).

Mineral composition of the clinopyroxene
metagabbro at Delava

In the Delava locality, the porphyroclasts of diopsi-
de-1 and plagioclase (oligoclase to labradorite) represent
former pre-metamorphic magmatic mineral assemblage
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of the gabbro. The former labradorite rarely preserved,
being enclosed in diopside-1 (Fig. 35¢). In the fractures
of porphyroclasts of the diopside-1 there crystallized the
younger generation of Fe diopside-2, which originated du-
ring the metamorphism of the gabbro (Fig. 35b). The por-
phyroclasts together with the metamorphogenic albite and
epidote group form around 70 % of the rock volume. The
remaining matrix of this metamorphic rock is formed of
pumpellyite, chlorite, actinolite, titanite, + calcite and Fe
oxides. Porphyroclasts of diopside-1 are in the inner rim
changed to actinolite-1 with low content of Fe and gradu-
ally toward the matrix the diopside-1 is corroded by the
pargasitic amphibole, Fe hornblende and actinolite-2 with
high Fe content (Fig. 35). These metamorphogenic am-
phiboles partially or fully replace diopside-1 or it is often
totally replaced to actinolite-1 and chlorite (Fig. 35). Pum-
pellyite was found only rarely in the metagabbro. It occurs
together with actinolite-1, which originated after the de-
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Fig. 37. Chemical classification of various generations of amphiboles in polymetamorphic gabbro of ophiolite suite of Gemericum in
localities Jaklovce, Delava and Dob$ina. MO — amphiboles from the ocean floor metamorphism, oldest metamorphism — Devonian
to Lower Carboniferous. Mla — amphiboles of pumpellyite-actinolite facies, younger - Upper Carboniferous metamorphism. M1b

— amphiboles of epidote-actinolite to amphibolite facies, the youngest metamorphism — Permian. Act — actinolite. Hbl —

KPrg — pargasite with K content.
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Fig. 38. Mixture of ilmenite (lim),
rutile/antase (Rt) and titanite (Tnt)
in metagabbro from the Delava locali-
ty. Couple ilmenite — rutile/anatase has
originated by the decomposition of the
primary oxide, “ferropseudobrookite*
FeTi,O,. Further minerals: scutterudite
(Sku), zircon (Zrn), andesine (Adz),
pyrite (Py), albite (Ab), actinolite (Act),
pargasitic amphibole (Prg). Backscatte-
red electron images.

Ti

rutile/anatase

ilmenite

Fe Mn

Fig. 39. Chemical classification of ilmenite and rutile/anatase in
triangle diagram Fe—-Mn-Ti from the polymetamorphosed gab-
bro from the Delava locality.

composition of diopside-1 (Fig. 35¢). Pargasitic amphibole
crystallized not only at the margin of diopside-1, but also
in fractures in it, where during new metamorphic stage it
replaced older actinolite-1 (Fig. 35¢). The classification of
amphiboles to individual metamorphic events is based on
their chemical parameters (Fig. 37). The decomposition of
Ca plagioclase produced the zoisite and clinozoisite during
older metamorphic recrystallization. Epidote is a product
of younger metamorphism. The epidote group has in mat-
rix the variegated content of the Ps ratio from zoisite to
epidote (Fig. 36).
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Fig. 40. Chemical classification of phlogopite in metagabbro in
the Delava locality.

Phengite-1 in metagabbro occurs together with actino-
lite-1 and albite in the matrix. Phengite 2 was found in the
fracture in diopside-1 together with pargasitic amphibole,
albite and Fe phlogopite (Figs. 34, 35¢ and 40).

In the metagabbro the ilmenite FeTiO,and rutile/anata-
se form TiO, clusters, large several mm. This mixture of Ti
oxides encloses the Fe phlogopite, zircon and scutterudite.
limenite and rutile/anatase represent a co-existing couple,
which has originated by the decomposition of former *“fer-
ropseudobrookite” FeTi,O, - oxide from the group of ar-
malcolite, according to the reaction:
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FeTi,0,
“ferropseudobrookite”

— +

FeTiO,
ilmenite

TiO,
rutile/anatase

IImenite contains Mn up to 10 mol.% (Fig. 39). In the
process of polyphase metamorphism the rutile/anatase
on the margin of grains has changed to titanite (Fig. 38).
Titanite was found also in the matrix in assemblage with
chlorite, albite, actinolites, pumpellyite and clinozoisite to
epidote.

In the matrix we have found short (to 300 um) hyalo-
phane veinlets (Fig. 35f). The metamorphogenic assem-
blage albite, actinolite, chlorite, calcite and titanite forms
in the metagabbro the irregular aggregates. Albite forms
also porphyroblasts together with the white mica-phengite.
Chlorite and calcite originated by the replacement of the
epidote group at the end of polyphase metamorphism.

According to metamorphogenic mineral assemblages,
the gabbro was gradually metamorphosed — at first in
amphibolite facies (MO), then in pumpellyite—actinolite
facies (M1a) and finally in epidote—amphibolite to amphi-
bolite facies (M1b). Three gradual metamorphic events
are classified in CFA diagrams (Fig. 42).

Metamorphosed gabbro at the town of Dobsind

The metagabbro block at DobSina belongs to SW part
of the local occurrence of GAC (Grecula et al., 2009;
Bajanik et al., 1984). Mineralogical-petrological-geo-
chemical study of metagabbro at DobSina as a part of the
Paleozoic ophiolite suite of Gemeric unit was focussed on
its gradual metamorphic recrystallization and comparison
with the metagabbro at Jaklovce and Delava.

Mineral composition of the clinopyroxene
metagabbro at Dobsind

In locality of DobSina the porphyroclasts of diopside,
plagioclase and K-feldspar represent the primary pre-me-
tamorphic magmatic mineral assemblage of the gabbro.
Porphyroclasts of primary minerals together with meta-
morphogenic albite and epidote form around 80 % of the
rock volume. The remaining matrix of metagabbro is for-
med of chlorite, Ca-K amphiboles, actinolite, Ti maghe-
mite, Mn ilmenite, white mica, titanite + calcite, Fe oxides
and quartz.

Original oligioclase is rarely preserved in individu-
al porphyroclasts, being replaced by albite, epidote and
quartz (Fig. 41). Besides primary plagioclase porphyrob-
lasts the former gabbro contained K feldspar with variable
content of BaO (0.78-3.34 wt.%) and Mn ilmenite with va-
riable content of MnO (5.44-6.92 wt.%) (Fig. 41a, 1).
K-feldspar was replaced by white mica and quartz. In
the cleavage, the diopside was replaced by the mixture of
actinolite-1 and calcite (Fig. 41b, d). This assemblage is
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older than metamorphogenic assemblage, which changed
the diopside rim (Fig. 41a). Diopside porphyroclasts are at
the rim changed to hedenbergite (Fig. 41b). Hedenbergite
is corroded and replaced by the assemblage of amphibo-
les - K pargasite (core) — hornblende-1 (core-rim) — acti-
nolite-2 (rim). The K O content in K pargasite is variable
(1.02-1.97 wt.%) (Fig. 41a). Actinolite-2 occurs on the rim
of diopside, but also separately, as well as together with
hornblende-2. Both these amphiboles are product of the
youngest metamorphic overprint of the metagabbro (Fig.
41c). Concerning the chemical classification of amphi-
boles, their various generations are classified and divided
according to successive metamorphic events in Fig 37.
Diopside porphyroclast at the contact with the former por-
phyroclasts of plagioclase and K-feldspar is rimmed by the
symplectite of the quartz and zoisite mixture (Fig. 41b, ¢
and f). This symplectite is younger than the amphibole rim
of K pargasite—hornblende-1-actinolite-2 at the margin of
diopside and hedenbergite. Symplectite probable origina-
ted by the decomposition of plagioclase and K-feldspar
during the last metamorphism, together with hornblende-2,
actinolite-2 and albite. Due to the polymetamorphism of
metagabbro, the rim of the Mn ilmenite and Ti maghemite
is replaced to titanite (Fig. 41a, d a f).

4 Mineral composition of serpentinite on StrdZny vrch
hill and in gneiss-amphibolite complex at Klatov

Serpentinite of the Paleozoic ophiolite suite occurs to-
gether with GAC in localities Klatov (N48° 45.068' E21°
07.411") and Strdzny vich hill (N48° 44.993' E20° 50.348";
this occurrence is located ca 380 m to NE of the Jedl'ovec
elevation point 954 m.a.s.l.), where serpentinite occurs
in tectonic blocks, being isolated within the graphitic phyl-
lites of the Holec Beds of Betliar Fms. of the Silurian-De-
vonian age (Grecula et al., 2009, location is in Ch. 1).

Serpentinites in both localities are a product of total
hydratation and polymetamorphism of former peridotite.
From the original mineral assemblage of the peridotite, the
olivine and pyroxenes are in serpentinite represented only
by their pseudomorphoses. The former peridotite probable
had porphyroblastic and neoblastic fabric with dimensions
of former Mg silicates to 1-2 mm. The spinfex fabric of
former peridotite cannot be excluded (Fig. 43), too.

Serpentinite in the Strdzny virch contains talk > Mg chlo-
rite > tremolite > actinolite, calcite and ilmenite with exso-
lution lamella of hematite (Figs. 43 and 44). Hematite
lamella in ilmenite originated probable in the subsolidus
stage or during the peridotite metamorphism by disintegra-
tion of original Fe-Ti oxide from the former magmatic
assemblage of the peridotite (Fig. 44b). In the process of
polyphase metamorphism, the former Mg silicates of the
peridotite were replaced by talc and Mg chlorite. During
the younger metamorphism there crystallized the tremolite
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Fig. 41. Relations of minerals in the polymetamorphosed gabbro from the Dobsina locality. Di - magmatic diopside, Ab — albite, Pl
—plagioclase, Chl — chlorite, Tnt — titanite, Cal — calcite, Png — phengite, MnlIm — ilmenite with the content of Mn, Ep — epidote, Act1-
Act2 — actinolite of two generations, Ep/Qtz — symplectite of quartz and epidote, K-Par — pargasite with the content of K, Hbl1-HbI2
— two generations of hornblende, Hd — hedenbergite, TiMgh — maghemite with the high content of Ti, BaKfs — K feldspar with a high
content of Ba-hyalophane (Hyl). Backscattered electron images.
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Fig. 42. Mineral assemblages and evolution
of the metagabbro polymetamorphism of
ophiolite suite of Gemeric unit in the loca-
lities Jaklovce, Delava and Dob3iné in AFC
triangles. a - magmatic stage and the oce-
an-floor metamorphism - amphibolite facies
MO; b - Pumpellyite-actinolite facies M1la;
¢ - epidote-amphibolite to amphibolite fa-
cies M1b. Aug - augite, Pl — plagioclase, Ab
— albite, Chl — chlorite, Tnt — titanite. Png —
phengite, Mnllm — ilmenite with the content
of Mn, MgChr — chromite-Mg-chromite, Pmp
— pumpellyite, Ep — epidote, Act — actinolite,
TiMgh — maghemite, KPrg — pargasite with
the content of K, Prg — pargasite, Ed — edenite,
Hbl — hornblende, Bt — biotite, Hd — heden-
bergite, Cal — calcite, Kfs — K feldspar, Hyl
— hyalophane.

a} laqmﬂi% stage b)

Pumpellyite-actinolite
The end of former Devonian - ocean ridge facies

Epidote-amphiblite facies to
Pt bt faciea

Fig. 43. Serpentinite in locality Strdzny vrch hill. Older dark pa-
rallel foliation planes are infilled with talk.
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and in new metamorphism actinolite originated at the rim
of tremolite (Fig. 44a). The structural formula of tremolite
and actinolite has a balance Si(apfu) =8 (Fig. 46). Accor-
ding this mineral assemblage, the polymetamorphism of
peridotite underwent in the P-T conditions firstly of the
sub-facies/facies of green schists and later actinolite facies
as equivalent of epidote-amphibolite facies (Spear, 1995).
The metamorphogenic assemblage talc-tremolite-chlorite
characterizes the komatiite replacement (Fig. 43).
Serpentinite at Klatov contains chrysotile, dolomite
and Mg chlorite. From the former peridotite there were
preserved the cores of chromite-1, containing Al. During
metamorphism there originated the chromite-2. Both
generations of chromite are replaced along the margins
by metamorphogenic hematite (Figs. 47 and 48). From
the process of hydratation and polyphase metamorphism
the older assemblage is dolomite, chromite-2 and Mg chlo-
rite and younger is represented by chrysotile and hematite.

TiO,

AV AV AV AV N AV N AV AV

FeO Fe,0,

Fig. 45. Chemical classification of ilmenite and hematite in ser-
pentinite. Locality Strazny vrch hill. The relation of oxides in
presented in Fig. 44b.

According to this mineral assemblage, the polymetamor-
phism of former peridotite took place in P-T conditions of
the greenschist facies (Spear, 1995). Chemical classifica-
tion of the whole-rock analyses of serpentinite are stated
in Ch. 6.

5 Whole-rock chemical analyses of metamorphic
rocks and geotectonic background of the origin of
ophiolite suite protolith in Gemeric unit

The lithotypes of the GAC (localities Klatov, Rudrany,
Dobsina), as well as the primary Cpx gabbro (localities of
Jaklovce, Delava and DobSind) of the ophiolite suite were
during polyphase metamorphism recrystallized to rocks
with prevailing Ca amphiboles, epidote group minerals,
chlorite, titanite and albite (cf. Chs. 1 and 3). Serpentinites
of this suite were on the Strdzny vrch hill recrystallized to
mixture of talc, Mg chlorite and tremolite, at the Klatov

Fig. 44. Mineral assemblage
of serpentinite on Strdzny
vreh hill. a- Tle - talc, MgChl
- Mg chlorite, Tr - tremolite,
Act — actinolite, llm-Hem —
ilmenite-hematite. b - Exso-
lution lamellas of hematite
(Hem) in ilmenite (1lm), de-
tail of the grain in a — IIm-

Hem grain. Backscattered
electrons.
1 T T T -I T T T T I T T T T T T T T I T T T T
'I‘r'emollte Tr Hb
CDFE'
%nm Tsch
Act | Magnesio-Hbl Tschermakite
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[
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= Fe- Fe-
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Si (apfu)

Fig. 46. Chemical classification of tremolite (core) and actinolite
(rim) in serpentinite from the locality of the Strdzny vrch hill. The
relation of amphiboles see in Fig.44a.
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the recrystallization products were chrysotile, dolomite
and Mg chlorite (Ch. 4). In the case of GAC localities, the
whole-rock analyses were applied on characteristic amphi-
bolite samples. In metagabbro, the analysed part of rocks
had preserved the primary magmatic clinopyroxene. In
serpentinite, there were analysed samples with chrysotile,
talc and tremolite, resp. with the assemblage chrysotile, do-
lomite and Mg chlorite. The whole-rock chemical analyses
have contributed to decipher the geotectonic background
of the origin of protoliths of GAC amphibolites, gabbro
and serpentinite (Figs. 49-53).

According to normalized curves of REE (Supplement 1)
immobile elements during metamorphism (IE) and chemi-
cal classification of rocks in Nb/Y vs. Zr/TiO, diagram
(Winchester and Floyd, 1977), the primary gabbro and ba-
salts - protoliths of amphibolites - crystallized in oceanic
crust (Fig. 49). Normalization of elements (REE) and (IE)
shows affinity of the primary basalt magma source to oce-
anic crust (Fig. 50). The long-time crystallization of the
melt in the depth produced large porphyroblasts of diop-
side and augite, as well as Ca plagioclase in metagabbro.
During subsequent polyphase metamorphism these former
magmatic porphyroblasts suffered ductile deformation and
became unstable (see mineralogical part), they rotated and
changed to porphyroclasts of the mylonite (Ch. 3). Nor-
malization of chemical composition on oceanic crust re-
vealed that the metagabbro and amphibolites of the GAC
are enriched in Ba, Pb, Zn and Cd due to crystallization of
stratabound disseminated sulphidic mineralization of the

Fig. 47. Mineral assemblage
of serpentinite from GAC at
Klatov. a - Chromite (Chr) —
second generation of spinel,
at the margin it replaces he-
matite (Hem). b — Relation of
chromite-hematite and asso-
ciation dolomite (Dol), Mg
chlorite (MgChl) and chry-
sotile (Chl) in the matrix. ¢ -
Chromite with the content of
Al — first generation of spinel,
at margin it replaces hematite.
Backscattered electrons.
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Fig. 48. Chemical classification of two generations of chromite
(core) and hematite (rim) in serpentinite at Klatov. Relation of
spinels and hematite see in Fig. 47.
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Smolnik type in the Early Paleozoic rift (Grecula et al.,
2009, Radvanec and Grecula, 2016). The enrichment of
metagabbro and amphibolites by B and Cs is a result of
the last - Permian stage of the metagabbro and metabasalt
polymetamorphism. The epidote-amphibolite to amphi-
bolite facies of Permian metamorphism correspond with
orogenic medium-pressure metamorphism with anatectic
melting on the hot line (cf. Chs. 6 and 7). In Gemeric unit
this metamorphism has a regional reflection in common
occurrence of tourmaline veinlets and the origin of S-type
granite (Radvanec et al., 2009). Tourmaline represents
a boron mineral.

Serpentinite, similarly as amphibolite and metagabbro
of GAC, are enriched by Cu, Pb and B (Fig. 51). Ser-
pentinite contains SiO, (34.7-47.5 wt.%), MgO (25.1-28.8
%), Na,O + K O = 0.03, content TiO, is within the range
of 0.03-0.56 % and ratio CaO/AlLO, is 0.33-4.12. The
TiO, content <1 %, sum Na,O + K,O <2 %, CaO/Al,0,>1
and SiO, range (30-52 %) characterize this ultramafic
rock as komatiite/metakomatiite (Le Bas, 2000). Komati-
ites represent volcanic, eventually hypoabyssal rocks.
Known komatiite occurrences are always metamorphosed

and occur in Archean terranes. Because the temperature of
komatiitic melts reached values above 1400°C and more,
and recently such hot melts cannot generate due to the
lower temperature gradient in the lithosphere.

According to chemical composition, the protolith of
serpentinite — the “high-temperature (HT)” metaperidotite,
being investigated by us, is corresponding with komatiite
or layered dykes with a high Mg content (Fig. 51). The
course and normalized REE contents show that serpenti-
nite in locality of Strazny vrch hill has the same characte-
ristics as chondrite depleted in Eu and Tm (sample from
the Strdazny vrch, Fig. 52). The normalization of the REE
contents at the same time clearly indicates the origin of
HT-peridotite — komatiite in the primitive mantle (Figs. 51
and 52). The occurrence of serpentinite in locality Klatov
in the same body with amphibolite is in good agreement
with the common geotectonic background of their primary
andesite-basalt magma and primary HT-peridotite—koma-
tiite magma. Gabbro crystallized in the depth of the rift
zone, but the HT-peridotite—komatiite magma (serpentini-
te) and basalt of the GAC (amphibolite) were solidified on
the sea floor. So these rocks are members of the Paleozoic
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Fig. 49. Classification of the whole-rock analyses of amphibolites from GAC and metagabbros from the Devonian-Early Carboniferous
ophiolite suite of Gemeric unit. The protolith of amphibolites and gabbros was represented by the melt of basalt-andesite composition,

generated in various depths of mid-ocean rift.
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elements (IE) are normalized on the contents of the
oceanic crust according to Boynton (1984), as well
as Sun and McDonough (1989). Amphibolites from
1 GAC and metagabbros belong to the Early Paleozoic
ophiolite suite of Gemeric unit. Anomalous Ba, Pb, Zn
and Cd contents indicate the influence of crystalliza-

tion of the stratabound sulphidic mineralization of the
Smolnik type from the dark and light chimneys in the
Devonian-Early Carboniferous oceanic rift. The Cs
and B anomalies indicate the metamorphism on the
hot line, producing M1b recrystallization of amphibo-
lite and metagabbro in Permian.

tamorphism MO of oceanic floor is documented
by the hornblende cooling age 362 Ma (Fig.
54). Later metamorphic recrystallization of the

pumpellyite-actinolite facies is related to com-
pressional Variscan orogenic stage M1la indivi-
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in Late Carboniferous (around 300 Ma). During
7 Permian metamorphism M1b (275-258 Ma) the
tectonic blocks underwent recrystallization in
the epidote-amphibolite facies to amphibolite
facies at medium pressure (Fig. 52). This meta-
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morphism on the hot line was accompanied with
the origin of anatectic granite of S-type and cor-
responding volcanism on the surface (Radvanec
etal., 2009, 2010; Radvanec and Grecula, 2016).
The youngest metamorphic overprint M2 in the
greenschist facies is the result of Alpine orogenic
processes (Fig. 54).

The Cpx-metagabbro is a part of metaophio-
lite suite and according to mineral assemblages
and ACF diagrams it was metamorphosed gra-
LI dually and correspondingly with metapelite/

=
-

Li RoTh Ta K Ce Pr Nd Hf SmGdDy Y Er Yb V Cu CdCo Cr
CsBa UNbLaPbSr Zr B Eu Tb Ti HoTmLu Sc Zn Ga Ni

ophiolite suite of Gemeric unit, having their origin in the
mantle and reaching the surface of the mid-oceanic rift in
the period of Upper Devonian to Lower Carboniferous
(Figs. 51 and 52, Ch. 7).

6 Metamorphic P-T-t path of the ophiolite suite of
Gemeric unit and its relation with tectonics

The P-T-t path summarizes the results of mineralogi-
cal-petrological investigation of polyphase metamorphism
of the protolith of ophiolite suite (Fig. 54; cf. Chs. 1-5).
According to found mineral assemblages and CFA diag-
rams, the metapelite/metasemipelite to amphibolite (GAC)
was metamorphosed gradually. First - Late Devonian to
Early Carboniferous low-pressure amphibolite facies me-
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metasemipelite to amphibolite (Fig. 54). The me-
tagabbro has preserved the primary magmatic
diopside, augite and other minerals (cf. Ch. 3).
Serpentinite - former peridotite with Cr-spinel and il-
menite, being a part of the metaophiolite suite, has also
underwent the polyphase metamorphism correspondingly
with Cpx-gabbro and metapelite/metasemipelite to amphi-
bolite. During the polyphase metamorphism the original
Mg silicates of peridotite (olivine and pyroxenes) were as
the first changed to talc and Mg chlorite. In this earlier
metamorphism there crystallized tremolite and later at the
margin of tremolite there crystallized actinolite (cf. Ch.
4). The hydratation or metamorphism of peridotite took
part gradually and correspondingly as in metapelite/meta-
semipelite to amphibolite and Cpx-gabbro. At the earliest
stage it was at P-T conditions of the sub-facies to facies of
greenschists and later in the equivalent of the epidote-am-
phibolite facies (cf. Spear, 1995). Assemblage of the green-
schists facies minerals originated in the metaperidotite/
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Fig. 52. Contents of REEs are normalized to chondrite and primi-
tive mantle according to Boynton (1984), as well as Sun and Mc-
Donough (1989).
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not reliably documented by relevant planar or linear struc-
tures (mainly due to later overprintin VD, - M1b), so we
did not visualized it in Fig. 55.

The Alpine deformation stages in the Klatov body en-
compass NE-vergent thrusting (AD,), subsequent Alpine
SW-SSW-vergent unroofing (AD,) and AD, subhorizontal
shearing along the conjugate system of shear zones tren-
ding NW-SE (dextral; dominating in the Klatov body)
and NE-SW (sinistral). Recently there was distinguished
a new deformation phase AD,, encompassing the pure
shear faults with vertical trend of displacement (uplifts,
subsidences).

The geotectonic background of processes producing
the successive metamorphic events M0, M1la, M1b, M2,
as well as deformation events VD, VD,,, VD,,, VD,,
AD,, AD,, AD, and AD, is described in details in papers
by Radvanec and Grecula (2016) so we will not treat with
it in this study.

Fig. 53. Contents of REEs and model of immobile elements (IE)
are normalized to chondrite and primitive mantle according to
Boynton (1984), as well as Sun and McDonough (1989).

Fig. 54. P-T-t path of the polyphase metamorphism of the rocks
of ophiolite suite (amphibolite, Cpx-gabbro, plagiogranite, peri-
dotite) and metapelite/metasemipelite in investigated localities.
The ages of plagiogranite, basalt and Cpx-gabbro represent the
ages of magmatic zircon from magmatic pre-metamorphic proto-
liths from the Upper Devonian to Lower Carboniferous (Putis$ et
al., 2009a). MO — the ocean floor metamorphism in amphibolite
facies with the cooling age of the hornblende 362 Ma. Grt -Png, -
garnet (core) vs. phengite-1 — phengite thermometer (Green
and Hellman, 1982) in combination with the phengite barometer
(Si = XX, isolines, Massone and Schreyer, 1987); Cum/Hbl —
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Fig. 55. Spatial orien-

Variscan tectogenesis

tation of the outcrop
scale planar structu-
res from the Klatov
metaophiolite block,
divided according to
overprinting relation
and the ductility of
deformation.  Each
tectonogram  shows
great circles of the
planes of individu-

al deformation sta-

ges (Variscan VD,
VD,,, VD, and those
from rotated outcro-
ps VD, , .. as well
as Alpine AD,, AD,,
AD, and AD,; Sch-
midt projection), as
well as contours of
poles of these pla-
nes (red girdles). For
further details see

text.

7 Conclusions

The presented study manifested the existence of Va-
riscan dismembered ophiolite suite in the northern zone
of Gemeric unit of the Western Carpathians (in so-called
North Gemeric zone). This ophiolite-bearing zone is in-
terpreted as one segment of elongated Paleozoic branch
of Paleo-Tethys ocean within the disintegrating Paleo-
zoic supercontinent. This former segment of Paleozoic
mid-ocean ridge of Paleo-Tethys consists of variegated
lithology, occurring now in three principal localities of the
gneiss-amphibolite complex (GAC) in the Gemeric unit
(Western Carpathians) - the Dob8ind, Rudiiany and Klatov
localities. Additional smaller occurrences at Jaklovce, De-
lava and DobSiné (Cpx metagabbro) and the Strazny vich
hill (serpentinite) were recently also added to this suite.

The Paleozoic ophiolite suite in Gemeric unit is built
of six polymetamorphosed principal rock types: (1) gneiss
with garnet (Alm+Pl+Bt+Ms+Qtz+Act+Chl) and graphi-
te (occurrences at DobSind and Rudiiany), (2) plagio-
granite (Kfs+Ab+Pl+Ms+Bt-Qtz+Zo+Cal; 8'Sr/®Sr
0.7033; age 374 Ma; Rudnany), (3) gneiss with amphibole
porphyroclasts (Cum-Hbl/Prg-Act) and graphite (Kla-
tov), (4) amphibolite (Pl+Hbl+Tnt+Ap+Pmp+Iim+Ac-
t+Ep+Chl; Klatov, Rudriany, DobSina); (5) serpentinite
(Tlc+Tr+Chl+Act+Dol+Ctl+CrSpl+Hem; Klatov, Strdz-
ny vrch hill); (6) metagabbro (Di+Aug+CrSpl+Pl+Hbl/
Prg-KPrg-Act+Ep+Qtz+Tnt+Chl+MnlIim+Tnt+Ap+Zr-
n+Png+Ab+Hyl, Jaklovce, Delava, Dobsina).

The suite of above listed rocks underwent a multi-sta-
dial tectono-metamorphic overprint. First - Late Devonian
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to Early Carboniferous low-pressure amphibolite facies
metamorphism MO (deformation stage VD ) of ocean
floor is documented by the hornblende cooling age 362
Ma. Later metamorphic recrystallization of the pumpel-
lyite—actinolite facies is related to compressional Variscan
orogenic stage Mla (VD,,) affecting the metaophiolite
suite in Late Carboniferous (around 300 Ma). During Per-
mian metamorphism M1b (VD,,), the tectonic blocks of
metaophiolite suite underwent recrystallization in the epi-
dote-amphibolite facies to amphibolite facies by the input
of heat at medium pressure. This metamorphism on the hot
line was accompanied with the origin od anatectic granite
of S-type and corresponding volcanism on the surface. The
youngest metamorphic overpring M2 (AD,) in the green-
schist facies is the result of Alpine orogenic processes.
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Supplement 1. Whole-rock analyses of principal rock types of the Paleozoic metaophiolite suite in Gemeric unit. The whole-rock
analyses were done by the Geoanalytical laboratories of the State Geological Institute of Dionyz Stdr, Spisska Nova Ves.
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o < < < < O O (G} [} (%} n o
Locality | Klatov | Klatov | Klatov | Rudiiany | Dobsina | Jaklovce | Delava S\tlrrﬂri]'iy S\t/l;?igy Klatov | Rudiiany
SiOz 49.75 48.60 46.50 58.00 47.10 48.70 51.10 38.70 47.50 34.70 75.70
Tio2 2.32 1.92 1.45 0.74 2.76 1.99 1.79 0.56 0.53 0.03 0.07
ALO, 12.22 13.30 14.80 14.00 13.80 13.90 15.50 5.01 5.65 1.78 13.00
F9203 15.70 13.60 12.80 8.72 14.50 12.60 10.30 15.40 11.60 8.65 0.86
MnO 0.28 0.23 0.17 0.17 0.18 0.02 0.17 0.20 0.15 0.18 0.02
MgO 7.32 9.03 7.81 5.29 6.20 6.63 6.89 27.80 25.10 28.80 0.35
CaO 7.55 7.13 11.10 5.25 8.88 8.77 7.42 1.68 2.66 7.33 1.51
Nazo 2.26 2.80 2.30 4.00 3.20 3.90 4.60 0.20 0.20 0.20 5.10
K,0 0.33 0.73 0.47 0.85 0.08 0.34 0.60 0.05 0.05 0.05 1.85
P205 0.22 0.19 0.19 0.08 0.24 0.20 0.20 0.06 0.07 0.07 0.01
LOI 2.05 2.26 2.11 2.71 2.62 4.17 1.23 10.10 6.27 17.90 1.28
Ba 226 406 86 202 27 38 167 21 13 13 561
Rb 18 26 11 30.6 3.3 8 17 4 0.6 0.2 87.17
Sr 119 71 248 97 295 157 267 23 6 37 91
Cs 1.75 1.52 0.68 2.11 0.8 1.52 14.6 0.64 0.15 0.19 5.81
Li 45 29 26 30 82 38 19 5 7 1 6
Ga 20 15 13 17 18 17 16 8 12 16
TI 0.11 - - - - - - - - - 0.49
Ta 0.15 0.5 0.84 0.52 0.5 0.33 6.96 0.92 0.7 0.31 1.01
Nb 1 1 5 6 6.3 7 3 3 4 1 4
Hf 4.09 3.8 2.1 1.37 1.7 2.36 2 0.9 0.9 0.5 2.32
Zr 127 108 86 71 167 123 124 26 25 3 61
Y 45 42 26 21 45.7 40 35 7 4 8 4.36
Th 0.31 0.1 0.5 0.22 1.61 0.14 0.9 1.2 0.5 0.1 1.62
U 0.68 0.3 0.2 0.51 0.14 0.09 0.1 0.1 0.1 0.01 2.77
Cr 186 251 155 84 103 116 183 1064 1292 2559 16
Ni 82 112 74 51 36 52 19 1368 1078 1611 10
Co 40 36 45 25 28 31 27 114 98 52 12
Sc 42 44 40 30.32 44.3 46.7 45 11 12 11 0.12
Vv 667 433 341 185 415 427 309 71 72 53 11
Cu 43 40 37 95 17 48 24 88 334 11 27
Pb 17 20.6 2 5 6 6.49 8.1 18 7 0.98 12
Zn 156 161 82 237 140 118 102 132 125 30 26
B - 12 68 16 1 9 5 14 1.9 33 36
La 3.47 3.00 6.00 5.74 9.45 4.17 8.00 3.00 0.50 2.00 1.30
Ce 12.16 12.00 16.00 16.71 25.30 17.00 21.00 7.00 1.10 3.00 1.78
Pr 2.21 1.64 1.86 2.09 4.18 2.50 3.01 0.71 0.17 0.43 0.18
Nd 12.95 9.61 9.56 9.02 21.70 14.10 15.30 3.16 0.89 1.97 0.68
Sm 4.93 3.68 3.01 2.30 6.83 4.84 471 0.81 0.30 0.56 0.21
Eu 1.63 1.57 1.17 0.77 2.12 1.50 1.74 0.23 0.07 0.17 0.30
Gd 6.61 477 3.68 2.72 7.84 5.95 5.57 1.02 0.37 0.72 0.31
Th 131 1.00 0.71 0.54 1.44 1.07 1.05 0.17 0.07 0.14 0.07
Dy 8.72 6.54 4.40 3.64 9.32 7.20 6.46 091 0.47 0.89 0.58
Ho 1.87 141 0.92 0.79 1.88 1.49 131 0.17 0.09 0.20 0.13
Er 5.69 4.31 2.72 2.36 5.45 4.29 3.81 0.47 0.24 0.63 0.51
™m 0.84 0.62 0.37 0.36 0.74 0.58 0.52 0.06 0.03 0.09 0.09
Yb 5.66 4.88 2.86 2.54 4.62 3.50 3.55 0.44 0.26 0.73 0.91
Lu 0.87 0.61 0.36 0.37 0.58 0.50 0.47 0.05 0.04 0.09 0.15
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Fragmenty variskej metaofiolitovej suity Paleotetydy v gemeriku

Do metaofiolitovej suity starSieho paleozoika gemeri-
ka patria amfibolity, ktoré sa striedaju s rulami (metape-
lit-metasemipelit s grafitom) na severnom okraji gemerika
v pruhu od Dobsinej cez Rudnany po Klatov (obr. 1 az
4). Na tychto troch lokalitach je rulovo-amfibolitovy kom-
plex v samostatnych tektonickych blokoch (Poprenak et
al., 1973; Grecula a DianiSka, 1977; DianiSka a Grecula,
1979; Grecula, 1982; Grecula a Kuchari¢, 1985, 1989;
Grecula et al., 2009; Spisiak et al., 1985; Hovorka et al.,
1979, 1984, Faryad, 1986; Radvanec, 1992, 1994a, 1994b;
Hovorka a Spisiak, 1981; Spisiak a Hovorka, 1985; Ho-
vorka a Spisiak in Cambel et al., 1985; Hovorka et al. in
Hurny, 1982; Pramuka, 1985, 1985b, 1986; Rozloznik,
1965; Bajanik a Hovorka, 1981; Hovorka a Ivan, 1985).
Okrem tychto tradi¢nych lokalit sa do metaofiolitovej sui-
ty zaradili nove lokality klinopyroxenickych (Cpx-) gabier
a serpentinitov (obr. 1).

Vzorky z metaofiolitovej suity (rulovo-amfibolitovy
komplex; R-A komplex) na lokalitich Dobsina, Rudnany,
Klatov, Strazny vrch, Jaklovce a Delava sa odobrali z od-
kryvov, vrtov a banskych diel. Z tychto vzoriek sa robili
leStené vybrusy a vyseparoval sa z nich zirkén na jeho
datovanie v ramci spolupréce s PriF UK v Bratislave (prof.
M. Puti8). Zo vzoriek sa urobili objemové chemické ana-
lyzy v geoanalytickych laboratoriach SGUDS v Spisskej
Novej Vsi. Mineraly sa Studovali v odrazenych elektro-
noch (BSE) a chemické analyzy minerélov sa robili mik-
roanalyzatorom CAMECA SX 100 v Geologickom Ustave
Dionyza Stir v Bratislave (pril. 1 a 2).

Postupné metamorfogénne minerdlne asociacie MO
— metamorféza oceanskeho dna, Mla — pumpellyito-
vo-aktinolitova facia a M1b — epidotovo-amfibolitova az
amfibolitova facia s chemickymi klasifikdciami minera-
lov R-A komplexu su na obrazkoch 5 az 18 a 18b. Vzt'ah
mikroStruktirnej vnutornej stavby R-A komplexu v po-
stupnom Struktrnom vyvoji je na obr. 18c. Duktilna defor-
mécia metamorfného Stadia MO je zmenené na deforméciu
s niz§im stupnom duktility v $tadiu Mla a nasledne opat’
na duktilnd deforméaciu M1b v Uplnej zhode a s postupnym
metamorfogénnym vyvojom R-A komplexu. Rovnaké
postupnost’ mineralnych asociacii a rovnaké metamorfné
facie sa zistili v Cpx-metagabrach na lokalitach Jaklovce,
Delava a Dobsina (obr. 26 az 42). Serpentinity metaofio-
litovej suity sa zistili na lokalitdich Suchy vrch a Klatov
(obr. 1). Rovnako ako horniny R-A komplexu a Cpx-gabra
su polyfazovo metamorfované (obr. 43 az 46). Serpentinit
obsahuje postupné asociécie tremolit — talk a mladSiu aso-
ciaciu chryzotil — Mg-chlorit — aktinolit. Serpentinity maju

48

celohorninové komatiitové charakteristiky (obr. 51 az 53).
Protolity R-A komplexu a metagabra su klasifikované ako
horniny stredooceanskych chrbtov (obr. 49 az 51).

V R-A komplexe na lokalite Rudnany sa zistil plagio-
granit. Vznikol anatektickym tavenim MORB-protolitu
blizko eutektického bodu 650 °C a bol odtaveny z hornin
(bazalt, peridotit) plasta. Izotopovy pomer plagiograni-
tu &Sr/®Sr = 0,703 3 a jeho vek je 374,5 = 4 mil. rokov
(obr. 20). Granitova tavenina nebola Uplne ekvilibrova-
na s okolitym hornblendom (amfibolitom), ¢o indikuje
87Sr/%Sr = 0,705 1, ked’ sa hornblend v Rb-Sr mineralnej
izochrone zahrnie do hodnét linedrnej regresie mineralov
granitu (plagioklas — K-zivecl — K-zivec2 — biotit). Pod-
l'a izotopovych pomerov “Ar/*Ar hornblend v amfibolite
obklopujucom plagiogranit zaznamenal jeho chladnutie
pri teplote okolo 550 °C v obdobi 362,5 + 5 mil. rokov.
Tieto Udaje dobre charakterizuji metamorfné podmienky
nizkotlakovej a vysokoteplotnej amfibolitovej facie MO
oceanskeho dna v staropaleozoickom rifte (Radvanec
a Grecula, 2016).

