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COVER: Manifestations of syn-subduction exhumation in two orogenic cycles —Variscan and Paleo-Alpine —in the
region of Western Carpathians: A — First-order sequence of lithotectonic units — Tatricum, Veporicum and Gemericum
with Meliaticum (the Bérka nappe). View from the Folkmarsky kopec Hill northward; B — Position of three suture zones in
the Western Carpathians:

The Variscan Rakovec suture zone is a product of south-vergent collisional closure (VD1c) of elongated Paleo-Tethyan
basin with the crust of oceanic type (VDOc; green colour line in the North-Gemeric zone). It contains in obducted position
on the Sajby mountain ridge (as indicated in part B) the syn-subduction exhumed (VD1se) metagabbro porphyroclasts
(pictures right up).

The Paleo-Alpine Meliata suture zone is a product of ApD1c collision closure of elongated Neo-Tethyan Meliata basin
with oceanic crust. It is marked by light-blue colour in the South-Gemeric zone. In the area of Sugov valley (cf. B) this
suture zone is characteristic with Paleo-Alpine syn-subduction north-vergent exhumed (ApD1se) glaucophanite sigma
and delta porphyroclasts (diameter up to 20 cm) in the environment of crystalline limestones (detail picture is in the
lowermost position). In the pre-metamorphic state the basalt pyroclastic interbeds in limestones represented the protolith




of glaucophanite porphyroclasts. During the Paleo-Alpine obduction-collision tectogenesis (ApD1oc) a part of exhumation
mélange was displaced by the kinematics of superficial nappe over the imbricated Paleozoic sequences of Gemericum to
the North-Gemeric zone. Relics of this displaced mélange are preserved in the Dobsina and Jaklovce areas as the nappe
outliers. In the DobSina area (detail pictures are left up) the glaucophanite porphyroclasts to megaporphyroclasts (with
also further syn-subduction exhumed high pressure metamorphites) occur in the serpentinite matrix. The glaucophanite
megaporphyroclast in the picture left (of these two pictures) has a diameter over 3 meters. In the Jaklovce area (below the
quarry left in picture A; cf. position of Sugov, Dob$ina and Jaklovce localities in map B), the Paleo-Alpine syn-subduction
exhumed (ApD1se) and transported as a nappe, the marble, chert and serpentinite porphyroclasts to megaporphyroclasts
occur, having diameter locally over 1 meter (detail pictures occur right down).

The Neo-Alpine suture zone after Alpine Tethys (Vahic zone, Klippen Belt, marked dark-blue) is the youngest and occurs
in position north of previous two sutures. The southern AnD1s subduction polarity in this zone is interpreted as well as the
north-vergency collision thrusting (AnD1c).

The arc bended course of the Western Carpathians and their lithotectonic units of higher order is interpreted as a product
of Neo-Alpine subhorizontal shear offsets along AnD3 shear zones trending generally NW-SE (dextral shears) and NE—
SW (sinistral shears). Present outcropping of various levels of the Western Carpathian lithosphere at present erosion cut
is besides the ApD1 nappe setting of Internal Western Carpathians (IWC in part B) and AnD1 thrusts in External Western
Carpathians (EWC) also a product of uplift / subsidence kinematics during the AnD4 phase. Further details of the topics
of this cover composition are presented in article by Z. Németh on pages 103—-145 in this journal. Generalized geological
map in part B represents a segment of IGME 5000 (The 1 : 5 Million International Geological Map of Europe and Adjacent
Areas; Asch, 2005), being presently used as a background map at defining of European lithotectonic units. Author of all
photographs: Z. Németh.

OBALKA: Prejavy synsubdukénej exhumacie v pripade dvoch orogenetickych cyklov — variského a paleoalpinskeho
— v regidne Zapadnych Karpat: A — zostava litotektonickych jednotiek prvého radu — tatrika, veporika a gemerika —
s nasunutym prikrovom Bérky patriacim k meliatiku; pohlad z Folkmarského kopca smerom na sever; B — pozicia troch
sutdrnych zén v Zapadnych Karpatoch:

Variska rakovecka sutura — produkt juhovergentného kolizneho uzavretia (VD1c) pretiahnutého paleotetydneho bazénu
s kérou oceanskeho typu (VDOc), vyznacena zelenou farbou v severogemerickej zéne, nesie v obdukovanej pozicii na
horskom hrebeni Sajb (pozri poziciu v &asti B) synsubdukéne exhumované (VD1se) porfyroklasty metagabier (v detailnom
zobrazeni vpravo hore).

Paleoalpinska meliatska sutura — produkt ApD1c kolizneho uzavretia pretiahnutého neotetydneho meliatskeho bazénu
s oceanskou kdrou, vyznadend svetlomodrou farbou v juhogemerickej zéne v oblasti Sugovskej doliny (cf. B), sa vyznaduje
paleoalpinsky synsubdukéne severovergentne exhumovanymi (ApD1se) sigma a delta porfyroklastami glaukofanitu
s velkostou v priemere 20 cm v prostredi kryStalickych vapencov (detail poskytuje obrazok v najspodnejSej ¢asti kompozicie).
V stave pred metamorfézou protolit glaukofanitu tvorili preplastky bazaltovych pyroklastik vo vapencoch. Po¢as paleoalpinskej
obdukéno-koliznej tektogenézy (ApD1oc) bola ¢ast exhumacnej melanze presunuta kinematikou superficialneho prikrovu
ponad komprimované paleozoické sekvencie gemerika do severogemerickej zony. Relikty tejto presunutej melanze su tam
zachované v podobe prikrovovych trosiek v oblasti Dobsinej a Jakloviec. V oblasti DobSinej (detailné obrazky vlavo hore)
su v prostredi serpentinitu dominantne exhumované a spolu prikrovovo prenesené porfyroklasty az megaporfyroklasty
glaukofanitu (popri dalSich synsubdukéne exhumovanych vysokotlakovych metamorfitoch). Megaporfyroklast glaukofanitu
na obrazku vlavo z tejto dvojice obrazkov ma priemer vySe troch metrov. V oblasti Jakloviec (pod kamerfiolomom vlavo na
obrazku A; cf. poziciu Sugova, Dobsinej a Jakloviec na schematickej mape B) sa vyskytujl paleoalpinsky synsubdukéne
exhumované (ApD1se) a prikrovovo prenesené porfyroklasty az megaporfyroklasty mramoru, rohovca a serpentinitu
(detailné obrazky vpravo dole), ktorych rozmery tiez lokalne presahuju jeden meter.

Neoalpinska sutirna zéna po alpinskej Tetyde (vahickej zény, bradlového pasma), vyznaéend tmavomodrou ¢iarou,
je najmladSia a nachadza sa v pozicii severne od predchadzajucich dvoch. Polarita subdukcie AnD1s v tejto zdne je
interpretovand na juh, kolizne nasuny (AnD1c) su generalne na sever.

Oblukovity priebeh zony Zapadnych Karpat a zapadokarpatskych litotektonickych jednotiek vysSich radov je interpretovany
ako produkt neoalpinskych subhorizontalnych striznych posunov na striznych zénach AnD3 smeru generalne SZ — JV
(pravostranny strih) a SV — JZ (lavostranny strih). Odkrytost jednotlivych urovni litosféry Zapadnych Karpat v su¢asnom
erozivnom zreze je popri ApD1 prikrovovej stavbe Vnutornych Zapadnych Karpat (IWC v €asti B) a AnD1 nasunoch vo
VonkajSich Zapadnych Karpatoch (EWC) aj produktom vyzdvihovo-poklesovej kinematiky v Stadiu AnD4. Problematikou sa
zaobera ¢lanok Z. Németha na str. 103 — 145 v tomto Cisle ¢asopisu. Generalizovana geologicka mapa na kompozicii v ¢asti
B je segmentom mapy IGME 5000 (The 1 : 5 Million International Geological Map of Europe and Adjacent Areas; Asch,
2005), ktoré sa v sucasnosti pouziva ako zakladna mapa pri definovani litotektonickych jednotiek Eurdpy. Autor vSetkych
fotografii: Z. Németh.
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Geodynamics of polyorogenic zones: Case study
from the Western Carpathians

ZOLTAN NEMETH

State Geological Institute of Dionyz Stdr, Mlynska dolina 1,
SK-817 04 Bratislava, Slovak Republic; zoltan.nemeth@geology.sk

Abstract: Within the Alpine-Carpathian-Himalayan belt, the remnants of polyorogenic evolution are usually
documented with a series of parallel suture zones of subequatorial course. In several cases some suture zones are
interpreted as remnants of back-arc basins. In the Western Carpathians, the products of three principal Phanerozoic
orogenic (Wilson) cycles were exemplarily documented — Variscan (Paleozoic), Paleo-Alpine (Mesozoic) and
Neo-Alpine (Cenozoic) ones. The processes and products of the post-Cadomian Cenerian orogenesis are not
treated in this article due to their ongoing research in the Western Carpathians, which is not yet completed.
Based on presented geological and tectonic observations, as a driving force for polyorogenesis and multiple
continental breakup a long time mantle convection (during a whole Phanerozoic eon) is interpreted, acting
along a global subequatorial-course mantle bulge (ECMB) and parallel subequatorial-course mantle convection
currents (ECMCCs). The submeridian zones with different kinematics are driven by submeridian-course mantle
convection currents (MCMCCs), producing submeridian trending global rifts, but also subduction zones. Both
systems of mantle convection currents — subequatorial (ECMB, ECMCCs), submeridian (MCMCCS) and their
eventual interconnections, all briefly descriptively named as hot lines, are interpreted as principal drivers of global
geodynamics. They are acting simultaneously with columnar mantle plumes (mantle diapirs). According to cited
studies of different authors the heat for mantle convection currents and plumes is supplied by the thermonuclear
fusion in innermost zones of the Earth. Combining the interpretation of global importance of mantle convection
currents and their effect on processes within the lithosphere with the principles of plate tectonics, gives a basis
for establishing a hypothesis of New Global Tectonics 2.0. For the simple and understandable description of
a succession of orogenic cycles and their phases within polyorogenic evolution, including overprinting relations
within tectonic and deformation phenomena, the methodology of XD labelling is applied in this contribution.

Key words: polyorogenic processes, extended orogenic cycle, subequatorial-course mantle bulge (ECMB),
subequatorial-course mantle convection current (ECMCC), submeridian-course mantle convection current
(MCMCC), hot line, XD and MX labelling, Western Carpathians
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Graphical abstract

1 Introduction

This contribution aims to introduce several new terms,
not used (or used only marginally) in geological practice.
The term polyorogenesis means action of a sequence of
several orogenic cycles in a distinct zone, e.g. Alpine-Car-
pathian-Himalayan zone and producing a sequence of di-
vergences with multiple parallel continental breakups, as
well as convergences producing suture zones and orogenic

103

e The Western Carpathians segment of Alpine-Car-
pathian-Himalayan belt is characteristic with poly-
orogenesis — geodynamics of the sequence of mul-
tiple orogenic cycles.

Synthesis of research results, documenting evolu-
tion of the Western Carpathians, indicates a role
of linear subequatorial-course mantle convection
current (ECMMC) as a driver of Phanerozoic geo-
dynamics of all three orogenic cycles — Variscan,
Paleo-Alpine and Neo-Alpine.

Highlights

belts. The continent-continent type collision at polyoro-
genic processes in zones of Intra-Pangea-type of subequa-
torial direction differs them from the Cordilleran-type
mountain building at standard subduction / accretion prism
forming processes in submeridian course zones of the Cir-
cum-Pacific-type. For the easy use and understandability of
this sequence of orogenic cycles and their phases — they are
described by the simple symbols of XD labelling methodo-
logy (Németh, 2021), being described further in the text.
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Article provides a comprehensive review focused
on polyorogenic evolution in the Western Carpathians,
as a representative segment of generally subequatorial
trending Alpine-Carpathian-Himalayan belt (Figs. 1 and
2). This contribution is based on detail knowledge on
kinematics and products of three orogenic cycles in the
Western Carpathians: Variscan (abbreviation V; Paleozo-
ic), Paleo-Alpine (Ap; Mesozoic; western extension of
Cimmerian cycle) and Neo-Alpine (An; Cenozoic; eastern
extension of Penninic cycle). The processes and products
of the post-Cadomian Cenerian orogenesis are not treated
in this article due to their ongoing research in the Western
Carpathians, which is not yet completed.

The present configuration of three suture zones (alter-
native term: geosutures) in the Western Carpathians (Fig.
1B) and polarity of subduction exclude an interpretation
of backarc-type evolution of described three elongated ba-

sins: The Variscan equatorial trending geosuture (named
Rakovec geosuture; Németh, 2002), located along the axis
of the Western Carpathian polyorogenic belt, was pro-
duced by convergence having subduction polarity to north
(I.c.). Younger Paleo-Alpine geosuture (Meliata geosuture,
incl. Borka nappe; Mello et al.,1998; Putis et al., 2019c;
Potocny et al., 2023, 2025; Molcan Matejova et al., 2025),
was located parallel, but south of Variscan geosuture,
being produced by convergence with southern subduction
polarity — slab dipping to south. Such geometry of these
two orogenic cycles excludes the Paleo-Alpine basin posi-
tion as a backarc developed during older Variscan process.

The youngest geosuture, present in the W. Carpathians
— the Neo-Alpine Pieniny Klippen Belt Penninic-Vahic-
Magura geosuture (cf. PlaSienka et al., 2020 and references
therein), is located parallel to both previous geosutures,
but north of them. Related subduction slab was in this case

Fig. 1. A—Position of Western Carpathians (northernmost located red oval in part A within the polyorogenic Alpine-Carpathian-Hima-
layan belt. The Carpathian belt of triple oroclinal bend (syneclisis) is indicated by blue line drawn from Western Carpathian red oval
towards SE — depicting the segment of Eastern Carpathians — and next to W, S and shortly to SE — depicting the segment of Southern
Carpathians. The location and names of mountain ranges, located SW and SE of Western Carpathians were taken from van Hinsbergen
et al. (2014) and Marko et al. (2020). The entire area shown in A is located north of the equator. B — Nearly symmetric course and
northward convex oroclinal bending of Western Carpathians show very distinctly the course of three suture zones — Paleozoic Variscan
(Rakovec geosuture of Paleo-Tethys sensu Németh, 2002; VVD; light green), Mesozoic Paleo-Alpine (suture zone after Meliata ocean of
Neo-Tethys; sensu Mello et al., 1998; ApD; light-blue) and Cenozoic Neo-Alpine suture zone (Pieniny Klippen Belt — Alpine Tethys /
Vahic suture — presently summed up by PlaSienka et al., 2020; AnD; dark blue). Despite clear zonality of these suture zones, the Western
Carpathians contain also scattered remains of earlier Lower Paleozoic Rheic ocean Cenerian evolution (e.g. Puti$ et al., 1997, 2024).

Presented segment of geological

map in B is reproduced with per-

mission from the IGME 5000 B '
(Asch, 2005), IWC — Internal Wes-
tern Carpathians (sensu Hok et al.,
2019), EWC - External Western _
Carpathians (l.c.). ()
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dipping to south, which again excludes the possibility that
elongated Neo-Alpine basin represented a back-arc basin
during subduction of the crust of Paleo-Alpine basin.
Position of suture zones, including the dips of subduction
slabs are visualized in Fig. 1B.

It is important to note that the definition of Tethys
Ocean varies among different authors. The Western Car-
pathian geologists, owing to distinct zonality of Variscan
and Alpine successive events, use designation applied in
this contribution: The Paleozoic Variscan elongated oce-
anic basin, having well developed suture zone in the W.
Carpathians, is named the Paleo-Tethys (Grecula, 1982;
Puti$ et al., 2009, 2024; PlaSienka et al., 1997a; Németh,
2002; Németh et al., 2016). The elongated Paleo-Tethyan
Rakovec basic was closed by subduction-collision process
in Upper Carboniferous (Németh, 2002; Dallmeyer et al.,
2005), the Mesozoic one — Neo-Tethys, represented by
Meliata Ocean, was closed by Lower Cretaceous collision
(Plasienka et al., 1997b; Mello et al., 1998; Lexa et al.,

2007). The youngest — third elongated oceanic basin in this
succession consists of two zones — the southern — Piemont-
Véahic Ocean as elongation of South Pennine Ocean
subducted and closed at 80 Ma and northern zone — the
Magura Ocean as elongation of North Pennine one sub-
ducted and closed between 35-20 Ma (cf. PlaSienka et al.,
2020). These two zones were primarily separated by so-
called Oravic continental ribbon (Czorsztyn Ridge; I.c.).
This gradual two-stadial partial subduction is interpreted
as Neo-Alpine evolution in the W. Carpathians and the
course of its suture zone is very spectacularly evidenced
by the Pieniny Klippen Belt.

1.1 The XD labelling as a tool for simple and efficient
classification of orogenic phases within orogenic
cycles

To express understandable and readily depictable, the
relations and time succession within individual orogenic

Alpine-Carp.-Himal
. S|W. Carpathians

1 opealoi-
m 4 AT

CIRCUM-PANGEA PROCESSES

Fig. 2. Spatial orientation of subequatorial trending Intra-Pangea polyorogenic zone (red full or dashed line rectangles). The continu-
ation of this zone within North American continent is not clear, its shift to Caribbean area is interpreted due to dextral displacement
starting in San Andreas fault (located in western side of North American continent; cf. Wallace — ed., 1990). The designation of
Circum-Pangea-type processes, chosen correspondingly with the situation during the existence of compact Pangea supercontinent in
Permian, covers dominantly the processes of submeridian-course divergence (e.g. East African Rift System representing the embryonal
stage of riftogenesis within continental crust or the Mid-Atlantic Ridge in mature stage of riftogenesis within oceanic crust), as well as
convergence of submeridian course (e.g. subduction along Mariana and Atacama trenches as type localities). On the publicly available
basemap the rift zones are marked with red curved lines and subduction zones with blue lines. The plus signs in circles indicate the
upwelling mantle currents producing rift zones and minus signs in circles indicate downwelling mantle currents producing subduction
zones. Both types of signs related to ECMB and ECMCCs are highlighted by orange circles. In the case of submeridian-course mantle
convection currents (MCMCCs) the signs are placed to yellow circles.

105



Mineralia Slovaca, 56, 2 (2024)

Continental & oceanic

subphase (both relate to evolution
within continental crust) and XDO0c —
ocean spreading subphase. The XD1
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(Németh, 2021), being classified by
three additional phases within a cycle,
covering the post-collisional thermal

INTRAPLATE PROCESSES

1

Taken from original
OROGENIC (WILSON)

XD4

/ deformation processes, metamor-
phic core complex active evolution
and related unroofing — XD2 phase;

CYCLE — divergent and
convergent phases XD0
and XD1

ADDITIONAL EXTENSION of the concept
of orogenic cycles — the post-collisional
intraplate processes phases XD2-4 are not
present in original Wilson's cycle

intraplate stress consolidation — XD3
phase (strike slips, transpression,
transtension, rotation of blocks, etc.)
and regional extension — XD4 phase

Fig. 3. The schematic visualization of a sequence of orogenic phases (XD0-4) and meta-
morphic overprints (MX0-2) within an orogenic cycle (Németh, 2021; reproduced with
permission) highlights adding new orogenic phases (XD2-4) to primarily defined oro-
genic (Wilson) cycle (XD0-1), owing to extensive research in the Western Carpathians,
focussed on tectonic and structural manifestations of individual phases and overprinting

relations.

phases of orogenic cycles, the “XD labelling” methodology
was suggested by Németh (2021; Fig. 3). Despite this
methodology may be partly reminiscent of the concept
of Hans Stille (1924), who postulated the idea of globally
synchronous orogenic phases, the XD labelling is not
targetted to global synchronization. Its aim is preferably
descriptive — to mark simply and readily the orogenic
cycles and their phases when discussing the geodynamic
evoluton and orogenesis in the territory of interest.

At XD labelling, the name of particular orogenic cycle
is expressed by the X variable — e.g. in the case of oro-
genic cycles in European territory: Sv — Svecofennian,
Go - Gothian, Sn — Sveconorwegian, Ti — Timanide, Cd
— Cadomian, Cl — Caledonian, V — Variscan, Ur — Uralian,
A—Alpine (in W. Carpathians: Ap — Paleo-Alpine — west-
ern extension of Cimmerian cycle and An — Neo-Alpine
— eastern extension of Penninic subduction / collision
events) and He — Hellenic orogeny. Also further orogen-
ic cycles with specific X labels (even word-wide) can
be involved into this classification. A specific orogenic
phase in the frame of orogenic cycle is expressed by add-
ing relevant number after D: XDO — divergent process of
riftogenesis — this orogenic phase is subdivided to three
subphases: XD0a — stretching subphase, XDOb — thinning
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(pure shear-type regional faults —
preferably of N-S and E-W trends,
as well as the continental grabens de-
velopments and Basin & Range-type
tectonics. Possible is even more detail
classification applying the subphases.
Metamorphic overprints related to
specific phases of orogenic cycle are labelled by similar
way: MX0 — metamorphism related to mid-oceanic ridges,
MX1 - subduction metamorphism (MX1s) and collision
metamorphism (MX1c), MX2 — post-collision evolution
of metamorphic core complexes and related metamor-
phism.

1.2 Interconnection of earlier geodynamic findings
in the Western Carpathians with new designation
of orogenic cycles and phases

In the Western Carpathians it is clearly decipherable
that within orogenic cycles of the subequatorial
Intra-Pangea-type the regional extension leading to
continental breakup acts dominantly in phases XD2
and XD4, being followed by X*'DO rifting of a new
orogenic cycle. Concerning the extensional phase XD4,
the extended regional faults (lineaments) with pure shear
kinematics, trending generally E-W (subequatorial trend)
or N-S (submeridian trend) were important for continental
breakups. These faults represent a common sign of Intra-
Pangea as well as Circum-Pangea processes and on a global
scale, they represent the embryonic phase of future rifts,
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being a consequence of mantle convection currents. In
regional, or even local scales, the XD4 pure shear faults
can also be a product of XD3 shearing — they represent
merging of synthetic as well as antithetic mega-shears
of the same course within NW-SE and NE-SW trending
XD3 shear zones (cf. Németh et al., 2017; Németh in Gaal
etal., 2017).

Regarding the topic of this contribution, we focus
dominantly on VDO / ApDO / AnDO0 as well as on VD2
/ ApD2 phases of Variscan and Alpine evolution. The
VD2 /| ApD2 phases actively generated metamorphic
core complexes MV2 / MAp2 and extensional unroofing
tectonics, in both cases leading to new continental (Pangea)
breakups and origin of generally E-W trending basins with
oceanic-type crust. For complexity, also other orogenic
phases acting in evolution of the Western Carpathians
will be briefly described in the XDs time succession. By
this way this contribution provides reader a complete
information about evolution of the Western Carpathian
segment of Alpine-Carpathian-Himalayan orogenic belt,
which can be useful e.g. when comparing this evolution
with the evolution of other segments of polyorogenic belts
in Europe or in the world.

1.3 Peculiarities of Intra-Pangea polyorogenic evo-
lution in zones of subequatorial direction

We differ the Intra-Pangea orogenic processes
in zones of subequatorial direction, encompassing
dominantly the Alpine-Carpathian-Himalayan zone (being
along the western margin of North American continent
possibly shifted to Caribbean area), from the submeridian
processes that acted not only in Pangea, but also in the
rest of the world, being named as the Circum-Pangea-
type processes (earlier designation was Circum-Pacific-
type processes; Németh et al., 2016; Németh, 2018). In
this division, the situation along the NNW-SSE trending
San Andreas Fault System is much more complicated
— simultaneously with regional dextral shearing this
fault system represents also northern continuation of
submeridian rifting zone separating the Pacific plate from
Cocos and Nazca lithospheric plates (cf. Wallace — ed.,
1990; Fig. 2),

At the Circum-Pangea-type processes / zones the rift
zones and trenches have generally N-S — submeridian trend
and their tectogenesis corresponds to present convergent
processes along western coast of South America — e.g. the
Atacama trench zone as well as east of Japanese islands
— the Mariana trench zone, both as exemplary cases (Fig.
2). As an example of submeridian-course divergent zones
there can serve the spreading of the Mid-Atlantic ridge,
or presently developing East African Rift System. The
continent-continent-type collisions are significantly less
common at the submeridian Circum-Pangea zones than in
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the case of subequatorial Intra-Pangea-type polyorogenic
zoness (cf. Fig. 2). There is necessary to emphasize that the
Intra-Pangea orogenic processes in zones of subequatorial
direction occur presently in evolutionary stage of finishing
Neo-Alpine phases AnD1 / AnD2 and the Alpine-
Carpathian-Himalayan belt is undergoing mainly the Neo-
Alpine shearing (AnD3) and extensional faulting (AnD4),
which is interconnecting the Intra-Pangea and Circum-
Pangea processes. In the Mediterranean area the Hellenic
orogenic cycle occurs now in the subduction phase HeD1s.

In the case of pre-Pangea supercontinents of Rodinia
(Mesoproterozoic and Neoproterozoic in age) and Nuna
(Paleoproterozoic and Mesoproterozoic in age) we suppose
the corresponding kinematics of divergent processes,
continental breakups, as well as convergent processes,
as in younger, here described, Pangea-type processes —
having similar kinematic evolution, spatial orientation
and sequence of events, though acting in slightly warmer
conditions.

1.4 Earth rotation and its role in positioning of
principal mantle convection currents

As reviewed in monograph by Frisch et al. (2022), Al-
fred Wegener, professor at the University of Graz (Austria)
in the 1920s, unsuccessfully attempted to add credibility to
his theory of continental drift explaining its driving forces
by the rotation of the Earth. Parallel with Alfred Wegener
at the same university worked professor Robert Schwin-
ner, developing far-reaching theory of convective heat
transport, producing the currents in the Earth’s interior.
If both professors would have communicated, they could
unify the drift theory with accepted theory of its driving
force, thus markedly accelerating the birth of the theory of
plate tectonics (l.c.).

The concept presented in our further text and its con-
clusion are built exclusively on the theory of mantle con-
vection heat currents, emphasizing that on a global-scale
the Earth’s rotation organizes them preferably to mantle
currents of subequatorial-course (ECMB and ECMCCs),
as well as submeridian-course (MCMCCs), contributing to
location of rift zones / subduction zones in the lithosphere.
All author’s interpretains are based on geological and tec-
tonic observations, so he only reports primary reasons of
mantle convection currents citing works of other authors
(in chapter 5).

The variability of the Earth-rotation vector relative to
the body of the planet or in inertial space is caused by the
gravitational torque exerted by the Moon, Sun and planets,
displacements of matter in different parts of the planet and
other excitation mechanisms (IERS, 2023). Concerning
geodynamics, the oscillations can be interpreted in terms of
mantle elasticity, Earth flattening, structure and properties
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of the core-mantle boundary, rheology of the core, and the
understanding of the coupling between the various layers
of our planet (l.c.). The role of Earth rotation in plate
tectonics was considered by numerous earlier authors:

The existence of a global westward rotation of the
lithosphere independently from the location of the hot
spots sources was suggested by Ricard et al. (1991). These
authors emphasized that this rotation is a real one and
is not an artifact of the choice of the reference frame in
which plate motions are defined. As a consequence of the
westward rotation of the lithosphere an anchoring effect
in the case of subduction slabs at submeridian trending
subduction zones acts in the mantle which is migrating
east. This mechanism could explain the observed steeper
dips of the west dipping subduction slabs which contrast
the mantle flow. This concept was further developed by
Doglioni et al. (1991, 1999, 2006).

Hide et al. (1993) review earlier models of the
topography of core-mantle boundary as well as the
hypothesis that the astronomically determined irregular
fluctuations in the Earth’s rotation vector is due to the
fluctuating torque on the lower surface of the Earth’s
mantle produced by magnetohydrodynamic flow in the
underlying liquid metallic core as well as equatorial
bulge.

Wilson (1995) emphasized that only few local
observations and satellite remote sensing observations
measurements of Earth rotation changes offer genuinely
global measures. The Earth’s long term rotation stability
was explained by Richards et al. (1997) by the slow
rate of change in the large-scale pattern of plate tectonic
motions during Cenozoic and late Mesozoic time, as
well as relatively slow changes in the global pattern of
subduction zones. The subducted lithosphere represents
a major component of the mantle density heterogeneity
generated by convection. This effect of three-dimensional
mantle density heterogeneity on Earth rotation was
confirmed by Liu et al. (2016): The difference of the
observed Earth polar motion and length of day, taking
into account the model only considering ocean tides, must
have added also the contributions of the lateral density
heterogeneity of the mantle. Study of the effect of mantle
density heterogeneity on torque-free Earth rotation may
provide useful constraints to construct the Reference Earth
Model.

Sun and Xu (2012) improved prediction accuracy of
Earth’s rotation parameters (ERP), based on improved
weighted least squares (WLS) and autoregressive (AR)
model. Earthquakes may lead to mass redistribution
in the Earth interior and by this way to influence
the Earth’s rotation due to the change of Earth inertia
moment (Xu & Sun, 2012). Authors (l.c.) adopted the
elastic dislocation to compute the co-seismic polar motion
and variation in length of day (LOD) caused by the 2011
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Sumatra earthquake. They indicate the tendency of
earthquakes make the Earth rounder and to pull the
mass toward the centre of the Earth.

The rotation rate of Earth determines its uniaxial
compression along the axis of rotation. The Earth’s
ellipticity variations, caused naturally by the rotation
rate variations, are manifested in vertical components
of various surface elements, which can be determined
by precise GPS measurements (Levin et al., 2017).
Analysis of the observations made by the International
Earth Rotation and Reference System Service (IERS)
revealed regularities in the natural variations of the
Earth‘s angular rotation rate. The work by Levin et al
(I.c.) performs comparison of geodetic ellipsoid dynamics
theoretical estimates obtained from studies of the
pulsation model of the Earth’s shape due to variations
of its rotation rate. By this way this study has added
a new dimension for understanding of the variations in
the Earth rotation caused by mass redistribution.

Relation of geodynamics to the Earth rotation was
extensively researched by a number of Polish institutions in
the 2010s (Bogusz et al., 2015). The tectonic plate motions
models and the map of the continuous velocity field were
developed applying information from over 300 permanent
reference stations of the EUREF Permanent Network (EPN)
as well as Polish Active Geodetic Network (ASG-EUPOS)
and interpolating velocities using the Kriging method with
the nugget effect. The robustness of geodetically-defined
kinematic model, describing recent geodynamics, was
tested using numerical finite element modelling of stress
and strain distribution in Central Europe (Bogusz et al.,
2011). Simplified mechanical model of the lithosphere
was developed using geological and geophysical data
including tectonically defined discontinuities. The results
of model predictions were evaluated by comparison with
measured present-day stress and strain.

2 Brief description of regional geological setting of
the Western Carpathians

The Western Carpathians represent arcued elongated
orogenic segment of the Alpine-Carpathian-Himalayan
belt (Fig. 1A, B). They are characteristic with dominant
northern vergency of Alpine ApD1c tectonic imbrication
and nappe stacking, despite having incorporated also
southern vergency tectonic structures of earlier Variscan
evolution VDOL.

Despite the triple division of the Western Carpathians
to Outer, Central and Inner W. Carpathians was dominantly
used in the past (e.g. Mahel, 1986), we prefer simpler
division to Outer (External — EWC) and Inner (Internal
— IWC) W. Carpathians (cf. Hok et al., 2019), better
distinguishing units with dominant Neo-Alpine (Cenozoic)
vs. dominant Paleo-Alpine / Variscan (Mesozoic /
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Fig. 4. Detail lithotectonic column of the innermost zone of Internal Western Carpathians (IWC), depicting succession of orogenic pha-
ses in Variscan (VD) and Paleo-Alpine (ApD) orogenic cycles, as well as their overprint by Neo-Alpine shearing (AnD3) and faulting
(AnD4). Orientation of this lithotectonic column is N-S, localized it is in the middle the red rectangle in Fig. 1B. This lithotectonic
column expresses the relations of supreme order lithotectonic units of Internal W. Carpathians: Gemeric, Veporic, Meliatic (incl. the
Bérka nappe) and Silicic units (cf. Németh, 2005b; Németh et al., 2012; reproduced with permission). Methodology of XD labelling
of lithotectonic units (LTUs) and lithotectonic limits (LTLs) allows to express clearly the succession of tectonic structures and over-
prints. Red arrow lines express the Early Cretaceous north-vergent thrusts of Meliatic Bérka nappe on Gemeric lithotectonic unit (LTU;
ApD1b1), north-vergent imbrication (ApD1i), then thrust of Gemeric + Borka nappe pile on Veporic one (ApD1c). The whole litho-
tectonic sequence is then overthrust by the Silicic nappe (ApD1b2). Apparent paradox of Lower Cretaceous evolution of IWC is that
simultaneous with this prominent ApD1 compressional / collisional phase taking place in the innermost (i.e. southernmost) zones of
IWC, an extension was prevailing in the outermost (northernmost) zones of the Western Carpathians, forming here several longitudinal
elevated and subsided domains (cf. PlaSienka, 2018). The same paradox is characteristic for the Late Cretaceous evolution of IWC —
the southernmost zones underwent ApD2 extension and unroofing (designated by red thick dashed arrow line), but in the northernmost
zones of Western Carpathians this period is characterized with contraction and its differentiated topography was inverted and previous
facial zones became constituents of regional tectonic units (cf. I.c.).

109



Mineralia Slovaca, 56, 2 (2024)

Paleozoic) evolution. Superficially, the dividing line
between External and Internal W. Carpathians is represented
by the Klippen Belt, geometrically parallelized with the
Penninic evolution in the Eastern Alps and Briangonnais
domain (Tomek, 1993) in the Western Alps. The Klippen
Belt marks simultaneously boundary between Neo-Alpine
nappes in External W. Carpathians and Pre-Paleogene
Paleo-Alpine nappes of Internal W. Carpathians.

2.1 Internal Western Carpathian belt

In Paleo-Alpine nappe pile the following main
lithotectonic units, having northern general vergency of
thrusting and nappe displacement, will be described from
the bottom upwards: Tatric, Veporic and Gemeric units
(all three represent so-called basement nappes), Meliatic
(Bbrka nappe), Turnaic (Tornaic in Hungary) and Silicic
units (representing the superficial nappes; cf. Figs. 1B and
4). Moreover, 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 (Cho¢ nappe). The geodynamic evolution of
these sequences is described in more details in relevant
chapters in further text.

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 Paleozic /
Lower Triassic clastics, being followed by Middle Triassic
carbonates. The sedimentary area became differentiated
during the Jurassic period, encompassing radiolarian
limestones, radiolarites, crinoid and sandy limestones.
The Lower Cretaceous pelagic, cherty limestones
sedimentation ended with flysch formation. The Tatricum
represents the lowermost unit of Internal Carpathians. In
present north-vergent tectonic setting the Tatric tectonic
underlier is represented by Vahicum as equivalent of
southern Penninicum, and tectonic overlier by flat-lying
nappe of Fatricum, containing sedimentary sequences
corresponding with that of Tatric cover.

LATE DEVONIAN - EARLY CARBONIFEROUS

Fig. 5. The Early Paleo-
zoic Variscan continental
breakup and origin of Pa-
leo-Gemeric  riftogenous
basin VDO in the territory
of future Western Car-
pathians (slightly modi-
fied after Grecula, 1982 —
Plate 3.1 ibid., Grecula in
Grecula et al., 1995 - Fig.
1.8 ibid; reproduced with
Phase of rapid permission). The source
rifting of convectional heat (EC-
MCC; hot line) is indica-
ted by arrows beneath the
rift zone. Development
phase 1 (VDO0a) is not

Formation of oceanic
type crust

Progressing rifting phase
within continental

crust - finer-grade

and pelitic interbeds

Initial rifting phase
within continental
crust - coarse detrital
sedimentation

preserved in present Ge-
meric Unit due to ApD1c
north-vergent amputation
of coarse-grained detrital
Gemeric sequences from
their Pan-African home-
land (cf. in Fig. 4 — middle
column down), applying
the soft horizon prefe-
rably of black phyllites
(lithology 3 in this Fig.)
in the Paleo-Alpine nappe
detachment ApD1c. This
rheologically soft horizon

of black phyllites is presently affiliated with the Gemeric Betliar Formation (former Late Ordovician-Silurian sedimentation in anoxic
environment; in this figure shown in evolution phase 2), 3 — development of Smolnik Fm. with bimodal volcanism of first rapid rifting
phase VDOb; all sequences belong to Gelnica Group (LTU; cf. Fig. 4), 4 — opening of ocean and development of mid-oceanic ridge
VDOc, which sequences are included into the Hnilec Fm. of Rakovec Group (LTU) and — in higher temperature metamorphosed
facies — to the Klatov Group (nappe; gneiss-amphibolite complex; LTU). Lithology in the legend beneath sketches: 1 — rocks of
continental crust, 2 — coarse-clastic sediments, 3 — formation of black phyllites — dominantly organic matter / graphite bearing pelites
and psammites, 4 — formation of greenish (dominantly chlorite bearing) pelites and flysch sequences, 5 — lydite, 6 — carbonate, 7 — ba-
salt-keratophyre bimodal volcanic complex, 8 — magmatic series of the mid-oceanic ridge, 9 — rhyolite domes.
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The Veporic Unit (Veporicum), similarly like Tatric
Unit, comprises of Variscan crystalline basement and Up-
per Paleozoic / Mesozoic cover. The Alpine evolution zone
between Veporic and Gemeric units is interpreted to be the
homeland of Hronic Unit (Hronicum) with conspicuous
development of Carboniferous-Permian volcanosedimen-
tary formations.

The Gemeric Unit (Gemericum) represents the up-
permost Paleo-Alpine basement nappe, having well pre-
served Lower Paleozoic volcano-sedimentary sequences
of Variscan riftogenous phase (VDO; Fig. 5), as well as
— in Northern-Gemeric rim — well preserved suture zone
with a wide range of rock sequences, including also HP
and UHP blocks exhumed from Variscan subduction zone
and VD1oc thrust southward on Variscan passive margin
sequences (Radvanec & Németh, 2018; Figs. 6, 7 and 8).
The Gemeric Upper Paleozoic / Mesozoic cover sequences
are bearing superficial nappes of Meliatic Unit (Meliati-
cum; Borka nappe), Turnaic and Silicic units (cf. Fig. 4,

upper part).

2.2 External Western Carpathian (Flysch) belt

This belt is a product of Upper Cretaceous-Ceno-
zoic Neo-Alpine 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 for-
mations with prevailing sandstones. These are as a whole,
thrust northward over the north located Krosno Unit of
Flysch Belt, built of prevailing variegated claystones.

The Klippen Belt (Oravic Unit; cf. Hok et al., 2019, p.
39 ibid.) represents in pre-Neo-Alpine deformation phase
the hypothetical continental ribbon named as Czorsztyn
ridge, 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 of the Véhi-
cum (PlaSienka, 2012; PlaSienka & Sotak, 2015). The most
widespread here are the Czorsztyn and Kysuca (Kysuca—
Pieniny) sedimentary successions starting with Lower Ju-
rassic rocks.

The more detail characteristics of individual Western
Carpathian lithotectonic units are available in further text,
describing them in the frame of their polyorogenic evolu-
tion.

3 Methodology of research

Research consisted of three decades of author’s
field geological mapping and study of relations of rock
sequences with individual phases of orogenic cycles in
the Western Carpathians, and in some special cases also
besides this territory. This research was accompanied with
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structural analysis, revealing the overprinting relations
and displacement kinematics of individual rock sequences
and lithotectonic units (Németh et al., 1997, 2001, 2004;
Németh, 2005a, 2018, 2021; Németh et al., 2012b,
2016, 2023 and references for structural and tectonic
investigations in these publications). Ductile deformation
was studied also by techniques of structural petrology
(microtectonics; Németh, 2002). The deformation gradient
within regional ductile shear zones was calculated by
paleopiezometry, applied on monocrystalline calcite
marbles and quartzites (Németh, 2005b; Németh et al.,
2012a). Present study benefits also from published regional
geological, tectonic and petrological results of hundreds
other researchers from the Western Carpathians, Alpine-
Carpathian-Himalayan belt and further parts of the world
(cf. following works and references herein: PlaSienka,
2018, 2021; PlaSienka et al., 1997a, b, 1999, 2020); Putis,
1992, 1994; Putis et al., 2008, 2009, b, 20194, b, ¢, 2024;
Radvanec et al., 2007, 2009, 2017; Radvanec & Németh,
2018; Kovac, 2000; Kova¢ & Plasienka, 2002; Kovac et
al., 2002; Lexa & Koneény, 1998; Koneény et al., 2002;
and many others).

For simple and efficient description of a succession of

orogenic cycles and their phases, including overprinting
relations within tectonic structures, the methodology of XD
labelling was developed, intending to make the research of
lithotectonic units (LTUs) and lithotectonic limits (LTLs)
much more effective (Németh, 2021). The geological units
(tectonic, sedimentary, magmatic, etc.), treated in this
contribution, are presented in lithotectonic meaning (i.e.
having attributed geodynamic aspects). Despite the terms
Unit / units are in some cases preserved, in all cases they
represent lithotectonic units (LTUs).
4 Geodynamic evolution of the Western Carpathians
with emphasis on extensional tectonics leading
to continental breakups, formation of elongation
basins with oceanic-type crust along their axis
and their closure during convergence — wider
geodynamic considerations

The advantage of the Western Carpathians, as an
appropriate study territory within the polyorogenic
Alpine-Carpathian-Himalayan belt (Fig. 1A), is their
distinct zonality and nearly symmetric northward convex
oroclinal bending (Fig. 1B). Owing this zonality, the
products of individual orogenic phases of three orogenic
cycles (Variscan — VD, Paleo-Alpine — ApD and Neo-
Alpine — AnD), as well as their tectonic and metamorphic
overprints are decipherable directly in the field and can
be easily studied by structural, microtectonic, petrologic
and geochronologic methodologies. As indicated above,
Alpine evolution in the Western Carpathians manifests
a special case of two “intermingling” orogenic cycles —
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Paleo-Alpine (Triassic-Cretaceous; ApD) and Neo-Alpine
(Jurassic-Recent; AnD), which orogenic phases are time
shifted.

