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Abstract 

Many metamorphosed basement complexes in the Alps are polymetamorphic and their origin and geological his-
tory may only be deciphered by detailed geochronology on the different members including oceanic elements like 
ophiolites, arc successions, and continental passive margin successions. Here we present a case study on the Lower 
Austroalpine Variegated Wechsel Gneiss Complex and the overlying low-grade metamorphosed Wechsel Phyllite 
Unit at the eastern margin of Alps. The Wechsel Gneiss Complexes are known to have been overprinted by Devo-
nian metamorphism, and both units were affected by Late Cretaceous greenschist facies metamorphism. New U–Pb 
zircon ages reveal evidence for two stages of continental arc-like magmatism at 500–520 Ma and 550–570 Ma in the 
Variegated Wechsel Gneiss Complex. An age of ca. 510 Ma of detrital zircons in metasedimentary rocks also constrain 
the maximum age of metasedimentary rocks, which is younger than Middle Cambrian. The overlying Wechsel Phyllite 
Unit is younger than 450 Ma (Late Ordovician) and seems to have formed by denudation of the underlying Variegated 
Wechsel Gneiss Complex. We speculate on potential relationships of the continental arc-type magmatism of the Var-
iegated Wechsel Gneiss Complex and potential oceanic lithosphere (Speik complex) of Prototethyan affinity, which is 
also preserved in the Austroalpine nappe complex. The abundant, nearly uniform 2.1 Ga- and ca. 2.5 Ma-age signature 
of detrital zircons in metasediments (paragneiss, quartzite) of the Variegated Wechsel Gneiss Complex calls for Lower 
Proterozoic continental crust in the nearby source showing the close relationship to northern Gondwana prominent 
in West Africa and Amazonia.
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1  Introduction
As known for a long time, the Austroalpine nappe com-
plex of Eastern Alps and Western Carpathians contains 
two major basement units, which collided during the 
Variscan orogeny (e.g., Neubauer and Frisch 1993; Putiš 
et  al. 2009; Vozárová et  al. 2012, 2017). These include 
(1) a nearly unmetamorphic Gondwana-derived fossil-
rich unit, which represents an Ordovician back-arc and 

a Devonian passive margin (Loeschke and Heinisch 
1993; Schönlaub and Heinisch 1993; Neubauer and Sassi 
1993); and (2) amphibolite-grade metamorphic units, 
which were fully affected by Variscan amphibolite-grade 
metamorphism including Devonian, early Variscan high-
pressure metamorphism (Thöni 1999, 2006; Neubauer 
et al. 1999) (Fig. 1a). Some of these units are considered 
to represent, in major portions, a poorly dated magmatic 
arc system with intermediary and acidic orthogneisses 
(Schulz et  al. 2004, 2008; Siegesmund et  al. 2007, 2018; 
Mandl et al. 2018). Among these, the Lower Austroalpine 
Monotonous and Variegated Wechsel Gneiss Complexes 
of the Wechsel window shows Devonian pressure-domi-
nated metamorphism in upper greenschist metamorphic 
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Fig. 1  a Location of the Wechsel window within the Eastern Alps. b Lower Austroalpine units at the eastern termination of Eastern Alps
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conditions (Müller et  al. 1999). On the other hand, 
several amphibolite-grade metamorphosed ophiolite 
successions were reported from the Austroalpine base-
ment, too (Neubauer et al. 1989). The temporal relation-
ship between potential arc successions and ophiolites 
is poorly known, mostly because missing protolith ages 
make any correlation between ophiolites and arc succes-
sions speculative.

In this contribution, we report the first protolith ages 
and geochemical constraints for both the Variegated 
Wechsel Gneiss Complex and the Wechsel Phyllite Unit 
and demonstrate two stages of Late Ediacaran and Cam-
brian arc magmatism. Based on detrital zircon ages of 
accompanying country rocks including feldspar-rich 
porphyroblastic albite-paragneisses we also show dis-
tinct Neoproterozoic to Cambrian age populations and a 
prominent nearby Early Proterozoic continental source. 
We finally discuss the paleogeographic and tectonic 
implications of these findings.

2 � Regional geological setting
The Wechsel window exposes the deepest Austroalpine 
structural unit and contains two different pre-Alpine 
basement complexes, the Wechsel Gneiss Complex with 
the overlying Wechsel Phyllite Unit along its northwest-
ern margin and the Waldbach-Vorau Complex (Faupl 
1970a; Vetters 1970; Herrmann et al. 1991; Kreuss 2015; 
Fig. 1b). Both units are covered by a low-grade metamor-
phosed Permian to Upper Triassic siliciclastic-dolomitic 
cover strata (Angeiras 1967; Faupl 1970a, b; Vetters 1970; 
Tollmann 1977), which separates the Wechsel window 
from the overlying Kirchberg-Stuhleck nappe with its 
entirely different orthogneiss-rich basement dominated 
by Upper Paleozoic porphyric granite gneisses, the 
“Grobgneis” (Yuan et  al. 2020). Along its western part, 
a small slice of Permian siliciclastic rocks also separates 
the Wechsel Gneiss Complex from the Waldbach-Vorau 
Complex (Huska 1970; Vetters 1970).

The geology of the study area is shown in two detailed 
geological maps (Herrmann et  al. 1991; Kreuss 2015). 
The Wechsel basement within the Wechsel window 
comprises three units from base to top (Figs.  1b, 2, 3): 
(1) the Monotonous Wechsel Gneiss unit, (2) the Var-
iegated Wechsel Gneiss unit, and (3) the Wechsel Phyl-
lite Unit (“Wechselschiefer” of Faupl 1970a; Neubauer 
and Frisch 1993). In the field, albite porphyroblasts with 
sizes of 3–8 mm (Fig. 4) represent the most pronounced 
feature of both Monotonous and Variegated Wechsel 
Gneiss units (Richarz 1911; Mohr 1912, 1913; Schwin-
ner 1932; Faupl 1970a, b; Huska 1971; Neubauer 1983; 
Neubauer and Frisch 1993), and the distinction between 
Monotonous and Variegated Wechsel Gneiss Complex 
was mapped and proposed by Neubauer (1983), (1994). 

The rocks have been described by several studies includ-
ing Angeiras (1967), Faupl (1970a, b) and Vetters (1970). 
Both Montonous and Variegated Wechsel Gneiss Com-
plexes include the ubiquitous albite porphyroblasts with a 
volume percentage of 20 to 40 percent in paragneiss and 
mafic rocks, the presence of chlorite in paragneiss and 
chlorite ± epidote and amphibole in mafic rocks, and the 
nearly complete obliteration of any primary feature. The 
Monotonous Wechsel Gneiss Complex includes mainly 
paragneiss and only few greenschist lenses (Fig.  2), 
whereas garnet-micaschist, orthogneiss, many mafic 
lenses, a single folded layer of a white quartzite, often 
slightly dark-coloured paragneisses and black micaschist 
and black quartzite characterize the overlying Variegated 
Wechsel Gneiss Complex (Figs.  2, 3). The boundary of 
both complexes are folded in map-scale overturned folds 
(Fig. 2).  

The nature of the boundary between the Wechsel 
Gneiss Complexes and the Wechsel Phyllite Unit, tec-
tonic or primary, remains unclear because of poor expo-
sure (Faupl 1970a). In the northwestern Wechsel window, 
there is solely a difference in the content of porphyrob-
lastic albite and a large difference in grain size between 
these two units. Further south, there is a significant dif-
ference between the higher-grade epidote–amphibolite 
to higher greenschist facies metamorphism with coarse 
albite porphyroblasts of the Variegated Wechsel Gneiss 
Complex and the Wechsel Phyllite Unit with its fine-
grained phyllitic rocks metamorphosed within lower 
greenschist facies conditions. Within the northwestern 
Wechsel, Faupl (1970a) distinguished a ca. 180  m thick 
Lower Wechsel Phyllite Fm. from the Upper Wechsel 
Phyllite Fm (Fig.  3). The Lower Wechsel Phyllite Fm. 
contains mostly fine-grained feldspar- and chlorite-rich 
metatuffaceous rocks, the Upper Wechsel Phyllite Fm. 
black phyllites and quartz-phyllites with less volcanic 
input (Faupl 1970a).