Polyfazova metamorféza metaofiolitovej suity star-
Sieho paleozoika najprv prebiehala v P-T podmienkach
nizkotlakovej amfibolitovej facie a anatektickym tavenim
MO v oceanskom rifte v obdobi devon az spodny karbon.
Potom boli tieto horniny vo vrchnom karbdne obdukované
a metamorfované v pumpellyitovo-aktinolitovej facii Mla
a v perme variského orogénu dosiahla polymetamorféza
podmienky strednotlakovej epidotovo-amfibolitovej az
amfibolitovej facie M1b. Permské preteplenie zaznamenal
hornblend v bezprostrednom okoli plagiogranitu (obr. 20e
a 54). Alpinsky orogén je zaznamenany vznikom chloritu,
pri¢om ¢ast’ odkryvov R-A komplexu, a to predovsetkym
v klatovskej oblasti, bola postihnuté rotaciou v pravostran-
nej striznej zone deformacného Stadia AD, (obr. 55).
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The occurrence and genesis of the phosphatic nodules in the Lower Triassic quartzites
of the Malé Karpaty Mts. (Central Western Carpathians)

Abstract: Small dark grey phosphorus-rich concretions, or locally also the relics of stratiform bodies (up to 12 cm
thick), were identified in the Malé Karpaty Mts. (Tatric unit of the Western Carpathians, SW Slovakia) within the
cover basal quartzites. The dark brown phosphate cement, of presumably biogenic (planctonic) origin, is compo-
sed of the cryptocrystalline to fine-grained aggregate of fluorapatite, which fills the space between the quartz clasts.
The apatite content in studied rock reaches ca 10-12 vol.%, and in the flat black nodules even more. Development
of tiny apatite crystals, as well as the Sr-enriched phases (up to 4.6 wt.% SrO) were probably related to diagenetic
or anchimetamorphic processes. In comparison to the common quartzites, as well as to surrounding crystalline
rocks, apatite-bearing quartzite shows a noticeable increase in the content of P, Ca, F, Sr, As, U, MREE and partly
HREE. Origin of the phosphate concretions may be related to the local marine impact in the overall continental
sedimentation environment of the Lower Triassic quartzites. A discussion raises a question of possible syn-sedi-
mentary genesis of a special type of tourmaline pebbles, occurring in the same rock-unit from nearby locality.

Key words: phosphate nodules, Lower Triassic quartzites, fluorapatite, geochemistry, MREE enrichment, Malé

Karpaty Mts., Tatric unit, Western Carpathians

Graphical abstract

Uvod

V oblasti devinskeho hradného brala v juznej Casti Ma-
Iych Karpat (Bratislava, miestna cast’ Devin) bola v ramci
monotonneho obalového bazalneho stvrstvia svetlych
kremencov odobrana vzorka z tmavych synsedimentar-
nych kvarcitickych SoSoviek, o ktorych sa preukazalo, ze
ide o fosfatické horniny (Kovacik et al., 2016). Minoritny
litologicky typ sa podla vsetkého povazoval za sucast’
,,zriedkavych drobnych poloh tmavosivych az ciernych
kvarcitov*‘, spominanych v praci Kahana et al. (1973).
Povazujeme za pravdepodobné, Zze prinajmensom v su-
tinovom kremencovom materidli mozno najst podobné
fosfatické horniny aj na inych miestach. Tmavé kremité
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 Findings of dark phosphate lenses embedded
in the Lower Triassic quartzites of the Western
Carpathians.

 Quartz grains are cemented by partly recrystal-
lised fluorapatite matrix, possibly originated
due to a local marine ingression.

Highlights

¢ Whole-rock geochemistry shows increase in P,
Ca, F, Sr, U, MREE... content with negative
Ce- and positive Eu-anomaly.

horniny, ktoré svojou fadnou podobou malokoho uputaju,
mozu byt pol'ahky zamieniané so zvetranymi kremencami,
kremencami s dispergovanymi oxidmi Fe ¢&i organickou
hmotou, pripadne jemnozrnnymi turmalinovcami.

Geologické a polohopisné pomery

Kremence spodnotriasového veku (Koutek a Zoubek,
1936; Misik a Jablonsky, 1978) predstavuji charakteris-
ticky bazalny mezozoicky centralnokarpatsky litologic-
ky ¢len, oznacovany ako luznanské suvrstvie (Fejdiova,
1980). Kremence su dobre vyvinuté v tektonickej jed-
notke tatrika a veporika, v mnohych pripadoch aj hroni-
ka. Stvrstvie dosahuje hribku do 150 m a v tatriku jeho
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hribka generalne narastd z juhu na sever (Marschalko,
1978). Z mineralogického hl'adiska ide o zrelé sedimenty,
vSeobecne s nizkym, maximalne strednym stupfiom opra-
covania klastov. Nazory na sedimentacné prostredie spod-
notriasového kremencového suvrstvia sa pohybujii medzi
tradi¢nymi predstavami o morskych plazovych pieskoch
(napr. Andrusov, 1959; Fejdiova, 1977) a terigénnych vy-
plavovych usadeninach, miestami so znakmi po eolickom
opracovani (Misik a Jablonsky, 1978, 2000). Vyrazna
mechanickd dezintegracia granitoidnych hornin, neprilis
zaoblené monomineralne klasty a podobné znaky pozoro-
vané v petrografickej Struktiire nasvedcuji tomu, ze pocas
sedimentacie kremencov boli aridné klimatické pomery
(Misik a Jablonsky, 2000). Na zaklade merani Sikmého
zvrstvenia sa predpoklada, Zze smer materialového trans-
portu bol zo SZ az Z. Takto sa odvodzuje, ze urcity podiel
zdrojového materialu pochadza spoza vindelického chrbta,
najskor z oblasti vynoreného Ceského masivu (Andrusov,
1959; Misik a Jablonsky, 1978). Tieto predstavy umocni-
li aj nalezy exotickych turmalinickych obliakov (Misik
a Jablonsky, 1. c.; Bac¢ik a Uher, 2007). Z litologického,
vekového aj tektonického hl'adiska ekvivalentné kremen-
ce oznacované ako ,,semmerinské“ taktiez reprezentujii
bazalne mezozoické suvrstvie spodného austroalpinika
Vychodnych Alp (Tollmann, 1985).

Malokarpatské obalové kremence, okrem nepatrnych
vynimiek permskych usadenin, spoc¢ivaju na krystaliniku
— vacsinou na hercynskych granitoidnych horninach (Kou-
tek a Zoubek, 1. ¢.; Mahel’ a Cambel, 1972; Polak et al.,
2011), z ktorych je derivovana aj dominantna materialova
napln kremencov (Misik a Jablonsky, 1. c.). Nad stitokom
rieky Moravy a Dunaja sa ty¢i devinske hradné bralo so

SZ

horny hrad stredny hrad

1 o[ I+ I - I - .

zrucaninou horného hradu (situacna skica juznej expozicie
na obr. 1). Buduje ho stvrstvie strednojurskych brekcii
(tzv. plesska brekcia; Michalik, 1984). Komplikovanymi
geologickymi pomermi nadvézuje na spodnojurské a stred-
notriasové karbonaty (Misik, 1986). V strednojurskych
brekciach boli zhodou okolnosti tiez opisané ,,Cierne vy-
vetravajuce ulomky fosfatickej horniny” (Misik, 1976).
V podlozi obrannej priekopy horného hradu, na rozhrani
karbonatov a spodnotriasovych kremencov, boli indi-
kované zvysky zltohnedych ilovcov, priradovanych ku
kampilskym® bridliciam (Michalik a VI¢ko, 2011). Juho-
vychodnym smerom vystupuje pruh skiimanych svetlych
spodnotriasovych kremencov, sliiziaci v osi hrebena ako
oporné zaklady tzv. garajovského palaca (obr. 2) v kom-
plexe stredného hradu. Na upiti hradného brala schadzaju
kremence pod Slovanskou cestou priamo do Dunaja. Obe
strany kremencového pruhu su pokryté kvartérnou (hli-
nito)-kamenitou sutinou (Kahan et al., 1973), ¢iastocne
premiesenou s antropogénnym materidlom, nezriedka ar-
cheologického vyznamu. V Malych Karpatoch ojedinelé
relikty permskych klastickych usadenin ako priameho
litostratigrafického podlozia kremencov sa nachadzaji
v nadlozi staropaleozoickych malokarpatskych fylitov,
prave v oblasti vychodného zakoncenia devinskeho hrad-
ného arealu (obr. 1). Uvedené obalové ¢leny nalezia k tzv.
devinskej sukcesii bratislavského prikrovu (Plasienka et
al., 1991). Primarna geologicka stavba tejto oblasti bola
zna¢ne naru$end neoidnou zlomovou tektonikou, ktora sa
okrem nestabilnych poruchovych zon prejavuje tektonic-
kou segmentaciou primarnej stavby alebo chybanim casti
vrstvového sledu, ako ilustruju detailné geologické skice
hradného brala (Kahan et al., 1973; Misik, 1976).

JV

dolny hrad

1
0 100 m

Obr. 1. Devinske hradné bralo — schematicky pohl'ad od Dunaja (podl'a Kahana et al., 1973): 1 — kvartérna a antropogénna sutina, 2 —
karbonatické horniny jurského a strednotriasového veku, 3 — teleso strednotriasového dolomitu, 4 — spodnotriasové kremence, krizik
lokalizuje nalez fosfatickych poloh, 5 — permské klastické sedimenty, 6 — spodnopaleozoické fylity.

Fig. 1. The Devin Castle cliff —a schematic view from the Danube river (acc. to Kahan et al., 1973): 1 — Quarternary and anthropogenic
debris, 2 — carbonates of the Middle Jurassic and Middle Triassic age, 3 — boulder of Middle Triassic dolomite, 4 — Lower Triassic
quartzite, 5 — Permian clastic sediments 6 — Lower Paleozoic phyllite.
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Analytické metddy

Z ulomkov tmavych kvarcitickych hornin boli vyho-
tovené leStené vybrusy na petrograficky opis, na stadium
pomocou spétne odrazenych elektronov (BSE snimky)
a analyzu apatitu na elektronovom mikroanalyzatore. Zvy-
Sok vzorky bol pouzity na kompletnt horninovu analyzu.

Vybrané domény apatitovej hmoty sa merali na elek-
tronovom mikroanalyzitore CAMECA SX 100 (SGUDS
Bratislava). Kvoli optimalizacii podmienok merania bol
pouzity dvojpodmienkovy program. Okrem optimaliza-
cie poctu pulzov sa tak do istej miery eliminuje termic-
ka dekompozicia meraného apatitu. V prvej sekvencii sa
meracim pridom Ii¢a 20 nA merali nasledujice prvky
s prislusnymi spektralnymi ¢iarami a vybranymi Stan-
dardmi: F — Ka (CaF,), Na — Ka (Ab), Si — Ka (Wo), Al
- Ka (AL,0,), Mg — Ka (Fo), K — Ka (Or), P - Ka (Ap),
Ca—Ka (Ap), Fe — Ka (Fa), Mn —Ka (Rdn), Ti — Ka (TiO,)
a Cl — Ka (NaCl). Intenzita F — Ka bola opravena o inter-
ferenciu s Ce a Min, no vzhI'adom na ich obsah v apatite je
zanedbatel'na.

V druhej sekvencii s meracim pradom 80 nA sa merali
tazSie vzbuditelné prvky (,,tazké* stopové prvky a REE
v tab. 1) s prisluSnymi Standardmi: Y — La (YPO,), La —
La (LaPO,), Ce — La (CePO,), Pr — Lb (PrPO,), Nd - La
(NdPO,), Sm — La (SmPO,), Eu — Lb (EuPO,), Gd — La
(GdPO,), Tb — La (TbPO,), Dy — Lb (DyPO,), Ho — Lb
(HoPO,), Er — Lb (ErPO,), Tm — La (TmPO,), Yb — La
(YbPO,), Lu — Lb (LuPO,), Sr — La (SrTiO,), Pb — Ma
(PbCO,), Th — Ma (ThO,) a U — Mb (UO,). Interferencie
na prvkoch F, Sm, Eu, Gd, Er, Tm, Lu, Pb a U boli korigo-
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Obr. 2. Bralny vychod
spodnotriasovych kremen-
cov v strednej casti hrad-
ného arealu pod zvySkami
garajovského palaca (foto
J. Madaras).

Fig. 2. CIiff exposures of
the Lower Triassic quartzi-
tes in the middle part of
the castle complex resting
under residues of the Garaj
Palace of the castle (photo
J. Madaras).

vané podl'a pouzivaného interferenéného modelu. Vsetky
analyzy sa robili pri urychl'ovacom napéti 15 kV a prieme-
re elektronového luca 7 pm.

Celohorninova chemicka analyza (tab. 2) fosfatického
kremenca (GAL SGUDS, Spisska Nova Ves 2013; tdaje
o analytickych metdédach poskytla RNDr. J. Novakova)
uvadza obsah oxidov, halogenidov a siry v hm. %, stopo-
vé prvky v mg . kg (ppm). Si, Al, Fe, Ti, Ca, Mg, Mn,
Na, K a P boli stanovené na energiovo-disperznom ront-
genovo-fluorescencnom spektrometri po vytaveni vzorky,
CaOkarb. — AES-ICP po rozklade vzorky HCI, CO, bol
stanoveny vysokoteplotnou oxidaciu uhlika, ktory sa de-
teguje na nedisperznom infradervenom detektore, F elek-
trometricky sintraciou s NaOH, FeO titratne, H,0™ a H,O*
gravimetricky a Scelk. gravimetricky ako BaSO, z pevnej
vzorky po vyzrdzani s BaCl.

As, Ba, Cr, Cu, Nb, Ni, Pb, Rb, Sb, Sr, U, Th, V, Y,
Zn, Zr a Cl boli stanovené metddou energiovo-disperzne;j
rontgenovo-fluorescenénej spektrometrie, Be metodou
AES-ICP po rozklade vzorky zmesou kyselin (HF, HNO,
a HCIO,), Cd, Co a Li metddou AAS po rozklade zme-
sou kyselin (HF, HNO, a HCIO,), B metédou AES-ICP po
rozklade pevnej vzorky sintraciou s Na,O, a Hg metddou
AAS na jednoucelovom analyzatore AMA — 254.

Prvky vzacnych zemin (REE), Hf a La boli stanovené
metddou AES-ICP po rozklade vzorky sintraciou s Na,O,
Po rozpusteni zrazeniny R,O, v HCI sa stanovili Nd, Eu,
Yb, Sm, Ce a La a po naslednom vyzrazani prvkov vzac-
nych zemin kyselinou oxalovou a po rozpusteni oxidov
uréovanych prvkov v HCI sa stanovili Gd, Er, Lu, Ho, Tm,
Dy, Pr, Tb, Nd, Eu, Yb a Sm.
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Obr. 3. Tmavé fosfatické polohy v svetlych spodnotriasovych
kremencoch (foto M. Kovacik): a) Sipky smeruju k synsedimen-
tarnym fosfatickym konkréciam konformnym s vrstvovitost'ou,
b) detail najvacsej, asi 12 cm hrubej polohy klastického kremen-
ca tmeleného fosfatickou hmotou, c) roj drobnych diskovitych
fosfatickych nodul rozptyleny paralelne s vrstvovitostou (nad ¢iernym znackova¢om).

Fig. 3. Dark phosphatic bodies in light Lower Triassic quartzites (photo M. Kovagcik): a) the arrows point toward the synsedimentary
phosphatic nodules, conformable with the bedding, b) detail of the largest, about 12 cm thick clastic quartzite bed filled with phosphatic
cement; c) scattered swarm of tiny disc-shaped phosphatic nodules (above the black pen marker), occurring along the bedding plane.

zenym z fludrapatitu (polarizované svetlo // N): a) prevazujuci strednozrnny pieskovec, b) zrnitostne nehomogénna doména s primesou
1 — 3 mm klastov kremena (foto M. Kovagcik).

Fig. 4. The microstructure of quartzite — interstitial spaces between light quartz grains filled by brown-coloured phosphate cement of
fluorapatite composition (polarized light // N): a) the prevailing middle-grained sandstone, b) inhomogeneous grain-size distribution
domain participated with portion of 1 — 3 mm large quartz clasts (photo M. Kovacik).
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Vysledky

V prostredi svetlych kremencov sa vzacne vyskytuju
nodularne konkrécie tmavosivych az ciernych fosfatic-
kych kremencov, ojedinele aj zvySok vrstvy s laminovanou
textarou. Nepravidelne rozmiestnené tmavé SoSovkovité
utvary su konformné s vrstvovitostou a dosahuju hrabku
od 0,X az do 12 cm (obr. 3a, b). Hriibka plochych oval-
nych nodul nepresahuje 1 cm a dizka 10 cm (obr. 3c).
Ulozné pomery — smer sklonu vrstvovitosti SZ/35° — vo
zvycCajne obt'azne Citatel'nej stavbe kremencov napomohli
zistit’ tieto kontrastné synsedimentarne litologické polohy.

Petrograficky opis

Sktimana horninu mozno klasifikovat’ ako subarkozu
(v zmysle klasifikacie Pettijohna et al., 1972), ktora svojou
Struktirou ani klastickou mineralnou napliou nevybocuje
z ramca Standardnych spodnotriasovych kremencov. Je
zlozena priblizne z 80 modalnych % klastického kreme-
na, ktory zrnitostne nie je prili§ vytriedeny a vyznacuje sa
prevazne ostrohrannym obmedzenim zfn. Jeho priemerna
vel'kost’ sa pohybuje v rozmedzi okolo 0,3 — 0,7 mm, ob-
Cas sa objavia aj 2 — 3 mm klasty (obr. 4). Popri roznych
typoch kremena (polykrystalické agregaty, monokrystaly,
velmi jemnozrnné silicity) ojedinele mozno pozorovat
klasty premenené¢ho K-zZivca, sericiticki pseudomorfozu
po plagioklase alebo drobny klast muskovitu. Netradi¢na
je vSak intersticidlna hmota s apatitovym zlozenim (obr. 4,
5), ktord dosahuje podl'a orientacného modalneho stano-
venia podporeného horninovou chemickou analyzou (tab.
1) zhruba 10 — 12 obj. %. Mozno predpokladat, Zze ten-
ké masivne nodularne utvary (vrchné Sipky na obr. 3a, c)
nadobudli este vys§iu koncentraciu apatitu. Pozdi okraja
fosfatového tmelu niekedy badat’ jemnozrnnt sericitickt
hmotu, zvycajnu pelitickii primes v bezne rozsirenych
typoch kremencov. Olivovohnedy apatitovy matrix je
miestami matny, temer nepriechl'adny. Primarne mohlo ist’
o amorfny fosfatovy tmel nazyvany kolofan (kolofanit).
Na styku s kremennymi zrnami vidno rekrystalizaciu tme-
lu na ¢irejSie idiomorfné krystaliky apatitu s velkost'ou asi
0,05 mm, lokalne aj viac (obr. 5). Tmavti zakalenti podobu

IS

roskopickej organickej suspenzie.
Mikrosondova analyza apatitu

Na zéklade dominantného obsahu F reprezentativ-
ne zlozenie tmelu mozno klasifikovat ako fludrapatit
- Ca,(PO,),F (tab.1). Stechiometricky nie celkom vyva-
zené, hoci viacnasobne reStandardizované a opakovane
merané analyzy poukazuji na vyvoj apatitu z amor-
fnej ,kompozitnej* sedimentarnej hmoty obsahujucej
ista primes SiO,, AL O,, Sr, ,nadbytok” F atd. [Idealny
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fludrapatit Ca (PO,),F obsahuje 55,6 hm. % CaO, 42,22 %
P,O,a 3,77 % F, z ¢oho vychadza suma 101,59 %, ktora
sa po od¢itani kyslikového ekvivalentu k obsahu F upravi
na 100 % podla http://webmineral.com.] Celkovy obsah
vzacnych zemin (REE) v analyzovanych apatitoch sa
pohybuje okolo 0,7 — 1,1 hm. %. Svetlejsie zény v jem-
nozrnnom krystalickom agregate apatitu prislchaj k faze
fluérapatitu obohateného o Sr (obr. 5, tab. 1). Z BSE sni-
mok sa javi, ze v pripade vyraznejsej rekrystalizacie fosfa-
tovej hmoty sa Sr koncentruje skor v mladsich, okrajovych
zonach drobnych krystalov apatitu (obr. 5d). Takato situ-
acia vSak nemusi platit’ generalne, najmé v pripade slabej
rekrystalizacie tmelu (obr. 5¢). Faza s ad hoc nameranym
maximalnym obsahom Sr (an. 8 v tab. 1, obr. 5¢) obsahuje
okolo 4,5 % molekuly stronadelfitu Sr(PO,),F, izoStruk-
tarneho analégu fluérapatitu (Pekov et al., 2010).

Sr a REE zastupuju v krystalovej mriezke apatitu Ca,
zatial’ ¢o anidnovy komponent kompenzuje najmé primes
Si, pripadne Al. Trojmocné vzacne zeminy st v Struktare
apatitu stabilizované prostrednictvom Si*, tzv. britolitovej
substitucie (napr. Pasero et al., 2010). Takato zavislost’ sa
z nasich analyz s hodnotami obsahu REE blizkymi k de-
tekénym limitom nepodarilo hodnoverne preukazat’. Ana-
lyza €. 9 (tab. 1) ma sice privysoky sucet, ale uvadzame ju
kvoli najvyssiemu sumarnemu obsahu REE a okolnosti, ze
obsah P,O, md najblizsie k idedlnemu apatitu. Nabojova
kompenzacia sumy REE narastom obsahu Si nie je v tejto
analyze ani d’alSich analyzach znatel'nd. V analyzach apa-
titu je pozoruhodné aj to, Ze s narastom obsahu SiO, sa
zvySuje aj obsah ALO,, v hm. % dosahujuci asi polovicu
mnozstva SiO,. Takyto vztah tiez zrejme poukazuje na
existenciu ,,necistot“ — na BSE snimkach nerozoznatel-
nych submikroskopickych faz fosfatického tmelu.

Chemicka analyza horniny

Neobvyklé zlozenie fosfatickej polohy v spodnotriaso-
vom kremenci pod¢iarkuje celohorninova analyza (tab. 2)
udévajuca 4,1 hm. % P,O,. Pri porovnani s priemernymi
»sterilnymi* kremencami je popri zvySenom obsahu fos-
foru napadna aj vysoka koncentracia CaO, ako aj 0,5 %
obsah F. Narast tychto komponentov v podstate kopiruje
kvantitativne zastipenie apatitu v hornine. Z analyzy sto-
povych prvkov vo fosfatovom kremenci vyplyva zvyseny
obsah Sr, As a U. Naopak, subezne s poklesom podielu
horninotvornych oxidov (SiO,, ALO,, Fe O, a K,0) tu ba-
dat’ znizeny obsah Ba, B, Rb, Zr a Li.

Diagramy obsahu REE normalizované podla S$tan-
dardu PAAS (postarchaicka australska bridlica) a podla
chondritu C1 (obr. 6a, b) zretel'ne dokumentujti odli$nost’
skumanej vzorky porovnavanej s dvomi aktualnymi ana-
lyzami obalovych spodnotriasovych kremencov z pohoria
Ziar (Laurinc a Kovagik, 2015), pri ktorych nepredpokla-
dame zasadne odlisné geochemické Crty oproti ostatnym
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bazalnym kremencom centralnych Zapadnych Karpat. Vo
fosfatonosnom kremenci je mozné pozorovat zvySenu
koncentraciu vzacnych zemin hlavne v strednej Casti spek-
tra (MREE). Tento narast nastava uz od Sm. V porovnani
s priemernymi kremencami, ale aj inymi zapadokarpatsky-
mi vrchnokorovymi horninami, skiimana hornina vykazu-
je pozoruhodnt pozitivnu Eu-anomaliu. Relativne vysoky
obsah Eu sposobuje vysoky podiel apatitu v hornine, ¢o
vyplyva aj z mineralnej analyzy samotného apatitu (zhru-
ba 0,1 hm. % Eu; tab. 1).

Interpretécia a diskusia
Geochémia

Chemické zlozenie a Struktira fosfatov sa pravde-
podobne uz v diagenetickych ¢i anchimetamorfnych(?)
procesoch ustalili vo forme fludrapatitu. Osobité Crty
tak v distribucii REE, ako aj v zretenych anomaliach
sledovanej horniny (obr. 6) boli orientacne porovnané
s rdznorodymi analyzami fosfatovych hornin. Pre sedi-

100 . BSE 15KV

Obr. 5. Snimky spitne rozptylenych elektronov (BSE) zhotovené na mikroanalyzatore CAMECA SX 100 (SGUDS), &isla analyz zod-
povedaju tab. 1: a) svietiaci apatitovy tmel medzi tmavymi (¢iernymi) klastami kremena — mikrostruktira ako v polarizovanom svetle
na obr. 4, b) zrno 1 — analyza 1 — svetld zona obohatena o Sr, analyza 2 — zakladna siva faza, c) tri kompozicne odlisné fazy fludrapatitu
na zaklade intenzity jasu, d) detail fludrapatitového tmelu rekrystalizovaného na drobnozrnny agregat s krystalickymi okrajmi oboha-
tenymi o Sr (foto I. Holicky).

Fig. 5. Back-scattered electron (BSE) images produced applying the microanalyser device CAMECA SX 100 (State Geological Inst.
of Dionyz Stir); numbers of analyses correspond with Tab. 1: a) light apatite cement between dark clasts of quartz - microstructure as
in the polarized light in Fig. 4, b) interstitial domain 1 — analysis 1 — light Sr-enriched zone, analysis 2 — documents basic grey phase,
c) three compositionally distinct fluorapatite phases according to the BSE images-brightness, d) details of fluorapatite cement recrystal-
lized into fine-grained aggregate with Sr-enriched crystal margins (Photo I. Holicky).
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Tab. 1
_ . ZloZenie apatitu v matrixe fosfatickych SoSoviek kremenca (elektronovy mikroanalyzator CAMECA SX 100,
SGUDS Bratislava); v prvom riadku je uvedené ¢. analyzy/¢. zrna. Total (F, Cl) — vysledna suma po od¢itani kyslikového
ekvivalentu k obsahu F.
Composition of the apatite matrix in phosphate quartzite lenses (electron microanalyser CAMECA SX 100,
SGIDS Bratislava); in the first line there are marked analyses No./grain No. Total (F, Cl) — resulting sum after subtracting
the oxygen content equivalent to F.

An. 1/1 An. 2/1 An. 4/2 An. 5/3 An. 6/4 An. 7/4 An. 8/5 An. 9/5 An. 10/5
PO, 41,66 39,62 39,85 39,81 41,49 39,65 41,13 42,08 39,69
CaO 53,60 53,99 53,99 53,82 53,84 53,64 52,01 53,67 54,67
SrO 2,56 0,30 0,15 0,20 2,84 0,13 4,63 2,73 0,22
F 4,36 4,06 4,38 4,09 4,28 4,30 4,31 4,23 4,68
Cl 0,00 0,02 0,02 0,03 0,01 0,02 0,00 0,01 0,01
SiO, 0,01 1,16 1,05 0,87 0,02 0,82 0,05 0,04 0,74
TiO, 0,01 0,01 0,07 0,06 0,02 0,00 0,00 0,04 0,01
ALO, 0,00 0,53 0,58 0,43 0,01 0,42 0,02 0,01 0,39
MgO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
FeO 0,00 0,19 0,20 0,21 0,00 0,18 0,00 0,00 0,15
MnO 0,00 0,02 0,00 0,00 0,00 0,05 0,02 0,02 0,03
Na,O 0,00 0,04 0,05 0,14 0,00 0,04 0,00 0,00 0,00
K,O 0,02 0,13 0,13 0,17 0,00 0,11 0,00 0,00 0,09
La,0, 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ce,O, 0,06 0,03 0,05 0,07 0,07 0,01 0,07 0,07 0,04
Pr,0, 0,09 0,12 0,11 0,10 0,09 0,08 0,09 0,08 0,07
Nd,O, 0,03 0,01 0,02 0,00 0,00 0,00 0,06 0,08 0,00
Sm,O, 0,02 0,01 0,04 0,03 0,00 0,01 0,04 0,09 0,07
Eu,0, 0,09 0,13 0,08 0,07 0,07 0,09 0,10 0,11 0,10
Gd,0, 0,07 0,07 0,05 0,03 0,08 0,05 0,08 0,13 0,08
Tb,0, 0,02 0,08 0,02 0,04 0,01 0,01 0,05 0,01 0,00
Dy,0, 0,03 0,00 0,00 0,04 0,04 0,00 0,01 0,04 0,00
Ho,0, 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01
Er,O, 0,17 0,17 0,16 0,14 0,17 0,17 0,17 0,19 0,18
™m0, 0,03 0,03 0,02 0,07 0,05 0,06 0,00 0,00 0,01
Yb,0, 0,10 0,09 0,04 0,01 0,07 0,06 0,08 0,08 0,07
Lu,0, 0,09 0,04 0,06 0,15 0,15 0,08 0,08 0,12 0,05
Y,0, 0,04 0,01 0,02 0,00 0,08 0,01 0,09 0,15 0,02
PbO 0,03 0,01 0,00 0,01 0,02 0,01 0,00 0,00 0,00
ThO, 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,02 0,01
uo, 0,02 0,01 0,02 0,00 0,03 0,00 0,00 0,01 0,00
Total 103,10 100,86 101,18 100,61 103,47 100,01 103,10 103,99 101,41
-O=F 1,84 1,71 1,85 1,72 1,80 1,81 1,82 1,78 1,97
-0=cCl 0,00 0,00 0,01 0,01 0,00 0,00 0,00 0,00 0,00
Total (F, Cl) 101,26 99,15 99,33 98,87 101,66 98,20 101,28 102,20 99,43
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Tab. 2
Celohorninovéa chemickd analyza fosfatového kremenca (analy-
zované v geoanalytickych laboratoriach SGUDS,
Spisska Nova Ves).
Whole-rock chemical analysis of phosphate quartzite (analysed
in Geoanalytical laboratories SGIDS, Spisska Nova Ves).

Hm. % ppm Lu 0,15
Sio, 86,6 As 9,8 Nb 2
TiO, 0,03 B 13 Nd 8,37
ALO, 1,17 Ba 31 Ni 7
Fe,O, 0,23 Be 0,4 Pb 8
FeO 0,20 Ce 7 Pr 2,56
MnO <0,01 Cd 0,3 Rb 11
MgO 0,10 Co <3 Sh 1,7
CaO 6,92 Cr 47 Sm 3,38
CaO,,, <0,3 Cu <5 Sr 733
Na,O <0,2 Dy 4,59 U 9
K,0 0,31 Eu 1,82 Th 0,96
P,O, 4,11 Er 1,85 Th <3
S 0,02 Gd 5,41 Tm 0,31
F 0,50 Hf <3 \Y 11
Cl 0,02 Hg 0,12 Y 20
H,0" 0,14 Ho 0,75 Yb 1,7
H,0O" 0,12 La 6 Zn 7
Cco, 0,01 Li 8 Zr 32

mentarne biogénne fosfaty je priznaény narast MREE,
ktoré sa v procese diagenézy viazu na novotvoreny apatit
(Cruse at al., 2000; Takebe a Yamamoto, 2002). Vo vacsi-
ne fosfatickych lozisk badat’ istG zhodu v zastupeni REE
a taktiez bola zaznamenana zaporna Ce-anomalia (Emsbo
et al.,, 2015). Pozornost uputala napr. distribucia REE
v proterozoickych fosfatickych horninach Indického $titu
(Khan et al., 2012), kde sa prejavila kladna Eu- a zaporna
Ce-anomalia, obdobn4, ako znazorfiuje obr. 6. Aj ked’ kon-
krétna pric¢ina danej Specifickej €rty nie je vyjasnena, mdze
to naznaéovat’ urcitil uniformitu Specifickych geochemic-
kych procesov, bez ohl'adu na vekové, paleogeografické
a iné Cinitele.

Z hladiska chemického potencialu predpokladaného
krystalického zdrojového materidlu mozno v zvetrava-
com procese povazovat vapnik za bezne dostupny pr-
vok. Ten sa vSak v bazalnych kremencoch vzhl'adom na
predpokladané dynamické prostredie rie¢nych systémov
a semiaridnu klimu (Misik a Jablonsky, 2000) koncentruje
zrejme len v minimalnej miere. Pravdepodobne priazni-
vym okolnostiam — zvySenej koncentracii P,O, a pausalne;
dostupnosti CaO odnasaného zo zvetravajucej kontinen-
talnej kdry — mozno vdacit’ za vyvoj fosfatového tmelu.
Na zaklade mineralnej naplne kremencov a chemického
zlozenia skiimanej horniny sa daju odvodzovat’ nekarbo-
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Obr. 6. Distribucia REE fosfatového kremenca (vzorka MK 167)
v porovnani so spodnotriasovymi kremencami (lizhanské sa-
vrstvie) pohoria Ziar (Laurinc a Kovacik, 2015): a) normalizova-
né podla standardu PAAS (McLennan, 1989), b) normalizované
podl'a chondritu (Boynton, 1985).

Fig. 6. REE distribution in phosphatic quartzite (sample MK
167) in comparison with the Lower Triassic quartzites (Luzna
Fm.) of the Ziar Mts. (Laurinc and Kovagik, 2015): a) normali-
zed to PAAS standard (McLennan, 1989), b) normalized to chon-
drite (Boynton, 1985).

natové podmienky sedimentacie. Podporuje to aj nesta-
novitelné mnozstvo CaO,,, ako aj relativne vel'mi nizky
obsah MgO (tab. 2). Ina je otdzka obohatenia o Sr, ktoré
teoreticky moze pochadzat’ z kalcitovych ¢i aragonitovych
schranok organizmov (napr. Polanski a Smulikowski,
1978). Odhliadnuc od konkrétneho prekurzora Sr, na za-
klade prevazujucich tdajov mozno v danom sedimente
prijat’ predstavu o jeho biogénnom povode. Systematicky
vyssi obsah F v apatite (tab. 1) sa prejavuje aj v celohorni-
novej analyze (0,5 hm. %) a naznacuje, ze ,,prebytocny* F
nemusi byt’ pevnou Struktarno-chemickou sti¢astou prav-
depodobne nedokonalej krystalovej mriezky skiimaného
apatitu. VSeobecne je mozné predpokladat’ vyvoj fluérapa-
titovej hmoty z tzv. kolofanu (kolofanitu), ktory nezriedka
obsahuje viac F v porovnani s idealnym vzorcom fluérapa-
titu (= 3,7 % F). Podobne fosfaty, tvorené pravdepodobne
priamo vyzrazanym autigénnym apatitom, ktoré vznikaju
v stcasnosti na zapadnom pobrezi Juznej Ameriky, maja
tiez zvysSeny obsah fludru (Burnett, 1977).
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Obr. 7. Modelova schéma recentného vyvoja fosforitov v oblasti
Selfu (Baturin, 1989).
Fig. 7. Model of formation of present-day phosphorites on the
shelf (Baturin, 1989).

Genéza

Vznik fosfatovych sedimentov zavisi od kombinacie
mnozstva Cinitelov, ku ktorym sa zarad’uju chemické,
biologické, klimatické a sedimentacné procesy, cirkulacia
morskych pradov atd. Z nazorového spektra na genézu
sedimentarnych fosfatovych hornin, odhliadnuc od Spe-
cialnych pripadov, prevazna vicsina sa zhoduje na ich
morskom povode (Baturin, 1989). Koncentraciu fosforu
mozno odvodzovat’ z bohatej pritomnosti planktonického
materialu v plytkomorskom prostredi, ktory ¢erpa fosfor
do svojich schranok zo vzostupnych chladnejsich mor-
skych pradov (Kazakov, 1937; Businskij, 1958). Typicka
akumulaciu fosforitov na kontinentdlnom okraji Juznej
Afriky a Juznej Ameriky charakterizuje tropické a subtro-
pické péasmo, blizkost’ pobrezia a pomald sedimentacia.
Vyvoj subrecentnych fosfatovych nodal chape Baturin
(1989) najmé ako doésledok dynamiky litoralneho mora
(obr. 7), kde neustale premyvanie diatomitového bahna
obohaten¢ho o fosfor umozinuje loziskovu koncentraciu
fosfatov v rozlicnych formach konkrécii a laminovanych
vrstiev.

Roztrisené SoSovky fosfatov mdézu v mensej miere
vznikat aj v prostredi estuarii (Pevear, 1966) — dolnej Casti
riek vtekajicich pobreznou plosinou do kontinentalneho
Selfu. Nachadzaju sa od hranice prilivu az po pribrezné
morské facie, pricom zo strany otvoreného mora je pri-
nasany fosfor, ktory v deltach riek spotrebvaju travy
a bentické riasy. Epikontinentdlne pobrezné moznosti
vzniku fosfatov (napr. Hendrix a Byers, 2000; Ruttenberg
a Berner, 1993), vS§eobecne oznaCované ako ,,nevystupné*
(,shon-upwelling*, porovnaj obr. 7), mézu byt z paleoe-
nvironmentalneho pohl'adu v $tudovanom pripade dobre
prijatel'né.

