
Abstract

New radiometric ages from the Subpenninic nappes (Eclogite Zone and Rote 
Wand – Modereck Nappe, Tauern Window) show that phengites formed under 
eclogite-facies metamorphic conditions retain their initial isotopic signature, 
even when associated lithologies were overprinted by greenschist- to amphib-
olite-facies metamorphism. Different stages of the eclogite-facies evolution 
can be dated provided 40Ar/39Ar dating is combined with micro-structural 
analyses. An age of 39 Ma from the Rote Wand – Modereck Nappe is inter-
preted to be close to the burial age of this unit. Eclogite deformation within 
the Eclogite Zone started at the pressure peak along distinct shear zones, and 
prevailed along the exhumation path. An age of ca. 38 Ma is only observed 
for eclogites not affected by subsequent deformation and is interpreted as 

maximum age due to the possible influence of homogenously distributed 
excess argon. During exhumation deformation was localised along distinct 
mylonitic shear zones. This stage is mainly characterised by the formation of 
dynamically recrystallized omphacite2 and phengite. Deformation resulted in 
the resetting of the Ar isotopic system within the recrystallized white mica. 
Flat argon release spectra showing ages of 32 Ma within mylonites record the 
timing of cooling along the exhumation path, and the emplacement onto the 
Venediger Nappe. Ar-release patterns and 36Ar/40Ar vs. 39Ar/40Ar isotope cor-
relation analyses indicate no significant 40Ar-loss after initial closure, and only 
a negligible incorporation of excess argon. From the pressure peak onwards, 
eclogitic conditions prevailed for almost 8–10 Ma.

1 Introduction

Dating of phengitic white mica provides an important tool for 
understanding the high-pressure evolution within an evolving 
orogen (e.g., Scaillet 1998), and helps to constrain early decom-
pressional steps within a pressure-temperature-time- (PTt-) 
path. In contrast to other isotopic systems, e.g. Rb-Sr or Sm-Nd, 
the use of the 40Ar and 39Ar isotopes only needs one rock form-
ing mineral for dating, despite the fact that the temperature of 
the Ar-isotopic system in white mica has been reported to be 
relatively low, and ranges from ca. 350 °C (Lips et al. 1998) to 
ca. 450 °C (Hames & Bowring 1994; Kirschner et al. 1996) and 
ca. 500 °C (Hammerschmidt & Frank 1991; Hames & Cheney 
1997). Precise closure temperatures depend on grain-size, 
chemical composition and cooling rate. Phengitic white mica 
is generally predicted to have a closure temperature of about 
500–550 °C, i.e. slightly higher than that of muscovite (Lister & 
Baldwin 1996; Stuart 2002). Furthermore, several studies (e.g. 

Chopin & Maluski 1980; von Blanckenburg et al. 1988, 1989; 
Dunlap 1997; Bossé et al. 2005) revealed, that temperature is 
not the only controlling mechanism for setting or re-setting the 
isotopic system within respective minerals (see also Villa 1998 
for a general discussion). Therefore, not only the thermal, but 
also the tectonic history is to be investigated in detail because 
of the probably subordinate importance of temperature for 
re-setting of isotopic systems to deformation (e.g., Chopin & 
Maluski 1980; Handler et al. 1993; Müller et al. 1999).

In this study we dated phengitic white micas from eclogite-
mylonites and their undeformed protoliths from the Eclogite 
Zone within the Tauern Window (Eastern Alps) (Fig. 1). From 
this unit a great number of PT- data are available providing a 
well-constrained PT- history, i.e. from subduction to subsequent 
exhumation. We have chosen this unit as a testing site for the 
combination of microstructural and geochronological studies 
in order to establish a well-based PTt-deformation history of 
the Eclogite Zone and adjacent units, and in particular the con-
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ditions during the exhumation of the eclogite facies rocks. A 
study on the microstructural evolution of these eclogites has 
been carried out contemporaneously in order to provide de-
tailed knowledge about the tectono-metamorphic evolution. 
The results show (1) that detailed knowledge of the tectono-
metamorphic history of the dated rocks provides the possibility 
to date both cooling following the peak of high-pressure meta-
morphism, and subsequent deformation in eclogites, and (2) 
that phengitic white micas are useful for the reconstruction of 
the decompressional paths in high-pressure metamorphic ter-
ranes. Inverse 36Ar/40Ar vs. 39Ar/40Ar isochrone plots prove to 
be useful for the detection of extraneous (excess) 40Ar-compo-
nents, which cannot be recognised from 40Ar/39Ar spectra, espe-
cially when dealing with relatively young rocks with rather low 
40Ar-content (Heizler & Harrison 1988). These diagrams are of 
great convenience for the recognition of atmospheric Ar and 
excess 40Ar. The age established using an inverse isochron plot, 
unlike that yielded by a spectrum, is not affected by trapped 
36Ar/40Ar ratios that are different from the atmospheric Ar ra-
tio (e.g. due to excess 40Ar), and may contribute to a better age 
interpretation.

2 Geological setting

The Eastern Alps (Fig. 1) are the product of the convergence 
between Africa and Europe (e.g., Frisch 1979, 1980; Neubauer 

et al. 2000; TRANSALP working group 2002, 2006; Schmid et 
al. 2004). Plate tectonic units involved in the Alpine orogen in 
the area of the Eastern Alps comprise (1) the European con-
tinent, represented by the Helvetic Nappes; (2) the European 
margin, represented by the Subpenninic Nappes (in the Tau-
ern Window these are the Venediger Nappe, Eclogite Zone, 
and Rote Wand – Modereck Nappe); (3) two partly oceanic 
basins in the Penninic realm (the Northpenninic Valais and 
the Southpenninic Piemont-Liguria, represented by the Rhe-
nodanubian Flysch, the Glockner Nappe, the Matrei Zone and 
the Klammkalk Zone), and (4) the Adriatic (Apulian) micro-
continent including the Austroalpine and South Alpine units 
(Fig. 1a).

Thrusting and nappe stacking within the (Sub-) Penninic 
units was subsequent to south-directed subduction of the Pen-
ninic oceanic units below the Austroalpine Nappe Complex (for 
summary, see Kurz & Froitzheim 2002). Subsequent continental 
subduction of the European margin beneath the northern Adri-
atic continental margin commenced during the Palaeogene and 
resulted in thrusting of the Austroalpine nappe complex over 
Penninic units, and internal imbrication of the Penninic and 
Subpenninic nappes (“late-Alpine” orogeny, see also Kurz et 
al. 1998b, 2001a, b and Neubauer et al. 2000 for reviews). Thus, 
the Subpenninic units exposed within the Tauern Window rep-
resent the underplated European margin (Kurz et al. 2001a, b; 
Schmid et al. 2004; Schuster & Kurz 2005) (Fig 1b, c).

