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COVER: Generalized map in the middle presents covered volcanic centers of the Dunaj volcanics in the Dunaj Basin and outcropped
volcanics of the Burda Mts, Borzsdny stratovolcano, as well as volcanics of the areas of Visegrad and Central-Slovakia volcanic field
(authorship of the map: L. Simon). Photograph on the upper left side shows andesite megablock from the breccia of redeposited pyroclastics
in the Skalka locality. Photograph on the left down side taken from the apical part of the Burda Mts in the Burdov locality shows the slope of
this mountain range, the Danube river and Visegrad volcanics at the background. Right up is displayed the rock cliff of submarine breccia
flow present in Kovacov locality and right down the rock cliff of pumice flow in locality of Ipelské prielohy. Author of all photographs is
L. Simon. The topic of volcanic activity in the Burda Mts is treated in this issue in article by Simon et al. on pp. 117-132.

OBALKA: Generalizovana mapa v strede znazorfiuje zakryté vulkanické centra dunajskych vulkanitov v Dunajskej panve a odkryté
vulkanity pohoria Burda, stratovulkanu Bérzsény, vy$ehradskych vulkanitov a stredoslovenskych vulkanitov (autor mapy je L. Simon).
Vlavo hore na fotografii je megablok andezitu z brekcie redeponovanych pyroklastik na lokalite Skalka. Viavo dole je fotografia z vrcholovej
Casti pohoria Burda na lokalite Burdov znazorfiujuca pohlad na svah tohto pohoria, rieku Dunaj a na vySehradské vulkanity v pozadi.
Vpravo hore na fotografii je skalné bralo submarinného brekciovitého pridu na lokalite Kova¢ov. Vpravo dole je skalné bralo pemzového
pyroklastického pradu na lokalite Ipelské prielohy (autor fotografii je L. Simon). Problematikou neogénneho vulkanizmu pohoria Burda sa
zaobera ¢lanok autorov Simon et al. v tomto &isle Gasopisu na s. 117 — 132.
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Neo-Alpine uplift and subsidence zones
in the Western Carpathians: Product of kinematic activity
on Cenozoic AnD3 (NW-SE and NE-SW)
and AnD4 (E-W — subequatorial and N-S — submeridian)
regional faults

ZOLTAN NEMETH!, JURAJ MAGLAY'!, CUBOMIR PETRO!, MARIAN STERCZ!, DANIEL GREGA!,
ONDREJ PELECH!' and LUDOVIT GAAL?
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Slovak Republic; zoltan.nemeth@geology.sk
“State Nature Conservancy of the Slovak Republic, Slovak Caves Administration,
Hodzova 11, SK-031 01 Liptovsky Mikulas, Slovakia

Abstract: Article presents the role of disjunctive (brittle and brittle-ductile) regional faults of two Cenozoic
Neo-Alpine orogenic phases in the Western Carpathians: The AnD3 phase, producing conjugate systems of NW-
SE (dominantly dextral shearing) as well as NE-SW (dominantly sinistral shearing), and younger AnD4 phase
manifested with regional faults of subequatorial (E-W) and submeridian (N-S) courses (with dominantly uplift
and subsidence kinematics). The disintegration of upper crust by kinematic activity on both (AnD3 and AnD4)
fault systems produces the origin of block-shaped setting with lateral offsets, eventual rotation (in AnD3), as well
as mutual uplifts or subsidences (in AnD4) of individual blocks. This tectonic setting represents the most striking
morphological feature at the end of Cenozoic Neo-Alpine orogenic cycle, frequently overprinting or re-activating
older tectonic structures.

Article provides an interpretation that parallel with the applied global stress field, the AnD4 subequatorial (E-W)
and submeridian (N-S) coursing faults can originate also by merging of individual segments of synthetic (oriented
N-S) and antithetic (oriented E-W) megashears between parallel AnD3 shear faults of both systems (NW-SE or
NE-SW). Merging of individual segments of antithetic shears arranged naturally in one line creates a predispo-
sition for the origin of equatorial (E-W) trending faults, while merging of synthetic segments produces meridian
(N-S) trending faults, both being principal in later AnD4 phase.

Key words: XD labelling, AnD3 shear zones trending NW-SE and NE-SW, AnD4 regional faults of E-W (equa-
torial) and N-S (meridian) trend, overprinting relations, structural research, dilatometric research, Western Car-

pathians

OVERPRINTING RELATIONS!

-«—»\\\

|+AnD4 |

= UNROOFING SUBHORIZONTAL Young equatorial and n?eridi.al fault.s with
s SHEARING pure shear and vertical kinematics
> N
w
= A
f \_“benik-Margecany 1 ne
<
&

g.. Dobsina ’ Gemericum
= <
o | [ [an03 |

AnD4

<
L N0
Introduction

The youngest faults in the Western Carpathians, being
the topic of this treatise, have dominant subequatorial and
submeridian directions. Some cases demonstrate that they
are (A) coeval with faults of conjugate NW-SE and NE-SW
oriented fault systems, in other cases (B) the overprinting
relations demonstrate that faults of diagonal conjugate

Highlights
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* Combined effect of activity on simple shear NW-SE
and NE-SW trending faults (shear zones) of Cenozo-
ic AnD3 phase and regional faults of subequatorial
(E-W) and submeridian (N-S) courses of AnD4 phase
produces the block-shaped disintegration of the ter-
ritory of W. Carpathians with lateral offsets / uplift /
subsidence of individual rock blocks, being reflected
in morphology;

» There is indicated the role of equatorial and meridian
trending faults in XD4 terminating phase of any oroge-
nic cycle (expressed by the XD labelling method) for
the new riftogenesis in X*'D0 phase of new orogenic
cycle.

systems are moderately older. Nevertheless, observer must
still have in mind that besides geodynamic reasons for
establishing / development / location of new fault(s) an
important role is played also by structural predisposition —
existence of older generation faults, thrust planes, old fold
limbs, bedding planes, etc.

To simplify the designation of relative time succession
of origin of geological structures, but especially the origin
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Fig. 1. The XD labeled sequence of orogenic phases within an
orogenic cycle in upside down ordering. Blue rectangles high-
light the youngest — Neo-Alpine AnD3 and AnD4 orogenic pha-
ses / geodynamic events with related lithotectonic units and ge-
nerated structures in the Western Carpathins. Scheme is taken
from Németh (2021; reproduced with permission).

of lithotectonic units, as the elements for any geological-
geodynamic thoughts, a new concept of XD labelling was
presently defined (Németh, 2021). This concept is based
fully on plate tectonic principles of orogenic cycles and
their orogenic phases (Fig. 1).

The methodology of XD labelling has universal
application for present, but also past orogenic cycles
world-wide. Each orogenic (Wilson) cycle — in the W.
Carpathians they are dominantly Variscan (letter X is
replaced by abbreviaton V), Paleo-Alpine (Ap) and Neo-
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Alpine (An) cycles, consisting of the same sequence
of orogenic phases: XDO0 — rifting (divergence), XD1 —
convergence consisting of subduction (a), obduction (b),
collision (c); XD2 — post-collisional overheating, active
metamorphic core complex origin, uplift of collisional
zone and related unroofing, XD3 — subhorizontal shearing
and XD4 — subequatorial and submeridional faulting.
The XD3 and XD4 phases represent the post-collisional
stress adaptation / absorption within the crust. The
genesis of XD3 and XD4 structures, their kinematics and
products are the topic of this case study from the territory
of Western Carpathians. In Fig. 1 they are highlighted
by blue rectangles. The concept of XD labelling (l.c.)
was defined in the Western Carpathians, representing
symmetric moderately concave bended segment of the
Alpine-Carpathian-Himalayan belt. Individual phases of
three orogenic cycles are clearly visible here and were
scientifically proved.

Within lithospheric plates, old cratonized regions, but
also those regions, where the particular orogenic (Wilson)
cycle is just terminated by levelling (peneplenization) of
morphology, are built of fault bounded blocks, consisting
of rock sequences / lithotectonic units. Owing to still acting
stress field, the mutual displacement of individual blocks
is represented either by lateral offsets and eventual rotation
(dominantly in XD3), uplift or subsidence (dominantly in
XD4) or their combination. Our present treatise aims to
describe in time sequence the role of horizontal and vertical
displacement along faults in the Western Carpathians
as an example of polyorogenic belt within the Alpine-
Carpathian-Himalayan zone. Despite, the primary driving
forces for these displacements — the mantle convection
currents and mantle plumes — are mentioned in this treatise
only marginally, being a topic of our further publication
(Németh, in print).

In polyorogenic terranes, consisting of a sequence
of several orogenic (Wilson) cycles and their orogenic
phases, the observer must give a special attention
on ductile, brittle-ductile and brittle structural signs,
indicating the evolution from higher grade to low grade
tectonometamorphic overprints of relevant lithology, or
generating these overprints / structures in still shallower
crustal levels. Because present study deals with Neo-
Alpine (Cenozoic) AnD3 and AnD4 shearing and faulting,
it describes relatively “colder” structures, originating
at brittle and brittle-ductile conditions and in relatively
shallow crustal levels.

From the historical retrospective, the scientific dispute
on the dominance of subvertical vs. subhorizontal move-
ments in geodynamic processes has a long time tradition,
in individual periods preferring either first or second alter-
native. The dominantly vertical kinematics was preferred
by Neptunists with the main protagonist of A. G. Werner
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(1749-1817) and parallel with Plutonists with A. L. Moro
(1687—-1764), but mainly J. Hutton (1726-1797) as the
first protagonists. Later the geosynclinal concept of oro-
genesis based on isostatic uplift was compiled by James
Hall (1811-1898) and James Dwight Dana (1813-1895).
Vertical movements at mountain building and sedimentary
basins development were principal in this first period of
orogenic considerations. Nearly two centuries later, the
global geodynamics started to account the subhorizontal
displacements at mountain building, based on concept of
continental drift, popularized by A. L. Wegener (1880—
1930), though not generally accepted until the 1950s. The
Wegener’s concept of centrifugal forces as driving ones
for the displacement of continents on the Earth’s surface
has failed, revealing their insufficiency for this (e.g. by P.
S. Epstein, 1883—-1966). The research during later period,
based mainly on paleomagnetic results has contributed
greatly to postulating a new concept of plate tectonics.
Among tens of leading researchers, the important recog-
nition deserves J. T. Wilson (1908-1993), contributing to
concept of orogenic cycles, presently successfully explain-
ing majority of geodynamic processes on the Earth. This
short retrospective aims to highlight that the concept of
each protagonist has its own justification and logic, based
on that time available knowledge, observation results and
data. Also the research of Western Carpathians has ex-
perienced a period with dominating vertical movements
in interpretation of mountain building (orogenesis; XD4
in present day expression) and period with dominating
nappe displacement kinematics (presently XD1bc). De-
spite, none of them has counted the role of subhorizontal
displacements along shear zones (presently XD3). Hence
— available parts of mosaic are building a time relevant
concept, which still better describes the processes and their
products in the real nature.

Used research methodology and state of present
knowledge

Research consisted of (1) field geological mapping and
study of affiliation of rock sequences / lithotectonic units to
individual phases of orogenic cycles based on evolutionary
criteria in the Western Carpathians. This article deals with
the youngest — AnD3 and AnD4 phases of Cenozoic Neo-
Alpine orogenic cycle, characteristic with brittle to brittle-
ductile deformation, so the structural inventory of earlier
Variscan and Paleo-Alpine cycles, as well as Neo-Alpine
AnD12 phases are treated here only partially.

The research was accompanied with (2) structural /
tectonic research, revealing the overprinting relations and
displacement kinematics of individual rock sequences,
rock blocks and sensu lato lithotectonic units. Regional
scale geological mapping and tectonic research have
benefitted also from (3) earlier regional geologic, tectonic
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and petrologic studies from the W. Carpathians published
by numerous other referred researchers.

Registering overprinting relations at outcrop scale
represents the most important part of structural research,
aiming to clearly decipher the succession of the origin
of individual structures (folds, reverse or normal faults,
strike slip faults, etc.). Revealing and understanding
this succession provides the principal information about
geological / tectonic evolution of the region.

In this paper, the results of recent 3D micromove-
ments monitoring on neotectonic AnD34 faults using
the TM-71 devices (Fig. 2; cf. Petro et al., 2004) are pre-
sented from two measuring sites — the Hodrusa-Hamre
(the All Saints’ mine adit) and Ipel’ (Izabela adit; Fig. 8).
The idea of creating a network of measuring stations on
tectonic faults in Europe or in a global scale was created
on the basis of the international project COST 625 3-D
monitoring of active tectonic structures established at the
beginning of 2000. Altogether 29 monitoring stations with
3D monitoring devices TM-71 were built on the territory
of the Slovak Republic. They are currently under the scope
of the EU TecNet project (Briestensky et al., 2018, a.o.),
and 6 locations of them are managed by the State Geo-
logical Institute of Dionyz Star within the project Partial
monitoring system of geological factors of the environ-
ment, Subsystem 02: Tectonic and seismic activity of the
territory (Petro et al., 2022). Measurements have been
carried out at some of these locations for more than two
decades, which makes it possible to characterize dynamic
phenomena on these monitored tectonic discontinuities
with relatively high relevance.

Fig. 2. Mechanical-optical dilatometer of TM-71 type.

The principle of the TM-71 dilatometer (Fig. 2) is
based on optical-mechanical interference, i.c. the creation
of moiré structures, visible between two glass tables
with a special optical grid (Kost'ak, 1969). The shape of
the moiré pattern has the character of a group of radially
arranged stripes, the number and geometry of which
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corresponds to the mutual eccentric displacement of the
plates with the optical gratings. The measured values are
usually read manually (with the help of a digital camera),
but currently, devices with an additional equipment for
automatic scanning of optical grids, including a control
unit and a data logger, are installed at

dominant northern vergency of Alpine (Paleo-Alpine ApD
and Neo-Alpine AnD) tectonic imbrication and nappe
stacking (cf. Plasienka et al., 1997; Putis§ et al., 2009, 2021,
2023), despite having incorporated also southern vergency
tectonic structures of earlier Variscan (VD) evolution.

several locations around the world. B\ & =%
The device can measure very slow A ff:
displacements, i.e. < 0.01 mm and 2 3
rotation 0.01 gr. The measurements 2 5 )
are carried out in two planes  F Fig. 9 D=
perpendicular to each other, so that B \)‘:\\\ Fig. 9 ABC 3 ?%
the mutual spatial movement (3D) o~ &2 o . = -
of both monitored blocks can be \Nao-" .\5\) y 0\) P ;J-’: \N..‘
detected by calculations. EWECA P < ‘a\f\\ o — = I
Brief description of geological and »\0\&\0 N, - '_ ‘V
tectonic setting of the Western Car- IWEC e !
pathians ATISAGA <
Arcued elongated orogenic belt of 7 'é_‘c‘é
the Western Carpathians is a segment ) ApD1 suturel- Fig. 6 m%—;
of Alpine-Carpathian-Himalayan zone. Fia 10 = )
W. Carpathians are characteristic with 2 Sk =

Fig. 3. General tectonic structure of Western Carpathians: A — emphasizing the role of three orogenic (Wilson) cycles producing a.o.
three suture zones (Variscan — VD1 — marked light green, Paleo-Alpine — ApD1 — light blue and Neo-Alpine — AnD1 — dark blue),
and B — extreme number of disjunctive structures contributing to present block setting with several levels of uplifts and subsidences.
Part B highlights only the AnD34 structures — AnD3 NW-SE trending dominantly dextral faults (visualized with dark brown colour),
NE-SW dominantly sinistral faults (orange colour) and the youngest AnD4 E-W trending faults (red colour). and N-S trending faults
(blue colour). AnD4 faults manifest mainly pure shear kinematics and contribute to uplifts and subsidences in combination with earlier
AnD3 faults, contributing by simple shear type transpression and transtension. The way how conjugate NW-SE and NE-SW faults can
contribute to origin of E-W and N-S faults, in numerous cases representing joint segments of synthetic and antitethic segments of faults
of conjugate system, are explained in the text and pale yellow rectangle in Figs. 7 and 10. Basemap of A: Asch (ed., 2007) — IGME
5000, magnified segment of W. Carpahtians is reproduced with permission), basemap of B: Bezék (ed., 2004) — Tectonic map of Slovak

Republic (slightly modified with highlighted AnD23 faults).
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The division of the Western Carpathians to Outer, Cen-
tral and Inner W. Carpathians, dominantly used in the past
(e.g. Mahel, 1986), is presently simplified by division to
Outer (External - EWECA) and Inner (Internal — IWECA)
W. Carpathians (cf. Hok et al., 2019), better distinguishing
units with dominant Neo-Alpine (Cenozoic) vs. dominant
Paleo-Alpine / Variscan (Mesozoic / Paleozoic) evolution.
The dividing line between External and Internal W. Car-
pathians is formed by the Klippen Belt.

Internal Western Carpathian (IWECA) belt

The Paleo-Alpine setting consists of following main
lithotectonic units with northern general vergency of
thrusting and nappe displacement: Tatric-Fatric, Veporic
and Gemeric units (all three represent so-called basement
nappes), Meliatic (Borka nappe), Turnaic (Tornaic) and
Silicic units (representing the superficial nappes; cf. Fig.
3A). From the space between Tatric and Veporic units the
Fatric Unit (Krizna nappe) was derived and from the space
between Veporic and Gemeric units it was the Hronic Unit
(Choc nappe).

The Tatric Unit (Tatricum; probable equivalent of
Lower Austroalpine Unit of the Eastern Alps) — crops
out in the W. Carpathian core mountains and consists
of Variscan medium to high-grade metamorphic rocks
(schistose gneisses with sporadic HP metamorphics and
granitoids). The primary cover of Tatricum starts with
Upper Paleozoic / Lower Triassic clastics, being followed
by Middle Triassic carbonates. The Tatricum represents
the lowermost unit of Internal Carpathians. In the present
north-vergent ApD tectonic setting the Tatric tectonic
underlier is unknown, and tectonic flat-lying nappe overlier
is represented by Fatricum, containing sedimentary
sequences corresponding with that of Tatric cover.

The Veporic Unit (Veporicum), similarly like Tatric
Unit, comprises of Variscan crystalline basement and
Upper Paleozoic / Mesozoic cover. The Alpine evolution
zone between Veporic and Gemeric units is interpreted to
be the homeland of Hronic Unit (Hronicum) consisting of
Carboniferous-Permian volcanosedimentary formations.

The Gemeric Unit (Gemericum) as the uppermost
Paleo-Alpine ApD basement nappe, has well preserved
Lower Paleozoic volcano-sedimentary sequences of
Variscan VDO riftogenous phase (cf. Grecula, 1982;
Radvanec et al., 2017), as well as — in Northern-Gemeric
rim — well preserved VD1 suture zone, including also HP
and UHP blocks subducted and exhumed from Variscan
subduction zone and VD 1b exhumed / obducted southward
on Variscan passive margin sequences (Radvanec &
Németh, 2018). The Gemeric Upper Paleozoic / Mesozoic
cover sequences are bearing superficial nappes of Meliatic
Unit (Meliaticum; Borka nappe), Turnaic and Silicic units.
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External Western Carpathian (EWECA) belt

This belt is a product of Upper Cretaceous-Cenozoic
Neo-Alpine AnD evolution. External Carpathian Flysch
belt consists of Cenozoic rootless nappes thrust over the
North-European platform. The flysch-like Mesozoic and
Paleogene formations predominate. The Magura group
of nappes (Unit) consists mainly of Paleogene flysch
formations with prevailing sandstones. These are AnD1
thrust northward over the Krosno Unit of Flysch Belt, built
of prevailing variegated claystones.

The Klippen Belt (Oravic Unit; cf. Hok et al., 2019,
p- 39 ibid.; Fig. 3A). represented in Neo-Alpine AnDO
evolution the Czorsztyn ridge — hypothetical continental
ribbon, separated from the European Platform on the north
by oceanic domain of the Northern Penninicum (Magura
Ocean) and from the Internal Western Carpathians by the
oceanic domain of the Southern Penninicum (Plasienka,
2012; Plasienka & Sotak, 2015).

Above described multiple nappe and thrust setting
was overprinted by AnD34 shearing and faulting, being
described in more details in present treatise.

Origin and role of AnD3 and AnD4 phases in present
morphology of W. Carpathians

In the Western Carpathians, the existence and role
of conjugate system of shear zones of generally NE-SW
“Western Carpathian direction” and NW-SE “Eastern
Carpathian direction” (AnD3 in our present classification)
was firstly discovered by Grecula et al. (1990; Fig. 4),
owing to extended regional research in the Gemeric Unit
(red colour rectangle in Fig. 3A). Referred research has
implemented generally N-S trending profiles in mutual
distance of 1 km with application of detail geophysical
profiling and soil metallometry, including detail (scale
1 : 10 000) field geological mapping, so the offsets and
partial rotation of individual rock strips, but also e.g. ore
veins courses, were clearly observable. Even then it was
clear mainly from morphology and map view that the
youngest structures, usually segmenting the course of
shear zones, are represented by N-S and E-W trending
(AnD4) faults.

Detail of relations of Cenozoic Neo-Alpine AnD3
and AnD4 faults, overprinting older Variscan, or even
Paleo-Alpne setting are shown in Fig. 5, being focused
on Eastern Gemeric course of Variscan suture zone in the
area of KoSicka Bela and Nizny Klatov municipalities.
It is generally valid that NW-SE trending AnD3 faults
are preferable developed on older VD12 and ApDI12
discontinuities (former reverse and normal faults). The
NE-SW trending AnD3 faults are characterized by the
kinematics of transform faults, originating during the
arc-bending, transforming the original zonal setting. Both
AnD3 systems are further cut by AnD4 submeridian and
subequatorial faults.
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Fig. 4. Schematic visualization of shear zones of Gemericum (Grecula et al., 1990; published with permission), representing the mi-
lestone in understanding of the role of Cenozoic Alpine faulting in the territory of the Internal Western Carpathians. RSZ — the Rejdova
shear zone, DSZ — the Dobsina shear zone, KMSZ — the KoSice-Margecany shear zone, TGSZ — the Transgemeric shear zone, HSZ —
the Hodkovce shear zone; 1 — course of lithological units, 2 — nappes, 3 — Alpine rejuvenated older generation shear zanes, 4 — principal
Alpine shear zones, 5 — shear zones of lower order, 6 — faults with a pure shear character (the youngest ones).

Variscan (Paleozoic) tectogenesis

VD12rot

Paleo-Alpine and Cenozoic Neo-Alpine) tectogenesis
ApD2 AnD3 AnD4

Fig. 5. General tectonic situation in eastern part of Variscan Rakovec su-
ture zone between villages of Nizny Klatov and Kosicka Beld. with position
and role of Cenozoic AnD34 discontinuities, partly copying older VD12 and
ApDI12 setting (with NW-SE trending AnD3) structures. Basemap by Gre-
cula and Kobulsky (eds., 2009; reproduced with permission), having added
marks of structural research. B — Visualization of results of structural re-
search in the region A by Németh et al. (2017). The blue rectangle shows ori-
entation of young AnD3 and AnD4 planar structures, overprinting (cutting)
older VD and ApD ones. Projection of planar structures in lower hemisphere.
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Fig. 6. Revealed course and dip
of AnD3 cleavage and joints (blue
and red structural marks) and
AnD4 joints (velvet marks, incl.
young E-W trending fracturing in

192\ 82;
eskar \\ N

travertine mounds), distinguished
by their overprinting relations in
outcrops at Dudince municipality,
but also other localities in wider
region around Dudince represent
indications of importance of
synthetic and antithetic mega-
shears between simple shear
faults of both — NW-SE and NE-
SW directions — for the origin
of E-W and N-S trending faults.
These faults originate by merging
of individual segments at their
linear arrangement.

Dudince

Németh (2015, 2016)

Spisska N. Ves
o

-
RS -\:ub,nik-margecany Zone

e, N\AnS

Fig. 7. Interpretation of the origin of AnD4
adits in caves present in magnesite bodies
during late Alpine evolution (Németh in
Gaal et al., 2017; reproduced with permis-
sion).

