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Abstract 

The Grobgneis complex, located in the eastern Austroalpine unit of the Eastern Alps, exposes large volumes of pre-
Alpine porphyric metagranites, sometimes associated with small gabbroic bodies. To better understand tectonic set-
ting of the metagranites, we carried out detailed geochronological and geochemical investigations on the major part 
of the porphyric metagranites. LA–ICP–MS zircon U–Pb dating of three metagranites sampled from the Grobgneis 
complex provides the first reliable evidence for large volumes of Permian plutonism within the pre-Alpine basement 
of the Lower Austroalpine units. Concordant zircons from three samples yield ages at 272.2 ± 1.2 Ma, 268.6 ± 2.3 Ma 
and 267.6 ± 2.9 Ma interpreted to date the emplacement of the granite suite. In combination with published ages 
for other Permian Alpine magmatic bodies, the new U–Pb ages provide evidence of a temporally restricted period 
of plutonism (“Grobgneis”) in the Raabalpen basement Complex during the Middle Permian. Comparing the investi-
gated basement with that of the West Carpathian basement, we argue that widespread Permian granite magmatism 
occurred in the Lower Austroalpine units. They belong to the high-K calc-alkaline to shoshonitic S-type series on the 
base of geochemical data. Zircon Hf isotopic compositions of the Grobgneis metagranites show εHf(t) values of − 4.37 
to − 0.6, with TDM2 model ages of 1.31–1.55 Ga, indicating that their protoliths were derived by the recycling of older 
continental crust. We suggest that the Permian granitic and gabbroic rocks are considered as rifted-related rocks in 
the Lower Austroalpine units and are contemporaneous with cover sediments.
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1 Introduction
As long discussed for the Eastern and Southern Alps and 
testified by deposition of thick Permian sedimentary suc-
cession, Permian extension occurred in the aftermath 
of the Variscan orogeny (Krainer 1993 and references 
therein; Decarlis et  al. 2013). The ongoing subsidence 
did leave only a short time after the Late Carboniferous 
(Pennsylvanian) Variscan orogeny, in the order of a few 

million years, for denudation of the uplifting Variscan 
orogen. In the sedimentary level, thick Permian sedimen-
tary deposits were deposited in the eastern part of the 
Southern Alps, which also include thick Permian acidic 
volcanics (Bozen quartz porphyry), Permian reefs and 
lagoonal evaporites deposited at the margin of the west-
wards transgressive Tethyan Ocean (Schaffhauser et  al. 
2015). In the Austroalpine units north of the Periadriatic 
fault, Permian deposits are generally variably thick ter-
restrial clastics and grading into Late Permian/Early Tri-
assic evaporites followed by Triassic marine clastic and 
several km thick Middle and Upper Triassic carbonate 
platforms. These observations led early to the idea that 
Permian sedimentary deposits are rift related followed 
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by late Ladinian opening of the Meliata oceanic rift (e.g., 
Kozur 1991; Neubauer et al. 2000). Ongoing geochrono-
logical work found increasing evidence for small gabbroic 
Permian plutonism in Austroalpine units (Thöni and Jag-
outz 1992; Thöni and Miller 1996), for a small granitic 
orthogneiss body dated by the Rb–Sr whole rock method 
(Morauf 1980) and for Permian pegmatites (Schuster 
et  al. 2001a, b; Knoll et  al. 2018), but no large granite 
bodies. Major granitic bodies were considered Late Car-
boniferous, mostly based on Rb–Sr whole rock dating 
(Schermaier et  al. 1997 and references therein), some 
recently confirmed by U–Pb dating (e.g., Mandl et  al. 
2018). On the other hand, geochronology often com-
bined with petrological studies found increasing evidence 
for Permian low-pressure metamorphism (Schuster et al. 
2001a, b; Schuster and Stüwe 2008; Thöni and Miller 
2009; Liu et  al. 2001). For the Austroalpine nappe stack 
in the Eastern Alps, this leaves the question open, how 
Permian plutonism and low-pressure metamorphism 
relates to sedimentary successions, whether there are 
some major Permian granite bodies, and which evidence 
argues for a coherent tectonic model. Several tectonic 
processes have been proposed for explanation of the Per-
mian post-Variscan tectonic evolution of Alps and cen-
tral European Variscides: (a) the onset of a rifting process 
that continued until the Middle Triassic crustal break-
up and oceanic spreading of the Meliata Ocean (Kozur 
1991; Neubauer et  al. 2000, 2018; Plašienka 2018; Putiš 
et al. 2019); (b) post-Variscan orogenic collapse (Ménard 
and Molnar 1988); (c) magmatic underplating (Schuster 
and Stüwe 2008); (d) a back-arc extension induced by the 
oblique subduction of the Paleotethys ocean beneath the 
southern margin of the Pangea continent (Cassinis et al. 
2012; Finger and Steyrer 1990; Stampfli and Kozur 2006); 
(e) an initial strike-slip to transtensional shearing affect-
ing the southern side of the Variscan orogen between 
Eurasia and Gondwana (Muttoni et al. 2009; Schaltegger 
and Brack 2007), which was followed by a period of pro-
gressive extension until the Alpine rifting that began dur-
ing Carnian–Norian times; (f ) superplume emplacement 
(Doblas et al. 1998).

The “Permian event” in the European Eastern Alps 
(Schuster and Stüwe 2008; Thöni and Miller 2009) is 
a key issue to understand post-Variscan tectonic pro-
cesses. In particularly, Permian magmatism was reported 
in the Middle Austroalpine (Upper Austroalpine after 
Schmid et  al. 2004) units, such as the Sieggraben gra-
nitic orthogneiss (Putiš et al. 2002), Koralm and Saualm 
eclogitic complex also host Permian pegmatites (Miller 
et  al. 2005; Thöni and Miller 1996; Knoll et  al. 2018). 
Available Sm–Nd age data of garnet from metasedi-
ments (Wölz, Saualpe, Koralpe units) are restricted to a 
time interval, roughly between 280 and 260  Ma (Thöni 