In the Variegated and Monotonous Wechsel Gneiss 
Complexes exposed along the eastern edge of the Wech-
sel window, Müller et al. (1999) found evidence for Devo-
nian (ca. 375  Ma) pressure dominated metamorphism, 
based on the high phengite content of white mica and 
Rb–Sr and Ar–Ar ages of coarse-grained white mica 
(150–300  µm). Further Ar–Ar and Rb–Sr ages of fine-
grained white mica (100–125  µm) peculiarly in shear 
zones overprinting the earlier coarse-grained fabric in 
the eastern Wechsel window, two stages of low-grade 
(< 350  °C) metamorphic overprints (270–240  Ma and 
70–80 Ma) were found (Müller et al. 1999). The dates of 
270–240 Ma remain unclear and overlap in time with the 
age of the Permian to Lower Triassic cover succession. 
The Late Cretaceous metamorphic stage (70–80  Ma) 
affected the Permian to Triassic cover succession, too, 
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and is directly related to Early Alpidic nappe stacking 
associated with ductile shearing of the deep structural 
level contemporaneous with sedimentation in Late Cre-
taceous Gosau basins at top of the Upper Austroalpine 
units within the Austroalpine nappe complex (Neubauer 
1994).

To the south, the Variegated Wechsel Gneiss Com-
plex is structurally delimited by a ductile shear zone of 
supposed Cretaceous age from the overlying Waldbach-
Vorau Complex, which contains entirely different retro-
gressed amphibolite-grade mafic and felsic rocks (gabbro, 
metadiorite, hornblende-gneiss, augengneiss, orthog-
neiss) of entirely unknown protolith ages (Faupl 1970b; 
Huska 1970; Neubauer and Frisch 1993). The main stage 
of amphibolite facies-grade metamorphism of the Wald-
bach-Vorau Complex is believed to be Variscan, the ret-
rogressive overprint in greenschist facies is Early Alpine 

(Late Cretaceous; Dallmeyer et  al. 1996; Hoinkes et  al. 
1999).

3 � Material and petrographic description
For U–Pb zircon dating, many samples of greenschists, an 
orthogneiss sample and several samples of metasedimen-
tary rocks were collected from the Variegated Wechsel 
Gneiss Complex and low-grade rocks from the Wechsel 
Phyllite Unit (Table  1; for locations, see Figs.  1b, 2). We 
selected samples from the Variegated Wechsel Gneiss 
Complex because of its high variety of lithologies includ-
ing mafic rocks and an orthogneiss body. The Monoto-
nous Wechsel Gneiss Complex is exposed in the structural 
footwall of the Variegated Wechsel Gneiss Complex and 
includes only some greenschist lenses close to its north-
ern margin (Fig.  2). Only one sample of a mafic rock of 
the Variegated Wechsel Gneiss Complex yielded suffi-
cient zircons for dating (WW-26A, epidote–amphibolite). 

Fig. 2  Geological map of the southern Wechsel window and sample locations (mapped by Neubauer (1983), after compilation of Kreuss (2015))
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Furthermore, a leucocratic orthogneiss (WW-27) and 
four metasedimentary rocks, including various types of 
albite-paragneisses (WW-16, WW-21, WW-25), and a 
quartzite sample (WW-19A) from the Variegated Wech-
sel Gneiss unit were suited for U–Pb dating, as were three 
plagioclase-rich, metatuffaceous samples from the Lower 
(samples WW-31A, WW-32A, WW-34A) and one of the 
Upper Wechsel Phyllite Fms. (WW-33A).

In the following, the typical rock types are described, 
particularly the ones used for U–Pb zircon dating and for 
geochemical analysis. Sample locations and mineralogy 
are summarized in Table 1 and representative photomi-
crographs are shown in Additional file  1: Figure S1 and 
Additional file 2: Figure S2.

3.1 � Variegated Wechsel Gneiss Complex
Epidote–amphibolite and greenschist with albite por-
phyroblasts (Additional file  1: Figure S1b): The mineral 
assemblage contains albite, chlorite, amphibole, epidote, 
quartz, garnet, and opaque ores. These rocks always con-
tain variable amounts of ovoid-shaped albite porphyrob-
lasts and are characterized by the assemblage amphibole 
and chlorite. The foliation is often well developed. 
Amphibole has nearly no inclusions in contrast to the 
inclusion-rich albite porphyroblasts.

Epidote–amphibolite without albite porphyroblasts 
(Additional file  1: Figure S1h): Amphibole, clinozoisite, 
garnet, chlorite, albite, quartz, ilmenite and titanite are 
the main and minor minerals. These minerals form a 
massive fabric with clinozoisite and garnet porphyro-
blasts bearing many inclusions. Garnet (up to 3  mm in 
size) includes a folded internal fabric of small amphi-
bole, chlorite and quartz grains, whereas texturally 
zoned clinozoisite (1–1.5 mm in size) includes only small 
amphibole grains. The matrix is mainly made of amphi-
bole (mainly 0.3 mm in size), chlorite, albite, quartz and 
titanite.

Orthogneiss (Additional Fig. 1c): Albite and K-feldspar 
exhibit 0.5 to 1  mm large porpyphroblasts, which bear 
many inclusions (mainly quartz and sericite). The matrix 
comprises quartz and feldspar and a low amount of white 
mica and chlorite flakes.

Porphyroblastic albite-paragneiss (Additional file  1: 
Figure S1a, b, e): The porphyroblastic albite-paragneiss 
represents the most common rock type and several sam-
ples have been investigated. In general, these rocks, e.g. 
sample WW-21, comprise ca. 40 percent xenomorphic 
ovoid, several mm large albite porphyroblasts, which 
always have an internal foliation different from the exter-
nal one. The inclusions (size ca. 0.05–0.1 mm) are white 
mica, quartz, albite, chlorite, epidote, titanite, allanite, 
opaque minerals (e.g., ilmenite), zircon, apatite and rare 
garnet. The matrix consists of dominantly ca. 0.3  mm 
long chlorite flakes, well annealed quartz with triple junc-
tions and straight grain boundaries, albite, and few biotite 
grains.

Dark-colored porphyroblastic albite paragneiss: It 
consists of albite, garnet, quartz, white mica, and chlo-
rite. Albite porphyroblasts (ca. 0.5–1 mm in size) con-
tain inclusions of quartz, albite, and white mica. The 

Fig. 3  Lithostratigraphic section of the Wechsel basement (modified 
from Neubauer et al. (1992))

Fig. 4  Representative photographs of a typical 
porphyroblast-bearing Wechsel Gneiss. The rock is cut parallel to the 
stretching lineation and perpendicular to the foliation. The short axis 
of the image is ca. 4 cm. Chl: chlorite, Pl: plagioclase, Qz: quartz, Pl-PB: 
albite porphyroblast
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matrix consists of white mica, chlorite, quartz, albite 
and little graphitic material.

Quartzite: The quartzite contains quartz, sericite, 
zircon, opaque minerals. The well annealed quartz fab-
ric shows some grain boundary migration (Additional 
file 1: Figure S1g). Small sericite flakes occur at straight 
grain boundaries and obviously controlled the size of 
polygonal quartz grains.