Trends of synthetic and antithetic shears within
NE-SW and NW-SE trending shear zones

poh AN

The role of synthetic and antithetic megashears
between NW-SE and NE-SW trending shear faults for
the origin of N-S and E-W trending faults in the territory
of W. Carpatians was confirmed by Németh (2015, 2016
in Bacova et al., 2017),) performing geological mapping
and structural research at the contact of eastern margin
of Danube basin with Neogene volcanic area (Figs.
6 and 10; for location see dark blue rectangle in Fig.
3A). This kinematics was later confirmed by structural
research attempting to explain the origin of caves in Upper
Paleozoic magnesite bodies present along the contact
zone of Gemeric and Veporic lithotectonic units and
representing relatively rare phenomenon (Fig. 7).
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Displacement along selected faults revealed by dilato-
metry

The comprehensive summary of results from all
dilatometric monitoring sites, including the interpretation
of results, is a topic of another paper (in preparation), so
here we present dilatometric results from two sites only,
located in southern part of Internal W. Carpathians (Fig. 8).

Izabela adit. Ipel’ (N 48°34'2.98"; N 19°42'59.76") —
the place of installation of the device is in the Stolické
vrchy Mts locality in the cadastral territory of the Ipel'sky
Potok village. The surrounding of monitored fault is built
of Paleozoic metamorphic and igneous rocks, belonging
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The role of Cenozoic AnD23 faults in uplifts and subsidences in fault delimited blocks
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Fig. 8. Display of trends of long-term movements on tectonic faults in selected locations: A — the Hodrusa-Hamre (the All Saints’ mine
adit), B — Ipel’ (Izabela adit) in the Western Carpathians with TM-71 installation. Base map indicates uplifts and subsidences of individ-
ual blocks during AnD34 phases, being visualized in diagram below the map. Both, Neotectonic map with slightly modified diagram
are taken after Maglay (ed., 1999; reproduced with permission). Map highlights the courses of NW-SE, NE-SW, E-W and N-S trending
faults (correspondingly with Fig. 3B).

Fig. 9. Morphological examples of AnD4 N-S and E-W trending structures (several of many thousand). A—C — The Nizke Tatry (Low
Tatra) Mts: A — Main ridge on both sides of the Chopok peak (2024 m a.s.l.); B — Subsidiary mountain ridges of Prasiva (1667) and
Bana (1859) peaks branching off from the main (Figs. 6 and 10; and the Litvorova dolina valley between them; C — Rock cliffs of Pusté
(1501) parallel with the main ridge; D — The Vysoké Tatry (High Tatra) Mts — Parallel N-S trending ridges of Klin (2176), Bystra (2248)
and Krivan (2494) peaks; E-H — The East Slovakian segment of Klippen Belt represents prominent AnD3 reactivated NW-SE trending
tectonic zone, being cut by numerous E-W trending faults forming elongated cliffs of this direction: E-F — “The Sleeping Monk” cliffs
south of Kyjov village. Its general E-W course contradicts to NW-SE trending general course of Beskydok (730) ridge as a part of the
Klippen Belt; G — Haligovské skaly cliffs and H — Aksamitova skala partial ridge; G—H — located to N and ENE of Haligovce village
with tectonic situation corresponding to that described at photographs E-F. (Author of all photographs: Z. Németh.)
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111



Mineralia Slovaca, 55, 2 (2023)

to Veporic lithotectonic unit (LTU). The only device,
installed on this site in 2002, is monitoring one of the most
important fault systems of the Western Carpathians running
through the Ipel river valley — the Muran-Malcovce
system (Pospisil et al., 1986; Dvorak et al., 2005) with
its southern part — the Muran-Divin system, consisting of
several parallel NE-SW faults (Pospisil et al., 1989). In the
monitoring period, the vertical component predominates
(89 %) having decreasing character. The direction of the
extensional component of the stress field is NE-SW. The

minor horizontal component, representing only about
11 % of the total movement, has a dextral character, both
altogether representing the steep dextral subsidence of
north-eastern block.

Hodrusa-Hamre (N 48°27'59.58"; N 18°4926.49") —
the TM-71 device was installed in 2005 in the All Saints
mine adit, located in Stiavnické vrchy Mts within the
Hodrusa-Hamre village cadaster. The monitored tectonic
structure penetrates the quartz-diorite porphyry of the
middle part of stratovolcano. Even if the resulting long-
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Fig. 10. Distribution of AnD3 and related AnD4 faults in the wider surrounding of Dudince municipality located in the southern part of
Central Slovakia Neogene Volcanic Field. Base map by Konec¢ny, ed., et al. (1998). Lithology: A — Quaternary and Neogene sequences
undivided; Dominantly in cross-sections: B — Limestones and sediments of the Cho¢ nappe undivided; C — Permian and Triassic cover
of the Northern Veporicum; D — Quartzites and other rocks of Foderata Group undivided; E — Permian sequences of Revuca Group;
D-E — cover of Southern Veporic zone; F — Lower Paleozoic basement rocks of Southern Veporicum undivided. Based on geological
mapping, reambulation and structural research (Németh, 2017) there was revealed an extended net of faults of generally four direc-
tions: AnD3 faults with simple shear kinematics — system trending NE-SW (mainly sinistral shearing; coloured orange) and NW—SE
(dextral; dark brown). Both systems have developed their own antithetic shears (generally E-W — subequatorial direction; red) and
synthetic shears (generally N—S direction; blue) interconnecting individual faults. At linear position of several antithetic or synthetic
fault segments and appropriate regional stress field, individual E-W or N-S segments can join, forming new (AnD4) regional faults
trending E-W or N-S (visualization is in yellow rectangle right down). Course of individual fault systems was proved also by earlier
geophysical research by Linsser method (H), weight boudaries (I) and gB geoelectrical methods (J; Sefara, 1976; Tkagova, 1978 in
Melioris et al., 1986).
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term movement is only a tenth of millimeter, indicating
minor dextral horizontal component of ENE-SWW
direction. The vertical component is a moderate uplift
at the NW-SE oriented compressional component of the
stress field.

Discusion

The research of Cenozoic (Neo-Alpine) regional faults
and shear zones in the Western Carpathians has more than
forty years tradition. In the beginning, their kinematics and
overprinting relations were not fully clear. Owing to high
degree of symmetricity of concave arc bending of the W.
Carpathian belt, this region represented an ideal study area
to find answers to the above-mentioned ambiguities.

Among first visualizations of a dense net of AnD3
and AnD4 faults in the W. Carpathians (expressed in
present XD nomenclature) belong map of photolineations
(Pospisil et al., 1986; Fig. 1 ibid.) and sketch of conjugate
system of shear zones trending generally NW-SE and
NE-SW in the Gemeric region of Internal W. Carpathians
by Grecula et al. (1990; Fig. 3 — copied in this paper). After
these pioneering works, numerous high quality structural
and tectonic researches have been focused on prominent
W. Carpathian NE-SW trending shear faults of Alpine
age, e.g.: Murén fault (cf. Pospisil et al., 1989; Marko,
1993; Geratova et al., 2022), Pohorela line (Hok & Vojtko,
2011), Carpathian Shear Corridor (Marko et al., 2017), but
also regional faults trending NW—SE — Myto-Tisovec fault
(penetrating crystalline basement and Muran plain; Marko
& Vojtko, 2006), Pravno fault (in the Ziar Mts; Fekete &
Vojtko, 2013).

The AnD4 uplift was documented mainly in zones
trending subequatorial, e.g.: Vikartovce zone (Marko et
al., 2010; Vojtko et al., 2011a, b), Kozie chrbty Mts and
the western part of Hornad Depression (Stkalova, 2011),
Spisska Magura and Eastern Tatra Mts (Vojtko et al., 2010)
and the Tatra Mts (Kralikova et al., 2014).

Comprehensive studies about Cenozoic deformation
and stress field, reflected also in genesis of AnD3 and
AnD4 faults, were published by Kova¢ (2000), Kovac &
Plasienka (2002) and Kovac et al. (2002), but also from
the Orava region (Peskova et al., 2009) and the northern
Laborec drainage basin (Vojtko et al., 2012).

Presently the topic of subequatorial and submeridian
trending lineaments based on products of Neogene
volcanism was highlighted by Bacs6 (2023). It is long time
accepted that faults trending N-S and E-W in prevailing
cases cut older AnD3 faults (and all older structures as
well) and therefore represent the youngest discontinuities,
being by us classified as AnD4 generation of faults. Our
present paper highlights again a special genetic concept
explaining the origin of these faults in continental
conditions (earlier presented in Gaal et al., 2017, and
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Bacova et al., 2017), interpreting that faults trending
N-S and E-W can originate at appropriate nearly linear
arrangements of fault segments oriented N—S and E-W
— synthetic and antithetic shears among faults of AnD3
faults trending NW-SE and NE-SW, so faults of both
genetic types are closely interconnected. Merging of fault
segments of the same spatial orientation at an appropriate
linear arrangement requires also appropriate orientation of
the stress field. This topic is included in following treatise.
Within the orogenic cycles, the close interconnection
of XD3 and XD4 intra-plate processes (as shown in the
W. Carpathians — owing to genetic relations of AnD4
faults with AnD3 strike-slip faults), similarly as close
interconnection of earlier XD0, XD1 and XD2 orogenic
phases (rifting — subduction — collision — post-collisional
unroofing, presented by XD labelling methodology in our
other treatises, e.g. Németh, 2021, 2024 — in print) show
meaningfulness of the use of the principle of orogenic
(Wilson) cycles at study and description of geologic
(geodynamic, tectonic, metallogenic, etc.) processes.

Conclusion

This article deals with the youngest — AnD3 and
AnD4 phases of Cenozoic Neo-Alpine orogenic cycle.
The principles stated in this study are valid also for other
orogenic cycles and other territories besides Western
Carpathians, or even besides European continent.

Their role in terminating phase of orogenic cycle (XD4)
and in originating new one (X"'DO0 phase) is indicated. The
role and young ages of systems of N-S / E-W directed faults
with dominating pure shear kinematics are explained owing
to the high level of knowledge concerning the Cenozoic
evolution of the Western Carpathians, encompassing the
results of geological mapping, structural research, but also
dilatometric registration of present faults microkinematics.
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Neoalpinske zény vyzdvihu a poklesu v Zapadnych Karpatoch:
produkt kinematickej aktivity na kenozoickych regionalnych zlomoch smeru
SZ —JV a SV —JZ v orogenetickej fize AnD3 a mladsSich subekvatoridlnych

(V = Z) a submeridiannych (N — S) zlomoch v orogenetickej faze AnD4

Clanok opisuje vertikalne pohyby blokov hornin
v dosledku kinematickej aktivity na regionalnych zlomoch
dvoch kenozoickych neoalpinskych orogenetickych faz
v Zéapadnych Karpatoch, AnD3 a AnD4 (v zmysle novej
geodynamickej klasifikacie litotektonickych jednotiek
a tektonickych struktur, tzv. XD indexovania; Németh,
2021; obr. 1). Pocas orogenetickej fazy AnD3 boli gene-
rované hlavne zlomy parového systému striznych zon,
a to dominantne pravostranné horizontalne posuvné
zlomy smeru SZ — JV a l'avostranné horizontalne posuvné
zlomy smeru SV — JZ. Nasledna orogeneticka faza AnD4,
ktora je v Zapadnych Karpatoch najmladsia, sa prejavo-
vala vznikom regionalnych zlomov subekvatoridlneho
(V — Z) a submeridianneho (S — J) smeru s dominantnou
vertikalnou zlozkou pohybu. Dezintegracia vrchnej kory
kinematickou aktivitou uvedenych (AnD3 a AnD4) zlo-
mov vytvorila v zdpadokarpatskej orogénnej zéone bloko-
vu stavbu v zavere neoalpinskeho orogenetického cyklu
a jednotlivé bloky zaznamenali vzajomny vyzdvihovo-po-
klesovy charakter pohybu. Blokovy vyzdvih ¢i pokles sa
prejavil v morfoldgii izemia a bol d’alej zvyraziiovany
vonkaj$imi geologickymi Cinitel'mi [napr. d’al$im zvyraz-
novanim priebehu horskych hrebenov (obr. 9) ¢i prehlbo-
vanim udoli].

Clanok interpretuje mozny prvopoéiatok genézy zlo-
mov s priebehom v smere S — J a V — Z, charakteristic-
kych pre orogenetickt fazu AnD4. Kinematickou aktivitou
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striznych zon smeru SV —JZ a SZ — JV uZ pocas orogene-
tickej fazy AnD3 sa posunmi v ramci tychto diagonalnych
striznych zon zacali generovat’ tzv. syntetické a antitetické
strihy medzi paralelnymi zlomami. V oboch pripadoch —
v pripade systému smeru SV — JZ aj smeru SZ —JV —mali
synteticke strihy generalnu orientaciu v smere S — J a an-
titetické strihy generalnu orientaciu v smere V — Z. V pri-
pade tektonicky vel'mi exponovaného uzemia vznikala
v orogenetickej faze AnD3 vysoka hustota syntetickych
a antitetickych strihov — segmentov buducich zlomov. Ak
sa takého segmenty vytvorili v linii, reprezentovali oslabe-
nu zénu, z ktorej sa nasledne v orogenetickej faze AnD4
vygenerovali kontinudlne zlomy s priecbehom v smere S —J
alebo V — Z. Vzajomné priestorové vztahy zlomov paro-
vého systému AnD3 a orientédcie stvisiacich syntetickych
a antitetickych strihov zobrazuju diagramy v pravej dolne;j
Casti obr. 7 a 10.
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Neogene volcanics of the Burda mountain range nearby
Sturovo, Slovakia

LADISLAV SIMON, VIERA KOLLAROVA and MONIKA KOVACIKOVA

State Geological Institute of Dionyz Star, Mlynska dolina 1, SK-814 07 Bratislava, Slovakia;
ladislav.simon@geology.sk

Abstract: The Neogene volcanic products of the Burda mountain range nearby Stirovo belong to Burda For-
mation. At the base of the Burda Formation a succession of epiclastic volcanic rocks and pyroclastic rocks of
andesites has developed. In the central part of the formation, the volcanic products associated with the activity of
submarine volcanism of the Badenian age developed. Submarine extrusive volcanic domes of andesites are typical.
In the upper part of the Burda Formation, pyroclastic and epiclastic facies of andesites were formed. Deposits of
pyroclastic flows and redeposited pyroclastics are characterized by the presence of relics of petrified tree trunks,
indicating transport from emergent forest-covered slopes from the higher levels of the volcanic edifice of the
Borzsony Mountains in today’s Hungary. This part of the Burda volcanics represents a transitional volcanic zone

with the Borzsony stratovolcano.

Key words: volcanics, pyroclastic rocks, epiclastic rocks, andesite extrusive dome, Burda Formation
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Introduction

The Burda volcanic mountain range (Mts) near
Starovo is the smallest geomorphological volcanic group
in Slovakia. It is located in southwestern Slovakia, at the
state border with Hungary. Westward Burda Mts border
with the Danube Upland. The southern border is formed
by the bed of the Danube river, which in the Vysehrad
(Visegrad) Gate separates Burda Mts from the Hungarian
Pilis Mts. The eastern border is formed by the Ipel river
bed, which separates Burda Mts from Hungarian Borzsony
Mts. The northwestern part of the mountain range is
bounded by the Bajtava Gate. The maximum length of
the mountain range is 7.5 km and the maximum width is
only 3.5 km. Its highest peak is Plesivec 395 m a.s.l. in
the central part of the Burda Mts. Volcanic rocks of the
Burda Mts are encompassed to Burda Formation (Bezak
et al., 2009). The products of the Burda Formation occur
within the Burda peat block. The heather block is tilted to
the northwest. The flow of the Danube follows the east-
west direction of the fault zone at the southern edge of
the lowland. The rocks of Burda Formation of Badenian
age pass W- to NW-ward to contemporary Bajtava

Highlights
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» Article presents a new map of Neogene volcanic
products in Burda volcanic mountain range, neigh-
bouring with Borzsony and Visegrad volcanic moun-
tains;

Detail field study has contributed to compiling of new
lithostratigraphy of volcanic products included into
new lithostratigraphic column;

Petrified tree trunks in pyroclastic flows indicate
transport from higher levels of the volcanic edifice of
Borzsony stratovolcano.

Formation. The assemblage contains a rich marine fauna
of the Dagenid zone and the nannoplankton community
of the NN-5 zone, corresponding to the Lower Badenian
(Nagy et al., 1998). The uranium (Fe) fission track method
(Repcok, 1978) revealed 15.7 + 1.4 Ma age of andesite
fragment near Kamenica nad Hronom and K/Ar method
15.2 £ 1.2 Ma age of andesite body (Vass et al., 1979).

Methods

The volcanic rocks of the Burda Mts near Sturovo were
mapped by modern methods of volcanological analysis
applying the Garmin GPS map St 62 device, recording
the graphic, audio and photographic field documentation
diary into the Samsung Galaxy N9 device. The field
documentation consisted of more than 150 points, ap-
plying the LocusPro program, which enabled us to
perform accurate online mapping of volcanic products
with digital geolocation. We took 43 samples (Fig. 1)
for further detailed research in the SGUDS laboratories
in Bratislava, encompassing volcanic, lithological,
petrographic, mineralogical and geochemical analyses
(samples Nos. 1284, 1296A, B, 1287A, B, 1290, 1291A,
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B, C, D, E, Fa, b, 1293A, B, s, 1294A, B, C, f, 1296A,
B, 1297A, B, 1298, 1299A, B, s, 1300A, B, C, D,
1303A, B, 1304B, 1305, 1306,1307, 1308, 1310). Thin
sections of the samples were studied by the JENAPOL
optical microscope and photographic documentation of
the samples was done by the Olympus Camedia C5060
digital camera in the SGUDS in Bratislava. Rock-forming
minerals were analyzed by CAMECA SX 100 electron-
probe microanalyzer (EPMA) in the SGUDS laboratory in
Bratislava using 15 kV accelerating voltage, 20 nA beam
current and predominantly 5 pm beam diameter. Analyzed
elements, their measured spectral lines and used standards:
Si Ka — wollastonite, orthoclase; Ti Ko — TiO,; Al Ka —
ALO.; Cr Ka — Cr; Fe Ka — fayalite; Mg Ko — rhodonite;
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Mg Ka — forsterite, MgO; Ca Ka — wollastonite; Ni Ka
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Fig. 1. Location of studied samples from the Burda Mts (com-
piled by Simon, 2022, in Fordinal et al., 2022, 2023).

— Ni; Sr Lo — SrTiO,; Ba Lo~ barite; Na Ko — albite; K
Ka — orthoclase, F Ko — CaF,, CI Ko — NaCl. Whole-rock
major and trace element compositions were obtained in the
SGUDS Geoanalytical laboratories in Spisska Novéa Ves
(samples 1291A, 1291B, 12938, 1294F, 12998, 1304B).

Characteristics of the volcanic rocks of the Burda Mts

Volcanics of the Burda Mts are represented by the Burda
Formation (Fig. 2). At the base of formation, a succession
of andesite epiclastics and pyroclastics are developed.
Rocks in the central part of the formation are products
of Badenian submarine volcanism. Submarine andesite
extrusive domes are typical, having elliptical to isometric
cross-sections with size of up to 220 m. They consist of
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massive andesite with an irregular blocky separation with
a transition to brecciated andesite and up to breccia with
a chaotic orientation of fragments. As a result of gradual
destruction of these volcanic domes, debris-like material
was formed and deposited even outside of its volcanic
center further into space by mass breccia flows, debris
flows and deposition of coarse to blocky breccias. In upper
part of the Burda Fm, facies of pyroclastics and epiclastics
of andesites were formed. Deposits of pyroclastic flows
and lahars are characterized by the presence of relics of
petrified tree trunks, indicating transport from the emergent
forest-covered slopes of the higher levels of the Borzsony
volcanic edifice located in nowadays Hungary. These parts
of the Burda volcanics represent the transitional volcanic
zone of the Borzsony stratovolcano.

At the base of Burda Fm, a succession of andesite
epiclastics and pyroclastics is developed. Upwards there
occurs a succession of facies of epiclastics, pyroclastics
and products of submarine extrusive domes. The Burda
Fm is made up of following facies: epiclastic and pyro-
clastic horizons, epiclastic volcanic sandstones with pum-
ice, epiclastic volcanic sandstones and conglomerates,
epiclastic volcanic sandstones, fine-grained epiclastic
volcanic conglomerates, coarse-grained epiclastic vol-
canic conglomerates, epiclastic volcanic breccias and
conglomerates, epiclastic volcanic breccias, fine- and
coarse-grained redeposited pyroclastics, block ash pyro-
clastic flows, subaqueous breccia flows, chaotic breccias
of redeposited pyroclastics, extrusive breccias of am-
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phibole-pyroxene andesite domes and extrusive domes
of andesites. The horizon of epiclastics and pyroclastics
(Fig. 3A, B, C) represents a succession of volcanoclastic
rocks of volcanosedimentary origin with rare positions of
autochthonous pyroclastic rocks. This material was accu-
mulated in the intervolcanic period, and partly also in the
syneruptive period, when pyroclastic flows and pumice
tuffs were formed. Intervolcanic period is represented by
positions of epiclastic volcanic breccias, conglomerates,
sandstones, but also occasional flows, rapid flushes (hy-
perconcentrated currents), lahars and mudflows, debris
flows and debris avalanches. These epiclastic lithofacies
occur in the transitional to marginal volcanic zone. From
the petrographic point of view, the volcaniclastic mate-
rial consists mainly of andesites, but pyroxene andesites
are also present, and we have also rarely observed rocks
of non-volcanic material and relics of a petrified wood
from the original Badenian forest vegetation. Epiclastic
volcanic sandstones of andesites are characterized by the
presence of autochthonous light porous pumice of angular
to spherical shape. Epiclastic volcanic sandstones occur
mainly in the lower and marginal parts of the Burda Fm
near Kamenica nad Hronom, where epiclastic volcanic
conglomerates are deposited in their immediate vicinity.
Epiclastic volcanic sandstones are predominantly coarse-
grained, fairly well sorted, and occasionally show signs of
stratification. There are also small or minor andesite sheets
or lenticular positions of fine-grained epiclastic volcanic

Fig. 2. Lithostratigraphic table of the Burda Forma-
tion (compiled by Simon, 2023): 1 — epiclastic and
pyroclastic horizon; 2 — epiclastic volcanic sand-
stones with pumice; 3 — epiclastic volcanic sand-
stones and conglomerates; 4 — epiclastic volcanic
sandstones; 5 — extrusive domes of amphibole-py-
roxene andesites; 6 — extrusive breccias of am-
phibole-pyroxene andesite domes; 7 — subaquatic
breccia flows; 8 — block-ash pyroclastic flows;
9 — chaotic breccias of redeposited pyroclastics;
10 — ash-pumice streams; 11 — redeposited coarse-
grained pyroclastics; 12 — redeposited fine-grained
pyroclastics; 13 — epiclastic volcanic breccias and
conglomerates; 14 — epiclastic coarse-grained
volcanic conglomerates; 15 — epiclastic volcanic
breccias; 16 — epiclastic fine-grained volcanic con-
glomerates.

