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Abstract Monometamorphic metasediments of Paleozoic
or Mesozoic age constituting Schneeberg and Radenthein
Complex experienced coherent deformation and metamor-
phism during Late Cretaceous times. Both complexes are
part of the Eoalpine high-pressure wedge that formed an
intracontinental suture and occur between the polymeta-
morphosed Otztal-Bundschuh nappe system on top and the
Texel-Millstatt Complex below. During Eoalpine orogeny
Schneeberg and Radenthein Complexes were south-dipping
and they experienced a common tectonometamorphic his-
tory from ca. 115 Ma onwards until unroofing of the Tauern
Window in Miocene times. This evolution is subdivided
into four distinct tectonometamorphic phases. Deformation
stage D1 is characterized by WNW-directed shearing at
high temperature conditions (550-600°C) and related to the
initial exhumation of the high-pressure wedge. D2 and D3
are largely coaxial and evolved during high- to medium-
temperature conditions (ca. 450 to >550°C). These stages
are related to advanced exhumation and associated with
large-scale folding of the high-pressure wedge including the
Otztal-Bundschuh nappe system above and the Texel—
Millstatt Complex below. For the area west of the Tauern
Window, F2/F3 fold interference results in the formation of
large-scale sheath-folds in the frontal part of the nappe stack
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(formerly called “Schlingentektonik” by previous authors).
Earlier thrusts were reactivated during Late Cretaceous
normal faulting at the base of the Otztal-Bundschuh nappe
system and its cover. Deformation stage D4 is of Oligo-
Miocene age and accounted for tilting of individual base-
ment blocks along large-scale strike-slip shear zones. This
tilting phase resulted from indentation of the Southern Alps
accompanied by the formation of the Tauern Window.

Keywords Eastern Alps - Eoalpine tectonics -
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1 Introduction

Austroalpine nappes, immediately located west and east of
the Tauern Window show a similar evolution in terms of
lithology, structure, metamorphic grade and geochronol-
ogy. These nappes are part of the Middle Austroalpine
nappe stack sensu Tollmann (1977), considered as part of
the Upper Austroalpine basement nappes after Schmid
et al. (2004) or as Lower Central Austroalpine units in the
terminology of Janak et al. (2004). Large portions of these
nappes experienced a polymetamorphic history lasting
from pre-Variscan to Alpine times (e.g. Neubauer et al.
1999; Hoinkes et al. 1999). Some metasedimentary units
within this nappe stack, however, experienced only one
single phase of tectonometamorphic imprint during Alpine
orogeny. These units, referred to as monometamorphic
sedimentary sequences, have to be regarded as sedimentary
cover resting upon a pre-Alpine basement. This study deals
with the structural evolution of two of these sequences, the
Schneeberg and Radenthein Complex, now located west
and east of the Tauern Window, respectively (Fig. 1). Our
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Fig. 1 Simplified geological overview of the Eastern Alps including
the main tectonic nappe subdivision after Schmid et al. (2004). EW
Engadin Window, ON Otztal nappe, SN Steinach nappe, BLN Blaser
nappe, BM Brenner Mesozoic, SC Schneeberg Complex, TC Texel
Complex, SF Schlinig Fault, VS Vinschgau Shear Zone, PJF
Passeier—Jaufen Fault, MB Meran-Mauls Basement, PFS Periadriatic

analysis of the structural evolution of these monometa-
morphic sequences lends support to their common
paleogeographic origin and similar tectonic evolution since
Cretaceous times, as proposed by Frisch et al. (2000), and
will improve our understanding of processes that led to
their present-day spatial separation during the Late Alpine
formation of the Tauern Window.

The Schneeberg Complex (SC) is overlain by the Otztal
nappe characterized by greenschist/amphibolite facies
Cretaceous (“Eoalpine”) metamorphism and underlain by
the Texel Complex (TC) characterized by amphibolite- to
eclogite-facies Eoalpine metamorphism. The Radenthein
Complex (RC) is overlain by the Eoalpine greenschist/
amphibolite facies metamorphosed Bundschuh nappe and
underlain by the Eoalpine amphibolite- to eclogite-facies
Millstatt Complex (MC). According to Schmid et al.
(2004) both complexes, the SC and RC together with the
units below (TC and MC) are part of the Koralpe—Wolz
high-pressure nappe system and hence define an intracon-
tinental suture within the Austroalpine unit (Fig. 1).

