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Kinematics of Penninic nappes (Glockner Nappe and
basement-cover nappes) in the Tauern Window
(Eastern Alps, Austria) during subduction and
Penninic- Austroalpine collision

WALTER KURZ, FRANZ NEUBAUER & JOHANN GENSER
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ABSTRACT

The succession of deformation events within the Penninic oceanic sequence of the Glockner Nappe and the
underlying Penninic continental margin sequences within the Tauern Window has been investigated in order to
constrain the kinematics of subduction and subsequent collision with the Austroalpine upper plate within this
suture zone. Top-to-the-N- to NE-shear (D)) within the Penninic lower plate was contemporaneous to, and
postdated, high pressure eclogite and blueschist facies metamorphism, and predated the thermal peak of Barro-
vian type metamorphism within the Penninic units. An eclogitic mylonitic foliation within the Eclogite Zone of
the southern Tauern Window was probably synchronous with respect to the peak pressure event or slightly
postdates the pressure peak. Emplacement of the eclogite-bearing units onto Penninic units with continental
basement (Venediger Nappe Complex, VNC) occurred subsequent to eclogite facies metamorphism. The
Eclogite Zone was overridden by a pile of basement-cover nappes (Rote Wand - Modereck Nappe) and the
Glockner Nappe which forms the main Penninic-Austroalpine suture zone. The Penninic nappe pile was affect-
ed by blueschist facies metamorphism afterwards. Thus progressive top-to-the-N shear was related to internal
Penninic nappe stacking driven by the subduction of Penninic continental basement (VNC), and emplacement
of the ophiolitic Glockner Nappe after consumption of the South Penninic oceanic domain. Later, top-to-the-W
shear (D) was related to crustal thinning and decompression of the Penninic lower plate including the Glock-
ner Nappe and developed at, or slightly previous to, peak thermal conditions (ca. 30 Ma); thrusts were partly
reactivated during exhumation, especially within the northeastern part of the Tauern Window. Top-to-the-W
shear started at higher structural levels and is continuously transferred to deeper structural levels within the
VNC. Especially within the continental basement units in the central and eastern part of the Tauern Window
D; became penetrative, while the Penninic nappe pile including the Glockner Nappe was affected penetratively
only in local domains within the Tauern Window. Afterwards, the structure of the Tauern Window was highly
modified during exhumation and doming (D3). An Alpine indenter in the southern central part caused the
kinked shape of the window and the rotation of several previous structures and kinematic indicators.

The entire kinematic development that is preserved in the Tauern Window is younger and, therefore, inde-
pendent from the development in the Austroalpine nappe pile that has only been transported as a rigid block
over the Penninic units during the documented deformation sequence. The Eastern Alps are, therefore, the re-
sult of two collisional events during the Alpine orogenic cycle.

Institut fiir Geologie und Paldontologie, Paris-Lodron-Universitdt Salzburg, Hellbrunner StraBe 34,
A-5020 Salzburg
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ZUSAMMENFASSUNG

Innerhalb des Tauernfensters wurde die Abfolge von Deformationsereignissen in den ozeanischen Sequenzen
der Glockner-Decke und den darunterliegenden Kontinentalrandsequenzen untersucht, um die Kinematik der
Subduktion und die darauffolgende Kollision mit der ostalpinen Oberplatte innerhalb dieser Suturzone heraus-
zuarbeiten. Eine nord- bis nordostgerichtete Scherbewegung des Hangenden (D) innerhalb der penninischen
Unterplatte erfolgt gleichzeitig mit oder kurz nach der eklogitfaziellen Hochdruckmetamorphose und vor dem
thermischen Hohepunkt der Regionalmetamorphose innerhalb der penninischen Einheiten. Eine mylonitische
Schieferung innerhalb der Eklogitzone im stidlichen Tauernfenster wurde hochstwahrscheinlich gleichzeitig mit
oder kurz nach dem Druckmaximum gebildet. Die Platznahme der eklogitfiilhrenden Einheiten auf pennini-
schen kontinentalen Einheiten (Venediger Deckenkomplex) erfolgte nach der eklogitfaziellen Metamorphose,
wihrend die Eklogitzone selbst von einem Grund-Deckgebirgsdeckenstapel (Rote Wand-Modereck-Decke)
und der Glockner-Decke iiberfahren wird, welche die penninisch-ostalpine plattentektonische Sutur bildet. Der
penninische Deckenstapel wird danach von einer blauschieferfaziellen Metamorphose erfaflt. Die progressive
nordgerichtete Scherbewegung hiangt damit ursdchlich mit der internen penninischen Deckenstapelung zusam-
men, die durch die Subduktion penninischer kontinentaler Grundgebirgseinheiten (Venediger-Decke) und in
weiterer Folge durch die Platznahme der ophiolithischen Glockner-Decke ausgeldst wurde. Eine spitere west-
gerichtete Scherung des Hangenden (D2) hangt mit vertikaler krustaler Ausdiinnung und Dekompression inner-
halb der penninischen Unterplatte einschlieBlich der Glockner-Decke zusammen und erfolgte gleichzeitig oder
kurz vor dem thermischen Héhepunkt der Metamorphose (um ca. 30 Ma). Uberschiebungsflichen wurden
dabei teilweise reaktiviert, vor allem innerhalb des nordostlichen Abschnittes des Tauernfensters. Die westge-
richtete Scherung beginnt in den hoheren strukturellen Abschnitten und wird kontinuierlich in tiefere Krusten-
abschnitte innerhalb des Venediger Deckenkomplexes verlegt. Vor allem innerhalb der kontinentalen Grund-
gebirgseinheiten im zentralen und 6stlichen Teil des Tauernfensters wird Dz penetrativ, wihrend der pennini-
sche Deckenstapel einschlieBlich der Glockner-Decke im Tauernfenster nur lokal penetrativ erfaBt wird. Da-
nach wurde die Struktur des Tauernfensters wihrend der Exhumierung und Dombildung stark modifiziert
(D3). Ein Alpiner Indenter im sudlichen zentralen Teil verursachte die geknickte Form des Fensters und die
Rotation samtlicher préaexistenter Strukturen und kinematischer Indikatoren.

Die gesamte kinematische Entwicklung, die innerhalb des Tauernfensters erhalten ist, ist vollkommen
unabhingig von der duktilen Deformation und Deckenstapelung innerhalb der ostalpinen Einheit, die wihrend
der dokumentierten Deformationsabfolge nur noch passiv auf den penninischen Einheiten transportiert wurde.
Die Ostalpen sind deshalb das Ergebnis zweier Kollisionsereignisse wahrend des alpidischen orogenen Zyklus.

Introduction

Orogenesis of the (Eastern) Alps is generally interpreted to result from collision of a
(Middle) Penninic lower continental plate and an Austroalpine upper continental plate
(e.g., Frisch 1979a; Pfiffner 1992; Kruhl 1993) after consumption of the South Penninic
oceanic domain. There are many different and controversial data and models about the
exact time and the kinematics of continent collision. Especially about the time of colli-
sion many different statements exist, ranging from the middle Cretaceous (e.g. Frisch
1979a; Tollmann 1980, 1987; Frank 1987; Ratschbacher et al. 1989; Ring et al. 1989) to
early Tertiary (e.g. Behrmann & Wallis 1987; Neubauer 1994). Based on older K-Ar min-
eral ages (Raith et al. 1980; Frank 1987; Frank et al. 1987a) Penninic high pressure meta-
morphic assemblages that are mainly exposed within the so-called Eclogite Zone at the
southern margin of the Tauern Window, are suspected to form a paired metamorphic
belt together with Cretaceous middle pressure metamorphic sequences in the Austroal-
pine units (e.g. Frank et al. 1987a; Wallis et al. 1993). But no direct evidence for a Creta-
ceous age of the high pressure metamorphism within the Penninic realm is documented
by these authors.