285 m
thick

BURDA FORMATION

conglomerates with isolated blocks of andes-
ites. Light porous pumice can be observed, in-
tergrowing into individual beds. The material
of epiclastic volcanic sandstones is represent-
ed by andesites of dark grey, grey and reddish
brown colors, which was proved petrograph-
ically. Porous pumice stone, predominantly
light grey in colour, has an acidic dacite com-
position. Epiclastic volcanic sandstones with
conglomerates of amphibole-pyroxene andesites occur
together with sandstones especially in the marginal parts
of the Burda Fm near Kamenica nad Hronom municipality.
Epiclastic volcanic conglomerates consist of small
fragments of dark brown, dark or light grey oval or perfectly
oval shaped andesites. Epiclastic volcanic sandstones are
coarse-grained with fragments of light-coloured andesites
that alternate with each other in irregular and occasionally
lenticular positions of relatively well sorted conglomerates
and sandstones of andesite clasts. Epiclastic volcanic
sandstones of andesites occur mainly in the lower and
marginal parts of the Burda Fm in the vicinity of Kamenica
nad Hronom, Bajtava and Lela. Epiclastic volcanic
sandstones are predominantly coarse-grained, moderately
to well sorted and occasionally quite well laminated. Very
rarely, andesite sheets and fragments are present, which
can form simple thread-like beds of small epiclastic
volcanic conglomerates in epiclastic volcanic sandstones.
Epiclastic volcanic sandstones consist of dark and light
grey, as well as dark brown andesites. Small epiclastic
volcanic conglomerates of andesites appear mainly in the
upper and marginal parts of the volcaniclastic complex
of the Burda Fm in the vicinity of the Chlaba site in
Velka dolina valley. Epiclastic volcanic conglomerates of
andesites form positions up to 25 meters thick (Fig. 3D).
Epiclastic volcanic conglomerates (Fig. 3E) contain
andesite fragments having up to 35 cm in size, but also
andesite sheets up to 50 cm in size are rarely present.
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Fig. 3. Morphostructures of volcanogenic rocks in the Burda Mts. A — Submarine debris avalanche. In the rubble avalanche, there is
a bounded layer of autochthonous pyroclastics (above the hammer), which was torn down, deformed and transported after a sudden
volcanic collapse; B — Submarine debris avalanche. Holes are after petrified wood in the debris avalanche. A-B — Kamenica nad
Hronom locality; C — Alternation of submarine pumice and ash flows, Nad Hrdlickou locality; D — Epiclastic volcanic small-boulder
conglomerates, Leliansky les locality; E — Epiclastic volcanic boulder-type conglomerates. Cierna hora locality; F — Epiclastic volcanic
breccias, Leliansky les locality; G — Breccias of redeposited pyroclastics, Kral'ova hora locality; H — Megablock of andesite in breccias
of redeposited pyroclastics, Skalka locality.
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Fig. 4. Morphostructures of volcanogenic rocks in the Burda Mts. A — Block-ash pyroclastic flows, Burdov locality; B — Submarine
breccia flows, Kovacov locality; C — Chaotic breccia of deposits of submarine breccia currents, Nosta, Burda locality; D — Holes after
petrified trees in volcanic clastics, Visnové locality; E — Pumice pyroclastic flow, Ipel'ské prielohy locality; F — Tuff beds, Pod horou
locality; G — Andesite of vertical detachment from an extrusive dome, Chl'aba locality (near Ipel river); H — Fragment of coarse-grained
amphibole-pyroxene andesite with brownish-grey garnet affected by weak argillization and silicification, Cierny vrch locality.
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The andesites have a suboval to perfectly oval shape.
They are dark- and light-grey, grey, dark brown in colour.
Beds of epiclastic volcanic conglomerates are poorly or
moderately well sorted. Observed was inconspicuous or
moderate layering. In some locations, the ungradedness
of the andesite beds can be observed within thick bench-
like beds, representing the deposits of debris flows. The
matrix in epiclastic volcanic conglomerates is medium to
coarse-grained sandy, light grey or greenish grey in colour.
Epiclastic volcanic conglomerates consist of andesites, but
sometimes amphibole-pyroxene andesites with garnet are
also present. Coarse-grained to blocky epiclastic volcanic
conglomerates of andesites occur mainly in the upper
part of the Burda Fm in the vicinity of Kamenica nad
Hronom, Bajtava, Lel'a and Chlaba localities. Epiclastic
volcanic conglomerates form beds up to 20 m thick. They
form successions with interbeds of fine-grained epiclastic
volcanic conglomerates and epiclastic volcanic sandstones.
The size of the andesite fragments is on average up to
55 cm. Positions of conglomerates, containing andesite
boulders up to 95 cm in size, also rarely appear. The
conglomerate matrix is medium to coarse sandy. In the
matrix there are beds of andesites with a solid texture, but
sometimes also with a porous texture, dark grey, grey, dark
brown or reddish in colour.

Epiclastic volcanic breccias to conglomerates of
amphibole-pyroxene andesites (Fig. 3F) occur in the
middle and upper part of the Burda Fm in the vicinity of the
Lela, Bajtava and Chl'aba localities. They form beds thick
up to 15 m. Within the beds, the fragments and sheets of
andesites with a diameter of 1 to 25 cm occur. Rarely, there
occur also interbeds of coarser or finer epiclastic volcanic
breccias and epiclastic volcanic conglomerates, which are
poorly sorted and partly layered. Their matrix is unsorted,
medium to coarse sandy with small fragments of andesites.
Fragments of amphibole-pyroxene andesites have
subangular or even oval shape. Andesites have a cohesive
and porous texture and are from dark- to light-grey, brown,
or reddish-brown in colour. Epiclastic volcanic breccias of
amphibole-pyroxene andesites occur in the middle part of
the Burda Fm in the vicinity of Kamenica nad Hronom and
Leliansky les localities (Fig. 3F).

Epiclastic volcanic breccias form beds up to 20 m
thick. Fragments of andesites up to 75 cm in size are
present in epiclastic volcanic breccias. Andesites are
mostly angular and subangular in shape, but occasionally
suboval andesites are also present. Andesites are grey, dark
grey, brown or brown-red in colour. Epiclastic volcanic
breccias are poorly sorted and poorly bedded. The matrix
in them is unsorted, coarsely sandy with small fragments
of integral grey andesites. Petrographic study confirms
andesite composition of epiclastic volcanic breccias. Small
redeposited pyroclastics (Fig. 3G) appear in the complex
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of volcanic clastics of the Burda Fm in the vicinity of the
Chrlaba, Bajtava and Kamenica nad Hronom localities.

Redeposited pyroclastics create positions up to 15 m
thick, being formed by dark grey or brownish angular and
subangular fragments of andesites up to 20 cm in size. The
matrix is sandy-tuffitic and unsorted with small fragments
of petrographically proved andesites. Coarse-grained re-
deposited pyroclastics occur in the volcaniclastic complex
of the Burda Fm in the vicinity of the Chl'aba, Lela and
Kovacov localities, where they form positions up to 20 m
thick. They are formed by fragments of andesites up to
60 cm in size, but megablocks up to 200 cm in size are
sporadically present, too (Fig. 3H).

Fragments of andesites have an angular and subangular
shape and their colour is dark grey or brownish. The matrix
is sandy-tuffitic and unsorted with small fragments of
petrographically proved andesites. Block-ash pyroclastic
flows (Fig. 4A) of andesites emerge in the upper part of
the Burda Fm around the Kovacov and Chl'aba localities.
Block-ash pyroclastic flows create positions up to 20 m
thick, consisting of chaotic breccias, which are formed by
angular and spherical fragments of andesites of size up to
60 cm in the amount of up to 60 %. Fragments of andesites
have a porous texture and some have the character of
annealed lighter fragments that were deposited in an
unsorted, poorly sintered detrital matrix. The matrix
consist of tuff and contains light pumice.

Submarine breccia flows (Fig. 4B, C) of andesites
emerge in the middle part of the Burda Fm around the
Kovacov locality. Subaqueous breccia currents create
positions up to 50 m thick. They are formed by coarse
chaotic breccias that associate with the source extrusive
bodies.

Chaotic breccias contain fragments of andesites ranging
in size from 1 cm to 200 cm. Their colour is dark grey,
having an integral texture and angular shape. Brownish
colour andesites with porous texture, angular and spherical
shape are also present (Fig. 4D). Fragments of andesites are
stored in a matrix, representing up to 70 % of rock material.
The matrix is ungraded tuff with small clasts of andesites.
The occasional redness of the matrix can be observed with
a higher degree of homogenization and compaction. From
a petrographic point of view, subaqueous breccia flows
are formed by porphyritic andesites. Chaotic breccias of
redeposited pyroclastics occur in the upper part of the
Burda Fm in the vicinity of the Kovacov locality. Chaotic
and unsorted breccias of redeposited pyroclastics are up
to 25 m thick, they are slightly strengthened by matrix
alteration. They are formed of fragments of andesites of
dark grey, brown and reddish colours, solid or porous
texture. Fragments have an angular and subangular shape.
The size of andesite fragments is up to 100 cm, and there
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are rare fragments up to 150 cm in size. Fragments are
stored in a matrix with a content of up to 50 %. The matrix
is tuff-sandy with small fragments of grey andesites and
light pumice. Holes after petrified trees are occasionally
observed (Fig. 4D).

The pumice pyroclastic flow (Fig. 4E) of andesites
forms a more continuous horizon of tuffs (Fig. 4F), which
are mostly unsorted, chaotic, indistinctly layered in a
bench-like form in the lower part of the Burda Fm in the
vicinity of the Chl'aba and Kovacov localities.

Within the beds, the matrix is predominant, which
is tuff, it also contains grey-white pumice, and various
fragments of petrographically proved andesites of angular
and spherical shape, porous and glassy texture and dark
grey to black-grey colors are also present. Sometimes
we also record fragments of non-volcanic material in the
tuffs. Intrusive-extrusive breccias of amphibole-pyroxene
andesites occur in the lower part of the Burda Fm in the
vicinity of the Kovacov and Chlaba localities. Breccias
represent marginal parts of intrusive-extrusive bodies. On
the one hand, they are connected by a transition to their
own body, on the other hand, they eventually pass into the
breccias of subaqueous breccia flows. The brecciation zones
are up to tens of meters thick. Extrusive breccias appear
in facies with massive solid texture andesites of a light
grey colour with facies built of angular fragments of grey
non-porous andesite in a crushed lava matrix. Extrusive
breccias are unsorted, chaotic, with a maximum fragment
size of up to 100 cm. Fragments
of andesites in extrusive

-
(o]

textures have a typical vertical to fan-like course. Zones
of extrusive breccias developed at the edges of extrusive
domes. The bodies are made of light grey to greenish
porphyritic andesite with phenocrysts of plagioclase,
hypersthene, augite and amphibole in the ground mass,
which is microlithic in the middle part of the bodies and
microlithic to microlithic-hyalopilitic at the edges of the
bodies.

Geochemistry of volcanic rocks of the Burda Forma-
tion

These rocks were analysed for whole-rock major
and trace element contents: 1291A, B — amphibolic
andesite with biotite and orthopyroxene, 1293S — biotitic-
amphibolic andesite with orthopyroxene, 1294F
biotitic-amphibolic andesite with orthopyroxene, 1299S
— biotitic-amphibolic andesite with orthopyroxene, 1304B
— amphibolic andesite with biotite and orthopyroxene.
According to the classification TAS diagram (Le Bas et
al., 1986; Fig. 5), the analysed samples represent andesite
and the sample 1291A corresponds to dacite. Samples
1291B, 12938, 1299S and 1304B have a relatively similar
composition. Sample 1294F can be considered as acid
andesite. All andesites correspond to high-potassium
andesite and belong to the high-potassium calc-alkaline
series (high-K CA) according to the diagram of SiO,
vs. K,O (Peccerrillo & Taylor, 1976; Fig. 6). The trace
element contents of the studied rocks can be presented

breccias are present in amounts
up to 80 %. Occasionally there
occur weakly oxidized red-
brown andesite and spherical
fragments of brown andesite
both with porous texture. The
matrix is formed by crushed
andesites of light grey colour
and porous texture, being
petrographically proved. Ex-
trusive domes of andesites in
the lower part of the Burda
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Fm occur in the vicinity of
the Kovacov and Chlaba
localities (near Ipli) (Fig.
4G, H). Extrusive domes are
isometric shape, occasionally
slightly elliptical bodies with
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dimensions up to 200 m,
formed of massive andesite
with vertical, blocky and
roughly blocky separation.
Indistinct fluid textures were
observed in the bodies. The

40

©1291A

Bas et al., 1986).

50

©1291B

123

60 70 80

Sio,

©® 1294F 1299S 1293S 1304B

Fig. 5. Position of studied samples in classification TAS (total alkali — silica) diagram (sensu Le



1000

00

rock/N-MORB

0,1

Mineralia Slovaca,

55,2(2023)

4
Shoshonite Banak{i’t‘e/,/
High-K )
3 Andesite Latite
Absarokite )
) ,/High_K ° Rhyolite
s E:::;'fe ° Fig. 6. Position of studied samples in
2 - Dacite classification diagram of SiO, vs. K,O
" Basalt (sensu Pecerrillo & Taylor, 1976).
high-K | = Andesite Petrogenetic series: TH — tholeiitic, CA
CA Basaltic — calc-alkaline, high-K CA — high-po-
Andesite tassium calc-alkaline, SH — shoshonit-
1 Basalt Low-K ic.
Low-K Rhyolite
CA Low-K Dacite
Low-K Andesite
7 Low-K Basaltic
TH Tholeiite | Andesite
0 T T T T T
45 50 55 60 65 70 75
Sio,
@ 1291A ®1291B ® 1294F 12998 12938 1304B

¥ 9 @ © D

s 2 © o ~ T b=
& 2 8 £ 2 8 3 a2 NI

—0—1291a —0—1291b —0—1294f

1299s

=3 T Q
EIF SR

1293s

o 5 2 S
2 s E £ 3

1304B

Fig. 7. Multi-element diagram (spiderogram; sensu Sun & McDonough,

1989). Contents of elements are normalized to N-MORB.

1000

rock/chondrite
)
o

1

LaN CeN PrN NdN SmN EuN GdN TbN DyN HoN EfN TmN YbN LuN

—0—1291A —0—1291B —0—1294F

12998 12938

1304B

Fig. 8. Normalized REE patterns (normalization according to Evensen et

al., 1

978).

124

using multi-element diagrams (spiderograms, Fig.
7). On the diagram, we can see features typical for
rocks of island arcs and active continental margins:
the LILE enrichment (large-ion lithophile elements;
K, Sr, Ba, Rb) and depletion in HFSE (high-field
strength elements; Nb, Ti). The normalized REE
patterns (REE = rare earth elements; Fig. 8) have a
slight slope in the studied samples of andesites. The
weak europium anomaly indicates that extensive
fractionation of plagioclase did not take place in
the genesis of andesite magmas.

Mineralogical and petrographic characteristics
of volcanics of the Burda Formation

The studied samples are represented by frag-
ments of andesites from volcanoclastic rocks, by
andesites of intrusive bodies and by volcanoclastic
rocks themselves. Andesites form two petrographic
types: biotitic-amphibolic andesites with orthopy-
roxene and amphibolic andesites with biotite and
pyroxene (Fig. 9).

Biotitic-amphibolic andesites with orthopy-
roxene have a porphyritic texture with a hyalopil-
itic (Fig. 9A, B) or microcrystalline (Fig. 9C, D,
E) groundmass. There is one sample which can be
identified as an andesite porphyry due to the more
coarse-grained groundmass (sample 1310, Fig. 9F).
The proportion of phenocrysts compared to the
groundmass is 20-30 %. Plagioclase, amphibole
and biotite are the main rock-forming minerals.
This type of andesite occurs in the samples the most
frequently.
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Fig. 9. A — photo of the sample 1294A, parallel polars, B — BEI of the same sample, C — photo of the sample 1306, parallel polars, D —
photo of the sample 1290, parallel polars, E — BEI of sample 1286, F — BEI of the groundmass material, sample 1310, G — photo of the
sample 1291A, parallel polars, H — BEI of the sample 1284.

Pl — plagioclase, Amf — amphibole, Bt — biotite, Opx — orthopyroxene, Cpx — clinopyroxene, Ilm — ilmenite, Ti-mag — Ti-magnetite,
Kfs — potassium feldspar, Qtz — quartz, Ap — apatite, Grt — garnet, BEI —backscattered electron image.
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Fig. 10. Photo of the sample 1287A with parallel (A) and crossed (B) polars, C — lithoclast of biotitic-amphibolic andesite in the sample
1297B, parallel polars, D — crystalloclasts in the tuff sample 1296A, BEI. PI — plagioclase, Amf — amphibole, Bt — biotite, Cpx — clino-

pyroxene, Qtz — quartz, BEI — backscattered electron image.

Amphibolic andesites with biotite and py-
roxene (Fig. 9G, H) have a porphyritic texture with a mi-
crocrystalline groundmass. These rocks are characterized
by a high proportion of phenocrysts compared to the
groundmass (up to 50 %). Plagioclase and amphibole are
the main rock-forming minerals. Sample 1297A has a spe-
cial position in this group with plagioclase as the highly
prevalent mineral, with mafic minerals rarer and smaller
than in other samples and with the proportion of the phe-
nocrysts compared to the groundmass about 30 %.

Plagioclase is the most abundant rock-forming mineral
in both types of andesites. It forms phenocrysts and
glomeroporphyric aggregates of tabular and lath shape
and needles in the groundmass. Plagioclase is zoned and
characteristically twinned. Amphibole forms idiomorphic
to hypidiomorphic phenocrysts and aggregates which may
enclose plagioclase. Preserved amphiboles are pleochroic,
some of them are zoned. They are opacitized to the variable
degree — from weakly opacitized crystal rims to complete
opacitization. Biotite forms pleochroic tables and laths.
It can enclose plagioclase. Biotites are preserved, or they
show a phenomenon similar to the opacitization of am-
phibole: Fe-Ti oxides and potassium feldspar are formed
at the expense of biotite (potassium feldspar instead of
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orthopyroxene in amphibole). Orthopyroxene forms idio-
morphic to hypidiomorphic phenocrysts or is a part of
glomeroporphyric aggregates. It also forms needles in the
groundmass. It can be partially or completely altered. Very
rare clinopyroxene is found in the sample 1284. Apatite
is present as small phenocrysts or groundmass grains in
some samples with crystallized groundmass. In three sam-
ples (1304B, 1290, 1310) there is garnet of almadine com-
position with a reaction rim. The crystallized groundmass
consists of plagioclase, sanidine, quartz, orthopyroxene,
Ti-magnetite, ilmenite, & apatite.

Volcaniclastic material was studied in the samples
1287A and B, 1297B, and tuff in the samples 1296A and
1298.

The samples 1287A (Fig. 10A, B) and 1287B contain
plagioclase, amphibole, orthopyroxene, and clinopyroxene
crystalloclasts. There is no biotite in the samples. The
presence of clinopyroxene may indicate their origin from
pyroxenic andesites. Sample A contains orthopyroxene-
amphibolic andesite lithoclast. Sample 1297B (Fig. 10C)
contains rock lithoclasts and crystalloclasts of plagioclase,
amphibole, and biotite. The lithoclasts are composed
of biotitic-amphibolic andesite with plagioclase, green
amphibole and hyalopilitic groundmass, of andesitic
porphyry and of amphibolic(?)-pyroxenic andesite.
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Sample 1296A (Fig. 10D) represents tuff. It contains
amphibolic-pyroxenic andesite lithoclast (also with clino-
pyroxenes). Crystalloclasts are represented by plagioclase,
amphibole, biotite, Fe-oxide, quartz and pyroxenes(?). In
the tuff sample 1298, crystalloclasts are strongly predom-
inant: plagioclase, green and brown amphiboles, biotite,
clinopyroxene and orthopyroxene.
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Fig. 11. Variability of plagioclase composition in the samples 1290, 1294A, 1296A and 1310.
C — core, M — mantle, R — rim of plagioclase, G — groundmass plagioclase, crclast — pla-
gioclase crystalloclast, An — anorthite, Or - orthoclase.
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Fig. 12. Classification diagram for pyroxenes (Morimoto et al., 1988). C — core, M — mantle,
R —rim of pyroxene, I — inclusion of orthopyroxene in another mineral, Di — diopside, Hd —
hedenbergite, En — enstatite, Fs — ferosilite.
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Characteristics of the chemical composition of ande-
site and tuff minerals

The analysed plagioclases in andesite samples 1290
and 1294A have the composition An52—-An90. The com-
position trend of plagioclase in both samples is approxi-
mately the same. Diagram An vs. Or (Fig. 11) shows the
normal plagioclase zonation: the cores are the most basic

and the rims are the most acidic.
Plagioclases of andesite porphy-
ry sample 1310 are more acidic.
Their composition varies from
An43 to An74 and also indicates
normal zonation. The composition
of the groundmass plagioclase
is similar to the composition of
the plagioclase phenocryst rims.
In addition, there is “gap” in the
range of about 5 % of the An com-
ponent between the composition
of the inner part (core and mantle)
of plagioclase (An53—74) and the
plagioclase rims + groundmass
plagioclase (An43—48). This gap
may be caused by a change in
chemical composition, or simply
by an insufficient number of anal-
yses. In the tuff sample 1296A,
phenocrysts in the amphibolic-py-
roxenic andesite clast and mineral
crystalloclasts were analysed. The
composition of the plagioclase
phenocryst in the andesite clast
is around An55, with a relative-
ly significant zone with An70 in
the phenocryst. The composition
of plagioclase crystalloclast is
variable, perhaps also related to
which part of the crystal was ana-
lysed — whether it was the interior
or the rim — it can be difficult to
detect in crystalloclasts.

Only orthopyroxenes were
analysed in the andesites of
samples 1290, 1294A and 1306.
There are no clinopyroxenes in
these samples. The composition
of analysed orthopyroxenes varies
around the enstatite-ferrosilite
boundary (Fig. 12), which reflects
crystallization from a relatively
differentiated magma. The ana-
lysed orthopyroxene in the am-
phibolic-pyroxenic andesite clast
(tuff sample 1296A) has an ensta-
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titic composition (Fig. 12), while A
En component is significantly 1,0
higher than in other analysed o
orthopyroxenes. Clinopyroxene @ | B A
from the same andesite clast &g PARGASITE o @ , SADANAGAITE
corresponds to augite and is & | +
found near the diopside field & | ~ EDENITE on® ‘I L]
(Fig. 12). The composition of § .‘. A
o

orthopyroxene and the presence 1 =
of clinopyroxene indicates that
they originated from a more
basic magma than the other
analysed orthopyroxenes.

Two classification diagrams
(Hawthorne et al., 2012) were
compiled for analysed amphi- | TREMOLITE MAGNESIOHORNBLENDE TSCHERMAKITE
boles: diagram for amphiboles
in andesites (Fig. 13A) and for -
amphiboles in volcaniclastics
(Fig. 13B). Fe*'min content 0,0 \
(recalculated by Schumacher, 0,0 0,5 1,0 1,5 2,0

in Hawthorne et al., 2012) was c 3 .
used for simplicity in both dia- ® 1290-C ® 1290-R @ 1294A-C A 1294A-M  ¢(Al+Fe3*+2Ti)

grams. According to the diagram ®m 1294A-R 0 1306-C A 1306-M o 1306-R

on Fig. 13A, all amphiboles ® 1310-C A 1310-M = 1310-R +1310-I

from andesites correspond to

pargasite. Since there is no cal- B
cium in position A (y-axis), an
increasing value on the y-axis
indicates an increase in the al-
kali content of the amphibole.
Amphibole from sample 1306
(analysed core, mantle and rim)
has the highest alkali content. At
the same time, this amphibole
has the lowest Fe content of all 1
analysed amphiboles. According
to the diagram on Fig. 13B, all
analysed amphiboles in the vol-
caniclastics also correspond to
pargasite. The points on the di-
agram corresponding to the ana-
lysed phenocrysts in lithoclasts 1 TREMOLITE MAGNESIOHORNBLENDE TSCHERMAKITE
are less scattered than the points
of the analysed crystalloclasts. 1

o
&

=
o

PARGASITE SADANAGAITE

EDENITE ¥

A(Na+K+2Ca)

o
[

Paleogeography and paleovol- 0,0 ‘
canic reconstruction of the 0,0 0,5 10 15 2,0
Burda Mts C(Al+Fe3*+2Ti)

Paleogeography of the Bur- 0 1296A-ph t % 1296A-crystalloclast ~ © 1297B-ph t
da Mts is demonstrated in Fig. “phenocrys ~crystatiocias “phenocrys

14 where the max1mum range of Fig. 13. Classification diagram for amphiboles (Hawthorne et al., 2012) for Fe>*min. Diagram
Danube volcanics in the Danube 4 is for amphiboles in andesites, diagram B for amphiboles in tuff. C — core, M — mantle, R —
basin is indicated, while the  rim of pyroxene, I —inclusion of amphibole in another mineral.
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designation of the volcanic centers of covered volcanics
are numbers in the direction from west to east as follows:
1. Rusovce, 2. Gabcikovo, 3. TeSedikovo, 4. Palarikovo,
5. Kolarovo, 6. Surany, 7. Beseiov, 8. Dubnik, 9. Biia
and in the western part of the territory the volcanics of the
Burda Mts near Stiirovo, the Borzsony stratovolcano and
the Visegrad volcanics are exposed (the central Slovakia
volcanic field is located northeast of the territory; Simon
& Lacika, 2022). The volcanics of the Burda Mts nearby
Stirovo are included into the Burda Fm. At the base of the
Burda Fm a succession of epiclastic volcanic rocks and
pyroclastic rocks of amphibole-pyroxene andesites has
developed. This horizon represents a succession of vol-
canoclastic rocks of volcanosedimentary origin with rare
positions of autochthonous pyroclastic rocks. Their mate-
rial has accumulated in the intervolcanic period, and part-
ly also in the syneruptive period, when pyroclastic flows
and pumice tuffs have formed. In the intervolcanic period,
epiclastic material has formed, being represented by the
positions of epiclastic volcanic breccias, conglomerates,
sandstones formed at occasional flows, rapid flushes,
lahars and mudfiows, debris flows and debris avalanch-
es. These epiclastic lithofacies occur in the transitional
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to marginal volcanic zone. From a petrographic point of
view, the volcaniclastic material consists mainly of an-
desites, but we have rarely observed rocks of non-volcanic
material and relics of a petrified wood from the original
Badenian forest vegetation. Epiclastic volcanic sandstones
of amphibole-pyroxene andesites are characterized by
the presence of autochthonous light porous pumice frag-
ments of angular to spherical shape. Epiclastic volcanic
sandstones are predominantly coarse-grained, fairly well
sorted, and occasionally show signs of stratification. There
are also small or minor andesite sheets or lenticular po-
sitions of fine-grained epiclastic volcanic conglomerates
with isolated blocks of andesites. In the beds, you can
observe light porous pumice, which intergrows into indi-
vidual beds. The material of epiclastic volcanic sandstones
is represented by andesites of dark grey, grey and reddish
brown colour. Porous pumice stone, predominantly light
grey in colour, has an acidic dacite composition. Epiclastic
volcanic sandstones with conglomerates of andesites crop
out together with sandstones.

