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Abstract The Southern Gemericum basement in the Inner
Western Carpathians, composed of low-grade volcano-
sedimentary rock complexes, constitutes a record of the
polyphase Cambrian—Ordovician continental volcanic arc
volcanism. These metavolcanic rocks are characterized by
the enrichment in K, Rb, Ba, Th and Ce and Sm relative
to Ta, Nb, Hf, Zr, Y and YD that are the characteristic fea-
tures for volcanic arc magmatites. The new SHRIMP U-—
Pb zircon data and compilation of previously published
and re-evaluated zircon ages, contribute to a new constrain
of the timing of the Cambrian—Ordovician volcanism that
occurred between 496 and 447 Ma. The following peaks of
the volcanic activity of the Southern Gemericum basement
have been recognized: (a) mid-late Furongian at 492 Ma;
(b) Tremadocian at 481 Ma; (c) Darriwilian at 464 Ma
prolonged to 453 Ma within the early Upper Ordovician.
The metavolcanic rocks are characterized by a high zir-
con inheritance, composed of Ediacaran (650-550 Ma),
Tonian—Stenian (1.1-0.9 Ma), and, to a lesser extent,
Mesoproterozoic (1.3 Ga), Paleoproterozoic (1.9 Ga) and
Archaean assemblages (2.6 Ga). Based on the acquired
zircon populations, it could be deduced that Cambrian—
Ordovician arc crust was generated by a partial melting of
Ediacaran basement in the subduction-related setting, into
which old crustal fragments were incorporated. The ascer-
tained zircon inheritances with Meso-, Paleoproterozoic
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and Archaean cores indicate the similarities with the Saha-
ran Metacraton provenance.
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Introduction

The essential part of the Early Palacozoic complex occur-
rences in the Southern Gemericum Unit (SGU) is formed
by the volcanic sedimentary formations, which under-
went the regional metamorphism under P-T of the lower
greenschist facies (Sassi and Vozarovd 1987; Faryad 1991;
Vozarova 1993a; Moldk and Buchardt 1996). This com-
plex is referred to as the Gelnica Group (GG) that was first
defined and regionally delimited in the geological map
of the Slovenské rudohorie Mts., 1:50,000—eastern part
(Bajanik et al. 1984). The GG sedimentary sequence has
several volcanogenic horizons within three stratigraphic
levels. Thus, “in situ” U-Pb SHRIMP zircon dating has
been applied, with the main objective to prove the age
of volcanism and to specify the stratigraphy of the SGU
low-grade basement. The accepted isotopic age of the GG
metavolcanic rocks was, for the first time, documented
from the locality Helcmanovce, by “in situ SIMS” dat-
ing on SHRIMP II equipment (St.-Petersburg, VSEGEI),
at 482 £+ 6 Ma (Putis et al. 2008). Later, the zircon popu-
lations from nine samples of the three lithostratigraphic
units of the GG rock complex have been analysed. The
set of more than 140 zircon SHRIMP data confirmed the
two phase late Cambrian—Ordovician volcanic events, with
concordia ages of 492 and 464 Ma, respectively (Vozarova
et al. 2010). In spite of many zircon age data, some
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Fig. 1 Geological sketch of the Southern Gemericum Unit (SGU)
showing the localities of magmatic zircon samples (modified accord-
ing to the geological map of Slovakia, 1/50,000, Biely et al. 1996b).
NE part of the Drnava Fm. contains zircons with the similar ages as

problems were still not resolved, e.g. discrepancy between
zircon SHRIMP ages from the locality of Helcmanovce
(482 Ma, Putis et al. 2008) and its enlisting to the young-
est Drnava Formation (after Bajanik et al. 1984). Therefore,
the further five samples were collected from the two upper
lithostratigraphic units of the GG sequence to find a better
regularity of the collected age data (Fig. 1). Consequently,
the main topic of investigation was focused on indisputably
confirmation of the existence of the first and second vol-
canic phase in the entire late Cambrian—Ordovician time
span.

Geological background

The Western Carpathians are the northernmost east—west
trending belt of the European Alpine range, linked to the
Eastern Alps in the west and to the Eastern Carpathians in
the east. The Western Carpathian orogenic belt consists of
several northward-stacking crustal-scale super units and
several cover nappe systems (Andrusov 1968; Mahel 1986;
Biely et al. 1996a, b; Rakis et al. 1998 and references
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zircons from the Vlachovo Fm. Thus we consider this part to be rede-
fined and added to the Vlachovo Fm—the striped part in the Fig. 1.
Abbreviations: s metasediments; v metavolcanics

therein; Plasienka et al. 1997). This orogenic belt is tra-
ditionally divided into the Outer Western Carpathians
(OWC) and Inner Western Carpathians IWC) (Andrusov
1968; Mahel 1986; Biely et al. 1996a, b; Plasienka et al.
1997; Rakis et al. 1998 and references therein) (Fig. 1).
The main differences between them are the timing of the
Alpine nappe emplacement and the intensity of related
deformational and metamorphic events. The OWC con-
tains the Cenozoic (pre-Miocene) rootless nappe com-
plexes which overthrust various units of the European
platform (Janik et al. 2011). The IWC comprises pre-Late
Cretaceous nappe structures and rock complexes record-
ing the high-pressure and low-temperature (HP/LT) Late
Jurassic subduction events, and the Early to middle Cre-
taceous collision deformation and metamorphism. The
Pieniny Klippen Belt (PKB) marks the boundary between
these two structural zones (Fig. 1; Biely et al. 1996a, b
and references therein). Fragments of the Variscan crust
with their post-Variscan sedimentary cover were incor-
porated into the early to middle Cretaceous tectonic units
of the internal zone of the Western Carpathians orogenic
system. Each such unit consists of a crystalline basement
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and a characteristic Upper Palaeozoic/Mesozoic envelope
sequence (Tatricum, Northern and Southern Veporicum,
Zemplinicum, Northern and Southern Gemericum). Gener-
ally, Upper Palaeozoic sedimentary complexes are also pre-
sent in the basal part of several rootles nappes (Hronicum,
Meliaticum, Turnaicum and Silicum), consisting mainly of
Mesozoic complexes. The Tertiary transform fault, Raba—
Hurbanovo-Diosjeno Line (RHDL; Matura et al. 2000)
separates the Western Carpathians from the Carnic—Dinar-
idic type Pelso Megaunit (Haas 2001) that is located south
from the investigated SGU area. In its easternmost prolon-
gation, the RHDL transform fault line continues into the
system of Darné Line (DL), which represents the Tertiary
contact between the Southern Gemericum, Meliaticum, and
Pelso Megaunit.

The SGU belongs to the innermost part of the Alpine
Western Carpathians and as a whole it clearly overrides
the Northern Gemericum Unit (NGU) along the tectonic
contact that is represented by the Hriadok—Zeleznik Line
in the west (HZL; defined by Abonyi 1971), which con-
tinues to the east into the system of thrust faults (Fig. 1).
During the pre-Gosau period (Santonian—Campanian)
the NGU and SGU units were amalgamated and widely
overthrusted on the Veporicum Unit, coursing at the pre-
sent surface the Lubenik-Margecany Line (LML, Fig. 1)
(Biely et al. 1996b). The polystage Cretaceous conver-
gence of the Gemericum and Veporicum units is marked by
a strong shortening of the both NGU and SGU units and
development of the several thrust zones (e.g. HZL, LML)
that interacted by the forthcoming transpressional shearing
(Trans-Gemer Shear Zone in sense Lexa et al. 2003).

The major part of the SGU basement is formed by the low-
grade Early Palacozoic volcanic sedimentary sequence of
the Gelnica Group (GG). Three lithostratigraphic units have
been identified within the GG, from the bottom to upwards,
designed as the Vlachovo (VF), Bystry potok (BPF) and
Drnava (DF) formations (Snopko and Ivani¢ka in Bajanik
et al. 1983, 1984) (Fig. 1). The further extended pre-Permian
low-grade complex is the Stés Formation that is located only
in the SE part of the SGU basement (Fig. 1). There is tectonic
contact between the Gelnica Group and the Stés Formation
rock complexes. A shallow north-verging thrust plane is doc-
umented by the deep seismic profile (Vozar et al. 1995). Both
pre-Permian low-grade crystalline complexes are unconform-
ably overstepped by the Permian continental sediments of
the Gocaltovo Group (Fig. 1), associated with the Kungurian
acid volcanic rocks (273 £ 3 Ma and 275 £+ 3 Ma U-Pb zir-
con ages; Vozarova et al. 2009). Equally, the SGU crystalline
basement was penetrated by the Permian granites (mona-
zite ages ranging from 276 to 263 Ma—Finger and Broska
1999; Finger et al. 2003; Re—Os molybdenite data of 262 and
264 Ma—Kohit and Stein 2005; U-Pb zircon data 277 and
257 Ma—Radvanec et al. 2009).

Due to the intensive Early/Middle Cretaceous stack-
ing and thrusting of the Inner Western Carpathians nappe
units, the SGU rock complexes were affected by the strong
Alpine structural and metamorphic overprinting (Bajanik
et al. 1983; Lexa et al. 2003; Dallmayer et al. 2005;
Vozarova et al. 2014).

Gelnica Group lithostratigraphic features

The GG was generally described as a megasequence of the
deep-water turbidite siliciclastic sediments, associated with
the volcanic/volcaniclastic rocks of prevalent rhyolite—dac-
ite composition (Snopko 1967; Snopko and Ivanicka 1978;
Snopko and Ivanicka in Bajanik et al. 1983). Marginal and
distal turbidity facies were distinguished in the GG megas-
equence. Distal facies are accompanied with the thin lenses
of lydites and allodapic limestones. The acid to intermedi-
ate magmatic arc volcanism (Vozarova and Ivanicka 1996)
was highly explosive, which resulted in the redeposition
of a vast amount of volcaniclastic material into the fore-
arc basin by the gravity and mass flow current systems
(Vozarova 1993b). Various sized fragments of rhyolite-
dacites to andesites were mass-transported together with
pyroclastic rocks. Besides them, thin horizons of metaba-
saltic volcaniclastics and sparse metabasalts bodies occur.
Olistoliths of metabasalts were incorporated in the binder
of gravity sliding and slumping. Their chemical composi-
tion signalizes mixed tectonic settings of magmatic source,
with chemical character similar to continental arc basalts,
island arc basalt, mid-oceanic ridge basalts and enriched
mid-oceanic ridge basalts (Ivan 1994).