The Cretaceous age of internal nappe stacking and subsequent extension within the
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Fig. 1. Position of the Tauern Window within the Alps.

Austroalpine is well documented due to stratigraphic and geochronologic age data
(Frank 1987; Krohe 1987; Neubauer & Genser 1990: Neubauer et al. 1993, 1995a, b:
Handler et al. 1994, 1995; Dallmeyer et al. 1992, 1995), although problems occur in the
interpretation of geochronologic data regarding the high pressure metamorphism within
the Austroalpine (Neubauer 1991 and references therein; Thoni & Jagoutz 1992, 1993).
The kinematics of internal Cretaceous nappe stacking within the Austroalpine are well
documented, too. The succession of deformation events include: (1) top-to-the-W to
WNW nappe emplacement and a footwall propagating master fault towards the foreland
within the Austroalpine Nappe Complex (Ratschbacher 1986, 1987; Krohe 1987; Ratsch-
bacher & Neubauer 1989; Dallmeyer et al. 1992; Genser 1992; Neubauer et al. 1993,
1995a, b; Handler et al. 1994, 1995), (2) followed by E-W extension and formation of the
Gosau basins in the Late Cretaceous (Neubauer & Genser 1990; Neubauer et al. 1995b).

Geological setting

Within the Tauern Window (Fig. 1, 2), Penninic units are exposed below the Austroalpine
Nappe Complex which forms the hangingwall continental plate during Tertiary plate col-
lision. The Tauern Window exposes from footwall to hangingwall: (1) the parautochtho-
nous (regarding the allochthonous hangingwall units of the Penninic and Austroalpine
nappe stack) continental basement and parautochthonous cover sequences, which are lo-
cally imbricated, in the lower Venediger Nappe Complex (VNC) (Tab. 1) (Frisch 1975a,
1976, 1977, 1979b); (2) an imbrication zone of basement-cover nappes with the Rote
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Fig. 2. Tectonic map of the Tauern Window (modified after Tollmann 1977) with areas of detailed investiga-
tion; VNC: Venediger Nappe Complex, MP: Middle Penninic paleogeographic origin, SP: South Penninic pa-
leogeographic origin. A-A’, B-B’, C-C’, D-D’: positions of sections in Fig. 3.

Wand-Modereck Nappe (Tab. 1) as the largest nappe of this pile in the Tauern Window;
both the VNC and the Rote Wand-Modereck Nappe are of Middle Penninic paleogeo-
graphic origin; Middle Penninic tectonic unit: MPU; (3) the Eclogite Zone is tectonically
intercalated between the parautochthonous VNC and the basement-cover nappe stack
(Tab. 1); (4) the oceanic sequences of the Glockner Nappe, which are of South Penninic
paleogeographic origin; [and (5) the Lower Austroalpine nappe complex in the north-
eastern and northwestern corner, forming the hangingwall of the Tauern Window units].
Remnants of the oceanic crust between the MPU and the Austroalpine block are pre-
served in the units of the Glockner Nappe (South Penninic unit), which is emplaced onto
the parautochthonous basement with its Permian to Mesozoic cover and onto the base-
ment-cover units, while the Glockner Nappe itself is overthrusted by the Austroalpine
nappe complex. Thus the Glockner Nappe forms the main plate tectonic suture zone
within the Eastern Alps.

The VNC is exposed in a series of domes distributed over the entire length of the
Tauern Window (Fig. 2). These domes include polymetamorphic basement sequences
consisting of mainly amphibolites, migmatites, orthogneisses, dark micaschists and locally
pre-Mesozoic ultramafic to mafic sequences intruded by Carboniferous granitoids. These
granitoids were transformed to the Zentralgneis during Alpine deformation; an autoch-
thonous metasedimentary cover ranging from the upper Permian (?) to the lower Creta-
ceous (?) (Lammerer 1986) consists of calcitic and dolomitic marbles, calcareous mica-
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schists, quartzites and meta-conglomerates and very subordinate greenschists. Important
members of this parautochthonous cover sequence are the Jurassic Hochstegen Marble
and the mainly clastic sequences of the Cretaceous Kaserer Formation (Thiele 1970,
1974, 1976; Frisch 1974, 1975a, b, 1977). Permian to Triassic sequences are restricted to
local domains and are otherwise completely missing within the VNC. The polymetamor-
phic basement sequences of the MPU, that are intruded by the late Variscan Granitoids
of the Zentralgneis, the parautochthonous Permian to Mesozoic units and the basement-
cover nappes of the VNC are often summarized as the Lower or Inner Schieferhiille
(LSH) by some authors (Exner 1957, 1964, 1971, 1983; Cliff et al. 1971; Tollmann 1980;
Selverstone 1993). Detailed correlation of these portions of the VNC is provided in
Table 1.

The Eclogite Zone forms a tectonic slice between the VNC and the Rote Wand-Mod-
ereck Nappe within the central southern part of the Tauern Window. The Eclogite Zone
comprises mafic eclogites of MORB chemical composition (Miller 1977). The eclogites
are often retrogressed during decompression subsequent to the pressure peak to garnet-
amphibolites and garnet bearing greenschists. Retrogression of the eclogites is irregular
laterally and vertically. The eclogites and retrogressed derivates are intercalated with
metasediments like quartzites, paragneisses, garnet-micaschists, calcareous micaschists
and with calcitic and dolomitic marbles. The metasediments experienced the same high-
pressure metamorphism (Dachs 1986, 1990). The eclogite facies rocks were buried to a
depth of at least 55 km (20 kbar, 550-600 °C) (Holland 1979; Holland & Ray 1985; Dachs
1986, 1990; Frank et al. 1987a; Selverstone et al. 1992; Zimmermann et al. 1994; Inger &
Cliff 1994; Getty & Selverstone 1994). Eclogite facies metamorphism is restricted to the
Eclogite Zone, while the entire nappe pile, including the VNC, the Rote Wand-Moder-
eck Nappe and the Glockner Nappe, is affected by high pressure blueschist facies meta-
morphism afterwards (7-9 kbar, ca. 450 °C; Raith et al. 1980) with peak pressures of up
to 15 kbar (Selverstone et al. 1984, 1992; Selverstone 1985, 1993; Cliff et al. 1985; Droop
1985; Holland & Ray 1985; Frank et al. 1987a; Behrmann & Ratschbacher 1989; Behr-
mann 1990) and yet later by Barrovian-type upper greenschist to lower amphibolite fa-
cies metamorphism (e.g. Frank et al. 1987a; Selverstone 1993).

The base of the higher portions of the MPU basement-cover nappes is built up of so-
called gneiss lamellae (Exner 1957, 1964; Cliff et al. 1971; Behrmann 1990; Bickle &
Hawkesworth 1978). They are in part basement slices and/or slices of paragneisses de-
rived from cover units that detached from the basement during internal nappe stacking,
forming basement-cover duplexes (see Tab. 1). The Penninic basement-cover nappes
consist of the gneiss lamellae and a metasedimentary/metavolcanic cover. The metasedi-
mentary cover sequences of these nappes consist of quartzites, calcitic and dolomitic mar-
bles, micaceous marbles, calcareous micaschists and subordinate greenschists with sup-
posed stratigraphic ages from the Permian to the lower Cretaceous (Exner 1957, 1964,
1971, 1980, 1982, 1989, 1990; Frasl 1958; Tollmann 1977 p. 28, 1980). The typical Permian
to Triassic sequence consists of quartzites (“Wustkogelquarzit”) and meta-conglomerates
at the base, covered by calcitic and dolomitic marbles, the so-called Seidlwinkl-Triassic
(Frasl 1958; Frasl & Frank 1964; Frank 1969). The metacarbonates are interpreted to rep-
resent metamorphic platform-carbonate sequences and lagoonal deposits. The typical Ju-
rassic sequence consists of carbonate-breccias near its base that are intercalated with
paragneisses, dark micaschists, garnet-micaschists, carbonate quartzites, quartzites, cal-
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carcous micaschists, marbles and subordinate (sometimes garnet-bearing) greenschists
(the so-called Brennkogel facies; e.g. Cornelius & Clar 1939; Tollmann 1977, p. 28). The
Cretaceous is dominated by clastic sequences (paragneisses, carbonate-quartzites and
dark micaschists). Detailed correlation of the distinct regionally distributed nappes of the
higher MPU is given in Table 1.