In the central part of the formation, volcanic products
associated with the activity of submarine volcanism of the
Badenian age developed. Submarine andesitic extrusive

Visegrad
volcanics

MapARsKO

Fig. 14. Paleogeography of the Burda Mts near Stirovo, the Bérzsony stratovolcano, the Visegrad volcanics and covered Danube vol-
canic centers: 1 —Rusovce, 2 — Gabéikovo 3 — Tesedikovo, 4 — Palarikovo, 5 — Kolarovo, 6 — Surany, 7 — Beseiov, 8 — Dubnik, 9 — Bina.
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volcanic domes of andesites are typical. They are formed
of massive andesite with irregular blocky disintegration
with a transition to brecciated andesite and up to breccia
with a chaotic orientation of fragments. Extrusive domes
of massive amphibole-pyroxene andesites have isometric
shape, but occasionally also slightly elliptical bodies
with dimensions of up to 200 m and vertical, blocky
and roughly blocky disintegration. The indistinct fluid
textures in the bodies were observed. The textures have
a typical vertical to fan-like course. Zones of extrusive
breccias developed at the edges of extrusive domes. The
bodies are composed of light grey to greenish porphyritic
andesite with phenocrysts of plagioclase, hypersthene,
augite, amphibole and occasionally garnet in the ground
mass, which is microlithic-grained in the middle part of
the bodies and microlithic to microlithic-hyalopilitic at the
edges of the bodies. As a result of the gradual destruction
of these volcanic domes, debris-like material was formed
and deposited even outside its volcanic center further into
space applying the mass breccia flows, debris flows and
deposits of coarse to blocky breccias. Intrusive-extrusive
breccias of andesites represent marginal parts of intrusive-
extrusive bodies. On the one hand, they are connected
by a transition to their own body, on the other hand, they
eventually pass into the breccias of subaqueous breccia
flows. The brecciation zones are up to tens of meters thick.
Extrusive breccias appear in facies with massive andesites
of a light grey colour with solid texture and facies with
angular fragments of grey non-porous andesite in a crushed
lava matrix. Extrusive breccias are unsorted, chaotic, with
a maximum fragment size of up to 100 cm. Fragments of
andesites in extrusive breccias are present in amounts up
to 80 %. Occasionally there was observed the presence
of weakly oxidized red-brown andesite with a porous
texture and spherical fragments of brown andesite with a
porous texture. The matrix is formed by crushed andesites
of light grey colour and porous texture. In the upper
part of the Burda Formation, pyroclastic and epiclastic
facies of pyroxene-amphibolic andesites were formed.
Deposits of pyroclastic flows and redeposited pyroclastics
are characterized with the presence of relics of petrified
tree trunks, indicating transport from emergent forest-
covered slopes in higher levels of the volcanic edifice of
the Borzsony Mts in present-day Hungary. This part of the
Burda volcanics represents the transitional volcanic zone
of the Borzsony stratovolcano.
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Charakteristika neogénnych vulkanitov pohoria Burda pri Stiirove,
Slovenska republika

Vulkanické pohorie Burda pri Sturove je ploine naj-
mensi geomorfologicky celok na Slovensku. Nachadza
sa na jz. Slovensku, na hraniciach s Mad’arskom. Na za-
pade hrani¢i s Podunajskou pahorkatinou. Juznu hranicu
tvori koryto Dunaja, ktory sa prerezava cez VySehradsku
branu a oddeluje Burdu od mad’arského pohoria Pilis.
Vychodnu hranicu tvori koryto rieky Ipel, ktora oddeluje
Burdu od mad’arského pohoria Borzsony. Severozapad-
nu Cast’ pohoria ohranicuje Bajtavskd brana. Maximalna
dizka pohoria je 7,5 km a maximalna &irka len 3,5 km.
Najvyssim vrchom je Plesivec (395 m n. m.) v centralnej
Casti pohoria. Vulkanity v pohori Burda reprezentuje for-
macia Burda. Produkty formacie Burda vystupuji v ramci
hrastového bloku Burdy. Hrastovy blok je ukloneny na
SZ. Zlomovt zénu pri juznom okraji hrasti smeru V — Z
sleduje tok Dunaja. Formacia Burda je badenského veku.
Horniny tejto formacie v smere na Z a SZ prechadzaji do
bajtavského suvrstvia, ktoré vznikalo stc¢asne s formaciou.
Suvrstvie obsahuje bohata morsku faunu lagenidovej zony
a nanoplankton spolo¢enstva zony NN-5 zodpovedajice
spodnému badenu. Na baze formacie sa vyvinula sukce-
sia epiklastik a pyroklastik amfibolicko-pyroxénickych
andezitov. V strednej Casti formacie sa vyvinuli vulkanic-
ké produkty spité s aktivitou submarinného vulkanizmu
badenského veku. Typické st podmorské andezitové
extruzivne domy amfibolicko-pyroxénickych andezitov.
Submarinné extruzivne domy andezitov maji elipticky
az izometricky prierez s dizkou do 220 m. Tvori ich ma-
sivny andezit s nepravidelnou blokovitou odlu¢nostou
s prechodom do zbrekciovateného andezitu az do brekcie
s chaotickou orientaciou tlomkov. Vplyvom postupnej
destrukcie tychto vulkanickych domov sa tvoril tlomko-
vity materidl a ukladal sa aj mimo svojho vulkanického
centra d’alej do priestoru prostrednictvom masovych brek-
ciovitych prudov, tlomkovych pradov a ulozenin hrubych
az blokovych brekcii. Vo vrchnej Casti formacie Burda sa
vytvorili facie pyroklastik a epiklastik pyroxénicko-amfi-
bolickych andezitov. Ulozeniny pyroklastickych pradov
a laharov su charakteristické pritomnostou reliktov petrifi-
kovanych kmenov stromov. Formaciu Burda reprezentuje
sukcesia facii epiklastik, pyroklastik a produktov subma-
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rinnych extruzivnych démov. Je budovana tymito faciami:
horizont epiklastik a pyroklastik, epiklastické vulkanické
pieskovce s pemzami, epiklastické vulkanické pieskov-
ce a konglomeraty, epiklastické vulkanické pieskovce,
drobné epiklastické vulkanické konglomeraty, hrubé
epiklastické vulkanické konglomeraty, epiklastické vul-
kanické brekcie a konglomeraty, epiklastické vulkanické
brekcie, drobné redeponované pyroklastika, hrubé rede-
ponované pyroklastika, blokovo-popolové pyroklastické
prudy, subakvatické brekciovité prady, chaotické brekcie
redeponovanych pyroklastik, extruzivne brekcie domov
amfibolicko-pyroxénickych andezitov a extruzivne domy
amfibolicko-pyroxénickych andezitov.

Vzorky, z ktorych boli urobené celohorninové che-
mické analyzy, podl'a klasifikacného TAS diagramu (obr.
5) zodpovedajui andezitu a vzorka 1291A dacitu. Pomer-
ne blizke zlozenie maju vzorky andezitu 1291B, 12938,
1299S a 1304B. Vzorku 1294F mozno povazovat za
acidny andezit. Podl'a diagramu SiO, vs. K,O (obr. 6)
vsetky vzorky zodpovedaju vysoko draselnému andezitu
a patria do vysoko draselnej vapenato-alkalickej série.
Obsah stopovych prvkov v $tudovanych horninach moz-
no znazornit' pomocou multiprvkovych diagramov (tzv.
spiderogramy, obr. 7). Na diagrame vidiet’ vlastnosti ty-
pické pre horniny ostrovnych oblukov a aktivnych okra-
jov kontinentov: obohatenie oproti N-MORB o tzv. LILE
(K, Sr, Ba, Rb) a ochudobnenie o tzv. HFSE (Nb, Ti).
Krivky normalizovaného obsahu vzacnych zemin (obr.
8) maju v pripade Studovanych vzoriek andezitov mierny
sklon. Nevyrazna eurdpiova anomalia poukazuje na to, ze
v genéze ich magiem neprebichala rozsiahla frakcionacia
plagioklasu. Studované vzorky predstavuju fragmenty
andezitov z vulkanoklastik, andezity intruzivnych te-
lies a samotné vulkanoklastikd. Andezity tvoria dva
petrografické typy: biotiticko-amfibolické andezity s orto-
pyroxénom a amfibolické andezity s biotitom a pyroxénom
(obr. 9). Biotiticko-amfibolické andezity s ortopyroxé-
nom maju porfyrickll Struktiru so zakladnou hmotou
hyalopilitickou (obr. 9A, B) alebo mikrokrystalickou (obr.
9C, D, E). V jednom pripade mozno vzorku vd’aka hrubse;j
zrnitosti zakladnej hmoty oznacit’ ako andezitovy porfyr
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(vzorka 1310, obr. 1F). Podiel vyrastlic oproti zékladnej
hmote je 20 — 30 %. Hlavné horninotvorné mineraly su
plagioklas, amfibol a biotit. Tento typ andezitu sa vo vzor-
kach vyskytuje najcastejsie. Amfibolické andezity s bioti-
tom a pyroxénom (obr. 9G, H) maju porfyricka Struktaru
s mikrokrystalickou zakladnou hmotou. Pre tieto horniny
je charakteristicky vysoky podiel vyrastlic oproti zakladnej
hmote (az do 50 %). Hlavné horninotvorné mineraly su
plagioklas a amfibol. Osobitné postavenie v skupine ma
vzorka 1297A, v ktorej je dominantnym mineralom pla-
gioklas, pricom mafické mineraly st zriedkavejsie a men-
Sie ako v inych vzorkach. Podiel vyrastlic oproti zakladnej
hmote je zhruba 30 %. Najpocetnejsi horninotvorny mi-
neral v oboch typoch andezitov je plagioklas, ktory tvo-
ri vyrastlice a glomeroporfyrické agregaty tabulkového
a listového tvaru a ihlicky v zakladnej hmote. Plagiokla-
sy su zonalne a charakteristicky zdvojcatené. Variabilitu
ich chemického zloZenia znazornuje diagram An vs. Or
(obr. 11). Amfibol tvori idiomorfné az hypidiomorfné
vyrastlice a agregaty. Moze uzatvarat’ plagioklas. Zacho-
vané amfiboly su pleochroické, niektoré su zonalne. Su
do roézneho stupna opacitizované — od nevyraznych opa-
citovych lemov aZz po tplnl opacitizaciu. Analyzované
amfiboly zodpovedaju pargasitu (obr. 13A). Biotit tvori
pleochroické tabulky a liSty, moze uzatvarat’ plagioklas.
Biotity st zachované alebo sa pri nich prejavuje obdoba
opacitizacie amfibolu. Na tkor biotitu vznikaji Fe-Ti oxi-
dy a draselny zivec (namiesto ortopyroxénu v amfibole).
Ortopyroxén tvori idiomorfné az hypidiomorfné vyrastlice
alebo je stcastou glomeroporfyrickych agregatov. Tvori
aj ihlicky v zakladnej hmote. M6zZe byt Ciasto¢ne az uplne
alterovany. Zlozenie analyzovanych ortopyroxénov je na
rozhrani enstatit-ferosilit (obr. 12). Vo vzorke 1284 sa na-
chadza vel'mi zriedkavy klinopyroxén. V niektorych vzor-
kach s vykrystalizovanou zékladnou hmotou je vo forme
malych vyrastlic alebo v zdkladnej hmote pritomny apatit.
V troch vzorkach (1304B, 1290, 1310) sa nachadza granat
s almadinovym zlozenim s reakénym lemom. Vykrystali-
zovanu zakladnu hmotu tvori plagioklas, sanidin, kremen,
ortopyroxén, titanomagnetit, ilmenit £ apatit. Vulka-
noklasticky material bol studovany vo vzorkach 1287A, B
a 1297B a tuf vo vzorkach 1296A a 1298. Vzorky 1287A
(obr. 10A, B) a 1287B obsahuju krystaloklasty plagiokla-
su, amfibolu, ortopyroxénu a klinopyroxénu. Biotit vo
vzorkach nie je. Pritomnost’ klinopyroxénov méze pou-
kazovat na ich povod z pyroxénickych andezitov. Vzorka
A obsahuje litoklast amfibolického andezitu s ortopyroxé-
nom. Vzorka 1297B (obr. 10C) obsahuje litoklasty hornin
a krystaloklasty plagioklasu, amfibolu a biotitu. Litoklasty
tvori biotiticko-amfibolicky andezit s Cistymi plagioklas-
mi, zelenymi amfibolmi a hyalopilitickou zakladnou
hmotou, andezitovy porfyr a amfibolicko(?)-pyroxénicky
andezit. Vzorka 1296A (obr. 10D) je tuf. Obsahuje li-
toklast amfibolicko-pyroxénického andezitu (aj s klinopy-
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roxénmi). Krystaloklasty predstavuje plagioklas, amfibol,
biotit, oxid Fe, kremen a pyroxény(?). Vo vzorke tufu 1298
silne prevazuju krystaloklasty: plagioklas, zelené a hnedé
amfiboly, biotit, klinopyroxén a ortopyroxén. Variabilitu
chemického zlozenia mineralov vulkanoklastik odrazaju
diagramy na obr. 11, 12 a 13B.

Paleogeografia pohoria Burda je zndzornend na obr.
14, kde je vyznaceny maximalny rozsah dunajskych vul-
kanitov. Vulkanické centra zakrytych vulkanitov su ozna-
Cené Cislami v smere zo zapadu na vychod: 1 — Rusovece,
2 — Gabcikovo, 3 — TeSedikovo, 4 — Palarikovo, 5 — Ko-
larovo, 6 — Surany, 7 — Besefiov, 8 — Dubnik, 9 — Bifa.
Na obrazku st znazornené aj vulkanity pohoria Burda pri
Starove, odkryty stratovulkan Borzsony a vySehradské
vulkanity (vulkanické pole stredného Slovenska sa nacha-
dza na severovychode tizemia; Simon a Lacika, 2022). Na
baze stuvrstvia Burda sa vyvinula postupnost’ epiklastic-
kych vulkanickych hornin a pyroklastickych hornin am-
fibolicko-pyroxénickych andezitov. Horizont epiklastik
a pyroklastik predstavuje postupnost’ vulkanoklastickych
hornin vulkanosedimentarneho pévodu so vzacnymi polo-
hami autochtonnych pyroklastickych hornin. Tento mate-
rial sa nahromadil v medzivulkanickom obdobi a ¢iastocne
aj v obdobi synerupcie, ked’ sa vytvarali pyroklastické
prady a pemzové tufy. V medzivulkanickom obdobi sa
vytvoril epiklasticky material, ktory predstavuje polohy
epiklastickych vulkanickych brekcii, zlepencov a pieskov-
cov vznikajucich v obéasnych tokoch, rychlych splachoch,
laharoch a bahnotokoch, sutinovych pridoch a sutinovych
lavinach. Tieto epiklastické litofacie sa vyskytuju v pre-
chodnej az okrajovej vulkanickej zone. Z petrografického
hladiska vulkanoklasticky material tvoria prevazne andezi-
ty. Ojedinele sme zaznamenali aj horniny nevulkanického
materialu a relikty skameneného dreva z povodnej vege-
tacie badenského lesa. Epiklastické vulkanické pieskovce
andezitov su charakteristické pritomnostou autochténne;j
lahkej poréznej pemzy hranatého az gulovitého tvaru. Su
prevazne hrubozrnné, pomerne dobre vytriedené a obCas
vykazuji zndmky stratifikacie. Vyskytuju sa tu aj malé
andezitové platy alebo SoSovkovité polohy jemnych
epiklastickych vulkanickych konglomeratov s izolovanymi
blokmi andezitov. Vo vrstvach mozno pozorovat svetll
péroviti pemzu, ktora sa prelina s jednotlivymi vrstvami.
Material epiklastickych vulkanickych pieskovcov pred-
stavuju andezity tmavosivej, sivej a cervenohnedej farby.
Porézna pemza prevazne svetlosivej farby ma kyslé daci-
tové zlozenie. Spolu s pieskovcami vystupuju epiklastické
vulkanické pieskovce so zlepencami andezitov.
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Abstract: The Patharkhola area is exposed in the core of the southern limb of the Dudhatoli syncline in the
Kumaun Lesser Himalaya. Garnet mica schists of the Patharkhola occur in the folded outcrop pattern being loca-
ted in between the limbs. They are dominantly composed of garnet, biotite, muscovite, chlorite, plagioclase and
a subordinate amount of quartz. Garnet, both xenoblastic as well as idioblastic, is wrapped round by phyllosilicates
minerals. These investigated rocks exhibits slightly LREE depleted patterns (La /Sm = 0.7, La /Yb = 0.64) with
flat HREE patterns (Sm,/Yb, = 0.89). Field evidence along with geochemical characteristics suggests that the
Patharkhola schists are peraluminous in nature, showing sedimentary sources having silt to silty clay protolith.
They were formed in active continental margins in arc-type setting where the sediments were received both from

arc and continental crust.

Key words: Garnet, Schist, Geochemistry, Tectonic settings, Lesser Himalaya
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1 Introduction

The Himalaya, an arc-shaped mountain belt covering
whole boundary of northern India is a type example
of intercontinental collision between Indian and Asian
plates around 55 Ma ago (Mukherjee, 2015; Yin, 2006).
In the past, the structure, stratigraphy and tectonics of the
Kumaun Lesser Himalaya have been described by Joshi
& Tiwari (2009), Joshi et al. (2017) and Rana & Thomas
(2018). In Kumaun region, the Lesser Himalayan sequence
is delineated by Main Central Thrust (MCT) from the
Higher Himalayan in the north and by Main Boundary
Thrust (MBT) from the Siwaliks in south (Thakur et al.,
2010). The rocks of the Dudhatoli group (Rana & Thomas,
2018) are exposed in the Patharkhola area. The “Inner
Schistose Series” or the “Metamorphic and Crystalline
Nappe’ Tectonic Zone” of Lesser Himalaya forms a distinct
structural unit which has witnessed multiple deformation

* The garnet mica schists from Patharkhola, Kumaun Lesser

Himalaya forms a part of Dudhatoli Almora group.

The geochemical data clearly demonstrates that the Pathar-
khola schists are characterized by their high alkali content
and silica-saturated nature exhibiting slightly LREE depleted
patterns (LaN/SmN = 0.7, LaN/YDbN = 0.64) with flat HREE
patterns (SmN/YbN = 0.89).

Shale dominated protolith representing nearby source sedi-
ments in arc type environment is inferred for the Patharkhola
schists.

and polyphase metamorphism. The Dudhatoli Crystallines
extend from Garhwal in WNW to Kumaun in ESE. Kumar
& Agarwal (1975) included Mandhali, Chandpur and
Nagthat Formations and Dudhatoli-Almora Crystallines
under a newly constituted group namely Dudhatoli
group where the Dudhatoli-Almora Crystallines are the
topmost horizon. Rocks of the Dudhatoli group have been
considered to be of Precambrian age (Kumar & Agarwal,
1975). In Kumaun Himalaya, the Munsiari gneisses of
Almora Group were dated as 1830 + 200 Ma. old (Bhanot
et al.,, 1977). Islam et al. (2005) proposed Proterozoic
granitoids of Lesser Himalaya grouped into older clusters
of 2200-1800 Ma and younger clusters of 1400-1200
Ma. Rana & Thomas (2023) studied the thermal and
structural character of garnets from garnet mica schists
of Patharkhola which is found to be of magnesian rich
showing decomposition at higher temperatures. The
metamorphic terrain exhibits multiple deformation patterns
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Fig. 1a. Generalized geological map of Himalaya, Modified after Yin (2006).

and polyphase metamorphism (Joshi & Tiwari, 2009)
which is well exposed in the central part of Almora nappe.
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In Lesser Kumaun Himalaya, extensive work has been
carried out on the pelitic gneisses and granites, rather less

on the low-grade metamorphic i.e. schists
and phyllites (Phukon et al., 2018; Das et
al., 2019). Rana et al. (2023) studied the
phyllites of Patharkhola and opined that
the phyllites have high alumina content
with enrichment of trace elements formed
in active continental margins. The area
around Patharkhola, exposes rocks of
Lesser Kumaun Himalaya, lies between
longitude 79°09'E to 79°17'56"E and
latitude 29°47'42"N  to 29°56'69"N
with an approximate area of around 120
square kilometres (Fig. la). The rock
types exposed in the area are gneisses,
schists and phyllites (Fig. 1b). The main
aim of the present paper is to provide
geochemical character and petrogenesis
of schists.

2 Macroscopic properties

In the area under investigation, schists
are highly fragile and powdery in nature.
Depending upon the biotite, muscovite
and/or chlorite content, they exhibit
a variation in colour from pinkish brown,
dark brown, light grey to greenish green,
(Fig. 2a, c). Increased percentage of
quartz and feldspar imparts compaction.
The schists of the area are characterized
by the presence of garnet which ranges
in size from 0.1 cm to 0.2 cm in hand
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specimens (Fig. 2a). On weathering, pink garnet crystals
impart a reddish brown tinge to the rock and when removed,
leave behind small pits of reddish-brown colour. These are
foliated medium to coarse-grained rocks where schistosity
is defined by the parallel alignment of phyllosillicates
showing folding and crenulations due to deformation.

3 Petrography

Rock samples have been collected from the entire area
of the exposure of garnet mica schist terrain. Samples
showing well-developed internal structures have been
studied in detail and discussed here. Schists of the area
is dominantly composed of garnet, biotite, muscovite,
chlorite, plagioclase and subordinate amount of quartz.
Two distinct varieties of garnet have been identified.
Garnet-I occurs as pre-kinematic porphyroblasts, shattered
and stretched parallel to the foliation, (Fig. 2¢), containing
ilmenite and quartz as inclusions and are highly fractured.
Garnet has both xenoblastic as well as idioblastic textures
suggesting the reaction:

Muscovite + Chlorite + Quartz = Garnet + Biotite + Water

Garnet-1I occurs as rolled garnet wrapped round by
flaky minerals and imparts a closed eye structure, (Fig.
2d). Two variants of Biotite recognised as Biotite-I, (Fig.
2b, d), as coarse lepidoblastic in intimate association with
Muscovite-1 defining the foliation while Biotite-1I occurs
as cross-cutting relationship with Biotite-I. Chlorite-I
occurs as lepidoblasts, light greenish in colour showing
pleochroism from light green to green in colour, defining
the schistosity plane in close association with Biotite-I
and Muscovite-I. Chlorite-II occurs as very similar to
Chlorite-1, occurring as lepidoblasts cross cutting the
schistosity plane varying from sub-parallel to low angles.
Tiny shreds of plagioclase occur in the schists lying
parallel to the schistosity plane in close association with
quartz. At a few places, it is usually altered to sericite as
a common alteration product. Apatite occurs as inclusion
in feldspar and muscovite.

Fig. 2. (a, b) Field photograph showing pitted garnet; (c) Photomicrograph of stretched garnet parallel to foliation (d) Rolled garnet
wrapped by flaky minerals (under plane polarised light).
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4 Geochemistry and petrogenesis

The results of the major oxides, trace elements along
with rare earth elements (REE) are tabulated below in
Table 1. Rock samples were crushed, and then pulverized
using an agate carbide ring grinder. Major oxides and
selected trace element concentrations present in the rock
were measured on powder pellets by X-ray Fluorescence
Spectrometer (XRF; Siemens SRS-3000) in the Wadia
Institute of Himalayan Geology (WIHG), Dehradun. The
samples were analysed in the same institute for their REE
and some trace elements by Inductively Couple Plasma-
Mass Spectrometer (ICP-MS; PerkinElmer SCIEX ELAN
DRC-e) using the open system rock digestion method. Rock
powders were first thoroughly dissolved in HF and HNO,
in Teflon crucibles and heated over a hot plate for three
hours to prepare solutions from which trace elements and
REE abundances were determined. Analytical precision

for major elements is well within+2 -3 %and+5-6 %
for trace elements. Accuracy of rare earth elements ranges
from 2 to 12 % and precision varies from 1 to 8 %.