Skumané spodnotriasové fosfatové kremence sa naj-
skor usadzovali na okraji vyzretej kontinentalnej kory
v teplych klimatickych podmienkach. Vyznamnou mierou
to dokumentuje uvedené principy geologického aktualiz-
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mu, ktoré v otazkach genézy predrecentnych fosfatickych
sedimentov byvaju Siroko akceptované (napr. Brookfield
etal., 2009). Pri generalnom respektovani kontinentalnych
podmienok sedimentacie hostitel'skych kremencovych
usadenin (Misik a Jablonsky, 1978, 2000) predpoklada-
me, ze fosfatické kremenné SoSovky sa vyvijali v dosa-
hu G¢inku mora. Mozno si predstavit’ epizodicki morsku
ingresiu, existenciu lokalizovaného morského zalivu,
deltu rieky prechadzajiucu do plytkomorského prostredia
a pod. Aj ked’ to miestne tektonické pomery nedovol'uju
bezprostredne stanovit’, nepriamo mozno usudzovat, ze
tvorba fosfatickych SoSoviek je viazana na vyssie Casti kre-
mencového suvrstvia. V oblastiach s lepSie zachovanym
vyvinom spodného triasu typické kremencové horizonty
nezriedka pozvolna prechadzaji do litologickej naplne
charakterizovanej pestrymi pieskovcami a ilovcami s
lokélnymi polohami rauvakov a sadrovcov, povaZova-
nych za produkty plytkomorskych hypersalinickych facii
(napr. Misik, 1978). Tato vrchna ¢ast’ spodnotriasového
suvrstvia sa tradi¢ne zarad’uje k tzv. verfénskym vrstvam,
pripadne predstavuje najvyssi, treti ¢len luznanského su-
vrstvia (sensu Fejdiova, 1980). Vo Vnutornych Zapadnych
Karpatoch boli v mezozoiku charakterizované dve obdo-
bia spojené s vyvojom fosfatov — obdobie spodného liasu
a albu az cenomanu (Michalik a Misik, 1987). Na zaklade
opisovaného nalezu k nim mozno azda priradit’ aj obdobie
spodnotriasovej klastickej sedimentacie.

Turmalinicke obliaky — kompilacna uvaha

V suvislosti s navrhovanou predstavou o plytkomor-
skej genéze fosfatickych kremencovych konkrécii sa
natiska otazka povodu, pripadne separdcie jednotlivych
typov exotickych turmalinickych obliakov. V rdmci roz-
norodych krystalochemickych typov turmalinov (Bacik
a Uher, 2007) upttala pozornost’ skupina s kompozi¢nym
trendom skoryl — ,,oxydravit“— povondrait s predpoklada-
nym vulkanicko-exhalaénym povodom za prinosu marin-
nych, pripadne evaporitickych fluid (Bacik a Uher, 1. c.,
2007a). Takyto turmalin bol opisany z Glomkov luznan-
ského stivrstvia na juznej strane vrcholu Devinskej Kobyly
(514 m n. m.). Povazujeme za opravnené uvazovat, ze ide
o typ turmalinu vykrystalizovaného v sadrovcovom klobu-
ku, aké vznikajui druhotnou premenou evaporitov (Slack et
al., 1993; Zagek et al., 1998; Henry et al., 1999). Turmali-
ny obdobného pévodu moézu vznikat pri teplote nizsej ako
150 °C (Henry a Dutrow, 2012), boli opisané aj turmaliny
vznikajuce v autigénnych podmienkach (Gautier, 1979).

Takto by z l'ahko rozpustnych hypotetickych sadrovco-
vych, pripadne aj d’alsich evaporitickych usadenin v area-
li klastickych spodnotriasovych sedimentov mali Sancu
zachovat’ sa len ich rekrystalizované produkty v podobe
kremennych turmalinitov. Mozno vyslovit' domnienku,
ze v dosledku neskorSej synsedimentarnej redepozicie sa
dany typ turmalinitov moézZe sporadicky objavovat’ v po-
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dobe odolnych obliakov. V obalovych spodnotriasovych
kremencoch pohoria Tribe¢ opisané turmalinické hori-
zonty, ponimané ako produkty bezodtokovych jazier v se-
miaridnych podmienkach (Vozarova et al., 2003), svojim
spdsobom neodporuju ani predstave o primarnej lagunar-
nej genéze.

Zaver

V obalovych kremencoch juznej casti Malych Kar-
pat boli identifikované tmavé fosfatické konkrécie, ktoré
zrejme predstavuju ojedinely vyskyt v areali zapadokar-
patsko-spodnoaustroalpinskej spodnotriasovej klastickej
sedimentacie. Vystupuju ako synsedimentarne vrstvovité
zvysky, niekedy s laminovanou textirou alebo v podobe
plochych noduldrnych utvarov. Kvantitativne zastipe-
nie apatitu dosahuje okolo 10 — 12 obj. %, v drobnych
ciernych nodulach aj viac. Predpokladany biogénny
(planktonicky) fosfatovy tmel vypliajuci priestor medzi
ostrohrannymi kremennymi klastami vystupuje vo forme
nedostatocne vykryStalizovaného jemnozrnného agre-
gatu fludrapatitu, diagenetického ¢i anchimetamorfného
povodu. Fazy obohatené o Sr, zvySeny obsah F a jemne
dispergovana organicka substancia indikuji morsky poévod
fosfatickych konkrécii, ktoré v ¢ase inicidlnej sedimento-
genézy mohla tvorit’ kolofanova hmota.

Pri porovnani s beznymi kremencami, ale aj okolitymi
horninami krystalinika chemické zloZenie apatitonosnej
horniny vykazuje ndpadny nérast obsahu P, Ca, F, Sr, As,
U, MREE a scasti aj HREE. Prizna¢na je aj negativna
Ce- a pozitivna Eu-anomalia. ZvySenie obsahu uvedenych
komponentov je kompenzované znizenim podielu horni-
notvornych oxidov, o sprevadza pokles Ba, B, Rb, Zr a Li.
Vznik fosfatickej horniny mozno spajat’ s lokalizovanym
morskym prienikom do prostredia kontinentalnej klastic-
kej sedimentacie spodnotriasovych kremencov. Mezozo-
ické obdobia spojené s vyvojom fosfatov vo Vnitornych
Zapadnych Karpatoch mozno podla daného nalezu rozsi-
rit’ aj o obdobie spodnotriasovej klastickej sedimentacie.
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The occurrence and genesis of the phosphatic nodules in the Lower Triassic quartzites
of the Mal¢ Karpaty Mts. (Central Western Carpathians)

Rare dark synsedimentary phosphate nodules were
identified inside the Lower Triassic quartzites in the area
of Devin castle cliff (Figs. 1 and 2) in the southern part of
the Malé¢ Karpaty Mts. (Tatric unit, Western Carpathians,
SW Slovakia). Irregularly distributed tiny occurences of
dark-grey to black phosphate quartzites, placed along the
bedding planes, reach a thickness from 5 mm up to ca 120
mm (Fig. 3a, b). Phosphates have a nodular or laminated
structure (Fig. 3) and they contain about 12 vol. % (locally
even more) of slightly crystallized apatite of diagenetic
or anchimetamorphic origin. Phosphate cement (Fig. 4)
of presumed biogenic (planktonic) origin, fills the space
between angular-shaped quartz clasts. It appears as a fi-
ne-grained aggregate composed of fluorapatite (Tab. 1)
with Sr-enriched phases (up to 4.6 wt.% SrO) at places
(Fig. 5). In comparison to the usual quartzites, as well as
to surrounding crystalline rocks, the apatite-bearing rock
exhibits a noticeable increase in the content of P, Ca, F, Sr,
As, U, MREE and partly HREE. Reduction of the content
of rock-forming oxides, accompanied by a decrease of Ba,
B, Rb, Zr and Li (Tab. 2, Fig. 6), took simultaneously pla-
ce. As in many of the world’s sedimentary phosphorites,
the REE pattern shows a MREE enrichment, pronounced
negative Ce-anomaly and positive Eu-anomaly.

Investigated phosphate concretions were deposited on
evolved continental crust margins in warm climatic con-
ditions. All above in case of sedimentary phosphates, the
versatility of several principles of the geological actualism
was documented in significant extent (BuSinskij, 1958;
Baturin, 1989; Burnett, 1977). By overall admitted con-
tinental sedimentation conditions of host quartzite clastics
(Misik and Jablonsky, 1978, 2000), the phosphatic lenses
might have evolved in the marine influence. There can be
suggested the episodic sea ingression, existence of locali-
zed sea bay, estuary passing into a shallow-sea environ-
ment, etc.
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Based on the indirect signs, it may be also inferred that
the formation of phosphatic concretions is bound to the
higher horizons of quartzite formation, which are continu-
ally passing into the Lower Triassic variegated sandstone
and claystone (“Werfenian beds”), considered as produ-
cts of typical hypersaline sedimentation (Misik, 1978).
Generally, there are two known periods associated with
the development of phosphate sedimentation in the Inner
Western Carpathians — the Early Liassic and the Albian
— Cenomanian according to Michalik and Misik (1987).
Period of the Early Triassic clastic sedimentation could be
possibly also included as based on the described findings.
The phosphate-bearing quartzites in the Lower Triassic
sequence, so far, represent unique occurrence in the Wes-
tern Carpathians of the “Ltzna Fm.” — Lower Austroalpine
“Semmering Quarzite” realm.

The distinctive tourmaline type with compositional
trend schorl — “oxy-dravite” — povondraite (Bacik and
Uher, 2007) in one group of pebbles scarcely distributed
in Lower Triassic quartzites and their areal proximity to
the studied phosphatic occurrence indicate that their origin
is not to be necessary derivated from an exotic source. It
cannot be excluded, that a limited existence of lagoon faci-
es with an evaporitic mineralization could be transformed
during its sedimentogenesis to the tourmalinites (e.g. Slack
et al., 1993; Henry and Dutrow, 2012), during the deposi-
tion of Lower Triassic quartzites. It can be assumed, that
such a kind of quartzitic tourmalinites sporadically appear
in the form of resistant pebbles, due to later syn-sedimen-
tary redeposition.
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Magnetic susceptibility and potentially toxic elements distribution in soils of the Zahorska niZina Lowland
and of the Malé Karpaty Mts. foothill, Slovakia

Abstract: The aim of the article is the study of selected potentially toxic elements distribution in soils of the
Zahorska nizina Lowland and of the Malé Karpaty Mts. foothill. Further aim was to present a non-conventional
way of magnetic susceptibility utilizing, i.e. the soil magnetometry.

In presented study the low relationship between contents of potentially toxic elements and magnetic susceptibility
in soils was found. The use of soil magnetometry is evidently limited in the case of the evaluation of potentially
toxic elements distribution in soils with low organic matter content, e.g. in sandy soils.

Key words: magnetic susceptibility, potentially toxic elements, sandy soils, Zahorsk4 nizina lowland, Western

Carpathians
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Uvod

Aktualnost’ problematiky potencialne toxickych prv-
kov (PTP) je aj v tom, ze pre ne v principe neexistuju
mechanizmy samocistenia — ony sa len premiestiiuju z jed-
ného prirodného rezervoara do druhého pri vzajomnom
posobeni s roznymi kategériami réznych zivych organiz-
mov a vSade ostavaju zretel'né nezelatelné dosledky tohto
vzajomného pdsobenia.

Tieto zistenia poskytujii stimuldciu na sthrnné §ta-
dium znadmych alebo podozrivych oblasti znecistenia
a na dopliiujuce sledovanie geochemického spravania PTP
v ovzdusi, vode a pddach a ich vplyvu na rastliny s nasle-
dujicou moznostou vplyvat' na l'udsky organizmus, ako
aj na zavadzanie novych netradi¢nych metdd Stadia PTP.

Takouto metddou je aj podna magnetometria. Tato
metdda patri medzi menej Standardné metody sliziace na
zistovanie znecistenia prostredia PTP. Je to vSak metdda,

Highlights
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» The selected potentially toxic elements in soils of the Za-
horska nizina Lowland and the Malé Karpaty Mts. foothill
were presented on contour maps

» The application of soil magnetometry is limited in the case
of the evaluation of potentially toxic elements in soils with
low content of organic matter, e.g. the sandy soils

ktora umozinuje nazhromazdit' dostato¢ne velké mnoz-
stvo udajov nutnych na Statistickll a graficku interpretaciu
priestorovej distribicie magnetickych parametrov tyka-
jucich sa znegistenia pod PTP (napr. Durza et al., 2013;
Venuti et al., 2016; Rachwal et al., 2017).

Skumana oblast’

Pody Zahorskej niziny mozno zaradit' do skupiny pod
s extrémnymi vlastnost'ami. Nemaju takmer ziadnu orga-
nicktl hmotu, maji nevhodnt1 textiru, zIy vodno-vzdusny
rezim a nemaju ziadny skelet, pretoze vznikli prevazne
z viatych pieskov, ktoré boli koncom pleistocénu vyviate
z riecnych teras Moravy.

NajrozsirenejSie pddne typy su regozem, kambizem,
¢iernica a podzol. Okrem toho tu vystupuju fluvizeme, na
svahu a updti Malych Karpat aj rendziny a pararendziny.
Lokélne mozno najst’ gleje (Curlik a Seféik, 1999).
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Distribucia kovov v pddnom profile sa riadi procesom
pedogenézy. Tento proces vplyva na distribuciu obsahu
kovov v jednotlivych podnych horizontoch. V ramci pod-
neho profilu st Ag, As, Cd, Cu, Hg, Pb, Sb a Zn koncentro-
vané predovsetkym vo vrchnych horizontoch ako vysledok
vegetacnej recyklacie, atmosférickej depozicie a adsorpcie
organickou hmotou. Prvky, ktoré sa nachadzaju vo zvy-
Senej koncentracii v spodnejSich horizontoch — Fe, Mg,
Ni, Sc, Ti a Zr, maji tendenciu akumulacie s ilovymi
mineralmi a seskvioxidmi (Bowen, 1979). Antropogénne
kontaminované pody maji zvicsa vyssi obsah kovov vo
vrchnom horizonte, pretoze v pedogenetickom procese ne-
bol dostatok ¢asu na ovplyvnenie ich redistribtcie v pod-
nom profile (Alloway, 1990).

Zahorskl nizinu mozno povazovat’ za oblast’ so $peci-
fickymi prirodnymi podmienkami. Okrem toho sa tu uplat-
nuje znacny vplyv Cinnosti cloveka.

Metodika

V ramci $tudovaného tzemia sa sledovalo 51 lokalit,
na ktorych sa merala magneticka susceptibilita a odoberali

psi RS0 PO
x

x08
Zohor x127

Obr. 1. Mapa odberov podnych vzoriek.
Fig. 1. Sampling scheme of soil samples.

X
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sa vzorky na chemické analyzy. Lokality boli rozdelené do
troch linii (obr. 1):

— linia Moravsky Svity Jan — Zavod — Studienka —
Solo$nica — Rohoznik,
linia Gajary — Malacky — Pernek,
linia Zahorska Ves — Vysoké pri Morave — Zohor
— Stupava.

Vzorky sa odoberali a magneticka susceptibilita sa
merala aj vo vertikalnych profiloch, a to v horizonte Ao,
A a B, resp. na povrchu a v hibke 5 — 10 cm a 30 — 40 cm.
Na sledovanych liniach nebolo mozné zachovat’ rovnaké
podmienky merania ako rovnaka materskd hornina alebo
rovnaké pozadie ¢i rovnakd hrubku humusového horizon-
tu.

Vo vysuSenych a upravenych vzorkach sa roznymi
metodami analyticky zistovala koncentracia vybranych
prvkov, konkrétne As, Cd, Co, Cu, Fe, Hg, Ni, Pb, Sb a Zn.

Vi&sina vzoriek sa analyzovala v laboratériach Usta-
vu laboratérneho vyskumu geomaterialov Prirodovedec-
kej fakulty Univerzity Komenského v Bratislave (tab.
1). Na stanovenie prvkov sa pouzila atomova absorpéna
spektrometria (AAS). Stanovenie prvkov sa vykonalo za
podmienok uvedenych v praci Medveda
et al. (1992). Absorpcné signaly Pb, Zn,
Cd, Fe, Co, Cu a Ni sa merali z roztoku
pouzitim atdmového absorpéného spek-
trometra Perkin — Elmer 380 v plameni
acetylén — vzduch, pri As a Sb sa pouzila
hydridova technika. Hg sa stanovila pria-
mo z pevnej vzorky na jednoucelovom
spektrometri TMA 254.

Vzorky 102, 103, 104, 106 a 108 sa
analyzovali v laboratoriach EL, spol. s 1.
0. — Ekologické a veterinarne laboratoria
v Spisskej Novej Vsi, pricom sa pouzila
rovnaka metodika (tab. 1).

Magneticka susceptibilita sa merala
kappametrom, model KT-5. Zakladnou
sucast'ou pristroja je 10 kHz oscilator,
ktory je indukéne spojeny s plochou me-
racou cievkou, umiestnenou v meracej
Casti pristroja. Frekvencia oscilatora sa
meria cievkou umiestnenou v rovnake;j
vzdialenosti od horniny (meranie ,,vol’-
ného priestoru) a cievkou priloZzenou
k povrchu horniny. Z rozdielu frekven-
cii sa pomocou mikroprocesora uréi
zdanliva susceptibilita, ktora je Ciselne
zobrazena na displeji. Meranie sa opa-
kuje trindstkrat a z vysledkov sa potom
vypocitava priemer, s ktorym sa dalej
pracuje (tab. 2).

Nasledne sa vypocitaju relativne
vrchnohumusové (vrchnopodové) RTE

%123

126X p Solodnica

X
L
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hodnoty (RTE — relative topsoil elevation). Pod relativnym
vrchnohumusovym (vrchnopddovym) zvySenim koncen-
tracie prvku, resp. hodndt magnetickej susceptibility sa
rozumie pomer koncentracie prvku, resp. hodndt magne-
tickej susceptibility vo vrchnej pode (0 — 15 cm) k jeho
koncentracii, resp. hodnotam magnetickej susceptibility
v podklade (30 — 45 cm) ako index povrchovej kontami-
nacie pod (Colbourn a Thorton, 1978, in Alloway, 1990).

Vysledky a diskusia

Pri porovnavani vysledkov analyz s limitnymi hodno-
tami rizikovych latok v podach (Rozhodnutie Ministerstva
podohospodarstva Slovenskej republiky, 1994) sa zistilo,
ze vo viacerych vzorkach boli prekroc¢ené limitné hodnoty
A, ato pri prvkoch Cd, Cu, Hg, Ni, Pb a Zn. Len v jednom
pripade bola prekro¢end limitna hodnota B, konkrétne
v pripade Cd (tab. 3).

Ak sledujeme tieto prekrocenia v jednotlivych bodoch
odberov, zistime, ze najviac prekroceni je v bodoch 135
(Cd, Cu, Ni, Zn), 107 (Cd, Cu, Hg, Zn), 102 (Pb, Cd, Hg)
a 46 (Cu, Ni, Zn).

Na zéklade map izolinii zobrazujucich distribuciu
prvkov v jednotlivych pédnych horizontoch mozno vy-
¢lenit’ niekol’ko skupin s podobnou distribliciou prvkov
(obr. 2 —4).

Do prvej skupiny mézeme zaradit’ As a Sb, pri ktorych
sa najvyssi obsah zaznamenal vo vychodnej asti druhého
profilu. Ten je pokra¢ovanim profilu vediceho cez pezin-
sko-pernecké zrudnenie (Veselsky et al., 2003). MozZno
predpokladat’, ze zvySené hodnoty su spojené s tymto
zrudnenim. V pripade Sb v horizonte Ao st vSak maxi-
malne hodnoty dosiahnuté v zapadnej Casti druhého pro-
filu v bode 107. Ked’ze smerom do hibky obsah Sb klesa,
mozno predpokladat, ze ide o antropogénny zdroj.

Do dalsej skupiny s podobnou distribuciou prvkov
mozno zaradit’ Fe, Co a Ni. V pripade Fe a Co je vidite'ny
narast koncentracie smerom do hibky. V pripade Ni tento
narast nie je taky zretelny, ¢o je pravdepodobne spdsobe-
né véizbou Ni na organické latky v humusovych pddnych
horizontoch.

Zvysenu koncentraciu zaznamenavame vo vychodnej
Casti tretieho profilu, v pripade Co aj v jeho zapadnej Cas-
ti. V ramci druhého profilu je pri tychto prvkoch zisteny
zvySeny obsah v bodoch 108, 104 a na jeho vychodnom
okraji. V prvom profile sa zvysuje koncentracia smerom
k toku rieky Moravy, s najvyssimi hodnotami v bode 135.
Tento bod odberu bol umiestneny pri hradzi, ktora pozo-
stava z navezeného materialu. Preto tu mozno predpokla-
dat, ze zvySeny obsah tychto, ako aj d’al§ich prvkov ma aj
antropogénny povod.

Samostatnl skupinu tvoria Cu a Zn. Podobne ako
v predchadzajiicom pripade, zvySeny obsah tychto prvkov
je vo vychodnej ¢asti druhého a tretieho profilu a v zapad-
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nej Casti prvého profilu. Aj pri tychto prvkoch je zvyseny
obsah aj v bode 104. Okrem toho je zvySena koncentracia
oboch prvkov v horizonte Ao v bode 107, ktora smerom
do hibky klesa. To poukazuje na pravdepodobny antropo-
génny zdroj vstupu oboch prvkov.

Do ziadnej z tychto skupin nemozno zaradit' zvysné
prvky, teda Pb, Hg a Cd. V pripade Cd ide skor o bodové
zvySenia koncentracie ako o plosné, ktoré sa prejavuju len
v niektorych pddnych horizontoch.

V pripade Pb a Hg vo vSeobecnosti klesa koncentracia
smerom do hibky. Akumulacia oboch prvkov vo vrchnych
horizontoch moéze byt spdésobena vdzbou na organicku
hmotu. VysSia koncentracia Pb vo vrchnom horizonte
pody je Ciastone aj v dosledku atmosférickej depozicie
(Kabata-Pendias a Kabata, 1992) a kyslé dazde spravidla
nedokazu vyraznejSie vyluhovat Pb z pddy. Olovo je
v horizonte Ao a A distribuované pomerne rovnomerne,
s vynimkou bodov 102 a 47. V horizonte B je zvyseny
obsah Pb, ¢i uz bodovo alebo plosne, vo vsetkych troch
profiloch. Ortut’, podobne ako olovo, je na povrchu dis-
tribuovana pomerne rovnomerne, s vynimkou bodu 107,
kde je dosiahnutd najvyssSia koncentracia Hg vobec. Po-
dobne ako v pripade Zn a Cu, koncentracia Hg v tomto
bode smerom do hibky klesa. Z toho mozno usudzovat’,
ze je pravdepodobne antropogénneho pévodu. V pripade
horizontu A a B je najvyssi obsah zisteny v tretom profile.

K antropogénnym zdrojom, ktoré sa mdézu v oblasti
Zahorskej niziny uplatiovat, patri spalovanie fosilnych
paliv, skladky odpadu, miestna priemyselna vyroba, po-
uzivanie rozlicnych hnojiv a pesticidov v pol'nohospodar-
stve a podobne. Vstup niektorych prvkov do pédy mdze
byt spojeny aj s atmosférickym prenosom. Okrem toho,
v ramci tretieho profilu mozno predpokladat’ aj vplyv vo-
jenskej strelnice.

Podna magnetometria sa v sucasnosti uz bezne pouziva
ako orientacna, rychla a ekonomicky nenarocna metdda na
zistovanie zvysenej koncentracie potencialne toxickych
prvkov v pode nielen u nas (Durza, 1999, 2003; Durza et
al., 2013), ale najmé v zahranici (Petrovsky et al., 2000;
Schmidt et al., 2005; Liu et al., 2016).

Maximalne hodnoty magnetickej susceptibility su za-
znamenané v oblasti Malych Karpat a na naplavoch rieky
Moravy. Pri porovnavani s mapami izolinii jednotlivych
prvkov mozno v niektorych pripadoch vidiet' istGi kore-
laciu pozdiz Malych Karpat. Castejsie viak nie je mozné
urcit’ ziadny vzt'ah. To isté plati aj pri korelécii so sumou
hodnot obsahu PTP.

Ani pri porovnavani RTE (relativne vrchnopddové
zvySenie) hodnot magnetickej susceptibility a sumy hod-
ndt obsahu prvkov nevidno vyraznejsiu spojitost. Ako
anomalny sa javi bod 103, v ktorom je najvyssia RTE hod-
nota magnetickej susceptibility vobec, ale hodnoty jednot-
livych prvkov, ako aj ich sumy st tu nizke.

Nizka korelacia medzi distribticiou absolutnych alebo
relativnych hodnot magnetickej susceptibility a jednotli-
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Tab. 1
Koncentracia sledovanych prvkov.
Concentration of analysed elements.

154,37 As cd Co Cu Fe Hg Ni Pb Sb Zn
Elements

Cislo vzorky

Number mg.kg' | mg.kg! | mg.kg' | mg.kg! % mg.kg! | mg.kg! | mg.kg! | mg.kg! | mg.kg!
of samples

P-42A0 0,16

P-42A 13,01 0,78 3,91 17,60 1,94 0,22 19,07 64,54 2,13 112,46
P-42B 7,70 0,13 7,00 14,01 2,10 0,05 21,76 34,76 0,86 57,54
P-43A0 0,17

P-43A 17,85 0,73 10,82 26,06 2,53 0,15 36,05 54,08 3,86 172,57
P-43B 8,66 0,73 8,26 17,10 1,71 0,04 34,27 23,76 1,68 107,06
P-44A0 0,07

P-44A 17,14 0,12 11,84 35,52 3,14 0,17 43,17 26,44 12,85 107,56
P-44B 7,67 0,76 12,05 26,61 2,63 0,10 34,14 22,60 4,23 92,39
P-45A0 0,05

P-45A 5,87 0,22 5,59 21,36 2,21 0,10 22,88 23,39 2,98 62,04
P-45B 4,58 0,72 9,73 23,86 2,23 0,10 34,44 20,21 1,76 64,38
P-46A0 0,10

P-46A 12,20 0,68 8,38 38,44 2,44 0,15 31,05 21,68 5,12 177,41
P-46B 17,37 0,15 15,73 41,45 3,44 0,05 51,69 18,48 6,36 104,14
P-47A0 0,11

P-47A 8,65 0,30 5,06 24,30 1,71 0,06 27,84 178,17 1,30 91,11
P-47B 491 0,30 8,98 20,45 1,66 0,04 26,44 48,63 0,88 62,10
P-48A 2,73 0,13 2,00 8,01 1,21 0,04 6,01 16,22 0,65 30,54
P-48B 2,03 0,18 6,50 7,00 1,24 0,02 9,00 14,74 0,24 23,49
P-49A0 0,04

P-49A 5,61 0,28 2,00 15,99 1,76 0,13 7,00 47,98 1,25 80,46
P-49B 6,76 0,35 6,23 8,52 1,80 0,03 4,24 15,46 0,58 22,19
P-50A0 0,04

P-50A 8,69 0,26 4,00 13,00 1,82 0,12 10,50 61,01 1,15 96,52
P-50B 3,67 0,08 3,76 7,02 2,06 0,02 5,76 15,79 0,27 23,06
P-51A0 0,09

P-51A 7,32 0,19 2,01 12,01 1,73 0,19 12,01 51,04 1,11 80,57
P-51B 4,34 0,15 3,75 7,80 1,77 0,10 12,00 24,01 0,48 33,26
P-52A 6,55 0,17 1,50 14,00 0,74 0,36 12,00 52,99 1,20 46,00
P-52B 2,43 0,35 2,75 6,49 1,09 0,04 9,99 18,23 0,35 31,72
P-53A 5,21 0,09 2,00 7,00 0,98 0,08 8,50 23,99 1,21 35,49
P-53B 2,81 0,67 3,25 6,79 0,88 0,04 7,99 16,24 0,44 38,96
P-54A 4,09 0,26 2,50 10,00 0,78 0,14 7,50 46,00 0,90 47,50
P-54B 2,52 0,09 2,75 6,00 0,83 0,05 5,00 22,27 0,44 28,52
P-55A 5,10 0,14 2,30 11,00 1,12 0,12 10,50 39,00 1,00 56,00
P-55B 3,92 0,35 2,33 8,30 1,19 0,04 7,00 18,75 0,58 36,51
P-56A 3,81 0,22 1,49 11,00 1,04 0,09 11,00 27,99 1,05 45,49
P-56B 2,96 0,35 4,75 8,50 0,95 0,03 7,25 19,50 0,43 34,50
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Tab. 1 — pokracovanie

Prvky As cd Co Cu Fe Hg Ni Pb Sh Zn
Elements

Cislo vzorky

Number mg.kg' | mg.kg! | mg.kg' | mg.kg! % mg.kg! | mg.kg! | mg.kg! | mg.kg! | mg.kg!
of samples

P-57A 5,88 0,36 2,00 13,98 0,61 0,12 10,48 65,85 1,07 104,26
P-57B 2,13 0,20 3,51 6,01 0,75 0,02 5,01 14,28 0,39 23,54
P-101A0 9,46 0,55 25,20 28,90 1,89 0,34 29,30 77,90 0,70 112,40
P-101A 5,26 0,40 7,80 16,60 1,92 0,26 27,50 52,00 0,41 99,50
P-101B 3,96 0,55 6,80 11,60 1,86 0,21 23,20 33,00 0,25 80,50
P-102A0 6,80 0,90 6,00 21,00 1,77 0,34 27,00 95,20 1,70 114,00
P-102A 10,00 0,80 8,00 16,00 2,05 0,21 28,00 64,20 1,60 117,00
P-102B 3,30 0,30 7,00 13,00 2,14 0,09 23,00 19,80 0,60 57,00
P-103A0 6,70 0,60 4,00 17,00 1,08 0,36 27,00 73,30 1,40 111,00
P-103A 8,10 0,40 1,00 13,00 1,07 0,35 23,00 59,80 1,50 62,00
P-103B 12,40 0,20 1,00 9,00 1,35 0,15 34,00 35,40 0,80 48,00
P-104A0 4,20 0,50 14,00 36,00 2,82 0,11 50,00 24,50 1,10 90,00
P-104A 5,40 0,60 15,00 36,00 2,98 0,11 51,00 26,00 1,30 95,00
P-104B 6,20 0,50 13,00 34,00 2,81 0,10 47,00 26,50 1,40 92,00
P-105A0 1,75 0,10 1,65 9,30 0,97 0,15 6,40 33,50 0,15 46,50
P-105A 2,57 0,10 2,35 9,50 1,07 0,13 7,20 37,50 0,16 44,50
P-105B 1,37 0,20 2,35 8,14 1,09 0,14 7,50 21,50 0,04 34,50
P-106A0 1,60 0,20 2,00 6,00 0,75 0,07 7,00 27,90 0,30 33,00
P-106A 1,70 0,30 3,00 5,00 0,74 0,05 6,00 23,70 0,20 22,00
P-106B 1,40 0,10 2,00 3,00 0,69 0,02 5,00 14,30 1,00 11,00
P-107A0 4,31 0,85 5,74 38,50 1,29 0,78 16,80 55,50 5,42 145,90
P-107A 3,97 0,85 6,55 25,90 1,61 0,32 19,70 52,00 0,41 78,00
P-107B 2,80 0,40 5,90 17,10 1,39 0,21 17,00 34,50 0,18 45,00
P-108A0 3,20 0,90 7,00 22,00 1,35 0,22 20,00 46,10 0,50 76,00
P-108A 5,30 1,10 12,00 25,00 1,98 0,26 30,00 54,00 0,80 76,00
P-108B 2,60 0,20 9,00 13,00 2,10 0,07 24,00 21,00 0,30 42,00
P-109A0 1,79 0,35 4,78 13,80 1,45 0,27 14,20 20,00 0,02 47,90
P-109A 2,15 0,15 5,60 17,00 1,69 0,38 16,70 27,00 0,01 60,80
P-109B 2,05 0,35 5,04 14,70 1,52 0,37 15,60 22,50 0,01 48,80
P-110A0 1,71 <0,5 8,99 20,47 1,12 0,13 15,48 25,50 0,15 83,40
P-110A 1,93 <0,5 9,50 16,00 1,20 0,16 14,43 22,40 0,11 49,30
P-110B 1,62 <0,5 8,49 15,48 1,03 0,11 13,42 22,20 0,08 38,76
P-111A0 1,46 0,45 2,25 7,20 0,68 0,14 6,05 24,00 0,07 38,80
P-111A 1,92 0,30 3,80 7,83 0,87 0,16 7,25 30,00 0,08 32,00
P-111B 0,75 0,15 2,50 4,30 0,63 0,28 5,25 13,50 0,01 11,80
P-112A0 2,87 <0,5 7,50 9,50 1,14 0,13 7,80 29,90 0,29 44,75
P-112A 2,99 <0,5 7,50 7,80 1,07 0,10 7,22 24,00 0,13 38,60
P-112B 2,11 <0,5 6,50 6,00 0,91 0,08 6,00 16,43 0,10 32,37
P-113A0 0,94 0,35 1,35 6,20 0,68 0,16 4,40 16,50 <0,01 19,10
P-113A 0,56 0,15 1,75 3,85 0,69 0,21 3,55 6,00 <0,01 12,70
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Tab. 1 — pokracovanie

Prvky As cd Co Cu Fe Hg Ni Pb Sh Zn
Elements

Cislo vzorky

Number mg.kg' | mg.kg! | mg.kg' | mg.kg! % mg.kg! | mg.kg! | mg.kg! | mg.kg! | mg.kg!
of samples

P-113B 0,72 0,20 2,40 4,66 0,77 0,21 4,40 14,50 <0,01 16,10
P-114A0 8,86 <0,5 5,50 10,00 0,85 0,32 9,74 58,90 0,46 68,68
P-114A 9,25 <0,5 6,99 13,00 1,17 0,33 8,00 51,32 0,39 70,75
P-114B 3,62 <0,5 6,00 6,50 0,97 0,12 3,50 21,42 0,12 24,90
P-115A0 1,35 0,35 4,60 11,20 1,06 0,32 8,05 43,00 0,13 74,90
P-115A 0,53 0,20 1,55 3,80 0,69 0,69 3,13 11,50 <0,01 10,80
P-115B 1,09 <0,1 1,00 4,55 0,59 0,36 3,65 13,50 <0,01 11,00
P-116A0 1,84 <0,5 6,00 10,00 0,78 0,25 10,20 39,10 0,15 55,04
P-116A 2,83 <0,5 8,99 9,50 1,58 0,11 9,20 25,50 0,03 47,45
P-116B 1,02 <0,5 8,00 10,00 1,34 0,11 9,00 18,48 0,04 38,96
P-117A0 2,44 0,30 2,10 17,10 0,97 0,47 12,60 60,00 0,27 59,10
P-117A 2,46 0,30 1,95 6,20 1,46 0,23 7,40 27,00 0,06 25,60
P-117B 1,54 0,15 2,05 4,35 1,07 0,30 5,30 14,50 0,03 19,60
P-118A0 1,95 0,68 1,63 16,50 0,60 0,25 15,82 44,44 0,42 54,93
P-118A 1,77 <0,5 1,30 3,25 0,66 0,05 3,20 17,94 0,09 17,00
P-118B 1,18 <0,5 1,33 10,00 0,57 0,07 3,83 13,50 0,06 16,00
P-119A0 1,39 <0,5 3,10 9,80 0,88 0,34 8,20 46,00 0,14 46,80
P-119A 1,13 <0,5 3,15 6,40 0,95 0,24 6,85 41,00 0,08 36,70
P-119B 0,87 <0,5 <3 4,35 1,23 0,29 8,75 15,75 0,01 22,30
P-120A0 3,96 0,25 5,05 15,40 1,74 0,12 15,00 33,00 0,12 62,50
P-120A 4,51 0,35 5,30 14,80 1,87 0,12 15,50 37,00 0,15 60,50
P-120B 7,44 0,25 6,15 14,50 2,11 0,15 17,50 34,50 0,10 56,00
P-121A0 4,94 0,45 5,45 16,00 1,90 0,13 13,90 31,50 0,14 70,00
P-121A 8,57 0,50 5,25 16,70 1,96 0,13 13,20 32,00 0,14 69,00
P-121B 9,68 0,45 6,40 17,60 2,36 0,16 19,10 37,50 0,10 69,00
P-122A0 5,06 0,64 2,88 15,10 0,98 0,28 11,20 59,45 0,31 76,04
P-122A 8,63 <0,5 2,32 14,00 1,26 0,08 8,20 45,83 0,24 78,50
P-122B 8,74 1,15 2,88 11,00 1,34 0,08 8,66 43,55 0,28 58,45
P-123A0 0,33 <0,5 3,90 11,30 0,90 0,12 7,80 24,50 0,07 47,55
P-123A 0,45 <0,5 4,15 9,30 0,94 0,13 7,85 15,50 0,06 38,90
P-123B 0,24 <0,5 <3 9,20 0,84 0,14 7,60 20,20 0,06 150,80
P-124A0 7,19 <0,5 6,53 21,50 2,05 0,12 21,48 36,00 0,14 70,75
P-124A 7,26 <0,5 7,00 21,98 2,11 0,10 21,65 36,50 0,16 70,45
P-124B 7,73 <0,5 7,66 22,50 2,20 0,11 23,16 37,66 0,17 68,66
P-125A0 0,84 <0,5 7,70 21,10 1,80 0,18 20,20 39,75 ~0,01 87,10
P-125A 0,76 <0,5 8,00 21,00 1,79 0,15 19,30 40,50 0,01 86,70
P-125B 0,65 <0,5 7,30 21,65 1,80 0,16 20,60 42,50 0,03 107,20
P-126A0 4,91 0,58 5,93 19,48 1,78 0,07 19,64 35,97 0,10 67,90
P-126A 5,73 <0,5 7,20 20,28 1,97 0,07 19,64 38,50 0,18 65,40
P-126B 9,25 5,11 7,61 20,00 2,10 0,05 22,47 39,97 0,14 71,40
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Tab. 1 — pokracovanie

Prvky As cd Co Cu Fe Hg Ni Pb Sh Zn
Elements

Cislo vzorky

Number mg.kg' | mg.kg! | mg.kg' | mg.kg! % mg.kg' | mg.kg! | mg.kg! | mg.kg! | mg.kg!
of samples

P-127A0 8,94 1,23 7,53 19,03 2,48 0,09 20,81 30,97 0,21 69,53
P-127A 9,52 0,58 7,45 20,64 2,57 0,09 22,24 32,07 0,16 66,07
P-127B 10,04 0,56 7,35 18,45 2,56 0,09 21,49 32,98 0,25 67,48
P-128A0 3,01 0,30 3,95 17,70 1,41 0,18 13,10 40,00 0,16 80,50
P-128A 2,24 0,25 3,35 14,30 1,47 0,14 9,90 38,00 0,07 73,00
P-128B 2,30 0,15 3,45 11,80 1,32 0,11 8,70 34,00 0,03 50,50
P-129A0 4,15 <0,5 5,88 28,83 2,05 0,13 19,33 38,49 0,17 82,25
P-129A 4,79 1,15 6,30 24,98 2,02 0,13 19,16 35,49 0,18 77,26
P-129B 6,19 <0,5 7,67 31,19 2,67 0,23 24,83 43,00 0,20 95,47
P-130A0 4,45 1,30 7,45 29,10 2,10 0,15 28,80 32,00 0,11 94,00
P-130A 10,51 0,60 7,45 31,70 2,40 0,27 31,30 36,00 0,06 84,50
P-130B 10,85 0,40 7,80 30,60 2,44 0,20 32,10 33,50 0,05 72,40
P-131A0 6,19 <0,5 6,25 26,10 2,21 0,11 21,49 36,31 0,15 67,46
P-131A 5,85 0,77 6,75 23,99 2,45 0,10 22,99 35,81 0,06 67,95
P-131B 6,17 <0,5 6,41 27,43 2,43 0,09 23,66 36,65 0,08 65,13
P-132A0 5,47 2,55 7,60 34,30 2,10 0,22 34,00 50,00 0,15 138,90
P-132A 291 1,54 7,15 32,80 2,19 0,22 31,20 33,00 0,05 63,00
P-132B 3,10 0,20 7,85 32,80 2,52 0,14 33,10 28,00 0,04 58,50
P-133A0 3,27 0,55 5,01 21,74 1,43 0,16 15,00 38,84 0,22 132,54
P-133A 5,15 0,55 6,43 23,54 1,82 0,51 15,99 34,64 0,13 70,93
P-133B 4,85 <0,5 6,78 24,20 1,90 0,18 17,32 40,95 0,17 74,95
P-134A0 2,69 0,30 6,10 23,50 1,76 0,12 17,80 33,00 0,20 128,00
P-134A 3,54 0,15 7,25 25,10 1,84 0,19 17,30 33,00 0,18 97,00
P-134B 2,95 0,10 7,30 25,60 1,96 0,15 19,00 29,50 0,08 70,00
P-135A0 8,93 0,55 11,50 33,00 2,62 0,08 30,00 24,50 0,06 115,00
P-135A 9,61 2,01 11,06 45,22 2,95 0,24 40,96 36,48 0,17 197,64
P-135B 8,51 1,65 10,96 45,41 2,86 0,18 42,32 48,66 0,23 199,20
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Tab. 2

Hodnoty magnetickej susceptibility podnych vzoriek (1073 j. SI).