The highest Penninic nappe is the Glockner Nappe. The base of the Glockner Nappe
is built up of metabasites and serpentinites covered by a sequence of metamorphic cherts,
quartzites, micaceous calcitic marbles and calcareous schists intercalated with MORB-
type metabasic rocks (greenschists and amphibolites) (Bickle & Pearce 1975; Hock &
Miller 1980, 1987) of supposed Jurassic to Cretaceous age. Where serpentinites and other
ultrabasites are missing, however, the separation of the Glockner Nappe from footwall
units becomes difficult because lithological similarities exist especially between rocks of
the Rote Wand-Modereck Nappe and the Glockner Nappe. As a rule, MORB-type
greenschists are restricted to the Glockner Nappe. In the hangingwall of the Glockner
Nappe in the southern part of the Tauern Window the Matrei Zone (Fig. 2) is exposed. It
is interpreted to reflect the trench-slope situation of the Penninic-Austroalpine active
continental margin during the Cretaceous (Frisch et al. 1987), assuming that the collision
between the MPU and the Austroalpine block occurred during the Cretaceous. The Ma-
trei Zone is characterized by metamorphic flysch sediments (mainly calcareous and
carbonate-free micaschists), breccias and olistholites mainly of Austroalpine derivation.
However, again the separation from the Glockner Nappe s.str. in the footwall becomes
difficult where these tectonic slices are missing. In some places there is no clear evidence
of a thrust contact between the Glockner Nappe and the Matrei Zone, but a continuous
sedimentary transition is documented. Following Frisch et al. (1987) the Matrei Zone
forms the uppermost part of the “Biindner Schiefer” of the Glockner Nappe. The Matrei
Zone is interpreted to correlate with the “Nordrahmenzone™ in the northern part of the
Tauern Window (Tollmann 1975).

The Rote Wand-Modereck Nappe and equivalent units, and the Glockner Nappe
including the Matrei Zone are often summarized as the Upper (or Peripheral)
Schieferhiille (USH) (Tab. 1) (Exner 1957, 1964, 1971; Selverstone 1993). The Rote
Wand-Modereck Nappe and equivalent units are often missing beneath the base of the
Glockner Nappe. So the term “Upper Schieferhiille” is often used and interpreted to be
equivalent to the Glockner Nappe alone. Thus generally the terms “Upper and Lower
Schieferhiille™ should be omitted to avoid misunderstandings and misinterpretations, es-
pecially concerning structure.

Previous kinematic and geodynamic interpretations

The basement-cover units of the Venediger Nappe Complex as well as the Glockner
Nappe were buried beneath the Austroalpine nappe complex to depths of at least 35 km
(based on peak pressure conditions of > 10 kbar) during subduction (Selverstone et al.
1984, 1991; Selverstone 1985, 1988, 1993; Selverstone & Spear 1985; Genser et al., in
press). Eclogite facies metamorphism (550-600 °C, 20 kbar; Holland 1979; Selverstone et
al. 1992) within the Tauern Window is restricted to the Eclogite Zone, while the entire
nappe pile is affected by HP blueschist facies metamorphism afterwards and yet later by
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Barrovian-type upper greenschist to lower amphibolite facies metamorphism (see above,
Geological setting). Based on these pressure (and temperature) paths combined with
structural data we want to reconstruct the kinematic path of the oceanic lithosphere with-
in the Glockner Nappe and of the continental basement.

Because of the low temperatures in the lower plate during subduction (e.g., Peacock
1993) and the rigid behaviour of cool oceanic lithosphere we should expect brittle to semi-
brittle deformation along distinct thrusts during early stacking within the accretionary
wedge between the Penninic lower plate and the Austroalpine upper plate. There are
many different and controversial data and models about the exact time and the kinemat-
ics of continent collision in the Eastern Alps, especially within the Penninic lower plate.
Particularly about the time of collision and about the correlation of structures between
the Austroalpine and the Penninic units many different statements exist.

Ledoux (1984) argued for internal Penninic nappe stacking during N-S shortening in
the middle to upper Cretaceous due to southward subduction. Behrmann & Wallis (1987)
documented NE-directed emplacement and sinistral transpressive movement between
(Middle-)Austroalpine basement units (Altkristallin) and the Penninic units. These data
have been evaluated from tip lines of Austroalpine slices within the Matrei Zone. They
supposed an upper Cretaceous to lower Tertiary age of emplacement of Austroalpine
units onto Penninic units. Kruhl (1993) interpreted top-to-the-ENE- to NE imbrication at
the basement-cover boundary of the Venediger Nappe in the NE part of the Tauern
Window as a result of continental collision between a northern (European or
Briangonnais) and a southern (Adriatic) plate. From the orientation of branch lines and
cut-off-lines (Boyer & Elliot 1982), Behrmann (1990) deduced NW-directed nappe em-
placement of the Penninic nappe pile over continental basement units (Venediger
Nappe) within the western part of the Tauern Window. Behrmann (1990) correlated this
deformation with top-to-the-W-directed nappe stacking within the Austroalpine nappe
complex. Based on the same structural criteria in the central part of the Tauern Window,
Behrmann (1990) documented NW- and N- to NNE-directed emplacement of basement-
cover nappes over the Venediger Nappe. There the NNE orientation is interpreted as
movement along a south dipping lateral ramp. Top-to-the-NW movement is correlated
with the emplacement of the Glockner Nappe over the basement-cover units of the
MPU. This movement is interpreted to correlate with the emplacement of Austroalpine
units over the Penninic nappe pile because of the similar kinematics within the Austroal-
pine upper plate. Based on Rb/Sr geochronology by Hawkesworth (1976) from the Aus-
troalpine nappe complex, the emplacement of the Glockner Nappe and Austroalpine
units are assumed to be of Cretaceous age.

Ochlke et al. (1993) and Schon & Lammerer (1993) documented top-to-the-N nappe
stacking and formation of thrust duplexes in the southwestern Tauern Window. These
duplexes are interpreted to be early Alpine (Cretaceous) structures followed by top-to-
the-W ductile shearing.

The timing of eclogite formation in the Eclogite Zone at the southern margin of the
Tauern Window and of emplacement of the eclogite facies rocks (ca. 20 kbar,
550-600 °C) (Holland 1979) is discussed controversially. Generally, an early to middle
Cretaceous age of eclogite formation is assumed (e.g., Behrmann & Ratschbacher 1989;
Raith et al. 1980). The eclogite facies rocks are suspected to form a paired metamorphic
belt together with Cretaceous middle pressure metamorphic sequences within Austroal-
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Fig. 3. Schematic sections across the eastern and central part of the Tauern Window (after Frank 1969), for po-
sition and legend see Figure 2.

pine units, but no direct evidence of Cretaceous eclogite facies metamorphism within the
Tauern Window exists. Behrmann & Ratschbacher (1989) infer NE-directed emplace-
ment of the Eclogite Zone upon the Penninic basement during the Cretaceous and subse-
quent exhumation and uplift due to extension of an overthickened accretionary wedge.

