
Abstract

In this study the P-T-t evolution of the Jenig Complex (Austroalpine) which is part of the crystalline basement of the Gail valley 
2(Carinthia/Austria) has been investigated. The Jenig Complex covers an area of about 1.5 km  on the slopes of the valley directly 

north of Jenig. It consists of mica schists, quarzitic mica schists, quartzites and paragneisses. Intercalations of up to a few meters 

thick garnet- and hornblende-bearing quartzschists as well as andalusite-bearing quartz veins are scarce. The mica schists are Al-

rich metapelites and characterized by the following mineral assemblage: St, Grt, And, Bt, Ms, Pl, Qtz, Chl, Ilm, graphite, Czoi, Mz, 

Ap, Zrn, Tur. Garnet and staurolite show a continuous chemical zoning all other minerals are chemically unzoned. P-T calculations 

for three samples containing the assemblage garnet + andalusite + biotite + plagioclase + muscovite + quartz are ranging from 450 

to 530°C and 0.24 to 0.42 GPa. EMS-dating of monazite yielded 275±25 Ma, whereas a Sm-Nd isochron, including four whole 

rocks and three garnet fractions yielded 254±8 Ma. A Sm-Nd age of a staurolite is 231±4 Ma. The final cooling below 400°C and 

300°C occurred at 205±5 Ma and 185±5 Ma respectively, based on Ar-Ar muscovite and Rb-Sr biotite ages. Due to this data the 

assemblages of the Jenig Complex formed during the Permo-Triassic extensional event and cooled down in the Late Triassic to 

Early Jurassic. The Jenig Complex forms a tectonic slice which developed during Jurassic sinistral strike-slip tectonics, Cretaceous 

folding and was finally exhumed by shearing along the Periadriatic fault.

Die vorliegende Arbeit behandelt die P-T-t Entwicklung des Jenig-Komplex (Ostalpin), der einen Teil des Kristallins im Gailtales 
2(Kärnten/Österreich) aufbaut. Der Jenig-Komplex nimmt eine Fläche von etwa 1,5 km  an den Nordhängen des Tales, direkt nörd-

lich der Ortschaft Jenig ein. Er besteht aus Glimmerschiefern, quarzitischen Glimmerschiefern, Quarziten und Paragneisen. Weiter 

finden sich vereinzelt einige Meter mächtige Lagen von Grant und Hornblende-führenden Quarzschiefern sowie Andalusit-führende 

Quarzmobilisat-Gänge. Bei den Glimmerschiefer handelt es sich zum Teil um Al-reiche Metapelite, die durch folgende Mineralzu-

sammensetzung gekennzeichnet sind: Staurolith, Grant, Andalusit, Biotit, Muskovit, Plagioklas, Quarz, Chlorit Ilmenit, Graphit, Kli-

nozoisit Monazit, Zirkon und Turmalin. Granat und Staurolith zeigen kontinuierliche chemische Zonierungen, alle anderen Minerale 

sind chemisch homogen. P-T Bestimmungen an drei Proben, welche den Mineralbestand Granat + Andalusit + Biotit + Plagioklas + 

Muskovit +Quarz beinhalten, ergaben Gleichgewichtsbedingungen von 450 bis 530°C bei 0,24 bis 0,42 GPa. Datierungen von Mo-

nazit mit der EMS-Methode lieferten Alter von 275±25 Ma, während eine Sm-Nd Isochrone die vier Gesamtgesteine und drei Gra-

natfraktionen beinhaltet ein Alter von 254±8 Ma ergab. Ein weiteres Sm-Nd Alter gemessen an Staurolith und Gesamtgestein liegt 

bei 231±4 Ma. Die Abkühlung der Gestein unter 400°C und 300°C geschah um 205±5 Ma beziehungsweise um 185±5 Ma, basie-

rend auf Ar-Ar Muskovit und Rb-Sr Biotitaltern. Mit Bezug auf die Altersdaten entstanden die Mineralparagenesen im Jenig-Komplex 

während des Permotriassichen Extensions-Ereignisses und die Gesteine kühlten danach in der Obertrias und im Unterjura ab. Der 

Jenig-Komplex bildet eine Decke, welche sich während jurassischer Seitenverschiebungen und kretazischer Faltung bildete und 

später entlang des Periadriatischen Störungssystems an die Erdoberfläche exhumiert wurde.

_______________________________________________

_______________________________
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1. Introduction

In the past decade a widespread Permo-Triassic high-pres-

sure/low temperature (HT/LP) metamorphic imprint has been 

recognised in the Austroalpine unit (Schuster and Thöni 1995; 

Habler and Thöni 2001; Schuster et al. 2001, 2004; Schuster 

and Stüwe 2008; Thöni and Miller 2009). In most cases the 

Permo-Triassic assemblages have been identified within poly-

metamorphic rocks. Often they are overprinting Variscan as-

semblages, but more frequently they are overprinted by the

eo-Alpine (Cretaceous) tectonothermal event. A typical exam-

ple for the first case is the Strieden-Michelbach Complex in 

the Kreuzeck and Deferegger Mountains (Steidl et al. 2010). 

Examples for the second case are the Wölz-, Rappold- and 

Plankogel Complex (Habler and Thöni 2001; Gaidies et al. 

2005; Bestl et al. 2009; Thöni and Miller 2009). Determination 

of the Permian P-T evolution in these units is much more diffi-

cult, because only relics of the HT-LP assemblage are preser-
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ved. In most cases these relics are represented by garnet and 

some inclusions within the garnet, as well as andalusite or silli-

manit and kyanite pseudomorphs of these minerals respectively.

However, as P-T paths can be studied best on rock samples 

which experienced one prograde metamorphic imprint, reliable 

geothermobarometric P-T data for the Permo-Triassic imprint 

are scarce. For this reason a lithological unit occurring on the 

northern slopes of the Gail valley (Carinthia/Austria) affected 

by the Permo-Triassic metamorphic imprint only is of special

interest. In this paper mineral-rich metapelitic assemblages of 

this unit, which is referred to as the Jenig Complex in the follo-

wing, are described in detail and their P-T-t evolution is high-

lighted based on petrological, structural, geochronological and 

geochemical data as well as geothermobarometric calculations. 

Further a review on the basement rocks of the Gail valley is 

given and discussed in the light of the new data.

The Austroalpine unit represents the uppermost tectonic unit 

in the Eastern Alps (Fig. 1A). Since Palaeozoic times this piece

__________

2. Regional Geology

Figure 1: Overview maps (A) showing the paleogeographic origin of the main tectonic units of the Alps, and (B) the tectonic subdivision of the 

Austroalpine unit based on Schmid et al. (2004). _________________________________________________________________________________
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of continental crust was affected by several regional metamor-

phic and/or magmatic events (Neubauer et al. 1999; Hoinkes 

et al. 1999; Schuster et al. 2004). In the Ordovician a wide-

spread magmatic event affected the recent Austroalpine nap-

pes. A Late Devonian to Carboniferous imprint is related to the 

Variscan tectonothermal cycle and characterised by a clock-

wise P-T-t evolution. In Permo-Triassic time large parts of the 

Austroalpine units were affected by lithospheric extension and 

related HT/LP metamorphism (Schuster and Stüwe 2008). The 

eo-Alpine tectonothermal event in the Cretaceous is due to 

intracontinental shortening within the Austroalpine unit which 

formed the northernmost part of the Adriatic Plate at that time 

(Janák et al. 2004; Stüwe and Schuster, 2010). Finally in Oli-

gocene to Miocene times a thermal influence of the Alpine 

metamorphic event, related to the subduction of the Penninic 

(Alpine Tethys) Ocean and the following collision of the Euro-

pean and the Adriatic plate can be recognized in some of the 

tectonically lowermost parts of the Austroalpine unit especially 

to the south of the Tauern Window. Individual Austroalpine 

units were affected differently by the events mentioned above. 