and Miller 2009). The same age magmatism, sometimes 
associated with high-temperature metamorphism, is also 
reported from the Southern Alps (e.g. Marotta and Spalla 
2007; Schaltegger and Brack 2007; Visonà et al. 2007; Per-
essini et al. 2007; Klötzli et al. 2014), Western Alps (Kunz 
et  al. 2018; Manzotti et  al. 2017, 2018), Western Car-
pathians (e.g. Pelech et al. 2017; Spišiak et al. 2018) and 
other parts of the southern Variscan belt (e.g. Deroin and 
Bonin 2003; Pereira et al. 2014; Rodríguez-Méndez et al. 
2016). Despite their importance in understanding the 
geodynamic evolution of the Eastern Alps, until now, no 
reliable ages were reported from the Lower Austroalpine 
units such as the medium- to high-grade polymetamor-
phic basement rocks of the Raabalpen basement Com-
plex, at the eastern margin of the Eastern Alps. Large 
volumes of porphyric metagranite, which is one of the 
largest remnants of seemingly “Variscan” granites in the 
Lower Austroalpine units (Schermaier et  al. 1997) and 
occupies an important position at the eastern end of the 
Alpine chain. We present new laser-ablation ICP-MS U–
Pb zircon age determinations that significantly advance 
our understanding of the Permian tectonomagmatic pro-
cesses of the Lower Austroalpine units. By means of a 
combined LA-ICP-MS zircon, geochemistry and zircon 
Hf istopes study of representative samples, the emplace-
ment age of the Grobgneis granites in the Raabalpen 
Complex, the tectonic processes and sources involved in 
formation of that granitoid magmatism have been deter-
mined. We use the new data to make correlations with 
the adjacent areas and deduce the tectonic processes of 
granite formation, which give tight constraints on the 
link between magmatism, metamorphism and sedimen-
tary products in a complex Permian geodynamic setting.

2  Geological setting
The Austroalpine nappe stack in the Eastern Alps rep-
resents a major portion of the Alpine edifice connected 
with the West Carpathians and extend over more than 
1000 km throughout Austria and Slovakia. The individual 
nappes of the Austroalpine nappe stack contain meta-
morphic pre-Alpine basement covered by Permian to 
Mesozoic sedimentary successions, which allow a sim-
ple tectonic subdivision, for which we follow the simpli-
fied terminology after Neubauer et  al. (2000), which is 
divided on basis of their tectonic position with respect to 
the ~ 90  Ma old eo-Alpine high-pressure wedge (Fig.  1). 
The Lower Austroalpine units are widespread along the 
eastern margins of the Eastern Alps (Fig.  1) and allow 
subdivision into a lower Wechsel nappe exposed mainly 
in the Wechsel window, and an upper Kirchberg-Stuh-
leck nappe (Fig.  1). In terms of basement complexes, 
the Lower Austroalpine unit comprises from bottom to 
the top the Wechsel and Waldbach Complexes within 
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the Wechsel window and the Raabalpen Complex with 
the “Grobgneis” (Fig.  2) and potentially a higher Stral-
legg Complex (with migmatites) (Schuster et  al. 2001a; 
Fig. 2). A detailed description of this succession is avail-
able in Flügel and Neubauer (1984), Neubauer and Frisch 
(1993) and Schuster et  al. (2001a) and therefore only a 
brief summary of the Lower Austroalpine basement units 
is given here.

The Wechsel Complex is mainly composed of albite-
porphyroblast gneisses and structurally overlying phyl-
lites. New LA–ICP–MS U–Pb zircon age data set gives 
them for two stages of magmatism at 500–520  Ma and 
550–570  Ma (Neubauer et  al. submitted for this issue). 
Müller et  al. (1999) published 40Ar/39Ar ages of parago-
nitic mica, which yield c. 245  Ma and interpreted them 
as indications for a Permian–Triassic lower greenschist 
facies metamorphic imprint overprinting a Devonian 
pressure-dominated metamorphic stage.

The entirely undated Waldbach Complex consists 
of phyllitic micaschist at the structural base, interme-
diate orthogneisses (hornblende orthogneiss), vari-
ous amphibolites and thin layers of garnet micaschists, 

sulphide-bearing black schists and quartzites, and strati-
form sulphides on the top of amphibolites (Neubauer 
and Frisch 1993). The stage of amphibolite facies meta-
morphism is believed to the Variscan, overprinted by 
Late Cretaceous greenschist facies-grade metamorphism 
(Neubauer and Frisch 1993). Both units, the Wechsel and 
Waldbach Complexes, are covered by a Permian to Tri-
assic cover with a thin unit of Permian Verrucano-type 
acidic volcanics, arkose and quartzphyllites at the base 
(Faupl 1970).

The Raabalpen Complex is mainly composed of “Grob-
gneis”, a coarse-grained porphyric metagranite extend-
ing over 120 km in E–W direction and ca. 60 km in N–S 
direction. The host rocks of the porphyric metagranite 
are micaschists and quartzphyllites, with minor intercala-
tions of talc-schists, clinopyroxene-bearing amphibolites, 
kyanite-bearing quartzites, paragneiss and micaschist, 
leucophyllites (a Mg-chlorite-quartz originally described 
as “white schists”) representing metasomatically altered 
mylonites and phyllonites after the porphyric meta-
granite, and tourmalinites (Flügel and Neubauer 1984; 
Demény et al. 1997; Neubauer et al. 1992). Metagabbros 

Fig. 1 Tectonic units of the eastern part of the Eastern Alps (after Neubauer et al. 2000)
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and amphibolites occur as decameter thick lenses within 
paragneisses and along margins of orthogneiss bodies. 
The Strallegg Gneiss is a migmatitic locally alumosili-
cate-bearing biotite-rich paragneiss with a stromatitic 
foliation.

The main metamorphic event in these units is the 
pre-Alpine amphibolite metamorphism within the sta-
bility field of staurolite in northern areas (basement 
micaschist) (Neubauer et al. 1999; Schuster et al. 2001b). 
The area includes in part migmatitization of the metape-
lites in southern areas. Lazulite-quartz veins crosscutting 
the micaschist are dated at 246 ± 23 Ma by the U–Th–Pb 
electron microprobe (EMP) method on xenotime (Bern-
hard et  al. 1998). They argue for a hydrothermal event 
of Late Permian/Early Triassic age in the northernmost 
part of the unit. The intensity of (Early) Alpine (Late 
Cretaceous) metamorphism decreases from amphibolite 
facies conditions in the southem areas of the Raab Alps 

to a greenschist facies metamorphic overprint in the 
northern areas, 40Ar/39Ar and Rb–Sr muscovite dating 
yield Cretaceous ages (70–80  Ma) for the metamorphic 
overprint of the upper nappe (Dallmeyer et al. 1998 and 
Hoinkes et al. 1999 and references therein).

