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Abstract: The Zemplinic pre-Alpine crystalline basement occur within a northwest-southeast striking tectonic horst,
uplifted from the basement of the Cenozoic fill of the East Slovakian Basin. Its tectonic affiliation has not yet been clearly
resolved, therefore, this either represents a continuation of the Western Carpathians crystalline basement units to the east
or belongs to another tectonic unit. The Zemplinic metabasic rocks are represented by typical amphibolites, which are
dark-coloured with strong to weakly foliated or lineated structures. The results of geothermobarometry and constructed
phase diagrams indicate a P-T interval of an amphibolite facies with conditions of 610730 °C at 0.58—0.76 GPa. Their
critical mineral association Hbl+PI+Cpx corresponds to the climax of the orogenic metamorphism of the Zemplinic
crystalline basement. Based on their chemical composition, the protolith of metabasic rocks corresponds to two volcanic
groups: the sub-alkali basalt (Nb/Y=0.05-0.31) and the alkali basalt (Nb/Y=0.90-1.85). The Nby/Thy values
(=0.04-0.19) exhibit “arc” signatures for the sub-alkali metabasalts. The sub-alkali metabasalt group, which is shown in
the incompatible element’s diagrams, indicates that it normalized to N-MORB and E-MORB and inclines to E-MORB
basalts, with evidence of Zr-Hf, Ti, Y, and Nb depletion. On the other hand, the group of alkali metabasalts tends to be
more transitional to the OIB basalts, with evidence of higher enrichment in LREE and MREE, as well as in Th, U, Nb,
Zr, Ti, and Y. The Zemplinic metabasic rocks comprise a variety of enriched basalts, running from intra-oceanic towards
within-plate or towards intra-oceanic- and island-arc field accord with the extensional supra-subduction regime of
back-arc basins. From the point of view of tectonic development, we consider the Zemplinic Unit to be a continuation

of the Inner Western Carpathians.
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Introduction

The Zemplinic Unit, which is situated on the boundary of
the Slovak Republic and Hungary (Fig. 1A), is said to repre-
sent the easternmost tectonic unit of the Central Western
Carpathians (Slavik 1976). The basement rocks are exposed in
a small area in the south-eastern part of Slovakia, crossing
the border with Hungary (ca. 6 km long and 2 km wide; Panto
1965; Banacky et al. 1986, 1989; Fiilop 1994) (Fig. 1A,B).
Occurrence of crystalline basement rocks under the Late
Paleozoic and Neogene—Quaternary sedimentary cover has
been confirmed by several boreholes in both the Slovak and
Hungarian territories (Panté 1965; Grecula & Egyiid 1982;
Vozar et al. 1986).

As a result of the position of this unit between the Western
and Eastern Carpathians, as well as from some Proterozoic age
data obtained from basement rocks (Pantd 1965), its relations
to the Western or Eastern Carpathians are speculative (Slavik
1976; Rudinec & Slavik 1970; Mahel’ 1986; Grecula et al.
1981a; Plasienka 2018 and references therein). Although it
has been correlated with the Western Carpathians’ crystalline
zones by several authors (Andrusov 1968; Fusan et al. 1971;
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Mabhel’ 1986; Vozarova & Vozar 1988; Vozarova 1991; Faryad
1995; Faryad & Balogh 2002; Vozar et al. 2010), the Zem-
plinic Unit represents a continuation of the Central Western
Carpathian crystalline basement units to the east. From the
findings of other authors, the structure of the Zemplinicum
indicates a rather independent position within the Carpathian
units. Its connections toward the Mecsek zone of the Tisia
Terrane were suggested by Grecula & Egyiid (1977) and
Plasienka et al. (1997).

Since the surface outcrops are rare and strongly-weathered,
we only present petrological information from the crystalline
basement rocks of the samples from the BB-1 borehole, which
is situated near the former Bysta health spa (Vozar et al. 1986).
For petrological analysis, we used the amphibolite samples
from nine horizons in the borehole (Fig. 1C). The main objec-
tive was to determine the evolution and pressure—temperature
conditions of regional metamorphism and the genesis of
source magma on the basis of whole-rock chemical analyses,
as well as chemical analyses of critical mineral associations.
We will also try to bring new evidence to address the tectonic
position of the Zemplinic Unit, regardless of whether it is part
of the Western Carpathian orogenic system or not.
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C — Schematic lithological column of the BB-1 borehole with the studied sample locations.

Geological framework

The Zemplinic basement rocks, together with their Late
Paleozoic and Mesozoic—Cenozoic successions of cover,
occur within a northwest-southeast striking tectonic horst,
uplifted from the basement of the Cenozoic fill of the East
Slovakian Basin (Fig. 1). The surface occurrence of the crys-
talline basement is known in the area west and southwest of
the village of Michal'any (Bysta Horst in the sense of Batlacky
et al. 1989), the continuation of which is also evident in the
Hungarian territory and further in the basement of the Ceno-
zoic sedimentary basin fill. The most common surface rocks
are light quartz—muscovite blastomylonites, which form the
Lysé Hora and the Vel'k4 Hora Hills. Amphibolites and biotite
gneisses are present on the northwestern flank of Lysa Hora
Hill. Basement rocks under the Upper Carboniferous/Meso-
zoic to Cenozoic cover sequences were also found in 12 deep
boreholes, both in the Slovakian and Hungarian territories
(Pant6 1965; Grecula et al. 1981b; Vozar et al. 1986).
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In general, the Zemplinic basement consists of various
types of biotite paragneisses (irregularly with sillimanite,
staurolite, garnet, and kyanite), locally intercalated with
amphibolites, orthogneisses, and migmatites (Panto et al.
1967; Magyar 1969; Kishazi & Ivancsics 1988; Vozarova
1991; Faryad 1995; Faryad & Vozarova 1997; Faryad &
Balogh 2002). On the basis of their mineral composition, two
groups of paragneisses have been distinguished: kyanite-bea-
ring and kyanite-free. Rare pebbles of granitoid rocks, which
were likely a former integral part of this basement, have been
described within the overlapping Pennsylvanian and Permian
conglomerates (Egytid 1982; Vozarova & Vozar 1988; Faryad
1995). Additionally, low-grade metamorphic rocks (phyllite,
metarhyolite) have been reported from the boreholes
Felsoregmec 1 and Fiizérkajata 2 in Hungary (Pantd 1965).
The mutual contact between the high-grade and low-grade
crystalline complexes was interpreted by Panté (1965) as
a remnant of the Variscan nappe structure, which means
a south-verging overthrust of the high-grade crystalline rock
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complex onto the low-grade metamorphic rocks. However,
different opinions were expressed by Kishazi & Ivancsics
(1988), who considered these low-grade metamorphic rocks
as a cataclastic retrograde change of high-grade metamorphic
rocks (phyllonites). The interpretation by Pantd (1965) is
supported by the existence of phyllite and metarhyolite peb-
bles inside the overlapping Carboniferous conglomerates
(Vozarova 1989). However, it should also be emphasized that
manifestations of mylonitization have been found in both
boreholes and surface occurrences. The Cretaceous K/Ar age
of 105+£4.2 and 126.6+5.2 Ma was obtained on altered pla-
gioclase and white mica from strongly mylonitized amphibo-
lites (Faryad & Balogh 2002). It should be mentioned that
blastomylonite pebbles were found inside the Zemplinic
Pennsylvanian—Permian cover conglomerates, which indi-
cates intensive pre-Alpine ductile cataclastic deformation
(Grecula & Egyiid 1982; Vozarova & Vozar 1988).