Garnet-chlorite schist: This schist contains plagioclase, 
quartz, chlorite, epidote, garnet, opaque ore minerals. All 
grains have a similar size of 0.05–0.1 mm.

3.2 � Microfabrics of the Variegated and Monotonous 
Wechsel Gneiss Complexes

The rock fabrics and formation of albite porphyrob-
lasts in albite-porphyroblast paragneisses of both Var-
iegated and Montonous Wechsel Gneiss Complexes 

Table 1  Studied samples, their locations, mineralogy and microfabrics

Variegated Wechsel Gneiss Complex

Latitude (N) Longitude (E) Elevation (m) Mineralogy Microfabric

Magmatic protoliths

 WW-15A–D Greenschist, albite-epi-
dote–amphibolite

47° 27′ 50.80″ 15° 54′ 57.30″ 694 Albite, chlorite, amphibole, 
epidote, quartz, garnet, 
opaque ores, ± white 
mica

Amphibole-bearing green-
schist with albite porphy-
roblasts

 WW-20A–D Epidote–amphibolite 47° 27′ 32.08″ 15° 54′ 46.02″ 582 Albite, amphibole, chlorite, 
opaque ores, quartz

Well foliated epidote amphi-
bolite with albite porphy-
roblasts

 WW-26A Epidote amphibolite 47° 26′ 33.62″ 16° 02′ 44.05″ 626 Amphibole, clinozoisite, 
garnet, chlorite, albite, 
quartz, titanite

Massive fabric with clinozo-
isite and garnet porphyrob-
lasts bear many inclusions

 WW-27 Orthogneiss 47° 27′ 49.86″ 16° 02′ 43.59″ 581 Albite, K-feldspar, quartz, 
white mica, chlorite

Porpyhroblastic fabric with 
many inclusions in PB

Sedimentary protoliths

 WW-19 Quartzite 47° 27′ 54.20″ 15° 55′ 07.03″ 658 Quartz, sericite, zircon, 
opaque minerals

Well annealed quartz fabric, 
grain boundary migration

 WW-16A Dark coloured paragneiss 47° 27′ 50.80″ 15° 54′ 55.27″ 679 Albite, garnet, quartz, white 
mica, chlorite

Albite porphyroblasts, which 
bear many inclusions of 
quartz, albite, white mica. 
Matrix with white mica, 
chlorite, quartz and albite

 WW-21 Porphyroblastic albite-
gneiss (Garnet-chlorite 
schist)

47° 27′ 49.86″ 15° 56′ 46.41″ 767 Albite, chlorite, quartz, epi-
dote, titanite, white mica, 
opaque minerals

Porphyroblastic fabric. Matrix 
consists of mainly chlorite 
flakes, then quartz, albite, 
biotite

 WW-25A Albite gneiss 47° 26′ 43.99″ 16° 01′ 34.49″ 662 Albite, quartz, K-feldspar, 
sericite, garnet, white 
mica, ilmenite

Two types of small feldspar: 
(1) inclusion-free; (2) with 
many sericite and quartz 
inclusions. Matrix with 
quartz, albite, K-feldspar

Wechsel Phyllite Unit

 WW-31 Metatuffite 47°35′09.82″ 15°51′53.87″ 948 Quartz, some ovoid plagio-
clase, chlorite, white mica, 
opaque ores

Two-stage fabric with a meta-
morphic foliation and a 
late-stage pressure-solution 
cleavage

 WW-32 Chlorite-rich metatuffite N 47° 35.158′ E 15° 51.741′ 1026 Quartz, chlorite, plagioclase, 
opaque ores

Layered with thin quartz-rich 
layers and thick chlorite-rich 
layers

 WW-33 Feldspar-rich metatuff 47° 35′ 09.82″ 15° 52′25.40″ 1141 Feldspar/plagioclase, 
quartz, chlorite, epidote, 
opaques

All grains with a similar size: 
0.05–0.1 mm, feldspar-
quartz + chlorite

 WW-34A Feldspar-rich metatuffite 47° 32′ 03.88″ 15° 51′ 44.97″ 968 Quartz, plagioclase, chlorite, 
sericite

Fine-grained (ca. 0.1 mm) and 
quartz-rich; foliated.



Page 7 of 23     21 The Wechsel Gneiss Complex of Eastern Alps: an Ediacaran to Cambrian continental arc 

allow distinguish several stages of mineral growth 
(Additional file  1: Fig. S1a, b, e). On several samples 
of albite-porphyroblast gneiss, preliminary electron 
microprobe analyses were performed, too (data not 
shown). The mineral assemblage M1 includes the 
pre-porphyroblastic inclusions within albite porphy-
roblasts, which include quartz, both phengitic and 
paragonitic mica (as also observed by Müller et  al. 
1999), too, garnet, ilmenite, apatite and zircon, and 
sometimes graphitic material. Garnet shows two 
growth stages, with a bell-shaped spessartine-rich core 
and spessartine-poor but a grossular-rich rim.

The stage M2 includes albite porphyroblasts, quartz, 
white mica, chlorite and ilmenite, and garnet, garnet 
could be preserved from stage M1. These minerals are 
often in textural equilibrium, particularly well visible 
on recrystallized, strain free quartz and chlorite. Min-
eral assemblages of stage M3 developed mainly along 
local shear zones characterized by elongated quartz, 
fine sericite and chlorite. Finally, it has to be men-
tioned that subordinate garnet is common in the cen-
tral southern and eastern sectors of the Variegated and 
Monotonous Wechsel Gneiss Complexes, matched in 
mafic rocks by the presence of amphibole and epidote/
clinozoisite in the eastern part but no amphibole in the 
northwest. Consequently, a gradient with increasing 
P–T conditions from NW to SE can be envisaged.

3.3 � Wechsel Phyllite Unit
It has to be noted that the rocks of the Wechsel Phyl-
lite Unit lack the albite porphyroblasts and therefore 
no polyphase mineral growth fabric can be observed. 
Many rocks of the Wechsel Phyllite Unit show alter-
nating layering with often fine-grained feldspar and 
feldspar/quartz layers alternating with chlorite-rich 
ones. Metatuffite and chlorite-rich metatuffite from 
the Lower Wechsel Phyllite Unit contain only small 
grains of a similar size, 0.05–0.1 mm (Additional file 2: 
Figure S2a, b). The mineral assemblage includes feld-
spar/plagioclase, quartz, and variable amounts of chlo-
rite, sericite and opaque ore minerals. Some of the 
samples show alternating thin quartz-rich layers and 
thick chlorite-rich layers. Structurally, they contain a 
two-stage fabric with a metamorphic foliation S1 and a 
late-stage pressure-solution cleavage S2, which is often 
perpendicular to S1 (Additional Fig. 2a).

One sample (WW-33) is a feldspar-rich metatuffite 
from the basal part of the Upper Wechsel Phyllite Unit 
and contains mainly feldspar/plagioclase, quartz, chlo-
rite, epidote, opaque ore minerals, all with similar sizes 
of 0.05–0.1 mm.

4 � Analytical methods
4.1 � U–Pb dating analytical methods
Zircons from two representative magmatic samples 
(WW-26A, epidote–amphibolite; WW-27A, a leuco-
cratic orthogneiss), and from metasedimentary albite-
paragneisses (samples WW-16, WW-21, WW-23, 
WW-25) and a quartzite sample (WW-19A) from the 
Variegated Wechsel Gneiss unit were dated by the U–Pb 
method. From the Lower (samples WW-31A, WW-32A, 
WW-34A) and Upper Wechsel Phyllite Fms. (WW-33A), 
four plagioclase-rich metatuffaceous samples were dated.

