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A B S T R A C T   

Permian felsic volcanic rocks are widespread in the Tisza Mega-unit (Carpathian–Pannonian region), covering a 
relatively large area from southern Transdanubia (Hungary) to the Apuseni Mountains (Romania). The present 
occurrence and structural position of these Permian volcanic rocks are the result of a complex tectonic evolution 
(including Alpine nappe stacking and Neogene extension); meanwhile, multiple hydrothermal effects and 
deformation modified their microtexture and chemical composition. In this study, the same emphasis was given 
to Permian felsic volcanism as well as the subsequent fluid- and/or deformation-related processes in the Tisza 
Mega-unit to extend our knowledge in regional issues (e.g., geochronology, stratigraphy, and lithologic corre-
lations) and to investigate if the variably altered volcanic rocks can be used in petrogenetic studies. 

The zircon U-Pb dating yields ages of ~270.4–262.9 Ma for the Apuseni samples and ~268.4–260.2 Ma for 
those of the Pannonian Basin. Whole-rock geochemistry, considering immobile trace elements, since most of the 
major element compositions were severely modified by alteration processes, indicates that the studied rocks are 
dacite to rhyolite. They belong to a voluminous silicic volcanism during the Middle Permian, most probably 
related to rifts. 

Petrography, whole-rock geochemistry, and X-ray powder diffraction mineralogy revealed that the predomi-
nant alteration of the studied rocks is hydrothermal sericitization, locally superimposed by mylonitization in 
greenschist to subgreenschist conditions during Alpine orogeny. The K-Ar dating of the separated illite fractions 
confirms that the ductile deformation acted during the Turonian nappe stacking, as the main Alpine deformation 
phase in the study area. 
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On a regional scale, the Permian magmatism in the Tisza Mega-unit looks significantly younger than the 
similar magmatic activity of the stable Europe (~300–290 Ma).   

1. Introduction 

In the Carpathian–Pannonian region, the products of several Late 
Paleozoic magmatic episodes can be seen in outcrops (e.g., Apuseni Mts, 
southern Transdanubia, Western Carpathians; Vozárová et al., 2009a, 
2009b; Nicolae et al., 2014; Bonin and Tatu, 2016; Ondrejka et al., 2022; 
Szemerédi et al., 2020a, 2021; Villaseñor et al., 2021) or in drillings of 
the basement of the Pannonian Basin (Szemerédi et al., 2020a, 2020b). 
Petrological and geochronological studies revealed that the Permian 
magmatism of the region was associated with a post-collisional to 
extensional setting (continental rifting) along the northern shore of the 
Paleo-Tethys (see, e.g., Stampfli and Kozur, 2006), and possibly lasted 
from the latest Carboniferous–earliest Permian to the earliest Triassic 
with several distinct episodes (Szemerédi et al., 2021 and references 
therein). 

Among these episodes, based on the silicic volcanic rocks in the 
Pannonian Basin and the Highiş granitoids in the SW Apuseni Mts 
(Fig. 1), the Permian magmatism of the Tisza Mega-unit (Tisza MU) 
proved to be one of the youngest in East-Central Europe (~268–260 Ma; 
Szemerédi et al., 2020a, 2021), showing an anorogenic (A-type) char-
acter. Despite the detailed study of the Permian felsic volcanic rocks in 
the Pannonian Basin (Szemerédi et al., 2020a), similar formations of the 
Apuseni Mts (Bleahu et al., 1981; Nicolae et al., 2014; Seghedi et al., 
2001) have not been dated so far or compared to the former ones on a 
petrological and geochronological basis. The latter comparison together 
with the extension of the available information about the Permian 
magmatism in the Tisza MU could bear a great potential to explore local 
to regional correlations, as well as to gain fundamental knowledge in the 
lithostratigraphy. Furthermore, reconstruction of a large-scale, volumi-
nous, ancient magmatic system with feasible plutonic–volcanic con-
nections (Szemerédi et al., 2021) and bimodal activity (Bonin and Tatu, 
2016; Nicolae et al., 2014) could provide valuable information for un-
derstanding the more recent ones. As various postmagmatic alterations 
affected some of these volcanic rocks (e.g., Alpine deformation and/or 
low-grade metamorphism, K-metasomatism, hydrothermal alteration; 
Ciobanu et al., 2006; Nicolae et al., 2014; Bonin and Tatu, 2016; Sze-
merédi et al., 2020a), their compositions should be treated cautiously; 
however, these alterations could provide an excellent possibility to test 
the reliability of geochemical and geochronological data for altered 
Paleozoic volcanic rocks. 

Consequently, the following goals were established in this investi-
gation: (1) petrographic, bulk geochemical, and zircon U-Pb geochro-
nological characterization of the Permian felsic volcanic rocks of the 
Apuseni Mts; (2) extension of the geochemical and geochronological 
database of the Permian volcanic rocks in the Tisza MU from the base-
ment of the Pannonian Basin; (3) interpretation of the petrological and 
geochronological results, including felsic rocks in the Pannonian Basin 
and Permian granitoids in the Apuseni Mts (Szemerédi et al., 2020a, 
2020b, 2021); (4) examination of the effects of the postmagmatic al-
terations on petrographic and geochemical compositions as well as the 
zircon ages, and (5) obtain new local to regional correlations of the 
Permian lithostratigraphic units. 

2. Geological background 

The Tisza MU forms the basement of the Pannonian Basin south of 
the Mid-Hungarian line (Fig. 1a). Its pre-Neogene basement formations 
occur on the surface in various areas of the Carpathian–Pannonian re-
gion (e.g., Apuseni Mts, Mecsek Mts, Villány Mts, and Slavonian Mts), 
among which Permian felsic volcanic rocks occur in the western–central 

part of the Apuseni Mts (Nicolae et al., 2014) and in the western Mecsek 
Mts (Szemerédi et al., 2020a). However, Upper Paleozoic basement 
rocks were penetrated by numerous uranium ore (southern Trans-
danubia; Barabásné Stuhl, 1988) and hydrocarbon (eastern Pannonian 
Basin; Kőrössy, 2005) exploration works during the second half of the 
20th century, leading to pointwise information about the Permian 
magmatism in the currently covered part of the Tisza MU (Szemerédi 
et al., 2020a, 2020b). 

Previous petrographic, bulk geochemical, and zircon U-Pb geochro-
nological analyses of the Permian silicic volcanic rocks from southern 
Transdanubia (western Mecsek Mts, northern foreland of the Villány 
Mts, and Máriakéménd–Báta area) as well as the eastern Pannonian 
Basin (Battonya–Pusztaföldvár Basement Ridge and Kelebia area) 
revealed that all the studied materials (Fig. 1a) belong to a relatively 
short-lived, Middle Permian (~267–260 Ma), voluminous, rhyodacitic/ 
dacitic to rhyolitic, rift-related volcanism dominated by explosive Pli-
nian eruptions (Szemerédi et al., 2020a, 2020b). Based on their striking 
whole-rock geochemical similarities with the Permian felsic pyroclastic 
rocks occurring in the Apuseni Mts (Codru-Moma and Bihor Mts, Fig. 1b 
and d; Nicolae et al., 2014), a strong correlation was suggested (without 
direct geochronological evidence; Szemerédi et al., 2020a). Further-
more, based on the detailed petrological and geochronological study of 
the A-type granitoids of the Middle Permian (~268–263 Ma; Pană et al., 
2002; Szemerédi et al., 2021) Highiş igneous complex (Highiş Mts, SW 
Apuseni Mts; Tatu, 1998; Bonin and Tatu, 2016), possible Permian 
plutonic–volcanic connections were raised within the Tisza MU (Sze-
merédi et al., 2021). 

The present-day structure of the Apuseni Mts (Fig. 1b) reflects the 
results of multiple Alpine tectonic events (Ionescu and Hoeck, 2010). It 
comprises four distinct tectonic units from bottom to top: (1) the Bihor 
Autochtone Unit (Bihor AU), (2) the Codru Nappe System (Codru NS), 
(3) the Biharia Nappe System (Biharia NS), and (4) the Mureş zone unit 
(Balintoni, 1997; Balintoni et al., 2009; Bleahu et al., 1981; Schmid 
et al., 2008). Although the Bihor AU and the Codru NS unequivocally 
represent the Tisza MU, the area of the Biharia NS is a matter of debate. 
Some studies (see, e.g., Csontos and Vörös, 2004), traditionally, suggest 
that the Biharia NS belongs to the Tisza MU; however, recent tecto-
nostratigraphic works place it in the Dacia Mega-unit (Dacia MU; e.g., 
Schmid et al., 2008, 2020; Kounov and Schmid, 2013). The most 
important arguments for attributing the Biharia NS to the Dacia MU are 
based on the timing of nappe stacking and the direction of tectonic 
transport. Additionally, the Biharia NS was affected by ophiolite 
obduction, as other parts of the Dacia MU (Schmid et al., 2008, 2020). 

Permian volcanic rocks in the Apuseni Mts are relatively abundant in 
the Codru NS, less prevalent in the Biharia NS, and sporadic in the Bihor 
AU (Nicolae et al., 2014; Fig. 1b). In the Codru NS, felsic volcanic rocks 
occur in several localities (structurally representing the Finiş, the Dieva, 
and the Moma Nappes; Fig. 1d). In the area of the Dieva and Moma 
Nappes, silicic rocks are associated with basaltic to andesitic lavas as a 
result of bimodal volcanism (Nicolae et al., 2014). In the Biharia NS, 
Permian felsic rocks occur in the Arieşeni, the Gȃrda (Fig. 1d), and the 
Highiş–Muncel Nappes (Fig. 1b). The latter formations in the Biharia NS 
were often affected by strong Alpine deformation and/or overprinting 
by hydrothermal fluids, as well as by low-grade metamorphism because 
the area is cut across by a greenschist facies shear zone, the High-
iş–Biharia Shear Zone (HBSZ, Pană and Erdmer, 1994; Pană et al., 2002; 
Fig. 1a and b). 