Further information, describing the zonality of the W.
Carpathians and their geodynamic evolution, are provided
in summarizing contributions by PlaSienka et al. (19974,
b) as well as Hok et al. (2019), but mainly in monographic
issues edited by Grecula et al. (1997), Rakus (1998), Vozar
and co-eds. (2010), Kovaé (2000) and Janoc¢ko and Elecko
(eds., 2003). Presently there was issued an extended paper
about an Early Alpine tectonic evolution (ApD) of the
Western Carpathian by PlaSienka (2018). In the frame of
Alpine-Carpathian-Dinaridic belt the orogenic evolution
of W. Carpathians is treated by Schmid et al. (2008, 2020),
van Hinsbergen et al. (2020) and a number of Polish
authors, referred in chapter about AnD processes.

The Variscan and Paleo-Alpine continental breakups
can be best characterized in the innermost zones of Internal
W. Carpathians. The principal basement unit in this zone
(red rectangle in Fig. 1B) is the Gemeric Unit (ApD),
representing the ApD1c nappe overlier on north-located
ApD Veporic Unit. The Gemeric unit is bearing superficial
nappe outliers of Meliatic Unit (Borka nappe; ApD1bl;
cf. Fig. 4) and Turnaic (Tornaic in Hungary) Unit. This
basement and superficial nappes sequence was as a whole

K-edenite-pargasite metaperidotite and
prehnite-pyroxenite (720 °C, 17 kbar);
Radvanec (2005), exhumation during AD; |} i

i B R

thrust over north-located Veporic Unit (ApD1c; cf. Fig. 4
— lower left side). Moreover — over both — the Gemeric
and Veporic units the Silicic Unit was displaced at the
end of ApD1 phase (cf. Fig. 4 — upper middle side). Two
generations of continental breakups (Variscan and Paleo-
Alpine) as well as their later convergent —collisional phases
are in described region well proved with two continuous—
course suture zones (Fig. 1B), but also by obduction
and nappe displacement of two generations of exhumed
ultramafic rocks and further ophiolite suite fragments (Fig.
6). The third generation Neo-Alpine continental breakup,
registered in the W. Carpathians, is characterized by the
course of Pieniny Klippen Belt as suture after the Alpine
Tethys (\Vahic) ocean, representing the boundary between
Internal and External W. Carpathians.

4.1 Geodynamics of Variscan orogenic cycle revealed
in the innermost zones of W. Carpathians

VDO divergent — continental breakup phase

The Variscan continental breakup and riftogenesis in
the Western Carpathian zone was well described owing to
extended (the 1970s-2010s) geological-geophysical and
geochemical research of Gemeric Unit (Grecula, 1982;
Grecula et al., 1995 — Figs. 1.5 and 1.8 ibid.; Grecula
& Kobulsky — eds., 2011). This breakup (Fig. 5) was

Ultra-HP metaperidotite (850-1000°C,
26-30 kbar); Radvanec (2000),
exhumation during AD,

.

Fig. 6. Two generations of exhumed, obducted and locally distantly displaced ultramafic rocks in Gemeric region: Green colour —
south-vergent VD1oc exhumation and obduction of Variscan Paleo-Tethys Rakovec basin ultramafics and other fragments of ophi-
olite suite, related to collisional closure of this basin. Blue colour — north-vergent ApD1co exhumation and collisional obduction of
Paleo-Alpine Neo-Tethys Meliata basin ultramafics with ophiolites fragments. Compilation of data from Hovorka (ed., 1985) and
Radvanec (2000, 2005). Basemap: segment of the map by Grecula in Mello and Ivanicka (eds., 2008; reproduced with permission).
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registered by Early Paleozoic riftogeneous (VDO0) and
later passive margin (VD1a) lithology of the Gelnica
LTU (central part of the Fig. 4; originally defined as a
lithostratigraphic group; Bajanik et al., 1983; Grecula
et al., 2009), as well as the pre-subduction lithology of
the Rakovec and Klatov LTUs (cf. left side column of
Fig. 4), representing Variscan oceanic-type crust (Fig. 4
shows later — their VD10 obducted position on Gelnica
LTU). Because Gemeric Unit (Gemericum) as LTU was
individualized in Paleo-Alpine ApD1c phase, from the
viewpoint of one generation earlier Variscan origin and
evolution of Gelnica, Rakovec and Klatov LTUs, for the
sake of correctness in naming — they belong to Variscan
Paleo-Gemeric Unit (or Paleo-Gemericum).

The Paleo-Tethys passive margin sequences from the
side of Gondwana — Gelnica LTU — were deposited on
Pan-African basement. This situation is shown in Fig.
5, though the Pan-African coarse-detrital sediments are
not present on recent surface due to their amputation
during Early Alpine north-vergent ApD1c basement
nappe displacement (Fig. 4 — this ApD1c amputation is
shown below the column of Gelnica LTU). Progressing
Variscan rifting on continental crust (cf. Figs. 4 and 5) was
accompanied with changes in volcanosedimentary activity
within three distinguished formations (Grecula, 1982): The
lowermost Upper Ordovician-Silurian Betliar Formation
(built of prevailing black phyllites and lydites in so-called
Holec Beds; Fig. 4 — lower part of middle columg), next

Variscan tectogenesis Mv1 MV2 :
VDO — VD10 VD2a VD2b
N [323- 275-262

Rift related plastic

A

deformation

NVl

Carboniferous obduction
in North-Gemeric zone

North-vergent

AN

South-vergent unroofing
in Permian and Triassic

asymmetric structures

Carboniferous — Mississipian-
Kasimovian N-ward dipping
Varlscan VD1s subductlon siab

2 Kasimovian
VD10 compr. south-vergent
D GULAPALAG Variscan
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Nizna M%EL?I\?AKA > smolnik
izn moini
Slana -
.My~ s
al g VD2b :
R s L% s/

Opening of elongated Mesozoic Meliata basin

Fig. 7. Summary of field structural and microtectonic evidences of Variscan evolution in the Gemeric region of Internal Western
Carpathians. Arrows indicate situation after Variscan VD1c collision with obducted sequences situated along Rakovec geosuture (su-
ture zone) and before Paleo-Alpine ApDO continental breakup and opening of new elongated Mesozoic Paleo-Alpine Meliata basin
(Neo-Tethys; thick red arrows in the lower part of the figure indicating south vergent VD2b unroofing — indicated also in the summary
Variscan geodynamic review in upper bar in Fig. 7). Red thick arrows targeted to south in lower part of Fig. 7 indicated start of the
Paleo-Alpine Neo-Tethys continental breakup. The Variscan VD1c collision was preceded by VVD1o Late Carboniferous south-vergent
obduction partially of Rakovec, but mainly Zlatnik and Klatov LTUs (terranes) on Gelnica LTU (cf. in Fig. 4). In localities of Gul'a-
palag, Majerska dolina and Grexa, depicted in lower right side of the Fig. 7, the switch of Late Variscan unroofing from north-vergent
(\VD2a) to south-vergent (VD2b) was discovered by microtectonic studies (Németh in Radvanec et al., 2007). The sequence of Variscan
kinematics and metamorphic overprints during Variscan obduction and later post-collisional unroofing is shown in bar in upper side of
this figure. Explanation of lithology (rectangles in the right side middle): 1 — Lower Paleozoic sequences of Gemeric Unit, 2 — Carbo-
niferous rocks of Gemeric Unit and its contact zone with Veporic Unit, 3 — Permian rocks of Gemeric Unit, 4 — Upper Paleozoic and
Mesozoic rocks of Meliatic Unit, 5 — Mesozoic rocks of Silicic Unit, 6 — Paleogene cover.
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[
Fig. 8. Variscan VD10 exhumation and obduction of HP-UHP rocks (Radvanec & Németh, 2018; reproduced with permission), being
finished by Variscan collision VD1c¢ with origin of Rakovec suture zone. a — Position of described segment of Rakovec geosuture (red
rectangle) within Gemeric Unit and the W. Carpathians, b — Projection of Variscan planar and linear mesoscopic structures into the
lower hemisphere of the tectonograms (Schmidt projection). ¢ — Detail map with the occurrences of exhumed Cpx/SrEp metagabbro
blocks (l.c.; item No. 1) in the zone of Ostra — Babina — Sajby localities. Geological map by Grecula et al. (2009) was slightly modi-
fied and supplemented with new structural data. Lithology (cf. with Fig. 4): Early Paleozoic of the Gemeric Unit (Ordovician to
Devonian) — Hnilec Fm: 1 — Cpx/SrEp metagabbro; 2 — coarse-grained basalt (dolerite); 3 — basalt locally with thin intercalations
of ultrabasic rocks, basalt metapyroclastics, green and violet phyllites; 4 — basalt metapyroclastics, locally with intercalations of green
and violet phyllites, greenish and pinkish silicites and carbonates; 5 — basalt metapyroclastics, locally with fine-grained amphibolites,
intercalations of keratophyre metapyroclastics and phyllites. Smolnik Fm.: 6 — dark-green, green and yellow-green chl.-ser. phyllites
with intercalations of violet hematite phyllites and basic, locally keratophyre metapyroclastics; 7 — crystalline to porphyroblastic vio-
let-green chl.-ser. phyllites; 8 — crystalline to eyed green chl.-ms. phyllites, locally violet with intercalations of silicites, basalt and kera-
tophyre rocks locally recrystallized in amphibolite facies; 9 — metamorphosed variegated volcanic complex. Betliar Fm.: 10 — black
and grey gr.-ser. phyllites (alternation of light and dark lamina and bodies) with intercalations of metapsammites; 11 — alternation of
coarse-laminated recrystallized to eyed grey to black gr.-bt. metapelites and metapsammites. d — The exhumed metagabbro mylonite
in the Sajby locality situated in VD1 Rakovec suture zone manifests a pervasive Variscan ductile mylonitic foliation. As manifested
also by tectonograms (b), the combination of WSW-ENE and ESE-WNW trending lineations and secondary foliation planes generally
dipping to NWN-N, locally also to NNE, indicates the transpression kinematics in this phase of exhumation. The outcrop is penetrated
by Alpine cleavage directed to NNW. e-f — hand-samples of exhumed metagabbro mylonite, showing recrystallization fabric from the
magmatic phase and overprints by succession of tectonometamorphic events MV1a and MV2 (more details are available in Radvanec
& Németh, 2018).

the overlying Lower Devonian Smolnik Fm. of Lower The polyorogenic evolution of the W. Carpathians and
Variegated Volcanic Complex, green phyllites and flysch ~ opposite dips of Variscan VD1s vs. Paleo-Alpine ApD1s
psammitic-pelitic sediments, as well as the uppermost  subduction slabs and related exhumation vergencies — Va-
Middle-Upper Devonian Hnilec Fm., built dominantly of  riscan (south-vergent), but Paleo-Alpine (north-vergent)
acid volcanic products. More distantly developed sequence  caused exhumation of two generations of ultramafic rocks
of Rakovec LTU (Grecula & Kobulsky — eds., 2011) have ~ — Variscan vs. Paleo-Alpine in age (Fig. 6). Besides ex-
characteristic dominance of basic volcanic products in  humed Variscan VDloc ultramafics (green rectangles in
the Hnilec Fm. These facial changes place the Rakovec  Fig. 6; generally south-vergent transport) also the presence
LTU to zone to evolving oceanic-type crust. In recent  of the younger — ApDloc generation of ultramafic rocks
polyorogenic setting and erosional cut the Rakovec LTU ~ Was revealed, being exhumed from the Neo-Alpine Me-
consists of lithology of Variscan passive margin situated ~ liata zone (with generally north-vergent transport; blue
more distantly than marginal sequences of Gelnica LTU.  rectangles;) and displaced over the territory of Gemeric
On Rakovec LTU there were south-vergently obducted the ~ Unit from the South-Gemeric Zone to the North-Gemeric
sequences with remnants of Variscan oceanic crust (parts ~ Zone (Dobsina and Jaklovce areas), and even more to the
of Zlatnik Group sensu Ivan, 1996; Ivan & Méres, 2012), north of it to Dankova and Sedlice areas on neighbouring
but also blocks of ultra-high-pressure rocks — Cpx/SrEp ~ Veporic Unit (the red rectangles in Fig. 7 contain an infor-
metagabbro — being exhumed from the lower crust (cf. ~ Mation by Radvanec, 2000, 2005).

Radvanec, 1999; Radvanec & Németh, 2018; cf. Figs. 7 o

and 8). The magmatic activity along the Variscan VDO mid- VD1 convergent phase — origin of Rakovec suture zone

oceanic ridge is documented by the sequences of Klatov The Rakovec suture zone after Variscan elongated basin
LTU (dominantly mafic and ultramafic rocks; cf. Figs. 5 of Paleo-Tethys (Németh, 2002) is a product of Variscan
and 6), together with Rakovec LTU marking Variscan  convergence and south-vergent VD1c collision (earlier
Upper Paleozoic continental breakup of Pangea and  subduction slab with northern polarity; Fig. 8). Nowadays
mature stage of Variscan Paleo-Tethys oceanic-type crust  a large amount of data is available about Variscan ophiolite
(the metaophiolite suite of the Klatov gneiss-amphibolite  suite (Radvanec et al., 2017), as well as subduction and
complex, Cpx metagabbro, plagiogranite, as well as  exhumation / obduction kinematics (Fig. 8; Németh, 2002
ultramafic rocks) and its multiple metamorphic overprint  —Fig. 1 ibid.; Németh et al., 2012; Németh in Radvanec et
(MVO0, MV1, MV2; Radvanec et al., 2017). The Klatov  al., 2007 — Fig. 28 ibid.; Radvanec & Németh, 2018). The
gneiss-amphibolite complex was earlier defined as Kldtov ~ exhumed sequences of Klatov, Zlatnik and partly Rakovec
Group (Spisiak et al., 1985), as well as the Klatov nappe ~ LTUs were obducted south-vergent on former passive
consisting of the oceanic-type crust lithology (Hovorka et margin sequences of transitional Rakovec and Gelnica
al., 1984; Hovorka, ed., 1985). LTUs (cf. Figs. 4, 6 and 8; Németh, 2005a).
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Kapp1c=  Diopside

VD2 Variscan metamorphic core complex formation
and related unroofing, initiating new continental bre-
akup = new orogenic cycle

After the VD1c collisional closure of Variscan Rakovec
Paleo-Tethyan basin, the rock sequences during the Late
Variscan post-collisional evolution VD2 were heated
(Fig. 9) by the same linear subequatorial-course mantle
convection current (ECMCC) as that causing the Variscan
VDO riftogenesis (cf. Fig. 10). This interpretation is based
not only on assumption that there was no reason for the
termination of heat production in ECMCC when the
VDO spreading zone was closed by collision. The main
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proof of this concept of continual action of ECMCC
is represented by numerous petrological evidences of
VD2 amphibolite facies Permian overprints of already
exhumed and obducted VD1o HP-UHP rock sequences
and even the VD1c collided orogenic belt. Important
argument is also Permian, or even Triassic A-type
magmatism / volcanism in zones parallel to orogenic belt
(and besides of any remnant of former subduction slab),
i.e. parallel with the ECMCC. Heating of rock sequences
in formed orogenic belt over this still existing hot line
caused also magmatic corrosion of the root of orogenic
belt, heat induced uplift along the axis of orogenic belt,
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metallogenesis (forming of ore veins in orogen parallel
brittle fractures in the uppermost crust levels due to fluid
influx), as well as unroofing to both sides of orogenic belt.
The Permian metamorphism up to amphibolite facies
and anatexis is commonly reported from the Gelnica
Unit (earlier representing the Lower Paleozoic passive
margin sequences; cf. Radvanec, 2007, 2009), as well as
from the lithologies of exhumed Variscan ophiolite suite,
incl. metagabbro, in Permian being already obducted and
positioned on lithology of Gelnica Unit (Radvanec et al.,
2017; Radvanec & Németh, 2018).

Our geodynamic considerations about Permian
post-collisional evolution VD2 are based on generally ac-
cepted interpretation of Pangea, in Permian forming uni-
form supercontinent without active subduction processes.
This important moment in Earth’s history — joining
the whole continental crust into one — Pangea super-
continent — still encompasses one principal fact, may-

be neglected in present geodynamic interpretations:
The mantle convection in ring of subequatorial-course
mantle bulge (ECMB) and related subequatori-
al-course mantle convection currents (ECMCCs),
related to Earth’s rotation had no reason to change
their thermal-kinematic parameters at least during
the Neo-Proterozoic-Phanerozoic time span. So, all di-
vergent / convergent processes in subequatorial trending
polyorogenic zones are related to them. This is the reason
of their thermal contribution to Variscan (an earlier)
orogenic processes in divergent phases (XD0), but also
contributing with heat after subduction of the mid-oce-
anic ridge, and especially at the time after the collision
(cf. Fig. 10). Using other expression — lithospheric plates
were drifing on the Earth (some of them carrying conti-
nents), but the ECMB and ECMCCs remained in their
same subequatorial circular position. The polyorogenic
processes driven with ECMB and related ECMCCs differ
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Fig. 9. Petrological proofs of the increase of MV2 temperature in Permian, postdating the MV1 Late Carboniferous metamorphic
recrystallizatin at the beginning of Variscan exhumation of ophiolite suite sequences in Gemeric Unit (Radvanec et al., 2017; slightly
modified, reproduced with permission). The map in right up side up of the figure shows localities of ophiolite suite along Rakovec
suture zone in Gemeric Unit, where such metamorphic overprints of rocks were revealed. Bar in the lower part of the figure shows
relations of individual metamorphic overprints (MVX) to orogenic phases (VDX).
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from perpendicular meridian trending rifting and subduc-
tion processes driven by linear submeridian-course mantle
convection currents (MCMCCs), being genetically more
closely related to “classical” columnar mantle plumes with
genesis interpreted by Dewey and Burke (1974) on exam-
ple of N-S located series of rift-rift-rift (r-r-r) junctions in
continental crust.

Magmatic evidences of VD1s and VD2 processes in the
Western Carpathians

Until the moment of submerging of axis of the diverging
zone (mid-oceanic ridge) under active margin of northern
continent, the Upper Devonian-Lower Carboniferous
I-type subduction-related granites in north-located Pa-
leo-Tatric and Paleo-Veporic units were abundant. The
additional convectional mantle heat caused switch of mag-
matism from | to I/S, or exclusively to S type magmatism.
These later S-type granitoids differ from the I-type Veporic
granitoids by increased contents of K, Rb, B, Y, U, Be, Sn,
W, (F) and reduced contents of Sr, Ca and Ba and high
Rb/Sr ratio. They can be distinguished also by high-iron
biotite and mixed A-S-type zircon population. Most their
attributes, including tourmalinization, are reminiscent
of the granitoids known in the Permian post-collisional
Paleo-Gemeric Unit (cf. Hrasko et al., 1997). Due to the
Permian orogen parallel convectional heat input the rocks
underwent the thermal overprint leading to anatexis and
origin of specialized S-type Gemeric granites. They belong
to alkaline type with high SiO, content (73-78 wt. %) and
distinctly peraluminous character — Shand’s index A/CNK
= 1.2-1.6, having low concentration of Sr, Ba, Zr and V
(Tauson et al., 1977; Petrik & Kohtt, 1997; Broska & Uher,
2001). High initial ratio is I, = 0.711 9-0.714 4 (Kovach
et al., 1979, 1986). The negative value e (l) = -4.6 and
increased values dlSO(SMOV) =10 %o and d34S(CDT) = 4.48 %o
indicate that granites originated by remelting of continen-
tal crust sources (Cambel et al., 1989; Kohut et al., 1999,
2001; Kohut & Recio, 2002).

According to Kohut (2012), the granite apophyses in
innermost territory of Internal W. Carpathians are derived
from a huge underlying post-orogenic granite body 50 km
long and 15 km wide, revealed by geophysics. This granite
was generated by melting of crustal rocks of reworked Pan-
African basement remnants which experienced earlier sea-
floor (VDO0) weathering and were permeated by volcanic
(boron) emanations, as well as finally modified by ore
bearing fluids (l.c.). The emplacement of volatile-enriched
magmas into upper crustal conditions was followed by
deeper rooted porphyric magma portion, undergoing
second boiling and re-melting to form the porphyric
granite or granite-porphyry during its ascent (Broska &
Kubis§, 2018). Variscan orogenic prograde metamorphism
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(MV2) was produced by high geothermal gradient,
reaching 40-60 °C, being accompanied with the main
post-collisional extensional tectonic events in orogenic
belt (Radvanec et al., 2007). The Upper Permian—Lower
Triassic (260-240 Ma), or even Middle and rarely Upper
Triassic (225-205 Ma) monazite-uraninite isochrones in
granites of southern zones of Internal Western Carpathians
(IWC) orogenic belt (Radvanec et al., 2007, 2009) were
not revealed in the northern zone of this orogenic belt.
This fact confirms northward shift of lithosphere over
the subequatorially directed linear source of convectional
heat (hot line; ECMCC). The new Paleo-Alpine orogenic
cycle — ApDO continental breakup starts in Triassic and
is exclusively localized in the southern zone of IWC.
The northern zone of IWC reflects these processes by
disjunctive tectonics.

According interpretation presented in our contribution,
the northward shift of lithosphere over the axis of
convectional heat (hot line) was documented also by
geochronological data, demonstrating older ages of
Variscan geodynamic processes in the northern zones of
Internal W. Carpathians (IWC; Tatric Unit, Veporic Unit)
— including the tectogenesis of the Rheic Ocean — then
in southern zones of IWC (Gemeric Unit). The classical
work by Finger et al. (2002) provides following general
scheme of Variscan tectonometamorphic events: Collision
in IWC northern zones within 370-360 Ma (probable
related to closure of parallel Rheic Ocean) caused crustal
thickening and orogenic (regional) metamorphism. Then
at 360-340 Ma the decompression crustal melting acted,
producing mainly S-types granites and at 340-310 Ma
the post-collisional I-type plutons were generated. This
scheme is supported also by geochronological results of
other authors — Kohut et al. (2009), Radvanec et al. (2009)
and Vozarova et al. (2020, 2021). The process of origin
of post-collisional (Rheic collision) I-type plutons can be
explained with contribution of heat produced by still acting
Paleo-Tethys subduction (its subduction slab was dipping
just beneath that collisional zone). In the IWC southern
zones (Gemeric Unit) the collision terminated later —
inbetween Kasimovian and Gzhelian of Pennsylvanian
(uppermost Carboniferous; 303 Ma).

The Mid-Permian ages of S and A-type plutons were
uniformly proved by numerous researches (Finger et al.,
2002; Villasenor et al., 2021; Vozarova et al., 2012, 2016).
In the Infratric Inovec nappe in Povazsky Inovec Mts
the 267-262 Ma rhyolite intercalations occur in Permian
siliciclastics, as well as rhyodacite dyke in micaschists
(Putietal., 2016). The rhyodacite dyke suggests the within
plate acid volcanism, typical for the Pangea breakdown
and rift-related volcanism (l.c.).

As documented by results of several generations
of Western Carpathian geologists, from the uppermost
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Carboniferous (Gzhelian) throughout Permian and Triassic
on both sides of Paleo-Gemeric collisional belt the VD2
extension started to produce orogen parallel sedimentary
basins (Fig. 10; VD2 and ApDO phases). For the sake of

more precise expression the north-vergent unroofing we
mark as VVD2a and the south-vergent one as VD2b (Fig. 7).
The north-vergent unroofing VD2a ended in Triassic, and
dominant for the further evolution of the W. Carpathians
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Fig. 10. Pilot concept of the role of hot lines (ECMB and ECMCCs) in polyorogenic evolution (Németh, 2005; slightly updated; re-
produced with permission). Differing from traditional plate tectonic interpretations — in this model both — the Variscan spreading zone
(VDO mid-oceanic ridge), as well as the source of convectional heat (hot line) after progress of subduction (subducting ca half of the
basin width = segment between the trench and the rift — will appear over the hot line (marked by red circle in the left down side of
figure for lower Carboniferous evolution). The convection heat in position beneath the continental arc contributes to processes of mag-
matism / volcanism, including the mineral deposits formation. After subducting of the whole oceanic-type crust this convection heat
contributes to metamorphic and granitization processes in collisional (orogenic) VD1c¢ belt (including the unroofing to one or both sides
of orogenic belt and opening of orogen parallel brittle fractures for fluid ingress and origin of vein mineralization; for details see Fig.
11). Shift of lithosphere over this linear heat source (hot line; black horizontal thin arrows in VD2 part of the figure) causes the
shift of lithosphere and developing of a new divergence zone away from the axial zone of former orogenic belt (in this particular
case it is the start of a new — post-Variscan Paleo-Alpine orogenic cycle; ApDO). Visualization in the left shows Variscan divergent and
convergent evolution finishing with Variscan collision in Upper Carboniferous (Kasimovian; VD1c; upper right segment of the figure).
Northward shift of lithosphere over this hot line caused new divergence and Paleo-Alpine ApDO opening of Triassic-Jurassic basin of
Neo-Tethys (Meliata) Basin. Lower Cretaceous ApD1c closure of this basin (right down segment of the figure) produced in the Western
Carpathians a new metamorphic core complex (MAp2). Explanation of abbreviations (for further details see also lithotectonic column
in Fig. 4): JV - South Veporic Unit, representing north Ordovician / Silurian passive margin of Paleo-Tethys and in Devonian / Car-
boniferous the active margin of Laurasian lithospheric plate; Gemeric Unit: GE — Gelnica lithotectonic unit (LTU) of Variscan passive
margin, RA — Rakovec LTU represents generating Variscan oceanic-type crust, KL — Klatov LTU - lithology of Variscan mid-oceanic
rift zone; C — Carboniferous syntectonic sequences, P — post-collisional cover sequences of Uppermost Carboniferous (Stephanian) and
dominating Permian age (cf. positions of these lithologies in Fig. 4).
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became the south-vergent extension and unroofing VD2b,
leading in Jurassic to opening of elongated Neo-Tethys
Meliata oceanic basin. (If not stated explicitly — in this
article the designation VD2 indicates the south-vergent
unroofing, which is principal in further evolution).
Revealing that north of the axis of orogenic belt the
unroofing evolution stopped in Triassic, but south of the
belt it continued to Jurassic (Fig. 11), leading to opening of
Meliata Neo-Tethys basin, we interpret the northern shift
of orogenic belt with respect to hot line (ECMCC heat).
The translation / drift of lithospheric plates is common
phenomenon (interpreted already from the Wegener’s
and Holmes’ time; the 1920s). The opposite alternative —
change of position of mantle bulge of subequatorial course
to south in relation to fixed lithosphere — was not proved
yet by geo-sciences and it has no meaning concerning the
Phanerozoic Earth’s geodynamics. Other reason of the
opening the elongated Meliata Neo-Tethys basin does
not exist, because the pre-collisional (pre-VD1c) dip of
Paleo-Tethys subduction slab was to the north — just to
the opposite side with respect to originated Meliata basin,

i.e. an interpretation of eventual back-arc position of the
Meliata basin with respect to Variscan one can be excluded.

The shift of lithosphere over hot lines resulting to
continental breakups we interpret as the peculiarity
of polyorogenic processes in zones of subequatorial
direction (Figs. 10 and 11).

VD3 Variscan intraplate stress consolidation

Disjunctive structures of this Variscan phase are not
unambiguously defined because of younger overprints
by tectonic processes of two subsequent orogenic cycles.
Their existence is very probable and they could represent
weakened zones for preferred establishing of younger
(ApD and AnD) disjunctive structures.

VD4 Variscan phase of regional extension

Equatorial and meridian trending faults of VD4
phase acted simultaneously with originating dominant
extensional orogen parallel basins north and south of
Variscan orogenic belt. The Permo-Triassic pure shear
type transcrustal discontinuities can be manifested also

VD2

extension

MV2 metamorpic
core complex

= %

Shift of relative uplift during
displacement of lithosphere
over hot line (ECMP)

2.9

Shift of post-collisional lithosphere

over VD2 heat source starts new
P-J continental breakup away

of existing suture zone

Fig. 11. Variscan post-collisional evolution in inner zone of Internal Western Carpathians leading to Paleo-Alpine continental break-
up and opening of elongated Neo-Tethys Meliata basin (detail of general VD2 scheme in Fig. 10). In presented interpretation all
geodynamic processes in polyorogenic zones are caused by a convection heat of linear course (ECMCC), parallel with the zone of
equatorial-course mantle bulge (ECMB). This heat causes the orogen parallel uplift of VD1 collided zone and VD2 unroofing on both
sides of bulging belt, resulting in origin of elongated basins on both sides of orogenic belt. In the case of Paleo-Gemeric bulging the
evolution in north located basin stopped in Triassic, but the south located basin developed continually to Jurassic. This we interpret
as a consequence of the northward shift of post-collisional lithosphere in Permian-Jurassic, being accompanied in Jurassic with ApDO
spreading with production of Neo-Tethys oceanic-type crust. Explanation of used symbols for lithotectonic units (LTUs) is from the
left side: TA — Paleo-Tatricum, mainly crystalline basement, LA — Layered amphibolite complex, HR + PZ — Hron and Pezinok LTUs
— both represent continental crust north of Rakovec suture zone (which is shown in this figure by dark grey colour slices), PR + KL +
RA - Pernek, Klatov and Rakovec LTUs — ocean-type and transitional crust of Variscan Paleo-Tethys Rakovec zone, GE — Gelnica LTU
— Paleozoic sequences of Variscan passive margin south of Rakovec zone. Convectional heat caused the MV2 metamorphic overprint
of collided rock sequences in suture zone and generating metamorphic core complex. Northward shift of lithosphere over the hot line
(ECMCC) caused the change of geochemical character of generating granites — from I-type to specialized anatectic S-type (marked by
letters | and S in rectangles). For further details see Németh et al. (2016) and Puti$ (1994); cf. Figs. 4, 7, 9 and 10.

119



Mineralia Slovaca, 56, 2 (2024)

by numerous A-type non-orogenic magmatic and volcanic
bodies, known in the Western Carpathians and located in
orogen-parallel position.

4.2 Geodynamics of Paleo-Alpine (Mesozoic) oroge-
nic cycle in the W. Carpathians

The Paleo-Alpine (ApD) Mesozoic orogenic cy-
cle in the Western Carpathians has attracted attention of
geologists already from the time of pioneering works of
Dionyz Star (1827-1893). Divergent and convergent oro-
genic phases ApDO and ApD1 of Paleo-Alpine evolution,
as well as post-collisional evolution ApD2 are presently
comprehensively documented regarding their causes, ki-
nematics and products. Similar as at Variscan orogenesis,
a novel point of our interpretation is a principal role of
Paleo-Alpine post-collisional ApD2 evolution for Upper
Cretaceous Penninic (Vahic, Magura) continental breakup
and a convection heat contribution of the same hot line
(ECMCQC) as in the Variscan evolution and Paleo-Alpine
divergent processes. Moreover, similarly as at Variscan
orogenic phase VD1se (index “se” means subduction ex-
humation, resp. exhumation during subduction), describ-
ing the exhumation peculiarities of rotated rigid blocks
(megaporphyroclasts) during subduction VDs, also in Pa-
leo-Alpine we have found relics of ApD1se — the syn-sub-
duction exhumation megaporphyroclasts (“exhumation
balls”) — moving in ductile environment of subduction
slab upwards against “the flow” of subducting rocks. The
findings in the Western Carpathians can be applicable also
in other segments of polyorogenic Alpine-Carpathian-Hi-
malayan belt, and evidently also in other relevant places in
the world (cf. Fig. 13G).

For general information about the Paleo-Alpine
orogenesis in the Western Carpathians we recommend
to reader the summarizing monographs by Grecula,
Hovorka and Puti$ (eds., 1997), Rakus (ed., 1998), Vozar
(and co-eds., 2010) as well as review paper by Hok et al.
(2020). The schematic visualization of the sequence of
Paleo-Alpine events, following after the Variscan ones
and preceding the Vahic-Penninic Neo-Alpine ones is in
Németh et al. (2016; Fig. 1 ibid.).

ApDO divergent phase

As documented in previous text, the asymmetric
— dominantly south-vergent VD2b unroofing (VD2 in
further text for simplifying the designation) led to opening
of Neo-Tethys Meliata basin with formation of oceanic-
type crust in Jurassic. During this basin evolution, after
thin Lower Triassic detrital sequence and dominant Middle
/ Upper Triassic carbonatic sequence of marginal Silicic
and Turnaic (Tornaic) units, the sequences of Meliatic
Unit represented the basin axial zone and started to be
intercalated by basic volcaniclastic material and later there
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originated the spreading zone with basaltic volcanism.
The Paleo-Alpine AD1s subduction and MApls HP
metamorphic recrystallization changed the basic volcanic
/ volcaniclastic rocks to glaucophanites. The asymmetric
structures demonstrate their north-vergent exhumation
(Figs. 12 and 13F) and ApD1o obduction on Gemeric
Unit. The remnants of the obduction ApDlo Bérka
nappe outliers, bearing also ApD1se “exhumation balls”
occur in the DobSina area (Fig. 13C + E) as well as in the
Jaklovce area (Fig. 13B + D). The Borka nappe consists
mainly of high-pressure recrystallized limestones, basic
and ultramafic rocks. Within the Internal W. Carpathians,
the pre-metamorphic lithology of ApDO Silicic, Turnaic
(Tornaic) and Meliatic units is presently on display
dominantly in ApD1o nappe outliers positioned on older
units (cf. upper side of Fig. 4). Concerning the ApDO as
well as ApD1 geodynamic evolution, the research of
numerous authors was focused mainly on Meliaticum
/ Borka nappe sequences, providing the principal
information about tectogenesis of Paleo-Alpine orogenic
cycle (Kozur & Mock, 1995; Mock et al., 1998; Mello et
al., 1998; Németh, 2005b; Ivan et al., 2009; Putis et al.,
2011; Németh et al., 2012).

ApD1 convergent phase — origin of Meliata suture zone

Besides geophysics and volcanic manifestations,
the southern dip = southern polarity of the Neo-Tethys
Meliata subduction slab was proved also by dominant
north-vergent ApDZ1oc obduction and collision kinematics,
building present north-vergent basement / cover nappes
setting of the whole Internal Western Carpathians. Minor
part of the collision fan was thrust to south, building e.g.
the Blikk Mts in the present Hungary.

The Paleo-Alpine ApD1 north-vergent kinematics in
the innermost zones of Internal W. Carpathians (Fig. 12;
cf. Figs. 4, 6 and 10), encompassing Gemeric Unit, south-
ern zone of Veporic Unit as well as superficial Borka nappe
(exhumed HP sequences from the Meliata subduction
slab), was proved parallel with other authors (extensively
referenced above in this subchapter 4.2) also by regional
structural as well as microtectonic research applying ori-
ented rock samples (Németh, 2002; Fig. 1 ibid.). Proofs
of allochthonous position of the Meliatic Bérka nappe on
sequences of the North-Gemeric zone in Jaklovce area (cf.
Fig. 12 right side) by Németh (2005b) and Németh et al.
(2012a) have excluded the existence of so-called Northern
branch of the Meliata Ocean (sensu Kozur & Mock, 1995).
Extremely high differential stresses in the frontal part of
the Borka nappe in the Jaklovce area, revealed by paleop-
iezometry (Németh et al., 2012a), indicate fast exhumation
and north-vergent nappe displacement by the superficial
nappe kinematics, which has preserved the state of strong
dynamic recrystallization — extreme grain-size reduction
in marbles inside the subduction zone, occurring now “fro-
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Fig. 12. Review of kinematics of Paleo-Alpine events in inner zone of Internal W. Carpathians: ApD1 — Early Cretaceous north-vergent
obduction and collision thrusting — red ellipses mark transport of the Borka nappe Neo-Tethys Meliatic HP ophiolite suite sequences
from the closing Meliatic basin over the Gemeric Unit to areas of DobSin& and Jaklovce municipalities in the North-Gemeric zone.
Similarly as in Variscan subduction-obduction process VD1so there was revealed a special type of syn-subduction exhumation (VD1se;
ApD1se), being manifested by “ball-shaped” individualized megaporphyroclasts of rigid rocks in exhumed rock suite (cf. Fig. 13A-F;
position of characteristic localities bearing such exhumation products — in Rakovec geosuture — Sajby — VD1se; as well as Sugov,
Dobsina and Jaklovce — ApD1se — is visualized in schematic map of Fig. 12). Further explanation of this special kind o exhumation is
in explanation to Fig. 13 and the text. ApD2 — Late Cretaceous south-vergent post-collisional unroofing of Gemeric Unit from Veporic
one. Present apparently opposite unroofing trend to SW in the eastern segment of the Neo-Alpine oroclinal bend (in present geological
setting) and to E and SE in western segment of this bend was caused by younger bending due to conjugate system of Neo-Alpine AnD3
shear zones (dextral ones trending NW-SE and sinistral ones trending NE-SW; cf. Fig. 15C). This complicated tectonic setting of Inter-
nal W. Carpathians is further segmented by the Neo-Alpine AnD4 E-W and N-S trending pure-shear type regional faults / lineaments
(not shown in this figure due to sake of simplification).

zen” in frontal parts of the nappe. This completely differs
with the situation in the rear parts of this nappe, where
input of convectional heat from the hot line to the rock
volume, including that present in subduction slab, caused
static recrystallization and growth of new large calcite
grains at the expense of older small dynamically recrystal-
lized calcite grains. The process of static recrystallization
is a reason of lowered differential stresses revealed by pa-
leopiezometry (l.c.).

The suture zone after Neo-Tethys Meliata basin is lo-
cated at the southern margin of Gemeric Unit in so-called
Roznava discontinuity zone. In this zone, the extended

ultramafic body large of several square kilometers and
moderately inclined to south is present and was docu-
mented also by boreholes and N-S trending magnetotellu-
ric profile in the eastern part of Gemeric Unit (Pavliszyn,
1980, in Grecula et al., 1995). These ultramafic rocks were
partly displaced northward over Gemeric Unit, forming
ApD1o nappe outliers at Dobsina and Jaklovce localities
in the North-Gemeric zone or even besides Gemeric Unit
in Dankova and Sedlice localities (cf. Fig. 6, blue rectan-
gles). The northern vergency of displacement is demon-
strated by numerous asymmetric structures at outcrop
scale as well as in microscale.
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Fig. 13. Exhumed megaporphyroclasts — products of syn-subduction exhumation. A — Variscan VD1se exhumation revealed in the
Rakovec suture zone in the Sajby mountain range — the exhumed metagabbro megaporphyroclasts reach dimensions up to 25 cm. B
+ D — The ApD1se marble, chert and peridotite megaporphyroclasts in the Jaklovce locality of Meliatic Bérka nappe outliers reach
meter dimensions; for more information read article by Németh et al. (2012). C + E — The ApD1se megaporphyroclasts of Meliatic
Borka nappe outlier at DobSina town (abandoned chrysotile asbestos quarry) represent mainly rounded glaucophanites in serpentinite
matrix. Individual glaucophanite porphyroclasts reach here the diameter up to 3 m (Fig. 13E). F — Evidences of north-vergent exhu-
mation directly in Paleo-Alpine suture zone in the Sugov valley: Glaucophanite sigma and delta porphyroclasts in pre-metamorphic
(pre-MAp1s) state represented the ApDOc basic pyroclastic interbeds in limestones — products of the volcano-sedimentary evolution
at the margin of widened Meliata Ocean. During ApD1s subduction the pyroclastic material as well as limestones were recrystallized
to glaucophanites and calcitic marbles and during syn-subduction exhumation glaucophanite bed was disintegrated and underwent in
ductile environment of calcitic marbles the reverse transport towards the surface in form of individual porphyroclasts of dimensions
up to 20 cm. G — Presently probably the largest exhumed gigaporphyroclast in the world — jadeite in serpentinite matrix in Xiuyan
Jade Mine, Anshan, Liaoning, China. For comparison of its enormous dimensions see standing persons on the right side of exhumed
gigaporhyroclast. Authors of pictures: A—F — Zoltan Németh, G — Martin Radvanec.

ApD2 metamorphic overprint in South-Veporic zone  unroofing zone, and by this way they form the pathways
and related unroofing tectonics leading to Neo-Alpine ~ for remobilization of the U mineralization to hanging wall
continental breakup north of Paleo-Alpine orogenic  of the main ore body (cf. Kohdt et al., 2013; Szab¢ et al.,
belt 2014).