The GG associations of facies represent various parts
of the marine slope/rise complex graded to the deep-sea
plain. The slope and upper fan facies are composed of thick
sequences of hemipelagic metapelites that have been cut by
slumps and thick channels, filled with the metasandstones,
metaconglomerates and metapyroclastics. The middle fan
facies are characterized by smaller distal fan channels,
which were filled with metasandstones, metapyroclastics,
and carved up by planar laminated turbidites, lydites and
allodapic carbonates in deep-sea plain.

The palynological analysis demonstrated the Cam-
brian—Ordovician to Early Devonian age of the GG
sediments (Cornd and Kamenicky 1976; Snopkova and
Snopko 1979; Ivanicka et al. 1989). Further biostrati-
graphical data, based on the agglutinated foraminifers
of the family Psammosphaeridae and Saccamminidae,
proved the Upper Cambrian/Ordovician age of the VF
and the BPF sedimentary sequences (Vozdrovad et al.
1998; Sotak et al. 1999). The first Cambrian/Ordovi-
cian U-Pb concordia magmatic zircon ages gave the
494 £ 1.6 Ma for the VF metavolcanites and 466 £ 1.5
and 464 £+ 1.7 Ma for the BPF and DF metavolcanites,
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respectively (Vozdrovd et al. 2010). These isotopic ages
limited the former biostratigraphic data.

Method of investigation

The new geochronological data, using U-Pb sensitive high-
resolution ion microprobe (SHRIMP II, CIR Laboratory
of VSEGEI, St.-Petersburg) on zircons obtained from the
five samples of the Southern Gemericum basement meta-
volcanic rocks are presented. Further fifteen bulk chemical
analyses of metavolcanic rocks were completed.

The rock samples (Table 1) have been analysed for bulk
chemical composition of the rock-forming oxides, rare
earth and trace elements in the Bureau Veritas Commodi-
ties Canada Ltd. (former ACME Analytical Laboratories
Ltd., Canada). Following a lithium metaborate/tetraborate
fusion and dilute nitric digestion, major elements and trace
and rare elements (REE) were analysed by mass spectrom-
etry and (ICP-MS) and inductively coupled plasma emis-
sion spectrometry (ICP-ES). The analytical accuracy was
controlled using geological standard materials and is esti-
mated to be within the 0.01% error (1o, relative) for major
elements, and within the 0.1-0.5 ppm error range (1o, rela-
tive) for trace elements and 0.01-0.05 ppm for REEs.

U-Pb in situ dating

Zircons have been extracted from rocks by standard grind-
ing, heavy liquid and magnetic separation analytical tech-
niques. The rock-forming minerals were studied by an elec-
tron microprobe (CAMECA SX-100, in the laboratory of
the Geological Survey of Slovak Republic, Bratislava). The
internal zoning structure of individual zircon crystals and
shapes were analysed by CL images.

In situ U-Pb analyses were performed using sensitive
high-resolution ion microprobe (SHRIMP II) in the Center
of Isotopic Research (CIR) at VSEGEI, applying a second-
ary electron multiplier in peak-jumping mode following
the procedure described by Williams (1998) and Larionov
et al. (2004). The primary beam size allowed the analy-
sis of ca. 27 x 20 pm area. The 80 um wide ion source
slit, in combination with a 100 pm multiplier slit, allowed
mass-resolution M/AM > 5000 (1% valley); hence, all the
possible isobaric interferences were resolved. The follow-
ing ion species were measured in the sequence: °°(Zr,0)-
204pb—background (ca. 204 AMU)-2"°Pb—207pb—208pp—
2BULBThO->>*U0. Four cycles for each analysis were
acquired. Each fifth measurement was carried out on
the TEMORA Pb/U standard (Black et al. 2003). The
91,500 zircon (Wiedenbeck et al. 1995) was applied as
“U-concentration” standard. The collected results have
been processed by the SQUID v1.12 (Ludwig 2005a) and
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ISOPLOT/Ex 3.22 (Ludwig 2005b) software, with decay
constants of Steiger and Jager (1977). The common lead
correction was done on the basis of measured 2**Pb/2%Pb.
The ages given in text, if not additionally specified, are
207pp206py, for zircon older than 1500 Ma, and 2°°Pb/?38U
for those younger than 1500 Ma. The errors are quoted at
lo level for individual points and at 2o level in the con-
cordia diagram, for concordia ages or any previously pub-
lished ages discussed in the text. The relative probability
plots were processed by ISOPLOT/Ex 3.75 (Ludwig 2012)
software.

Petrological and chemical characteristics
of metavolcanic rocks

Petrography

The acid to intermediary metavolcanites is represented
mostly by blastofelsitic and porphyritic varieties, in which
phenocrysts constitute up to 30-40% of the rock volume.
Among the phenocrysts quartz, Na—Ca feldspars (Ans_j,)
and microperthitic K-feldspars are dominant. Nearly all the
quartz phenocrysts show embayed and anhedral features.
Euhedral and subhedral plagioclases usually exhibit albite
twinning, but can include pericline and carlsbad twinning.
Heterogeneous sericitization of the plagioclase phenocrysts
is most common. The K-feldspars form the euhedral phe-
nocrysts, often with carlsbad twinning. In the intermediary
varieties, the magmatic biotite relics are frequent. Rarely,
the “phantoms” after amphiboles have been noticed. Both
mafic phenocrysts are replaced by chlorite and Fe-bearing
oxides, but their original shape has been retained. Ilmenite
and magnetite occur as small anhedral to subhedral micro-
phenocrysts and as subhedral inclusions in former mafic
phenocrysts. Microcrystalline and blastofelsitic ground-
masses include very fine plagioclases, quartz, sericite, chlo-
rite and Fe-Ti oxides. Apatite, zircon, rutile, monazite are
frequent accessory minerals.

As it was mentioned above, the GG metavolcanics are
associated with huge mass of the pyroclastic rocks, fre-
quently with the well-preserved ignimbrite structure. They
contain fragments of quartz, plagioclase and K-feldspar
phenocrysts, as well as highly altered and deformed relics
of biotite and amphibole. Comparing with the metavolcanic
rocks they differ in distinct orientation of matrix, with
higher concentration of sericite and/or chlorite and finally
some Fe-Ti oxides.

The GG rocks were deformed during polyphase regional
metamorphism. The former pre-Alpine metamorphic min-
eral assemblages, mainly within the GG metasediments,
were overprinted and recrystallized during the Jurassic/
Cretaceous tectonothermal events. Metamorphic monazite
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Table 1 List of analysed metavolcanic samples with localization

Sample no. Lithostratigraphic unit Sample locality GPS coordinates
GZ-2* Vlachovo Formation Starovodskd dolina valley, 670 m a.s.1. N48°47130”
E20°39950”
GZ-6* Vlachovo Formation SW from MniSek nad Hnilcom, 540 m a.s.l. N48°47'517"
E20°47'584"
G-1/10 Vlachovo Formation NW from Turzovské kipele, NW from Gelnica town, 580 m a.s.l. N48°51/666"
E20°537920”
G-2/10 Vlachovo Formation NW from Turzovské kipele, NW from Gelnica town, 532 m a.s.l. N48°51'665”
E20°54009”
GZ-4* Vlachovo Formation SE from Dobsina town, 447 m a.s.l. N48°47'910”
E20°23'290”
GZ-5* Vlachovo Formation SE from Dobsina town, 760 m a.s.l. N48°47'510"
E20°25'140”
G-8/10 Vlachovo Formation N from Helcmanovce village, 448 m a.s.l. N48°50287"
E20°58/671"
GZ-37 Vlachovo Formation NW from Gelnica town, 527 m a.s.l. N48°51'695"
E20°54/028"
GZ-1* Bystry potok Formation W from Gemerskd Poloma village, 344 m a.s.l. N48°42/480"
E20°27'452"
GZ-1a* Bystry potok Formation 10 m W from locality GZ-1 N48°42/480"
E20°27/452"
GZ-7* Bystry potok Formation Starovodskd dolina valley, 980 m a.s.1. N48°44/500"
E20°38'150"
GZ-9* Bystry potok Formation SW from Koj$ova Hola height, 1105 m a.s.1. N48°46/400"
E20°58/200"
GZ-15 Bystry potok Formation NW from Rozilava town, SE slope of Tureckd height, 473 m a.s.l. N48°40'220"
E20°29'059"
G-6/10 Drnava Formation SW from Gelnica town, 354 m a.s.l. N48°50/853"
E20°55'927"
G-7/10 Drnava Formation NW from Huta Matilda settlement, 500 m a.s.l. N48°50/052"
E20°537929"
G-3/10 Drnava Formation S from Helcmanovce village, 819 m a.s.1. N48°48'172"
E20°51/812"
GZ-38 Drnava Formation SW part of Gelnica town, 373 m a.s.1. N48°5(0/853"
E20°55927"
GZ-8* Drnava Formation Perlovi dolina valley, 495 m a.s.l. N48°49’600”
E20°57100"
GZ-3* Drnava Formation NW from Kréasnohorské Podhradie village, S from Bansky vrch height N48°41'010”
E20°38'518"
GZ-13 Drnava Formation N from Lucia Baiia settlement, 421 m a.s.l. N48°43/813"
E20°55'084"
GZ-14 Drnava Formation Turc¢ockd dolina valley, NW from Rakos village, 291 m a.s.l. N48°37/333"
E20°09/882"
GZ-16 Drnava Formation Paca village, 438 m a.s.1. N48°41'014"
E20°36'734"
GZ-17 Drnava Formation Krasnohorské Podhradie-Uhorna road-cut, 863 m a.s.l. N48°41241"
E20°38/852"
G-5/10 Drnava Formation WNW from Prakovce village, 410 m a.s.1. N48°49'134"
E20°53/448"

Samples with asterisks are taken from Vozarova et al. (2010)

ages in metavolcanites proved the dominant Early Cre-  recognized at 133—-184 Ma, with a small peak at 100 Ma
taceous overprinting, with preserved relics of the Mid- (Vozéarova et al. 2014). The Jurassic ages nearly corre-
dle/Upper Jurassic events. The dominant age peaks were  spond with the “°Ar/*°Ar data from the Meliaticum Unit
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(150-170 Ma; Maluski et al. 1993; Faryad and Henjes-
Kunst 1997, Dallmayer et al. 1996, 2005) and with the
monazite ages from the SGU Permian volcanites (167 Ma;
Vozdrova et al. 2008). Further *°Ar/*°Ar data from the
Gemericum Unit and from the Gemer—Vepor contact zone
are shifted to the 80-100 Ma Late Cretaceous ages (Dall-
mayer et al. 2005; Jetdbek et al. 2008; Putis et al. 2009).
Irregular foliated plains are mostly fine-grained, where
foliation obliterated the initial rock texture. Fe-Ti oxides,
Fe-Mg chlorite, albite and sericite crystallized along the
foliation planes. The crenulation cleavage was partly rec-
ognized. The recrystallized quartz phenocrysts exhibit a
mosaic-like texture, when the rocks are strongly foliated.
Feldspar phenocrysts are broken and dominantly replaced
by sericite. Scarce mafic phenocrysts (biotite and isolated
amphibole) have been totally replaced by Fe—Mg chlorite
and Fe-Ti oxides.