Fig. 1.  (a) Simplified tectonic map, showing the major tectonic units of the Eastern Alps (after Kurz et al., 2001a); EW: Lower Engadine Window; (b) Tectonic 
sketch map of the Tauern Window indicating sample locations (simplified after Kurz et al. 1998a), for legend see Fig. 1d. (c) Structural section across the central 
Tauern Window showing the structural position of the Eclogite Zone (for location see Fig. 1b) (modified after Kurz et al., 1998a, 2001b). (d) Tectonostratigraphic 
sketch of the Penninic units in the Tauern Window (modified after Kurz et al. 1998b), thickness of units is not to scale.
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The units within the Tauern Window can be subdivided into 
several nappes as described in detail by Kurz et al. (1996, 1998b, 
2001a). The general tectonic situation is outlined in Figs. 1b and 
1c. In the area of investigation, the Eclogite Zone (Figs. 2, 3) 
is tectonically imbricated between the Venediger Nappe Com-
plex below, and the Rote Wand – Modereck Nappe above. The 
Venediger Nappe Complex comprises the Venediger Nappe 
sensu stricto, and the Storz and Wolfendorn Nappes (Fig. 1). 
Lithologic similarities exist in particular between the Rote Wand 
– Modereck Nappe and the Eclogite Zone. Both units comprise 
similar sedimentary sequences of Permian to Triassic quartz-
ites, Triassic metacarbonates and Jurassic breccias, calcareous 
micaschists and metatuffs. Metamorphic MORBs and gabbros, 
associated with metasedimentary sequences, particularly occur 
within the Eclogite Zone (Kurz et al. 1998b, 2001b).

3 Tectonometamorphic evolution of the Eclogite Zone  
and adjacent areas

The rocks exposed within the Eclogite Zone form a coherent 
tectonic unit (Figs. 1–3) and were affected by a multiphase 
tectonometamorphic evolution (for summary, see Miller 1974; 
Holland 1979; Raith et al. 1980; Dachs 1986, 1990; Stöckhert 
et al. 1997; Kurz et al. 1998a, 2004; Hoschek 2001; Kurz 2005). 
The Eclogite Zone is incorporated into a stack of Subpenninic 
nappes, overlain by the ophiolite-bearing Glockner Nappe 
(Figs. 1–3) and is the only tectonic unit entirely metamorphosed 
under eclogite-facies metamorphic conditions. The other units 
were only partly affected by eclogite facies metamorphism. 

Within garnet-micaschists, inclusions in garnet formed by para-
gonite + zoisite/epidote + quartz, ± phengite, chloritoide, rutile 
and ore minerals show rectangular to rhombohedral outlines, 
often interpreted as pseudomorphs after lawsonite (Dachs 
1986; Spear and Franz 1986), and document a first stage of pro-
grade metamorphism at ca. 400 °C (e.g., Frank et al. 1987). The 
eclogite facies rocks were buried to a depth of at least 65 km, 
indicated by peak pressures of 20–23 kbar at approx. 600 °C 
(Dachs 1986, 1990; Frank et al. 1987; Zimmermann et al. 1994; 
Stöckhert et al. 1997; Kurz et al. 1998a; Hoschek 2001) (Ma0 in 
Fig. 4). Assemblages formed along the exhumation path record 
approximately 15–16 kbar at 550 °C (Stöckhert et al. 1997; Kurz 
et al. 1998a) (Fig. 4). The Eclogite Zone was subsequently af-
fected by blueschist facies metamorphism (Ma1 in Fig. 4). Pres-
sures of 7–9 kbar and temperatures of ca. 450 °C are estimated 
by Raith et al. (1980); 450 °C and 10–15 kbar by Holland (1979) 
and Zimmermann et al. (1994) (Fig. 4), but the P-T data are not 
well constrained due to the subsequent strong overprint by am-
phibolite to greenschist facies metamorphism at approximately 
7 kbar and 500 °C (Ma2 in Fig. 4).

For the tectonically underlying Venediger Nappe and Riffl 
Nappe HP metamorphism at 10–12 kbar has been determined 
(Selverstone et al. 1984; Cliff et al. 1985; Droop 1985; Selver-
stone 1993). At this metamorphic stage, corresponding to the 
blueschist stage of the Eclogite Zone, the Venediger nappe was 
incorporated into the nappe stack by top-to-the north emplace-
ment, documented by kinematic criteria indicating a top-to-the 
N to NNE sense of shear both within the Eclogite Zone and in 
the units below and above (in particular the Venediger Nappe 

Fig. 2. T ectonic map of the central southern part of the Tauern Window, showing the structural position of the Eclogite Zone (after Kurz et al., 1998a, 2001b); 
the sampling sites of the eclogites used for microstructural and geochronological analysis are included; arrows indicate the kinematics of nappe emplacement 
of overlying units contemporaneous to HP metamorphism (D1 in Fig. 4); the greenschist dominated unit in the upper sections of the Eclogite Zone as defined 
by Behrmann & Ratschbacher (1989) is characterized by almost complete retrogression of eclogites to garnet amphibolite and/or garnet-bearing greenschists. 
Kinematic data are available from Behrmann & Ratschbacher (1989), Kurz et al. (1996, 1998a, 2001b).
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and the Rote Wand – Modereck Nappe) (Figs. 2, 3) (D1 in Fig. 4) 
(Kurz et al. 1996, 1998a, 2001b). The Venediger Nappe cooled 
below 300–350° C already at the end of the Oligocene, at about 
23 Ma, as indicated by Rb-Sr cooling ages on biotite (e.g., Cliff 
et al. 1985; Droop 1985; Reddy et al. 1993).

In the units above the Eclogite Zone (i.e. the Rote Wand 
– Modereck Nappe and Glockner Nappe; Figs. 2, 3) remnants 
of eclogite facies metamorphism have been locally observed 
(Proyer et al. 1999; Dachs & Proyer 2001, 2002; Proyer 2003), 
particularly in internal sections exposed in the southern central 
part of the Tauern Window. In contrast to the PT- evolution of 
the Eclogite Zone, the Rote Wand – Modereck Nappe and the 
Glockner Nappe do not show blueschist facies metamorphism 
subsequent to the pressure peak (peak conditions of approxi-

mately 16–17 bar at 550 °C) (Dachs & Proyer 2001). After HP 
metamorphism, these units were affected by Barrovian-type 
greenschist facies metamorphism (5 kbar, 500 °C), termed 
“Tauernkristallisation” (e.g., Frank et al. 1987; Selverstone 
1993) (Ma2 in Fig. 4).

