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Abstract
The low-grade metamorphic early Paleozoic basement of the Veitsch area presents a wide variety of sedimentary facies 
domains. The first domain consists of thick metadacites of Middle Ordovician age (Blasseneck Porphyroid), overlain 
by fine-grained metaclastics of the Rad Formation (Late Ordovician to Silurian) and Devonian limestones and calcitic 
marbles (Kaiserstein and Kaskögerl Formation, respectively). Rhyolitic to dacitic magmatism initiated at ca. 479 Ma (LA-
MC-ICP-MS U-Pb zircon data) and lasted until ca. 444 Ma. The second domain comprises metaclastics of the Stocker 
Formation (Early Ordovician to Silurian), characterized by thin volcanics and volcaniclastics of andesitic and rhyolitic 
composition. U-Pb zircon data give Middle Ordovician age (463 Ma – 468 Ma). The third domain, exposed northwest of 
Veitsch, consists of thick metadacites (Blasseneck Porphyroid, ca. 478 Ma), followed by (siliceous) phyllites which grade 
into turbiditic metasediments (Sommerauer Formation, Late Ordovician to Devonian?). Clastic sediments of the Stocker 
and Sommerauer Formations were sourced from northern Gondwana showing a prominent Pan-African detrital zircon 
peak at ca. 640 Ma. Middle to Upper Ordovician volcanics (ca. 462 Ma – 448 Ma) represent the second source. Tectonic 
reconstruction leads us to the arrangement of three facies domains. A shallow marine shelf facies is located in the present 
days southwest. A marginal basin with volcanic islands on a sloping continent, and a deep-water environment containing 
turbidites are situated further to the northwest. The present arrangement of these facies domains is explained by  
eo-Alpine and Variscan thrust tectonics. 

Kurzfassung
Der niedrig metamorphe altpaläozoische Sockel der Norischen Decke in der Umgebung von Veitsch umfasst verschiedene 
sedimentäre Fazieszonen. Der erste Faziesbereich umfasst den mächtigen, vorwiegend mittelordovizischen Blasseneck-
Porphyroid, der von feinkörnigen Metaklastika der Rad-Formation (oberes Ordoviz bis Silur) und Kalkmarmoren der 
Kaiserstein- und Kaskögerl-Formation (Devon) überlagert wird. Der rhyolitische und dazitische Magmatismus begann vor 
ca. 479 Ma (LA-MC-ICP-MS U-Pb Zirkonalter) und dauerte bis etwa 444 Ma. Der zweite Faziesbereich umfasst die Stocker-
Formation (unteres Ordoviz bis Silur), die geringmächtige Vulkanite andesitischer und rhyolitischer Zusammensetzung 
enthält (mittleres Ordoviz, 463 Ma – 468 Ma), sowie Kalkmarmore der Kaskögerl-Formation (Devon). Im dritten Faziesbereich, 
der in der Umgebung von Aschbach nordwestlich von Veitsch auftritt, wird der mächtige unterordovizische Blasseneck-
Porphyroid (ca. 478 Ma) von Metaklastika der Sommerauer-Formation überlagert, die Charakteristika von Turbiditen 
aufweisen (oberes Ordoviz bis möglicherweise Devon). Das Liefergebiet der klastischen Sedimente der Stocker- und 
Sommerauer-Formation war der nördliche Rand Gondwanas, belegt durch eine ausgeprägte Häufung panafrikanischer 
detritischer Zirkone bei etwa 640 Ma. Ein zweites Liefergebiet stellen mittel- bis oberordovizische Vulkanite dar (ca. 462 Ma 
– 448 Ma). Die Abwicklung der Tektonik ergibt die heutige räumliche Anordnung der Faziesräume mit einer flachmarinen 
Fazies im Südwesten, gefolgt von einem Randbecken mit vulkanischen Inseln. Tiefwassersedimente mit Turbiditen am Fuß 
des Kontinentalhanges schließen nach Nordwest an. Die heutige Anordnung dieser Faziesbereiche wird durch variszische 
und altalpidische Deckentektonik erklärt.
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1. Introduction
The term “Grauwackenzone”, i.e. “Greywacke Zone”, was 
originally introduced to describe the hilly domain between 
the Northern Calcareous Alps and the “crystalline” rocks 
of the central axis of the Alps (Hauer, 1868; Stur, 1871). 
After 150 years of geologic investigations, this term is still 
widely used for denoting the low-grade metamorphic, 
fossiliferous Paleozoic basement of the Northern 
Calcareous Alps, although Schuster (2015) in his review 
considered it as a geographic unit. Geologically, it turned 
out to be much more complex than just formed by 
“transitional rocks” as envisaged during the heroic times 
of the k.k. Geologische Reichsanstalt. In the western part, 
rocks of the Greywacke Zone form the early Paleozoic 
basement of the Tirolic nappes of the Northern Calcareous 
Alps. In the eastern part, the Noric Thrust was introduced 
(Metz, 1938; Cornelius, 1952) to highlight the tectonic 
contact between a lower Veitsch Nappe, a sequence 
of Carboniferous shallow marine molasse sediments, 
and a higher Noric Nappe (Cornelius, 1952), made up 
of early Paleozoic rocks upon which, like in the western 
part, Tirolic units of the Northern Calcareous Alps are 
transgressing. More detailed mapping in the Veitsch area 
revealed that the Noric Thrust in fact is an anastomosing 
thrust system; one of the thrusts is running at the base 
of the Blasseneck Porphyroid and is marked by slices 
of magnesite, amphibolite and gneiss (Nievoll, 1984). 
The revised and widely accepted tectonostratigraphy 
of the Eastern Greywacke Zone (Neubauer et al., 1994; 
Schuster, 2015; Haas et al., 2020) includes from tectonic 
bottom to top, (1) the Veitsch Nappe (Ratschbacher, 
1984; Neubauer and Vozarova, 1990); (2) the Silbersberg 
Nappe, representing a succession of Permian metaclastics 
interbedded with acidic and basic volcanics, and (3) 
slices of amphibolite and gneiss (“Kaintaleck slices”) of 
debated tectonic position (Kaintaleck Nappe; Neubauer 
et al., 1994; 2002 or part of the Silbersberg Nappe; 
Schuster, 2015). (4) The top part of the Greywacke 
Zone is represented by early Paleozoic metasediments 
and metavolcanics transgressively overlain by Permo-
Mesozoic sediments in Tirolic facies. Consequently, the 
Noric Nappe (Cornelius, 1952) and its Permo-Mesozoic 
cover constitute together the Tirolic-Noric Nappe System 
(Schuster, 2015). The Tirolic-Noric Nappe System itself 
is topped by the Juvavic Nappe System, represented in 
the study area by the Mürzalpen Nappe, which consists 
of Permian evaporitic sediments (Haselgebirge), a few 
displaced Permian gabbros (Mandl, 2015) and Triassic 
limestones in Hallstatt facies (Fig. 1). 

To distinguish between lithostratigraphic and tectonic 
terms, we use „Noric Group“ (Neubauer et al., 1994) for the 
formations described in chapter 3 (Lithostratigraphy and 
sedimentary facies of the Noric Group) and Noric Nappe 
(Cornelius, 1952) for the set of internal nappes described 
in chapter 5 (Tectonic structure of the Noric Nappe). In 
the present paper we describe U-Pb zircon age data from 
metavolcanics and metasandstones, the sedimentary 
facies of the individual formations and the tectonic 

structure of the Noric Nappe between Stübming in the 
west and Neuberg in the east (Fig. 2). A full-scale version 
of the geological map including topographic information 
is provided in the supplementary material as Figure S1. 
Retro-deformation of the tectonic structure results in an 
arrangement of facies domains between early Ordovician 
and Devonian times ranging from shallow water into 
deep sea. Our facies model is compared with other well-
studied areas of the Greywacke Zone, like the Eisenerz 
Mountains in the Eastern Greywacke Zone (Schönlaub, 
1982; Bryda et al., 2013) and the Kitzbühel area in the 
Western Greywacke Zone (Heinisch et al., 2015). 

2. Geological Setting
The Eisenerz Mountains, located approx. 50 km west 
of Veitsch, were traditionally the preferred region to 
unravel the stratigraphy of the Eastern Greywacke Zone. 
In the second half of the 19th century macrofossils had 
been discovered at several locations during iron ore 
mining and exploring (Schouppe, 1854; Stur, 1865). A 
major breakthrough was achieved from 1963 onwards 
by detailed sampling of limestones for conodonts (see 
review in Schönlaub, 1982). The age of the Blasseneck 
Porphyroid, one of the marker beds of the entire 
Greywacke Zone, was determined as Late Ordovician 
(Flajs and Schönlaub, 1976). With the conodont data, 
several new formations were introduced and attributed 
to facies realms, now distributed within distinct internal 
nappes (Zeiritzkampl-, Wildfeld-, Reiting-Nappes, 
Schuppenzone and Nordzone). The stratigraphic 
succession, although not continuous, ranges from Early 
to Middle Ordovician to Middle Mississippian (Visean) 
with Carboniferous conodonts preserved only locally in 
limestone breccias filling a paleo-relief. Metaclastics of 
probably Late Visean to Early Pennsylvanian age (Eisenerz 
Formation; Schönlaub et al., 1980) are the youngest 
sediments affected by Variscan tectonics. Conglomerates 
and sandstones of the Permian Präbichl Formation are 
sealing the Variscan nappe structures (Neubauer, 1989).

The Noric Group in the study area differs in important 
aspects from the formations of the Eisenerz Mountains. 
Macrofossils have been discovered much later (Nievoll, 
1983), conodonts are less frequent and more recrystallized 
(Ebner, 1974; Nievoll; 1987), and prominent formations 
exposed in the Eisenerz area like Gerichtsgraben 
Formation, Polster Quartzite, Ordovician and Silurian 
marbles, basic volcanics and Eisenerz Formation are absent 
or occurring only locally with strongly reduced thickness. 
Therefore, a new set of formations has been described 
(Nievoll and Suttner, 2015) which comprise from bottom 
to top (1) Blasseneck Porphyroid of predominantly dacitic 
composition, (2) the Rad Formation, uniform fine-grained 
metasediments, locally containing macrofossils of Late 
Ordovician to Silurian age, (3) Devonian limestone marbles 
and calcareous phyllites (Kaiserstein and Kaskögerl 
Formations), and (4) the Stocker Formation, consisting 
of phyllites with thin layers of intermediate and acidic 
volcanics, volcaniclastics, sandstones, quartzites and 
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phenocrysts are, however, preserved even in mylonitic 
Blasseneck Porphyroid and allow an unequivocal 
distinction from Silbersberg phyllites. Metaclastics and 
thin calcitic marbles beneath the Blasseneck Porphyroid 
which are attributed to the Gerichtsgraben Formation 
occur only in the very southwest of the study area. 
Between Veitsch and Neuberg the formations in the 
hangingwall of the Blasseneck Porphyroid are dipping 
steeply to the northwest. Rad and Stocker Formations are 
best preserved between upstream sections of Groß- and 
Kleinveitsch valleys; from Kleinveitsch towards northeast 
all formations above the Blasseneck Porphyroid are 
progressively thinning out. 

Towards the west, the entire Noric Nappe is cut by a major 
northwest trending tear fault (Almweg Fault; Nievoll, 2015) 

siliceous phyllites of uncertain age. The nappe structure 
in the study is resolved from repetition of characteristic 
lithologies. Based upon this, four Tirolic-Noric nappes 
(Hocheck, Rossegg, Steinbach and Aschbach nappes) 
and one Juvavic nappe (Rauschkogel klippe, part of the 
Mürzalpen Nappe) are distinguished (full details are given 
in chapter 5).

The Blasseneck Porphyroid occupies about two thirds 
of the outcropping Noric Nappe. Over most of the 
study area it is sheared off along the Noric Thrust and 
rests upon the Silbersberg Nappe or tectonic slices 
of magnesite (Veitsch Nappe), amphibolite or gneiss 
(Nievoll, 1984) (Fig. 2). Immediately above the Noric 
Thrust the Blasseneck Porphyroid has a mylonitic fabric 
and dips steeply to the north and northwest. Quartz 

Figure 1: (a) Simplified map of the northern sector of the Eastern Alps (GP: Graz Paleozoic; GN: Gurktal Nappe System). Frame delineates the eastern 
part of the Eastern Greywacke Zone. (b) Map of the Eastern Greywacke Zone and adjacent units redrawn from maps provided by the Austrian Geological 
Survey (https://www.geologie.ac.at/). Frame shows the study area (Fig. 2). 
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In the southwest of the study area, the Noric Nappe 
is topped by the Rauschkogel klippe pertaining to the 
Mürzalpen Nappe (Mandl, 2015). Further to the west, the 
Noric Nappe is buried beneath the Mürzalpen Nappe of 
Hochanger and Osterer Alm and the Miocene sediments 
of the Aflenz basin (not shown on the map), respectively.