The MAp2 thermal overprint in South-Veporic zone
and ApD2 unroofing kinematics were revealed as the key
factors in Upper Cretaceous MAp2 talc genesis from the
former Paleozoic limestones protolith, being in Permian

The Paleo-Alpine Lower Cretaceous ApD1 collision
produced dominant north-vergent setting of the Internal
Western Carpathians. The strongest post-collisional ther-
mal overprint MAp2 of post-ApD1c thickened continental . ;
crust was revealed in the South-Veporic zone, being over-  ePlaced to magnesite (Figs. 14 and 15). )
thrust by Gemeric basement nappe as well as superficial Similarly as in the case of y§rlscan VD? evolution,
nappes dominantly of the Silicic and Meliatic units (the ~ Where unroofing from the uplifting orogenic belt was
Borka nappe; cf. Fig. 4). This MAp2 thermal overprint of double sided, but principal in followmg evolution thgre
thickened crust we interpret (similarly as in the case of ear- ~ Pecame the south-vergent unroofing —i.e. to the opposite
lier Variscan MV/2 thermal overprint during VD2 phase) as ~ Side of orogenic belt to that side, where the VD1c thrusting
the consequence of mantle convection (hot-line) heat con- 100K place, also within the Paleo-Alpine evolution, leading
tribution (Németh et al., 2016). Thermobarometric data (0 OPening of younger generation Vahic — Alpine Tethys
document in South-Veporic zone increasing PT conditions ~ @nd Magura elongated orogen parallel oceanic basins, the
from ca 500 °C and 7-8 kbar to ca 620 °C, 9-10 kbar, re-  same principle took place, though in opposite spatial ori-
flecting a coherent metamorphic field gradient from green- entation: The ApD1 processes and collision were located
schists to middle amphibolite facies (Janak et al., 2001a,  South of VD orogenic belt, with dip of ApD1s subduction
b). The “Ar/*Ar data obtained by high spatial resolution ~ ZOne to south and acting north-vergent ApDoc obduction
in situ ultraviolet (UV) laser ablation of white micas con-  and collision — but the final Neo-Alpine AnDO0 opening
strain the timing of cooling and exhumation to Late Cre-  Of elongated oceanic space was located north of uprising
taceous (77 a 73 Ma). Anatectic melt at 650 °C and 9 kbar ~ ApD1 orogenic belt. This principle, documented in both
bound to local unroofing ApD2 normal fault was revealed (VD and ApD) subsequent orogenic cycles, clearly mani-
also by Radvanec (1994). The geochronological data of ~ fests that the dip of subduction slab is a criterion for the
the Upper Cretaceous Rochovce granite crystallization in ~ same lithosphere shift direction over the still lasting con-
the western segment of unroofing zone of Gemeric Unit ~ Vection heat of subequatorial-course mantle convection
from Veporic Unit provide 82 + 1 Ma U-Pb age of zircon ~ current. At VD1s subduction, the slab was dipping north
population (Hrasko et al., 1999). Mineralization related to ~ and later collided VVD1c orogenic belt was displaced also
Rochovce granite provided Re-Os ages of 81.4 + 0.3 Ma  to north over the ECMCC, at ApD1 subduction the slab
and 81.6 = 0.3 Ma (Kohdt et al., 2013). The Rochovce ~ was dipping south and collided ApD1 orogenic belt was
granite is bearing the northernmost occurring Creta-  displaced also to south over the ECMCC. At the beginning
ceous calc-alkaline magmatism mineralization in the Al-  of the plate tectonic concept postulation this phenomenon
pine-Balkan-Carpathian-Dinaride metallogenic belt (l.c.).  was defined as the subduction slab pull. Despite — in our
The ApD2 unroofing normal faults locally crosscut the ore  concept the subduction is not a reason of geodynamics,
bodies of U-Mo deposit Kosice | — KuriSkova, situated  but it is a consequence due to the convection heat man-
in the eastern Gemeric segment of the Gemeric-Veporic  tle flow processes. The importance of a concept of sub-
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Fig. 14. The south-vergent Upper Cretaceous Paleo-Alpine ApD2 unroofing kinematics is manifested also by talc genesis in the Internal
Western Carpathians as a product of MAp2 metamorphism and ingress of fluids to appropriate magnesite protolith: A — Situation in the
western contact zone of Veporic and Gemeric units (Németh in Radvanec, Németh & Bajto$ — eds., 2010; reproduced with permission):
A —ApD1 - Imbrication and north-vergent overthrust of the Gemeric basement nappe on Veporic basement and cover sequences during
the Lower Cretaceous ApD1 phase caused “sandwiching” of magnesite bodies and accompanying lithologies inbetween crystalline
blocks. ApD2 — Talc genesis is a consequence of increased thermic gradient (heat from hot line), ingress of relevant fluids, upwelling
the crystalline core of Veporic Unit and post-collisional unroofing of Gemeric sequences from it. AnD3 — Present zonality in occur-
rence of two magnesite-talc belts along contact zone of Veporic and Gemeric units was produced by Cenozoic AnD3 sinistral shearing.
B — Similar evolution of talc deposit as in A was revealed also in higher level of Alpine setting of Gemeric Unit at the presence of Lower
Paleozoic magnesite host rocks, tectonothermal overprint and ingress of fluids. Cross-section of B presents in the left (northern) side
the place of evolution of Ochtina and Sinec zones (shown in A), as well as overthrust of Gemeric Unit on Veporic Unit. Within Gemeric
Unit the profile shows Variscan Rakovec suture zone with Alpine overprint, as well as variegated lithology of Gelnica Unit representing
former Variscan passive margin (cf. Fig. 5). The MAp2 PT conditions are stated in lower parts of B. Used geological section in B by
Grecula et al. (2009) was slightly modified and horizontally overturned.
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duction slab pull is further lowered by revealing the
mega- and gigaporphyroclasts exhuming just opposite
the flow of subducting matter. It means that princi-
pal at geodynamics is not a subduction slab pull, but
mantle convection currents — in this case forcing also
compressional processes in subduction channel and
exhuming rigid and heavy blocks from lower crust or
even mantle lithosphere by rotation movement in soft
ductile environment of subducting rocks in subduction
channel (cf. Fig. 13).

In the time of the most vigorous Upper Jurassic
convergence within the Neo-Tethys during the Paleo-
Alpine cycle, reflected in ApD1s subduction in the Paleo-
Alpine southern zone of IWC, the northern zone of IWC
registered the synchronous AnDO divergence — riftogenesis
of Penninic — Vahic basin. It seems that this sequence
of events, being proved in the Western Carpathians by
many ways (cf. Plasienka, 2003), is not fully reflected in
paleogeographic maps of the Alpine areas based on van
Hinsbergen et al. (2020) reconstruction (cf. Fig. 43 and
44 ibid.).

ApD3 Paleo-Alpine intraplate stress consolidation and
AnD4 regional extension

The interpretation of Paleo-Alpine ApD34 evolution in
the Western Carpathians faces to difficulties in unambigu-
ous identification due to younger Neo-Alpine overprint of
post-AnD12 structures. Due to divergence in AnDO Vahic
and Magura basins, being timely coeval with ApD12 evo-
lution of Meliata basin, the ApD34 and AnD34 intraplate
stress consolidation shearing and faulting represent the
same processes.

Concerning the scale of the whole Carpathian belt
(Western, Eastern and Southern Carpathians), the age of
Alpine oroclinal bending deserves discussion. Published
reconstructions (e.g. van Hinsbergen et al., 2020) show
N-S trending Meliata ocean, in Hettangian (200 Ma), di-
viding the Greater Adria and Dacia continents. Principal
in reconstructions of the wider Mediterranean area (l.c.)
is the Moesian block, having within the Europe fixed
reference frame the same position from Ladinian (240
Ma) up to present. At this architecture also the Neo-Al-
pine riftogenous zone (AnD1), subduction zone (AnD15s)
and related volcanic arc zone should have the same bent
course. Kinematics of these processes can be interpreted
with difficulties. Author of this paper prefers an inter-
pretation of general linearity also at Neo-Alpine AnD12
processes (similar like during VD12 and ApD12 pro-
cesses) and oroclinal bending (syneclisis) of the whole
Carpathian zone is interpreted by him as a product of
AnD3 evolution with contribution of Hellenic HeD con-
vergent evolution.

Kinematics of oroclinal AnD3 bending (syneclisis) in
inner zones of Internal Carpathians is well documented in
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the case of contact zone of Gemeric and Veporic units (left
side of Fig. 15C). The AnD3 shearing explains well also
the apparently antagonistic ApD2 unroofing kinematics in
the western and eastern parts of contact zone of these units
(Fig. 15C).

4.3 The Neo-Alpine (Cenozoic) orogenic cycle in the
Western Carpathians

The subdivision of the Alpine orogenic cycle in the
Western Carpathians into two orogenic sub-cycles — Pa-
leo-Alpine (ApD) and Neo-Alpine (AnD) was caused by
the time shift of divergent and convergent phases in the
Alpine elongated basins with oceanic crust developed
south and north of the axis of Internal Western Carpathi-
ans, represented by elevated zone of crystalline basement.
Moreover — the Paleo-Alpine evolution represents the
western extension of Cimmerian evolution and Neo-Al-
pine evolution represents eastern extension of the Pen-
ninic evolution. The late Mesozoic-Cenozoic Neo-Alpine
processes of divergence (AnDO0) and convergence (AnD1)
of External W. Carpathians took place along the northern
rim of Internal W. Carpathians, occurring that time already
in the post-collisional ApD2 evolutionary phase, follow-
ing after Paleo-Alpine convergent processes ApD1, which
took place along southern rim of Internal W. Carpathians.

The principal tectonic unit dividing Internal and
External W. Carpathians — the Pieniny Klippen Belt (PKB;
Oravicum; cf. Fig. 1B) is characteristic with intensive
AnD1 and AnD3 deformation. The units being described
in subchapters about Variscan and Paleo-Alpine evolution
occur south of this belt.

The zones of Oravic (Pieniny Klippen Belt) and
Magura units represent eastern continuation of the
Southern and Northern Penninic zones of Eastern Alps.
The Oravic units of the Pieniny Klippen Belt (Fig. 1B) were
primarily geodynamically defined by Sikora (1971, 1974;
Zlatnd Unit) and Mahel’ (1981; Véahicum). The present
knowledge about tectonic setting and lithology of Oravic
and Magura units was summarized by PlaSienka (2018)
and PlaSienka et al. (2020 and references therein). We
emphasize also principal contributions of Polish authors,
namely Birkenmajer (1986, 1988), Birkenmajer and
Oszczypko (1989), Cieszkowski et al. (2009), Barski et al.
(2012), Gaweda et al. (2021), Golonka (2011), Golonka et
al. (2003, 2018), Jurewicz (2005), Krobicki et al. (2003),
Ludwiniak et al. (2019) as well as Czech authors: Picha et
al. (2006) and Skupien and Vasic¢ek (2008).

The post-collisional evolution (AnD234) in Neo-
Alpine orogenic zone has influenced geology and tectonics
in wide areas north and south of it, encompassing also
Internal Western Carpathians. Despite, reconstruction
of the origin of whole Western / Eastern / Southern
Carpathian sigmoidal oroclinal bend (syneclisis; cf. Fig.
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Fig. 15. Kinematics of oroclinal bending of the W. Carpathians demonstrated on AnD3 bend of the ApDIc / ApD2 thrust / unroofing
zone between Veporic and Gemeric units, forming syneclise at the western part of this contact zone (shown in C down in this figure).
The revealing that the ApD2 unroofing kinematics is apparently antagonistic in this Paleo-Alpine ApD12 zone — in western syneclisis
segment of this zone the unroofing is generally to E and SE (cf. Al, A2, C), but in eastern segment of this zone is the opposite — towards
the SW (B, C). In earlier reconstructions, this bending was interpreted to be a product of the ApD3 shearing (e.g. Németh et al., 2012),
but a new reconstruction of kinematics of Alpine processes in this zone magnifies the role of younger Neo-Alpine AnD3 shearing as a
reason of present oroclinal bending. This principle applies also in other bended segments of the whole Carpathian belt. General tectonic
situation is shown in this figure by pale-yellow schematic map of W. Carpathians situated in center left position. Oroclinal bending of
the W. Carpathians was produced by AnD3 displacements along conjugate systems of sinistral (NE-SW) and dextral (NW-SE) shear
zones (Németh et al., 2001), being visualized in C by green half arrows. Figure in part A (A1 — mesoscopic foliation, A2 — mesoscopic
linear structures, including “°Ar/**Ar dating of synkinematic white micas) documents also ApD2 unroofing kinematics revealed from
the 1990s by structural geologists in the western contact zones (Al; cf. Hok et al., 1993; Madaras et al., 1996; Németh et al., 2004) and
being dated by “°Ar/**Ar ApD2 tectonometamorphic white micas (A2). Authors of geochronological data are indicated by rectangles in
right down bar in A2: A — Maluski in Kovacik et al. (1996), B — Kovacik and Maluski (1995), C — Maluski et al. (1993), D — Dallmeyer
et al. (1993), E — Dallmeyer et al. (1996). TGA represent total gas age, PA plateau age. The role of Cenozoic conjugate shear zones
kinematics in oroclinal bending of the Internal W. Carpathians became known when revealing generally opposite ApD2 unroofing ki-
nematics in the eastern part of the Veporic-Gemeric contact zone by Németh et al. (2001); shown in segment B (right up in the figure).

la) is a principal problem of the evolution of whole  another paradox, occurring in polyorogenic zones and
Alpine-Carpathian orogenic belt, including the role of  being traditionally interpreted as a consequence of
Neo-Alpine subduction (AnD1a), magmatism / volcanism  subduction slab pull. In our particular case it would
(AnD2? + 47), as well as Neo-Alpine shearing (AnD3)  relate to the Meliatic oceanic crust subduction slab pull
in formation of this bend. In further text we will try to  southward. The slab pull concept here forces again

address this challenge. to problem of existing hot line (ECMB) below the
spreading zone at Meliata Ocean (ApDO0), occurring
AnDO continental breakup and rifting phase between Rakovec suture zone in the North and later zone of

Meliata subduction slab in the South. If so, when Meliata
ocean in W. Carpathians was closed by subduction, this
hot line was still active beneath the Variscan + Paleo-
Alpine suture zones and this is demonstrated by Late
Cretaceous south-vergent ApD2 unroofing of MAp2
overheated Veporic basement nappe by the same hot line.
This process is documented in previous subchapters. The
configuration looked as follows: in direction from the
south northward — (1) Meliata subduction slab dipping
south, (2) zone of collision stack and accretion prism
nappes, being overheating by hot line and (3) more
to the north acting new AnDO Oravic and Magura
spreading zones. This configuration indicates that new
AnDO spreading could not be driven by a subduction
slab pull, but again by the same (Variscan / Paleo-
Alpine / Neo-Alpine) hot line.

Here presented interpretation of the role of
elongated subequatorial-course convectional heat
related to ECMCC (hot line), driving the polyorogenic
cycles geodynamics of Intra-Pangea subequatorial type
is a novel contribution to current global plate tectonic
concepts.

The AnDO rifting phase of Neo-Alpine evolution
encompasses two events: (1) the Middle Jurassic (AnDO, )
continental breakup, leading to origin of the Alpine Tethys
related South Penninic-Vahic Ocean (Late Bajocian—Early
Bathonian; Oravic evolution). This continental breakup is
contemporaneous with Jurassic ApD1s subduction of the
elongated Meliatic oceanic basin located on the opposite —
southern side of orogenic belt, having ApD1s subduction
slab dipping south (i.e. away of orogenic belt), and (2)
the Early Cretaceous (AnDO,,) rifting and continental
breakup, leading to opening of orogen parallel Magura
Ocean as continuation of the North Penninic zone (cf.
PlaSienka, 2003, 2018). This Early Cretaceous process
was coeval with the Paleo-Alpine ApD1c collision acting
in south located zone of Internal Western Carpathians with
generally north-vergent ApD1c nappe stacking including
also sequences of Meliatic oceanic domain (cf. PlaSienka,
1997). By this way the zone of Internal W. Carpathians
became the axial zone of orogenic belt. We must
emphasize that according our reconstructions (cf. l.c.),
the course of elongated Neo-Tethys Meliatic ocean was
nearly equatorial (E-W), correspondingly as the course
of previous Variscan Paleo-Tethys Rakovec basin, as well
as the youngest — Neo-Alpine Oravic and Magura basins.
Parallelism of suture zones is one of characteristic According present interpretations by numerous authors
features of polyorogenic evolution. (see references in first paragraphs of subchapter 4.3), the

The contradicting synchronous convergent vs.  AnD1 convergence generally accounts the southward
divergent kinematics in parallel Alpine zones represents  polarity of AnD1la subduction of the flysch zone between
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the southern margin of European Platform and the ALCAPA
(Alpine-Carpathian-Pannonian) zone. In the territory of
W. Carpathians this subduction caused individualization
and strong AnD1 north-vergent deformation of the Pieniny
Klippen Belt, built dominantly of carbonatic sequences of
the southern margin of AnDO flysch basin. The complex
Neo-Alpine AnD1c collisional events of Late Cretaceous
to Middle Eocene age were caused by northward drift of
the Adriatic microplate (PlaSienka, 2018). Similar to other
orogenic belts, the convergent folding in the External
Western Carpathians (ECW in Fig. 1B) commenced in
their internal parts and progressed in time towards their
foreland (Oszczypko, 2006). From the end of Paleogene
the AnD1c collision, acting at the Pieniny Klippen Belt /
Magura Basin boundary, has progressed more externally
and completed it was in early Miocene — early Burdigalian
in the northern part of the Krosno flysch basin (Fig. 1B).
During Early and Middle Miocene the Polish Carpathian
Foredeep developed as a peripheral foreland basin in
front of advancing Carpathian orogenic wedge (I.c.). The
development of this Foredeep can be related with AnD2
/ MAnN2 thermal processes and gradual uplift of collided
zone of External Western Carpathians.

AnD2 post-collisional events

The former AnD1 subduction-related structures were
overprinted by the AnD2 gravitational collapse normal
faults (Zuchiewicz et al., 2002; Tokarski et al., 2006).
These faults bound intramontane basins, being filled with
Neogene sediments. The postcollisional MAN2 thermal
processes produced Neogene magmatism and superficially
very vigorous volcanism. We interpret the MAnN2
magmatism and volcanism again as a consequence of the
input of convectional mantle heat from the ECMCC.

The Miocene to Quaternary volcanism in the Western
Carpathians (and s.I. the Circum-Pannonian region)
contributes to understanding of the youngest evolutionary
stage of Eastern / Southern Carpathians arc (syneclisis)
evolution. The volcanic products of Miocene to Quaternary
age were divided into sequence of volcanic suites
linked to Neo-Alpine post-convergent (AnD2?, AnD4?)
magmatogenic events (cf. Lexa & Konec¢ny, 1998): The
areal type silicic volcanism and later andesite volcanism
have terminated with alkali basalt volcanics related
to post-convergence extension environment (AnD4).
Authors (l.c.) emphasize that the compositional difference
between areal-type and arc-type andesite volcanics is
negligible and these suites were divided on the basis of
spatial distribution and temporal evolution. Arc type
andesite volcanics are interpreted to be the proof of deep
reaching subduction. Their position and timing indicate that
subduction has reached the magma generation depth when
it was nearly vertical and reached its final stage of tear-
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off (Koneény et al., 2002). According to our interpretation
the nearly vertical position of AnD1a subduction slab and
tear-off were caused by the positioning of subduction slab
against to descending convection current of ECMCC flow.
The Cenozoic flysch belt subduction initiation to opposite
(northward) direction was not possible because of the
barrier effect of European Platform crystalline basement
(cf. Fig. 1B). Exceptionality of this subduction process is
magnified also by the fact of “imperfection” of supposed
Neo-Alpine Klippen Belt subduction process, which
took place earlier in more southern parallel zone than the
Magura basin subduction (cf. Lexa & Konecny, 1998, and
Fig. 1 part I in Németh et al., 2016).

AnD3 origin of oroclinal bend of Western Carpathians

The conjugate NW-SE and NE-SW (AnD3) systems
of Alpine shear zones in the Western Carpathians were
first discovered by Grecula et al. (1990) in the region of
Gemeric Unit. Later the importance of dextral NW-SE
trending and sinistral NE-SW trending shear zones was
emphasized also by other authors. Their structural research
was focused on principal Tertiary shear zones, displaying
the inconsistences / shifts in the course of individual
lithological strips. Into this category of XD3 shear zones
of brittle / brittle-ductile kinematics we do not account
moderately inclined brittle-ductile / ductile shear zones
related to XD1 thrusting and XD2 unroofing. Younger
re-activation / overprint of these XD12 discontinuities
by younger AnD3 shear zones is clearly decipherable
by overprinting relations (cf. Fig. 14A). The research
of kinematics of AnD3 shear zones has contributed to
explanation of convex oroclinal bending of W. Carpathians
(cf. Fig. 1B and 15C). Principal information about AnD3
shear zones is available in works dealing with following
topics: AnD3 reactivation of ApD12 contact zone of
Gemeric and Veporic units — Gazdacko (1994), Németh
et al. (2001), FarkaSovsky et al. (2023), Transgemeric
shear zone — Lexa et al. (2003), Pohorela shear zone — Hok
and Hrasko (1990), Madaras et al. (1994), Muran fault —
Marko (1993), Pelech and Kronome (2019), Geratova et
al. (2022), Sinec shear zone — Németh et al. (2004), Myto-
Tisovec fault — Marko and Vojtko (2006), northern part
of Internal W. Carpathians — Vojtko et al. (2010, 2015).
Modern review of tectonic evolution of W. Carpathians,
including topics of Cenozoic AnD3 conjugate system of
shear zones provide works by Kovac et al. (2002), Kovac
and PlaSienka (2002), Marko et al. (2017), PlaSienka
(2018) and Bezék et al. (2023).

AnD4 regional faults of pure-shear kinematics of sub-
equatorial and submeridian courses

Besides the arched course of the individual mountain
ranges (Fig. 1B), the Western Carpathians provide spec-
tacular morphological evidences of a net of subequatorial
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and submeridian trending faults, cross-cutting older tec-
tonic and morphological elements. These overprinting
relations demonstrate that these subequatorial and sub-
meridian prevailingly pure-shear type faults with domi-
nant vertical kinematics (uplifts and subsidences) of rock
sequences bordered by them, represent a product of the
youngest orogenic phase — AnD4 — present in the Western
Carpathians. Besides regional faults and frequent mor-
phological evidences (e.g. course of valleys), the AnD4
brittle disintegration of older structures and lithology are
well observable also at the outcrop scale. Several faults
of submeridian course (e.g. the Zazriva-Budapest fault,
Central Slovakian fault zone, a.0.) cross the whole West-
ern Carpathians and represent regional reflection on E-W
trending extension related to MCMCCs. The post-AnD3
N-S coursing transcrustal discontinuities can produce the
pathways for Miocene volcanism. The N-S trending vol-
canic range of the Slanské vrchy Mts in the eastern part of
W. Carpathians can serve as an exemplary case of linearly
situated range of Middle / Upper Miocene andesite volca-
noes, spatially contradicting to their relation with eventual
continental or island arc volcanism of subduction related
AnD1s process (cf. Bacs, 2023).

5 Geodynamic considerations leading to birth of
hypothesis of the New Global Tectonics 2.0

5.1 Columnar mantle plumes (mantle diapirs) vs.
convection currents of subequatorial-course
mantle bulge (ECMB), subequatorial-course
mantle convection currents (ECMCCs), subme-
ridian-course mantle convection currents (MC-
MCCs) and their interconnections

The origin of new rift zones and mid-oceanic ridges
was traditionally interpreted as a consequence of the
lithosphere breaks due to the pull of descending slabs in
subduction zones (e.g. Jacobs, 1992).

The research by several authors from the 1970s has
described within the globe the differing number of the
mantle plumes (mantle diapirs). Even that time they were
interpreted to be a driving force of global geodynamics.
Morgan (1971, 1972) in his pioneering works defined 20
plume localities. Burke and Wilson (1976) distinguished
altogether 122 hot spots (superficial indications of
mantle plumes), being active during the last 10 million
years. From this number, altogether 53 were located in
oceanic basins, 24 on or near mid-ocean ridges and 69
on continents. Altogether 25 hot spots defined in Africa
represented the greatest concentration revealed within
the continent. The hot spots were revealed in relatively
regular net on the globe. The rift zone origin due to heat
generated by several mantle plumes having generally
linear arrangement was presented by Dewey and Burke
(1974) on example of N-S located series of rift-rift-rift
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(r-r-r) junctions in continental crust. They represented the
initiation of rift divergence, leading to South-Atlantic-
type advanced rifting stage. This important outcome
emphasizes, that several hot spots with generally linear
position of submeridian course can cause a special type
of continental breakup and become a rift zone. New
principal interpretation appeared in work by Courtillot
et al. (2003), distinguishing altogether 49 hot spots with
anchoring of their mantle plumes in depths of 500 km and
2 850 km. In subequatorial plane two antipodal domes of
mantle upwelling are shown in this work (l.c.) — below
the central Pacific Ocean and Africa (Fig. 4 ibid; used
slightly modified in Fig. 16 of our interpretation). Based
on results of finite frequency tomography, the deep mantle
plumes catalogue by Montelli et al. (2006) states 17
mantle plumes originating at least below the upper mantle
and 4 plumes reaching only to middle mantle. Only the
Eifel and Seychelles plumes are unambiguously confined
to cross-cut only the upper mantle. Starting plumes are
visible in the lowermost mantle beneath South of Java,
East of Solomon, and in the Coral Sea (l.c.). Authors (I.c.)
suggest a pulsating behaviour of the Iceland plume due to
the substantial disagreement between P-wave and S-wave
images.

Continental breakup in the case of Rodinia and Pangea
with relation to mantle convection was comprehensively
explained by Pirajno (2000). The pioneering works
about mantle convection currents appeared in the 1920s
(Schwinner, 1920; Holmes, 1929). Regarding the mantle
convection, presently there are available several concepts
— interpreting two separate convecting layers above and
below 670 km discontinuity, or a whole-mantle convection.
Important there were results of the seismic tomography,
supporting the idea of flow across the boundary layer
between upper and lower mantle (van der Hilst et al.,
1997). This concept joints previous ones and is known as
“leaky two-layer” theory.

Owing the long-time research and based on works re-
ferred above, the author of this contribution prefers a new
hypothesis of linear trending sources of convectional heat,
being categorized into (1) subequatorial-course mantle
bulge (ECMB) and (2) subequatorial-course mantle
convection currents (ECMCCs) / submeridian-course
mantle convection currents (MCMCCs; Fig. 16) with
existing crossings of subequatorial-course and subme-
ridian-course systems, as well as diagonal intercon-
nections of both systems. All these categories represent
hot lines owing to upwelling mantle currents — they con-
tribute with heat to rifting (XDO), post-collision processes
(XD2) and intra-plate processes (XD4). The descending
currents — are principal at subduction (XD1s). All princi-
pally contribute to lithosphere geodynamics, parallel with
existing “classic” (3) columnar mantle plumes (mantle
diapirs), superficially being expressed by hot spots. The
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subequatorial-course mantle bulge (ECMB) and paral-
lel —situated in higher latitudes — subequatorial-course
mantle convection currents (ECMCCs) are principal
for polyorogenic / polymetamorphic / polymetallogenic
evolution (cf. Németh, 2002, Fig. 3 ibid; Németh, 2005a,
Németh et al, 2016), and in Phanerozoic Eon such evolu-
tion seems to be very distinctive in the Alpine-Carpathi-
an-Himalayan belt.

Findings in the Western Carpathians (I.c.) indicate that
the same linear source of subequatorial convectional
heat (hot line) acted throughout several orogenic
cycles and produced within them the riftogenesis
generating the oceanic-type crust, but also contributes
to closure of generated elongated basins at convergent
collisional evolution and principally contributing to
post-collisional evolution and origin of orogen parallel
metamorphic core complexes and uplift in the axis
of orogenic belt, unroofing and gradual opening of a
new generation rift(s). Shift of lithosphere over hot
line causes parallel location of products of individual
orogenic cycles, i.e. suture zones (cf. Figs. 10 and 11),
which cannot be explained by interpretation of linear
arrangement of columnar hot spots (according to rift-rift-
rift concept by Dewey and Burke, 1974). This hot line
hypothesis explains well the polyorogenic evolution, but
also fits well at reconstruction of polymetamorphic and
polymetallogenic events and their products throughout
several orogenic cycles (Németh et al., 2016).

Concerning the source of heat for continual flow
of magma within the mantle (the most significantly
but indirectly registerable in ECMB, ECMCCs and
MCMCCs), presently is well proved the concept of
thermonuclear reactions acting in the innermost
parts of the Earth which resemble those in the Sun
(Fowler, 1984; Herndon, 1996, 2011; Raghavan, 2002;
Anisichkin et al., 2005; Schuiling, 2006; Rusov et al.,
2007; de Meijer & van Westrenen, 2008; Terez & Terez,
2011, 2013, 2015; Fukuhara, 2016; Sobolev & Bilan
2018; Pawula, 2022; for mantle flow interpretations see
also Davis, 2022). According to studies referred above, the
mantle plumes (mantle diapirs) could be parallelized
with the eruptions from the Sun, but happening in
totally different environment — not in vacuum and zero
temperatures, but to glowing mantle environment, so
the enormous thermal effect of such eruptions can last
millions of years, or even throughout several orogenic
cycles.

When considering the Earth geodynamics and the
counter-clockwise rotation of the globe, important
aspect is the difference in rotation of the lithosphere
with respect to that in the deep mantle. Modelling
by several authors (e.g. Ricard et al., 1991, Fig. 2 ibid.;
Doglioni, 1993; Doglioni, et al., 1999) has resulted into
series of vectors, trending generally E-W and depicting
the lithosphere movement generally westward with
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respect to deep mantle. If we express it by the opposite
interpretation — the mantle is relatively moving east with
respect of the lithosphere moving west (Fig. 3 in Ricard et
al., 1991). This interpretation was used in model suggested
in this article (Fig. 16) in combination with the model by
Courtillot et al. (2003). The different rotation velocity
of lithosphere with regard to that of Earth’s mantle and
core causes that the submeridian Circum-Pangea-type
subduction slabs are dipping west very steeply, but dipping
moderately to the east. This kinematics is principal in
the Circum-Pangea submeridian-course transcrustal
discontinuities, but also inside present Europe — cf.
dip of Vrancea subduction slab and its break-off in the
Eastern Carpathians (Sperner et al., 2001). Interesting
in Fig. 2 of Courtillot et al. (2003) is the moderate
bending of vectors course from their E-W trajectory. In the
territory on North America these vectors are so short and
unimportant that it can indicate why the continuation of
the Intra-Pangea subequatorial polyorogenic belt in North
American territory is unclear.

5.2 “Continental drift” vs. drift of lithospheric plates

As generally known, the concept of continental drift
by Alfred Wegener (1912 and following outcomes)
was not accepted unequivocally, when he as a driving
force interpreted the rotation of the Earth. The Russian-
American mathematician Paul Sophus Epstein proved
that kinematics suggested by Alfred Wegener is not real
/ possible. Really — continents are not drifting on Earth
surface as they are. Continents are drifting on Earth
being passively carried by drifting lithospheric plates.
Hence — instead of continents alone — drifting on our
planet are lithospheric plates. This idea was published in
the series of principal geodynamic articles by John Tuso
Wilson (1965, 1966 and 1967).

Drift of lithospheric plates operates with difficulties,
because the whole surface of our planet is covered
by lithospheric plates = lithosphere (continental but
also oceanic crust). When imagined completed puzzle
picture — how some segments can be changed when they
appear in wrong position? In the case of lithosphere there
is no possibility to uplift those in a “wrong position” and
exchange them with others. No subduction and lithospheric
collision with imbrication, accretion and nappes stacking
are helpful, because oceanic rift zones still produce a new
— oceanic — crust. So the coverage of our planet with
lithosphere is all the time complete.

At drift of lithospheric plates the oceanic rift
zones play relatively passive role. They are products of
extension (divergent movement) caused by mantle con-
vection currents. Zone where the mantle convection cur-
rents reach the bottom of lithosphere is named as hot line.
In this uppermost zone the mantle convection zones divide
to both sides of the zone and gradually start to descend,
in some places contributing to start or progression of sub-
duction. Smaller importance of riftogenesis at lithospheric
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Fig. 16. Model of the global geodynamics based on the concept of polyorogenic zones trending subequatorial and characterized by the
case study of the Western Carpathians (positioned on the right side up in this visualization). The concepts by Courtillot et al. (2003;
equatorial mantle bulging), as well as Ricard et al. (1991; differential rotation between lithosphere and mantle — red generally E-W
trending thin arrows) were used for consideration of subequatorial and submeridian zones. The Earth’s geodynamics benefits from
thermonuclear reactions corresponding with those in the Sun (references are in the chapter 5.1). For simplification, in this model the
mantle plumes (mantle diapirs) are not visualized. The shape of ECMB (pale red) taken from Courtillot et al. (l.c.), shows two principal
cases: ECMB beneath the extended continent (Africa) and beneath the globally extended oceanic crust (Pacific). In other places around
the wider zone of globe equator the ECMB shapes differ between these two principal shapes. Signs in orange circles (also in Fig. 2)
represent rifting (+) or subduction (=) in subequatorial zones and those in yellow circles in submeridian zones. MT — Mariana Trench,
AT — Atacama Trench, MAR — Mid-Atlantic Ridge, EARS — East African Rift System.

plates displacement and orogenesis s.I. (“mountain build-
ing™) is highlighted in XD labelling by number ZERO =
XDO.

Convergent subduction processes lead at polyorogenic
evolution to collision (XD1c) and “mountain building”. As
we demonstrate in present paper, this happens dominantly
at zones of subequatorial direction. Zones of submeridian
direction have many times smaller frequency of collision
events.

The drift of lithospheric plates author of this paper
explains by the shifts along transform faults / shear zones.
Within individual orogenic cycles they are labelled as XD3
phase, but they may be acting throughout several orogenic
cycles, especially at polyorogenic case indicated by this
article (e.g. ApAnHeD3 - continual activity of some
shear (transform) faults during several orogenic cycles
— here Paleo-Alpine, Neo-Alpine and Hellenic ones).
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The importance of transform faults was firstly revealed
by John Tuso Wilson (1965). These simple shear-type
faults = transform faults / zones are extremely frequent
in the lithosphere (up to decameter mutual distance, or
decipherable by steeply dipping cleavage zones even at
the outcrop scale), so the lithosphere is disintegrated by
them to microplates or rock blocks. Because the transform
/ shear faults dominantly develop in conjugate system of
two preferable directions NW-SE (dextral shear) and NE-
SW (sinistral shear), the lateral shifts allow in long time
perspective the drift of lithospheric plates / microplates /
rock blocks. Transversal courses of transform / shear faults
are caused by the different displacement length along the
equator and equator parallel zones in higher latitudes at
the rotation of the Earth. In this point author provides
also explanation of the reason of origin of subequatorial
weakened zones with located mantle convection currents
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(ECMMC), which are developed also due to differing
subequatorial displacement paths of lithosphere at
rotation of the Earth. The supreme order discontinuities in
lithosphere (ECMMCs), produced by the Earth’s rotation
within on the Earth’s crust, are projected depthward and
activating / allowing mantle convection currents. Principal
at origin of different — global N-S trending discontinuities
there are the differences inbetween physical parameters,
rheology and the rotation kinematics of individual zones
of the Earth (core, mantle, crust) producing a stress field
contributing to N-S trending lithosphere / continents
fracturing. The minor role there may play also uneven
(undulated) base of lithosphere, which is interpreted under
continental crust and differs from that at the base of oceanic
crust. Because the ascending and descending submeridian
mantle currents are present at rifts, but also subduction
zones (cf. Fig. 16), it underlines the interconnection of
tectonic processes in the lithosphere with the processes in
the Earth’s mantle.

At all interpretations we must have in mind that new
discontinuities are preferably developing within older /
already existing discontinuities, but above described global
geodynamic rules are valid in polyorogenic zones as well
as in all places within the globe, differing only by their size
and importance, regarding on latitude and position where
they act.

6 Concluding summary

The presentation of individual orogenic cycles and
their phases in the case of the Western Carpathians, being
part of polyorogenic Alpine-Carpathian-Himalayan belt,
has been in this paper extended to global considerations.
The W. Carpathians with a distinct zonal setting and
symmetric moderate north convex oroclinal bending, as
well as the small width in transverse direction only of ca
200 km represent an ideal study area of the geodynamic
processes in polyorogenic belt.

As the drivers of polyorogenic evolution, but also of all
global processes there are interpreted the linear sources of
convectional heat — the subequatorial-course mantle bulge
(ECMB), subequatorial-course mantle convection currents
(ECMCCs), submeridian-course mantle convection
currents (MCMCCs), and at some special cases also their
interconnections. The mantle plumes (mantle diapirs) play
a secondary role in global geodynamics. As demonstrated
by numerous cited studies, all here listed mantle ascents are
products of a permanent heat production by thermonuclear
reactions in the innermost zones of the Earth. The shape
and course of linear-course mantle ascents and related
descends are a product of Earth’s rotation (ECMB
+ ECMCCs), but probably also of uneven base of
lithosphere under continents in meridian direction (at
MCMCCs). All linear-course mantle ascents and descents
can contribute to rifting as well as subduction. The concept
of a slab pull is not understood here as the dominant at
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global geodynamics, especially due to revealing mega- or
gigapophyroclasts of heavy rigid rounded blocks of HP-
HT rocks (glaucophanites, metagabbros, peridotites) being
exhumed by reversal rotation movement in the subduction
slab. This synsubduction exhumation requires compression
— and this is in contradiction with an interpretation of
extension at subduction slab pull concept.

The multiple switch between divergence and con-
vergence at polyorogenic zones of subequatorial
direction, producing multiple continental breakup
alternating with collision

Dominant in global geodynamics and in multiple
equatorially directed polyorogenic continental breakups
is a mantle convection. The positioning of convection
currents is influenced by the rotation of the Earth.
The supreme importance mantle convection belt has a
subequatorial ring shape —being defined as a subequatorial-
course mantle bulge (ECMB). Parallel with ECMB there
exist also several subequatorial-course mantle convection
currents (ECMCCs), being developed in weakened zones
(in lithophere discontinuities), produced by different
length of rotation pathes in parallel zones being developed
in different latitudes. If no other aspects are considered —
an extension produced by the rotation driven centrifugal
forces contributes also to origin of subequatorial-
course mantle convection currents and related equator
parallel XDO disintegration (breakup) of the lithosphere
in polyorogenic zones and divergent wandering of
disintegrated parts generally towards the north in northern
hemisphere and towards the south in southern hemisphere.
The start of the opposite XD1 convergent drift of
disintegrated parts depends on relation of their weight
and decrease of centrifugal forces in more distant zones
from the equator: Reaching the critically distant position
from the equator the centripetal forces start to act on the
XDO displaced parts of continental crust, and the former
disintegrated parts at XD1 tend to collide owing the action
of these centripetal forces.

Processes producing continental breakup by subme-
ridian-course convection currents (MCMCCs)

The Western Carpathians as a part of polyorogenic
belt of subequatorial direction do not provide good
conditions for investigation of submeridian trending crust
disintegration. Despite — long, regional scale faults of
meridian course are present also in this territory (as well
as in the whole European continent), encompassing also
vertical uplift and subsidence of local mountain ranges
related to the youngest orogenic cycle (in the Western
Carpathian territory AnD - with very instructively
developed AnD3 and AnD4 phases; cf. Németh et al.,
2023). This young evolution was well deciphered also in
other parts of European continent by Cloeting et al., 2005,
2007, and references herein.
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The concept of the net rotation of the lithosphere
with respect to deep mantle, as presented by Ricard et al.
(1991) and later further elaborated by Doglioni (1993) and
Doglioni et al. (1991, 1999, 2006) was included into our
considerations and resulting model (Fig. 16). The delay of
lithosphere rotation (in Fig. 16 shown by thin, generally
equator parallel arrows, pointing west) and the differences
inbetween physical parameters, rheology and the rotation
kinematics of individual zones of the Earth (core, mantle,
crust) produce a stress field contributing to N-S trending
lithosphere / continents fracturing. Originating global scale
N-S trending discontinuities are used for mantle uprise
and the meridian-course mantle convection currents (MC-
MCCs) originate by this way. Secondarily they contribute
to continental breakup of submeridian direction — e.g.
recent activity in the East African Rift System represents
an embryonal phase of a new Wilson cycle, in the distant
future probably reaching the mature stage of Mid-Atlantic
ridge-type. Typical example of active subduction along the
submeridian-course zone is represented by the Atacama
subduction (cf. Figs. 2 and 16). The concept of eastward
migration of the mantle relative to the lithosphere (Ricard et
al., 1991, Fig. 3 ibid.) explains well the reason of steepening
of the dip of subduction slabs dipping west and their shal-
low dip in cases when they are dipping east. Within Car-
pathian chain the first of these cases was interpreted (and
proved) e.g. in Vrancea zone in the Eastern Carpathians.

Further non-regularities are common, too, being caused
by the principle of preferred establishing of younger dis-
continuities on older ones, but also the common micro-
plates / blocks shifts and rotation (preferably during XD3
phase), as well as the lithospheric plates / continents rota-
tion due to thermal effect of columnar-type mantle plumes
and related mantle flows. All these aspects must be taken
into account when considering products of any orogenic
phase in any region.

Role of transform / shear faults at drift of lithospheric
plates on Earth’s surface

The lithospheric plates are limited by rift zones,
subduction zones and transform faults. The whole surface
of the Earth is covered by lithospheric plates. At their
drift — indicated by the drift of continents carried by the
drifting lithospheric plates, the rift and subduction zones
play a minor role if the divergence rates at the rift zones
correspond with rates of subduction on the opposite side
of lithospheric plate, or the rate differences are small.
Therefore principal at the drift of lithospheric plates
are the subvertical transform / shear faults which build
a dense net on the Earth’s surface, segmenting lithospheric
plates (as well as their carried continents) to smaller plates
/ microplates / rock blocks, allowing them to migrate by
sliding one next to the other.
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Combining above presented interpretation of (A)
a global geodynamic importance of hot lines (ECMB,
ECMCCs and MCMCCs), with (B) lateral displacements
along a dense net of transform / shear faults, being
principal for global scale drift of lithospheric plates
(bearing continents), together with further principles of
plate tectonics provide a basis for establishing of a new
hypothesis of New Global Tectonics 2.0. To become
a theory, this hypothesis requires a detail study of mutual
interaction between linear mantle convection currents and
columnar mantle plumes, regarding their genetic relations
and kinematic consequences on lithospheric plates
displacement. This study will become easier now because
of available numerous scientific studies proving the
existence of thermonuclear reactions in innermost zones
of the Earth, producing heat for all geodynamic processes
in the Earth.
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Geodynamika polyorogenetickych zon na priklade vyvoja
Zapadnych Karpat

Dokazmi o polyorogenetickom vyvoji alpsko-karpat-
sko-himaldjskej zony (obr. 1A, 2) sU sporadické relikty
paralelnych sutiirnych zon so subekvatoridlnym (priblizne
vychodno-zapadnym) priebehom. Polyorogenéza, t. j. sek-
vencia viacerych po sebe nasledujucich orogenetickych
(Wilsonovych) cyklov, bola v tejto zone najlepsie zdokumen-
tovana v Zapadnych Karpatoch, pre ktoré je charakteristic-
ka symetricka oblukovita stavba, v strednej Casti vyklenuta
na sever (obr. 1A, B). Navy3e, Zapadné Karpaty sa vyzna-
¢uju vyraznou zonalnostou a unikatnym detailnym stupfiom
preskimanosti.