W- to NW-directed ductile shearing is well documented over the entire Tauern Win-
dow starting approximately at the thermal peak of Cenozoic Barrovian-type metamor-
phism (400-500 °C, 4-6 bar within the Rote Wand-Modereck Nappe and the Glockner
Nappe, 450-550 °C, 7-8 kbar within the VNC) (Bickle & Hawkesworth 1978; Frank et al.
1987a; Lammerer 1988; Behrmann 1990; Behrmann & Frisch 1990; Selverstone 1993;
Kruhl 1993; Oehlke et al. 1993; Wallis et al. 1993; Christensen et al. 1994; Kurz et al.
1995). This deformation is interpreted by Wallis et al. (1993) as syn-convergent extension
within an accretionary wedge before Penninic-Austroalpine continental collision during
N-S shortening. Again this is based on the assumption of similar kinematics and deforma-
tion geometry both within the Austroalpine and the Penninic plate.
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The shape of the Tauern Window was highly modified during exhumation and dom-
ing after the penetrative deformation events that were related to nappe stacking. The
Tauern Window is characterized by a kinked shape that might be the result of an Alpine
indenter in the central part of the window. Indentation in the late Oligocene (slightly
after peak thermal metamorphism) caused clockwise rotation of the eastern part of the
Tauern Window and counterclockwise rotation of the western part (Kurz 1993). The ro-
tation is proven by overprinting relationships of crosscutting NE-trending and younger
NNE-trending subvertical mineralized extensional veins in the eastern part of the Tauern
Window (Kurz et al. 1994). It resulted in the rotation of several previous structures and
kinematic indicators and in the divergence of kinematic data over the entire Tauern Win-
dow.

Previous geochronological work: Rb-Sr white mica ages of ca. 27 Ma to 29 Ma (Reddy
et al. 1993; Inger & CIliff 1994) in the southeastern part of the Tauern Window are inter-
preted as formation ages during the Cenozoic thermal peak of Barrovian type metamor-
phism. The ages are slightly decreasing approaching deeper structural levels. K-Ar and
Y Ar/* Ar muscovite, biotite and amphibole cooling ages of ca. 35 Ma (Lambert 1970; Ox-
burgh et al. 1966) are supposed to be too high due to excess argon (von Blanckenburg &
Villa 1988; von Blanckenburg et al. 1989). Within the eastern Tauern Window, amphi-
bole **Ar/YAr ages of ca. 24 Ma are thought to date the thermal peak of metamorphism
(CHLff et al. 1985).

Phengite “*Ar/*YAr mineral ages of ca. 36-32 Ma (Zimmermann et al. 1994) and
38 Ma (Ratschbacher, pers. comm.) from the Eclogite Zone are interpreted to represent
cooling ages after the blueschist facies metamorphism (Zimmermann et al. 1994). The
possibility of a post-Cretaceous age of high pressure metamorphism is also elucidated by
Inger & Cliff (1994). At the moment it is not clear if argon isotopic systems of high-pres-
sure phengite survived later Barrovian type metamorphism (of ca. 500 °C), in excess of
the argon retention temperature of ca. 410 °C (e.g., von Blanckenburg et al. 1989).

Investigated areas

In four areas in the eastern and central Tauern Window (Fig. 2) we studied the kinemat-
ics of nappe stacking to reconstruct the structural evolution of the Penninic realm in the
Eastern Alps which is related to the subduction of this unit. Special interest was given to
the Glockner Nappe as the main Alpine suture zone.

The southeastern Tauern Window (Fig. 2, 3, 4, 5) exposes a complete section through
the Penninic units. The basement units of the VNC in the southeastern part of the
Tauern Window can be subdivided into the Hoélltor-Rotgiilden Gneiss Dome (which
forms the eastern extension of the Hochalm Gneiss Dome) and the Sonnblick Gneiss
Dome. The Sonnblick Dome forms a large NE-vergent dome structure that is narrowing
along its southeastern extension to the so-called Sonnblick Lamella (Exner 1962, Cliff et
al. 1971) (Fig. 2, 3, 4). These two dome structures are separated by the Mallnitz Synform
(Fig. 2, 3, 4), where almost the entire Mesozoic metasedimentary/metavolcanic nappe
pile is exposed above the MPU. The so-called gneiss lamellae are well exposed within the
Mallnitz Synform and around the Sonnblick Gneiss Dome (Fig. 4a).

The northeastern Tauern Window (Fig. 2, 6a) also exposes a complete section through
Penninic units. There is a voluminous accumulation of Penninic cover nappes in the
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Fig. 5. Detailed map of the southwestern part of the Sonnblick area (after Exner 1964) documenting the orien-
tation of cut-off lines, and orientation distribution diagram of displacement directions perpendicular to cut-off-
lines: southeastern Tauern Window. CP: cut-off point, CL: cut-off line, BP: branch point.

Fig. 6. a — Tectonic map of the northeastern Tauern Window (after Exner 1983) with sense of shear during brit-
tle and ductile nappe stacking (Do, D;) and following extension (Dz). b — Orientation data of displacement di-
rections perpendicular to cut-off lines. ¢ - Orientation data of the penetrative composite foliation (s;, s2). d -
Orientation data of the stretching lineations (I1, 2). € — Orientation data of sheath fold axes and related isoclinal

fold axes subparallel to stretching lineation (b2); northeastern Tauern Window,
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Fig. 7. a - Tectonic map of Glockner area (central Tauern Window) (modified after Frank et al. 1994) with
sense of shear during ductile nappe stacking (Di) and subsequent extension (D). b - Orientation data of the
penetrative composite foliation (s1, s2). ¢ — Orientation data of the stretching lineations (I, I2). d — Orientation
data of sheath fold axes and related isoclinal fold axes (b;) subparallel to stretching lineation; central Tauern
Window. e — Orientation data of the long axes of post-D; tourmaline which has overgrown s; and |; in basement
rocks of the Riffl Nappe.

northeasternmost part of this area. Local imbrication of basement and parautochthonous
units is documented in the western part of this area (Fig. 6a). The basement nappes of
the VNC (Mureckgneis Nappe, Storz Nappe) and the Schrovin-Modereck Nappe (Tab.
1) are thinned out to the W, while the Glockner Nappe and the “Nordrahmenzone”
(Tab. 1) are accumulated over the entire area. The Glockner Nappe is imbricated into at
least three tectonic slices (Exner 1971). These are locally separated by serpentinites and
by slices of a sequence of metaconglomerates, quartzites, marbles and dolomites (epicon-
tinental sediments) of supposed Triassic age.

In the Grofiglockner area (Fig. 2, 7a), the Glockner Nappe and the Seidlwinkl Nappe,
which is equivalent to the Rote Wand-Modereck Nappe (Tab. 1), represent the most vo-
luminous exposure in the Tauern Window, while the basement nappes of the VNC show
only subordinate occurrence. In the western part of this area the Glockner Nappe is di-
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Fig. 8. a - Tectonic map of the southern central Tauern Window (Eclogite Zone) (modified after Frank et al.
1987b) with sense of shear during ductile nappe stacking (D) and following extension (D>). b - Orientation
data of the penetrative composite foliation (s1, s2). ¢ — Orientation data of the stretching/mineral lineations (li.
I>); with separate data for eclogite mylonites and retrogressed eclogites.

rectly thrusted over the Riffl Nappe (part of the VNC), while the Seidlwinkl-Modereck
Nappe is missing. The structural base of the Glockner Nappe is built up of slices and lens-
es of metabasites and meta-ultrabasites as well as of Triassic (?) carbonates. The Glock-
ner Nappe itself is again subdivided into several tectonic slices which are separated by
serpentinites and garnet-amphibolites. The latter are interpreted as relics of eclogites
(Cornelius & Clar 1939; Dachs et al. 1991). However, no direct evidence of eclogite facies
metamorphism of these rocks is known up to now. The eastern part of this area is domi-
nated by accumulation of Permian to Triassic arkoses and quartzites, calcitic and dolo-
mitic marbles containing cargneules and gypsum of the Seidlwinkl (Modereck-)Nappe.
Following Frasl (1958), Frasl & Frank (1964) and Frank (1969) this unit forms a large
flat-lying fold nappe with a NW- to N-trending fold axis and is thrusted over the base-
ment and basement-cover nappes of the VNC (Fig. 3).