The basement of the Tisza MU in Hungary is also subdivided into 
three main Alpine facies zones, the socalled Mecsek, Villány (also 
referred as Villány–Bihor), and Békés (also referred as Békés–Codru) 
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Fig. 1. (a) Tectonic sketch of the Carpathian–Pannonian region pointing out the occurrences of the Permian magmatic formations in the Tisza Mega-unit (simplified 
after Csontos and Vörös, 2004; Szemerédi et al., 2020a); (b) Simplified geological map of the Apuseni Mts showing its Alpine nappe systems (see column), the most 
significant rock associations, and the localities of the studied Permian felsic volcanic rocks (modified after Balintoni et al., 2009; Ionescu and Hoeck, 2010); (c) 
Mesozoic facies zones in the basement of the Tisza Mega-unit (Hungary, modified after Szederkényi et al., 2013); (d) Occurrences of the studied Permian felsic 
volcanic rocks in the Codru-Moma and Bihor Mts (western–central Apuseni Mts; modified after Nicolae et al., 2014). Abbreviations: BP Battonya–Pusztaföldvár 
Basement Ridge, K Kelebia area, M Mecsek Mts, MB Máriakéménd–Báta area, Sl Slavonian Mts, sT southern Transdanubia, Vi Villány Mts. 
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Units (from north to south; Fig. 1c). According to the traditional 
approach, the Villány and Békés Units correlate with the Bihor AU and 
the Codru NS, respectively, while the Mecsek Unit and the Biharia NS do 
not have Alpine correspondence (Szederkényi et al., 2013). 

3. Materials and methods 

The studied samples (Table 1) derive from three distinct regions of 
the Tisza MU (Apuseni Mts, eastern Pannonian Basin, and southern 
Transdanubia; Fig. 1). Most of the materials were collected in the 
western–central part of the Apuseni Mts, representing 9 localities. These 
samples include felsic pyroclastic rocks from the Codru-Moma Mts and 
slightly altered to low-grade metamorphic pyroclastites from the Bihor 
Mts according to Nicolae et al. (2014); and deformed subvolcanic rocks 
from the Highiş Mts. As some of the relatively pristine, silicic volcanic 
rocks of the Codru-Moma and Bihor Mts were previously described and 

interpreted (Nicolae et al., 2014), we have also focused on the less 
explored, altered (e.g., strongly deformed, hydrothermally overprinted, 
or metamorphosed) varieties, collected in the HBSZ. 

To gain additional age constraints on the Permian felsic volcanism in 
the Tisza MU, several drill cores were selected for zircon U-Pb dating and 
geochemical analyses from the eastern Pannonian Basin and southern 
Transdanubia (Table 1). In total, 5 samples were involved from the 
Battonya–Pusztaföldvár Basement Ridge (Battonya, Nagyszénás, and 
Tótkomlós areas) and another one from the Kelebia area. A single 
sample represents the Máriakéménd–Báta area (Fig. 1a). Furthermore, 
the chemistry of garnet crystals in crystal-rich pyroclastic rocks was 
analyzed from the Codru-Moma Mts as well as the northern foreland of 
the Villány Mts, southern Transdanubia (boreholes Egerág–7 and 
Szalánta–3). 

Petrographic studies, including mineralogical and textural observa-
tions, were done at the Department of Mineralogy, Geochemistry and 

Table 1 
The most relevant information about the studied materials, including sampling details and the results of the petrographic and geochemical classification (previous 
results published in Szemerédi et al., 2020a are in italics; samples lacking whole-rock geochemical data are marked by asterisk).  

Sample Region Area (tectonic unit/nappe system, 
nappe) 

Locality GPS 
coordinates 

Rock type Geochemical classification 
(trace elements) 

172 Apuseni Mts Bihor Mts (Biharia NS, Gârda N) Huzinesti Valley N46.401444 pyroclastic (ignimbrite) rhyodacite/dacite 
E22.917250 

177/1 Apuseni Mts Bihor Mts (Biharia NS, Gârda N) Valea Vadului N46.435917 pyroclastic (deformed 
ignimbrite) 

rhyodacite/dacite 
E22.850597 

473 Apuseni Mts Bihor Mts (Biharia NS, Arieşeni N) Băiţa Plai N46.485833 pyroclastic (ignimbrite) rhyodacite/dacite 
E22.617886 

475 Apuseni Mts Codru-Moma Mts (Codru NS, Finiş 
N) 

Zărşag Valley N46.618053 pyroclastic (ignimbrite) rhyodacite/dacite 
E22.151186 

476 Apuseni Mts Codru-Moma Mts (Codru NS, Finiş 
N) 

Botfei Valley N46.585667 pyroclastic (ignimbrite) rhyodacite/dacite 
E22.150356 

478 Apuseni Mts Codru-Moma Mts (Codru NS, Dieva 
N) 

Tărcăiţa Valley N46.552181 pyroclastic (ignimbrite) rhyodacite/dacite 
E22.268753 

479 Apuseni Mts Codru-Moma Mts (Codru NS, Dieva 
N) 

Tărcăiţa Valley N46.560556 pyroclastic (ignimbrite) rhyodacite/dacite 
E22.271250 

CM-30 Apuseni Mts Codru-Moma Mts (Codru NS, Moma 
N) 

Vaşcău N46.47837 pyroclastic (ignimbrite) rhyodacite/dacite 
E22.47189 

OPR1–5 Apuseni Mts Highiş Mts (Biharia NS, Highiş- 
Muncel N) 

Păuliş (5 samples, 
OPR1–5) 

N46.1233283 subvolcanic (variously 
deformed microgranite) 

rhyolite 
E21.6119117 

Bat–18* eastern Pannonian 
Basin 

Battonya–Pusztaföldvár BR (BCU) Battonya–18 
borehole 

N46.289797 pyroclastic (ignimbrite)  
E21.021296 

Bat-E* eastern Pannonian 
Basin 

Battonya–Pusztaföldvár BR (BCU) Battonya area (5 
boreholes)  

pyroclastic (ignimbrite)  

Bat-M* eastern Pannonian 
Basin 

Battonya–Pusztaföldvár BR (BCU) Battonya area (9 
boreholes)  

pyroclastic (rheoignimbrite)  

BATR/ 
1* 

eastern Pannonian 
Basin 

Battonya–Pusztaföldvár BR (BCU) Tótkomlós-K–3 
borehole 

N46.408374 volcaniclastic  
E20.867368 

BATR/2 eastern Pannonian 
Basin 

Battonya–Pusztaföldvár BR (BCU) Tótkomlós-K–3 
borehole 

N46.408374 volcaniclastic rhyodacite/dacite 
E20.867368 

Nsz–2* eastern Pannonian 
Basin 

Battonya–Pusztaföldvár BR (BCU, 
tectonized area) 

Nagyszénás–2 
borehole 

N46.684436 pyroclastic (ignimbrite)  
E20.646740 

T–I eastern Pannonian 
Basin 

Battonya–Pusztaföldvár BR (BCU, 
tectonized area) 

Tótkomlós–I 
borehole 

N46.446599 pyroclastic (lava-like ash tuff) rhyolite 
E20.755479 

Kel–7 eastern Pannonian 
Basin 

Kelebia area (BCU) Kelebia–7 borehole N46.176431 pyroclastic (deformed 
ignimbrite) 

rhyodacite/dacite 
E19.636259 

Kel–11* eastern Pannonian 
Basin 

Kelebia area (BCU) Kelebia–11 borehole N46.170843 pyroclastic (deformed 
ignimbrite)  E19.626279 

Bt–3 southern 
Transdanubia 

Máriakéménd–Báta area (VBU) Báta–3 borehole N46.128202 pyroclastic (ignimbrite) rhyodacite/dacite 
E18.767379 

Gy–1 southern 
Transdanubia 

western Mecsek Mts (MkU) Gyűrűfű N46.109800 pyroclastic (ignimbrite) rhyodacite/dacite 
E17.934017 

Sz–1 southern 
Transdanubia 

northern foreland of the Villány Mts 
(VBU) 

Szava–1 borehole N45.895575 lava rhyodacite/dacite 
E18.185042 

Szl–3 southern 
Transdanubia 

northern foreland of the Villány Mts 
(VBU) 

Szalánta–3 borehole N45.974080 pyroclastic (ignimbrite) rhyodacite/dacite 
E18.230271 

Eá–7 southern 
Transdanubia 

northern foreland of the Villány Mts 
(VBU) 

Egerág–7 borehole N45.960195 pyroclastic (ignimbrite) rhyodacite/dacite 
E18.305899 

Eá–7d southern 
Transdanubia 

northern foreland of the Villány Mts 
(VBU) 

Egerág–7 borehole N45.960195 dyke rhyodacite/dacite 
E18.305899 

Bat-E and Bat-M samples were compiled of small pieces of drill core materials from 5 and 9 adjacent boreholes of the Battonya area (eastern Pannonian Basin), 
representing eutaxitic, massive, matrix-supported, porphyritic, fiamme-bearing lappili tuffs and felsitic, matrix-supported, porphyritic, fiamme-bearing rheomorphic 
lapilli tuffs, respectively (see details in Szemerédi et al., 2020b). Abbreviations: BR basement ridge, N nappe, NS nappe system, BCU Békés–Codru Unit, MkU Mecsek 
Unit, VBU Villány–Bihor Unit. 
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Petrology, University of Szeged, on thin sections. Modal compositions 
(vol%) were measured by point counting (at least 500 points per thin 
section) in 21 selected representative samples using the JMicroVision 
software (Roduit, 2019). The microstructural analysis of the deformed 
and/or metamorphosed samples was based on Blenkinsop (2000) and 
Passchier and Trouw (2005) using oriented thin sections. Some acces-
sory and opaque minerals were identified by a Thermo Scientific DXR 
Raman spectrometer. Measurements were performed using a x50 
objective lens, 25–50 μm pinhole aperture, and a 780 nm Nd-YAG laser 
with an irradiation power between 1 and 12 mW. Petrographic de-
scriptions were also supplemented by semiquantitative analyses using 
an AMRAY 1830 scanning electron microscope (SEM) equipped with an 
EDAX PV 9800 energy-dispersive spectrometer at the Department of 
Petrology and Geochemistry of Eötvös Loránd University, Budapest, 
under the following conditions: 20 kV accelerating voltage, 1 nA beam 
current, and 100 s acquisition time. 

Detailed mineralogical analysis was performed on the pervasively 
foliated sample 177/1 (Biharia NS) to characterize postmagmatic al-
terations using X-ray powder diffraction (XRPD) techniques at the 
Department of Mineralogy, Geochemistry and Petrology, University of 
Szeged. Additionally, the separated size fractions of illite (sample 177/ 
1) were analyzed using the unspiked K-Ar method (see detailed in the 
Appendix), following the procedure laid out by Matsumoto and 
Kobayashi (1995) at the Geochronology Laboratory of the Institute for 
Nuclear Research, Debrecen, Hungary. 

Bulk-rock geochemical analyses were performed at the Bureau Ver-
itas Mineral Laboratories (AcmeLabs, Vancouver, Canada) using ICP-ES 
and ICP-MS methods. The analytical conditions were the same as those 
of Szemerédi et al. (2020a). 