4 Radiometric ages from the Eclogite Zone and  
adjacent areas

For a summary of previously published geochronological data 
from the Eclogite Zone see Thöni (2006). Phengite 40Ar/39Ar 
mineral ages of ca. 36–32 Ma (Zimmermann et al. 1994) from 
the Eclogite Zone were interpreted as cooling ages postdat-
ing eclogite facies metamorphism, and thus the approximate 
time of emplacement of the Eclogite Zone onto the Venediger 
Nappe under blueschist facies conditions. Ratschbacher et al. 
(2004) described 40Ar/39Ar ages from high-pressure amphibole, 
phengite, and phengite + paragonite mixtures. Combined with 
the thermal evolution showing nearly isothermal decompres-
sion from 25 to 15 kbar these were interpreted to document 
rapid exhumation through ≤15 kbar and >500 °C at ~42 Ma to 
~10 kbar and ~400 °C at ~39 Ma. Assuming exhumation rates 
slower or equal to high-pressure–ultrahigh-pressure terrains 
in the Western Alps, peak pressures within the Eclogite Zone 
were reached not long before the high-pressure amphibole 
age of approx. 42 Ma (Ratschbacher et al. 2004), probably at 
≤45 Ma. This is in accordance with dates from the Western 
Alps (e.g., Droop et al. 1990; for review see Kurz & Froitzheim 
2002).

The possibility of a Palaeogene age of HP metamorphism 
was already discussed by Inger & Cliff (1994). Unpublished 
Sm-Nd garnet ages of ca. 42 Ma from the Eclogite Zone are 
cited by Droop et al. (1990), and Inger & Cliff (1994). Signifi-
cantly younger ages of ca. 26–30 Ma are reported by Inger & 
Cliff (1994) for meta-sediments associated with the eclogites 
being penetratively affected by subsequent tectonometamor-
phic overprint at upper greenschist facies conditions contem-
poraneous to top-to-the west ductile shearing of the Penninic 
nappe stack (D2 in Fig. 4). They interpret their Rb-Sr ages to 
date cooling of the high-pressure phengites through ca. 550 °C 
after crystallisation of the rocks of the Eclogite Zone. However 
they state that the partial resetting of the Rb-Sr isotopic system 
by subsequent greenschist-facies metamorphic overprint would 
yield ages, which have to be interpreted as mixtures between 
post-eclogite cooling and the greenschist overprint.

5 Eclogite microfabrics

The microstructural evolution of eclogites from the Eclogite 
Zone was described in detail by Kurz et al. (1998a, 2004) and 
Kurz (2005).

Coarse-grained boudinaged eclogites with a grain-size of up 
to 1 cm (Fig. 5a) may show a weak foliation (Fig. 5b). Phengite 
and paragonite usually do not show a preferred orientation. 
Omphacite shows several features of plastic deformation (D1 

Fig. 3. T ectonic map of the central part of the Tauern Window; the sampling 
site of micaceous marbles used for geochronological analysis is included; ar-
rows indicate the kinematics of nappe emplacement of overlying units dur-
ing D1, contemporaneous to HP metamorphism. Kinematic data are available 
from Kurz et al. (1996). Top-to-the-south kinematics is related to subsequent 
folding of the penetrative foliation, resulting in inversion of the shear sense.
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in Fig. 4). Coarse grains (omphacite1) are twinned, kinked and 
bent, and show undulatory extinction and the formation of sub-
grains (Fig. 5a, b). The subgrain boundaries are generally ori-
ented subparallel to the prism planes. With increasing degree of 
deformation, the long axes of the subgrains are preferentially 
oriented subparallel to the trace of the foliation and lineation in 
XZ- sections (Fig. 5b). Fine grains of recrystallized omphacite 
(omphacite2) are formed along the grain boundaries of coarse 
omphacite (omphacite1) (Fig. 5a). Omphacite1 is characterized 
by jadeite contents of approx. 30 mol%, omphacite2 by jadeite 
contents of approx. 50 mol% (Kurz et al. 1998a). Omphacite1 
is chemically (and optically) zoned (Fig. 5a); the cores and the 
rims show jadeite contents of approx. 25 mol% and 30–35 mol%, 
respectively (Kurz et al. 1998a, 2004). Thermobarometric data 
indicate conditions of 17–20 kbar at approx. 550–580 °C during 
the formation of omphacite1 (Om1 in Fig. 4), and 20–23 kbar 
at 600–620 °C at the pressure peak during the formation of 
omphacite2 (Om2 in Fig. 4) (for details see Kurz et al. 1998a). 
Therefore, the deformational fabrics document the final sec-
tion of the prograde evolution up to the pressure peak.

Several stages from coarse-grained eclogites to the for-
mation of fine-grained eclogite mylonites with dynamically 
recrystallized omphacite2 have been observed. Strongly foli-
ated eclogitic mylonites show a well-developed mylonitic fo-
liation and a stretching lineation defined by elongate garnet, 
omphacite2, zoisite, kyanite, and glaucophane. Locally, a com-
positional layering of single-grain-thick quartz layers, garnet, 
and omphacite is developed. Within the fine-grained mylonites, 
omphacite2 shows an elongated shape and a shape preferred 

orientation subparallel to the penetrative mylonitic foliation 
(Fig. 5c). Synkinematic phengites are tightly arranged parallel 
to the penetrative foliation. Glaucophane and barroisitic horn-
blende, having been formed along the decompressional path, 
but still under eclogite facies metamorphic conditions (Kurz 
et al. 1998a), occur in several of the fine-grained, omphacite2 
dominated eclogites. Omphacite2 is also partly replaced by 
these types of amphibole along its rims (Fig. 5d).

The garnet grains are characterized by a round, inclusion-
rich core and inclusion-free rims. The grains show straight 
boundaries and a hypidiomorphic shape (Fig. 5b, c). Garnet 
is often enriched within monomineralic layers. Within fine-
grained mylonites, many garnets show an elongated shape 
(Fig. 5c), and a shape preferred orientation parallel to the lin-
eation direction, resulting from preferential growth parallel to 
the kinematic x-axis (Kurz et al. 2004).

From the microstructures and radiometric data described 
above, the following distinct episodes along the PT- path of the 
Eclogite Zone can be reconstructed:

1.	 Deformation at peak pressure conditions indicated by the 
analysis of microstructures and geothermobarometric data 
(for details, see Stöckhert et al. 1997; Kurz et al. 1998a, 2004; 
Kurz 2005) (Fig. 4).

2.	 Distinct overprints along the decompression path, includ-
ing a blueschist facies metamorphic overprint; evidence is 
provided by the analysis of microstructures and geothermo-
barometric data (for details, see Stöckhert et al. 1997; Kurz 
et al. 1998a, 2004).

Fig. 4. C ompilated Pressure – temperature – time paths, illustrating the tec-
tono-metamorphic evolution of the Eclogite Zone (after Spear & Franz, 1986; 
Inger & Cliff, 1994; Zimmermann et al., 1994; Stöckhert et al., 1997; Kurz et al., 
1998a; 2001b) and the Rote Wand – Modereck Nappe (after Dachs & Proyer 
2001); Ma0, Ma1, Ma2 indicate events of Alpine metamorphic overprint after 
Zimmermann et al. (1994).
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3.	C ooling through the closure temperature for the Ar isoto-
pic system of white mica (assumed to lie between 400 °C 
and 550 °C) (Fig. 4).