Zircon grains were extracted from samples using con-
ventional density and magnetic separation techniques at 
the Yuneng Mineral Separation Company, Hebei Prov-
ince. Over 500 zircons were handpicked under a bin-
ocular microscope, then mounted in epoxy resin and 
polished until the grain centers were exposed. To remove 
any lead contamination, the surface was cleaned using 3% 
HNO3 prior to analysis. In order to characterize internal 
structures and to choose potential target sites for U–Pb 
dating, cathodoluminescence (CL) images were obtained 
using a Mono CL3 + microprobe. For classification of 
zircon textures and geochemical properties, we follow 
Corfu et  al. (2003), Hoskin and Schaltegger (2003) and 
Harley et al. (2007).

Measurements of U, Th, and Pb isotope data and trace 
element compositions of zircons were conducted using 
a laser ablation-inductively coupled plasma–mass spec-
trometer (LA-ICP-MS) at the Beijing Createch Testing 
Technology Co., Ltd. Detailed operating conditions for 
the laser ablation system and the MC-ICP-MS instru-
ment and data reduction are the same as described by 
Hou et al. (2009) based on the methodology of Yuan et al. 
(2004). Laser sampling was performed using a 193  nm 
laser ablation system. A 24 μm-spot size was adopted in 
this study with a laser repetition rate of 6 Hz and energy 
density up to 6  J/cm2. An Agilent 7500 ICP-MS instru-
ment was used to acquire ion-signal intensities. Helium 
was applied as a carrier gas. Each analysis incorporated 
a background acquisition of approximately 15–20 s (gas 
blank) followed by 45 s data acquisition from the sample. 
Off-line raw data selection and integration of background 
and analytical signals, and time-drift correction and 
quantitative calibration for U–Pb dating was performed 
by ICPMSDataCal (Liu et al. 2010).

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 isotopic ratios were 
corrected using a linear interpolation (with time) for 
every 5 to 10 analyses according to the variations of GJ-1 
(i.e., 2 zircon GJ-1 + 5 to 10 samples + 2 zircon GJ-1) (Liu 
et al. 2010). Uncertainty of preferred values for the exter-
nal standard GJ-1 was propagated to the ultimate results 
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of the samples. In all analyzed zircon grains the common 
Pb correction was not necessary due to the low signal of 
common 204Pb and high 206Pb/204Pb ratios. U, Th and Pb 
concentrations were calibrated by NIST 610. Concordia 
diagrams and weighted mean calculations were made 
using Isoplot/Ex_ver3 (Ludwig 2012).

For time-scale calibration, we use the most recent ver-
sion (2020/01) of the ICS International Chronostrati-
graphic Chart (Cohen et al. 2013).

4.2 � Geochemical methods
The major and trace element compositions were deter-
mined by X-ray fluorescence (XRF-1800; Shimadzu) 
on fused glasses and inductively coupled plasma mass 
spectrometry (Agilent 7500ce) at Beijing Createch Test 
Technology Co. Ltd. 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-igni-
tion (LOI) values were measured after heating 1 g of sam-
ple in a furnace at 1000  °C for several hours in a muffle 
furnace. 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%.

Sample powders (about 50 mg) were dissolved in Tef-
lon bombs using a HF + HNO3 mixture for 48 h at about 
190  °C. The solution was evaporated to incipient dry-
ness, dissolved by concentrated HNO3 and evaporated at 
150  °C to dispel the fluorides. The samples were diluted 
to about 100 g for analysis after being redissolved in 30% 
HNO3 overnight. An internal standard solution con-
taining the element Rh was used to monitor signal drift 
during analysis. Analytical results for USGS standards 

(Jochum et al. 2005) indicated that the uncertainties for 
most elements were within 5%.

5 � Results
In the following description of detrital zircons in meta-
sedimentary rocks, we use the 95-105 percent limit of 
concordance although most data are between 98 and 
102 percent. Following Andersen (2002), we use the 
208Pb/238U age for ages < 1.0 Ga, and the 207Pb/206Pb age 
for ages > 1.0.

5.1 � Magmatic protoliths of the Variegated Wechsel Gneiss 
Complex

Analytical results of U–Pb zircon dating on rocks of the 
Variegated Wechsel Gneiss Complex are given in Addi-
tional file  3: Table  S1. Sample WW-26A is an epidote–
amphibolite, from which 40 zircon grains were studied. 
Many grains are broken, some are euhedral, some are 
partially resorbed (Fig. 5). Some grains have small bright 
rims, which postdate breaking. Many grains are inter-
nally uniform and grey in CL images, other grains bear 

Fig. 5  Representative cathodoluminescence images of zircons of magmatic rocks from the Variegated Wechsel Gneiss Complex

Fig. 6  Th/U ratios vs. age of studied samples from the Variegated 
Wechsel Gneiss Complex
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an oscillatory zoning. The U contents range between 268 
and 732 ppm. The Th/U ratios are between 0.89 and 2.33, 
most grains scatter at ca. 0.9 to 1.1 indicating a magmatic 
origin of these zircons (Fig.  6). 35 of them gave a well-
defined intercept age of 501.3 ± 2.3 Ma (MSWD = 0.025) 
(Fig. 7a). No inherited grains were found in this sample.

Sample WW-27A is an orthogneiss with often euhe-
dral zircon grains, which show an oscillatory zoning 
and sometimes inclusions of minerals like euhedral 

apatite. Some grains have a dark rim around zoned cores 
(Fig. 5). The Th/U ratios are between 0.85 and 2.13, with 
a majority around 1.0 (Fig.  6). Sixty grains were meas-
ured and fifty-five of them are concordant (Fig.  7b). All 
grains together give a discordia with a lower intercept 
age of 523 ± 21  Ma and an upper intercept age of 1513 
−90/+ 91  Ma. However, the youngest four grains are 
internally very consistent at 502.9 ± 6.5  Ma (Fig.  7d), 
show an oscillatory zoning (Fig. 5) and have Th-U ratios 

Fig. 7  LA-ICP-MS U–Pb zircon concordia diagrams and 206Pb/238U weighted mean age of various age populations of magmatic rocks from the 
Variegated Wechsel Gneiss Complex
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of 1.02 to 2.04 (Additional file  3: Table  S1) classifying 
them as magmatic zircons. However, it must be noted 
that these zircon grains are slightly discordant (Fig. 7c). 
Twenty grains are at 532.2 ± 3.3 Ma, and another group 
with 16 grains at 555.2 ± 4.3  Ma (Fig.  7e, f ). Thus, the 
youngest grains with 502.9 ± 6.5 Ma should represent the 
age of magmatism reworking two stages of older mag-
matic events (Fig.  7c, d). Leucocratic orthogneisses are 
known to include a high proportion of inherited zircons 
as a relict of the melting process (e.g., Shakerardakani 
et al. 2020).

5.2 � Metasedimentary protoliths of the Variegated Wechsel 
Gneiss Complex

Representative CL images of zircons from all metasedi-
mentary samples are shown in Fig. 8, the analytical results 
are given in Additional file 3: Table S1 and are graphically 
shown in Fig.  9. The zircons are often rounded (Fig.  8). 
Cl images of many grains show an oscilliatory zoning or 
a more uniform pattern. Sometimes, grains show a dark 
rim. The U contents of all four investigated metasedi-
mentary rocks of the Variegated Wechsel Gneiss Com-
plex vary between 37 and 3455 ppm, with a clear majority 
between 90 and 490 ppm. Th/U ratios vs. age are shown 
in Fig. 5. All Th/U ratios are higher 0.1 beside a few scat-
tered values, mostly with Early Proterozoic ages (Fig. 5). 
This implies that most grains have a magmatic origin. 