V doterajsich interpretaciach boli niektoré sutirne zoény
v Z. Karpatoch interpretované ako relikty zaoblikovych
bazénov skorsich ,,hlavnych® oceanskych bazénov a s nimi
suvisiacich subdukénych procesov. Tento sumarizujici ¢la-
nok aplikovanim zjednodusujucej prezenta¢nej metodiky XD
labelling (Németh, 2021; obr. 3) zdoraziiuje doloZenu exis-
tenciu troch kompletnych orogenetickych (,,horotvornych®)
cyklov v Z. Karpatoch. Pri tejto metodike premenna X vyjad-
ruje nazov orogenetického cyklu — napr. v pripade Z. Karpat
variského — VD (paleozoicky vyvoj Z. Karpat), paleoalpin-
skeho — ApD (mezozoicky vyvoj Z. Karpat) a neoalpinskeho
— AnD (generalne kenozoicky vyvoj Z. Karpat so zaciatkom
v zavere mezozoika). Procesy a produkty pokadomskej ce-
nerijskej orogenézy nie s v tomto ¢lanku prezentované pre
ich stéle prebichajiici vyskum. Ciselné vyjadrenie za symbo-
lom XD pri konkrétnom orogenetickom cykle uvadza jeho
konkrétnu orogenetickd fazu. Symbol XDO0 oznacuje diver-
gentnt riftogénnu etapu vyvoja, a to: 0a — subfazu zacdiatku
riftogenézy eSte na kontinentalnej kore stvisiacu s regio-
nalnou extenziou, Ob — stencovanie kontinentalnej kory, Oc
— prebiehajtcu riftogenézu uz s produkciou oceanskej kory.
XD1 oznauje proces konvergencie — XD1s subdukciu,
XDlo obdukciu a XD1c koliziu. Orogenetické cykly XDO
a XD1 tvoria zaklad orogenetického (platiiovo-tektonického)
cyklu, ktory bol podla prac J. T. Wilsona zo Sestdesiatych
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rokov minulého storo¢ia nazvany aj Wilsonov cyklus. J. T.
Wilson sa povazuje za zakladatel'a koncepcie plathovej tek-
toniky, ktora plati dodnes.

Mnozstvo novych poznatkov, ktoré boli ziskané v ostat-
nych desatroiach predovsetkym z Vnutornych Zapadnych
Karpat, iniciovalo potrebu rozsirenia klasick¢ho orogene-
tického (Wilsonovho) cyklu o d’alsie tri orogenetické fazy.
Tym bol definovany tzv. rozSireny orogeneticky cyklus
(Németh, 2021), v ktorom st ku klasickému Wilsonovmu
cyklu pridané fazy pokoliznych vnutroplatiiovych procesov:
XD2 — pokolizne odstresovanie v désledku prehrievania
a vyzdvihu osi orogenetickej zony teplom z horticej linie
(ako dosledku subekvatorialneho plastového konvekéného
prudenia = subequatorial-course mantle convection current
— ECMCC), XD3 - oznacuje zvySenu aktivitu parového
systému striznych zén smeru SZ — JV (pravostranny strih)
a SV — JZ (Tavostranny strih), XD4 — obdobie zvySenej re-
gionalnej extenzie spdsobujice vznik regionalnych zlomov
(lineamentov) vyznacujucich sa kinematikou ¢isté¢ho strihu
a nezriedka presahujicich hranice jednotlivych regionov ¢i
dokonca Statov. Orogenetickd faza XD4 predznamenavala
zaciatok nového orogenetického cyklu. Geneticku a sukce-
sivnu spétost’ orogenetickych faz XD3 a XD4 dolozili Né-
meth et al. (2023). Metodika XD labelling je vel'mi vhodna
na Casové/evolucné zarad’ovanie litotektonickych jednotiek,
ich rozhrani, ale aj na sukcesivne zarad’ovanie metamorf-
nych/rekrystalizaénych prepisov horninovych suborov s vy-
uzitim indexu MX a pri zachovani d’alSich detailov ako pri
XD indexovani.

Tazisko ¢&lanku pozostiva z prehladnej sumarizacie
prejavov jednotlivych orogenetickych cyklov a ich faz
v suslednom poradi od variského cez paleoalpinsky
po neoalpinsky orogeneticky cyklus. Text je doplneny vy-
povednymi obrazkami prevazne tektonického a geodynamic-
kého charakteru (obr. 4 — 15). Doraz kladie na vysvetlenie,
preco autor ani jeden z analyzovanych pretiahnutych bazé-



Mineralia Slovaca, 56, 2 (2024)

nov s oceanskou korou v jeho osi nepovazuje za produkt
zaoblukovej extenzie, ale za novo vygenerovany bazén
v dosledku extenzie nad linearnym zdrojom konvekéného
tepla (hortcou liniou, ECMCC). V zaverecnych kapitolach
5. Geodynamické Gvahy veduce k zrodeniu hypotézy novej
globalnej tektoniky 2.0 a 6. Zdverecné zosumarizovanie
autor prehl'adnou formou priblizuje inovativne interpreta-
cie, ktor¢ prinasa tento ¢lanok. Zaroven poskytuje namety
na dalSie badanie, ktoré mozu posunut’ sicasné znalosti
z problematiky geodynamiky:

1. Sucasny astrofyzikalny vyskum viacerych autorov
(Fowler, 1984; Herndon, 1996, 2011; Raghavan, 2002;
Anisichkin et al., 2005; Schuiling, 2006; Rusov et al.,
2007; de Meijer a van Westrenen, 2008; Terez a Terez,
2011, 2013, 2015; Fukuhara, 2016; Sobolev a Bilan,
2018; Pawula, 2022) potvrdzuje existenciu kontinual-
nych termonuklearnych reakcii vo vnutornych zonach
Zeme, ktoré koreSponduju s reakciami prebiehajicimi na
Slnku. Tieto reakcie vo vnutornych zénach Zeme prispie-
vaju energiou k udrzovaniu vysokej teploty plastovych
hmot a ich konvekénému prudeniu globalneho rozsahu.
V naSej interpretacii ide o subekvatoridlne plasto-
vé vydutie (generalne v smere V — Z v oblasti rovnika
v dosledku rotacie Zeme) = subequatorial-course mantle
bulge ECMB, o paralelné subekvatorialne plastové
konvek¢éné prudenie (vo vyssich zemepisnych Sir-
kach) = subequatorial-course mantle convection current
ECMCC a submeridianne plastové konvekéné pru-
denie (generalne v smere S — J) = submeridian-course
mantle convection current MCMCC), ale aj o plastové
diapiry (mantle plumes v klasickom chapani, ktorych
prejavom na zemskom povrchu su hot spots, tzv. ho-
race Skvrny). Plastové diapiry (mantle plumes) mézu
byt ,,vnutrozemskou verziou* erupcii na povrchu Slnka
(erupcie, na rozdiel od jadra Zeme, s tam do prostredia
véakua a teploty absolutnej nuly).

Na situovanie linearnych zén globalneho plastového
konvekéného pridenia (ECMB, ECMCCs a MCMCCs)
ma dominantny vplyv rotacia Zeme a zaostavanie rotacie
zemskej kory oproti rotacii plasta Zeme v zmysle kon-
cepcii autorov Ricard et al. (1991; obr. 2 ibid.), Doglioni
(1993), Doglioni et al. (1999) a Courtillot et al. (2003).
V stilade s tymito skor$imi pracami sa autor tohto ¢lanku
stotoziiuje s ndzorom, ze urcujucim faktorom geodyna-
miky Zeme je konvekéné prudenie v plasti a nie ,,tah
subdukujucej studenej oceanskej kory* (subduction slab
pull). Vieobecne je zname, ze ,,studena oceanska kora
je hruba asi 3 km (ale hribka hortcich plastovych hmot
pod nou je niekol’ko tisic kilometrov) a ponaranie ocean-
skej kory v subdukénych zonach je spdsobené pradenim
plasta, a nie ponaranie tenkej oceanskej kory sposobuje
pridenie plastovych hmét a stvisiaci pohyb litosféric-
kych platni. Vo svete aj na Slovensku (obr. 13) je zna-
mych vela pripadov tzv. synsubdukéne exhumovanych
blokov vysokotlakovo metamorfovanych hornin. V pod-
mienkach Zapadnych Karpat tieto bloky zaoblen¢ho az
dokonale gul'ovitého tvaru pochadzaju z plastovej lito-
sféry a bazy kontinentalnej kory (metagabra; Radvanec,
1999; Radvanec a Németh, 2018) alebo reprezentuju
peridotit (Radvanec, 2000). Tieto exhumované bloky
vysokotlakovo metamorfovanych hornin gul'ovitého
tvaru (obr. 13) reprezentuji megaporfyroklasty. Ked'ze
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ide o horniny s vysokou mernou hmotnostou, ich pohyb
v subduk¢énom kanali proti pradu subdukovaného mékké-
ho a spravidla nespevneného materialu vyzaduje vyrazne
kompresné prostredie, nie extenziu, ktora je hlavnym
faktorom interpretacie subduction slab pull.

Moznost’ pohybu kontinentov po povrchu Zeme (,,kon-
tinentalny drift“) v zmysle interpretacie A. Wegenera
(1912 a nésledné préce) vyvrétil P. S. Epstein, matematik
rusko-amerického pévodu. Kontinenty ako také sa po po-
vrchu Zeme nemozu prestvat’. Presuvaju sa litosférické
platne a niektoré z nich na sebe nesu kontinenty. Tdto
zasadu vyjadril John Tuso Wilson (1965, 1966, 1967)
vo svojich principialnych pracach, ktoré polozili zakla-
dy platiovej tektoniky. Z historie geovied je zaujimava
skutocnost, ze A. Wegener v dvadsiatych rokoch minu-
1ého storoCia pdsobil ako profesor na univerzite v Grazi
(Rakusko) synchrénne s profesorom R. Schwinnerom,
ktory sa zaoberal konvekénym pradenim v plasti. Keby
boli obaja profesori vzajomne komunikovali, mohli
svoje koncepcie zjednotit. Tym by boli polozili zakla-
dy platinovej tektoniky o priblizne $tyri desatrocia skor
ako J. T. Wilson. Paralelne s pomerne komplikovanym
vysvetlenim pohybov litosférickych platni kombinaciou
divergencie v riftovych zonach, konvergencie v sub-
dukénych zonach a boénych posunov na transformnych
zlomoch (Wilson, 1965) autor tohto ¢lanku prezentuje
moznost’ vyrazne jednoduchsieho vysvetlenia pohybu li-
tosférickych platni po povrchu Zeme: pocetnost’ a husto-
ta distribucie transformych zlomov (striznych zoén) je
ovela vyssia, nez bolo v minulosti zname. Dlhoro¢né
terénne vyskumy vo Vnutornych Zapadnych Karpatoch,
dolozené aj geofyzikalnym profilovanim (Grecula et al.,
1990), dokumentovali bo¢né posuny na stovkach zlomov
parového (konjugovaného) systému striznych zoén sme-
ru generalne SZ — JV (pravostranné posuny) a SV - JZ
(Pavostranné posuny). Tymto spdsobom su litosférické
platne pomerne husto segmentované na mikroplatne ¢i
bloky hornin, ktoré majii moznost’ vzdjomnymi bo¢nymi
posunmi menit’ vzajomnu konfiguraciu a takto prispievat
k vzniku ohybov (orogenic bend) v priebehu horninovych
pruhov, ¢i dokonca celych orogenetickych zon. Najmar-
kantnejSim prejavom takychto ohybov su tzv. syneklizy
— dvojité ohyby v tvare pismena S. St zname z Karpat
(dvojity ohyb priebehu Zapadnych Karpat, Vychodnych
Karpat a Juznych Karpat), Himal4ji (v ich vychodnom
zakoncCeni), ale aj z priebehu zapadnej Casti kontaktnej
z6ny gemerika s veporikom (obr. 1, 2 a 15C). Vzajom-
ny pohyb litosférickych platni ¢i mikroplatni uvedenou
kinematikou sa dominantne viaze na orogenetické ¢i
polyorogenetické zény; v kratonizovanych Ccastiach
Zeme je stabilita litosférickych platni s pomerne hrubou
lifosférou budovanou krystalinikom vyrazne vysSia.
Inovativne aspekty geodynamiky Zeme uvedené v bo-
doch 1, 2 a 3 predstavuju vhodné témy na d’alsi komplexny
vyskum a nasledné potvrdenie ¢i vyvratenie hypotézy, ktora
autor ¢lanku nazval Nova globadlna tektonika 2.0. V kaz-
dom pripade, poznatky ziskané mnohymi desiatkami vyso-
ko erudovanych badatelov zo Zapadnych Karpad vyrazne
obohacuju vedy o Zemi v celosvetovom meradle.
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Neo-Alpine fault controlled crustal blocks dynamics
recorded by distribution of the Internal Western
Carpathian Neogene basins and core mountains

FRANTISEK MARKO
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Department of Geology and Paleontology, Ilkovicova 6, 842 15 Bratislava, Slovakia; frantisek.marko@uniba.sk

Abstract: In the Miocene epoch, the crust of eastward escaping Carpathian units was segmented by faults to
independently moving tectonic blocks. Contemporaneously with invasion of the Carpathian units to the subduc-
ting oceanic embayment situated in the North European platform, syntectonic sedimentation took place on these
moving tectonic blocks. The Neogene basins of the Internal Western Carpathians (IWC) reflect basin basement
movement activity and can be from the point of view of their position in the orogen, basement dynamics and tec-
tonic style divided to three geodynamic types: i) Large Middle Miocene-Pliocene back-arc, thermal-subsidence
basins related to the mantle upwelling, ii) Early-Middle Miocene inter-arc fault-controlled basins, or their rotated
and tilted remnants situated inside the Carpathian Shear Corridor (CSC) — a boundary strike-slip shear zone of
extruded IWC crustal segment; iii) tectonically separated parts of disintegrated Internal Western Carpathian Early
Miocene-Pliocene molasse basin, situated within strongly deformed peri-Klippen and Klippen zone, representing
strike-slip tectonic interface between mutually rotated Internal and External Western Carpathian domains. The
crustal block dynamics is reflected simultaneously in the core mountains distribution. The youngest core mounta-
ins (AFT age 9-22 Ma) are geneticaly related to and situated inside the CSC, which was interrupted by northward

shifted tectonic block, explaining the outstanding position of the Mala Fatra Mts.

Key words: faults, block dynamics, Neogene basins, core mountains, Internal Western Carpathians
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EXTRUDING

e Paper deals with the Internal Western Car-
pathians blocks Miocene dynamics recorded
in distribution of Neogene sedimentary ba-
sins and core mountains.

* As the prominent tectonic block boundary is
regarded herein the Carpathian Shear Corri-
dor (CSC), representing the northern sinis-
tral tectonic interface of extruding Internal
Carpathian crustal block.
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e The division of Neogene basins to three
geodynamic types is discussed, based on
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Miocene interruption of the Carpathian She-

ar Corridor by Mid-Slovakian block shift
towards the north.

Introduction

The Western Carpathian branch of Tethyan Alpides
(Schmid et al., 2008; Minar et al., 2011) is composed of
two tectonically juxtaposed prominent tectonic superunits
of the Internal and External Western Carpathians (sensu
Biely et al., 1996; Bezak et al., 2004). This principal
tectonic division of the Western Carpathians is derived
from the youngest Neo-Alpine (mostly Miocene) tectonic
processes, when the flysch accretionary prism of the
External Western Carpathians and the Pieniny Klippen
Belt (PKB) structure were created due to the collision of
the Internal Western Carpathians (IWC) block with the
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European platform. Internal Western Carpathians consist
of the crustal basement thrust sheets with their sedimentary
cover and superimposed detached superficial Mesozoic
nappe units formed during the Paleo- and Meso-Alpine
(Middle / Late Cretaceous up to the Early Paleogene)
period. The crustal basement nappe units are composed
of Variscan crystalline complexes and Upper Paleozoic
and Mesozoic cover formations. The sedimentary basins
with Upper Cretaceous and Paleogene flysch sequences
represent the Meso-Alpine formations and Neogene
sedimentary basins and neovolcanic complexes represent
the Neo-Alpine formations superimposed on the Paleo-
and Meso-Alpine nappe system.
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Faulting had an important role during the Neo-Alpine
tectonic evolution of Carpatho-Pannonian area (e.g.
Grecula et al., 1990; Csontos et al., 1992; Csontos &
Nagymarosy, 1998). Especially, in the process of individual
detached blocks invasion into the future Carpathian realm
controlled by strike-slip faults (Golonka et al., 2006). The
shape of the Carpathian orogenic belt was constrained by
the pre-collision shape of thin crust embayment — flysch
basin inside the stable North European Platform (NEP). In
the area of Eastern Alps, the progress of the orogenic front
advancement stopped due to collision and Alpine units
were pushed-up and juxtaposed to the southern margin of
the Bohemian massif by Apulia microplate propagation
to the north. Meanwhile, after frontal collision of Alpine
orogenic belt with the European foreland, the Carpatho-
Pannonian units escaped eastward to the bay of subducting
thin quasioceanic crust (Ratschbacher et al., 1991;
Nemcéok, 1993; Fodor, 1995; Nemcok et al., 1998; Sperner
etal., 2002; Kovac et al., 2018). Oceanic embayment in the
North European platform was the depositional area for the
Paleogene Magura basin flysch sediments (Oszczypko et
al., 2015). In the Carpathian loop the active collisional front
progressively moved from the west to the east (e.g. Jificek,
1979; Matenco & Bertotti, 2000) due to oblique collision.
During subduction of underlying thin crust beneath
progressing Internal Western Carpathians, sediments of
the Magura basin were scraped off and transformed to the
structure of diachronous External Carpathian accretionary
prism, consisting of rootless compressional flysch nappes
and duplexes. These were arranged in a thin-skinned thrust
system transfered to high-angle thrusts along the Pieniny
Klippen Belt (PKB) boundary. The western segment of
the PKB structure in between the External and Internal
Carpathians was finally formed as the transpressional
flower structure (e.g. Plasienka et al., 2020). In front of
the flysch accretionary prism, fore-arc fore-land basin
was created due to loading of pile of flysch nappes.
Contemporaneously, the Internal Carpathian micro-plate,
broken to several decoupled fragments that underwent
large translations, rotations and smaller blocks also uplifts
and subsidences due to tilting (e.g. Grecula & Roth,
1977; Jurewicz, 2005; Németh et al., 2023). It resulted
in development of specific morpho-tectonic features
as alternating intramontane basins (halfgrabens) and
asymmetric horsts (core mountains), structural bendings
due to strike-slip movements, fan-shaped tectonic
structures and robust Miocene volcanic activity (Lexa &
Konec¢ny; 1998), which are all representing peculiarities
of the Western Carpathians.

Dynamic evolution of the Western Carpathians resulted
in a genetical variability of the Neogene sedimentary
basins. Depending upon their geodynamic position in the
orogen they were already described as fore-arc, inter-arc
and back-arc basins and were recognized as basins formed
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by lithospheric extension — thermal subsidence, flexure
and strike-slip related basins (Vass, 1979, 1998; Fodor
et al., 1999; Kovac et al., 1997, 2017; Kovagc, 2000). In
the following, we focus to description and geodynamic
evaluation of the Internal Western Carpathian basins in
respect to IWC blocks movement activity.

The nature and tectonic zonation of the Internal
Western Carpathian Neogene basins and young
core mountains distribution related to crustal
blocks dynamics

The process of Neo-Alpine tectonic evolution is
reflected in the character of sedimentary depositions. The
Western Carpathian Neogene basins are syn-orogenic
and except of the foredeep basin, they are piggy-back
in nature, because they were created on fluently moving
Internal Carpathian crustal segments. The basins evolved,
and some or part of them were subsequently deformed,
even destroyed due to the basin inversion and erosion.
This evolution is reflected in distribution, tectonic and age
diversity of the Neogene sedimentary complexes.

Miall (1984) specifies the following principal criteria
used in plate-tectonics related basin classification: (1)
basin position relative to the plate margin; (2) character
of the plate margin dynamics related to convergece,
divergence and strike-slip, and (3) geotectonic type of
crust (continetal, ocean, thick, thin,...). Depending upon
basins geotectonic position there are in the Western
Carpathians fore-arc basins in front of the orogenic belt
because of roll-over down-warping of the over-riding
External Carpathians flysch nappe units, large back-arc
basins in the Internal Western Carpathians formed by
lithospheric extension, and there are also many smaller
intra-mountain (intramontane), intra-arc fault-controlled
basins (Vass, 1979, 1998; Royden et al., 1982; Cech,
1988; Kovac et al., 1989, 1997, 1998, 2017, 2018; Kovac,
2000; Janocko et al., 2003). Some recent occurrences of
Neogene sediments are only relics of inverted and eroded
basins. The Western Carpathian Neo-Alpine orogenic
belt has no classic volcanic arc, and volcanites, except
of Vihorlat and Poprie¢ny Mts., which occur inside the
escaped micro-plate of Internal Western Carpathians. This
is why the further major classification is based upon basin
position relative to the progressing margin of the Internal
Western Carpathians, what is the contact zone inbetween
the Internal and External Carpathians — the Pieniny
Klippen Belt. All basins south of the PKB, situated inside
the moving Internal Western Carpathians are in back-arc
or inter-arc position and basins north of the PKB are in
fore-arc position.

The Vienna basin has an outstanding tectonic position
among the Western Carpathians basins. It covers Alpine-
Carpathian junction structure / area as well as contact
zone of External and Internal Western Carpathians (PKB).
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The Vienna basin is long-living depocentre of Neogene
sedimentation with a complex history and it comprisizes
both back-arc as well as fore-arc parts. The Vienna basin
is genetically related to tectonic separation of the Eastern
Alpine and Western Carpathian branches of Alpine orogenic
belt (Tari et al., 2021). Basin as a whole was defined as
a pull-apart basin (Royden, 1985) controlled by NW-SE
sinistral strike-slip faults and N-S normal faults, creating
depocenters of sedimentation. Sediments of the Slovakian
part of the Vienna basin, situated on relatively thick crust
(Cech, 1984, 1988; Royden, 1985; Wessely, 1988; Jificek
& Tomek, 1981; Tomek & Thon, 1988), cover the contact
zone of Internal and External Western Carpathians, and
the basin was classified as inter-mountain and inter-block,
repectively (Cech, 1988), inter-arc sensu Miall (1984).
The basin portion south of the PKB is in back-arc position
and its basement is formed by IWC or Austro-Alpine
units. The part of the Vienna basin situated north of the
PKB is in fore-arc position and its basement is formed by
flysch units of External Carpathians accretionary wedge.
The middle part of the Vienna basin is affected by the
strike-slips within the Carpahian Shear Corridor (Marko
et al., 2017). The Early-Middle Miocene sequences of the
Vienna basin, situated south of PKB, are strongly affected
by escape of Central Carpathian Crustal Segment (CCCS;
see Fig. 1) to the east. This model clarifies the origin of
the Vienna basin isostatic imbalance (Tomek, pers. com.),
caused by continued Central Carpathian Crustal Segment
(CCCS) rapid escape during the Neo-Alpine period.
Eastward motion of CCCS caused E-W extension at the
back of escaping segment accommodated by N-S normal
faulting and fast subsidence in the Vienna basin, as well
N-S normal faulting in the Malé Karpaty Mts.

The Neogene basins of the Western Carpathians have
been geodynamically classified to four types (Bezak et al.,
2004); thermal extensional, shear (related to strike-slip
faulting), post-collisional and piggy-back ones. Below
we moderately moddify this division and we specify
distribution of defined basin types in respect to prominent
fault block boundaries.

The Internal Western Carpathian Neogene basins
can be from the viewpoint of tectonic style, position in
orogenic belt and the basin substratum block dynamics
divided into three geodynamic types (Fig. 1). These are
listed from south to north and numbered (1), (2) and (3)
below:

(1) Large Middle Miocene-Pliocene back-arc basins
related to the great Pannonian basin (thermal extensional
basins sensu Bezak et al., 2004), which occupy territories of
thin crust (Bielik et al., 2010; Tomek, 1993), characterized
by high density gravity field (Pasteka et al., 2017) and
high heat flow (Majcin et al., 2017). These include the
southern part of the Vienna basin and Danube basin (e.g.
Sujan et al., 2023), South Slovakian and East Slovakian
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basins (including Turia basin), which represent peripheral
depressions of the great Pannonian basin, situated south
of the Carpathian Shear Corridor. The formation of the
Neogene back-arc basins in the Carpathian orogenic
system was driven by subduction of quasi-oceanic thin
crust beneath the moving Internal Carpathian continental
plate (as expressed in Stegena et al., 1975; Horvath &
Royden, 1981; Jiricek & Tomek, 1981; Doglioni et al.,
1991). This geodynamic process led to oblique continental
collision (CC type) of the Carpathians with foreland,
gradually progressing from the west to the east. The origin
and subsidence of the great Pannonian basin (Bergerat,
1989; Tari et al., 1992; Horvath, 1993) and its peripheral
depressions are related to the Pannonian mantle diapir
activity (Van Bemmelen, 1972; Stegena et al., 1975; Mc
Kenzie, 1978; Vass, 1979; Horvath & Royden, 1981;
Royden etal., 1982) and also to its marginal satellite diapirs
(Vass, 1979; Cech, 1988; Pospisil, 1980). In addition to
the thermal-controlled slow subsidence concept, Horvath
and Royden (1981) and Royden (1985) submitted the
fault-controlled pull-apart model of rapid subsidence of
some local depocentres of sedimentation of the Pannonian
depositional system. The NE-SW trending sinistral strike-
slip master faults were here considered as the dominant
responsible structures. These works inspired also some
followers to describe strike-slip tectonics in the Western
Carpathians Neogene basins (as in Pospisil, 1990; Fodor,
1995; Decker & Pereson, 1996; Hrusecky et al., 1996;
Kovac et al., 1989; Marko et al., 1991, 2012, 2017).

The southern part of the Vienna basin and the Danube
basin are situated at the periphery of the great Pannonian
basin. Subsidence of the Pannonian basin, situated
on thinner crust in comparison to the Vienna basin, is
connected with Pannonian mantle diapir collapse
accompanied by extensive Pliocene volcanic activity.

The Horna Nitra, Handlova, southern part of Turiec,
Ziar, Zvolen, Banska Bystrica, Upper Hron valley and
Roznava intra-mountain basins are isolated and related
to the Danube and South Slovakian basins. These are
the remnants of peripheral embayments-spurs of large
basins into IWC shore preserved by the fault-controlled
subsidence of individual blocks and some of them
represent local depressions filled by volcano-sedimentary
and lacustrine depositions (Konecny et al., 2003).

(2) The second geodynamic type of basins encompas-
ses the isolated Early-Middle Miocene intra-mountain
fault-controlled basins including the strike-slip basins
(wrench furrows sensu Montenat et al., 1987), shear basins
respectively (sensu Bezak et al., 2004), or their remnants
situated in the Carpathian Shear Corridor (CSC). This
emphasises the role of ENE-WSW strike-slip faults in
the north-western part of the Western Carpathians during
Neo-Alpine tectonic evolution, and it led to definition of
ENE-WSW Carpathian Shear Corridor as the strike-slip
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boundary of an extruded Central Carpathian Crustal Seg-
ment of Internal Western Carpathians (Marko et al., 2017).
Within this ca 50 km wide shear zone there are situated the
middle part of the Vienna basin, the depocenters of sedi-
mentation of the northern spurs of the Danube basin (Pies-
tany bay depression, Banovce depression, e.g. Marko,
2012; Hok et al., 2016) and the majority of intra-mountain
basins (Dobra voda, Vad’ovce, northern part of Novaky,
Horna Nitra and northern part of Turiec basins). Intense
strike-slip shearing, block rotation and tilting occurred
inside the CSC during the Lower-Middle Miocene evolu-
tion. This is reflected in the tectonic style of the Neoge-
ne half-grabens, alternating with tilted and rotated horsts
of the outer core mountain belt — a basin and range-like
structure. The CSC was a very dynamic environment for
sedimentation and / or disintegration of existing basins,
and there is an evidence that the CSC operated as a dextral
shear zone and strike-slip basins (Kingston et al., 1983),
developed inside the shear zone (CSC) in the Early Mioce-
ne stages (Kovac et al., 1989). After en-bloc counter clock
wise (CCW) rotation of the Western Carpathians Interni-
des (Balla, 1984), the CSC was re-oriented to ENE-WSW
course and commenced operation as a sinistral strike-slip
boundary of the eastwardly escaping Central Carpathian
Crustal Segment. The Early Miocene deposits within the
CSC were disintegrated by CCW block rotations and til-
ting during the long lasting and intense sinistral shearing,
and contemporary the new, Middle-Late Miocene tecto-se-
dimentary cycle continued in localy developed depressi-
ons.

From the distribution of young core mountains (pushed-
up and exhumed at ca 20-9 Ma ago (Kral’, 1977; Danisik
etal., 2010; Kralikova et al., 2014a, b; Marko et al., 2017),
which are geneticaly and spatialy related to CSC, it can be
considered, that the Carpathian Shear Corridor was after

its Upper Miocene sinistral strike-slip activity cut and
interrupted by the N-S oriented Mala Magura and Zazriva
tear faults, rimming Mid-Slovakian upper crustal block
(MSBL). This segment of CSC, rimmed by mentioned
boundary strike-slip faults (Kova¢ & Hok, 1993), was ca
20 km shifted to the north approximately 8—-5 Ma ago (Fig.
1, highlighted in red). This event resulted in push-out of
the exhumed Mala Fatra Mts. core with Turiec basin to the
north. This shift is a reason of contrasting compressional
tectonic style in frontal part of displaced Mid-Slovakian
Block (Hasko & Polak, 1979; Marko et al., 2005; Plasienka
etal.,2016) and E-W orientation of the Varin sector of PKB
in contrast with the strike-slip style and NE-SW orientation
of neighbouring Povazie and Orava sectors of PKB. The
geodynamic reason / drive of such extreme northward
shift of the Mid-Slovakian block is going to be discussed
in currently prepared paper (Marko, in prep.). dealing with
Neo-Alpine tectonic evolution of the Western Carpathians
internides. It seems to be gravitational structure — slide of
the upper crustal packet due to robust volcanic activity in
the Central Slovakian area related to a mantle plume.

(3) The third geodynamic type encompass the Trenéin,
Ilava and Orava-Nowy Targ basins situated north of CSC
inside the intensively deformed Pieniny Klippen Belt
and peri-Klippen zone and affected by its dynamics.
The Klippen zone represents strike-slip tectonic zone
— suture dividing converging and mutually rotating /
shifting External and Internal Western Carpathian terranes
(Marschalko, 1979; Birkenmajer, 1986; Plasienka, 2018).

The largest Orava-Nowy Targ basin was interpreted
as the fresh water molasse intramontane (Zytko et
al.,, 1989; Zuchiewicz, 2002; Ludwiniak et al., 2019).
fault controlled pull-apart basin (Neméok & Lexa,
1990; Baumgart-Kotarba, 2001; Pomianowski, 2003;
Zuchiewicz, 2010) with maximum thickness of Karpatian-

Fig. 1. Distribution and tectonic zonation of the Internal Western Carpathian Neogene sedimentary basins and young core mountains
related to Middle (in black) and Late Miocene (in red) dynamics of crustal segments and blocks propagation. 1 — Internal Western Car-
pathians (in the frame of general map located upper left); 2 — a) Pre-Neogene units in Carpathian Shear Corridor (CSC), b) crystalline
mountain cores uplifted and exhumed (22-9 Ma AFT ages) due to CSC activity; 3 — Pieniny Klippen Belt; 4 — Inner Western Carpathian
Neogene sedimentary basins: a) Middle-Late Miocene to Pliocene back-arc basins related to the great Pannonian basin (thermal basins)
and small fault controlled intramountain basins, b) Early-Middle Miocene basins genetically and spatially related to the Carpathian
Shear Corridor (shear basins), ¢) fragmented Early Miocene basins situated within the Pieniny Klippen Belt zone and peri-Klippen
zone; 5 — Movement tendencies of Internal Western Carpathians crustal segments and blocks; 6 — Main block-boundary faults, existing
and supposed; 7 — Fault kinematics: a) strike-slip, b) normal, c¢) reverse; 8 — Neo-Alpine folds; 9 — Prominent thermal mineral water
resources related to boundary-faults and structure of the Carpathian Shear Corridor; 10 — Slovak Republic state border, Numbers in
frames in left down corner indicate the dominant periods of activity on faults in scheme coloured red and black. Abreviations: BB —
Banska Bystrica basin, BKB — Banovska kotlina basin, DB — Danube basin, DVB — Dobra voda basin, ESB — East Slovakian basin,
HB — Handlova basin, HNB — Hornonitrianska kotlina basin, IB — Ilava basin, MF — Mala Fatra Mts., MSBL — Mid-Slovakian block,
NB — Novaky basin, ONTB — Orava-Nowy Targ basin, PB — Piestansky zaliv basin, RB — Roznava basin, SSB — South Slovakian
basin, TB — Tren¢in basin, TKB — Tur¢ianska kotlina basin, TUB — Turiia basin, UHB — Upper Hron valley basin, VB — Vienna basin,
VKB — Vad’ovska kotlina basin, ZB — Ziar basin, ZVB — Zvolen basin; Thermal mineral water spa and springs / wells: CIS — Cigel’,
BOS — Bojnice, CHS — Chalmova, CLS — Chuda Lehota, KOS — Korytnica, LIS — Libichava, LIS — Liptovsky Jan, LUS — Lucky-ka-
pele, PIS — Piestany, RTS — Rajecké Teplice, RUS — Ruzbachy, SMS — Smrdaky, TMS — Trencianske Mitice, TTS — Trenc¢ianske
Teplice, TUS — Turcianske Teplice.
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Badenian-Sarmathian-Pliocene formations reaching 950 m
(Watycha, 1976; Nagy et al., 1996; Potfaj, 2003; Loj et al.,
2009).

The Trencin and Ilava basins are filled with Eggenbur-
gian to Pliocene sediments. The upper parts of the Trencin,
Ilava and the Orava-Nowy Targ basins have facially and
lithologically identical sedimentary fill of the same latest
Pannonian age — lacustrine clays with lignite intercalations
overlain by fluvial sands and gravels (Biely et al., 1996).

Discussion

It is not excluded that formerly at least the Tren¢in and
Ilava, but maybe also Orava-Nowy Targ basins created
one depocentre of molasse sedimentation in the early sta-
ges of the Carpathian Neo-Alpine evolution prior to the
CCW en-bloc rotation of the Internal Western Carpathians,
which are part of ALCAPA micro-plate (Balla, 1984). This
basin could be in the process of ALCAPA CCW rotation
disintegrated into the Trenéin, Ilava and perhaps also Ora-
va-Nowy Targ parts, which were separated and dextrally
displaced to the recent position, because ALCAPA CCW
rotation should be in the Klippen and peri-Klippen zone
accommodated by intensive dextral shearing inbetween
the External and Internal Western Carpathians domains. If
the Orava-Nowy Targ basin was a part of former unite mo-
lasses basin, we have to calculate with extreme ca 140 km
dextral displacement along PKB zone, what represents the
recent distance between Orava-Nowy Targ and Ilava basins.

In herein presented tectonic concept, the Carpathian
Shear Corridor (CSC) operated as a prominent strike-slip
boundary of the extruding Central Carpathian Crustal
Segment (CCCS; Fig. 1). Boundary dislocations of CSC
could be indicated also by occurences of thermal mineral
water sources (Smrdaky, Piestany, Trencianske Teplice,
Libichava, Chalmova, Chuda Lehota, Bojnice, Cigel,
Turc¢ianske Teplice, Korytnica, Lucky-spa, Liptovsky Jan,
Ruzbachy), which are apparently spatialy and geneticaly
related to the structure of the Carpathian Shear Corridor.
Deep reach of dynamic boundary faults of the Carpathian
Shear Corridor could have been utilized as pathways for
migration of water coming from deep thermal sources.

The Carpathian Shear Corridor, which represents the
principal topic of this paper, is a conspicuous structure
in morpho-tectonic surface architecture. Nevertheless,
the most prominent crustal discontinuity named Pohorela
shear zone was interpreted by Bezak et al. (2023) in the
new Bouger gravity anomaly map south of CSC. This
tectonic interface is indicated also by magnetotelluric data
(Bezak et al., 2020) and roughly corresponds the Vepor
deep range fault formerly delineated by geophysicists and
represents the strike-slip tectonic contact of gravitationally
contrasting crustal segments (Bezak et al., 2023, and
citations mentioned there). Pohorela shear zone and CSC
seems to be geneticaly related, they have similar course
and strike-slip kinematics. This is why the Pohorela
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shear zone, fault respectively, is drawn in Fig. 1 as well.
While CSC accomodated significant Neo-Alpine progress
of Carpathians crustal segments, the noticeable coeval
activity of the Pohoreld shear zone has not been proven, it
seems to be older structure.

Conclusions

The geodynamic approach to the Internal Western
Carpathian Neogene basins, outlined in this paper of
conceptual discussion character, could contribute to un-
derstanding of the nature and distribution of Neogene sedi-
ments and core mountains (Fig. 1). The extrusion concept
of the Internal Western Carpathians (IWC) Neo-Alpine
Miocene tectonic evolution emphasizes the role of faults
during the step-wise extrusion of the Carpathian crustal
segments. The rigid upper crust of progressing IWC was
broken to independently moving blocks which filled the
complex shaped oceanic embayment in the foreland plate.
The prominent strike-slip faults, combined with thrusts
and extensional faults controlled the occupation of the
NEP embayment by individual Internal Carpathian and
Pannonian blocks.

Character and distribution of Neogene sedimentary ba-
sins reflects tectonic processes realized during the forma-
tion of Western Carpathian structure. Contemporaneously
with the progress in Carpathian orogenesis, the Neogene
sedimentary basins were formed on the moving basement.
In this light, the Miocene sedimentary sequences of the
Internal Western Carpathian Neogene basins represent the
syn-orogenic products of syn-tectonic sedimentation. In-
ternal Carpathian Neogene sedimentary basins belong into
the following three geodynamic types based on basin posi-
tion relative to the progressing crustal segments margins:
1. Large back-arc basins related to the Pannonian basin

system genetically connected with the activity of the

Pannonian mantle diapir and its satellites and remnants

of their intramontane embayments — spurs being

fingered into IWC shore.

Strike-slip fault-controlled basins situated inside boun-
dary shear zone (Carpathian Shear Corridor) of extru-
ded IWC crustal segment, arranged in basin-and-range
like structure, due to rotation and tilting of blocks in
this dynamic strike-slip shear zone.

Isolated basins situated within the Klippen and pe-
ri-Klippen zone, which represent the separated parts
of tectonicaly disintegrated molasse basin of Internal
Western Carpathians due to Early-Middle Miocene
extensive strike-slip shearing in highly strained zone
between Inner and Outer Western Carpathian domains.

Young core mountains (uplifted and exhumed ca
20-9 Ma ago) are evidently spatialy related to CSC. They
emerged due to strike-slip dynamics of this shear zone. It
can be considered, that the Carpathian Shear Corridor was
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after its Upper Miocene sinistral strike-slip activity cut
and interrupted by N-S trending Mala Magura and Zazriva
tear faults, rimming the Mid-Slovakian upper crustal block
(MSBL). This segment of CSC was shifted ca 20 km to
the North approximately 85 Ma ago. This event resulted
in push-out of the already exhumed Mala Fatra core Mts.
with the Turiec basin to the north and is the reason of
contrasting compressional tectonic style of the PKB Varin
sector in contrast with the strike-slip style and NE-SW
orientation of neighbouring Povazie and Orava sectors of
PKB.
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Neoalpinska geodynamika korovych segmentov ohrani¢enych zlomami,
dokumentovana na priklade zdpadokarpatskych neogénnych bazénov
a distribucie jadrovych pohori

V neoalpinskej faze orogenézy Zapadnych Karpat
dolezita ulohu zohrali zlomy. Kontinentdlna kéra krie-
dovo konsolidovanych vnutrokarpatskych jednotiek bola
zlomami vysSich radov segmentovana na samostatne sa
pohybujuce bloky, ktoré extrudovali do zalivu subdu-
kujtcej oceanskej kory, situovaného v severoeurdpskej
platni (Ratschbacher et al., 1991; Doglioni et al., 1991).
Po kolizii vnutrokarpatskych jednotiek/blokov s predpo-
lim (Cesky masiv) v zone pieninského bradlového pasma
a kolmatovani pribradlového segmentu Vnutornych Kar-
pat sa aktivhym severnym smernoposunovym rozhranim
bloku pohybujiceho sa na VSV (CCCS) stal karpatsky
strizny koridor (CSC; Marko et al., 2017). Je dominantnym
dynamickym tektonickym rozhranim v miocéne (obr. 1).

V praci diskusného charakteru je navrhnuté tektonic-
ka kategorizacia neogénnych sedimentarnych bazénov
vzhl'adom na Specificki dynamiku neoalpinskych blokov
tvoriacich ich podlozie. Podl'a tohto kritéria uz definované
geodynamické typy vnutrokarpatskych bazénov (Cech,
1984, 1989; Vass, 1979, 1998; Kovac, 2000; Janocko,
2003; Bezak et al., 2004) klasifikovanych na zaklade kri-
térii tedrie platiovej tektoniky (pozicia bazénu vzhl'adom
na okraj platni/mikroplatni, tektonicky rezim platiovych
okrajov a geotektonicky typ kory/litosféry; napr. Mial,
1984) mdzeme zaradit’ do troch kategérii vymenovanych
z juhu na sever: 1. rozsiahle strednomiocénne az pliocén-
ne zaoblukové extenzné bazény vznikajice termalnou
subsidenciou vztahujuce sa na velky panonsky bazén. St
vyvinuté na tenkej kore (Pasteka et al., 2017) s vysokym
tepelnym tokom (Majcin et al., 2017) vlyvom aktivity
plastového diapiru a jeho satelitov (Vass, 1979; Cech,
1988; Pospisil, 1990); 2. izolované rotované a tiltované
spodno- az strednomiocénne vnutrohorské bazény situo-
vané v zone karpatského strizného koridoru (CSC) spojené
so zlomovou smernoposunovou tektonikou — bazény striz-
nych zén (napr. Montenat et al., 1987); 3. bazény situova-
né v zéne bradlového pasma a pribradlovej zone, ktoré
su pravdepodobne smernymi posunmi, pravostranne sepa-
rovanymi segmentmi molasového bazénu cela vnutrokar-
patského bloku. To podporuje predpokladant vyznamnua
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rotaciu vnutrokarpatského bloku, ktory je sucast'ou bloku
ALCAPA (Balla, 1984) vzhl'adom na jednotky Vonkajsich
Karpat (napr. Marschalko, 1979).