As for the age of the Zemplinic crystalline basement
rocks, the first whole rock and muscovite Rb/Sr data from
kyanite-bearing paragneisses have been interpreted as Pre-
cambrian (984+108 and 962+39 Ma; Panté et al. 1967).
Later, the K/Ar ages of amphiboles from amphibolites yielded
307 Ma, which was understood as the age of Late Variscan
overprint (Lelkes-Felvari et al. 1996). A similar age of
308+12 Ma was obtained by K/Ar and “°Ar/*Ar methods in
pegmatites that cut across the basement crystalline rock com-
plex (Faryad & Balogh 2002). The Variscan age of regional
metamorphism was expected based on 338+22 Ma micro-
probe monazite age data from paragneisses (Finger &
Faryad 1999), as well as for the 338+13 and 313+13 Ma
K/Ar ages of amphiboles from amphibolites (Faryad & Balogh
2002).

The Rb/Sr ages of metamorphism of the low-grade meta-
morphic rocks from the Hungarian territory were interpreted
by Panto et al. (1967) as Caledonian (394+52 from muscovite
and 4504130 Ma from whole-rock of phyllite). However,
due to their high standard deviation, these data remain
questionable.

The estimated temperature and pressure conditions, which
were calculated on different mineral assemblages and mineral
geothermobarometer for the whole complex of rocks, varied
between 600-700 °C at 550-850 MPa (Faryad 1995; Faryad
& Vozéarova 1997). Metamorphic pressure-temperature con-
ditions for garnet-bearing amphibolite, estimated by these
authors using the Grt—Hbl geothermometer and Grt—Hbl-P1-Qz
geobarometer, gave temperatures of 680—-650 °C (core—rim)
with corresponding pressures at 800—760 MPa (mineral abbre-
viations according to Warr 2021).

Blastomylonites were detected in the BB-1 borehole in
the underlier of Neogene sediments. In the continuation of
the borehole profile, a complex of variegated biotite para-
gneisses (with occasionally garnet and sillimanite), amphibo-
lites, and migmatites was recognized.

More pronounced amphibolite occurrences, which are the
subject of this article, come from nine horizons in the bore-
hole (Fig. 1C).
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Analytical methods

Nine samples were taken from the borehole BB-1 for petro-
logical and geochemical studies. The location of the borehole
is about 3 km southeast of the village of Bysta (GPS coordi-
nates: 48.516702°N, 21.566015°E).

Minerals were analysed using electron microprobe JEOL
JXA 8530FE at the Earth Sciences Institute in Banska
Bystrica under the following conditions: accelerating voltage
15 kV, probe current 20 nA, beam diameter 3-8 pm, ZAF
correction, counting time 10 s on peak, 5 s in the background.
The used standards, X-ray lines and D.L. (in ppm), were:
Ca (Ka, 25) — diopside, K (Ka, 44) — orthoclase, P (Ko, 41) —
apatite, F (Ko, 167) — fluorite, Na (Ka, 43) — albite, Mg
(Ka, 41) — diopside, Al (Ka, 42) — albite, Si (Ka, 63) — quartz,
Ba (La, 72) — barite, Fe (Ka, 52) — hematite, Cr (Ka, 113) —
Cr,0;, Mn (Ko, 59) — rhodonite, Ti (Ko, 130) — rutile, CI
(Ka, 12) — tugtupite, Sr (La, 71) — celestite.

The whole-rock chemical composition was determined at
the Bureau Veritas Commodities Canada Ltd. (former ACME
Analytical Laboratories Ltd., Canada). Total abundances of
major element oxides were determined by inductively-coupled
plasma emission spectrometry (ICP-ES) following lithium
metaborate—tetraborate fusion and dilute nitric acid treatment.
Concentrations of trace elements and rare earth elements were
determined by ICP mass spectrometry (ICP-MS). Loss on
ignition (LOI) was calculated from the difference in weight
after ignition to 1000 °C. Further details are accessible on the
web page of the Bureau Veritas Commodities Canada Ltd.
(former ACME Analytical Laboratories; http://acmelab.com/).

To estimate the metamorphic P-T conditions, we used
geothermobarometry methods and constructed phase diagrams
for the studied metabasic rocks. Titanium-in-amphibole ther-
mometry from Liao et al. (2021), Plagioclase/ Amphibole ther-
mometry from Holland & Blundy (1994), and the barometry
from Molina et al. (2015) (based on Al-Si partitioning) were
used with the following uncertainties: £35 °C, £40 °C and
+0.15-0.23 kbar expressed at 1o. Additionally, for garnet-
bearing amphibolites (484.9 m), phase equilibrium models
were performed using GeoPS 2.10 (Xiang & Connolly 2022)
and the internally consistent thermodynamic data set from
Holland & Powell (2011, ds63) for metabasic rocks. Modelling
was performed in the 11-component system MnO — Na,O —
CaO - K,0 — FeO — MgO - ALO, - SiO, - H,0 - TiO, - O,
(MnNCKFMASHTO) using the solid-solution models by
Green et al. (2016) and White et al. (2001, 2007, 2014). Solid-
solution models were used as follows: cAmp(G), Gt(W),
Chl(W), Mica(W), Ep(HP11), Ilm(W), Fsp(HGP) and melt(G).
A value of XFe*'[=Fe*"/(Fe*'Fe?")]=0.1 was obtained accor-
ding to the satisfactory phase modelling reproduction of the
mineral assemblage and whole-rock compositions. CaO was
reduced according to whole-rock phosphorous content, assu-
ming these elements are bound exclusively to ideally com-
posed apatite. H,O contents were set to 5 wt% to allow free
hydrous fluid phase formation at relatively low P—T. Uncer-
tainties in the absolute location of the assemblage field
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boundaries in any of the phase diagrams are estimated to be
+0.1 GPa and £50 °C (Powell & Holland 2008; Palin et al.
2016).

Results
Petrology and mineralogy

Metabasic rocks from the BB-1 borehole are represented by
typical amphibolites, which are dark-coloured with a strong to
weakly foliated or lineated structure. Although their main
mineral components are amphibole and plagioclase in all sam-
ples, based on their mutual content, three groups of amphi-
bolites were defined. The apparent quartz, titanite, ilmenite,
rutile, and apatite are accessories. The reaction rim of titanite
around ilmenite grains occur in a direct association with pla-
gioclase and amphibole in some places. This represents a sign
of variable oxygen fugacity or H,O activity during metamor-
phism (e.g., Xirouchakis & Lindsley 1998; Harlov et al. 2006;
René 2008).

The Group-I amphibolites (Grp-I) contain around 50 %
amphiboles that are arranged into dark bands alternating with
bright bands of plagioclases (Fig. 2A,B). They were found
at the depths of 320.6 m, 344.0 m, and 411.9 m (Fig. 1C).
Typical banded gneissic structure is highlighted with alterna-
ting stripes of nematoblastic and nemato-granoblastic texture.
The equilibrium mineral assemblage is Amp+Pl+Bt.