The study area presents a typical “Greywacke Zone 
morphology”, with altitudes between 700 and 1400 
m above sea-level, covered almost entirely by forests; 
outcrops are limited to creeks and forest roads. The rocks 
have suffered low-grade metamorphism during Variscan 
and eo-Alpine (Cretaceous) times, the latter having been 
investigated by numerous authors (e.g., Ratschbacher, 
1984; Neubauer et al., 1994; Dallmeyer et al., 1996, 
1998; Schuster and Frank, 1999; Frank and Schlager, 
2006; Rantitsch et al., 2020). Variscan metamorphism 
is documented by metamorphic clasts of the Präbichl 
Formation derived from the Noric Nappe (Cornelius, 
1952). The eo-Alpine metamorphic overprint was not 
strong enough to erase pre-Alpine isotopic signatures 
and mineral ages (Neubauer et al., 1994; Dallmeyer et al., 
1998).

Although the zircon age data are decisive to resolve the 
tectonics of the Noric Nappe, we start with the description 

(Figs 2-3). West of this fault, the Blasseneck Porphyroid and 
the Kaiserstein Formation are dipping generally gently to 
the south. Displacement along the Almweg Fault is not 
merely vertical as interpreted previously (Cornelius; 1939, 
1952) but rather horizontal, accommodating different 
amounts of thrust-related displacement on both sides 
(Haller, 2016). The Blasseneck Porphyroid and the calcitic 
marbles of the Kaiserstein Formation to the west of this 
fault display fold- and thrust structures formed above 
a ramp that overthrusted and inverted the Permian 
Präbichl Formation along the Rotsohl Thrust (Fig. 4). This 
ramp structure is responsible for the great thickness of 
the Präbichl and Werfen Formations south of Aschbach 
which was already noted in the 19th century (Stur, 1871); 
it explains also the abrupt western end of the Juvavic 
Mürzalpen Nappe of Hohe Veitsch (Figs 2-3). 

A similar structure including ramp antiforms and 
imbricate thrust splays is exposed 4.5 km to the 
northwest in Aschbach where the Blasseneck Porphyroid 
is thrust upon the Präbichl Formation (Aschbach Thrust: 
Fig. 4) or dipping steeply beneath it (Niederalpl). Here, on 
top of the Blasseneck Porphyroid metaclastics crop out in 
the Rotsohl valley which are described in more detail in 
chapter 3.4.

Figure 2: Simplified geological map of the Eastern Greywacke Zone between Aschbach and Stübming in the West and Neuberg in the East. Sample sites 
for fossils and U/Pb zircon analyses, as well as significant lithologies (gabbro, rauwacke) defining the base of Juvavic Mürzalpen Nappe are indicated. 
Name-giving sites for formations (Stocker, Sommerauer) and nappes (Hocheck, Rossegg, Steinbach, Aschbach) are given. The abbreviation Som 
(Sommerauer) gives site of detail section of the Sommerauer Formation (Fig. 8b). Note that U/Pb zircon sample WASCH (black diamond) derived from 
river sands of the Taurisgraben. Catchment area of this sample is indicated by the stippled line adjacent to WASCH. A full-scale version of the geological 
map including topographic information is provided in the supplementary material as Figure S1.
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The thickness varies from ca. 300 m at Sommereck near 
Aschbach to > 700 m in the central part of the study 
area. The Blasseneck Porphyroid is covered mainly by 
fine-grained metasediments deposited on a flat surface 
without significant relief. Locally, quartz phenocrysts are 
concentrated by reworking of unconsolidated volcanic 
material (Fig. 5), sometimes alternating with phyllites of 
the Rad Formation (Nievoll, 1983).

3.2  Stocker Formation (Early Ordovician to Silurian)
The Stocker Formation was initially described as a 
subunit of the Rad Schists (Nievoll, 1987), mentioned 
under „Remarks“ of the Rad Schists by Hubmann et 
al. (2014) and described as a formation by Nievoll and 
Suttner (2015). The name is derived from the locality 
Stocker (Fig. 2: 15.445E; 47.630N; all coordinates 
in decimal degrees) where metavolcanics and 
metavolcaniclastics are abundant; the type section 
is located in the Steinbachgraben between 1030 and 
1190 m above sea-level. Total thickness is ca. 500 m. 
The contact to the Kaskögerl Formation in the footwall 
is tectonic, the contact in the hangingwall to a second 
level of the Kaskögerl Formation is stratigraphic (Figs 
5-6). The lowermost part of the Stocker Formation 
consists of phyllites with intercalated layers and lenses 
of sandstones and quartzites (Figs 6-7a,b). Locally, well-
preserved slump structures indicate upright position 
(Fig. 7c). The middle part of the Stocker Formation is 

of the Noric Group (chapter 3), present the zircon age 
data (chapter 4), explain the tectonic structure (chapter 
5) and discuss the initial arrangement of the sedimentary 
facies realms and its regional significance (chapter 6).

3. Lithostratigraphy and sedimentary facies of the 
Noric Group

3.1  Blasseneck Porphyroid (Early to Late Ordovician)
The Blasseneck Porphyroid is the result of an extended 
Ordovician magmatic event which is present in many 
units in the Eastern and Southern Alps (Heinisch; 1980, 
1981); type locality is the Blaseneck mountain (Hubmann 
et al., 2014) ca. 60 km west of the Veitsch area. The 
Blasseneck Porphyroid of the Veitsch area consists mainly 
of crystal-rich meta-ignimbrites of dacitic composition 
(Heinisch, 1980). Frequent intercalations of fine-grained 
siliciclastic rocks as depicted by Cornelius (1936) cannot 
be confirmed. The two-phase low-grade metamorphism 
has wiped out most volcanic textures, transformed 
the original glassy matrix into fine-grained secondary 
minerals like sericite, chlorite, quartz, albite and kaolinite 
(Heinisch, 1980) and affected also the phenocrysts 
(sericitization of feldspar, plastic deformation and 
dynamic recrystallisation of quartz, dissociation of 
biotite). Deformation has induced a foliation of various 
intensity, from nearly absent in massive porphyroids to 
mylonitic textures near the Noric Thrust.

Figure 3: Structural map of the study area with name-giving locations, sampling spots and fossil findings. Locations of cross sections (Fig. 4) are indicated.
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carbonate. Phenocrysts < 4 mm are mainly plagioclase, 
an unknown mafic mineral transformed into chlorite 
aggregates and, very rarely, also quartz. Two levels of 
metavolcanics are exposed in the type section and one 
level in the Preisenbachgraben 1 km to the southwest.

characterized by thin layers and lenses of metavolcanics 
and metavolcaniclastics. The metavolcanics are < 10 m 
thick, chemically of intermediate composition and were 
erupted as lava (Nievoll, 1983). Secondary minerals of 
the fine-grained matrix are sericite, chlorite, quartz and 

Figure 4: Cross sections across Rauschkogel Klippe (a-b) and Kaiserstein (c-d). For location of sections see Fig. 3. Profiles (a) and (c) show formations 
with simplified lithologies; in (b) and (d) individual nappes are displayed. Note two-phase tectonic evolution with Variscan thrusts in red and eo-Alpine 
thrusts in black.
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of turbulent flow, incorporation of mud clasts and re-
sedimentation. Lapilli are sorted or unsorted and reach < 
30 mm in diameter. In the Kaiblinggraben about 2 km east 
of the Steinbachgraben, a breccia layer of 3 m thickness 
is exposed which contains ca. 30 % lithic components, 
both volcanics and phyllites, ca. 20 % porphyric quartz 
grains and ca. 50 % sericitic matrix (Figs 7e,f ). In the 
upper 150 m of the Steinbachgraben section an input 
of volcaniclastics is no more evident. Here, phyllites are 
prevailing, intercalated with black, siliceous phyllites of 
< 1 m thickness. The depositional environment in the 
lower and middle part of the Stocker Formation has been 
unstable, as deduced from the heterolithic composition, 
the presence of slump structures and the breccia layer. 
The upper part was apparently deposited in quiet, 
offshore conditions without significant features.

3.3  Rad Formation (Late Ordovician to Silurian)
The name of this formation is derived from “Wirtshaus 
Rad” (Cornelius, 1936, 1952), i.e. Rudolf Lammer´s inn 
„zum Radwirt“ (15.439E; 47.621N), demolished in the late 
1930s. The position of the rebuilt, actual “Radwirt” shifted 
1.25 km to the southeast into an area where Blasseneck 
Porphyroid is exposed and is not identical, as described 
by Hubmann et al. (2014), with the original location of the 
“Wirtshaus Rad”.

The Rad Formation (Nievoll and Suttner, 2015) has a 
thickness of ca. 500 m and consists of uniform phyllites, 
with sometimes quartz- and phyllosilicate-rich layers 
alternating in the mm-scale. A sedimentary contact 
exists with the underlying Blasseneck Porphyroid as well 
as with the overlying Kaskögerl Formation. Typical for the 
Rad Formation in the Veitsch area is a layer of phyllites 
and metasiltstones ca. 250 m above the Blasseneck 
Porphyroid which contains a fauna dominated by 
bryozoans and accompanied by brachiopods and 

The thickness of the metavolcaniclastics ranges 
between a few centimeters to several meters and 
comprises former ash tuffs, crystal-rich tuffs and lapilli 
tuffs of rhyolitic composition, with obvious indications 

Figure 5: Schematic columns of lithologies distributed in different nappes including formation names, estimated thicknesses, supposed stratigraphic 
age range and distribution of U/Pb zircon age data (red for meta-volcanics, yellow for sandstones). Levels containing biostratigraphic data (macrofauna 
given by spirals and conodonts findings symbolized by jagged, ramiform conodont type) are indicated. Thrusts are marked with thick triangle 
ornamented lines. Red triangles at the base of the Steinbach Nappe denote the Variscan Steinbach Thrust (Fig. 3). 

Figure 6: Type section of the Stocker Formation in the Steinbachgraben 
with supposed deposition ages of metasandstone, metalavas and tuffs 
(for location see Fig. 2). Position of dated samples (S1, S2, S4, S36) and 
lithologies described in the text are given. Samples K9 and K11 derived 
from the Kaiblinggraben, ca. 2000 meter to the west of Steinbachgraben 
and were projected into the profile.
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Figure 7: Thin sections and polished hand specimen of typical lithologies from the Stocker Formation (for relative stratigraphic position of samples 
see Fig. 6, for U/Pb age data see Figs 9-10). (a) Massive sandstone S1 containing monocrystalline and few polycrystalline quartz grains floating in 
quartz dominated matrix; feldspar is extremely rare and lithic components are absent. (b) Thin section of sandstone sample S4 showing mild grading. 
Conspicuous is first appearance of porphyric quartz and up to mm-sized lithic andesite components (some are marked by stippled lines) concentrated 
in distinct layers. (c) Example of mud- siltstone from lower / middle segments of the Stocker Formation. Dynamic conditions of deposition is suggested 
from slump structures, ripples and erosional surfaces. (d) Thin section of andesite S2 with porphyric plagioclase (pl) and quartz phenocrysts (q) floating 
in fine grained matrix. Secondary modification is evident from chlorite flakes (chl) after hornblende(?) and precipitation of secondary calcite (cc). Hand 
specimen (e) and thin section (f) from the breccia horizon (sample K9) with lithic andesite (an) and phyllite components (ph) and angular quartz grains 
(q). Secondary sericite has grown on expense of feldspar. (g) Lapilli tuff from middle section of the Stocker Formation. (h) Sample K11, from top part of 
the sequence is extremely rich in lithic components (lith), both andesite and more acidic quartz-rich clasts (dacite) and porphyric quartz (q). The matrix 
is rich in quartz, secondary carbonate, opaque components (op) and some mica grown along foliation planes.
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its hangingwall the Präbichl Formation (Figs 4-8). It 
comprises phyllites, siliceous phyllites, lydites (black 
cherts), quartzites, metasandstones and fine-grained 
metaconglomerates. Characteristic are the following 
features:
-	 Phyllites frequently contain thin quartz-rich layers 

of 1 to 40 mm thickness. Quartz-rich layers < 2 mm 
thickness are parallel-laminated. Layers > 2 mm vary 
laterally in thickness, show low-angle cross lamination 
and soft-sediment deformation (Figs 9a,b).