The SiO, and ALO, content varies from 64.74 to
75.78 % and from 10.53 to 19.88 %, respectively. The
average Na,O and K O content in the schists is 2.59 %
and 2.67 %, respectively. The average K O/Na O ratio
of these rocks is 1.06; whereas TiO, content of the rocks
varies from 0.61 to 0.8 %, as per Herron (1988), Fig. 3
(a) plot log(Fe,O,/K,0) versus log(SiO,/Al,O,) plot for
classification of terrigenous sediments and shale, all
studied samples of garnet mica schists fall within the shale
to wacke-shale junction field specified for silty to silty clay
protolith. This is due to the high Fe,0,/K,O ratio with less
SiO,/Al O, ratio representing that the schists have been
derived from shale-dominated environment.

The A/CNK values of schists ranging from 1.8 to 2.8
support its characterization as a strongly

peraluminous, relatively potassic-rich
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source. The plot of K,0/AL O, versus
Na,0/AlLO,, (Fig. 3b) has clearly
differentiated the sedimentary from
igneous rocks, Garrels and Macken-
zie (1971). It is evident that all sam-
ples fall within the field specified for
sedimentary rock. The plot between
SiO, and other oxides, (Fig. 3c) shows
good correlation, which indicates co-
herent behaviour of elements during
different processes. SiO, versus AL O,,
Ca0, K,0, MnO and TiO, have shown

1 1.5
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' positive regression while others have
2.5 poor regression values. The represen-
tation of good regression values of alu-
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and is substantially supported by the
good regression of silica with Rb,
La, Y and Ce. The behaviour of trace
elements in the schists has also been
studied with the help of variation dia-
grams presented in (Fig. 3d). Trace
elements show good correlation with
respect to SiO,.

During metamorphism, the REE are
very little fractionated and also immo-

0.05 0.1 0.15

(b) K,0/Al,O,

0.2

bile during sedimentary processes. It
is also considered that during meta-
morphism the REE remains unaffect-
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Fig. 3. (a) log (Si0,/AL0,) versus log (Fe,O,/K,0) after Herron (1988) for classification
of terrigenous sediments and shales; (b) K,0/AlL0, versus Na,O/Al,O, after Garrels &

Mackenzie (1971).
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ed up to the upper amphibolite facies
regional metamorphism, (Taylor &
McLennan, 1985). On the other hand,
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REEs have been shown to be mobile to some extent during
metamorphism (McLennan, 1982).

The REE content of a metamorphic rock directly mimics
that of the protolith. This assumption has formed the basis
for a great number of studies in which the evolution of the
protolith was examined in detail without specifically testing
for the immobility of the REEs (Grauch, 1989). In this
context, the issue of REE migration during metamorphism

Rock/Post-Arch. Aust. Shale-PAAS  Taylor-McLennan 1985-REEs

in close proximity to the PAAS. The higher LREE/HREE
ratio indicates a high degree of fractionation during the
metamorphic stage as no such chemical heterogeneity has
been observed in the protolith. The steep LREE and gentle
HREE with negative europium anomaly are depicted by
the Patharkhola schists. The similarity in the values of
schists with PAAS is interpreted to be steaming from the
chemical homogeneity of the protolith which has changed
avery little during the metamorphism (Likhanov,
2008). These aforementioned features are typical

?

T of post Archean clay shales which are caused by

the occurrence of erosional products of upper
continental crust material (an average of 23
Australian shales of Post Archean age), (Taylor
& Mclennan, 1985) which imputes the presence
of erosional products of sedimentary rocks in

Th

01 1 1 1 1 1 1 1 1 1 1 1 1 1
Ce Nd Eu

La Pr Sm Gd Dy Er

Fig. 3. (¢) REE normalised plot (Taylor & Mclennan, 1985).

has been long debated between proponents of isochemical
metamorphism and those of metasomatism. The only
certainty is that REEs are mobile in certain circumstances
(Vocke et al., 1987) and immobile in others (Rolland et
al., 2003). Despite some progress in this direction, the
nature of these circumstances has rarely
been determined. Further research on

Sc Zr/10

100
a typical lithologically and chemically
distinct types of sample suites may help
our understanding of REE contents in
metamorphic rocks, because they may
contain a record of REE mobility or
immobility (Grauch, 1989).

The analyzed REE data for the
schists were normalized to Post Archean
Australian Shales (PAAS), normalised
values are from Taylor & Mclennan
(1985).

They exhibits slightly LREE depleted

0.1

Island arc environment

Passive Continental
margin

*

Active Continental
margin

patterns (LaN/SmN = 0.7, LaN/YbN =
0.64) with flat HREE patterns (SmN/
YbN =0.89). Concentration of lithophile
elements (Rb, Cs, Baand Sr) along with
HFSE (Y, Nb and Zr) have shown values

40.00
(b)

(Bhatia, 1983).
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Fig. 4. (a) Th-Sc-Zr/10 triangular plot (Bhatia, 1983); (b) SiO, versus K ,O/Al O,
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the detritus accompanied by the decrease in the Eu content
during the sedimentation process of residual plagioclase
(Taylor & Mclennan, 1985).

5 Tectonic implications

Studies have traditionally shown that geochemistry
plays a crucial role as sensitive indicator in determining
the provenance of sedimentary and metasedimentary
rocks and also to constrain the tectonic setting in which
they were deposited (e.g., Bhatia, 1983; Bhatia & Crook,
1986; Roser & Korsch, 1986; Madukwe et al., 2015;
Grizelj et al., 2017). Trace elements such as Co, Sc, Ni,
Zr, Th, La and others are used for tectonic environment
discrimination due to their fractionation and low mobili-
ty in sedimentary environments. Bhatia, (1983) proposed
ternary plots of Sc-Th-Zr/10 and Sc-La-Th to ascertain the
tectonic settings. The process of collisional tectonics and
deformation is formed during the mechanism of orogeny
or plate convergence leading to the formation of continen-
tal arc or active continental margin settings. These depo-
sitional environments forming in these regions are usually
underlain by thick and elevated continental crust, (Bha-
tia & Crook, 1986). Geochemical composition of schists
plotted in these ternary plots, falls in the active continental
settings (Fig. 4a). Conversely, the plot of SiO, versus K,0/
Na,O, shows that schists of Patharkhola have been formed
in the active continental margin (Fig. 4b).

6 Conclusion

The garnet mica schists of the Patharkhola area forms
a part of Dudhatoli Almora group in Kumaun Lesser
Himalaya. Petrographically, the garnet mica schist is
dominantly composed of garnet, biotite, muscovite, chlo-
rite, plagioclase and a subordinate amount of quartz. It
is observed that the prekinematic garnet wrapped round
first generation biotite and muscovite. Second generation
Biotite-II and Muscovite-1II occur as cross-cutting relation
with the Biotite-1 and Muscovite-1.

The geochemical data reflects that Patharkhola
schists are alkali rich with silica-saturated nature. These
investigated schist exhibits slightly LREE depleted
patterns (LaN/SmN = 0.7, LaN/YbN = 0.64) with flat
HREE patterns (SmN/YbN = 0.89). The log(Fe,0,/K,0)
versus log(SiO,/AlO,) plot shows that the protolith of
schists is mainly shale-dominated, representing nearby
source sediments formed in arc-type environment. Their
geochemical signature further suggests that the schists of
Patharkhola have formed in active continental margins.
Thus we considered that the Lesser Himalayan rocks
have formed in arc-type active continental setting where
the sediments where received from both from the arc and
continental crust.
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Geochemické charakteristiky a tektonickd interpretacia granatickych svorov oblasti
Patharkhola v Kumaunskych Malych Himalajach, Uttarakhandské Himal4je, India

Pohorie Himalaje tvori oblukovy horsky pas pokryvajuci
celt hrani¢nu zonu severnej Indie. Je typovym prikladom
zrazky medzi indickou a azijskou litosférickou platiiou
v obdobi pred priblizne 55 milionmi rokov (Mukherjee,
2015; Yin, 2006). Struktare, stratigrafii a tektonike uzemia
Kumaun v Malych Himalajach sa venuju viaceré prace
(Joshi a Tiwari, 2009; Joshi et al., 2017; Rana a Thomas,
2018). V oblasti Kumaun je sekvencia Malych Himalaji
oddelena hlavnou centralnou preSmykovou zonou (Main
Central Thrust; MCT) od Vyssich Himal4ji na severe.
Hlavny hrani¢ny presmyk (Main Bondary Thrust; MBT)
oddel'uje tato sekvenciu od oblasti Siwalikov na juhu
(Thakur et al., 2010). Horninové subory skupiny Dudhatoli
(Rana a Thomas, 2018) vystupujt v oblasti Patharkhola.

Vnutorna bridli¢natd séria, oznacovana aj ako tekto-
nickd zona prikrovu metamorfovanych a krystalinickych
hornin, tvori v Malych Himaldjach vyraznu $truktirnu
jednotku s polyfazovou deformaciou a metamorfozou.
Krystalinikum masivu Dudhatoli vystupuje od lokalit
Garhwal na ZSZ po Kumaun na VSV. Kumar a Agarwal
(1975) zahrnuli Mandhali a formacie Chandpur a Nagthat,
rovnako ako krystalinikum Dudhatoli-Almora, do novo-
vytvorenej skupiny Dudhatoli, v ktorej kryStalinikum
Dudhatoli-Almora reprezentuje najvyssi horizont. Hor-
niny skupiny Dudhatoli sa povazovali za prekambrické
(Kumar a Agarwal, 1975). V Kumaunskych Himalajach
boli ruly jednotky Munsiari skupiny Almora datované
na 1 830 + 200 mil. r. (Bhanot et al., 1977). Islam et al.
(2005) rozélenili proterozoické veky granitoidov Ma-
lych Himalaji do dvoch skupin: 2 200 — 1 800 mil. .
a 1400 — 1 200 mil. r. Rana a Thomas (2023) studovali
termalny a Strukturny charakter granatov z granatickych

141

svorov v bridliciach z lokality Patharkhola. Zistilo sa, ze
st bohaté na Mg, ¢o doklada ich vyssieteplotny rozklad.

Studovany terén vykazuje polyfizovii deformaciu
a metamorfozu (Joshi a Tiwari, 2009). Je to dobre po-
zorovateIné v centrdlnej casti almorského prikrovu.
V Kumaunskych Malych Himalajach sa realizoval roz-
siahly vyskum pelitickych ral a granitov a v menSom roz-
sahu aj nizkostupiiovych bridlic a fylitov (Phukon et al.,
2018; Das et al., 2019). Rana et al. (2023) stadiom pathar-
kholskych fylitov dospeli k zaveru, ze fylity s vysokym
obsahom Al a obohatené stopovymi prvkami vznikli na
aktivnom kontinentalnom okraji.

Oblast’ okolo lokality Patharkhola s vystupovanim
hornin Malych Kumaunskych Himalaji je ohranicena ze-
mepisnou dizkou 79° 09' V az 79° 17' 56" V a zemepisnou
Sirkou 29°47'42" S az29° 56' 69" S. Ma rozlohu priblizne
120 km? (obr. 1a). Vystupujicimi horninami su ruly, brid-
lice a fylity (obr. 1b). Clanok je zamerany na geochemicky
charakter a petrogenézu bridlic.

Pri tektonickej interpretacii je dolezity geochemicky
vyskum sedimentarnych a metasedimentarnych hornin,
ktory dokaze citlivo preukazat’ ich povod a tektonické
prostredie ich vzniku. Analyzované udaje o REE bridlic
boli normalizované podla Archean Australian Shales
(PAAS) s normalizovanymi hodnotami podla Taylora
a Mclennana (1985).

Vykazuju mierne ochudobnené LREE (LaN/SmN
= 0,7, LaN/YbN = 0,64) s plochym priecbechom HREE
(SmN/YbN = 0,89). Koncentracia litofilnych prvkov
(Rb, Cs, Ba a Sr) spolu s HFSE (Y, Nb a Zr) ma hodnoty
v tesnej blizkosti PAAS. Vys$§i pomer LREE/HREE
oznacuje vysoky stupen frakcionacie poc¢as metamorfnej
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fazy, ked’ze takato chemicka heterogenita sa nezistila
v protolite. Patharkholské bridlice vykazuji strmé LREE
a mierne HREE s negativnou eurdpskou anomaliou.
Podobnost’ hodnoét bridlic s PAAS je interpretovana ako
kontaminéacia z primarneho prostredia, pretoze protolit
sa malo zmenil pocas metamorfézy (Likhanov, 2008).
Uvedené znaky st typické pre postarchaicku hlinu bridlic
s vyskytom erozivnych produktov z vrchnej kontinentalnej
kory (priemer z 23 australskych bridlic postarchaického
veku). Pritomnost’ erozivnych produktov sedimentarnych
hornin v detrite je sprevadzany poklesom obsahu Eu
pocas procesu sedimentdcie zvySkov plagioklas (Taylor
a Mclennan, 1985).

Stadie mnohych autorov preukazali, Ze geochémia
je citlivy indikator urcujici provenienciu sedimentar-
nych a metasedimentarnych hornin a tektonické prostre-
die, v ktorom sa nachadzali (napr. Bhatia, 1983; Bhatia
a Crook, 1986; Roser a Korsch, 1986; Madukwe et al.,
2015; Grizelj et al., 2017). Na urcenie tektonického pro-
stredia sa vyuzivaju predovSetkym stopové prvky ako
Co, Sc, Ni, Zr, Th, La a dal$ie. Na uréenie tektonické-
ho prostredia Bhatia (1983) navrhol ternarne diagramy
Sc-Th-Z1/10 a Sc-La-Th. Prejavy koliznej tektoniky a de-
formacie st v ramci orogenézy produktom konvergencie
litosférickych platni veducej k vzniku kontinentalneho
obluka alebo prostredia aktivneho kontinentdlneho okraja.
Depozi¢né prostredia v takychto regiénoch su zvycajne
podostielané hrubou a vyklenutou kontinentalnou koérou
(Bhatia a Crook, 1986). Geochemické zloZenie bridlic zo-
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brazenych v ternarnych diagramoch spada do prostredia
kontinentalnej kolizie (obr. 4a). Naopak, diagram SiO, vs.
K,0/Na,0O indikuje, Ze bridlice z Patharkholy sa vytvorili
na aktivnom kontinentadlnom okraji (obr. 4b).

V zavereCnom zhrnuti je mozné konstatovat, ze gra-
natické svory v oblasti Patharkhola, ktoré su sucast'ou
skupiny Dudhatoli-Almora v Kumaunskych Malych Hi-
malajach, petrograficky pozostavaju z granatu, biotitu,
muskovitu, chloritu, plagioklasu a druhoradého mnozstva
kremena. Zistilo sa, ze predkinematicky granat je obaleny
prvou generaciou biotitu a muskovitu. Druha generacia
biotitu-II a muskovitu-II sa vygenerovala priecne v mik-
rofraktrach biotitu-I a muskovitu-I. Geochemické udaje
dokladaju, Ze svory st bohaté na alkalie a nasyteny SiO,.
Vykazujii mierne ochudobnené LREE (LaN/SmN = 0,7,
LaN/YbN = 0,64) s plochym priecbchom HREE (SmN/
YbN = 0,89). Diagram log(Fe,0,/K,0) vs. log(SiO,/
ALQ,) doklada, Ze protolitom svorov bola predovsetkym
bridlica reprezentujuca zdrojové sedimenty z aktivneho
kontinentalneho okraja. To indikuje, ze horniny z Malych
Himal4ji sa vytvorili v prostredi kontinentalneho obluka,
kde detrit sedimentov pochadzal z tohto oblika, ako aj
z kontinentalnej kory.
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Characterization of ochre precipitate loaded with arsenic
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Abstract: This study is focused on the mobility of potential toxic elements release from the ochre precipitate
sample after the leaching by using selected methods. The sequential extraction method was performed to
characterize the stability of the sample after the leaching tests. The TCLP regulatory limit for arsenic of 5 mg/L
in the ochre precipitate was not exceeded, thus meet the legislative regulations. The highest concentrations of As
were achieved in the residual fraction (5) even after leaching tests. The lowest concentration values of As were
found in the mobile fractions: water-soluble fraction (1) and ion-exchangeable and carbonate fraction (2). These
results indicate the low mobility of arsenic and the tight bonding between As and Fe in formed ochre precipitates.

Key words: ochre precipitate, arsenic, leaching test, sequential extraction analysis
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1 Introduction

The Hauser adit is the deepest horizontal adit in the
entire Zlata Idka ore district. Mine water is characterised
by a high arsenic content. This content significantly
correlates with the content of divalent iron, which allows
us to assume that this highly toxic micro-component of
chemistry also originates from the primary environment
of formation of the chemical composition of mine
water — from the depth of the rock mass (the presence
of arsenopyrite in the vein system of the locality Zlata
Idka), (Bacova, 2006). Outflows from the adit presented
a permanent source of contamination (adit discharges,
drainage water and mine heap leachate) and will recharge
the surface waters of streams with elements of concern

CompnCm >
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Highlights

* The regulatory TCLP limit (5 mg/L) for As in the
leachate was not exceeded, which means that the
waste (ochre precipitate) is stable under slightly
acidic conditions.

After TCLP and SPLP tests, the mobility of Fe and As
was minimal, below 0.1 %. Mn was the most mobile
element, with mobility value of 90 %, after the SBET
and TCLP leaching tests.

Arsenic is probably incorporated directly into the
internal structure of the ochre precipitate (formed
by hydrated iron oxides) and it binds in the form of
internal complexes with iron.

over the long term (Cicmanova & Balaz, 2007). Mine
water discharge creates a pond — with no runoff — below
the backfilled mouth of the adit. The mine water probably
seeps into the Quaternary sediments of the Ida Valley.

The pH is a critical parameter for the mobility of
metals, and thus their bioavailability. Dissolution of
carbonates and silicates is an important type of reaction
that shapes the pH of waters. In terms of the potency of
arsenic present in waters, it has been found to be present
only in the less toxic form of pentavalent ions. This points
to a significant application of oxidizing conditions of
the aquatic environment — probably in the final phase of
mine water discharge (Cicmanova & Balaz, 2007). In an
oxidizing environment, the arsenate species predominates,
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and at a pH between 6 and 9, it exists as oxyanions of
arsenic acid in the form of H,AsO, and/or HAsO*
(average pH of mine water from the Hauser adit = 7.3).
The ochre phases are precipitated directly from mine
waters (or tailings pond leakage). They are characteristic
of mine sites, adit discharges and their surroundings due to
oxidation of soluble Fe? to insoluble Fe** phases. HFO, also
called hydrous iron oxides and iron (IIT) oxide-hydroxides,
include several minerals, such as ferrihydrite, akaganeite,
feroxyhyte, goethite, lepidocrocite and limonite. They
are poorly crystalline, highly porous, have large surface
areas and they are excellent sorbents of various potentially
toxic elements. Hydrous ferric oxides (HFO) harbor
a remarkable ability to sequester As and Sb from the
environment by adsorbing arsenate [As(V)], arsenite
[As(IIT)], antimonate [Sb(V)] and antimonite [ Sb(IIT)] ions

Al

Bratislava

on its surface (in some cases even into the structure) under
the neutral and low acidic conditions, which is the case
of most groundwater and soil water conditions (Scheinost
et al., 2006; Majzlan et al., 2007; Mitsunobu et al., 2006;
Guo et al., 2014). Adsorption of As(V) species onto porous
iron oxyhydroxides is known to take place via Coulombic
and/or Lewis acid base interactions (ligand exchange
reactions) and to form monodentate and bidentate inner
sphere complexes (Zhang & Stanforth, 2005; Banerjee et
al., 2008). Generally, it is believed that the porous nature of
iron (oxy)hydroxides leads to As(V) adsorption at internal
iron complexation sites (Sinha et al., 2002; Badruzzaman
et al., 2004). Arsenic ions bound by the inner complexes
are more strongly adsorbed than arsenic ions bound by the
outer complexes (Stollenwerk, 2003).

Key to B

% site location
[ actinolithic shales

[ ] loamy-stone and loamy sediments
I coarse-grained metarhyolite tuffs

I sandy and loamy gravel, loams and clays
I sandy loams with rare gravel

[ medium-grained metarhyolite tuffs

I micro-laminated quartz-sericite and graphite-sericitephyllites
I coarse-grained and rhytmic layered metamorfed quartz greywackes
I metamorfed quartz greywacke in predominance over quartz phyllites

[ covertly layerd graphite-serecite phyllites with local pyrite impregnation
I medium-grained two mica and biotite granites south Gemericum

Fig. 1. (A) Simplified map of Slovak
Republic: location of Zlata Idka near
Kosice town (B) location of Hauser
adit and geological map of the site
studied (C) detailed site location.
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A previous study focused on the elimination of As
concentration from mine run-off water of

Hauser adit under flow conditions at the locality Zlata
Idka (Bekényiova et al., 2023), Fig. 1. The in situ field
experiments consisted of designing a continuous mine
water overflow system by placing two 50 L containers
directly in the field, through which mine water flowed
continuously by gravity flow. The mine water flowed
through the two containers: a retention container and a filter
container, in which different fractions of natural sorbents
were deposited in layers. In the retention container, ochre
precipitates naturally formed during the in situ experiment
(4 months), binding a significant amount of arsenic.

The present study is focused on formed ochre
precipitates and their characterization by X-ray diffraction,
SEM and EDX analysis. The microbiology was discussed
based on the results from the SEM analysis spectra, too.
Furthermore, the main objective of the study was to
determine the stability of the ochre precipitates. Leaching
tests, namely SPLP, TCLP and SBET methods were used
to assess the mobility of the investigated potentially toxic
elements. Mobility and transport sequential extraction
analysis (SEA) method was used to determine the content
of potentially toxic elements in the bioavailable and
unavailable fractions and to refine and understand the
physicochemical processes of metal fixation.

2 Materials and Methods
2.1 Ochre precipitates

The ochre precipitates used in this study were obtained
from previous in situ experiments, where they are naturally
formed in 50 L container and binding a significant amount
of arsenic (Bekényiova et al., 2023). Next they were used
for the chemical and mineralogical analyses. Samples
were collected using a field scoop into plastic bags. During
collection, they were filtered through a 0.16 mm sieve to
remove any residual organic matter (leaves, roots, etc.) and
then washed with water. Then the precipitates were dried
in a laboratory oven at a constant temperature of 60 °C to
a stable mass during 3 days.

2.2 Ochre precipitate characterization

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

The ochre precipitates were studied by scanning
electron microscopy FE MIRA 3 (Tescan, Czech Republic)
equipped by energy-dispersive (EDX) analyser of chemical
composition (Oxford Instruments).
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2.3 Mobility of toxic elements and bioassessibility
testing

Mobility of potential toxic elements present in the ochre
sample was tested using Synthetic Precipitation Leaching
Procedure (SPLP), US EPA Method 1312 based on the
acid rain leaching; pH 4.2 (Fey et al., 2011). The ochre
sample of 5 grams was extracted by solution of H,SO, and
HNO, (weight ratio 3 : 2). The ochre sample and extraction
solution were placed into the extraction bottle and shaken
for 18 hours on the laboratory shaker. Then the leachate
was filtered and analysed.

Toxicity Characteristic Leaching Procedure (TCLP)
was performed using the method (US EPA 1311) as
follows: a 50 g sample was extracted with a 1 N solution of
NaOH and acetic acid, pH 2.8, with stirring for 18 hours.

The bioassessibility of the toxic elements present in the
ochre sample Fe-HB-S was tested by Simply Bioavailability
Extraction Test (SBET). The sediment sample of 5 grams
was extracted by solution of 0.4 M glycine of pH 1.5
(adjusted by HCI) under the vigorous stirring for 1 hour
at 37 °C (Report No.: 1542820-003-R-Rev0, 2016; Kim
et al., 2009).

2.4 Sequential extraction analysis

The ochre sample was subjected to sequential
extraction analysis with the aim to determine the content
of toxic elements in biologically available and unavailable
fractions. The sequential extraction analysis was provided
according to the method described by Mackovych et al.
(2000). The extraction in each step was carried out in 3
measurements, the sample was shaken in suspension
on a laboratory multirotator for 16 hours at laboratory
temperature. After the extraction was completed, the
solution was centrifuged at 3000 rpm for 20 minutes, the
extraction leachate was filtered and fixed by the addition
of HNO,.