The compositions of garnet crystals were analyzed at the Department 
of Geochemistry, Georg-August University, Göttingen, Germany using a 
JEOL JXA 8900 RL electron microprobe. The analytical conditions of the 
analyses are summarized in Supplementary Table 1. 

U-Pb geochronology was performed on 63–250 μm zircon crystals 
separated from 14 representative samples (Table 1) by standard heavy 
mineral separation (crushing, sieving, magnetic separation, heavy liquid 
separation using sodium polytungstate, and hand picking). The samples 
represent relatively pristine as well as deformed rocks from the Apuseni 
Mts (7), the eastern Pannonian Basin (6), and southern Transdanubia 
(1). The in-situ U-Pb analyses were performed at the GÖochron Labo-
ratories, Georg-August University, Göttingen using laser-ablation single- 
collector sector-field inductively coupled plasma mass spectrometry 
(LA–SF–ICP–MS). U-Pb dates were calculated with 95% confidence and 
error propagation (quadratically propagated external errors) has been 
done according to Horstwood et al. (2016). 

A complete description of the methods used for XRPD and 
geochronological analyses is available in the Appendix. 

4. Results 

4.1. Petrography 

Most of the studied silicic volcanic rocks are crystal-rich, altered 
fiamme-bearing, variously welded lapilli tuffs, showing well-preserved 
pyroclastic texture (e.g., samples 172, 478, 479, CM-30, Gy–1, Szl–3, 
and Eá–7; Table 1, Fig. 2a to d, Supplementary Fig. 1). Massive, 
nonporous pyroclastic rocks consist of 20–32 vol% poorly sorted, often 
fragmented phenocrysts (up to 5 mm) and 4–14 vol% cm–mm-sized 
devitrified fiamme in a fine-grained groundmass (59–66 vol%). Fiamme 
(Fig. 2c and d) and devitrified glass shards (Fig. 2a and d) in the matrix 
are generally flattened and deformed, with a well-visible orientation 
(eutaxitic texture); however, in some samples (samples 177/1, 473, and 
475) these components are barely or not identifiable due to the strong 
recrystallization (see below). Rock-forming phenocrysts are 8–20 vol% 
subhedral, resorbed, and often fragmented quartz (up to 5 mm); euhe-
dral or subhedral, fragmented, altered feldspar crystals (up to 4.5 mm) 

dominated by K-feldspar (5–13 vol%), with a small amount of plagio-
clase (1–5 vol%), as well as euhedral, variously altered biotite (0–2 vol 
%, up to 1.5 mm), and pyroxene (0–3 vol%, up to 2 mm; e.g., samples 
172, 478, and CM-30) replaced by Fe-Ti oxides. Accessory components 
are most commonly zircon, apatite, monazite, xenotime, and rutile; in 
addition, in some rocks, rare tourmaline (samples Szl–3 and Eá–7), 
allanite (Gy–1) or garnet (samples 476, CM-30, Szl–3, and Eá–7) also 
occurs. 

On the thin section scale, several alteration and deformation features 
were recognized in the studied crystal-rich pyroclastic rocks. Several 
samples were affected by sericitization, carbonatization, and/or silici-
fication accompanied by pyrite mineralization (Fig. 2e and f, Supple-
mentary Fig. 2). Around the hematitized pyrite or magnetite crystals 
face-controlled quartz fringes were locally developed (Supplementary 
Fig. 2c). The microcracks and thin veinlets are mostly filled with sec-
ondary muscovite and/or silica. In tectonically deformed samples (e.g., 
samples 475, 478, 479, Kel–7, and Kel–11), quartz phenocrysts are 
fragmented and variably deformed, showing undulatory extinction and 
deformation lamellae in cross-polarized light (Supplementary Figs. 1 
and 2). Furthermore, the deformed ignimbrites have moderately 
developed pressure-solution seams and show significant recrystalliza-
tion of the matrix (Fig. 2g). Disjunctive foliation is defined by an ori-
ented fine-grained micaceous material (sericite and/or muscovite). As 
porphyroclasts, quartz and feldspar crystals have fibrous strain shadows 
subparallel to the well-developed foliation, showing a gradual transition 
between the fringes and the matrix (Fig. 2h, Supplementary Fig. 2g and 
h). 

In contrast, the pyroclastic rocks of the Battonya–Pusztaföldvár BR 
(Table 1, Fig. 3a to c) are relatively crystal-poor (8–20 vol%), matrix- 
supported, fiamme-bearing (10–12 vol%) lapilli tuffs lacking any 
mafic component. Based on the textural features, eutaxitic (welded, 
sample Bat-E) and rheomorphic (sample Bat-M) lapilli tuffs as well as 
lava-like ash tuffs (sample T–I) were distinguished, all of them showing 
similar felsic mineral assemblages (3–9 vol% quartz, 3–8 vol% K-feld-
spar, and 0–5 vol% plagioclase) to the aforementioned crystal-rich 
samples. Locally, crystal-poor ignimbrites also show alteration and 
deformation features such as sericitization, silicification, carbonatiza-
tion, and intracrystalline deformation of quartz. In the eastern Pan-
nonian Basin, poorly sorted lithic-rich volcaniclastics (resedimented 
pyroclastic or volcanogenic sedimentary rocks) also occur (Supple-
mentary Fig. 3a and b). 

Felsic lavas and subvolcanic rocks are sporadic in the study area 
(Table 1, Fig. 3d to f, Supplementary Fig. 3c to h). The studied samples 
(e.g., samples OPR2, Sz–1, and Eá–7d) are porphyric (having a crystal 
content of 25–42 vol%), consisting of 7–15 vol% quartz, 10–35 vol% 
altered feldspar (both K-feldspar and plagioclase), and 0–3 vol% hem-
atitized biotite. Subvolcanic rocks have a porphyric microholocrystal-
line texture (Fig. 3d to f), while the lavas are dominantly felsitic, rarely 
relict perlitic, spherulitic, or granophyric textures are apparent. The 
samples OPR1 to OPR5 from the Highiş Mts show characteristic 
microtextures of tectonic deformation and fluid-related processes. 
Weakly developed foliation is indicated by pressure-solution seams and 
flattened and boudinaged quartz crystals (Supplementary Fig. 3g and h), 
showing intracrystalline deformation (undulose extinction, deformation 
lamellae, and subgrain formation), while biotite, epidote, and hematite 
appear as secondary minerals (Fig. 3f, Supplementary Fig. 3g). 

4.2. Major and trace element geochemistry 

The major and trace elements were analyzed in the samples from all 
the occurrences of Permian felsic volcanic rocks in the Tisza MU (Sup-
plementary Tables 2 and 3), corresponding to the traditional subdivi-
sion, and compared with the previous whole-rock geochemical data 
(Szemerédi et al., 2020a). The Highiş granitoids as feasible plutonic 
equivalents of the studied volcanic rocks (Szemerédi et al., 2021), were 
also plotted in the same diagrams. The studied rocks are described 
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together in the following, however, any geochemical differences are 
emphasized. 

The major chemistry of the felsic volcanic rocks displays strongly 
variable LOI (0.6 to 8.64 wt%, Supplementary Tables 2 and 3); however, 
pyroclastic rocks from the Apuseni Mts uniformly have a high LOI (>8 
wt%, Supplementary Table 2) regardless of being deformed or not. In the 
total alkali-silica diagram (Fig. 4a), almost all samples fall into the 
rhyolite field with 69.2–78.2 wt% SiO2 and variable alkali contents 
(5.0–9.7 wt%). A single sample from the eastern Pannonian Basin 
(Kelebia area) is an exception that plots in the trachyte/trachydacite 
field. As relatively immobile trace elements are less sensitive for sec-
ondary processes and provide a more reliable classification of rocks, the 
data were also plotted on Zr/TiO2 vs. Nb/Y diagram (Fig. 4b; Winchester 
and Floyd, 1977), as well. All crystal-rich pyroclastic rocks, lavas, and 
dykes (regardless of the alteration state) plot in the rhyodacite/dacite 
field, with subalkaline character (Nb/Y < 0.6). Only some crystal-poor 
samples from the eastern Pannonian Basin (Battonya–Pusztaföldvár 
BR) and subvolcanic rocks (e.g., dykes, microgranites, and aplites) from 
the Highiş Mts were proven to be rhyolites. Two outlier samples from 
southern Transdanubia (boreholes Máriakéménd–3 and Vókány–2) fall 
into the trachyandesite field. 

Total REE (ΣREE) values lie in a broad range of 110 ppm to 1248 
ppm (samples Eá–7d and 473, respectively; Supplementary Tables 2 and 
3). Four samples from the Apuseni Mts (samples 172, 473, CM-30, and 
OPR1) have a higher ΣREE content than 500 ppm; additionally, these 
samples also have relatively high values of Y (up to 62 ppm), Ce (up to 
582 ppm), Zr (up to 296 ppm), and often Th (up to 74 ppm). The 
chondrite-normalized REE diagrams (Fig. 5a, c, and e) show definite 
fractionated REE patterns for the studied volcanic rocks (LaN/YbN =

3.4–10.1); however, some exceptions should be noted (see below). The 
samples show enriched light REE (LREE) and near-flat heavy REE 
(HREE) patterns (LaN/SmN = 2.3–4.7; GdN/YbN = 1.2–1.9) with various 
deep negative Eu anomalies (Eu/Eu* = 0.0–0.4). Five samples from the 
Apuseni Mts (samples 172, 177/1, 473, CM-30, and OPR1, Fig. 5a) 
moderately differ from the others showing remarkably higher enrich-
ment in LREE (LaN/YbN = 15.6–44.9; LaN/SmN = 3.5–7.8) and less 
significant Eu anomaly (Eu/Eu* = 0.3–0.7). On the other hand, the two 
outlier samples from southern Transdanubia (trachyandesites in Fig. 4b) 
show completely different patterns from the others, showing lower 
concentrations in all REE (Fig. 5c). 

In the primitive mantle-normalized multielement spider diagram 
(Fig. 5b, d, and f), the samples generally show a strong enrichment in Rb, 
Th, U, and K, and a slight enrichment in Ba, Nb, Sr, P, and Ti with various 
deep local negative anomalies. However, the previously mentioned four 
REE-enriched and the two REE-depleted samples show slightly different 
concentrations in other trace elements, as well. In addition to LREE, 
some of the REE-enriched samples from the Apuseni Mts (Fig. 5b) have 
higher concentrations of Ba, Th, U, and Sr compared to the primitive 
mantle. On the contrary, the REE-depleted samples from southern 
Transdanubia (Fig. 5d) proved to have lower concentrations in Ba, Sr, 
Hf, Zr, Ti, and Y. 