-	 Quartzites are bedded from several cm to several 
dm thickness; in some outcrops dish structures and 
convolute bedding (Fig. 9c) indicating upright position 
can be observed. Some beds contain phyllite clasts 
(rip-up clasts) up to 10 cm in size (Fig. 9d) and bedding 
planes with load casts and flute marks (Fig. 9e).

-	 Metasandstones and fine-grained metaconglom-
erates form lenticular bodies of < 60 cm thickness, 
sometimes graded (Fig. 9f ), and contain quartz grains 

cystoids (Figs. 2-5). This fauna, not yet described in detail, 
resembles at first sight Late Ordovician macrofossils from 
the Carnic Alps (Schönlaub and Flajs, 1993; Schönlaub, 
2000). Above the fossil-bearing layer another 250 m of 
phyllites, again sometimes with a diffuse layering, are 
following. Approaching the Kaskögerl Formation in 
the hangingwall, dark-coloured siliceous phyllites are 
occurring and the phyllites are grading into phyllitic 
limestones. 

3.4  Sommerauer Formation (Middle Ordovician to 
Devonian?)
The metaclastics on top of the Blasseneck Porphyroid 
exposed in the Rotsohl valley south of Aschbach are, due 
to their special sedimentary features, described as a new 
lithostratigraphic formation, the Sommerauer Formation. 
It is named after the Sommerauer farm located 2.3 km 
south of Aschbach (15.355E; 47.654N; Fig. 2), its footwall 
is the Blasseneck Porphyroid (type Sommereck) and 

Figure 8: Schematic section of the Sommerauer Formation (a) with detail of the turbiditic sequence (b). The terms organized and disorganized clay, 
silt and conglomerate refer to the classification of deep-water facies rock suites by Pickering et al. (1986). For location of the detail section and dated 
samples see Figure 2. Stars indicate position of dated samples. 
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at but not restricted to the contact with the underlying 
Rad Formation. The Kaskögerl Formation occurs in 
two levels. The lower level is overlain tectonically 
by the Stocker Formation while the higher level is 
transgressively overlain by the Präbichl Formation. The 
stratigraphic range as proved by conodonts is Lochkovian 
to Famennian (Ebner, 1974; Nievoll, 1987; Nievoll and 
Suttner, 2015) with the fauna best preserved in Middle 
and Late Devonian limestones rich in organic substance.
The Kaskögerl Formation is interpreted to have been 
deposited in a pelagic basinal environment.

3.6  Kaiserstein Formation (Early Devonian)
The Kaiserstein Formation, named after the Kaiserstein 
mountain (1322 m; 15.381E; 47.622N) (Figs 2-4) represents 
predominantly light-colored, massive to thick-bedded 
calcitic marbles of < 140 m thickness. In the western part 
of the study area also marbles of light red to violet color 
containing crinoidal detritus occur. Conodonts are very 
rare and have been determined up to now as Lochkovian 
only (Ebner, 1974; Nievoll, 1987). The footwall of the 
Kaiserstein Formation consists of Blasseneck Porphyriod, 
Rad Formation, but also Präbichl Formation; in all cases 
a tectonic contact is evident. The original hangingwall 
is made up of the Präbichl Formation as indicated by 
breccias rich in marble components, now overthrusted. 
Based on the aspect of the marbles the sedimentary 
facies is assumed to be shallow water, near-reef.

4. Geochronological, geochemical and petrographic 
investigations

4.1  Sampling
U-Pb zircon age data targeted five Blasseneck Porphyroid 
localities to get a more comprehensive picture of its 
stratigraphic position and age range. Five metavolcanic 
and metaclastic samples of the Stocker Formation were 
processed to establish its time relationship with the 
Blasseneck Porphyroid volcanism and/or define maximum 
depositional ages. Two samples were taken from 
metaclastics of the Sommerauer Formation, to identify its 
source and maximum depositional ages. Coordinates and 
analytical data of the 12 zircon samples are shown in the 
Appendix (Tab. A1) and the supplementary material (Tab. 
S1). A selection of Blasseneck Porphyroids (8 samples, 4 
of them dated by U/Pb zircon chronology) and Stocker 
metavolcanics (3 samples, one of them dated) was 
analyzed geochemically. Sample locations and analytical 
data are given in the Appendix (Tables A1, A2). The 
petrography of samples selected for zircon age dating 
and of ca. 100 metaclastics and metavolcaniclastics was 
investigated in thin sections.

4.2  Geochemistry

4.2.1. Analytical procedure
Powdered samples were dried at 105°C at least for two 
hours before loss on ignition (LOI) was obtained at 

and lithoclasts < 6 mm and phyllite clasts < 10 cm in 
size. Quartz grains are predominantly monocrystal-
line and have partly preserved the shape and em-
bayments typical for those formed in silicic volcanics; 
polycrystalline quartz grains with mylonitic texture 
are rare. The lithoclasts consist of metasandstone, 
lydite (angular grains of black chert, > 98 % SiO2 in 
scanning electron microsope (SEM) analysis), and 
metavolcanics (> 71 % SiO2 in SEM analysis) (Fig. 9g). 
When intercalated in phyllites, coarse sandstones and 
fine-grained metaconglomerates are weathering out 
as tongue-shaped bodies; in one outcrop convolute 
bedding is preserved. Such rocks are not quartz-ce-
mented and contain < 10 % carbonate disseminated 
in the matrix.

-	 Siliceous phyllites occur together with phyllites in 
the vicinity of Sommerauer farm, lydites occur near 
Sommerhaus 0.5 km south of Aschbach and in the 
Dürrwald valley (2.5 km east of Aschbach, Fig. 2). Bed 
thickness in the siliceous phyllites is 1-5 cm, in lydites 
10-50 cm. In thin section of lydites, circular structures 
of < 0.15 mm diameter have been interpreted 
as relics of radiolarians (Cornelius, 1952). Such 
structures are also present in angular lydite grains of 
metaconglomerates (Fig. 9h). 

The total thickness of the Sommerauer Formation is 
estimated as 700-1000 m, with laminated phyllites forming 
the major part. The quartzites with intercalated coarse 
metasandstones and fine-grained metaconglomerates 
are about 100 m thick. The siliceous phyllites and lydites 
are < 10 m thick.

Sedimentary structures like dish structures and convolute 
bedding (e.g., Tinterri et al., 2016) in metasandstones 
and quartzites, bedding planes with load casts and flute 
marks (e.g., Peakall et al., 2020), tongue-shaped bodies 
of sandstones and fine-grained metaconglomerates 
intercalated in phyllites which are interpreted as flame 
structures (e.g., Butler et al., 2016), point to deposits of 
turbidites. Preservation of monocrystalline quartz grains 
typical for those in silicic volcanics and angular lydite 
grains indicate rapid transport across the shoreface. 
Phyllites containing thin quartz-rich layers with parallel 
lamination and low-angle cross-stratification represent 
former mixed sand-mud bedforms (Baker and Baas, 
2020). This facies is attributed to outer, distal parts of a 
submarine fan (e.g., Spychala et al.; 2017, 2020), while the 
coarse-grained facies is attributed to the proximal lobe 
(e.g., Brooks et al., 2018).

3.5  Kaskögerl Formation (Early to Late Devonian)
For the Veitsch area, the term Metalliferous Limestones 
(Hubmann et al., 2014) was replaced by the Kaskögerl 
and Kaiserstein Formations, respectively (Nievoll and 
Suttner, 2015). The Kaskögerl Formation, named after the 
Kaskögerl (15.481E; 47.636N) (Fig. 2), consists of banded 
limestones to calcitic marbles and phyllitic limestones of 
< 300 m thickness; siliceous to cherty layers are frequent 
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Figure 9: Lithologies and sedimentary structures of the turbiditic part of the Sommerauer Formation; see also Figure 8b. (a) Parallel-laminated phyllite 
with low-angle cross-laminated siltstone. (b) Soft sediment deformation (stippled) and cross-lamination in siltstone. (c) Hand specimen with flute marks. 
(d) Basal part of a turbiditic fine-conglomerate with grading and rip-up clasts (predominately phyllite lithologies). (e) Load casts and flute marks in loose 
blocks of the Sommerauer Formation. (f) Fine-conglomerate / sandstone beds with grading and rip-up clasts in basal portions (black elongated clasts). 
(g) Lithoclasts in coarse sandstone with monocrystalline (mq) and polycrystalline, mylonitic quartz (pq), various meta-volcanics (v), metasandstone (sst) 
and lydite (ly). (h) Clast of lydites (ly) with circular structures (white spots) probably representing radiolarians.
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series, while the Stocker metavolcanics follow the calc-
alkaline series with the exception of the two andesitic 
samples, which lie in the tholeiite series field (Fig. 10b). 
However, these two samples have unusual low K2O and 
high Na2O values and fall in the FeOt/MgO vs. SiO2 diagram 
(Miyashiro, 1974) into the calc-alkaline group (Fig. 10c). 
With the exception of one sample, all igneous rocks are 
peraluminous; most samples have A/CNK values larger 
than 1.1 (Fig. 10d), which is typical for magmatics with 
S-type affinity (Chappell and White, 2001). In Figure 11 
the selected major and trace elements of the investigated 
samples are plotted against SiO2. TiO2 and FeOt decrease 
with increasing SiO2 content, typical for calc-alkaline rocks 
(Maaløe and Petersen, 1981). Al2O3, K2O, and Na2O also 
show decreasing trends with increasing SiO2 indicating 
fractionation of feldspars. The decrease in P2O5 and Zr 
can be explained by crystallization of apatite and zircon. 
A number of samples have unusual high concentrations 
of Zr (>250 mg/kg) which is significantly higher than 
calculated zircon saturation contents after Watson and 
Harrison (1983) indicating incorporation of xenocrystic 
zircons in the parental magma. Rb and Sr do not display 
well developed trends; however, a few samples have 
elevated contents with values >300 mg/kg.

4.3  Geochronology
4.3.1. Analytical procedure
Zircons were separated by crushing 2.5-3 kg of each 
sample and concentrating the heavy mineral fraction in 
a Conrad gold pan. The heavy mineral fraction was then 
separated using a Frantz magnetic barrier separator and 
zircon grains were handpicked randomly, mounted in 
epoxy resin and polished to expose the grain interiors. 
Cathodoluminescence (CL) images of zircons were 
obtained by a JEOL JXA-8530F Plus EPMA to identify 
internal growth patterns, homogenous areas for dating 
and possible inclusions. Zircon dating was performed with 
an ESI NWR 193 nm laser ablation system coupled to a Nu 
Plasma II multi-collector inductively-coupled plasma mass 
spectrometer (MC-ICP-MS) at the NAWI Graz Central Lab 
Water, Minerals and Rocks (Graz University of Technology 
and University of Graz). Line scans were used for dating 
samples A1, A4 and WASCH, while spot ablation was carried 
out for all other samples. The measurement conditions for 
both methods, analytical data and selected CL images are 
shown in the Appendix and the supplementary material 
(Fig. S2 and Table S1). Analytical procedures for the line 
scans are described in more detail in Mandl et al. (2018) 
and Haas et al. (2020). For the line scan, the Plesovice 
zircon (Sláma et al., 2008) and for spot measurements, the 
GJ1 zircon (Jackson et al., 2004) was used as the primary 
reference material and/or the 91500 (Wiedenbeck et al., 
1995), M257 (Nasdala et al., 2008), Plešovice (Sláma et 
al., 2008) and Mud Tank (Black and Gulson, 1978; Gain 
et al., 2019) zircons were used as secondary reference 
materials to monitor the reproducibility and accuracy of 
the analyses. Spot ablation was performed with 35 or 15 
µm spot diameter, 5 Hz repetition rate, and 20% of 5 mJ 

1030°C and preparation of fused glass discs. A lithium 
tetraborate/metaborate mixture was used (7 gram) 
together with 1 gram of sample to produce the glass beads 
which were measured for major, minor, and selected 
trace elements with a Bruker Tiger S8II at the Institute 
of Earth Sciences - NAWI Graz Geocenter, University of 
Graz. Calibration curves for the analyzed elements were 
obtained by measuring approximately 100 international 
reference materials (United States Geological Survey, SGS 
Reference material services, Geological Survey of Japan, 
Centre de Recherches Petrographiques et Geochimiques, 
International Association of Geoanalysts). Counting times 
on peak and each background were max. 100 seconds 
per element, a variable alpha correction was applied to 
correct for matrix effects. The lower limit of detection 
(LLD) for most elements is in the range of 10 to 30 mg/
kg, uncertainties for elements with a concentration >10 
wt % is <1 %, for elements between 10 to 0.1 wt % ca. 1-3 
% and for elements <0.1 % approximately 5 %. Sample 
coordinates and analytical data are provided in the 
Appendix, Tables A1 and A2.