The structural evolution of Austroalpine nappes is largely
controlled by the interplay between phases of convergence
and extension (Schimana 1986; Froitzheim et al. 1994,
1997). The Alpine nappe stack formed during Cretaceous

Fault System, DAV Deffereggen—Antholz—Vals Fault, BN Bundschuh
nappe, HF Hochstuhl Fault, MF Molltal Fault, SM Stangalm
Mesozoic, RC Radenthein Complex, MC Millstatt Complex, DZ
Drauzug, RW Rammingstein Window, GN Gurktal nappe, SA
Saualpe, KA Koralpe, StC Strieden Complex

times by WNW-directed (Ratschbacher 1986) to N-directed
thrusting (Kurz and Fritz 2003). Subsequent extension
released ESE-directed normal faulting accompanied with the
first phase of exhumation from Late Cretaceous to Paleogene
times between 90 and 60 Ma (Froitzheim et al. 1997,
Fiigenschuh et al. 2000; Liu et al. 2001) (Fig. 1).

Correlation problems arise from different overall orien-
tations (strike and dip) and structural positions of the various
units within the western and eastern sectors of the Koralpe—
Wolz high-pressure nappe system. Lithotectonic boundaries
are generally N-dipping in the west but S-dipping east of the
Tauern Window, i.e. within the units of the Sau and Koralpe.
This differing geometry was attributed to the effects of
south-directed thrusting according to a retro-wedge geom-
etry in the west (Solva et al. 2005), and to northward
thrusting related to a pro-wedge geometry in the east
(Wiesinger et al. 2006). This same difference can also,
however, be explained by late-stage indentation of the
Southern Alps and associated development of a triple junc-
tion between the European plate, the Adriatic microplate and
a Pannonian fragment since around 20 Ma (e.g. Lippitsch
et al. 2003; Kissling et al. 2006; Briickl et al. 2010).

In spite of the differences in orientation and position of
SC and RC, respectively, the arguments for their common
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history are (1) identically sized garnets within Otztal and
Bundschuh nappe with a clear “jump” in X(Ca) between
cores and rims; (2) a bell-shaped chemical zonation pattern
in garnets of the SC and the RC; (3) the presence of par-
agonite amphibolites within SC and RC; (4) the
replacement of diopside by tremolite within marbles of the
southern TC and MC, and (5) equivalent minimum PT
conditions for the eclogites in the TC and MC (12-14 kbar,
600-630°C) (Hoinkes 1981; Koroknai et al. 1999; Teiml
et al. 1995; Teiml and Hoinkes 1996; Habler et al. 2006).

Here we present a tectonic study in support of a common
tectonometamorphic evolution of SC and RC. By also
considering the surrounding Upper Austroalpine basement
nappes we will propose a new tectonic model for the evo-
lution of the central Eastern Alps. The rocks from the two
study areas are particularly suitable because they are free of
relics of pre-Alpine deformation and metamorphism.

2 Geological setting and regional geological overview

Within the Upper Austroalpine basement nappes the grade
of Eoalpine metamorphic imprint reached eclogite facies in
the southern part of the Koralpe—Wolz high pressure nappe
system (Hoinkes 1981, 1986; Thoni 1981; Purtscheller and
Rammlmair 1982; Hoinkes et al. 1999, 2010; Faryad and
Hoinkes 2003; Jandk et al. 2004; see Fig. 1). Both the SC
and RC, together with the adjacent eclogite bearing TC and
MC are parts of this high-pressure nappe system that is
tectonically juxtaposed along its southern margin by fault
zones that were active in Paleogene times (e.g. Passeier—
Jaufen Fault (PJF), Deffereggen—Antholz—Vals Fault).
These faults are related to the early evolution of the Peri-
adriatic Fault System (PFS) (Mancktelow et al. 2001;
Miiller et al. 2001) (Fig. 1), and they delineate the so-called
Southern Limit of Alpine Metamorphism (SAM-Line)
(Hoinkes et al. 1999). The SAM-Line separates units with
Eoalpine metamorphic imprint in the north from Eoalpine
weakly to non-metamorphosed units in the south (Fig. 1).