Pyroclastic rocks, lavas, and dykes from the Apuseni Mts and 
southern Transdanubia showed good correspondence with each other, 
falling into the border of the volcanic arc granite (VAG) and the within 
plate granite (WPG) fields or close to the triple junction of VAG, WPG, 
and ORG (ocean ridge granite, Fig. 6). In contrast, all samples from the 
eastern Pannonian Basin were plotted in the WPG field. Some of the 
outlier samples differ from the others again; for example, the two REE- 
depleted volcanic rocks from southern Transdanubia plot basically in 
the syncollisional granite field, as well as one of the deformed rocks 
(177/1) or the altered pyroclastic sample (sample 475). 

4.3. Garnet chemistry 

Garnet crystals were analyzed in the samples from the Codru-Moma 
Mts and the northern foreland of the Villány Mts (sample 476 and 

samples Eá–7 and Szl–3, respectively, Table 1), all of which are crystal- 
rich rhyodacitic/dacitic pyroclastic rocks. The analyzed subhedral or 
rarely euhedral crystals (in 100–500 μm average size) or smaller frag-
ments (56 analyses in 14 crystals, Supplementary Fig. 4, Supplementary 
Table 4) were quite homogeneous with respect to their major element 
composition, zonation was not observed. The inclusions identified in the 
crystals were monazite, apatite, ilmenite, rutile, and (chloritized) bio-
tite. In all the analyzed garnet crystals, the compositions of almandine 
and subordinate pyrope are dominant (Fig. 7), while the spessartine and 
grossular components are insignificant (CaO <1.5 wt%, MnO <4 wt%). 
Two of the analyzed crystals (sample Eá–7) are exceptions, showing a 
higher grossular component (CaO = 4–6.5 wt%, Fig. 7a); furthermore, 
one of them is also enriched in Mn (MnO = 11–12 wt%, Fig. 7b). The 
average garnet compositions (excluding the outlier crystals) calculated 
for the studied samples are the following: sample 476: 
Alm77–79Sps3–4Grs4Prp14–15; sample Eá–7: Alm83–86Sps4–8Grs2–3Prp5–10; 
and sample Szl–3: Alm82–85Sps4–8Grs2–3Prp7–10. 

4.4. Phyllosilicate X-ray powder diffraction mineralogy 

According to semiquantitative XRPD analysis (in mass%), the sepa-
rated and phyllosilicate-rich part of the most deformed pyroclastic rock 
sample (matrix material, sample 177/1) has a bulk mineral composition 
with 40–50% quartz, 30–40% illite ± muscovite, and 10–20% albitic 
plagioclase with minor calcite. The modal compositions of the three clay 
(< 2 μm grain size) fraction specimens are rather similar to those of the 
matrix material and are predominated by illite ± muscovite and quartz, 
with minor albitic plagioclase and trace amounts of calcite. 

The position of the 00,10 reflection of the phyllosilicates ranges 
between 1.986 and 1.990 Å d spacing (n = 9) which is lesser than that of 
the ideal muscovite (1.996 Å). Furthermore, a significant shoulder can 
be observed on the high angle side of this peak near 1.982 Å, suggesting 
a moderate substitution of Na or Ca referring to ‘mixed’ K-Na-mica (Livi 
et al., 1997). After ethylene glycol solvation of the specimens, illite ±
muscovite did not show expandability. Consequently, it does not contain 
smectitic swelling phase as interstratification. The diagnostic d spacings 
of the illite ± muscovite (3.74 Å, 3.00 Å, and 2.80 Å) indicate that the 
investigated material is predominated by the 2M1 polytype. 

The Esquevin indices of the illite ± muscovite (I(002) / I(001) ratio; 
Esquevin, 1969) are 0.19, 0.22, and 0.25 which denote a relatively Fe- 
rich composition (biotite + muscovite) for the studied material. The 
KIBasel values of the three corresponding specimens are 0.223 ± 0.002, 
0.226 ± 0.002, and 0.229 ± 0.002 Δ◦2Θ, respectively, after triplicate 
analyses (Supplementary Fig. 5). The mean apparent crystallite size of 
mica calculated after the Scherrer equation (Klug and Alexander, 1974; 
Merriman et al., 1990) shows a value of 638 ± 11 Å (n = 3). Both the 
KIBasel and crystallite size values refer to the epizone (Árkai et al., 1996). 

4.5. Geochronology 

4.5.1. Illite K-Ar ages 
The K-Ar radioisotopic age data of the phyllosilicate-rich part of the 

most deformed pyroclastic rock (matrix material, sample 177/1) and 
those of theseparated clay fractions slightly differ and yield ages 98.32 
± 1.40 Ma, 92.32 ± 1.31 Ma, and 80.3 ± 1.14 Ma, respectively 
(Table 2). These results indicate that the three samples are nearly 
cogenetic. Based on the results of the petrographic and XRPD exami-
nations, only the illitic material (‘mixed’ K-Na-mica) is a relevant K- 
bearing mineral that is considered a product of a progressive meta-
morphic event. 

4.5.2. Zircon textures and U-Pb ages 
The studied zircons (some representative crystals displayed in Fig. 8) 

are 100–400 μm long, brownish gray crystals or fragments. Euhedral 
(bipyramidal or prismatic) and subhedral (variably resorbed) zircon 
crystals occur equally, and their shapes vary from relatively isometric to 
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Fig. 2. Photomicrographs of some representative crystal-rich pyroclastic rocks (rhyodacitic/dacitic ignimbrites) in the Apuseni Mts. (a–d) variously welded, non-
deformed ignimbrites with well-preserved pyroclastic texture (Codru-Moma and Bihor Mts); (e–f) sericitized, hydrothermally overprinted ignimbrites with secondary 
quartz and pyrite (Codru-Moma and Bihor Mts); (g–h) strongly altered and tectonically deformed ignimbrites with well-developed foliation (Bihor Mts). Abbrevi-
ations: ax axiolite, bt (pseudomorph after) biotite, f altered fiamme, fsp feldspar (altered), grt garnet, kfs K-feldspar, ms muscovite, pl plagioclase, ps pressure-solution 
seams, px (pseudomorph after) pyroxene, py pyrite, qz quartz, s altered glass shard, ser sericite, sph spherulite, zrn zircon, PPL plane polarized light, XPL 
crossed polars. 
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strongly elongated (up to an elongation ratio of 1:7). All of them show 
weak cathodoluminescence intensity and oscillatory zoning typical for 
magmatic zircon crystals except for the OPR1 sample where the hy-
drothermally overprinted, deformed texture is the dominant one. Thir-
teen to sixty-one laser spots were analyzed per samples, placed mostly in 
the mantle part of the crystals, avoiding cracks, inclusions, or inherited 
cores (Fig. 8). The data were not considered if >5% discordance was 
detected (see detailed in the Electronic Supplementary Material 1). The 
remaining dates usually give large age ranges, suggesting the presence of 
older (antecrystic or xenocrystic) cores and/or possible Pb loss. For 
interpretation of the Late Paleozoic ages the 206Pb/238U data were used. 
They have an average 2 s uncertainty between 1.4 and 2.3%. The 
average Th/U ratios (0.2–0.9) as well as U concentrations within the 
samples usually do not give any systematic relation to the 206Pb/238U 
dates (Supplementary Fig. 6). 

We calculated concordia ages (IsoplotR; Vermeesch, 2018), omitting 

discordant, older (antecrystic or xenocrystic), or significantly younger 
dates (possibly affected by Pb loss). Moreover, we used the 206Pb/238U 
dates to calculate low Mean Standard Weighted Deviation (MSWD) 
weighted mean ages considered to be the youngest population ages. The 
selected group of dates for each sample included the youngest dates 
(without younger outliers) to older dates until the MSWD remains below 
a threshold value indicating isochronous age (Wendt and Carl, 1991). 
Both the concordia and the weighted mean age calculations resulted 
similar, overlapping ages (Table 3) which we consider the closest to 
eruption event ages. The interpreted eruption ages are given by the 
youngest population ages and their uncertainties involving 1% external 
(systematic) error (Table 3). 

4.5.3. Zircon age of crystal-rich (rhyodacitic/dacitic) pyroclastic rocks 
(Apuseni Mts and southern Transdanubia) 

Zircon crystals from six samples (172, 476, 478, 479, CM-30, and 

Fig. 3. Photomicrographs of some representative crystal-poor pyroclastic rocks (rhyolites) in the Battonya–Pusztaföldvár Basement Ridge (a–c), eastern Pannonian 
Basin (welded, rheomorphic ignimbrites, and lava-like ash tuffs, respectively); (d) rhyodacitic/dacitic dyke in southern Transdanubia; and (e–f) variously deformed 
rhyolitic dykes in the Highiş Mts (SW Apuseni Mts). Abbreviations: bt biotite, dl deformation lamellae, ep epidote, f altered fiamme, fsp feldspar (altered), hem 
hematite, kfs K-feldspar, pl plagioclase, qr quartz ribbons, qz quartz, s altered glass shard, PPL plane polarized light, XPL crossed polars. 
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Bt–3) were analyzed (Fig. 9) that represent the group of weakly or 
nondeformed crystal-rich, rhyodacitic/dacitic pyroclastic rocks. Most of 
the analyses resulted concordant dates; however, 12–54% of the dates 
proved to be discordant. Some of the individual 206Pb/238U dates refer to 
inherited domains (from 556.7 ± 10.6 Ma to 279.6 ± 4.4 Ma), while a 
few younger dates (<260 Ma) might be the result of Pb loss. Youngest 
population age calculations (Table 3, Supplementary Fig. 7) yielded 
similar interpreted eruption ages from 270.4 ± 4.0 Ma to 266.6 ± 2.8 
Ma (MSWD = 0.9–1.9, Table 3). 

4.5.4. Zircon age of crystal-poor (rhyolitic) pyroclastic rocks (eastern 
Pannonian Basin) 

Zircons from five samples (Bat–18, Bat-E, Bat-M, Nsz–2, and T–I) 
were analyzed (Fig. 10) that represent the relatively crystal-poor rhyo-
litic pyroclastic rocks of the eastern Pannonian Basin 
(Battonya–Pusztaföldvár BR). In this group, the frequency of discordant 
dates was generally higher, especially for samples derived from the most 
tectonized basement areas (Nsz–2 and T–I, 52% and 60%, respectively; 
Table 1, Pap, 1993; Szemerédi et al., 2020b). Some of the concordant 
dates are xenocrystic (2803.8 ± 34.1 Ma to 425.9 ± 6.4 Ma), and/or 
antecrystic (283.6 ± 4.8 Ma to 273.7 ± 3.9 Ma) or likely affected by Pb 
loss (<260 or 255 Ma). Interpreted eruption ages (Table 3, Supple-
mentary Fig. 8) range between 268.6 ± 3.5 Ma and 260.2 ± 3.2 Ma, 
with MSWD values from 0.2 to 2.0. 