4.2.3. Results 
To our 11 new samples we add 17 published analyses of 
the Blasseneck Porphyroid from the study area (Heinisch, 
1980) and 8 unpublished analyses of metavolcanics of the 
Stocker Formation carried out at the Quality Management 
Department of RHI Magnesita´s Veitsch plant (no trace 
element data are available from that data set). The purpose 
of our chemical analyses was mainly to classify the 
metavolcanic rocks correctly, not a detailed geochemical 
study. The alteration of mineral phases of the Blasseneck 
Porphyroids is very variable. Those rocks exposed close to 
eo-Alpine thrusts experienced mylonitization and fluid 
infiltration, frequently associated with transformation of 
feldspar to white mica (e.g., samples MGR4 and BGR2). 
Other samples, such as SOE2 preserved magmatic 
textures, although even here sericitisation is common. 
Despite of this, loss on ignition (LOI) is small in the 
Blasseneck Porphyroids (1.3-2 % with one outlier of 4 %). 
The Stocker metavolcanics represent, by contrast to the 
Blasseneck Porphyroids, thin layers embedded within the 
sedimentary sequence. A possible interaction with the 
host rock is high and indeed, some samples exhibit high 
percentage of LOI. The comparatively high LOI of the two 
samples S2 and S33 with 6.61 and 6.98 % LOI is explained 
by the content of secondary carbonate in these samples. 
In summary, element mobility cannot be excluded, 
especially for the major elements.

In the Total Alkali against Silica (TAS) classification 
diagram of Le Bas et al. (1986) the majority of the 
Blasseneck Porphyroid samples plot in the dacite field and 
two samples (MGR4, SOE2) in the rhyolite field (Fig. 10a). 
The metavolcaniclastics of the Stocker Formation have 
rhyolitic composition whereas the two metavolcanics (S2 
and S33) plot in the andesite field. In the SiO2 - K2O plot 
of Peccerillo and Taylor (1976) the Blasseneck Porphyroid 
samples fall into the calc-alkaline and high-K calc-alkaline 
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weighted mean calculations were prepared with IsoplotR 
(Vermeesch, 2018). 206Pb/238U weighted mean ages of the 
samples were calculated from single zircon dates showing 
less than 2 % discordance. External uncertainties were 
propagated to the internal 2s	error of the weighted mean 
ages by quadratic addition (external error propagation, 
EEP) (Horstwood et al., 2016). Since the minority of our 
single crystal ages (ca. 11 %) is older than 1100 Ma and 
the cut-off in our Kernel density estimation (KDE) plots is 
1200 Ma, we refrain from using 207Pb/206Pb ages for those 
older grains. However, these data together with single 
grain 207Pb/235U, 206Pb/238U and single grain Concordia ages 
are given in the supplementary material (Tab. S1). Single 
grain ages mentioned in the text below are single grain 
Concordia ages.

energy output resulting in a sample fluence of 2.5-2.7 J/
cm². The length of the scan line varied between 50 and 
150 μm with a spot diameter of 10–15 μm, 7–10 Hz, a scan 
speed of 10 μm s−1 and a maximum laser energy of 5.0 to 
5.5 J cm−2. Gas blanks were acquired for 25s during laser 
warm-up, which was followed by 15s of sample ablation 
for spot analyses. The accuracy of the secondary standards 
Plesovice, 91500, M257 and Mud Tank was better than 1.2 
%. The long-term variance of validation material is about 
1.3 %. A common lead correction was not applied to the 
results. Data were reduced with the IOLITE v. 3.71 software 
package using the U_Pb_Geochron4 data reduction 
scheme (Paton et al., 2010; 2011) and, for line scans, 
using the MS Excel spreadsheet LamTool U-Th-Pb version 
VI (Košler, 2008). Concordia diagrams and 206Pb/238U 

Figure 10: Classification diagrams of Blasseneck Porphyroids (red symbols) and Stocker metavolcanics (blue symbols). Labelled large symbols represent 
samples dated by U/Pb zircon chronology. (a) TAS classification diagram after Le Bas et al. (1986); (b) SiO2 / K20 plot after Peccerillo and Taylor (1976); (c) 
FeOt/MgO vs. SiO2 diagram (Miyashiro, 1974); (d) A/CNK after Shand (1943). For explanation see text.
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One zircon grain (grain 29, see supplementary material) 
with an age of ca. 1873 Ma (single grain Concordia age) 
is slightly discordant and another 4 grains between ca. 
686 Ma and 530 Ma are considered as xenocrysts (grains 
25-28). The remaining 24 grains give a Concordia age of 
ca. 447 Ma (Fig. 12a). For weighted mean age calculation, 
we omitted the 5 xenocrysts, one outlier (grain 22) and 
the youngest two zircons (grains 1, 2) for possible lead 
loss. The remaining 21 zircons give an 206Pb/238U weighted 
mean age of 444 ± 1.2 Ma. Applying external error 
propagation (EEP) gives an age of 444 ± 5.9 Ma (Fig. 12b). 
Long- to short-prismatic zircons have oscillatory zoning. 
This surprisingly young age raised doubts of a coeval 

4.3.2. Results
4.3.2.1. Blasseneck Porphyroid
Sample “WASCH” from Taurisgraben (15.513E; 47.618N) 
was the starting point of our geochronological study. 
The intention was to confirm published Blasseneck 
Porphyroid ages from the Kitzbühel (Söllner et al., 1991; 
1997; Blatt, 2013) and Eisenerz areas (Söllner et al., 1997). 
The catchment area of Taurisgraben is about 4 km2 and 
built exclusively of Blasseneck Porphyroid draining about 
500 m in thickness (Figs 2-3). Given the abundance of 
zircon grains in Taurisgraben river sand we used a Conrad 
gold pan for zircon enrichment. A total of 29 zircons 
with a grain size between 200-600 µm were analyzed. 

Figure 11: Selected major and trace elements plotted against SiO2. Blasseneck Porphyroids in red and Stocker metavolcanics in blue symbols. For 
explanation see text.
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separates this level from the main body of the dacitic 
Blasseneck Porphyroid in the hangingwall. This sample 
is extremely poor in zircon and has the lowest zirconium 
concentration (98 ppm) of all studied samples. With the 
standard procedure only 9 zircon crystals were extracted, 
three of them have 9-12 % discordance (grains 1, 8, 9). The 
remaining 6 zircons give a poorly defined Concordia age 
of ca. 477 Ma and a 206Pb/238U weighted mean age of ca. 
476 Ma (Figs 12g,h). The obtained ages cannot be taken 
seriously but provide a hint that “older” magmatic pulses 
may be present within the Blasseneck Porphyroid body 
(see sample below). The 100 to 200 µm large pink zircons 
with aspect ratio between 1.5 and 2 show oscillatory 
zoning. Th/U ratios are between 0.3 and 0.7 (mean 0.43).

Sample SOE2 (15.332E; 47.663N) from Sommereck near 
Aschbach is a metarhyolite with monocrystalline quartz 
phenocrysts, feldspar phenocrysts largely transformed 
into sericite and relics of pyroxene (?) (Fig. 13d). A total 
of 36 zircons were analyzed, all of them have less than 2 
% discordance. Three zircons are considered xenocrysts 
that give ages of ca. 530 Ma, 520 Ma and 494 Ma (grains 
34-36). One zircon with a large analytical error (grain 
27) was dismissed. The remaining 32 zircons give ages 
between ca. 464 Ma and 486 Ma, evenly distributed 
along the Concordia with a mean Concordia age of ca. 
478 Ma (Fig. 12i). 19 grains overlapping in error were 
selected for a 206Pb/238U weighted mean age calculation 
and give 479 ± 0.6 Ma (± 6.3 Ma with EEP) (Fig. 12j). When 
the youngest grain (grain 1) is dismissed for possible 
lead loss, the six next-younger zircons (grains 2-7) give a 
206Pb/238U weighted mean age of 470 ± 0.9 Ma (± 6.3 Ma 
with EEP) which closely dates time of volcanic eruption. 
No zircons younger 464 Ma exist in that sample. Long- 
to short-prismatic pink zircons with oscillatory zoning 
have Th/U ratios from 0.17 to 0.58 with a mean of 0.33; all 
features point to magmatic origin.

4.3.2.2. Metavolcanics and metasandstones of the Stocker 
Formation 
Here we sampled from the stratigraphic base to the 
top the type profile of the Stocker Formation in the 
Steinbachgraben (Nievoll and Suttner, 2015) and one 
sample from outside the type profile (S4). Samples S2 
and S36 are metaandesites, samples S1, S3 and S4 are 
metasandstones. 

 Sample S2 (15.474E; 47.639N) is from the lower, 8-10 
meters thick andesitic layer in the Steinbachgraben 
section (Fig. 6). A total of 75 zircons were analyzed, two 
of them with more than 2 % discordance (grains 48, 74) 
and two outliers (grains 1, 3) have been dismissed. The 
remaining zircon scatter along the Concordia with a 
cluster of 37 grains (grains 6-42) at ca. 463 Ma (206Pb/238U 
age) (Figs 14a,b). The youngest 6 zircons (outlier grains 
1, 2, 3 erased) give a 206Pb/238U age of ca. 455 Ma (± 6 Ma 
with EEP) (see also KDE plots in Fig. 15). Long- to short-
prismatic pink zircons show oscillatory zoning, few of 
them are rounded and have Th/U ratios from 0.6 to 2.8 
with a mean of 1.2.

Blasseneck Porphyroid “event” along the entire (Eastern) 
Greywacke Zone and led us to sample more localities of 
the Blasseneck Porphyroid across the study area.

Sample BGR2 (15.343E; 47.581N) at the western end 
of the study area is a strongly deformed metadacite 
with a high content of fine-grained, sericitic matrix, 
monocrystalline quartz phenocrysts and relics of feldspar, 
hornblende and biotite phenocrysts (Fig. 13a). A total of 
29 zircons were analyzed, one of them with more than 2 
% discordance (grain 12) was dismissed. The remaining 28 
zircons give single zircon ages between 455 Ma and 475 
Ma, quite evenly distributed along the Concordia with a 
Concordia age of ca. 463 Ma (Fig. 12c). The main group of 
zircons overlapping in errors (grains 8-23) give a 206Pb/238U 
weighted mean age of 464 ± 0.6 Ma (464 ± 6 Ma with EEP) 
(Fig. 12d). The youngest 6 zircons give a 206Pb/238U weighted 
mean age of 456 ± 1.1 Ma (± 6 Ma with EEP) interpreted to 
date closely the age of volcanic eruption. The size of short-
prismatic, pink zircons is 150 to 200 µm; the aspect ratio 
is 2:1 to 3:1. All zircons show oscillatory zoning patterns; 
the Th/U ratios range from 0.21 to 0.57 (mean 0.35) as 
characteristic for a magmatic origin (Rubatto, 2002).

Sample MGR3 (15.547E; 47.627N) is a strongly deformed 
metadacite south of Hocheck with partly recrystallized 
quartz phenocrysts up to 1 mm in size. The few quartz 
phenocrysts which escaped recrystallization exhibit 
resorbed embayment typical for solution processes 
within the magma chamber. Feldspar phenocrysts are, 
like in sample BGR2, mostly transformed to sericitic mica 
(Fig. 13b). A total of 30 zircons were analyzed, all of them 
have less than 2 % discordance. The size of long- to short-
prismatic zircons with aspect ratio from 1.6:1 to 3.5:1 is 
between 100 and 200 µm. Pink zircons with oscillatory 
zoning and Th/U ratios > 0.1 (mean 0.35) are characteristic 
for a magmatic origin (Rubatto, 2002).

Two zircons (grains 29, 30) with Concordia ages of 488 
and 490 Ma are interpreted as xenocrysts. The youngest 
zircon (grain 1) with ca. 446 Ma has been omitted 
because of possible Pb loss. The remaining 27 zircons are 
distributed along the Concordia and give a Concordia 
age of ca. 460 Ma (Fig. 12e). Weighted mean age plots 
display apparently two age groups (Fig. 12f ), the younger 
of which defined by zircon grains 2-11 give a 206Pb/238U 
weighted mean age of ca. 453 Ma ± 0.7 Ma (± 6 Ma with 
EEP). The older group of zircons (grains 12-28) give a 
206Pb/238U weighted mean age of 466 ± 0.6 Ma (± 6.1 Ma 
with EEP). Data of both groups hardly overlap even when 
external error propagation is applied, hence, existence 
of two age groups should be considered possible in that 
sample (see also Kernel density estimation (KDE) plots in 
Figure 15). The youngest reliable zircon group of ca. 453 
Ma may date closely the time of volcanic eruption.