In the central southern part of the Tauern Window (Fig. 2, 8a) a slice of eclogites and
associated high pressure metasediments is found between the VNC and the Rote Wand-
Modereck Nappe. Both are overthrusted by the Glockner Nappe. Eclogite facies meta-
morphism is restricted to the Eclogite Zone, but the whole Penninic nappe pile was af-
fected by blueschist facies metamorphism afterwards (see above). The mostly retrograde
eclogites are intercalated within garnet-micaschists, calcareous micaschists and metacar-
bonates showing relics of high pressure metamorphism, too (Dachs 1986, 1990). Banded
greenschists and amphibolites of the Rote Wand-Modereck Nappe and the Glockner
Nappe contain relics of pillow structures in places (Holland & Norris 1979). The Glock-
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ner Nappe consists of voluminous calcareous micaschists, micaceous marbles and marble
mylonites, greenschists and subordinate metapelites (garnet-micaschists) of supposed Ju-
rassic to Cretaceous age, intercalated with serpentinite.

Structural evolution

Structures related to internal nappe stacking along distinct brittle thrust planes (Do) are
not developed at meso-scale within the southeastern Tauern Window, but can be elab-
orated at map-scale (Fig. 4a, 5). From the WNW-ESE orientation of branch lines (Fig.
4a) of the Sandkopf-Neubau-Gneiss Lamella and the Grieswies-Lonza Lamella (base-
ment-cover nappes of the VNC; Tab. 1) NNE-directed detachment can be deduced (Fig.
4a). The orientation of cut-off lines and branch lines remains constant through the entire
nappe pile up to Austroalpine units (Fig. 4a, 5).

The oldest distinct meso-scale structures resulted from N-directed ductile shearing
(D1). This deformation is penetratively developed only in the uppermost structural levels
of the VNC (uppermost level of the Zentralgneis, the pre-Variscan basement and the
parautochthonous Permian to Mesozoic cover). From Dy to D, there is a continuous
transition from brittle or semibrittle nappe stacking to penetrative deformation. There is
no great difference between Dy and D; concerning the kinematics. We have separated Dy
and D; to distinguish between detachment of basement-cover nappes during Dy along
distinct thrust surfaces, which are obvious from the map-scale, and penetrative defor-
mation over the whole nappe pile during Di. During D a first penetrative foliation (si)
(Fig. 4b) parallel to the thrust surfaces and a S- to SSE-plunging stretching lineation (1)
(Fig. 4c) developed. Quartz displays partly, equilibrated fabrics with equigranular, poly-
gonal grains and straight grain boundaries forming 120°-triple junctions. Preferred orien-
tations of crystallographic axes are missing (Kurz 1993). These features suggest annealing
during subsequent Cenozoic peak metamorphic temperatures (Fig. 9a). Static annealing
is also documented by white mica overgrowing the penetrative foliation (Fig. 9a). The co-
existing mineral assemblage hornblende + clinopyroxene + biotite + epidote + albite that
formed during the thermal peak in syenitic gneisses of the VNC documents metamorphic
conditions close to 500 °C and 6 kbar (Droop 1982).

Within the Sonnblick Gneiss Dome and the Mallnitz Synform, including the Glockner
Nappe these structures are completely obliterated by a NW-SE striking penetrative folia-
tion (s2) subparallel to the lithotectonic boundaries and a subhorizontal, NW-trending
stretching lineation 1> (Fig. 4c). In some places relics of li, crosscut by I, can be recog-
nized. s; and s; form a composite foliation. The basement units of the Sonnblick Dome

Fig. 9. Photomicrographs of representative microfabrics in several Penninic units of the southeastern and
northeastern Tauern Window: a — Quartz of annealed mylonite in syenitic basement gneisses, southeastern
Tauern Window. Width is 4 mm, crossed polarizing filters. b — Quartz fabric of a mylonite directly beneath the
base of the Glockner Nappe, southeastern Tauern Window, with serrate grain boundaries and HT quartz mi-
crofabrics. Width is 4 mm, crossed polarizing filters. c — Greenschist of the Glockner Nappe, southeastern
Tauern Window, showing synmetamorphically rotated albite blasts with folded internal foliation (consisting of
actinolite, epidote and sphene) documenting synmetamorphic deformation during D> (top-NW shear). Width is
4 mm, crossed polarizing filters. d - Asymmetric pressure shadow around magnetite documenting top-to-the-W
shear; annealed quartz microfabric. Width is 1.5 mm, crossed polarizing filters.
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have possibly formed a large NW-trending fold structure during D2 subparallel to the
stretching lineation l> (Behrmann 1990). This structure is partly thrusted obliquely over
the Penninic nappe pile of the Mallnitz Synform and over the Hochalm Gneiss Dome
(Fig. 3, 4a). In the deepest structural levels that are affected by D2 in the Zentralgneis of
the Sonnblick Dome, the relictic magmatic layering within the orthogneisses is crosscut
by s2 and l. In basement units of the VNC garnet grew synkinematically as indicated by a
rotated internal foliation. Characteristic mineral assemblages within the orthogneisses
(amphibole + epidote + biotite + muscovite + K-feldspar + albite + quartz + chlorite +
apatite) indicate metamorphism at albite-epidote-amphibolite facies conditions in the
units of VNC. Quartz also forms equigranular grains with straight grain boundaries and
120°-triple junctions in the basement-cover nappes of the VNC (Fig. 9a), but the quartz
c-axes show a preferred orientation (type I and type II crossed girdles) (Kurz 1993). The
characteristic mineral assemblage in the basement slices (gneiss lamellae) is biotite + al-
bite + K-feldspar + quartz + actinolite + epidote + sphene. Plagioclase displays a continu-
ous zonation with small oligoclase rims documenting peak temperatures of slightly more
than 500 °C. Quartz microfabrics within the Modereck and the Glockner Nappes are
characterized by high temperature structures like elongate grains, lobate and serrated
grain boundaries (Fig. 9b), and a strong preferred orientation of a- and c-axes (Kurz
1993). Due to grain boundary migration white mica is overgrown by dynamically recrystal-
lized quartz grains. Top-to-the-N'W shearing within the Glockner Nappe occurred during
the thermal peak within albite-epidote-amphibolite facies conditions. Synkinematically
grown albite shows an internal foliation which is folded during deformation and is de-
fined by epidote, actinolite and sphene (Fig. 9c). The matrix assemblage of greenschists is
built up of actinolite, plagioclase, quartz, epidote, sphene and subordinate chlorite and
biotite (Fig. 9c¢).

The nappe pile was refolded and modified during exhumation of the Hochalm Dome
and development of the Sonnblick Dome (D3), resulting in a girdle distribution of poles
to foliation planes (Fig. 3, 4b).

In the northeastern Tauern Window (Fig. 2, 6a) map-scale cut-off lines (Do) again doc-
ument NE- to NNE-directed nappe emplacement within the VNC and basement-cover
nappes of the entire MPU (Fig. 6b). Dy in these units (ENE- to NE-trending stretching
lineation, penetrative foliation) (Fig. 6¢, d) documents ductile top-to-the-NE shearing
(D1). Within the basement-cover nappes (Schrovin-Modereck Nappe), stretching linea-
tions trend N to NNE (Fig. 6d) with top-to-the-N shear pre-dating peak temperature of
Barrovian-type metamorphism. This is indicated by kyanite, chloritoid, hornblende, and
white mica that overgrew the penetrative foliation (s1) and the stretching lineation (1;).