Based on their chemical composition, the amphiboles of
the Grp-I amphibolites belong to calcium group with tscher-
makite and Mg—Fe-hornblende arrangement (according to
Hawthorne et al. 2012) (Fig. 3; Suppl. Table S1). Amphiboles
usually contain titanite and plagioclase, as well as ilmenite and
Ti-magnetite inclusions. The Mg-hornblende and tschermakite
(at the depths of 320.6 and 344.0 m) are characterised by rela-
tively high contents of AL,O, (~13—-15 wt%) combined with
low contents of TiO, (0.4-0.5 wt%), with Mg# values [=Mg/
(Mg+Fe*")] varying from 0.62 to 0.73. The composition of
the Fe-hornblende (depth 411.9 m) is relatively more variable
in the content of Al,O, (~11-14 wt %), combined with a varia-
ble TiO, (0.4-1.2 wt %) with Mg# values varying from 0.40 to
0.50. The simple substitution Mg« Fe is of prime importance
within these studied amphiboles. The main difference between
them is the relatively higher content of (Na+K) in the A4 site
(0.31-0.44 a.p.fu.), which corresponds to higher Fe. Compo-
sition of the associated plagioclases has a slight variation in
Ca content (Fig. 3; Suppl. Table S2), corresponding to ande-
sine in the range of An;,—An,;. They are usually uneven and
secondary altered (saussuritization, sericitization, albitization).
The crystals of secondary polycrystalline quartz are also found
in the granoblastic aggregate along with them. Biotite, which
is rarely present, is well-preserved only in the sample from
the depth of 411.9 m. It is in equilibrium with amphibole and
plagioclase (Fig. 2A,B). The chemical composition of biotite
is linked to annite (according to Tischendorf et al. 2007;
Fig. 4; Suppl. Table S3). This biotite is characterised by the
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TiO, contents in the range of 2.95-3.22 wt% and Mg#
values of 0.38-0.40. The Na,O and K,O concentrations are
0.08-0.11 wt% and 9.5-9.75 wt%, respectively, suggesting
only minor alterations (Suppl. Table S3).

In the Group-II (Grp-II) amphibolites, the equilibrium
mineral assemblage is formed by amphibole (ca. 60-90 %)
and plagioclase (ca. 10—40 %) samples from the depths
484.9 m, 490.8 m, and 595.9 m, which are sporadically asso-
ciated with garnet (in a depth 484.9 m) and clinopyroxene
(in a depth 595.9 m). Amphibole crystals frequently contain
titanite, plagioclase, ilmenite, and Ti-magnetite inclusions.
Based on the amphibole chemical composition, ferro-tscher-
makite and Fe-hornblende, with rare Mg-hornblende in the
samples from the depths of 484.9 m and 490.8 m or potassic
pargasite and Mg-hornblende in the sample from the depth of
595.9 m are the dominant varieties (after Hawthorne et al.
2012). They are variable in Si=6.1-6.5 and are relatively more
variable in Al=1.67-2.71 a.p.fu. combined with a higher Ti
(0.04-0.13 a.p.fu.). The Mg# values slightly rise with the
depth of the borehole. At the depth of 484.9 m, they vary from
0.34-0.47; at 490.8 m, they correspond to 0.48-0.50; and
finally, at 595.9 m, they are in the range of 0.49 to 0.58
(Fig. 3; Suppl. Table S1). The main difference is the relatively
higher addition of (Na+K) in the 4 site (0.50-0.53 a.p.fu.) in
potassic pargasite. The chemical composition of associated
plagioclases corresponds to andesine with An,, ,, and An,, , at
the depths 0f 484.9 m and 490.8 m, respectively (Fig. 3; Suppl.
Table S2). The composition of plagioclases is slightly diffe-
rent in the sample from the depth of 595.5 m, which corre-
sponds to oligoclase with An,, ,.. The brown biotite is present
only at the depth of 484.9 m. It is partially chloritized in other
samples. Compositions of biotite are characterised by the rela-
tively high TiO, contents of 1.97-2.98 wt % and Mg# values of
0.27-0.46 that are linked to annite (after Tischendorf et al.
2007; Fig. 4; Suppl. Table S3). The (Na+K) a.p.fu. ranges
from 0.95 to 0.97, suggesting only minor alterations of these
analysed crystals. Garnets belong to rare rock-forming mine-
rals in the Grp-II amphibolites. They only occur in the sample
from the depth of 484.9 m (Fig. 2C, D). Here, amphibolite is
characterised by an andesine and Hbl+ Grt+ Bt metamorphic
assemblage. Garnet encloses minor hornblende, quartz, ilme-
nite, and rare, biotite inclusions. It has a homogenous chemical
composition without any sign of core-rim zonality. The inclu-
sions are characterised by a relatively high content of Fe and
Ca, with Almg, ,, Grs,, 5, Prp, ;5 Sps, s Adr,, mol% (from
13 analyses) (Fig. 4; Suppl. Table S4). Another variability in
the composition of Grp-II amphibolites is the occurrence of
clinopyroxene in the sample from the depth of 5959 m
(Fig. 2E,F). This amphibolite lacks garnet with a typical
metamorphic mineral assemblage: Hbl+P1+Cpx. Clinopyro-
xene contains inclusions of plagioclase, amphibole, titanite,
and ilmenite. Based on its chemical composition, it belongs to
the group of “quadrilateral” Ca—Mg—Fe pyroxenes (diopside,
according to Morimoto et al. 1988), with Wo,, ,,, En,, 5,
Fs,, ; mol% (Fig. 4; Suppl. Table S5). Its Mg# values
show relatively small variability, ranging from 0.66 to 0.73.
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Fig. 2. Thin section images of the Zemplinic Unit amphibolite textures. A — Amp+PI£Bt mineral assemblage in Grp-I amphibolites
(plane-polarised light) (depth 411.9 m); B — the same in crossed-polarised light; C — Amp+Grt+P] mineral assemblage in Grp-II amphibo-
lites (plane-polarised light) (depth 484.9 m); D — the same in crossed-polarised light; E — Amp+Cpx+PI mineral assemblage in Grp-IT
amphibolites (plane-polarised light) (depth 595.9 m); F — the same in crossed-polarised light; G — Amp-+PI mineral association in Grp-II1

amphibolites (plane-polarised light) H — the same in crossed-polarised light (depth 627.4 m). Mineral abbreviations are according to
Warr (2021).
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In addition to titanite, but not to ilmenite, the mineral assem-
blage with clinopyroxene contains magnetite, which means
that it is more oxidized than the other two groups of amphibo-
lites (Harlov et al. 2006).

The Group III (Grp-III) amphibolite with amphibole
contents >95 % are unique due to the dominant presence of
amphiboles in the nematoblastic texture (Fig. 2G,H). These
rocks are found in the deepest levels of the BB-1 borehole and
are documented with samples from a depth of 599.0 m,
613.4 m, and 627.4 m. Amphiboles from the Grp-III amphi-
bolites correspond to the calcium amphibole group with com-
positions ranging from Mg-hornblende to dominant pargasite
(after Hawthorne et al. 2012; Fig. 3; Suppl. Table S1). Com-
pared to the first two groups, the Grp-III amphiboles have
more variability in AL,O, contents (10-14 wt%) with mode-
rate TiO, (0.44-1.02 wt%). The Mg # values exhibit relatively
low variability, both in pargasite and Mg-hornblende, with
0.59-0.77 values. However, these amphiboles differ significan-
tly in 4 site (Na+K), which varies in the range of 0.25-0.48
a.p.fu. in Mg-hornblendes, and 0.61-0.82 a.p.fu. in parga-
sites. The composition of associated plagioclases, which form
only small grains in interstitial sites, varies correspondingly.
In the sample from the depth of 613.4 m, the composition is
linked to the andesine with An,, ,,, while at the other depths
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(599.0 m and 627.4 m) corresponds to oligoclase with An,, ,,
(Fig. 3; Suppl. Table S2). Biotite is scarce and occurs along
with amphiboles. It is heavily chloritized. This is why the
chemical composition of the biotite was studied only in the
sample from the depth of 627.4 m. According to Tischendorf
et al. (2007), classification belongs to phlogopite (Fig. 4;
Suppl. Table S3), with Mg# ranging from 0.67 to 0.70 and
higher TiO, (2.14-2.58 wt %).