Sample WW-19A is a pure quartzite with gener-
ally well rounded zircons, often with a very thin dark 
rim. 80 grains were studied and 74 of them are (sub-)

concordant. From the concordant grains, the youngest 
age is 513 ± 10  Ma, the oldest 3161 ± 17  Ma. Major age 
populations occur at 570 Ma, 1.2 Ga, 2.15 Ga, 2.5 Ga and 
2.75 Ga (Fig. 9e, f ).

Sample WW-16A is a dark-coloured albite-paragneiss, 
from which 60 grains were studied, 57 of them are (sub-)
concordant. From the concordant grains, the young-
est age is 544 ± 10 Ma, the oldest 3032 ± 5 Ma. The age 
population at 560 Ma is dominating. Further large popu-
lations occur at 2.25 and 2.65 Ga (Fig. 9g, h).

Sample WW-21A is a garnet-chlorite schist with mostly 
rounded zircons, which also bear an oscillatory zon-
ing in the core and a thin grey rim in CL images. Some 
grains are subhedral. The U contents range from 31.7 to 
1619 ppm. 80 grains were studied, 77 grains are (sub)con-
cordant. Of the concordant grains, the youngest age is 
487 ± 8 Ma (97% concordancy), the oldest 2931 ± 13 Ma 
(Fig. 9c, d). Major age populations are at 550.4 ± 4.6 Ma 
(with subhedral grains often exhibiting an oscillatory 
zoning), 2027 ± 21 Ma and 2588 ± 20 Ma (Fig. 9k–m).

Sample WW-25A is an intermediary albite-gneiss 
with heterogeneous zircon populations in CL images. 40 
grains were studied, 26 of them are (sub)concordant. 
The youngest age is 509 ± 7 Ma, the oldest 2731 ± 13 Ma 
(Fig. 9a, b). Major age populations are at 577.4 ± 4.0 Ma, 
and at 2287 ± 8 Ma (Fig. 9i, j).

5.3 � Summary of protolith ages of the Variegated Wechsel 
Gneiss Complex

The Variegated Wechsel Gneiss Unit contains magmatic 
rocks (greenschists, acidic orthogneisses) with U–Pb 

Fig. 8  Representative cathodoluminescence images of zircons of metasedimentary rocks from the Variegated Wechsel Gneiss Complex
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Fig. 9  LA-ICP-MS U–Pb zircon concordia diagrams and 206Pb/238U weighted mean age of representative age populations of metasedimentary rocks 
from the Variegated Wechsel Gneiss Complex
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zircon ages of 500 Ma and 523 Ma. In paragneisses and 
quartzite, the detritus is dominated by several age groups 
that include euhedral zircons of at ca. 500  Ma, 550  Ma 
and detrital components of ca. 1.9–3.2  Ga, with a pro-
nounced maximum of ca. 2.1 Ga.

5.4 � Detrital ages of the Wechsel Phyllite Unit
Representative CL images of all metasedimentary 
samples from the Wechsel Phyllite Unit are shown 
in Fig.  10, the analytical results are presented in 

Additional file  4: Table  S2, the Th/U ratio vs. age dia-
gram is shown in Fig.  11,  and the  dating results  are 
graphically shown in Figs.  12 and 13. The CL images 
show euhedral and subhedral grains with an oscillatory 
zoning. Other grains are rounded and have a uniform 
internal texture or show sector zoning. A few grains 
seem partially resorpt as embayments show (Fig.  10, 
spot 50 of sample WW-33A). The U contents range 
between 31 and 2440 ppm with a majority between 60 
and 240 ppm. Except a significant Early Proterozoic age 

Fig. 9  continued
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population of sample WW-31A, all other Th/U classify 
these grains as magmatic (Fig. 11).   

From sample WW-31A, a quartz-rich, but metatuffa-
ceous rock with mostly euhedral zircons, 80 grains were 

measured, from which 59 are concordant within 95 and 
105 percent. Three (sub)concordant euhedral grains are 
at 450  Ma (Th/U = 0.45–0.72 indicating their magmatic 
origin; Fig. 11), a major age population (16 grains) gives a 
weighted mean age of 500.5 ± 4.6 Ma (16 grains), a popu-
lation of 10 grains an age of 520.9 ± 5.5 Ma, another one 
an age of 550.3 ± 5.7  Ma (9 grains) (Fig.  12a, c–e). The 
oldest grain has an age of 2672 ± 11 Ma.

Sample WW-32A is a chlorite-rich metatuffite with 
mostly euhedral and subeuhedral zircons, 80 grains 
were measured, from which 75 are concordant within 
95 and 105 percent. Three euhedral grains show an age 
of 522 Ma, the majority with 34 grains gives a weighted 
mean age of 558.3 ± 2.5  Ma (Fig.  12b, f ). Other dis-
tinct age groups are at 603.5 ±6.5  Ma (10 grains) and 
726.8 ±8.4  Ma (6 grains) (Fig.  12g, h). The oldest grain 
has an age of 2908 ± 11 Ma.

Sample WW-33 is a feldspar-rich metatuff, from which 
60 grains were measured, of which 50 grains are (sub)
concordant (Fig. 13a, b). The grains are mainly euhedral 
and display an oscillatory zoning and some are patchy, 

Fig. 10  Representative cathodoluminescence images of zircons of metatuffites from the Wechsel Phyllite Unit

Fig. 11  Th/U ratios vs. age of studied samples of the Wechsel Phyllite 
Unit
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other grains have some small inclusions (Fig. 10). Other 
grains are patchy and some seem partially resorbed. 
Some grains show a thin bright rim. Concordia calcula-
tions  give no meaningful results (Fig. 13a, b) The lower 
intercept age is at 569 ± 34  Ma (Fig.  13a). Dominating 
is a  population, which gives 206Pb/238U weighted mean 
age of 556.5 ±2.3  Ma (Fig.  13e). One grain is younger, 
464.8 ± 4.7  Ma (Th/U = 0.68), a few subconcord-
ant grains are older: 591.4 ± 4.6  Ma, 644.1 ± 10.4  Ma, 
740.1 ± 7.8  Ma, 746.4 ± 9.9  Ma, 775.7 ± 6.9  Ma, 
1376 ± 14.5 Ma and 2861 ± 5 Ma (this one with a concor-
dancy of 94%).

Sample WW-34A is a feldspar-rich metatuffite and 
bears many rounded zircon grains, but also many euhe-
dral ones (Fig.  10). Most grains scatter at ca. 550  Ma 
and inly few grains are older or younger (Fig.  13c, d). 
The weighted mean age of 52 grains is at 555.3 ± 2.4 Ma 
(Fig.  12f ). Few other grains have ages of 493 ± 18  Ma 
(96% concordance), 606 ± 13  Ma (93% concordance), 

633 ± 15 Ma, 1336 ± 17 Ma Ma, 2965 ± 9 Ma (94% con-
cordance), 2994 ± 11 Ma.

Consequently, the four samples of the Wechsel Phyllite 
Unit include similar zircon age populations although the 
relative proportions of the age populations are variable. 
The dominant age group is at 555 to 560 Ma (Late Ediac-
aran). A small age population includes the youngest zir-
cons with ages of 450 to 456 Ma. Major age populations 
are at 500 Ma, 520 Ma, 560 Ma, 600 Ma and 753 Ma. The 
age group at 450 to 456 Ma implies that the depositional 
age is equal or younger than 450  Ma (Katian of Upper 
Ordovician; Cohen et al. 2013).