Specifikom Zapadnych Karpat st mladé jadrové po-
horia (FT veky 22 — 9 mil. rokov) s exhumovanym krys-
talinikom (Kral’, 1977; Danisik et al., 2010; Kralikova et
al., 2014a, b; Marko et al., 2017) striedajtce sa s ,,halfgra-
benmi‘* neogénnych bazénov (Struktara basin and range;
napr. Nemcok a Lexa, 1990). Tento Styl stavby je vyvi-
nuty v karpatskom striznom koridore. Povazujeme ho za
dosledok smernoposunovej dynamiky tejto striznej zony.
Z konfiguracie mladych jadrovych pohori sa da usudit’, ze
CSC bol po jeho strednomiocénnej aktivite preruseny vy-
sunutim stredoslovenského bloku (MSBL) ohranic¢en¢ho
zazrivskym a malomagurskym zlomom na sever (obr. 1).
V tomto bloku sa nachadza aj jadrové pohorie Mala Fatra,
ktoré bolo spolu s pril'ahlou Tur¢ianskou kotlinou vysu-
nuté na sever. Tento koncept vysvetl'uje umiestnenie tohto
mladého jadrového pohoria mimo kurzu miocénne;j striz-
nej zony CSC a zarovei vysvetluje kontrastny kompresny
tektonicky $tyl varinskeho segmentu bradlového pasma
v porovnani so susednymi segmentmi, ktoré¢ majua smerno-
posunovy $tyl. Pri¢inu vysunutia stredoslovenského bloku
na sever nepozname, ale predpokladame, Ze mohlo ist
o gravitacny fenomén sposobeny vyklenutim kory v do-
sledku subvulkanickych intrazii v kremnicko-stiavnickej
vulkanickej oblasti a nasledného skiznutia bloku na sever
pozdiz zlomov lateralnych ramp.

Dominantné stredno- az vrchnomiocénne rozhranie
blokov CSC je ohrani¢ené severnou a juznou okrajovou
zlomovou zénou. Predpokladdme, ze tieto rozhrania su
strmé, maju hlboky dosah a umoziuju migraciu podzem-
nej vody a fluid s. 1. do velkej hibky, ich mineralizaciu
a ohrev. Distribucia vyznamnych mineralnych prameiov
a studni termalnej mineralnej vody zépadnej casti Zapad-
nych Karpat ukazuje, Ze sa priestorovo viazu na okrajové
zlomy karpatského strizného koridoru. To zaroven indiku-
je existenciu tychto okrajovych zlomov.
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Geochemical constraints on the petrogenesis
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Abstract: A new set of geochemical and mineralogical data of gneisses from the Patharkhola region of the Dudha-
toli syncline, Kumaun Lesser Himalaya is discussed to elucidate their petrogenesis and tectonic environment of In-
dia. These Patharkhola gneisses exhibit foliated texture and are primarily composed of K-feldspar (KAISi,0O,) and
plagioclase (NaAlSi, O,) with perthite (K,NaAlSi,O,), biotite (K(Mg,Fe)sAlSizO10(F,OH)2), muscovite (KAl (Al-
Si,0,))(OH),), and tourmahne (Na(Mg,Fe,Mn,Li Al) Al [SiO](BO,),(0,0H,F),) as accessory minerals. They
exhlblt Si0,> 70 % with average K ,O/Na,O = 1.31 % W?ule Nb V, Zr, La, and Eu show strong negative anoma-
lies normallzed to Post Archean Austrahan Shale (PAAS). The chondrite-normalized rare earth element (REE)
concentrations of light rare earth elements (LREE) to heavy rare earth elements (HREE) exhibit varying ratios,
ranging from 4.8 to 10.6 for (La/Yb)N. Additionally, there is a significant europium (Eu) anomaly, with Eu/Eu*
ratios between 0.3 and 0.6. The authors have done Post Archean Australian Shale (PAAS) normalization as well as
chondrite normalization separately and dealt with the variation in both normalizations.

The ratios of Al,0,/TiO, (82-112), Th/Sc (1.3-9.4), and Eu/Eu* (0.3-0.6) suggest that the precursor materials
of these gneisses were felsic in nature. Based on the petrological and geochemical characteristics of the studied
gneisses, it is proposed that the Patharkhola gneisses formed in an active continental margin, where the sediments

originated from felsic sources.

Key words: geochemistry, petrogenesis, gneiss, Almora, Patharkhola, Himalaya

100
Passive Continental margin
Rd
9
<
] 10 A
_g o, Active Continental margin
< <
=4

= )
< N
2 T g a
=
% Island Arc environment
&

0.1 T T T T

40 50 60 70 80 90
Sio,
Introduction

Around 55 million years ago, a significant event occurred
when the Indian and Asian tectonic plates collided, leading
to the formation of the majestic Himalayan mountain range.
This geological wonder stretches along the entire northern
boundary of India and serves as a remarkable example of
intercontinental collision in Earth’s geological history.
Notable scientific studies conducted by Molnar and
Tapponnier (1975), Valdiya (1980a, b, 1988), Yin (2006),
and Webb (2011, 2013) have offered valuable insights into
the complex processes that shaped this iconic mountain
belt. The collision of these continents causes continental
shortening, which results in the arrangement of Himalayan
rocks through various thrust systems. Key thrust systems
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 The Patharkhola gneisses exhibit elevated levels of
Si0,, potassic elements, and LREE/HREE (La/Yb)
N ratios between 4.8—10.6 along with Eu/Eu* ratios
falling between 0.3—0.6 with Th/Sc ratios between
1.3-9.4. These geochemical characteristics suggest
that the gneisses are derived from felsic sediments.

Highlights

» The Patharkhola gneisses are believed to be develo-
ped in an environment characterized by an arc type
setting, where sediments rich in silt and clay are
found in close proximity to the area.

include the Main Central Thrust (MCT), Main Boundary
Thrust (MBT), and Himalayan Frontal Thrust (HFT)
(Srivastava & Mitra, 1994). The MCT forms the northern
boundary of the Lesser Himalayan rocks, while the MBT
marks the southern boundary.

The tectonics of the Lesser Himalaya have been studied
extensively (Gansser, 1964; Valdiya, 1980a, b, 1988; Joshi
et al., 2017, 2019; Rana, 2023; Rana & Thomas, 2018,
2023; Rana et al., 2023a, b; Thomas, T. & Thomas, H.,
2003). Research by Mehdi et al. (1972), Saxena and Rao
(1975), Agarwal (1994), Srivastava and Mitra (1996), and
Bhattacharya (1999, 2000) has provided insights into the
structural setup of the Lesser Himalayan rocks. In contrast,
Ghosh et al. (1974), Srivastava and Mitra (1996), and Joshi
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and Tiwari (2009) have explored the metamorphic history Himalayan rocks, resulting in a complex
of the Almora Crystallines. arrangement. In the Patharkhola area, the exposed rocks

The central part of the Almora nappe exhibits a variety ~ belong to the Dudhatoli Group (Rana & Thomas, 2018).
of deformation patterns and polyphase metamorphism, as ~ This group is part of the “Inner Schistose Series” or the
documented by Gairola and Joshi in 1978. The Munsiari ~ “Metamorphic and Crystalline Nappe Tectonic Zone”
gneisses of the Almora Group in the Lesser Himalaya have ~ of the Lesser Himalaya, which constitutes a distinct
been dated to approximately 1,830 + 200 million years  structural unit that has undergone multiple deformations
old (Bhanot et al., 1977). Islam et al. (2005) classified the ~ and polyphase metamorphism. The authors have discussed
Proterozoic granitoids of the Lesser Himalaya into two  the geochemical constraints of the gneisses found in

154



Rana, H. et al.: Geochemical constraints on the petrogenesis of Patharkhola gneiss, Kumaun Lesser Himalaya, India

Patharkhola. Regarding the metamorphism of the Almora
Group rocks, these have experienced at least two phases
of deformation, characterized by well-developed F1 and
F2 folds. The older S1 schistosity planes, which were
formed during D1 deformation, are defined by muscovite
and biotite flakes along with inequant quartz; these
have been affected by tight to isoclinal folds (F2). The
S2 schistosity planes, which developed parallel to the
crenulation cleavages during D2 deformation, are defined
by the mica flakes. Four metamorphic zones have been
identified: chlorite-biotite, garnet-biotite, kyanite-biotite,
and sillimanite-K-feldspar (Joshi & Tiwari, 2001). Rana
(2023), Rana et al. (2023a, b) Rana and Thomas (2023),
noted that the rocks of Patharkhola exhibit a clockwise
pressure-temperature path characteristic of the Barrovian
zone of metamorphism, with temperatures ranging from
350 °C to 600 °C and pressures between 3.3 to 6.5
kilobars. In the Kumaun and Garhwal regions, there are

two significant outliers of crystalline rocks. The southern
outlier is known as the Garhwal nappe, while the northern
outliers are referred to as the Dudhatoli-Almora Nappe.
The Dudhatoli Crystallines extend from Garhwal in the
west-northwest to Kumaun in the east-southeast. In 1972,
Mehdi et al. classified the Mandhali, Chandpur, and
Nagthat Formations, along with the Dudhatoli-Almora
Crystallines, as part of the newly established Dudhatoli
Group. The Dudhatoli-Almora Crystallines form the
uppermost horizon of this group and are believed to be of
Precambrian age.

Gneisses can be observed between Wolmara village
and Patharkhola, where they come into contact with gar-
net-bearing schists (MgsAl:SisO1s). These foliated gneiss-
es have a medium grain size and are characterized by their
hardness and compactness. They contain abundant biotite
(K(Mg,Fe);AlSizO10(F,OH)2) and muscovite (KAl(Al-
Si3010)(OH)2), which contribute to their foliation. Ad-

Fig. 2. Representative field and microscopic photographs of Patharkhola gneiss presented in this study: A — Foliated gneiss expo-
sed at road section of Patharkhola village. B — Freshly cut foliated gneiss showing quartz, feldspar and phyllosilicates. C — Foliated
gneiss showing biotite-muscovite-quartz-feldspar assemblage. D — Foliated gneiss showing alternated bands of phyllosilicates and

quartzo-feldspathic layer in plane polarised light.

155



Mineralia Slovaca, 56, 2 (2024)

ditionally, porphyroblasts of feldspar (KAISizOs) can be
found within these gneisses. Notably, near the Tamadhaun
Primary School and around Khalgiba village, randomly
oriented tourmaline (Na(Mg,Fe,Mn,Li,Al)sAls[SisO1s]
(BOs)3(0,0H,F).) laths measuring 3 to 4 cm in length have
been observed (Rana & Thomas, 2018).

Analytical methods

Thin section petrographic studies have been carried
out with polarizing microscope having mounted photo
camera. Whole-rock major oxides and trace element
concentrations were determined by using pressed
pellets on a wavelength dispersive X-Ray Fluorescence

Tab. 1
Major, trace and REE of Patharkhola Gneiss of Kumaon Lesser Himalaya
Sample No. HRO05 HR13 HR14 HR16 |Sample No. HRO05 HR13 HR14 HR16
SiO, 72.2 73.46 72.31 73.36 Se 2 2 4 1
ALO, 15.63 15.36 15.79 15.3 v 11 11 15 10
Fe,O, 2.02 1.9 2.55 1.96 Cr 808 967 8192 857
FeO 1.8 1.69 227 1.74 Co 252 127 1169 459
MnO 0.03 0.03 0.06 0.03 Ni 934 989 8 665 839
MgO 0.26 0.23 0.24 0.23 Cu 2 7 18 9
Cao 0.62 0.64 0.66 0.69 Zn 82 50 41 54
Na,O 3.83 3.36 3.6 3.43 Ga 21 14 17 16
K,0 4.53 4.82 4.72 4.68 Rb 460 323 323 303
TiO, 0.19 0.15 0.14 0.17 Sr 49 81 73 84
P,0, 0.27 0.26 0.28 0.26 Y 41 32 32 31
Total 99.58 100.21 100.35 100.51 Zr 71 57 59 64
K,O/Na,0 1.182 1.434 1.311 1.364 |Nb 26 14 15 15
Na,O/ALO, 0.245 0.218 0.227 0.224 |Ba 160 210 196 221
Rare Earth Elements Pb 32 39 36 41
La 1.579 2.671 0.717 2.747 | Th 17 5 5 7
Ce 5.776 5.412 36.882 16.406 |U 4.7 1.1 22 BDL
Pr 0.717 1.144 5.019 2913
Nd 2.747 4344 17.709 10.848 (WD-XRF) Bruker S8 Tiger at the Wadia Institute of
Himalayan Geology (WIHG), Dehradun. Loss on Ignition
Sm 0.847 1.397 4.88 3.192 (LOI) for every sample was determined by heating silica
Eu 0.077 0.283 0.823 0.582 crucible containing 5 mg rock powder of each sample
Gd 0.674 1.445 5.513 3.47 at 950 °C. XRF technique analytical precision for both
Tb 0.098 0.293 0.998 0.647 major and trace elements lies within £ 2-3 % and =+
5-6 %, respectively (Saini et al., 2007). The rare earth
Dy 042 1.56 4.964 3.398 elements (REEs) of the representative volcanic rocks
Ho 0.06 0.242 0.759 0.517 were analysed using Inductively Coupled Plasma Mass
Er 0.133 0.475 1.504 1.024 Spectrometry (ICP-MS, ELAN DRC-E, Perkin Elmer),
Tm 0.019 0.063 0.191 0.131 strictly following the open digestion method at WIHG,
Yb 0.106 0399 109 0,683 Dehradun. Apprqximately 100 mg of powd;red sgmple
was measured with the help of an electronic weighing
Lu 0.014 0.05 0.15 0.093 balance, which is treated with a mixture of 10 ml distilled
REE total 13.267 19.778 81.19 43.73 acids (HF: HNO,) in the ratio of 1 : 2. The crucibles made
LREE/HREE | 14.6 541 925 7.08 of Teflon containing acid treated samples were put on a hot
plate heating at ~200 °C for a few hours. About ~2 ml of
La/Eu 202 943 2255 14.77 perchloric acid (HCIO,) was added, and the entire mixture
Eu/Lu 3.5 5.66 5.48 0.25 was left to evaporate until dry. After the samples were

*BDL = Below detection limit

turned into a thick brown paste form, 10 ml of 1 : 1 HNO,
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was added, and the samples were kept on the hot plate for
another 10 minutes. The final solution is left up to 100 ml
in a volumetric flask and ready for REE analysis.

Petrography

The gneisses found in Patharkhola exhibit a medium
to coarse-grained texture when examined under a mi-
croscope. These rocks are primarily composed of feld-
spar, including both potassium feldspar (KAISi:Os) and
plagioclase (NaAlSisOs), and they are devoid of garnet.
Other minerals present in the gneisses include perthite
(K,NaAlSisOs), biotite  (K(Mg,Fe);AlSizO10(F,OH)2),
muscovite (KAl(AlSiz010)(OH)2), secondary musco-
vite, and tourmaline (Na(Mg,Fe,Mn,Li,Al);Als[SisO1s]
(BO3)3(0,0H,F)4). The gneissosity of these rocks is char-
acterized by alternating layers of quartzo-feldspathic ma-
terial and mica. In some portions muscovite and biotite are

noticeably aligned, giving an appearance of lepidoblastic
texture. Furthermore, the gneisses display compositional
layering and foliation.

Following mineral assemblages has been observed:
a) Quartz-K-feldspar-Plagioclase-Muscovite-Sericite,
b) Biotite-Muscovite-Quartz-K-Feldspar.

The majority quartz grains display characteristics
ranging from xenoblastic to subidioblastic. These grains
often feature sutured edges, showing bulging boundaries
and the pinning of adjacent grains. The undulose extinction
observed in the grains indicates that they have experienced
ductile deformation followed by recrystallization.

It is common to observe undistorted quartz grains
containing tiny sericite inclusions that exhibit strain-free
extinction. Additionally, there are flattened and elongated
quartz grains that display undulose

extinction. K-feldspars are predominantly
perthitic in nature, with patches occurring
both at the core and rim of the grains. In
some instances, the K-feldspar undergoes
alteration, resulting in sericitization which
is primarily observed at the boundaries
between grains.

Plagioclase feldspars are typically
observed as subidioblastic grains, ex-
hibiting albite type twinning in most areas
and mechanical twinning in a few areas.
The measured extinction angles on these

25 grains range from An to An,, indicating
that the plagioclase is of the oligoclase to

andesine variety. The foliation is defined
by the preferred alignment of brownish
biotite lepidoblasts, which display light

brown to dark brown pleochroism
commonly associated with muscovite.
Additionally, a second generation of
biotite can be observed, forming an

A angular relationship with the earlier

biotite and defining a major foliation.
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Fig. 3. a — Log (Si0,/AL0,) versus log (Fe,0,/K,0) after Herron (1988). b — K, 0/
AL O, versus Na,0/AlO; after Garrels and Mackenzie (1971) for classifications of

Patharkhola gneiss of Kumaon Lesser Himalaya.
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Fig. 3c. Harker Variation diagrams of SiO,
versus other major oxides of Patharkhola
gneisses, Kumaon Lesser Himalaya.
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Fig. 3d. Harker variation diagrams of SiO, versus trace elements of Patharkhola gneisses, Kumaun Lesser Himalaya.
Geochemical characteristics of Patharkhola gneiss samples have a SiO, content exceeding 70 %. The average

The findings of the four chosen gneissic rocks, content of Na,O and K,O in the gneiss is 3.56 % and
including major oxides, trace elements and REE, have  4.69 % respectively. Generally, the Patharkhola gneisses
been presented in Tab. 1. The content of SiO, ranges from exhibit a higher potassium enrichment than sodium. The
72.20 % to 73.76 %, while the content of A1,O, ranges from  average K,0/Na,O ratio for these rocks is 1.31 %. The
15.30 % to 15.79 %. It is worth noting that all four selected ~ TiO, content in the rocks varies from 0.03 % to 0.06 %.
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The FeO/MgO ratio ranges from 6.91 % to 9.45 % for
these rocks.

Herron (1988) established a classification system for
the origin of terrigenous sediments based on logarithmic
ratios of SiO,/ALO, versus Fe,0,/K,O. By plotting the
Patharkhola gneiss on the Herron classification plot (Fig.
3a), it can be determined that the investigated gneiss
belongs to the wacke type that indicates the gneiss has
originated from a source with a silty to clayey composition.
The presence of high SiO, concentration in the samples
within the wacke field suggests a significant contribution
of quartz debris in the sedimentary environment. The
relationship between K,O/AL,O, and NaO/ALO, has
effectively distinguished between sedimentary and
igneous rocks, as demonstrated by Garrels and Mackenzie
in 1971. It is clear that all samples fall within the specified
range for sedimentary rock, as depicted in Fig. 3b. In the
Harker variation diagram, SiO, exhibits regression values
greater than 0.5 for ALO,, P,O,, MgO, and Na,O. Despite
these regression values exceeding 0.5, all the major oxides

100.00

display a nearly horizontal or inverse trend with SiO,,
as shown in Fig. 3c. The significant presence of K O, in
conjunction with AL O,, indicates an enrichment of mica
and chlorite concentration. Furthermore, the behaviour
of trace elements in the gneissic assemblages has been
examined using variation diagrams, with the plot of SiO,
against trace elements depicted in Fig. 3d.

Sedimentary processes have a significant impact on the
composition of alkali and alkaline earth elements. This is
mainly due to their high solubility in aqueous solutions
and their transportation as dissolved phases from the
source to the deposition sites. Throughout the processes of
weathering, transportation, and diagenesis, elements like
Ti, Al, and HFSE can easily dissolve in high-temperature
aqueous solutions without being fractionated relative to
each other.

The Patharkhola gneisses exhibit an AlO,/TiO, ratio
ranging from 82 to 112, which suggests that they origi-
nated from felsic source rocks. In order to determine the
composition of the provenance, characteristics of trace

a)
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Fig. 4. a — REE Rock/PAAS
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10000.00
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chondrite normalized plot
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(Sun and McDonough 1989)
of Patharkhola gneisses, Ku-
maon Lesser Himalaya.

Ba Nb Pb Sr
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elements such as REE, Cr, Co,

a)

Sc, and Th are studied, as they 100

remain immobile under surficial
conditions and have a short resi-
dence time in aqueous phases
(Taylor & McLennan, 1985).
These elements are commonly
transported from the source to
the depositional sites in terrige-
nous sediments. Felsic sources
typically contain high concen-
trations of highly incompati-
ble elements like REE and Th.

10

K,0/Na,0

0.1

Island Arc environment

Active Continental margin

Passive Continental margin

The Th/Sc and Eu/Eu* ratios
of felsic-derived sediments

40

50

60 70 80 90

Sio,

range from 0.8 to 20.5 and 0.4
to 0.9, respectively (Cullers &
Podkovyrov, 2000). The Th/
Sc (1.3-9.4) and Euw/Eu* (0.3—
0.6) values of the Patharkhola
gneisses fall within the range
of felsic source sediments, indi-
cating that these gneisses origi-
nated from felsic sedimentary
sources.

The Eu anomaly and REE
patterns are important indica-
tors for examining the charac-
teristics of source rocks (Altrin
et al., 2013). It is considered
that high LREE/HREE ratios
and negative Eu anomalies are
typically associated with felsic
sources, while flat REE patterns
with fewer Eu anomalies are as-
sociated with mafic sources. In
the case of the Patharkhola gneisses, the data shows frac-
tionated trends with high LREE/HREE ratios (La/Yb)N
ranging from 4.8 to 10.6, as well as Eu/Eu* values ranging
from 0.3 to 0.6, which further support the presence of fel-
sic sources.

The elements Nb, Y, Ni, Cr, and Rb exhibit a negative
correlation, while Ba, Sr, and Pb show a positive
correlation in relation to SiO,. The content of Nb ranges
from 14 to 26 ppm, with an average of 17.5 ppm, which is
slightly lower than the content in Post Archean Australian
Shale (PAAS) at 19 ppm. In the multi-element diagram
normalized to PAAS, the gneisses from Patharkhola
exhibit strong negative anomalies of Nb, V, Zr, La, and
Eu. On the other hand, Cr, Ni, Y, and Rb show enrichment
relative to PAAS. The total REE (ZREE) content in the
gneisses ranges from 13.26 to 81.19 ppm. The chondrites-
normalized REE concentrations display varying LREE/

malaya.

Fig. 5. a — SiO, versus K O/
Na,O (Bhatia, 1983). b — Tho-
rium-Scandium-Zirconium/10
(Th-Sc-Zr/10) triangular plot
(Bhatia, 1983) of Patharkhola
gneisses, Kumaon Lesser Hi-

b) Th

Sc
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Zx/10

HREE ratios (La/Yb)N, ranging from 4.8 to 10.6. The
authors have done Post Archean Australian Shale (PAAS)
normalization as well as chondrite normalization separately
and dealt with the variation in both normalizations. The
REE patterns are fractionated, with highly enriched LREE
and fractionated HREE, featuring a prominent Eu anomaly
with an Eu/Eu* anomaly range of 0.3—0.6. In terms of trace
elements, Ba, Sr, V, Zn, and Zr in the Patharkhola gneiss
exhibit low concentrations compared to PAAS.

The gneisses rare earth data was standardized to chon-
drites, as documented by Sun and McDonough in 1989.
An interesting observation reveals that the light rare earth
elements (LREE) exhibit steeper patterns, characterized
by a La/Eu ratio of 16.73. In contrast, the heavier rare earth
elements (HREE) display a less pronounced trend, with an
Eu/Lu ratio of 5.72.
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Tectonic implications

The role of geochemistry as a sensitive indicator in
determining the origin of sedimentary and metasedimen-
tary rocks, as well as providing insights into the tectonic
setting of their deposition, has been extensively explored
in scientific literature. Esteemed researchers such as Bha-
tia (1983), Bhatia and Crook (1986), Roser and Korsch
(1986), Madukwe et al. (2015), and Grizelj et al. (2017)
have significantly contributed to our understanding of this
subject matter. Their studies have consistently demonstrat-
ed the importance of geochemical analysis in unraveling
the provenance and tectonic history of these rocks.

Geochemical study is crucial in understanding the tec-
tonic setting of ancient depositional sedimentary environ-
ments. Through the analysis of geochemical data, various
discriminant diagrams have been developed to determine
the tectonic setting in which sediments were deposited.
For instance, the classification plot of SiO, versus K,0/
Na,O, introduced by Bhatia and Crook in 1986, indicates
that the protolith of Patharkhola gneisses was formed in an
active continental margin. Another diagram, the triangular
plot of Zr/10, Sc, and Th proposed by Bhatia in 1983, also
confirms that the Patharkhola gneisses belong to an active
continental margin.

Almora pelitic gneisses from Askot klippe have shown
similar geochemical characteristics as of Patharkhola
gneisses. The Eu/Eu* anomaly for Almora pelitic gneisses
from Askot shows 0.15-0.54 having similar pronounced
negative Eu anomaly. Negative Nb anomaly for both of
these Patharkhola gneiss and Almora gneiss (Das et al.,
2019) along with the garnet mica schist of Patharkhola
(Rana et al., 2023b) Rana and Thomas (2023) shows
similar sedimentation and metamorphism conditions.

Conclusion

The Patharkhola gneisses from Almora Dudhatoli
Group of Kumaun Lesser Himalaya have shown the fol-
lowing characteristics:

The gneisses are composed of quartz, predominant-
ly K-feldspar and minor amount of Na-plagioclase with
mica group of minerals that represent pelitic assemblage.
Si0, and Al O, total around 87-88 % with average Na, O
and K, O values are 3.56 and 4.69 % respectively.

LREE/HREE ratios (La/Yb), ranging from 4.8 to 10.6
showing notable enrichment of LREE and fractionated
HREE, along with a prominent Eu anomaly (Eu/Eu*
anomaly = 0.3-0.6).

Based on the petrological and geochemical characteris-
tics, it is concluded that Patharkhola gneisses were formed
in an active continental margin originating from felsic
sources.

The rocks of Patharkhola formed during the Paleo-
Proterozoic period in an arc-type setting where in between
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the arc and Indian continental plate, simultaneously
the rifting of back-arc basin followed by the receiving of
sediments both from the arc and the continental crust leads
to the formation of lesser Himalayan rocks.
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Geochemické charakteristiky petrogenézy rul oblasti Patharkhola
z kumaunskych Malych Himaldji v Indii

Himalajska horska retaz vznikla koliziou indickej
a azijskej litosférickej platne pred zhruba 55 milionmi
rokov (Molnar a Tapponnier, 1975; Valdiya, 1980a, b,
1988; Yin, 2006; Webb, 2011, 2013). Tektoniku Malych
Himalaji — zony situovanej juzne od hlavného hrebena
Himal4ji — intenzivne skiimali Gansser (1964), Mehdi et
al. (1972), Thomas a Thomas (1992, 2003), Agarwal et
al. (2010, 2016), Joshi et al. (2017, 2019), Rana (2023),
Rana a Thomas (2018, 2023) a Rana et al. (2023a, b).
Prace autorov Ghosh et al. (1974), Srivastava a Mitra
(1996) a Joshi a Tiwari (2004, 2007, 2009) priniesli nové
poznatky o metamorfnej historii krystalického masivu
Almora, ktorého geochemické charakteristiky su napliou
tejto stadie.

164

Mineralne zlozenie skiimanych ral paleoproterozoic-
kého veku z oblasti Patharkhola — kremen, dominantne
draselné zivce a sl'udy — indikuje peliticky protolit rulovych
metamorfitov. SiO, a Al,O, maju zastupenie 87 — 88 %.
Hodnoty Na,O a K O st 3,56 a 4,69 %. Pomery LREE/
HREE (La/Yb)N v rozsahu 4,8 — 10,6 spolu s anomaliou
Eu/Eu* (0,3 — 0,6) a Th/Sc (1,3 — 9,4) indikuju, ze protoli-
tom tychto rul boli felzitické sedimenty. Ich primarna po-
zicia sa spaja s prostredim vulkanického oblika s blizkou
pritomnost'ou sedimentov bohatych na silt a il.
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A comparative study of decision tree and support vector
machine methods for gold prospectivity mapping
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Abstract: Elements geochemical anomalies mapping is one of the main goals of geochemical investigations. Sin-
ce the field studies are time-consuming and costly, the data processing, applying machine learning methods could
be applied, which is less expensive, faster, and more accurate. In this study, two machine learning methods, inclu-
ding decision tree algorithm and support vector machine, were applied for gold prospectivity mapping. To reach
this aim, silver, copper, lead and zinc values were used as input variables. The comparison of the analytical results
obtained from the two mentioned methods confirms that the DT (decision tree) model has sufficient accuracy and
better performance than the SVM (support vector machine) model for preparing gold prospectivity mapping in
the studied area.

Key words: decision tree, machine learning, mineral prospectivity mapping, support vector machine

e Two machine learning methods, including decision tree al-
gorithm and support vector machine, were applied for gold
prospectivity mapping. To reach applicable results, the silver,
copper, lead and zinc values were used as input variables.

* The comparison of the analytical results obtained from the two
machine learning methods confirms that the DT (decision tree)
model has sufficient accuracy and better performance than the
SVM (support vector machine) method for preparing gold pro-
spectivity mapping in the studied area.

Graphical abstract
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1 Introduction

New techniques for estimating and evaluating vari-
ables have been created from research conducted over an
extended period. New techniques like machine learning
algorithms are used to address the issue of variable estima-
tion (Dutta et al., 2010). These algorithms learn how data
is related by using the examples provided to them. The
attraction of these non-linear estimators is their capability
to function like a black box. By providing sufficient data
to these algorithms and subsequently educating them, they
have the ability to grasp the connection between the input
data, like sample coordinates, and the output data, such as
the ore grade at specific points. With this approach, there is
no need to take into account assumptions regarding linear-
ity for components, coefficients, or relationships (Zhang
et al.,, 2024). Machine learning algorithms are catego-

rized into supervised learning methods and unsupervised
learning methods (Chatterjee et al., 2010b; Jafrasteh et al.,
2018). Both main categories have various techniques and
algorithms which are utilized, based on the specific prob-
lem and the type and amount of data available. Decision
tree is a commonly applied tool and technique for data
mining proficiency. This method can be very beneficial
in situations where the volume of data is extremely large.
Data mining involves discovering valuable knowledge that
is hidden and unknown within databases. There are two
main categories of data mining methods: descriptive and
predictive. Clustering is among the most well-known de-
scriptive techniques, while classification is considered one
of the most crucial predictive techniques. The clustering
perspective is crucial in data mining for analysing large
amounts of data and samples with different characteristics,
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as it involves important methods and techniques (Ander-
berg, 1973). Data is clustered in the clustering method
by maximizing similarity within groups and minimizing
it between groups. The process of classification involves
identifying data categories or concepts in order to create
amodel that can predict the categories of unknown objects.
A classifier is a function that learns to assign a data item
to a specific category from a set of predefined categories.
Decision Tree, Bayes classifier, and Neural Network are
a few popular classification techniques. A decision tree can
generate easy-to-understand explanations of the connec-
tions within a set of data and is useful for tasks involving
classification and prediction. This decision-making frame-
work can be implemented through mathematical and
computational methods that aid in categorizing and sum-
marizing a dataset (Tsai & Yen-Jiun, 2009). Among the
varied and effective methods in the artificial intelligence
field for estimating and evaluating grades are artificial
neural networks (Chatterjee et al., 2010a, b; Guo, 2010;
Li et al., 2010; Mahmoudabadi et al., 2009; Nezamolhos-
seini et al., 2017; Samanta et al., 2005; Sayadi & Shah-
rabadi, 2008; Tahmasebi & Hezarkhani, 2010, 2012; Tsai
& Yen-Jiun, 2009), neural fuzzy inference (Tahmasebi &
Hezarkhani, 2010), random forest (Jafrasteh et al., 2018),
and support vector machine (Maleki et al., 2014; Matias
et al., 2004; Tenorio et al., 2015). In mining engineering,
artificial neural networks are used not only for grade es-
timation, but also for tasks like blast network dimension
estimation (Amnich et al., 2012), processing factory de-
sign (Kotake et al., 2002; Singh et al., 2013), geological
classification (Thuijsman, 1995), remote sensing data
classification (Miller, 1995; Wang, 2005), and identifying
failure models in Underground Mining (Lee & Sterling,
1992; Shahin et al., 2008). The decision tree algorithm,
the foundation of the random forest algorithm, has been
extensively utilized in geological and remote sensing ap-
plications as a successful classifier (Jhonnerie et al., 2015;
Krishna et al., 2018; Masoumi et al., 2017).

Support vector machine, a supervised learning tech-
nique, is utilized for both classification and regression
purposes. The SVM classifier operates by linearly classi-
fying the data. It aims to choose the plain that has a higher
confidence margin. Utilizing nonlinear programming tech-
niques, the optimal line for the data is determined by solv-
ing the equation, as these methods are commonly used for
solving constrained problems. Prior to the linear division,
the data is transformed into a higher dimensional space
using the kernel function to enable the machine to classi-
fy the data with high complexity. To address the issue of
dealing with high dimensions, Lagrange’s duality theorem
is employed to convert the original minimization problem
into a dual form. This new form involves a kernel func-
tion, a simpler version of the complex function phi that
maps to the high-dimensional space by multiplying the
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phi function‘s vector. Various types of kernel functions,
such as exponential, polynomial, and sigmoid kernels, can
be utilized. Despite being newer than the artificial neural
network method, the support vector machine method has
quickly gained popularity due to its robust mathematical
foundation (Kecman, 2001, 2004; Smola & Schélkopf,
2004). This technique is commonly employed in pattern
recognition software, such as spatial data analysis (Dutta et
al., 2010), creating natural radioactivity maps (Pozdnouk-
hov, 2005), estimating arsenic levels in bedrock from river
sediments using support vector machine method (Twara-
kavi et al., 2006), identifying alteration zones linked to
mineralization (Abbaszadeh et al., 2013, 2015; Soliman
& Mahmoud, 2012), and classification of remote sensing
images (Moorthi et al., 2011; Soliman & Mahmoud, 2012;
Soliman et al., 2012). This approach has also been applied
in determining the grade of slate deposits (Matias et al.,
2004), glacial type platinum (Tenorio et al., 2015), gold
(Chatterjee et al., 2010a), and iron (Maleki et al., 2014) in
the grade estimation field. Hence, in this study, decision
tree algorithm and support vector machine were applied to
conduct gold prospectivity mapping.

2 Geological setting of the study area

The Janja area is located in Sistan and Paluchestan
province. The region is situated in a flat sandy plain with
sparse vegetation and few rock outcrops (Fig. 1), with
altitudes ranging from 800 to 900 m a. s. 1.

The research area is a section of the Zabul-Za-
hedan-Saravan subregion. This subregion is included in the
flysch basin located in eastern Iran, commonly known as
the eastern Iranian mountains. The region of the province
contains a deep oceanic bedrock that is overlaid with a thick
series of flysch deposits of Late Cretaceous-Oligocene
age. The mentioned basin is believed to have originated
after a collision within the continent between the Lot block
to the west and the Afghan block to the east, following
with formation of oceanic crust and ophiolitic complexes.
While much of the crust has been lost in Neo-Alpine sub-
duction zone, remnants can be seen along deep, longitudi-
nal faults like the Nehbandan fault in the area. According
to the geologic map of the area (Fig. 2), the Cretaceous
Flysch (Kuf) is the oldest and most prominent solidified
unit. This flysch is made up of alternating beds of grey
to green greywackes and calcareous lichens. The majori-
ty of calcareous lichens displays a light green, weathered
color, with occasional beds of fine-grained greywackes.
In multiple areas of the region, thick beds of calcareous
lichen (Kumr) units are visible. These limestone lichens
are associated with the Cretaceous flysch and, in terms of
lithology, are identical to the lower formations, however,
they are consistently found below a layer of volcaniclas-
tic sediments. The thickness of unit varies, reaching up to
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Fig. 1. Geographical location map of Janja area.

536 meters in the eastern part of the ophiolitic belt. The
Sefidabe Formation (KPs) is one of the largest units found

in the Janja area, particular-
ly in the central and eastern

province

Sistan &
Baluchestan

north, these units are hundreds of meters
thick, but their thickness decreases quickly
towards the east and west. In certain areas,
these units appear to be similar to Kuf sedi-
ments.

3 Data and methods
3.1 Sampling operation

Considering the extent of exploration
and the dense waterway network in the
area, a sampling system was developed for
gathering geochemical and heavy mineral
samples. This system consists of 285
geochemical samples and 59 heavy mineral
samples from waterways (Fig. 3).

Alongside collecting samples from
the sediment of waterways, 18 trenches
were excavated on the surface where
polymetallic veins are exposed, as well
as in the area where intense operations
were conducted. It was tried to design the

trenches perpendicular to the trend of the veins based
on the outcrops of the veins. Additionally, 16 boreholes

parts of the zone. This struc- ;_ "
ture is primarily made up of %

a series of volcaniclastic and |
pyroclastic deposits, which
are divided into lower and
upper sections in some areas.
The bottom section (KPsl) is i-
made up of thin to medium
layers of volcaniclastic mate-
rial, along with some volcanic
flows, clastic sediments, and
limestones. The upper section

displays characteristics of !-
stratified volcanic and pyro-
clastic rocks with pale green
lichen layers alternated. In the
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were drilled for polymetallic mineralization in the region.
A combined total of 3 754 samples were gathered from
trenches and boreholes excavated in the area.

3.2 Decision tree algorithm

The decision tree algorithm belongs among the most
commonly used data mining algorithms. In data mining,
the decision tree serves as a predictive model that is ap-
plicable for regression and classification models. If used
for regression, it is termed a regression tree; if for classifi-
cation, it is known as a classification tree. A set of binary
decisions is used by the decision tree to carry out multi-
stage classifications. Every choice separates a collection
of pixels into two categories according to a set of logical
conditions. A tree may contain any quantity of decision
nodes. Information from various origins and categories can
be utilized in constructing a decision tree (Zaremotlagh
& Hezarkhani, 2017). Decision trees are effective meth-
ods for predicting and clarifying the connection between
certain measurements and
a target variable. The de-
cision tree algorithm was
utilized in this study to

E@) =Y p| )Logp(| 0p, [1]
Where E(?) is the entropy criterion — the relative frequency
of class j in node ¢. Hence, the information gain for every
split is calculated in the following manner:

GAIN

Split

. .
~E(p) -2, ~ EG) [2]
Where E(p) is the overall entropy at parent node and is
the sum of weighted entropy at each child node. The
parent node is divided into k£ components and the number
of records in the component is i. This maximizes the
similarity and difference between the data sets in nodes
(Shirali, 2016). In the decision tree framework, the forecast
generated by the tree is described as a set of rules. Every
route from the starting point to a last branch of the decision
tree represents a rule, and ultimately, the leaf is marked
with the category that contains the highest number of data
entries. A feature selection criterion is a method to choose

Geochemical Sampling Network Map

258000

pinpoint potential mining
locations. The decision
tree picks a variable with
a high information value
to identify the promising
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range (equation [1]). The :
effectiveness of the chosen
variable is assessed by uti-
lizing equation [2] and the
entropy reduction criterion
(Zhang et al., 2019).
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the best branch point criterion that separates the labeled
classes in training data. Two popular methods for selecting
features are the Gini coefficient and entropy index. The
Gini index is a statistical metric employed to gauge the
spread of data within a dataset. This index is determined
by utilizing equation [3]:

Gini=1-Xp?% [3]
Where p is the probability of occurrence of a particular
class in the set. The Gini index is utilized in the decision
tree algorithm to evaluate how similar the subsets formed
by a feature are in terms of their composition. A lower
Gini index makes a feature better for splitting data into
more uniform subsets. The decision tree algorithm utilizes
the Gini index to pick the feature that leads to the most
significant decrease in the Gini index of the set. This
indicates that the chosen characteristic results in the greatest
level of uniformity in the subsets that are formed. Entropy
plays a crucial role in machine learning, particularly in the
development of decision trees. Entropy quantifies the level
of instability or uncertainty in a dataset. This concept may
aid in understanding how information is spread out in a set
of data and how it can be used to properly split the data
when constructing a decision tree. In order to determine
entropy, we need first to determine the likelihood of each
class appearing in the dataset. Next, these probabilities
are used in determining the overall entropy, as outlined in
equation [4]:

Entropy = ~S(p(x) log, p(x). [4]
Where p(x) is the probability of occurrence of each class.
The entropy value shows the level of instability or com-
plexity present in the data. Entropy is utilized in decision
trees to determine the best feature to split at each node. The
objective is to choose the feature that results in the most
significant decrease in entropy, ensuring that the partitio-
ned data is more consistent and capable of making more
precise forecasts. Pruning plays a crucial role in optimiz-
ing decision trees. Pruning involves removing sub-nodes
from the decision tree, which is in contrast to splitting.
When constructing a decision tree, several branches repre-
sent abnormalities in the training data resulting from out-
liers or noise. In some tree creation algorithms, pruning is
is considered a part of the algorithm. While in other cases,
pruning is solely employed to address the issue of overfit-
ting. Several methods use statistical criteria to remove less
reliable branches. Pruned trees are often smaller and less
complicated, making them simpler to comprehend. Pruned
trees generally have a quicker and more accurate perfor-
mance in classifying test data compared to unpruned trees.
Two popular methods are used for cutting trees. In the
initial stages of constructing a tree, pre-pruning involves
frequently stopping to prune the tree. As soon as a stop is
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created, the node transforms into a leaf. The post pruning
method is the second case. It removes subtrees from a full-
grown tree. Pruning a subtree involves removing branches
at a node and replacing them with a leaf node. The size
of the decision tree is another crucial parameter. A sim-
pler decision tree is more communicative and transparent.
Hence, the accuracy of the tree is significantly impacted
by its level of complexity. Typically, the complexity of
a tree is assessed by one of the following criteria: the total
number of nodes, total number of leaves, tree depth, and
number of features used.