In the rocks studied, the amphiboles generally belong to
the weak minerals or to those without secondary altered rock-
forming minerals. The low-temperature secondary mineral
association, which is characterised by the Chl+Act/Tr+Alb
+Ep=+Cal, also appears in the entire studied group of amphi-
bolites (albeit in small amounts). These secondary mineral
associations are related to the hydration of amphibolites during
the retrograde re-equilibration of the whole complex.

The composition of the studied amphiboles expressed by the
aluminium number (Al#=IAl/Al,,) is consistent with a field
of crustal amphiboles, since they were earmarked according to
Ridolfi et al. (2010) for crustal and experimental calcium
amphiboles. In comparison to the Al /Al diagram (Ridolfi
et al. 2010), amphiboles from the BB-1 amphibolites are iden-
tical to metamorphic, crustal amphiboles. Figure 3B shows
that the analysed amphiboles are concentrated in a relatively
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homogeneous field. However, minor differences can be dis-
tinguished. While Mg-hornblende and tschermakite subgroups
have Al# values (hereafter referred to as the aluminium num-
ber, i.e., [MAI/Al,, calculated on the basis of Ridolfi et al. 2010)
in the range of 0.24-0.32, Al# values are generally lower in
the potassic pargasite and pargasite subgroup, ranging from
0.20-0.25.

Metamorphic constraints

Previous petrological analyses pointed out that the Zem-
plinic crystalline basement rocks were regionally metamor-
phosed under amphibolite facies conditions. To verify this
metamorphic data, a new set of chemical compositions of
mineral phases were used. Titanium-in-amphibole thermo-
metry according to Liao et al. (2021) and the Plagioclase/
Amphibole barometry of Molina et al. (2015) based on Al-Si
partitioning were used with the following uncertainties:
+35 °C, £0.15-0.23 GPa expressed at 1c.

— biotites (from Tischendorf et al. 2007); B — clinopyroxenes (from

All P-T estimates of the studied samples fall within the
P-T interval of the amphibolite facies with conditions of
545-735 °C at 0.41-0.88 GPa (Fig. 5) based on Ti-in-Amp
thermometry. Only negligible differences were found within
the individual amphibolite groups. The Grp-I of amphibolites
(320.6 m, 344.0 m and 411.9 m) show the lowest temperatures
between 550-615 °C (mean 585 °C) at moderate pressures of
0.49-0.70 GPa (mean 0.63 GPa). The amphibolite sample
from 411.9 m (with present Bt) reaches up to 735 °C (mean
655 °C) at higher pressure 0.71-0.85 GPa (mean 0.75 GPa).
The Grp-II of amphibolites spans a similar P-T interval of
560-725 °C (mean 665 °C) at 0.67—0.88 GPa (mean 0.79 GPa).
Within the group, the Cpx-bearing amphibolites (595.9 m)
show the highest temperatures between 660-725 °C (mean
690 °C) and pressures between 0.78—0.88 GPa (mean 0.84 GPa).
Grt-bearing samples (484.9 m) span the interval of 615-
710 °C (mean 660 °C) at 0.72-0.83 GPa (mean 0.76 GPa).
The Grp-III amphibolites show conditions of 570-700 °C
(mean 650 °C) at 0.41-0.78 GPa (mean 0.63 GPa). Amp—Pl
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thermometry (Holland & Blundy 1994) temperature estimates
show the interval of 570-720 °C for the studied samples
(Suppl. Table S1). These values are within the given uncer-
tainties with Ti-in-Amp thermometry.

Phase equilibrium modelling was used to estimate P-T
conditions for the metamorphic assemblage (Amp+Grt+Pl+1Im
+Ttn+Qz) of garnet-bearing samples in Group-II amphibo-
lites (at the depth of 484.9 m) of the Zemplinic crystalline
basement (Fig. 6). Isopleths geo-thermo-barometry show P-T
values of 570-670 °C at 0.60—0.80 GPa using the following
isopleths of a sample composition: Prp,; 4,3, GIS; 50 4,7 and
Ti-in-Amp s 1, (Suppl. Tables S1, S4). These estimates cor-
respond with the results obtained by Ti-in-Amp thermometry
and Amp—P1 geobarometry within the given uncertainties.

Geochemistry

The major and trace element compositions of the BB-1
boreholes metabasites are given in Table 1.

The SiO, concentrations generally range between 38 and
53 wt %, typical of basaltic composition. However, these con-
tents can be partly affected by rarely present xenomorphic
crystals of a secondary quartz in texture (Fig. 2A, B). The large
range of MgO (4.02-13.24 wt%), which is coupled with
variable Ni contents (27-380 ppm), indicates that all amphi-
bolites are derived from differentiated magma. This is also
illustrated in extremely variable Mg# values ranging between
0.41 and 0.77.

However, all samples are amphibolites and it is therefore
likely that alkali metals, as well as other large ion lithophile
elements (LILE; Cs, Rb, Ba, Pb and Sr), were affected to some
degree by either hydrothermal and/or regional metamorphism
(e.g., Pearce 1976; MacGeehan & MacLean 1980; Rollinson
1993). Therefore, we mainly rely on trace elements in the
following classification and discussion, which are considered
to be less mobile during alteration and metamorphism (e.g.,
Dostal & Capedri 1979; Gelinas et al. 1982; Humphris 1984;
Grauch 1989).

The compositional diversity of these rocks is conspicuous
on the Zr/Ti vs Nb/Y diagram of Winchester & Floyd (1977),
which was later revised by Pearce (1996) (Fig. 7A). Based on
this chemical classification, the protolith amphibolites corre-
spond to the two different volcanic groups; the first (samples
from 320.6 to 484.9 m) among the sub-alkali basalt (Nb/Y=
0.05-0.31) and the second (samples from 490.8 to 627.4 m)
in the alkali basalt fields (Nb/Y=0.90-1.85; Fig. 7A).

Due to the chemical composition, Grp-I amphibolite pro-
tolith coincides with sub-alkaline basalts. The Grp-II and
Grp-IIT amphibolite protoliths closely coincide with the com-
position of alkaline basalts (Fig. 7A). Sample BB4 from
a depth of 484.9 m is the only transient sample that shows
insignificant affinity for alkaline basalts in all classification
diagrams.

The studied metabasic rocks differ strongly in TiO, con-
tents. The Grp-I amphibolites, with TiO, ranging from 0.6 to
2.1 wt% and Ti/Y ratios between 260 and 351, is placed to
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the low-Ti basalts. In contrast, the Grp-II and Grp-III amphi-
bolites are characterised by a relatively higher content of TiO,
(from 2.6 to 3.1 wt%) and Ti/Y ratios between 497 and 834,
which classes them to high-Ti basalts.