In the north, the SC and RC are overlain by the poly-
metamorphic Otztal and Bundschuh nappe, respectively. East
of the Tauern Window, the RC appears again further north
within tectonic windows, e.g. the “Rammingstein Window”
(Schuster and Frank 1999, RW in Fig. 1). Despite a general
late-stage and low-grade Alpine overprint both SC and RC
are still seen to have been affected by Eoalpine metamor-
phism as is indicated by the growth of staurolite (Hoinkes
1981; Hoinkes et al. 1999; Schuster and Frank 1999). Stau-
rolite stability is also evident for the paragneisses of the TC,
which occur further south adjacent to the SC (Fig. 2).

A parautochthonous low- to medium-grade metamor-
phosed Permo-Mesozoic cover overlies Otztal and
Bundschuh nappe: the so-called Brenner Mesozoic (BM)

west of and the Stangalm Mesozoic (SM) east of the
Tauern Window (Tollmann 1977) (Fig. 1). The uppermost
elements of the nappe pile comprise the Steinach nappe
(SN) west of and the Stolzalpen and Murau nappe, parts of
Gurktal nappe (GN), east of the Tauern Window. These are
built up by low-grade Paleozoic sequences. In the west, the
Blaser nappe (BLN), comprising low-grade Mesozoic
sedimentary sequences, is considered as an independent
nappe between the Steinach nappe on top and the Brenner
Mesozoic at the base (Oberhauser 1980). Together with the
Strieden Complex (StC) and its low-grade cover (Drauzug:
DZ) in the south the Gurktal nappe constitutes the Drau-
zug—Gurktal nappe system (DGN) (Schuster et al. 2004).
The equivalent of the StC in the west is found in form of
the Meran-Mauls basement and its Triassic cover sequen-
ces (MB in Fig. 1), and also the Blaser and Steinach nappe
west of the Tauern window are part of the DGN.

A pre-Variscan event in the Otztal nappe is evident from
gabbros of MORB-type affinity yielding Sm-Nd formation
ages between 530 and 520 Ma (Miller and Thoni 1995; Thoni
et al. 2008) and 490 + 9 Ma old migmatites (Klotzli-
Chowanetz et al. 1997). Within the central parts, Rb—Sr
whole rock ages derived from acidic orthogneisses range
between 485 and 420 Ma (Thoni 1999). Variscan eclogites
with PT conditions up to 27 kbar and ca. 730°C (Miller and
Thoni 1995) and a well preserved Variscan amphibolite
facies metamorphic overprint have been documented from
the north-western and central parts of the Otztal nappe
(Bernhard et al. 1996; Kaindl et al. 1999; Tropper and
Hoinkes 1996). In central parts of the SC, however, Konzett
and Hoinkes (1996) obtained Eoalpine-age equilibrium PT
conditions of 550-600°C and 8-10 kbar for paragonite-
bearing amphibolites. The timing of garnet growth in mi-
caschists of the SC ranges between 93.1 + 4.7 and 90.0 +
4.1 Ma(Sm-Nd age data). Rb-Srages of 76.0 £ 0.7 Ma from
syn-kinematic white mica indicate top-to-the WNW shearing
during that time range (Solva et al. 2005). In the southern
Texel Complex, Eoalpine eclogites experienced pressures
between 12 and 14 kbar and temperatures of 540-620°C
(Hoinkes et al. 1991; Habler et al. 2006). Eclogite crystalli-
zation occurred at about 85 = 5 Ma (Habler et al. 2006).