3.3 Support vector machine

Support vector machines represent type of generalized
linear models that rely on a linear combination of features
to make decisions regarding classification and regression.
Support vector machines, like artificial neural networks,
have the ability to estimate multivariate functions with
any desired level of precision and are suitable for repre-
senting various nonlinear and intricate procedures (Wu et
al., 2018). Support vector regression, a form of support
vector machine, is used for estimation across different
issues. This approach involves educating algorithms and
relies on the support vector machine classifier method,
which is more comprehensive than the aforementioned
method (Smola & Scholkopf, 2004). The method of sup-
port vector regression, rooted in statistical learning theory
and focused on minimizing structural risk, was originally
presented by Vapnik in the 1990s (Matias et al., 2004). In
a regression model, it is essential to determine the rela-
tionship between the dependent variable y and a group of
independent variables x (Smola & Scholkopf, 2004). This
technique is applicable for predicting and classification
problems involving two or more categories (Martinez-
Ramoén & Christodoulou, 2022). The aim of these issues
is to create a classification standard that is effective for
samples that have not been harvested and also has strong
generalizability. The optimal hyperplane is defined as the
linear separating plain with the largest margin and equal
distance from the nearest points, with the goal of extend-
ing the boundary to cover all potential ranges. Typically, in
linear classification tasks, a weight like / needs to be taken
into account for a vector like X in order for this weight to
effectively categorize the vectors into their correct classes.
The optimal separator plate is chosen based on equation
[5] (Abe, 2005; Tran et al., 2005).

wix+b=0,

(3]

Where w is the weight matrix; T is the output of the
weighting matrix; x is the vector and b is the bias
constant. The inner multiplication is used to express the
relationship between vector x and weight w. In the context
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of the Support Vector Machine algorithm, the equation [5]
typically represents a decision boundary. In other words, 0
(the numeral zero) indicates the decision boundary itself,
which separates different classes in the feature space. The
points that lie on this boundary satisfy the equation [5]:

e Positive Class: For instances of the positive class
(e.g., class +1), the expression w’x + b= 0> 0.
e Negative Class: For instances of the negative class

(e.g., class —1), the expression w'x + b =0 <0.

A set of points is optimally separated by a plain based
on the conditions that they are accurately classified in their
respective classes. The maximum distance between the
nearest points of each data class to the separating plain
is shown in Fig. 4 (Sénchez, 2003; Tran et al., 2005).
Therefore, it is necessary to calculate the parameters w and
in order to meet the two specified conditions. To address
this issue and regulate the precision of the data, equation
[6] is formulated for the margin (Huang et al., 2006).

x<1 for y=-1

T +b=0={
W x=1 for y=1

; [6]
Where the y, represents the class label for the i” training
example. In this case, it can take on values of —1 or 1,
which correspond to two classes. Typically, y,= 1 might
represent the positive class and = —1 the negative class.

T2/

Fig. 4. Optimal separator plate and margins.

To find the ideal separation boundary with the right
margin, the goal is to maximize the distance between
both margins. Formula [7] illustrates the method for
determining and optimizing the separation distance of
these two thresholds (Martinez-Ramoén & Christodoulou,
2022).

(Wx+b-1)-Wx+b+1)] _

2
lwll

Iwll

d(w, b; x) = (7]
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Where d(w, b; x) represents the distance from a point
(given by the feature vector ) to the decision boundary
defined by w’x + b = 0. The constants 1 and —1 represent
specific thresholds that define the margins for the separated
classes. Typically, the decision boundary is set to equal
0 (the numeral zero), while the margins are defined as
1 and —1. The |lw| is called a soft function. According
to the results obtained from equation [7], the goal is to
maximize the desired margin (Abe, 2005; Huang et al.,
2006; Martinez-Ramoén & Christodoulou, 2022; Merler &
Jurman, 2006; Sanchez, 2003). Occasionally in the linear
system, there are situations where multiple data points
are missing (Fig. 5). In this situation, the error function is
necessary in order to attain an excellent separating plane.
Equation [8] (Bishop & Nasrabadi, 2006; Wang, 2005)
displays this function.
N
FQ =2 & (8]
Where the function F(£) measures the total error resulting
from the slack variables , which correspond to misclassified
instances or instances that fall outside the margin. Put
differently, &i represents the classification error value. The
data placed in the margin is the significant feature in Fig.
5. This data is used by the vector machine to accurately
classify the data (Van Der Heijden et al., 2005; Wang,
2005).

X].“ a K
Class1 @ © v’”
//\’
‘'
x‘o’
p ¥
&7
s’
o ©
[ ]
[+]
Class 2
> XZ

Fig. 5. A linear integral system with error rate &i (Zhang et al.,
2019).

Hence, equation [9] represents the optimization prob-
lem in non-separable linear systems. The vector w deter-
mines the hyper plain of the generalized optimal isolator
through equation [9] (Bishop & Nasrabadi, 2006).

M i,

N
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Where M in_, denotes the objective function that is
attempted to be mlnlmlzed 7w Ty during the training
of the model. It represents the total loss that needs to be
minimized —represents the regularization component of the
objective function. It is often associated with maximizing
the margin, the factor of 7 is used for mathematlcal
convenience, particularly when taking derivatives Z &
represents the total slack variable penalties for all tralnmg
samples, N is the total number of training samples in the
dataset, and ¢i is the slack variable corresponding to the
i" training example. The & measures the extent to which
the i example falls within the margin or is misclassified.
If & = 0, the example is correctly classified; if & > 0, it
is either misclassified or lies within the margin. The y,
is the class label of the i” training example, which takes
values of 1 or —1. It indicates which class the example
belongs to. The x, is the feature vector of the i” training
sample. Each component of this vector corresponds to
a feature of that sample. The constraint y (w'x, + b) > 1 - &i
ensures that each training example is correctly classified
with a margin of at least 1 minus the slack variable. For
a correctly classified point (y, = +1), the condition requires
that the output of the decision function w'x, + b is at least
1. For misclassified points or those near the margin (when
&l > 0), it provides leeway by allowing a margin of less
than 1. The parameter C is the interaction coefficient to
maximize margins and minimize performance error. In
cases such as this one, Lagrange multipliers are utilized,
appearing as Lagrange multipliers in equation [10] in the
latest correlation involving a, f (Wang, 2005).

PN

(i=1) i
[10]

Lp(w,b,&,a,B)=%w w+CZN1)2;
Dwix b -1+ -2 Bg

Where o, is Lagrange multiplier associated with the con-
straints of the SVM optimization problem. Each corre-
sponds to the i training example and measures how much
the corresponding constraint contributes to the Lagrang-
ian. Non-zero indicates that a data point is either a support
vector or on the margin and B, is Lagrange multipliers as-
sociated with the slack variables &. Each B, represents the
penalty associated with the i slack variable. A non-zero
B, indicates that there is some violation of the minimum
margin requirement.

The fundamental issue of equation [10] can be con-
verted into a dual problem by dual classical Lagrange.
Equation [11] defines the dual aspect of this relationship.

MaxW(a,B) = Maxa,ﬁ(M in_ L(w,b,Ea,pB),

w,b,&

[11]

Setting the derivative of equation [11] with respect to
W and equal to zero yields the values of equations [12]:
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oL -
Fw © then w—;ai[}ixi
J oL
3 O then W=Eilal.yl.=o [12]
oL
| 7 =0 then a +B,=C

Equation [11] can be used to express the relationships in
the form of equation [13] to derive the basic equation of the
vector machine in the linear integral state (Wang, 2005).
MaxL, (o) = Z = Z .y, aixl.T X,

[13]

It is evident that the linearly separable system functions
in the same way as the linearly separable system. The
only thing that sets them apart is the adjustment of the
boundaries of the Lagrange coefficients. The parameter C
must be established in these systems in order to determine
the classifier’s extra capacity. Typically, a vector such as
x in a higher-dimensional space is represented as a linear
vector machine in a higher space (also known as a feature
space) depicted in Fig. 6, with the input space still being
nonlinear.

Feature

v

=
[=]
>
map /‘] == o
=
o
Separating
hyperplane

Fig. 6. Data classification in higher space.

It is important to mention that Table 1 displays the most
frequently utilized kernel functions for linear inseparable
problems.

Tab. 1

The prevailing kernel functions employed in linearly
inseparable issues

Type Kernel function

Linear K(x_i,x_j )=Yx, X,

Polynomial K(x,x) = (Yx,x,+ ).y > 0o

RBF KOs, x) = ep Y, — 5, [PLY > o°
Sigmoid K(x, x) = tanh(Yx, x 7)Y > o’
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4 Results and analysis

4.1 Gold grade estimation using decision tree algo-
rithm

Regarding this matter, the data extracted from
geochemical samples and the analysis results from
exploratory boreholes were evaluated in relation to outlier
values, number of communities, and normality. Next, this
information was sent to Python 3.11 software to create
a model of potential gold mineralization areas, using
factors such as rock type, alteration zones, and silver,
copper, lead, and zinc values as independent variables. The
model building process involves two phases: training the
model and assessing its accuracy, which will be detailed
further. To prepare the model for training, the dataset was
split randomly into two sets in a 70 : 30 ratio. Training
involved 70 % of the data while the remaining 30 % was
used for validation during model evaluation. In order to
prevent overfitting during modeling, the pruning technique
was applied before the tree was allowed to grow, aiming
to decrease complexity. In order to achieve this goal, the
confidence factor, which ranges from 0 to 1, was utilized.
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Alteration2 -

Mlnerallzatlonzone -..-- O 619 0 347 1 000 .. 0 406 --
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This study utilized a confidence factor of 0.95 to prune the
decision tree. The scikit-learn library’s classifier decision
tree was employed to develop and utilize a decision tree
for data categorization purposes. This class constructs
a decision tree using the CART algorithm. The decision
tree is constructed using the CART algorithm through
recursive and alternating divisions. Once the model
is in place, it might not function effectively, therefore
tweaking the corresponding hyperparameters is necessary
to achieve the intended results. Some of the decision tree
hyperparameters are as follows:

1. The minimum number of samples in each node to
create branching and tree growth.

2. The least number of leaves that show the results of
decisions.

3. Maximum depth of tree (number of rows).

4. The largest number of components that are randomly
considered in the posterior direction of the tree.

5. Tree node evaluation indices to analyse the informa-

tion obtained from different nodes for the purpose of
branching, for example Gini coefficient and entropy.

1.00

0.50

-0.25

--0.50

Fig. 7. Correlation diagram between the
variables of Janja dataset.

Mineralizationzone -
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By applying various hyperparameters, the model was
eventually fine-tuned to its optimal state. In this frame-
work, the model requires a minimum of 5 samples
in each node for tree development, a minimum of 3
leaves, a maximum tree depth of 4, and uses the en-

tropy index as the appropriate criterion. Furthermore,
because the 3rd and 4th categories of gold hold greater
significance in terms of discovery, a weighting method
was implemented for these classes. This description
assigned weights of 0.2, 0.2, 0.3, and 0.3 to classes 1,
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2,3, and 4, respectively. According to the results of this
algorithm depicted in Fig. 7, the correlation between
gold and type 1 alteration stands at 0.597, with type 2
alteration at 0.575, with mineralization zone at 0.393,
with the type of mineralization host rock at 0.049, and
with silver, copper, lead and zinc show no relation. The

types of variables such as alteration type 1 and type 2,

mineralization zone, and rock type have been discussed

in a broad manner, with each having distinct variations.

The correlation of each type with mineralization will

vary accordingly.

It is worth noting that diorite, hornfels, amphibole-
rich schist, and clay are the most effective in gold particle
deposition, as shown in Fig. 8.

Furthermore, Fig. 9 illustrates the presence of gold
particles increasing in areas with propylitic, potassic,
clay, siliceous, iron oxide III, and chlorite alterations,
in descending order.

Another factor that influences the buildup of gold
particles, specifically the mineralization zone, was also
examined, with the outcomes displayed in Fig. 10.
According to the results of the decision tree model, the
hypogene mineralization zone followed by the oxyhypo-
gene zone will be given higher priority for gold particle
accumulation. In the following stage, the oxidation and
oxysupergen areas provide ideal conditions for the gold
particles to be deposited.

Ultimately, the decision tree algorithm is employed to
showcase the three-dimensional model of the area under

Gold Contour (3D)

']

%
°%

i

Fig. 11. Three-dimensional diagram of promising mineral areas of the studied

region.
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study, as depicted in Fig. 11. Indeed, the identification of
potential mineral-rich zones can be achieved through the
utilization of this algorithm.

Evaluating the accuracy of a classifier is crucial once it
has been constructed. Using test data is more beneficial for
evaluating the precision of a classifier. After constructing
the model with the training data, it is important to assess its
accuracy in predicting the class label of the samples using
the test data. The classifier’s accuracy on test samples is
determined by the number of samples correctly classified
by the model. Certainly, the error rate can be computed in
place of accuracy. Another crucial aspect revolves around
the cross validation of data, which is essential for assessing
the efficacy of machine learning models and relies on where
the model gathers the necessary training information from
within the dataset. In the specific model, the sensitivity
of the model to this issue was also assessed by assigning
values of 5 and 10 for this criterion. Ultimately, the model
that was achieved underwent evaluation. During the model
assessment, the following metrics were calculated: overall
accuracy (91.7 %), prediction accuracy for positive cases
(91.9 %), coverage of positive samples (91.7 %), and F1
score (91.8 %).

4.2 Gold grade estimation using support vector
machine method

The radial basis function (RBF) is chosen as the kernel
function to assess the grade of Janja polymetallic deposit
through the support vector machine classification method.
The RBF kernel transforms the samples in
a nonlinear manner to a space with higher
dimensions. In contrast to other kernel types,
this kernel encounters fewer computational
issues and can effectively handle data sets
with high dimensions. Additionally, this kernel
function has a lower number of parameters
when compared to functions like polynomial
functions, ultimately decreasing the model’s
complexity (Hsu et al., 2003; Lin et al., 2008).
The effectiveness of a model using the support
vector machine technique heavily relies on the
parameters chosen for the model. In order to
achieve a model with strong generalization
abilities, it is important to carefully decide
on the model parameters. Selecting the best
parameters for the model can impact its
performance quality; hence, a model with
incorrect parameters might yield undesirable
outcomes (Kecman, 2004; Oliver & Webster,
2014). In order to find the best parameters
for the model — such as C, vy, and kernel type,
a network search approach was employed,
utilizing a 10-point cross-validation. This
approach involves setting up a uniform grid in

Au
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the parameter space that needs to be explored, followed
by assessing all grid points in order to identify the best
overall point. Ultimately, the grid search will identify the
best possible point among all points within the grid for the
specified parameter. The network search method begins
by creating a large network in the parameter space and
gradually defines smaller networks as it approaches the
optimal point, ultimately converging towards the overall
optimal point in the parameter space (Hsu et al., 2003).
Table 2 displays the range of values to search for each
model parameter. The primary concept of this approach is
to identify the best parameters of the model in order to
minimize the model error. As stated, the cross-validation
method is utilized in conjunction with the network search
method for this purpose. During k-fold validation, the
training set is initially partitioned into k equal-sized
subsets. Each subset is tested in consecutive order by the
model trained based on the remaining k-1 subsets. Thus,
each individual sample in the training set is calculated only
one time. Therefore, the accuracy of cross-validation will
be the proportion of correctly predicted data. Indeed, the
RMSE error value is achieved for the specified parameters
in every test subset through the implementation of cross-
validation technique. The mean RMSE for each of the k
test subsets is shown as a way to evaluate the model’s
performance. This introduces the optimal parameters of
the model as those that result in the lowest RMSE. Another
benefit of using cross-validation is its ability to address the
issue of overfitting in the model (Che & Hu, 2008; Hsu et
al., 2003).

Tab. 2

The search interval for each of the model parameters in
estimating gold grade

Support vector machine

model parameter SETENENTS

C {0.01, 0.1, 1, 10, 100}
v {0.01, 0.1,0.2, 0.3}
Kernel {Linear, Polynomial, RBF}

Table 3 displays the best C and y parameters, as well as
the kernel type, determined through a grid search method
using 10-fold cross-validation. Once the model’s best
parameters were chosen and the lowest error from cross-
validation was achieved, the entire training dataset (90 %
of the total data) was used to train the optimal model.
The process of training the model was carried out using
Python 3.11 software. Following the training phase using
the best parameters, the support vector machine model’s
effectiveness and efficiency were assessed using the test
data (10 % of the overall dataset).
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Tab. 3

Optimal values of C, } and Kernel parameters applying
the gird search method based on cross-validations that is
divided into 10 folds

Optimal parameters The optimal value
of the model of the parameter
C 1
14 0.1
Kernel RBF

SVM methods have been employed in order to improve
the accuracy of gold grade predictions. To achieve this
goal, the dataset needs to be separated into training and
testing sets. The input data consisted of the silver, copper,
lead, and zinc values with gold value being the output
data. This network underwent training using various
combinations of training and testing data, including ratios
of 90/10, 80/20, 70/30, 60/40, and 50/50. The results that
were obtained can be found in table 4. It was found that the
best scenario involved using 90 % of the data for training
and 10 % for testing.

Tab. 4

Impact of varying selection ratios of training and testing
data on support vector machine algorithm

Trainir;g/o/]testing Accuracy [%] RMSE
90/10 82 0.917
80/20 80 0.964
70/30 76.8 0.949
60/40 76.5 0.923
50/50 76.3 0.911

Following the calculation of the training and testing
data ratio, visual patterns were generated using three-
dimensional diagrams to show the correlation between the
actual and predicted values of gold. Furthermore, within
these illustrations, gold anomaly regions were depicted
in pairs based on the concentration of the input elements.
Since gold has a stronger correlation with copper compared
to silver, lead, and zinc, pairs of input elements are first
examined before drawing diagrams to represent anomalies
of gold, as shown in Fig. 12.

5 Conclusions

Today, the implementation of variable estimation
is a recent approach that has facilitated the decision-
making process in various fields of study. Estimating the
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Fig. 12. 3D diagram of gold anomaly zones based on grade of: a) silver and copper, b) lead and copper, ¢) zinc and copper, and d) zinc

and lead.

grade of mineral deposits is a crucial aspect of evaluating
them in geosciences. There exist several techniques to
determine this crucial factor. Years of thorough research
have resulted in the creation of innovative techniques
for estimating variable amount in the deposit. One of the
methods available is the decision tree algorithm, which
is a simple and powerful machine learning algorithm
suitable for classification and regression tasks. It can
be easily understood and is capable of processing many
different types of data. Nonetheless, it is susceptible to
overfitting and may be unreliable. Although they have
limitations, decision trees are utilized in many fields,
making them a useful tool for analysing data and making
predictions. If the data includes logical conditions or
is divided into various categories, the decision tree
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algorithm is the appropriate selection. Using different
classification algorithms is recommended when dealing
with an excessive amount of numerical variables in the
data. By utilizing the decision tree algorithm, it is evident
that diorite, hornfels, amphibole-rich schist, and clay show
the highest potential for gold particle deposition. Diorite
plays a significant role in rock formations containing
gold deposits and is considered the source rock. Indeed,
the thermal engine is situated within the diorite rock,
causing the hydrothermal solutions to move due to the
heat produced. Hornfels does not play a significant role in
gold mineralization due to its low porosity, which results
in poor permeability to hydrothermal fluids, preventing
mineralization in this rock. When pyrite crystals are found
in schist or clay, it indicates the presence of either pyrite or
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its phantom form representing gold. This shows that gold
has been displaced within the sulfur phase due to shifts
in oxidation-reduction conditions. The gold particles are
typically found in reducing environments like clay minerals
and schists, where they can be released from complexes
and precipitated due to hydrothermal activity, making
these rocks favorable hosts for gold. The producer may
consist of diorite while the host rock can be composed of
clay and schist rocks. Hence, it is recommended to obtain
a thin sample from the schists and use electric charge to
determine if gold particles are present. Additionally, it is
important to determine the phase of any gold particles
found in the schist sections: Is it in the crystallization phase
or in the mineralogical phase like pyrite or chalcopyrite?
Furthermore, there has been a build-up of gold particles
in the alteration zones of propylenic, potassic, clay,
siliceous, iron III oxide and chlorite in descending order.
It is important to point out that the propylitic and argillic
alteration zones possess geochemical attributes required
for the accumulation of gold. Mineralization is favored in
the propylitic zone of hydrothermal systems due to its high
oxidation levels and acidic environment. Atmospheric
waters also have a part to play. This area is optimal
for disrupting gold compounds. In the potassic zone,
temperatures exceeding 450 degrees Celsius prevent gold
complexes from breaking unless they are already enclosed
in pyrite and chalcopyrite. However, typically, the area high
in potassium does not have a significant amount of gold
deposits, whereas the surrounding propylitic and argillic
zones are rich in gold because gold complexes are the final
phase to deteriorate and, if they bond, they stay firm even in
colder temperatures. In other words, gold complexes either
do not enter the game or come until the end of the game.
The accumulation of gold particles in the mineralization
zones was also investigated. According to the decision tree
model's results, the hypogene mineralization zone followed
by the oxyhypogene will be given higher priority for the
aggregation of gold particles. In the following stage, the
oxidation and oxysupergen regions are conducive zones for
the accumulation of gold particles. Indeed, the hypogene
mineralization area corresponds to potassic and phyllic
modification. The propylitic zone has a similar level of
oxidation as the hypogene zone, but actually displays more
argillic characteristics. The supergene zone includes clay
minerals, iron oxide, and chlorite, with siliceous alteration
also being part of the argillic zone. Indeed, there is a high
concentration of gold in the hot section of the mine,
which goes against the low gold mineralization found in
Sarcheshme and Songun mines in Iran. In those mines,
gold is mostly deposited in the cold areas near the mass and
in veins of types 4 and 5, which contain pyrite, anhydrite,
and calcite. In conclusion, the decision tree algorithm can
accurately pinpoint mineral-rich areas with a high success
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rate of 92 %, as demonstrated in the relevant section where
the diagram was displayed.

Another effective and powerful machine learning tech-
nique is the support vector machine method, employed
for predicting the gold quality in Janja region. Firstly, the
support vector machine method was used to determine
the best values for the model parameters, followed by
the implementation of the final model with these optimal
parameters. The assessment of the model indicates that
it will be effective in predicting the gold grade, which is
a crucial factor in assessing the quality of the deposit. The
primary objective of this study is to develop a method for
predicting the gold grade based on its distinct characteris-
tics and properties. Due to the limited amount of data in
numerous instances, analysing it can be challenging and
expensive. However, usually during the initial phases of
research, analysis, and forming conclusions and decisions
should be made according to the limited data available.
Appropriate estimation and forecasting methods are
necessary for this task. This research aimed to forecast the
gold grade quantity and accompanying anomaly ranges
in Janja polymetallic deposit by utilizing statistical tech-
niques and support vector machine algorithm. It can be
observed that the support vector machine technique is able
to accurately predict the distribution of gold grades within
a certain range. Hence, it is possible to conclude that em-
ploying support vector machine techniques in geochemical
research on low grade and dispersed elements like gold not
only saves time and money but also identifies patterns by
interpolating between inputs and outputs while reducing
the error between predicted and actual values. The results
of deposit modeling indicate that it has been successful in
predicting the gold grade. Moreover, the economic analy-
sis and mine design can be carried out using the resulting
grade model.
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Porovnavacia stidia pocitacovych metodik rozhodovacieho stromu
a podporného vektora na mapovanie perspektiv zlatonosnosti

Mapovanie geochemickych anomalii je jednym z hlav-
nych cielov geochemického vyskumu. KedZe terénne
Studie su Casovo naro¢né a nakladné, vel’kou pomocou pri
hodnoteni ziskanych udajov je ich spracovaniec metodika-
mi pocitatového spracovania, hlavne algoritmom rozho-
dovacieho stromu (Decision Tree; DT). Je to jednoduchy
a vykonny nastroj pri strojovom uéeni, vhodny na klasifi-
kacné a regresné ulohy. Poskytuje lacnu, rychlu a pomerne
presnu alternativu spracovania ziskanych udajov. Okrem
algoritmu DT ¢lanok prezentuje aj podporny vektorovy na-
stroj (Support Vector Machine; SVM). Obe metodiky boli
aplikované pri mapovani perspektivy zlata v oblasti Janja
vo vychodnom Irane. Porovnanie analytickych vysledkov
ziskanych z tychto dvoch metod potvrdzuje, ze model DT
ma dostato¢nti presnost’ a viac spravnych vysledkov ako
model SVM. Ma to vplyv na proces pripravy a projektova-
nia d’alSich faz prieskumu a mapovania perspektivy zlata
Studovanej oblasti.

Skumana oblast’ Janja v provinciach Sistan a Balucistan
(vychodny Iran) sa vyznacuje charakteristickou pieso¢na-
tou rovinou v nadmorskej vyske 800 — 9 000 m, riedkou
vegetaciou, ale aj malou odkrytostou skalného podlozia
(obr. 1). Skiimana oblast’ zahifia subregion Zabul — Zahe-
dan — Saravan. FlySové sekvencie maji vrchnokriedovy az
oligocénny vek. Vznik tejto zony sa interpretuje zrazkou li-
tosférickych mikroplatni, ktora bola spojend s exhuméaciou
ofiolitovych komplexov. V centralnej a vychodnej casti
z6ny vystupuje formacia Sefidabe (oznacenie KPs na obr.
2). Je to jedna z najrozsiahlejsich jednotiek v oblasti Jan-
ja. Pozostava z vulkanickych a pyroklastickych sekvencit,
ktorych pritomnost’ zohrala ulohu pri vzniku miestnej zla-
torudnej mineralizacie. Vzhl'adom na rozsah prieskumu
a hustu siet’ vodnych tokov sa v oblasti realizoval syste-
maticky odber 285 geochemickych vzoriek a 59 vzoriek
tazkych mineralov z vodnych tokov (obr. 3). Popri odbere
vzoriek z vodnych tokov sa vzorkovanie robilo aj na po-
vrchu v miestach odkrytosti polymetalickych zil.
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Aplikacia algoritmu DT doklada, ze diorit a s nim su-
sediace horniny metamorfované teplom, bridlice a zvet-
raninovy plast’ (hlina) vykazuju najvyssi potencial na
pritomnost’ zlatych castic. Diorit ma tradicne vyznamnu
ulohu v horninovych sekvenciach obsahujucich loziska
zlata a povazuje sa za zdrojova horninu mineralizacie.
Teplo dioritovej magmy napomaha hydrotermalnym pro-
cesom. Naopak, kontaktné rohovce v susedstve dioritovych
telies zohravajii negativnu tlohu pri vzniku zlatorudne;j
mineralizacie pre ich nizku pérovitost,, stazujiicu prestup
hydroteriem a krystalizaéné procesy mineralizacie. Krys-
taly pyritu nachadzajuce sa v bridlici alebo hline indikuju
vyzrazanie zlata zo sulfatovej fazy v dosledku zmeny oxi-
da¢no-redukénych podmienok. Castice zlata sa zvycajne
nachadzaji v redukénom prostredi, ako st ilovité mineraly
a bridlice. Tam sa mozu vyzrazat' v dosledku hydrotermal-
nej aktivity. Vd’aka tomu st tieto horniny perspektivne na
zlatorudn mineralizaciu. Zdrojovou horninou v pripa-
de vyskytov v oblasti Janja je teda diorit a hostitel'skym
prostredim su bridlice a zvetraninovy plast. Doélezité je aj
zistenie formy vyskytu zlata v bridliciach (napr. v pyrite
alebo chalkopyrite) a skimanie propylitizovanych a ar-
gilitovych alteracnych zon. Mineralizacia sa prednostne
vyskytuje v propylitickej zone hydrotermalneho systému
v dosledku vysokej irovne oxidacie a kyslého prostredia.
Ulohu zohrava aj atmosféricka voda. Oblasti s vysokym
obsahom draslika vSak zvycajne nedisponuju VvAaCSim
mnozstvom zlatorudnych lozisk. Naopak, susediace oko-
lité propylitické a argilitové zony st bohaté na zlatorudni
mineralizaciu. Zaver ¢lanku prinaSa hodnotenie, ze algo-
ritmus rozhodovacieho stromu (DT) mdze urcit' oblasti
bohaté na vyhladdvani mineralizaciu s vysokou uspes-
nostou.
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Abstract: Phosphate ore is an important raw material for manufacturing phosphorous fertilizers and chemicals.
Although most phosphate resources cannot be marketed directly as raw material, including that from the Djebel
Onk mine, due to their low P,O, content and high impurity content. To obtain a quality phosphate concentrate,
the enrichment of low-grade phosphate ore is therefore of great necessity. The objective of this research was to
explore the use of mixtures consisting of three beige phosphate sub-layers and two black phosphate sub-layers
as feed material. The objective of this study was also to identify the chemical composition and mineral phases
of the ore by various analysis techniques (X-ray diffraction, X-ray fluorescence, SEM / EDS scanning electron
microscope, and optical microscope). Many beneficiation techniques can be used to improve the P,O, content of
phosphate ores depending on their characteristics. This technique of electrostatic separation gave excellent results
in terms of content and recovery for both calcined and non-calcined beige and black phosphates. The removal
of organic matter and calcite is crucial in the phosphate industry, wherefore high-quality phosphoric acid can be
produced more economically, while reducing acid consumption. The best-obtained results from the calcination
process followed by electrostatic separation from an initial ore with a content of 31.15 % of P,O, were achieved
for calcined beige phosphate (under conditions: rotation speed: 30 rpm, electrical voltage: 30 kV), with content of
P,O;, in concentrate 36.89 % and recovery of 93.91 %. For calcined black phosphate the best results were achieved
under conditions: rotation speed: 50 rpm, electrical voltage: 35 kV, with content of P O, in concentrate 36.65 %
and recovery of 93.88 % from an initial ore (with a content of 30.85 % P,O,). This study highlights the importance
of the calcination treatment before the electrostatic separation operation.

Key words: beige phosphate, black phosphate, low-grade phosphate, calcination, enrichment, electrostatic
separation, Djebel Onk mine, Kef Essennoun

 The study focuses on the characterization of treatment by
electrostatic separation of low-grade phosphate ore from
the Djebel Onk mine (Kef Essennoun — Algeria).

» The originality of presented research resides in the pos-
sible application of a combined method for the phosphate
ore enrichment by calcination and electrostatic separation,
which is an effective strategy for concentrating ore from
a sub-arid region. The phosphate ores treated by these
processes meet industrial requirements and international
standards.

Highlights
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1 Introduction

Phosphorus is an essential element in the agricultural
sector, used in the form of fertilizers and animal feed.
Algeria has a significant mining industry with vast
potential. In terms of Algeria’s economy, mining products
will certainly dominate the future. Algerian phosphate,
notably that of the Tebessa region (Eastern Saharan Atlas)
is particularly important, with the Djebel Onk deposit
being the largest in the country, estimated at 2.2 billion
tons of phosphates (USGS, 2020). The Kef Essennoun
deposit is characterized by a thick layer of approximately
35 m of Upper Thanetian phosphorites, divided into three
sub-layers according to the P,O, and MgO contents,
and is presented in two different forms, one black and
the other beige (Kechiched et al., 2016). The phosphate
beneficiation industry faces the challenge of economically
and efficiently exploitinglow-grade phosphate ores. It
is confronted with a decline in the quality of phosphate
rocks, unpredictable quantities of gangues, and the need
to combine different enrichment techniques (Zafar et al.,
1996). Recently, many reports have been published on the
improvement of low-grade phosphate ores, using both wet
and dry beneficiation techniques (Bada et al., 2012).

This study focuses on the physicochemical and
mineralogical characterization of phosphate ore from the
Kef Essennoun mine, using various analysis techniques
(X-ray diffraction, X-ray fluorescence, SEM / EDS
scanning electron microscope, and optical microscope).
The objective is to identify the chemical composition and
mineral phases of the ore.

Depending on the climatic conditions of the region,
a study was carried out to test the possibility of high-
tension electrostatic separation treatment on representative
samples. This technique gave excellent results in terms of
content and recovery for both calcined and non-calcined
beige and black phosphate. The process makes it possible,
on the one hand, to reduce the volumes of waste and, on the
other hand, to protect the environment from the dangers of
phosphate waste.

Phosphate ore deposits containing a large amount
of carbonates and significant chemical substitutions,
respectively in the gangue and throughout the ore, make
it difficult to concentrate phosphate elements (Kechiched
et al., 2020).

The calcination of phosphate ore is a well-known
processing method that increases the phosphorus (P,0.)
content of the ore (Zielinski et al., 2023).

Natural phosphate is the fundamental component for the
manufacture of phosphoric acid and phosphate fertilizers.
Kef Essennoun phosphate reacts to heat treatment, which
allows the purity of raw and calcined phosphates to be
estimated. The P,O, content increased from 28.39 % in
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the raw phosphate to 31.09 % in the calcined product
(Bounemia et al., 2023). At elevated temperatures,
fluorapatite can undergo thermal decomposition resulting
in changes to its chemical and crystal structure.

Using an electrostatic separator can improve the
recovery of minerals, including phosphate. The efficiency
of the process allows a content and recovery of 35 % and
90.1 % respectively to be obtained (Stencel et al., 2003).

Electrostatic separation is a method used to sort
materials based on their electrical properties. This
technique has been applied to various materials, including
granular mixtures of different sizes and compositions,
such as non-conductive particles, non-conductive and
conductive particles, as well as conductive particles
(Fig. 3) (Zhu et al., 2023; Bendilmi et al., 2022).

The conductive particles discharge rapidly onto the
grounded electrode. Simultaneously, the particles also
become charged by electrostatic induction. The electric
field extracts the charge carriers from the electrode and
transfers them to the particles (Dascalescu et al., 1994;
Idres et al., 2016).

It is fascinating to note that electrostatic ore processing
offers significant benefits, both in terms of concentrate
recovery and reducing stored volumes, and protecting the
environment (Tiour et al., 2022; Idres et al., 2017, 2014).

2 Study area
2.1 Geological setting and deposit location

The Djebel Onk phosphate deposit near Bir El Ater (Fig.
1) is located in the transition zone between the eastern part
of the Saharan Atlas to the north and the Saharan platform
to thesouth.The boundary between these two tectonic units
is marked by the southernmost Atlas fault or flexure. The
Atlas Mountains belong to the Alpine belt that was formed
by the convergence of the Eurasian and African plates
during the Miocene period (Notholt, 1980).

The Kef Essennoun phosphate deposit belongs to the
Djebel Onk mining field in northeastern Algeria. It is
located approximately 10 km southwest of the town of Bir
El Ater, 100 km south of the town of Tebessa and 20 km
from the Algerian-Tunisian border (Fig. 1; Gadri et al.,
2015).

The Kef Essennoun deposit site presents substantial
differences with the Gafsa-Metlaoui basin (Tunisian
phosphorite basin), Stratiform deposits of marine phosphate
are well developed in the northeastern territory of Algeria.
These Tertiary phosphate deposits (late Paleocene-early
Eocene) belong to the large Mediterranean phosphogenic
province, particularly with regard to lithologies and
succession, especially in the phosphorite formation. The
sedimentary lithologies consist of a 500 m thick succession
dating from the Upper Cretaceous (Maastrichtian) to the
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Fig. 1. (A) Geological map of the Djebel Onk mining basin including Kef Essenoun, the studied deposit in southern phosphorites (mo-
dified after ORGM, 2000). (B) (Farhaoui et al., 2022).
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BL: The basal sub-layer sample collectionpoints; Simplified lithological column from the Kef Essennoun deposit (D) (Farhaoui et al.,

2022).

Middle Eocene (Lutetian) (Farhaoui et al., 2022).

The deposit is characterized by a thick layer (~ 35 m)
of Upper Thanetian phosphorites, which is itself divided
into three sub-layers known throughout the Djebel Onk
district according to the P,O, and MgO contents. From
bottom to top, these sub-layers are:

e The basal sub-layer (BL): It is made up of
alternating marls, phosphorites, and dolomites,
with a thickness of approximately 2 m. The
heterogeneous phosphorite grains are cemented by
a matrix of marl and clay.

The main sub-layer (ML): It has a thickness of
25 to 30 m and is exploited for phosphorites.
The homogeneous particles of phosphorite are
cemented by clay or carbonaceous cement.

The somitalsub-layer (SL): It consists of a layer
of phosphated dolomite with a relatively low P,O
content (16 to 24 %) and a high MgO content (6 to
11 %). Phosphorite particles have heterogeneous
particle sizes (Kechiched et al., 2016).

3 Methodology
3.1 Sample preparation

The sampling of the different types of phosphates
was carried out on the three sub-layers (somital, main,
basal) for beige phosphate, and on the two sub-layers
(somital and main) for black phosphate, taken from the
different sites. Each phosphate sample weighs 100 kg
to ensure its representativeness. In this experimental
study, representative samples were taken and subjected
to detailed characterization.The sampling points were
marked by (Fig. 2) and the samples were labeled, stored
in plastic bags, then crushed to a size less than 4 mm,
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air dried, homogenized, and ground for ease of further
handling.

3.2 Physicochemical characterization of the samples

The samples of the three beige phosphate undercoats
and the two black phosphate undercoats were mixed
separately, with proportions determined according to the
length of each layer. Each mixture then underwent a series
of operations: homogenization, grinding, quartering,
crushing to 4 mm, and sieving using a RETSCH AS200
basic electro-vibrating sieve (Serial No. 22 2504 017 G,
Voltage: 230 V, 50 Hz, manufactured in Germany) the
vibration amplitude used is equal to 60 and the sieving
time is equal to 25 minutes. A quantity of 200 grams of
each mixture was crushed in a Retsch ACC brand RM200
mortar grinder (made in Germany); the grinding time is
equal to 15 minutes, to carry out the following analyses:

X-ray diffraction (XRD) can identify the mineral
phases present in phosphate. This analysis is performed
with an OLYMPUS BTX-716Benchtop. The bracket
scans from 0° to 55° (20 angle range) at a speed of 2°/
min. The obtained diffractograms are processed using
XpertHighScorePlus V3.0d software.

The petrographic analysis of phosphates in the
sediments of Kef Essennoun was meticulously carried out
by the microscopic examination of thin sections taken at
different stratigraphic levels of the deposit.

Determination of major element contents using a Per-
kin Elmer atomic absorption spectrometer (AAS), model
AAnalyst 400; as well as a SEAL Analytical AA3 auto-
analyzer (made in the United States). Methods used
include automatic spectrophotometry with the Technicon
NF U42-201 auto analyzer and the high-performance M4
TORNADO micro-XRF spectrometer.
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3.3 Processing of phosphate ore by the combined
method of calcination and electrostatic separation

3.3.1 Calcination

The calcination tests are carried out in a muffle furnace
from Nabertherm GmbH (manufactured in Germany).
A quantity of 100 g of beige phosphate and 100 g of black
phosphate are used, with a particle size of (—1 000) um.

Beige and black phosphates with a particle size (—1 000
+ 125) um are calcined at three different temperatures:
850 °C, 950 °C and 1 050 °C. For each temperature, the
calcination duration was 15 minutes. The samples were
placed in porcelain crucibles, which were inserted into
a preheated muffie furnace. This procedure aims to reduce
the content of organic matter contained in the phosphates
of Kef Essennoun. After the selected duration, the samples
were removed and cooled in a desiccator. The calcined
products were then ground in a Retsch AG brand RM200
mortar grinder (manufactured in Germany), for 15 minutes,
to obtain a fraction less than 45 pm.

3.3.2 Electrostatic separation

The high-tension separator used in these tests was
a Carpco panel type HP16-114 model. This device has been
specifically designed for high-tension separation studies.
Conditions, such as rotor diameters, electrode positions,
voltage gradients, polarities, and field shapes, can be
varied to study the effects of these variables. Each of the

two types of phosphates (black and beige) was subjected
to an electrostatic separation operation.The samples were
dried under a vacuum between 80 and 100 °C before being
introduced into the separator by a vibrating feeder. For each
test, 200 g of the representative sample was introduced by
a vibrating feeder and transported into the rotor separator,
where the particles were subjected to different voltages
between the separator electrodes 25, 30 and 35 kV, with
different rotation speeds of 30, 40 and 50 rpm.

4 Results and discussions
4.1 Petrographic analysis

The most abundant phosphatic elements appear in
the form of rounded to sub-rounded pellets embedded
in microsparitic cement with sizes ranging from 150 to
250 pm. These elements are surrounded by a thin, clear
cortex; the granules (pel) are slightly rounded and have
different colors: white-gray to dark brown in the three
different sublayers (Fig. 4).Glauconite grains in the main
sublayer of Kef Essennoun are more abundant and have
well-rounded shapes, measuring approximately 200 um.
Additionally, other features observed in the thin sections
include elongated “C” shaped bone debris.

The exogangue is generally carbonated, showing
phosphate grains surrounded by dolomite rhombohedra
“A”, while the endogangue is present either as a silica grain
or as a carbonate, occurring as “A”, respectively, as quartz
or calcite included in the grains of phosphate and Oolites
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electrode

Insulating product

Middling

High Voltage

Fig. 3. Loading mecha-
nism in the ring field o,
and d, — angular and ra-
dial positions of the co-
rona electrode; a, and d,
— angular and radial po-
sitions of the electrosta-
tic electrode; v, and 7y,
— angular positioning of
the dividers (Idres et al.,
2016).
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Splitters
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formed by growth and crystallization of micrometric
layers of phosphate “B”, “D” and “E” also show grains of
glauconite (Gl) green in color at 500 pm.

Aggregates of small dolomitic “A” rhombohedra
constitute the carbonate bonding phase, which generally
indicates the beginning of crystallization of the micritic
material containing all the impurities of the original
mud. The coprolites (Cop) have a cylindrical, elongated
morphology “A” and “C”.

T > il
Carbonate exogangue

o

A

i Dolomite
rhombohedra

endogangue

1o

Glauconite
S o o

4.2 Chemical composition of phosphates

It is interesting to note how analytical techniques
have made it possible to reveal relationships between
petrographic and mineralogical phases, as well as the
particle size distribution and the evolution of chemical
contents in minerals. The homogenization method
developed for the three sub-layers offers a variety of
mixtures meeting the usability criteria. This approach aims
to provide a higher quality phosphate concentrate.

Pellets surrounded
by thin crust

Fig. 4. Microscopic observation (LPNA X10) of the phosphate minerals studied; A, B, C — beige phosphates (somital, main, and basal);
D, E — black phosphates (main and somital layer) F — dolomitic phosphates of the summit layer: dolomite crystals; glauconite, Oolite;

E — bone debris; coprolite; pellet; organic material.
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In our study, a collective homogenization of beige and
black phosphates is proposed according to the percentage
of reserves, covering the entire deposit. This approach
could have a significant impact on the efficiency of mining
and on the socio-economic and environmental aspects
related to phosphate extraction.

The results of thechemical analysesof the beige and
black phosphate samples are presented in tables 1 and 2.

In order to minimize phosphate losses from the Djebel
Onk mining complex, the characterization and processing
tests will focus on the mixture of the three beige phosphate
sub-layers (basal, main, somital), as well as on black

phosphate (main and somital).