Most of them are polymetamorphic, but several experienced 

only one prograde overprint.

The Jenig Complex is part of Austroalpine crystalline base-

ment outcropping directly to the north of the Periadriatic fault 

and the Southalpine unit. To the north this basement is over-

lain by locally occurring Carboniferous sequences and by 

Permo-Mesozoic sediments. Since Kober (1938) the crystal-

line basement, the Paleozoic rocks and the Permo-Mesozoic 

cover are denoted as the Drau range (“Drauzug”). The later 

forms a several 100 km long, WNW-ESE trending belt be-

tween the Drau river in the West and the city Varaždin in Cro-

atia in the East. Due to its position along the Periadriatic fault 

the Drau range is characterised by highly tectonized WNW-

WSE striking slices with different kinds of crystalline base-

ment rocks and Permo-Mesozoic sedimentary piles (Heinisch 

et al. 1987; Lein et al. 1997).

The Jenig Complex is situated at the northern slopes of the 

Gail valley within an about 100 km long and up to 15 km wide 

belt (Fig. 1B). In Neubauer et al. (1999) it is referred to as a 

continuous lithostratigraphic unit termed “Gailtal Crystalline 

Complex”. However, the overlying Permo-Mesozoic sediments 

do not represent a continuous sedimentary cover, but consist 

of three parts characterised by different facies evolutions (Lein 

et al. 1997). At least two of these parts have preserved trans-

gressive contacts to the crystalline basement at the northern 

slopes of the Gail valley.

The tectonic position of the crystalline basement of the Drau 

range within the Austroalpine nappe pile was interpreted in 

different ways over the past decades (Tollmann 1963: “Mid-

dle Austroalpine”; Tollmann 1977: “Upper Austroalpine”). In 

this work we follow the nomenclature by Schmid et al. (2004) 

where it belongs to the Drauzug-Gurktal nappe system of the 

Upper Austroalpine unit (Fig. 1B). According to Schmid et al. 

(2004) the Drauzug-Gurktal nappe system is part of the tecto-

nic upper plate during the eo-Alpine tectonothermal event.

___________________________

__________________________

_____________________________

For this reason it experienced only a weak eo-Alpine meta-

morphism and thus the pre-Alpine assemblages are well pre-

served in areas without eo-Alpine phyllonitization.

First detailed lithological maps covering most of the crystal-

line basement at the northern slopes of the Gail valley were 

published by Heritsch and Paulitsch (1958) and Paulitsch 

(1960). According to these maps the dominant schistosity in 

the rocks is dipping moderately or steeply towards the North 

and the lithological composition includes paragneises, mica 

schists, quarzitic mica schists, quartzites, orthogneisses, am-

phibolites, “diaphtorithic” rocks and phyllites. Garnet, stauro-

lite and in some case also kyanite-bearing mica schists and 

paragneisses were found in the westernmost sector up to Lie-

sing and also in a narrow belt along the southern margin be-

tween Liesing and Kötschach. In between and towards the 

East retrograde metamorphic rocks and prograde phyllites 

partly derived from Paleozoic sediments (Schönlaub, 1979) 

occur (Fig. 2A). Since the crystalline basement rocks are over-

lain by unmetamorphosed to anchizonal metamorphic Mesozoic 

sediments (Rantitsch, 2001), the medium-grade metamorphism 

in the basement was recognized to be pre-Alpine. Some au-

thors (Purtscheller and Sassi 1975; Bögel et al. 1979) related 

the medium-grade imprint to a Caledonian (Ordovician) event, 

because they interpreted gaps between medium- and low-

grade basement rocks as masked Caledonian discordances.

Based on results from anew mapping Heinisch (1987) poin-

ted out that the crystalline basement is strongly affected by 

eo-Alpine and Alpine ductile and brittle deformation, internally 

and also along the margins, especially along the Periadriatic 

fault (Heinisch and Spengler 1988). The “diaphthoritic” rocks 

represent phyllonites, formed at least partly during the eo-

Alpine tectonothermal event. Furthermore Heinisch (1987) 

subdivided the “Gailtalkristallin” into four different zones (Fig. 

2B): 1) a zone of garnet-mica schists, 2) a phyllonite zone, 3) 

a zone with staurolite-garnet mica schists with some occur-

rences of sillimanite (Heinisch et al. 1983) and 4) a zone of 

(un)metamorphosed Paleozoic rocks.

These zones are separated by subvertical E-W-trending se-

miductile and ductile sinistral strike-slip shear zones (Heinisch 

1987; Unzog, 1989a, 1989b, 1991, 1992). In the south the 

units and shear zones are cut by the ESE-WNW orientated 

Periadriatic fault.

The zone of metamorphosed Paleozoic rocks (Zone 4 of 

Heinisch et al. 1983) comprises phyllonitic mica schists and 

phyllites with layers of greenschists, amphibolites, quartzites, 

black graphitic schists and even marbles. From one of these 

marbles Paleozoic (probably Silurian) conodonts have been 

reported (Schönlaub, 1979). Whereas the main part of this 

zone shows a greenschist-facies imprint, in a restricted area 

north of Jenig, Heinisch (1987) discovered nicely preserved 

staurolite together with garnet in the surrounding. Based on 

these observations he interpreted the metamorphic history of 

the “Gailtal crystalline basement” as follows: during the Vari-

scan tectonothermal event zones 1-3 experienced amphibolite-

facies conditions, whereas in zone 4 only greenschist-facies

__________

_

___________________
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assemblages developed. The eo-Alpine event is responsible 

for a metamorphic overprint and phyllonitization especially in 

zone 2. It reached lower greenschist-facies condition except in 

a part of zone 4 where amphibolite-facies conditions occur in 

a “metamorphic dome” north of Jenig. Unfortunately Heinisch 

(1987) lacked geochronological data to prove his model.

Some years later Philippitsch et al. (1986) investigated the 

gorge North of Jenig and additionally to garnet and staurolite 

they found andalusite within the metapelites. Furthermore veins 

composed of andalusite and quartz along with some staurolite 

and kyanite were discovered. Based on the occurrence of 

these index minerals they deduced P-T conditions of c. 530 °C 

at less than 0.5 GPa. They speculated about an Oligocene 

age of the low-pressure imprint which should be related to an 

unknown magmatic body of the Periadriatic magmatic suite in 

the subsurface.

First Ar-Ar and Rb-Sr age determinations from the andalusite-

bearing rocks from the gorge to the North of Jenig published 

by Schuster et al. (2001) yielded Late Triassic to Early Juras-

sic ages. This data clearly argue against Oligocene contact 

metamorphism or eo-Alpine (Cretaceous) regional metamor-

phism. However, they also do not reflect cooling of the rocks 

after the peak of the Variscan P-T-t loop, because typical Va-

riscan cooling ages are in the range of 290-320 Ma. There-

fore, and with respect to regional considerations, Schuster et 

al. (2001) interpreted these data as cooling ages after a dis-

tinct Permo-Triassic HT/LP metamorphic event. However, the 

existing data might also be interpreted as Variscan cooling 

ages partly reset during the eo-Alpine event or even as indi-

cations for a possible Jurassic thermal overprint.