PT estimates and geochronology within the Austroalpine
basement nappes east of the Tauern Window were summa-
rized by Neubauer et al. (1987) and Schuster and Frank
(1999). Orthogneisses of the Bundschuh nappe give Rb-Sr
whole rock and Rb-Sr muscovite cooling ages of 372 + 29
(Hawkesworth 1976) and 352 4+ 4 Ma (Frimmel 1987),
respectively. Temperature conditions during Variscan
metamorphism were >600°C (Frimmel 1988). Eoalpine
metamorphic conditions in parts of the Bundschuh nappe
reached 630°C and 10 kbar (Koroknai et al. 1999). Within the
RC the Eoalpine PT conditions are around 620°C and ca.
11 kbar (Koroknai et al. 1999; Kaindl and Abart 2002).
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Fig. 2 a, b Major lithologies of the Schneeberg Complex and the
trace of foliation planes of the surrounding areas (compilation after
Schmidegg 1964; Purtscheller 1978; Helbig and Schmidt 1978;
Mauracher 1980). Structures within selected study areas A-F are

Metamorphic conditions within the Eoalpine eclogites of the
southern Millstatt Complex are >12 kbar (X;4 40) and about
600°C according to garnet-clinopyroxene thermometry
(Teiml etal. 1995). Alpine and Paleogene tectonics within the
Austroalpine units east of the Tauern Window include W- to
NW-directed shearing during late Early Cretaceous time
overprinted by N-S shortening with steeply dipping fold axial
planes (Schimana 1986; Belocky 1987). Subsequent defor-
mation is characterized by SE-directed extension that
affected the whole nappe pile during the Late Cretaceous
(Genser and Neubauer 1989). Miocene overprint includes
localized shearing and faulting (Ratschbacher 1986).

3 Macro- and meso-scale structures

3.1 Structures west of the Tauern Window

From top to base, Otztal nappe, Schneeberg Complex (SC)
and Texel Complex comprise a predominantly northwest to

plotted as lower hemisphere stereographic projections. See text for
details. PJF Passeier—Jaufen Fault, ON Otztal nappe, SC Schneeberg
Complex, 7C Texel Complex

northward dipping nappe stack. In the SC, macro-scale
folding defines four synforms named after Mauracher (1980)
and Frank et al. (1987): Schneeberg Main Synform and
Seewerspitz, Schrottner and Lodner Synforms; see Fig. 2).
Looking at the trace of the main foliation mapped by Pur-
tscheller (1978), the W—E trending foliation typical for most
of the Otztal nappe is bent when approaching the SC, i.e.
within an area south of the Alpine-age chloritoid-in isograd
after Thoni (1981) (see Fig. 2). Hence it is likely that the W—
E-trending Variscan foliation of the Otztal nappe has been
modified (bent) in the vicinity of the Eoalpine metamor-
phosed SC. This is taken as an important argument that the
large-scale “Schlingen”-type (Schmidegg 1964) folding in
the SC must be of Eoalpine age. It is further suggested that
together with this bending, previously formed W-E trending
structures were rotated into an approximate N-S strike.
Macro-scale fold interference patterns in the Pfossen valley
result from structural overprint dominant in the southern
Lodner Synform as part of the Texel Complex and in the
southern Schrottner Synform as part of the SC (Schmid and
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Haas 1989; Zanchi et al. 2009). Figure 2a shows the main
tectonic boundaries between the Otztal nappe, the SC and
the TC. According to the geological maps after Schmidegg
(1932, 1964), Purtscheller (1978) and Mauracher (1980)
Eoalpine garnet—staurolite—kyanite schists of the Texel
Complex are commonly folded together with the rocks of the
Otztal Complex. The so-called enveloping micaschists
(“Umihiillende Glimmerschiefer” after Schmidegg 1964)
found along the Pfossen valley surround the Schrottner and
Lodner Synforms and are in fact part of the TC rather than
belonging to the Otztal nappe. Also the paragneisses of the
Venter “Schlinge” are part of the TC (Fig. 2). Hence the
boundary between the OC and the TC is folded around these
later-stage synforms (Zanchetta et al. 2007). As a result
when going from the NW to the SE one traverses rocks of the
Otztal nappe, the TC of Vent, the Otztal nappe again, the SC
and finally the TC. This geometrical complexity was for-
merly referred to as “Schlingentektonik” (Schmidegg
1964).

On the basis of field observations four deformation
stages D1-D4 are distinguished. The three continuous
stages of folding F1, F2 and F3 were followed by a stage of
local mineral growth.

1. D1 is characterized by WNW-directed shearing and
folding (F1), mainly preserved as S1 inclusion patterns
in garnet poikiloblasts and porphyroblasts that were
incorporated into subsequent fold structures.