Tab. 1
Basic chemical composition (P,O,, CO, and MgO) according to particle size ranges (SL, ML and BL)
in beige phosphate
PO, [%] MgO [%] CaO [%] CO, [%]
Slices [pm]
SL ML BL SL ML BL SL ML BL SL ML BL
>2000 17.03 | 24.74 | 22.42 4.64 4.44 3.65 | 28.10 | 40.82 | 36.99 | 20.60 | 11.04 | 15.28
-2000+1000 | 21.09 | 23.56 | 20.96 3.81 2.82 398 | 34.80 | 38.87 | 37.88 | 15.28 | 12.29 | 16.61
—1 000+ 500 25.14 | 24.64 | 23.31 2.82 2.32 498 | 4148 | 40.66 | S51.15 [ 12.96 | 11.04 | 13.32
=500 + 250 2526 | 28.51 | 23.42 2.82 1.33 1.82 | 41.68 | 47.04 | 38.64 | 10.30 731 | 13.62
-250 + 125 20.00 | 29.37 | 24.14 3.64 1.03 1.99 | 33.00 | 48.46 | 46.43 | 10.96 6.64 8.31
—125+63 17.89 | 23.96 | 24.66 4.64 1.99 298 | 29.52 | 39.53 | 40.69 | 16.61 8.31 9.97
—63 +45 16.31 | 21.41 | 20.29 4.64 2.98 249 | 2691 | 3533 | 3348 | 1595 | 11.63 | 12.29
—45+0 18.75 | 18.29 | 16.47 3.98 2.49 249 | 3094 | 30.18 | 27.18 | 14.62 9.97 | 11.04
Tab. 2

Basic chemical composition (P,O
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CO, and MgO) according to particle size ranges (SL and ML) in black phosphate

Classes P,0, [%] MgO [%] Ca0 [%] CO, [%]
[mm] SL ML SL ML SL ML SL ML
>2 000 17.49 22.53 4.47 3.48 28.86 37.17 19.27 14.62
2000+1000 | 20.17 25.53 3.98 3.98 33.28 42.12 16.94 10.30
1000 + 500 2.71 27.45 3.48 1.66 37.47 45.29 14.62 8.31
500 + 250 25.37 29.23 2.82 0.96 41.86 48.23 10.96 7.31
250+ 125 26.21 26.85 1.99 1.99 43.25 44,30 14.62 7.64
125+ 63 27.34 18.85 1.56 332 45.11 31.10 20.60 11.96
63 +45 22.23 18.95 3.65 3.81 36.68 31.26 23.59 13.28
4540 27.32 16.67 1.82 2.82 45.08 27.50 23.25 9.96
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Tab. 3 Tab. 4
Basic chemical composition of particular grain fractions Basic chemical composition of sub-layer (somital, main
of sub-layer mixture (somital, main, basal) for beige and basal) for beige phgsphate and_ for black phosphate
phosphate and for black phosphate (somital and main) (somital and main)
Bei hosphat
Beige phosphate Black phosphate ¢ 8¢ P10sp fate
. Contents [%]
Stices [mml 1 5 |mgo | €20 | co, | P,0, |Mg0 | ca0 | co, Sample 20 Tae0 | co. | cao
(] | %) | [%] | 1%] | %] | [%] | (%] | (%] s | V8 | A
Somital (SL) 24.60 | 2.58 | 12.36 | 39.60
>2000 21.04 | 4.24 |35.30|15.64120.01| 3.98 |33.02 [16.95 A
Main (ML) 27.07 | 2.10 9.64 | 44.66
—2000+ 1000|2187 3.54 |37.18 | 14.7122.85| 3.98 |37.70 | 13.62 Basal (BL) 20.86 | 3.32 | 12.79 3441
Mixture of the three
~1000+500 | 2436 | 3.37 [44.43 | 12.44{25.08| 2.57 4138 1147 | sub-layers 27.02 | 3.68 | 9.83 | 35.40
Slice 30.20 | 2.35 9.60 | 55.40
-500+250 |25.73| 1.99 |42.39(10.41127.30 | 1.89 |45.05| 9.30
Black phosphate
-250+125 |25.84|2.22 {42.63| 8.63126.53| 1.99 |43.76(11.13 Somital 23.05 3.65 8.64 38.03
125463 2217|320 {3658 | 11.63 | 23.53| 2.4 |38.11 | 1628| [ Main (ML) 2793 | 194 | 840 | 46.08
Mixture of the two sub 26,59 | 344 | 997 | 34.83
—63+45 19.34| 3.37 [31.9113.29(20.59 | 3.73 |33.97|18.35 Slice 30.8 282 930 56.0
—45+0 17.84| 2.99 (29.43|11.88(22.00 | 2.32 |36.29 | 16.61 *Slice (-1 000 + 125) pm = mixture of three slice fractions
(+500 um + 250 pm + 125 pm).
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Fig. 5. SEM / EDS observation of beige “A” and black “B” phosphate before calcination and “C” and “D” after calcination (A; B). EDS
spectrum showing the abundance of Ca, P and F in the phosphate particles and the high contents of O and Si in the matrix (C; D). EDS
analysis showing that the abundance of Ca, O, Si, decrease after calcination. P — pellets, Cop — Coprolite, Ol — Oolite.

The upper sub-layers (somital) of the beige and black 4.3 Effect of calcination process by sem / eds analysis
phosphates have a P,O, content of 24.60 % and 23.05 %, Analysis of the sample of beige and black phosphate
respectively. The basal sub-layer of the beige phosphate by SEM is carried out for raw beige phosphate and black
has a P,O, content of 20.86 %. These layers are considered ~ phosphate after calcination. The use of SEM / EDS is
poor ore and are stored near the mine as waste rock. essential to characterize raw beige and black phosphates,
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as well as to evaluate the efficiency of the calcination
process.

The obtained EDS spectra for the released phosphate
sample show the constituent elements of the released
phosphate sample such as C, O, Mg, Al, Si, P, Mo, Ca,
and Fe in different ratios. The content of calcium, oxygen,
and phosphorus is the highest; however, the EDS spectrum
shows that the abundance of Ca, O, and Si is reduced
after calcination. The SEM / EDS results before and after
calcinations are shown in (Fig. 5).

4.4 X-ray diffraction (XRD)

The mineralogical study carried out by XRD revealed
that apatite is a highly substituted francolite, in OH ions
(hydroxylapatite) and F ions (fluorapatite). In total, the
intensity of the peaks is characteristic of the phosphatic
elements and those of the gangue. The results are
reported in (Fig. 6).The XRD results shows the presence
of fluorapatite and dolomite as main minerals. Apatite,
carbonated fluorapatite (Ca, (PO,),CO,F, (OH) ,as well
as the gangue minerals dolomite CaMg(CO,), calcite
CaCO, and quartz SiO, have been discovered and form
the matrix of the phosphorite grains, however, are present

Beige phosphate no calcined

Dolomite

3000

Fluorapatite

Fluorapatite

2000 —

Fluorapatite

1000 —

Fluorapatite

Fluorapatite

Dolomite; Fluorapatite

Fluorapatite

Fluorapatite

in small quantities. These findings reveal significant
differences for the three phosphate sub-layers.

Indeed, the ore of the main layer is the richest in
fluorapatite, hydroxylapatite, and the poorest in calcite
compared to the two other layers. However, the lower
layer is the poorest in phosphate minerals and richest in
dolomite compared to the upper and main layers. The
presence of dolomite is evident in the upper and lower
layers. Quartz is more abundant in the upper layer than in
the main and lower layers. Identifying the mineralogical
composition and quantity of each mineral in the different
phosphate layers can suggest the most appropriate ore
processing.

For the gangue minerals, let’s note the presence of
quartz peaks in small quantities as well as the decrease
in dolomite phases and the appearance of CaO and MgO
peaks at 2 theta = 37.36° and 42.91° for phosphate.

For black phosphate, it is possible to observe the
presence of dolomite peaks in considerable quantity as
well as those of quartz and calcite, with the presence of
CaO and MgO peaks at 2 theta = 37.36° and 42.90°.These
results therefore clearly confirm the presence of phosphate
in our samples.

Fluorapatite

Iuprmpdite
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Fluorapatite
Fluorapatite
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Fig. 6. XRD results of: A — beige phosphate, B — black phosphate (before calcination).
The chemical analysis results of the major elements of the calcination of beige and black phosphates are shown in Tab. 5.
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Tab. 5

Results of chemical analysis of the major elements
of the calcination of beige and black phosphates

Beige phosphate
g Contents [%]
= L.O.I
2| [l
S S PO MgO CaO Co,
0 / 27.02 3.68 35.40 9.97
850 13.61 30.31 3.365 39.70 2.49
950 14.60 31.03 3.979 40.65 1.33
1 15.19 31.15 3.782 40.80 1.00
Black phosphate
0 / 26.59 3.44 34.83 9.30
850 15.20 26.59 3.448 34.83 9.30
950 16.30 30.79 3.680 40.33 1.49
1 17.37 30.85 3.40 40.41 1.16

Note that with the increase in temperature, the contents
of MgO and CaO oxides also increase for beige phosphate
(3.78 % and 40.80 %) andfor black phosphate (3.40 %

Beige phosphate calcined
6000

4000 H

Fluorapatite

2000 H

Fluorapatite
Fluorapatite

= Fluorapatite
Fluorapatite

= Fluorapatite

S~  Fluorapatite

TTaGrapatie;

and 40.41 %), respectively. On the other hand, the CO,
contents gradually decrease until reaching a value of 1 %
for beige phosphate and 1.16 % for black phosphate.

The removal of organic matter and calcite is crucial
in the phosphate industry. By doing this, high-quality
phosphoric acid can be produced more economically,
while reducing acid consumption. This fits perfectly into
an approach to sustainable development and environmental
preservation.

4.5 Treatment using electrostatic separation

Two types of calcined and non-calcined samples were
used for the electrostatic separation experiments; with
acontent of PO, approximately 31.5 % for beige phosphate
and 30.85 % for black phosphate after calcination and
27.02 % and 26.59 % P, O, for beige and black phosphate,
in order, without calcination step. A representative sample
of'the calcination concentrate was prepared for electrostatic
separation.

The results of the high-tension electrostatic separation
tests (beige and black phosphate calcined and without
calcination) are shown in Tabs. 6 and 7.

The best results in X-ray fluo-rescence (XRF) are
obtained with the following parameters:

C

Fluorapatite
Fluorapatite
Fluorapatite

patite

Fluorapatite
Fluorapatite

Fluorapatite
Fluora

Fluorapatite

-

Fluorapatite

Fluorapatite
Fluorapatite
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Fig. 7. XRD results of: C — beige phosphate calcined at 1 050 °C, D — black phosphate calcined at 1 050 °C.
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Tab. 6
High voltage electrostatic separation test results for non-calcined and calcined beige phosphate
Non-calcined beige phosphate Calcined beige phosphate
Round/| 2 Conductivity | PO, | MgO | CaO | SO, | PO, | MgO | CaO | SiO
min 2 = M5 g a 1V, G g a 10,
== (o] [%] [%] [%] [o] [%] [“0] [%]
95 conductor 33.20 4.42 67.16 6.80 34.85 5.05 75.08 6.11
non-conductor 28.84 6.18 53.7 15.06 26.77 6.43 68.78 11.56
10 30 conductor 33.22 4.17 66.28 6.56 36.89 4.42 75.85 5.20
non-conductor 27.43 4.85 57.3 17.81 27.13 7.08 62.9 9.47
35 conductor 29.51 2.45 60.22 4.94 28.77 6.43 68.78 5.56
non-conductor 20.84 4.05 543 11.70 22.33 8.08 65.90 9.17
95 conductor 32.58 3.38 65.38 5.49 32.37 7.31 75.31 5.84
non-conductor 17.81 6.13 62.36 14.79 27.15 8.08 62.9 7.37
40 30 conductor 30.65 3.32 63.03 5.88 34.64 5.20 73.17 5.47
non-conductor 24.83 3.98 58.08 11.05 26.87 8.43 63.78 12.56
35 conductor 30.24 3.49 62.5 5.86 35.56 4.70 73.83 5.64
non-conductor 27.18 8.17 60.01 11.63 26.57 6.46 67.18 11.16
95 conductor 32.95 421 66.43 6.33 36.68 6.28 78.15 5.64
non-conductor 28.57 6.33 53.6 14.01 27.45 7.08 66.9 9.38
50 30 conductor 30.75 3.33 60.45 5.34 30.86 6.86 71.38 5.34
non-conductor 26.94 5.05 58.44 12.32 25.94 7.95 65.44 11.22
35 conductor 32.03 3.29 63.94 5.86 31.32 2.20 72.17 5
non-conductor 29.60 6.3 63.36 13.79 24.33 5.08 65.9 9.17
Tab. 7
High voltage electrostatic separation test results for non-calcined and calcined black phosphate
Non-calcined beige phosphate Calcined beige phosphate
K] Conductivity | PO, | MgO | Ca0 | siO PO, | Mg0 | a0 | sio
min = 5 2’5 g 2 Y, 275 g & 1y
== [e] (%] (%] (%] (%] [%] [%] [%]
95 conductor 33.77 3.18 66.89 4.17 31.85 7.89 73.47 4.74
non-conductor 27.63 4.95 57.73 16.91 24.5 11.08 62.9 9.37
30 30 conductor 35.63 3.03 69.91 423 33.29 8.45 76.27 4.79
non-conductor 27.5 4.08 52.9 7.47 26.53 9.30 65.12 9.77
35 conductor 32.90 3.03 63.71 3.95 32.67 7.07 74.14 6.09
non-conductor 17.64 3.73 41.54 9.35 26.54 8.18 64.7 13.06
55 conductor 34.09 3.53 66.15 4.12 32.81 6.97 73.79 4.57
non-conductor 26.32 4.08 53.9 8.41 25.44 8.18 68.7 12.16
40 30 conductor 36.06 3.79 70.37 4.57 33.52 10.22 78.97 5.02
non-conductor 27.15 5.08 56.9 9.47 27.84 12.18 63.7 14.06
35 conductor 35.42 3.11 69.41 427 29.12 8.20 70.39 4.79
non-conductor 28.15 4.58 54.9 9.47 23.60 9.13 63.36 12.79
conductor 34.43 2.85 67.23 438 33.91 6.31 71.20 4.7
2 non-conductor 26.5 5.08 54.9 7.87 27.93 5.95 61.73 8.91
conductor 34.09 3.46 67.27 4.55 3291 8.62 76.73 5.06
>0 30 non-conductor 25.35 4.18 53.9 9.47 17.63 10.73 41.64 9.75
35 conductor 35.31 3.08 68.16 4.06 36.65 9.94 82.16 5.62
non-conductor 27.50 4.48 54.9 8.47 27.25 12.58 83.9 9.87
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For calcined beige phosphate and without cal-
cination — rotation speed: 30 rpm, electrical
voltage: 30 kV, PO, content: 36.89 % (calcination)
and 33.22 % (without calcination) and recovery:
9391 % (calcination) and 90.85 % (without
calcination).

For calcined black phosphate — rotation speed:
50 rpm, electrical voltage: 35 kV, P,O; content:
36.63 % and recovery: 93.88 %.

For black phosphate without calcination — rotation
speed: 30 rpm, electrical voltage: 30 kV, P,O,
content: 35.65 % and recovery: 91.94 %.

5 Technological scheme of phosphate processing

The obtained treatment results made it possible to de-
velop a treatment scheme for beige and black phosphates
from the Kef Essennoun deposit of the Djebel Onk phos-
phate mining complex (Fig. 8).

X-ray diffraction (XRD) and scanning electron
microscopy (SEM / EDS) results confirm that the main
mineral phases in the sample are apatites, including
fluorapatite, hydroxyapatite, and carbonate fluorapatite.
On the other hand, the gangue minerals present include
quartz and dolomite.

Calcination breaks down the carbonates into calcium
oxide and magnesium oxide and eliminates most of the
carbon dioxide (CO,). The best results of chemical analysis
obtained at the temperature 1 050 °C for beige phosphate
are content of P,O,31.15 % amount of MgO 3.78 %, and
40.80 % CaO, while for black phosphate was obtained
30.85 % of P,0,, 3.40 % MgO and 40.41 % CaO.

The beneficiation of phosphate ore by a combined
method of calcination and electrostatic separation is an
effective approach to concentrate ore from a sub-arid
region. Then, electrostatic separation separates the particles
based on their electrical properties, which facilitates the
concentration of the phosphate.

Beige phosphate raw sample
(Mixture of three sub-layers)

I

Screening

Calcination at 1 050 °C
(-1 000 +125) um

<125 pm (Fine)
> 1000 um Coarse)

Rejects

T

Concentrate P,Os %

|

Electrostatic separation

(25 ~35KV) —'
Concentrate Rejects . S| Rejects
(Conductor) P,0, % (Non-conductor) SiO, %

Fig. 8. Technological scheme for processing of Kef-Essennoun phosphate ores by electrostatic separation.

6 Conclusion

The Kef Essennoun deposit has sedimentary origins; it
is composed of two types of phosphate: beige and black.

Microscopic observation of thin sections shows that the
phosphate ore is mainly composed of phosphate pellets,
coprolites, oolites and glauconite, as well as quartz,
dolomite and calcite.

Indeed, particle size fractions between 1 000 um and
125 um are particularly rich in phosphate and display
a significant yield of P,O..
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The calcination process allowed us to break down the
carbonates into calcium oxide and magnesium oxide and
remove most of the carbon dioxide (CO,).

The best-obtained results from the calcination process
followed by electrostatic separation with corona effect
from an initial ore with a content of 31.15 % of P,O, were
achieved for calcined beige phosphate (rotation speed:
30 rpm, electrical voltage: 30 kV), with content of P,O, in
concentrate 36.89 % andrecovery of 93.91 %. For calcined
black phosphate (rotation speed: 50 rpm, electrical voltage:
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35 kV where content of P,O, in concentrate reached
36.65 % with recovery of 93.88 % from an initial ore with
a content of 30.85 % P,O..

Tests of enrichment of calcined and non-calcined beige
and black phosphate ore from the Kef Essennoun deposit
by a combined method of calcination and electrostatic
separation make it possible to obtain very satisfactory
results. This study highlights the importance of the
calcination treatment before the electrostatic separation
operation.
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Spracovanie fosfatovych rid s nizkym obsahom uzitkovej zlozky
z bane Djebel Onka (Alzirsko) metodou elektrostatickej separacie

Vyskumna praca sa zaoberd problematikou tech-
nologického spracovania nizkokvalitnych fosfatovych rad
z bane Djebel Onk (Alzirsko) metddou elektrostatickej
separacie. Cielom vyskumu bolo overit' pouzitie zmesi
pozostavajucich z troch vzoriek suroviny odobratych zo
svetlych (bézovych) fosfatovych vrstiev (bazalnej, hrubej
priblizne 2 m, hlavnej strednej podvrstvy s hrabkou asi
25 — 30 m a povrchovej vrstvy, ktora obsahovala dolomit
s nizkym obsahom fosfatov) a dvoch vzoriek suroviny
odobratych z ¢iernych fosfatovych podvrstiev povrchove;j
a hlavnej strednej vrstvy.

Odobraté vzorky boli podrvené na velkost’ zfn mensiu
ako 4 mm, volne su$ené a homogenizované. Pred elek-
trostatickou separaciou sa skimané vzorky so zrnitostou
125 -1 000 pum kalcinovali pri teplote 850, 950 a 1 050 °C
pocas 15 minat s cielom redukcie obsahu organickych
zloziek vo fosfatoch. Elektrostaticka separacia sa realizo-
vala pouzitim vysokonapit'ového separatora typu Carpo
HP16-114. Pred elektrostatickou separaciou sa vzorky
susili vo vakuu pri teplote 80 — 100 °C. Na kazdy test sa
pouzilo 200 g vzorky, ktora bola podrobena separacii pri
napati 25, 30 a 35 kV s rychlost'ou rotacie 30, 40 a 50 ota-
cok za minutu.

Chemické a mineralogické zlozenie vstupnej suroviny,
ako aj produktov technologickej upravy bolo stanovené
pouzitim rdznych analytickych metéd (rontgenova
difrak¢énd analyza, rontgenova fluorescencia, SEM/EDS
rastrovaci elektronovy mikroskop a opticky mikroskop).

Na zaklade uvedenych analyz sa na elektrostaticku
separaciu zvolili vstupné nekalcinované vzorky a vzorky
termicky upravené pri teplote 1 050 °C.
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NajvysSia vytaznost pri pouziti elektrostatickej
separacie v pripade bézového fosfatu sa ziskala pri
kalcinovanej vzorke za tychto podmienok: rychlost’ rotacie
30 otacok za minutu, elektrické napétie 30 kV. Zo vstupne;j
kalcinovanej rudy s obsahom 31,15 % P O, sa separaciou
ziskalo 93,91 % P,O,. Z nekalcinovanej vstupnej vzorky
s obsahom 33,22 % PO, sa za rovnakych podmienok
ziskalo 90,85 % P,O..

V pripade ¢ierneho fosfatu po separacii kalcinovane;j
vstupnej vzorky s obsahom 36,63 % P,O_ pri napéti 35 kV
a 50 otdckach za minutu najvyssi ziskany podiel P,O,
predstavoval 93,88 %. Z nekalcinovanej vstupnej vzorky
Cierneho fosfatu s obsahom 36,65 % P,0O, bola najvysSia
vytaznost' separacie pri napati 30 kV a 30 otackach za
minutu, ked’ sa podarilo odseparovat’ 91,94 % P O..

Na efektivne ziskavanie PO z fosfatovych rad
v zavislosti od ich charakteristik mozno pouzit’ viaceré
technologické postupy. Elektrostaticka separacia bola
overena ako vhodna ekologickd a efektivna metoda
ziskavania P,O, z kalcinovanych, ale aj nekalcinovanych
bézovych a cCiernych fosfatov. Kalcinacia pri teplote
1 050 °C okrem rozkladu organickych zloziek umoznila
navysSe rozklad karbonatov na oxidy vapnika a horcika,
ako aj odstranenie vicSiny obsahu CO,. Odstrafiovanie
organickych latok je rozhodujuce aj vo fosfatovom
priemysle, kde tento spdsob Upravy vstupnej suroviny
umoziuje vyrabat vysokokvalitni kyselinu fosfore¢nu
ckonomickejsie.
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Methodology and results of geological survey
of the environmental burden of the former
Slovensky hodvab plants — Senica (Slovakia)
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ADZIMOVA!, ALEXANDRA BEKENYIOVA! and PETER SOTTNIK?

1State Geological Institute of Dionyz Stdr, Regional centre Kosice, Jesenského 8, SK-040 01 Kosice,
Slovak Republic; “slavka.grexova@geology.sk
2State Geological Institute of Dionyz Stir, Department of Environmental Geochemistry,
Mlynska dolina 1, SK-817 04 Bratislava, Slovak Republic

Abstract: In the years 2021-2023, the State Geological Institute of Dionyz Stur, Slovakia, carried out a detailed
geological survey of the environmental burden on the Senica site, identified as a probable environmental burden
with a high priority within the project Geological survey of selected environmental burdens SGUDS-3. The task
was carried out in accordance with the strategic planning document for a systematic survey and removal of en-
vironmental burdens entitled State Program for Remediation of Environmental Burdens of the Slovak Republic
(2016-2021) within the Operational Program of Environmental Quality. The goal of the survey was a detailed
verification of all components of the environment at locations that, based on a preliminary risk assessment in the
information system of environmental burdens, represented a potential risk for human health and the environment.
The survey verified in detail an area of approximately 37 ha, on which 210 chemical indicators were analytically
determined from a wide range of indicators according to the type of activity of the former Slovensky hodvab
plants, which were evaluated in accordance with the current applicable legislation in the field of environmental
burdens. The results of the survey did not confirm serious pollution of the underground water and rock environ-
ment, which would be in a causal or spatial context. An environmental and health risk was not detected by the risk
analysis, it is not necessary to carry out remediation of the investigated area.

Key words: probable environmental burden, information system of environmental loads, geological survey of the
environment, risk analysis

Highlights

Graphical abstract

Senica - Site of the former SH Senica factory
- Hydrogeological monitoring wells

. + Uncased exploratory (mapping) wells

/’! [ Boundary of the study area

1 Introduction

Environmental burdens are defined as polluted areas
caused by human activity that pose a serious risk to
human health or the rock environment, groundwater and
soil. The problem of solving environmental burdens in
Slovakia began in 2006 as part of the project Systematic
identification of environmental burdens (Paluchova et al.,
2008) with the aim to identify probable environmental

« Detailed geological survey of the environment has not con-

firmed the expected pollution in the area of the former Slo-
vensky hodvab plants in Senica, Slovakia.

¢ The environmental and health risks have not been confirmed

by the elaborated risk analysis.

» Two-year groundwater quality monitoring is proposed before

burden removing from the Register of Information system of
environmental loads of the Slovak Republic.

burdens from the entire territory of the Slovak Republic.
That resulted in the compilation of the Register of
Environmental Burdens, in which registered burdens are
sorted according to their relative risk to the life and health
of residents as well as damage to ecosystems, and which
is part of the Information System of Environmental Loads
(IS EZ). The information system is continuously updated
primarily on the basis of geological surveys and series of
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remedial measures in accordance with the currently valid
legislation: Act No. 569/2007 Coll., Act No. 409/2011
Coll. Act No. 364/2004 Coll., Act SNR No. 372/1990
Coll., Regulation of the Ministry of the Interior of the
Slovak Republic dated January 28, 2015 No. 1/2015-7 to
develop a risk analysis of the polluted area.

Currently, 1,782 loads are registered in Slovakia,
divided into registers according to the status of their
examination and the implementation of corrective measures
with the aim of minimizing their negative impact on human
health and the environment. This work presents the results
of the geological task entitled Geological survey of selected
probable environmental loads 3 — which SGUDS solved
within the Operational Program Environmental Quality
— priority axis 1. The task was developed in accordance
with the strategic planning document for the systematic
survey and removal of environmental burdens entitled
State Program for Remediation of Environmental Burdens
of the Slovak Republic (2016-2021), in which the relevant
environmental burden of the Trnava Region is recorded in
section 7.1.1. The most risky locations in terms of the need
to carry out a survey of probable environmental burdens
and the need to develop a risk analysis.

The environmental burden (EB) in the area of the
former Slovensky hodvab (SH) plants is registered in
the information system in category A as a probable
environmental burden with a high priority denoted as SK/
EZ/SE/2004 under the name SE/2004/Senica — the area
of the former SH Senica. The area of the former plants is
located in the built-up area of the inner city of Senica, in
the industrial zone, in the area of the former manufacturing
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Fig. 1. Localization of the 1nvest1gated site (IS EZ, 2014).

e of the former
Senlca factory

iﬁ “3c '

company Slovensky hodvab Senica. The territory is
bordered on the eastern side by the Lidl store and the bus
station, and on the northern side by the Teplica stream. The
investigated area is roughly in a shape of rectangle of area
approximately 37 ha (Fig. 1).

High priority of the environmental burden was
assigned in the system of environmental loads primarily
on the basis of a visual inspection of the site at the time
of registration in 2014, which corresponded to the state of
the finished industrial activity of the former plants (Fig.
2). The SH Senica plants were built in the 20st of the last
century with the aim of producing synthetic fibers. The
plants were liquidated in 2005. The activity connected
with the creation of EB, has not been carried out since
1989. During their activity (production of synthetic fibers),
an extensive fuel oil farm was built consisting of 7 fuel oil
tanks, a boiler room, and a pumping station. The tanks have
already been demolished. There was also a neutralization
station, chemical warehouses (HCI, etc.). The activity that
influenced the creation of EB is no longer carried out on
the site, the operation is used for other purposes. In the
western part of the area, there is currently a variety of
industrial activity unrelated to the activity causing the
load. The data on the holder / holders of the burden listed
in the IS EZ system were out of date at the time of the
survey, the former holder has changed since 2014 and, as
a result of the sale, there is still a change of owners of
various parcels of the environmental burden.

At the time of the geological survey in 2022-2023,
the current visual condition did not correspond to the
condition of the site at the time of its registration in 2014.
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Fig. 2. A view of the site where tanks of the former fuel oil industry and chemicals were located (IS EZ, 2014).

In the eastern part of the territory, in the places of the
most probable source of pollution, extensive construction
and remediation activities were taking place, with land
modification intended for further development activities
of civil and housing construction. Decontamination and
subsequent improvement of the land was carried out based
on the recommendations of the environmental audit in the
area of Slovensky hodvab PLUS, s.r.o. (Zitﬁan, 2011),
consisting in the partial demolition and reconstruction of
old decaying buildings, the removal of the existing fuel oil
plant and demolition of the factory chimney (Fig. 3).
Directly in the area of the former Slovensky hodvab
factories, groundwater quality monitoring was carried out
in 2000 (Zitian et al., 2000). The aim was to specify the
direction of groundwater flow in the plants, to verify the
quality of groundwater in the range of nonpolar solvents
[NEL (IR)], SO, and Zn and measuring of physico-chemical
parameters of existing wells in the SH area and three wells
in the waste water treatment plant (WWTP) area. The
results of the monitoring confirmed the south-west to west
direction of groundwater flow in the SH area. From the
analysed values, no exceeding values of STN 75 711 for
Drinking water were proven in any sample, except for the
conductivity in one water sample. Concentration of sulfate
also did not exceed the respective limit values of STN valid
at that time in any of the monitored objects, except for the
values in the WWTP area, where they were on the border of
the limit concentrations of the respective STN valid at that
time. The contents of NEL (IR) in all monitored objects
and in objects in the WWTP area did not exceed STN limit
values. In 2011, an environmental audit was carried out in
the plant area with the aim of an indicative verification of
the pollution of the rock environment in the unsaturated
zone and in the groundwater in existing objects and wells
(reservoirs) in the eastern part of the area of the former SH
plant (Zitiian, 2011). The scope of the monitored indicators
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was based on the nature of the activities and production
processes (viscose production, fuel oil management) and
on stored chemicals in the plant area, and thus formed an
indicator of potential environmental contamination. A total
of 16 soil samples with a sampling depth of up to 60 cm
and 9 groundwater samples were taken. In addition, liquids
were taken in various tanks and concrete tubs, the presence
of which was confirmed at the time of the survey. The soil
samples were analysed for the total NEL (IR) content
and the content of selected indicators in the aqueous
leachate. In the groundwater from existing wells, water
samples were analysed in the range of CHSK, sulfates,
sulfides, sodium and NEL (IR) indicators. The results
were analysed according to the Instruction of the Ministry
for the Administration and Privatization of the National
Property of the Slovak Republic and the Ministry of the
Environment of the Slovak Republic No. 1617/97-min. on
the procedure for evaluating the company’s obligations
from the point of view of environmental protection in the
privatization project submitted by the company as part of
the privatization. Journal of the MZP SR 1/98. Part VL.
Indicators and standards for remediation of soil, soil and
groundwater pollution. The results of the audit confirmed
and located the contamination of the territory in the area of
the track inside the area to a depth of 0.60 m. In the case of
fuel oil farming, significantly high contents of petroleum
substances NEL (IR) were confirmed, in some samples the
values were high in the order of hundreds to thousands
of mg.kg™. Most of the soil samples reached higher
values than background values of category A (around
50 mg.kg™?) and some of them already exceeded the
limit value of category “B” and even the limit values for
remediation category “C”. Removal of contaminated soil
by mechanical excavation was proposed. The result of the
environmental audit was the finding that the groundwater
is not critically contaminated and does not indicate the
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need for remedial interventions. For
a more detailed assessment of the
extent of soil pollution in the basement
of the halls and other buildings, it was
recommended, after the renovation
of the buildings and cleaning of the
area, the implementation of a regular
network of shallow boreholes up to
approx. 1.0 m below the ground for soil
sampling in the scope of the NEL (IR)
and four complete analyses according to
the instructions of the MSPNM SR and
the Ministry of the Environment SR No.
1617/97-min. (Zitiian, 2011).

A complex geological survey ensur-
ing detailed identification of surface and
spatial pollution was not carried out in
the area of the former plants.

2 Geological and hydrogeological
characterization of the investigat-
ed site

According to the regional geological
division of the Western Carpathians
(Vass et al., 1988), the territory belongs
to the area of intermountain basins and
basins, the sub-region of the Vienna
basin, the Senica part. The Vienna
basin is of Baden origin, it is filled with
Neogene (mainly marine) sediments
several thousand meters thick. In the
studied area, the entire layer sequence
of the Neogene is developed, with the
exception of the Aquitan with numerous
hiatuses. The geological structure
is complex, laterally and vertically
variable. The basin itself is divided
by a number of faults, which mostly

Fig. 3. Views on the reclaimed eastern and western industrial part
of the area after sanitation and reclamation as well as its surroun-
ding (taken from Grexova et al., 2023).
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follow the Carpathian direction NE-SW. At the base, the
Neogene is lithologically represented by a formation of
sandstones, sands and sandy clays, in the upper positions
(lower Pannonian) fine-sandy marly clays and fine-sandy
clays predominantly greenish-gray with positions of marls
were sedimented. The uppermost positions are built by
pelitic sediments of the Helvetian. These are greenish-
gray, mostly slightly gray to slightly sandy, loamy, semi-
solid calcareous clays or loams in layered positions. The
top positions of these rocks are intensively weathered to
decomposed, of the nature of clays of low to high plasticity,
firm consistency. In the Quaternary, tectonic differentiation
according to faults and erosive-denudative modeling of
the relief with accumulation of sediments continued in
the territory. The Quaternary is built by Pleistocene fluvial
sediments, which mainly build the terraces of Morava.
Holocene alluvial sediments deposited in the floodplain of
Teplice and its tributaries are lithologically represented by
covering cohesive clays, sandy clays to clays, which form
an overburden of clay-sandy to sandy gravels, sands with
gravels, or clayey sands. Gravel can be characterized as
monomictic, formed by well-worked sandstone clasts up
to 5 cm in diameter, occasionally 7-10 cm. The cohesive
soils of the alluvial floodplain facies are sometimes
overlain by aeolian sediments. The geological structure
of the studied area is influenced by the sediments of
the Neogene fill and its Quaternary cover (Banacky
et al., 1973). The Quaternary is mainly represented
by lithologically unorganized fluvial sediments of the
Holocene — floodplain clays or sandy to gravelly clays
of valley floodplains and mountain tributary floodplains
(tfhh). They are the youngest and most widespread fluvial
sediments, emerging in the form of valley floodplains
(floodplain terraces) of rivers and streams. Postglacial
alluvial floodplain sediments form a substantial part of
the fine-grained sedimentary surface cover of the sand-
gravel assemblage of bottom accumulation of rivers, or
just a separate filling of valleys in the cross profile of
all streams. Alluvial sediments of larger rivers form the
lithofacies of the most varied laterally and horizontally
changing assemblage, manifested by the rapidly changing
microrelief of the floodplains and the complicated structure
and lithofacies composition of the sediments.

The upper parts of the floodplain of the Teplica stream
consist of dusty sandy deposits 1.5-5.4 m thick. In some
places, they contain thin layers and lenses of putrefaction
(Banacky et al., 1973). In the north and northwest, fluvial
sediments of the older Pleistocene emerge — gravels and
sandy gravels of higher middle terraces covered with loess,
deluvial clays and washes. In the wider vicinity of the site,
there are also eolian sediments of the younger Pleistocene
(loess and fine sandy loess, calcareous and loess clays in
general), proluvial sediments of the Holocene (mainly
clays and sandy loams with rock fragments and muddy
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gravels in alluvial alluvial cones) and younger Pleistocene
(clay and sandy gravels with rock fragments in low
alluvial cones with a cover of loess and deluvial washes).
The thickness of the Quaternary is variable, mostly from
2 m to 8 m (Zitian, 2011).

Hydrogeological monitoring and temporarily equipped
(mapping) boreholes (Grexova et al., 2023) verified
quaternary (Holocene — anthropogenic sediments) to
Neogene (Miocene — claystones, siltstones, sandstones)
lithotypes in the investigated area. The Quaternary of the
studied area is represented in the near-surface layer by
fluvial sediments of the nature of clays and sandy gravels
at a depth with an irregular thickness from 5.0 mto 9.0 m
above sea level. (189.63—-193.57 m above sea level). The
Neogene bedrock is represented by Miocene clay-type
sediments and clayey clays of a stiff to firm consistency.
In the eastern part of the former SH plants, the thickness
of Quaternary sediments ranges from 6.50 m to 9.0 m,
in the western part of the former plants, the thickness of
Quaternary sediments varied between 5.0 and 8.5 m. In
summary, it can be concluded that the interface between
the Quaternary and the Neogene varies at the level from
189.63 to 193.57 m above sea level, depending on the
location of the wells near the main recipient of the Teplica
River. Geological sections A-A', B-B', C-C' and D-D'
in the area of the investigated area documenting the
geological structure of the site of the former SH plants
verified by survey in 2022-2023 are shown in Fig. 4. Based
on the hydrogeological regionalization of Slovakia (Suba
et al., 1984), the territory belongs to the hydrogeological
region N 002 Neogene Chvojnicka pahorkatina. The
region is bounded in the south by the Myjava plain, in the
west by the Morava plain, in the northeast by the White
Carpathians and in the east by the Myjava highlands. The
region is built in the Neogene and Paleogene with a thin
cover of Quaternary loess, loess clay, deluvium and, in the
western part, also white sands. The investigated area itself
is located in the extravillage of the cadastral territory of
the city of Senica, in the right-hand valley floodplain of
the Teplica stream.

The geological environment creates favorable
conditions for the creation and accumulation of
groundwater with the ceiling of the water collector at
the level of 193.41-196.30 m above sea level. The depth
of the groundwater level of a free nature is in the range
of 1.80-5.50 m p.t. and the general flow direction is
westward. The fairly strong permeability of fluvial gravels
was documented by hydrodynamic tests with a filtration
coefficient in the range of 6.65.10%-9.92.10* m2s™
(Grexova et al., 2023). The underground water of the
investigated area has the character of a predominantly
distinct basic type with a predominance of the calcium-
hydrogen carbonate component. The chemical composition
of groundwater of fluvial gravels in the substrate of
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Holocene alluvial sediments is stable, predominantly  sampling of the rock environment in the aeration zone
bicarbonate component (HCO, > Ca + Mg), with the most  and the saturation zone, sampling of underground, surface
common type of groundwater of carbonate class, calcium  and wastewater from newly built and existing wells,
group, first to third class [CCala to CCallla (Alekin)].  atmospheric geochemical measurements, soil air sampling,
Overall picture the chemical composition of groundwater ~ chemical analyses of groundwater samples, chemical and
is documented by the graphic interpretation of the semi-  granular analyses of rock samples. The methodology of the
logarithmic diagram according to Schoeller, which  survey works is described in detail in the work of Grexova
documents the stable chemical composition of groundwater et al. (2023).

in the investigated area of probable environmental stress, As a part of the technical works, 15 hydrogeological
Fig. 5. monitoring wells, 5 unequipped exploratory mapping wells
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Fig. 5. Schoeller’s graph of the ions concentration in groundwater in the area of the former SH plants (Grexova et al., 2023).

3 Methods and 15 manual diagnostic gasometric probes were drilled,
Fig. 6. The depth of the built-in hydrogeological wells
varied between 9 and 12 m, the depth of the mapping wells
was 5 m. Manual probes were carried out to a maximum
depth of 1 m. The basic parameters of the wells are listed
in Tab. 1.

The methodology of the realized detailed geological
survey based on the currently valid legislation of the
Slovak Republic, namely the Methodological Guide for
the Geological Survey of the Environment in a Polluted
Area (SAZP, 2020) and Directive of the Ministry of the
Environment No. 1/2015-7 for the analysis of the risk of
the polluted area.

A set of geological works was carried out on the site, Atmogeochemical in-situ measurements of soil air
aimed at a comprehensive survey and characterization  were carried out using hammered tube probes with a total
of the pollution of all components of the environment,  length of approx. 1 min the locations of manual gasometric
including the evaluation of the potential health and  probes, hydrogeological and mapping wells, this means
environmental risk resulting from any detected pollution.  that the measurements correspond to the composition of
Realized works in the area of probable environmental  soil air approx. 80 cm — 90 cm from the reclaimed surface
burden included technical works (drilling works) for the  of the investigated area with the aim of identifying volatile
purpose of specifying the geological structure of the site  pollutants in the soil air, indicating contamination of the
and the extent of contamination of the rock environment  soil / rock environment with petroleum substances. The
and underground and surface waters, measurements and ~ measurements were carried out using a portable field device
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Atmogeochemical measurements
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Tab. 1
Basic parameters of realized h;:rogeological and mapping wells
Depth [m] Drilling Equipment
Object S| el regﬁ;: t?; ) D|(;|r|]|S|Lr]1§]I r(]jgi]ex[rrr]11er':](e]r/ Range[r(]?‘] depth diellrrﬁtta?elit[i%nm] PerfE)nzzi\tion
Hydrogeological monitoring wells (129 m)
SHG-1 10.0 8.0 15/5/2023 196/175 0/2/2-717-8 125 2.0-7.0
SHG-2 10.0 8.0 15/5/2023 196/175 0-3/3-5.5/5.5-8 125 3.0-65
SHG-3 10.0 8.0 15/5/2023 196/175 0-2.5/2.5-7/7-8 125 25-75
SHG-4 10.0 9.0 16/5/2023 196/175 0-4.5/4.5-7.5/7.5-9 125 45-8.5
SHG-5 10.0 10.0 15/5/2023 196/175 0-5.3/5.3-8.3/8.3-10 125 55-85
SHG-6 10.0 9.5 17/5/2023 196/175 0-3.5/3.5-8.5/8.5-9 125 3.5-85
SHG-7 10.0 9.0 16/5/2023 196/175 0-4/4-7/7-9 125 4.0-7.0
SHG-8 10.0 6.5 18/5/2023 196/175 0/3/3-5/5-6.5 125 3.0-45
SHG-9 10.0 10.0 17/5/2023 196/175 0-4/4.0-7.0/7-9 125 4.0-9.0
SHG-10 10.0 9.0 19/5/2023 196/175 0-4/4-8.5/8.5-9.5 125 4.0-8.5
SHG-11 10.0 7.0 18/5/2023 196/175 0-3/3-6/6-7 125 3.0-6.0
SHG-12 10.0 9.0 18/5/2023 196/175 0-3.5/3.5-8/8-9 125 3.0-8.0
SHG-13 10.0 95 17/5/2023 196/175 0-3/3-8.5/8.5-9.5 125 3.0-85
SHG-14 10.0 6.5 18/5/2023 196/175 0-3.5/3.5-5/5-6.5 125 35-5.0
SHG-15 10.0 10.0 17/5/2023 196/175 0/4.5/4.5-9/9-10 125 45-9.0
Exploration unequipped mapping wells (26.5 m)
SMV-1 10.0 5.0 18/5/2023 156 0-3/3-5 110 3.0-5.0
SMV-2 10.0 5.0 18/5/2023 156 0-3/3-5 110 3.5-5.0
SMV-5 10.0 5.0 19/5/2023 156 0-3/3-5 110 4565
SMV-3 10.0 5.0 19/5/2023 156 0-3/3-5 110 3.0-5.0
SHG,,-8 10.0 6.5 19/5/2023 156 0-3/3-5 110 3.0-5.0
Manual gasometric probes (13.45 m)
SPS-1-SPS-15 1m 0.0 XI1/2022 - 0.5-1 0.50 -

ECOPROBE 5 from RS Dynamics, which enables, among
other things, online measurements of methane, oxygen
and carbon dioxide concentrations. The field instrument
also determined the content of other relevant gases (02,
CH,, CO,, PID) and total petroleum hydrocarbons (T.P)
from the soil air. The measurement consisted in suctioning
and subsequent analysis of soil air with a device from
unequipped mapping wells, newly built hydrogeological

wells and hand probes. The instrument used verified the
overall spectrum of soil gas and vapor concentrations.
Actotal of 35 atmogeochemical measurements were carried
out.