Fig. 10. Examples of outcrop-scale structures within and directely beneath the Glockner Nappe. a — Extensio-
nal crenulation cleavage at the base of the Modereck-Schrovin Nappe overprinting the penetrative foliation (s1)
documenting top-W simple shear (D2) and reactivation of the base of the nappe; northeastern Tauern Window.
b - Asymmetric boudins of greenschist in a matrix of marble mylonite in the hangingwall of the thrust contact
between the Glockner and Riffl Nappes, Glockner area. c — Sheath fold in the Seidlwinkl (Modereck) Nappe
with N-trending fold axes. d — S-C fabrics indicating top-to-the-NE simple shear movement subparallel to the
stretching lineation in meta-ultrabasic rocks of the Glockner Nappe, southern central Tauern Window.
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Microfabrics, especially of quartz, in the VNC and the basement-cover nappe stack of the
higher MPU are similar to the fabrics in the southeastern part of the Tauern Window.

In the Glockner Nappe these structures are completely obliterated by a subhorizontal
to N-dipping penetrative foliation subparallel to the lithotectonic boundaries and a W- to
WNW-trending stretching lineation including the development of sheath folds (D-) (Fig.
6c, d, e). Only in tectonic slices of Skythian (?) quartzites at the base of the Glockner
Nappe some relics of a N-trending stretching lineation are preserved. s; and sz form a
composite foliation. Meso-scale structures like symmetric and asymmetric quartzite bou-
dins in calcareous micaschists and marble mylonites partly display top-to-the-W shear,
but coaxial structures dominate. The bases of Penninic basement-cover nappes as well as
lithological and competence boundaries were reactivated during D>. This is documented
by W-trending stretching lineations Iz which are locally crosscutting 11 and by top-to-the-
W shear bands (Fig. 10a).

These structures are clearly distinguished from younger structures related to exten-
sion, exhumation and dome formation at the eastern margin of the Tauern Window, doc-
umented in brittle to ductile east-down low-angle normal faults and subvertical mineral-
ized extensional veins (D3) (Genser & Neubauer 1989).

In this area, quartz forms equigranular grains with straight grain boundaries and 120°-
triple junctions also in the Glockner Nappe (Fig. 9d), differing from quartz microfabrics
from the Glockner Nappe in SE part of the Tauern Window. Asymmetric pressure shad-
ows around magnetite blasts filled with chlorite, quartz, white mica and epidote in
greenschists of the Glockner Nappe as well as shear bands and extensional crenulation
cleavage document top-to-the-W ductile shearing (Fig. 9d).

In the Grofiglockner area (Fig. 2, 7a) the Glockner Nappe and the Seidlwinkl-Moder-
eck Nappe (Tab. 1) display the most voluminous exposure within the Tauern Window,
the VNC is less exposed. Relics of meso-scale duplexes near the base of the Glockner
Nappe and at competence boundaries within the Glockner Nappe as well as asymetrical-
ly boudinaged rods of greenschists within a ductile matrix of marble mylonites display N-
directed thrusting (D) (Fig. 10b). Stretching lineations, sheath folds, and isoclinal ortho-
rhombic folds with axes parallel to the stretching lineation (Fig. 7b, ¢, d; 10c) consistently
trend NNW to N over the entire Glockner area. These structures occur within incompe-
tent metasediments like marbles and calcareous micaschists as well as within more com-
petent units like garnet amphibolites. In the sheath fold hinges, especially within pre-Al-
pine basement rocks, an older foliation affected by D, is locally discernible. Pegmatitic
dykes of probably late Variscan age crosscut a planar fabric within the basement units of
the Riffl Nappe (part of the VNC; Tab. 1), while the first deformation of the dykes is D,.

Asymmetric meso-scale simple shear structures at the base of the Glockner Nappe
document N- to NNW-directed shear (D;) (Fig. 10b) predating peak temperatures of
metamorphism. Decimeter-thick slices of metabasites, meta-ultrabasites and Triassic
marbles at the thrust contact between the basement units of the Riffl Nappe and the
Glockner Nappe are asymmetrically boudinaged, also documenting top-to-the-N ductile
shearing (Fig. 10b). o-type porphyroclasts of albite and asymmetric pressure shadows
filled with annealed quartz further indicate top-to-the-N simple shear (Fig. 11a). Asym-
metric pressure shadows around relictic garnets (c-type porphyroclasts) in garnet amphi-
bolites of the Glockner Nappe again indicate top-to-the-N ductile shearing. Because of
the strong retrogressive overprint it is hard to decide whether these rocks were former
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Fig. 11. a— Asymmetric pressure shadows around albite of a micaschist of the Modereck Nappe, central
Tauern Window, documenting top-to-the-N simple shear. Quartz displays annealed microfabrics. Width is
4 mm, crossed polarizing filters. b — Crenulation of mica fabrics parallel to stretching lineation overgrown by
kyanite, Glockner area. Width is 4 mm, crossed polarizing filters.
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eclogites. Only within garnets, if they are preserved, rare inclusions of blue amphiboles
(glaucophane) are recognizable. Locally relics of pyroxene (possibly omphacite) are pre-
served.

The penetrative foliation (s1) and the correlated stretching lineation as well as sheath
fold axes are overgrown by kyanite and chloritoid within Triassic quartzites of the Seidl-
winkl-Modereck Nappe, by green and brown hornblende and biotite in greenschists of
the Glockner Nappe, and by tourmaline within basement rocks of the Riffl Nappe (Fig.
11b). The long axes of these postkinematic minerals lack a preferred orientation (Fig.
7e). Only in deeper parts of the VNC these fabrics are obliterated by W-vergent ductile
shear structures.

In the VNC and eclogite facies rocks of the central southern part of the Tauern Win-
dow (Eclogite Zone; Fig. 2, 8a) a penetrative mylonitic foliation (Fig. 8b) and a NE-
trending stretching and mineral lineation are developed (D) (Fig. 8c). Related asymmet-
ric ductile structures document top-to-the-NE shearing. NE-vergent structures like S-C
fabrics are also developed in meta-ultrabasic rocks of the Glockner Nappe (Fig. 8d).

The microfabric of eclogites is characterized by a shape-preferred orientation of om-
phacite and epidote/zoisite defining the penetrative foliation (Fig. 12a). Oblique align-
ment of omphacite with respect to the shear plane is missing. Garnets partly show an el-
ongated shape; asymmetric pressure shadows around garnet are mainly filled with recrys-
tallized omphacite, crossitic hornblende, epidote/zoisite and phengite. The asymmetric
arrangement of pressure shadows documents top-to-the-NE ductile shearing (Fig. 12a).
The same is true for &-porphyroblasts of garnet which are rather scarce (Fig. 12a). Some
garnets are surrounded by a rim of blue amphibole and are sometimes fractured or asym-
metrically boudinaged. Tension gashes and fractures as well as necks between boudin-
aged garnets are filled with phengite, epidote, quartz and rare blue amphibole. The pene-
trative foliation is overgrown during decompression by zoisite/epidote, amphibole, chlor-
ite and phengite (Fig. 12b, c¢). Retrogression of eclogites within the Eclogite Zone is very
irregular laterally and vertically.

In strongly retrogressed portions of the Eclogite Zone and in incompetent rocks of
the Glockner Nappe a W- to WSW-trending stretching lineation is developed (Fig. 8c). It
correlates with W-vergent simple shear structures of the late extensional deformation
event during decompression that obliterated the NE-vergent fabrics.

The microfabric of the retrogressed eclogites is characterised by symplectic aggre-
gates of hornblende and plagioclase replacing pyroxenes and a shape-preferred orienta-
tion of hornblende and white mica (Fig. 12b, c), but the symplectic aggregates are hardly
discernable microscopically. Epidote/zoisite overgrows the penetrative foliation. Phen-
gite is unstable. Pressure shadows around garnet are often arranged symmetrically, with-
in some domains asymmetric pressure shadows document a top-to-the-W simple shear

Fig. 12. a - Photomicrograph of foliated mylonitic eclogite showing shape-preferred orientation of omphacite
and partly elongated garnets with asymmetric pressure shadows and 8-shaped garnet prophyroclasts document-
ing top-to-the-N simple shear. Width is 4 mm, crossed polarizing filters. b — Photomicrograph of fine-grained
garnet-free retrogressive symplectic shear zones in eclogites. Width is 4 mm, crossed polarizing filters. ¢ — Epi-
dote overgrowing retrogressive symplectitic shear zones in eclogites. Width is 1.5 mm, crossed polarizing filters.
d - Photomicrograph of top-to-the-W cataclastic shear zone in retrogressed eclogites. Width is 4 mm, crossed
polarizing filters.
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component. The pressure shadows are mainly filled with green hornblende; epidote/zoi-
site, quartz and chlorite are subordinate. The garnets show inclusions of epidote, amphi-
bole and white mica. The penetrative foliation is again overgrown by a second generation
of epidote/zoisite and white mica (Fig. 12b, c).