2. D2 is characterized by folding (F2) and WNW-
directed shearing parallel to the main plunging direc-
tion of the stretching lineation. D2-folding resulted in
large-scale S-, Z- and M-shape intrafolial fold struc-
tures, forming the major internal structure of the SC.
F2 intrafolial folds are locally non-cylindric and have
NE-SW- to N-S-striking axial planes. Fold axes define
a curved fold hinge line, indicative for sheath fold
geometries. Related fold axial planes are parallel to the
main foliation S2. Non-cylindrical folds are absent in
the Otztal nappe as well as south of the Lodner
Synform (Fig. 2b).

3. D3 is non-penetrative and associated with open folding
F3 with axial planes perpendicular to the earlier F2
fold structures. This resulted in type 3 fold interfer-
ences as defined by Ramsay and Huber (1987). D3
structures occur mainly in the southern part of the SC
and in the southern Lodner Synform as part of the
marble unit of the TC (Fig. 2b). Hence F2/F3 fold
interference was responsible for the formation of the
large-scale synforms.

4. D4 structures occur predominantly in the southern study
areas. D4 is characterized by NW-SE shortening linked
with orogen-parallel extension and SW-directed shear-
ing. It resulted in S—C fabrics formed under semiductile/

brittle conditions and into a steep-dipping S4 crenula-
tion cleavage with NE-SW strike. The strike direction is
parallel to the strike of the PJF (Fig. 2b).

Within the general tectonic scheme some domains
within the SC have deviating characteristics that result
from the variable intensity of particular tectonic phases.
These specific local features are considered to be important
for resolving the overall structure of the SC and sur-
rounding units. Six study areas (Fig. 2a) were examined in
detail and are briefly discussed below:

Study area A/1: In the “core” of the Schneeberg Main
Synform (synform 1 in Fig. 2b) non-cylindrical folds F2
with S-, Z- and M-shape geometries include an earlier
fabric S1 (Fig. 3a). Related F2 fold axes scatter in their
orientations between SW and NE and form a curved
F2-fold hinge line (“F2 fold axes” in Fig. 2b). The asso-
ciated axial plane cleavage parallels S2 and trends mainly
from NE-SW to N-S (“F2 fold axial planes” in Fig. 2b).
The stretching lineation plunges consistently to the west.

Study area A/2: Gneisses and metabasites of the Otztal
nappe in the Timmelsjoch area show an early foliation of a
probable pre-Alpine age that is incorporated into large-
scale SE-vergent folds with subhorizontal NE-SW trending
fold axes (D2) (Fig. 2). Related fold axial planes are par-
allel to the foliation S2. Folds characterize class 2 similar
folds after Ramsay and Huber (1987) (Fig. 3b). Locally,
chlorite-biotite schists contain S—C-fabrics and indicate
displacement towards NW (inlet in Fig. 3b). A shallow
NW-plunging stretching lineation revealed by hornblende
and chlorite indicates lower amphibolite to greenschist
facies metamorphic grade during this event.

Study area B/1: The Seewer valley exposes the transi-
tion between the Otztal nappe and the SC (“Bunte
Randserie”, see Fig. 2b). Structures are almost comparable
to study area A/l. Additionally, phyllonites containing
mineralized quartz veins indicate late stage SW-NE-
directed extension (Fig. 3c). Tight crenulation folds and
garnet porphyroclasts (o-type clasts) suggest shearing to
the SW, perpendicular to the main stretching lineation
(deformation stage D4, see Fig. 3d).