3 Results and discussion
3.1 Characteristics of the formed ochre precipitates

The resulting ochre precipitates (hydrated iron oxides,
referred as HFO) contain high amount of arsenic, but under
normal surface conditions are generally poorly soluble As
compounds. They are commonly precipitated directly from
mine waters as a result of the oxidation of soluble divalent
iron to insoluble ferric iron phases and are characteristic of
mine sites, adit outfalls and their surroundings. The water
flows from the adit is neutral to slightly alkaline mine
water with pH of 7.3 (an average) and with high arsenic
content 360 ng/L (an average).

Sorptive properties of hydrous ferric oxides (HFO)
depend on the pH of the surrounding water, the chemical
composition of the water, and the ratio of the amount of
dissolved trace metals to the amount of hydrous iron oxides
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The concentrations of Fe and As
in the ochre precipitates formed in the
container (after 4 months of filtration)
are presented in Tab. 1. The data of As
concentration were compared with the
indication and intervention criteria of the
Directive of the Ministry of Environment
of the Slovak Republic No. 1/2015-7 of
28 January 2015 for the preparation of
risk analysis, listed in Annex 12a to the
Directive (Indication and Intervention
Criteria for the Rock Environment and
Soil). The chemical analyses show that
the concentrations for As expressively
exceed the IT criteria for industry, Tab. 1.

Oxidation

\

The fine fibrous structure observed

Fig. 2. Proposed scheme showing the influences of redox and aging on the behavior

of heavy metals associated with Fe (hydr)oxides-organo complexes (Chenchen et al.,

2019).

(Dzombak et al., 1987; Davis & Kent, 1990; Stumm,
1992). Behaviour of heavy metals in complex system of
HFO is illustrated in Fig. 2.

After collection and processing ochre precipitates in
the laboratory, they were further studied by using X-ray
diffraction method, the morphology was studied by
scanning electron microscopy with the EDX analysis.

The stability of Fe precipitates was studied by leaching
tests (SBET, TCLP, SPLP). Sequential extraction (SEA)
methodology was used to assess the mobility of potentially
toxic elements bound in Fe precipitates before and after
leaching tests, that would be released back into the
water, and to refine and understand the physicochemical
processes of metal fixation, mobility and transport.
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in some places may be related to the

Tab. 1
Concentration of selected elements in ochre precipitate
and comparison of As concentration with the permissible
and critical limits according to the guideline

Permissible F:ritic.al lirnit (IT) — Fe-HB-S
clorent| it (D) Resttentl] Wuetl |t
[mg.kg™ | [mg.kg™] | [mg.kg”] | [mg.kg™]
As 65 70 140 56 945
Fe X X X 471000

ID — Permissible limit of contaminant concentration in soils according
to the Methodical Instruction of Ministry of Environment of the
Slovak Republic, No. 1/2012-7

IT — Critical limit of contaminant concentration in soils according to
the Methodical Instruction of Ministry of Environment of the
Slovak Republic, No. 1/2012-7

Fig. 3. Formation of ochre pre-
cipitates in a 50 L sedimentation
container, ochre sampling.
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presence of Fe oxidizing bacteria, which may play
an important role in the mobility of the elements.
Formation of ochre precipitate during monitoring
period and its sampling is illustrated in Fig. 3.

Processed Fe precipitate was subjected to X-ray
analysis. The results showed a predominantly
amorphous phase of ferric oxyhydroxides, consisted of
weakly crystalline ferrihydrite, as can be seen in Fig.

4. Ferrihydrite is usually formed from mine drainage
solutions that are rich in organic matter and/or have pH
values greater than 5 (Bigham et al., 1992).

From X-ray and EDX analyses it can be assumed
that the rusty red colour of the sediment as well as the
surface coatings of the rocks around the lake is caused
by amorphous phases of iron compounds (hydroxides,
oxyhydroxides), binding a significant proportion of As
from the outflowing mine water. The EDX analysis of rusty
red precipitates from mine water collected on the filter
confirmed the presence of both iron and arsenic in amount
52 wt. % and 13.2 wt. %, respectively (Fig. 5). Fig. 6 (A),

Intensity (a.u.)
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Ochre precipitate(Fe-HB-3)
locality Zlata idka
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2 Theta (degree)
Fig. 4. X-ray diffraction of ochre precipitate.

70

shows Fe oxide aggregates (probably ferrihydrite) in
the immediate neighbourhood of the two Fe-oxidizing
bacterial species, Gallionella ferruginea (G) and Lepthotrix
ochracea (L), according to Cornell and Schwertmann

W% o

&

Fig. 17.7  Feribpdrite (HFQ) precipitated in the neighbourhood
of stalks of Lepthotrir (L) and Gelbomello {G) 195 m wnderground
an the Strassa Mine, Sweden [Courtesy F.C. Fervis)

Fig. 6. Surface spectrum of HFO (Cornell & Schwertmann, 2003) (a), Fe-HB-S sample — 15 000x magnification (b), Fe-HB-S sample

— 5 000x magnification (c).
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(2003). From our observed scanning electron microscopy
spectra at 15 000x and 5 000x magnification, hollow tubes
are clearly visible, which probably correspond to bacterial
species Lepthotrix ochracea (Fig. 6B, C). It is well known
Fe-oxidizing bacteria that occurs in higher abundance
in ochres, in addition to other facultatively aerobic or
microaerophilic  Fe-oxidizing bacteria (Gallionella,
Rhodobacter, Sphingopyxis, Dechloromonas, Azospira,
and others). These metal-oxidizing bacteria form robust
populations, with significant effects on crystallization
rate of hydrated iron oxides and adsorption of metal ions/
metalloids (Volekova, 2022).

Fe oxidizing bacteria of the genus Leptothrix form iron-
precipitating shells and oxidize divalent iron to trivalent
iron hydroxide. These bacteria can either adaptively use
metals (or other compounds) as electron acceptors (Roden,
2012; Bryce et al., 2018; Liu et al., 2019a). This allows
them to live in changing conditions, e.g. the transition
zone between aerobic and anaerobic environments, and
adapt to changing oxygen availability.

To better understand the biochemical processes at
the locality, the PCR analysis of the Fe-HB-S sample
to determine the specific bacterial species present in the
precipitates is planned to be complemented.

3.2 Leaching tests

The leaching tests (SBET, TCLP, SPLP) were aimed
to assess the mobility of the investigated potentially
toxic elements (As, Sb, Fe and Mn) in the Fe precipitate
sample. The bioavailability test by the SBET (Simply
Bioavailability Extraction Test) method characterizes the
proportion of toxic elements that are absorbed from the
sample (soil, sediment) into the organism via the digestive
tract. The method simulates an acidic gastric environment
(pH = 1.5). These tests also indicate the possible effect of
soil exposed to acid mine water to pH below 2.

The toxicity characteristic leaching procedure (TCLP)
using US EPA Method 1311 assesses the mobility of
hazardous substances from the solid phase into the aquatic
environment. It simulates landfill leaching or simulated
wetting (waste/solids exposed for 100 years in a landfill,
pH = 2.8). It is a standardized method for determining
whether a waste is hazardous or non-hazardous for disposal
purposes. Concentration limits for individual elements
according to the TCLP evaluation are given in Tab. 2.

Tab. 2
TCLP limits (US EPA 1311)
Element Fe As Mn Sb
TCLP limit [mg.L™] - 5 - -
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The SPLP (Synthetic Precipitation Leaching Procedure)
mobility test by US EPA Method 1312 simulates acid rain
(waste exposed to 100 years of acid rain, pH = 4.2). The
degree of waste/landfill stabilization is critical to the quality
or composition of the leachate from the waste, which in
turn affects the degree of groundwater contamination. The
SPLP method is of limited use for the detection of metals
that are present on the surface; therefore, it is considered to
be not a fully suitable method for comprehensive toxicity
testing. On the other hand, it simulates the effects of
“normal” precipitation on waste.

When evaluating the results from the TCLP method,
the total concentration is divided by 20 (the sample was
diluted with extraction liquid weighing 20 times the
sample weight) and compared to the TCLP regulatory
limits. If the number is less than the TCLP limit, then the
waste cannot leach enough of the chemical into the soil
and groundwater to be considered a hazardous waste. If
the initial concentrations of potentially toxic elements are
not present or they are at such low levels that the TCLP
limits cannot be exceeded — in this case a TCLP test may
not be necessary.

The redox state of the metals found in the Fe complexes
of the precipitates is important and the adsorption of As
to the hydrated iron oxide (HFO) minerals may not be
stable and may change continuously, either due to various
geochemical interactions, or due to interactions with
various living organisms, in particular bacteria, algae and
fungi.

Iron oxidation by bacteria is a spatially and temporally
tightly regulated process that ultimately leads to the
formation of diverse biogenic Fe oxides, including HFOs,
and thus form a perfect substrate for the adsorption of
potentially toxic elements such as As(V) (Muche et al.,
2013; Xiu et al., 2019).

Ochre precipitates formed in a 50 L container

The longer time of water accumulation in the container
and its slower outflow, led to the precipitation of Fe** into
insoluble Fe** oxihydroxide phases, and the presence of
potentially toxic elements bound in these Fe precipitates
pose a risk of their release and mobilization. They can be
highly toxic even at low concentrations and can have a
negative impact on the environment.

The mobility of potentially toxic elements varied
depending on the type of leaching method; the pH of
buffering solution. While the bioavailability method
simulates an acidic stomach environment with pH 1.5,
the TCLP method leaches in a landfill with pH 2.8 and
the SPLP method acidic precipitation with pH 4.2. Ochre
precipitate (denoted as Fe-HB-S) was subjected to leaching
by all leaching methods. The results show that the mobility
of both As and Fe were very low for both SPLP and TCLP
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leaching methods. The mobility of As ranged from 0.01 %
to 0.04 % for the SPLP and TCLP methods, respectively.
The highest mobility presented Mn above 90 % for the
SBET and TCLP method and the least mobile was As. The
concentration of As was under the limited values according
to the regulatory TCLP limits in the leachate (5 mg/L).
The leachability of each element also depended on
the input concentration of the selected element (Fig. 7 ,

Tab. 3 ). In the case of the SBET method used, although
the mobility of arsenic was only 1.03 %, but due to the
extremely high input concentration of As in the sample,
the concentration in the leachate was relatively high
for As (6.09 mg/L), Fig. 8. The Fe concentration in the
leachate after the SBET method also presented a high
value of concentration of 621 mg/L but the Fe mobility
was minimal for the TCLP and SPLP methods.

It can be concluded, that both As and

100 Ochre precipitate
80
60

40

Mobility %

20

Fe

As

Mn

B SBET mTCLP 1 SPLP

T
Sh

Fe mobility were highest when the SBET
method was used simulating acid aggressive
environment at pH 1.5 and very low mobility
was detected for the SPLP method using
simulating acid precipitation at pH 4.2. Sb was
the most mobile after the SBET method and the
same 2 % mobility was shown after the TCLP
and SPLP methods. The results indicate stable
chemical bonds between Fe and As.

3.3 Sequential extraction analysis (SEA)

Chemical elements can be mobilized and
retained in the rock environment by various
processes, such as binding to primary and
secondary minerals, formation of stable

Fig. 7. Mobility of the potentially toxic elements after individual leaching tests

in ochre precipitate Fe-HB-S.

complexes with organic ligands, clays and metal
oxyhydroxides (Bourg, 1995). Iron, manganese
and aluminium oxyhydroxides are generally

stable at neutral to alkaline environmental
100 pH values, and their dissolution occurs under
90 621 mg/| acidic or strongly alkaline conditions (Cheng &

= 80 | Yeh, 1998).
g 70 + A sample of the resulting ochre precipitate
g 60 (Fe-HB-S) from a 50 L container was subjected
® 07 44.9 mg/l to sequential extraction analysis to determine
g 40 r the content of potentially toxic elements in
g 30 | the bioavailable and non-available fractions.
o 20 Each extraction step represents the leaching of
10 f 6.09 mg/l 0.05 mg/l a form of the element bound to a specific soil

0 [ | . - ,

e As Mi o or sedlmept phase (ngberyova et al., 2000).
The fractions are indicated by the numbers

Fig. 8. Concentrations of potentially toxic elements in leachate after SBET

bioavailability test in ochre precipitate Fe-HB-S.

1-5, which according to the methodology
(Mackovych et al., 2000) means:

Tab. 3
Concentrations of potentially toxic elements in the ochre precipitate Fe-HB-S before and after leaching tests
Sample | Element e Coeer o Sl Craur o MTOCt:"LIII’ty Capir o I\’Is?lgll.lll’ty

[mg-kg™] | [mgkg™] | (mg.L7] | [%] | [mgkg™]| [mgL7] | g | Imokg™] | [mgl7] | o

Fe 462190 | 31050 621 6.72 9.10 0.46 0.00 6.79 0.34 0.00

Fo_HBS As 29 407 304 6.09 1.03 10.50 0.53 0.04 3.20 0.16 0.01

e—| —

Mn 2449 2245 449 917 1818 90.9 74.2 2.56 0.13 0.10

Sb 47.67 2.50 0.05 5.24 1.00 0.05 210 1.00 0.05 210
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1. water-soluble fraction: characterizes the proportion
of the element soluble in the aqueous phase in the
form of inorganic salts;

2. ion-exchangeable and carbonate fraction: the
fraction of the element adsorbed by inorganic
salts and bound to carbonates, released into the
environment when the pH changes from neutral to
acidic;

3. reducible fraction; element bound to Fe and Mn
oxides, from which it is released into the aquatic
environment when Eh conditions change;

4. organic-sulphide fraction: element bound to
organic matter and sulphides, released as a result
of oxidation and subsequent degradation of organic
matter and decomposition of sulphides under
changing physicochemical conditions;

5. residual fraction called insoluble residue, encom-
passes the elements in form of no real risk for orga-
nisms present in given environment.

The most mobile fractions are fractions 1 and 2, i.e. the

fractions present in the soil solution and in the soil sorption
complex respectively.

3.3.1 Ochre precipitates formed in a

bound to organic matter and sulfides and 0.15 % of As is
present in the reducible fraction (3). In the case of Fe, 81.98
% is also present in the residual fraction (5), 12.08 % in
the reducible fraction (3) and 5.93 % in the organic-sulfide
fraction (4). In the case of Mn, up to 52.26 % is bound
to the mobile ion-exchangeable and carbonate fraction
(2), the residue is represented most in the reducible (3),
successively in the residual (5) and least in the organic-
sulfidic fraction (4), Tab. 4, Fig. 9. This behaviour of
elements correlate with the leaching test results, where
the highest Mn mobility was observed after the TCLP test
and SBET bioavailability test. The highest abundance in
the ion-exchangeable and carbonate fractions (2), means
that the element is readily released into the environment
when the pH changes from neutral to acidic. These results
from the sequential extraction analysis of ochre precipitate
indicate, the tight binding of As to Fe oxyhydroxides,
where it can bind to various complexes with Fe in FeAsO*,
FeOHAs, etc. (Pitter, 1999).

The oxidation of primary minerals in mining areas
often results in the formation of coatings or fringes
on these minerals called tertiary minerals, which also
affects the mobility of several elements. The resulting

Ochre precipitate/Fe—-HB-S

50 L container —
(]

To understand the physicochemical 2 400
processes of metal fixation, mobility -% L o0t
and transport the sequential extraction S 8o}
analysis of ochre sample was provided. £ E 70 |

Based on the results of the sequential 2 § 60 |
extractiogl analysis of the ochre sample g 3 50 |
(Fe-HB-S), it can be concluded that 2g 40rF
both As and Sb are strongly bound 5 % 30 -
and its amount in the mobile fractions ‘q:'; Q 20 r
(1) and (2) is almost zero. 98.82 % of | £ o
arsenic is represented in the residual (&) 0
fraction (5), which means that they

are bound to insoluble tertiary mineral

As Fe Mn Sb

H1 m2 3 H4 W5

phases. In fraction (4), As is present

in the amount of 0.88 % where As is  Fe-HB-S.

Fig. 9. Amount of extracted element in each extraction step in the ochre precipitate

Tab. 4

Results of sequential extraction analyses of elements in the ochre precipitate Fe-HB-S and their amount
in individual fractions (%)

sample |Fraction| e | ket | % | imoleal | imokal | % |imoiel| gkl | % o imglkal| %
1 121 0.05 27.3 0.01 1.94 0.07 <3 0.00

2 23.2 0.10 16.40 0.00 1543 52.3 <3 0.00

Fe-HB-$ 3 24 257 371 0.15 | 399.326 | 48 237 12.1 2953 713 24.2 4 <3 0.00
4 214 0.88 23679 5.93 271 9.18 <3 0.00

5 23.971 | 98.8 327366 | 82.0 424 14.3 41 100
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coatings may contain elevated concentrations of some  significantly and increased in the residual fraction (5), Fig.
elements, e.g. arsenic, iron or antimony. These elevated  10. The lowest Mn mobility was in the case of the SPLP
concentrations of elements in coatings may result from  test with simulated acid rain pH 4.2 , which corresponds
the incorporation of these elements originally present in ~ with the leaching test results. Increasing the acidity of the
solution into the coatings during their
formation (Majzlan et al., 2011; Hiller
et al., 2012). Tertiary precipitates also
include gypsum coatings, or the most
commonly occurring hydrated iron
(or manganese, zinc, and aluminum)
sulfates, which can also influence
element mobility (Jambor, 1994).
Grains of tertiary minerals can be
formed by complete replacement of ore
or by precipitation from solutions found
in mine waste or tailings (Majzlan et
al., 2011; Hiller et al., 2012).

N
o
T

As content in fractions of
sequential leachate (%)

SBET TCLP SPLP
3.3.2 Ochre' precipitates subjected B E2 W3 E4 WS
to leaching tests

The results of the sequential
extraction analysis of the ochre
precipitate performed after leaching
tests is shown in Fig. 10. As was present
in the residual insoluble fraction (5)
with abundance above 99 % after all
leaching tests. The amount of As in the
organic-sulfide fraction (4) for each
method were as follows: 0.28 % after
SBET, 0.46 % after TCLP and 0.66 %
after SPLP method. In the reducible
fraction (3), 0.12 % As appear for 0
all methods, where it is bound to Fe SBET TCLP SPLP
and Mn oxides, from which it can be
released into the aquatic environment
when Eh conditions change. A small
concentration of As is also present
in mobile fractions 1 and 2 (from
0.06-0.15 %), Tab. 5. Fe is also
predominantly represented in the last
insoluble fraction (5) above 80 % for all
leaching methods, then in the reducible
fraction (3) and the remainder in the
organic-sulphidic fraction (4), Fig. 9. In
the case of Mn, the highest proportion
of the mobile form 44.01 % is found
in the ion-exchangeable and carbonate
fractions (2) after SPLP test. For the
SBET and TCLP methods, Mn was SBET TCLP SPLP
found in the mobile phases in fraction E1 W2 W3 m4 W5
(2) but also in the water-soluble

fraction (1), and the proportion of Mn Fig. 10. Amount of extracted element in each exraction step in the ochre precipitate
in the reducible fraction (3) decreased  Fe-HB-S after leaching tests.

-

P [e2] o] o

o o o o
T T T

Fe content in fractions of
S

sequential leachate (%)

N1 W2 W3 m4 W5

Mn content in fractions of
sequential leachate
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Tab. 5
Results of sequential extraction analyses of elements in the ochre precipitate Fe-HB-S using different leaching methods

Elements As Fe Mn Sb
Fe-HB-S | Fraction | [mglkg] % [mglkg] % [malkg] % [maglkg] %
Ci 36 693 530 948 1314
1 55.0 0.15 1252 0.24 355 27.0 <3 0.00
2 43.0 0.12 1539 0.29 369 28.1 <3 0.00
SBET 3 45.0 0.12 46 115 8.69 91.64 6.97 <3 0.00
4 102 0.28 20623 3.88 128 9.72 <3 0.00
5 36.448 99.3 461420 86.9 370 28.2 46.0 100
Ci 26 111 430 725 1589 55
1 16.0 0.06 68.0 0.02 264 16.6 <3 0.00
2 19.0 0.07 477 0.11 527 33.2 <3 0.00
TCLP 3 36.0 0.14 53190 12.35 184 11.6 <3 0.00
4 119 0.46 20736 4.81 185 11.6 <3 0.00
5 25921 99.3 356 254 82.7 429 27.0 55.0 100
Ci 25418 424 896 3081 42
1 16.0 0.06 55.5 0.01 1.74 0.06 <3 0.00
2 21.0 0.08 75.4 0.02 1356 44.0 <3 0.00
SPLP 3 31.0 0.12 57 680.8 13.6 831 27.0 <3 0.00
4 167 0.66 24 803 5.84 361 1.7 <3 0.00
5 25183 99.08 342 281 80.56 531 17.2 42.0 100

Explanatory notes:
Ci — input concentrations of elements in the sample mg/kg
% — percentage of elements in each fraction

leaching solution increased the amount of Mn in the mobile
fraction, which seems to be related to the binding of Mn in
the form of oxides, from which it is readily released into
the aqueous environment when the pH and Eh conditions
are changed. Mn becomes soluble at low pH and probably
binds to tertiary mineral phases in the residual fraction
(5). The elemental amounts and concentration (%) in each
fraction are given in Tab. 5.

4 Conclusion

The aim of this study was to study the mobility of
potentially toxic elements (As, Sb, Fe and Mn) and to
determine their content in the bioavailable and unavailable
fractions in the resulting ochre precipitates (Fe precipitates
from a 50 L container from previous in situ field
experiments) using leaching tests (SBET, TCLP, SPLP)
and sequential extraction analysis. The bioavailability
of iron was relatively high, 621 mg/L in the leachate,
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but this represents a mobility of 6.72 % from the input
Fe concentration (input 471 000 mg/kg Fe). For As, the
mobility was 1.03 % (input 56 945 mg/kg). After TCLP
tests (pH = 2.8) simulating conditions of 100 years of
leaching in a landfill and SPLP test (pH = 4.2) simulating
conditions of waste exposed to 100 years of acid rain, the
mobility of Fe and As was minimal, below 0.1 %. Mn was
the most mobile element with removed amount above
90 % after the bioavailability and TCLP tests.

The regulatory TCLP limit (5 mg/L) for As in the
leachate was not exceeded, indicating that the waste is
unable to leach sufficient amounts of the contaminant.
Arsenic is probably incorporated directly into the internal
structure of the Fe precipitate (formed by hydrated iron
oxides) and is bounded to it in internal complexes. It is
generally assumed that the porous nature of iron (oxy)
hydroxides leads to adsorption of As(V) on internal iron
complexation sites.
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Even after leaching tests, a sample of ochre precipitate
was subjected to a five-step sequential extraction analysis
to determine the content of potentially toxic elements in the
bioavailable and unavailable fractions. The results from the
SEA for Mn correlated with the results from the leaching
tests, where the highest Mn mobility was observed after
SBET and TCLP tests. Mn was the most mobile element
represented predominantly in the (2) ion-exchangeable and
carbonate fractions, progressively less in the (5) residual,
(3) reducible, and (4) organic-sulfide fractions. In the case
of Fe, As and Sb, they were predominantly represented in
the residual fraction — non biologically available (5) after
all leaching tests. In summary, except of Mn, As and Sb
are bounded to tertiary insoluble minerals.

Acknowledgements

The information used in this paper was obtained within
the framework of the Operational Programme Quality
Environment Programme Ensuring the monitoring of
environmental burdens in Slovakia — Part 2, which is
co-financed by the European Union / Cohesion Fund
(application code: NFP310010AXF2). This material is
a contribution to the EuroGeoSurveys HORIZON-CSA
Geological Service for Europe project. Authors are grateful
to reviewers of primary manuscript.

References

BacovA, N., 2006: Niektoré poznatky o banskych vodach
priestoru Medzev — Zlata Idka. Podzemna voda, XII, I,
39-49.

BADRUZZAMAN, M., WESTERHOFF, P. & Kwnaprpe, D. R. U,
2004: Intraparticle diffusion and adsorption of arsenate
onto granular ferric hydroxide (GFH). Water Res. 38, 18,
4002—4012, https://doi.org/10.1016/j.watres.2004.07.007.