Magnetic susceptibility values of soil samples (107 u. SI).

Kappa Ao A B Ao A B
42 0,230 0,230 111 0,19 0,180 0,100
43 0,230 0,150 112 0,27 0,260 0,240
44 0,240 0,250 113 0,19 0,150 0,170
45 0,240 0,250 114 0,20 0,300 0,270
46 0,300 0,290 115 0,13 0,077 0,077
47 0,330 0,230 116 0,15 0,200 0,180
48 0,160 0,140 117 0,11 0,120 0,120
49 0,120 0,110 118 0,12 0,130 0,090
50 0,210 0,150 119 0,18 0,170 0,140
51 0,170 0,130 120 0,21 0,220 0,200
52 0,260 0,160 121 0,20 0,260 0,220
53 0,220 0,210 122 0,18 0,160 0,150
54 0,210 0,180 123 0,10 0,100 0,120
55 0,210 0,170 124 0,15 0,180 0,180
56 0,200 0,230 125 0,52 0,650 0,640
57 0,220 0,170 126 0,34 0,450 0,560
101 0,16 0,150 0,140 127 0,15 0,140 0,130
102 0,29 0,220 0,200 128 0,18 0,140 0,170
103 0,24 0,180 0,090 129 0,17 0,200 0,220
104 0,20 0,200 0,210 130 0,11 0,140 0,160
105 0,19 0,250 0,190 131 0,16 0,180 0,190
106 0,22 0,230 0,180 132 0,10 0,140 0,080
107 0,23 0,250 0,170 133 0,30 0,370 0,370
108 0,19 0,210 0,160 134 0,66 0,430 0,360
109 0,23 0,250 0,230 135 0,82 0,290 0,230
110 0,15 0,160 0,140
Tab. 3
Vzorky prekracujice limitné hodnoty jednotlivych prvkov.
Samples exceeding the limit values for individual elements.
Cislo vzorky
Number of sample
Horizont
Horizon AQ A

Prvok

Element

Cd 102, 107, 108, 127, 130, 132 107, 108, 129, 132, 135 122, 126%*, 135

Cu 107 46, 135 46, 135

Hg 101, 102, 103, 107, 114, 115, 117, 119 52,103, 107, 109, 114, 115, 133 109, 115

Ni 104 43,44, 104, 135 46, 104, 135

Pb 102 47

Zn 107 43, 46, 135 123,135

* prekracuje limit B daného prvku
* exceeds B limit for given element
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Obr. 2a. Mapa izolinii obsahu As v pddnom horizonte A. Obr. 2b. Mapa izolinii obsahu As v pédnom horizonte B.
Fig. 2a. Contour lines for As content in A soil horizon. Fig. 2b. Contour lines for As content s in B soil horizon.
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Obr. 3a. Mapa izolinii obsahu Co v pddnom horizonte A. Obr. 3b. Mapa izolinii obsahu Co v poédnom horizonte B.
Fig. 3a. Contour lines for Co content in A soil horizon. Fig. 3b. Contour lines for Co content in B soil horizon.
Tab. 4
Korela¢na analyza RTE hodnoét vzoriek 42 — 57.
Correlation analysis for RTE values of samples 42 — 57.
Kappa As Cd Co Cu Fe Hg Ni Pb Sb Zn Suma
Kappa 1,00 0,57 -0,10 0,38 0,57 -0,07 0,57 0,20 0,64 0,29 0,26 0,49
Suma 0,49 0,52 0,04 0,21 0,70 0,07 0,43 0,71 0,87 0,19 0,71 1,00
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Obr. 4a. Mapa izolinii obsahu Cu v pédnom horizonte A.
Fig. 4a. Contour lines for Cu content in A soil horizon.

Obr. 4b. Mapa izolinii obsahu Cu v poddnom horizonte B.
Fig. 4b. Contour lines for Cu content in B soil horizon.

Tab. 5
Korelacna analyza RTE hodnét vzoriek 101 — 135.
Correlation analysis for RTE values of samples 101 — 135.

Kappa 1,00 0,18 0,40 0,06 0,32

0,00

0,16 0,00 0,38 0,41 0,41 0,33

Suma 0,33 0,63 0,5 0,17 0,71

0,63

0,28 0,78 0,72 0,56 0,91 1,00

vych prvkov, resp. sumou je spésobend tym, ze merania sa
vykonavali na pieso¢natych pddach. Tie sa vyznacéuju vel-
mi nizkymi hodnotami magnetickej susceptibility. Pri¢inu
mozno hladat’ v nizkom obsahu organickych latok. Uz
prvé skiimania ukazali, ze magnetickd susceptibilita pody
je spéta aj s organickymi latkami (Mullins, 1977). Tie sla-
zia ako katalyzatory a st zdrojom energie biochemickych
oxidacnych a redukénych reakcii, ktoré prebiehaju v mi-
neralnej Casti pody. Ddlezity je aj kvalitativny obsah hu-
musu a mineralov Fe a ich spolo¢na transforméacia pocas
vzniku pody.

Urc¢ité rozdiely sa prejavia, ked’ rozdelime stibor vzo-
riek na dva podsubory:

— vzorky 42 — 57, ktoré su lokalizované na upiti
Malych Karpat, kde mozno predpokladat’ zvyseny
obsah organickych latok,
vzorky 101 — 135, ktoré¢ su lokalizované na vlast-
nych pddach Zahorskej niziny s pritomnymi kre-
mennymi zrnami.

Porovnavanim korela¢nych analyz prvého a druhého
podsuboru (tab. 4 a 5) zistime vyssie korelacie medzi RTE
hodnotami niektorych prvkov (najméd As, Co, Cu, Pb a Hg)
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aj RTE hodnotami celkovej sumy. Zdrojom tychto prvkov
je pravdepodobne niekol'ko vzdialenejsich zdrojov zne-
Cistenia. Hlavny smer prinosu polutantov do Studovanej
oblasti vzdusnymi pradmi je Z — SZ a Malé Karpaty st
akousi geochemickou bariérou, ¢o je v stilade aj so zaver-
mi prace Veselského et al. (2003).

Zaver

Stadiom koncentracie PTP zauzivanymi metodami sa
zistilo, ze ich zvysena koncentracia sa vyskytuje predo-
vsetkym v oblasti Malych Karpat a na naplaveninach rieky
Moravy. Vysledky ukazali, Ze len v 15 % podnych vzoriek
boli prekroc¢ené limitné hodnoty A stanovené pre pddy
Slovenska (Rozhodnutie Ministerstva pédohospodarstva
Slovenskej republiky, 1994), preto oblast’ ako celok mozno
povazovat’ za nekontaminovanu.

Okrem toho sa sledovalo aj vrchnopddne znecistenie
(RTE), pri ktorom sa zistilo, Ze zvySené hodnoty st v ram-
ci tretiecho profilu a vo vychodnej Casti prvého profilu.

Pri porovnavani map izolinii, zostavenych ¢i uz z ab-
solutnych alebo relativnych hodndt magnetickej suscepti-
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bility a koncentracie PTP, popripade ich sumy, sa nezistil
vyraznejsi vzadjomny vztah. Pri¢inou je zjavne fakt, ze
jednotlivé profily boli vedené po piescitej pdde, ktora sa
vyznacuje nizkymi hodnotami magnetickej susceptibility.
Piesky obsahuji len mali koncentraciu PTP, pretoze ich
tvoria kremenné zrna s nizkou sorpénou schopnostou
a vysokou rezistenciou proti zvetravaniu. Zakonite sa teda
vyznacuju nizkym obsahom uvedenych prvkov (Alloway,
1990).

Tato stadia vSak ukazuje, ze vyuzitie pddnej magneto-
metrie je evidentne limitované na sledovanie pritomnosti
PTP v pddach s nizkym obsahom organickych latok, ako
su piescité pddy.
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Magnetic susceptibility and potentially toxic elements distribution in soils
of the Zahorska nizina Lowland and of the Malé Karpaty Mts. foothill, Slovakia

The potentially toxic elements in soils have received
increased attention in recent years. This also provided
impulses for introduction of new methods for studying
potentially toxic elements. The soil magnetometry is one
of these methods. This non-conventional method was ap-
plied to the study of potentially toxic elements in the area
of Zahorska nizina Lowland and the foothill of the Malé
Karpaty Mts.

The Zahorska nizina Lowland (Slovak part of the
Vienna basin) is characteristic with a particular tectonic
evolution during Quaternary. As a consequence of young
tectonics, several depressions were created here, being la-
ter filled with eolian sediments (sands), blown out from the
Morava River terrases.

Three profiles and totally 51 points were studied and
soil samples were analysed for ten potentially toxic ele-
ments (As, Cd, Co, Cu, Hg, Fe, Ni, Pb, Sb, Zn). The mag-
netic susceptibility was measured in three horizons — at the
land surface and in the depths of 5 — 10 cm and 30 — 40
cm by Kappameter KT-5 (Geofyzika Brno, Czech Repub-
lic). The values of magnetic susceptibility decreased with
the depth and the highest values were measured at the soil
surface.

Measured susceptibility values were compared with
the results of chemical analyses of soil samples. There
was not found a distinctive (clear) relationship between
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the distribution of magnetic susceptibility values and the
potentially toxic elements contents.

We got similar results when we compared the relative
topsoil enhancement (RTE) of element concentrations and
values of magnetic susceptibility. RTE is the ratio of ele-
ment concentration in the topsoil (0 — 15 cm) to that in
subsoil (30 — 45 cm), representing an index of the surface
contamination (Colbourn, Thoruton, 1978, in Alloway,
1990).

Soil magnetometry is actually commonly used as a pre-
liminary, rapid and economically favourable method for
the assessment of increased concentrations of potentially
toxic elements in soils not only in our country (e.g. Durza,
1999, 2003; Durza et al., 2013), but mainly abroad (e.g.
Petrovsky et al., 2000; Schmidt et al., 2005; Liu et al.,
2016). One of the first published important results (Mul-
lins, 1977) indicated that magnetic susceptibility is closely
related to the organic matter content.

Presented study confirms that the use of soil magneto-
metry is limited in the case of the evaluation of potentially
toxic elements distribution in soils with poor organic mat-
ter content, e.g. in sandy soils of studied area.
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Geochemické modelovanie tvorby chemického zloZenia
vody Krasnohorskej jaskyne v Slovenskom krase
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Geochemical modelling of karst water chemical composition formation in the Krasnohorska jaskyiia cave,
Slovak Karst Mts. (Western Carpathians)

Abstract: Process of the karst water chemical composition evolution in the Krasnohorska jaskyna cave was stu-
died by geochemical modelling. Model inputs comprise archive and newly gathered data on quantity and che-
mical composition of karst groundwater, recharging atmospheric water, as well as CO, content in soil and cave
atmosphere. Forward modelling technique was used for simulation of changes in the chemical composition of
initial solution during the process of its infiltration in karst environment. With the results achieved, the main
geochemical processes taking place in the studied karst aquifer could be described and quantified. Dominant role
of epikarst in karst water chemistry formation, with P(CO,) as crucial influencing factor was noticeable among
all other processes in the remaining zones of water circulation. In the compiled conceptual model for karst water
in the Krasnohorska jaskyna cave in addition to calcite dissolution, also gypsum dissolution markedly modifies
macrochemistry of water.

Key words: geochemical modelling, epikarst, unsaturated zone, CO, partial pressure, Krasnohorska jaskyna cave,

Slovak Karst Mts.
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Uvod

Pri hodnoteni zdrojov podzemnej vody vo vztahu k ich
dlhodobo uspesnému vyuzivaniu a G¢innej ochrane je do-
lezité o najlepSie poznat’ procesy, ktoré sa odohravaju vo
zvodnenci od infiltracie atmosférickej a povrchovej vody
po jej vystup na povrch. Pri ich identifikécii a charakteri-
zacii sa okrem tradi¢nych interpretacnych hydro(geo)che-
mickych technik v Coraz vac¢sej miere uplathuji vypoctové
programy na modelovanie interakcii medzi vodou, horni-
nou a atmosférou, ktoré pri vypoctoch uplatiujii zakony
chemickej termodynamiky. Takéto modelové vypocty
umoziuju simulovat’ vyvoj chemického zlozenia roztoku
v prostredi s uréitym zastpenim mineralov a zlozenim
podzemnej atmosféry v definovanych teplotnych a oxi-

73

dissolution markedly modifies macrochemistry
of water

dacno-redukénych podmienkach. Porovnavanim vystupov
simulacii s redlnym chemickym zlozenim hodnotenych
vod su identifikované najpravdepodobnejSie scenare ich
genézy, pricom prebiehajice procesy su kvantifikované
prostrednictvom mnozstva reagujucich faz. Modelové
geochemické vypocty sme aplikovali na simuldciu vyvoja
chemického zlozenia podzemnej vody v krasovom prostre-
di infiltranej oblasti Krasnohorskej jaskyne s cielom pri-
spiet’ k lepSiemu poznaniu fungovania obehu jej krasovej
vody. Predmetom nasho studia je geochemické modelo-
vanie tvorby chemického zlozenia vody na zaklade spra-
covania archivnych a novych udajov o kvantite a kvalite
podzemnej vody a zrazok na danej lokalite a idajov o zlo-
zeni jaskynnej atmosféry a pddneho vzduchu. Na baze zo-
stavené¢ho koncepéného modelu sme metdodou postupného
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modelovania hladali taky pomer reagujucich mineralov
a parcialny tlak CO, prostredia, pripadne aj pomer mie-
Sania geneticky rozdielnych vod (vod, ktorych chemické
zlozenie sa formovalo v geochemicky odlisnom prostre-
di), ktory zodpoveda dokumentovanému chemickému
zlozeniu jednotlivych pritokov krasovej vody do jaskyne.
Pri najdenych modeloch popisujucich geochemické pod-
mienky formovania chemického zlozenia troch hlavnych

stanici Roznava (311 m n. m.) namerand priemerna roc¢na
teplota vzduchu 8,3 °C, roény thrn zrazok 703 mm a prie-
merna roéna realna evapotranspiracia 508 mm (SHMU,
1991). V tom istom obdobi dosiahol priemerny ro¢ny thrn
zrazok v Silici (520 m n. m.) 711 mm.

Krasnohorska jaskyna je vyvinutd v horninovom
prostredi triasovych vapencov a dolomitov silicika, za-
stipenom gutensteinskym a steinalmskym stavrstvim.

pritokov do jaskyne sme testovali
mieru ich mozného ovplyvnenia
meniacim sa chemickym zloze-
nim zrazkovej vody vstupujucej
do krasovej Struktiry, kolisanim
obsahu CO, a zmenou teploty
v prostredi krasovej Struktury.
Na zaklade vysledkov tohto mo-
delovania sme v Studovanom
zvodnenom krasovom systéme
charakterizovali zonu, ktora je ur-
Cujuca pri formovani chemického
zlozenia krasovej vody.

Vysledky geochemického mo-
delovania tvorby chemického
zlozenia vody Krasnohorskej jas-
kyne, ktoré obsahuje tento prispe-
vok, st stcastou aktivit projektu
KRASCAVE, zameraného na za-
bezpecenie trvalo udrzatelného
vyuzivania vody tejto jaskyne na
pitné ucely a jej G€innu ochranu.

Stru¢na charakteristika
lokality

Krasnohorské jaskyna sa na-
chadza na severnom okraji Silic-
kej planiny juhovychodne od obce
Krasnohorska Dlha Luka. Ide
o vyverovu fluviokrasovu jaskyiu
s aktivnym vodnym tokom, ktorej
zamerana dizka je v stéasnosti
1 550 m (Roda, 1964; Stankovi¢
a Cilek — eds., 2005). Jej ustie je
situované na upéti svahu asi 5 m
nad uroviiou miestnej erozivnej
bazy (300 m n. m.), modelova-
nou tokom Cremosni. Uroveit
planiny v priestore nad jaskynou
sa pohybuje v nadmorskej vyske
550 — 600 m (obr. 1). Zrazko-
vé a klimatické charakteristiky
v blizkosti Krasnohorskej jaskyne
sa dlhodobo pozoruju v Roznave.
V rokoch 1951 — 1980 bola na
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Obr. 1. Schéma morfologickych a geologickych pomerov okolia Krasnohorskej jaskyne.

1 —zisteny zlom, 2 — predpokladany zlom, 3 —rozsadlina, 4 — zavrt, uval, 5 — pramen, 6 — pri-
tok do jaskyne, 7 — miesto merania obsahu CO, v jaskynnom ovzdusi, 8 — odber vzorky snehu,
9 — odber vzorky povrchovej vody. Indexy horninovych typov vyjadrenych farbou plochy:
nQ — nivné sedimenty kvartéru, sQ — svahové sedimenty kvartéru, v-WS — vépence wetter-
steinského stvrstvia, V-StS — vapence steinalmského stvrstvia, V,D-GS — vapence a dolomity
gutensteinského suvrstvia, B-SzS — slienité bridlice a vapence sinského stvrstvia [podl'a geo-
logickych podkladov Kronomeho a Boorovej (2016) a Mella et al. (1997)].

Fig. 1. Geomorphology and geology of the surrounding area of the Krasnohorska jaskyna cave.
1 — faults proven, 2 — faults assumed, 3 — cleft, 4 — karst hole, uvala, 5 — spring, 6 — karst water inflow
into the cave, 7— CO, measurement in the cave atmosphere, 8 —snow sampling site, 9 —surface water
sampling site. Rock types are distinguished by background colours and indexes: nQ — Quaternary
fluvial sediments, sQ — Quaternary deluvial sediments, V-WS — Wetterstein limestones (Middle
Triassic), V-StS — Steinalm limestones (Middle Triassic), V,D-GS — Guttenstein limestones and
dolomites (Middle Triassic), B-SzS — marlstones to limestones of the Szin Formation (Lower
Triassic). Based on geological maps of Kronome and Boorova (2016) and Mello et al. (1997).
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Gutensteinské suvrstvie tvoria zvdésa vapence, ktoré
su spravidla hrubolavicovité, zriedkavejsie doskovité.
Maju charakteristické zilky bieleho kalcitu. V najvyssich
partiach suvrstvia sa vapence stavaji Coraz dolomitic-
kej$imi, az vytvaraju suvisly dolomitovy horizont v pre-
chodnej zone so steinalmskym stvrstvim, ktoré sa tiez
zacina dolomitickym horizontom (Kronome a Boorova,
2016). Steinalmské stvrstvie tvoria svetlé vapence — ty-
picka facia karbonatovej platformy, ktoré sedimentovali
v strednom az vrchnom anise. St masivne, vel'mi vzacne
hrubolavicovité, prevazne svetlé az biclosivé. V podlozi
gutensteinského suvrstvia sa nachadzaju sinské vrstvy.
Na povrch vychadzaju zépadne aj vychodne od jaskyne,
v tektonicky vyzdvihnutej pozicii oproti bloku karbona-
tovych hornin, v ktorom sa nachadza jaskyna. V zapadnej
Casti ich vyskytu spodnejsiu Cast’ suvrstvia tvoria sivé az
zelenkasté slienité bridlice a vapnité slienovce, nad ktory-
mi sa nachadzaju ¢ervené jemnopiescité bridlice premenli-
vej hrabky, ktoré miestami chybaji (Kronome a Boorova,
2016). Litologicky ide o sediment zlozeny z troch zloziek:
pelitickej, karbonatovej a nepatrne aj psamitickej (Mello
et al., 1997). Samotna jaskyna je vyvinuta v dolomite gu-
tensteinského stvrstvia v useku od ustia na povrch po Sien
obrov a v steinalmskych vapencoch v zadnych castiach —
Chodbe peral, Vel'kej sieni a Zrkadlovej sieni (Stankovié¢
a Cilek — eds., 2005).

Z hydrogeochemického hl'adiska je okolie Krasnohor-
skej jaskyne prostredim, v ktorom sa pri tvorbe chemickeé-
ho zlozenia podzemnej vody uplatiiuje hlavne rozptstanie
karbonatovych hornin — vapenca a dolomitu (Haviarova et
al., 2012). Krasnohorska jaskyna drénuje masiv vapencov
s dobre vyvinutou krasovo-puklinovou priepustnostou
a vyvadza podzemnu vodu na povrch podzemnym tokom
dlhym vyse 400 m, po dosiahnuti povrchu ozna¢ovanym
pramen Buzg6. Vydatnost tohto pramena podl'a dlhodobé-
ho pozorovania SHMU vykazuje vysoku variabilitu odto-
ku. Maximalna pozorovana vydatnost’ dosiahla 1 3561.s7!,
minimalna 5,3 1 . s’\. Priemerna hodnota za hydrologické
roky 1958 — 2009 dosiahla 56 1 . s™!. Analyza vytokovych
Ciar tohto pramena (Malik et al., 2014) ukazala, ze jeho
odtokovy rezim mozno opisat’ tromi naloZzenymi subre-
zimami. Dva subrezimy boli charakterizované exponen-
cialnou vytokovou funkciou (laminarny typ prudenia)
a jeden subrezim bolo mozné opisat’ linearnou vytokovou
funkciou (turbulentny typ pridenia). Prvy z laminarnych
subrezimov bol definovany pociato¢nou vydatnostou
0, =401.s"adruhy O, =2001.s".

Podzemna voda objavujica sa v jaskyni je zrazkovou
vodou infiltrovanou na Silickej planine v SirSom, dosial
presne nespecifikovanom priestore nad jaskynou. Stopo-
vacimi skuskami sa zistilo, ze do infiltracnej oblasti Kras-
nohorskej jaskyne patria aj lokality Rakata (Roda, 1967)
a Studiia Zedem (Roda et al., 1986b), vzdialené od nej asi
2 km jjz. smerom. Chemické zlozenie zrazok v tejto ob-
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lasti sa dlhodobo sleduje prostrednictvom odberu vzoriek
snehu na blizkych lokalitach Plesivec (tab. 1) a Zadielska
dolina (tab. 2) s ro¢nou frekvenciou odberu. Zrazky maji
zvicsa kysla az mierne kyslu reakciu a celkovy obsah roz-
pustenych latok okolo 30 mg . I'%.

Obsah CO, v podach vSeobecne ovplyviiuje hlavne
vlhkost’ a teplota pddy, typ vegetacného pokryvu prostred-
nictvom korefiovej respiracie, hibka a charakter podneho
profilu, najmé obsah organickej hmoty (Fang a Moncrieff,
1999). V ro¢nom cykle vSeobecne vyssi obsah CO, sa via-
ze na vegetacné obdobie vplyvom intenzivnejsieho rozkla-
du organickej hmoty a korenovej respirdcie. V priestorove;j
variabilite obsah CO, stlpa s rasticou hibkou pddneho
horizontu, so zvySujucim sa obsahom organickej hmoty
a zvySujucou sa hustotou rastlinného krytu. Na Silickej
planine mozno ocakavat ovela vyssie hodnoty obsahu
CO, v pode vyvinutej na dne zavrtov a Gvalov v porov-
nani so svahmi morfologickych elevacii. Dominantnym
pddnym typom je tu rendzina rubifikovana, sprievodne
rendzina modalna alebo rendzina litozemna (Stupak et al.,
2001). Mveraniami koncentracie CO, v hibke 20 cm v pode
na dne Cerveného zavrtu nad Krasnohorskou jaskynou
v rokoch 1970 — 1971 sa zistil obsah 0,07 — 0,09 obj. %
mimo vegetacného obdobia a obsah 1,6 — 4,4 obj. % vo
vegetacnom obdobi (Roda et al., 1986a). Teplota pody pri
tychto meraniach kolisala v rozmedzi —1,5 — 1,6 °C mimo
vegetacného obdobia a 7,4 — 15,7 °C vo vegeta¢nom ob-
dobi. Objemova aktivita radonu v pode Silickej planiny
podl'a merani 15 sondami pri chate Rakyta (asi 3 km jz.
od Krasnohorskej jaskyne) dosahuje hodnoty z intervalu
15-47,3 Bq.dm™ s priemerom 28,3 Bq . dm (Stupak et
al., 2001). Obdobné trovne radoénu boli namerané aj v Si-
lici (priemer z 11 sond 30,8 Bq . dm) a pri kote Bukovec
(6,3 km jz. od Krasnohorskej jaskyne, priemer z 15 sond
19,5 Bq . dm™) (Stupak et al., 2001).

Metédy

Geochemické modelovanie tvorby chemického zlo-
zenia vody Krasnohorskej jaskyne vychadza zo znamych
udajov o geologickej stavbe, mineralogickom zloZeni
hornin a charaktere pddneho krytu v jej okoli a z dote-
rajsich poznatkov o hydrogeologickych pomeroch jaskyne
a chemickom zlozeni miestnych atmosférickych zrazok.
Této poznatkova baza bola doplnend novymi kvantitativ-
nymi meraniami pramenia Buzg6 a troch hlavnych prito-
kov do jaskyne (ich lokalizacia je uvedena na obr. 1) a ich
vzorkovanim s mesacnou frekvenciu v obdobi od marca
do novembra 2015. Laboratorne chemické rozbory tych-
to vzoriek sa robili v nasledujiicom rozsahu parametrov:
Na, K, Ca, Mg, NH,, Ba, Mn, Fe, Al, CI, NO,, NO,, SO,,
HCO,, CO,, SiO,, Ni, Cu, Pb, Cd, Co, Cr, As, Sb, Se,
226Ra a ?*Rn. Na Silickej planine v priestore nad jaskynou
boli na zaciatku sledovaného obdobia odobrané vzorka
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snehu a vzorka povrchovej vody akumulované v zavrte,
ktoré boli chemicky analyzované s rovnakym rozsahom
stanovenych parametrov ako voda z jaskyne, s vynimkou
radiologickych ukazovatel'ov. V obdobi od augusta 2015
sa pomocou automatickej zaiznamovej techniky meral ob-
sah CO, v atmosfére jaskyne. Objemova aktivita radonu
v jaskynnej atmosfére bola 3. 8. 2016 zmerana na miestach
merania obsahu CO, aj pri pravostrannom pritoku v Abo-
nyiho dome.

Kvantitativne merania a odbery vzoriek vody Krasno-
horskej jaskyne sa vykonavali na nasledujucich objektoch:
vytok z jaskyne na jej usti (pramen Buzgd, objekt KC1),
pravostranny pritok v Abonyiho dome (KC4), l'avostranny
pritok z Heliktitového domu do Chodby peral (KC2) a od-
tok z Marikinho jazierka pod Sifénom potapacov (KC3).
Kvantitativne merania — merania okamzitého prietoku na
danom objekte — sa robili pomocou hydrometrickej vrtule
A.OTT C2. Miestne podmienky nedovoluji hydromet-
rické meranie na objekte KC2, preto sme prietok na iom
vypocitali pomocou zmieSavacej rovnice s prislusnymi
hodnotami vydatnosti a koncentracie siranov. Pri odbere
vzoriek vody sme merali teplotu vody a jej mernt elek-
trickt vodivost’ EC (pristroj WTW LF 340), hodnotu pH
(WTW pH 330) a obsah rozpusteného kyslika O, (pristroj
WTW Oxi 320).

Vzorky vody sme odobrali do polyetylénovych flias.
Vzorky na stanovenie stopovych prvkov sa pri odbere
filtrovali cez papierové 1 pum filtre a nasledne v labora-
toriu cez membranové 0,45 um filtre a konzervovali sa
koncentrovanou HNO, (0,5 ml/100 ml). VSetky vzorky sa
analyzovali §tandardnymi laboratérnymi postupmi v geo-
analytickom laboratériu SGUDS v RC Spisska Nova Ves.
Pomocou pristroja Agilent 5100 OES-ICP sa stanovila
koncentracia Na, K, Ca, Mg, Ba, Mn, Fe, Al, SiO,, Ni, Cu,
Pb, Cd, Co a Cr. UV-VIS spektrofotometrom Hach Lange
DR 6000 sa stanovila koncentracia NH,, NO, a PO,. Pri-
strojom DX-120 IC sa zmerala koncentracia Cl, F, NO,
a SO, a pristrojom ICP-MS Agilent 7900 obsah As, Sb
a Se. Obsah HCO,", CO,> a voI'ného CO, sa ur¢il vypoc-
tom z titratne stanovenych ukazovatelov ZNK , a KNK, ..
Titracia sa robila v laboratdriu najneskor do 24 hodin od
odberu vzorky. Objemova aktivita *Ra a **’Rn sa stano-
vovala scintilaénou metdédou v Lucasovych komorach.

Obsah CO, v jaskynnej atmosfére sa meral pomocou
snimacov typu GMM222GONOA3B2A2B s prevodni-
kom (vyrobca VAISALA) instalovanych s automatickym
zdznamnikom typu Dataloger AMS 111 II s prisluSen-
stvom (vyrobca MicroStep-MIS) v obdobi od 5. 8. 2015
na piatich stanovistiach: na vstupe do jaskyne (objekt €. 1),
vo Vel’kom kanone (€. 2, asi 400 m od vstupu do jaskyne),
pri Stalagmite roznavskych jaskyniarov (¢. 3), pri prito-
ku z Heliktitového domu (€. 4) a pri Marikinom jazierku
(¢. 5). Situdcia meracich miest je zndzornena na obr. 1.
Objemova aktivita radonu v jaskynnej atmosfére bola sta-
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novena scintilaénou metédou v Lucasovych komorach
z jedného stiboru vzoriek odobranych 3. 8. 2016.

Pri modelovani tvorby chemického zloZenia vody
Krasnohorskej jaskyne sme pouzili pocitaCovy program
PHREEQC (Parkhurst a Appelo, 1999) zostaveny na S§i-
roku skalu geochemickych vypocétov — simulacii chemic-
kych reakcii a transportu latok v nizkoteplotnom vodnom
roztoku. Umoziuje vypocitat’ indexy nasytenia vodného
roztoku vybranymi mineralmi a plynom, identifikovat
Spécie (formy vyskytu chemickych prvkov) pritomné
vo vodnom roztoku a stanovit’ latkova bilanciu mineralov
a plynov reagujucich v hodnotenom prostredi. Prvé dva
druhy vypoctov nazyvané aj $peciacné vypocty sa riesili
v programovom bloku SOLUTION. Z vysledkov chemic-
kych analyz vody sa v lom na zaklade modelu i6novej
asociacie pocita latkové mnozstvo Spécii a hodnoty in-
dexov nasytenia (S/) vody mineralmi a plynom. Hodnoty
ST indikuju stav nasytenia roztoku mineralom: hodnoty S7
blizke nule indikuju rovnovazny stav, zaporné hodnoty ne-
dosytenie roztoku vo vztahu k mineralu a kladné hodnoty
jeho presytenie. Postupnym modelovanim (forward mo-
delling) sme testovali pravdepodobny vyvoj chemického
zlozenia inicialneho roztoku (zrazkovej vody zo Silickej
planiny) pri reakcii s mineralmi krasového masivu pri
definovanom parcidlnom tlaku CO, a teplote prostredia.
Vysledky modelovania st kalibrované na realne zistené
hodnoty koncentracie chemickych zloziek vo vode Kras-
nohorskej jaskyne.

Vysledky a diskusia

Kvantitativne tdaje sledovanych objektov predstavu-
juce okamzity prietok vody v ¢ase odberu vzorky su uve-
dené v tab. 3. Ich grafické znazornenie je sucastou obr. 2,
3 a 5. Zakladné statistické parametre chemického zloZenia
vody tychto objektov su uvedené v tab. 4, 5, 6 a 7. V tabul-
ke 11 st uvedené vysledky chemického rozboru vzoriek
snehu a povrchovej vody z odbernych miest na Silickej
planine. Vysledky merania obsahu CO, a teploty v ovzdusi
Krasnohorskej jaskyne obsahuje tab. 12.

Vzajomnu zavislost’ kvantitativnych a vybranych kva-
litativnych parametrov krasovej vody sme posudzovali po-
mocou vypocitanych hodndt Spearmanovho korelaéného
koeficientu (tab. 8, 9, 10). Z vysledkov chemickych rozbo-
rov vody sme vypocitali indexy ich nasytenia S/ kalcitom,
dolomitom, sadrovcom a plynnym CO, a uvddzame ich
v grafoch zostavenych na zaklade Gdajov z objektov KC3
a KC2 na obr. 3 a 5. Zavislost’ indexu nasytenia kalcitom
od parcidlneho tlaku CO, zodpovedajiceho chemickému
zlozeniu odobranych vzoriek krasovej vody [P(COz)eq]
a poziciu tychto vzoriek vo vztahu k zonam obehu s r6z-
nym dokumentovanym obsahom plynného CO, (povrch,
pdda, jaskynny systém) znazornuje obr. 6. Vyhodnotenie
uvedenych novych udajov pri zohladneni hydrogeolo-
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gickych pomerov lokality umoznilo zostavit' koncepcny
model tvorby chemického zlozenia vody v systéme Kras-
nohorskej jaskyne (obr. 8). Geochemické modelovanie
urobené na jeho baze viedlo k zostaveniu modelov hlav-
nych pritokov do jaskyne: vytok z Marikinho jazierka
(tab. 13, obr. 9), pritok v Abonyiho dome (tab. 14) a pritok
z Heliktitového domu (obr. 10, 11 a 12). Tieto modely
umoznili simulovat’ a hodnotit’, do akej miery je chemické
zlozenie vody pritokov do jaskyne ovplyviiované varia-
bilitou chemického zlozenia infiltrujicej zrazkovej vody

Z hladiska mnozstva podzemnej vody je najvyznam-
nej§i vytok z Marikinho jazierka, ktory predstavuje
85 — 90 % podiel prietoku pramena Buzgd. Zostavajuce
sledované vyvery KC2 a KC4 maji vydatnost’ priblizne
o 1 rad nizsiu (tab. 3) a d’alSie drobné presakovania do
jaskyne az o 3 rady. Staly a najvydatnejsi z nich je bocny
pritok v Chodbe peral pri Sieni obrov, ktory dosahuje vy-
datnost’ maximalne niekol’ko litrov za minutu (Stankovic
a Cilek — eds., 2005). Drobné rozptylené presakovanie
ma charakter skvapu a viaze sa najmé na stropy kominov

a domov.

140 T 700 , .
155 p——A § \Y sled’ovanom obdobi obvsah latolf
151 Ca__, e - E ] iy rozpustenych vo vode pramena Buzgd
T 10 = /E—E——E/E kolisal v intervale 517 — 607 mg . I'!
gu 100 T~=""pL 1 500 a hodnota pH dosahovala 7,45 — 7.,98.
~ 9 T Pri postupnom poklese vydatnosti
3 =0 1400 o 2z04541.s'vmarcina9,61.s!vok-
2 7 ~HCO, /’\.——-—;;('74("* £ t6bri hodnota pH plynule stupala zo 7,45
s 60 — \ 7300 2 na 798 a obsah rozpustenych latok na-
O 50 o~ — " o \ S rastol z 547 (cez pokles na 517 mg . I
w40 A % 200 v aprili) na 607 mg . 1"'. Narast obsahu
_ 30 £ > = , . . R )
S w04 T~ 0 o 1 10 ;orzlrzilstenyc’h latok bol prltor}q spdsobe
: - o ——— {_ E y hlavne narastom obsahu siranov z 30
18 _%J‘yli - s I na 77,3 mg . I'!. Narasty obsahu Ca, Mg
' ' ' ' ' ' ' ' a HCO, boli len mierne (tab. 4, obr. 2).
&,;o 0&’-\? 0“"9 Qro'-\(’9 6\';0 0%"\(’9 00;'-\(’9 ,\9"\3) ,\«,'-‘59 Vytsok z Marikinho jazierka ma ob-
¢ & & & I & & & dobné makrochemické zloZenie ako pri-

Obr. 2. Casovy priebeh vydatnosti (Q) a priebeh obsahu rozpustenych latok (RL) a vybranych

prvkov vo vode pramena Buzgé (KC1).