Within the Raabalpen basement Complex, porphy-
ric granitic gneisses are widespread, including the most 
widespread “Grobgneis”, a small body of fine-grained, 
porphyric metatonalite and isolated (garnet-bearing) 
two-mica granite (Neubauer et al. 1992; Schermaier et al. 
1997). Cross-cutting relationships combined with Rb–Sr 
geochronological work revealed complex intrusion rela-
tionship. The widespread “Grobgneis” is a coarse-grained, 
porphyric, sheet-like granite gneiss with rare lenses of 
tonalite gneiss. The Rb–Sr whole-rock age of the Grob-
gneis is 338 ± 12  Ma (Neubauer et  al. 1992; Schermaier 
et  al. 1997). But new geochronological investigations of 
(Tropper et  al. 2007) on Stubenberg granites yield ages 

Fig. 2 Geological map of the Lower Austroalpine basement of eastern Central Alps (modified from Neubauer et al. 1992), showing the location of 
samples
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of 263 ± 16  Ma and 265 ± 31  Ma (zirconolite Th–U–Pb 
dating using EMP), which are interpreted to be the age 
of their formation. Metagabbro and diorite with well-
preserved magmatic fabric occur along the margins of 
the Grobgneis, e.g. the gabbros of Birkfeld and Landsee. 
A crystallization age of 264 ± 7  Ma was determined for 
a gabbro by the Sm–Nd method and zircon ages in the 
same range are reported for the orthogneisses from the 
same area (Schuster et  al. 2001b). Further metagabbro 
occurrences are found within amphibolites of the Kulm 
at the southwestern margin of the Grobgneis. These met-
agabbros may be of Permian age because they postdate 
the pre-Alpine metamorphism (Schuster et al. 2001b).

The Raabalpen Complex including the Grobgneis of the 
Lower Austroalpine units is also covered by Permian to 
Triassic sediments. The succession starts with conglom-
erates, pebbly sandstones and quarzitic schists summa-
rized as “Alpine Verrucano”. Lower Triassic Semmering 
Quartzite follows. It is worth noting that the Permian 
to Lower Triassic clastic sediments vary in thickness 
between few tens to ~ 1000  m, apparently reflecting 
extensional “graben” tectonics. Permian extrusive rocks 
within the basal cover successions are acidic volcanics 
(e.g.,  “Roßkogel Porphyroid”; Nievoll, 1984; Neubauer 
1988).

3  Sample description
Three samples of representative, spatially distant loca-
tions were selected for the present LA-ICP-MS zircon 
U–Pb and Hf isotopic study to define their ages; one 
from the main body of the Grobgneis in the northwest-
ern area (WW35; 47° 29′ 22.79″ N, 15° 41′ 27.99″ E), one 
in the south (WW58; 47° 22′ 1.15″″ N, 15° 43′ 36.95 ″″E) 
and one in the east (SG3, 47° 28′ 4.34″ N, 16° 9′ 34.24″ 
E). Beside the samples for dating, several further samples 
around the dating sample location were selected for fur-
ther chemical analysis to elucidate the petrogenesis and 
tectonic significance of their protoliths. These further 
samples are similar in mineralogy and fabrics but show 
varying mineral proportions.

The Grobgneis is a K-feldspar pophyroclasts-bearing 
orthogneiss (Fig. 3a). Its characteristic feature is the pres-
ence of light pink potassium feldspar crystals (1 to 5 cm 
in length) (Fig.  3a) with respectable twinning, which 
are suspended in a groundmass of finer grains of pla-
gioclase, K-feldspar and quartz (Fig. 3b, d). The mineral 
assemblage of the samples is quartz (25–30%), K-feldspar 
(30–35%), plagioclase (20–35%) and muscovite (10%), 
with minor amounts of garnet (Fig.  3b) and accessory 
minerals (e.g., apatite, zircon, and opaque Fe–Ti oxides). 
Intense shearing has locally imparted a protomylonitic 
fabric (Fig.  3c). Commonly, the deformational overprint 
is limited to specific shear zones, which show pervasive 

overprint. The porphyroclasts disturbed the foliation 
which is characterized by aligned muscovites and quartz 
aggregates forming the matrix (Fig.  3c, d). The porphy-
roclast display remnants of pre-existing megacrysts when 
the size is diminished by syn-deformational recrystalli-
zation. Several signatures of brittle and ductile deforma-
tion are observed. The quartz deformation behaviours 
include elongation, grain boundary migration, undulose 
extinction and different degrees of dynamic recrystalliza-
tion, formation of recrystallized new grains of the matrix 
commonly flank the porphyroclasts, forming mantled 
porphyroclast structure. Muscovite occurs often in two 
generations, large old flakes (muscovite I), which are 
often recrystallized along margins or replaced by fine-
grained muscovite II during Cretaceous metamorphism 
(Fig.  3d). Quartz aggregates and muscovites are often 
deformed into wings that extend on the both sides of 
the K-feldspar porphyroclast. The material behaviour of 
quartz and feldspars indicates that deformation occurred 
under a temperature of about ± 500  °C (Passchier and 
Trouw 1998).

4  Analytical methods
4.1  LA–ICP–MS zircon U–Pb dating
All samples using standard technique of density and mag-
netic separation in the Laboratory of Langfang Regional 
Geological Survey, Hebei Province. Approximately 1 
to 2 kg of each sample was crushed using a jaw crusher. 
The crushed material was sieved to extract the grain 
size between 0.072 and 0.400  mm. The Franz magnetic 
separator was then used to separate magnetic minerals 
from non-magnetic minerals. Zircons were separated by 
using heavy liquid and then hand-picked under a binocu-
lar microscope. All representative zircon grains of each 
sample were categorized based on color and morphology 
and then mounted in epoxy resin. Zircon mounts were 
polished until the cores of most grains were exposed. 
Before analysis, the surface was cleaned by using 3% (v/v) 
 HNO3 to remove any lead contamination. Cathodolu-
minescence (CL) images were obtained for zircons prior 
to analysis, using a Mono CL3+ microprobe, in order to 
identify internal structures and choose potential target 
sites for U–Pb analyses.