Geochemistry

New major, trace and rare earth elements data from the fif-
teen GG volcanic rocks are given in Table 2. The formerly
acquired analytical data from the nine samples (Vozdrova
et al. 2010) are presented in the diagrams and Table 2 as
well, and they are indicated by asterisks. As the most major
elements are highly mobile (except Al,O3, TiO,, P,05) dur-
ing regional metamorphism and super-imposed hydrother-
mal processes (Gibson et al. 1983; MacLean 1990), the
high field strength elements (HFSE; Zr, Nb, Y) and TiO,
were used for metavolcanic rocks classification. All the
investigated samples have LOI contents of 0.7-3.9 wt%,
suggesting secondary overprinting by various degrees of
hydrothermal alteration and possible alkali’s migration.
The GG metavolcanic rocks have SiO, contents ranging
from 61 to 78 wt%, and after Pearce (1996a) classifica-
tion, they consist of rhyodacite and andesite composition of
the sub-alkaline suite (Fig. 2a). Based on the Zr/Y ratios
(Fig. 2b; after Barrett and MacLean 1994), the majority
of andesitic samples show a transitional and calc-alkaline
magmatic trend, with Zr/Y ratios between 4.5-7 and 7-25,
respectively. The smaller group of rhyodacite samples indi-
cate a tholeiitic-like character, with Zr/Y ratios between 2
and 4.5, approximately (Fig. 2b). Generally, the GG meta-
volcanic rocks display linear trends of decreasing TiO,,
FeOp, MgO, MnO, AlL,O;, P,0O5 and CaO and increasing
K,O with increasing of SiO, (Table 2). Only Na,O versus
Si0, data are somehow scattered, which might be caused
by the post-magmatic alkali rock alteration. The VF and
DF metavolcanites are plotted from the andesite to rhyo-
dacite fields, at which the BPF metavolcanites are strictly
displayed in the andesite field.

The GG metavolcanic rocks present a light REE (LREE)
enrichment with Lay/Yby = 2.27-11.6 for the VF, Lay/
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Yby = 6.97-9.20 for the BPF and Lay/Yby = 3.72-9.02
for the DF metavolcanites (chondrite normalization after
McDonough and Sun 1995). These also display variable Eu
negative anomalies, with Eu/Eu* values ranging from 0.09
to 0.72 for the VF, from 0.52 to 0.57 for the BPF and from
0.09 to 0.64 for the DF metavolcanic rocks (Fig. 3a). The
negative Eu anomalies become more and more significant
along with the fractional differentiation from andesite/dac-
ite trough rhyodacite, indicating that plagioclase crystalli-
zation dominated during the magma evolution. All the pat-
terns for differently fractionated rocks are parallel to each
other with the similar tendencies (Fig. 3a).

In the primitive mantle-normalized spidergrams (after
Sun and McDonough 1989; Fig. 3b), all the investigated
samples are characterized by the enrichment in large ion
lithospheric elements (LILE) such as K, Rb and Th, and
the apparent negative anomalies of Sr and HFSE, such as
Nb, Ta and Ti relative to the neighbouring elements. Ba and
U contents are more scattered. In addition, the distribution
patterns for the VF and DF metavolcanic rocks display the
negative P anomalies, mostly in the more differentiated
samples. On the contrary, nearly all the studied samples
from the three lithostratigraphic units show the Pb posi-
tive anomalies. It is generally accepted that decreasing Sr
and Ba contents with increasing of silica reflects fractional
crystallization of plagioclases, while decreasing tendency
of other incompatible elements, such as Nb, Ta, P, Ti may
reflect fractionation of some minor and accessory phases
(apatite, rutile, ilmenite) along with the magma evolution.
Then a slight variability in distribution of elements could
correspond with the gradual magma fractionation. The
fractionated VF and DF metavolcanites are characteristic
by large negative Eu anomalies (Fig. 3a). These large Eu
anomalies are associated with the low Sr contents. Nev-
ertheless, there is a linear correlation between Zr and Eu/
Eu*, which implies that feldspar and zircon crystallized
throughout the evolution of this magmatic system (Fig. 4a).
The decrease in Zr content from 182 to ~74 ppm in the VF
metavolcanites and from 239 to 44 ppm in the DF meta-
volcanites requires the zircon fractionation. The increas-
ing La/Smy chondrite ratios with Zr contents (Fig. 4c) can
be explained by a fractionation of hornblende and apatite
that fractionate REE (Sisson 1994; Heumann and Davies
1997). Negative correlations through decreasing of Zr with
fractionation show the variation of SiO, and Rb/Sr ratios
(Fig. 4b, d).

Additionally, the upper continental crust UCC—normal-
ized trace elements plots (normalizing values after Taylor
and McLennan revised by McLennan 2001) were used to
interpret the chemical characteristic of the GG metavol-
canic rocks. They have generally a flat UCC-normalized
multi-elements patterns (Fig. 5) with depletion in Ti, Al,
Sc, V (+Zr, Hf and Eu) and weakly negative Nb anomalies.



2153

Int J Earth Sci (Geol Rundsch) (2017) 106:2147-2170

060 €'l 40! 86'0 10°1 £ Yol 40! (4! 801 £€9°0 00°1 86'0 w1 YTl 6C'1 qL
€e’s €89 LL'9 €19 yI'9 SL'L 299 LEB 96'¢ ¥8'¢ SL'e ¥8°¢ £e’s €99 169 LT'L PO
66°0 [{n! 80°1 Iel LO'T LS'T €C0 8C°0 81°0 0C0 81°0 y0'1 LO'T LTl LT 0¢'1 nq
£€9°¢ 60°L SL9 17’9 R 0T'8 899 6 6S°S SL'S Sv'y ve9 809 89°L 96'L 0L’L wgs
6c €LE gee 9ve 8'¢CE 8 ¥0¢ (24 ¥'eC ¥'eC L'81 6'¢ce 1oc ¥'8¢ ey ey PN
€L 56 L8 0L8 618 €601 T8 60CI 809 £€°9 96’ 0L8 ELL €011 0TIl YeTl Id
3Y YL SIL 969 8'C9 8'L8 979 §'001 %Y 4 8'0% 0cL 9'8¢ 068 1'06 8'¢6 D
08¢ 98¢ cee I've 6'0¢ Svy [43 S8y gce 6'CC 1'81 0°¢e §'6C (494 'Sy 9'9v el
6'6C 9'9¢ 08¢ c0g Iee §9¢ 0'6¢ oy 9LE 8°9¢ 861 v've 6'LC €8¢ €LE (433 A
6'9¢C gslc I'vee 9961 £'80C 6'6€C 618 6'L01 ¥'L9 oYL L'€9 Sove €ILL 1°60¢ 0°SIC 9'8¢¢ 1Z
(4% €9 08 68 16 €6 pu pu pu pu pu 08 L 99 6S ¥9 A
9C 6C LT 149 0¢ e [ I'e vl L1 ¥'C L'c ST €e §c L'c n
el 7Sl 14! el 0°¢€l st 9¢CC I'Le 0¢ ¥'SC V81 0°¢l LT1 9Ll 8'LI 891 UL
80 60 01 80 80 01 01 01 'l [ 01 I'1 80 60 60 60 BL
€'LT ol 6'CL cele yeel 6vel €l ¥'1C el 861 £l v'LT 6vcl Lele 9°L8 0°8v IS
8'C6 oyl gecl 096 €701 I'Lel L'L6l 7691 ['v81 961 LTI £1¢ee 969 8'L9 £'¢6 el qd
S0l 9¢l Ll 911 011 9¢l 9L L 8 S9 9 Y 801 eel gl vyl adN
9 9 €9 Y 8¢ 9 6'¢ (4% L'e 8¢ 6C 001 9°¢ 9 'L 89 JH
Syl €81 1'81 LI 9Ll 9'1¢ oYl 8¢l €01 8¢l L0l L'LT §'0c 6'0C gce (44 ED
6L 0658 0'8¢CL 0TS 0108 I'veL 0°L88 ovIle 019¢ 016l 0'0gc 0969 0v0ov 0's6y 0099 6768 edq
14! Il €l L1 Sl 91 9 9 € 4 € el I I cl el oSS
el 9 9¢ I'v ¥ Ly £C 81 ST ¢C I'c 1474 £'ee ¥ ¥'C g7 wdd SO
6’1 ¥ I'c e Le 6C ¥l 60 'l S0 80 6'¢ (43 LT (4 6C 1071
600°0 8000 0100 0100 0100 800°0 pu pu 810°0 6000 1100 1100 9000 ¥00°0 000 000 Hokte)
100 L00 S00 ¥0°0 800 90°0 pu 100 pu pu pu 600 ¥0°0 S00 €00 00 OUN
0€1°0 081°0 061°0 0s1°0 081°0 0sC0 Se00 0r0°0 0200 0€0°0 0200 0c1o €LT°0 S61°0 S81°0 010 *0d
860 960 1.0 L9°0 LLO 98°0 800 01°0 90°0 90°0 90°0 98°0 650 1€°0 960 190 ‘oL
80°¢ 66'¢ 88'¢ 6C'¢ LTT €0'¢ 88'8 w9 Pe8 098 £ev'9 oLV 98’1 10¢ 68°C ol'y o
e 9T ore Ive 6T ey 0¥°0 18°C 80 'l 8L'1 €0 (424 00'Y LLY oLe O%N
81°0 LLO €70 124 o1 ¥9°0 pu 200 100 200 10°0 Lo ¢Sl L9C 980 Lo O®D
10°1 L9'1 vl (4! 86°C 66¢ £€C0 81°0 L00 €ro 910 LO'1 or'l LET 89°1 9Ll 03N
88’1 % LL'S 86'% Y0'L 659 1’1 9¢'1 L8°0 60°1 980 LS9 ore 8L'¢ 601 0cy f0%d
61°Gl 404! or¢rI 98°CI1 96 V1 cLLl 61¢CI 9ccl LSTT 9¢Cl ILT1 SLYlL 69V §Tel 0¥ 91 €6'L1 HoN\Y
LSOL L9 9699 9¢°¢9 ¥T€9 LO'19 6¢°SL Y6°SL 80°LL 65°SL 91'8L 0L99 £9°89 LTLY S1'99 89'¢H  pm fors

or/sD L1729 9125  vI-ZD  €1-ZD  &ZD 87D 8¢ZD 0IedD  0oi/LH 019D SI-Zzdb 6725  LZD  RBITZD 177D
"w] eARUI( ‘w] Yyorod Anskg ordureg