Sampling works

Sampling works consisted of taking samples of soil,
underground and surface water and river/bottom sediments,
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taking soil air and taking waste water from the WWTP,
Fig. 6. Groundwater and surface water samples were
taken in two cycles, soil air and soil samples were taken
once during drilling operations. The density, method and
amount of samples taken was specified by the responsible
researcher and was stated in the Sampling Plan of the rock
environment, underground and surface water, developed
according to Annex No. 17 of the Methodological Guide
for the Geological Survey of the Environment in
a Polluted Area, (SAZP, 2020). A complex map
of documentation points and environmental
sampling is interpreted in Fig. 7.

Soil sampling was carried out with the aim
to determine the area and spatial distribution
of the rock environment pollution at different
depth levels to map the centres of pollution
and delineate the contamination clouds of the
aeration zone and the saturation zone. Samples
were taken using a shovel into PE bags or
glass bottles in a total amount of 0.5-1 kg,
depending on the purpose. During sampling,
the pollution was evaluated sensory — smell
and visual assessment of the signs of pollution.
A total of 90 soil samples were taken, of which
83 soil samples were used to determine selected
indicators, including control samples, 5 soil samples
were used to determine the physico-mechanical
properties of soils, 2 samples were used to determine
leachability, including ecotoxicity on selected soil
samples.

Soil air sampling was carried out using a soil
probe at a depth of approximately 1.5 m located at
the location of the drilling/probes. The wellhead was
insulated. The pumping of soil air itself was performed
by a peristaltic pump as a part of the ECOPROBE 5
device. The flow rate was set to 0.5 I/min for a pumping
time of 5 min, which represents 2.5 | of extracted air.
The soil air was adsorbed onto an SKC tube, which
was sealed with plastic plugs immediately after
sorption and placed in the cold. A total of 40 soil air
samples were taken to determine selected indicators.

Sampling of groundwater and surface water and
bottom sediments as part of the survey was carried out
in accordance with the applicable STN EN ISO 5667
standards as well as the instructions of the accredited
laboratory and technical possibilities in the field and
was carried out in two rounds. A Gigant type pump
was used for sampling. The following were determined
directly in the field: temperature, pH, conductivity,
ORP and O,. A total of 53 groundwater samples and 9
surface water and sediment samples were taken for the
analysis of selected indicators.

Part of the sampling work was also the determination
of the organoleptic properties of the samples, i.e. tempera-
ture, colour, turbidity, transparency, or taste. These sensory
evaluations were performed for each sample collected and
documented in each sample collection protocol / record.
A total of 153 organoleptic determinations were carried
out. The comprehensive range of analyses is documented
in Tab.2.

Fig. 6. Realization of geological works during the geological survey.
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Tab.
Sampled objects and

2
scope of analyses

Rock environment — soil

Scope of analyses

Wells: SHG-1, SHG-2, SHG-3, SHG-4, SHG-5, SHG-
6, SHG-7, SHG-8, SHG-9, SHG-10, SHG-11, SHG-12,
SHG,13, SHG-14, SHG-15, SMV-1, SMV-2, SMV-3,
SMV-5, SHGm-8

Manual probes: SPS-1 to SPS-15

NEL-GC, CIU, BTEX, TOC, PAU, sulfur total, sulfur
sulphide, trace elements (As, Cr, Cd, Cu, Pb, Zn, Hg, B),
leachate, native sample + ecotoxicity in accordance with
Decree No. 382/2018 Coll., physical and mechanical
properties of soils

Rock environment — soil air

Scope of analyses

Sampling sites in the Teplica area: DS-1, DS-2, DS-3

NEL-GC, TOC, PAU, BTEX, CIU, trace metals: (As,
Cr, Cd, Cu, Pb, Zn, Hg)

Underground water

Scope of analyses

Wells: SHG-1, SHG-2, SHG-3, SHG-4, SHG-5, SHG-
6, SHG-7, SHG-8, SHG-9, SHG-10, SHG-11, SHG-12,
SHG,13, SHG-14, SHG-15, SMV-1, SMV-2, SMV-3,
SMV-5, SHGm-8, S-1, well BV-kovo

NEL-GC, PAU, BTEX, CIU, sulfur sulphide, B, TOC,
As, Cr, Cd, Cu, Pb, Hg, Zn, basic physico-chemical
analysis + Palmer—Gazda, microbiology (minimal),

Surface water

Scope of analyses

Sampling sites on the Teplica area: PV-1, PV-2, PV-3

Annex No. 1 GR No. 269/2010 part A, Annex No. 1 GR
No. 269/2010, part B

Waste water

Scope of analyses

WWTP

Annex No. 6 GR No. 269/2010, tab. 6.8: water reaction-
pH, insoluble substances (NL), CHSKCr, BSK,

To evaluate the soil and groundwater pollution,
chemical analyses were performed in the accredited
Geoanalytical Laboratories of the SGUDS in Spisska Nova
Ves according to standard procedures. The samples were,
depending on their nature, analysed by different analysers:
atomic absorption spectrometry — mercury analyser,
atomic emission spectrometry with inductively coupled
plasma, coulometry, photometry, gas chromatography
with electron capture detector, gas chromatography — mass
spectrometric detector and — flame ionization detector,
ion chromatography, mass spectrometry with inductively
coupled plasma.

As a priority, samples of the rock environment of
the aeration zone and saturation zone and groundwater
were taken and evaluated with regard to the indication
and intervention criteria specified in the directive of
the Ministry of the Interior of the Slovak Republic no.
1/2015-7 to develop a risk analysis of the polluted area.

The indicator criterion (ID) is the limit value of the
concentration of the pollutant determined in the rock
environment and groundwater, exceeding which can
endanger human health and the environment, which
implies the need to start monitoring of the polluted area.
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The intervention criterion (IT) is the critical value of
the concentration of the pollutant determined in the rock
environment and groundwater, the exceeding of which
presupposes, already with the given method of land use,
a high probability of endangering human health and the
environment, which implies the necessity of developing
a risk analysis of the polluted area. As it is planned in
the future in the eastern part of the former SH Senica
plants to change the use of the territory to a residential
zone, and thus from an environmental point of view,
a more sensitive territory, as a precaution, we proceeded
to evaluate the intervention criteria (IT) in this part of the
territory according to stricter criteria, and therefore ratings
for residential zones.

Qualitative parameters of the groundwater taken
from existing wells were compared in accordance with
the requirements of decree No. 91/2023 of the Ministry
of Health of the Slovak Republic, establishing indicators
and limit values of drinking water quality and hot water
quality, the procedure for monitoring drinking water, risk
management of the drinking water supply system and risk
management of domestic distribution systems.
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# - Hydrogeological monitoring wells (SHG-1 to SHG-15)
4 - Uncased exploratory (mapping) wells (SMV-1 to SMV-5)
@ - Hand-dug probes (SPS-1 to SPS-15)
@ - Exisling objects within the SH area
- Sampling sites for surface water and sediments (PV/DS) 8
- Boundary of the study area
- Future land use for a residential zone

Fig. 7. Map of documentation points and sampling (taken from Grexova et al., 2023).

The evaluation of the soil air samples taken was carried
out in accordance with the instruction of the Ministry
for the Administration and Privatization of National
Property of the Slovak Republic and the Ministry of the
Environment of the Slovak Republic on dated December
15, 1997 No. 1617/97-min.

Qualitative parameters of sampled surface water
and wastewater were compared in accordance with the
requirements of SR Government Regulation No. 269/2010
Coll., which establishes requirements for achieving good
water status.

The leachate and native sample, including ecotoxicity
for soil classification in terms of waste management,
were evaluated in accordance with the requirements of
the Decree of the Ministry of the Interior of the Slovak
Republic No. 382/2018 Coll. on waste dumping and
storage of waste mercury.

In more detail, the methodology of the geological
works carried out is given in the final report of Grexova
et al. (2023).

4 Results

The aim of the detailed survey was to verify and
identify the detected potential pollution of all components
of the environment.

Pollution of the rock environment, of the soil and soil
air

Before drilling, soil air samples were taken at the
locations of manual probes and planned wells, in which,
due to the nature of the site, the presence of petroleum
hydrocarbons determined as benzene and toluene were
detected. Higher concentrations of indicators exceeding

Tab. 3
Concentration of potential carcinogens in soil air samples (taken from Grexova et al., 2023)
Parameter| Unit B (@ Planned residential zone Reclaimed industrial zone
SPS-3 | SPS-3, | SPS-5 | SPS-5, | SPS-10 | SPS-10, | SPS-13 | SPS-13,
Benzene mg/m3 1 5 28 <04 <04 10 <04 5 <04
Toluene mg/m? 5 10 7 <0.4 <04 <1 <04 5 <04

B - to determine the origin of the pollution source
C — to start remediaton or other survey
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concentrations B and C of MSPN instruction No. 1617/97-
min., were confirmed only in manual probes of the SPS
type. By repeated control sampling in which were not
confirmed higher concentrations, we evaluated as pollution
of a point nature, with the probability of affecting ongoing
construction works and the possibility of free access for
the public in the eastern part of the former plants, which
is not related to the activity that conditions the inclusion
of the investigated area into the system of environmental
burdens (ISEZ), Tab. 3.

Results of soil air analyses from soil samples taken
from the aeration zone and the saturation zone from
wells (SHG, SMV) and probes (SPS) confirmed low
concentrations in all analysed parameters not exceeding
the indication and intervention criteria of the Guidelines
of the Ministry of the Environment SR No. 1/2015-7 to
develop a risk analysis of the polluted area. Exceeding the
indication and intervention criterion of the directive for
residential zones was confirmed by higher concentrations
of mercury (SPS-1: 3.76 mg.kg™ of dry matter), copper
(SPS-3: 593 mg.kg™* of dry matter) and lead (SPS-3: 1 860
mg.kg* of dry matter). The detected higher concentrations
were not confirmed by control samples (Cu — SPS,-3: 32
mg.kg™ of dry matter), (Pb — SPS,_-3: 24 mg.kg™ of dry

matter) located in the eastern part of the investigated site,
Tab. 4.

From the hydrogeological monitoring wells of the
SHG, elevated concentrations of trace metals exceeding
the indication criterion of the directive were detected in
the indicators of copper (548 mg.kg™ of dry weight) and
the intervention criterion for lead (593 mg.kg™ of dry
weight) only in the well SHG-10, located in the new of the
industrial part of the area of the former Slovensky hodvab
plants, whose current activity is not related to the activities
of the factories causing environmental burden. Elevated
concentrations of trace metals were also confirmed by
control sampling, when according to more stringent
criteria, and thus the assessment for residential zones,
the concentrations of the monitored indicators slightly
exceeded the intervention criterion, Tab. 4.

In this well, a high concentration of NEL-GC (nonpolar
solvents analysed by gas chromatography) exceeding the
indication criterion (774 mg.kgof dry matter) was also
detected, which was also confirmed by a control sample,
which proved that the concentration was exceeded within
the intervention criteria of the directive of the Ministry
of the Interior of the Slovak Republic No. 1/2015-7 min.
(774 and 3 179 mgkg™? of dry matter). Identification of

Tab. 4

Overview of indicators exceeding ID or IT criteria in accordance with the directive of the Ministry
of the Environment of the Slovak Republic No. 1 /2015-7 in a rock environment (taken from Grexova et al., 2023)

"l?:,fg:iign Intervetion criteria Planned residential zone Reclaimed industrial zone

Indicator | (D) | Resicentil - SPS1 | SPS:3 | SPS-3 | SMVE3 | SPS9 | SPS-9 | SHG-10 |SHG,-10

[mg.kg dry matter] 0-1,0mu.t. OnﬁOIS 0-1,0mu.t. 2mut.

I. METALS
As 65 70 12 5 1 9 3 -] s g
cd 10 20 <0001 | <0001 | <0001 | <1 <0001 | - | <1 |<1
cr, 450 500 64 9 80 | 170 7 - | & |06
Cu 500 600 19 503 32 73 1 _ s |3
Hg 25 10 376 022 098 | 042 003 | - | 233| 339
Pb 250 300 69 -T 77 46 - 5w | 460
Zn 1500 | 2500 103 532 | 392 165 - | |2
VIII. POLYCYCLIC AROMATIC HYDROCARBONS (HALOGENATED)

I“CEH:'_(SOC) 200 250 - 2 n - | e -7 774 -
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hydrocarbons in the rock environment in the investigated
location, when the concentration of NEL-GC exceeded the
IT criterion of the Ministry of the Interior of the Slovak
Republic No. 1/2015-7 pointed out in the case of the
hydrogeological monitoring borehole SHG-10 (1.5-2.0 m
above sea level) and SHGK-10 (control sampling) and
in the mapping borehole SMV-3 (0.2-0.5 m above sea
level) for the dominant percentage representation of
hydrocarbons of the C16—C24 series (heating oils; Fig. 8).

Local pollution by aliphatic petroleum hydrocarbons
of the rock environment of the biological contact zone
is illustrated in Fig. 9. The pollution is characterized by
residual hydrocarbons that have the character of low-

volatile hydrocarbons, with low solubility and a high
degree of retardation (limitation of migration) in the rock
matrix. The confirmation of the local presence of this
hydrocarbon in part of the investigated area is, according
to the oral information of the current owner, a consequence
of the remediation of the hot water boiler for burning fuel
oil in 2000, which in the past ensured the central heating
of the city of Senica, and therefore with a high probability
it is a residual pollution. In summary, it can be concluded
that the slightly increased concentrations confirmed
only in manual probes are with a high probability point
pollution of a residual nature as a result of the implemented
partial rehabilitation of objects in the planned residential

SMV-3 —
— 504 — 43 %

r_..-— 12 %

SHGk-10 —
-~ 6%

~15%

' 80 %
SHG-10
~— 6%

0 10 20 30 40 50

® C24-C40 (lubricating oils)

® (C16-C24 (heating oils)

.~ 53 %

Fig. 8. Concentration of
individual hydrocarbon
fractions in the rock en-
vironment of the bio-
logical contact zone in
the soil samples taken
from the hydrogeologi-
cal monitoring well and
the unequipped mapping
well with high C10-C40
(taken from Grexova et
al., 2023).

~81%

60 70 80 90

B C12-C16 (kerosene)

@ - Hydropealogecal mondonng wels (SHG-1 ks SHE-15)
& - Uncased explarstory (mapping) wells (SAIV. 10 SMV.5)
@ - Hand-dug piobes (SP5-1 k SPS-15)
@ - Existing objects withn the 5H area
- Sarrgling sdins fof surhece wailir and seciments. (FWDS)
“| ~ Boundary of the shudy acea
- Future land use for a rescdential zone
D INAAR ELIERE) B o maten sesuoa mMomy ol Enwtoamest
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== %" ¥
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Fig. 9. Areal distribution of petroleum hydrocarbons in the studied site (taken from Grexova et al., 2023).
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zone, which, according to the recommendations of the
environmental audit (Zitian, 2011), resulted in the removal
of a potential source of contamination.

Groundwater pollution

Groundwater sampling carried out in two rounds with
an interval of 30 days did not confirm water contamina-
tion, even in places where local residual pollution was
confirmed. From all groundwater samples from hydrogeo-
logical — SHG wells, as well as unequipped SMV mapping
wells and existing objects, the values of the monitored in-
dicators were below the limit of detection, or at low values
not exceeding the indication and intervention criterion of
the Ministry of the Interior of the Slovak Republic No.
1/2015-7 to develop a risk analysis of the polluted area.
An interesting fact was the slightly increased values of sul-
phide sulfur in the eastern part of the territory in only two
of'the five unequipped exploratory (mapping) wells located
according to the historical map from 1958 in the places of
the former old arm with maximum average concentrations
not exceeding the indication criterion of the directive, Tab.
5. Sulphide sulfur occurs in waters as undissociated sul-
fane, simple HS™ and S% ions. Sulfane and its ionic forms
are unstable in water. They can be chemically or biochemi-
cally oxidized to sulphates, it can be permanently present

Fig. 10. Interpretation of the pollution of the investigated pro-
bable environmental burden (taken from Grexova et al., 2023).

in water only in an anaerobic environment, therefore it
is evidence for reduction processes in water. Since the
exceeding of ID and IT limits was recorded only in sam-
plings from unequipped mapping wells in the eastern part
of the territory and in regime measurements in hydrogeo-
logical and mapping wells did not record negative values
of oxidation-reduction potential (ORP) in this part of the
investigated site, with a high probability this is the natural
origin of occurrence in this environment, Tab. 6. Also,
taking surface water samples from the stream of Teplica
in two cycles in the direction of presumed pollution from
the former plants did not confirm exceeding values of con-
centrations in any of the monitored indicators, as well as in
groundwater samples.

Risk analysis of the investigated site

Risk analysis of the polluted area was also a part of the
survey work. Its elaboration resulted from the legislative
requirements of Directive No. 1/2015-7. Thus from
the reason of the presence of pollutants exceeding the
intervention and indication criteria in the rock environment
of the biological contact zone in the aeration zone with
the NEL indicator GC and trace metals Cu, Pb and Hg,
an environmental and health risk assessment was required.
An interpretation of the detected polluting substances in

Explanations:

Boundary of the study area

Future land use for a residential zone
‘ Hydrogeological monitoring wells (SHG-1 to SHG-15)
# Uncased exploratory (mapping) wells (SMV-1 to SMV-5)

3 [ ] Hand-dug probes (SPS-1 to SPS-15)

&
Arei 3 m?) exceeding the ID criterion of the Ministry of Environment of the
Slovak Republic Directive No. 1/2015-7 for the indicator Hg in the planned residential zone
“~, Avea limitation of local (non-significant) pollution (4 218 m?) exceeding the ID criterion of the Ministry of Environment of the
“ ) Slovak Republic Directive No. 1/2015-7 for the indicator Pb in the planned residential zone
Area limitation of local (non-significant) pollution (41 m?) exceeding the IT criterion of the Ministry of Environment of the Slovak
Republic Directive No. 1/2015-7 for the indicator Pb in the planned residential zone
<~ Area limitation of local (non-significant) pollution (7 155 m?) exceeding the ID criterion of the Ministry of Environment of the
./ Slovak Republic Directive No. 1/2015-7 for the indicator Pb in the planned residential zone
“74 Area limitation of local (non-significant) pollution (2 745 m?) exceeding the IT criterion of the Ministry of Environment of the
L= 2] Slovak Republic Directive No. 1/2015-7 for the indicator Pb in the planned residential zone
Arealimitation of residual pollution (16 314 m?) ing the ID f the Ministry of
Directive No. 1/2015-7 for the indicator NEL-GC in the industrial zone
Area limitation of residual pollution (9 115 m?) exceeding the IT criterion of the Ministry of Environment of the Slovak Republic
Directive No. 1/2015-7 for the indicator NEL-GC in the industrial zone
Area limitation of residual pollution (264 m?) exceeding the IT criterion of the Ministry of Environment of the Slovak Republic
Directive No. 1/2015-7 for the indicator Cu in the industrial zone
Area limitation of residual pollution (5469 m?) exceeding the IT criterion of the Ministry of Environment of the Slovak Republic
Directive No. 1/2015-7 for the indicator Pb in the industrial zone
Area limitation of residual pollution (379 m?) exceeding the IT criterion of the Ministry of Environment of the Slovak Republic
Directive No. 1/2015-7 for the indicator Hg in the industrial zone

of the Slovak Republic
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SITUATIONAL MODEL OF THE LOCATION

SKI/EZ/SE/2004 E
‘ W Site of the former SH Senica 4—
; ; " ; \Zone for future residential construction after demolition City cenler of Senica
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o
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[ Clays @l Contaminated soils above IT p
E Gravels "> Contaminated soils above IT o
——’ Direction of groundwater flow Concentration uf sulfide sulfur in groundwater exceedlng
IT criterion a the Minis/ nvi
e of the Sloval cﬁcepur@c Directive I?lrg 1!;01 r?r‘
Hv rundwatarierel s, Concentration of sulfide sulfur in groundwater exceeding § ’
A . D criterion aocordlrtl)? to the Mlms of En\rlmnment i
--------- » Exposure pathways ’ of the Slovak Republic Directive No. 1/2015
sHG-10 | Hydrogeological monitoring well
Exploratory uncased (mapping) well

Fig. 11. Situation model of the site (taken from Grexova et al., 2023).

Tab. 5

Overview of indicators exceeding the ID or IT criteria in accordance with the directive of the Ministry of the Interior
of the Slovak Republic No. 1/2015-7 in the groundwater of the investigated area (taken from Grexova et al., 2023)

Directive No. 1/2015-7 SMV-1 SMV-3
Parameter : ; : ;
_ _ 1. sampling 2. sampling 1. sampling 2. sampling
1 1
ID [pg.I"] IT [pgI"] round round round round
IX. other

Inorganic substances

Sulfur sulphide

(S sulp.) 150 <10 220

the area of the former plants is shown in Fig. 10. Fig. 11~ and possible transport routes of pollutants in the subject
shows the situational model of the site, which is based on  area. It also shows sources of environmental pollution as
the results obtained from the geological survey according  well as exposure scenarios in connection with the receptors
to Annex 4 to the directive of the Ministry of the Interior ~ present. The elaborated risk analysis did not identify an
of the Slovak Republic No. 1/2015-7, which characterizes ~ environmental or health risk, there was no need to propose
sources and centers of pollution, migration possibilities  costly remediation of the site.
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Tab. 6
Results of field measurements of groundwater during the survey (source: Grexova et al., 2023)
8 = g8~ &8~ E3E| o= | 8% |28~ |BE |28
8 5% |S£52|%52| T |@8E| & | BE |25 |2EE|2ES
SHG-1 | 21.6.202310:42 | 135 23 7.02 109.0 1989 | 1.720 135 16.80 13.5
SHG-2 | 21.6.2023 11:50 | 11.6 26 7.00 164.5 2747 | 0.322 11.6 3.00 11.6
SHG-3 | 21.6.2023 9:54 12.6 22 7.00 121.6 249.2 | 0.268 12.6 2.60 12.6
SHG-4 | 27.6.2023 12:00 | 11.6 20 7,22 97.50 188.2 | 0.198 11.6 1.90 11.6
SHG-5 | 20.6.2023 15:52 | 12.7 30 7.20 279.0 57.6 1.300 12.7 12.50 12.7
SHG-6 | 21.6.2023 8:44 23.2 21 7.02 110.6 310.3 | 0.645 23.2 6.30 23.2
SHG-7 | 27.6.2023 12:30 | 12.3 20 7,29 85.9 59.8 0.470 12.3 4.40 12.3
SHG-8 | 21.6.202316:04 | 13.1 31 6.96 94.8 364.5 | 5.890 13.1 56.80 13.1
SHG-9 | 20.6.2023 12:08 | 13.6 28 6.85 166.3 104.1 | 0.267 13.6 2.60 13.6
SHG-10 | 20.6.2023 10:56 | 13.5 26 7.04 128.4 299.6 | 0.570 13.5 5.60 13.5
SHG-11 | 27.6.2023 11:25 | 11.8 20 7.07 180.1 178.5 | 0.240 11.8 2.40 11.8
SHG-12 | 20.6.2023 13:55 | 13.1 29 7.13 114.8 76.4 0.274 13.1 2.60 131
SHG-13 | 20.6.2023 11:40 | 134 27 7.05 115.7 184.0 | 0.525 13.4 5.20 13.4
SHG-14 | 21.6.2023 15:38 | 12.2 31 7.15 91.1 3485 | 3.150 12.2 29.80 12.2
SHG-15 | 20.6.2023 12:35 | 13.4 28 7.13 1145 165.8 | 0.516 134 4.90 134
SMV-1* | 21.6.2023 11:16 | 13.1 24 7.02 137.2 8.4 0.552 13.1 5.30 13.1
SMV-2 | 21.6.2023 12:22 | 13.7 26 6.93 148,1 429.9 | 0.621 13.7 6.10 13.7
SMV-3* | 21.6.2023 9:26 125 22 7.17 281.0 50.7 0.198 12.5 1.80 12.5
SMV-5 | 21.6.2023 15:00 | 12.3 28 6.99 129.3 1431 | 0.273 12.3 2.60 12.3
SHGM-8| 20.6.2023 15:18 | 12.8 30 6.85 159.7 0.9 0.195 12.8 1.80 12.8

* Objects with a higher concentration of sulphide sulfur content

5 Conclusion

In the years 2021 to 2023, SGUDS carried out a detailed
geological survey of the environment at a site of probable
environmental burden with a high priority, where pollution
of the rock environment and groundwater was assumed
due to the industrial activity of the former Slovensky
hodvab plants and the potential leakage of pollution from
7 fuel oil tanks and cooling towers. The quality of all
the samples taken with the analytical evaluation of 210
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indicators from an area of approximately 37 ha did not
confirm the expected pollution resulting from the nature of
the industrial activity of the environmental burden. From
the obtained results in accordance with the currently valid
legislative regulations, it can be concluded that no serious
pollution of the underground water and rock environment
was detected, either in the zone of aeration or in the zone
of saturation with priority pollutants [NEL-GC, trace
elements (As, Cr total, Cu, Hg, Pb, Zn), BTEX, CIU and
PAU], which would be in a causal or spatial context.
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Local pollution detected in the biological contact zone
by the NEL-GC indicator, which was the only one of the
wide range of indicators examined that exceeded the IT
criterion of the Ministry of the Interior of the Slovak Re-
public No. 1/2015-7 is of a residual nature unrelated to
the activities of the former SH plants. Pollution of ground-
water with sulphide sulfur with increased concentrations
exceeding the ID criterion of the Ministry of the Interior
of the Slovak Republic No. 1/2015-7 in the planned res-
idential zone, was sporadically and locally detected only
in the eastern part of the investigated area, and only in ex-
ploratory unequipped mapping wells in the upper part of
the incomplete watered collector. The presence of sulphide
sulfur in the eastern part of the investigated area is of natu-
ral origin unrelated to reduction processes in water, which
would be confirmed in this part of the environment.

Whereas the environmental and health risks have
not been confirmed by the prepared risk analysis of the
polluted area, it is not necessary to carry out remediation
of the polluted area with the current use of the area. Due to
the confirmed residual soil pollution in the western part of
the newly built industrial part and the sporadic occurrence
of sulphide sulfur in the groundwater, we recommend, as
a precaution, two-year groundwater quality monitoring in
this part of the site, after which, in the event of a favorable
development of the groundwater quality, to remove the
location from the Register of Information of the system of
environmental loads of the Slovak Republic.

It can be concluded that the implementation of this
survey is another positive step in the systematic solution of
the problem of environmental burdens on the territory of
the Slovak Republic, the results of which are the basis for
the gradual improvement of the environment, including
sustainability for future generations.
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Property of the Slovak Republic and the Ministry of the En-
vironment of the Slovak Republic dated December 15, 1997
No. 1617/97-min. on the procedure for evaluating the com-
pany’s obligations from the point of view of environmental
protection in the privatization project submitted by the com-
pany as part of the privatization.

Journal of the MZP SR 1/98. Part VI. Indicators and standards for
remediation of soil, soil and groundwater pollution, p. 47-51.
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Pouzita metodika a vysledky geologického prieskumu environmentalnej zat'aze
byvalych zavodov Slovensky hodvab Senica

Environmentalne zataze su definované ako znecistené
uzemia spdsobené ¢innostou ¢loveka, ktoré predstavuju
zavazné riziko pre ludské zdravie alebo horninové
prostredie, podzemni vodu a pbdu. Problematika
environmentalnych zatazi na Slovensku sa zacala riesit’
v roku 2006 v ramci projektu Systematicka identifikicia
environmentalnych zatazi (Paluchové et al., 2008) s cielom
identifikacie pravdepodobnych environmentalnych zatazi
z celého Uzemia Slovenskej republiky. Vysledkom
bolo zostavenie Registra environmentalnych zatazi.
Registrované zataze st v nom zoradené¢ podla ich
relativnej rizikovosti ohrozenia zivota a zdravia
obyvatel'ov, ako aj poSkodenia ekosystémov. Register
je sucastou Informacného systému environmentalnych
zatazi (IS EZ). Aktuélne je na Slovensku evidovanych
1 782 zatazi, rozdelenych do registrov podla stavu ich
preskiimanosti a realizacie napravnych opatreni s cielom
minimalizacie ich negativneho dosahu na zdravie ¢loveka
a zivotné prostredie.

Prace prezentované v tomto clanku vychadzaju
z vysledkov geologickej ulohy pod ndzvom Geologicky
prieskum vybranych pravdepodobnych environmentalnych
zdatazi 3 — SGUDS. Uloha sa rieSila v ramci operaéného
programu Kvalita zivotného prostredia — prioritna os 1.
Bola vypracovana v sulade so strategickym planovacim
dokumentom v ramci systematického prieskumu a odstra-
fiovania environmentalnych zatazi s nazvom Statny pro-
gram sandcie environmentalnych zatazi SR (2016 —2021).
Environmentalna zataz v Trnavskom kraji, ktora je pred-
metom nasho ¢lanku, je v nom evidovana v ¢asti 7.1.1.
Najrizikovejsie lokality z hladiska potreby realizacie
prieskumu pravdepodobnych environmentdlnych zatazi
a potreby vypracovania rizikovej analyzy. Environmental-
na zataz (d’alej EZ) v areali byvalych zavodov Slovensky
hodvéab je v informacnom systéme zaregistrovana v ka-
tegorii A ako pravdepodobnd environmentalna zataz s vy-
sokou prioritou s ozna¢enim SK/EZ/SE/2004 pod nazvom
SE/2004/Senica — areal byvalého SH Senica.

Aredl byvalych zavodov je lokalizovany v zastava-
nom uzemi intravilanu mesta Senica, v priemyselnej zone,
v areali byvalého vyrobného podniku Slovensky hodvab
Senica. Uzemie je z vychodnej strany ohrani¢ené obchod-
nou prevadzkou Lidl a autobusovou stanicou, zo severnej
strany tokom Teplica. Plocha skiimaného areélu predsta-
vuje zhruba obdiZnik s rozlohou priblizne 37 ha.
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Vysoka priorita environmentalnej zataze bola v sys-
téme environmentalnych zatazi priradend predovsetkym
na zaklade vizualnej obhliadky lokality v Case registracie
v roku 2014, ktora zodpovedala stavu ukoncenej prie-
myselnej ¢innosti byvalych zavodov. Zavody SH Senica
boli vybudované v 20. rokoch minulého storocia s ciel'om
vyroby syntetickych vlakien. Zavody zanikli v roku 2005.
Samotna ¢innost’ podmienujica vznik EZ sa od roku 1989
uz nevykonava. V areali podniku (vyroba syntetickych
vlakien) bolo v ¢ase aktivnej ¢innosti vybudované rozsiah-
le mazutové hospodarstvo (nadrze st uz zblrané) pozosta-
vajlce zo 7 nadrzi na mazut, kotolne a staacicho miesta.
Nachadzala sa tam aj neutralizacna stanica a sklady che-
mikalii (HCI a pod.). Cinnost’ podmiefujuca vznik EZ sa
na lokalite uz nevykonava, prevadzka sa vyuziva na iné
ucely. V zapadnej Casti arealu v sucasnosti prebicha roz-
noroda priemyselné &innost’. Udaje o drzitePovi/drZiteloch
zat'aze uvedené v systéme ISEZ boli v Case realizovaného
prieskumu neaktualne. Od roku 2014 sa zmenil poévodny
drzitel’ a v dosledku odpredaja sa stale menia vlastnici na
roznych parcelach environmentalnej zataze.

V ¢ase prieskumu v rokoch 2022 — 2023 aktualny vi-
zualny stav nezodpovedal stavu lokality v Case jej regis-
tracie z roku 2014. Vo vychodnej ¢asti tizemia v miestach
najpravdepodobnejSicho zdroja znecistenia prebiehala
rozsiahla stavebna a asanacna ¢innost’ s ipravou pozemku
uréeného na d’alSie rozvojové aktivity obc¢ianskej a by-
tovej vystavby. Asanacia a nasledna Uprava pozemku sa
realizovala na zédklade odportcani environmentalneho au-
ditu v objektoch aredlu Slovensky hodvab PLUS, s. r. o.
(Zithan, 2011).

Metodika realizovaného podrobného prieskumu sa
odvija od aktualne platnej legislativy Slovenskej republiky,
a to predovsetkym Metodickej prirucky geologického
prieskumu Zivotného prostredia v znecistenom uzemi
(SAZP,2020) a smernice Ministerstva Zivotného prostredia
¢. 1/2015-7 na analyzu rizika znecistené¢ho tizemia.

Na lokalite sa uskutoc¢nil subor geologickych prac
zamerany na komplexny prieskum a charakterizaciu zne-
Cistenia vSetkych zloziek zivotného prostredia vratane
zhodnotenia potencialneho zdravotného a environmen-
talneho rizika vyplyvajiceho z pripadného zisteného
znecCistenia. Realizované prace v oblasti vyskytu pravde-
podobnej environmentalnej zat'aze zahriali technické pra-
ce (vrtné prace). Ich cielom bolo spresnenie geologicke;j
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stavby lokality a rozsahu znecistenia horninového prostre-
dia a podzemnej aj povrchovej vody, meranie a odbery
vzoriek horninového prostredia v pasme prevzduSnenia
a padsme nasytenia, odbery vzoriek podzemnej, povrchovej
a odpadovej vody z novovybudovanych aj existujlcich
vrtov, atmogeochemické merania, odbery p6dneho vzdu-
chu, chemické analyzy odobratych vzoriek podzemnej
vody a chemické a zrnitostné analyzy odobratych vzoriek
horninového prostredia. Metodika prieskumnych prac je
detailne opisana v praci Grexovej et al. (2023).

V ramci technickych prac sa uskutocnilo 15 hydro-
geologickych monitorovacich vrtov, 5 nevystrojenych
prieskumnych mapovacich vrtov a 15 ru¢nych diagnostic-
kych plynometrickych sond. Hibka zabudovanych hydro-
geologickych vrtov varirovala v rozsahu 9 a7 12 m, hibka
mapovacich vrtov bola 5 m. Ru¢né sondy sa robili do ma-
ximalnej hibky 1 m.

Pred realizaciou vrtnych prac sa v miestach ru¢nych
sond a planovanych vrtov odobrali vzorky pédneho vzdu-
chu. Vzhl'adom na charakter lokality v nich bola zazna-
menand pritomnost ropnych uhlovodikov stanovenych
ako benzén a toluén. WsSie hodnoty koncentracie ukazo-
vatel'ov prekracujice koncentraciu B a C pokynu MSPN
¢ 1617/97-min. boli potvrdené iba v rucne realizovanych
sondach typu SPS. Hodnoty, ktoré neboli potvrdené opa-
kovanymi kontrolnymi odbermi, sme vyhodnotili ako
znecistenia bodového charakteru s pravdepodobnostou
ovplyvnenia prebiehajucich prac stavebného charakteru
a moznostou vol'ného pristupu pre verejnost’ vo vychod-
nej Casti byvalych zavodov, ktora nema stvis s ¢innostou
podmieniujiicou zaradenie skumanej lokality do systému
environmentalnych zatazi (ISEZ).

Na zéklade vysledkov analyz pddneho vzduchu sa
pocas realizdcie vrtnych prac odobrali vzorky zemin
z pasma prevzdusnenia a pasma nasytenia z vrtov (SHG,
SMV) a sond (SPS). Vysledky z nich potvrdili nizku
koncentraciu vo vSetkych analyzovanych ukazovatel'och
neprekracujucu indikaéné a intervencné kritéria stano-
vené smernicou MZP SR & 1/2015-7 na vypracovanie
analyzy rizika znecisteného tizemia. Vynimkou bola len
vysSia koncentracia ortuti (SPS-1 — 3,76 mg . kg™ . su-
Siny), medi (SPS-3 — 593 mg . kg? . suSiny) a olova
(SPS-3 — 1 860 mg . kg . suSiny) prekracujuca indikac-
né a intervenéné kritérium smernice pre obytné zony.
Z hydrogeologickych monitorovacich vrtov SHG sa
zistila zvySena koncentracia stopovych kovov prekra-
cujuca indikacné kritérium smernice v ukazovateli med’
(548 mg . kg . suSiny) a intervenéné kritérium v ukazo-
vateli olovo (593 mg . kg . susiny) iba vo vrte SHG-10,
situovanom v novej priemyselnej Casti arealu byvalych
zavodov Slovensky hodvab. Jeho aktudlna Cinnost ale
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nema suvis s ¢innostou zavodov podmienujucou vznik
environmentalnej zat'aze. V tomto vrte sa zistila aj vysoka
koncentracia NEL-GC prekracujica indikaéné kritérium
(774 mg . kg™ . susiny). To sa potvrdilo aj kontrolnou vzor-
kou, ktora preukazala prekrocenie koncentracie v ramci
intervenéného kritéria smernice MZP SR ¢&. 1/2015-7-min.
(774 a3 179 mg . kg . susiny). Identifikacia uhl'ovodikov
poukézala na dominantné percentudlne zastGpenie uhlo-
vodikov radu C,, - C,, (vykurovacie oleje).

Lokalne znecistenie horninového prostredia biologic-
kej kontaktnej zony alifatickymi ropnymi uhl'ovodikmi je
charakterizované rezidualnymi uhl'ovodikmi, ktoré maja
charakter malo prchavych uhlovodikov s nizkou roz-
pustnost'ou a vysokym stupfiom retardacie (obmedzenia
migracie) v horninovej matrici. S vysokou pravdepodob-
nostou ide o bodové znecistenia rezidualneho charakteru
v dosledku realizovanej Ciasto¢nej sanacie objektov v pla-
novanej obytnej zéne.

Odbery vzoriek podzemnej vody realizované v dvoch
koléach s odstupom 30 dni nepotvrdili kontaminaciu vody,
a to ani v miestach, kde sa potvrdilo lokalne znecistenie
reziduélneho charakteru.

Zaujimavou skutocnost’'ou boli mierne zvysené hodno-
ty sulfidickej siry vo vychodnej Casti izemia iba v dvoch
z piatich nevystrojenych prieskumnych (mapovacich) vr-
tov, podla historickej mapy z roku 1958 lokalizovanych
v miestach byvalého starého ramena. Maximalna priemer-
na koncentracia neprekrocila indika¢né kritérium smerni-
ce. Ked’ze prekrocenie limitov ID a IT bolo zaznamenané
iba pri odberoch z nevystrojenych mapovacich vrtov vo
vychodnej €asti izemia a pri rezimovych meraniach v hy-
drogeologickych a mapovacich vrtoch v tejto Casti izemia
sa nezistili zaporné hodnoty oxidaéno-redukéného poten-
cialu, s vysokou pravdepodobnostou ide o prirodzeny po-
vod vyskytu v tomto prostredi.

Zvysena koncentracia v zZiadnom zo sledovanych uka-
zovatel'ov, rovnako ako vo vzorkach podzemnej vody, sa
nepotvrdila ani odbermi vzoriek z povrchového toku Tep-
lica v dvoch cykloch v smere predpokladaného znecistenia
z byvalych zavodov.

Stcastou prieskumnych prac bola aj analyza rizika
zneCisten¢ho uzemia, ktorej vypracovanie vyplynulo z le-
gislativnych poziadaviek smernice MZP SR &.1/2015-7.
Tykala sa pritomnosti zneé¢ist'ujucich latok prekracujucich
intervencné a indikac¢né kritéria v horninovom prostredi
biologickej kontaktnej zony v pasme prevzdusnenia uka-
zovatelom NEL-GC a stopovymi kovmi Cu, Pb a Hg,
pri ktorych bolo potrebné hodnotenie environmentalne-
ho a zdravotného rizika. Vypracovanou analyzou rizika
zneCistené¢ho tUzemia sa nepotvrdili environmentalne ani
zdravotné rizika, preto pri su¢asnom vyuziti izemia nie
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je potrebné vykonat’ sanaciu znecistené¢ho uzemia. Vzhl'a-
dom na potvrdené rezidudlne znecistenie zemin v zapad-
nej, novovybudovanej ¢asti priemyselnej Casti a sporadicky
vyskyt sulfidickej siry v podzemnej vode bolo z principu
opatrnosti navrhnuté v tejto Casti izemia dvojrocné mo-
nitorovanie kvality podzemnej vody. Po flom v pripade
priaznivého vyvoja kvality podzemnej vody bude lokalita
vyradena z registra Informacného systému environmentdl-
nych zatazi Slovenskej republiky.
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Realizacia tohto prieskumu je dalSim pozitivnym
krokom v ramci systematického rieSenia problematiky
environmentalnych zat'azi na uzemi Slovenskej republiky.
Jeho vysledky su podkladom na postupné zlepSovanie
zivotného prostredia vratane udrzatelnosti pre dalSie
generacie.
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