5.5 � Preliminary geochemical characterization of mafic 
rocks

The chemical composition of representative metabasaltic 
rocks (greenschists and epidote-amphibolites with albite 
porphyroblasts) were investigated from two locations 

Fig. 12  LA-ICP-MS U–Pb zircon concordia diagrams and 206Pb/238U weighted mean age of representative age populations of from the Wechsel 
Phyllite Unit (samples WW-31 and WW-32)
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(Table  2 with results). Four and six samples were col-
lected in these two localities with visible differences in 
texture and mineral proportions. Unfortunately, the 
rocks of these locations did not contain zircons, so their 
age is not constrained. From the geochemical composi-
tion, the samples from the location WW-15 are inter-
nally relatively homogeneous, whereas those of location 
WW-20 show a significant variation in their geochemi-
cal patterns (Figs. 14, 15a, b). The loss of ignition (LOI) 
of six samples from location WW-15 is consistently at 
ca. 5 wt%, from samples at location WW-20 at ca. 1 wt% 

with two exception at 2.13 and 2.84 wt%. The samples 
from location WW-15 have high chlorite contents of ca. 
40–50 modal percent. The SiO2 contents of the samples 
vary between 52.30 and 53.00 wt%, in location WW-20 
between 48.51 and 53.38 wt%. The major difference 
between samples of both locations is the higher CaO 
content (7.35–9.85 wt%) and lower MgO contents (5.52–
6.86) in samples from WW-20 compared to WW-15 
(1.54–2.65 wt%) and (7.66–9.02 wt%). The NaO content 
is lower in location WW-15 (3.00–3.67 wt%) than in 
WW-20 (3.90–4.31 wt%).  

Fig. 13  LA-ICP-MS U-Pb zircon concordia and age distribution diagrams and 206Pb/238U weighted mean age of representative age populations of 
from the Wechsel Phyllite Unit (samples WW-32 and WW-34)
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In the trace element discrimination diagram Nb/Y vs. 
Zr/TiO2 for volcanic rocks after Winchester and Floyd 
(1977), all samples plot in the field of basalt respectively 

andesite (Fig.  14a). In terms of chondrite-normalized 
REE variation (after Boynton 1984), two patterns can be 
distinguished: (i) a flat REE pattern with no Eu anomaly, 

Table 2  Geochemical data

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI

WW15A 53.00 1.20 15.84 11.53 0.09 9.02 1.54 3.00 0.07 0.17 5.24

WW15B 52.36 1.26 16.66 11.38 0.09 7.66 2.65 3.37 0.09 0.18 4.83

WW15C 52.30 1.24 16.54 11.37 0.09 7.74 2.55 3.36 0.08 0.16 4.79

WW15D 52.36 1.22 16.64 11.19 0.09 7.86 2.23 3.61 0.08 0.16 4.77

WW20A 53.38 1.33 15.68 10.19 0.19 5.52 7.35 4.07 0.83 0.18 1.10

WW20B 51.01 1.36 15.84 11.19 0.19 6.08 8.32 3.90 0.59 0.18 0.98

WW20C 52.21 1.34 15.85 10.63 0.19 5.99 7.75 4.16 0.68 0.19 1.11

WW20D 50.58 1.40 14.56 11.96 0.21 6.48 8.78 4.20 0.28 0.14 1.35

WW20E 50.04 1.33 14.04 11.12 0.19 6.19 9.85 4.10 0.28 0.10 2.84

WW20F 48.51 1.50 15.79 12.52 0.19 6.86 7.75 4.31 0.30 0.14 2.13

Ba Rb Sr Zr Nb Ni Co Zn Y Cs Ta Hf Th U

WW15A 13.4 1.46 70.9 103.9 3.7 189.1 46.07 73.10 25.93 0.07 0.23 2.55 0.89 0.30

WW15B 17.1 2.11 218.7 110.8 3.9 161.3 43.65 65.87 30.32 0.08 0.25 2.71 1.01 0.36

WW15C 16.4 1.95 210.5 109.7 3.9 148.8 44.60 67.31 30.75 0.07 0.24 2.67 0.99 0.34

WW15D 14.0 1.78 166.5 106.8 3.7 146.4 45.33 72.31 28.62 0.10 0.22 2.55 1.03 0.34

WW20A 204.9 25.19 257.3 118.3 4.0 32.4 33.65 85.40 31.23 0.31 0.25 2.97 1.47 0.56

WW20B 154.2 17.88 263.6 128.4 4.0 53.2 35.89 109.49 35.29 0.24 0.26 3.20 1.77 0.63

WW20C 151.8 19.85 269.5 127.3 4.4 32.8 36.24 109.07 33.66 0.23 0.27 3.22 1.63 0.58

WW20D 45.5 4.20 149.0 76.8 2.1 31.5 33.81 72.12 27.94 0.04 0.14 2.03 0.67 0.28

WW20E 48.0 5.79 195.5 81.0 2.5 99.5 39.47 91.19 31.90 0.06 0.17 2.19 0.67 0.31

WW20F 62.6 7.10 222.2 94.5 2.7 76.5 42.55 97.99 34.96 0.10 0.19 2.61 0.86 0.39

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

WW15A 6.99 17.12 2.38 10.71 3.02 1.04 3.82 0.63 4.09 0.84 2.55 0.37 2.44 0.35

WW15B 7.50 18.99 2.63 12.01 3.57 1.51 4.78 0.77 4.80 0.98 2.79 0.39 2.44 0.34

WW15C 7.70 19.43 2.66 12.16 3.51 1.50 4.62 0.75 4.84 0.99 2.85 0.39 2.52 0.33

WW15D 8.04 20.28 2.75 12.53 3.48 1.51 4.37 0.69 4.39 0.89 2.60 0.36 2.28 0.30

WW20A 10.83 26.21 3.59 16.01 4.09 1.32 4.81 0.76 4.77 0.98 2.90 0.41 2.67 0.41

WW20B 12.87 30.76 4.19 18.18 4.55 1.40 5.27 0.84 5.34 1.11 3.28 0.48 3.09 0.47

WW20C 11.52 28.01 3.85 17.02 4.44 1.39 5.17 0.80 5.24 1.08 3.20 0.46 3.01 0.46

WW20D 4.32 11.33 1.72 8.67 2.82 1.01 3.94 0.65 4.28 0.89 2.67 0.37 2.45 0.37

WW20E 4.43 11.74 1.82 9.00 3.02 1.08 4.26 0.72 4.73 1.02 3.04 0.44 2.83 0.43

WW20F 6.27 15.88 2.38 11.69 3.73 1.41 5.08 0.84 5.45 1.13 3.31 0.46 2.97 0.43

Li Be Sc V Mn Cu Ga Mo Sn W Tl Pb Bi

WW15A 76.07 0.39 29.81 220.6 673.6 11.00 17.61 0.84 1.28 0.34 0.01 1.62 0.05

WW15B 66.50 0.41 33.64 235.2 694.4 19.59 19.05 0.74 1.91 0.18 0.02 5.04 0.12

WW15C 67.29 0.42 33.81 250.8 707.2 20.09 19.17 0.49 1.85 0.23 0.02 4.90 0.11

WW15D 64.48 0.41 31.31 237.1 681.2 20.83 18.54 0.56 1.54 0.12 0.02 4.13 0.09

WW20A 12.56 0.60 33.31 280.5 1475.0 5.40 19.11 0.39 1.10 0.08 0.12 6.79 0.03

WW20B 14.16 0.72 33.69 301.0 1588.8 5.46 21.23 0.78 1.67 0.17 0.08 8.26 0.03

WW20C 13.68 0.60 35.47 295.6 1571.8 5.02 20.15 0.37 1.27 0.17 0.10 8.92 0.03

WW20D 11.29 0.39 31.89 247.0 1324.0 19.01 14.44 0.34 1.22 0.01 0.02 2.92 0.04

WW20E 13.90 0.40 40.19 332.3 1529.1 16.62 17.95 1.33 2.63 0.19 0.03 4.03 0.05

WW20F 16.26 0.46 46.02 353.4 1454.2 15.04 20.04 0.86 2.37 0.12 0.04 4.13 0.05
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and ii) slightly enriched patterns with a small negative Eu 
anomaly (Fig. 15a). The REE pattern of samples WW-20 
are between these two patterns. In primitive mantle-nor-
malized variation diagrams (Fig. 15b), the samples from 
WW-15 are depleted in Rb, K, Ba showing the mobility of 
large-ion lithophile elements, which are not considered, 
therefore, for interpretation. All investigated samples 
show a negative Nb anomaly typical for a subduction-
related environment, samples from location WW-20 also 

a small negative Ti anomaly (Fig. 15b). In trace element 
discrimination diagrams for basalts after Pearce and 
Cann (1973) and Wood (1980), the mafic rocks plot into 
the fields of calcalkaline basalts (Fig. 14b, c). In summary, 
the investigated samples have a calcalkaline affinity and 
also exhibit some diversity in their composition.