SYO0I OIUBI[OARIOUI UBIOTAOPIO—UBLIqUIEY) AU} UI SUONEIJUIIUOD JUSWIA[ 9JBI) pue Jofej\ 7 d[qeL

pringer

a's



Int J Earth Sci (Geol Rundsch) (2017) 106:2147-2170

2154

0¢ €¢ SP S 6°€ L€ 9¢ L€ JH
Y0 'L vSl g€l Syl Sel 601 0v1 vD
0165  0°€se 0v69  0T6L  0'8S¢  0°9SI 06T  9°09¢ ed
! 81 6 6 S S v S &y
9 ST Le S¢ e LT LT €¢ wdd sD
LT 8T 87T v'T LT LT TT L0 1071
6000 1100 pu PU L0000 SI00 pu pu Kelt'e}
$0°0 LOO €00 pu 100 100 200 100 OuN
00€0  0TI0 9500  0FO0  0£00  0T00 €00  0£0°0 ‘0%
89°0 SS°0 TT0 LTO 11°0 LO0 LO0 LO0 o1L
L€ SS'1 L6T Ity LTL 9¢T €6 16'L o™
9Ly 8I°S 9Ll €00 611 LOY 950 01 0%N
€0 €€°0 $S°0 100 $0°0 S0°0 120 200 o)
001 99°C LY 8I'1 650 090 6£0 81°0 03N
S0'¢ 8¢S €0T 2 SS'1 LS'T SI'1 Tl f0%d
68°LI S691 YTel Y11 LPTI 6TTI €ITl PLTI oy
1S9 TEP9 89°€L  YS8L  00SL  ITLL 16€L  619L %Im ‘ors
LEZD  01/8D  ,§ZD  pZD 0D 01/I'D 97D  TZD
‘W OAOYJB[A ordureg
TLI'T  T0ET YOI'T  98TT  FOI'T  T99T 6791 SLY'T 08%'1 956°1 1261 €0T  SI¥T  YIYT 009C  9¥€T Ngx/wg
SYL'9  8T8L  TO¥9  S6SL 1099  vT06 YISy  8S6'L 6IL¢ 0L8°¢ 6L8F €469  80LL VL8 00T6  L98'8 Ngx/eT
9FL'0  LISO  8EL0  86L0  ¥SLO  ¥I80  6IL0  TLLO £09°0 L6S°0 0190 8780  8IL0 €880 0S80 8060 Nwigrey
901'¢  00¥'€ 1L0¢  TCee  SEI'E  68¢€  166T  SITE YIST L8YT 0vST  Lv¥FE  0£0°€  SL9E 8¢SE  6LLE Nej/wg
1SS0 LPYO L8O  LE90  1€S0 0090 SO0 9600 $60°0 S01°0 PEI0  1TS0  €LS0 €S0 TS0 €£S0 «0E/d
0¢ L8 01 €01 901 0TI Tl 9] Lo 90 S0 Sy L8 +'9 9L TL 0D
€11 I'LT TLI Y 0°LE THl €T T'el LY 9¢ 08 0¢ I't 0°StT i i qd
I'e T8¢ 8'LE 14 1012 80T 90 60 8¢S T LL ¥0€ v'S1 T8 o1 S8 IN
Y0 670 750 Y0 9%°0 LY0 690 990 19°0 650 LEO 750 0r'0 950 150 0S°0 n]
87T se'€ 6v'€ S0°€ FINS seg oy 1487 1y 07 T It'¢ 09C 9t'¢ €e¢ LS€ ax
LY0 $$0 650 670 50 S50 690 10 ¥9°0 090 LEO $S°0 €70 190 €50 950 w,
9I°¢ €9°¢ €8°¢ Tre 6£°¢ 69°¢ L6V 9y SOt ¥6'¢ 6£C 0S¢ 8LC eIy ¥9'¢ 18°¢ |
80°1 €Tl 6T1 1 €Il 8T'1 LS'T Pl 8¢'1 9¢'1 SLO 611 €0'1 ST Tl 8T’ OH
re's S0'9 ¥$9 95 06°S €TL 859 ¥8'L ¥9'9 199 9L°¢ SLS ST 86'S 0T9 669 £a
01/SD  LIZD 912D $1-ZD €I'ZD ,£7ZD 87D 8¢ZO 0I/ED  0l/LD  01/9D SI-ZD 67D L7ZD RBIZD 17D
‘w] eARUI( ‘w,] yorod Anskg odureg

ponunuod g dqel,

pringer

Qs



2155

Int J Earth Sci (Geol Rundsch) (2017) 106:2147-2170

(1007) uBUUTOJA AQ PISIARI URUUTIJAl PUE JO[AB] J9)je ISNIO [ejudunuod 1addn 0) uonez
-rreurou—N2Nwg e ((S6T) ung pue YSnouo(IOIA Jo)e uoneZIjewIou AJLpuoyo—Nwg /e IuI] uonoelep Jopun d[dwres—(paunuIalep jou) p'u {((107) ‘T8 10 BAOIPZOA WOIJ U] SISATeUY 4

9¢se ¥S6°'1 €S1'C e G811 LOS'T 8691 ¥16°0 Nqx/wg
09¢° 11 6L69 SvL'9 8¢08  9LLC [68°¢ 8ILY 69C°C Nqx/e1
080°1 8680 €SL°0 0980 €950 029°0 L99°0 965°0 NoMwigyey
L6v'Y 0LS'E yelre 8LS'E evec 186°C 6LLC £8Y'C Ne/wg
7180 685°0 8¥E°0 6IL0  6£1°0 901°0 801°0 £60°0 x0H/0Y
'8 €8 €T 91 <l 'l 0] pu oD
L'l vy €T gel ' I'el L s qd
9 9°Cl |4 91 9¢ I'v 70 €0 IN
LT0 LEO §9'0 0¥'0 1.0 ¥9°0 290 890 ny
081 96°C €y T (434 €y 96°¢ 881 qA
1€°0 00 Lo wo LLO 890 L9°0 9L°0 wr
8’1 09¢ Sy ore LTS 9tV 1Ty L8V e
§9'0 060 S erl L1 Sv'l S 961 OH
Ly'e Yoy €0'L LL'Y 98’L L69 91’9 L9L £a
870 L0 €e’l 060 w1 o'l el'l 811 qL
9¢'¢ 0cy 6S°L L8V 61’9 909 879 9I'¢ PD
€0'1 98°0 160 11 920 1T0 o 1°0 ngq
81y 09t LE8 849 YA 009 819 ory ws
e I'ee 6'6¢ €Le 90T €ve 99¢C 191 PN
vE9 9¢'9 Lol vL'L es €99 0g’L 9l'v id
€9 9 08 €19 0SS 1'6S LSS 9'9¢ D
1'0¢ £9¢ oy 01¢ L6l 81T §'LT €91 el
991 I'vc 1Y% I'ce 08y 6'6¢ iy 9ty A
g8l £'16l 6811 8'¢01 ¥'S6 I8 SyL 918 1z
78 ¥9 Ic 6¢ pu pu pu pu A
9°¢ I'e 91 8¢ 6C Lc L1 e n
901l 8¢l 091 8Vl £eC 6'1C I'ee 00¢ YL
S0 80 60 L0 <l 01 [ 'l EL
L6y LyIl L'ty I'c 961 ¥'9¢ 0¢I S8y IS
L'LT] 129 8'9L €LLT €691 L'T6 8'¢91 691 9y
18 701 69 'L ¥'8 0L L L'L aN

LEZD  01/8-D SO JZ5 01D Ol/1-D 975 [ TZD
‘W, OAOYOB[A ordureg

ponunuod g dqel,

pringer

a's



2156

Int J Earth Sci (Geol Rundsch) (2017) 106:2147-2170

A typical Th enrichment could be involved in slab meta-
somatism. Fluids were probably derived from dehydra-
tion of hydrous silicate minerals within the slab and/or
from the sedimentary rocks atop it (Johnson and Plank
1999; Pearce and Peate 1995). The La/Sm ratios, normal-
ized to UCC values show a linear trend, nearly with the
correlation coefficient r &~ 1, equivalent to La/Smycy = 1
(UCN = Upper Crustal Normalized). All samples demon-
strate La/Smycy < 1 and they likely come from a source
that was depleted relative to the UCC. There are small dif-
ferences between fractionated and non-fractionated meta-
volcanics as they range from 0.56 to 0.77 and from 0.72 to
1.08, respectively.

The incompatible trace elements Ta, Th and Yb were
used as a geochemical index of tectonic setting, based on
revised Pearce (1983) by Gorton and Shandl (2000) dis-
crimination diagrams (Fig. 6a). In the revised Ta/Yb ver-
sus Th/Yb discriminant diagram for intermediate and felsic
rocks, the GG metavolcanics are plotted strictly within the
field of an active continental margin (ACM) that is char-
acteristic for continental arc volcanics. They have a ten-
dency to be plotted at a higher ratio end of Th/Yb axis.
Relationships based on the Th/Ta versus Yb (after Gorton
and Shandl 2000) fully support the presented ACM tectonic
interpretation. The higher Th/Ta values, ranging from 15 to
21, clearly correspond with the arc volcanic rocks.