The segment between the pressure peak and the cooling through 
the Ar closure temperature in white mica is less constrained 
and will be discussed by providing new 40Ar/39Ar mineral ages.

6 Samples analysed by 40Ar/39Ar stepwise heating

The sample sites of analysed eclogites are all located in the 
northern (internal) part of the Eclogite Zone (see Figs. 1–3 and 
Appendix), outside the greenschist dominated unit described 
by Behrmann & Ratschbacher (1989) (Fig. 2). Two types of 
eclogite samples, not overprinted by subsequent greenschist-
amphibolite facies metamorphic assemblages, have been in-
vestigated for the presented study: (1) Eclogite-mylonites 
(samples 1–3) with syn-kinematically grown phengite; the typi-
cal mineral assemblage of these samples is shown in Figs. 6a, b, 
and comprises garnet, omphacite2 (Fig. 4), zoisite, glaucophane, 
kyanite, phengite, and quartz. Estimates on the PT-conditions 
for eclogite-facies metamorphism are provided by Kurz et al. 
(1998a) (Fig. 4) (20–23 kbar, 600–620 °C for the peak assem-
blage) (eclogite mylonites containing omphacite2, but lacking 
glaucophane and barroisitic hornblende). (2) Samples of unfo-
liated fine-grained eclogite (sample 4) (Fig. 6c), not affected by 
deformational overprint subsequent to the pressure peak, but 
occurring together with foliated eclogite mylonites, were ana-
lysed for comparison. The eclogite facies mineral assemblage 
comprises garnet, omphacite1 (Fig. 4), kyanite, quartz, parago-

nite and subordinate phengite. Estimates on the PT-conditions 
for eclogite-facies metamorphism are provided by Kurz et al. 
(1998a) (Fig. 4) (18–20 kbar at 530–570 °C for unfoliated eclog-
ites containing omphacite1).

Additionally, a calcite-marble (sample 5) (Fig. 6d) from 
the Rote Wand – Modereck Nappe (for location see Fig. 3) 
has been analysed to get information on the cooling history of 
the unit immediately above the Eclogite Zone, because geo-
thermobarometric studies have satisfactorily shown eclogite 
facies metamorphism in parts of this unit as well (ca. 550 °C, 
15 kbar) (Dachs & Proyer 2001). The location indicated in 
Fig. 3 has been chosen, because this area shows low degree of 
metamorphic and deformational overprint under greenschist 
facies conditions (D2 in Fig. 4). This should therefore provide 
an undisturbed original Ar isotopic composition related to the 
peak metamorphic conditions.

Samples 1–3 are characterised by similar microstructures, 
showing a strong penetrative mylonitic foliation with a shape 
preferred orientation of omphacite2 (with an average grain size 
of 100–250 µm), zoisite, glaucophane, and phengite (Fig. 6a, b), 
corresponding to the microstructures of fine-grained eclogite 
mylonites described above (Figs. 5b, c). Phengites reach a grain 
size of up to 500 µm. Sample 4 shows a less developed shape 
preferred orientation compared to previously described sam-
ples (Fig. 6c), indicating that penetrative ductile deformation 
in this sample was less pronounced. Grain-size ranges from 10 
to 50 µm, only white mica reaching a grain size of up to 250 µm. 
The microstructures are indicative for coarse- to medium-
grained eclogites described above (Fig. 5a). Although most of 
the associated lithologies were affected by later retrogression 

Fig. 5.  Microstructures of eclogites from the 
Eclogite Zone (Tauern Window) (for sample 
locations see Fig. 2 and the Appendix). a – XZ- 
section of coarse-grained, un-foliated eclogite, 
showing omphacite1 with subgrains, and dynami-
cally recrystallized omphacite2 grains along its 
rim; subgrain boundaries are subparallel to the 
traces of {010}. b XZ- section of coarse-grained 
foliated eclogite showing remnants of ompha-
cite1, surrounded by fine-grained dynamically 
recrystallized omphacite2. c – XZ section of 
eclogite mylonite showing dynamically recrys-
tallized omphacite2 with well-developed shape 
preferred orientation in XZ. d – XZ- section of 
eclogite mylonite showing dynamically recrys-
tallized omphacite2 and glaucophane with well 
developed shape preferred orientation in XZ; 
glaucophane is partly replacing omphacite2 and 
has been formed subsequent to the pressure 
peak, probably at the transition from eclogite to 
blueschist facies metamorphism. a, b, c: Crossed 
polarized Nicols; a–d: long axis of photograph 
about 4 mm; gt: garnet.
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at amphibolite to greenschist facies metamorphic conditions, 
all the eclogite samples described in this study were preserved 
as meta-stable assemblages, most probably related to the ab-
sence of fluids in these rock domains. Sample 5 (Fig. 6d) has 
been taken from a calcite-marble near the structural base of the 
Rote Wand – Modereck Nappe. Retrogressed eclogites, inter-
calated with these marbles, show relics of high-pressure assem-
blages (Proyer et al. 1999; Dachs & Proyer 2001). Within the 
marbles the penetrative foliation is traced by layers of white 
mica sporadically accumulated along isolated foliation (i.e. for-
mer bedding) planes.

7 Results

7.1 Electron microprobe analysis

Between 10–20 electron microprobe analyses have been car-
ried out on white mica concentrates of samples 1–5. The chemi-
cal formulae for white mica were calculated on the basis of 56 
cation charges. Average mica compositions are listed in Table 1 
and graphically presented in a muscovite –50% celadonite 
– paragonite plot (Fig. 7). Analyses are discussed with respect 
to their muscovite (Ms), celadonite (Cel), paragonite (Pg), and 
margarite (Mrg) components.

White micas from eclogite-mylonite samples (1A, 1B, 2, 
and 3) are phengites with similar chemical compositions (aver-
age ca. Ms40Ce51Pg9). Both size-fractions of sample 1 (1A: 200–
250 µm; 1B: 250–355 µm) yielded similar compositions. White 
micas from the fine-grained eclogite sample 4 are paragonites 
with an average composition of Ms5Pg93Mrg2. White micas from 
calcite marble (sample 5) have a slightly less phengitic compo-
sition than eclogite-mylonite samples 1–3, with an average of 
ca. Ms64Cel32Pg4.

7.2 40Ar/39Ar dating

40Ar/39Ar analyses have been carried out on six different white 
mica multi-grain concentrates (ca. 15 grains per sample) of five 
samples. A detailed description of the analytical techniques and 
procedures can be found in Handler et al. (2004).

Analytical results are portrayed as age spectra in Fig. 8 to-
gether with 36Ar/40Ar vs. 39Ar/40Ar isotope correlation plots. The 
detailed analytical results can be requested from the publisher 
and are provided in the electronic version.