Shear zones with symplectic fabrics are developed as distinct domains within the
eclogite facies rocks (Fig. 12b, ¢). The mineral assemblages in the shear zones are similar
to the assemblages outside (see above) and document decompressional conditions. Gar-
net is generally missing within the shear zones.

Cataclastic top-to-the-W shear zones are found in places. They crosscut the penetra-
tive foliation (Fig. 12d) and are often associated with extensional cracks subperpendicu-
lar to the penetrative foliation. The cracks are mainly filled with amphibole. They affect-
ed garnet, pyroxene and epidote. Some cracks are oriented at an angle between 60 to 85°
to the foliation, indicating an orientation of 6| compatible with a west-directed sense of
shear. This is consistent with the asymmetric pressure shadows around garnets and the
top-to-the-W cataclastic shear zones described above.

Discussion and implications for Alpine orogeny

The Eastern Alps are the result of at least two collisional events during the Alpine cycle.
The kinematics of internal Cretaceous nappe stacking and subsequent extension within
the upper plate Austroalpine units are well documented (Ratschbacher 1986, 1987;
Krohe 1987; Ratschbacher & Neubauer 1989), and the timing of events is well established
by stratigraphic and radiometric age data. In contrast, the kinematics and exact timing of
continental collision between the Penninic and the Austroalpine continental blocks re-
main unclear, or are highly controversial (Frank et al. 1987a; Lammerer 1988).

From the data presented above two distinct deformational phases can be distin-
guished within the Penninic units of the Tauern Window which, however, do not corre-
late with the events in the Austroalpine units by their different timing (Genser 1992;
Kurz 1993, 1994; Kurz et al. 1995). The kinematic data for these deformational phases are
summarized in Fig. 13a. In the southeastern part of the Tauern Window (Fig. 4a) top-N
shear (D1) is only developed in the uppermost sections of the Zentralgneis and at lower
levels of the pre-Carboniferous basement and its parautochthonous cover. In the north-
eastern corner (Fig. 6a) and along the central southern margin (Eclogite zone) of the
Tauern Window (Fig. 8a), N- to NE-directed simple shear deformation is preserved with-
in all tectonic units in the footwall of the Glockner Nappe. The structural evolution of
these units is similar to the evolution of the eastern part of the Tauern Window (Genser
1992). Only in the central part of the Tauern Window (Fig. 7a) D is preserved penetra-
tively over the entire nappe pile including the Glockner Nappe. This ductile deformation-
al phase (D) with its brittle forerunner (Do) correlates with the subduction and imbrica-
tion of the South Penninic ophiolites and the subsequent subduction of the MPU. The
subduction results in internal Penninic nappe stacking and the development of the gneiss
lamellae that detached from the basement along distinct thrusts (Do). It includes the for-
mation of basement-cover duplexes in the course of the collision between a northern
plate (European or Briangonnais; Frisch 1979a) and a southern (Adriatic) plate (Kruhl
1993) as well as the emplacement of the ophiolitic Glockner Nappe. Continuous ductile
top-to-the-N simple shear (D) is related to subduction of these units to deeper structural
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Fig. 13. a - Tectonic map of the Tauern Window with summarised kinematic data (Do, D1, D2) including litera-
ture data (Lammerer 1988; Oehlke et al. 1993, Schon & Lammerer 1993; Behrmann & Frisch 1987; Genser
1992; Behrmann 1990; Behrmann & Ratschbacher 1989; Behrmann & Wallis 1987; Ledoux 1984; Kurz 1993);
VNC: Venediger Nappe Complex, MP: Middle Penninic paleogeographic origin, SP: South Penninic paleogeo-
graphic origin. b - Sketch documenting the development of the kinked shape of the Tauern Window in the
Neogene.

levels until they are ductilely deformed in their entity. The emplacement of the Eclogite
Zone and the Glockner Nappe occurred during this phase of deformation. The whole
nappe pile is subsequently affected by blueschist facies metamorphism. The formation of
eclogite facies mylonites and a N- to NE-trending stretching lineation within the eclog-
ites, therefore, predates the emplacement of eclogite facies rocks. The similar geometry
of deformational structures suggests the same kinematic framework during mylonitiza-
tion of the eclogites and subsequent emplacement. The lack of eclogite facies metamor-
phism in the footwall units (VNC), no clear evidence of eclogite facies rocks in the han-
gingwall units (Modereck and Glockner Nappes) of the Eclogite Zone and the fact that
blueschist facies metamorphism affected the whole nappe pile are the most important ar-
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guments for tectonic emplacement of the eclogite unit after eclogite facies metamor-
phism. Therefore, the eclogite facies foliation predates the eclogite emplacement.

The fact that top-to-the-N to -NE plate convergence is followed by E-W extension at
the central southern margin of the Tauern Window (including the Eclogite Zone) is used
by Behrmann & Ratschbacher (1989) to establish the model of an overthickened accre-
tionary complex which collapsed, leading to the exhumation of the HP metamorphic as-
semblages. This model implies pressures of at least 20 kbar in the eclogites and surround-
ing metasediments (Holland 1979; Dachs 1986, 1990; Miller 1986) in an accretionary
wedge of at least 70 km thickness. In this model the pressure peak was followed by rapid
heating during decompression shortly after the collapse. The fact that eclogite facies meta-
morphism is overprinted by blueschist facies (HP/L'T) metamorphism rather argues for a
mechanism of eclogite exhumation while heating was considerably delayed along a cooler
P-T-path. Blueschist facies metamorphism further affects the footwall and hangingwall
units of the Eclogite Zone (e.g. Selverstone 1993). Such a cool exhumation-path is only
known from subduction zones and accretionary wedges. One possibility for eclogite em-
placement is offered by the corner flow model developed by Cloos (1982). England &
Holland (1979) argued for buoyant uprise of eclogites incorporated in low density matrix
rocks of the accretionary wedge, but yet no clear evidence of eclogite emplacement ex-
ists. Eclogite emplacement onto the VNC must have occurred during the transition from
eclogite facies to blueschist facies metamorphism.