To distinguish the effect of fractional crystallization
from the source composition, we have used a plot of Rb/
Zr versus Nb (after Brown et al. 1984). Figure 6b shows
only a slight increase of Rb/Zr ratios (from 0.32 to 2.7)
at more or less constant Nb contents (10.4—14.2 ppm).
This chemical course confirms the competence of the GG
metavolcanites to the normal volcanic arc, with a mainly
subduction-enriched magma source. Thus, the increasing
of Rb/Zr ratios may be explained by the effect of zircon
fractionation and growth. In Fig. 6b the fractionated and
non-fractionated metavolcanites are clearly separated. The
fractional crystallization of zircon displays a decreasing Zr
content at nearly constant Nb concentrations in the more
fractionated volcanic rocks.

U-Pb SHRIMP zircon dating
Zircon characteristics

Zircon grains are mostly medium in size (100-200 pm)
with except of the sample GZ-37 that contains larger zir-
cons (300-400 um). Generally, zircons are mostly pris-
matic and colourless or pink. Clear and transparent, long-
and short-prismatic euhedral in shape, with aspect ratios
of 1:4 which are dominant, but stubby crystals, with aspect
ratios 1:2, are also present (Fig. 7a—e). Majority of zircon

@ Springer

grains display magmatic oscillatory growth zoning (regular
or irregular), concentric and less of marginal sector type.
The mode of the compositional zoning varies widely from
bimodal successions of rich and poor trace element bands
to the small compositional differences, with only faintly
visible compositional zoning. CL images show that some
grains are composite, with inherited cores surrounded by a
new growth zonation. Commonly, the regular growth zon-
ing is interrupted by the textural disconformities. In many
cases, the original growth zoning is resorbed and later suc-
ceeded by a newly growth-zoned zircon. These are sepa-
rated from their rims by the irregular surfaces, sorting out
the unzoned and/or chaotically zoned cores from the oscil-
latory growth-zoned rims. In some zircon grains, the modi-
fications of their internal texture with disruption of growth
oscillatory zoning (mosaic and convolute texture) have
been observed. This process is probably connected with the
post-magmatic and late-magmatic influences of the mag-
matically derived fluids (Schaltegger et al. 1997; Pidgeon
1992). The metamict zircon crystals are mainly present in
the higher differentiated VF and DF metavolcanites.

Zircon age data
Bystry potok Formation

The sample GZ-15 from the BPF metavolcanites was
used for the SHRIMP study. Eleven analytical points in
11 zircon grains yielded 9 concordant or slightly discord-
ant ages with the discordance degree ranging between +7
and —11% (Table 3). The remaining two analytical points
were omitted from the calculation because of more than
20% discordance. The common lead content, 2OGPbC, is low,
usually accounting less than 0.4% of the measured 2*°Pb.
The U and Th content is variable moderate (125-658 and
28-163 ppm, respectively). Majority of the 2>Th/*®U
ratios are low to moderate, mostly between 0.33-0.10, cor-
responding well with zircons crystallizing within igneous
and late-magmatic conditions.

The Proterozoic ages have been obtained from two
grains (Table 3): 1057 £ 14 Ma (point 8) and 595 + 8
(point 10), with a discordance D of —3 and 4%. The Prote-
rozoic grains emphasize the significant role of the inherited,
old crustal components that are similar to the ages of detri-
tal zircons reported from the associated GG greywackes
(Vozérova et al. 2012).

The remaining seven grains fall within the age inter-
val of 453-513 Ma, with the 2°°Pb/?*3U concordia age of
460 + 5 Ma (Fig. 8), corresponding to the Darriwilian
(after ICS Chronostratigraphic Chart 2016). As the major-
ity of the studied zircon grains had inherited cores, all the
measured analytical points were situated within the oscilla-
tion growth-zoned rims.
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Drnava Formation

Four samples were collected for the SHRIMP zircon dat-
ing from the DF metavolcanics (Table 1). Nevertheless, the
acquired results were surprising and they document a dis-
crepancy between the analytical age and lithostratigraphic

b
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ment’s diagram of the studied metavolcanites samples. Normalizing
values after Sun and McDonough (1989)

position of samples. The SHRIMP ages show that sample
GZ-37, collected from the NE part of the DF occurrence, is
older than the other three samples, GZ-38, GZ-13 and GZ-
14, from E, S and SW part of the Drnava Formation (Fig. 1).

All 10 analytical points from nine zircon grains in the
sample GZ-37 yielded concordant or slightly discordant

@ Springer
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Fig. 4 Trace element discrimination diagrams of the studied metavolcanic rocks: a Eu/Eu* versus Zr, b SiO,/Zr, ¢ La/Smy versus Zr, d Rb/Sr

versus Zr, sample GZ-4 is excluded for anomalous low Sr content

ages, with the degree of discordance, D, ranging between 3
and —6%. The common lead content, 206Pbc, is low, usually
less than 0.1% of the measured °°Pb. The concentration of
U and Th is low to moderate, 159-665 and 88-345 ppm,
respectively. The >*Th/>®U ratios are moderate, vary-
ing between 0.21 and 0.47, with the exception of the one
Paleoproterozoic inherited grain (point 2-1; Table 3), with
the high 232Th/?38U ratio (1.22). All these ratio values are
characteristic for the crystallization within expected igne-
ous conditions. The oldest data, 2°’Pb/?°°Pb 1945 + 9 Ma,
were obtained from the inherited grain that was enfolded
by the newly formed oscillation zoned zircon of the
477 £ 7 Ma old (point 2-2; Table 3). The age data from the
remaining eight grains, together with the rim of the inher-
ited core, are scattered in the scale between 496 £ 7 and
477 &+ 7 Ma. These set of analyses have been made from
both, core as well as rim domains and gave the concordia
age of 483 £+ 5 Ma, corresponding with the Tremadocian
(Fig. 9).

In the sample GZ-38, located WSW from the Gelnica
town (Table 1), ten analyses from eight grains have been
obtained (Table 3; Fig. 10a, b). The Precambrian inher-
ited cores, 2°Pb/*Pb 2606 + 10 Ma (point 4-2) and
207pb/2%Ph 1961 + 31 Ma (point 3-1), were enveloped by
the newly formed magmatic zircons, 463 £ 10 Ma (point
3-2) and 438.5 & 10 Ma (point 4-1). The calculated discor-
dia (Fig. 10b) gave the upper intercepts at 2169 & 81 (point

@ Springer

3-1) and 2647 £ 24 Ma (point 4-2), with the lower inter-
cepts at 464 £ 27 Ma (point 3-2) and 435 £ 26 Ma (point
4-1). The remaining eight zircon ages varied from 486 to
457 Ma in both their rims and central part of crystals. These
analytical spots gave the concordia age at 464 £ 7.5 Ma,
with the moderate 23 Th/?*8U ratios, mostly between 0.35
and 0.79 (Table 3; Fig. 10a). They have the variable U
and Th concentrations, 156490 ppm and 92-718 ppm,
respectively.

Ten analytical points have been acquired from the rim
of the ten grains in the sample of GZ-14, located NW from
the Rakos$ village (Table 1). All of these points yielded
concordant or slightly discordant ages, with the degree
of discordance, ranging between 10 and —10%. The U
and Th contents are variable, 155-1113 and 52-230 ppm,
respectively. The 23?Th/?*U ratios are mostly between 0.19
and 0.35, typical for zircons of a magmatic origin. Some
of the zircon grains from the sample GZ-/4 seem to be
incorporated from the older volcanogenic events. This is
documented by three grains of the Cambrian age: 529 + 7,
516 £ 7 and 498 £ 7 Ma. The analytical points from the
remaining six grains show the concordia age 461 £ 5 Ma
(Fig. 11).

The zircon time span from the sample GZ-13 (Table 1)
is bracketed within the wider range comparing with the
samples GZ-14 and GZ-38. All the analytical points were
positioned at the rims of the analysed zircon grains. Among
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them, only five analytical points gave a relatively narrow
time span, ranging between 448 and 471 Ma. The con-
cordia age from these zircons corresponds with the age
of 461 &+ 6 Ma (Fig. 12) and with the 2**Th/?*%U ratios
between 0.08 and 0.37. The U and Th contents are highly
variable, 175-1026 ppm and 23-136 ppm, respectively. The
Cambrian ages, 491 &+ 7 and 494 + 7 Ma (Furongian), have
been acquired from the other two grains. These ages docu-
ment the process of zircon incorporation from the older vol-
canic events. The remaining three analytical points, yielded
the following Proterozoic ages: *’Pb/>Pb 1971 + 14 Ma,
and 2%°Pb/>*8U ages of 620 & 9 and 956 + 13 Ma. All these
analytical points were located at the rims of the individual
crystals, as they are not inherited grains within the younger
magmatic zircons (Fig. 7d). They represent recycled old
crustal components. The sample GZ-13 corresponds textur-
ally with pyroclastic rocks and the admixture of detrital zir-
cons is not excluded.

Discussion
Magma source and petrogenesis

The characteristic feature of the GG metavolcanic
rocks is Rb, Th enrichment, together with LREE, and
Nb-Ta depletion that is typical for volcanic arc mag-
matism related to ACM (Gorton and Schandl 2000;
Pearce 1983, 1996b; Jenner et al. 1991; Arculus and
Powell 1986; Brown et al. 1984; Wood et al. 1979). The

b

10 4

inmature

£

a

o

S

o

['4

mature
0.1 T |
1 10 100
Nb ppm

Fig. 6 Trace element discrimination diagrams for the tectonic interpretation of the SGU metavolcanic rocks. a Ta/Yb versus Th/Yb discrimina-
tion diagram after Gorton and Shandl (2000) (revised after Pearce 1983), b Rb/Sr versus Nb after Brown et al. (1984)
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Fig. 7 CL zircon images from the SGU basement metavolcanic rocks: a sample GZ-15, b sample GZ-14, ¢ sample GZ-38, d sample GZ-13, e

sample GZ-37

chondrite-normalized patterns are also related for the GG
metavolcanic rocks with different degree of fractiona-
tion (Fig. 3a). The most differentiated rocks show a slight
increase of (La/Yb)y to the non-differentiated rocks, from
2.27 to 11.6, at a little variable (Sm/Yb)y ratios (from

@ Springer

1.6 for fractionated to 2.3 for non-fractionated magma,
respectively). Similarly, these also display a distinct Eu
trough (Eu/Eu* 0.9-0.14), which instead is lacking the
less differentiated rocks (Eu/Eu* 0.35-0.81). The spider
diagram of trace elements normalized to primitive mantle