The metabasic rocks are characterised by variable contents
of incompatible elements (rare earth group elements — REE
and high field strength elements — HFSE) exemplified by the
concentration ranges of XREE with Grp-I amphibolites in
the range of 41.6-137.8 ppm and Grp-II and Grp-III amphi-
bolites between 137.9 and 214.7 ppm. Differences are also
in Zr, 54.8-208.3 ppm in Grp-I amphibolites and 179.4—
233.1 ppm in Grp-II and Grp-III amphibolites and Nb con-
centrations, 1.1-11.0 ppm and 29.0—47.3 ppm, respectively.

The Grp-I amphibolites show relatively flatter REE patterns
(normalized according to McDonough & Sun 1995) with 7 to
80 chondritic concentrations, compared to the Grp-II and
Grp-III amphibolites, which display steeper REE patterns
with 10 to 175 chondritic concentrations (Fig. 7B). However,
the Eu anomaly is around 1.0 in all analysed samples (Euw/Eu*=
0.89-1.04 and 0.95-1.19, respectively) and attests to some
minor accumulation or fractionation of plagioclases. Both
groups of metabasic rocks are characterised by highly fractio-
nated LREE/HREE chondrite normalized patterns (Fig. 7B).
The Grp-II and Grp-III amphibolites show more LREE-
enrichment [(La/Yb).=9.22-17.11] than Grp-I amphibolites
[(La/Yb)=1.50-5.89]. Moreover, (Tb/Yb)., values in
amphibolites with protolith derived from alkaline basalts
range from 2.02 to 3.92 indicating an MREE from HREE frac-
tionations, whereas the Grp-I amphibolites, which are derived
from sub-alkaline basalts, show rather weak fractionations
[(Tb/Yb)=1.27-2.14)].

The presumably less mobile REE (La, Ce, Pr, Nd, Sm, Eu,
Dy, Yb, Lu) plus some HFSE (Zr, Ti, Y, with Th and Nb are
relatively low, some even below a detection limit (Th in the
sample BB2, Ta in the samples BB1 and BB2; Table 1), espe-
cially in the Grp-I amphibolites. In contrast, the hydrous fluid
elements (Cs, Rb, Ba, U, K, Pb, Sr) are enriched. The patterns
of the Grp-II and Grp-III amphibolites show higher norma-
lized trace-elements concentrations compared to the Grp I
amphibolites, with the exception of the HREE, which also
show depletion (Fig. 7C, D).

E-MORB (enriched-type mid-ocean ridge basalt) norma-
lized plot (from Sun & McDonough 1989) of the Grp-II and
Grp-III amphibolites display patterns transitional between
E-MORB and OIB (ocean island basalt) (Fig. 7C) that are
consistent with their elemental ratios; e.g., Ti/'V=21-57 and
50-62, respectively; Zr/Nb=19-50 and 4.5-7.5, Zr/Y=2.3-5.8
and 6.7-9.8, Nb/Yb=0.5—4.2 and 11-28, La/Nb=1.8-4.8 and
0.7-1.2, respectively. The protolith Grp-I amphibolites, based
on the content of trace elements and their distribution inclines
to E-MORB basalt, with evidence of Zr—Hf, Ti, Y and Nb
depletion. On the other hand, the Grp-II and Grp-III amphi-
bolite protoliths tend to be more transitional to the OIB basalt
(Fig. 7C), with evidence of higher enrichment in LREE and
MREE, as well as in Th, U, and Nb (e.g., Sun & McDonough
1989; Pearce 1996, 2008). The same trends are shown in
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the incompatible element’s diagram normalized to
N-MORB (normalizing values according to Sun &
McDonough 1989) (Fig. 7D).

Discussion
P-T evolution

The studied amphibolites are characterised mainly
by andesine feldspars and green/dark-green amphi-
boles, which are associated with Bt, Qz, Grt, and Cpx
in some places. All pressure-temperature estimates
of the studied samples fall within the P-T interval
of the amphibolite facies with conditions between
550-725 °C at 0.4-0.83 GPa. However, some diffe-
rences can be observed between the individual groups
of amphibolites. The lowest temperatures (mean
585 °C) and pressures (mean 0.63 GPa) were found
in the Grp-I amphibolites at the depths of 320.6 and
344.0 m (Fig. 4A,B). The relatively lower tempera-
ture part of the amphibolite facies is also evidenced
by the fact that Bt+PI+St paragneisses are associated
(Vozarova 1991).

In general, the calculated temperatures in the other
amphibolites (Grp-Il, Grp-III) are approximately
the same, averaging between 650 °C and 690 °C,
but with greater pressure variability between 0.63
and 0.85 GPa (Fig. SA,B). In contrast, the highest
temperatures 660—725 °C and pressures 0.78—0.88 GPa,
are shown in the sample from the depth of 595.9 m
with the association Hbl+P1+Cpx (Fig. 5A,B). These
calculated temperatures and pressures correspond
to the climax of the orogenic metamorphism of

450
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Table 1: Representative major oxides and trace elements, including REE in the Zemplinic metabasic rocks (n.d. — sample below detection limit;

Ta=0.1ppm; Th=0.2 ppm).

sample BB1 BB2 BB3 BB4 BBS BB6 BB7 BBS8 BB9
depth m 320.6 344.0 411.9 484.9 490.8 595.9 599.0 613.4 627.4
SiO, wt% 47.47 50.03 53.29 51.82 50.86 43.86 4191 42.73 38.08
AlLO; wt% 18.70 19.83 17.62 16.96 15.52 9.52 12.19 12.14 9.36
Fe,O, wt% 10.53 8.06 7.11 10.91 11.57 12.77 13.31 13.00 12.14
MgO wt% 4.58 5.56 5.04 4.12 4.02 13.50 13.24 9.45 11.65
CaO wt% 9.98 9.08 7.02 7.83 8.89 13.34 9.61 13.45 17.15
Na,O wt% 3.32 3.92 4.00 3.61 3.23 1.53 1.73 2.43 1.57
K,0 wt% 1.50 0.51 1.46 1.20 1.27 0.67 1.76 0.98 0.74
TiO, wt% 1.02 0.71 0.58 2.09 2.67 2.59 2.86 3.13 2.81

P,O; wt% 0.12 0.18 0.11 0.29 0.42 0.32 0.40 0.43 0.45
MnO wt% 0.21 0.11 0.10 0.13 0.14 0.16 0.19 0.17 0.19
Cr,0, wt% 0.01 0.01 0.02 0.02 0.01 0.15 0.08 0.08 0.14
Ni ppm 33 54 61 26 27 355 215 236 380
Sc ppm 35 25 21 30 25 35 34 28 28

LOI wt% 2.4 1.8 35 0.8 1.1 1.2 23 1.6 5.0

sum wt% 99.82 99.80 99.84 99.78 99.72 99.65 99.61 99.63 99.32
Ba ppm 292 165 389 419 363 151 457 217 128

Co ppm 314 28.6 214 34.7 344 67.1 53.0 57.0 66.1
Cs ppm 2.8 42 9.2 1.8 1.6 0.3 2.1 1.0 0.2

Ga ppm 19.0 242 22.9 27.3 245 17.7 229 20.3 16.5
Hf ppm 1.7 1.8 2.0 5.9 6.3 5.4 5.2 6.8 5.5

Nb ppm 1.1 2.1 2.7 11.0 29.0 30.4 43.1 473 36.8
Rb ppm 46.3 17.1 64.1 33.8 312 8.6 40.6 15.5 10.8
Sr ppm 351.3 818.5 554.1 3203 726.6 155.9 213.8 463.6 214.7
Ta ppm n.d. n.d. 0.5 1.1 22 2.0 3.1 32 2.6