Fig. 2. Discharge (Q), TDS content (RL) and concentrations of selected elements dissolved

in the water of Buzgo spring (KC1).

tok v Abonyiho dome (tab. 5). V oboch
pripadoch ide o Ca-HCO, typ chemic-
kého zloZenia s nizkym obsahom Mg
(priemer 6,5 mg . 1! v pripade KC3

(tab. 15), zmenami obsahu CO, (tab. 1 20
16, obr. 13) a zmenami teploty (obr. 14) \q Marikino jazierko
v prostredi obehu krasovej vody. \ T 35
a\ Sl i ]
C . 0 \ o © S 7 30
Chemické zloZenie vody jaskyne N ;
a jeho ¢asové zmeny \ \ 1 2
N sl 17 =
Krasnohorskou jaskyfiou preteka & -1 NHM 1w
podzemny tok, ktory vyteka na povrch N / ] o
v podobe prametia Buzgé (KC1). Tento — Sleoy 4:—9 T 18
podzemny tok vytvaraju tri stile vy- 5 e S o o e 1 1
very v jaskyni. Zacina sa Marikinym = = sl, 2 > gl — ]
jazierkom (KC3) na konci pristupnej 1s
Casti jaskynného systému, ku ktorému ]
po priblizne 40 m toku v Chodbe peral -3 ' - ' - - ' ' ' +0
zlava pristupuje pritok z Heliktitového NN S A g-“f’ &Y
dému, nazyvany aj ,,l'avostranny pritok NS 0'\,9 0'»-0 Q'yQ .5»9 0'»-0 Q'»-Q 0'»’-\’ 0'»'-\’

pred Velkou sienou (Haviarova et al.,
2012) (KC2). Po d’alsich 100 m pribuda
v Abonyiho déme pravostranny pritok
krasovym kanalom od Jazerného domu
(KC3).
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Obr. 3. Stav nasytenia vody Marikinho jazierka (KC3) kalcitom (S7 ), dolomitom (S7),
sadrovcom (Slg) a Co, (81

0, @ J€j prietok (Q) v pozorovanom obdobi.

Fig. 3. Saturation state of water samples taken from the Marikino jazierko lake (KC3)
with respect to calcite (S7)), dolomite (S1,), gypsum (Slg) and gaseous CO, (87
gether with discharge (Q) in the monitored period.

coz)° to-
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a2,3 mg. 1" v pripade KC4) aj SO, (priemer 20 mg . I'!
v pripade KC3 aj KC4). Koncentracia chemickych zloziek
v tychto vyveroch je v Case stala — priemerné odchylky
hlavnych zloziek od aritmetického priemeru nie st vacsie
ako 5 % (resp. miera relativnych priemernych odchylok je
mensia ako 0,05 —tab. 5 a 7), vyssia je len pri obsahu chlo-
ridov. Vo vode Marikinho jazierka vykazuje Statisticky
vyznamnu zavislost’ od vydatnosti vyveru len obsah dusic-
nanov (kladna korelacia) a chloridov (zaporna korelacia).
Vyznamnu vzajomnu zavislost' méa koncentracia HCO, —
SO, a Sr — Mg (tab. 8). Vo vode pritoku v Abonyiho dome
s rastucou vydatnostou vyveru klesa obsah Mg. Obsah
NO,, podobne ako vo vode Marikinho jazierka, s rasticou
vydatnostou stipa (tab. 9). Vo vode pritoku v Abonyiho
dome je zdokumentovana aj Statisticky vyznam-
nd kladna korelacia medzi Ca a SiO, a zdpornd
korelacia dvojic parametrov Mg — NO,, K - SO,
a pH — obsah vol'ného CO,. Voda Marikinho ja-
zierka je stabilne v rovnovahe s kalcitom (obr.
3) (priemer S/ = 0,1), voda pritoku v Abonyiho
dome je vo vztahu ku kalcitu mierne presytena
(priemer SI_ = 0,25). Miera nasytenia kalcitom,
dolomitom, sadrovcom a plynnym CO, nevyka-
zovala v sledovanom obdobi vyznamné zmeny
vo vode Marikinho jazierka (obr. 3) ani v pritoku
v Abonyiho dome.

Voda pritoku z Heliktitového dému (KC2)
sa od vyverov KC3 a KC4 odlisuje hlavne
omnoho vys§im obsahom siranov (priemer
212 mg . 1) a Ca-HCO,-SO, typom chemického
zlozenia (tab. 7). Obsah horéika je vyssi len ne-
patrne (priemer 24 mg . I'"). Obsah vol'ného CO,
(v.CO,) je vyrazne nizsi (9,9 mg . I'' oproti zhru-
ba 40 mg . I'!). Voda z tohto vyveru ma v porov-
nani s predchadzajucimi dvomi vyvermi v Case
znacne premenlivejSie chemické zlozenie a vo
velkej miere ovplyviiuje premenlivost’ chemic-

500

400

Ca(mg.I")

200

100

0

kého zlozenia vody pramefia Buzgé. Statisticky vyznamna
zavislost’ vo vztahu k vydatnosti pritoku je tu zdokumen-
tovana v pripade obsahu vsetkych vyznamnejsich chemic-
kych zloziek, s vynimkou obsahu HCO, (tab. 10). Okrem
obsahu NO, a v.CO, ide vzdy o zapornu korelaciu. Obsah
tychto chemickych zloziek vyznamne koreluje aj vzajom-
ne (tab. 10).

Pocas sledovaného obdobia stiipol obsah siranov vo
vode KC2 pri klesajucej vydatnosti od marca do oktdbra
z94 mg .1 na379 mg. 1!, obsah vapnika zo 113 mg . I'!
na 180 mg . I'! a obsah Mg z21 mg . 1" na 30 mg . I'! pri
stabilnom obsahu HCO, okolo 330 mg . I''. Narast obsahu
Ca tesne koreluje s obsahom siranového anionu (obr. 4)
a na ich regresnej priamke lezia aj projekéné body repre-

~BSH Ly

yNH

0,3138S0, + 78,8
R? = 0,994

A

C?y = .......‘ ..u.m..

1:1Ca: SO, pre latkovu koncentraciu

0 100 200 300 400
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Obr. 4. Hmotnostna koncentracia vapnika vo vztahu k siranovému anionu
v pritoku z Heliktitového domu (KC2) a v sulfatogénnej podzemnej vode
sadrovcového loziska v Novoveskej Hute (NH) a v Bohunove (BSH1).

Fig. 4. Weight concentration of calcite versus sulphate anion in water sam-
ples taken from the KC2 inflow from the Heliktit chamber and in the ground-
water of gypsum deposits of Novoveska Huta (NH) and Bohunovo (BSH1).
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zentujuce sulfatogénnu podzemnu vodu sadrovcovych
lozisk — Cerpant bansku vodu z Bane Maria v Novoves-
kej Hute (Bajtos et al., 2011) a vrtu BSH-1 na lozisku
Bohtinovo (Bajtos et al., 1996). Tato zavislost’ naznacuje,
ze voda pritoku z Heliktitového domu je zmesou karbo-
natogénnej a sulfatogénnej vody. Na zaklade vzdialenosti
tychto projekénych bodov od bodu reprezentujiceho sul-
fatogénnu vodu loziska v Novoveskej Hute na grafe moz-
no odhadnut’, ze podiel karbonatogénnej a sulfatogénnej
vody tu kolise medzi 0,94 : 0,06 pri vysokej vydatnosti
a 0,76 : 0,24 pri nizkej vydatnosti. Predpoklad o povode
SO, z rozptstania sadrovca podporuje aj zvySeny obsah
stroncia (celestin moze tvorit’” mikrokrystalické inklazie
v sadrovcei; Goldscheider a Drew, 2007), ktory tesne kore-
luje s obsahom siranov.

Voda pritoku z Heliktitového domu vykazuje narast na-
sytenia kalcitom s poklesom prietoku — hodnota S/. rastla
v pozorovanom obdobi z 0,45 v marci na 0,85 v auguste.
Tento narast je spdsobeny rastom koncentracie sulfatogén-
nej zlozky v roztoku, dokumentovany aj narastom hod-
noty indexu nasytenia sadrovcom ST, (obr. 5). Vo vztahu
k dolomitu je voda jaskyne nedosytena, pricom hodnota
SI, sa pohybuje okolo —1. Uroveii nasytenia plynnym CO,
s poklesom vydatnosti klesa z hodnoty —2,24 (24. 3. 2015)
na—2,56 (13. 10. 2015).

Vo vsetkych vzorkach vody z Krasnohorskej jaskyne
sa zistil nizky obsah foriem rozpusteného dusika a fosforu.
Obsah NH, a NO, sa v prevahe pripadov pohybuje pod
medzou stanovenia laboratornej metddy (0,05 mg . 17! pri
NH, 20,01 mg . I'' pri NO,), pripadne ju tesne prekracuje.
Obsah dusi¢nanov nepresahuje 10 mg . I'! a ma nizku va-
riabilitu (tab. 5, 6, 7). Obsah fosfore¢nanov neprekracoval
medzu stanovenia 0,03 mg . I'!. Zelezo je pritomné zvig-
Sa v koncentracii niz§ej ako medza stanovenia 7 pg . I'!
a maximalna zistena hodnota dosiahla 15 pg . I'. Obsah
manganu len zriedka presiahol medzu stanovenia 2 p . 1!
(maximum 5 pg . I'!). Zo sledovanych kovov (Al, Cu,
Ni, Pb, Zn, Hg, Ag, Se) presiahol medzu stanovenia len
obsah zinku, a to vo vzorkach z prvych dvoch odberov
z objektu KC2 (3 a 15 pg . I'Y), v prvom odbere z objektu
KC3 (5 pg . 1) a prvych dvoch odberov z objektu KC4 (4
a 8 ug . I'"). Priemerna hodnota obsahu Zn v snehu na lo-
kalite Plesivec za sledované roky 1976 —2010 je 24 pg . I'!
s maximom 150 pg . I"'. V nasej vzorke snehu (tab. 11) bol
obsah Zn=2 pg . I"" a v povrchovej vode zavrtu na Silickej
planine nad Krasnohorskou jaskytiou 8 pg . 1.

Priemerny obsah celkového organického uhlika (TOC)
je zo sledovanych objektov najvyssi na vytoku z Marikin-
ho jazierka, kde dosiahol hodnotu 0,9 mg . 1'l. Je teda
relativne nizky a v Case stabilny, s nizkou mierou relativ-
nych priemernych odchylok (tab. 5, 6, 7). Relativne nizka
a v Case stabilnd je aj objemova aktivita radonu — najvys-
Sia je v pritoku v Abonyiho dome s priemernou hodnotou
1,3 Bq . I'" a mierou relativaych priemernych odchylok
0,29 (resp. 29 %).
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Obsah CO, a objemovi aktivita *’Rn v ovzdusi
jaskyne vo vzt'ahu ku krasovym vodam

V ramci projektu KRASCAVE sa od augusta 2015 mo-
nitoruje obsah CO, v atmosfére Krasnohorskej jaskyne.
DoterajSie merania automatickymi snimac¢mi lokalizova-
nymi pri Marikinom jazierku a pri pritoku v Abonyiho
déme ukazuju, Ze obsah CO, kolise v rozmedzi 0,2 — 1 %
(tab. 12). Pri Marikinom jazierku pocas augusta a septem-
bra 2015 bol v intervale 0,2 — 0,4 %, v oktobri a novembri
z tejto trovne obcas stupal do 0,6 %. Pri pritoku z Helik-
titového domu ma v tomto obdobi kolisanie obsahu CO,
obdobny charakter s tym, ze v oktobri a novembri sa dosa-
hujtt maxima do 1 %. Meranie objemovej aktivity radonu
3. 8. 2016 na 6 miestach jaskyne ukdzalo hodnoty z inter-
valu 3,1 — 5,0 Bq . I"". Najvyssia z nich (5,0 Bq . 1'") sa zis-
tila na Marikinom jazierku, druha najvyssia (4,2 Bq . I'!)
pri pritoku z Heliktitového domu. Zostavajuce hodnoty su
mensie ako 3,6 Bq. I,

Hodnoty parcialneho tlaku CO, [P(COz)eq] zodpoveda-
juce chemickému zloZeniu odobranych vzoriek hlavnych
pritokov do Krasnohorskej jaskyne st pomerne vysoké na
vytoku z Marikinho jazierka (2,72 — 3,61 . 10 MPa s prie-
merom 3,10 . 103 MPa) a v pritoku v Abonyiho dome
(1,94 — 3,40 . 107 MPa s priemerom 2,60 . 10 MPa), pri-
¢om zodpovedaju zdokumentovanym podmienkam pddne;j
atmosféry vo vegetacnom obdobi (obr. 6). Vyrazne nizsie
st v pritoku z Heliktitového domu (4,11 — 9,07 . 10* MPa
s priemerom 6,68 . 10* MPa), kde uz zodpovedaji pod-
mienkam ovzdusia Krasnohorskej jaskyne (obr. 6). Voda
pramena Buzg hodnotami P(COZ)eq v obdobiach s nizkym
prietokom zodpoveda jaskynnej atmosfére, pri najvyssich
zdokumentovanych hodnotach prietoku sa blizi k Grovni
zistenej v podnej atmosfére vo vegetacnom obdobi. Po-
rovnanie s rovnovaznou koncentraciou vapnika a hodno-
tou pH vypocitanou (Hunkeler a Mudry in Goldscheider
a Drew, 2007) pre podmienky otvoreného a uzavretého
systému (obr. 7) ukazuje, ze voda vytoku z Marikinho
jazierka a pritoku v Abonyiho dome sa formovala skor
v otvorenom systéme so stabilnou tiroviiou P(CO,).

Koncep¢ény model tvorby chemického zloZenia vody
Krasnohorskej jaskyne

Pri tvorbe koncepéného modelu tvorby chemického
zlozenia vody Krasnohorskej jaskyne vychadzame z dote-
rajSich poznatkov o hydrogeoldgii a chemickom zloZeni
vody Krasnohorskej jaskyne (Stankovi¢ a Cilek — eds.,
2005; Haviarova et al., 2012; Malik et al., 2014) a naSich
merani (tab. 4 — 7). Pri zohl'adiiovani faktorov ovplyviiu-
jucich chemické zlozenie vody od infiltracie po vtok do
jaskynného systému uvazujeme podmienky infiltracie
atmosférickych vod (typ rastlinného krytu a charakter
pddneho horizontu, vyuzivanie uzemia) a podmienky
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prudenia vody v podzemi (akumulacia a distribtcia vody
v epikrase, koncentrovany a rozptyleny zostup vody zénou
aeracie a pridenie v nasytenej zone) a mineralogické zlo-
zenie odvodnovaného horninového prostredia.
Hydrogeologické pomery izemia naznacuja, ze infil-
tra¢nou oblast'ou pritokov do jaskyne je cast’ Silickej plani-
ny, ktora prinalezi do hydrogeologickej Struktiry Horného
vrchu (v zmysle Hanzela in Mello et al., 1997). Nacrtneme
jej priblizné ohraniéenie podl'a si¢asnych poznatkov. Se-
vernu hranicu tvori severny okraj Silickej planiny. Zapad-
na hranica v smere S — J je asi 1,6 km z. od kéty Horny
vrch (577). Juzna hranica vedie juznym okrajom planiny
od lokality Rakata ku kote Studna (562), odtial' smerom
k Holmanovmu vrchu (564 m n. m.) tvori vychodnu hra-
nicu. Tato infiltraénti oblast’ buduje v prevahe vapenec
(steinalmské a wettersteinské stvrstvie), menej dolomit
(gutensteinské stuvrstvie) a len na sz. okraji aj bridlice

spodného triasu (sinské suvrstvie). Mozno teda konstato-
vat’, ze podzemny tok jaskyne je autochtonny tok. Vzhl'a-
dom na to, ze ide o oblast’ Narodného parku Slovensky
kras s absenciou sidiel, pritomnost’ latok antropogénneho
povodu je tu vel'mi obmedzena — neboli tu identifikované
bodové zdroje znecistenia. Sezénny lokalny prinos N a P
modze byt lokalne spdsobeny pasenim hovédzieho dobyt-
ka. Vyznamny je prinos N a S, ale aj niektorych kovov
atmosférickymi zrazkami (tab. 1, 2, 11).

Hibku obehu podzemnej vody indikuje jej teplota.
Teplota vody hlavnych pritokov do jaskyne je stala: pocas
nasich odberov vzoriek sa pohybovala na vytoku z Ma-
rikinho jazierka od 9,3 do 9,7 °C (priemer 9,4 °C), na
pritoku z Heliktitového domu od 9,1 do 9,4 °C (priemer
9,3 °C) a v pritoku v Abonyiho déme od 9,1 do 9,5 °C
(priemer 9,3 °C). Dlhodobu priemerna teplotu vzduchu
na Silickej planine v oblasti nad jaskyiiou mozno odvo-
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Obr. 8. Koncepény mo-
del obehu vody v sys-
téme  Kréasnohorskej
jaskyne. 1 — fluvidlne
sedimenty, 2 — pdda, 3
— epikras, 4 — krasovy
masiv triasovych kar-
bonatov, 5 — priemet
bloku sinskych vrstiev,
6 — nenasytend zona,
7 — nasytend zoOna.
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resakovanie pOodnym
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horizontom, E — aku-
mulacia vody a usmer-

novanie pradenia v epikrase, U — rychly tok vody krasovymi kanalmi a diftzne pridenie puklinami v nenasytenej zone krasového
masivu, V — prudenie vody nasytenou zénou k drenaznej baze, GWT — hladina podzemnej vody, ET — evapotranspiracia, P — atmosfé-

rické zrazky.

Fig. 8. Conceptual model of water circulation in the Krasnohorska jaskyna cave system. 1 — fluvial sediments, 2 — soil, 3 — epikarst,
4 — karstified rock mass of Triassic carbonates, 5 — block of Szin Formation located apart of the model cross section, 6 — unsaturated
(vadose) zone, 7 — saturated (phreatic) zone. Water circulation zones: S — seepage through the soil, E — storage and distribution of flow
in the epikarst, U — rapid flow in karst conduits and diffuse flow in fissures across the unsaturated zone, V — flow in the saturated zone
to the drainage base level, GWT — groundwater table, ET — evapotranspiration, P — atmospheric precipitation.

dit’ z dlhodobych merani na stanici v obci Silica, ktora
sa nachddza v nadmorskej vySke 520 m. Za roky 2006
— 2015 predstavuje priemernd hodnota priemernej den-
nej teploty nameranej na tejto stanici 8,9 °C (SHMU).
Gradient poklesu teploty vzduchu s rastiicou nadmorskou
vyskou urceny z udajov z 11 klimatickych stanic v okoli
studovaného tizemia (podla udajov SHMU, 1991) dosa-
huje 1 °C/100 m. Na planine nad Krasnohorskou jaskytou
v nadmorskej vyske 550 — 600 m je preto odhadovany in-
terval priemernej teploty vzduchu 8,1 — 8,6 °C. Teplota
pritokov do jaskyne je teda o 0,7 — 1,2 °C vyssia ako dI-
hodoba priemerna teplota vzduchu na Silickej planine. Za
predpokladu, ze geotermicky gradient 30 — 40 °C/km uva-
dzany z tejto oblasti (Franko et al., 1995) mozno aplikovat’
na krasovy masiv Silickej planiny nad troviiou miestnej
erozivnej bazy, sved&i tento teplotny rozdiel o hibke obehu
vody 18 — 40 m pod povrchom. Uvedené pritoky do jas-
kyne v tomto pripade neodvodiiuju zvodnence nasytenej
zony, ktorych voda by podl'a uvedenych udajov mala mat
teplotu minimalne 15 °C, ale nenasytenu zoénu nad urov-
lou jaskyne.

Zname hydrogeologické a geochemické udaje nazna-
cuju, ze tvorba chemického zlozenia krasovej vody v sys-
téme Krasnohorskej jaskyne pozostdva z tychto hlavnych
procesov, charakteristickych pre rézne zoény cirkulacie
(obr. 8):

— podny horizont — obohacovanie zrazkovej vody

o CO, a *Rn z pddnej atmosféry (prevlada otvo-
reny systém), zmeny foriem vyskytu dusika pri-
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nasanych zrazkami podla oxidacno-redukénych
podmienok a €asu zdrzania, sorpcia kovov na ilo-
vych mineraloch, rozpustanie ilovych mineralov,
biodegradacia organického uhlika a jeho sorpcia na
ilové mineraly, zvySenie koncentracie konzervativ-
nych latok (Cl, SO,) vplyvom evaporacie;

epikras — rozpustanie kalcitu do nasytenia rozto-
ku tymto mineralom ako zdroj Ca a HCO,, menej
rozpustanie dolomitu do rézneho stupiia nasytenia
ako zdroj Ca, Mg a HCO,, lokélne pozdiz kontaktu
karbonatového krasu so sinskym stavrstvim (pritok
z Heliktitového domu) rozpustanie sadrovca (spre-
vadzané rozpustanim celestinu) ako zdroj siranov
a menej vyznamné rozpustanie ilovych a silikato-
vych minerdlov (sl'udy) a oxidacia pyritu, pokles
obsahu *’Rn radioaktivnym rozpadom;

nenasytena zona — v zoénach koncentrovaného zo-
stupu vody (krasové kanaly, otvorené pukliny) po-
stupné znizovanie obsahu voIn¢ho CO, v roztoku
podla obsahu CO, v podzemnej atmosfére a tvorba
sintra, v zonach rozptylené¢ho zostupu (pukliny)
pokles obsahu O, v roztoku oxidaciou NH, a NO,,
v oboch zonach pokles obsahu ?Rn radioaktivnym
rozpadom;

nasytend zona — pocas prudenia k drendznej baze
uzemia dal$i pokles obsahu rozpusten¢ho O,
a vzostup teploty vody s vplyvom na rovnovahu
vo vztahu k minerdlom pritomnym v horninovom
prostredi.
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Postupné modelovanie tvorby chemického zloZenia
pritokov do Krasnohorskej jaskyne

Pri postupnom modelovani tvorby chemického zlo-
zenia hlavnych pritokov podzemnej vody vystupujacich
v Kréasnohorskej jaskyni sme simulovali zmenu chemic-
kého zlozenia zrazkovej vody vstupujucej infiltraciou do
horninového prostredia, nastavajicu vplyvom reakcie
s pritomnymi Pahko rozpustnymi mineralmi pri menia-
cej sa koncentracii plynného CO, v prostredi. Simula¢né
vypocty sme robili pomocou programu PHREEQC s da-
tabazou phreeqc.dat. Na definovanie chemického zlozenia
zrazkovej vody sme vyuzili vysledok vlastného labora-
torneho rozboru snehu zo Silickej planiny nad jaskyiou
(tab. 11). Pri simulécii sme v réznych vypoctovych varian-
toch definovanych ur€itym latkovym mnoZstvom alebo
aj vzajomnym pomerom reagujucich mineralov menili
hodnotu parcialneho tlaku CO, [P(CO,)] v prostredi tak,
aby sme dosiahli ¢o najlepsiu zhodu s nameranymi hod-
notami koncentracie hlavnych zloziek makrochemického
zlozenia vody (Ca, Mg, HCO,, SO,) testovanych vyverov.
Pri simulacii sme zohl'adiiovali pokles obsahu volného
CO, vo vode pri vystupe podzemnej vody do otvorenych
priestorov jaskyne, sposobeny poklesom P(CO,) v pro-
stredi vyskytu vodného roztoku. Vzhl'adom na malo vy-
znamny vplyv na makrochemické zloZenie jaskynnej vody
sme pri modelovani nezohl'adiiovali rozpustanie ilovych
mineralov ani transport chloridov a rozpustenych foriem
dusika. Zmenu koncentracie siranového aniénu sme simu-
lovali vyhradne dominantnym rozpustanim sadrovca, hoci
maly podiel SO, pochddza z rozptist'ania celestinu (SrSO,)
a pravdepodobne aj z oxidacie pyritu.

Pri simulacii chemického zlozenia vody Marikinho ja-
zierka sme v prvom kroku brali do ivahy zmenu zlozenia
zrazkovej vody (sneh; tab. 11) pri rozptstani kalcitu do do-
siahnutia rovnovahy, rozptistani maximalne 0,268 mmol
dolomitu a 0,21 mmol sadrovca pri rdéznych trovniach
P(CO,) v horninovom prostredi pri teplote 7 °C. Maxi-
malne hodnoty rozpusteného dolomitu a sadrovca sme
odvodili z koncentracie Mg, resp. SO,, dokumentovanej
laboratornymi analyzami vzoriek vody Marikinho jazier-
ka. V druhom kroku sme brali do tvahy pokles vol'ného
CO, v roztoku vplyvom jeho uvoltiovania do jaskynnej
atmosféry ekvilibraciou zloZenia roztoku na stupen nasy-
tenia plynnym CO, dokumentovany nasim vzorkovanim.
Pri simulacii sme teda postupne menili hodnotu P(CO,)
v horninovom prostredi (prostrednictvom zadavanej hod-
noty indexu nasytenia plynnym CO,), aby sme dosiahli ¢o
najlepsiu zhodu programom vypocitanej a vzorkovanim
zdokumentovanej priemernej koncentracie Ca, Mg, HCO,
a SO, a hodnoty pH. Na zdklade tychto simulacii predpo-
kladame, ze chemické zlozenie vody Marikinho jazierka
sa tvori rozpustanim kalcitu a malého mnozstva dolomitu
infiltrovanou zrazkovou vodu v podmienkach P(CO,) =
4,46 . 107 MPa, zodpovedajucich baze podneho horizontu
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a epikrasu. Tento proces mozno opisat’ nasledujicou sché-
mou (pomer reagujucich mineradlov a plynu zodpoveda
molarnej koncentracii):

zrazkova voda + 2,609 kalcit + 0,268 dolomit + 0,21
sadrovec + 4,548 CO, — voda Marikinho jazierka.

Po prechode vody z nasytenej zony pody, resp. epikra-
su do otvorenych puklin jaskynného systému s niz§im ob-
sahom plynného CO, sa z roztoku uvolni 0,31 mmol CO,
na 1 liter roztoku.

Vybrané vysledky simulacie st uvedené v tab. 13 a na
obr. 9. Ukazuju, Ze obsah volného CO, pri presakovani
zrazkovej vody do pddy, resp. epikrasu stipa z 8,9 mg . I'!
na 65,9 mg . I''. Tento proces je sprevadzany zmenou re-
akcie vody z mierne kyslej na neutralnu a rapidnym naras-
tom hlavne koncentracie hydrogenuhli¢itanového aniénu
a vapnika (faza A na obr. 9). Tieto zmeny zloZenia roztoku
st dosledkom rozpustenia 261 mg kalcitu, 27 mg dolomi-
tu, 36 mg sadrovca a 200 mg plynného CO, na 1 | rozto-
ku. Po prechode roztoku z epikrasu do otvorenych puklin,
resp. kanalov nenasytenej zony (faza B na obr. 9) nastava
pokles obsahu vol'ného CO, na 52,3 mg . I"' a mierna zme-
na reakcie vody, pricom koncentracia hlavnych iénov sa
vyznamne nemeni. V tejto faze sa uvolni 14 mg plynného
CO, z 1 I roztoku do ovzduSia. Uvedené vysledky svedCia
o tom, Ze v tomto systéme nedochadza k zrazaniu vyznam-
ného mnozstva kalcitu (modelovy index nasytenia kalci-
tom SI = 0,10 je zhodny s priemerom hodnét zo vzoriek).
Uvedena modelova situacia zodpoveda priemernému zlo-
zeniu vody Marikinho jazierka v sledovanom obdobi.

Pri simulacii chemického zlozZenia vody vyveru v Abo-
nyiho dome sme postupovali obdobnym sposobom ako
v predchadzajucom pripade. V prvom kroku sme brali do
uvahy zmenu zlozenia zrazkovej vody (sneh; tab. 11) pri
rozpustani kalcitu do dosiahnutia rovnovahy, rozpustani
maximalne 0,095 8 mmol dolomitu a 0,21 mmol sadrov-
ca pri roznych urovniach P(CO,) v horninovom prostredi
a teplote 7 °C. Najlepsia zhoda vypocitanych a namera-
nych hodndt priemernej koncentracie Ca, Mg, HCO, a SO,
(tab. 14) bola dosiahnuta pri hodnote P(CO,) v prostredi
5,00 . 107 MPa. Proces tvorby chemického zloZenia vody
pritoku v Abonyiho dome opisuje nasledujuca schéma:

zrazkova voda + 3,025 kalcit + 0,096 dolomit + 0,21
sadrovec + 4,803 CO, — voda vyveru v Abonyiho déme.

Po prechode vody z nasytenej zony pody, resp. epikra-
su do otvorenych puklin jaskynného systému s niz§im ob-
sahom plynného CO, sa z roztoku uvol'ni 0,742 mmol CO,
na 1 liter roztoku. Z porovnania tejto schémy so schémou
tvorby zlozenia vody Marikinho jazierka vyplyva mensi
vplyv dolomitu a o nie€o vyznamnejsie uvolfiovanie CO,
v pripade vody pritoku v Abonyiho dome. Vysledky simu-
lacie d’alej ukazuj, Ze obsah vol'ného CO, pri presakovani
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zrazkovej vody do pddy, resp. epikrasu stiipa z 8,9 mg . I'!
na 73,9 mg . I'l. Tento proces je sprevadzany zmenou
reakcie vody z mierne kyslej na neutrdlnu a rapidnym
narastom hlavne koncentracie hydrogenuhli¢itanového
anionu a vapnika. Tieto zmeny zloZenia roztoku su dosled-
kom rozpustenia 303 mg kalcitu, 10 mg dolomitu, 36 mg
sadrovca a 211 mg plynného CO, na 1 1 roztoku. Pri pre-
chode roztoku z epikrasu do otvorenych puklin, resp. ka-
nélov nastiva pokles obsahu volného CO, na 41,6 mg . I''
a mierny posun reakcie vody do slabo zasaditej oblasti,
pri¢om koncentracia hlavnych i6nov sa vyznamne nementi.
V tejto faze sa uvolni 34 mg plynného CO, z 1 I roztoku
do ovzdusia.

Pri modelovani zlozenia vody pritoku z Heliktitového
domu sme vychadzali z predpokladu, ze je vysledkom
miesania dvoch geneticky rozdielnych roztokov — karbo-
natogénneho (jeho chemické zlozenie sa dominantne tvori
rozpustanim karbonatovych mineralov kalcitu a dolomi-
tu) a sulfatogénneho (dominuje rozpustanie sadrovca). Pri
kalibracii modelu sme postupne menili vstupné hodnoty
P(CO,) pre prostredie vyskytu oboch uvazovanych roz-
tokov tak, aby vypocitané hodnoty koncentracie Ca, Mg,
HCO, a SO, ¢o najlepSie zodpovedali realnym. Vysled-
kom tohto snazenia je model, ktory zohl'adiiuje: 1. tvorbu
karbonatogénneho roztoku zo zrazkovej vody so zlozenim
uvedenym v tab. 11 ekvilibraciou na P(CO,) = 2,71 . 10
MPa v prostredi dosiahnutim rovnovéazneho stavu vo
vztahu ku kalcitu a rozpustanim maximalne 0,75 mmol
dolomitu na liter roztoku; 2. tvorbu sulfatogénneho roz-
toku zo zrazkovej vody so zlozenim uvedenym v tab. 11
ekvilibraciou na P(CO,) = 6,75 . 10~ MPa v prostredi
dosiahnutim rovnovéazneho stavu vo vztahu k sadrovcu
a kalcitu a rozpustanim maximalne 3 mmol dolomitu na
liter roztoku; 3. mieSanie tychto dvoch roztokov v pome-
re 0,95 : 0,05 az 0,75 : 0,25; 4. dosiahnutie rovnovahy
vzniknutého roztoku s kalcitom; 5. ekvilibraciu roztoku
na P(CO,) = 6,8 . 10* MPa podl'a urovne zdokumento-
vanej vo vzorkach pritoku z Heliktitového domu. Grafy
na obr. 10, 11 a 12 dokumentuju dobra zhodu s modelom
predpokladanej a realnej koncentracie hlavnych prvkov
chemického zlozenia vody pritoku KC2. Hydrochemicky
rezim tohto pritoku je teda mozné interpretovat’ ako miesa-
nie dvoch geneticky rozdielnych roztokov s nasledujucimi
schémami formovania:

zrazkova voda + 1,353 kalcit + 0,75 dolomit + 3,55 CO, —
karbonatogénny roztok

zrazkova voda + 3,3 kalcit + 3,00 dolomit + 15,44 sadro-
vec + 4,759 CO, — sulfatogénny roztok.

Po zmiesani karbonatogénneho a sulfatogénneho roz-
toku v pomeroch 0,95 : 0,05 az 0,75 : 0,25 precipituje
0,041 — 0,112 mmol kalcitu a po prechode do otvorenych
puklin jaskynného systému s niz§im obsahom plynného
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CO, sa z roztoku uvolni 0,825 — 1,175 mmol CO, na 1 1
roztoku.

Modelovanie vplyvu zrazkovej vody, obsahu
atmosférického CO, a teploty na chemické zloZenie
vody Krasnohorskej jaskyne

Zostavené modely tvorby chemického zloZenia vody
Krasnohorskej jaskyne sme vyuzili na testovanie vyznam-
nosti vplyvu troch najvyznamnejsich vstupnych podmie-
nok — chemického zlozenia inicidlneho roztoku (zrazkove;j
vody), obsahu CO, v prostredi a teploty prostredia. V pri-
pade kvantitativne najvyznamnejsieho pritoku do jasky-
ne — vytoku z Marikinho jazierka — sme urcili o¢akavané
hodnoty obsahu Ca, Mg, HCO, a SO, a hodnoty pH pri
roéznych vstupnych podmienkach.

Pri testovani vplyvu zloZenia inicidlneho roztoku
sme z vysledkov dlhodobého pozorovania chemického
zlozenia snehu na lokalite PleSivec (tab. 1) vybrali vzor-
ky reprezentujiice dokumentovanu variabilitu ich hodndt
pH. Vysledky simulécie ukazali, Ze z roznych inicidlnych
roztokov s rozsahom hodnét pH = 4,00 — 8,66 a obsa-
huCa=4-15mg.1", Mg02-1,6mg.1", HCO, =
0,1 -38mg.1"aSO,=2—-13mg. 1" vznika pri stabilnom
P(CO,) a stalej teplote krasova voda s prakticky zhodnym
zloZenim (tab. 15).

Naopak, pri meniacich sa podmienkach P(CO,) sa che-
mické zlozenie krasovej vody rapidne meni aj v pripade
nemenného inicidlneho roztoku a stabilnej teploty (tab. 16,
obr. 13). Pri urovni P(CO,) ~ 8 . 10° MPa zdokumen-
tovanej Rodom (1986a) v pédnom horizonte na Silicke;j
planine mimo vegetacného obdobia sa pri teplote 7 °C
tvori roztok s modelovym obsahom Ca menej ako 31 mg
. I'"a HCO, menej ako 100 mg . I''. Pri intervale P(CO,)
=1,6 — 4,4 . 107 MPa vSak uz modelova hodnota kon-
centracie Ca dosahuje priblizne rozsah 80 — 122 mg . I'!
a HCO, 250 - 380 mg . I'",

Meniaca sa teplota prostredia pri stalom P(CO,) a sta-
bilnom inicidlnom roztoku vyznamne ovplyviiuje chemic-
ké zlozenie roztoku pri vel'kych teplotnych rozdieloch, ked’
koncentracia Ca i HCO; s rastiicou teplotou klesa (obr. 14).
V zéne horninového masivu mimo vplyvu teplotnych
zmien atmosféry je teplota hodnoteného systému stabilne
v rozmedzi priblizne 5 — 10 °C. Pri uvedenom teplotnom
intervale pri stabilnom P(CO,) = 4,46 . 10~ MPa obsah
Ca v modelovom roztoku klesd zo 125 na 122,5 mg . I'!
aHCO, z384na376 mg. 1"

Uvedené simulacie dokumentujii dominantny vplyv
obsahu CO, v prostredi na chemické zlozenie krasovej
vody. Ked’ze odobrané vzorky dokumentuju vyrazne sta-
bilny a relativne vysoky inicialny obsah CO, zodpovedaji-
ci podmienkam podnej atmosféry vo vegetaénom obdobi,
mozno predpokladat’, Ze v spodnej Casti podneho profilu
aj v epikrase je stabilne vysoky obsah CO, zodpovedajici
P(CO,) ~5.10° MPa.
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Obr. 9. Modelovy trend zmien obsahu Ca a P(CO,)
v obehovej ceste vody Marikinho jazierka (KC3).
Vysvetlivky: Z — zlozenie zrazkovej vody Silickej pla-
niny pred vstupom do pddneho/horninového prostredia,
E — zlozenie vody v epikrase, J — zlozenie vody pritoku
do Krasnohorskej jaskyne (KC3). Faza A reprezentuje
proces nasycovania zrazkovej vody presakujucej pddou,
resp. epikrasom rozpustanim kalcitu a ekvilibraciou na
obsah CO, v tomto prostredi. Faza B reprezentuje proces
ekvilibracie roztoku na obsah CO, v jaskynnom systéme.
Stvor¢eky znazornuji namerané tidaje vo vzorkach vody
Marikinho jazierka (KC3). Dalsie vysvetlenie v texte.
Fig. 9. Modelled Ca concentration and P(CO,) value
changes during water flow towards the Marikino lake out-
let (KC3).

Explanation: Z — atmospheric water, E — water in epikarst,
J — water inflowing to the Krasnohorska jaskyna cave at
KC3. The A phase represents the process of recharging
water saturation during its seepage through soil and epi-
karst by calcite dissolution an equilibration to the CO,
content in this environment. The B phase represents equi-
libration process of the solution to the CO, content in the
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Obr. 10. Koncentracia vapnika a siranového anio-
nu vo vode pritoku z Heliktitového domu (KC2)
— porovnanie realnych hodndt s modelovou ¢iarou
pri miesani karbonatogénneho a sulfatogénneho
roztoku v pomere od 0,75 : 0,25 do 0,95 : 0,05.
Fig. 10. Ca versus SO, concentration in the KC2
water inflow from the Heliktit chamber — compa-
rison of measured values (diamonds) with model
line representing changes of water solution formed
by mixing of carbonatogenic and sulphatogenic
water within the interval of mixing ratios from
0.95:0.05t0 0.75 : 0.25.