From sample 1 two size fractions (1A: 200–250 µm, and 1B: 
250–355 µm) have been analysed. The Ar-release spectrum of 
sample 1A displays a nearly flat pattern, indicating homoge-
neous Ar-isotopic composition released through the experi-
ment, and pointing to an undisturbed Ar-isotopic composition 
of the white mica. Age calculation over all increments yielded 

Fig. 6.  Examples of typical microstructures of the 
dated samples. a, b – Eclogite-mylonite samples 
1 and 2 indicate strong shape-preferred orienta-
tion of phengite, and recrystallized omphacite. 
Note also the intense elongation of garnet (with 
an aspect ratio of up to 1.8). c – By contrast, 
the fine-grained eclogite sample 4 indicates no 
characteristics for ductile deformation and equi-
dimensional garnet textures. d – Calcite marble 
sample 5 indicates a penetrative foliation, which 
is traced by layers of white mica.

Fig. 7.  Muscovite (Ms) –50% Celadonite (Cel) – Paragonite (Prg) triangle-
plot of chemical composition of white-mica samples 1–5 analysed by electron 
microprobe. Each data point represents one individual grain mounted on car-
bon glass slides.
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an age of 32.5 ± 0.15 Ma. The 36Ar/40Ar vs. 39Ar/40Ar isotope 
correlation plot yields a y-axis intercept of 36Ar/40Ar = 0.00310 
(MSWD = 9.6). Because this value is comparable to the pres-
ent day atmospheric composition of Ar (36Ar/40Aratm = 0.00338), 
we conclude that no excess Ar has been incorporated at or 
after the time of initial closure of the isotopic system in these 
micas.

The coarser grained phengite (sample 1B) indicates slightly 
higher ages in the first three low-temperature gas release steps, 
pointing either to optically undetectable intergrowths with 
higher Ar-retention, or minor influx of extraneous 40Ar-compo-
nents. Similar ages as for sample 1A are obtained from further 
steps of the Ar-release pattern (steps 4–13, together compris-
ing 90.3% of the total 39Ar released) (33.3 ± 0.15 Ma). Minor 
incorporation of excess 40Ar-components is also indicated by 
the 36Ar/40Ar vs. 39Ar/40Ar isotope correlation plot, where the 
ratios of the first three increments define a trend-line, which 
clearly points to a 36Ar/40Ar intercept, being much lower than 
atmospheric composition. Therefore, a regression line has 
been calculated only for steps 4–13, which define a plateau in 
the Ar-release spectrum. The isotope correlation analysis of 
these steps yielded a y-axis intercept of 36Ar/40Ar = 0.00347 
(MSWD = 0.66), close to the atmospheric Ar-composition.

White mica of sample 2 has the same grain-size (250–
355 µm) as sample 1B described above. The Ar-release plot dis-
plays fairly consistent ages, except for the first increment, which 

again displays a slightly older age. Calculation over steps 2–13, 
together comprising 99.1% of the total 39Ar released, yielded 
an age of 32.5 ± 0.15 Ma. Regression analyses over these steps 
within the 36Ar/40Ar vs. 39Ar/49Ar isotope correlation plot yields 
a y-axis intercept of 36Ar/40Ar = 0.00309 (MSWD = 2.6).

For sample 3 coarse-grained (250–355 µm) white micas 
have been analysed as well. The Ar-release plot displays a flat 
age spectrum, indicating no disturbance after initial closure 
of the Ar-isotopic system. Age calculation over all increments 
yielded 31.8 ± 0.15 Ma, the 36Ar/40Ar vs. 39Ar/40Ar isotope cor-
relation plot yields a y-axis intercept of 36Ar/40Ar = 0.00289 
(MSWD = 11.7).

White mica sample 4 (200–250 µm) has been separated 
from a fine-grained eclogite. The Ar-release plot again displays 
a flat spectrum; only the first step yields a slightly older age. 
The 1σ error range for this analysis is rather wide related to 
the low K- content of the analysed paragonite, resulting in 
low Ar- contents (see Table 1). The total-gas age of this sam-
ple is 38.0 ± 0.55 Ma. The regression line of the 36Ar/40Ar vs. 
39Ar/40Ar isotope correlation plot yields a y-axis intercept of 
36Ar/40Ar = 0.00329 (MSWD = 0.53).

White mica sample 5 (250–355 µm) has been separated 
from a calcite-marble of the Rote Wand – Modereck Nappe. 
The Ar-release plot displays a slightly disturbed age spec-
trum. However, the total-gas age of 39.00 ± 0.15 Ma is compa-
rable to the results of sample 4. The regression line calculated 

Sample
1A

Sample
1B

Sample
1A + 1B

Sample
2

Sample
3

Sample
4

Sample
5

n 5 16 21 18 12 15 14

SiO2 49.88 (86) 50.81 (99) 50.53 (99) 50.10 (99) 50.69 (90) 46.28 (52) 49.40 (99)
Al2O3 27.15 (26) 27.45 (57) 27.41 (50) 26.70 (70) 27.13 (50) 39.29 (51) 29.50 (60)
TiO2   0.29 (02)   0.28 (04) 0.28 (04)   0.28 (07)   0.26 (03)   0.07 (02)   0.30 (16)
FeO   1.59 (07)   1.55 (07)   1.56 (08)   2.20 (30)   1.90 (15)   0.47 (04)   0.80 (11)
MgO   3.61 (08)   3.65 (18)   3.60 (16)   3.40 (30)   3.43 (20)   0.15 (05)   2.90 (20)
MnO < 3σ < 3σ < 3σ < 3σ < 3σ < 3σ < 3σ
K2O   9.87 (36) 10.13 (21) 10.10 (30) 10.40 (20) 10.20 (13)   0.64 (15) 10.80 (11)
Na2O   0.81 (13)   0.73 (13)   0.70 (13)   0.60 (14)   0.67 (06)   7.36 (26)   0.32 (04)
CaO < 3 σ < 3 σ < 3 σ < 3 σ < 3 σ   0.32 (04) < 3 σ
Total 93.19 94.59 94.18 93.68 94.28 94.57 94.02
Si   6.77 (05)   6.79 (06)   6.79 (05)   6.81 (07)   6.82 (04)   5.97 (02)   6.64 (08)
Al(tot)   4.35 (04)   4.33 (07)   4.34 (07)   4.27 (06)   4.30 (06)   5.97 (04)   4.68 (11)
Ti   0.03 (00)   0.03 (00)   0.03 (00)   0.03 (01)   0.03 (00)   0.01 (00)   0.03 (02)
Mg   0.73 (02)   0.73 (04)   0.72 (04)   0.69 (05)   0.69 (04)   0.03 (01)   0.58 (04)
Fe   0.18 (01)   0.17 (01)   0.18 (01)   0.25 (03)   0.21 (01)   0.05 (00)   0.09 (01)
Mn < 3σ < 3σ < 3σ < 3σ < 3σ < 3σ < 3σ
K   1.71 (07)   1.73 (05)   1.73 (05)   1.80 (05)   1.75 (04)   0.11 (02)   1.85 (03)
Na   0.21 (04)   0.19 (04)   0.18 (04)   0.16 (04)   0.17 (02)   1.84 (07)   0.08 (01)
Ca < 3σ < 3σ < 3σ < 3σ < 3σ   0.04 (01) < 3σ