Study area B/2 is located nearby the fold hinge of the
Schneeberg Main Synform (Rotmoos and Gaisberg valleys,
Fig. 2). Meter-scale M-shape intrafolial fold structures (F2)
occur in sections perpendicular to the direction of stretch-
ing (WNW) and predominate the structural content within
marbles and calcareous garnet-hornblende-bearing gneisses
(Fig. 3e). F2 fold axial planes differ in strike between N-S
and E-W, being particularly characteristic for the hinge
area of the Schneeberg Main Synform. WNW-plunging
fold axes show almost the same plunge directions as the
stretching lineations. Layers containing garnet and horn-
blende porphyroblasts are arranged as intrafolial folds of
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Fig. 3 a F2 intrafolial isoclinal fold (S-shape) in x—z and open folds
(M-shape) in y—z within the series of “monotonous mica schists”
(study area A/1). b Large-scale SE-vergent open fold in ortho- and
metabasic gneisses of the Otztal nappe. Note, early pinch-and-swell
structures (arrow) occur incorporated in large-scale folds (study area
A/2). Detail shows S—C fabric indicating NW-side-up displacement.
¢ D4-extensional crenulation cleavage in mineralized phyllites (study
area B/1). d SW-directed shear overprint in metapelites of the
Seewertal valley (D4) (study area B/1). e M-shape intrafolial fold
structure F2 within marbles in the Gaisberg valley (fold hinge area of
the Schneeberg Main Synform). Note, folds occur in x-z and y-z
sections (study area B/2). f S-shape intrafolial fold structure F2 includes
earlier structures (D1) in garnet and hornblende porphyroblasts and

-clasts. g Detail of (f). D1-related garnet porphroblast and hornblende
aggregates with asymmetric pressure shadows. Sense of shearing is to
the WNW (study area B/2). h D2-postdeformative growth of
hornblende (study area B/2). i F2-intrafolial non-cylindrical fold
structures in sections parallel and perpendicular to the direction of
stretching (calcareous metabasites, study area D/2). j F3 open- to
closely-spaced folds in retrogressed calcareous micaschists (study
area D/2). k Detail in (m) shows F3 open folding. 1 S—C fabric south
of the Lodner Synform (study area E). m Fold hinge area of the
marble synform shows F2/F3 fold interference and S4 foliation.
n Closely spaced crenulation folds south of the Lodner Synform
(study area E). o S4 within paragneisses at study area F. Direction of
shear overprint is to the SSW
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Fig. 3 continued

the large-scale synform (S-shape in Fig. 3f). Both minerals
show an internal foliation S1 (Fig. 3g). D2 structures were
locally overgrown by a second generation of garnet and
hornblende aggregates (Fig. 3h).

At study area C, located south of Vent, the so-called
“Venter-Schlinge” (Schmidegg 1964) is exposed. The
foliation shows intense bending and strikes between
NE-SW and NW-SE. It is folded around steep NW-plunging
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fold axes (Fig. 2b). On the basis of mineral assemblage
(garnet—staurolite—kyanite schists) and petrographical
observations (garnets show inclusion-rich cores and
inclusion poor rims as well as synkinematic recrystalliza-
tion into asymmetric aggregates), these lithologies are
related to the Texel Complex (Fig. 2a).

Bending in strike direction of the foliation S2 from NE—
SW (study area A) to NW-SE (study area C) is observed
(Fig. 2). This change in orientation goes along with
steepening of the fold axes of F2 intrafolial folds with
WNW-ESE-striking axial planes.

Study area D/1 located in the Pfossen valley contains
micaschists of the enveloping micaschists (“Umbhiillende
Glimmerschiefer”) and shows structures comparable to
study area C. F2 fold axial planes are parallel to the foli-
ation and almost vertical. Fold axes plunge steeply to the
NW. The strike direction of the foliation indicates a further
shift from NW-SE towards W-E (Fig. 2).

At study area D/2 carbonate-hornblende schists and
metabasites occur in the southern part of the Schrottner
Synform (synform 3 in Fig. 2). Structures are comparable
to study areas A/1, B/l and B/2. F2 fold axes scatter in
plunge direction between SW and NE, suggesting a fold
hinge line characteristic for F2 non-cylindrical folds
(Fig. 3i). Additionally, structures were refolded by F3
open- to tightly-spaced crenulation folds (Fig. 3;j). F3 fold
planes strike almost E-W and are south-vergent (Fig. 2).
Plunge direction of F3 fold axes is between N and NW.
Refolding leads to fold interference patterns of type 3 after
Ramsay and Huber (1987).