4.5.5. Zircon age of felsic magmatic rocks having moderately to strongly 
deformed textures (Apuseni Mts and eastern Pannonian Basin, Kelebia area) 

Three altered samples belong to this group (177/1, OPR1, and 
Kel–11, Fig. 11), two of which, the deformed pyroclastic rocks (177/1 
and Kel–11), bear very similar textural features, therefore, described 
together in the following. 

Zircon crystals from the two crystal-rich deformed ignimbrite sam-
ples yielded almost only concordant dates; however, in both samples, 
xenocrystic domains (650.9 ± 8.5 Ma to 295.4 ± 4.3 Ma) and/or ante-
crystic domains (281.3 ± 4.3 Ma to 277.3 ± 4.6 Ma) appear. Moreover, 
some younger (<260 Ma) dates could be affected by Pb loss. The 
interpreted eruption ages of these samples are 265.2 ± 3.1 Ma (177/1) 
and 263.0 ± 3.7 Ma (Kel–11), with MSWD values 1.7 and 2.3, respec-
tively (Table 3, Supplementary Fig. 9). 

In case of the strongly deformed subvolcanic OPR1 sample with 
hydrothermally overprinted zircon texture, 66% of the analyzed spots 
were found to be concordant and no xenocrystic or antecrystic cores 
were identified; however, two younger dates (<260 Ma) refer to possible 

Pb loss. The interpreted age of the OPR1 sample is 262.9 ± 2.8 Ma 
(MSWD = 1.5, Table 3, Supplementary Fig. 9). 

5. Discussion 

As the studied Permian magmatic rocks were affected by various 
types and degrees of postmagmatic alterations, their petrological, 
geochemical, and geochronological interpretations should not be car-
ried out without the careful exploration of these modifications. There-
fore, first, we discuss the alteration and deformation processes and their 
significance then the Permian magmatic systems as well as the strati-
graphic concerns of the studied rocks, including local-to-regional 
correlations. 

5.1. Petrological and geochemical significances 

5.1.1. Pristine composition and alteration facies 
In general, the mineralogical and chemical compositions of pyro-

clastic rocks such as welded ignimbrites can be modified by vapor-phase 
reactions and subsequent diagenetic processes (e.g., silicification, K- 
and/or Na-metasomatism). Furthermore, many ancient volcanic rocks 
were affected by various types and degrees of alterations, including 
recrystallization, hydrothermal overprint, and metamorphism (see, e.g., 
McPhie et al., 1993; Gifkins et al., 2005; Hübner et al., 2021). Previous 
studies (Bonin and Tatu, 2016; Nicolae et al., 2014; Szemerédi et al., 
2020a, 2021; Tatu, 1998) revealed that the Permian felsic volcanic and 
plutonic rocks in the Tisza MU were also influenced by various post-
magmatic alterations, including multiple hydrothermal effects and, 
locally, deformations (Alpine metamorphism, Miocene tectonics). Nic-
olae et al. (2014) highlighted that the Permian sequences in the Apuseni 
Mts are mainly located in the lower parts of the Alpine tectonic units, 
where the rocks were weakly to strongly deformed during the nappe 
stacking phase and the primary rock texture was often obliterated by 
foliation (Kounov and Schmid, 2013; Nicolae et al., 2014). Various de-
grees of mineralogical, textural, and microstructural modifications were 
observed in both the pyroclastic and felsic (sub)volcanic rocks studied 
(Figs. 2 and 3, Supplementary Figs. 1–3). 

Regardless of their sampling sites, a wide range of mineral-scale al-
terations were observed in the studied rocks, the most common are 
sericitization, carbonatization, and albitization of feldspar, hematitiza-
tion of biotite, and strong alteration of pyroxene (replaced by carbonate 
and opaque minerals) together with the devitrification of fiamme/ 
pumices and the groundmass. In nondeformed samples, pervasive 

Fig. 4. Classification of the studied Permian felsic volcanic rocks (a) in the total alkali-silica (TAS) diagram (Le Maitre et al., 1989) and (b) the Zr/TiO2 vs. Nb/Y 
diagram (Winchester and Floyd, 1977). Most of the studied volcanic rocks from the Pannonian Basin (Hungary) as well as the Permian Highiş granitoids (red tri-
angles) were published in Szemerédi et al. (2020a) and Szemerédi et al. (2021), respectively. The number of the analyzed rock samples (n) that belong to each area 
(tectonic unit) is given in the brackets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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silicification, sericitization, and thin veinlets could reflect external fluid- 
related processes. Furthermore, in the ductile deformed ignimbrites, 
strain shadows and fringe structures suggest that some minerals formed 
by direct precipitation from a mineralizing solution (Blenkinsop, 2000; 
Passchier and Trouw, 2005), potentially modifying the primary whole- 
rock compositions. The major chemistry with high LOI (8.20–8.64 wt 
%, Supplementary Tables 2 and 3), corresponding to the presence of 
secondary hydrous phyllosilicates and carbonates, can also support an 
open chemical system. 

To verify the type and degree of alteration effects, some relevant 
ratios and indices of the major elements were calculated, revealing a 
wide range of alterations; however, granitoid rocks show the most 

pristine composition (Fig. 12). The Na2O/Al2O3 vs. K2O/Al2O3 and 
Na2O/K2O vs. SiO2/Al2O3 diagrams (Figs. 12a and b) show that most of 
the samples, especially pyroclastic and lava rocks, lie outside the pri-
mary igneous field, reflecting a significant gain in K (up to 8.64 wt%, 
Supplementary Tables 2 and 3). The same trends were previously 
observed for the Permian felsic volcanic rocks of the Pannonian Basin, as 
well (Szemerédi et al., 2020a). Considering the alteration index (Ishi-
kawa et al., 1976) and the Carbonate–Chlorite–Pyrite Index (Gifkins 
et al., 2005), as quantitative tools for measuring and discriminating the 
intensity of alteration (Shanks III and Thurston, 2012), the predominant 
process related to the studied rocks is hydrothermal sericitization (K- 
metasomatism), leading to higher values of K (Fig. 12c, Supplementary 

Fig. 5. Chondrite-normalized rare-earth element patterns (a, c, and e) and primitive mantle-normalized spider diagrams (b, d, and f) of the studied Permian felsic 
volcanic rocks (based on Sun and McDonough, 1989). Most of the studied volcanic rocks from the Pannonian Basin (Hungary) were published in Szemerédi et al. 
(2020a). The number of the analyzed rock samples (n) that belong to each area is given in the brackets. 
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Tables 2 and 3). Nevertheless, some diagenetic enrichment of K in the 
pyroclastic rocks and rare albitization of the Highiş aplite samples 
(Szemerédi et al., 2021) is also possible. It is important to note that the 
strongly deformed pyroclastic rock (sample 177/1) also plots in the least 
altered box, reflecting its alteration under nearly isochemical condi-
tions. Nevertheless, the unaltered composition of the pyroclastic and 
volcanic rocks is difficult to determine; therefore, common diagrams for 
chemical classification and geotectonic discrimination using major 

elements or trace elements with similar geochemical behavior such as 
Rb (e.g., Pearce et al., 1984) are not applicable in a satisfactory manner. 

On the other hand, the major element geochemistry of the Highiş 
granitoids and, most likely, of the related subvolcanic samples shows an 
unaltered, apparently primary magmatic composition (Fig. 12c). An 
anorogenic (A-type), continental rift-related character of the silicic 
magmas was previously suggested for these rocks, reflecting strong 
similarities with the aforementioned (sub)volcanic rocks (Bonin and 

Fig. 6. (a) Y-Nb and (b) Yb-Ta diagrams (Pearce et al., 1984) for the geotectonic implications of the studied Permian felsic volcanic rocks. Most of the studied 
volcanic rocks from the Pannonian Basin (Hungary) as well as the Permian Highiş granitoids (red triangles) were published in Szemerédi et al. (2020a) and Szemerédi 
et al. (2021), respectively. The number of the analyzed rock samples (n) that belong to each area (tectonic unit) is given in the brackets. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Garnet compositions of the studied Permian felsic volcanic rocks (crystal-rich rhyodacitic/dacitic ignimbrites) from southern Transdanubia (northern 
foreland of the Villány Mts) and the Apuseni Mts (Codru-Moma Mts). Abbreviations: Alm almandine, Grs grossular, Prp pyrope, Sps spessartine. The number of the 
analyzed spots (n) and that of the garnet crystals belonging to each sample is given in the brackets. 

Table 2 
Results of the K-Ar analysis of the separated fractions of the sample 177/1 (strongly deformed crystal-rich pyroclastic rock).  

Lab code Sample type Mineral r 40Ar*/m K (%) Age (Ma) 
40Ar*/40Artot ×10− 6[ccSTP/g] 

9097 matrix material Illite 0.66 10.21 2.600 98.32 ± 1.40 
9097/A <2 μm fraction Illite 0.63 18.03 4.898 92.32 ± 1.31 
9180 <1 μm fraction Illite 0.69 12.11 3.797 80.21 ± 1.14 
9180 (replicate) <1 μm fraction Illite 0.73 12.15 3.800 80.47 ± 1.14  
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Tatu, 2016; Szemerédi et al., 2020a, 2021; Tatu, 1998). Based on the Sr- 
Nd isotope geochemistry, Nicolae et al. (2014) argued for felsic magma 
generation within the lower crust because of the emplacement of 
mantle-derived mafic magmas that provided heat to partial melting, 
resulting a bimodal suite of volcanic rocks. The linear REE fractionation 
trend (Fig. 13) of the studied rocks further supports the common or 
similar source of the melts, showing increasing LaN and LaN/YbN values 
from crystal-rich samples (rhyodacites/dacites) towards relatively 
crystal-poor ones (rhyolites). The crystal-poor character of the eastern 
Pannonian samples, along with their generally higher HFSE and REE 
concentrations and slightly deeper negative Eu anomaly (Fig. 5, Sup-
plementary Tables 2 and 3) indicate that they represent more fraction-
ated melts than the crystal-rich samples of the Apuseni Mts and southern 
Transdanubia. 