Neubauer and Genser (2009) determined Ar-Ar muscovite 

ages of about 315 Ma in the zone of mica schists and 310– 

312 Ma in the northern part of the phyllonite zone. These da-

ta prove cooling of these units in a late stage of the Variscan 

tectonometamorphic event. In the southern part of the phyllo-

nite zone, close to the staurolite-garnet mica schists they de-

termined Early Jurassic ages of about 180 Ma and therefore 

they interpreted this part as a Jurassic shear zone. Further-

more they argue that the Ar-Ar spectra show only a weak in-

dication for a Cretaceous eo-Alpine thermal overprint.

To unravel the metamorphic history of the Jenig Complex it 

was necessary to date the garnet and staurolite-bearing as-

____

__________

______

semblage. Based on the knowledge of the P-T-t evolution of 

the Jenig Complex and its relationship to other parts of the 

crystalline basement at the northern slopes of the Gail valley 

the knowledge about the internal structure can be significantly 

improved which was the impetus of this study.

Whole rock and mineral chemical data were measured at 

the Institute of Mineralogy and Petrography at the University 

of Innsbruck. Major and trace elements of metapelitic rocks 

were determined on glass beads and powder pellets by wave-

length-dispersive X-ray fluorescence (WDXRF). A JEOL 8100 

SUPERPROBE electron microprobe was used for analysing 

the mineral compositions. Analytical conditions were 15 kV 

acceleration voltage and 10 nA beam current. Natural and 

synthetic mineral standards were used for calibration. The 

counting times were 20 sec. for the peak and 10 sec. for the 

background. Mineral formulae were calculated using the pro-

gram NORM (Ulmer, 1993, written comm.).

Mechanical and chemical separation for the Sm-Nd and Rb-

Sr isotope analyses were performed at the Geological Survey 

of Austria (Geologische Bundesanstalt) in Vienna. Minerals 

were separated by standard methods of crushing, grinding, 

sieving and magnetic separations. Garnet separates were 

hand-picked under the binocular microscope from defined 

sieve (0.20-0.30 mm) and magnetic fractions. To remove sur-

face contaminants all mineral fractions were washed in ace-

tone and water before decomposition and leached in 2.5 N 

HCl at ca. 80 °C for c. 30 minutes. Weights of samples used 

for dissolution were about 100 mg for whole rock powder, 30– 

150 mg for garnet and staurolite and about 200 mg for biotite. 

The chemical sample preparation follows the procedure des-

cribed by Sölva et al. (2005). Element concentrations were 

determined by isotope dilution using mixed Sm-Nd and Rb-Sr 

spikes. Overall blank contributions were <0.3 ng for Nd and 

Sm and <1 ng for Rb and Sr. Isotopic measurements were

done at the Department of Lithospheric Research at the Uni-

versity of Vienna. Spiked Sr and Rb ratios were measured 

at a MICROMAS M30 machine, spiked Sm, Nd ratios on a 

Finnigan® MAT 262 MC-TIMS, whereas unspiked Nd ratios 

were analysed at a ThermoFinnigan® Triton MC-TIMS. All ele-

ments were run from Re double filaments, except Rb which 

was evaporated from a Ta-filament. On the Triton MC-TIMS 
143 144the La Jolla standard yielded Nd/ Nd = 0.511843±2 (n = 13; 

2σ standard deviation) whereas for the NBS987 standard a 
87 86ratio of Sr/ Sr = 0.71013±4 (n = 6; 2σ standard deviation) 

147was determined at the MICROMAS M30. Errors for the Sm/ 
144 87 86Nd and Rb/ Sr ratio are <1%, based on iterative sample 

analysis and spike recalibration. Ages were calculated with 

the software ISOPLOT/Ex (Ludwig, 2003). Ages are based on 
-11 -1 87decay constants of 1.393 x 10  a  for Rb (Nebel et al. 2011)

____________

_______________

3. Analytical methods

3.1 Whole rock and mineral chemistry

3.2 Rb-Sr and Sm-Nd method
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Figure 2: Geological map covering the crystalline basement at the 

northern slopes of the Gail valley between Hollbruck and Arnoldstein 

(Carinthia, Austria) and surrounding areas. Map compiled from map 

sheets GKÖ196-200 of the Austrian Geological Survey (Anderle, 1977; 

Schönlaub, 1985, 1987, 1989, 1997, 2000), Carta geologica d’Italia In-

terattiva 1:100000 map sheets 4c-13, 14 and 14a (Amanti et al. 2002), 

Heinisch (1987) and Probst et al. (2003). (A) Tectonic map based on no-

menclature by Schmid et al. (2004) and subdivision of the Drau Range 

by Lein et al. (1997). Explanation see first column of lower legend. (B) 

Chronostratigraphic and lithological map. Explanation see column two, 

three and four of lower legend. Zone 1-4 refers to nomenclature by 

Heinisch (1987). The dominant metamorphic imprint in the pre-Variscan 

metasediments and magmatic rocks is highlighted. Major faults with 

nomenclature partly based on Probst et al. (2003): PAF…Periadriatic 

fault, DF…Drau  fault, IF…Isel fault, MF…Mölltal fault._____________



-12 -1 147and 6.54 x 10  a  for Sm.

Monazite and xenotime chemical analyses were performed 

on a JEOL JX 8600 microprobe following the routine estab-

lished at the Abteilung Mineralogie, Universität Salzburg. The 

routine involves a complete wavelength dispersive (WD) ana-

lysis for elements Si, P, La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb, 

Y, Th, U, Ca and Pb. A detailed description of standards, ele-

ment lines, counting times, background positions, background, 

and interference corrections used in the Salzburg microprobe 

laboratory for monazite and xenotime analysis is given in Krenn 

et al. (2008). Chemical Th-U-Pb ages for monazite were cal-

culated following the method of Montel et al. (1996) (Table 9). 

The analytical errors of a point analysis typically correspond 

to a ~10-30 Ma error on the age (1 σ). A weighted average 

age with reduced error can be calculated from a larger num-

ber of measurements in coherent age domains.

Outcrops of the Jenig Complex located directly to the North 

of the village Jenig cover an area which extends about 500 m 

towards the north and can be followed over 3 km along the 

northern slopes of the Gail valley. To the south the Jenig Com-

plex is covered by Quaternary sediments, but most probably 

continues in the subsurface until the Periadriatic fault, which is 

running along the southern margin of the valley. To the North 

it is separated from phyllonitic mica schists and prograde meta-

morphic phyllites by a several hundred meters wide pre-Alpine 

phyllonite zone (Heinisch 1987). The best outcrops of the Jenig 

Complex can be found in the gorge north of the village Jenig 

(Philippitsch et al. 1986, Fig. 3) and along the road from Jenig 

to Kreuth.

The Jenig Complex consists of mica schists, quarzitic mica 

schists and paragneisses which are partly rich in graphite. In-

tercalations of up to a few meters thick garnet- and hornblende-

bearing quartzites are scarce. In the river bed near to the 

bridge andalusite-bearing quartz veins are present. Recently 

the outcrop conditions are bad but these veins were described 

in detail by Philippitsch et al. (1986).