BANERJEE, K., Aamy, G. L., PREVOST, M., NOUR, S., JEKEL, M.,
GALLAGHER, P. M. & BLUMENSCHEIN, C. D., 2008: Kinetic
and thermodynamic aspects of adsorption of arsenic onto
granular ferric hydroxide (GFH). Water Res., 42, 13,
3371-3378, https://doi.org/10.1016/j.watres. 2008.04.019.

BEKENYIOVA, A., DANKOVA, Z. & KUSIK, D., 2023: Eliminacia
arzénu z podzemnej banskej vody — lokalita Zlata Idka.
e-zbornik, Odpadové forum 2023, Hustopece, ISBN: 978-80-
85990-41-6.

BiGgHaMm, J. M., SCHWERTMANN, U. & CARrLsoN, L., 1992:
Mineralogy of precipitates formed by the biogeochemical
oxidation of Fe (II) in mine drainage. In: Skinner, H. C. W.,
Fitzpatrick, R. W. (eds.): Biomineralization Processes of Iron
and Manganese: Modern and Ancient Environments. Catena
Suppl., 21, 219-232.

BoURG, A. C. M., 1995: Speciation of heavy metals in soils and
groundwater and implications for their natural and provoked
mobility. In: Salomons, W., Forstner, U. & Mader, P. (eds.):
Heavy Metals Problems and Solutions. Springer, 19-31.

Bryck, C., BLACKWELL, N., ScuMipT, C., OTTE, J., HUANG, Y.,
KLEINDIENST, S., ToMASZEWSKI, E., ScHAD, M., WARTER,
V., PENG, C., BYRNE & J. M., KAPPLER, A., 2018: Microbial

153

anaerobic Fe (II) oxidation — ecology, mechanisms and
environmental implications. Environ. Microbiol., 20, 10,
3462-3483, https://doi.org/10.1111/1462-2920.14328.

CICMANOVA, S. & BALAZ, P., 2007: Historicka t'azba rad a kvalita
prirodného prostredia v okoli obce Zlatd Idka. Podzemnda
voda, XIII, 1, 89-99.

CoRNELL, R. M. & ScHWERTMANN, U., 2003: The Iron Oxides:
Structure, Properties, reactions, Occurences and uses.
Weinheim Publ., ISBN 3-527-30274-3.

Davis, J. A. & Kent, D. B., 1990: Chapter 5. Surface
complexation modeling in aqueous geochemistry. In:
Hochella, M. F., White, A. F. (eds.): Mineral-Water Interface
Geochemistry. Rev. Miner., 23, 1, 177-260, https://doi.
org/10.1515/9781501509131-009.

DzomBak, D. A., Asce, A. M. & MoreL, F. M. M., 1987:
Adsorption of inorganic pollutants in aquatic systems.
Hydraul. Eng., 113, 4, 430-475, https://doi.org/10.1061/
(ASCE)0733-9429(1987)113:4(430).

Fey, D. L., CHURCH, S., DriscoLL, R. & Apawms, M. G., 2011:
Multiple applications of the U.S. EPA 1312 leach procedure.
Geochem.: Explor., Environ., Anal., 11, 163—178.

FErris, F. G., KONHAUSER, K. O., LyviN, B & PEDERSEN, K.,
1999: Accumulation of metals by bacteriogenic iron oxides in
a subterranean environment. Geomicrobiol. J., 16., 181-192.

Guo, X., Wu, Z., HE, M., MengG, X., JiN, X., Quu, N. &
ZHANG, J., 2014: Adsorption of antimony onto iron
oxyhydroxides: adsorption behavior and surface structure.
J. Hazard. Mater., 276, 339-345, https://doi.org/10.1016/;.
Jhazmat.2014.05.025.

HiLLER, E., PETRAK, M., TOTH, R., LALINSKA-VOLEKOVA, B.,
Jurkovi¢, L., KuCerovA, G., RADKOVA, A., SOTTNIK,
P. & VozARr, J., 2013: Geochemical and mineralogical
characterization of a neutral, low-sulfide/high-carbonate
tailings impoundment, MarkuSovce, eastern Slovakia.
Environ. Sci. Pollut. Res., 20, 7627-7642, https://doi.
0rg/10.1007/s11356-013-1581-5.

CHENCHEN, Q., WenL, CH., Xiwing, H., Peng, C,
CHENGRONG, CH., X1a0-YING, Y. & Qiaoyun, H., 2019:
Review article: Heavy metal behaviour at mineral-organo
interfaces: Mechanisms, modelling and influence factors.
Environ. Intern., 131, 104995, https://doi.org/10.1016/j.
envint.2019.104995.

CHENG, H. & YEH, G., 1998: Development of a three-dimensional
model of subsurface flow, heat transfer, and reactive chemical
transport: 3dhydrogeochem. J. Contamin. Hydrol., 34, 1-2,
47-83.

JAMBOR, J., BLowEgs, D. & Ptacek, C., 1994: Mineralogy of
mine wastes and strategies for remediation. In: Vaughan, D.
& Wogelius, R. (eds.): Environmental mineralogy. Budapest,
Eotvos Univ. press, Eur. Miner. Union Notes miner.

Kmv, K. R., Owens, G. & Namu, R., 2009: Heavy metal
distribution, bioaccessibility and phytoavailability in
longterm contaminated soils from Lake Macquarie, Australia.
Aust. J. Soil Res., 47, 166—176.

LALINSKA-VOLEKOVA, B., MAJEROVA, H., KAUTMANOVA, I.,
BRACHTYR, O., SzABOOVA, D., ARENDT, D., BRCEKOVA,
J. & Sorrnik, P, 2022: Hydrous ferric oxides (HFO’s)
precipitated from contaminated waters at several abandoned
Sb deposits — Interdisciplinary assessment. Sci. Total
Environ., 821, 153 248, 2—19.



Mineralia Slovaca, 55, 2 (2023)

Lw, T., CHeN, D., L1, X. & L1, F., 2019: Microbially mediated
coupling of nitrate reduction and Fe (II) oxidation under
anoxic conditions. FEMS Microbiol. Ecol., 95, 4, fiz030,
https://doi.org/10.1093/femsec/fiz030.

MackovYcH, D., Novikov&, N., Soltysova, H. & LUCIVIANSKY,
P., 2000: Determination of some toxic elements specific
forms in soils and sediments after sequential extraction. 4th
European Furnace Symposium and 15th Slovak Spectroscopic
Conference, Podbanské, 125.

MAJZLAN, J., LALINSKA, B., CHOVAN, M., JURKOVIC, I., MILOVSKA,
S. & GOTTLICHER, J., 2007: The formation, structure, and
ageing of As-rich hydrous ferric oxide at the abandoned Sb
deposit Pezinok (Slovakia). Geochim. Cosmochim. Acta, 71,
17, 42064220, https://doi.org/10. 1016/j.gca.2007.06.053.

MAJZLAN, J., LALINSKA, B., CHOVAN, M., BLAsS, U., BRECHT,
B., GOTTLICHER, J., STEININGER, R., HUG, K., ZIEGLER, S.
& GESCHER, J., 2011: A mineralogical, geochemical, and
microbiological assessment of the antimony — and arsenic-
rich neutral mine drainage tailings near Pezinok, Slovakia.
Amer. Mineralogist, 96, 1, 1-13, https://doi.org/10.2138/
am.2011.3556.

MITSUNOBU, S., HARADA, T. & TAKAHASHL, Y., 2006: Comparison
of antimony behavior with that of arsenic under various soil
redox conditions. Environ. Sci. Technol., 40, 23, 7270-7276,
https://doi.org/10.1021/es060694x.

MueHE, E. M., ScHEER, L., Daus, B. & KAPPLER, A., 2013:
Fate of arsenic during microbial reduction of biogenic
versus abiogenic As-Fe(IlI)-mineral coprecipitates. Environ.
Sci. Technol., 47, 15, 8297-8307, https://doi.org/10.1021/
es400801z.

PITTER, P., 1999: Hydrochemie. 3. vyd. Praha, VSCHT.

RopEN, E. E., 2012: Microbial iron-redox cycling in subsurface
environments. Biochem. Soc. Trans., 40, 6, 1249-1256,
https://doi.org/10.1042/bst20120202.

ScHEINOST, A. C., ROSSBERG, A., VANTELON, D., XIFra, 1. O.,
KrETZSCHMAR, R., LEUZ, A. K., FUNKE, H. & JOHNSON,

154

A., 2006: Quantitative antimony speciation in shooting-
range soils by EXAFS spectroscopy. Geochim. Cosmochim.
Acta, 70, 13, 3299-3312, https://doi.org/10. 1016/;.
2¢a.2006.03.020.

SINHA, S., LEE, N. & Amy, G., 2002: Innovative technologies for
arsenic removal. Water Quality and Treatment Conference
Seattle, WA.

STOLLENWERK, K., 2003: Geochemical Processes Controlling
Transport of Arsenic in Groundwater: Rev. Adsorpt.,
Springer, 67—100.

Stumm, W., 1992: Chemistry of the Solid-Water Interface. New
York, John Wiley, 448 p., ISBN 978-0-471-57672-3.

ZHANG, J. & STANFORTH, R., 2005: Slow adsorption reaction
between arsenic species and goethite (a-FeOOH). Diffusion
or heterogeneous surface reaction control. Langmuir, 21, 7,
2895-2901, https://doi.org/10.1021/1a047636e.

ZEMBERYOVA, M., BARTEKOVA, J. & HAGAROVA, 1., 2006: The
utilization of modified BCR three-step sequential extraction
procedure for the fractionation of Cd, Cr, Cu, Ni, Pb and Zn
in soil reference materials of different origins. Talanta, 70,
973-978.

Xw, W.,Yu, X,, Guo, H., YuaN, W,,KE, T., L1u, G., Tao, J., Hou,
W. & Dong, H., 2019: Facilitated arsenic immobilization by
biogenic ferrihydrite-goethite biphasic Fe(IIl) minerals (Fh-
Gt Bio-bi-minerals). Chemosphere, 255, 755-764, https://
doi.org/10.1016/j.chemosphere. 2019.02.098.

Legislative standards

Directive of the Ministry of the Environment of the Slovak
Republic of 28 January 2015 No. 1/2015-7 Coll. for the
preparation of risk analysis.

US EPA 1311: Hazardous Waste Test Methods / SW-846. https:/
www.epa.gov/hw-sw846/sw-846-compendium

US EPA 1312: Hazardous Waste Test Methods / SW-846. https://
www.epa.gov/hw-sw846/sw-846-compendium



Bekényiovd, A. et al.: Characterization of ochre precipitate loaded with arsenic from mine water and study of its stability by using of leaching tests
and sequential extraction analysis

Charakteristika okrovych precipitdtov obsahujucich arzén z banskej vody a Studium
ich stability pomocou lthovacich testov a sekvencnej extrakénej analyzy

Stoliia Hauser je najhlbsie poloZzené horizontilne
uvodné banské dielo v celej rudnej oblasti Zlatej Idky. Zo
$tolne vyteka neutrdlna az slabo alkalicka banska voda
spriemernym pH 7,3 avysokym obsahom arzénu (360 ug/1).
Vysoky obsah arzénu vyznamne koreluje s obsahom
dvojmocného zeleza. To nadm umoznuje predpokladat,
ze tato vysoko toxicka mikrozlozka chemického zlozenia
pochadza z primarneho prostredia formovania chemického
zloZenia banskej vody — z hibky horninového masivu
(pritomnost’ arzenopyritu v zlatoid¢ianskom Zilnom
systéme) (Bacova, 2006). Ide o zdroj kontaminacie, ktory
je permanentny (vytoky zo §tdlni, drenazne vody a vyluhy
banskych hald) a bude dlhodobo dotovat’ povrchova vodu
potokov rizikovymi prvkami (Cicmanova a Balaz, 2007).
Vytok banskej vody vytvara pod zavalenym ustim $tolne
jazierko bez odtoku. Banska voda pravdepodobne vsakuje
do sedimentov kvartéru v udoli Idy.

Kritickym parametrom mobility kovov, a teda aj ich
biopristupnosti, je pH. Rozpustanie karbonatov a silikatov
je dolezitym typom reakcii, ktoré formuju pH vod. Z hl'a-
diska mocenstva arzénu pritomného vo vodach sa zistilo,
ze vystupuje len v menej toxickej forme patmocnych i6-
nov. Poukazuje to na vyrazné uplatnenie oxida¢nych pod-
mienok vodného prostredia — pravdepodobne v zaverecnej
faze vystupu banskej vody (Cicmanova a Balaz, 2007).

Okrové fazy sa vyzrazaji priamo z banskej vody
(alebo uniku z odkaliska). Su charakteristické pre
banské lokality, vytoky zo §t6lni a ich okolie v dosledku
oxidacie rozpustného Fe?" na nerozpustné fazy Fe’". Ide
o hydratované oxidy zeleza (HFO), ktoré mézu zahfnat
niekol’ko mineralov, ako napriklad ferihydrit, akaganéit,
feroxyhyt, goethit, lepidokrokit a limonit. Su slabo
krystalické, vel'mi porovité, maju velky povrch a vdaka
tomu st vynikajicimi sorbentmi réznych potencidlne
toxickych prvkov. Sorpéné vlastnosti hydroxidov zeleza
(HFO) zavisia od pH okolitej vody, chemického zloZenia
vody a pomeru rozpustenych stopovych kovov k mnozstvu
hydratovanych oxidov zeleza (Dzombak et al., 1987;
Davis a Kent, 1990; Stumm, 1992).

Predchadzajuca studia bola zamerana na znizenie kon-
centracie As z vytekajucej banskej vody v dynamickych/
prietocnych podmienkach (Bekényiova et al., 2023). Te-
rénne pokusy in situ pozostavali z navrhnutého systému
kontinualneho pretekania banskej vody tak, ze priamo v te-
réne sa osadili dve 50 1 nadoby, cez ktoré nepretrzite samo-
spadom pretekala banska voda. Vytekajlica banska voda
pretekala cez obe nadoby: odkalovaciu (osadena vyssie)
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a filtraénu (osadena nizsie), v ktorej boli do vrstiev ulo-
zené rozne frakcie prirodnych sorbentov. V odkalovacej
nadobe sa pocas celého trvania experimentu in situ
(4 mesiace) prirodzene tvorili okrové zrazeniny viaZuce
vyznamnu ¢ast’ arzénu. V priebehu experimentu sme v 50 1
odkalovacej nadobe postupne pozorovali tvorbu a vznik
velkého mnozstva prirodzene sa vytvarajucich Fe zraze-
nin. Pozorovand jemnd vlaknita Struktura na niektorych
miestach stvisi s pritomnostou zelezitych baktérii, ktoré
zohravaji vyznamnu rolu v mobilite prvkov. Na zaklade
vysledkov rtg. analyzy mozno uvazovat’ o prevazne amor-
fnej faze zelezitych oxyhydroxidov s malym podielom
krystalického ferihydritu. EDX analyza hrdzavoéervenych
precipitatov z banskej vody zachytenych na filtri potvr-
dila pritomnost’ Zeleza v mnozstve 52 hmot. % aj arzénu
13,2 hmot. % . Z pozorovaného spektra skenovacej elek-
tronovej mikroskopie boli zretelne viditelné duté rrky,
ktoré vzhladom pravdepodobne zodpovedaju Fe oxidu-
jucej baktérii Lepthotrix ochracea. 1de o znamu baktériu,
ktora sa v okroch vyskytuje vo vyssom pocte, s pravde-
podobnym vyznamnym vplyvom na rychlost’ krystalizacie
hydratovanych oxidov Zeleza a adsorpciu ionov kovov/me-
taloidov. Zelezité baktérie rodu Leptothrix tvoria schranky
s vyzrazanym zelezom a oxiduji dvojmocné Zelezo na
trojmocny hydroxid zeleza. To, Ze mozu adaptivne vyuzi-
vat’ kovy (alebo iné zliceniny) ako akceptory elektronov,
im umoznuje zit’ v meniacich sa podmienkach, napr. v pre-
chodnej zéne medzi aerobnym a anaerébnym prostredim,
a prisposobit’ sa meniacej sa dostupnosti kyslika.

Ciel'om tejto Studie bolo aj postadit’ mobilitu potencialne
toxickych prvkov a stanovit' obsah potencialne toxickych
prvkov v biologicky dostupnych a nedostupnych frakciach
vo vzniknutych okrovych zrazeninach (Fe precipitaty
z 50 1 nadoby z predchadzajticich terénnych experimentov
in situ) pomocou lthovacich testov (SBET, TCLP, SPLP)
a sekvenénej extrakénej analyzy. Zistena biopristupnost’
Zeleza pomocou metody SBET bola relativne vysokd, vo
vyluhu 621 mg/l, ¢o ale pri vstupnej hodnote koncentracie
Fe (vstup 471 000 mg/kg Fe) predstavuje mobilitu
6,72 %. V pripade As bola mobilita 1,03 % (vstup
56 945 mg/kg). Po teste TCLP (pH = 2,8), ktory simuluje
podmienky 100-roéného lthovania odpadu na skladke,
a teste SPLP (pH = 4,2) simulujucom podmienky odpadu
vystaveného 100 rokov kyslym dazd’om bola mobilita Fe
a As minimalna, nizsia ako 0,1 %. NajmobilnejSim prvkom
bol jednozna¢ne Mn so zastipenim vo vyluhu vyse 90 %
po pouzitej metode biopristupnosti SBET a teste TCLP.
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Aj napriek pravidelnej zavlahe plodin kontaminovanou
banskou vodou v susediacej zahrade boli hrani¢né hodnoty
arzénu stanovené len vo vzorke zemiakov. Tento fakt
sved¢i o nizkej mobilite arzénu.

Regulacny limit TCLP (5 mg/l) As vo vyluhu nebol
prekroceny. To znaci, ze odpad nedokaze vyluhovat
dostatocné mnozstvo kontaminujiicej latky. Arzén
je pravdepodobne zabudovany priamo do vnutornej
Struktury Fe precipitatu (tvorené¢ho hydratovanymi oxidmi
zeleza) a je s nim viazany do vnutornych komplexov. Vo
vseobecnosti sa predpokladd, ze porézna povaha (oxy)-
hydroxidov zeleza vedie k adsorpcii As(V) na vnutornych
miestach komplexacie zZeleza. Vzorka vzniknutého Fe
precipitatu aj po lthovacich testoch bola podrobena
patstupnovej sekvencnej extrakénej analyze s cielom
stanovit’ obsah potencialne toxickych prvkov v biologicky
dostupnych a nedostupnych frakciach. Vysledky zo SEA
v pripade Mn koreluji s vysledkami lthovacich testov,
kde sa najvyssia mobilita Mn prejavila po metéode SBET
a TCLP. Mn bol najviac mobilnym prvkom zastiipenym
prevazne vo (1) vodorozpustnej a (2) v ionovymenitelnej
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a karbonatovej frakcii, postupne menej v rezidualnej (5),
redukovatel'nej (3) a najmenej v organicko-sulfidickej
frakcii (4) po tychto testoch. Po luhovani metodou
SPLP s pH 4,2 doslo k prestipeniu Mn v prospech (2)
ionovymenitel'nej a karbonatovej frakcie, ubytku v (5)
rezidualnej frakcii a navySeniu v (3) redukovatelnej
frakcii. Fe, As a Sb boli vo vsetkych vzorkach po vsetkych
luhovacich testoch zastiipené prevazne v (5) rezidualne;j,
teda nemobilnej frakcii. Stihrnne mozno konstatovat’,
Ze tieto prvky, okrem manganu, su viazané na terciarne,
tazko rozpustné mineraly.

Tam, kde v okoli vytokov banskej vody dochadza
k intenzivnej sedimentécii okra, je potrebné posudit, ¢i
nie je vhodné tento sediment preventivne odstrafiovat
a ukladat’ ho na miesto, kde nespdsobi kontaminaciu pody
a vodnych tokov.

21.11.2023
21.12.2023

Dorucené / Received:
Prijaté na publikovanie / Accepted:



Mineralia Slovaca, Web ISSN 1338-3523, ISSN 0369-2086, https://doi.org/10.56623/ms.2023.55.2.5
55,2(2023), 157 — 166, © Authors 2023. CC BY 4.0
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in drinking water on arterial stiffness
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Abstract: In the village of Kokava nad Rimavicou, we enriched the drinking water with Ca and Mg using a recar-
bonatization reactor (RR). In the RR, carbonate rock is dissolved using CO,. In the RR, we produce a concentrate
with a Ca and Mg content of approximately 100 mg.1"', which is then added directly to the water reservoir at a ra-
tio of approximately 1 : 10. On average, the Ca and Mg content in the drinking water increased by 1015 mg.1"".
Subsequently, we monitored the positive effect of the increased Ca and Mg content in the drinking water by
measuring the arterial stiffness of the residents, which characterizes the state of the cardiovascular system (CVS)
of people. We measured the arterial stiffness four times in six-month intervals. The first time was before the start
of the enrichment of the drinking water with Ca and Mg, and subsequently three times after the enrichment. The
increased content of Ca and Mg in the drinking water resulted in a significant improvement in the arterial stiffness.
The arterial age of the people improved by approximately ten years, and the speed of the pulse wave velocity

decreased by 0.9 m.s™'.

Key words: Arterial stiffness, Ca, Mg, cardiovascular system, drinking water, recarbonatization
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Introduction

The impact of deficient levels of Ca and Mg in drinking
water on the cardiovascular system of humans has been
known for over 70 years (Kobayashi, 1957). Since
then, this influence has been confirmed by thousands of
studies conducted in various countries around the world,
including several meta-analyses (e.g., Catling et al., 2008).
The deficient levels of Ca and Mg in drinking water have
also been associated with increased incidence/mortality
of oncological diseases and diabetes mellitus over the
past 20-30 years (e.g., Yang et al., 1998; Naumann et al.,
2017). Furthermore, it has been confirmed that individuals
supplied with “soft” drinking water have a shorter lifespan

e Cardiovascular Impact: Increased Ca and Mg content

improves arterial stiffness, demonstrating potential health
benefits and offering a practical intervention for mineral
deficiencies.

* Innovative Solution: The study introduces a recarbonatization

reactor to address calcium and magnesium deficiency in drin-
king water.
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by 4-5 years compared to those supplied with “hard”
drinking water (Rapant et al., 2021). A very illustrative
example of the impact of deficient levels of Ca and Mg
in drinking water is observed in countries where drinking
water produced from seawater using reverse osmosis has
been used for drinking purposes. This water is characterized
by an extremely low content of Ca and Mg, resulting
in increased incidence/mortality of cardiovascular and
oncological diseases in these countries (e.g., WHO, 2011;
Lesimple et al., 2020).

In this study, we address the issue of deficient levels of
Ca (< 30 mg.I'") and Mg (< 10 mg.I'") in drinking water
by enriching (recarbonating) drinking water using RR.
We increase the content of Ca and Mg by approximately
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10-15 mg.1"". Subsequently, we observe how this increased
content of Ca and Mg in drinking water affects arterial
stiffness. The main objective of this study is to determine
whether there is an improvement in the cardiovascular
system of individuals (which is monitored by measuring
arterial stiffness) originally supplied with “soft” drinking
water after enriching this water with Ca and Mg.

Area description

The village of Kokava nad Rimavicou (KnR) has
a population of approximately 3,000 inhabitants and
is located in the southern part of the Slovak Republic
(SR) (Fig. 1). It is supplied with potable water from the
Klenovec reservoir. After treatment and disinfection,
the potable water is led by pipeline to the local water
reservoir in the village Kokava nad Rimavicou. The rock
environment around the Klenovec reservoir is mainly
composed of granitoid and metamorphic rocks, resulting
in water with very low mineralization and very low levels
of Ca and Mg (Tab. 1). The reservoir in the village Kokava
nad Rimavicou is supplied by water quantity according to
the current consumption, which averages at approximately
100,000 m? per year. In the summer months, consumption
is approximately 20-30 % higher than in the winter
months, with an average consumption of approximately
3.0Ls™.