Among the various components, the garnet phenocrysts in some 
samples could also refer to the previously raised lower crustal conditions 

(Nicolae et al., 2014) and their composition (Fig. 7, Supplementary 
Table 4) could contain some petrogenetic information. In general, 
garnet, as a primary magmatic phase, can directly crystallize from hy-
drous melts with andesitic, dacitic, or rhyodacitic composition under 
high pressure and temperature conditions (9–18 kbar and 900–1000 ◦C, 
respectively; Green and Ringwood, 1968; Harangi et al., 2001; Alonso- 
Perez et al., 2009). Almandine-pyrope, as a high-pressure garnet variety, 
could further support the lower crustal origin of the felsic melts (see, e. 
g., Harangi et al., 2001). Unfortunately, however, the major elements in 
garnet, especially divalent cations (Fe, Mg, Ca, and Mn), diffuse suffi-
ciently fast that their growth compositions are partially to completely 
modified in many petrologic systems (Devoir et al., 2021; Li et al., 
2018). Clearly, the homogenized garnet composition within the studied 
crystals, without any zonation, could also reflect intracrystalline diffu-
sive resetting. 

Fig. 8. Cathodoluminescence images of some representative zircon crystals from the samples Bt–3 (crystal-rich pyroclastic rock, southern Transdanubia), T–I 
(crystal-poor lava-like ash tuff, eastern Pannonian Basin), and 177/1 (deformed ignimbrite, Bihor Mts, Apuseni Mts). Spot IDs, concordant 206Pb/238U dates, and 
discordance values for the discordant dates are given in the figure, and the complete dataset is available in Electronic Supplementary Material 1. The length of the 
yellow scales beside each zircon crystal is 50 μm, while the diameter of the laser spots (red circles) is 33 μm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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5.1.2. Conditions under dominant alteration and deformation events 
Based on the petrographic and geochemical results (Fig. 12c), the 

predominant alteration of the studied rocks is a hydrothermal sericiti-
zation. Regarding the study area, several hydrothermal episodes should 
be considered; however, their roles cannot be quantitatively unraveled 
(Bonin and Tatu, 2016; Ciobanu et al., 2006; Fazekas and Vincze, 1991; 
Szemerédi et al., 2020a). Concerning the A-type Highiş granitoids, Bonin 
and Tatu (2016) suggested that the first hydrothermal episode (Na- and 
K-metasomatism caused by halogen-rich fluids on the massif scale) 
occurred by fluid exsolution shortly after the Guadalupian emplacement 
and during cooling. The complete subsolidus transformation of the rock- 
forming minerals was accompanied by greisen-type mineralization. It is 
possible that the apparently primary magmatic composition of the 
granitoid and subvolcanic samples, corresponding to the rhyolite field, 
reflects the result of that pervasive hydrothermal phase. Furthermore, 
Na-metasomatism (albitization) of aplite samples was closely related to 
this early process (Bonin and Tatu, 2016; Szemerédi et al., 2021) instead 
of ‘diagenetic’ modification. 

Regarding the samples plotted in the hydrothermal sericitization 
field, their chemical composition could be variously overprinted by the 
Alpine tectonic events, which were accompanied by an influx of aqueous 
fluids and by mylonitization during greenschist to subgreenschist con-
ditions (see, e.g., Árkai, 2001; Ciobanu et al., 2006; Kounov and Schmid, 
2013; Bonin and Tatu, 2016). This process produced the alteration of K- 
feldspar to albite and sericite and led to the formation of white mica 
subparallel to the foliation in the deformed rocks. Additionally, some 
mineralization events that resulted in epidote-apatite-quartz veins were 

also related to this thermal episode (Ciobanu et al., 2006). Obviously, 
the slightly elevated concentrations of ΣREE, Y, Ce, and Th of some 
samples from the Apuseni Mts (Fig. 5a and b, Supplementary Tables 2 
and 3) reflect the presence of secondary minerals such as epidote and 
biotite and support the influence of aqueous fluids channeled by brittle- 
ductile shear zones. Nevertheless, many of the studied samples, espe-
cially the nondeformed ones, were not affected by these compositional 
changes. 

Regarding the reconstruction of physico-chemical conditions of 
ductile deformation, XRPD mineralogical data of the phyllosilicate-rich 
deformed ignimbrite sample (sample 177/1) yield additional informa-
tion. The determined KIBasel values and the mean apparent crystallite 
size of mica (0.223–0.229 and 638 ± 11 Å, respectively) prove that 
crystallization (i.e., ductile deformation) of the sericite-rich matrix 
progressed under conditions of greenschist facies (epizone; Árkai et al., 
1996). This observation is confirmed by the presence of deformation 
lamellae in quartz porphyroclasts, also reflecting low-temperature 
conditions (300–400 ◦C; Blenkinsop, 2000; Passchier and Trouw, 
2005). Additionally, the matrix forming white mica cannot be regarded 
as a relatively homogeneous substance, corresponding to the presence of 
‘mixed K-Na-mica’ (Livi et al., 1997), which is a typical but metastable 
mineral under very low- and low-grade metamorphic conditions (Frey 
and Robinson, 1999). Based on micropetrographic observations (see 
Supplementary Figs. 2g and h), minor calcite is a ubiquitous component 
in the fine-grained matrix of the studied sample. This suggests that 
carbonatization could be related to the mineralizing solution during the 
ductile deformation. According to Mathieu (2018), when carbonate- 

Table 3 
Compilation of the zircon in-situ geochronological results obtained on the studied Permian felsic volcanic rocks.  

Area Sample Concordanta/all 
spots 

Concordia age in Mab with 2σ 
uncertainty (no. of analyses; 
MSWD) 

Th/U 
range 

Youngest population agec in Ma with 
2σ uncertainty (no. of analyses; 
MSWD) 

Eruption age with 2σ uncertainty 
(including external uncertaintyd) 

Apuseni Mts 172 (cr, 
nd) 

13/15 270.7 ± 2.1 (11; 1.6) 0.1–0.8 269.8 ± 1.7 (9; 1.9) 269.8 ± 3.2 

177/1 (cr, 
d) 

22/25 266.1 ± 1.5 (18; 1.9) 0.1–1.8 265.2 ± 1.6 (15; 1.7) 265.2 ± 3.1 

476 (cr, 
nd) 

11/15 267.9 ± 1.8 (11; 1.4) 0.3–1.2 267.3 ± 1.9 (10; 1.7) 267.3 ± 3.3 

478 (cr, 
nd) 

11/13 268.5 ± 1.3 (10; 1.3) 0.1–0.4 268.4 ± 1.3 (10; 0.9) 268.4 ± 3.0 

479 (cr, 
nd) 

46/61 266.9 ± 0.9 (43; 1.6) 0.1–1.2 266.6 ± 0.7 (41; 1.4) 266.6 ± 2.8 

CM-30 (cr, 
nd) 

6/13 270.4 ± 2.9 (4; 1.0) 0.2–1.0 270.4 ± 2.9 (4; 1.0) 270.4 ± 4.0 

OPR1 (sv, 
d) 

19/29 263.8 ± 1.7 (17; 3.7) 0.3–0.5 262.9 ± 1.0 (14; 1.5) 262.9 ± 2.8 

Eastern 
Pannonian 
Basin 

Bat–18 
(cp, nd) 

21/24 265.9 ± 1.3 (21; 2.5) 0.2–0.6 263.9 ± 1.0 (14; 1.7) 263.9 ± 2.8 

Bat-E (cp, 
nd) 

18/28 265.4 ± 1.8 (16; 4.2) 0.2–0.4 262.9 ± 1.1 (10; 1.8) 262.9 ± 2.9 

Bat-M (cp, 
nd) 

19/28 263.7 ± 1.5 (15; 2.2) 0.2–0.8 263.3 ± 1.0 (14; 1.7) 263.3 ± 2.8 

Nsz–2# 

(cp, d) 
13/27 264.0 ± 2.4 (10; 3.2) 0.3–2.2 260.2 ± 1.9 (5; 0.2) 260.2 ± 3.2 

T–I# (cp, 
d) 

10/25 268.4 ± 2.2 (8; 2.1) 0.2–0.5 268.6 ± 2.2 (8; 2.0) 268.6 ± 3.5 

Kel–11 
(cr, d) 

12/15 264.9 ± 2.9 (8; 3.7) 0.1–0.6 263.0 ± 2.6 (6; 2.3) 263.0 ± 3.7 

Southern 
Transdanubia 

Bt–3 (cr, 
nd) 

22/25 268.3 ± 1.3 (19; 1.8) 0.2–1.3 268.4 ± 1.2 (19; 1.6) 268.4 ± 2.9 

Th/U ratios are given for the concordant spots. Abbreviations: cp crystal-poor pyroclastic rock, cr crystal-rich pyroclastic rock, sv subvolcanic, d deformed, nd non-
deformed. 
#Samples from the most tectonized basement areas. 
MSWD = Mean Standard Weighted Deviation. 

a Concordant dates have discordance values <5% calculated as 100*(1-(206Pb/238U age)/(207Pb/235U age)). 
b Concordia ages calculated by the IsoplotR software (Vermeesch, 2018) from concordant dates and without xenocrystic/antercrystic or possibly Pb loss affected 

dates. 
c low MSWD weighted mean age considered to be the youngest population age: calculated from the 206Pb/238U dates of the sample including the youngest dates 

(without younger outliers) to older dates until the MSWD of weighted average remains below a threshold value indicating isochronous age (Wendt and Carl, 1991). 
d propagated uncertainty is calculated by quadratic adding of uncertainty of ages and 1% external error of LA-ICP-MS measurements. 
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Fig. 9. Concordia age diagrams (Vermeesch, 2018) of the crystal-rich rhyodacitic/dacitic ignimbrites of the Apuseni Mts and southern Transdanubia. Green ellipses 
indicate concordant dates used for the concordia age calculations and the selection of the youngest coherent population of the 206Pb/238U dates to calculate low 
MSWD weighted means ages, while red ellipses indicate discordant, antecrystic/xenocrystic, or possible Pb loss affected dates. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Concordia age diagrams (Vermeesch, 2018) of the crystal-poor rhyolitic (rheo)ignimbrites and lava-like ash tuffs of the eastern Pannonian Basin. Green 
ellipses indicate concordant dates used for the concordia age calculations and the selection of the youngest coherent population of the 206Pb/238U dates to calculate 
low MSWD weighted means ages, while red ellipses indicate discordant, antecrystic/xenocrystic, or possible Pb loss affected dates. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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forming metasomatic alterations progress, carbon reacts with the cal-
cium from plagioclase; therefore, albite, paragonite (sodium-rich white 
mica) and quartz form. More likely, the demonstrated semiquantitative 
mineralogical composition (i.e., quartz + albite + mixed K-Na-mica +
calcite) can be interpreted as a result of the fluid-driven alteration 
during the ductile deformation. 