U–Pb dating analyses were conducted by LA-ICP-
MS at Beijing Createch Testing Technology Comp. Ltd. 
Detailed operating conditions for the laser ablation sys-
tem and the ICP-MS instrument and data reduction are 
the same as described by Hou et  al. (2009). Laser sam-
pling was performed using a RESOlution 193  nm laser 
ablation system. An Agilent 7500 ICP-MS instrument 
was used to acquire ion-signal intensities. Helium (with 
5  ml/s of flow) was applied as a carrier gas from the 
sample chamber to the analyzer. The laser ablation spot 
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diameter was 32 μm with a repetition rate of 10 Hz and 
energy of 4  J/cm2. Each analysis incorporated a back-
ground acquisition of approximately 15–20 s (gas blank) 
followed by 45  s data acquisition from the sample. 
206Pb/207Pb, 206Pb/238U, 206Pb/235U and 208Pb/232Th ratios 
were corrected using zircon 91500 as an external stand-
ard for both instrumental mass bias and elemental and 
isotopic fractionation. Zircon GJ-1 was used as external 
standard for U–Pb dating and was analyzed twice every 
5–10 analyses. Time-dependent drifts of U–Th–Pb iso-
topic ratios were corrected using a linear interpolation 
(with time) for every 5–10 analyses according to the 
variations of GJ-1 (i.e., 2 zircon GJ-1 + 5–10 samples + 2 
zircon GJ-1) (Liu et  al. 2010). Uncertainty of preferred 
values for the external standard GJ-1 (with an age of 
599.6 ± 2.9  Ma) was propagated to the ultimate results 
of the samples. Off-line raw data selection and subtrac-
tion of backgrounds and analytical signals, and time-drift 
correction and quantitative calibration for U–Pb dating 

was performed by ICPMSDataCal (Liu et al. 2010). In all 
analyzed zircon grains the common Pb correction was 
not necessary due to the low signal of common 204Pb and 
high 206Pb/204Pb ratio. Concordia diagrams and weighted 
mean calculations were made using Isoplot/Ex_ver3 
(Ludwig 2003).

U, Th and Pb and other zircon trace element composi-
tions were calibrated by NIST 610 as an external stand-
ard. NIST 610 standards have been analysed in the same 
batch as the ages. The age and REE were analyzed at same 
time in one spot. Zircon trace element composition was 
calibrated using 29Si as an internal standard and NIST610 
as an external standard. The detailed analytical procedure 
of trace elements determinations can be found in Liu 
et al. (2007, 2008).

4.2  Zircon Lu–Hf isotopic analyses
In-situ zircon Hf isotope analyses were performed on the 
same zircon grains that were subjected to U–Pb dating, 

Fig. 3 Outcrop photos (a, c) of sample locations and representative photomicrographs (b, d) from the Grobgneis (sample numbers are 
shown in the upper right corner). a Typical porphyritic texture of the Grobgneis; b Photomicrographs both in plane-polarized light (right) and 
in cross-polarized light (left); c mylonitic fabric showing the moderate foliation; d lath-shaped K-feldspar (Kfs) displaying the Carlsbad twin in 
cross-polarized light. Qz, quartz; Kfs, potassium feldspar; Pl, plagioclase; Mus, muscovite; Grt, garnet
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at the Beijing Createch Testing Technology Co., Ltd, 
China, using a RESOlution SE 193 nm laser-ablation sys-
tem attached to a Thermo Fisher Scientific Neptune Plus 
MC-ICP-MS. Instrumental conditions and data acquisi-
tion protocols were described by Hou et al. (2007). A sta-
tionary spot with a beam diameter of ~ 38  μm has been 
used. As the carrier gas, Helium, was used to transport 
the ablated sample aerosol mixed with Argon from the 
laser-ablation cell to the MC-ICP-MS torch by a mixing 
chamber. A recommended 175Lu/176Lu ratio of 0.02655 
was used for elemental fractionation (Xie et  al. 2008). 
Yb isobaric interference on 176Hf was corrected follow-
ing the methods of Lizuka and Hirata (2005). GJ-1 stand-
ard yielded a mean 176Hf/177Hf ratio of 0.281990 ± 24 
(2σ, n = 32), which is consistent with the standard refer-
ence value of 0.282000 within error (Morel et  al. 2008). 
A decay constant for 176Lu of 1.867 × 10−11 (Söder-
lund et  al. 2004) and present-day chondritic ratios of 
176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier 
et  al. 2008) were adopted to calculate the εHf(t) values. 
GJ-1 was used as the primary standard for acquisition 
also for Hf isotopic data, 91500 as the secondary stand-
ard. εHf(t) values and Hf model ages were calculated 
using the methods of Bouvier et  al. (2008) and Griffin 
et al. (2002), respectively.

4.3  Whole–rock geochemical analysis
Whole-rock major and trace element compositions 
were determined by X-ray fluorescence (XRF-1800; Shi-
madzu) on glass discs fused with lithium tetraborate and 
inductively coupled plasma mass spectrometry (Agi-
lent 7500ce) at Beijing Createch Test Technology Co. 
Ltd., too. Prior to analysis, all samples were trimmed to 
remove weathered surfaces before being cleaned with 
deionized water and crushed to 200 mesh in an agate 
mill. Sample powders (~ 40  mg) were digested using 
 HNO3 and HF acids in Teflon bombs. Loss-on-ignition 
(LOI) values were measured after heating 1 g of sample 
in a furnace at 1000 °C for several hours in a muffle fur-
nace. The precision of the XRF analyses is within ± 2% for 
the oxides greater than 0.5 wt% and within ± 5% for the 
oxides greater than 0.1 wt%.

For trace element determinations, sample powders 
(about 50  mg) were dissolved in Teflon bombs using a 
HF + HNO3 mixture for 48 h at about 190 °C. The solu-
tion was evaporated to incipient dryness, dissolved by 
concentrated  HNO3 and evaporated at 150  °C to dis-
pel the fluorides. After being redissolved in 30%  HNO3 
overnight, the samples were diluted to about 100  g for 
analysis. An internal standard solution containing the 
element Rh was used to monitor signal drift during 
analysis. Analytical results for USGS standards for ICP-
MS (Jochum et  al. 2005), the USGS reference glasses 

GSA‐1G, GSC‐1G, GSD‐1G, GSE‐1G, BCR‐2G, BHVO‐
2G and BIR‐1G were investigated by different analytical 
techniques. Trace element data obtained from the differ-
ent analytical techniques agreed within an uncertainty of 
1–5%, indicating that the results between different meth-
ods are similar. Therefore, the preliminary working values 
for the four USGS GS glasses calculated from these data 
have a low level of uncertainty.

5  Results
5.1  Zircon U–Pb dating
Three samples were prepared for zircon U–Pb dating 
analysis from porphyric metagranites. The representative 
zircon CL images of each sample are shown in Fig. 4. The 
zircon U–Pb dating results are listed in Table 1 and plot-
ted in Fig. 5.

Zircons from sample WW35A are mainly euhedral and 
prismatic (80–160  μm), with aspect ratios of 2:1 to 4:1. 
The CL images of these zircons display that most of them 
have clear oscillatory zoning (Fig. 5a). Forty zircon grains 
were analyzed. Their Th/U ratios range between 0.11 and 
0.87, supporting a magmatic origin. Thirty-four spots 
yield a lower intercept age of 272.0 ± 1.8 Ma and thirty-
three concordant analyses yield a mean 206Pb/238U age of 
272.2 ± 1.3 Ma (MSWD = 0.22) (Fig. 5a), which is consid-
ered to be the crystallization age of the granite intrusion. 
One inherited zircon grain with a distinct round core 
and narrow rim gives a 206Pb/238U age of 946 ± 12  Ma 
in the core. The younger Triassic age (mean 206Pb/238U 
age of 247.2 ± 8.6  Ma, n = 5) is considered to represent 
the disturbing of later magmatic or metamorphic event 
(Table 1). The five zircons also display oscillatory zoning, 
their Th/U ratios range between 0.2 and 0.61.