Th ppm 1.5 n.d. 1.3 3.0 43 23 3.9 5.2 2.8

U ppm 0.4 0.2 0.9 1.5 1.2 0.6 1.0 1.1 0.9

\% ppm 296 186 163 220 258 308 331 320 319
Zr ppm 54.8 59.1 55.7 208.3 215.5 179.4 195.7 233.1 200.6
Y ppm 235 15.8 13.2 35.6 322 18.6 224 255 20.5
La ppm 5.1 10.1 9.8 19.9 353 21.1 34.1 41.6 33.0
Ce ppm 12.9 26.1 23.0 473 75.3 51.4 73.0 84.9 71.9
Pr ppm 1.97 4.02 3.19 6.68 9.69 7.23 9.16 11.02 9.30
Nd ppm 10.3 19.8 14.5 31.8 40.9 344 38.0 46.0 37.0
Sm ppm 2.75 4.25 2.67 7.11 8.24 6.85 7.24 9.17 6.33
Eu ppm 1.01 1.23 0.91 2.15 2.44 2.06 2.02 2.72 2.19
Gd ppm 3.62 3.71 2.68 7.52 7.33 5.70 5.72 7.12 4.95
Tb ppm 0.66 0.53 0.41 1.25 1.18 0.86 0.87 1.12 0.89
Dy ppm 3.94 2.69 2.25 6.64 5.95 4.39 4.65 5.18 4.20
Ho ppm 0.84 0.57 0.46 1.26 1.15 0.71 0.80 1.00 0.75
Er ppm 2.42 1.54 1.21 3.19 2.84 1.55 1.97 2.38 1.84
Tm ppm 0.40 0.26 0.19 0.45 0.40 0.23 0.30 0.36 0.25
Yb ppm 2.31 1.44 1.13 2.60 2.60 1.24 1.59 1.87 1.31
Lu ppm 0.37 0.20 0.18 0.36 0.38 0.18 0.23 0.25 0.18
Crot % 0.28 0.15 0.45 0.07 0.08 0.20 0.07 0.56 1.36
St % 0.13 0.10 0.02 0.03 0.15 0.03 0.14 0.11 0.05
Eu* 0.976 0.944 1.037 0.896 0.957 1.005 0.957 1.026 1.193
Nb/Y 0.047 0.133 0.205 0.309 0.901 1.634 1.924 1.855 1.795
Zr/Ti 0.009 0.014 0.016 0.017 0.013 0.012 0.011 0.012 0.012

the Zemplinic crystalline basement. This roughly confirms
the data obtained from the associated Grt+Bt=Sill gneisses,
as well as from the Grt-amphibolites calculated by Faryad
(1995) and Faryad & Vozarova (1997).

According to the calculated temperatures and pressures,
a substantial part of the studied amphibolites indicates P-T
conditions of the upper amphibolite facies. In comparison,
the calculated temperatures and pressures are lower in the
samples from the upper part of the BB-1 borehole in the range
of the middle part of the amphibolite facies, which could be
a manifestation of retrogression changes, however, tectonic
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contact along a ductile shear zone is not excluded between
these two complexes. This interpretation is supported by
frequent occurrences of mylonite that have previously been
described in the upper part of the BB-1 borehole (Vozarova
1991).

Source of mafic magma
The Zemplinic metabasic rocks are characterised by deple-

tion in HREE with respect to MREE. In fact, the (Sm/Yb).
ratios are significantly higher than those of typical N-MORB
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McDonough & Sun (1995); C — E-MORB normalized incompatible
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to Sun & McDonough (1989); D — N-MORB normalized incompatible element’s diagram of the studied samples. Normalizing values accor-

ding to Sun & McDonough (1989).

((Sm/YDb),=0.96, Sun & McDonough 1989), since they range
from 1.29 to 2.97 for the Grp-I amphibolites and from 3.45 to
6.01 for the Grp-II and Grp-III amphibolites. Such distinctive
depletion in HREE with respect to MREE in the Grp-II and
Grp-I1I amphibolites is interpreted as a clear garnet signature
in their mantle source. Montanini et al. (2008) and Saccani et
al. (2008) suggested that these types of basalts originated from
partial melting of a depleted mantle source characterised by
garnet-bearing mafic layers.

Less HREE depleted Grp I amphibolites, with sub-alkaline
metabasalt protolith, are reminiscent of continental margin
MORB (Dilek & Furnes 2011) or C-MORB (Pearce 2008)
characteristics, which is more likely indicative of a spinel-
bearing peridotite mantle source and lacking a significant

content of residual garnet during the melting event. They are
commonly considered the products of low degrees of melting
of less-depleted sub-continental lithospheric mantle and
upwelling asthenosphere (Rampone et al. 2005). In compa-
rison, the group of higher HREE depleted the Grp-II and
Grp-IIT amphibolites with alkali basalt protolith corresponds
mainly to OIB or P-MORB with variable garnet influence,
which results in marked LILEs (large ion lithophile elements)
enrichment and high LREE/HREE ratios [(La/Yb). =
9.22-17.11].

On the Thy vs. Nby diagram (from Saccani 2015, based on
Th—Nb proxies of Pearce 2008; N-MORB normalized accor-
ding to Sun & McDonough 1989), the studied Zemplinic
metabasic rocks are plotted in two different groups (Fig. 8A).
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Fig. 8. Trace element discrimination diagrams for the petrogenetic and tectonic interpretation of the Zemplinic crystalline basement metabasic
rocks: A — Tectonic interpretation of ophiolitic basalts based on Thy \;ors—Nby yors SYstematics (from Saccani 2015); B— Hf-Th—Ta diagram
(from Wood 1980); C — V vs. Ti/1000 metabasalt classification (from Shervais 1982); D — Nb/La-La/Yb discriminant diagram (from
Hollocher et al. 2012); E — TiO,/Yb vs. Nb/Yb discriminant diagram distinguishing OIB and MORB arrays in the intra-oceanic basalts (from
Pearce 2008); F — Zr/Yb vs. Nb/Yb showing depleted and enriched N-MORB trends (from Pearce & Peate 1995).