Obr. 11. Koncentracia hor¢ika a vapnika vo vode
lavostranného pritoku z Heliktitového domu (KC2)
— porovnanie realnych hodndt s modelovou ¢iarou
pri miesani karbonatogénneho a sulfatogénneho
roztoku v pomere od 0,75 : 0,25 do 0,95 : 0,05.
Fig. 11. Mg versus Ca concentration in the KC2
water inflow from the Heliktit chamber — compari-
son of measured values (diamonds) with model line
representing changes of water solution formed by
mixing of carbonatogenic and sulphatogenic water
within interval of mixing ratios from 0.95 : 0.05 to
0.75:0.25.
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Obr. 12. Koncentracia siranového a hydrogenuhli-
¢itanového anionu vo vode l'avostranného pritoku od
Heliktitového domu (KC2) — porovnanie realnych hod-
ndt s modelovou Ciarou pri miesani karbonatogénneho
a sulfatogénneho roztoku v pomere od 0,75 : 0,25 do
0,95 : 0,05.

Fig. 12. SO, versus HCO, concentration in the KC2
water inflow from Heliktit chamber — comparison of
measured values (diamonds) with model line represen-
ting changes of water solution formed by mixing of car-
bonatogenic and sulphatogenic water within interval of
mixing ratios from 0.95 : 0.05 to 0.75 : 0.25.

Obr. 13. Obsah Ca a HCO, v modelovom roztoku for-
movanom v prostredi pody/epikrasu Struktury vytoku
z Marikinho jazierka (KC3) pri réznych hodnotach
P(CO,) a pri teplote 7 °C z inicialneho roztoku — vzor-
ky snehu S1.

Fig. 13. Ca and HCO, contents in model water solution
formed from initial solution represented by S1 snow
sample in soil/epikarst environment in the surroun-
dings of the Marikino jazierko lake outlet (KC3) under
variety of P(CO,) conditions and at stable temperature
of 7°C.

Obr. 14. Obsah Ca a HCO, v modelovom roztoku for-
movanom v prostredi pody/epikrasu Struktary vyto-
ku z Marikinho jazierka (KC3) pri hodnote P(CO,) =
4,46 . 10 MPa a pri roznej teplote z inicialneho rozto-
ku — vzorky snehu S1.

Fig. 14. Ca and HCO, contents in model water solution
formed from initial solution represented by S1 snow
sample in soil/epikarst environment in the surroun-
dings of the Marikino jazierko lake outlet (KC3) under
P(CO,) =4.46 . 10 MPa and in variety of temperature
conditions.



Mineralia Slovaca, 49 (2017)

Tab. 1
Zakladné $tatistické parametre chemického zloZenia snehu v rokoch 1976 — 2014 na lokalite PleSivec
(podra tdajov CMS Geologické faktory — Kvalita snehov, SGUDS Bratislava).
Statistical evaluation of snow chemical composition on the PleSivec monitoring site for the period 1976 — 2014

(based on data from the monitoring system “Geological factors — Snow quality”, performed by SGUDS Bratislava).

RL pH Na K Mg Ca Sr Fe Mn NH, Cl NO, SO, | HCO,
Min | 69 4,00 0,03 [<0,20 0,04 0,62 0,003 0,017 | 0,002 |[<0,006 [<0,20 0,82 0,47 0,0
Med | 14,8 4,95 0,17 0,12 0,27 1,57 0,019 0,105 | 0,019 0,630 | 0,98 2,90 4,08 1,7
Max | 88,0 8,66 1,54 0,62 1,55 15,40 0,280 1,300 | 0,450 3,840 | 9,11 10,75 | 23,07 |38,0
Var 5,5 0,9 9.2 6.8 5,7 9.4 14,6 12,2 242 6,1 9,3 3.4 5,5 22,7

Vysvetlivky: Min — minimum, Med — median, Max — maximum, Var — variabilita (podiel variacného rozpatia a medianu), RL — celkovy obsah

rozpustenych latok. VSetky hodnoty okrem pH st uvedené v mg . I'".

Explanations: Min — minimum, Med — median, Max — maximum, Var — variability (variation extent divided by median, Var = (Max-Min)/Med),

RL — TDS content. All values are given in mg . I'!, excepting pH value.

Tab. 2
Zakladné $tatistické parametre chemického zloZenia snehu v rokoch 1976 — 2014 na lokalite Zadielska dolina
(podl'a tidajov CMS Geologzcke faktory — Kvalita snehov, SGUDS Bratislava).

Statistical evaluation of snow chemical composition in the Zadielska dolina valley monitoring site for the period 1976 —2014

(based on data from monitoring system “Geological factors — Snow quality”, performed by SGUDS Bratislava).

RL | pH | Na K Mg | Ca Sr Fe Mn | NH, | C | No, | SO, |HCO,
Min 57 | 392 | 003 [<020 | 002 | 018 | 0003 | 0012 | 0001 | 0024 [<020 | 083 | 0,50 0,0
Med | 174 | 590 | 016 | 016 | 023 | 230 | 0020 [ 0,150 | 0015 | 0,740 | 1,00 | 3,03 | 4,20 43
Max | 1062 | 942 | 070 | 790 | 1,19 | 2420 | 0,120 | 1,675 | 0430 | 3,340 | 9,70 | 930 [20,58 | 29,8
Var 58 | 09 | 42 | 497 51 | 104 59 |11 [ 286 | 45 9,6 28 | 48 6.9

Poznamka: vysvetlivky ako pri tab. 1.
Note: explanations as in Tab. 1.

Tab. 3
Okamzita vydatnost’ pramenia Buzgd (KC1) a vyverov v Krasnohorske;j jaskyni (KC2, KC3, KC4)v1.s!
merana pri odbere vzoriek vody.

Discharges of the Buzg6 spring (KC1) and inlets located inside the Krasnohorska jaskyna cave (KC2, KC3, KC4)inl.s™;

measured in the periods of water sampling.

Objekt/datum KC1 KC2 KC3 KC4
24.3.2015 45,39 7,06 38,40 4,14
20. 4. 2015 30,57 4,90 26,52 2,12
8.6.2015 18,43 3,18 16,40 0,88
6.7.2015 15,39 2,81 13,70 0,75
10. 8.2015 11,92 2,59 10,61 0,70
7.9.2015 10,60 2,17 9,50 0,56
13.10.2015 9,61 1,71 8,46 0,47
9.11.2015 2225 3,01 19,97 0,83
Q. 20,52 3,43 17,94 1,31
Quia/ Qi 4,72 4,14 4,54 8,77

Vysvetlivky: Q, — priemernd vydatnost, Q,, /Q, . — podiel maximélnej a minimalnej vydatnosti.
Explanations: Q, — average discharge, Q,, /Q, . — ratio of maximum and minimum discharge.
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Tab. 4
Zakladné Statistické parametre chemického zlozenia vody pramena Buzg6 (KC1) za obdobie marec — november 2015 (n = 8).
Basic statistical parameters of the Buzgé spring (KC1) water chemical composition in the period March — November 2015 (n = 8).

pH | RL Na K Ca Mg | sr | a | No, | so, | HCO, |v.CO,| SiO, | ®Rn | TOC
A 7,70 | 569 1,04 | 052 | 126 94 | 056 | 254 | 675 | 509 | 366 | 139 | 490 | 065 | 080
Min | 745 | 517 098 | 049 | 119 78 | 026 | 1,01 | 60 [297 | 334 66 | 472 | 050 | 0,60
Max | 7,98 | 607 1,14 | 058 | 135 1,7 | 094|432 |80 [773 [378 |231 [ 526 | 090 | 1,10
MRV | 0,02 | 004 | 005 | 004 0,04 | 010 | 034 | 042 | 008 | 028 0,03 028 | 003 | 0,19 | 0,16

Vysvetlivky: RL — celkovy obsah rozpustenych latok, v.CO, — voIny oxid uhlicity (vypogitand hodnota), >?Rn — objemova aktivita radonu 222,
TOC - celkovy obsah rozpusteného uhlika, A — aritmeticky priemer, Min — minimum, Max — maximum, MRV — miera relativnej variability
vyjadrena ako miera relativnych priemernych odchylok (ide o pomer priemernej odchylky od aritmetického priemeru a aritmetického priemeru
hodnét stiboru). Vsetky hodnoty okrem pH (-) a ?Rn (Bq . I'") st uvedené v mg . 1"'.

Explanations: RL — TDS content, v.CO, — free carbon dioxide (calculated value), ?Rn — specific activity of radon-222, TOC — total organic
carbon content, A — arithmetic mean, Min — minimum, Max — maximum, MRV — measure of relative variability expressed as size of relative
average deviations (MRYV is calculated as ratio of mean deviation from arithmetic mean to arithmetic mean of statistic file). All values are given
inmg . 1", excepting pH value (=) and *’Rn (Bq . I'").

Tab. 5
Zakladné statistické parametre chemického zlozenia vody vytoku z Marikinho jazierka (KC3)
za obdobie marec — november 2015 (n = 8).
Basic statistical parameters of the Marikino jazierko lake outlet (KC3) water chemical composition
in the period March — November 2015 (n = 8).

pH | RL | Na | K | Ca | Mg | Sr Cl | No, | SO, | HCO, | v.CO, | SiO, | *Rn | TOC
A 7,16 | 538 097 | 049 |120 65 | 0110 | 1,98 | 7,12 | 197 |376 | 458 | 464 | 04 | 09
Min | 7,09 |530 093 | 047 [117 60 | 0,100 | 050 | 6,60 | 189 |365 | 40,1 | 416 [ 02 | 07
Max | 722 | 554 1,00 | 0,52 |125 68 | 0116 | 326 | 814 | 203 384 | 534 | 494 | 06 1,0
MRV | 0,01 0,01 | 0,02 | 003 | 002|003 | 004 | 050 | 005 | 002 | 001| 010 | 004 | 025 | 0,13

Poznamka: vysvetlivky ako pri tab. 4.
Note: explanations as in Tab. 4.

Tab. 6
Zakladné statistické parametre chemického zlozenia vody pravostranného pritoku v Abonyiho dome (KC4)
za obdobie marec — november 2015 (n = 8).
Basic statistical parameters of water inlet in the Abonyi chamber (KC4) chemical composition
in the period March — November 2015 (n = 8).

pH RL Na K Ca Mg Sr Cl NO, SO, | HCO, | v.CO, | SiO, Rn TOC
A 7,26 | 561 0,97 0,42 | 134 2,3 0,060 1,90 7,88 | 20,4 | 389 38,5 4,78 1,3 0,7
Min 7,13 | 549 0,93 0,37 | 130 1,9 0,009 | 0,50 7,02 | 18,2 | 384 28,6 4,56 0,6 0,5
Max 7,37 | 574 1,04 0,47 | 147 3,0 0,081 3,15 9,47 | 21,2 | 398 50,2 5,06 1,7 1,1
MRV | 0,01 0,01 0,03 0,05 0,03 | 0,12 | 0,22 0,41 0,09 0,03 0,01 | 0,16 0,02 0,29 0,18

Poznamka: vysvetlivky ako pri tab. 4.
Note: explanations as in Tab. 4.

Tab. 7
Zakladné statistické parametre chemického zlozenia vody l'avostranného pritoku od Heliktitového domu (KC2)
za obdobie marec — november 2015 (n = 8).
Basic statistical parameters of the KC2 water inlet (stream from the narrow corridor connecting the Heliktit chamber)
chemical composition in the period March — November 2015 (n = 8).

pH | RL | Na K Ca | Mg | sr | a | No, | SO, |HCO, | v.CO,| SO, | Rn | TOC
A 7,78 | 734 134 | 065 |146 (244 | 271 | 278 | 510 [212 [334 | 99 | 565 | 07 | 06
Min | 7,63 | 569 1,10 | 060 | 113 [185 | 125 | 128 | 374 | 94 [329 | 61 | 514 [ 03 | 03
Max | 7,97 |941 1,63 | 075 |180 302 | 3,88 | 376 | 640 [379 [342 [134 | 640 | 1.0 | 09
MRV | 0,01 0,13 | 0,11 | 0,06 013 | 0,12 | 029 | 037 | 0,16 | 035| 001 023 | 006 | 032 | 024

Poznamka: vysvetlivky ako pri tab. 4.
Note: explanations as in Tab. 4.
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Tab. 8
Matica hodnot Spearmanovho korela¢ného koeficientu parametrov vody Marikinho jazierka (KC3).
Spearman correlation matrix results for water parameters of the Marikino jazierko lake outlet (KC3).

pH Ca Mg | HCO, | SO, | vCO, | Na K Sr NO, a Si0, Q
pH 1,000 |-0250 [-0429 | 0,38 |-0,530 |-1,000 | 0,145 |-0205 |-0238 [-0,119 |-0419 |-0214 [-0,048
Ca  [-0250 | 1,000 | 0401 | 0,27 | 0,101 | 0250 | 0481 [-0,177 | 0,000 |-0,501 | 0,403 | 0,601 |-0,200
Mg [-0429 | 0401 | 1,000 | 0494 [-0217 | 0429 |-0458 [-0,554 | 0,714 |-0238 | 0275 | 0286 |-0310
HCO, | 0386 | 0,127 | 0494 | 1,000 |-0,744 |-0386 |-0,049 [-0,268 | 0,566 |-0277 | 0,127 | 0,181 |-0349
S04 [-0,530 | 0,101 [-0217 [-0,744 | 1,000 | 0530 | 0,146 | 0,104 |-0,169 [-0229 | 0,539 |-0205 |-0,265
v.CO, |-1,000 | 0250 | 0429 |-0386 | 0,530 | 1,000 |-0,145 | 0205 | 0238 | 0,119 | 0419 | 0214 | 0,048
Na 0,145 | 0481 |-0458 [-0,049 | 0,146 |-0,145 | 1,000 | 0488 |-0482 |-0,120 | 0273 | 0494 | 0,108
K |-0205 |-0,177 |-0,554 [-0268 | 0,104 | 0205 | 0488 | 1,000 |-0265 | 0458 | 0,042 | 0,157 | 0,398
sr |-0238 | 0000 | 0,714 | 0,566 |-0,169 | 0238 |-0482 |-0265 | 1,000 |-0,190 | 0467 | 0,048 |[-0,595
NO, |-0,119 [-0,501 |-0238 [-0277 [-0,229 | 0,119 |-0,120 | 0458 [-0,190 | 1,000 |-0.611 | 0,28 | 0,833
1 [-0419 | 0403 | 0275 | 0,127 | 0539 | 0419 | 0273 | 0,042 | 0467 |-0611 | 1,000 | 0,060 |-0,755
Si0, |-0214 | 0,601 | 0286 | 0,181 |-0205 | 0214 | 0494 | 0,157 | 0048 | 0286 | 0,060 | 1,000 | 0333
Q  |-0048 [-0200 |-0310 [-0349 [-0265 | 0048 | 0,108 | 0398 |-0,595 | 0833 [-0,755 | 0333 | 1,000

Poznamka: oznacené korelacie st vyznamné na hladine vyznamnosti o = 0,05.
Note: correlations marked in bold are important to the o= 0.05 significance level.

Tab. 9
Matica hodnét Spearmanovho korela¢ného koeficientu parametrov vody pravostranného pritoku v Abonyiho dome (KC4).
Spearman correlation matrix results for water parameters of inflow in the Abonyi chamber (KC4).

pH Ca Mg HCO, SO, v.CO, Na K Sr NO, Cl Sio, Q
pH 1,000 0,311 0,132 0,145 | —0,263 | -0,994 0,421 0,458 0,072 | —0,072 | —0,443 0,156 | —0,347
Ca 0,311 1,000 0,449 | —0,374 0,061 | —0,242 0,562 0,329 | -0,037 | -0,573 | —0,073 0,837 | —0,449
Mg 0,132 0,449 1,000 | —0,096 | -0,595 | —0,119 0,024 0,611 0,252 | —0,922 0,571 0,071 | —0,952
HCO, 0,145 | —0,374 | 0,096 1,000 | —0,458 | —0,120 | —0,276 0,218 | —0,558 0,200 0,000 | —0,072 0,000
SO4 —0,263 0,061 | —0,595 | —0,458 1,000 0,238 0,327 | —0,743 0,096 0,299 | —0,333 0,238 0,667
v.CO, | -0,994 | -0,242 | 0,119 | -0,120 0,238 1,000 | 0,400 | —0,419 | —0,132 0,060 0,429 | —0,071 0,333
Na 0,421 0,562 0,024 | 0,276 0,327 | —0,400 1,000 0,305 0,281 | —0,305 | —0,352 0,339 0,048
K 0,458 0,329 0,611 0,218 | —0,743 | 0,419 0,305 1,000 | —0,084 | -0,524 0,323 0,012 | -0,635
Sr 0,072 | 0,037 0,252 | —0,558 0,096 | 0,132 0,281 | —0,084 1,000 | —0,283 | —0,180 | —0,443 | —0,132
NO, -0,072 | -0,573 | —0,922 0,200 0,299 0,060 | —0,305 | -0,524 | —0,283 1,000 | —0,539 | -0,204 0,814
Cl —0,443 | —0,073 0,571 0,000 | —0,333 0,429 | —0,352 0,323 | —0,180 | —0,539 1,000 | —0,214 | —0,476
SiO, 0,156 0,837 0,071 | —0,072 0,238 | —0,071 0,339 0,012 | —0,443 | —0,204 | —0,214 1,000 | —0,119
Q -0,347 | 0,449 | 0,952 0,000 0,667 0,333 0,048 | —0,635 | —0,132 0,814 | —0,476 | —0,119 1,000

Poznamka: oznacené korelacie su vyznamné na hladine vyznamnosti o = 0,05.
Note: correlations marked in bold are important to the a = 0.05 significance level.
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Tab. 10
Matica hodndt Spearmanovho korela¢ného koeficientu parametrov vody I'avostranného pritoku z Heliktitového domu (KC2).
Spearman correlation matrix results for water parameters of inflow from the Heliktit chamber (KC2).

pH Ca Mg | HCO, | SO, | v.CO, Na K Sr NO, cl SiO, Q

pH 1,000 | 0,810 | 0,790 | 0,157 | 0,810 | -1,000 | 0810 | 0838 | 0810 | —0,810 | 0,778 | 0,714 | —0,833
Ca 0,810 | 1,000 | 0,994 | 0,084 | 1,000 | -0,810 | 1,000 | 0,994 | 1,000 | —0,952 | 0,790 | 0,952 | 0,905
Mg 0,790 | 0,994 | 1,000 | 0,127 | 0994 | 0,790 | 0,994 | 0,988 | 0,994 | —0,946 | 0831 | 0970 | -0,934
HCO, | 0,157 | 0084 | 0,127 | 1,000 | 0084 | 0,157 | 0084 | 0036 | 0084 [ 0,133 | -0,018 | 0084 | —0,120
S0, 0,810 | 1,000 | 0,994 | 0,084 | 1,000 | -0,810 | 1,000 | 0994 | 1,000 | 0952 | 0,790 | 0,952 | —0,905
v.CO, | -1,000 | —0,810 | —0,790 | 0,157 | —0,810 | 1,000 | -0,810 | —0,838 | —0,810 | 0,810 | -0,778 | —0,714 | 0,833
Na 0,810 | 1,000 | 0,994 | 0,084 | 1,000 | —0,810 | 1,000 | 0,994 | 1,000 | 0,952 | 0,790 | 00952 | —0,905
K 0,838 | 0,994 | 0,988 | 0,036 | 0994 | —0.838 | 0994 | 1,000 | 0,994 | —0,970 | 0813 | 0946 | 0,922
St 0,810 | 1,000 | 0,994 | 0084 | 1,000 | 0,810 | 1,000 | 0,994 | 1,000 | 0,952 | 0,790 | 0952 | -0,905
NO, | -0,810 [ —0952 | —0,946 | 0,133 | 0952 | 0810 | —0,952 | 0,970 | —0,952 | 1,000 | -0,790 | —0,905 | 0,905
cl 0,778 | 0,790 | 0,831 | 0,018 | 0,790 | —0,778 | 0,790 | 0,813 | 0,790 | —0,790 | 1,000 | 0,886 | —0,922
Sio, 0,714 | 0,952 | 0,970 | 0,084 | 0952 | -0,714 | 0952 | 0946 | 0,952 | —0,905 | 0,886 | 1,000 | -0,905
Q ~0,833 | —0,905 | —0,934 | 0,120 | —0,905 | 0,833 | —0,905 | —0,922 | —0,905 | 0,905 | —0,922 | 0,905 | 1,000

Poznamka: oznacené korelacie st vyznamné na hladine vyznamnosti a = 0,05.
Note: correlations marked in bold are important to the a = 0.05 significance level.

Tab. 11
Chemické zlozenie vzorky snehu (S1) a povrchovej vody (Z1) zo Silickej planiny nad Krasnohorskou jaskynou z 8. 3. 2015.
Chemical composition of snow (S1) and surface water (Z1) sampled on 8§ March 2015 at the Silické planina platacu above the
Krasnohorska jaskyna cave.

Om. | pH | RL | Na K Ca | Mg | NH, | Fe | Mn | a | No, | No, | so, | Hco, | TOC
S 625 |13 057 | 08 | 091 | 035 | 061 | 0018 0002 055 | 004 | 063 | 094 | 732 | 48
71 6,58 |93 348 | 370 [108 | 1,83 | 072 | 205 | 0952 080 | 009 | 022 | 491 [573 | 105

Vysvetlivky: vSetky hodnoty okrem pH st uvedené v mg . 1!, lokalizacia vzorkovanych objektov je na obr. 1.
Explanations: all values, except for pH, are given in mg . I'!, location of sampling sites is marked on Fig. 1.

Tab. 12
Obsah CO, (ppmv) a teplota v ovzdusi (°C) Krasnohorskej jaskyne v pozorovanom obdobi druhe;j asti roka 2015.
CO, concentration (ppmv) and air temperature (°C) in the Krasnohorska jaskyfa cave atmosphere during the monitored period in the

second half of the 2015.

Objekt VIII. IX. X. XI. XII. VIIIL. IX. X. XI. XII.
1 A(CO,) 137 938 3184 1758 635 A(T) 9,65 9,72 9,33 9,00 8,78
P (CO) 137 136 601,5 538 485 P (T) 9,10 9,40 8,97 8,85 8,73
P, (CO,) 138 3537 6167 5327 788 P, (T) 9,90 9,90 9,80 9,30 8,84
2 A(CO,) 3546 3745 4904 4406 937 A(T) 9,11 9,02 8,99 9,00 9,31
P (CO)| 3340 3306 1703 927 794 P (T) 8,99 8,98 8,95 8,89 9,20
P, (CO,)| 3809 4403 7455 7153 1121 P,(T) 9,30 9,10 9,00 9,30 9,40
3 A(CO,) 2 873 3211 4592 4342 2161 A(T) 8,95 8,94 8,93 8,92 8,92
P (CO, | 2663 2 681 2677 1559 1649 P (T) 8,93 8,93 8,91 8,90 8,90
P, (CO)| 3118 3906 6331 6 826 2 664 P,(T) 8,97 8,96 8,95 8,94 8,94
4 A(CO,) 2569 3171 6393 5723 3412 A(T) 9,23 9,24 9,25 9,28 9,30
P (CO,)| 2938 2370 3711 2771 2938 P (T) 9,27 9,21 9,25 9,25 9,27
P, (CO,)| 3850 4416 9520 7 887 3850 P, (T) 9,32 9,26 9,33 9,32 9,32

5 A(CO,) 2617 3119 2 869 3392 - A(T) 9,18 9,19 9,21 9,20 -

P (CO)| 2406 | 2424 | 1517 | 2081 - P, (T) 9,16 9,17 9,18 9,21 -

P, (CO,) | 2882 4154 5092 5388 - P, (T) 9,19 9,21 9,21 9,21 -

Vysvetlivky: A — mesacny aritmeticky priemer, P, P, —mesacny 10. a 90. percentil, situdcia meracich bodov je na obr. 1.
Explanations: A — monthly arithmetic mean values, P10, P90 — monthly 10th and 90th percentile values of CO, concentration, location of
measured sites is marked in Fig. 1.
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Tab. 13

Vysledky simuldcie vzniku chemického zlozenia vody Marikinho jazierka (KC3).

pH v.CO, P(CO,) HCO, SO, Ca Mg
sl 6,50 8,9 2,54.10% 73 03 091 035
Epikras — model 7,07 65,9 4,46.10° 381 20,5 125 6,9
KC3 — model 7,17 52,3 3,54.10° 380 20,5 125 6.9
KC3 7,16 458 3,10.10° 376 19,7 120 6,5

Vysvetlivky: v.CO, — obsah vol'ného CO, v mg . I'!, P(CO,) — parcidlny tlak CO, v MPa, obsah HCO,, SO,, Ca a Mg je uvedeny v mg . I'',
tuénym pismom st zvyraznené modelované hodnoty; d’alsi komentar v texte.

Explanations: v.CO, — free CO, in mg . 1!, P(CO,) — CO, partial pressure in MPa, HCO,, SO,, Ca and Mg concentrations are given inmg . I'';
for further explanation see the text.

Tab. 14
Vysledky simulacie chemického zlozenia vody pravostranného pritoku v Abonyiho dome (KC4).
Results of water chemical composition genesis simulation for KC4 inlet in the Abonyi chamber.

pH v.CO, pCO, HCO, SO, Ca Mg
S1 6,50 8,9 2,54.10* 7.3 0,3 0,91 0,35
Epikras — model 7,03 73,9 5,00 .10 389 20,5 134 2,7
KC4 — model 7,28 41,6 2,81.10° 389 20,5 134 2,7
KC4 7,26 38,5 2,60.10° 389 14,7 133 2,3
Poznamka: vysvetlivky ako pri tab. 12.
Note: explanations as in Tab. 4.
Tab. 15

Hodnoty pH a obsah Ca, Mg, HCO, a SO, v modelovom roztoku formovanom z rdznych inicidlnych roztokov pri P(CO,)
=4,46 . 10~ MPa a pri teplote 7 °C v prostredi pddy/epikrasu $truktary vytoku z Marikinho jazierka a v mieste vytoku
z Marikinho jazierka (KC3).

pH values and Ca, Mg, HCO, and SO, concentrations in the modelled karst water generated from various initial (recharge) waters

under conditions of P(CO,) = 4.46 . 10 MPa and temperature of 7 °C in soil/epikarst in the Marikino jazierko lake surroundings
and at the place of the Marikino jazierko lake outlet (KC3).

Vzorka snehu Kod roztoku p_H [mgc?l“] [mgl.gl‘ll [Ifll gC 2_31] [msg(.)dl“]
16.2.1978 Z 4,00 3,60 0,59 0,10 13,3
E 7,07 128,3 7,10 378,2 33,5
KC3 7,17 128,3 7,10 378,0 33,5
4.2.2014 Z 5,00 0,80 0,16 0,20 1,9
E 7,06 125,8 6,67 379.,4 22,0
KC3 7,17 125,8 6,67 379,0 22,0

31.1. 1980 Z 6,10 6,30 0,37 6,85 8,25
E 7,07 128,3 6,88 377,0 28,4
KC3 7,17 128,3 6,88 376,8 28,4
27.1.199%4 Z 6,90 4,93 0,53 14,65 1,8
E 7,07 125,4 7,04 380,0 21,9
KC3 7,17 125,4 7,04 379,7 21,9
27.1.1981 Z 8,66 15,4 1,55 38,04 12,0
E 7,07 127,8 8,06 378,9 32,2
KC3 7,17 127,8 8,06 378,6 32,2

Vysvetlivky: Z — vysledky analyzy vzorky snehu — inicidlneho roztoku (vstupné hodnoty modelu), E — modelové hodnoty roztoku pre podne/
epikrasové prostredie s obsahom volného CO, = 65,9 mg . I'" [resp. P(CO,) = 1,50 . 10~ MPa], KC3 — modelové hodnoty roztoku pre miesto
odvodiiovania do Krasnohorskej jaskyne (KC3) s obsahom volného CO, = 52,3 mg . I"! [resp. P(CO,) = 1,19-10° MPa], ktory zodpoveda
nameranym udajom.

Explanations: Z — snow (initial recharging water) chemical composition — input model data, E — modelled chemical composition of karst water
formed in soil/epikarst under P(CO,) = 1.50 . 10~ MPa, KC3 — modelled chemical composition of karst water E after reaching sampling site of
KC3 with P(CO,) = 1.19 . 10 MPa. For further explanation see the text.
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Tab. 16
Hodnoty pH a obsah vol'n¢ho CO, (v.CO,), Ca, Mg, HCO, a SO, v modelovom roztoku formovanom z inicialneho roztoku so sta-
bilnym zlozenim pri r6znych hodnotach P(CO,) a pri teplote 7 °C v prostredi pody/epikrasu Struktiry vytoku z Marikinho jazierka

a v mieste vytoku z Marikinho jazierka (KC3).

The pH values and free CO, (v.CO,), Ca, Mg, HCO, and SO, concentrations in the modelled karst water formed from initial (re-
charge) water represented by S1 sample under various P(CO,) conditions and stable temperature of 7 °C in soil/epikarst

in the Marikino jazierko lake surroundings and at the place of the Marikino jazierko lake (KC3).

Kod o e 1] e fmg -1 — jme
S1 6,50 0,91 0,35 5,32 0,3
P(COZ) =1.10*MPa E 8,16 1,5 31,0 6,86 101,4 20,5
KC3 6,62 52,4 31,0 6,86 103,2 20,5
P(COE) =1.10°MPa E 7,50 14,8 71,7 6,86 2239 20,5
KC3 6,95 52,4 71,7 6,86 2249 20,5
P(COE) =3.10°MPa E 7,18 444 107,6 6,86 3304 20,5
KC3 7,11 52,4 107,6 6,86 330,6 20,5
P(COZ) =6.10°MPa E 6,99 88,7 139,2 6,86 423.6 20,5
KC3 7,22 52,3 139,2 6,86 4229 20,5

Vysvetlivky: S1 — vysledky analyzy vzorky snehu zo dna 8. 3. 2015 — inicialneho roztoku (vstupné hodnoty modelu), E — modelové hodnoty
roztoku pre pddne/epikrasové prostredie, KC3 — modelové hodnoty roztoku pre miesto odvodiovania do Krasnohorskej jaskyne s obsahom
volného CO, =52,3 mg . I'', resp. P(CO,) = 1,19 . 10 MPa zodpovedajicim nameranym tidajom.

Explanations: S1 — snow chemical composition (Tab. 11) — input model data, E — modelled chemical composition of karst water formed in
soil/epikarst under given P(CO,) value, KC3 — modelled chemical composition of karst water E after reaching sampling site KC3 with P(CO,)

=1.19 . 10 MPa. For further explanation see the text.

Zavery

Geochemické modelovanie tvorby chemického zlo-
zenia vody Krasnohorskej jaskyne sme robili pomocou
programu PHREEQC v. 3 (Parkhurst a Appello, 2013) na
baze zostaveného koncepcného modelu a vysledkov labo-
ratérnych analyz chemického zlozenia vody. Vysledkom
je nielen identifikacia, ale aj kvantifikdcia chemickych
procesov prebiehajucich vo vyc€lenenych zénach krasové-
ho zvodnenca, ktoré v hlavnej miere vplyvaji na chemické
zlozenie pritokov do jaskyne a tym aj na vysledné chemic-
ké zlozenie vody prameiia Buzgd. Vo vytoku z Marikinho
jazierka (KC3) a pritoku v Abonyiho dome (KC4), ktoré
v sledovanom obdobi marec — november 2015 spolu pred-
stavovali 94 % podiel celkového mnozstva krasovej vody
Krasnohorskej jaskyne (resp. vydatnosti pramena Buzgo),
vyrazne dominuje rozpustanie kalcitu. Infiltracnou oblas-
tou tychto pritokov je teda priestor Silickej planiny budo-
vany steinalmskym a wettersteinskym vapencom. Naproti
tomu, pritok z Heliktitového domu (KC2) sa formuje ako
zmes karbonatogénnej vody s dominantnym podielom
rozpustenych latok z rozpustania kalcitu a sulfatogénnej
vody, ktorej zlozenie urcuje hlavne rozptstanie sadrovca.
Infiltracnd oblast’ tohto pritoku je preto pravdepodobne
situovana pozdiz kontaktu steinalmskych vépencov so
sinskym stvrstvim (v ktorom mozno o¢akavat’ pritomnost’
vrstiev evaporitov) prebiehajucim v smere priblizne V —
Z vo vzdialenosti asi 300 m sz. od KC2.

Na stalost’ chemického zlozenia vody jaskyne ma
podl'a vysledkov geochemického modelovania v danych
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podmienkach vyznamny vplyv obsah CO, v podzemnej
atmosfére krasového masivu. Zanedbatelny vplyv ma
teplota prostredia a takmer ziadny vplyv nema chemické
zloZenie inicidlneho roztoku — zrazkovej vody — vd’aka vy-
sokej pufraénej schopnosti karbonatovych hornin. Uroveii
a stabilita P(COZ)Cq zdokumentovana vo vzorkach pritokov
do jaskyne a modelovanim uréena pre prostredie tvorby
chemického zlozZenia tejto krasovej vody, ale aj ich teplota
a koncentracia d’alsich chemickych zloziek sved¢ia o tom,
ze odvodiovanym horninovym prostredim st hlbsie Casti
pddneho horizontu, a hlavne epikras v infiltraénej oblasti
Struktary na Silickej planine, ktory tvori visuti zvoden
v nenasytenej zone krasového masivu. Tato zvoden sa na-
chadza pravdepodobne v hibke menej ako 40 m pod povr-
chom planiny, vysoko nad nasytenou zénou. Cas pradenia
tejto vody po opusteni epikrasu v otvorenych kanaloch
jaskynného systému je relativne (vzh'adom na celkovy Cas
zdrzania vody v systéme) kratky.

Vo vzorkach vody z Krasnohorskej jaskyne, ktoré boli
dosial’ odobrané v ramci projektu KRASCAVE, ale ani vo
vzorkach z predchadzajiceho obdobia (Haviarova et al.,
2012) nebol identifikovany vysoky podiel priameho kon-
centrovaného (rychleho) zostupu zrazkovej vody kanalmi
a puklinami nenasytenej zony, ktoré by sa mali prejavit
vo vode jaskyne hlavne znizenim obsahu volného CO,
a rozpustenych latok a zvySenim objemovej aktivity rado-
nu *2Rn a obsahu TOC. Sved¢i to o pomernej zriedkavosti
tohto javu a jeho kratkom trvani. Predpokladame, Ze jeho
pritomnost’ indikovana vizualnymi pozorovaniami spe-
leologov (pritomnost’ zakalu pri vysokom prietoku) bude
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zaznamenana prebiehajucim kontinualnym monitoringom
s vyuzitim automatickej zaznamovej techniky.
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Geochemical modelling of karst water chemical composition formation in the Kras-
nohorska jaskyna cave, Slovak Karst Mts. (Western Carpathians)

Located in the vicinity of Krasnohorskd Dlh4a Luka
municipality (Slovak Karst Mts., Eastern Slovakia), the
Krasnohorska jaskyna cave represents an interesting flu-
vial karst system with permanent underground stream and
regionally unprecedented formation of speleothems. To
reduce the risk of contamination of the groundwater and
ecosystem of the cave, the KRASCAVE project supported
by the EU financial instrument LIFE+ and the contribution
of Ministry of Environment of the Slovak Republic was
implemented here since 2011 (www.geology.sk/krascave).
Within the project activities, formation of this karst wa-
ter chemical composition was studied, using geochemical
modelling. Conceptual model for this karst water system
(Fig. 8) was based on the knowledge of specific site hydro-
geological settings (Fig. 1), supplemented by the results
of hydrochemical monitoring of karstic groundwater of
the main outlet at the cave entrance, together with three
smaller water inlets inside the cave and cave atmosphere
CO, monitoring. The main karst water outlet, draining
the whole underground hydrological system — the Buzgd
spring — was a sampling site KC1 (results of the spring
water chemical composition monitoring are in Tab. 4),
the other three concentrated inflows inside the cave were
marked as KC2, KC3 and KC4 (Tabs. 5-7). Results of
the cave atmosphere CO, concentrations and temperature
are in Tab. 12. Following the comparison of expected and
measured values of Ca concentration in karst water and its
P(CO,) values (Fig. 7) it was supposed that the modelled
system is open.

Forward modelling technique using PHREEQC2 com-
puter code (Parkhurst and Appelo, 2013) was utilized for
simulation of water chemical composition in three main
karst water inlets inside the cave (see Fig. 1 for their lo-
cation). These “underground springs” represent the main
water sources of the whole underground hydrological sys-
tem, and the aggregated discharge of these KC2, KC3 and
KC4 inlets is approximately equal to the discharge recor-
ded on water effluent from the cave (KC1; Buzg6 spring).
According to eight discharge records at different water
stages (Tab. 3), relative proportion of their discharges is
0.79 : 0.16 : 0.05 in KC2, KC3 and KC4 inlets. Chemical
composition of snow sample (Tab. 11) was used as input
data for water chemistry modelling. In simulation process
it was assumed that equilibrium state of initial solution
with respect to calcite is reached and some amounts of
dolomite and gypsum dissolved under certain P(CO,) con-
ditions. Upper limit for dissolved amount of dolomite and
gypsum was deduced from water samples chemical com-
position. During the model calibration, P(CO,) conditions
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of environment were adjusted after good match of mo-
delled and real parameters was reached for Ca, Mg, HCO,
and SO, concentrations and also P(COZ)eq value. The last
mentioned parameter represent CO, partial pressure with
which dissolved CO, would be at atmospheric equilibri-
um. Results of geochemical modelling suggest that water
chemical composition at the Marikino jazierko lake out-
let (KC3 site) is formed mainly by dissolution of calcite
in infiltrated atmospheric water (initial solution), under
average P(CO,) conditions of 4.46 . 10° MPa (Tab. 13).
Only a small amount of dolomite and gypsum is dissolved,
according to the following schematic equation:

initial solution + 2.609 calcite + 0.268 dolomite + 0.21
gypsum + 4.548 CO, — KC3 water

After transition of the solution from the soil/epikarst
environment into open fractures/canals of the cave system,
amount of about 0.31 mmol of CO, is released from each
litre of solution.