The analyzed zircon grains from sample WW58A are 
colorless and/or pale, transparent, and commonly euhe-
dral with sizes ranging from 50 to 140  μm and length 
to width ratios of 3:2 to 4:1. Most zircon grains show 
oscillatory zoning, some grains show a thin dark rim in 
CL images (Fig.  5b). The main group of zircons exhibit 
Th/U ratios ranging between 0.18 and 0.59, indicating 
that they are of magmatic origin. Sixteen analyses of U–
Pb ages yield a mean 206Pb/238U age of 267.6 ± 2.9  Ma 
(MSWD = 0.63) and a concordia age of 267.5 ± 4.0  Ma 
(Fig.  5b). This age is interpreted as the crystallization 
age of the granite intrusion. Four zircons give Carbonif-
erous and Early Permian ages indicating an earlier mag-
matic event. A grain has a Variscan age (346.8 ± 6.6 Ma), 
two zircon grains give pan-African ages (594 ± 16, 
627 ± 11 Ma), one grain has an age of 978 ± 17 Ma, other 
older, but discordant zircons show information on Early-
Middle Proterozoic events.

Zircon crystals from sample SG3A are euhedral, 
transparent in color, with sizes ranging from 50 to 
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100 μm, and mainly rounded in shape except for a few 
prismatic zircon grains (Fig. 5c). The oscillatory growth 
zoning and relatively high Th/U ratios (mostly ~ 0.2–
0.9) indicate their magmatic origin. We thus interpret 
this date as being the crystallization age of the granite. 
The ages of 51 zircon grains define a weighted mean 
206Pb/238U age of 268.6 ± 2.3 Ma with an MSWD of 1.17 
and an intercept age of 268.0 ± 2.3 Ma. Another group 
of (n = 7) give a mean 206Pb/238U age of 230.9 ± 4.4 Ma 
(MSWD = 0.47), measured on rims of both elongate 
and equant zircons, their Th/U ratios are very low typi-
cally for metamorphic zircons (Hoskin and Schalteg-
ger 2003; Rubatto 2017) potentially indicating a Late 

Triassic metamorphic overprint. Two inherited zircons 
(996 ± 25  Ma; 2029 ± 75  Ma) show similar ages with 
sample WW58A.

5.2  In situ Lu–Hf zircon isotopic compositions
In situ Lu–Hf zircon isotopic composition analysis was 
conducted on the representative middle Permian zir-
con grains from two samples dated by the zircon U–Pb 
method. Only magmatic zircon grains were analyzed. 
Therefore, initial Hf isotope compositions were calcu-
lated using the crystallization age determined for each 
sample (see Section  4.2). The results are presented in 
Table  2 and plotted in  Fig.  6. The  176Hf/177Hf(t) ratios 

Fig. 4 Representative cathodoluminescence images of zircon grains from porphyric metagranite (Grobgneis) samples. The locations of laser spots 
(red and blue circles for U–Pb and Lu–Hf analyses, respectively) are indicated
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of magmatic zircons from sample WW35A range from 
0.282500 to 0.2826073, corresponding to εHf(t) of − 4.2 
to − 0.6 (Fig. 6 and Table 2), and the corresponding crus-
tal model ages range from 1.31  Ga to 1.54  Ga. Sample 
SG3A shows a tighter range of zircon 176Hf/177Hf(t), from 
0.282499 to 0.282563 equivalent to εHf(t) of − 4.54 to 
− 2.34, and the corresponding crustal model ages range 
from 1.43 to 1.56 Ga (Fig. 6 and Table 2). 

5.3  Whole‐rock major and trace element data
Whole-rock major and trace element compositions of the 
representative samples are listed in Table 3. All samples 
plot into the granite field, near the boundary of quartz-
syenite and granite field of the total alkalies-silica (TAS) 
diagram (Fig. 7a).

All samples have high  SiO2  (69.83–72.55  wt%), 
 Na2O + K2O (8.24–9.88  wt%),  K2O contents (4.60–
6.25  wt%) with  K2O/Na2O ratios from 1.20 to 1.79 and 
high normative corundum (1.24–1.90%), displaying a 
trend of high-K calc–alkaline to shoshonitic series (Fig. 7b 
and c). Their A/CNK  (Al2O3/(CaO + Na2O + K2O) mol.) 
and A/NK  (Al2O3/(Na2O + K2O) mol.) ratios range from 
1.11 to 1.19, and from 1.26 to 1.35, respectively, are simi-
lar to those of S–type granite (Fig.  7d). In addition, the 
samples show low contents of  TiO2 (0.19–0.26  wt%), 
 Fe2O3t (1.59–2.10 wt%), CaO (0.62–1.03 wt%) and MgO 
(0.33–0.51 wt%).

In the chondrite–normalized REE distribution pat-
terns, the samples exhibit enrichment of LREE and mod-
erately negative Eu anomalies (δEu = 0.28–0.81) (Fig. 8a) 
with LREE/HREE and (La/Yb)N ratios varying from 2.66 
to 4.40, and 7.61 to 13.77, respectively. All samples show 
negative anomalies of Ba, Nb, Sr and Ti, and positive 
anomalies of Cs, Rb, Th and U in the primitive mantle-
normalized multi–element variation diagram (Fig. 8b).

6  Discussion
6.1  Age of the porphyric metagranites (Grobgneis)
This LA-ICP-MS zircon study of porphyric metagranites 
from three widely spaced localities within the Raabalpen 
basement of the Lower Austroalpine unit has comple-
mented an ambiguous question about the age and origin 
of these rocks. Considering the age and composition of 
the studied samples and the wide distribution of similar 
coeval volcanic rocks (Permian porphyroids, Fig. 2) in the 
Lower Austroaline unit, it is now evident that the por-
phyric metagranites are part of a large Middle Permian 
granitoid belt, extending from the Western Alps through 
the Eastern Alps to the Western Carpathians.