2161

Int J Earth Sci (Geol Rundsch) (2017) 106:2147-2170

L0€0 91 evl00 €S  6LS0 s Y9600 91  Svel [4 orl 0Ly €L €% <Ir o vIo 4 SLI 0¢0 0rer-zo
98¢0 ST  9¢L00 8¢ 960 e 16600 ST 8S¢l 6— 6L 8y <9 8SY gec  CIo (34 69¢ w0 6'¢cl-ZD
980 v'1  vLLTO 91 89T 180 Icro v1  <09¢ 4 4! IL61 0C  8LSI 0cL €0 L6 0¢ €00 8€I-ZD
S9¥'0 v’ 6SLO0  0€ €LSO Le 8¥S0°0  ¥'I  LI'El SI— 09 Wy ¥9  9ILY 9L9 800 9L 9201 L6°0 Le1-ZD
ceeo ST 60010 9v 9180 124 L8SO0 ST 16’6 0l— ¥6 ¢es 06 9619 88l  ¥I'L 6¢C  91¢ €90 9€l-ZO
¥eg0 ST 96,00 8T 1790 ¥ 99600 ST 997l = [4 Sy I'L 6¢or cee 910 ¢S 6¢c €ro Sel-ZD
90L0 ¥'I 66SI'0 0T 89¢'1 V'l ITL00  ¥'1  $ST9 ! 6C 196 ¢l 9¢6 c0s  ST0 88 So¢ L00 YE-ZD
wro 91 o0 6¢c  ¥SS0 9¢ 86600 91 68¢l = 08 Svy 89  I8v coc 110 33 1143 1o €el-ZD
Lev'o  S'1 SLOO  9¢ 6950 e ¢s00 ST eeel [— <L Yy 69 T99% 8vc LEO0  9¢l  ¥8¢ 14\ celzZD
¢¢90 ST  T6LOO ¥T  ¥I9O 8’1 9S00 ST €97l 9— v 09y 0L Tley yve 600 ¥y cos <o I'e1-Z2D
9S00  ¥I1  LYLOO 9T T6SO [ SLSO0 VI 6L¢El 01 8 60S ¥9 €VoP 0Le €0  8CI ¥LS Se0 01'¥1-ZD
§690 v'I  TrLO0 07T ILSO SI LSSO0  ¥'I  LvEl v [43 ey €9  CI9v ey 610 el €99 90°0 6'v1-ZD
Lo ¥'1 ¥0800 6’1 290 €1 65500  ¥'I  vpTl 6— 8¢ «wy L9 €86y 90 <CC0 vSI  gEL 000 8VvI-ZD
¥0S0 ST  9€L00 6C ILSO Y4 29600 ST 6S¢El I 9¢ oy S99  8LSY 9vc 1€0  LIT  88¢ £€0 Lyl-7Z9
w90 ¥I1 9200 I'C €950 91 900  ¥I 8LEl € 9¢ or 09 LISy §69 IT0 0£C €Il 910 OvI-ZO
90 ¥I S8LO0 TCT 090 91 86600 v'I  ¥LTI 6— 9¢ 9y 99 L8Y 60 ¥C0 CTLL  ¥SL 7o SYI-ZD
evy’'0 ST ¥e800 €€ L¥90 0¢ £€9600 S cl ol— 99 ey €L 1916 90Cc L0 €0l L8C 8C0 Yvi-ZD
y9o vl SLO0  TT 6850 L'l 6900 v'1  eeel S LE 68y ¥9 €99 Lec 620 Ol 89¢ 600 €VI-ZD
§9¢0 ST 9vL00 LT 89S0 e €650°0 ST Ivel 6— 0S wy 69 L9y §66 S0 TS SS1 000 <yvi-ZD
1890 ST 6800 CTT €L90 91 0LS00 ST 6911 L= 33 coy  S'L 6CS 90y LTO Syl CsS LO0 I'v1-Z2D
U] DADULC]
¥9¢€0 ¥1  €L00 0% 8CSO Le €500 v'I €8¢l Lc— ¥8 Lce €9 (97 gee 800 8¢ 8LE 010 11°61-2D
0090 ¥1 L9600 €T T6L0 61 €6500 v'I ¥0l €= Iy 8LS 08 €668 ¢ee ¥Co0 000 LTy LT0 01°S1-ZD
8I¥'0 91 6CLO0 6¢ €950 3 65500 91  IL¢l - 8L osy  I'L  6¢Sy Lyl LTO 8¢ £ec 9¢0 6°S1-ZD
a8L0 ST TBLI'0O 61  TLYI 4! 19L00 ST 19°¢ 14 ¥C 6601 14 LSO 0rs IS0 €91 gee 800 8'C1-ZD
99¢°0 ST 8ELOO 9T 8GO I'c 6vs00 ST SS¢El = 8y 90y <9 65y a8 010 LS 009 0€0 L'S1-79
Lye0 L1 600 8% 6950 % L9500 LT TLel 9 66 6Ly €L VESY 88'L €0 OF gcl 9%'0 9°C1-ZD
60¥'0 ST 11900 9¢ 6LV0 £¢ 69500 ST S€91 LT L 98y ¥'S  9T8E 9cc 1T0 98 8¢y 8¢°0 S CI-Z5
LESO 9T  €€L00  6C 9S50 ¥ ¢e0'0 91  ¢9°¢l 0l— ¢¢ <y 89 6°SSh yel €00 Ol LO€ €0 VSI-ZO
8660 ST LSLOO ST 6LSO 0¢ Y6600 S0 cel 6— 144 6cyr L9 90LY 6C¢ 600 ¥¥ cos ¥1°0 €CI-ZD
1690 ¥1  1LLOO ¢ 8090 Sl I[LSO0  ¥'T  L67Cl 14 [43 86y v'9 88LY 9¢r 00  6C 859 S00 TSI-ZD
9¢6’0 ST 8¢800 LT L990 €T ¢8¢00 ST 80Tl L 0S 8ys TL LTIS I'rec 110 Ie 96¢C €ro I'S1-Z29
‘] yojod £1354g

J3e o3e

Nger Ngeg +4d 9oz #4d 90z Adgog Ngez

% »Adgoz o *due 9% «Ad 0z % Ngee % d 10z Adgge Nz wdd  wdd %

uHoouryg m ) T m  x (1) jueprodsiq F mn F (1) wdd ,qdy,, Wl UL N “adyy 1odg

SY001 OTUBI[OABIOUW UBIOIAOPIQ—UBLIqUIE)) dY) WOy Blep uodnz onewsew (JINTIHS) dd—N € 2qeL

pringer

A's



Int J Earth Sci (Geol Rundsch) (2017) 106:2147-2170

2162

Qd,,; PoInseaw Suisn pajoatiod qd uowwo) (1) (syunow JudsayIp wody eiep Suredwod uoym pannbar jng s10119 9A0QE Ul papnjout Jou)
ST “PT ‘€1-ZD I0J %ES 0 PUe 8¢-70) I0J 9 ¢/ () ‘LE-ZD I0J 9%[S°() Sem uoneIqed prepue)s ur Jowryg ‘A[eanoadsar ‘uontod oruaSorpel pue UOWWod AY) ALIIPUI ,qd pue °qq ‘ewSis | are sioug

86L0 ST CTLLOO 0T <T090 €1 859600 ST S6Cl - 6C SLy  1I'L S6Ly cTe 8C0 06 See 90°0 6'LEZD
9190 91 €8L00 97T 19°0 1'C 79600 91 9LCI €— Sy 69y SL €98 L01 170 €e 6S1 600 8'LEZD
1890 €1 800 TT 9790 9'T 699600 €'I ¢l € e 6Ly T'L €96V vy CE0 10c 9 000 L'LEZD
yeL0 ST S8L00 0T LO9O £l 19600 ST ¥LTI 9— 0¢ oSy  TL T'L8Y 881 1€°0 78 6LC 00°0 9°LEZD
¢e80 ST ¥LLOO 8T 2090 T6'0 SE9500 S'I 16°CI € 0¢ 9 69 808y ey 600 981 S99 200 SLEZD
88L0 ST  9LLOO 61T 9090 1 699600 ST 687l | 9C 8Ly  I'L  9'I8Y 8¢ LYO 86T  €LS 000 ¥'LEZD
9LL'O ST  €LLOO0 07T 19°0 1 8ILSOO ST  €6Cl 14 LT 86 0L €087 89C TCTO 88 [0i% LO0 €LEZD
6690 ST 89L00 ¥T 8650 8’1 79600 ST 2T0°¢€l - Iy oLy 0L LLY ¥'6l  ¥€0 86 ¥6¢ 71°0 TTLEZD
¢66'0 ST 8CSE0 91  108°S 870 LT6ITO ST #€8C 0 9'8 €6r6l1 SC 8761 L'88 CT1 S¥e 76T 200 1-TLEZD
18L°0 ¢S'1 LLOO 6T S090 1 669600 ST 86Tl € LT ey OL V8LV 6¥C 620 S0 9LE €00 1'LEZD
‘W 0A0YOD]A