Similar equation can characterize the formation of
KC4 inlet water chemistry (Tab. 14) in Abonyi chamber of
the Krasnohorska jaskyna cave:

initial solution + 3.025 calcite + 0.096 dolomite + 0.21
gypsum + 4.803 CO, — KC4 water

whereby, after transition of solution into open fractu-
res/canals of the cave system, about 0.74 mmol of CO, is
released from each 1 L of solution. Taking into account
that calcite dissolution is clearly dominant during forma-
tion of KC3 and KC4 waters, we can deduce that their
recharge takes place on these parts of the Silickad planina
plateau that are formed by Middle Triassic Steinalm and
Wetterstein limestones (Fig. 1).

Compared to the previous two cases, hydrochemistry
of the KC2 inflow (stream from the narrow corridor con-
necting the Heliktite chamber) is more complex (Fig. 4).
It can be interpreted as mixing of two genetically different
solutions, which are formed after following schematic
equations:

initial solution + 1.353 calcite + 0.75 dolomite + 3.55 CO,
— carbonatogenic solution

initial solution + 3.3 calcite + 3.00 dolomite + 15.44 gyp-
sum +4.759 CO, — sulphatogenic solution

Here, after mixing of carbonatogenic and sulphato-
genic solution in their relative ratios between 0.95 : 0.05
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and 0.75 : 0.25 and after its transition from epikarst into
open cave system, amount of 0.041 — 0.112 mmol calcite
precipitates and amount of 0.825 — 1.175 mmol of CO, is
released from each 1 L of solution. Lower Triassic slates,
marls and marly limestones of the Szin Formation are sup-
posed to be the only source of geogenic gypsum in the
surrounding area. Recharge area of KC2 water is therefore
probably situated alongside geological boundary between
Szin Formation and Steinalm limestones, passing in E-W
general direction in a distance of ca 300 m northwest from
the KC2 site (Fig. 1).

Identified type of water chemical composition in the
Krasnohorska jaskyna underground hydrological system
and its temporal stability in given conditions is mainly
controlled by the CO, content in the underground atmo-
sphere (Tab. 16, Fig. 13). It is only negligibly influenced
by air temperature changes (Fig. 14). Due to high buffe-
ring capacity of carbonate rocks, chemical composition of
recharging atmospheric water (initial solution) (Tab. 15)
has almost no impact on it. Chemical composition of karst
groundwater at the discussed inlets and outlets KC1 — KC4
is formed in the environment of deeper soil profile and epi-
karst, where water is present as perched groundwater body
in the unsaturated zone of karst aquifer (Fig. 8). Measured
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P(CO,)eq values, modelled and measured P(CO,) values
in soil/epikarst or cave atmosphere, water temperature re-
cords, as well as repeatedly documented water chemical
composition fully support the previously mentioned opi-
nion.

Presence of significant portion of atmospheric water,
rapidly infiltrated from the surface through karst openings
was not identified in the chemical composition of water
samples taken from the Krasnohorska jaskyna cave under-
ground hydrological system, collected here in the frame of
the KRASCAVE project, or even previously in the study
of Haviarova et al. (2012). This indicates that such events
— if they occur in this area at all — are relatively rare and
appear only in a very short time intervals. Possible occur-
rence of atmospheric/surface water outbreaks to the under-
ground hydrological system of the Krasnohorska jaskyna
cave should then be recorded by a network of automatic
monitoring stations built in the frame of the KRASCAVE
project, which are running measurement and providing
data since 2015.
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Increasing of drinking water quality by adding carbonate
rocks to low mineralized groundwater: Case study from the
Krupina district, Slovakia
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Abstract: The research has revealed that the increased mortality on cardiovascular and oncological diseases in the
Krupina district, belonging among the most serious in Slovakia, is caused mainly by the low calcium and magne-
sium contents in the groundwater, being used for drinking by inhabitants of the Krupina district.

The paper provides the research results of artificial mineralization tests for one model (distilled) water
and two waters from the representative home wells from the Krupina district at standard parcial air pressure
(CO,~0.03 vol.%.), as well as at increased CO, concentration in the water in laboratory static and dynamic condi-
tions, applying carbonatic rocks (dolomite, magnesite, limestone), as well as the half-calcined dolomite (HCD) in
amounts of 10, 20 and 100 kg/m? of the water and duration of mineralization process 1, 2, resp. 4 hours.

The laboratory tests of the mineralization of the water have manifested that there is possible significantly
increase the content of Ca and Mg in the water to values reaching, or even overreaching, the requested values for
drinking water. The highest enrichment was obtained using HCD and it related to magnesium increase. However,
the HCD application caused the decrease of the Ca content. Therefore, the limestone or dolomite must be also
used in the mixture, so for water mineralization in the home wells we recommend using a mixture of limestone
and HCD, where the HCD content in the mixture should be about 30 %. No significant differences were found
from the point of view of the grain-size of the carbonate rock used. The Ca and Mg contents increase with longer
duration of mineralization process. The recommended amount of added rock is from 20 to 100 kg.m of the water.

The controlled addition of carbon dioxide to waters with deeply deficient calcium and magnesium contents
when using dolomite (or half-calcined dolomite) at the amount of 20 kg/m® causes a significant increase in the
hardness and Ca and Mg concentrations in a relatively short time (up to 5 minutes) in mineralized water up to /
above the recommended values according to the valid legislation.

Key words: Water mineralization, dolomite, half-calcined dolomite (HCD), magnesite, limestone, water hardness,
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Introduction

The research on the projects GEOHEALTH (www.geo-
logy.sk/geohealth) and LIFE FOR KRUPINA (www.geo-
logy.sk/lifeforkrupina) has revealed that the health state of
the population in the Krupina district belongs among the
worst in Slovakia. It is caused mainly by increased mor-
tality on cardiovascular and oncological diseases mainly
due to the low calcium and magnesium contents in the

NV SR 496 a 354 Mg
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* One of reasons of increased mortality on cardio-
vascular and oncological diseases in regional scale
can be the low Ca and Mg contents in the drinking
water

* The simple way how to increase the low Ca and Mg
contents in drinking water is to add a mixture of li-
mestone (70 %) and half-calcined dolomite (30 %)
into the home wells. The process of Ca and Mg de-
liberation can be even more accellerated by addition
of CO, into the water.

Highlights

groundwater, being used by inhabitants of the Krupina dis-
trict (Rapant et al., 2015, 2017). The contents of these two
important elements are mostly within the range of Slovak
norms - Regulations of the Government of Slovak Repub-
lic Nos. 8/2016 Coll., 496/2010 Coll. and 354/2006 Coll.
for the drinking water, but often their contents are lower
than recommended values. The main objective of the labo-
ratory research was to propose optimal composition of the
additive carbonate rocks, their optimum grain-size and the
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necessary quantities, which would be the most suitable for
increasing the Ca and Mg contents in the low mineralized
water in the individual home wells in the Krupina district.

Laboratory experimental work
Current general knowledge and basic concepts

Calcium (Ca) belongs among the principal macroele-
ments forming the chemical composition of natural waters.
It primarily enters into the groundwater by the dissolution
of limestone, dolomite, gypsum, feldspar, less often by
magnesite, amphibolite, pyroxene, a.o. In the groundwater
there prevails a simple form of cation - Ca?*. Depending on
the total chemical composition of the water, various ionic
associates may be formed, e.g. [CaCO,(aq)]’, [CaHCO,]",
[CaOHT", etc. (cf. Rapant et al., 1996).

The natural source of magnesium (Mg) in the ground-
water is represented mainly by the interaction products bet-
ween water and rocks - dolomite, magnesite, amphibolite,
resp. minerals - olivine, pyroxenes, etc. The Mg concen-
tration in the water depends also on weathering conditions.
In the groundwater the magnesium occurs prevailingly as
cation - Mg*. Less often it forms complex compounds
[MgSO,(aq)]’, [MgCO,(aq)]’, [MgHCO,]" and [MgOH]".
In relation on pH values Mg can precipitate from the mo-
derately acid water as MgCO,.3H,0, in neutral water as
3MgCO,.Mg(OH),.3H,0 and at pH values higher than 9
as Mg(OH),. At the presence of phosphates in water, mag-
nesium produces a weakly soluble compound Mg,(PO,),
(cf. Rapant et al., 1996).

The term water hardness means the sum of Ca+Mg
contents in mmol/l. We distinguish the temporary hardness
(formed by calcium and magnesium carbonates and bicar-
bonates) and the constant (permanent) hardness formed by
Ca and Mg salts, e.g. sulphates, chlorides, nitrates, etc. Of
the poorly soluble calcium and magnesium compounds,
the carbonates of these elements, CaMg(CO,),, CaSO,,
fluorides and phosphates are of utmost importance in hy-
drogeochemistry and technology. When heating the water,
Ca (Mg) carbonates can be precipitated, forming a sludge
to a solid crust, so-called incrustat (“waterstone”) in the
boilers. Magnesium is less damaging in this particular case
because MgCO, is more soluble than CaCO, (Rapant et
al., 1996). According to hardness, we divide the water into
five groups (Tab. 1).

According to Regulation of the Government of Slo-
vak Republic (RGoSR) No. 8/2016 Coll., establishing the
requirements for the water for human consumption, and
this water quality check as amended by the RGoSR No.
496/2010 Coll. in part B of Supplement 1 to RGoSR No.
354/2006 Coll. (Drinking water quality indicators and
their limits), the part ¢) states the substances, which pre-
sence in drinking water is desirable and the recommended
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Tab. 1
Water hardness scale.
Degree
Water designation of hardness Degree 2 .
" hardness (°dH)
(mmol.l"")
Very soft <0.69 <3.89
Soft 0.7-1.25 39-7.0
Medium hard 1.26-2.5 7.01 -14.0
Hard 2.51-3.75 14.01 -21.0
Very hard >3.76 >21.01

Recalculation of the water hardness:
1 mmol/l =5.6 °dH or 1 °dH = 0,1783 mmol/l

value (RV) for the calcium and magnesium content (water
hardness) should be within the range 1.1 to 5.0 mmol/l,
RV of Ca?" content has to be over 30 mg/l and RV of Mg?*
content in the range 10-30 mg/l. According to the above
regulations, the limit value (LV) for the Mg*" content is
a value 125 mg/l (Mg content above this level causes the
bitter taste of water) and for pH the LV is from 6.5 to 9.5.
Optimum Ca and Mg concentration in drinking water is
not easy to determine, because medical requirements do
not have to overlap with technical requirements (increased
hardness - increased water precipitates formation).

The hydrogen carbonates are a common part of the
chemical composition of the groundwater. Their content
in natural waters is predominantly below 500 mg/l. In the
case of groundwater saturation with carbon dioxide (CO,),
the HCO, concentration may exceed the value 1000 mg/1.
The main natural source of hydrogen carbonates in the
groundwater is mainly the dissolution of limestone and
dolomite, being accelerated by the saturation with CO,
from different sources. Besides the simple HCO,™ ions,
the hydrogen carbonates are present at stronger minera-
lized waters, as well as ion accociates, mainly [CaHCO,]",
[MgHCO,]", [MnHCO,]", a.0. At heating they change to
water vapour, CO, and carbonates (eq. 1). The carbonates
of Ca and Mg form so called carbonatic incrust (“water-
stone”; Rapant et al., 1996).
Ca(HCO,), «» CaCO, + H,0 + CO, 1

Regarding the limited dissolution of CaCO, (resp.
CaS0,), the Ca concentration does not overreach the va-
lue 1000 mg/l in mineralized waters, while the high Ca
concentration is bound on presence of sufficient amount
of dissolved CO,. The magnesium in the natural waters
is usually less abundant than calcium, though the weight
ratio of Ca : Mg there varies as a rule within a range of 4 :
1 to 2 : 1. The magnesium content in the water above 250
mg/l is usually manifested by the bitter taste and the waters
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with the high Mg concentration have laxative effects. Such
groundwaters are not present in the territory of Slovak Re-
public (Rapant et al., 1996).

The Ca and Mg carbonates are solid, in the water
(without the content of CO,) insoluble, resp. very weakly
soluble substances. The calcium carbonate CaCO, is pre-
sent in the nature as limestone, calcite and aragonite. The
magnesium carbonate MgCO, is known as dissoluble and
anhydrous mineral magnesite. The carbonates of these ele-
ments react with CO, water solution, originating soluble
hydrogen carbonates of Ca(HCO,),, resp. Mg(HCO,), can
exist only in the water solution in the presence of excess
CO, (Gazo et al., 1981).

Because the CO,* anion represents the strong alkaline
substance, the carbonates in the water solution undergo
strong hydrolysis according the equation (2), so they ma-
nifest alkaline reaction:

CO,> + H,0 +» HCO, + OH 2)

The hydrogen carbonates react weakly alkaline, becau-
se the HCO, anion behaves weak alkaline (3):
HCO, + H,0 « H,CO, + OH 3)

Warming of the hydrogen carbonate solution causes
the deliberation of CO,, originating by the decomposition
of the acid carbonate, which disballances the equilibrium
of the reaction (3) a new share of hydrogen carbonate ions
and originating hydroxide ions enter immediately into
reaction (4), so the hydrogen carbonate gradually changes
to carbonate — it is the opposite to reaction 2:
OH + HCO, <> H,0+CO> 4

The above stated reactions (2), (3) and (4) closely
relate with the most important protolythic system in na-
tural and supply waters: CO,; - HCO,; - CO,* (Gazo et
al., 1981). Tab. 2 presents the dissolution values, resp. the
multiple of dissolution of some minerals (compounds) ac-
cording to Andrlik et al. (1967).

There is frequently suggested that weakly mineralized
or demineralized waters should be mineralized by means
of flow collumn, being filled by dolomite or limestone. The
water flowing throung the carbonate fill has to dissolve this
fill and enrich by Ca and Mg in the case of dolomite, even-
tually by Ca in the case of limestone. The deliberation of
Ca and Mg from dolomite and Mg from dolomite (event.
from limestone and magnesite) into the water is influenced
by numerous factors as the flow velocity of the water, resp.
the ratio of solid phase : liquid phase (water), grain-size of
the carbonate material, resp. its specific surface, concen-
tration of dissolved CO,, duration of the contact of solid
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phase (dolomite, limestone, magnesite) with the water, etc.
(Janda et al., 2010).

The carbonate ions delibered into the solution by the
dissolution of dolomite or calcite react with the water (hy-
drolysis according to equation 2), producing the hydrogen
carbonates or at least carbonic acid (eq. 3), which by this

Tab. 2
Dissolution values of some minerals (compounds) at various
temperatures

Dissolution of anhydrous compound in g/100 g of solution
at various temperatures

Compound t=20°C t=50°C t=100°C
CaCO, 0.0014 0.0015 0.0017
CaSO, 0.204 0.210 0.065

CaSO,.2H,0 0.250 0.240 0.200

Dissolution of compound in g/100 ml of the water

MgSO,.7H,0 117 240 490
MgCl,.6H,0 305 425 (60°C) 910
K, — dissolution coefficient
CaCo, 0.87 . 10 mol/l (25 °C)
CaSO, 6.40 . 10 mol/1 (18 °C)
MgCO, 2.60 . 10° mol/l (12 °C)

way deplete the system by part of carbonates. Higher con-
centrations of Ca and Mg ions will be present in the water
at the contact with the air CO, (concentration of CO, in the
air is in average around 0.03 vol.%), because its dotation
into water will increase the dissolution of dolomite or cal-
cite (Janda et al., 2010).

The research results have demonstrated that also in the
most favourable case, i.e. at temperature of 10 °C, access
of air and the use of the highest value of the multiple of
dolomite dissolution K = 10exp(-17.09) by the calculation
in the program PHREEQC, the equilibrium concentraton
of the Ca 16.8 mg/l and Mg 10.2 mg/l will be achieved,
while the dissolution of CO, in the water at common par-
tial pressure in the air is 0.7 mg/l at 10 °C and 0.44 mg/1 at
25 °C (Janda et al., 2010).

In the case of weakly mineralized water and low con-
centration of “free” CO,, the reaction speed is low and
therefore the technology of water mineralization will be-
come more efficient when using the guided dosing of CO,
or e.g. by the control of dosing of diluted solution of the
hydrochloric acid (HCI) into the column with carbonate
fill or it is alternatively possible the direct dosing the dis-
soluted compound of Ca and Mg as solution into the water
with careful observation of pH of treated water. Table 3
states the dissolution categories of some calcareous, resp.
magnesia compounds (Andrlik et al., 1967).
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Dissolution categories otT g(t))r.ni Ca and Mg compounds
Name of compound Chemical formula Dissolution
Magnesium hydroxide Mg(OH), Non-soluble in the water, soluble in H*

Calcium hydroxide Ca(OH), Weakly soluble in the water

Calcium chloride anhydrous Ca(l, Soluble in the water

Calcium chloride hexahydrate CaCl,.6H,0 Soluble in the water

Magnesium chloride anhydrous MgCl, Soluble in the water

Magnesium chloride hexahydrate MgCl,.6H,0 Soluble in the water
Calcium sulfate anhydrous CaSO, Weakly soluble in the water
Calcium sulfate dihydrate CaSO,.2H,0 Weakly soluble in the water

Magnesium sulfate anhydrous MgSO, Soluble in the water

Magnesium sulfate heptahydrate MgSO,.7H,0 Soluble in the water

The water mineralization can be increased also by
some products of thermic decomposition of Ca, resp. Mg
carbonates (cf. Luptakova et al., 2013a, b, 2016; Vrabel
et al., 2016), e.g. half-calcined dolomite - HCD (MgO.
CaCO,), caustic lime (CaO), hydrate of lime Ca(OH),
and magnesite clinker (MgO). In this case there is neces-
sary to register the pH of mineralized water (for the pH of
the water the limit value (LV) is from 6.5 to 9.5).

The division of carbonate rocks (according to recom-
mended Slovak Technical Norm STN EN 72 1210) with
the limestone and dolomite contents in various shares of
calcite - CaCO, and dolomite - CaMg(CO,), is as follows
(Tab. 4):

The half-calcined dolomite (HCD), we used in our labo-
ratory experiments, is produced from dolomite raw mate-

rial in the Malé Krstenany factory by the heat treatment at
ca 720-950 °C in fractions 2-4, 4-8 and 8-11 mm. Besides
the treatment of drinking water, the HCD can be used also
for the composite sorbents for the capture of pollutants and
heavy metals from polluted waters.

Laboratory experimental part - mineralization of mo-
del (distilled) water

For the mineralization of model (distilled) water under
the static (non-flowing) conditions, the carbonate rocks
from localities Trebejov (dolomite), KoSice-Bankov (mag-
nesite) and Jaklovce (limestone) were used, all having the
grain-size beneath 8§ mm. Tab. 5 states the basic chemical
and mineral composition of these samples and Tab. 6 their
grain-size.

Division of carbonatic rocks (Slozzk.”lft:chnical Norm STN EN 72 1210)
Name Mineral content in % Mineral composition in %
Calcite Dolomite CaCoO, MgCO,
Limestone 100 -90 0-10 100 —-95.4 0-4.6
Dolomitic limestone 90 - 50 10-50 95.4-177.1 4.6-229
Calcareous dolomite 50-10 50-90 77.1-58.8 229-41.2
Dolomite 10-0 90— 100 58.8—-54.3 41.2-45.7
Tab. 5
Chemical and mineral composition of carbonate samples
. Content of compounds (wt.%) Content of minerals
Locality Rock o
CaO MgO Co, (Wt.%)

Trebejov Dolomite 31.0 21.8 46,0 98.6 % dolomite
Stoichiometric dolomite 30.41 21.86 47.73 (54.3 % CI;)CO(O)/: f(jg?i(f/?) MgCO,)
Kosice | Magnesite 2.8 43.5 49.7 86.8 % magnesite + 9.2 % dolomite

Stoichiometric magnesite 0 47.81 52.19 100 % magnesite
Jaklovce | Limestone 54.0 1.4 43.9 93.0 % calcite + 5.6 % dolomite
Stoichiometric limestone 56.03 0 43.97 100 % limestone
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Table 5 manifests that the samples of carbonate rocks
contain dominant share of dolomite - 98.6 % (Trebejov);
magnesite - 86.8 % (Kosice; besides 9.2 % of dolomite)
and 93 % of calcite (Jaklovce; besides 5.6 % of dolomite).
Table 6 shows that the rock grit with grain-size beneath
8 mm, used for mineralization of model (distilled) water
contain only small amounts of the dust share (beneath
0.1 mm), being represented in the range from 5.25 to
8.12 %.

Tab. 6
Wet granulometric analysis of dolomite, magnesite
and limestone samples

Grain-size | Weight yield | Remaining |Passing through
class ot the class over sieve the sieve
(mm) (%) (%) (%)

Dolomite beneath 8§ mm
4-8 49.20 49.20 -
- 23.62 72.82 50.80
1-2 12.61 85.43 27.18
0.1-1 9.32 94.75 14.57
<0.1 5.25 - 5.25
Together 100.00 - -
Magnesite beneath 8§ mm
- 25.58 25.58 -
2-4 30.83 56.41 74.42
- 13.39 69.80 43.59
0.1-1 22.08 91.88 30.20
<0.1 8.12 - 8.12
Together 100.00 - -
Limestone beneath 8§ mm
4-8 49.95 49.95 -
- 19.42 69.37 50.05
- 11.51 80.88 30.63
0.1-1 12.19 93.07 19.12
<0.1 6.93 - 6.93
Together 100.00 - -

Experimental laboratory tests of mineralization of the
model (distilled) water with the studied rock samples in
static (non-flow) conditions were done in the stirrer reactor
at various duration of reaction under atmospheric CO, (ca
0.03 vol.%) and shaking of the suspense, at free permea-
tion of the suspense by CO, (8 litres of CO,/1 minute) and
stirring of suspense at input CO, pressure 0.3 MPa. The
quantity of the solid phase to liquid phase was 10 grams of
the sample per 500 ml of distilled water (20 kg/m? of the
water). The water hardness (mmol/l) of entering distilled
water, water after mineralization, as well as the Ca and Mg

99

contents (mg/l) in all water samples after filtering of the
solid phase were determined by the chelatometric method
(Holzbecher, 1974). The results of the mineralization tests
of model (distilled) water are stated in Table 7.

Table 7 demonstrates that the hardness of model (dis-
tilled) water is very low (very soft water) with the contents
of Ca, resp. Mg only 2.21 mg/l, resp. 1.34 mg/1. After one
hour lasting shaking of this water with the dolomite, mag-
nesite, resp. limestone sample at atmospheric CO, the quali-
tative indicators of mineralized water have increased only
slightly, and the reached values of water hardness were in
the range of 0.315 to 0.405 mmol/I (very soft water) with
the Ca content in the range of 6.62 to 10.22 mg/l, resp. Mg
in the range of 1.94 to 5.84 mg/l. The recommended values
according to valid legislative norms were not reached.

The most favourable results were reached after 5 mi-
nutes mineralization of the distilled water by dolomite at
input CO, pressure 0.3 MPa and shaking of suspension,
obtaining the water hardness of 3.51 mmol/l (hard water)
with the contents of Ca 35.3 mg/l and Mg 63.9 mg/I1. Tab.
7 shows that even after 5th minute of mineralization of
distilled water by the magnesite sample at input CO, pres-
sure 0.3 MPa, the Mg content was significantly increased
(above the limit value 125 mg/l according to the RGoSR).
The Ca content was increased only moderately (to 12.8
mg/l) from the present dolomite component of this sam-
ple. After mineralization of distilled water lasting 5 mi-
nutes by the limestone sample at the starting CO, pressure
0.3 MPa, the Ca content significantly increased (101 mg/1),
similarly as the Mg content (68.4 mg/l) from the present
dolomite component of this sample (5.6 %).

The results in Table 7 demonstrate that even the very
soft water (distilled - demineralized water) can be effec-
tively mineralized in relatively short time (up to 5 mi-
nutes), i.e. to reach the recommented values of Ca and Mg
using the dolomite in the amount of 20 kg/m* of the water
with simultaneous controlled CO, dosing (increase of CO,
concentration in the adopted water).

Laboratory experimental part — mineralization of the
water from the wells

For laboratory tests of mineralization of waters from
two wells from the Krupina district in static (non-flow)
and dynamic (flow) conditions there were used carbonatic
rocks from the Trebejov locality (dolomite with the grain-
size beneath 4 mm - D) and half-calcined dolomite (HCD)
from the locality Malé Krstenany, having the grain-size
beneath 8 mm, resp. their mixture in three total amounts
10, 20 and 100 kg/m? water (non-flow conditions). For the
mineralization tests of the well water with the carbonate
crushed samples was taken water designated as sample
6 (Knazova dolina - KD) and sample 11 (Hontianske
Nemce - HN). Table 8 presents the selected qualitative
parameters of these samples.
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Static tests of mineralization of the model (distilled) wa‘cerTa?tb ig-ZZ °C and the carbonate amount of 20 kg/m? of the water.
Water type and duration Water hardness Ca* Mg**
of mineralization reaction (mmol/l) (mg/1) (mg/l)
RGoSR Nos. 8/2016, 496/2010, 354/2006 1.1-5.0 (OH) > 30 (OH) 10 - 30 (OH)
Distilled water (pH = 7.62 at 20.4 °C) 0.110 221 1.34
Dolomite (10 g + 500 ml distil. water)
CO, atmospheric (0.03 vol.%) 1 hour 0.405 6.62 5.84
CO, bubbling (8 I/minute) 5 min. 3.36 25.7 66.1
CO, at pressure (0.3 MPa) 5 min. 3.51 353 63.9
CO, at pressure (0.3 MPa) 1 hour 5.55 70.5 92.1
Magnesite (10 g + 500 ml distil. water)
CO, atmospheric (0.03 vol.%) 1 hour 0.315 8.82 2.32
CO, bubbling (8 I/minute) S min. 2.65 8.2 59.4
CO, at pressure (0.3 MPa) S min. 5.63 12.8 129.1
CO, at pressure (0.3 MPa) 1 hour 5.86 13.8 134.1
Limestone (10 g + 500 ml distil. water)
CO, atmospheric (0.03 vol.%) 1 hour 0.335 10.22 1.94
CO, bubbling (8 I/minute) 5 min. 5.18 111.4 58.4
CO, at pressure (0.3 MPa) 5 min. 5.355 101.0 68.4
CO, at pressure (0.3 MPa) 1 hour 9.0 237.0 74.9

Note: Green numbers — fulfill recommended values (RVs), red numbers — do not comply with the recommended values. Designation is valid

also for following tables.

Tab. 8
Measured and determined values of selected water quality indicators
Sample . pH Ca Mg Ca+Mg
N, | HCENL L I B at 21°C (mg/l) (il (-
6 KD Soft water 6.99 33.7 9.4 1.225
11 HN Medium hard water 6.32 26.1 16.9 1.345
RGOSR Nos. 8/2016, 496/2010, 354/2006 6.5-9.5 (LV) >30 -RV 10-30 (RV) 1.1-5.0 (RV)
For comparison: Drinking water of the conduit o
in the SGUDS Kogice 7.42-21.5°C 48.1 19.5 2.0
For comparison: Well water’ - Kosice . 870 445 40
surrounging (Sokol’)

Note: RV - recommended value; LV - limit value.

Table 8 shows that water of the sample 6 is soft with
the Mg content beneath recommended value (RV), similar-
ly as the water of the sample 11 (medium hard water) has
the Ca content beneath RV. For comparison with common
drinking water we state also values of qualitative indica-
tors for the town of Kosice and its surrounding - Sokol’
village.

Table 9 shows the chemical and mineral composition
of dolomite and half-calcined dolomite (HCD) and Table
10 the grain-size characteristics of dolomite with the grain-
size beneath 4 mm, resp. HCD with grain-size beneath §
mm. The weight yields of individual classes, total remains
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on sieves, resp. undersize products are related to dry state
of the samples.

Table 9 shows that the dolomite grit with grain-size
beneath 4 mm (D) contains 96.7 % of dolomite and small
amounts of Si, Al and Fe oxides. The HCD grit with the
grain-size beneath 8 mm contains 97.2 % Mg0.CaCO, and
minor amounts of Si and Al oxides.

Table 10 presents that dolomite fraction beneath 4 mm
contains a small amount (less than 11 %) of dust fraction
of the grain-size class beneath 0.1 mm and the fraction be-
neath 0.1 mm is represented in the HCD grit with grain-si-
ze beneath 8 mm only by negligible 0.29 %.
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Tab. 9
Chemical and mineral composition of dolomite (D) and
half-calcined dolomite (HCD)

Tab. 10
Wet granulometric analysis of Trebejov dolomite and half-cal-
cined dolomite from Malé Krstetiany

Table 9 states the contents of potential toxic elements
(mg/kg) in grit of dolomite and half-calcined dolomite
and Table 11 states the highest limint values (HLV) of
these elements (pg/l) according to appropriate Regulations
of the Government of Slovak Republic. Table 11 shows
that the contents of these elements in leachates from these
samples are distinctly lower than HLV stated in regula-
tions.

Static (non-flow) mineralization tests of the water of
sample 6 in laboratory conditions

The static mineralization tests of water samples 6 (resp.
11) (closed no-flow system) were realized in 1 liter vessels
with the shaking of the water sample and dolomite with the
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Chemical composition of the sample (wt.%) Grailn-size ng%ht }Iield Total un(Tigizize
Chemical . class of the class remnant
q Half-calcined
compound | Dolomite D) | ,o&EalENCL (mm) %) %) e
beneath 4 mm beneath 8 mm )
Dolomite beneath 4 mm (D)
Si0, 1.56 043 2-4 4582 45.82 -
TiO, 0.04 <001 1-2 22.17 67.99 54.18
ALO, 0.80 0.19 05-1 11.99 79.98 32.01
Fe,0, . 0.35 0.05 0.1-0.5 9.06 89.04 20.02
Ca0O 29.5 37.9 <0.1 10.96 - 10.96
MgO 21.4 26.6 Together 100.00 - -
MnO 0.03 <0.01 Half-calcined dolomite beneath 8 mm (HCD)
Na,0O <0.2 <0.2 4-8 80.84 80.74 -
K0 017 <0.05 2-4 13.71 94.55 19.16
PO, 0.02 0.04 1-2 3.46 98.01 5.45
05-1 0.98 98.99 1.99
o} <0.01 0.02
o 155 27 0.1-0.5 0.72 99.71 1.01
2 - - <0.1 0.29 - 0.29
LOI 46.0 347 Together 100.00 - -
um 99.87 99.91
Mineral grain-size beneath 4 mm (D), half-calcined dolomite with
compound 96.7 97.2 grain-size beneath 8 mm (HCD), resp. D: HCD =1 :1 in
(Wt.%) quantities 10, 20 and 100 kg/m? of the water with duration
Potential toxic of mineralization process 1, 2 and 4 hours at laboratory
elements (mg/kg) (mg/kg) temperature (ca 20-22 °C). After each mineralization test,
Pb <5 <5 the pH of the water was measured (pH meter ProfiLine pH
He 0.01 20,01 3310 WTW GmbH), and the values of selected qualitative
cd <.O 5 - 0 5 indicators of water samples were found by chelatometric
' . . titration method. Tables 12, 13 and 14 state the results of
Ni > =4 static tests of water mineralization in 6 laboratory condi-
As 1.2 0.3 tionS.
Sb 0.4 <0.1 Table 12 shows that increased Ca contents, resp. re-
Cr 26 17 commended Mg contents in investigated water 6 after sta-

tic mineralization in laboratory conditions were reached in
comparison to the input sample with all amounts of dolo-
mite having the grain-size beneath 4 mm at all durations of
the mineralization process (Ca contents were from 36.3 to
46.1 mg/l, Mg contents from 11.3 to 14.8 mg/1), except for
the dolomite application in quantity 10 kg/m? for one hour
(Mg content is beneath RV) - Fig. 1.

Using the dolomite and HCD in the ratio of 1 : 1 in
quantities of 10, 20 and 100 kg/m? of water the Mg con-
tents were significantly increased, i.e. 2.6 to 8 times (from
24.5 to 75.4 mg/l) generally during all the static minera-
lization durations, though at the expense of Ca contents,
which were below RV in the range of 8.0-26.5 mg/l, be-
sides the application of this mixture in an amount of 10
kg/m? in duration of 1 hour, where the Ca 30 mg/l content
was on the RV boundary only. When applied D + HCD in




Tab. 11
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Chemical composition of leachates from dolomite (D) and
half-calcined dolomite (HCD)

aratio of 1 : 1 and quantity 100 kg/m?, the upper LV of the
water pH was exceeded at all durations of mineralization
(pH > 9.5) - Fig. 2.

Content of potentially | pGo9R Nos. 8/2016, When used the half-calcined dolomite with grain-size
Chemical [ s 496/2010 beneath 8 mm in amounts of 10, 20 and 100 kg/m* of
compound | 5 Jeachate | in leachate and 354/2006, the water, the Mg contents were significantly increased,
fromD |fromHCD | App- 1, partB, a) i.e. 3.6-10.9 times (from 34 to 102.5 mg/l), generally at
Pb (ug/l) <5 <5 10 (HLV) all durations of static mineralization, though at the ex-
Hg (ng/l) <01 <01 1 (HLV) p§n§e202f9(;a co?lterll)ts 'tgat \txlflere beipwt.RV iI; :[[Ee r:;ég];

of 8.2-29.9 mg/l, besides the application of the
Cd (ne) =04 =04 5 (HLV) in amount of 2%) kg/m® at 2 hourspguration, where the Ca

Ni (ug/l) =2 =2 20 (HLV) content was 30.1 mg/I - Fig. 3.
As (ng/l) <1 <1 10 (HLV) The water sample 6 with hardness 1.225 mmol/l (soft
Sb (ug/l) <1 <1 5 (HLV) water) was mineralized using all amounts of dolomite du-
Cr (ng/l) <2 <2 50 (HLV) ring 1, 2 and 4 hours by the way that the water hardness
Note: HLV - the highest limit value has increased with increasing amount of dolomite and the
Tab. 12
Static tests of the mineralization of water - sample 6 - at 20-22°C
Sample type %‘(‘;‘/‘:lﬂt)y Dz‘hr :;‘;’“ pH C(?narﬁgl/“l’;g Ca(mgl) | Mgmgn
RGoSR 1:1:)3.385/‘2‘;)210666496/2010 } } 6(: 3)5 1(:{ 5)0 >30 (RV) |10-30 RV)

Water of the sample 6 CO, 0.03 vol.% 6.99 1.225 33.7 9.4

10 1 7.40 1.285 36.3 9.2

10 2 7.54 1.400 36.7 11.8

10 4 7.65 1.460 37.9 12.5

20 1 7.72 1.490 38.5 12.9

Dolomite beneath 4 mm 20 2 7.69 1.500 38.1 13.4

20 4 7.77 1.550 40.7 13.0

100 1 7.87 1.615 46.1 11.3

100 2 7.95 1.675 43.7 14.2

100 4 7.90 1.725 44.7 14.8

Water of the sample 6 CO, 0.03 vol.% 6.99 1.225 33.7 9.4

10 1 8.47 1.755 30.0 24.5

10 2 8.46 1.700 26.5 25.3

10 4 9.07 1.750 25.1 27.4

) ) ) 20 1 8.48 2.185 237 38.8

Dolomite + hali—c.allcmed dolomite 20 2 Q41 2240 227 207

@D 20 4 8.58 2.595 114 56.2

100 1 9.52 2.670 13.6 56.7

100 2 9.83 3.200 11.2 71.0

100 4 10.16 3.300 8.0 75.4

Water of the sample 6 CO, 0.03 vol.% 6.99 1.225 33.7 9.4

10 1 8.54 2.120 25.9 35.9

10 2 8.46 2.145 29.9 34.0

10 4 8.47 2.165 10.0 46.6

. . 20 1 8.44 2.140 25.1 36.8

Half-calcmedsdolomlte beneath 20 2 3 40 2180 30.1 348

fm 20 4 8.70 2.425 8.2 54.0

100 1 8.95 4.215 15.4 93.1

100 2 9.06 4.245 12.4 95.7

100 4 9.17 4.505 11.6 102.5
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The static mineralization tests ofzsell:t.elzample 6 at 20-22°C (differences)
Sample type (%ll:g;lnt:st)y D;;ll;a:i(;n pH C(an:‘rggl}}/)[g Ca (mg/l) Mg (mg/l)
Water sample No. 6 CO, 0.03 vol.% 6.99 1.225 33.7 9.4
10 1 +0.41 +0.060 +2.6 -0.2
10 2 +0.55 +0.175 +3.0 +2.4
10 4 +0.66 +0.235 +4.2 +3.1
20 1 +0.73 +0.265 +4.8 +3.5
Dolomite with4glll‘lz;1iln—size beneath 20 2 4070 40275 + 44 40
20 4 +0.78 +0.325 +7.0 +3.6
100 1 +0.88 +0.390 +12.4 +1.9
100 2 +0.96 +0.450 +10.0 +4.8
100 4 +0.91 +0.500 +11.0 +5.4
Water sample 6 CO, 0.03 vol.% 6.99 1.225 33.7 9.4
10 1 +1.48 +0.530 -37 +15.1
10 2 +1.47 +0.475 -72 +15.9
10 4 +2.08 +0.525 -8.6 +18.0
Dolomite + half-calcined 20 1 +1.49 +0.960 -10.0 +294
dolomite 20 2 +1.42 +1.015 -11.0 +31.3
a:1n 20 4 +1.59 +1.370 -223 +46.8
100 1 +2.53 +1.445 -20.1 +47.3
100 2 +2.84 +1.975 -22.5 +61.6
100 4 +3.17 +2.075 -25.7 +66.0
Water sample 6 CO, 0.03 vol.% 6.99 1.225 33.7 9.4
10 1 +1.55 +0.895 -7.8 +26.5
10 2 +1.47 +0.920 -38 +24.6
10 4 +1.48 +0.940 -23.7 +37.2
. o 20 1 +1.45 +0.915 -8.6 +27.4
g:‘;rﬁf‘;‘z‘g dolomite with 20 2 141 +0.955 236 1254
20 4 +1.71 +1.200 -25.5 +44.6
100 1 +1.96 +2.990 - 183 +83.7
100 2 +2.07 +3.020 -213 +86.3
100 4 +2.18 +3.280 -22.1 +93.1

Dolomite with grain-size beneath 4 mm

52

47

ZE’ 42

%‘j 37

g‘g 32

% & Fig. 1. The dependence of the release of Ca and Mg into the

g = water of the sample 6 from dolomite on its quantitity and
17 duration of the contact

12

Duration of reaction (hours)

------ 10kg/m?3 Ca == = 20kg/m? Ca 100kg/m3 Ca

NVSR496a354Ca essees 10kg/m3 Mg == == 20kg/m3 Mg

e 1 00kg/ M3 Mg NV SR 496 a 354 Mg
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duration of mineralization from 1.285 to 1.725 mmol/l
(medium hard water).