The dated porphyric metagranites with ages of 
272.2 ± 1.3 Ma, 267.7 ± 2.9 Ma, 268.6 ± 2.3 Ma, are much 

Fig. 5 LA-ICP-MS zircon U–Pb Concordia diagrams and weighted 
mean 206Pb/238U ages for the dated samples (WW35A, WW58, SG3A)
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younger than previously assumed. Indeed, on geologi-
cal grounds, the  metagranite  protoliths previously have 
been assigned to Carboniferous (Neubauer et  al. 1992 
and references therein). Similar Permian ages from a por-
phyric metagranite (271 ± 7 Ma) and from a leucophyllite 
(271 ± 6  Ma) were reported from the Miesenbach val-
ley (2 km NE of Birkfeld, Fig. 2) (Chen et al. 2020) in the 
same unit. These geochronological data reveal that the 
porphyric metagranite in the Lower Austroalpine unit 
was emplaced in Middle Permian. The age is the same 
within error as the 264 ± 7 Ma-age of an associated gab-
bro determined by the Sm–Nd method (Schuster et  al. 
2001b). These gabbros represent only a very small vol-
ume but indicate bimodal magmatism.

Although occurring in few zircon, one sample give a 
pan-African event from inherited zircon, another few 
grains in all samples give the Early and Middle Prote-
rozoic information. Those inherited zircons potentially 
indicate the protolith ages. A few of the igneous zircons 
from sample WW58 give the Carboniferous and Early 
Permian ages, those zircons interestingly correspond to 
the Rb–Sr whole-rock isochrone of 338 ± 12 Ma (Neu-
bauer et al. 1992; Schermaier et al. 1997 and references 
therein). The source of Grobgneis-type porphyric meta-
granites probably is derived from the partial melting of 
paragneiss and schist in the Raabalpen basement. Addi-
tionally, the three samples also include variable Triassic 
ages. Rb–Sr ages of white mica from the granite yield 
cooling ages of 231  Ma (Tropper et  al. 2007), which 
correspond to a zircon age population of ~ 230.9 Ma, it 
indicates that a Middle Triassic tectonothermal event 
exist in the Lower Austroalpine unit. We explain it to 
correspond to the second extensional event in Eastern 

Alps, which finally led to the opening of the oceanic 
Meliata basin (Neubauer et al. 2018).

6.2  Origin and source nature of the Grobgneis porphyric 
metagranites

Grobgneis porphyric metagranites of the Lower Aus-
troalpine unit are widespread, however, their origin 
and source still unclear. According to different magma 
sources and formation mechanisms, granitoids in the 
Earth’s continental crust are genetically divided into M-, 
I-, S- and A-types (Bonin 2007; Chappell and White 2001; 
Frost et al. 2001). Grobgneis metagranites are composed 
of quartz, K-feldspar, plagioclase, muscovite, biotite, and 
garnet, lacking hornblende that is characteristic of I-type 
granite or aluminum-rich minerals that are characteris-
tic of S-type granite (Chappell and White 1974; Miller 
1985). In the [Zr + Nb + Ce + Y] versus FeOt/MgO dis-
crimination diagram (Fig.  9a), samples plot in the fields 
between fractionated and M-, I-, S-type granites. They 
further exhibit many S-type granite characteristics: (1) 
a strongly peraluminous character with high A/CNK 
values ranging from 1.11 to 1.19 (Fig. 7d), and relatively 
low CaO and  Na2O contents of 0.62–1.03 wt% and 3.36–
3.85 wt%, respectively (Fig. 9b) corresponding to data of 
Schermaier et al. (1997), who interpreted the Grobgneis 
as Carboniferous S-type granite formed during Vari-
scan plate collision. These geochemical characteristics 
are consistent with a derivation of the granites from a 
sedimentary source (Chappell 1999; Chappell and White 
2001); (2) low Th and Y contents of 11.09–14.77  ppm 
and 14.38–22.90  ppm, respectively, both of which 
decrease with increasing Rb (Fig.  9c and d). This fea-
ture is frequently used as criterion to distinguish S-type 

Fig. 6 Zircon initial 176Hf/177Hf ratio (a) and εHf(t) value (b) versus age diagrams. CHUR: chondritic uniform reservoir
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Table 3 Major (wt%), trace and rare earth element (ppm) analyses of porphyric metagranites (“Grobgneis”)