LT80 I't  ISLOO0 8¢ 1650 1c yLSO0 T'€  CEel 6 Ly LOS 14! L9V g6l SY0 6cl  00¢ 900 8'8¢-ZD
LeLo €T $SLO0  TE  LLSO [ 66c00 €T LT¢el L— 14 ey 01 891 ¥'6l  S€0 101 66C 90°0 L'8¢-ZD
0LS0 CTCT ¥eLO0 6'¢ 1850 [4> yLGO0 TT  €9¢l IT IL 80¢ 86 S9SY 065 6L0 8IL  ¥¢€6 120 9'8¢-ZD
eLy'0  ¥'C  S9L00 I'S  ¥9S°0 Sy ¥€60°0  ¥'CT LOEL Lg— 001 8¢ I SLY €0l 9%¥0 69 9¢1 820 S$'8¢ZD
9960 €T 8¥I¥0 €T 1001 90 SLTO €T 1IvT 91 0l L'509¢ 134 LETT LOT 860 ¢8C  00¢ - T 8¢ZD
1870 €T ¥0LOO 8v 1SS0 (4% L9600 €T 1Pl 0l 76 W@y 66 S8eY 991 990 SLT VLT 1€°0 1-¥'8¢-ZD
0§90 €T SYLOO S€  LLSO 9C 19600 €T el - 68 8SY 01 (2514 Y'1eE  6£0 981  06v 900 T-€'8¢7ZD
96L'0 €T €8IT0 67 [SR3 L'l €0CclI'o €7 8SY 16 §3 1961 9¢ €LTI 91y 020 144 1ce 81°0 1-€'8¢€-ZD
6€L0  VvT €8L00 T¢ €790 (a4 8LS0°0 ¥TC 8LTI L Ly 1cs 11 98Y ¥91 650 6€l  €¥C €00 C'8¢ZD
6190 ¥C LvLOO 8¢ S8S0 0'¢ 89600 ¥TC 6¢¢l 1 L9 S8y I yov 6'¢cl 0 6 91¢ 90°0 ['8¢-ZD

a3e a3e
Nger Ngeg +4d 9oz #4d 90z 9d g0z Nger
% «Adgoz % +9d 10z 9% +9d 10z % Ngez % Ad 0z Ad gz Ngez wdd wdd %
Hoouy m =z ) T m (1) jueprodsiq F mn ¥ (1) wdd ,qdy, Wl UL N “adyy 1odg

ponunuod ¢ Aqel,

pringer

Qs



Int J Earth Sci (Geol Rundsch) (2017) 106:2147-2170 2163
0.082 GZ-15,n=7 GZ-37,n=9
Concordia Age = 460.1 + 5.1 Ma Concordia Age = 482.5 +4.6 Ma
(20, decay-cons. errs included) 0.084 | (20, decay-cons. errs included)
0.080 | mswbp (of concordance) = 0.84 MSWD (of concordance) = 0.43
Probabilty (of concordance) = 0.36 o 0.082 Probabilty (of concordance
0.078 .-/ '
5:) 0.076 o 0.080
o -
o o 0.078
g 0.074 x
0.072 0.076
0.070 0.074
0.068 data-point error ellipses are 20 0,072 data-point error ellipses are 20
044 048 052 056  0.60 064  0.68 055 057 059 061 063 065 067

207Pb / 235U

Fig. 8 Concordia diagrams of dated magmatic zircons from the sam-
ple GZ-15: zircon age data based on the 2°Pb/?*8U versus 2*’Pb/?°U
ratios

(Fig. 3b) shows depletion of HFSE (manifested troughs
at Nb and Ti) with respect to LILE and LREE, as it is
representative for arc magma. The whole set of sample
shares very similar patterns, with a general enrichment of
Rb, Th and LREE towards the most differentiated meta-
volcanic rocks. Their UCC-normalized patterns are rela-
tively flat (Fig. 5), with depletion in Nb, Ti, Sc, V and
enrichment in Th. Depletions in Ti, V, and to the lesser
extent Nb, are consistent with oxide fractionation at high
levels in the crust (Piercey et al. 2006). Generally, all
the SGU metavolcanic rocks have a low Nb and Y val-
ues (Table 2), characteristic for volcanic arc magmatites.
Nevertheless, the (La/Sm)cy ratios in the SGU metavol-
canites are systematically depleted relative to UCC, with
(La/Sm)ycy <1. This process required either depleted
source, for example mafic crust or the fractionation of
LREE-bearing accessory phases. In detail, the fraction-
ated GG metavolcanic rocks are more depleted in LREE
than non-fractionated ones. Thus, the process fractionat-
ing of LREE-bearing phase is more likely. Consequently,
the majority of REE fractionation can be explained by
feldspar, hornblende, zircon, monazite and apatite crys-
tallization. All these minerals are among the observed
phenocryst assemblages. Similarly, the Zr versus Eu/Eu*
and Rb/Sr ratios, as well as SiO, versus Zr ratios (Fig. 4a,
b, d), imply that the SGU metavolcanites have undergone
an extensive magmatic fractionation.

Both group of the studied metavolcanites, silicic and
intermediate, have low HFSE contents (Zr, Nb, Y, Ti, Hf,
Ta) and low to intermediate Zr/Sc (22.5-13.2 and 26.2—
10.6, respectively) and Zr/TiO, (1208-540 and 268—405,
respectively) ratios, when compared with non-arc and
A-type felsic rocks (for comparing Piercey et al. 2006 and
references therein). A crystal fractionation signature in the
SGU acid metavolcanites is indicated by the higher Rb/Sr

207P b / 235U

Fig. 9 Concordia diagrams of dated magmatic zircons from the sam-
ple GZ-37: zircon age data based on the 2°Pb/?*8U versus 2*’Pb/?°U
ratios

ratios (1.32—-16.1) comparing with the co-genetic interme-
diate members (0.22-3.40).

According to Bachmann and Bergantz (2004, 2008), a
spatial and chronological proximity between crystal-poor
rhyolites and crystal-rich intermediate magma supports the
idea of interstitial extraction from batholitic crystal mushes,
with a typical partitioning coefficients for Rb and Sr. Melt
expulsion from the crystal mush predicts the extended age
range recorded by zircons in silicic magmas (Brown and
Fletcher 1999). In fact, in the SGU acid, metavolcanites
were also zircon grains that might have had a longer crys-
tallization period, indicating a scattering of analytical data.

As pointed out by Christiansen (2005) and Christian-
sen and McCurry (2008), rhyolites can be divided into two
categories: (1) the hot-dry-reduced that occurred mostly in
mantle-upwelling and continental rifts areas; (2) the cold-
wet-oxidized, typically found in subduction zones. Both
type of rhyolites show different trace element contents, in
particular for REE. In wet-oxidizing environment, crystal-
lization of amphibole and titanite, which sequester mid-
dle REE and heavy REE (Glazner et al. 2008; Bachmann
et al. 2005 and references therein), produces REE patterns
with smaller Eu-negative anomalies. The SGU intermedi-
ate Cambrian—Ordovician metavolcanites have depletion
in the middle and heavy REE and smaller Eu-negative
anomalies, characteristic for cold-wet-oxidizing subduc-
tion-related volcanics. In the highly evolved SGU metavol-
canites (>70 wt% SiO,), the REE patterns show deep Eu
negative anomalies even at equal or nearly similar concen-
trations of middle and heavy REE comparing to the inter-
mediate members (Fig. 3a). Plagioclases crystallization that
removes Eu from the melt plays the major role for these
deep Eu negative anomalies. According to Bachmann and
Bengratz (2004, 2008 and references therein), these deep
Eu anomalies are more typical for drier magmas, resulting

@ Springer
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Fig. 10 Concordia diagrams of dated magmatic zircons from the sample GZ-38: a zircon age data based on the *°Pb/>**U versus 27Pb/>°U
ratios, b calculated discordia intersects for the inherited grains from the sample GZ-38
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Fig. 11 Concordia diagrams of dated magmatic zircons from the
sample GZ-14: zircon age data based on the 2°Pb/*8U versus
207pp/?3U ratios

from a hot and extensional tectonic setting. However, the
SGU acid metavolcanics are thus in discrepancy to this
with the diminishing of the middle and heavy REE.

The SGU metavolcanics display the geochemical trends
that suggest a petrogenetic history involving significant
fractional crystallization process in producing high-SiO,
magmas. The crustal assimilation is supported by the Pro-
terozoic—Archaean xenocrystic grains in the magmatic zir-
cons cores.

Zircon dating
In the four analysed samples, collected from the BPF (sam-

ple GZ-15) and DF formations (samples GZ-38, GZ-14 and
GZ-13), majority of zircon analyses yielded the consistent

@ Springer
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Fig. 12 Concordia diagrams of dated magmatic zircons from the
sample GZ-13 (grey circle—samples used for average age calcula-
tion): zircon age data based on the 2°°Pb/>*3U versus 2’Pb/**3U ratios

concordia ages, ranging between 464 and 460 Ma (Figs. 9,
10a, 11, 12). These correspond with the uppermost Mid-
dle Ordovician, at the Darriwilian stage (after ICS Chron-
ostratigraphic Chart 2016). The detected zircon ages clearly
confirm the previous zircon dating (Vozéarova et al. 2010).
The metavolcanites from the both lithostratigraphic units
belong to the consistent volcanic event, with the DF and
BPF concordia ages of 464 and 466 Ma, respectively. The
quoted 2*°Pb/?*8U ages are concordant and thus provide the
unbiased estimates for the zircon growth ages, originating
during the magma crystallization. The five Cambrian grains
in the time span of 529-491 Ma could be a product of a
reworking and recycling from the earlier magmatic events
and have been incorporated during ascent and emplacement
of the youngest, Darriwilian magma at ~464 Ma.
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The sample GZ-37, collected from the DF (based of
Bajanik et al. 1983 lithostratigraphic classification),
shows the concordia age of 483 Ma (Fig. 8). This is,
comparing with the previous four samples a surprising
result, since the GZ-37 zircon assemblage is more than
20 Ma older. This age is fully consistent with the zircon
ages from the upper part of the VF, lowermost lithostrati-
graphic unit of the Gelnica Group (485 and 481 Ma;
Vozarova et al. 2010). Considering this, it would be nec-
essary to correct the NE limit of the DF and re-define the
NE part of DF and keep it as the lithostratigraphic part
that belongs to the VF (Fig. 1). The 482 Ma zircon age
published by Putis et al. (2008) fits well this conception.

Thus, fifteen SHRIMP zircon ages (present zircon ages
together with data taken from Vozarova et al. 2010) from
the Southern Gemericum basement document the Early
Palaeozoic poly-magmatic events. Based on the first
results of zircon dating, two major magmatic phases were
recognized (Vozarova et al. 2010), which correspond
with distinct periods of magmatic zircon growth. First, in
Late Cambrian/Early Ordovician and the second, in Mid-
dle Ordovician times. The presented new set of zircon
dating confirms, generally, these magmatic sequences.
However, new zircon data enable us to separate the first
magmatic phase into the Late Cambrian and Early Ordo-
vician, at ca. 492 and 481 Ma, respectively, with 11 Ma
gap between them (Fig. 13a, b). As the consequence,
three magmatic phases could be recognized within the
Early Palaeozoic basement of the Southern Gemericum.
They correspond with the early-mid Furongian (peak at
492 Ma), Tremadocian (peak at 481 Ma) and Darriwil-
ian (peak at 464 Ma) times (Fig. 13b). The Darriwilian
magmatic phase offered the youngest concordia zircon
age at 447 £+ 7 Ma (sample GZ-7 in Vozarova et al. 2010)
in the central part of the BPF occurrences (Fig. 1). This
is reflected in the BPF probability density plot (Fig. 13b)
with the maximum peak at 453 Ma, which straddle the
boundary between Sandbian and Katian of the Upper
Ordovician (after ICS Stratigraphic Chart 2016). This
is considered as the evidence that Darriwilian magmatic
phase terminated in the early Upper Ordovician. The
presence of the youngest detrital zircons in the BPF sand-
stones and their age (Vozarova et al. 2012) that is over-
lapping with the youngest magmatic zircon population,
documents the presumed closing of the supposed fore-arc
GG sedimentary basin (Fig. 13b).