In the field the mica schists and paragneisses of the Jenig 

Complex can be distinguished from the overlying phyllonitic 

mica schists and phyllites also by their structural imprint. The 

latter are thin-bedded and characterised by frequent chevon-

type folds and conjugate kinks. Quartz mobilisate segrega-

tions mostly form irregular pods and rods. On the other hand 

the paragneisses and mica schists of the Jenig Complex form 

layered outcrops with concordant quartz-plagioclase mobili-

sate layers, which can be traced over distances of several me-

ters. During the predominant deformational event (D ) these X

moblisate layers were isoclinally folded and the axial plane 

cleavage S  dips towards NNW–NE with about 50° to 65°. The X

fold axes F  scatter but generally dip towards the North, pa-X

rallel to a weakly developed stretching lineation (L ). An over-X

___________________________

___________

____________________

3.3 Monazite dating using the EMS-technique

4. Field relations and lithological descrip-

tions

printing event (D ) causes open folding by NE-SW orientated X+1

axes and a contemporaneous crenulation.

The mica schists of the Jenig Complex are fine-grained and 

they are composed of muscovite + biotite + chlorite + quartz. 

They include mineral-rich layers containing garnet, staurolite 

and andalusite. The metamorphic history of the Jenig Complex 

can be determined best by these mineral-rich mica schists.

_______________
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Figure 3: Petography of the Al-rich metapelites of the Jenig Com-

plex: (A) fine-grained matrix composed of white mica + chlorite + quartz 

+ biotite + ilmenite + graphite is overgrown by garnet and bioite porphy-

roblasts (RS37/00, parallel polarized); (B) the succession of porphyro-

blast growth is garnet + biotite followed by staurolite + biotite and an-

dalusite + biotite (RS9/98, parallel polarized); (C, D) Staurolite within 

andalusite shows a core with fine-grained graphitic pigment and a rim 

with myrmecitic intergrowths of staurolite + quartz (RS37/00, parallel 

polarized); (E) Staurolite and andalusite overgrowing a fine-grained 

white mica rich matrix. Within and at the boundaries of andalusite clea-

vage domes with graphite are present (RS37/00, parallel polarized). 

(F) Quartzite with a matrix of quartz and plagioclase, overgrown by 

garnet and amphibole poikiloblasts (JEN-14/2, parallel polarized). (G) 

Andalusite-bearing quartz vein with idiomorphic andalusite crystals and 

some tourmaline (JEN-14/2, parallel polarized). (H) Andalusite-bearing 

quartz vein with kyanite growing at the boundary between two andalu-

site crystals (JEN-3A, parallel polarized).________________________

Table 1: Whole rock geochemistry of Al-rich metapelites: With 

respect to the average pelite from Symmes and Ferry (1991) the mica 

schists of the Jenig Complex are enriched in Al O , Fe O , K O and 2 3 2 3 2

depleted in SiO , CaO and Na O.2 2 ______________________________
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With respect to the “average” pelite from Symmes and Ferry 

(1991) they are enriched in Al O , Fe O , K O and depleted in 2 3 2 3 2

SiO , CaO and Na O and developed from shales according to 2 2

the diagram of Garia et al. (1991) (Table 1).

In this chapter the lithologies of the Jenig Complex are des-

cribed. Samples were collected from the eastern side of the 

gorge entering the northern slopes of the Gail valley north of 

Jenig (WGS84 N 46°37’51’’/E 013°15’14’’).

The samples of Al-rich metapelites are characterised by mi-

neral assemblages including staurolite, garnet, andalusite, bio-

tite, muscovite, plagioclase, quartz, chlorite, ilmenite, graphite,

clinozoisite, monazite, apatite, zircon and tourmaline. The matrix 

consists of fine-grained muscovite + biotite + chlorite + quartz 

and contains garnet and staurolite (up to 15 mm large) por-

phyroblasts as well as millimetre-sized biotite flakes which 

overgrow the dominant schistosity (S ). In some layers anda-X

lusite overgrows the older textures. Andalusite is barely visi-

ble in hand specimen, but it occurs in graphite-rich lithologies 

together with coarse-grained biotite flakes.

In thin sections the oldest visible schistosity (S ) is preser-X-1

ved within cleavage domains of the dominating schistosity (S ). X

Quartz-plagioclase mobilisate layers are partly orientated pa-

rallel to S  and isoclinally folded by S . S  as well as S  and X-1 X X-1 X

are defined by fine-grained textures composed of white mica , 1

quartz and minor chlorite , biotite , ilmenite and plagioclase . 1 1 1

The textures also show dispersed graphitic pigment (Fig. 3A). 

This texture is overgrown by biotite , followed by garnet + bio-2

tite  and again followed by staurolite + plagioclase . The youn-2 2

gest porphyroblasts are andalusite crystals, which grow toge-

ther with coarse-grained biotite  and white mica  (Fig. 3B). Al-2 2

so coarse-grained plagioclase and chlorite  are present in the 2

andalusit-bearing domains. All porphyroblasts overgrowing the 

S  textures are more or less orientated within a stretching li-X

neation L . They are undeformed except for white mica  and X+1 2

biotite , which are unduloese and kinked in some places. In 2

the matrix a weak deformation D  is visible by locally deve-X+1

loped open folds in the vicinity of the porphyroblasts. Some-

times also a crenulation (F ) with fold axes orientated parallel X+1

to L  is present. As the geometry of the kinkbands of biotit  X+1 2

shows the same shear sense as the deformation D  and D  X X+1

seem to be stages in a continuous process. In some samples 

pure shear outlasts the growth of all prophyroblasts, because 

in these samples the coarse-grained micas show a weak pre-

ferred orientation and even the andalusite is slightly unduloese. 

In one sample andalusite grows perpendicular to the foliation 

S . Most probably it grew in an extensional environment with X

σ1 parallel to the stretching lineation L . During cooling of X+1

the rocks through the brittle-ductile transition, distinct fractu-

res filled with quartz, albite and chlorite  formed during defor-3

mation stage D . In some samples these fractures form a X+2

conjugate system. Along the fractures sericitization and chlo-

______________

_______________

_______________

5. Petrography

5.1 Al-rich metapelites

ritization can be observed.

Garnet normally reaches 0.5-2 mm in diameter but some-

times porphyroblasts up to 4 mm are present. In general they 

are idiomorphic and contain only very few inclusions of quartz 

and ilmenite, especially in the outer parts. In sample RS10/98 

the cores of the garnets are poikiloblastic and contain fine-grai-

ned quartz and graphitic pigment. Theses inclusions indicate 

a fine-grained, planar texture of the matrix during the growth 

of the garnet cores. In some samples garnet forms elongated 

aggregates within the stretching lineation L . Sometimes the X+1

cores are broken and the pieces drifted away from each other. 

Rarely garnet crystals with minor chloritization along the ed-

ges have been observed.

Staurolite forms up to 15 mm large, idiomorphic porphyro-

blasts statically overgrowing the schistosity S . It is often pre-X

sent in direct contact with garnet. As inclusions graphitic pig-

ment, quartz, ilmenite and idiomorphic garnet crystals occur. 

Staurolite crystals which are overgrown by andalusite frequently 

show an idiomorphic, graphite-rich core and a graphite-poor 

rim (RS13/98). In several cases these rims show fine-grained 

myrmekitic textures composed of staurolite and quartz (Fig. 

3C, D). In sample RS7/98 tiny idiomorphic staurolite grains 

occur at the contact to andalusite.

Biotite is present as small flakes orientated in the foliation 

(S  and S ) of the matrix (biotite ) and as coarse-grained por-X-1 X 1

phyroblasts (biotite ) overgrowing the foliation. Biotite  porphy-2 2

roblasts are sometimes kinked and show unduloese extinction.