The age of the deformation can be dated using the separated grain- 
size fractions of the illitic material (Table 2). Since the estimated 
maximum metamorphic temperature is higher than the closure tem-
perature of the fine-grained white mica crystals (~260 ◦C; Hunziker, 
1986; Hunziker et al., 1986), the relatively small difference of the K-Ar 
radioisotopic age data can be interpreted by the cooling age model, 
rather than the detrital effect. Considering that inherited illite grains 
tend to be enriched in the >2 μm grain-size fraction of mica-rich ma-
terial from a deformed rock (see Clauer and Chaudhuri, 1999 and ref-
erences therein), the age range of ~92–80 Ma obtained from the <2 μm 
fractions, probably predominated by newly formed or recrystallized 
illite, can be considered as the time of deformation of the measured 
sample. On the other hand, it cannot be excluded that the younger age 
could be caused by Ar loss. Therefore, the K-Ar data of the separated clay 
fractions reflect a Late Cretaceous (~98–80 Ma) metamorphism, indi-
cating the effect of the main Alpine deformation (D2, Turonian nappe 
stacking, Kounov and Schmid, 2013) that forms the current geometry of 
the nappe stack in the Apuseni Mountains. 

5.2. Geochronological and stratigraphic significances 

5.2.1. Permian magmatic systems 
In the Permian logs of the Apuseni Mts (see, e.g., Bleahu et al., 1981; 

Nicolae et al., 2014; Seghedi et al., 2001) felsic volcanic rocks were 
subdivided into two distinct levels: (1) a lower horizon (Early Permian, 
mainly rhyolitic ignimbrites and dykes) covered by mafic volcanics or 
sedimentary rocks and (2) an upper horizon as rhyolitic tuffs (Middle 
Permian without chronological data, sporadic bodies of ignimbrites, 
lava flows, and volcaniclastic rocks) intercalated with feldspathic 
sandstones, conglomerates, and shales. Following the sampling strategy 
of Nicolae et al. (2014), the studied ignimbrites collected in the Finiş, 
Dieva, Moma, Gârda, and Arieşeni Nappes (sensu Bleahu et al., 1981; 
Table 1) could represent the mentioned lower horizon, belonging to the 
Cisuralian formations proved by biostratigraphic data such as silicified 
wood remains and amphibian trace fossils within the intercalated 
sandstone beds (Seghedi et al., 2001; Nicolae et al., 2014). 

However, subvolcanic OPR samples from the Highiş Mts unequivo-
cally belong to the assumed upper rhyolitic level due to the intrusive 
emplacement of felsic A-type rocks, including porphyric microgranites, 
predated by the mafic igneous suite which is closely associated with the 
Lower Permian bioturbated siliciclastic rocks (“Vermiculate Sandstone 
Formation”, also referred to as “Black Series” or Cladova Formation; 
Bordea and Bordea, 1993; Seghedi et al., 2001; Bonin and Tatu, 2016 
and references therein). Furthermore, the Highiş granitoid rocks were 
dated by Pană et al. (2002, using the zircon U–Pb ID–TIMS method) and 
Szemerédi et al. (2021, using the zircon U–Pb LA–ICP–MS method), 
recording an igneous event of the Middle Permian (Guadalupian, 264 
Ma and ~268–263 Ma, respectively). 

Based on stratigraphic considerations, the Permian magmatism of 

(caption on next column) 

Fig. 11. Concordia age diagrams (Vermeesch, 2018) of the studied altered 
magmatic rocks, including deformed crystal-rich ignimbrites from the Bihor 
Mts (177/1) and the Kelebia area (Kel-11), and deformed, hydrothermally 
altered felsic subvolcanic rocks from the Highiş Mts (OPR1). Green ellipses 
indicate concordant dates used for the concordia age calculations and the se-
lection of the youngest coherent population of the 206Pb/238U dates to calculate 
low MSWD weighted means ages, while red ellipses indicate discordant, ante-
crystic/xenocrystic, or possible Pb loss affected dates. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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the Hungarian part of the Tisza MU was traditionally regarded as the 
result of a single Cisuralian volcanic event (Barabásné Stuhl, 1988; 
Vozárová et al., 2009b). For the first time, zircon U-Pb concordia age 
data from the Battonya area (wells Battonya–32 and Battonya–53, 
eastern Pannonian Basin) were measured by Lelkes-Felvári and Klötzli 
(2010, published by Varga et al., 2015), placing the volcanism in the 
Early Permian (289.7 ± 6.2 Ma and 287.6 ± 7.2 Ma, respectively). A 
single sample of crystal-rich pyroclastic rock from southern Trans-
danubia (sample Gy–1, MkU) gave a younger weighted mean age of 271 
± 2.6 Ma (Varga et al., 2015, using the zircon U-Pb LA–ICP–MS method). 
According to the preliminary interpretation (Varga et al., 2015), how-
ever, the observed bimodal distribution of the concordant data (41 
spots) could also suggest two distinct age populations, corresponding to 
an older volcanic episode and a younger one (33% and 67% of the 
concordant spots, 286.46 ± 0.82 and 267.96 ± 0.41 Ma, respectively; 
data were published by Szemerédi et al., 2020a). Recently, Szemerédi 
et al. (2020a) established that the Permian silicic volcanic rocks in 
southern Transdanubia and the eastern Pannonian Basin belong to the 
same Middle Permian (~267–260 Ma) continental rift-related magma-
tism. Except for the previously mentioned Gy–1 sample, slightly older (i. 
e., 290–275 Ma), most likely antecrystic domains were practically ab-
sent from the other studied samples (BATR/1, BATR/2, Kel–7, and Sz–1, 
see details in Szemerédi et al., 2020a). 

Considering our new zircon ages and their uncertainties (Fig. 8 and 
Fig. 14, Table 3), interpreted age data strongly overlap without signif-
icant spatial differences. It should be noted, however, that the Alpine 
deformation rate is lost on concordant dates (for example, 265.2 ± 3.1 
Ma for the strongly deformed sample 177/1 and 268.4 ± 2.9 Ma for the 
nondeformed sample Bt–3). Normal, magmatic Th/U ratios (Th/U > 0.1; 
Table 3) and the absence of characteristic metamorphic features (except 
for the OPR1 sample) such as grain size reduction, subgrain (domain) 
formation, irregular sectors, patchy or heterogeneous CL zoning, rim 
crystallization, and irregular, porous zircon overgrowths (see, e.g., 
Wayne and Sinha, 1988; Timms et al., 2006; Kirkland et al., 2009, 2015; 
Kaczmarek et al., 2011) suggest that the Cretaceous shearing event 
caused no observable disturbance in the U-Pb isotopic systematics of the 
zircons. Very likely, Alpine deformation processes were associated with 
relatively noncorrosive aqueous fluids, which dominantly formed hy-
drous phyllosilicates (hydrothermal sericitization) and carbonates under 
low-grade metamorphic conditions, as discussed above. 

On the other hand, during the Alpine and, more probably, the sub-
sequent Neogene tectonic episodes, especially in the basement of the 
eastern Pannonian Basin (Pap, 1993; Szemerédi et al., 2020b), the 
relatively high number of discordant dates for samples Nsz–2 and T–I 
(Fig. 10, Table 3, ESM 1) could reflect direct evidence of deformation- 
related modification of the U-Pb system in zircon (Pb loss and/or U 
gain). In tectonized zones during ductile and/or brittle deformation, 
low-temperature fluids can penetrate fractured zircons and preferen-
tially leach radiogenic Pb out of the metamict grains (Wayne and Sinha, 
1988). 

Based on the presented geochronological results (Fig. 14, Table 3), it 
is not possible to distinguish two definite volcanic episodes and the 
associated stratigraphic levels. In general, referred to Scenario A, it can 
be concluded that any Permian silicic volcanic rocks in the Apuseni Mts 
as well as in southern Transdanubia and the eastern Pannonian Basin 
(including data from Szemerédi et al., 2020a) refer to a voluminous 
Middle Permian (274–257 Ma) magmatism. Similarly, mafic to felsic 
plutonic rocks in the Highiş massif (see, e.g., Tatu, 1998; Ciobanu et al., 
2006;Bonin and Tatu, 2016; Szemerédi et al., 2021) as well as the 
Permian mafic–intermediate lavas in the Codru-Moma Mts (Codru NS, 
see, e.g., Nicolae et al., 2014) most probably belong to the same conti-
nental rift-related bimodal magmatism. 

However, referred to Scenario B, an alternative explanation can also 
be provided. As discussed before, the Highiş granitoid and subvolcanic 
samples, showing an apparently primary magmatic composition 
(Fig. 12), suffered from a penetrative alteration effect of halogen-rich 

Fig. 12. (a) Na2O/Al2O3 vs. K2O/Al2O3 and (b) Na2O/K2O vs. SiO2/Al2O3 di-
agrams (Garrels and Mackenzie, 1971), and (c) Alteration index (Ishikawa 
et al., 1976) vs. Carbonate–Chlorite–Pyrite Index (Gifkins et al., 2005) plot 
(modified after Shanks III and Thurston, 2012; Hübner et al., 2021) focusing on 
the postmagmatic alterations of the studied Permian volcanic rocks as well as 
the Highiş granitoids (Szemerédi et al., 2021). 
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fluids shortly after the Middle Permian emplacement (Bonin and Tatu, 
2016; Szemerédi et al., 2021). In the case of the subvolcanic OPR1 
sample, zircon crystals show a hydrothermally overprinted texture, so 
their early magmatic origin may be questioned. It is feasible that these 
zircons, which exclusively provide concordant dates, without ante-
crystic or xenocrystic cores are crystallized from a halogen-rich fluid 
that coexisted with the highly evolved residual magma during the 
magmatic–hydrothermal transition. Therefore, the zircon age of the 
OPR1 sample (262.9 ± 2.8 Ma) could represent the age of the halogen- 
rich fluid–melt interaction during the transition from magmatic to high- 

temperature hydrothermal stage of the Highiş pluton. Similar alterations 
are the most important factors that control the modification of highly 
evolved granitoid rocks and related mineralizations, and caution should 
be taken to interpret their isotopic data (see, e.g., Hoskin, 2005; Gusev, 
2018; Zhi et al., 2021). Nevertheless, the widely used Th/U ratio, cor-
responding to a method to help distinguish metamorphic and magmatic 
zircons (Kirkland et al., 2015), and the age of this special type of hy-
drothermal zircon is often indistinguishable from magmatic zircon 
(Hoskin, 2005). 