Sample MGR4 (15.548E; 47.627N) was taken from the 
very base of the Blasseneck Porphyroid only few meters 
above the Noric Thrust and 100 meters below sample 
MGR3. It represents a local, unusual type of crystal-poor 
ignimbrite of white color and rhyolitic composition 
(Fig. 13c). A few meters of strongly deformed phyllites 
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Figure 12: U-Pb Concordia ages (left row) and 206Pb/238U weighted mean ages (right row) of Blasseneck Porphyroid types. Grey shaded grains in weighted 
mean plots were used for 206Pb/238U age calculations. Grains given as stippled ellipses in sample SOE2 (i) are not included for calculation. Uncertainties 
are 2s, errors given in Italic characters were calculated by implementing the long-term variance of validation material (1.3 %) through External Error 
Propagation (EEP); MSWD is Mean Standard Weighted Deviation. 
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50 % of the volume. In thin section the sandstone is 
structureless except some tectonically induced pressure 
solution seams defining a weak foliation. Other detrital 
components such as feldspar, white mica or lithic 
components are extremely rare to absent.

A total of 87 zircons were analyzed; one outlier was 
erased (grain 1) and 11 grains have a discordance between 
2 % and 4 %. 7 zircons give Archean ages between ca. 2.55 
Ga and 2.65 Ga; 11 give Paleoproterozoic ages between 
1.64 Ga and 2.26 Ga; and 14 zircons give Mesoproterozoic 
ages (1.0 Ga – 1.06 Ga) (see supplementary material, Tab. 
S1). Neoproterozoic zircons cluster in two 206Pb/238U age 
groups, one at ca. 992 Ma and another at ca. 640 Ma (Fig. 
14e). The youngest 6 zircons (youngest outliers dismissed) 
give a 206Pb/238U weighted mean age of ca. 592 Ma.

Sample S4 (15.444E; 47.624N) is from outside the 
Steinbachgraben section and corresponds to a level 
between S1 and S2. It is a coarse-grained, poorly sorted 
sandstone with a grain size of ca. 1 mm with abundant 

S36 (15.474E; 47.640N) is from the upper, 2 m thick 
andesitic layer in the Steinbachgraben section, about 
80 m above sample S2 (Fig. 6). A total of 36 zircons were 
analyzed; 5 of them have more than 2 % discordance 
(grains 1, 33, 34, 35, 36) and were dismissed. Out of the 
remaining 31 grains 5 xenocrysts scatter between ca. 
1070 Ma and 570 Ma and 26 zircons form an age cluster 
with a Concordia age of ca. 468 Ma (Fig. 14c). 24 zircons 
(grains 2-25) define a plateau with an 206Pb/238U weighted 
mean age of 468 ± 1.1 Ma (± 6.1 Ma with EEP) (Fig. 14d). 
The six youngest zircons (grains 2-7; outlier grain 1 
dismissed) give an 206Pb/238U age of 461 ± 2 Ma (± 6 Ma 
with EEP). Zircons display an oscillatory zoning pattern, 
Th/U ratios range from 0.2 to 1.1 with a mean of 0.54.

Sample S1 (15.473E; 47.636N) is a fine-grained, quarzitic 
sandstone from the basal portion of the Steinbachgraben 
section well below the first volcanics (Fig. 6). Quartz 
grains with average grain size of 0.1-0.2 mm are evenly 
distributed in a fine-grained matrix constituting about 

Figure 13: Thin section from dated varieties of Blasseneck Porphyroids, for sample sites see Figure 2. Abbreviations are fsp – feldspar, qu – quartz, bi 
– biotite, sericite – ser, px – pyroxene. (a) Dacite sample BGR2 with sericitic matrix, some feldspar that escaped sericitisation, monocrystalline quartz 
phenocrysts, and remnants of biotite flakes. (b) Strongly deformed dacite MGR3 with recrystallized quartz phenocrysts embedded in sericitic matric. 
(c) Rhyolite sample MGR4 taken few meters above the Noric Thrust with mylonitic fabric. Quartz is dynamically recrystallized whereas feldspar exhibits 
brittle deformation. Foliation planes are coated by sericite. (d) Rhyolite sample SOE2 with resorption embayment in quartz, feldspar partly transformed 
into sericite and remnants of pyroxene (?). 
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Sample S3 (15.474E; 47.640N) is a coarse sandstone 
from the Steinbachgraben section about 20 meters 
above the andesite sample S2 (Fig. 6). Normal grading can 
be observed in the field. Components are dominated by 
monocrystalline quartz, some of which with resorption 
features. Feldspar grains are rare as are lithic fragments, 
the latter consisting of andesitic volcanics and phyllites.

A total of 66 zircons were analyzed, 6 of them with more 
than 2 % discordance were not considered. Five zircons 
out of the remaining 66 give Archean ages (ca. 2.5 Ga – 
2.6 Ga), 11 zircons Paleoproterozoic ages (1.8 Ga – 2.4 
Ga), 1 zircon a Mesoproterozoic age (1.07 Ga) and 28 
zircons give Neoproterozoic ages between 571 Ma and 
999 Ma. The Neoproterozoic to Ordovician zircons are 
grouped into two clusters (Fig. 14g), one with 16 zircons 

monocrystalline quartz and very rare feldspar grains. 
Noticeable are fine-grained lithic components, possibly 
acidic volcanics or chert components. A mild foliation is 
represented by pressure solution seams.

A total of 94 zircons were measured, 12 of them with 
more than 2 % discordance were discarded. Four Archean 
zircons give 2.5 Ga and 2.9 Ga, 10 Paleoproterozoic 
zircons range between 1.6 and 2.06 Ga. Nine zircons give 
a Mesoproterozoic age between 1.01 Ga and 1.22 Ga. The 
majority of zircons is Neoproterozoic with two age groups 
scattering between 1.05 Ga and 900 Ma (mean 206Pb/238U 
age is ca 962 Ma) and between 700 Ma and 575 Ma (mean 
206Pb/238U age is ca. 631 Ma) (Fig. 14f ). The youngest two 
zircon grains are Ordovician (470 Ma, 479 Ma). The Th/U 
ratios in all zircons are > 0.1.

Figure 14: U-Pb zircon Concordia (a-c) and 206Pb/238U weighted mean age plots of metavolcanics and sandstones from the Stocker Formation (b-g) 
and sandstones from the Sommerauer Formation (h-i). Inserts in (a) and (c) are Concordia plots and approximate Concordia ages of main age clusters. 
Uncertainties are 2s,	errors given in Italic characters derived from long-term variance of validation material. 
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Three Mesoproterozoic of 1.01 Ga together with 56 
Neoproterozoic zircons (566-980 Ma) give an array of 
206Pb/238U ages with a cluster (n = 33) at 622 ± 1 Ma (± 8 
Ma with EEP). Phanerozoic zircons (n = 18) define a cluster 
at 448 ± 0.8 Ma (± 6 Ma with EEP) (Fig. 14i). The youngest 
6 zircons give a 206Pb/238U mean age of 439 Ma.

4.3.2.4. Post -Variscan Cover (Präbichl Formation detrital 
zircons)
For completeness we include published detrital zircon 
spectra from Permian sediments (Präbichl Formation) at 
Präbichl near Eisenerz (Haas et al., 2020). These data and 
all other U/Pb ages are, for easier assessment, displayed 
in frequency diagrams (KDE plots, Vermeesch, 2018) 
(Figs 15-16). Data from these Permo-Mesozoic sediments 
are considered important because they provide 
information about the sediment source supplied after 
the Variscan orogeny. The Precambrian detrital zircon 
spectrum is similar within all of the studied metaclastics 
in general (Stocker and Sommerauer Formations), 
with some Archean to Paleoproterozoic zircons and 
a Mesoproterozoic age gap. Early Neoproterozoic 
(“Grenvillian”) ages around 960 Ma are present in the 
Präbichl Formation, sandstones of the Stocker Formation 
(S1, S4) and the Sommerauer Formation (A1, A4). Late 
Neoproterozoic ages around 600 Ma are also comparable 
to those of samples A1 and A4; an Ordovician peak at ca. 
460 Ma documenting erosion of Ordovician magmatics is 
also present. The major difference is, of course, the very 
pronounced peak at 356 Ma in the Präbichl sample which 
documents erosion of an early Variscan orogen in the 
hinterland.

5. Tectonic structure of the Noric Nappe 
The existence of Variscan internal nappes or „Schuppen“ 
in the Noric Nappe has been taken for granted since 
the first detailed mapping of the study area (Cornelius; 
1936, 1952). Variscan nappes have also been described 
from other well-studied areas of the Greywacke Zone 
like the Eisenerz Mountains (e.g., Schönlaub, 1982) and 
Kitzbühel (e.g., Heinisch et al., 2015). Eo-Alpine tectonics, 
most probably of Lower Cretaceous age is inferred from 
Permo-Mesozoic sediments interposed with Paleozoic 
sequences (basement-cover repetition) and scattered 
cooling ages (Ratschbacher, 1986; Neubauer et al., 1994; 
Dallmeyer et al., 1998; Schuster and Nowotny, 2015). In 
the study area the tectonic boundaries of the Tirolic-
Noric Nappe System are certainly of eo-Alpine age. The 
tectonic base of the Noric Nappe is underlain by Permian 
sediments of the Silbersberg Nappe and occasionally by 
tectonic slices of magnesite (Veitsch Nappe) and high-
grade metamorphic Kaintaleck slices. On the top, the 
Präbichl Formation is only partially resting undisturbed 
on its Lower Paleozoic basement. In many cases Permian 
sediments are incorporated into thrust tectonics, e.g., 
along the Rotsohl Thrust (Figs 3-4). The Tirolic-Noric 
Nappe System is overthrusted by the Juvavic Mürzalpen 
Nappe with Permian gabbros and rauwacke exposed 

gives a mean 206Pb/238U age of ca. 658 Ma; another with 18 
zircons gives ca. 462 Ma. The youngest 6 zircons (except 
the youngest 437 Ma zircon) give a mean 206Pb/238U age of 
ca. 458 Ma. The Th/U ratios in all zircons are > 0.1.

The summary of zircon ages of Stocker Formation 
metaclastics is as follows: The basal sandstone (sample 
S1) contains exclusively Precambrian zircons with the 
youngest zircon group around 592 Ma. Sample S4, taken 
from a similar stratigraphic position, shows a similar 
spectrum but has two zircons with ages of 470 Ma and 
479 Ma. This suggests that sandstones were deposited 
after the early Cambrian, most probably during early 
Ordovician, but before emplacement of prevalent Middle 
Ordovician, ca. 460 Ma magmatics of Blasseneck type. 
The most probable age of sedimentation is the Floian 
stage which make these sediments approximately 
time-equivalent to the Gerichtsgraben Formation in the 
Eisenerz area. The detrital zircon spectrum of sample 
S3 taken about 20 meters above the andesite sample 
S2 contains a late Neoproterozoic cluster (658 Ma), 
similar to the youngest cluster of samples S1 and S4. 
In addition, a pronounced cluster at 462 Ma is present 
which is very close to the suggested emplacement age of 
andesite lavas of sample S2 (463 Ma). Hence a Darriwilian 
sedimentation age is proposed for sample S3.

4.3.2.3. Metaclastics of the Sommerauer Formation
Sample A1 (15.363E; 47.650N) is an immature sandstone 
that contains mainly monocrystalline quartz, rare 
polycrystalline quartz and up to 10 % lithic components. 
The latter include sandstone, phyllites and cherty 
material. Feldspar and white mica are extremely rare. In 
the outcrop dish structures and convolute bedding can 
be observed.

A total of 95 zircons were analyzed, 15 of them were 
dismissed for discordance with more than 2 % or large 
errors. Out of the remaining 78 zircons 5 zircons give 
Archean ages (2.5 Ga – 2.7 Ga), 11 zircons Paleoproterozoic 
ages (1.80 Ga – 2.46 Ga). Seven Mesoproterozoic zircons 
between 1.01 Ga and 1.10 Ga define together with 8 early 
Neoproterozoic zircons (908 Ma – 980 Ma) a cluster at 949 
± 2.2 Ma (± 14 Ma with EEP). Out of the 35 Neoproterozoic 
zircons, the younger group (743 Ma– 555 Ma; n=27) give 
an array of 206Pb/238U ages with a mean age of 653 ± 1 
Ma (± 8,5 Ma with EEP). 16 out of 23 Phanerozoic zircons 
between 436 Ma and 524 Ma give a cluster with 453 ± 1 
Ma (± 6 Ma with EEP) (Fig. 14h). The youngest 6 zircons 
(youngest 3 outlier erased) give a 206Pb/238U age of ca. 443 
Ma (443 ± 1.5 Ma, ± 6 Ma with EEP).