6 � Discussion
The first U–Pb zircon ages from the Wechsel basement 
allow to much better constrain the geological history of 
that key region of the Alpine basement, which differs in 
lithology from other Austroalpine basement regions. We 
first discuss the age and tectonic setting of the Variegated 
Wechsel Gneiss Complex, then the age of the Wechsel 
Phyllite Unit, and finally compare the results with other 
areas of the Eastern Alps.

6.1 � Age of the Variegated Wechsel Gneiss Complex
For the age discussion, major age populations and the 
youngest (sub)concordant U–Pb age of all samples are 
shown in Fig.  16. The age of the Variegated Wechsel 
Gneiss Complex is constrained by the Devonian age (ca. 
375  Ma) of pressure-dominated metamorphism (Mül-
ler et al. 1999) and the age of 501.3 ± 2.3 Ma of the epi-
dote–amphibolite (sample WW-26A) as well as by the 
youngest magmatic age population (502.9 ± 6.5  Ma) in 
the orthogneiss (WW-27A). We regard the single sub-
concordant age of 487 ± 8  Ma of sample WW-21A as 
not sufficiently significant as formation age, despite the 
concordancy of 97 percent. At present, it is not clear 
whether the dated epidote amphibolite and the orthog-
neiss are intrusions or not, e.g. representing lava flows 
or metatuffs. The sheet-like character of the orthogneiss 
overlying a pronounced garnet-micaschist level argues 
for a volcanic edifice rather than for an intrusion. Meta-
sedimentary rocks carry zircons with the youngest age at 

Fig. 14  Trace element geochemical characterization of mafic 
magmatic rocks from the Variegated Wechsel Gneiss Complex. a 
Characterization of mafic magmatic rocks (after Winchester and Floyd 
(1977)). b Basalt tectonic discrimination of Pearce and Cann (1973). c 
Triangular diagrams of the Th–Hf–Ta system of Wood (1980)

Fig. 15  a REE patterns of mafic rocks from the Variegated Wechsel Gneiss Complex. b Multi-element variation diagram of mafic rocks from the 
Variegated Wechsel Gneiss Complex
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around 510 Ma (Fig. 16). Together, the observations sug-
gest that the deposition of the metasedimentary rocks 
of the Variegated Wechsel Gneiss Complex is younger 
than 510  Ma, between Middle Cambrian (ca. 510  Ma) 
and Middle Devonian (375 Ma). As the rocks bear a high 
amount of volcanosedimentary detritus, a subduction-
related setting along an active continental margin is 
the most likely tectonic environment. This subduction-
related system shows major magmatic components of ca. 
500, 530 and 550–575 Ma.

6.2 � Age of the Wechsel Phyllite Unit
The age group at 450 to 456 Ma of two samples implies 
that the depositional age is equal or younger than 
450 Ma (Katian of Upper Ordovician; Cohen et al. (2013) 
(Fig.  16). As already pointed out by Faupl (1970a), the 
upper age limit is Early Permian, proven by the super-
position of Lower Permian, acidic tuffs bearing clastic 
sedimentary rocks. In that  case, the few 450–456  Ma 
ages represent volcanic input, as also supported by 
the richness of plagioclase and chlorite, the age of the 
Wechsel Phyllite Unit would be Late Ordovician. We 
envisage this as the most likely age as plutonic rocks of 
this age are common in the upper part of the Austroal-
pine nappe complex and contributed to the detritus 
(Heinrichs et  al. 2012; Siegesmund et  al. 2007) and also 
the Southern Alps (Meli and Klötzli 2001; Arboit et  al. 
2018). The acidic volcanic detritus within these units is 
ca. 10–15  Ma younger than in the Upper Austroalpine 
Noric nappe (463 ± 6 Ma) (Söllner et  al. 1997; Flajs and 

Schönlaub 1976) (Eastern and Western Greywacke zone 
in Fig.  1a). At present, the poor exposure of the north-
western part of the Wechsel window does not allow to 
fully clarify the relationship between the Monotonous 
and Variegated Wechsel Gneiss Complexes and the over-
lying Wechsel Phyllite Unit. As no strongly sheared rocks 
were found, we tentatively assume a primary relationship. 
In this case, the Wechsel Phyllite Unit must have an age 
not older than Famennian in the Late Devonian and older 
than Permian. As the different potential depositional ages 
imply significant differences of the tectonic evolution, we 
propose two hypotheses (see below; Fig.  17), which are 
called Hypothesis 1 with a Late Devonian to potentially 
Mississippian age and Hypothesis 2 with a Late Ordovi-
cian age, which could be resolved by future research.

6.3 � Tectonic model for the evolution of the Wechsel 
basement

The U–Pb zircon dating of rocks from the Variegated 
Wechsel Gneiss Complex suggests three major phases of 
magmatism, dominantly at 550–570 Ma (Ediacaran) and 
subordinately at ca. 530 Ma and 500 Ma (Cambrian). The 
preliminary chemical data from undated mafic magmatic 
rocks suggest a supra-subduction zone environment of 
its formation. The plagioclase-rich nature of paragneisses 
suggests accumulation of plagioclase, which also argues 
for volcanosedimentary rocks in a supra-subduction 
environment with an Early Proterozoic (Late Neoar-
chean) hinterland. Some preliminary major and trace 
elements reported by Neubauer et  al. (1992) indicate a 

Fig. 16  Overview of U–Pb zircon ages from the Wechsel basement
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derivation of the albite-porphyroblast paragneiss from 
greywackes and shales on geochemical grounds. Con-
centrating on the dominant 550–570  Ma age popula-
tion argues for a late Ediacaran magmatic arc-related 
environment (Fig. 17a). The impregnation with graphite, 
the occurrence of black micaschist and black quartzite 
indicate a partly anoxic depositional environment. The 
white, pure quartzite with rounded zircons also indicates 
input of mature, recycled quartz-arenites, which can only 
envisaged with continental crust as a hinterland. Alto-
gether, including the prominent Neoarchean to Early 
Proterozoic and Late Ediacaran-Cambrian sources, an 
active continental margin can be envisaged as the area of 
deposition.

Interestingly, the Speik Complex of the Austroalpine 
basement in the Eastern Alps (see Fig.  1a for location) 
is an ophiolite that formed in a supra-subduction zone 
environment at ca. 550  Ma (Melcher and Meisel 2004), 
which is close to the prominent 550–570 Ma detrital zir-
con age-group in the Variegated Wechsel Gneiss Com-
plex. We, therefore propose a subduction environment, 
where a major ocean, potentially Prototethys with either 
(1) the ophiolitic Speik complex as part of the subducting 
Prototethys Ocean or (2) the Speik Complex formed as a 
back-arc basin behind a magmatic arc that separated the 
Wechsel arc from an early Proterozoic continental hin-
terland (Fig. 17a).