U-Pb zircon isotopic data support the idea that the SGU
Cambrian—Ordovician magmatic arc involved juvenile
magmas that were contaminated with varying amount of
Cadomian, Tonian—Stenian and Eburnian crust. Accord-
ing to this, the Cambrium—Ordovician magmatic arc and
appropriated fore-arc basin should be situated at NE part of
Gondwanan margin along the Saharan Metacraton.

Provenance implications

Zircon xenocrystic grains in these metavolcanic rocks
clearly indicate remelting and recycling of older crustal
components. The U-Pb zircon ages from xenocrystic grains
commonly identify a Proterozoic and Archaean inheritance
(present data and Vozarova et al. 2010). These zircon popu-
lations (42 spots together) are dominated by Ediacarian—
Cryogenian (~550-800 Ma; 19 spots, ca. 46%) xenocrystic
zircon grains, with less frequent of Tonian—Stenian (~0.9—
1.1 Ga; 4 spots, ca 9%), Mesoproterozoic (~1.3-1.5 Ga; 5
spots, ca 12%), Paleoproterozoic (~1.9-2.4 Ga; 19 spots, ca
19%) and Archaean grains (~2.6-2.8 Ga and single zircons
of 3.2 Ga; 6 spots, ca 14%) (Fig. 13a). Relevant detrital
zircon assemblages (47 grains), obtained from the associ-
ated metasediments of the all three GG lithostratigraphic
units, consist of the identical zircon populations. There
is dominant Ediacarian—Cryogenian 550-800 Ma zircon
population (23 spots, ~49%), with varying percentage of
the Tonian—Stenian 0.9-1.1 Ga (9 spots, ~19%), Mesopro-
terozoic 1.3-1.4 Ga (1 spot, ~2%), Paleoproterozoic 1.7—
2.4 Ga (8 spots, ~17%) and Archaean 2.8-2.6 Ga (6 spots,
~13%) populations (Fig. 13a). The youngest detrital zircon
of 452 + 8 Ma (2 grains) overlaps the age maximum of
the GG deposition (Fig. 13b) in the middle-late Ordovician
(data from Vozarova et al. 2012). Most of these detrital zir-
cons yielded concordant Neoproterozoic ages, indicating
that the GG metasandstones consist mainly of peri-Gond-
wanan Avalonian—Cadomian arc erosional detritus, which
was active between ~750 and 550 Ma (Linnemann et al.
2014; Murphy et al. 2013; Nance et al. 2008; Nance and
Murphy 1994; Murphy and Nance 1989). The obtained zir-
cons populations were previously attributed to the Avalo-
nian—Amazonian provenance (Vozarova et al. 2010, 2012),
referred to as the continental reconstruction in the late Neo-
proterozoic-early Palaeozoic that placed Avalonia along
the Amazonian margin of Gondwana (Nance et al. 2008;
Scotese 2004; Stampfli and Borel 2002). The acquired
zircon data indicate a period of mixing between juvenile
and Paleoproterozoic crust (2.2-2.4 Ga) at ~900-1050 Ma
typical for Amazonia. On the other hand, the interval of
zircon generation of ~0.8-0.9 Ga, associated with Ama-
zonian Goids magmatic arc (0.6-0.9 Ga), developed dur-
ing the Tonian-Ediacaran (Pimentel et al. 2011; Cordani
et al. 2009), was not found in the GG zircon populations,
similarly as in the Neoproterozoic assemblages of Avalonia
(Thompson et al. 2012). Early Neoproterozoic gap is not
characteristic for the Amazonia sources. However, the dis-
tinct magmatic gap between 0.8-0.9 Ga was documented
in Baltica by U-Pb—Hf isotopic study, related to the Tima-
nides orogeny (Kuznetsov et al. 2010). This was a crucial
argument for the Henderson’s et al. (2015) and Thompson’s
et al. (2012) interpretation that Avalonia was located near
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Fig. 13 Relative probability plots of the magmatic and detrital
206pp/238U zircon age data from the SGU early Palaeozoic basement:
a age time span from 0.35 to 3.5 Ga, b age time span from 0.35 to

Baltica and not near Amazonia in the early Neoproterozoic
time.

Further, there are some differences between Avalonian
zircon populations and those obtained from the GG detri-
tal populations as well as from inherited zircons of the
Cambrian—Ordovician metavolcanic rocks. There are: (1)
the presence of Tonian—Stenian 0.9-1.1 Ga zircon popula-
tion (9-19%) and (2) the expressionless Mesoproterozoic
population spanned from 1.3 to 1.4 Ga (2-12%). First,
the Tonian—Stenian zircon populations are missing in the
Avalonian provenance and second, the Mesoproterozoic
zircon populations are with a wider time span, from 1.2
to 1.6 Ga (Linnemann et al. 2012; Pimentel et al. 2011;
Matteini et al. 2010; Cordani et al. 2009 and references
therein). Between Paleoproterozoic and Archaean zircon
populations (1.7-2.4 Ga and 2.6-3.2 Ga), no significant
differences were found. The small peak at 2.0-2.1 Ga
is characteristic for the Southern Gemericum GG rock
sequence. Generally, these zircon populations reflect the
global 1.8-2.1 Ga collisional orogenic events, referred
to as the existence of pre-Rodinia supercontinent (Zhao
et al. 2002; Rogers and Santosh 2002 and references
therein). The cratonic blocks in South America and West
Africa were welded by 2.0-2.1 Ga Transamazonian and
Eburnian Orogeny (Henderson et al. 2015; Zhao et al.
2002). These zircon populations were described from
several Archaean and Paleoproterozoic cratonic blocks,
e.g. in the West African Craton (Linnemann et al. 2014;
Abati et al. 2012; Walsh et al. 2012), Saharan Metacraton
(Be’eri-Shlevin et al. 2014; Iizuka et al. 2013; Abdesalan
et al. 2002) and Amazonia (Cordani and Teixeira 2007,
Winchester et al. 2006; Nance and Murphy 1994). Such
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1.1 Ga. Data for metavolcanic zircons are from the present paper and
taken from Vozarova et al. (2010) and data for detrital zircons from
non-volcanic metasediments are taken from (Vozarova et al. 2012)

a reworked zircon detritus is present in many terranes
of the European and Alpine Variscides, e.g. the Central
and NW Iberia (Fernandez-Suarez et al. 2014, 2002;
Talavera et al. 2013; Gutiérrez-Alonso et al. 2003), the
Alpine basement of Switzerland and Austria (Neubauer
et al. 2002; vonRaumer et al. 2013), the Serbo-Macedo-
nian Massif in Greece (Meinhold et al. 2010), the Eastern
and Southern Carpathians (Balintoni and Balica 2013 and
references therein), the Western Carpathians (Vozdrova
et al. 2010, 2012) and the Istanbul terrane in NW Turkey
(Ustadmer et al. 2011).

Our present zircon data, together with the reinterpreta-
tion of the previously published detrital and inherited zir-
con ages (Vozéarova et al. 2012) clearly demonstrate the
principal Neoproterozoic source, derived from the Peri-
Gondwanan Avalonian—Cadomian arc, with the dominated
Ediacaran 560-670 Ma zircon populations for the Southern
Gemericum basement. Less frequent Tonian—Stenian 0.9—
1.1 Ga, mid-Paleoproterozoic 1.8-2.4 Ga and Archaean
2.5-2.8 Ga zircon grains were incorporated into the juve-
nile Neoproterozoic crust from the reworked Paleo-Prote-
rozoic—Archaean crustal fragments. The absence or insig-
nificant amount of the Mesoproterozoic zircons (1 detrital
zircon grain in metasediments and 5 xenocrystic grains in
metavolcanic rocks) is a characteristic. The distribution of
the Proterozoic-Archaecan and Tonian—Stenian inherited
and detrital zircons and deficiency of the Mesoproterozoic
grains indicate more similarities with the Saharan Metacra-
ton provenance than with the Amazonia Craton that was
tentatively presupposed by Vozirova et al. (2012). This
interpretation is compatible with the results and indications
of Henderson et al. (2015).
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Conclusions
The conclusions may be summarized as follows:

1. U-Pb SHRIMP magmatic zircon ages from the
Southern Gemericum Unit proved the long-lived acid
to intermediate continental magmatic arc volcanism
with maximum activities in the mid-late Furongian
(~492 Ma), Tremadocian (~481 Ma) and Darriwilian
(~464 Ma). Darriwilian volcanic activity was pro-
longed into late Ordovician, with the peak activity at
453 Ma, at least within the Bystry potok Formation.
This is consistent with the closing of the GG sedi-
mentary fore-arc basin, which is indicated by detri-
tal zircon within the associated metasandstones, at
453 Ma.

2. The low (Nb 4 Y) content is the diagnostic feature for
the Southern Gemericum metavolcanics that is char-
acteristic for volcanic arc in subduction-related set-
ting. Mantle-crust interaction together with process of
a fractional crystallization produced an intermediate to
acid magma.

3. Zircon xenocrystic grains in the Cambrian—Ordovi-
cian metavolcanics indicate a remelting and recycling
of juvenile Avalonian—Cadomian crust, with the domi-
nated Ediacaran 560-670 Ma zircon populations and
significant older crustal components (Tonian—Stenian
0.9-1.1 Ga, mid-Paleoproterozoic 1.8-2.4 Ga and
Archaean 2.6-2.8 Ga zircon grains). These acquired
zircon age populations are consistent with the detri-
tal zircon assemblages previously described from the
associated metasandstones (Vozarova et al. 2012).

4. Dominance of the Ediacaran with lesser extent of Tonian—
Stenian and Proterozoic—Archaean inherited and detrital
zircons as well as the deficiency of Mesoproterozoic zir-
con grains point at similarities with the Saharan Metacra-
ton provenance and location of the SGU Cambrian—Ordo-
vician magmatic arc along NE Gondwanan margin.
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