The Grp-I amphibolites with sub-alkaline metabasalt protolith
correlate more to volcanic arc and island-arc tholeiites (CAB,
IAT) or back-arc basin basalt (BABB) fields. The Grp-IT and
Grp-IIT amphibolites with alkali metabasalt protolith corre-
spond to E-MORB and partially overlap with P-MORB or
alkali basalts (AB). Wood’s (1980) and Shervais’s (1982) clas-
sical discrimination diagrams show a very similar distribution
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(Fig. 8B,C). It is interpreted as CAB and IAT for the Grp-I
amphibolites and OIB and WP for the Grp-II and Grp-II1
amphibolites. Based on the relationship Nb/La vs. La/Yb
(after Hollocher et al. 2012), the studied Grp-I amphibolites
are plotted between LREE-enriched ocean island and arc com-
ponent arrows (Fig. 8D). Moreover, based on the Nby/Lay
ratios (N-MORB normalized according to Sun & McDonough
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1989), the studied metabasic rocks belong to different groups
with LREE enriched values of 0.88—1.55 (Grp-II and IIT
amphibolites) and LREE depleted values of 0.22-0.59 (Grp-1
amphibolites). In both groups of these metabasic rocks, there
is also wide variability in La contents, ranging from 21 to
41 ppm and from 5 to 19 ppm, respectively. These values
reflect the difference between MORB- and ocean island-type
magma sources (Sun & McDonough 1989; Nb,/La,, ratios ~1),
as well as the magma source regions of volcanic arcs (Nby/La,
ratios <1; e.g., Pearce & Peate 1995; John et al. 2004; Pearce
& Stern 2006; Hollocher et al. 2012). Arc volcanics can be
thought of as being derived from a depleted MORB-like
mantle that has been variably enriched with subduction zone
components (e.g., Pearce & Stern 2006; Dilek et al. 2007;
Martinez et al. 2007; Ilnicki et al. 2020; Altherr et al. 2021).
In fact, the Zemplinic metabasic rocks have negative Nb
anomalies and either none or slight Zr-Hf and Ti anomalies.
In the Nb/Yb-Ti/Yb diagram (from Pearce 2008), the Grp-1
amphibolite projection points are plotted in the MORB array,
and conversely in the Grp-II and Grp-III in the OIB array
(Figs. 8E). The difference between MORB and OIB reflects
the fact that OIB, located on thick lithosphere, have garnet
residues, whereas MORB, located on thin lithosphere, do not
(Pearce 2008). Similarly, in the Zr/Yb vs. Nb/Yb diagram
(Fig. 8F), projection points the half part of the studied samples
plot within the MORB array and others plot toward high
Z1/Yb ratios of the OIB array. The concentration of the sub-
duction-mobile elements (Th, La, and K) relative to the more
subduction-immobile elements (Nb and Ta) gives the negative
Nb anomaly diagnostic of arc volcanism in geochemical pat-
terns (e.g., Pearce & Peate 1995; Pearce 1996; Turner et al.
2014). The Th/YD ratio values of the Zemplinic metabasic
rocks are variable and relatively high (from 0.65 to 1.15 for
the Grp-I amphibolites; from 1.15 to 2.78 for Grp-II and
Grp-III amphibolites), which might indicate contamination by
continental crust or through interaction with the sub-conti-
nental lithospheric mantle (Pearce 2014). Similarly, based
on Zr/Nb and Nb/Th ratios, the Zemplinic metabasic rocks
defined two distinct populations: the Grp-I amphibolites form
an assemblage with Zr/Nb ratios ranging from 19 to 50 and
Nb/Th ratios ranging from 0.7 to 4; in comparison, the Grp-IT
and Grp-III amphibolites have low Zr/Nb ratios ranging from
4.5 to 7.5 and higher Nb/Th ratios from 7 to 13. According to
Condie (2003), the high Zr/Nb ratios and also the low Nb/Th
ratios shifted the Zemplinic Grp-I amphibolites to hypo-
thetically enriched mantle sources. In comparison, the Zem-
plinic Grp-II and Grp-III amphibolites with the low Zr/Nb
ratios and the higher Nb/Th ratios correspond with plume-
related OIB source, having recycled components in its mantle.
It is assumed to be representative of recycled oceanic litho-
sphere (Saunders et al. 1988; Hofmann 1997; Condie 2003).
Rudnick (1995) and Condie (1999) used a La/Nb ratio of 1.4
to distinguish basalts erupted on ocean ridges, islands, and
plateaus from those erupted in arcs. The Grp-I amphibolites,
with La/Nb ratio values in the range of 1.8—4.8, indicate basalt
protolith containing a subduction component and/or conta-

mination by continental crust. On the contrary, the Grp-II
and Grp-III amphibolites, with low La/Nb ratio values in
the range of 0.7-1.2, indicate an oceanic source corresponding
to OIB protolith.

The metasomatic enrichment in the Grp-I amphibolites was
induced by fluid-related subduction metasomatism because
the lower values of Th/Nd (<0.15) indicate hydrous fluids
released from the slab (Woelki et al. 2018).

Geodynamic implication

Geochronological data on the age of the Zemplinic crys-
talline basement confirm a Neoproterozoic—Early Paleozoic
age of its protolith. At the same time, however, they do not
exclude an Early Paleozoic age of its metamorphism, partially
rejuvenated in the Variscan and Alpine orogens (Panto et al.
1967; Lelkes-Felvari et al. 1996; Finger & Faryad 1999;
Faryad & Balogh 2002). This hypothesis is indirectly con-
firmed by the results of U-Pb (SHRIMP) dating of detrital
zircons, which were obtained from the Zemplinic Pennsyl-
vanian—Permian envelope sedimentary sequence (Vozarova et
al. 2019a). The summary of the zircon age data was as fol-
lows: Ordovician 40 %, Cambrian 2 %, Ediacaran—Cryogenian
37 %, Tonian5 %, Stenian—Ectasian2 % and Paleoproterozoic—
Neoarchean 13 % (from 134 grains in total with >95 % con-
cordance) (Vozarova et al. 2019a). Of the entire number of
analysed detrital grains, only one zircon grain was found with
a concordant age of 355+5 Ma and only in the youngest,
Permian sediments of the Late Paleozoic part of the envelope.
The other two inherited grains, aged 347+5 and 348+5 Ma,
were found in Pennsylvanian pyroclastic rocks that are a part
of an envelope sequence. Largely, the whole set of the ana-
lysed detrital zircons, when taking into consideration the
22Th/?8U values and their internal textures, determined a fel-
sic magmatic origin (Vozarova et al. 2019a). The Ediacaran—
Cryogenian peak ages at 592 Ma and 641 Ma, as well as
smaller peaks between ~773 to 950 Ma evidently document
Pan-African multiple magmatic events (a chronologic equi-
valent of the Cadomian Orogeny in Western and Central
Europe), which are currently interpreted resulting from amal-
gamation of juvenile and continental arc domains during
the period ~870 to ~550 Ma in the peri-Gondwanan realm
(e.g., Murphy & Nance 1989; Nance et al. 2002; Kroner &
Stern 2004; Linnemann et al. 2008; Stampfli et al. 2013;
Girtner et al. 2013; Henderson et al. 2016 and references
therein). Herewith, the acquired zircon spectra indicate that
the Cadomian arc magmatism was contaminated with variable
amounts of Eburnian and Neoarchean crust. However, the
largest group among detrital zircon spectra is represented by
the Middle/Upper Ordovician assemblages. These indicate
widespread magmatic activity at 444-476 Ma, which was
likely connected with the beginning of a massive extension
and opening of the eastern Rheic Ocean, followed by drifting
of the Gondwanan ribbon-microcontinents (Stampfli et al. 2013
with references therein). At this stage, voluminous calc-alka-
line and peraluminous volcanic rocks were produced (e.g.,
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Neubauer 2002 — the Middle Austroalpine basement; Roger
et al. 2004 — the French Central Massive; Puti$ et al. 2008 —
the Western Carpathians; Balintoni et al. 2009 — Romanian
Carpathians; Vozarova et al. 2010, 2017 — the Western Car-
pathians; Casas et al. 2010 — the Pyrenees; von Raumer et al.
2013 — the Alps; Bonev et al. 2013 — Rhodope Massif; Dorr et
al. 2015 — External Hellenides; Anti¢ et al. 2016 — the Serbo—
Macedonian Massif; Sirevaag et al. 2016 — the Elba Island).