Sample SG3A1 SG3A2 SG3B SG3C SG3D WW35A WW35B WW35C

SiO2 70.58 69.83 71.29 69.83 70.97 72.36 72.55 72.06

TiO2 0.19 0.19 0.22 0.20 0.20 0.24 0.24 0.26

Al2O3 15.82 16.33 15.31 16.24 15.45 14.43 14.26 14.59

Fe2O3T 1.59 1.63 1.86 1.67 1.78 1.94 1.90 2.10

MnO 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.03

MgO 0.33 0.34 0.40 0.34 0.38 0.46 0.43 0.51

CaO 0.65 1.03 0.62 1.00 0.99 0.86 0.86 0.79

Na2O 3.50 3.74 3.50 3.85 3.50 3.56 3.83 3.36

K2O 6.25 6.14 5.61 5.92 5.63 4.73 4.60 4.88

P2O5 0.13 0.13 0.13 0.14 0.13 0.19 0.19 0.19

LOI 1.28 1.08 1.36 1.27 1.27 1.15 0.97 1.20

Total 100.36 100.47 100.33 100.50 100.32 99.96 99.88 99.96

A/CNK 1.15 1.11 1.18 1.12 1.13 1.15 1.11 1.19

A/NK 1.26 1.28 1.29 1.27 1.30 1.31 1.26 1.35

V 23.04 15.55 25.53 24.16 12.66 24.89 28.75 30.49

Cr 2.19 2.37 6.10 2.24 1.22 17.26 1.61 8.00

Co 2.53 2.29 3.01 1.98 2.46 2.34 2.67 2.92

Ni 43.55 25.02 56.16 9.71 27.67 10.98 34.10 24.56

Ga 18.40 19.70 19.19 19.33 18.90 18.44 16.99 19.50

Rb 240.00 251.52 227.90 233.11 222.44 251.05 240.38 276.59

Sr 89.07 106.24 76.45 100.41 89.62 65.01 65.34 63.91

Y 14.38 22.90 14.50 22.02 22.20 19.07 19.49 18.91

Zr 139.11 128.58 162.51 144.01 145.56 129.56 123.09 136.59

Nb 10.73 11.20 12.87 11.41 11.20 15.67 15.89 17.02

Cs 4.15 4.48 4.19 4.20 4.27 7.56 7.76 7.81

Ba 461.20 498.39 387.53 414.38 392.97 284.75 252.07 297.59

La 19.71 30.18 19.99 26.23 27.28 24.76 27.46 28.06

Ce 55.20 63.82 63.82 58.48 58.87 56.54 65.32 62.76

Pr 5.20 7.36 5.50 6.66 6.98 6.04 6.70 6.70

Nd 18.14 26.49 18.85 23.88 24.91 22.39 24.68 24.85

Sm 3.90 5.70 4.09 5.14 5.38 4.63 5.03 5.17

Eu 0.58 0.87 0.57 0.78 0.76 0.53 0.55 0.54

Gd 2.96 4.51 3.00 4.28 4.34 3.90 4.09 4.18

Tb 0.50 0.72 0.51 0.68 0.69 0.60 0.61 0.61

Dy 2.86 4.14 3.01 3.98 4.04 3.43 3.43 3.39

Ho 0.52 0.75 0.54 0.73 0.74 0.63 0.62 0.60

Er 1.52 2.15 1.59 2.09 2.12 1.81 1.73 1.64

Tm 0.23 0.31 0.24 0.30 0.30 0.25 0.24 0.22

Yb 1.57 1.97 1.63 1.96 1.94 1.61 1.57 1.43

Lu 0.22 0.27 0.23 0.27 0.27 0.23 0.21 0.19

Hf 3.80 3.49 4.44 3.88 3.92 3.61 3.41 3.70

Ta 1.00 1.01 1.16 1.05 1.02 1.82 1.86 1.92

Th 11.09 12.20 13.37 12.25 12.23 14.16 14.42 14.77

U 3.11 3.83 3.50 3.93 3.78 3.84 4.12 3.65

(La/Yb)N 13.77 8.29 8.36 14.45 7.47 7.61 10.37 9.67

Eu/Eu* 0.59 0.59 0.81 0.75 0.28 0.67 0.75 0.70

ΣREE 113.11 149.26 123.57 135.45 138.63 127.34 142.24 140.36

M 1.30 1.38 1.26 1.37 1.32 1.26 1.31 1.22

TZr 782 770 799 780 785 779 771 786
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from I-type granites (Chappell 1999); (3) the presence of 
inherited zircon grains and the Al-rich minerals musco-
vite and garnet (Figs. 3, 4; Table 1) are typical for S-type 
granites (Clemens 2003; Healy et al. 2004); (4) in accord-
ance with the method proposed by Watson and Harrison 
(1983), the granites from the samples yield zircon satu-
ration temperatures with a range of 769 to 798  °C with 
an average of 780  °C (Table  3a). Low zircon saturation 
temperatures are interpreted to represent the maximum 
temperature of the granitic protolith magma, which are 

consistent with those of S-type granites (Chappell and 
White 1974; Miller et al. 2003).

Furthermore, the studied zircon grains from the sam-
ples show  εHf(t) values of − 4.37 to − 0.6, with TDM2 
values of 1.31–1.55  Ga, which suggests that the zir-
con grains and thus the granitic magma were derived 
by reworking of older sedimentary or metamorphic/
magmatic continental crust. Based on the above petro-
graphic, geochemical and isotopic distinctions, we con-
clude that the protoliths of the Permian metagranite in 

Table 3 (continued)
A/NK = Al2O3/(Na2O + K2O) (mol %); A/CNK = Al2O3/(CaO + Na2O + K2O) (mol %)

TZr (Zircon saturation temperatures, in °C) = 12900/[2.95 + 0.85 × M + ln(496000/Zrmelt)]−273, in here M = [(Na + K + 2Ca)/(Al × Si), all in cation fraction]

Fig. 7 Geochemical classification diagrams for the samples. a Total alkalies vs.  SiO2 diagram (Middlemost 1994); b  SiO2 vs.  K2O diagram (Rickwood 
1989); c  SiO2 vs.  Na2O + K2O + CaO diagram (Frost et al. 2001); and d A/CNK versus A/NK diagram (Maniar and Piccoli 1989)
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the Raabalpen basement are S-type granites. Addition-
ally, a S-type granite affinity of the metagranites in the 
Sopron Hills complex was proposed by Chen et al. (2020) 
and Demény et al. (1997) on the basis of bulk-rock major 
and trace elements as well as Sr and O isotope geochem-
istry. Additionally, the porphyric metagranites almost 
plot in the metasediments field in the ternary CaO–
K2O/Na2O–Al2O3/(FeOt + MgO) diagram (Laurent 
et al. 2014) (Fig. 10). In conclusion, the Permian granitic 
magmatism in the Raabalpen basement area was strictly 
crust-derived.

6.3  Geodynamic setting and paleogeographic 
implications

A series of tectonic models has been proposed for Per-
mian geodynamics of the Alps. This contribution pre-
sents geochronological constraints (LA-ICP-MS U–Pb 
dating of zircon) on porphyric metagranites preserved in 
the Lower Austroalpine unit, Eastern Alps. This is a cru-
cial record for Permian geodynamics.

The Permian evolution in the Alpine realm has already 
been interpreted as due to underplating of the lower crust 
by extensive gabbroic intrusions and associated rifting 
in the Permian (Peressini et  al. 2007; Miller et  al. 2011; 
Manzotti et  al. 2017, Manzotti et  al. 2018; Marotta and 
Spalla 2007;  Petri et  al. 2017). However, Schuster et  al. 
(2001b) reviewed the Permian–Triassic thermal event in 
the Southalpine and Austroalpine units based on many 
references at that time, and argued that the extensional 
mechanism attribute to the northward subduction of the 
Paleotethys, corresponding with the back-arc extension 
model of Stampfli and Kozur (2006). Alternative view is 
that the event has been related to the opening of the Neo-
tethys Ocean (Cassinis et  al. 2012; Muttoni et  al. 2009). 
But we are agreeing with an intracontinental rift model 

with the opening of the Meliata oceanic rift (Neubauer 
et al. 2000; Putiš et al. 2016; Plašienka 2018), some lines 
of evidence support this argument. The Permian gran-
ite-dominated bimodal magmatism of the Raabalpen 
Complex argues for a rift setting as well as the Middle 
Permian timing of magmatism coeval with volcanism 
associated with post-Variscan clastic sediments, e.g. the 
acidic Roßkogel volcanics overlying the northern margin 
of the Raabalpen Complex (Fig.  2). In the extra-Alpine 
Variscan massifs (Massif Central, Schwarzwald, Bohe-
mian Massif ), Permian granites are very rare (Finger et al. 
2003) whereas granites of this age are almost ubiquitous 
in the Alps, such as the Western Alps (e.g. Decarlis et al. 
2013; Ballèvre et al. 2018), Southern Alps (e.g. Schalteg-
ger and Brack 2007) and the Eastern Alps (e.g. Schuster 
et al. 2001a, b; Knoll et al. 2018). Permian granitoids can 
be traced to the Western Carpathians (Finger et al. 2003; 
Broska and Kubiš 2018). This comparison is aided by the 
detailed tectonic and geochronological constraints avail-
able for the Western Carpathians. In recent years, many 
scholars conduct the age, geochemistry and origin of the 
Permian granitoids (e.g. Broska and Kubiš 2018; Finger 
and Broska 1999; Kohút and Stein 2005; Radvanec et al. 
2009 and references therein) and extrusive equivalents 
(e.g., Pelech et  al. 2017; Putiš et  al. 2016; Spišiak et  al. 
2018; Vozarova et  al. 2016 and references therein) pre-
served in the West Carpthian (Uher et  al. 2002). Also, 
Permian felsic volcanic rocks in the Tisza Mega-unit 
also interpreted be formed in the extensional setting 
succeeding the post-collisional environment (Ondrejka 
et al. 2018; Szemerédi et al. 2020). Moreover, there seems 
to be a considerable time gap between the Variscan and 
the Permian granites (Finger et al. 2003), the magmatism 
should be considered post-orogenic since the orogenic 
activity in the Variscan belt terminated at the end of the 