Muscovite is a main constitute of the matrix (muscovite ) 1

where it is present as fine-grained flakes orientated in S  and X-1

S . Coarse-grained muscovite  is present in the vicinity of an-X 2

dalusite and as inclusions within andalusite.

Quartz is also a main constitute of the matrix and forms mo-

bilisate layers. Within the latter it is coarse-grained, and dyna-

mically recrystallized with bulging and subgrain rotation.

Plagioclase forms fine-grained aggregates with triple junc-

tions within the matrix, and especially in cleavage domains of 

S . In the vicinity of staurolite porphyroblasts large plagioclase X

crystals overgrow the fine-grained matrix.

Andalusite is present as up to a few centimetre large poiki-

loblatic crystals, partly showing idiomorphic edges. In some 

cases andalusite displaces graphitic pigment which is enriched 

in cleavage domes (Fig. 3E). These cleavage domes are later 

overgrown in several stages. In one sample the overgrown 

graphitic pigment indicates, andalusite growth within a fine-

grained matrix with some coarse-grained white mica flakes 

not orientated in S . Around the andalusite phorphyroblasts X

the growth of coarse-grained biotite  and muscovite  can be 2 2

observed. Andalusite overgrows garnet, staurolite, biotite  and 2

also some muscovite , whereby the micas are partly resorbed. 2

In some cases andalusite has been replaced by coarse-grai-

ned muscovite  and biotite . Chlorite flakes within andalusite 3 2

observed in one sample represent pseudomorphs after bio-

tite , because they exhibit rutile exolutions. The chlorite is 1 or 2

a late stage product, which formed contemporaneously with 

sericitization of andalusite, starting along cracks.

____________________________

_____________________________

______________________

______________

____

________________

__________
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Figure 4: Chemical composition of garnets from the Jenig Complex: The composition of all investigated crystals is very similar. In general they 

are rich in almandine and display growth zoning characterised by a shallow increase of Xalm and Xprp from the centre towards the rim, which is com-

pensated by an inverse zoning of Xsps. Xgrs is low and shows no variation.___________________________________________________________

Ilmenite is present as up to 1 mm large crystals orientated 

in S  and S respectively.X-1 X 

Clinozoisite has been found within quartz mobilisate layers.

The quarzites show a fine-grained matrix of quartz and mi-

nor plagioclase, which are overgrown by poikiloblastic amphi-

bole and garnet (Fig. 3F). In addition epidote and opaque ore 

is present. Quartz shows just a weak shape-preferred orienta-

tion, grain boundary migration and intense unduloese extinc-

tion. Plagioclase is characterised by polysynthetic twinning 

and a somewhat smaller grain size with respect to quartz. The 

garnet and amphibole poikiloblasts are often strongly elonga-

ted within the schistosity.

The andalusite-bearing quartz veins have been described in 

detail by Philippitsch et al. (1986). They are more or less con-

cordant within the main foliation S  but show an irregular shape. X

Andalusite crystals are up to 10 cm in length and occur at the 

margins but also in the centre of the vein. They are irregularly

____________________________

_____________________________

5.2 Quartzite

5.3 Andalusite-bearing quartz veins

distributed within a quartz matrix and show no preferred orien-

tation. The crystals are prismatic (Fig. 3G) and pinkish to grey-

ish coloured. In some cases their surfaces are covered with 

muscovite. In thin sections scarce kyanite needles, growing 

within and along the edges of the andalusite are visible (Fig. 

3H). In one sample (JEN-3) idiomorphic staurolite crystals up 

to some millimetres in size occur along grain boundaries of 

large andalusite crystals. Another sample from the margin of 

a vein (JEN-6) contains tourmaline as inclusions in andalusite 

and quartz. Tourmaline with the same brownish green colour 

is also frequently observed in the metapelitic wall rock. Fur-

thermore some plagioclase and aggregates of coarse-grained 

(>5 mm) bended muscovite is present. A slight ductile deforma-

tion is responsible for the irregular lense-shape of the veins, 

plastic deformation and semi-ductile bending of some of the 

andalusite crystals and undulosity of quartz.

This andalusite-bearing quartz veins are interpreted to repre-

sent mobilisates from the surrounding Al-rich-metapelites.

Garnet: The chemical composition of garnet is very similar

______________

___

6. Mineral chemistry
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in the three investigated samples (Fig. 4). In general it is rich 

in almandine and display growth zoning characterised by a 

shallow increase of Xalm and Xprp from the centre towards 

the rim, which is compensated by an inverse zoning of Xsps. 

As Xalm and Xpyp show the same trend the Mg number [Mg/ 
2+(Fe +Mg)] is more or less constant and in the range of 0.05-

0.13. Xgrs shows no variation. In the cores Mn reaches up to 

0.55 atoms per formula unit (a.p.f.u) which corresponds to al-

most Xsps = 0.2. The garnet rim compositions are relatively 

homogeneous with Xalm = 0.76–0.83, a significant Xsps com-

ponent (0.07–0.14) and low Xpyp (0.07–0.08) and Xgrs (0.02– 

0.03) components.
2+Staurolite: All staurolites are rich in Fe  and the Fe number 

2+ 2+[Fe /(Fe +Mg)] varies between 0.85 and 0.92. Some crystals 

show a continuous chemical zoning with slightly decreasing 

MgO and ZnO contents and an increasing Fe number towards 

the margins. Also rims with significant MnO and ZnO contents 

of 0.2–0.4 and 0.9–3.0 wt.% respectively have been observed.

Plagioclase (An ) is chemically homogeneous throughout 13-19

the investigated samples.

Biotite: All biotites are unzoned and rich in FeO (19–22 wt.%). 

TiO  is low and varies between 1.47 and 1.88 wt.%.2

Muscovite shows Si contents of 3.05–3.07 Si a.p.f.u. and re-

latively high paragonite contents of 24–27 mol.%.

Selected mineral analyses are shown in Table 2.

_____________________________

________

__________

_________

7. Geothermobarometry

Multi-equilibrium geothermobarometry: The simultaneous cal-

culation of all possible reactions within a defined chemical sys-

tem has been done by using the program THERMOCALC v. 

3.21 (Powell and Holland, 2003) and the data set of Holland 

and Powell (1998). The natural composition of coexisting mine-

rals is taken into account using the activity models for garnet, 

plagioclase, muscovite and biotite from the set of proposed ac-

tivity models from the program MacAX (Holland, 2000, written 

comm.). To avoid uncertainties due to poor knowledge of H O 2

activity, only H O-absent reactions were used. The activities 2

were calculated with starting P-T values of 0.6 GPa and 500°C, 

to determine the P-T conditions of the intersections. Subse-

quently the obtained P-T conditions were then used to re-calcu-

late the activities again. This iteration process was repeated 

until the data converged to less than 0.01 GPa and 10 °C. For 

samples containing the assemblage garnet + andalusite + bio-

tite + plagioclase + muscovite + quartz the following reactions, 

intersecting in two H O-absent intersections (I, II), were used:2

The first invariant point (I) is constrained with the reactions:

(1)

(2)

(3)

The second invariant point  (II) consists of reaction (3) and 

the Fe-endmember reaction of (3) and the garnet-biotite ex-

change equilibrium:

(4)

(5)

Calculations of the P-T conditions by using both invariant 

points in three samples (RS6/98, RS9/98, RS13/98) yielded 

P-T results ranging from 450 to 530°C and 0.24 to 0.42 GPa 

as shown in Table 3.