Cel 38.58 (2.30) 39.70 (2.83) 39.48 (2.74) 40.30 (3.55) 40.85 (1.99) – 32.16 (3.89)
Ms 50.45 (1.39) 50.50 (1.32) 50.99 (1.34) 51.64 (2.55) 50.08 (1.49)   5.29 (1.20) 63.53 (3.58)
Pg 10.96 (1.46)   9.80 (1.79)   9.53 (1.78) 8.06 (1.87)   9.08 (0.81) 92.49 (1.02)   4.31 (0.54)
Mrg – – – – –   2.22 (0.31) –

Table 1.  Microprobe analyses of white mica from eclogite samples 1–4, and calcite-marble sample 5 of the Tauern Window, Eastern Alps (Austria). Ms = Musco-
vite, Pg = Paragonite, Mrg = Margarite (following suggestions of Kretz, 1983), Cel = Celadonite; n = number of analysis on the sample; < 3σ = below detection 
limit of 3σ; values in parentheses are 1σ standard deviation.
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Fig. 8.  40Ar/39Ar age spectra and related 36Ar/40Ar vs. 39Ar/49Ar isotope correlation plots of white mica multi-grain analyses from the Eclogite Zone and the Rote 
Wand – Modereck Nappe of the Tauern Window; intensity of the laser increases from left to right; increments used for age calculation are indicated; analytical 
errors (1-sigma) are given by vertical width of bars; half length of error bars in isotope correlation plots indicates 1 sigma error.



S200  W. Kurz et al.

over all increments in the 36Ar/40Ar vs. 39Ar/40Ar isotope cor-
relation plot yields a y-axis intercept of 36Ar/40Ar = 0.00318 
(MSWD = 29).

7.3 Data quality

Analyses of white micas from eclogite mylonites (samples 
1–3) display flat Ar-release spectra with ages ranging between 
31.8 ± 0.15 Ma and 33.3 ± 0.15 Ma. Only two of four Ar-release 
plots display slightly older ages in the first increments (samples 
1B, and 2), suggesting minor influx of excess 40Ar-components. 
When these increments are not taken into account, regression 
analyses of the 36Ar/40Ar vs. 39Ar/40Ar isotope correlation plots 
yield y-axis intercepts ranging between 36Ar/40Ar = 0.00289 and 
36Ar/40Ar = 0.00347 for all four analyses, being fairly close to the 
atmospheric isotopic composition of 36Ar/40Ar = 0.00338. There 
is no correlation between the age of the samples and the ex-
trapolated 36Ar/40Ar ratio. Furthermore, analysis of sample 1A 
indicates a perfectly flat Ar-release pattern and an extrapolated 
36Ar/40Ar ratio nearly identical to the atmospheric value. We 
therefore conclude that the different ages reported in samples 
1–3 do not indicate incorporation of significant amounts of ex-
cess 40Ar-components in the Ar-system.

Sample 4, separated from an un-foliated eclogite, and 
sample 5, separated from a calcite-marble of the Rote Wand 
– Modereck Nappe display significantly older ages compared 
to the mylonitic eclogites (samples 1–3). Integrated ages are 
38.0 ± 0.55 Ma and 39.00 ± 0.15 Ma, respectively. The relatively 
large age-error for sample 4 results from the low K- and, there-
fore, Ar-content of the analysed paragonites. We do not ob-
serve any correlation between ages, grain-size within eclogite 
mylonites, and extrapolated 36Ar/40Ar ratios. The 36Ar/40Ar vs. 
39Ar/40Ar isotope correlation plot of sample 4 yields a y-axis 
intercept of fairly atmospheric composition. In the 36Ar/40Ar vs. 
39Ar/40Ar isotope correlation plot of sample 5 the y-axis inter-
cept yields at 0.00318, which may indicate minor incorporation 
of an excess 40Ar-component. However, the first two steps of 
the Ar-release spectrum of this sample indicate Ar-loss rather 
than incorporation of 40Ar. Therefore, the integrated age is in-
terpreted to be geologically meaningful, and the age difference 
of ca. 7 Ma between white micas separated from eclogite-my-
lonites (samples 1–3) and white micas separated from calcite 
marbles (sample 5) to be significant.

8 Discussion and geological implications

The new radiometric ages presented in this study show that 
phengites formed under eclogite-facies metamorphic condi-
tions retain their isotopic signature, even when associated li-
thologies were affected by greenschist- to lower amphibolite-
facies metamorphic overprint. Despite a few domains showing 
distinct retrogression to (garnet-) amphibolites, most of the 
eclogites within the Eclogite Zone were preserved, showing 
their eclogite facies mineral assemblages. This may be explained 
in several ways:

1.	T he Eclogite Zone was exhumed at very high exhumation 
rates (for discussion, see Glodny et al. 2005) and, therefore, 
subsequent metamorphic overprint by conductive heat 
transfer was either prevented or delayed (e.g. Ernst 2006).

2.	S ubsequent metamorphism proceeded at conditions of 
heterogeneous fluid distribution, documented by the ad-
joining occurrence of both well-preserved and completely 
retrogressed eclogites, and the occurrence of hydrothermal 
veins.

3.	 Ongoing deformation under eclogite facies conditions.

Resetting of the Ar-isotopic system during exhumation was 
highly influenced by concomitant ductile deformation in terms 
of mylonitization, and heterogeneous regional fluid flow. This 
is supported by observations and theoretical considerations of 
previous workers (e.g. Chopin & Maluski 1980; von Blancken-
burg et al. 1989; 1993; Villa 1998) that in certain cases ductile 
deformation is of greater importance for the resetting of iso-
topic systems than temperature. Furthermore our study shows 
that different stages of an eclogite-facies metamorphic event 
can be dated when 40Ar/39Ar dating is combined with micro-
structural investigations.