Sample A4 (15.352E; 47.648N) is a bedded sandstone 
with blurred cross stratification. Components include 
monocrystalline and polycrystalline quartz, some 
feldspar and lithic components (phyllites, originally 
probably mud clasts).

A total of 94 zircons were analyzed, 7 of them were 
dismissed because of discordance > 2 % or large 
errors. Three Archean zircons give (3.2-2.6 Ga) and two 
zircons Paleoproterozoic ages (1.83 Ga and 1.84 Ga). 
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Figure 15: Kernel density estimation graphs (KDE-Plots; Vermeesch, 2012). Blasseneck Porphyroids (a-e) are arranged by age groups and display pulses 
of zircon formation at ca. 478 Ma, 462, 455 Ma and 446 Ma. Youngest zircon ages closely date age of volcanic eruption. Ages from Stocker Formation 
(f-j) are arranged from stratigraphic base (j) to top (f) and include andesite (green) and sandstone (yellow). Cut-off is 1.2 Ga. Note increase of Ordovician 
source material with time and decrease of Neoproterozoic detritus. Age of sedimentation of sandstone S3 is considered close to emplacement of 
andesites (S2, S36).
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5.1  Hocheck Nappe
The Hocheck Nappe consists mainly of Blasseneck 
Porphyroid and builds the steeply dipping southern 
rim of the Noric Nappe in the study area. The Noric 
Thrust separates it from the underlying tectonic units 
(Silbersberg Nappe, Kaintaleck slices, and Veitsch Nappe). 

along the thrust contact. By combining the zircon age 
data, published biostratigraphic data and mapping, four 
nappes can be distinguished within the Tirolic-Noric 
Nappe System at Veitsch area. These are from south to 
north the Hocheck, Rossegg, Steinbach and Aschbach 
Nappes (Fig. 3). 

Figure 16: Kernel density estimation graphs (KDE-Plots) from the Sommerauer Formation (a-d; orange) and the Präbichl Formation (e-f: blue). Cut-off is 
3.0 Ga, 1.2 Ga and 1.0 Ga. Youngest peak in Sommerauer Formation samples (A1, A4) is 455 Ma and 448 Ma which is close to the ages obtained from the 
younger Blasseneck Porphyroid in sample Wasch (ca. 444 Ma) and the younger group of sample MGR3 (ca. 453 Ma). The post-Variscan sediments of the 
Präbichl Formation (e-f) sampled Blasseneck Porphyroid and, as seen in the most pronounced peak, an early Variscan (ca. 356 Ma) magmatic hinterland 
(data from Haas et al., 2020).
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Neuberg (Fig. 3), the overlying Präbichl Formation and 
the Triassic carbonates of the Juvavic Mürzalpen Nappe 
are tilted into vertical position, proving eo-Alpine age of 
thrusting. 

5.3  Steinbach Nappe
The Steinbach Nappe, exposed south of Hohe Veitsch 
and northwest of Rauschkogel, comprises a succession 
of the Stocker Formation, the Kaskögerl Formation and 
rare occurrences of the Eisenerz Formation.  These are 
transgressively overlain by the Präbichl Formation (Fig. 5). 
Below of the Steinbach Nappe, another trail of Kaskögerl 
Formation is exposed that belongs to the Rossegg Nappe. 
South and southwest of Rauschkogel, metasediments of 
the Rad and Kaskögerl Formations of the Rossegg Nappe 
are transgressively overlain by the Präbichl Formation 
whereas west of Rauschkogel and south of Hohe 
Veitsch the Präbichl Formation rests transgressively on 
metasediments of the Steinbach Nappe (Fig. 2). Permian 
Präbichl Formation on top of the Rossegg and Steinbach 
Nappes, respectively, suggest a pre-Alpine, i.e. Variscan 
tectonic contact between these two nappes.

The displacement of the Steinbach Nappe upon the 
Rossegg Nappe cannot be quantified from profile 
restoration. The pronounced differences in magmatic and 
sedimentary facies between the Rossegg and Steinbach 
Nappes lead us to argue for a considerable displacement 
during Variscan times, in the order of tens of kilometers.

5.4  Aschbach Nappe
This nappe consists of the Blasseneck Porphyroid of 
the Sommereck and metaclastics of the Sommerauer 
Formation. In the north, the Blasseneck Porphyroid is 
thrusted upon the Präbichl Formation while towards the 
south the metasediments of the Sommerauer Formation 
are covered by the Präbichl Formation. A major thrust 
(Rotsohl Thrust: Figs 2-3) that can be traced over a 
length of 2 km separates the metaclastics of the Präbichl 
and Werfen Formations (Aschbach Nappe) from early 
Paleozoic rocks the Hocheck Nappe. The zircon age of 
sample SOE2 (ca. 478 Ma) excludes a direct connection 
with the younger Blasseneck Porphyroid of the Hocheck 
and Rossegg Nappes, like assumed in a previous paper 
(Nievoll, 2015). 

5.5  Retro-deformation of internal nappe tectonics
Cross sections were drawn to the west of the Almweg 
Fault where all four internal nappes are exposed (Fig. 
4). A semi-quantitative profile restoration is depicted 
in Figure 17. Our balancing of the profile through the 
Rauschkogel gives an eo-Alpine shortening of ca. 36 
%, similar to previous calculations of 40 % shortening 
or 18 km nappe displacement (Haller, 2016). These 
data represent, however, only minimum shortening 
and displacement, for the following reasons: (a) only 
discrete structures like thrusts or faults are considered 
but no ductile deformation; (b) the cut-off points for the 
Aschbach, Steinbach and Rauschkogel Nappes cannot 

In the northeast, near Neuberg, phyllites and limestone 
marbles of Rad Formation and Kaiserstein Formation, 
respectively, occur on top of the Blasseneck Porphyroid 
in a mélange-like fashion, the irregular arrangement 
(imbrication of slices) is caused by the overriding Rossegg 
Nappe. In the very southwest of the study area, phyllites 
and marbles of the Gerichtsgraben Formation as well 
as Polster Quartzite and phyllites of the Rad Formation 
belong also to this nappe.

The Hocheck Nappe is, however, not limited to the 
southern rim of the Noric Nappe. West of the Almweg 
Fault, Blasseneck Porphyroid, limestone marbles of 
Kaiserstein Formation, remnants of Polster Quartzite and 
phyllites of the Rad Formation crop out beneath Rossegg 
and Steinbach Nappes and are thrust upon inverted 
Permian Präbichl Formation (Fig. 4). Thrusting is therefore 
of eo-Alpine age. East of the Almweg Fault and south of 
Brunnalm (south of Hohe Veitsch), flat-lying marbles of the 
Kaiserstein Formation appear as tectonic windows below 
the steeply dipping Stocker Formation in Pammer- and 
Brunnbauergraben, respectively (Figs 2-S1). The Hocheck 
Nappe is the only nappe that continues beyond the study 
area to the northeast (GK50 Sheet 104 Mürzzuschlag) and 
to the southwest (GK50 Sheet 102 Aflenz).

5.2  Rossegg Nappe
On top of Hocheck Nappe and below Steinbach 
Nappe lies the Rossegg Nappe, comprising Blasseneck 
Porphyroid, Rad Formation and Kaskögerl Formation 
in an obviously undisturbed succession (Figs 2-3). The 
Rossegg Nappe is the largest of the internal nappes. West 
of Neuberg, Blasseneck Porphyroid rests on younger 
Rad and Kaiserstein Formations of the Hocheck Nappe. 
The thrust plane between the two nappes is gently 
northwest dipping, parallel to the main foliation in the 
Blasseneck Porphyroid (Nievoll, 2015). Further to the 
southwest the base of Rossegg Nappe is marked by 
isolated slices of calcitic marble (Kaiserstein Formation) 
within Blasseneck Porphyroid. For the larger part, 
however, Blasseneck Porphyroid of the Rossegg Nappe is 
resting directly on Blasseneck Porphyroid of the Hocheck 
Nappe and the exact position of the boundary between 
the two internal nappes is hypothetical (Nievoll, 2015). 
West of the Almweg Fault, in Hinterhofgraben, slices 
of calcitic marble of Kaiserstein Formation are tapering 
again the tectonic boundary to the underlying Hocheck 
Nappe over more than 1 km. South of Hohe Veitsch 
and northwest of Rauschkogel, the Rossegg Nappe is 
tectonically overlain by the Steinbach Nappe whereas 
south of Rauschkogel the Präbichl Formation rests 
transgressively on it (supplementary material, Fig. S1,). 
Here, the Rossegg Nappe is overthrusted by the Juvavic 
Rauschkogel klippe.

In the northeastern part of the study area the minimum 
amount of displacement of the Rossegg Nappe upon the 
Hocheck Nappe is, from profile restoration, at least 1.25 
km. Overall shortening of the Noric Nappe in this sector 
has been calculated as 67 % (Haller, 2016). Here, north of 
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Variscan volcanics and metasediments, Early, Middle as 
well as Late Ordovician volcanic activities are plausible. 
Zircons from the Western Greywacke Zone analyzed by 
the same method yielded ages between 471 and 461 Ma 
with clusters at 471-469 Ma, 465-464 Ma and 462-461 Ma 
(Blatt, 2013). South Alpine LA-ICP-MS U-Pb zircon ages of 
felsic volcanic to subvolcanic rocks of the Val Visdende 
Formation are clustered at 474-472 Ma and 454-452 Ma 
(Arboit et al., 2019) while earlier U-Pb TIMS and Pb-Pb 
evaporation zircon analyses suggested volcanic activities 
at ca. 485 Ma and 479 Ma (Meli and Klötzli, 2001) and 
the first U-Pb zircon analyses of North and South Alpine 
rhyodacitic porphyroids resulted in ages of 467-463 Ma 
(Söllner et al., 1991; 1997).

Combining information from age data of Blasseneck 
Porphyroids with those derived from the Stocker and 
Sommerauer Formations suggests the existence of 
individual magmatic pulses, interrupted by phases of 
sedimentation (Fig. 18). Sample S1 from the Stocker 
Formation was deposited before onset of Ordovician 
magmatism as no such zircons occur in that sample (Fig. 
18, compare with KDE plots – Fig. 15). By ca. 470 Ma - 480 
Ma a first pulse of magmatism occurred (MGR4, SOE2, 
S36). The main phase of dacitic magmatism occurred at 
ca. 460 Ma - 465 Ma (MGR3, BGR2). The zircon age pattern 
of S3 sandstones includes a pronounced peak at ca. 460 
Ma but no younger ones. Thus, we interpret S3 sandstone 
deposition approximately coeval with emplacement of 
the andesite S2 and the dacites MGR3 and BGR2. Later 
than ca. 455 Ma the Sommerauer sandstone samples 
A1 and A4 were deposited that contain detrital zircon 
peaks at 455 Ma and 448 Ma, approximately coeval 
with the youngest magmatic pulse at ca. 454 Ma (MGR3 

be sufficiently defined and hence the spatial origin of 
these nappes remains unknown; (c) Variscan thrusting 
has not been considered. The aim of the restoration was 
primarily to derive a plausible scenario for explaining the 
recent configuration of nappes and, thus, the original, 
spatial distribution of facies domains (Fig. 17). The 
arrangement of nappes suggests, in recent coordinates, 
the Aschbach Nappe in the north and lowermost 
position, the Steinbach Nappe in the middle and the 
Rossegg and Hocheck Nappes in the south and highest 
position. During Variscan times the Steinbach Nappe 
was emplaced over the area of the future Rossegg and 
Hocheck Nappes. Eo-Alpine tectonics disrupted this area 
and stacked the Rossegg Nappe over the Hocheck Nappe, 
the former carrying the Steinbach Nappe in a piggy-back 
fashion. Finally, the entire nappe pile was thrusted over 
the Aschbach Nappe (Figs 17 b-d).