The Slovak drinking water standard only provides
recommended values for Ca and Mg contents and water
hardness (measured as Ca + Mg in mmol.l""). As shown
in Tab. 1, the values for these parameters are at the
lower end of the recommended range. The health status
of the inhabitants of the village of KnR is significantly
worse compared to the average of the Slovak Republic,
especially regarding cardiovascular diseases (CVD). The
relative mortality rate from CVD in the KnR village is
882.4 (period 1995-2006), almost 65 % higher compared
to the SR average of 531.2 (Rapant et al., 2019; Cveckova
& Rapant, 2022). The aforementioned increased mortality
from CVD is mainly associated with low content of Ca
(19 mg.I'") and Mg (3.5 mg.I'") in drinking water. Based

Kokava
nad.Rimavicou

Bratislava

Fig. 1. Position of studied locality Kokava nad Rimavicou in
Slovakia.

on the risk analysis, an increased health risk from Ca
and Mg deficiency and low hardness of water for the
local population has been confirmed (Rapant et al., 2020;
Cveckova & Rapant, 2022). The mean hazard quotient
level for deficient elements (HQ,) was found to be 1.59
for Ca, 1.59 for Mg, and 1.56 for hardness water, which
is a medium level of health risk. The hazard index for
deficient elements (HI,) for these three parameters was
4.7, which is at a high risk level of developing chronic
diseases. To reduce the level of health risk to a low risk
level, it is necessary to increase the content of Ca and Mg
in drinking water in the KnR village by approximately
10 mg.I"%

Tab.1

Ca, Mg and water hardness contents of drinking water in
Kokava nad Rimavicou compared to the standard values
of the Slovak drinking water standard and proposed
concentrations of Ca, Mg and water hardness after
recarbonatization (RC)

o [ w [ o
[mg.I-"] [mmol.I-"]
rokava nad 19.1 3.52 0.62
Slovak drinking >30 | 10-30 | 1.1-50
Proposedvalues | 2530 | 812 | 1.1-13

* Decree of the Ministry of Health No. 247/2017 Coll.
**The proposed values are based on a risk analysis.

Materials and Methods
Carbonate Rock Leaching

To increase the mineral content of drinking water, Half-
burnt dolomite (HBD) is utilized as a rock material due to
its high solubility of carbonatic rocks (Tucek et al., 2017).
HBD is produced by annealing dolomite [CaMg (CO,),]
at a temperature range of 600—800 °C, which results in the
conversion of magnesium carbonate to magnesium oxide.
When HBD is dissolved in the liquid phase, magnesium
ions are preferentially released due to the higher solubility
of magnesium oxide compared to magnesium carbonate.
Magno-Dol, a type of HBD with a size fraction of
2.0-4.5 mm and approved for drinking water treatment in
the European Union (EU), contains approximately 98.2 %
Ca and Mg oxides and carbonates, 0.9 % Si, Al, and Fe
oxides, 0.8 % water, and less than 0.1 % of other elements.
Only trace amounts of toxic heavy metals are present. For
dissolving HBD, food CO, from Messer Tatragas, which is
approved for food purposes by the EU and contains over
99 % CO, is used.
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Design of a Fluidized Bed Recarbonatization Reactor

The process of recarbonatization is used to increase the
content of Ca and Mg in drinking water. Various processes
and carbonate rocks are used for RC, typically under CO,
saturation. Flow-through systems are often used, where
carbonate rock is added to a device through which the
treated water flows (e.g., Al-Rqobah & Al-Munayyis,
1989; Withers, 2005; Luptakova & Derco, 2015). To
enrich the drinking water in the village of KnR with Ca
and Mg, a prototype of a fluidized bed recarbonatization
reactor (RRF) was developed (Fig. 2, 3). The RRF
contains a layer of solid particles of half-burnt dolomite,
which is kept in motion by the bottom-up flow of water
to intensify the dissolution process of the carbonate rock.
The recarbonatization reactor was placed directly into
the water reservoir without any technical interventions.
The device consists of two main parts, the reactor and

a circulation tank. The reactor is approximately 3.5 meters
tall, cylindrical with a diameter of 40 centimeters, and
has a dosing tank on top for adding HBD. The volume
of the reactor is approximately 2 m?, and it is connected
to the circulation tank with a volume of approximately
10 m®. The system is powered by two pumps: one serves
as a circulation pump to circulate water between the
reactor and the circulation tank, while the other pumps
the produced concentrate into the water reservoir. Carbon
dioxide is supplied from pressurized bottles with serial
concentration. Three circulation pumps with a capacity of
6.8 m3.sec”! were used. The dosing pump has a capacity of
up to 2 m*.h!', while the output of the circulation pump is
approximately 10 times higher.

This allows for multiple rinsing of the carbonate
rock, which results in the formation of a concentrate
with a Ca and Mg content ranging from 500 to 1,000
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Fig. 2. Schematic diagram of the drinking water recarbonatization plant at the water source in the village of Kokava nad Rimavicou.
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Fig. 3. Recarbonatization reactor at the Kokava nad Rimavicou water source.

milligrams per liter. The concentrate is added directly
to the water reservoir in a ratio of approximately 1 : 10
to the water consumption. The circulation and dosing
pumps are equipped with frequency converters, which
can be easily adjusted as needed. A photovoltaic system
was built to provide electricity for powering the pumps.
Detailed technical documentation of the recarbonatization
reactor is available on the website https://fns.uniba.
sk/lifewaterhealth/or Cveckova & Rapant (2022). The
production of RR in KnR drew upon the expertise gained
from manufacturing a comparable RR in the village of
Devicie (Rapant et al., 2022).

Measurement of arterial stiffness

The concept of “arterial stiffness” has only entered our
awareness in the last 20-30 years. This phrase is a gene-
ral term that refers to the loss of arterial compliance or
changes in vessel wall properties, or both (Shirwany et al.,
2010). The measurement of arterial stiffness is a simple

technique that has become a useful non-in-
vasive approach to health prevention in the
past 20 to 25 years (DeLoach et al., 2008).
Markers of arterial stiffness, such as increa-
sed aortic pulse wave velocity and increased
central aortic pressure, are independent pre-
dictors of cardiovascular risk (Illyes, 2005).
These markers represent tissue biomarkers
of the arteries and have been shown to be
better prognosticators than traditional blood
pressure measurements, as well as biomar-
kers in the bloodstream. Furthermore, their
significant predictive value specifies the risk
assessment provided by traditional risk fac-
tors. The measurement of arterial stiffness
provides insights into the actual pathological
processes through the evaluation of the loss
of elasticity of the aorta. Over time, endothe-
lial damage progresses and causes damage
to the arterial elasticity, resulting in the loss
of elasticity of the vessel wall. In this study,
measurements were performed with an arte-
riograph (Fig. 4) developed in Hungary and
patented in over 30 countries (Arteriograph,
TensioMed Ltd., Budapest, Hungary). The
arteriograph can easily measure, without
any health risk, physiological parameters
characterizing the state of arteries that are in-
dependent of other known risk factors (age,
sex, blood pressure, cholesterol, smoking)
and can reliably assess the state of the car-
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Fig. 4. Arterial stiffness measurement with arteriograph.
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diovascular system and predict the risk of complications
in asymptomatic, apparently ‘“healthy” patients. These
parameters are also confirmed by international guidelines
for the diagnosis of target organ damage (Williams et al.,
2018). The influence of Ca and Mg content in drinking
water on the improvement of arterial stiffness has been
demonstrated in the work of Rapant et al. (2019). The Ca
and Mg content in drinking water had a greater impact on
arterial elasticity than other factors such as obesity, BMI
index, smoking, and so on.

We measured arterial stiffness on approximately 60
volunteers in the village of KnR. The basic condition
was that the volunteers had a permanent residence in
the village for at least five years. People who had been
treated for cardiovascular diseases and other diagnoses
(especially diabetes mellitus and kidney diseases) were
excluded from the measurements. All participants in the
measurement gave written consent for the study, and before
the measurement, they completed a short questionnaire
about their health status, age, height, weight (BMI index),
smoking, and alcohol consumption. For the purpose of
the study, an ethical commission was established at the
Regional Public Health Office based in Zvolen (minutes
1/2021 dated 05. 09. 2021). The basic characteristics of
the volunteers from the KnR village are presented in the
Tab. 2.

Tab. 2
Basic characteristics of volunteers from the KnR village
Age | Bl | Gender | STELE |t
53* 28.5* Male 15 | Yes 14 Regularly 0
56 2745 |Female41| No41 Occasionally 31
16-69* | 19.5-53** Abstinent 25

* average ** median *** dispersion

Selected volunteers underwent four measurements of
arterial stiffness. The first measurement was conducted
before the enrichment of drinking water with Ca and Mg,
and the following three measurements were conducted
approximately every six months after the enrichment of
drinking water with Ca and Mg. The results of arterial
stiffness measurement are expressed using pulse wave
velocity PWVao (m.s™') and arterial age. The lower the
pulse wave velocity, the better the condition of the arteries.
Similarly, the lower the arterial age (age of the arteries),
the better the condition. In a normal case, arterial age
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corresponds to the actual age. If the condition of the arteries
is unfavorable, the arterial age is higher than the actual age
and vice versa. Therefore, the results of arterial age are
expressed as the difference between arterial age and actual
age. The lower this difference, the more favorable the
condition of the arteries. In the best case, this difference
takes negative values, which means that the age of the
arteries is lower than the actual age. Further details on the
methodology of arterial stiffness measurement depending
on the content of Ca and Mg in drinking water are available
in the work of Rapant et al. (2019) and directly in KnR in
the work of Cveckova and Rapant (2022).

Results

Recarbonatization of drinking water

The recarbonatization reactor in the KnR village was
put into operation on July 12, 2021.
The basic conditions for recarbonatization were as
follows:
e Average daily water consumption in KnR:
275-300 m®.

e Average daily dose of produced and added
concentrate: 25-30 m®.day".

e Mixing ratio of concentrate and water from the
reservoir: 1 : 9 (1:10).

e Performance of the circulation pump:
approximately 10 m*.h".

e Average dose of added HBD: 50 kg per week.

e Average amount of added CO,: 230-240 kg per
week.

e Total volume of the reservoir: 1,300 m?.

e Target values for recarbonatization:

Ca 25-30 mg.1"', Mg 8-12 mg.I'", (Ca + Mg)
1.1-1.3 mmol.I"".

After the RR was put into operation, a malfunction
occurred in the reactor hydraulics. The reactor operated at
only about 20 % capacity. Due to the COVID-19 pandemic,
it took approximately 90 days to resolve the issue and
ensure the reactor was operating at full capacity. After that,
the RR worked reliably until the end of the LIFE-WATER
and HEALTH project (December 31, 2022). The results
of the recarbonatization of drinking water in KnR for the
years 2021-2022 are shown in Tab. 3.

The Tab. 3 shows values of Ca, Mg, water hardness,
and conductivity at the output in the village (in the branch
of the local waterworks center), approximately 2 km
from the water source. From April 2022, the local water
company began to enrich drinking water with Ca using
calcium hydroxide [(Ca(OH),]. This was reflected by an
increase in the content of Ca in drinking water in KnR.
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Tab. 3

Results of drinking water recarbonatization in KnR for
the years 2021-2022

of the II.-IV. stages due to COVID-19. Therefore, we
also used a smaller sample of substitute volunteers. For
this reason, we present the results first without substitute

Measurement of arterial stiffness

The first initial measurement of arterial stiffness was
carried out in the village of KnR in May 2021. Sixty-
four volunteers participated in the measurements. Due
to their advanced age (over 67 years), four volunteers
were excluded from the sample. This stage took place
during a period when the residents were supplied with
“soft” drinking water (Ca 19 mg.I'!, Mg 3.5 mg.1""). The
next three stages of arterial elasticity measurements were
carried out at approximately six-month intervals after
enriching drinking water with Ca and Mg (Ca 45 mg.l"!,
Mg 10-15 mg.I'"). Due to the COVID-19 pandemic, we
could not follow the planned six-month interval for the
measurements. Measurements were conducted at 5-7
month intervals due to quarantine. Additionally, not all
respondents who participated in the first arterial stiffness
measurement were able to participate in the measurements
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volunteers, and also with substitute volunteers. The results
Ca Mg h:y:;z;s Conductivity of the arterial stiffness measurement of the inhabitants of
Month 1 ; . the KnR village are shown in tables 4 and 5, and the entire
[mg.I"] [mmol.I"] | [uS.cm™] arterial stiffness measurement database is available on the
2021 project website (http://fns.uniba.sk/lifewaterhealth/).
Original state | 19.1 | 3.5 0.62 110 Tab. 4
August 19.9 41 0.66 16 Results of the arterial stiffness measurement
of respondents in the village of Kokava nad Rimavicou,
September 256 | 4.9 0.83 145 all respondents
October 30.7 6.9 1.04 165
November 30 8.8 1.1 202 ° ®
» g, D o Do
December 325 9.2 1.18 222 = k= < S22
o ) 2 = S| 9.8 —
= 2 = | 883
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January 329 | 14.0 1.39 202 § 2 ES
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February | 332 | 13.2 133 210 e DEE
March 356 | 12.8 141 225 . 2"032y1 60 | 9.7 | 5411 | 64.18 | 10.07
April 464 | 126 1.68 259
May 313 | 99 119 205 I | DosemOer | 53 | 954 | 5369 | 6277 908
June 42.7 | 125 1.58 235 ]
une
July 448 | 132 164 242 Il. 2022 56 9.37 | 52.3 61.35 9.5
August 386 | 11.7 1.44 250
December
September | 424 | 128 158 239 V-1 2022 73| 891 | 5443 | 5558 | 1.5
October 396 | 111 1.44 225
Tab. 5
November 448 | 152 174 261 Results of the arterial stiffness measurement
December 402 | 12.8 1.53 229 of respondents in the village of Kokava nad Rimavicou,

excluding substitute respondents
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Discussion

Calcium and magnesium are very important essential
elements. For healthy human development, their content
in drinking water should be at least at the level of Mg
1020 mg.I'" and Ca 30-50 mg.l' (e.g., Rosborg &
Kozisek, 2020). As can be seen from Tab. 3, after the
initial technical problems (first 90 days of operation), the
reservoir operated reliably. We increased the Ca and Mg
content in the drinking water in KnR to the desired level
without any problems, by approximately 10-20 mg.l™".
We then tested the reactor, varying the performance of the
circulation pumps, the amount of concentrate discharged,
the amount of HBD added, and also the amount of CO,.
The process of dissolving HBD is mainly influenced by
the performance of the circulation pump and the amount of
added rock. The amount of added CO, needs to be limited
to such an extent that the residual free CO, does not exceed
the level of 60—80 mg.1"". A relatively large amount of rock
micro-particles is released during the fluidization process.
The produced concentrate is turbid. However, these micro-
particles dissolve in the reservoir water due to the residual
free CO,, thereby increasing the Ca and Mg content in the
drinking water by 10—-15 %. Therefore, there is no risk of
acidification. The resulting pH of the water in the village
increased only slightly, from about 7.2 to 7.3 and the free
CO, content from about 4 mg.I" to 8 mg.I"". The optimal
reactor setting, at which we can ensure an increase in the
Ca and Mg content in drinking water by 10-15 mg.l™!
at the lowest possible operating costs, was a circulation
pump performance in the range of 7-9 m?. h™!, the amount
of added HBD of 7-8 kg.day ', and the amount of CO, of
15-17 kg.day'. It is clear from the above that the reactor
operated at only about half power, and at maximum reactor
output, we can increase the Ca and Mg content by up to for
Ca 50 mg.I'! and for Mg 25 mg.I"". An advantage of the
RRF prototype we developed is the relatively low operating
costs, which are approximately €0.1 per m*® of drinking
water. More detailed results of recarbonatization under
different conditions are available on the website http://fns.
uniba.sk/lifewaterhealth/ and in the work of Cveckova and
Rapant (2022). From the results of the measurements of
arterial stiffness (Tab. 4, 5), it is evident that there was a
significant improvement in the condition of the arteries of
the residents of the KnR village after enriching the drinking
water with Ca and Mg. This was reflected in the decrease
in the pulse wave velocity and the reduction in the arterial
age of the people. The pulse wave velocity decreased in all
volunteers (9.7 to 8.91) and also in the case of volunteers
without replacements (9.7 to 8.83). Similarly, the arterial
age of the people, expressed as the difference between
the arterial age and the actual age, was significantly
reduced. In the case of all volunteers, it decreased from
10.07 to 1.15 years and in the case of volunteers without
replacements, it decreased from 10.07 to 0.14 years. The
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values of PWVao and arterial age of the KnR residents
have already approached the level of the Central European
average (Rapant et al., 2019). Improvement in arterial age
and PWVao is truly significant. It can be explained only
by the fact that we increased the content of Ca and Mg in
drinking water, up to 2—3 times compared to their original
levels. These results can hardly be confronted with other
works because, to our best knowledge, there is no literature
documenting the relationship between arterial stiffness and
water hardness, with the exception of older publications
by the authors (Rapant et al., 2019). However, it should be
noted that medical studies clearly show the protective role
of Mg and Ca for arteries (Hruby et al., 2014; Uemura et
al., 2014). Magnesium deficiency has been shown to have
a detrimental effect on arterial elasticity (Joris et al., 2016;
Kostov & Halacheva, 2018), and it is well known that the
state of arteries has a direct relationship to the development
of cardio-vascular diseases (Shirwany et al., 2010).

Other risk factors for the development of cardiovascular
diseases, such as stress, genetic predisposition, BMI,
excessive alcohol consumption, and smoking, also
influence the cardiovascular system and consequently the
arterial stiffness, in addition to the content of calcium and
magnesium in drinking water. However, statistical testing
has shown that the content of Ca and Mg in drinking water
has a much greater impact on arterial stiffness than, for
example, BMI and smoking (Rapant et al., 2019).

Conclusion

The results presented in the article clearly confirmed the
improvement of arterial stiffness, thus the cardiovascular
system of KnR residents, after consuming drinking
water enriched with Ca and Mg. This improvement was
reflected in a significant reduction in pulse wave velocity
and arterial age of people. The findings unambiguously
substantiate that, beyond the conventional risk factors
associated with the onset of CVD, such as stress, obesity,
genetic predisposition, smoking, and excessive alcohol
consumption, the content of Ca and Mg in drinking water
constitutes an equally significant contributing factor to
the emergence of CVD. The deficient content of Ca and
Mg in drinking water not only worsens the condition of
the human cardiovascular system but also increases the
mortality rate from other diseases, especially cancer and
diabetes mellitus. It also results in a shorter lifespan by up
to five years compared to people who are supplied with
“hard” drinking water. Therefore, we believe that, based
on many studies published in the world literature, Ca and
Mg should be included among the regulated parameters
of drinking water. We also believe that the content of Ca
and Mg in bottled drinking water should be regulated,
especially in cases where bottled drinking water is
produced by desalination of seawater.
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Vplyv zvySeného obsahu vapnika a horcika v pitnej vode na arterialnu tuhost’
a kardiovaskularny systém u l'udi:
pripadova stadia v Kokave nad Rimavicou, Slovenska republika

Negativny vplyv deficitného obsahu Ca (priblizne
30 mg . I'! a menej) a Mg (priblizne 10 mg . I'! a menej)
v podobe zvySenej incidencie kardiovaskularnych ochore-
ni (KVO) a zvysenej mortality na tieto ochorenia je znamy
uz takmer 70 rokov (Kobayashi, 1957). Tento vplyv bol po-
tvrdeny priblizne v 50 krajinach sveta vratane Slovenskej
republiky. Potvrdil sa aj viacerymi metaanalyzami (napr.
Catling et al., 2008). Hlavnym ciel'om prispevku je zistit,
¢i sa kardiovaskularny systém (KVS) u Tl'udi, ktori po-
vodne konzumovali méakkt pitnt vodu, zlepsi, ked’ za¢nu
konzumovat’ pitnt vodu so zvySenym obsahom Ca a Mg.
Obohacovanie pitnej vody o Ca a Mg sme realizovali na
vodarenskom zdroji v obci Kokava nad Rimavicou (KnR)
v ramci rieSenia projektu LIFE — WATER and HEALTH.
Pitna voda na vodarenskom zdroji KnR sa vyznacuje vel'mi
nizkym obsahom Ca (18 =20 mg . 1) aMg (3 -4 mg.1"),
ktory je vyrazne niz$i ako odporacané hodnoty slovenskej
vyhlasky pre pitn vodu (tab. 1). Relativna umrtnost’ na
KVO u obyvatel'ov v KnR je 882,4, ¢o je takmer o 65 %
vyssia hodnota ako priemer Slovenskej republiky (531,2).
Kardiovaskularny systém obyvatel'ov KnR sme sledovali
pomocou merania pruznosti ciev (MPC). Meranie pruz-
nosti ciev sa realizovalo pomocou arteriografu (obr. 4),
ktory bol vyvinuty v Mad’arsku a patentovany vo viac nez
30 krajinach sveta. Velkou vyhodou MPC je, Ze sa nim
daju odhalit’ rizika a nachylnost’ na KVO este pred klinic-
kymi priznakmi (Illes, 2005). Pri MPC sa meria rychlost’
pulznej viny aorty a hlavnych tepien (PWVao). Cim je
rychlost PWVao niZ$ia, tym je stav tepien lepsi a st prie-
chodnejsie. Z hodnét PWVao sa nasledne pri zohl'adneni
priemernych hodnét pre stredoeurdpsku populaciu vypoci-
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ta arterialny vek (AV) l'udi. Nasledne sa stanovuje rozdiel
medzi arterialnym vekom a skutoénym vekom. V pripade
priaznivého stavu KVS T'udi je tento rozdiel zaporny a na-
opak. Obohacovanie pitnej vody na vodarenskom zdroji
v obci KnR sme realizovali pomocou rekarbonatizacného
reaktora (RR), v ktorom sa rozpusta karbonatickd horni-
na — polovypéleny dolomit za pdsobenia CO, (obr. 2, 3).
V RR sme vyrabali koncentrat priblizne so 100 mg . 1!
hor¢ika, ktory sa pridaval priamo do vodarenského zdroja
v pomere priblizne 1 : 10. Takto sme zvySovali obsah Ca
a Mg v pitnej vode vo vodarenskom zdroji v obci KnR
priblizne o 10 — 15 mg . I'". Tym sme zvysili povodny ob-
sah dva- az Styrikrat (tab. 4). Vplyv zvySeného obsahu Ca
a Mg na KVS T'udi bol sledovany pomocou MPC. Meranie
sme realizovali priblizne na 60 vybranych respondentoch
z obce KnR. Vybrani ob¢ania museli mat’ najmenej pat
rokov trvaly pobyt v obci a nesmeli byt lieceni na KVO
a dalSie zavazné diagndzy, najméd na diabetes mellitus
a ochorenie obli¢iek. Merania sme realizovali Styrikrat
v Sestmesacnych intervaloch — prvykrat pred obohacova-
nim pitnej vody o Ca a Mg a trikrat po obohacovani pitne;j
vody o Ca a Mg. Druha az §tvrta faza merania pruznosti
ciev bola negativne ovplyvnena pandemickou situaciou
spojenou s ochorenim COVID-19. Nie vSetci responden-
ti, ktori sa zucastnili na prvej fdze merania, sa mohli pre
karanténu zacastnit’ na d’alSich fazach merania. Aby sme
splnili technické zadanie projektu LIFE — WATER and
HEALTH (60 respondentov), museli sme pruznost’ ciev
zmerat’ aj nahradnym respondentom z obce KnR. Ur¢ite to
mohlo ¢iasto¢ne negativne ovplyvnit' dosiahnuté vysled-
ky. Preto vysledky MPC podavame dvakrat — najprv len
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z merania respondentov, ktori sa zic¢astnili na prvej faze
merania (tab. 5), a potom vysledky vsetkych meranych
respondentov aj s nahradnymi (tab. 4). V obidvoch pripa-
doch je vSak zrejmy pokles PWVao, pokles arterialneho
veku a pokles rozdielu medzi arterialnym vekom a skutoc-
nym vekom. Dosiahnuté vysledky presved¢ivo potvrdili
vyrazné zlepSenie KVS T'udi. Doslo k vyraznému poklesu
PWVao,at0z9,7na 8,8 m.s”, avelmivyraznému znize-
niu hodnoét rozdielu medzi arterialnym vekom a skutocnym
vekom, a to z 10,07 na 0,14. Tento rozdiel (0,14), zisteny
po 18-mesacnej konzumacii pitnej vody obohatenej o Ca
a Mg, je uz na urovni stredoeurdpskeho priemeru. Zlep-
Senie hodndt PWVao a AV po 18-mesacnej konzumacii
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pitnej vody obohatenej o Ca a Mg je naozaj signifikantny.
Preto je mozné plne ho spajat’ so zvySenou dennou davkou
Ca a Mg z pitnej vody. Vysledky jednoznacne potvrdzu-
ju, Ze okrem tradi¢nych rizikovych faktorov vzniku KVO
(stres, obezita, genetické faktory, fajéenie a nadmerna kon-
zumacia alkoholu) je obsah Ca a Mg v pitnej vode rovnako
vyznamnym faktorom rizika vzniku KVO.
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