It follows that the Zemplinic Neoproterozoic arc crust had
been affected by the extensional thermal relaxation and
melting during the Middle/Late Ordovician. The presence of
the Neoproterozoic detrital zircon ages, including the Tonian
ones, allow for comparison of the Zemplinic basement source
area with the eastern peri-Gondwanan domain, which was
situated at the northern margin of the Saharan Metacraton or
the Arabian Nubian Shield (Vozarova et al. 2019a). According
to the results of Stephan et al. (2019), the Ordovician calc-
alkaline and peraluminous magmatism predominated in the
East African—Arabian Zircon Province with two main pulses
at ca. 470 Ma (highest frequency) and ca. 460 Ma.

It should also be emphasized that the Zemplinic crystalline
basement consists of gneisses, amphibolites, orthogneisses,
and migmatites in which mineral associations indicate P-T
conditions of upper amphibolite facies. Its protolith, which has
been reconstructed based on the chemical composition of all
rock types (major and trace elements including REE), cor-
responds to shales and graywackes with associated basic vol-
canics of tholeiitic magmatic trend and their volcaniclastic
sediments (Vozarova 1991). The presence of kyanite relics
in Grt-Bt gneisses indicates pressures about 1000 MPa
at temperatures about 750 °C during the climax of regional
metamorphism. The decompression stage was associated with
the partial anatexis and migmatitization of the whole complex
(Vozéarova 1991; Faryad 1995; Faryad & Vozarova 1997).
It may be deduced that Middle/Late Ordovician magma was
mainly generated by partial melting of the Ediacaran igneous
rocks. Since only very scarce evidence of the Silurian and
Devonian detrital zircon ages has been recognised, a passive
drifting with the Galatian ribbon microcontinent is assumed
(according to Stampfli et al. 2011, 2013). The following ther-
mal relaxation of the Zemplinic basement is connected with
Devonian/Tournaisian collision events. The Zemplinic base-
ment demonstrates low igneous activity, which is indicated
by several granitoid pebbles within the Pennsylvanian—
Permian basin fill (Egyiid 1982; Grecula & Egyiid 1982;
Vozarova & Vozar 1988; Vozarova 1991; Faryad 1995), as
well as by solitary Tournaisian/Visean detrital zircon grain
(Vozarova et al. 2019a). The Carboniferous reheating is indi-
cated by the monazite ages from paragneisses (338+22 Ma,
Finger & Faryad 1999), as well as of the K/Ar ages from
amphibolites (338+13 and 313+13 Ma, Faryad & Balogh
2002).

As mentioned previously, there are different views on
the relationship of the Zemplinic crystalline basement.
The main arguments for its belonging to the Western Carpa-
thian orogenic system are: (i) the similarity of the protolith
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and the degree of metamorphism with the crystalline com-
plexes of the Central Western Carpathians; (ii) continental
sedimentary conditions for the Pennsylvanian—Permian enve-
lope; (iii) quartzose sandstones and fine-graded oligomictic
conglomerates in the basal Lower Triassic, and carbonate plat-
form development in the Middle Triassic, consistent with the
Mesozoic envelope of the crystalline complexes in the entire
Central Western Carpathians (Andrusov 1968; Fusan et al.
1971; Mahel’ 1986; Vozarova & Vozar 1988; Vozarova 1991;
Faryad 1995; Faryad & Balogh 2002; Vozér et al. 2010).
The Zemplinic connection toward the Mecsek zone of the
Tisia Terrane (Tisza Unit) was suggested by Grecula & Egyiid
(1977) and Plasienka et al. (1997, 2018). It should be noted
here that the crystalline rock complexes of the Mecsek show
noticeable differences compared to the Zemplinic basement,
such as the presence of marbles, eclogites, and calc silicate
rocks (e.g., Szederkenyi 1997, 2001; Toth 2014 and references
therein). We correlated the composition of amphibolites
from Mecsek (Toth 2014) with the BB-1 borehole amphibo-
lites data given in this article. In general, the two groups of
amphibolites do not show any clear correlation. While the
chemical composition of the Mecsek amphibolites indicates
an almost exclusively within-plate environment of alkaline
basalts, the Zemplinic amphibolites, in addition to the OIB
alkaline basalts, also show an affinity to IAT or BAAB basalts
(Suppl. Fig. S1). However, the correlation is affected by the
error resulting from the differences in the analytical methods
used.

It must also be stated that the lithofacies of “Jakabhegy
Sandstone” in the Lower Triassic, as well as the Late Triassic
“Gresten facies” (Cséaszar 1997; Haas 2001), which are typical
for the Triassic development in Mecsek, are absent in the
Zemplinic Unit. All these data undoubtedly indicate Zemplinic
Unit affiliation with the Western Carpathian orogenic system.
The question is whether Zemplinicum is a continuation of
the Central Western Carpathian basements, as assumed by
the above-cited authors or the Inner Western Carpathians.
When taking into consideration the detrital zircon U-Pb
ages that were acquired from the Meliaticum—Borka Nappe,
as well as from the Turnaicum, Southern Gemericum, and
Zemplinic units of the Pennsylvanian—Permian sedimentary
sequences, these rocks are believed to have most likely been
derived from the same source area (Vozarova et al. 2019a,b).
Data are consistent with their derivation from the eastern
peri-Gondwanan domain, with the source area of
the Cadomian arc and basement rocks within the Saharan
Metacraton. This would mean that the Zemplinic Unit pro-
bably belongs to the southernmost fragments of the IWC,
which was displaced around the former Meliata Suture
(Vozarova et al. 2019b and references therein). This interpre-
tation is partly consistent with the suggestion of Schmid et al.
(2008).

The age of regional metamorphism of the Zemplinic crys-
talline basement remains an unresolved question. Only
a small number of identified Variscan ages indicate the rather
older, pre-Variscan tectono-metamorphic events, which were
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perhaps equivalent to subduction-accretion “Cenerian oro-
geny” according to Zurbriggen (2015, 2017). In this case,
the Variscan orogeny can be interpreted mainly as overheating
and rejuvenation in the extension regime, with only smaller
intrusions of igneous bodies and later associated with the
creation of post-tectonic Pennsylvanian—Permian sedimentary
basins.

Conclusions

The conclusions may be summarised as follows:

e The Zemplinic metabasic rocks have the geochemical
characteristics of both E-MORB and OIB, and were likely
resulted from a depleted mantle source affected by fluid-
related subduction metasomatism and crustal recycling.
The geochemical parameters indicate a protolith corre-
sponding to the extensional supra-subduction regime of
the back-arc basin.

* Variable enrichment of Th, which is found only in the sam-
ples of the Grp-I amphibolites, means that the metasomatic
enrichment was induced by fluid-related subduction metaso-
matism rather than crustal contamination.

* According to the mineral geothermobarometry and con-
structed phase diagrams, a substantial part of the studied
amphibolites indicates P-T conditions of the upper amphi-
bolite facies. The highest temperatures (660—725 °C) and
pressures (0.78-0.88 GPa) with the association Hbl+P1l+Cpx
correspond to the climax of the orogenic metamorphism of
the Zemplinic crystalline basement. The exception is the
two samples from the upper parts of the BB-1 borehole,
with the temperatures corresponding to the lower/middle-
grade amphibolite facies. They could be connected with
a retrograde branch of regional metamorphism, however,
tectonic contact along a ductile shear zone is not excluded.

e From the point of view of tectonic position, we consider
the Zemplinic Unit to be a continuation of the Inner Western
Carpathians.
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Fig S1. Correlation of the Zemplinic and Mecsek metabasic rocks: A — V vs. Ti/1000 metabasalt classification (from Shervais 1982);
B — Zr/Ti versus Nb/Y from Pearce (1996) diagram, revised by Winchester & Floyd (1977).
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