6. Discussion
6.1  Magma generation, eruption and sediment 
deposition
Even when large errors as derived from EEP are 
considered, our LA-MC-ICP-MS U-Pb zircon ages of the 
Blasseneck Porphyroid form clusters at ca. 478 Ma, 465-
460 Ma and 454-446 Ma. Taking the youngest zircon 
ages per cluster as indicators for the age of eruption, 
pulses may have occurred at 470 Ma, 453-456 Ma and ca. 
440 Ma (Figs 15-18). Given the relatively small number 
of samples, the error range of the calculations and 
the inherent limitations of the analytical method, an 
evaluation whether these clusters really reflect individual 
eruptive pulses is not straightforward. Nevertheless, 
in a regional overview of low-grade metamorphic pre-

Figure 17: (a) Semiquantitative retro-deformation of the profile through Rauschkogel Klippe. Variscan thrust in red, eo-Alpine thrusts in black. (b-d) 
Simplified tectonic evolution with forward modelling steps from the original, lower Paleozoic distribution of nappes and facies domains (b); Variscan 
thrusting (red half arrow; main future Alpine thrust are stippled black) (c); to final nappe assembly with main eo-Alpine thrusts (black half arrows) (d).
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meters thick Middle Ordovician Blasseneck Porphyroid 
fine-grained metaclastics of the Rad Formation were 
deposited in a shallow sea during Late Ordovician and 
Silurian. As mentioned in chapter 3.1., evidence for 
erosion or reworking of the Blasseneck Porphyroid is 
scarce in the study area. Uniform phyllites do not really 
lend for reconstruction of depositional environment. 
Although sandy layers are absent, diffuse layering in the 
mm-scale bears some resemblance to graded rhythmites, 
i.e. storm-sand layers embedded in shelf mud (Reineck 
and Singh, 1972). The fossils in the middle part of the Rad 
Formation may also have been deposited in a shallow 
shelf environment. Based on 40Ar/39Ar white mica ages of 
detrital material, a metamorphic, Pan-African hinterland 
was proposed for the Rad Formation (Handler et al., 
1997). The Devonian is represented by calcitic marbles 
(Kaiserstein Formation) and banded limestones to 
phyllitic limestones accompanied by siliceous phyllites 
(Kaskögerl Formation), the latter probably deposited in a 
pelagic basinal environment.

To the northwest, during Early and Middle Ordovician 
a slope environment and/or marginal basin prevailed 
where phyllites, sandstones, volcanics and volcaniclastics 
were deposited. The Middle Ordovician volcanics and 
volcaniclastics of the Stocker Formation resemble 
marginal basin sediments of the present Aegean volcanic 
arc in the eastern Mediterranean with, e.g., lava flows 
and debris avalanche flows interbedded with shales 
(Anagnastopoulos and Anastasakis, 2020). The breccia 
layer of the Kaiblinggraben may have resulted from a 
volcanigenic debris flow. The upper part of the Stocker 
Formation and the Kaskögerl Formation on top of it, 

younger age group). Young ages of sample WASCH (ca. 
446 Ma) are unique. Nevertheless, as similar ages are 
found in the detrital spectrum of samples A1 and A4 
from the Sommerauer Formation (453 Ma - 448 Ma; Fig. 
16) a young, Katian to Hirnantian, magmatic pulse seems 
plausible.

Another open question concerning the volcanics is the 
large scattering of U/Pb zircon ages along the Concordia, 
and, in case of sample MGR3, the apparent presence of 
two concordant age groups at ca. 466 Ma and 453 Ma. 
Being an effusive rock (dacitic ignimbrite) the eruption 
is a short time process but the supply of zircons to be 
erupted is obviously not. A probable analogue to explain 
this scenario of successive eruptions was described 
from the Jemez Mountains volcanic field at Rio Grande 
Rift, Mexico (Wu et al., 2021). The authors describe a 
succession of individual eruptions over a 10 Myr time 
span, zircon ages of single eruptions spread over ca. 2 
Ma. They explain this scenario by multiple intrusions 
of host granitoids at 40-10 kilometers depth that fed 
volcanic eruptions. Those in turn sampled on their way 
different aged “inherited” zircons. In our case, magmatism 
continued over a period of at least 40 Myr with an age 
scatter of individual magmatics up to 20 Myr. Although 
time intervals are much larger than described from the 
Jemez Mountains volcanic field, the principal mechanism 
to explain that age scattering seems applicable. 

6.2  Facies distribution
Retro-deforming of the tectonics of internal Noric nappes 
leads to the following picture of the sedimentary facies 
distribution: In today´s southeast, on several hundred 

Figure 18: Summary of Ordovician and Silurian magmatic and sedimentary pulses. Grey is scatter of zircon ages derived from Blasseneck Porphyroids 
and Stocker Formation metavolcanics with black bar giving mean ages. Yellow bars give estimated age range of deposition of sediments. Bold x show 
youngest zircon groups found in magmatics and youngest peaks in detrital zircon age spectra of sediments (compare with Figures 12-14). Youngest 
2-3 zircons have been omitted for possible outliers and / or lead loss and the mean of the next-older 4-6 zircons was taken to define the “youngest age 
group”. Black arrows are suggested time of magma eruption, red arrows suggested time of sediment deposition.
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of a submarine fan, respectively (Fig. 19). Whether the 
turbiditic sedimentation persisted throughout the 
Silurian or continued even into the Devonian is not 
known. Note that in the Glemmtal Unit of the Western 
Greywacke Zone, turbiditic sedimentation has prevailed 
over some 140 million years, from early Ordovician to 
Mississippian (Heinisch et al., 2015).

6.3  Regional comparison 
In the Kitzbühel area as well as in the Eisenerz Mountains, 
Blasseneck Porphyroid is largely controlling the 
subsequent sedimentary environment. At Kitzbühel, on 
thick volcanic “platforms” Silurian and Devonian shallow-
water limestones and dolomites of the Wildseeloder 
Unit are deposited (Heinisch et al., 2015) and a similar 
succession is exposed at Eisenerz (Schönlaub, 1982). The 
Veitsch area does not follow this pattern, with several 
hundred meters of Blasseneck Porphyroid overlain 
by several hundred meters of clastic shallow-water 
meta-sediments (Rad Formation) or deep-water meta-
turbidites (Sommerauer Formation). The absence of 
“volcanic platforms” may be explained by caldera-like 
structures where most of the erupted ignimbrite is re-

deposited during Silurian and Devonian, can be well 
compared with the corresponding lithologies and 
sedimentary facies to the southeast.   

In the northwest, Early Ordovician Blasseneck 
Porphyroid of <300 m thickness is overlain by deep-
water sediments, as indicated by the metaturbidites of 
the Sommerauer Formation. These sediments were not 
deposited before Late Ordovician or even Llandovery, as 
constrained by the detrital zircon ages derived from that 
sediments (Fig. 18). The apparent mismatch of subaerally 
erupted ignimbrites and deep-water sediments on top 
of it can be reconciled by considering this time gap. 
Around the Ordovician-Silurian boundary, approximately 
30 million years after emplacement, the Blasseneck 
Porphyroid of the Sommereck was completely drowned 
beyond the shelf edge. Structures distinctive for 
tempestites of an outer shelf of ancient epeiric seas, like 
thin-bedded sandstones displaying hummocky cross 
stratification or abundant lenticular, wave ripple cross-
laminated sandstones (e.g., Grundvåg et al., 2021) are 
absent in the Sommerauer Formation. The sedimentary 
structures are therefore considered typical for turbidites 
deposited in the proximal lobe and in outer, distal parts 

Figure 19: Model sketch showing the Silurian (ca. 430 Ma) arrangement of facies domains on a sloping continental margin with Rad Facies in the 
southeast and Sommerauer Facies in the present days’ northwest. By that time the youngest pulse of Blasseneck Porphyroids was partly close to surface 
and ready to deliver detritus to the submarine fan represented by the Sommerauer Formation.
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Turbidites of the Sommerauer Formation indicate that 
after ca. 440 Ma a deep-sea environment had evolved in 
this part of the Gondwana margin. 

7. Conclusion 
U/Pb zircon ages of Blasseneck Porphyroids cover the 
entire Ordovician between ca. 479 Ma to 444 Ma and 
represent calc-alkaline rhyolitic to dacitic volcanics. 
Coeval with the main phase of dacitic volcanism 
andesites and rhyolites of the Stocker Formation erupted. 
Sandstone of the Stocker Formation are partly older or 
contemporaneous with Middle Ordovician magmatism. 
Zircons from meta-turbidites of the Sommerauer 
Formation were deposited later than ca. 453 Ma – 448 
Ma. The source of clastic sediments was the northern 
Gondwana continental margin (ca. 640 Ma) and 
Ordovician volcanics dated 462 Ma – 448 Ma. 

The distribution of zircon ages allows distinction of 
several internal tectonic nappes within the Noric Nappe 
that were assembled during eo-Alpine but also Variscan 
events. Profile restoration of these internal nappes 
leads to an arrangement of Ordovician to Devonian 
facies domains with shallow marine environment in the 
todays southeast. An intermediate sloping continental 
margin occurs further to the northwest and a deep-sea 
environment in the northwest.
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Data processing:
Mass discrimination: Instrumental mass bias corrected by 
bracketing of unknown samples with primary reference 
material for isotope ratios and element concentrations.
Data reduction: For Spot: U-Pb zircon geochronology 
Data Reduction Scheme (U_PbGeochron4) for Iolite 3.71 
(Paton et al., 2010; 2011). Blank and signal integrations 
imported using laser log file. Blank windows selected 
between 25 and 3 s before signal, Signal windows 
trimmed for ~1-2 s (start) and ~2 s (end).
For line scan: MS Excel spreadsheet LamTool U-Th-Pb 
version VI (Košler, 2008).
Gas blank: For Spot: Gas blank (25 seconds) acquired 
before each analysis and subtracted with step-forward 
method. For line scan: Gas blank (30-35 seconds) acquired 
before each analysis.
Primary reference material: For spot data: GJ-1 zircon 
(Jackson et al., 2004). For line scan:  Plesovice zircon 
(Sláma et al., 2008).
Normalization values: 206Pb/238U = 0.097860, 207Pb/235U 
= 0.81117, 208Pb/232Th = 0.03074, 207Pb/206Pb = 0.060139 
(Horstwood et al., 2016); U content = 342 ppm, Th content 
= 9.7 ppm, Pb content = 30 ppm.
Decay constants of Jaffey et al. (1971); Common-Pb 
correction: None.
Uncertainties: Single spot: Internal uncertainty and 
propagated excess scatter from primary standard 
analyses (2SE). Weighted mean results: weighted mean 
uncertainty and long-term variance of validation material 
(1.3%) added by quadratic addition (2SD). 
Secondary reference material for quality check: Line 
Scan: Plesovice zircon (206Pb/238U age = 337.13±0.37 
Ma, ID-TIMS; Sláma et al., 2008); 91500 zircon (206Pb/238U 
age = 1063.51 Ma, ID-TIMS; Horstwood et al., 2016); 
M257 (206Pb/238U age = 1, ID-TIMS; Nasdala et al., 2008); 
Mud Tank zircon (Concordia age 731±0.2 Ma; Black and 
Gulson, 1978; Gain et al., 2019).
Secondary reference material results: For spot data: 
Plesovice: Weighted mean 206Pb/238U age = 337.2 ± 4.6 Ma 
(2 SD, MSWD = 2.3, n = 50, in 3 sessions). 91500: Weighted 
mean 206Pb/238U age = 1074 ± 14.7 Ma (2 SD, MSWD = 2.4, 
n = 43, in 3 sessions). For line scans: Plesovice: Weighted 
mean 206Pb/238U age = 337.6 ± 2.4 Ma (2 SD, MSWD = 2.4, 
n = 90, in 3 sessions). 91500: Weighted mean 206Pb/238U 
age = 1064.2 ± 2,0 Ma (2 SD, MSWD = 2.0, n = 44, in 3 
sessions). Mud Tank: Weighted mean 206Pb/238U age = 
730.9 ± 2.0 Ma (2 SD, MSWD = 0.8, n = 46, in 2 sessions). 

Appendix
Analytical conditions for LA-ICP-MS zircon analyses.

Laboratory name: NAWI Graz Central Lab for Water, 
Minerals and Rocks (University of Graz and Graz 
University of Technology). Sample type and preparation: 
Zircon; Conventional mineral separation. Single grains 
embedded in 1 inch resin mount. Final polishing with 1 
µm diamond paste.
Imaging: JXA-8530F Plus HyperProbe (BSE and CL). 
Analytical session(s): 20-21/11/2017 (samples WASCH, 
A1, A4); 23/01/2020 - 19/02/2020; (samples S1, S2, S3, S4); 
22/02/2021 (samples BGR2, MGR3, MGR4, SOE2, S36).
 