After application of dolomite and HCD mixture in
quantities of 10 kg/m? (at duration of 1, 2 and 4 hours)
and 20 kg/m® (at duration of 1 and 2 hours), the water
hardness was in the range of 1.700 to 2.240 mmol/l (me-
dium hard water), at the amount of 20 kg/m? (4 hours)
and 100 kg/m® (1, 2 and 4 hours), the water hardness
varied from 2.595 to 3.300 mmol/l (hard water).

In the case of application of HCD in amounts of 10
and 20 kg/m? of the water at all durations of minera-
lization, the water hardness was in the range of 2.120 to
2.425 mmol/l (medium hard water), at 100 kg/m? of the
water and all durations of the mineralization, the water
hardness was 4.215-4.505 mmol/I (very hard water).

Tab. 13 shows that Ca and Mg contents - at the use
of dolomite with the grain-size beneath 4 mm and quan-
tities 10, 20 and 100 kg/m? of the water - have increased
in comparison with the values in the input water 6 in
the order: Ca increased in the range of 2.6 to 4.2 mg/I
and Mg increased in the range of 0 to 3.1 mg/l at
amount of 10 kg/m?; Ca increased from 4.4 to 7.0 mg/I
and Mg increased from 3.5 to 4.0 mg/1 at the amount of
20 kg/m?® and Ca increased from 10.0 to 12.4 mg/l, as
well as Mg increased from 1.9 to 5.4 mg/l at the amount
of 100 kg/m* generally during all durations of static
mineralization - Fig. 4.

Contents of Ca and Mg at application of dolomite
and HCD in the ratio of 1 : 1 in the quantities of 10,
20 and 100 kg/m® of the water were in comparison
with the values in the input water 6 in the order: Ca
contents decreased at all doses from 3.7 to 25.7 mg/l,
where the Mg contents increased significantly with an
increasing amount, namely: Mg from 15.1 to 18.0 mg/I
at the amount of 10 kg/m*; Mg from 29.4 to 46.8 mg/I at
the amount of 20 kg/m* and Mg from 47.3 to 66.0 mg/I
at the amount of 100 kg/m? generally during all static
mineralization durations - Fig. 5.

The Ca and Mg contents at application of half-cal-
cined dolomite with the grain-size beneath 8 mm in
quantities 10, 20 and 100 kg/m?® of the water were in
comparison with the values on input water of sample 6
in the order: Ca contents decreased at all doses of HCD
in the range of 3.6-25.5 mg/l, while the magnesium
contents radically increased with increasing amount
of HCD: Mg was in the range of 24.6-37.2 mg/l at the
amount of 10 kg/m?*; Mg from 25.4 to 44.6 mg/l at the
amount of 20 kg/m? and Mg from 83.7 to 93.1 mg/I at
the amount of 100 kg/m? generally during all static mi-
neralization periods - Fig. 6.

Table 14 reviews the differences in the values of
selected qualitative indicators of water samples after
4 hour static water mineralization in comparison with
values of the input (pre-mineralization) water of the
sample 6.

Dolomite and HCD (1:1)

87

77

67

57

47

37

Content of Ca?*, Mg?* (mg/l)

27

17

Duration of reaction (hours)
------ 10kg/m?3 Ca == == 20kg/m3 Ca s 100kg/m 3 Ca

NVSR496a354Ca  ceceee 10kg/m3 Mg = == 20kg/m3 Mg

e 100kg/m3 Mg NV SR 496 a 354 Mg

Fig. 2. Dependence of the release of Ca and Mg into water of sample 6
from a mixture of dolomite and HCD on its quantity and contact time

HCD with grain-size beneath 8 mm

127
107
87
67

47

Content of Ca2*, Mg?* (mg/l)

27

Duration of reaction (hours)

------ 10kg/m?3 Ca == = 20kg/m3 Ca e 100kg/m 3 Ca

NVSR496a354Ca eesese 10kg/m3 Mg == == 20kg/m3 Mg

e 100kg/m3 Mg NV SR 496 a 354 Mg

Fig. 3. Dependence of Ca and Mg release from HCD into the water of
sample 6 from its quantity and contact time.

Dolomite with grain-size beneath 4 mm

Mg2* (mg/1)

Increase content Ca?,

1 2 4
Duration of reaction (hours)

...... 10kg/m3 Ca == == 20kg/m3 Ca e 100kg /M3 Ca
~~~~~~ 10kg/m3 Mg = = 20kg/m? Mg 100kg/m3 Mg

em— xS X

Fig. 4. The dependence of Ca and Mg increase in water 6 from dolo-
mite on its quantity and contact time.
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94,5

74,5

54,5

34,5

14,5

Increase content Ca?*, Mg?* (mg/l)

Dolomite and HCD (1:1)

frrtsensessece e Freveeseerneaeereeesasans 4
- -
______
Duration of reaction (hours)
------ 10kg/m3 Ca == == 20kg/m3 Ca e 100kg/m3 Ca
------ 10kg/m3 Mg == = 20kg/m3 Mg e 100kg/mM3 Mg

em— xS X

Fig. 5. The dependence of the increase of Ca and Mg in the water of
sample 6 on the quantity of the mixture of dolomite and HCD and on
the contact time.

74,5

+, Mg?* (mg/l)

54,5

14,5

Increase content Ca?

-5,5

-25,5

HCD with grain-size beneath 8 mm

Duration of reaction (hours)
== == 20kg/m3 Ca e 100kg/m3 Ca
== == 20kg/m3 Mg 100kg/m3 Mg

...... 10kg/m3 Ca
...... 10kg/m3 Mg

em— xS X

Fig. 6. Dependence of the increase of Ca and Mg in the water of sam-
ple 6 on the quantity of the HCD and on the contact time.

42

37

32

27

22

17

Content of Ca?*, Mg?* (mg/l)

12

e 100kg/m3 Mg

10kg/m? Ca

NV SR 496 a 354 Ca

Dolomite with grain-size beneath 4 mm

Duration of reaction (hours)

== == 20kg/m3 Ca 100kg/m?3 Ca

------ 10kg/m3 Mg == == 20kg/m3 Mg

NV SR 496 a 354 Mg

Fig. 7. Dependence of the release of Ca and Mg from the dolomite
into water 11 on its quantity and contact time
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Table 14 shows that using the dolomite with the
grain-size beneath 4 mm with its increasing quanti-
ty of 10, 20 and 100 kg/m? after 4 hours lasting static
mineralization of the water 6, the Ca and Mg contents
increase, similarly at the water hardness in relation to
the input water 6 in the order for Ca: +4.2; +7.0 and
+11.0 mg/l; for Mg: +3.1; +3.6 and +5.4 mg/l and for
the water hardness: +0.235; +0.325 and +0.500 mmol/I.

When using a mixture of dolomite and HCD in the
ratio of 1 : 1, with increasing quantity of 10, 20 and 100
kg/m? after 4 hours of static mineralization of the water
6 the content of Ca decreases in the following order:
-8.6; -22.3 and -25.7 mg/l and significantly there in-
creases the Mg content and water hardness in relation to
input water 6 in following order for Mg: +18.0; +46.8
and +66.0 mg/l and for water hardness: +0.525; +1.370
and +2.075 mmol/I.

When applying the HCD with the grain-size beneath
8 mm, its increasing amount of 10, 20 and 100 kg/m?
after 4 hour static water 6 mineralization, the Ca con-
tent depletes in the order: -23.7; -25.5 and -22.1 mg/I,
whereas the Mg content and water hardness distinctly
increase in relation to input water 6 in following order
for Mg: +37.2; +44.6 and +93.1 mg/1, and for the water
hardness: +0.94; +1.20 and +3.28 mmol/l.

Dynamic (flow) tests of water 6 mineralization in
laboratory conditions

Table 15 states the results of dynamic mineralization
of water 6 in the flow regime in the glass column wide
4 cm in diameter and 13 c¢cm high, having placed 150 g
of appropriate type of carbonatic sample. This infill was
penetrated in average with 1000 ml of the water during
ca 2.5 hour during one test, which corresponds whith
the amount ~ 150 kg/m? of the water.

Table 15 documents that at water flow of ca 7 ml/
min., the application of dolomite has increased the
hardness of mineralized water to 1.48 mmol/l (medium
hard water) with increased contents of Ca (35.7 mg/l)
and Mg (14.3 mg/l) with comparison to the input wa-
ter. By increasing of the portion of HCD in the mixture
with dolomite the water hardness usually increases, so
in the ratio of dolomite and HCD of 1:2 the water is
very hard (4.020 mmol/l), while the Ca content lowered
to 20.6 mg/l and Mg content has substantially increased
to a value of 85.2 mg/l in comparison with the values in
the input water.

Using the HCD as well as the dolomite in the mix-
ture with HCD, the Ca content lowered in comparison
to the value in the input water 6 to values within the
range of 18.4-25.1 mg/l. On the other hand the Mg con-
tents increased significantly after flow mineralization to
the values within the range of 45.6 to 85.2 mg/1.
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Tab. 14
Differences in the values of selected qualitative water sample indicators after 4 hours static mineralization of the water sample 6
in comparison with values of the input water

Type of sample / sample quantity pH Hardness Ca Mg Ca+ Mg
(CO, 0.03 vol.%) kg/m? - (mmol/l) (mg/l) (mg/1) (mg/l)
Input water sample 6 - 6.99 1.225 33.7 9.4 43.1
Dolomite 10 +0.66 +0.235 +4.2 +3.1 +7.3
Dolomite + HCD -1 :1 10 +2.08 +0.525 -8.6 +18.0 +9.4
HCD 10 +1.48 +0.940 -23.7 +37.2 +13.5
Input water sample 6 - 6.99 1.225 33.7 9.4 43.1
Dolomite 20 +0.78 +0.325 +7.0 +3.6 +10.6
Dolomite + HCD —-1: 1 20 +1.59 +1.370 =223 +46.8 +24.5
HCD 20 +1.71 +1.200 -25.5 +44.6 +19.1
Input water sample 6 - 6.99 1.225 33.7 9.4 43.1
Dolomite 100 +0.91 +0.500 +11.0 +5.4 +16.4
Dolomite + HCD -1 : 1 100 +3.17 +2.075 -25.7 +66.0 +40.3
HCD 100 +2.18 +3.280 -22.1 +93.1 +71.0
Tab. 15
Dynamic (flow) tests of the water 6 mineralization at 20-22°C in the column.
Sample type pH C(z:n ﬁgl/lgg Type of water Ca (mg/l) Mg (mg/l)
Water sample 6 6.99 1.225 Soft 33.7 9.4
CO, 0.03 vol.% The column flow test with water sample No. 6
6.667 ml/min; D; 150 g 8.42 1.480 Medium hard 35.7 14.3
6.850 ml/min; D:HCD=2:1; 150¢g 8.75 2.425 Medium hard 19.4 47.2
7.042 ml/min; D:HCD=1:1; 150¢g 8.86 2.500 Medium hard 25.1 45.6
6.579 ml/min; D:HCD=1:2; 150¢g 9.15 4.020 Very hard 20.6 85.2
7.042 ml/min; HCD; 150 g 9.20 3.270 Hard 18.4 68.3

Note: D — dolomite with grain-size beneath 4 mm; HCD — half-calcined dolomite beneath 8 mm

Static (non-flow) tests of water sample 11 mineraliza-
tion in laboratory conditions

Static tests of the water 11 mineralization in closed
non-flow system were realized at the same laboratory
conditions, as earlier with the water 6. Their results are
presented in tables 16, 17 and 18.

Table 16 manifests that the increased Ca contents
(above RV), resp. recommended values of investigated
water 11 after static mineralization in laboratory condi-
tions were reached in comparison with the input sample
with all amounts of dolomite with the grain-size beneath
4 mm for all durations of mineralization (contents of
Ca 30.7-39.9 mg/l and contents of Mg 10.9-18.1 mg/l),
while the Ca contents gradually increased with increasing
amount of dolomite.

Using dolomite and HCD in the ratio 1 : 1 in amounts
10, 20 and 100 kg/m® of the water, the Mg contents sig-

nificantly increased, i.e. 1.4-4.6 times (from 23.7 to 78.5
mg/l), generally at all durations of static mineralization,
but at the expense of Ca contents, which varied beneath
RV in the range of 8.8-27.7 mg/l. At application of D +
HCD in the ratio of 1 : 1 and amount of 20 kg/m? at the 4
hours duration of mineralization, resp. in amount of 100
kg/m’, there was at all durations of static mineralization
exceeded the upper pH limit (pH nad 9.5) - Fig. 8.

At application of half-calcined dolomite with the grain-
size beneath 8 mm in amounts of 10, 20 and 100 kg/m? of
the water, the Mg contents were signicantly increased, i.e.
1.79 to 6 times (from 30.3 to 101.4 mg/l) generally at all
durations of static mineralization, though at the expence of
Ca contents, ranging beneath RV from 8.2 to 27.7 mg/l. At
application of HCD during 2 and 4 hours and the HCD in
amounts 20 and 100 kg/m?, the upper LV of water pH of
the water was overreached (pH above 9.5) - Fig. 9.
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Tab. 16
Static mineralization tests of the water 11 at 20-22°C

Sample type %‘:g;lnt:st)y DE‘;:E())H pH C(amamn(()ll/l;/)Ig Ca* (mg/l) | Mg* (mg/l)

RGoSR 1;11(1)3.385/‘2‘?210666496/2010 i ) 6(1\5/11?1)5 l(loé)o ~30 (OH) | 10-30 (OH)
Water sample 11 CO, 0.03 vol.% 6.32 1.345 26.1 16.9
10 1 7.71 1.350 30.7 14.2
10 2 7.40 1.365 31.9 13.9
10 4 7.51 1.380 32.7 13.7
L L. 20 1 7.83 1.370 35.5 11.8
Dolomite with the grain-size 20 ) 7381 1385 359 119

beneath 4 mm

20 4 7.63 1.390 37.7 10.9
100 1 8.10 1.640 39.9 15.7
100 2 8.00 1.675 37.3 18.1
100 4 7.98 1.688 39.5 17.1
Water sample 11 CO, 0.03 vol.% 6.32 1.345 26.1 16.9
10 1 8.71 1.745 24.3 27.7
10 2 8.47 1.800 25.9 28.1
10 4 9.49 2.065 22.9 36.4
. . . 20 1 8.94 1.660 27.5 23.7
Dolomite + hali-?allcmed dolomite 20 ) 927 1.820 277 275
1:1 20 4 9.64 2.250 25.1 39.5
100 1 9.54 2.575 23.5 48.4
100 2 9.64 3.365 10.0 75.7
100 4 9.81 3.450 8.8 78.5
Water sample 11 CO, 0.03 vol.% 6.32 1.345 26.1 16.9
10 1 9.34 1.900 25.9 30.5
10 2 8.92 1.935 27.7 30.3
10 4 9.00 1.980 26.1 323
. L 20 1 9.42 1.920 24.6 31.7
g:‘;ﬁf‘;ﬁg dolomite With 20 2 10.00 2.690 242 50.7
20 4 10.10 2.720 25.1 50.9
100 1 9.02 3.520 8.2 80.6
100 2 9.90 3.575 10.2 80.7
100 4 10.45 4.405 9.4 101.4

Dolomite and HCD (1:1)

87
7
67
57

47
Fig. 8. Dependence of the release of Ca and Mg into
water 11 from a mixture of dolomite and HCD on its
amount and contact time.

37

27

Content of Ca2*, Mg?* (mg/I)

17

0 1 2 4
Duration of reaction (hours)
------ 10kg/m3 Ca == == 20kg/m3 Ca e 100kg/m 3 Ca
NVSR496a354Ca esseeee 10kg/m3 Mg == == 20kg/m3 Mg
e 100kg/m3 Mg NV SR 496 a 354 Mg
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The water sample 11 with the hardness
1.345 mmol/l (value in the closeness of the
lower boundary of medium hard water) was
mineralized using all amounts of dolomite
during 1, 2 and 4 hours by the way that the wa-
ter hardness increased with increasing amount
of dolomite and duration of mineralization pro-
cess from 1.350 to 1.688 mmol/l (medium hard
water).

At application of the mixture of dolomite
and HCD in amounts of 10 and 20 kg/m? (dura-
tion 1, 2 and 4 hours), the water hardness was
in the range of 1.660-2.250 mmol/l (medium
hard water), at the amount of 100 kg/m?® (1,
2 and 4 hours), the water hardness was from
2.575 do 3.450 mmol/l (hard water).

When applying the HCD in amounts of 10
kg/m* (duration of mineralization process 1,
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Content of Ca?*, Mg?* (mg/l)

...... 10kg/m? Ca

...... 10kg/m3 Mg

HCD with grain-size beneath 8 mm

== = 20kg/m? Ca

== == 20kg/m3 Mg

Duration of reaction (hours)

e 100kg/m* Ca

100kg/m3 Mg

NV SR 496 a 354 Ca

NV SR 496 a 354 Mg

Fig. 9. The dependence of the release of Ca and Mg from HCD into the water

11 on its amount and contact time

Tab. 1
Static tests of mineralization of the wateravlz/ith7designation 11 at 20-22°C (differences)
Sample type ‘g;;;;;g;y D(‘l‘lroal:;‘)’“ pH C(am*;‘l‘gl/li’)[g Ca (mg/l) | Mg (mg/)
Water sample 11 CO, 0.03 vol.% 6.32 1.345 26.1 16.9
10 1 +1.39 +0.005 +4.6 -2.7
10 2 +1.08 +0.020 +5.8 -3.0
10 4 +1.19 +0.035 + 6.6 -32
20 1 +1.51 +0.025 +9.4 -5.1
Dolomite with4grain-size beneath 20 5 + 149 +0.040 198 250
i 20 4 +1.31 +0.045 +11.6 -6.0
100 1 +1.78 +0.295 +13.8 -1.2
100 2 +1.68 +0.330 +11.2 +1.2
100 4 +1.66 +0.343 +13.4 +0.2
Water sample 11 CO, 0.03 vol.% 6.32 1.345 26.1 16.9
10 1 +2.39 +0.400 -1.8 +10.8
10 2 +2.15 +0.455 -0.2 +11.2
10 4 +3.17 +0.720 -32 +19.5
20 1 +2.62 +0.315 +1.4 +6.8
Dolomite + hali—c.a]lcined dolomite 20 ) 295 10475 16 1106
@D 20 4 +3.32 +0.905 -1.0 +22.6
100 1 +3.22 +1.230 -2.6 +31.5
100 2 +3.32 +2.020 -16.1 +58.8
100 4 +3.49 +2.105 -17.3 +61.6
Water sample 11 CO, 0.03 vol.% 6.32 1.345 26.1 16.9
10 1 +3.02 +0.555 -0.2 +13.6
10 2 +2.60 +0.590 +1.6 +13.4
10 4 +2.68 +0.635 0.0 +15.4
. L 20 1 +3.10 +0.575 -1.5 +14.8
gzgrﬁ:‘n“;;‘: dolomite With 20 2 T 3.68 11345 19 338
20 4 +3.78 +1.375 - 1.0 +34.0
100 1 +2.70 +2.175 -17.9 +63.7
100 2 +3.58 +2.230 - 159 +63.8
100 4 +4.13 +3.060 -16.7 +84.5
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Dolomite with grain-size beneath 4 mm
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Fig. 10. The dependence of the increase of Ca and Mg from dolomite in the

water 11 on its amount and contact time.

Dolomite and HCD (1:1)

Increase content Ca?*, Mg?* (mg/I)
w
8

Duration of reaction (hours)
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Fig. 11. The dependence of the increase of Ca and Mg from the mixture of

dolomite and HCD in the water 11 on its amount and contact time.

HCD with grain-size beneath 8 mm
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Fig. 12. Dependence of Ca and Mg increase in the water sample 11

from HCD, its amounts and duration of the mineralization process.
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2 and 4 hours) and 20 kg/m?® of the water during
1 hour mineralization, the water hardness was
within the range 1.90 to 1.98 mmol/l (medium hard
water). At amounts of 20 kg/m® (2 and 4 hours) and
100 kg/m? of the water at 1 and 2 hours lasting mi-
neralization, the water hardness was from 2.690 to
3.575 mmol/l (hard water). When applying HCD
in quantity of 100 kg/m® of the water and duration
of static mineralization 4 hours the water hardness
was 4.405 mmol/l (very hard water).

Table 17 presents that Ca and Mg contents - at
the use of dolomite with the grain-size beneath
4 mm in amounts of 10, 20 and 100 kg/m® of the
water - were at comparison with the input water
11 in the order: increase of Ca within the range of
4.6-6.6 mg/l and decrease of Mg within the range
of 2.7-3.2 mg/l at amount of 10 kg/m?; increase of
Ca from 9.4 to 11.6 mg/l and decrease of Mg from
5 to 6 mg/l at amount of 20 kg/m?, as well as in-
crease of Ca from 11.2 to 13.8 mg/l and decrease
of Mg by 1.2 mg/l (100 kg/m?, duration 1 hour),
resp. increase of Mg from 0.2 to 1.2 mg/l in amount
of 100 kg/m* at duration of mineralization 2 and 4
hours - Fig. 10.

Contents of Ca and Mg at application of dolo-
mite and HCD in a ratio of 1 : 1 in amounts of 10,
20 and 100 kg/m® of the water were in comparison
with the values in input water 11 in following or-
der: Ca contents decreased at all dosings from 0.2
to 17.3 mg/l (except for the amount of mixture 20
kg/m* and durations of 1 and 2 hours), while the
Mg contents increased significantly with increasing
amount of the mixture, namely: Mg from 10.8 to
19.5 mg/l at 10 kg/m*, Mg from 6.8 to 22.6 mg/l
at 20 kg/m* and Mg from 31.5 to 61.6 mg/l at
100 kg/m?® generally at all durations of static mi-
neralization, but prevailingly at duration of mine-
ralization 2 and 4 hours - Fig. 11.

The Ca a Mg contents at application of the
half-calcined dolomite with grain-size beneath
8 mm in amounts 10, 20 and 100 kg/m® of the
water were in comparison with values in the in-
put water 11 in the order: Ca contents decreased
at all amounts of HCD within the range of 0.2 to
17.9 mg/l (at amount of 10 kg/m? they were from
0 to +1.6 mg/l at duration 2 and 4 hours), while
the Mg contents radically increased with an in-
creasing amount of HCD, namely: Mg in the range
from 13.4 to 15.4 mg/l at 10 kg/m’; Mg from 14.8
to 34.0 mg/l at 20 kg/m* and Mg from 63.7 to
84.5 mg/l at 100 kg/m® generally at all durations of
static mineralization - Fig. 12.

Table 18 reviews the differences in values of
selected qualitative parameters of water samples
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after 4 hours static mineralization in comparison to values
in input water 11.

Table 18 documents that at application of dolomite with
the grain-size beneath 4 mm with its increasing amount of
10, 20 and 100 kg/m? after 4 hours of static mineraliza-
tion of the water 11 the Ca content and water hardness
increased in comparison to input water 11 in the order for
Ca: +6.6; +11.6 and +13.4 mg/1 and for the water hardness:
+0.035; +0.045 and +0.343 mmol/l, while the Mg contents
have decreased, resp. slightly increased in the order: -3.2;
-6.0 and +0.2 mg/l.

Using the mixture of dolomite and HCD in a ratio of
1 : 1 with its increasing amount of 10, 20 and 100 kg/m’
after 4 hours static mineralization of the water 11, the Ca
contens decreased in the order: -3.2; -1.0 and -17.3 mg/l.
Simultaneously there significantly increased the Mg con-
tent and water hardness in comparison with the input wa-

ter 11 in the order for Mg: +19.5; +22.6 and +61.6 mg/l
and water hardness: +0.720; +0.905 and +2.105 mmol/l.

Application of HCD with the grain-size 8§ mm and
its increasing amount 10, 20 and 100 kg/m? after 4 hour
lasting static mineralization of the water 11 decreases the
Ca content in the order: 0.0; -1.0 and -16.7 mg/l and dis-
tinctly increases the Mg content and the water hardness in
comparison to input water sample 11 in the order for Mg:
+15.4; +34.0 and +84.5 mg/l and for the water hardness:
+0.635; +1.375 and +3.060 mmol/I.

Dynamic (flow) tests of mineralization of the water
sample 11 in laboratory conditions

Table 19 presents the results of the dynamic mineraliza-
tion tests of the water 11 in the flow regime in laboratory
conditions (the same as in the case of the water sample 6).

Tab. 18
The differences in the values of selected qualitative parameters of the water samples after 4 hours of lasting static mineralization
of the water 11, compared to the input water values

Type of sample / sample quantity pH Hardness Ca Mg Ca+ Mg
(CO, 0.03 % obj.) kg/m? - (mmol/l) (mg/l) (mg/l) (mg/l)
Input water sample No. 11 - 6.32 1.345 26.1 16.9 43.0
Dolomite 10 +1.19 +0.035 +6.6 -3.2 +3.4
Dolomite + HCD -1 : 1 10 +3.17 +0.720 -3.2 +19.5 +16.3
HCD 10 +2.68 +0.635 0.0 +15.4 +15.4
Input water sample 11 - 6.32 1.345 26.1 16.9 43.0
Dolomite 20 +1.31 +0.045 +11.6 -6.0 +5.6
Dolomite + HCD -1 : 1 20 +3.32 +0.905 -1.0 +22.6 +21.6
HCD 20 +3.78 +1.375 -1.0 +34.0 +33.0
Input water sample 11 - 6.32 1.345 26.1 16.9 43.0
Dolomite 100 +1.66 +0.343 +13.4 +0.2 +13.6
Dolomite + HCD —1: 1 100 +3.49 +2.105 -17.3 +61.6 +44.3
HCD 100 +4.13 +3.060 -16.7 +84.5 +67.8
Tab. 19
Dynamic (flow) tests of mineralization of the water 11 at 20-22°C in column
Sample type pH C(amzzll(()ll/l}/)lg Type of water Ca (mg/l) Mg (mg/l)
Water sample No. 11 6.32 1.345 Medium hard 26.1 16.9
CO, 0,03 % obj. Flow column tests with the water 11
6.944 ml/min; D; 150 g 7.94 1.375 Medium hard 27.3 16.9
6.667 ml/min; D:HCD=2:1; 150¢g 8.62 2.270 Medium hard 21.6 42.1
6.849 ml/min; D:HCD=1:1; 150¢g 8.75 2.505 Hard 20.2 48.6
7.143 ml/min; D:HCD=1:2; 150¢g 8.80 2.955 Hard 18.8 60.4
6.757 ml/min; HCD; 150 g 9.09 3.575 Hard 17.8 76.1

Note: D — dolomite with the grain-size beneath 4 mm; HCD — half-calcined dolomite with the grain-size beneath § mm
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Table 19 demonstrates that at the water flow of ca
7 ml/min. with application of dolomite, the water hard-
ness increased to 1.375 mmol/l (medium hard water)
with slightly increased Ca content (27.3 mg/l) and for-
mer value of Mg (16.9 mg/l) in comparison to input wa-
ter 11. The increasing to the HCD share in the mixture
with dolomite, there as a rule increases the water hardness,
so at the dolomite to HCD ratio 2 : 1 the water is medium
hard (2.270 mmol/l), at other ratios and at pure HCD the
water is hard (the water hardness increases from 2.505 to
3.575 mmol/l). The contents of Ca with increasing share of
HCD in the mixture lower to values from 21.6 to 17.8 mg/1,
while the Mg contents significally increase from 42.1 to
76.1 mg/l in relation to input water 11.

Obtained results of static and dynamic mineralization of
the water samples with designation 6 and // in laboratory
conditions demonstrate that kinematics of the water mi-
neralization process depends of the water flow, resp. its du-
ration, on water temperature, input contents of Ca and Mg
in the water, grain-size and the amount of added dolomite
and HCD mixture in kg/m?® of the water and their mutual
relationship.

Conclusion

The laboratory tests of mineralization of the water in
static and dynamic conditions at atmospheric pressure of
CO, with various carbonatic rocks (dolomite, limestone,
magnesite), as well as HCD, have manifested that there
is possible significant increase of the content of Ca and
Mg in the water to values fulfilling or even overreaching
the values stated by the Regulation of the Government of
Slovak Republic No. 354/2010 Coll. as amended by the
Regulation of the Government of the SR No. 496/2010
Coll. for drinking water. The highest enrichment was ob-
tained using HCD and it related to magnesium increase.
However, the HCD application caused the decrease of the
Ca content. Therefore, the limestone or dolomite must
be also used. For water mineralization in home wells we
recommend using a mixture of limestone and HCD, while
the HCD content in the mixture should be about 30 %. No
significant differences were found from the point of view
of the grain-size of the carbonate rock used. The Ca and
Mg contents increase with longer duration of mineraliza-
tion process. The recommended amount of added rock is
from 20 to 100 kg.m™ of the water.

The controlled addition of carbon dioxide to waters
with deeply deficient calcium and magnesium contents
when using dolomite (or half-calcined dolomite) at the
amount of 20 kg/m? causes a significant increase in the
hardness and Ca and Mg concentrations in a relatively
short time (up to 5 minutes) in mineralized water up to
/ above the recommended values according to the valid
legislation.
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Zvysenie kvality pitnej vody pridanim karbonatovych hornin do nizko
mineralizovanej podzemnej vody: navrh rieSenia pre okres Krupina

V ramci rieSenia projektov GEOHEALTH (www.geolo-
gy.sk/geohealth) a LIFE FOR KRUPINA (www.geology.
sk/lifeforkrupina) sa zistilo, Ze zdravotny stav obyvatelov
Slovenskej republiky okresu Krupina je jeden z najnepriaz-
nivejSich v ramci celej Slovenskej republiky. Prejavuje sa to
hlavne zvysenou imrtnostou na kardiovaskularne a onkolo-
gické ochorenia. Zvysenu umrtnost’ spdsobuje hlavne nizko
mineralizovand podzemna voda s nizkym obsahom vapnika
a horcika, pouzivand na zdsobovanie obyvatel'ov okresu Kru-
pina pitnou vodou (Rapant et al., 2015, 2017). Obsah tychto
dvoch dolezitych prvkov sa vécSinou pohybuje na urovni
odporucanej hodnoty v NV €. 8/2016, NV ¢. 496/2010 a NV
¢. 354/2006 pre pitna vodu, ale Casto je aj nizsi ako odporu-
cané hodnoty. Hlavnym cielom realizovaného laboratorneho
vyskumu bolo navrhnat’ optimalnu skladbu karbonatickych
hornin, ktoré by boli ¢o najvhodnejsie, ich optimalnu zrni-
tost’, potrebné mnozstvo a trvanie mineralizacného procesu
s cielom zvysit' obsah Ca a Mg ich pridavanim do nizko
mineralizovanej vody v individualnych domovych studniach
v okrese Krupina.

V prispevku su uvedené vysledky mineralizacie jednej
vzorky modelovej vody a dvoch vzoriek realnych vod zo studni
(vzorky 6 a 11) z okresu Krupina pri beznom parcialnom tlaku
vzduchu (CO,~ 0,03 obj. %) a pri zvySenej koncentrécii CO,
vo vode v laboratornych statickych (neprietokovych) a dyna-
mickych (prietokovych) podmienkach s pouzitim karbonatic-
kych hornin (dolomit, magnezit, vapenec) a polovypalené¢ho
dolomitu (PVD) v mnozstve 10, 20 a 100 kg na 1 m* vody pri
trvani procesu mineralizacie 1, 2 a 4 hodiny. Metodika mi-
neralizacie vody bola v prvom $tadiu overena na modelovej
(destilovanej) vode aplikdciou dolomitu, magnezitu a va-
penca priddvanych samostatne. Néasledne v druhom $tadiu
vyskumu boli aplikované dolomit a PVD na dvoch realnych
vzorkach vody zo studni v okrese Krupina, a to samostatne
aj v roznych kombinaciach, v statickych (neprietokovych) aj
dynamickych (prietokovych) podmienkach.

Po mineralizacii modelovej vody (vel'mi mikka — destilo-
vana — voda s obsahom Ca 2,21 mg . I'" a Mg 1,34 mg . I'!)
v trvani jednej hodiny dolomitom, magnezitom a vipencom
samostatne v mnozstve 20 kg na 1 m?® vody pri pésobeni atmo-
sférického CO, sa dosiahlo len malé zvySenie kvalitativnych
ukazovatel'ov mineralizovanej vody. Dosiahnuté hodnoty tvr-
dosti vody boli v rozmedzi 0,315 az 0,405 mmol . I"" (vel'mi
mikka voda) s obsahom Ca v rozmedzi 6,62 az 10,22 mg . 1!,
resp. Mg s obsahom v rozmedzi 1,94 az 5,84 mg . I". Tym
sa vSak nedosiahli odporuc¢ané hodnoty (OH) podl'a platnych
legislativnych predpisov (nariadenia vlady ¢. 8/2016 Z. z.,
496/2010 Z. z. a 354/2006 Z. z.). Vel'mi mikkt vodu — mode-
lovii vodu — bolo mozné efektivne mineralizovat’ v pomerne
kratkom case (do 5 mintt) pouzitim dolomitu v mnozstve
20 kg na 1 m* vody so sticasnym riadenym davkovanim CO,
(zvySenie koncentracie CO, v upravovanej vode). Pri tom sa
dosiahla tvrdost’ vody 3,51 mmol . I"! (tvrda voda) s obsahom
Ca353mg.l'aMg639mg. 1"
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Najpriaznivejsie vysledky po statickej mineralizacii real-
nej vody vo vztahu k vstupnej vzorke — vzorka vody ¢. 6 zo
studne na lokalite Kilazova dolina — s obsahom Mg niz§im
ako OH v laboratornych podmienkach (CO,~ 0,03 obj. %)
boli dosiahnuté pouzitim dolomitu so zrnitostou mensou ako
4 mm (10, 20 a 100 kg na 1 m® vody) pri trvani mineralizacie
1, 2 a 4 hodiny, pricom obsah Ca bol od 36,3 do 46,1 mg . I'!
aMgod 11,3 do 14,8 mg . I'". Vynimkou bola aplikacia dolo-
mitu v mnozstve 10 kg na 1 m® vody v trvani jednej hodiny
(obsah Mg vo vode bol nizsi ako OH). Pri dynamickych pod-
mienkach mineralizacie vzorky vody ¢. 6 aplikaciou dolomitu
sa zvysila tvrdost’ mineralizovanej vody na 1,48 mmol . |
(stredne tvrda voda) so zvySenym obsahom Ca 35,7 mg . I'!
a Mg 14,3 mg . I'! oproti hodnotam vo vstupnej vzorke vody
¢ 6.

Zvyseny obsah vapnika (vyssi ako OH), resp. odportacany
obsah Mg v skimanej vode oproti vstupnej vzorke — vzorka
vody ¢. 11 zo studne na lokalite Hontianske Nemce — s obsa-
hom Ca nizsim ako OH bol po statickej mineralizacii v la-
boratornych podmienkach (CO, ~ 0,03 obj. %) dosiahnuty
pri vSetkych mnoZzstvdch dolomitu so zrnitostou menSou
ako 4 mm a pri vSetkych Casoch trvania mineralizacie. Ob-
sah Ca bol od 30,7 do 39,9 mg . I"' a obsah Mg od 10,9 do
18,1 mg . I', pricom obsah Ca s rasticim mnozstvom do-
lomitu sa postupne zvySoval. Pri dynamickych podmienkach
mineralizacie vzorky vody ¢. 11 aplikaciou dolomitu sa vo
vztahu k vstupnej vzorke zvysila tvrdost mineralizovanej
vody na 1,375 mmol . I! (stredne tvrda voda) s nepatrne zvy-
Senym obsahom Ca na 27,3 mg . I"! a pévodnou hodnotou Mg
16,9 mg. 1.

Po zhrnuti vysledkov laboratérnych skusok mineralizacie
skimanych vzoriek vody pri atmosférickom tlaku vzduchu
(0,03 obj. % CO,) sa ukazuje, ze pokial’ bude obsah Ca vo
vode okolo20az30mg.1"'a Mg5az 10 mg. I}, potom na do-
siahnutie odportéanych hodnét (Ca viac ako 30 mg . I'' a Mg
od 10 do 30 mg . I'! v zmysle NV &. 8/2016 Z. z., 496/2010
Z. z.a354/2006 Z. z.) po jej mineralizacii zmesou dolomitu
a PVD je potrebné zastipenie PVD v tejto zmesi minimal-
ne 25 az 30 % pri celkovom mnoZstve v rozmedzi od 20 do
100 kg na 1 m® vody. Zavisi to predovsetkym od jej prieto-
ku (trvania mineralizicie) a teploty. Cim bude teplota vody
vyssia a prietok vody nizsi (trvanie mineralizacie dlhsie), tym
budu vysledky jej mineralizacie priaznivejsie.

Riadena dotacia oxidu uhli¢ittho do vody s hlboko
podlimitnym obsahom vapnika a hor¢ika pri pouZiti dolomitu
(pripadne PVD) v mnozstve 20 kg na 1 m® vody spOsobi
v pomerne kratkom case (do 5 minut) podstatné zvysenie jej
tvrdosti a koncentracie Ca a Mg v takto mineralizovanej vode
az na odportacané alebo vyssie hodnoty podla platnych pred-
pisov a noriem.
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