Top-to-the-N nappe stacking and ductile simple shear deformation occurred before
peak thermal conditions were reached in the Penninic units. The thermal peak is geo-
chronologically dated at ca. 30 Ma (CIiff et al. 1985; Reddy et al. 1993; Inger & Cliff 1994;
Christensen et al. 1994; etc.). The exact timing of internal nappe stacking and top-N-
shear remains unclear as does the time-space relations between eclogite facies metamor-
phism in the Tauern Window, and the Cretaceous Barrovian-type metamorphism in the
Austroalpine. The main problem is the stratigraphic correlation of Penninic metasedi-
mentary units. The stratigraphy of the protoliths developed especially by Exner (1957,
1964, 1971, 1980, 1982, 1983, 1989, 1990), Frasl (1958), Frisch (1974, 1975a, b, 1977), Toll-
mann (1977) or Lammerer (1986) reaches up to the lower/middle Cretaceous and to the
upper Cretaceous and Paleogene (Lammerer 1988). This resulted in the assumption that
Penninic nappe stacking, emplacement of the Glockner Nappe and continent collision
occurred during the Cretaceous. However, time constraints are unsufficient for these tec-
tonic events. “*Ar/*® Ar phengite ages of 36-32 Ma from the Eclogite Zone (Zimmermann
et al. 1994) are interpreted to represent cooling ages after the blueschist facies metamor-
phism in the Penninic. Therefore, at least one HP-event subsequent to subduction of the
Southpenninic oceanic domain (Glockner Nappe), the MPU and emplacement of the
Eclogite Zone occurred in the Tertiary. Emplacement of the Austroalpine unit on top of
the Penninic units of the Tauern Window may well have occurred after internal Penninic
stacking. At the eastern margin of the Tauern Window the last penetrative deformation
in the Austroalpine nappe complex, which is related to internal nappe stacking and top-
to-the-W ductile shearing, is synmetamorphic and, therefore, of Cretaceous age (between
105 and 65 Ma within Lower Austroalpine units; Genser 1992). P-T modelling (Genser et
al. 1994, in press) indicates that subduction of South Penninic oceanic lithosphere started
at about 80 Ma and ceased at 70 Ma, followed by subduction of the MPU which ceased at
about 60 to 50 Ma. Following Froitzheim et al. (1994), Cretaceous orogeny in the Aus-
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troalpine unit did not result from the subduction of the South Penninic oceanic litho-
sphere, but rather from a collision event to the east or southeast of the Austroalpine
realm. During the Tertiary the Austroalpine unit was emplaced as a rigid block to the N
to NNE on top of the lower Penninic nappe pile. In any case, progressive N- to NE-di-
rected shearing is related to internal nappe stacking within the VNC, to the emplacement
of the Eclogite Zone, the Rote Wand-Modereck Nappe and the Glockner Nappe. and fi-
nally continent collision with the development of the Penninic-Austroalpine suture in-
cluding the metamorphic flysch series of the Matrei Zone.

Tertiary W- to NW-directed shear (D) in the Penninic occurred at peak thermal con-
ditions at ca. 27 to 30 Ma (Reddy et al. 1993; Inger and Cliff 1994) in the eastern part of
the Tauern Window: in the western window D; startet at about 35 Ma, already during de-
compression (Christensen et al. 1994: Selverstone, pers. comm.). The main deformational
zone is continuously transferred to deeper structural levels. In the southeastern Tauern
Window, for example, this is evidenced by the synmetamorphic D2 deformation. which is
the first penetrative deformation event in the lower structural levels of the Zentralgneis
and by the slightly younger white mica formation ages in deeper structural levels. The
structurally higher Penninic units are shortened subvertically. D; Penninic thrusts were
probably reactivated as top-to-the-W shear zones (D:), which was observed also by
Amann (pers. comm.) in the northeastern part of the Tauern Window. Bearing in mind
the Cretaceous age of top-to-the-W ductile shearing in the Austroalpine realm (Ratsch-
bacher 1986: Genser 1992) and the Tertiary (Oligocene) age of top-to-the-W shear in the
Penninic zone, the correlation of these deformational phases just on the base of the simi-
lar deformation geometry, as assumed by Wallis et al. (1993), Behrmann & Ratschbacher
(1989) and Behrmann (1990) failed. These phases are separated by at least a considerable
time interval of post-metamorphic cooling and formation of the extensional Gosau basins
(e.g., Neubauer et al. 1995a, b) in the Austroalpine unit (see above).

But it still remains an unsolved problem that D, is completely obliterated in some
portions of the Tauern Window, especially the southeastern part, during top-to-the-W
ductile shearing (D7) (Fig. 4a), whereas in other areas, like the central part (Fig. 7a), Do
and D structures are completely preserved, even within the highly incompetent metased-
iments of the Glockner Nappe.

Top-to-the-W shear deformation (D2) happened after the subduction of the South
Penninic domain and after the accretion of the MPU had ceased. A new subduction zone
developed to the north. Therefore, D> may result from subduction of North Penninic
units (Flysch zone) below the Penninic basement of the VNC. North Penninic subduction
might be related to release of fluids from North Penninic flysch sediments and fluid chan-
nelling within the overriding MPU and South Penninic units (Selverstone et al. 1991).
This is correlated with underplating of the MPU, extension, crustal thinning and decom-
pression in the Penninic nappe pile. It might further correlate with dextral transpressive
movement along the Periadriatic Lineament (Lammerer 1988) during the Oligocene (Po-
linski & Eisbacher 1992; Schmid et al. 1989; Sprenger & Heinisch 1992).

Further the shape of the Tauern Window was highly modified during exhumation and
doming (D3) after the penetrative deformation events (Dy, 2). The Tauern Window is
characterized by a kinked shape (Fig. 2, 13a) that might be the result of an Alpine indent-
er in the central part of the window. Indentation in the late Oligocene (slightly after peak
thermal metamorphism) caused clockwise rotation of the eastern part of the Tauern
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Window and counterclockwise rotation of the western part (Kurz 1993; Kurz et al. 1994).
The rotation is proven by overprinting relationships of crosscutting NE-trending and
younger NNE-trending subvertical mineralized extensional veins in the eastern part of
the Tauern Window. It resulted in the rotation of several previous structures and kine-
matic indicators and in the divergence of Do, D1 and D> kinematic data over the entire
Tauern Window (Fig. 13a, b). Dy and D, tectonic transport was directed towards the NE
to NNE in the eastern part of the window, towards the N in the central part, and towards
NW to NNW in the western part. D> structures are trending NW to WNW in the eastern
part and WSW in the western part (Fig. 13a). This and the fact that Do and D; are fol-
lowed by a stage of Barrovian-type metamorphism makes it possible to distinguish sever-
al kinematic phases and to correlate these phases over the entire area of the Tauern Win-
dow. Many interpretations of internal Penninic nappe stacking correlated NW-trending
Dy simple shear structures from the western Tauern Window with NW-trending D> struc-
tures from the eastern part and even with W-trending (Cretaceous!) structures from Aus-
troalpine units.

Conclusions

In the Penninic realm of the Tauern Window two stages of deformation are separated:

(1) Top-to-the-N to NNE-shear is possibly contemporaneous to, or postdates high
pressure metamorphism and predates the thermal peak of regional metamorphism; a my-
lonitic foliation in the Eclogite Zone is synmetamorphic with respect to the high pressure
event or slightly postdates the pressure peak. Eclogite facies metamorphism is restricted
to the Eclogite Zone, but the Penninic nappe pile is affected by subsequent blueschist fa-
cies metamorphism. The eclogite facies mylonitic foliation in the Eclogite Zone formed
prior to the emplacement of the eclogites between the VNC and Rote-Wand-Modereck
Nappe and the Glockner Nappe. The ophiolitic Glockner Nappe represents the main su-
ture zone between the MPU and the Austroalpine block. Top-to-the-N shear is related to
subduction of the South Penninic oceanic lithosphere, followed by internal Penninic
nappe stacking during subsequent subduction of Middle Penninic basement units. It also
worked during emplacement of the Eclogite Zone onto the VNC.

(2) Later top-to-the-W shear is related to crustal thinning and further decompression
of the Penninic lower plate including the Glockner Nappe. It developed at or slightly
prior to the thermal peak of regional metamorphism (ca. 30 Ma). Thrusts are partly reac-
tivated during extension, especially in the northeastern part of the window. The main
deformation zone is transferred to deeper structural levels within the (Middle) Penninic
basement units and the VNC, respectively. This phase might have been triggered by the
subduction of North Penninic units beneath the Middle Penninic basement after the ac-
cretion of the MPU had ceased and a new subduction zone developed to the N. In the
basement units of the central and eastern part of the Tauern Window deformation during
top-W shear became penetrative, while higher parts show only locally penetrative defor-
mation during this event.

(3) The kinematic evolution that is preserved in the Tauern Window is independent
from the evolution in the Austroalpine block that has only been passively transported on-
to the Penninic units during the Cenozoic deformation sequence.
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