__________________________________

_________________________________

Table 2: Representative electron microprobe analysis of minerals 

used in thermobarometry. Basis of formula calculation: 12 O and 8 ca-

tions (garnet), 11 O (muscovite, biotite), 8 O (plagioclase); n.d. not de-

tected; n.c.: not calculated.___________________________________

Table 3: Results of the multi-equilibrium P-T calculations with 

THERMOCALC v. 3.21.___________________________________

3CaAl Si O  = Ca Al Si O  + 2Al SiO  + SiO2 2 8 3 2 3 12 2 5 2

anorthite = grossular + andalusite + quartz

Mg Al Si O  + KAl Si AlO (OH)  = 3 2 3 12 2 3 10 2

= 2Al SiO  + KMg Si AlO (OH)  + 3CaAl Si O2 5 3 3 10 2 2 2 8

pyrope + muscovite = andalusite + phlogopite + quartz

Mg Al Si O  + Ca Al Si O  + KAl Si AlO (OH)  = 3 2 3 12 3 2 3 12 2 3 10 2

= KMg Si AlO (OH)  + 3CaAl Si O3 3 10 2 2 2 8

pyrope + grossular + muscovite = phlogopite + anorthite

Fe Al Si O  + Ca Al Si O  + KAl Si AlO (OH)  =3 2 3 12 3 2 3 12 2 3 10 2

= KFe Si AlO (OH)  + 3CaAl Si O3 3 10 2 2 2 8

almandine + grossular + muscovite = annite + anorthite

Fe Al Si O  + KMg Si AlO (OH)  =3 2 3 12 3 3 10 2

= Mg Al Si O  + KFe Si AlO (OH)3 2 3 12 3 3 10 2

almandine + phlogopite = pyrope + annite
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Figure 5: Sm-Nd isochron diagram calculated from whole rock, 

garnet and staurolite analysis. The pooled isochron gives a preferred 

age value of 254±4 Ma, indicating a late Permian to Early Triassic for-

mation of the amphibolite facies assemblage (for detailed discussion 

see text).

Ti-in-geothermobarometry:

8. Geochronology

8.1 Sm-Nd method

 Henry et al. (2005) formulated 

the Ti-in-biotite thermometer for graphitic, peraluminous meta-

pelites that contain graphite, quartz, rutile and/or ilmenite in 

excess to the mineral assemblage and which equilibrated at 

pressures of roughly 0.4-0.6 GPa and a temperature range of 

480-800°C. The Thermometer is based on the Ti content as 

well as the ratio of Mg/(Mg + Fe) and was applied to sample 

RS13/98. The X  values of biotites are rather constant and c. mg

0.404, in contrast to the Ti contents, which range from 0.119 

to 0.207 a.p.f.u. The resulting temperatures range from 442 to 

546°C and agree well with the temperatures from the multi-

equilibrium calculations.

To determine the formation age of the amphibolite-facies as-

semblage Sm-Nd analyses of garnet and staurolite as well as 

monazite dating by the EMS-technique were performed.

Sm-Nd analysed were performed on whole rock powders 

(WR), garnet and staurolite fractions of 4 individual samples 

Table 4. The whole rocks are characterised by Sm and Nd 

contents of 8.20–19.1 ppm and 42.7–101 ppm respectively. 
147 144The corresponding Sm/ Nd ratios are in the range of 0.106– 

0.118, εNd values are 14.2–14.8 and the depleted mantle mo-

del ages are in a narrow range of 1.59–1.75 Ga. In three of 

the samples (RS11/98; RS36/00, RS38/00) garnet separates 

yielded relatively high Nd (5.77–8.24 ppm) and Sm (1.81–2.48 
147 144ppm) contents and corresponding low spreads in the Sm/ Nd 

ratios (0.1778–0.2174). Therefore no reliable garnet-WR ages 

can be calculated from these separates. The garnet fraction 

from sample RS13/97 yielded lower Nd (1.12, ppm) and Sm 
147 144(0.84 ppm) contents and a higher Sm/ Nd ratio of 0.452. 

The calculated age with the WR is 253±7 Ma. Also the analy-

sed staurolite fractions show relatively low Sm (0.57–1.58 ppm) 

______________________________

_____

147 144and Nd (1.64–2.70 ppm) contents. The Sm/ Nd ratio of 

staurolite from sample RS11/98 is too low for the calculation 
147 144of a significant age, but the Sm/ Nd ratios of staurolite frac-

tions of sample RS13/97 are remarkably high (0.353, 0.540). 

Age calculations with the WR are 231±4 Ma and 244±4 Ma. 

Plotting all determined data points a linear trend with a calcu-

lated age value of 240±14 Ma and an MSWD value of 10.2 

can be observed (Fig. 5).

Two Rb-Sr biotite ages from Al-rich metapelites of the Jenig 

Complex were published by Schuster et al. (2001). Recalcula-

tion of the measured data with the decay constant by Nebel 

et al. (2011) define ages of 178±2 Ma (RS13/98) and 210±22 

Ma (RS11/98). An additional age was measured on a sample 

from zone with staurolite-garnet mica schists west of St. Daniel 

in the Gail valley (N46°39’53’’, E013°05’58’’). The rock con-

tains lots of up to 1 cm large idioblastic staurolite porphyro-

blasts, garnet up to 4 mm and biotite flakes up to 8 mm in 

diameter within a fine-grained matrix of muscovite and quartz. 

The age determined for the biotite is 174±2 Ma (RS28/01).

From three individual samples six monazite crystals were 

measured by the EMS-technique. These monazites form in-

clusions within all major minerals of the rocks, e.g. staurolite, 

biotite, and andalusite (Fig. 6). The pooled ages for the indivi-

dual samples are 278±21 Ma (RS13/98), 272±13 Ma (RS9/98) 

and 270±21 Ma (RS6/98).

This chapter starts with a discussion on the geological evo-

lution of the Jenig Complex. After that aspects for the defini-

tion of the Jenig Complex as a lithodemic unit and nomencla-

toric problems with respect to the basement at the northern 

slopes of the Gail valley will be discussed.

The Jenig Complex comprises relatively homogeneous me-

tapelites and metapsamites of unknown protolith age. The de-

pleted mantle model ages (1.59-1.75 Ga) of the whole rocks 

fit to those of other Austroalpine units (Thöni, 1999). For these 

other units Neoproterozoic or early Paleozoic deposition ages 

are likely and the same can be expected for the protoliths of 

the Jenig Complex.

The oldest visible metamorphic assemblage in the Al-rich me-

tapelites developed at lower greenschist-facies conditions and 

includes fine-grained muscovite + biotite + chlorite + quartz. Al-

so the crystallization age of this assemblage is unknown, but 

it might have formed during the prograde part of the Permian 

amphibolites facies P-T-t loop or during an earlier independent 

tectonometamorphic event (e.g. the Variscan event).