Laser Ablation System:
Instrument: NWR193 ArF Excimer laser (ESI, Portland. 
U.S.A.)
Cell type: Two volume ablation cell
Laser wavelength: 193 nm
Pulse duration: 4-6 ns
Fluence: ~ 2.5-2.7 J/cm2
Sampling mode: Line scan with line scan, length 50-150 
µm, scan speed 10 µm/s (samples WASCH, A1, A4). Single 
hole drilling, circular shape.
Pre-ablation cleaning: 1 burst 20 µm
Spot diameter (nominal): 35 µm, 15 μm (spot data); 10-15 
μm (line scan)
Repetition rate: 5 Hz (spot); 7-10 Hz (line scan).
Ablation duration: 15 s (spot); 100 s (line scan).
Carrier gas: He gas (combined with Ar outside the 
ablation cell).
He gas flow rate: 0.75 L/min.
Ar mix gas flow rate: 0.75 L/min                              
                                                                          
ICP Mass Spectrometer:
Instrument: Nu PlasmaII HR-MC-ICP-MS (Nu Instruments, 
Wrexham, U.K.).
Sample introduction: Ablation aerosol only.
RF power: 1300 W.
Monitored masses: 202Hg, 204(Hg + Pb), 206Pb, 207Pb, 208Pb, 
232Th, 238U
Detectors: 5 electron-multiplier, ion-counting detectors 
(IC) and 2 Faraday collectors (H): IC4 for 202Hg, IC3 for 
204(Hg + Pb), IC2 for 206Pb, IC1 for 207Pb, IC0 for 208Pb, H7 for 
232Th, H9 for 238U.
Tuning: Line scan on NIST SRM 612 glass to optimize 
sensitivity and peak shapes for all monitored masses.
Analysis mode: Time Resolved Analysis.
Integration time for single data point: 0,2 s (spot), 1 s (line 
scan)        
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Name-giving locations
Formation Name East North Location 

Rad Fm. 15.439 47.621 Wirtshaus zu Radwirt
Stocker Fm. 15.445 47.630 Stocker Hill

Sommerauer Fm. 15.355 47.654 Sommerauer Homestead
Kaskögerl Fm. 15.481 47.636 Kaskögerl Mountain

Kaiserstein Fm. 15.381 47.622 Kaiserstein Mountain

Geochronology samples
Sample Nr. East North Unit / Rock-Type

WASCH 15.513 47.618 Creek sediment
BGR2 15.343 47.581 Blasseneck Porphyroid
MGR3 15.547 47.627 Blasseneck Porphyroid
MGR4 15.548 47.627 Blasseneck Porphyroid
SOE2 15.332 47.663 Blasseneck Porphyroid

S2 15.474 47.639 Stocker Fm. Volcanics
S36 15.474 47.640 Stocker Fm. Volcanics
S1 15.473 47.636 Stocker Fm. Sandstone
S4 15.444 47.624 Stocker Fm. Sandstone
S36 15.474 47.640 Stocker Fm. Sandstone
A1 15.363 47.650 Sommerauer Fm. Sandstone
A4 15.352 47.648 Sommerauer Fm. Sandstone

Geochemistry samples
Sample Nr. East North Unit / Rock-Type

BGR1 15.343 47.577 Blasseneck Porphyroid
BGR2 15.343 47.581 Blasseneck Porphyroid
SOE1 15.332 47.664 Blasseneck Porphyroid
SOE2 15.332 47.663 Blasseneck Porphyroid

MGR02 15.532 47.613 Blasseneck Porphyroid
MGR03 15.547 47.627 Blasseneck Porphyroid
MGR10 15.547 47.627 Blasseneck Porphyroid
MGR04 15.548 47.627 Blasseneck Porphyroid

K6 15.488 46.643 Stocker Fm. Volcanics
K8 15.488 46.643 Stocker Fm. Volcanics
S2 15.474 47.639 Stocker Fm. Volcanics
S33 15.474 47.635 Stocker Fm. Volcanics

S81b 15.464  47.635 Stocker Fm. Volcanics
S24 15.442 47.627 Stocker Fm. Volcanics

S80/3 15.426 47.622 Stocker Fm. Volcanics
S25a 15.443 47.630 Stocker Fm. Volcanics
S25b 15.443 47.630 Stocker Fm. Volcanics
S98 15.351 47.610 Stocker Fm. Volcanics

S103 15.360 47.612 Stocker Fm. Volcanics

Table A1: Geographic coordinates of samples in decimal degrees.
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Major elements (wt %)  

          
Selected Trace elements (ppm) 

 

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

BGR1 BP 69.69675 0.33 14.91 3.02 0.037 1.32 2.8 1.9 3.35 0.096 1.36 98.82

BGR2 BP 62.72205 0.66 16.56 5.23 0.066 1.9 3.48 3.18 3.13 0.19 1.93 99.05

SOE1 BP 68.4405 0.35 14.55 4.01 0.027 3.18 1.41 2.64 1.54 0.078 2.81 99.04

SOE2 BP 75.20415 0.29 13.01 2.43 0.008 0.64 0.03 4.1 1.63 0.069 1.84 99.25

MGR2 BP 68.67165 0.43 15.01 3.72 0.042 2.13 2.21 2.27 2.73 0.103 1.83 99.15

MGR2 BP 63.70695 0.54 15.54 5.16 0.032 5.65 0.49 3.47 0.66 0.154 4.04 99.44

MGR1 BP 72.7017 0.23 14.03 2.51 0.061 1.82 0.27 3.16 2.28 0.047 1.93 99.04

MGG4 BP 75.4755 0.13 13.23 1.63 0.038 0.71 1.14 2.1 3.97 0.029 1.11 99.56

K6 MV 74.5509 0.13 13.95 1.49 0.029 0.75 0.05 2.9 3.28 0.03 1.73 98.89

K8 MV 74.4705 0.12 14.25 1.43 0.022 0.73 0 2.39 3.91 0.03 1.32 98.67

S2 MV 57.5463 0.54 14.61 5.73 0.114 5.76 2.93 0.5 4.88 0.125 6.61 99.35

S33 MV 57.3 0.51 14.39 5.42 0.11 6.54 3.18 0.34 5.42 0.13 6.98 100.32

S81b MV 71.98 0.18 15.32 1.82 0.01 2.06 0.02 2.43 4.32 0.04 1.83 100.01

S24 MV 83.3 0.14 7.08 1.73 0.02 4.29 0.07 1.1 1.45 0.05 na 99.23

S80/3 MV 82.2 0.04 10.1 0.47 0 1.9 0.02 1.42 3.7 0.02 na 99.87

S25a MV 71.97 0.31 14.94 3.52 0.04 1.86 0.09 2.76 2.18 0.06 2.40 100.13

S25b MV 73.55 0.29 14.9 2.34 0.11 1.13 0.36 2.56 2.86 0.06 1.83 99.99

S98 MV 79.1 0.18 12.4 2.37 0.01 1.49 0.01 2.26 2.08 0.01 na 99.91

S103 MV 77.6 0.18 13.59 2.61 0.01 1.77 0.01 2.58 1.6 0.01 na 99.96

V 1 BP 69.37 0.69 14.78 4.66 0.05 2.61 2.71 2.24 1.97 0.30 2.42 99.38

V 2 BP 67.81 0.49 15.83 4.06 0.09 1.43 2.21 2.55 5.28 0.28 1.75 100.03

V 3 BP 67.14 0.53 15.69 4.51 0.09 1.93 2.87 3.17 3.45 0.38 3.20 99.76

V 4 BP 67.02 0.53 16.66 4.68 0.06 2.94 1.36 2.95 3.46 0.13 3.30 99.79

V 5 BP 67.04 0.54 16.28 4.82 0.07 2.62 1.51 2.49 4.19 0.18 2.95 99.74

V 6 BP 71.06 0.39 15.45 3.35 0.04 1.55 1.17 2.53 4.10 0.10 2.26 99.74

V 7 BP 67.98 0.6 14.88 4.68 0.06 1.52 2.34 4.14 2.88 0.21 3.49 99.29

V 8 BP 66.99 0.6 15.77 4.30 0.10 1.51 2.02 3.76 3.85 0.27 3.07 99.17

V 9 BP 69.38 0.46 15.75 3.09 0.08 1.39 1.74 4.41 3.18 0.22 2.43 99.70

V 10 BP 68.74 0.51 15.33 3.70 0.05 1.46 2.40 3.58 3.30 0.23 2.19 99.30

V 11 BP 63.58 0.88 16.38 5.48 0.09 3.03 5.94 2.16 1.64 0.47 2.65 99.65

V 12 BP 67.85 0.54 15.88 4.69 0.07 1.71 1.06 3.38 4.17 0.18 1.90 99.53

V 13 BP 67.03 0.6 15.5 4.91 0.08 2.60 2.41 2.94 3.27 0.25 3.50 99.59

V 14 BP 66.88 0.61 15.86 4.11 0.05 1.90 3.38 3.05 3.75 0.26 4.49 99.85

V 15 BP 64.36 0.62 18.61 5.00 0.06 1.97 1.55 3.87 3.31 0.30 2.93 99.65

V 16 BP 68.39 0.56 14.79 3.91 0.09 2.06 2.61 3.56 3.69 0.24 3.69 99.90

V 17 BP 66.74 0.63 15.38 4.70 0.10 2.05 3.52 2.97 3.23 0.28 3.03 99.60

Sample V Cr Ni Cu Zn Ga Rb Sr Y Zr Ba Ce Nd Pb Zr

BGR1 43.1 <20 <20 <20 39.7 18.6 55.7 547.9 29.2 148 603.6 66.5 22.4 <20 148

BGR2 91.9 51.9 <20 <20 67.2 20 107.7 366.5 31.5 210.6 971.2 93.8 36.5 <20 210.6

SOE1 39 <20 <20 <20 58.1 16.6 78.3 170.6 31.6 165.1 502.9 55.5 33.3 <20 165.1

SOE2 30.9 <20 <20 <20 18.3 15.3 162.4 12.2 34 140.1 209.1 84.2 35.3 <20 140.1

MGR2 48.7 <20 <20 <20 70.6 19.6 87.2 135.8 30.6 170 763 86.2 22.7 <20 170

MGR3 72.7 35.5 25.4 <20 31.1 19 130.2 17.8 14.1 187.5 790.3 31.1 <20 <20 187.5

MGR1 26.8 <20 <20 <20 44.5 17.2 121.1 48.1 20.1 152.6 649.3 104 20.6 <20 152.6

MGR4 <20 <20 <20 <20 31.2 16.5 83.9 73 32.4 97.6 440 30.2 22.2 21.5 97.6

K6 <20 <20 <20 <20 20.6 21.9 136.4 25.3 47.1 159.7 979 121.7 37.9 <20 159.7

K8 <20 <20 <20 <20 24.2 19.7 107.8 28.8 46.7 147 505.3 65.9 20.9 <20 147

S2 121.8 197.7 97.2 <20 55.3 16.2 27.1 186.9 19.1 115.5 195.2 65.6 <20 <20 115.5

V 1 62 34 32 24 54 20 97 393 40 284 na na na 24 284

V 2 47 19 31 23 47 21 123 345 45 276 na na na 24 276

V 3 93 1 29 16 262 21 111 428 40 273 na na na 23 273

V 4 79 28 29 10 51 21 120 93 42 229 na na na 17 229

V 5 76 45 43 24 49 21 107 148 42 255 na na na 19 255

V 6 73 1 38 26 45 22 126 120 46 255 na na na 28 255

V 7 54 34 27 32 34 23 165 165 45 253 na na na 38 253

V 8 17 29 18 22 44 20 107 107 49 268 na na na 20 268

V 9 58 1 15 19 42 20 177 177 53 277 na na na 24 277

V 10 52 3 14 15 43 21 372 372 50 301 na na na 32 301

V 11 63 80 34 15 49 21 932 932 43 374 na na na 35 374

V 12 126 37 24 9 15 18 159 159 45 241 na na na 17 241

V 13 55 19 16 22 54 21 162 162 45 262 na na na 23 262

V 14 18 77 28 23 44 21 620 620 48 354 na na na 24 354

V 15 35 54 17 20 51 22 102 102 50 272 na na na 21 272

V 16 74 19 18 21 35 19 152 162 48 258 na na na 23 258

V 17 54 73 25 11 48 19 340 340 46 287 na na na 17 287

Table A2: Major and trace element compositions of samples from Blassneneck Porphyroids (BP) and metavolcanics of the Stocker Formation (MV). V are 
Blasseneck Porphyroids analyzed by Heinisch (1980), samples S33, S81b, S24, S80/3, S25a, S25b, S98, S103 were analyzed at the Quality Management 
Department of RHI Magnesita´s Veitsch plant. All other samples at Institute for Earth Sciences, University of Graz.
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