Fig. 8 a Chondrite–normalized REE patterns and b primitive–mantle normalized trace element diagrams for the samples from the Grob-gneiss. 
Chondrite– and mantle–normalization values are from (Boyton 1984) and (Sun and McDough 1989), respectively
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Westphalian (Dal Piaz 1993; Ziegler 1993) and upper-
most Carboniferous intramontane molasse is widespread 
in the Austroalpine and eastern part of the Southalpine 
domains (Krainer 1993). The most striking argument is 
that post-Variscan sedimentary successions start with an 
angular unconformity and e.g. the Middle Permian Bozen 
porphyry of the Southalpine units are part of the post-
Variscan cover successions started within Late Carbon-
iferous (Hubmann et  al. 2014; Krainer 1993). Therefore, 
these Permian granites in the eastern Austroalpine unit 
obviously indicate a new tectonomagmatic cycle in the 
Alpine pre-Mesozoic basement, and are not related to 
the collapse of the Variscan orogen. In some extra-Alpine 
Variscan basement areas Permian magmatism and low-
pressure metamorphism also occurred, there explained 
as post-Variscan collapse (Villaros et al. 2018).

Fig. 9 a Zr + Nb + Ce + Y versus  FeOT/MgO diagram (after Whalen et al. 1987), b  FeOT versus CaO diagram (after Chappell and White 2001), c Rb 
versus Th diagram and d Rb versus Y diagram. The S- and I-type trends are after Chappell (1999) for the Permian porphyric metagranites in the 
Raabalpen unit

Fig. 10 Ternary CaO–K2O/Na2O–Al2O3/(FeOt + MgO) diagram 
(Laurent et al. 2014)
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As a whole, Permomesozoic syn-rift sequences are 
spread in overall the Eastern Alps (Neubauer et al. 2018). 
E.g., the Wechsel window below the Raabalpen base-
ment was filled by a contemporaneous halfgraben vol-
canic-sedimentary basin (Faupl 1970) (Fig.  11). On the 
basis of the development of Permian sedimentary units 
with similar successions of the Carnic Alps and South 
Karawanken of the eastern Southalpine unit, Neubauer 
(2016) argued that rifting started already during the Early 
Permian, and a major extensional event occurred during 
the Early Permian separating Lower and Upper Permian 
carbonate platforms (Schaffhauser et  al. 2015). In Aus-
troalpine units, rifting occurred later, and the response of 
lower crust to rifting also includes mafic and acidic mag-
matism, high-temperature/low-pressure metamorphism 
(Neubauer 2016; Schuster et  al. 2001b; Thöni 1999). In 
the upper crust, the poorly dated rift-onset unconformity 
formed in Early or Middle Permian and resulted in N-S 
to NE-SW striking halfgrabens filled with up to 1.5  km 
thick terrestrial clastics (Neubauer 2016; Neubauer 
et al. 2018). Permian to Triassic ductile shear zones with 
40Ar/39Ar sericite ages of 239 and 267 Ma are potentially 
correlated with these signatures of extensional tectonics 
(Liu et al. 2001; Neubauer 2016). Age, type and distribu-
tion of lower crustal magmatism allows correlation with 
upper crustal rift basin infill and therefore correlation of 
detached pieces within the Austroalpine thrust wedge.

Finally, it should be noted that the porphyric meta-
granites occur only in the Lower Raabalpen basement 
complex and its equivalent Stuhleck-Kirchberg nappes. 
However, the overlying Middle and Upper Austroalpine 

nappes does virtually not contain Permian (meta)granites 
except such in southernmost Pohorje Mts. (Chang et al. 
this issue) hinting towards asymmetric rifting, also the 
Lower Austroalpine unit did not juxtapose Middle and 
Upper Austroalpine Unit in that time (Fig. 12). Haas et al. 
(2020) argued for Jurassic strike-slip to explain juxtaposi-
tion of far travelled units in the course of closure of the 
Meliata ocean and coeval opening of the Penninic Ocean.

7  Conclusions
On the basis of our new LA–ICP–MS zircon U–Pb ages 
and Hf isotopic compositions, as well as whole-rock geo-
chemical data on metagranitoid rocks in the Raabalpen 
basement, the following conclusions can be derived:

(1) LA–ICP–MS zircon U–Pb data reveal that 
the “Grobgneis”-type porphyric metagranite in the 
Raabalpen basement, Lower Austroalpine Unit, was 
emplaced at about ~ 266- ~ 272  Ma, overprinted by the 
Triassic tectono-thermal events.

(2) The “Grobgneis”-type porphyric metagranites are 
strongly peraluminous (i.e., typical S-type granites) char-
acterized by high A/CNK values (≥ 1.11), high normative 
corundum (1.24–1.90%), moderately negative Eu anoma-
lies (Eu/Eu* = 0.28–0.81), and strong negative Ba, Nb, Sr, 
P and Ti anomalies.

(3) Petrography and whole-rock geochemical data cou-
pled with Hf isotopic compositions (εHf(t) = −4.37 to 
− 0.6) indicate that the protolith derived from recycled 
continental crustal materials.

(4) We propose rift-related magmatism during the 
Permian in the Lower Austroalpine unit rather than a 

Fig. 11 Schematic diagram showing the tectonic setting of the Permian event in the Raabalpen-Wechsel areas
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subduction-related tectonic setting. The continental 
rifting phase giving rise to this magmatism marks the 
embryo of the new orogenic cycle. The Permian magma-
tism coeval with the regional Permian metamorphism is 
interpreted as resulting from rifting, heralding the open-
ing of the Meliata Ocean in the Eastern Alps and West 
Carpathians.
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