_____________________________

_

_____________________________

_______________

P-T-t

__________________________________

_______

8.2 Rb-Sr dating of biotite

8.3 Monazite dating by the EMS-technique

9. Discussion

9.1  evolution of the Jenig Complex

9.1.1 Protolith and first metamorphic as-

semblage

P-T-t
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Figure 6: Monazite from the Al-rich metapelites of the Jenig Complex: As visible in the BSE-images monazite appears as inclusions within A) 

staurolite and B) andalusite. Furthermore it has been observed within garnet and rock matrix. In general it is less than 50 µm in size.______________

Table 4: Sm-Nd and Rb-Sr data from Al-metapelites of the Jenig Complex and a metapelite from 

the garnet-staurolite mica schist zone near Kötschach (sample RS28/01).______________________

9.1.2 Conditions and timing of the amphibo-

lite facies event

Porphyroblast growth within the fine-grained matrix shows a 

general succession with garnet, followed by staurolite and fi-

nally andalusite, whereby the time spans of growth of these 

minerals might have been overlapping. Their growth is accom-

panied by the consumption, recrystallization and formation of 

chlorite, biotite and muscovite. However, the change in the 

mineral association clearly indicates increasing temperatures 

at low pressures, whereby the peak of metamorphism occur-

red at amphibolite-facies P-T conditions at 450 to 530°C and 

0.24 to 0.42 GPa.___________________________________

Timing of the amphibolites-facies 

event can be deduced from the Sm-

Nd and monazite EMS-data. Nearly 

all age values calculated from the 

Sm-Nd analyses are in the range of 

230-260 Ma, whereas all monazite 

EMS-data are 250-300 Ma (including 

the errors). Therefore it is evident 

that the low-pressure amphibolites-

facies event occurred during Permi-

an to Middle Triassic time. However, 

with the available data it is possible 

to argue for a more precise age in-

formation. EMS-monazite dating yiel-

ded ages in the range of 270-278 

Ma, but the errors on the individual 

values are large. Furthermore the 

monazites grew during an undefined 

temperature interval on the progra-

de part of the P-T path.

The Sm-Nd analyses also allow 

space for interpretation: Even if all 

four whole rock powders yielded 

more or less the same results, the 

corresponding garnets show quiet 
147 144 147different Sm/ Nd ratios. The Sm/

__________

144Nd ratios are negatively correlated with the Sm and Nd con-

tents. Three of the four garnets fit well to a trend line whereas 

garnet separate of sample RS11/98 is situated above the line 

(Fig. 5). This implies contamination of the garnet separates 

with different amounts of REE-rich phases. These phases are 

at least partly monazite mentioned above and since monazite 

is not much older than the garnet its influence on the garnet 

age should be minor. The garnet fraction of sample RS11/98 

which does not fit to the trend line has to contain an additio-
143 144nal most probably older phase with a lower Sm/ Nd ratio, 

which has an obvious influence on the age value. For this 

reasons we calculated a pooled isochron from garnets and
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Figure 7: Ar-Ar diagrams of muscovite and biotite from the Jenig Complex (data from Schuster et al. 2001). The investigated micas have a grain 

size of 0.2-0.3 mm and represent porphyroblasts within the fine-grained matrix. The determined ages indicate cooling of the rocks below 400±50 °C 

and 300±50 °C at 205±5 Ma and 180±50 Ma respectively (following the blocking temperature concept by Jäger, 1979)._________________________

WR’s of samples RS13/98, RS36/00 and RS38/00. The result 

is 254±8 Ma with an MSWD of 3.2.

Based on the investigations of the thin sections staurolite for-

med partly contemporaneously but mostly later than the garnet. 

In fact one of the staurolite-WR ages is younger (231±4 Ma) 

than the pooled garnet isochron, whereas the other is the same 

within the error (244±4 Ma). However, it has to be mentioned 

that staurolite may have crystallised from a matrix which was 

slightly depleted in Sm, because of the former fractionation of 

Sm into the garnet.

Summarizing the data we conclude a Permian formation of 

the monazite, most probably on the prograde part of the P-T 

path. Garnet and staurolite subsequent grew under upper 

greenschist- respectively amphibolites-facies P-T conditions 

during late Permian to Early Triassic times (260-230 Ma).

The main part of the Jenig Complex shows only minor retro-

grade overprint. Data to reconstruct the cooling history are 

available in Schuster et al. (2001), following the blocking tem-

_____________________

__________________________________

___

9.1.3 Retrograde evolution and cooling 

history

perature concept by Jäger (1979): cooling below about 400 °C, 

the closure temperature of the K-Ar isotopic system in musco-

vite, occurred at 205±5 Ma in the Late Triassic. With respect 

to Ar-Ar ages of biotites 300 °C were reached at 185±3 Ma in 

the Early Jurassic (Fig. 7). Rb-Sr biotite data measured on 

the same biotite separates yield one age of 187±3 Ma which 

fits well with the Ar-Ar biotite ages whereas the second is older 

and yields 210±2 Ma (Fig. 8 A, 8B, recalculated with the decay 
−11 −1constant form Nebel et al., 2011; 1.393±0.004×10  yr ).

The observed long time span between metamorphic peak 

and cooling below 400°C and 300°C respectively, leads to the 

question if the data reflect cooling after the metamorphic peak, 

or after an additional and independent thermal pulse. To ans-

wer this question it is necessary to analyse the geotectonic 

environment and paleogeographic situation of the continental 

fragment forming the Austroalpine unit today during the time 

span of interest. According to Schuster and Stüwe (2008) the 

recent Austroalpine unit was in an extensional environment 

through Permian and Early Triassic times. Extension was com-

pensated by lithospheric thinning until in the Anisian the Meli-

ata Ocean as a part of the western Neotethys opened in the

____
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line basement at the northern slops of the Gail valley. Based 

on the available data this basement consists of several parts

Figure 8: Rb-Sr age diagrams for two biotits from the Jenig Com-

plex and one biotite from the garnet-staurolite mica schist zone near 

to Kötschach. All age values range from Late Triassic to Early Juras-

sic. Although the blocking temperature for the Rb-Sr system in biotite 

is lower than for K-Ar in muscovite the ages are in the same range. 

Therefore the determined ages can not be interpreted to reflect Vari-

scan ages partly reset during the eo-Alpine (Cretaceous) event.____

southeast. Since then the recent Austroalpine unit formed a 

segment at the northwestern shelf of this oceanic realm. The 

whole area was at sea level and up to 3250 m of mostly shal-

low water sediments were deposited onto it. Magmatic activity 

can be recognised from the early Permian until the early Late 

Triassic at about 225 Ma (Thöni and Miller, 2000; Schuster et 

al, 2001). In the Early Jurassic extension continued and lead 

to the opening of the Penninic Ocean in the north. With res-

pect to Manatschal et al. (2002) the initial parts of the Pen-

ninic Ocean floor were formed by subcontinetal mantle, which 

was exhumed along a south dipping normal fault from below 

the recent Austroalpine unit. During this process a thermal 

pulse in the crust might have produced by upwelling of asteno-

spheric mantle.

Due to this geodynamic evolution a thermal pulse at about 

210 Ma causing a rejuvenation of the K-Ar isotopic system in 

muscovite seems to be unlikely. More likely muscovite and 

biotite ages reflect continuous cooling after the metamorphic 

peak in the Permian to Early Triassic. This cooling is not rela-

ted to exhumation, but due to relaxation of the isotherms from 

a high geothermal gradient at the peak of metamorphism to a 

lower gradient in Early Jurassic time. During this time span 

the investigated rocks stayed within the upper part of the 

middle crust. The thermal relaxation triggered deposition of 

up to 3250 m of sediments on top of the slowly subsiding 

lithosphere.