Obviously, the younger magmatic episode can be dated by the age of 

Fig. 13. LaN vs. LaN/YbN diagram of the studied Permian felsic volcanic rocks as well as the Highiş granitoids (SW Apuseni Mts). Note the linear positive trend 
suggesting fractional crystallization from a similar or common continental crustal source. Abbreviations: CC average continental crust (Rudnick and Gao, 2003), N- 
MORB Mid-Ocean Ridge Basalt (Sun and McDonough, 1989), OIB Ocean Island Basalt (Sun and McDonough, 1989). 

Fig. 14. Zircon U-Pb age data of the studied Permian felsic volcanic rocks (youngest population ages, condsidering 1% external errors), including previous results 
from the Pannonian Basin (Szemerédi et al., 2020a; Varga et al., 2015) as well as those of the Highiş granitoids (SW Apuseni Mts; Pană et al., 2002; Szemerédi 
et al., 2021). 
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the Highiş granitoid and subvolcanic samples (Guadalupian, ~268–263 
Ma, Fig. 14). Based on trace element patterns (Figs. 4–6), zircon U-Pb 
ages (~269–260 Ma, Fig. 14) as well as Th/U ratios and U concentra-
tions in their zircons (Supplementary Fig. 6), the crystal-poor ignimbrite 
samples from the eastern Pannonian Basin show strong similarities to 
those samples. However, with respect to the basement rocks, the rela-
tively large age ranges, together with the negligible number of older 
cores, could suggest a possible loss of Pb during the later deformation 
episodes, resulting in far-traveled basement blocks with complex 
structure. 

Characteristics of crystal-rich pyroclastic rocks of the Apuseni Mts 
and southern Transdanubia differ slightly in their trace element com-
positions (e.g., HFSE and REE concentrations) as well as in the Th/U 
ratios and U concentrations in their zircon crystals (Supplementary 
Fig. 6) and proved to be slightly older (~270–265 Ma, Fig. 14) than the 
crystal-poor rocks. Relatively large age ranges could also suggest a 
partial loss of Pb. Additionally, a rejuvenation caused by the possible 
hydrothermal effect of the later volcanic phase cannot be excluded. 
Nevertheless, the two proposed volcanic episodes cannot be distin-
guished from each other by the methods we used in this study in a 
satisfactory manner, and the presence of an Early Permian felsic 
magmatic phase remains unclear in the study area. 

5.2.2. Stratigraphic concerns 
The traditional subdivision of the study area (Fig. 1b to d) is based on 

its Mesozoic evolution, including three or four main Alpine nappe sys-
tems and several small nappes that have been defined according to 
stratigraphic and/or lithological principles and mainly without detailed 
tectonic studies (see, e.g., Bleahu et al., 1981; Balintoni, 1997;Nicolae 
et al., 2014; Seghedi et al., 2001). Therefore, divergent hypotheses and 
controversial nomenclature can be found in the regional literature (see, 
e.g., Schmid et al., 2008, 2020; Balintoni et al., 2009; Kounov and 
Schmid, 2013; Nicolae et al., 2014). As significant geochemical or 
geochronological differences were not identified among the studied 
felsic volcanic rocks, basically unique petrographic characteristics such 
as crystal-rich/poor development, garnet content, and type and degree 
of metamorphism could be used to improve local to regional 
correlations. 

As mentioned above, the northern Apuseni Mts are traditionally 
subdivided into the Bihor NS, the Codru NS, and the Biharia NS from 
bottom to top. Within the sampling area, the Biharia NS are composed of 
three nappes that are the Arieşeni Nappe, the Gȃrda Nappe, and the 
Highiş–Muncel Nappe (Balintoni et al., 2009; Nicolae et al., 2014; 
Table 1). During the sampling, sample 473 was collected from the 
Arieşeni Nappe. According to Balintoni et al. (2002), however, the 
Arieşeni Nappe, which was the single unit of the Biharia NS involving 
both unmetamorphosed and metamorphosed Permian sequences, dis-
appeared as an independent tectonic unit. Consequently, non-
metamorphic Permian rocks have been attributed to Codru NS and 
mylonitized Permian rocks to the Biharia NS. Regarding the crystal-rich 
pyroclastic sample 473, the petrographic characteristics show intense 
hydrothermal alteration, but no indications of mylonitic deformation 
appear, reflecting that the sampling site corresponds to the Codru NS 
instead of the Biharia NS. 

From a correlation point of view, the Permian samples derived from 
the Gȃrda Nappe (Biharia NS in the sense of Bleahu et al., 1981 and 
Nicolae et al., 2014) are also important. Crystal-rich, altered fiamme- 
bearing, and welded lapilli tuff (sample 172) shows well-preserved py-
roclastic texture and its metamorphic overprint can be excluded. This 
indicates that the related sampling site could not belong to the Biharia 
NS. Furthermore, the mica-rich sample 177/1 suffered strong recrys-
tallization and Turonian ductile deformation (~98–80 Ma; Table 2). 
This result fits well with the present-day tectonic sketch of the northern 
Apuseni Mts, since recently the Gȃrda Nappe is attributed to the Codru 
NS (Finiş–Gȃrda Nappe; Schmid et al., 2008; Kounov and Schmid, 2013; 
Reiser et al., 2017). According to Schmid et al. (2008), additionally, the 

pre-Triassic basement of the Gȃrda Unit in the Bihor Mts was ductile 
deformed in Turonian times. Similarly, Varga et al. (2023) highlighted 
that the Permo-Triassic cover succession, including Permian ignim-
brites, was also affected by greenschist facies metamorphism and 
shearing in the Kelebia basement area (Békés–Codru NS, eastern Pan-
nonian Basin). 

On the other hand, Permian sequences are most abundant in the 
Codru NS, whereas they are only sporadic in the Bihor NS (Seghedi et al., 
2001; Nicolae et al., 2014). Despite the volumetric differences compared 
to the Permian felsic volcanic rocks, the voluminous and chemically 
complex volcanic systems known in the northern foreland of the Villány 
Mountains and in the Máriakéménd–Báta area (Szemerédi et al., 2020a) 
are considered an integral part of the Hungarian continuation of the 
Bihor NS, belonging to the Villány–Bihor NS in southern Transdanubia 
(Csontos and Vörös, 2004; Fig. 1c and Table 1). However, the presence 
of garnet, with a very similar almandine composition, both in the 
crystal-rich ignimbrites of the northern foreland of the Villány Mts and 
in the Codru-Moma Mts (Finiş Nappe, Codru NS), suggests their common 
source. As garnet is absent in the felsic volcanic rocks of the 
Békés–Codru Unit, which are also crystal-poor in contrast to the rocks of 
the aforementioned areas, a close relationship can be proposed between 
the large-volume ignimbrites of Villány and Codru (instead of Bihor). 

Finally, on a regional scale, the Permian magmatism in the Tisza 
Mega-unit proved to be significantly younger than similar episodes of 
the stable European plate (~300–290 Ma; e.g., Breitkreuz and Kennedy, 
1999; Słodczyk et al., 2018). Similar, anorogenic, A-type geochemical 
features and zircon ages (~275–262 Ma) were documented from the 
crustal-scale superunits of the Western Carpathians (ALCAPA Mega- 
unit, A-type granitoids and/or silicic volcanic rocks of the Gemeric, 
Veporic, and Silicic Units) that could represent the closest analogies to 
the studied rocks in the Permian post-orogenic extension of the Paleo- 
Tethyan realm (e.g., Ondrejka et al., 2022; Villaseñor et al., 2021; 
Vozárová et al., 2009a). 

6. Conclusions 

Permian felsic volcanic rocks in the Tisza Mega-unit were affected by 
various postmagmatic alterations, including hydrothermal effects and/ 
or deformation. Therefore, a complex study was conducted on pyro-
clastic and subvolcanic rocks collected from the Apuseni Mts (Romania) 
and the basement of the Pannonian Basin (Hungary), focusing not only 
on the Permian magmatism, but also on the various postmagmatic al-
terations and their significance in understanding regional processes and 
implying correlations. The following main results were obtained:  

(1) Most of the studied volcanic rocks are crystal-rich and variously 
welded lapilli tuffs, showing a well-preserved pyroclastic texture. 
In contrast, the pyroclastic rocks of the Battonya–Pusztaföldvár 
Basement Ridge are relatively crystal-poor eutaxitic and rheo-
morphic lapilli tuffs, as well as lava-like ash tuffs. Felsic lavas and 
subvolcanic rocks are sporadic in the study area.  

(2) The studied rocks belong to a Middle Permian (274–257 Ma) 
anorogenic tectonic setting (continental rift), and, unlike the 
previous assumptions, it is not possible to distinguish two definite 
volcanic episodes and the associated stratigraphic levels in the 
Permian sequences of the Tisza Mega-unit.  

(3) Regardless of their sampling sites, a wide range of mineral-scale 
alterations were observed; the most common are the hydrother-
mal sericitization, carbonatization, albitization of feldspar, and 
hematitization of biotite. In nondeformed samples, pervasive 
silicification, sericitization, and thin veinlets could reflect 
external fluid-related processes.  

(4) In tectonically deformed samples, hydrothermal sericitization 
was accompanied by mylonitization under conditions of greens-
chist to subgreenschist facies. K-Ar data of the separated clay 
fractions reflect a Late Cretaceous (~98–80 Ma) metamorphism, 
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indicating the effect of the main Alpine deformation in the 
Apuseni Mts.  

(5) In the basement of the eastern Pannonian Basin, the relatively 
high number of discordant U-Pb dates could reflect evidence of 
deformation-related modification of the U-Pb system in zircon 
during the Alpine and, more likely, the subsequent Neogene 
tectonic episodes. 

Petrographic features (e.g., crystal-richness/poorness or the pres-
ence/lack of garnet) of the studied felsic rocks, as well as the type and 
degree of metamorphism and deformation, were also applicable in the 
local correlations between the Alpine nappe systems in the Apuseni Mts 
and the analogous tectonic units in the basement of the Pannonian 
Basin. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2023.107330. 
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Kőrössy, L., 2005. Hydrocarbon geology of the southeastern Great Plain, Hungary. Part I. 
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2015. Permian and Mesozoic formations of the S Great Hungarian Plain: integrating 
petrographic and geochemical results in tracking diagenetic history and regional 
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