The ages presented in this study are in accordance with 
previously published phengite 40Ar/39Ar mineral ages from 
the Eclogite Zone of ca. 36–32 Ma (Zimmermann et al. 1994). 
These were interpreted as cooling ages postdating eclogite fa-
cies metamorphism, and thus taken to date the approximate 
time of emplacement of the Eclogite Zone onto the Venediger 
Nappe. Similarly, Ratschbacher et al. (2004) described 40Ar/39Ar 
ages from high-pressure amphibole (ca. 42 Ma), phengite, and 
phengite+paragonite mixtures (ca. 39 Ma). Based on our new 
data, we can draw some additional constraints on the available 
PTt-paths of the Eclogite Zone and adjacent units (Fig. 4). Re-
lated to the observed microstructures, deformation at eclogite 
facies conditions started close to the pressure peak, documented 
by the formation of dynamically recrystallized omphacite2 
(Fig. 5) (Kurz et al. 1998a, 2004), and the synkinematic crystal-
lisation of phengite. Omphacite2 and phengite are present in 
equilibrium and formed syndeformatively. Inevitably, the pres-
sure peak marks the transition from subduction-related burial 
to exhumation (Kurz 2005). Deformation was localised mainly 
along distinct shear zones, and prevailed along the exhumation 
path (Fig. 4). During decompression and cooling the Ar-isotopic 
system was initially closed at ca. 38 Ma. These ages are only ob-
served for rocks not affected by subsequent deformational and 
metamorphic overprint. The Ar release spectra show that the 
Ar-isotopic system in these white micas was slightly affected by 
incorporation of excess 40Ar-components or Ar-loss after ini-
tial closure. The dated paragonite within these rocks, generally 
showing a lower closure temperature compared to phengite, is 
very sensitive for excess Ar. Due to the low K content and the 
young age only a low amount of excess Ar may have a large 
influence on the age. Therefore, this age is interpreted as maxi-
mum cooling age of the previously established eclogite-facies 
metamorphic assemblage. Although the isotope correlation 
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plots do not show any influence of excess Ar from an external 
source (Kelley 1995), and therefore show an atmospheric com-
position, it is not possible to determine Ar which was set free 
in the same rock volume above the closure temperature and 
caught to an undefined amount later on, when the rock passes 
through the closure window. This may happen when there is 
only very restricted fluid flow, which may also be responsible 
for the metastable preservation of peak metamorphic assem-
blages. Especially a homogeneous distribution of radiogenic 
excess Ar cannot be detected. Accordingly, the ages provided 
by paragonite from undeformed eclogites (38 Ma) are approxi-
mately 5–6 Ma older than the ages within the mylonite.

From the pressure peak onwards deformation in the eclog-
ite-mylonites (samples 1–3) continued under eclogite-facies 
conditions along the exhumation path; this is indicated by the 
synkinematic replacement of omphacite by glaucophane as 
well. Shear localisation, causing strain softening, resulted in the 
dynamic recrystallization of white mica within the mylonites. 
The phengite analyses display flat Ar-release spectra, irrespec-
tive of the white mica grain size. Only two of four Ar-release 
plots display slightly older ages in the first increments (samples 
1B, and 2), suggesting minor influx of excess 40Ar-components. 
This indicates a quite homogenous Ar-retention.

Both types of eclogites analysed (deformed and unde-
formed), do not show any indication of subsequent overprint 
by greenschist to amphibolite facies metamorphic mineral as-
semblages, but show similar sizes of the major rock-forming 
minerals (garnet, omphacite). This additionally suggests that 
the different ages may not be attributed to the average grain 
size of the host rock in terms of intergranular diffusion rates, 
and not to different grade of metamorphic overprint, but either 
to deformation enhanced resetting of the Ar-isotopic system, 
or to homogenously distributed small amounts of excess Ar 
within paragonite in undeformed samples.

The close relationship between microstructural observa-
tions and geochronological ages documents that in samples free 
of predeformative relics an assemblage in isotopic equilibrium 
has been frozen during syn-deformational cooling (Glodny et 
al., 2008). Therefore, the flat Ar release spectra showing ages 
of 32 Ma within omphacite2- mylonites record the timing of 
exhumation, with an upper closure temperature limit of up to 
550 °C (Hammerschmidt & Frank 1991; Hames & Bowring 
1994; Kirschner et al. 1996; Hames & Cheney 1997) (550 °C 
particularly for phengite). The Rb-Sr ages of approximately 
32 Ma presented by Glodny et al. (2005) can therefore be in-
terpreted on this note as well. Referring to exhumation-related 
assemblages, indicating conditions of 15–16 kbar at approx. 
550 °C (Fig. 4) (Stöckhert et al. 1997; Kurz et al. 1998a), the 
ages of samples 1–3 indicate decompression through 15 kbar 
at 32 Ma.

Later these rocks experienced a greenschist to amphibolite 
facies metamorphic overprint at 525 °C and 7,5 kbar (Dachs 
1990). The metamorphic temperatures are quite close to the up-
per closure temperature limit of the Ar-system in phengite, but 
may have been too low to cause complete Ar resetting. Ages in 

the range of 28–30 Ma published by Inger & Cliff (1994) can 
be interpreted in terms of subsequent resetting; however, these 
ages are from associated meta-sedimentary sequences, mainly 
situated within the greenschist dominated unit (Fig. 2). Rb-Sr 
ages of pseudomorphs of lawsonite from this area (Gleissner 
et al. 2007), situated within the Glockner Nappe, show that the 
decomposition of lawsonite occurred at 30 Ma and are inter-
preted to reflect the onset of greenschist facies metamorphic 
overprint, just following the final exhumation of the Eclogite 
Zone. This might indicate that the age of 32 Ma is a cooling age 
very close to the beginning of thermal overprint.

Sm-Nd garnet ages of ca. 42 Ma from the Eclogite Zone (see 
Droop et al. 1990, Inger & Cliff 1994), and recently published 
40Ar/39Ar ages of ca. 39–42 Ma from high-pressure amphibole, 
phengite, and phengite+paragonite mixtures (Ratschbacher 
et al. 2004) may be used to constrain the timing of peak con-
ditions during eclogite facies metamorphism and subsequent 
cooling, and therefore the formation of omphacite1-bearing 
eclogites. These ages are quite similar to the Sm-Nd garnet ages 
and U-Pb SHRIMP ages reported for units of a comparable 
tectonic position in the Central and Western Alps (e.g. Dora 
Maira, Adula Nappe) (for summary, see Kurz & Froitzheim 
2002). By combining our new data with the previously pub-
lished ages, we suggest the following tectonic evolution of the 
Eclogite Zone and associated tectonic units within the Tauern 
Window (Fig. 9), based on the PTt evolution shown in Fig. 4:

The oceanic lithosphere preserved in the Glockner Nappe 
was subducted during the Late Cretaceous to Eocene (Fig. 9a), 
with parts of it reaching eclogite facies metamorphism. Subse-
quently, the European margin descended into the subduction 
zone, resulting in eclogite facies metamorphism in the Eclogite 
Zone at about 40–42 Ma (Fig. 9b). The Eclogite Zone ascended 
towards the surface within the subduction channel (Kurz et al. 
1998a; Kurz & Froitzheim 2002; Kurz 2005), while subduction 
was still active and, hence, heating was prevented (Kurz et al. 
1998a, b; 2001b; Kurz & Froitzheim 2002). This is evidenced by 
cooling during decompression and the subsequent blueschist 
facies metamorphic overprint (Fig. 4). An age of ca. 38 Ma from 
undeformed eclogites is assumed to be a maximum age of this 
cooling event. Cooling of the Rote Wand – Modereck Nappe 
occurred approximately at the same time (39 Ma). As the peak 
temperatures during HP metamorphism within the Rote Wand 
– Modereck Nappe (ca. 550 °C at 15–16 kbar; Dachs & Proyer 
2001) are near to the closure temperature for the Ar system 
in phengite, this age (39 Ma) is interpreted to be close to the 
burial age of this unit, and therefore of the European mar-
gin. Accordingly, the pressure peak within the Eclogite Zone, 
originally situated south of the Rote Wand – Modereck Nappe 
(Kurz et al. 1998b) (Fig. 9b) was reached contemporaneously or 
slightly before, as indicated by the ages (39–42 Ma) published 
by Ratschbacher et al. (2004). Syndeformational cooling, related 
to the emplacement of the Eclogite Zone onto the Venediger 
Nappe, and the subsequent emplacement of the Rote Wand 
– Modereck Nappe along a major out-of-sequence detachment 
above at mid- to lower crustal levels (Fig. 9c, d), may be dated at 
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Fig. 9.  Plate tectonic evolution of the Penninic units of the Eastern Alps during the Late Cretaceous and the Palaeogene (modified after Kurz et al., 2001b; 
Kurz & Froitzheim, 2002), including the P-T- evolution of the Eclogite Zone. V: Venediger Nappe; ST: Storz Nappe; STR: Sub-Tauern ramp; RWMN: Rote Wand 
– Modereck Nappe.
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33–31 Ma, as indicated by the phengite ages from the eclogite 
mylonites. At this time, the Eclogite Zone and the Rote Wand 
– Modereck Nappe show nearly the same pressure conditions 
of approximately 10–11 kbar, despite the contrasting previous 
PT- evolution (Fig. 4). These contrasting PT- paths document 
a distinct tectonometamorphic evolution of the Eclogite Zone 
compared to the overlying units.

Timing of eclogite exhumation and nappe assembly coin-
cides with the intrusion of granitoids along the Periadriatic 
fault south of the Tauern Window (Fig. 1), being explained by 
the breakoff of the Penninic oceanic slab (von Blanckenburg & 
Davies 1995). The contemporaneous exhumation of the Eclog-
ite Zone and the adjacent units can therefore be interpreted 
to result from the rebound of the subducted buoyant conti-
nental crust of the European margin as a consequence of slab 
breakoff (Kurz 2005). Finally, this resulted in the detachment 
of the nappe stack from and the emplacement onto the Euro-
pean margin along the sub-Tauern ramp (Fig. 9c-e) (Ortner et 
al. 2006). In the upper crust displacement along the sub-Tau-
ern ramp was partly transferred into the mainly sinistral Inntal 
fault (Fig. 9c-e) associated with the formation of fault-related 
intramontane molasse basins from Lower Oligocene times on-
wards (Rupelian, approximately 33 Ma) (Ortner & Sachsen-
hofer 1996). Therefore we conclude that the exhumation of the 
Eclogite Zone (33–31 Ma), granitoid intrusions along the Peri-
adriatic fault, and the sedimentation of intramontane molasse 
deposits are closely related processes.

Subsequently, the Penninic and Subpenninic nappes were 
emplaced onto the European margin, probably by sinistral 
transpression along the sub-Tauern ramp, and contemporane-
ous with amphibolite to greenschist facies metamorphic over-
print at approx. 28 Ma (Inger & Cliff 1994) (Fig. 9e).

9 Conclusions

1.	 Provided that detailed knowledge of the tectono-metamor-
phic history of the investigated rocks is available, 40Ar/39Ar 
dating of white mica can constrain early cooling subsequent 
to peak pressure conditions and eclogite deformation along 
the exhumation path.

2.	 White micas that formed under eclogite-facies metamor-
phic conditions retain their initial isotopic signature even 
when associated lithologies were affected by a later green-
schist- to lower amphibolite-facies metamorphic overprint 
in case of heterogeneous advection and conduction of heat 
enabled the preservation of eclogite-facies assemblages.

3.	 If exhumation is accompanied by ductile shearing in distinct 
domains, then ductile deformation plays a more important 
role in the resetting of isotopic systems than temperature.

4.	 In the Eclogite Zone of the Tauern Window cooling of un-
foliated eclogites occurred at the earliest around ca. 38 Ma 
ago; thus the pressure peak within the Eclogite Zone was 
reached prior to ca. 38 Ma.

5.	 Deformation under eclogite facies conditions proceeded 
along the exhumation path and eclogite mylonites cooled 

below 500–550 °C at ca. 32 Ma. From the pressure peak on-
wards, eclogitic condition prevailed for almost 8–10 Ma.

6.	 Emplacement of the Eclogite Zone and exhumation to 
blueschist facies metamorphic conditions occurred not be-
fore 32 Ma ago.

7.	T he pressure peak within the Rote Wand – Modereck 
Nappe (related to the burial of this unit) was reached close 
to 39 Ma.

8.	 Geochronological ages on exhumation-related syn-defor-
mational eclogite cooling (33–31 Ma) are supported by the 
ages of granitoid intrusion along the Periadriatic Fault and 
the sedimentation of intramontane molasses deposits, all 
being related to the rebound of the subducted buoyant con-
tinental crust of the European margin subsequent to slab 
breakoff.
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Appendix I. � Location of samples used for microprobe analyses and 40Ar/39Ar dating.

For samples 1–4 PT-data have been published by Kurz et al. (1998a). To allow easy correlation of the samples, the sample numbers used by Kurz et al. (1998a) 
are given in parentheses. Numbers and names of the Austrian topographic map ÖK50 are given.

Sample 1 � (WK526): Eclogite-mylonite of the Eclogite Zone; Dorfertal 
750 m SE of the hut “Johanneshütte”; ÖK50, sheet 152 Matrei; 
12° 20' 21" E, 47° 03' 34" N.

Sample 2 � (WK538): Eclogite-mylonite of the Eclogite Zone; Timmeltal: north-
west-shore of lake “Eissee”; ÖK50, sheet 152 Matrei; 12° 23' 10" E, 
47° 03' 56" N.

Sample 3 � (WK540): Eclogite-mylonite of the Eclogite Zone; Timmeltal: 
west-shore of lake “Eissee”; ÖK50, sheet 152 Matrei; 12° 23' 01" E, 
47° 03' 48" N.

Electronic supplementary material: The online version of this article (DOI: 10.1007/s00015-1281-1) contains supplementary 
material, which is available to authorized authors.

Sample 4 � (WK557): Fine-grained eclogite of the Eclogite Zone; Frosnitz-
tal, 250 m north of location “Steinsteig”; ÖK50, sheet 152 Matrei; 
12° 27' 01" E, 47° 04' 31" N.

Sample 5: �C alcite marble of the Rote Wand – Modereck nappe; location 
“Hochtor” at the road “Glocknerstraße”; ÖK50, sheet 154 Rauris; 
12° 50' 34" E, 47° 05' 04" N.

 