In the subdivision by Heinisch et al. (1983) the lithologies 

described in this paper are part of the zone of (un)metamor-

phosed Paleozoic rocks. However, these metapelites and 

metapsamites and the incooperated andalusite-quartz vains 

form a characteristic association which can be mapped and 

separated from the surrounding (Schönlaub, 1987). Further it 

is characterised by a monophase tectonometamorphic evolu-

tion. At present the time of deposition and the internal strati-

graphy of the rock series is unknown, it may be upright or in-

verted. Therefore this volume of rocks is not a lithostratigra-

phic unit in the proper sense but a lithodemic unit (North Ame-

rican Stratigraphic Code 2005; Concept Definition Task Group 

CGI/IUGS 2008, Schiegl et al. 2009). With respect to the litho-

demic nomenclature a series of rock consisting of one class 

of rocks (e.g. metamorphic or magmatic) has to be attributed 

as lithodem whereas when both classes are present it is a 

complex. The investigated rock series is composed of meta-

pelites but the intercalated andalusite-bearing quartz-veins 

formed by segregation can not be classified as metasedimen-

tary rocks. Therefore we suggest a classification as complex. 

The name of a lithodemic unit includes a geographic name 

(type locality) and the lithodemic rank and we propose the 

name Jenig Complex.

The Jenig Complex forms part of the pre-Mesozoic crystal-

9.1.4 Lithostratigraphic definition of the 

Jenig Complex

9.1.5 Tectonic position of the Jenig Complex

________________________________
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Figure 9: T-t paths for the different parts of the Austroalpine crys-

talline basement at the northern slopes of the Gail valley. (1) Rocks 

from the garnet-mica schist zone experienced an upper greenschist-

facies metamorphism during the Variscan event. They are not directly 

overlain by Permian sediments and show a final cooling below 300 °C 

in the Early Jurassic. (2) Amphibolite-facies conditions were reached in 

the staurolite-garnet-mica schist zone during the Variscan event. After 

that the rocks were exhumed and transgressed by Permian sediments. 

(3) The Paleozoic unit is characterised by a Variscan lower greenschist-

facies imprint and is overlain by Permian sediments. (4) In contrast the 

Jenig Complex experienced an amphibolite metamorphism in Permian 

to the Early Triassic. Since these four units show distinctly different T-t 

paths they clearly represent four individual tectonic units. The term 

“Gailtalkristallin” is whether neither tectonic nor lithostratigraphic, but 

just a summary of crystalline rocks in a geographic area.___________

which experienced variable metamorphic grades at different 

times (Fig. 9): as indicated by an Ar-Ar muscovite age of 315 

Ma (Neubauer and Genser 2009) the mica schists and para-

gneisses of the garnet-mica schist zone were formed and 

cooled down during the Variscan tectonometamorphic event. 

Most probably the amphibolite-facies assemblage in the stau-

rolite-garnet mica schist zone developed at the same time. In 

contrast the Jenig Complex underwent the major metamorphic 

overprint during the Permo-Triassic extensional event. These 

differences clearly indicate that the crystalline basement at 

the northern slops of the Gail valley is neither a continuous 

tectonic unit nor a lithostratigraphic unit but consists of seve-

ral tectonic slices. One of these slices is formed by the Jenig 

Complex. Therefore terms like “Gailtalkristallin” (Heinisch et al. 

1984, Heinisch 1987) or “Gailtal Crystalline Complex” (Neu-

bauer et al. 1999) suggesting a homogeneous lithostratigra-

phic or tectonic unit are problematic.

Also the Ar-Ar muscovite and Rb-Sr biotite ages, indicating 

cooling below 400°C and 300°C respectively are not homoge-

neous in the study area. In the garnet mica schist zone and 

the adjacent northern parts of the phyllonite zone Carbonife-

rous ages of 310-315 Ma can be related to the Variscan tec-

tonometamorphic event. In southern parts of the phyllonite 

zone, bordering to the staurolite-garnet mica schist zone Early 

Jurassic ages have been found, arguing for recrystallization 

during shearing in Jurassic time (Neubauer and Genser 2009). 

The Rb-Sr biotite age from the staurolite-garnet mica schist 

____________________

zone presented in this paper yielded also a Jurassic age value. 

This value might be due to partly rejuvenation of a Variscan 

age by a weak Cretaceous overprint (at less than 300°C) or 

due to cooling in the Jurassic. However, since also the Rb-Sr 

biotite ages from the Jenig Complex are in the same range 

the second possibility is more likely.

In any case temperatures during the eo-Alpine tectonome-

tamorphic event in the Cretaceous were low (<300°C) in all 

parts of the crystalline basement. This is in agreement with 

the data from the overlying Permo-Mesozoic sediments, which 

reached maximum (lower) anchizonal conditions (Rantitsch 

2001). Therefore Neubauer and Genser (2009) concluded that 

the lower greenschist-facies, sinistral phyllonite zones (Hei-

nisch 1987; Unzog 1989) formed prior to the Cretaceous and 

mainly during the Jurassic. They may have formed during the

amalgamation of the four parts of the Drau Range which are 

characterised by different facies evolutions (Lein et al. 1997).

With respect to the overall facies distribution of the Austroal-

pine Triassic sediments (Tollmann, 1977, 1985) a Jurassic si-

nisdral strike slip fault system to the north of the recent Peria-

driatic fault was postulated by Bechstädt (1978) and later on by 

other authors (Schuster and Frank 2000; Schmid et al. 2004). 

During the eo-Alpine tectonothermal event the whole area be-

tween the Periadriatic fault and the recent Tauern Window was 

folded by E-W trending axes. This folding is responsible for the 

preservation of the Permo-Mesozoic sediments of the Drau 

Range which occur in a large scale syncline. Finally, brittle de-

formation in the Cretaceous and/or Cenozoic shearing along 

the Periadriatic fault caused the formation of pseudotachyllites 

(Heinisch and Spengler 1988).

Investigations on the crystalline rocks north of Jenig constrain 

the following results:

The mica schists, quarzitic mica schists, paragneisses, quart-

zites, garnet- and amphibole-bearing quartzschists descri-

bed in this paper experienced a unique metamorphic evo-

lution. They are characterised by a prograde metamorphic 

imprint and contemporaneous formation of andalusite-bea-

ring quartz veins.

Mica schists developed from Al-rich pelites show green-

schist-facies assemblage with fine-grained white mica, bio-

tite, chlorite and quartz. During prograde metamorphism 

this assemblage was successively overgrown by garnet,

staurolite and andalusite porphyroblast which formed toge-

ther with coarse-grained biotite and muscovite flakes. Peak 

metamorphic conditions reached 450 to 530°C and 0.24 to 

0.42 GPa.

EMS-dating of monazite indicates formation of this mineral 

at the prograde part of the P-T-t path at 275±25 Ma. The 

amphibolite-facies peak assemblage formed at 254±8 Ma, 

based on a Sm-Nd isochron age.

With respect to Ar-Ar and Rb-Sr data on muscovites and 

biotites final cooling below 400°C and 300°C occurred at 

205±5 Ma (Late Triassic) and 185±5 Ma (Early Jurassic)

_____________________

_________________________

_________________________________

_________________________________

____________________
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respectively. Cooling is due to the relaxation of isotherms 

and not due to exhumation of the rocks.

Due the occurrence north of Jenig and a composition with 

metamorphic and possibly magmatic (andalusite-bearing 

quartz veins) rocks we suggest to formalise the investiga-

ted rock series as a lithodemic unit with the name Jenig 

Complex.

The Jenig Complex forms a tectonic slice which was formed 

by Jurassic sinistal strike-slip tectonics, Cretaceous folding 

and finally Cenozoic exhumation by shearing along the Pe-

riadriatic fault.
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