For the further tectonic evolution, we distinguish, 
according to the age uncertainty of the Wechsel Phyllite 

Unit, between Hypothesis 1 with a Late Devonian (to 
potentially Mississippian) age and Hypothesis 2 with a 
Late Ordovician age. In Hypothesis 1, during the next 
step, during Middle to early Late Devonian times, the 
back-arc basin closed, and a part of the back arc basin 
subducted together with the Wechsel arc, which was 
affected by pressure-dominated metamorphism during 
this time (Fig. 17c). In Hypothesis 2, the protoliths of the 
Wechsel Phyllite Unit were deposited in a fore-arc set-
ting during Late Ordovician recycling material from the 
Wechsel arc (Fig.  17b2) followed by metamorphic over-
print of the Wechsel arc (Fig. 17c). Finally, the deformed 
and metamorphosed Wechsel arc was exhumed and 
a basin formed in front of the exhuming arc and, in 
Hypothesis 1, recycled Wechsel arc material was depos-
ited in a short-living Wechsel fore-arc-type basin 
(Fig. 17d1), whereas in Hypothesis 2, the Wechsel Phyl-
lite Unit is tectonically emplaced over the Monotonous 
and Variegated Wechsel Gneiss Complex (Fig. 17d2).

6.4 � The Wechsel basement within the Austroalpine 
basement

Late Neoproterozoic to Cambrian detritus and arc-
related units are common in the central European Vari-
scides (e.g., Neubauer 2002; von Raumer et  al. 2013; 
Stephan et  al. 2019 and references therein) and within 
the Austroalpine nappe complex of the Eastern (Handler 
et  al. 1997; Neubauer 2002, 2014; Haas et  al. 2020) and 
Southern Alps (Dallmeyer and Neubauer 1994; Arboit 

Fig. 17  Tectonic model for the Wechsel basement. For discussion and explanation of the two alternative scenarios, see text
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et al. 2018). The age populations of 520 and 550–570 Ma 
are rather unique for the Wechsel basement. Detrital zir-
con ages of 559 to 572  Ma were found in paragneisses 
of Seckau basement (Mandl et al. 2018; Fig. 1a). Ages at 
ca. 500  Ma of acidic magmatic rocks are known from 
metaconglomerates covering amphibolite-grade base-
ment (Kaintaleck slices) of the Eastern Greywacke zone 
(Fig.  1a) (Neubauer et  al. 2002) and from the S-type 
Hochreichart Plutonic Suite in the Seckau basement 
(Mandl et  al. 2018; Fig.  1a). In the Silvretta basement, 
oceanic plagiogranite with an age of 532 ± 30 Ma (Müller 
et  al. 1996) occurs together with the calc-alkaline older 
orthogneisses with U–Pb zircon ages of 519–568  Ma 
(Müller et al. 1995; Schaltegger et al. 1997). Furthermore, 
calcalkaline amphibolites with an age of 529 +9/−8 Ma 
are associated with these orthgneisses in the western 
Silvretta basement (Nilius et  al. 2016). Consequently, 
although the macroscopic appearance is not similar, 
Cambrian magmatic arc and potential oceanic elements 
are known from several elements in the Austroalpine 
nappe stack as in the Wechsel magmatic arc together 
with Late Ediacaran detrital detritus. An interesting 
common feature is the occurrence of leucocratic gra-
nitic gneisses with an age of ca. 500 Ma in the Variegated 
Wechsel Gneiss Complex, Seckau basement and as boul-
ders on the Kaintaleck basement.

There is a general consensus that all these Alpine units 
mentioned above and the basement units of central 
European Variscides did split off from northern Gond-
wana. Similar arc systems are common in northeast Afri-
can-Arabian sector (von Raumer et  al. 2013; Haas et  al. 

2020). However, another critical element is the evidence 
for abundant 2.1 to 2.2 Ga and 2.5 to 2.8 Ga age signa-
tures in metasedimentary rocks, which call for an Upper 
Neoarchean and Lower Proterozoic continental crust as 
a nearby source. Such tectonic elements are character-
istic for both West and Northeast Africa and Amazonia 
(Stephan et al. 2019). The model proposed here (Fig. 18) 
is based on the recent proposal of Haas et al. (2020) but 
with the major difference that a West African palaeo-
geographic relationship for Cambrian time is preferred 
because of the following reasons. Northwest Africa 
is characterized by two zircon age populations: Late 
Archean and Early Proterozoic (Eburnean: ca. 2.1  Ga), 
and both age populations are prominent in the Wechsel 
basement. Furthermore, Late Ediacaran/Cambrian arc 
systems extend to South America (e.g., Ribeiro belt; Heil-
bron et al. 2020). Consequently, we adopt the Northwest 
African relationship in Fig. 18, although we cannot fully 
exclude the “out of NE-Africa” hypothesis of Haas et al. 
(2020). The new data shows the close relationship of the 
Wechsel arc to northwestern Gondwana prominent in 
both West and Northeast Africa and Amazonia (Stephan 
et al. (2019).

Finally, we also note that the U–Pb zircon age popula-
tions of both the Variegated Wechsel Gneiss Complex 
and the Wechsel Phyllite Unit are largely dissimilar to 
equivalent Pennsylvanian to Lower Triassic sandstones 
from higher tectonic units of the Austroalpine nappe 
stack as recently proposed by Haas et  al. (2020). Con-
sequently, we propose that the Wechsel basement has a 
unique origin and differs in the history from the higher 

Fig. 18  Potential palaeogeographic relationships. The model for the suggested position of Wechsel arc is based on the recent proposal of Haas 
et al. (2020) (red star) with the major difference that a West African palaeogeographic relationship for the Cambrian is preferred (yellow star) (see 
text for discussion). Circles indicate the Late Archean/Early Proterozoic (Eburnean) crust and Late Ediacaran/Cambrian arc systems, which extend to 
South America (e.g., Ribeiro belt)
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Austroalpine basement units although the Late Ediaca-
ran and Cambrian detrital zircon age components were 
found both in the Silvretta and Seckau basement.

7 � Conclusions
The new age data from the Variegated Wechsel Gneiss 
complex give evidence for several stages of continental 
arc-like magmatism, predominantly at 550–570  Ma, 
and subordinately at 530  Ma and 500  Ma. We specu-
late on a potential relationships of the continental arc-
type magmatism at 550–570 Ma and potential oceanic 
lithosphere (Speik complex) of Proto-Tethyan affin-
ity, which is also preserved in the Austroalpine nappe 
complex (Neubauer 2002 and references therein). We 
argue, therefore, for a long-lasting Late Neoproterozoic 
to Cambrian subduction of potentially Proto-Tethyan 
origin along the northwestern margins of Gondwana 
although a northeastern Africa-Arabian origin can-
not fully excluded. The abundant, nearly 2.1 to 2.2 Ga- 
and 2.5 to 2.8 Ga age signatures call for a Neoarchean 
and Lower Proterozoic continental crust in the nearby 
source showing the close relationship to northern 
Gondwana prominent in both West and Northeast 
Africa and Amazonia (Stephan et al. (2019).

The Wechsel Phyllite Unit overlying the Monoto-
nous Wechsel Gneiss Complex has been deposited 
not earlier than Late Ordovician and is likely postdat-
ing Middle to early Late Devonian pressure-dominated 
metamorphism of the Monotonous and Variegated 
Wechsel Gneiss Complexes. The Wechsel Phyllite Unit 
contains mainly detritus derived from the Variegated 
Wechsel Gneiss Complex in the footwall.
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