Study area E represents the southwestern part of the
Lodner Synform (synform 4 in Fig. 2) and contains meta-
pelites, metabasites and the marble unit of the TC. Due to
intense folding no clear tectonic transition between the SC
and the marble unit can be observed. Like in study area
D/2, F2 folds are refolded by SSW-vergent open- to clo-
sely-spaced folds (F3) with NW-plunging fold axes
(Fig. 3k). Locally observed F3 axial planes contain S—C
fabrics, which indicate top-to-S displacement at greenschist
facies conditions (deformation stage D4; Fig. 31). Macro-
scale D2-D4 structures at study area E are shown in
Fig. 3m. In addition, almost vertical NNE-SSW-striking
foliation planes S4 occur (Fig. 3n; see sketch in Fig. 2). D4
crenulation cleavage contains a shallow around N-plunging
stretching lineation (Ist4) parallel to the fold axes of the
locally developed crenulation folds. S4 planes trace par-
allel to the adjacent Passeier—Jaufen Fault (PJF in Fig. 2).

Study area F northwest of the Pfelders Valley represents
the northeastern prolongation of study area E and shows
large-scale F2 folding. Like study area E, all previous
structures were overprinted by D3 and D4 at greenschist
facies conditions. SSW-directed shear goes along with D4
(Fig. 30).

3.2 Structures east of the Tauern Window

The Bundschuh nappe and the structurally lower Rad-
enthein and Millstatt Complexes comprise a largely NE- to
N-ward dipping succession with the Bundschuh nappe on
top and the Millstatt Complex at the base (Fig. 4a).
Structures in the RC are comparable to those of the SC.
Deformation stage D1 is preserved as relics in micaschists
in the form of an internal foliation S1 within garnet por-
phyroblasts (Fig. 5a). In sections parallel to the ESE-
plunging stretching lineation, sigmoidal trails define
shearing to the WNW (see Sect. 4.2). The external foliation
(S2) is overprinted by post-kinematic mineral growth of
hornblende and retrogressed garnet rims. Beside a general
shift in the strike of the main foliation from W-E in the
northern part to NW-SE in the southeast of the RC, the
change from almost N-S at study area G towards NW-SE
in study area I would possibly indicate the M-shape of a
large-scale synform (Fig. 4b). Large-scale folds with
NW-plunging fold axes (F2) are superposed by a second
folding event F3. The latter is characterized by small-scale
open folds oriented perpendicular to F2 (type 1/2 after
Ramsay and Huber 1987) (study area G, Figs. 4b, 5b). For
the whole RC a shift in strike direction of the foliation S2
from almost W-E in the central parts (study areas G and H)
to NW-SE in the eastern and southeastern parts (study
areas I and J) is observed. This goes along with steepening
of the stretching lineation (Ist) and fold axes (F2) from the
west towards the southeast. Additional structural features
in selected study areas are described below:

In study area G, almost W-E extension is indicated by
small, kyanite-bearing quartz veins which developed
within tensional segments, cutting foliation S2 (Fig. 5c¢).

In study area H, the foliation S2 is parallel to the fold
axial planes F2 and strikes almost W-E. F2 fold axes
suggest a W—E trending fold hinge line (Fig. 4b). Non-
cylindrical F2 folds occur in gneisses and metabasites
(Fig. 5d). In micaschists, open-spaced F3 folds show
almost W plunging fold axes (Fig. Se).

In study area I, nearby the transition between the RC and
the Bundschuh nappe, the steep dipping foliation S2 (F2
fold axial planes) reflects a slight rotation in strike direction
from WNW-ESE to NW-SE (Fig. 4b).

In study area J, non-cylindrical, open to tight intrafolial
folds F2 occur (M-shape: Fig. 5f). F2 fold axes suggest a
fold hinge line and related axial planes strike NW-SE
(Fig. 4b). Rims of garnet porphyroblasts indicate post-
deformative growth related to F2 folding (arrows in
Fig. 5g). Meter-scale extensional quartz veins with NE—
SW strike direction cut the foliation S2 at high angles
(Fig. 5h). High-angle normal faults indicate extension to
the east (D4). Fault planes strike from NNW-SSE to N-S
(Fig. 4b).
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According to the structural evolution the RC shows
strong similarities to the SC and is characterized by fold
interferences with NW-SE and NE-SW trending fold axes.
This would suggest one or more large-scale synforms
characteristic for the internal structure of the RC. Like the
SC, the overall shape of the RC displays large-scale
bending of earlier structures.

4 Microstructures
4.1 West of the Tauern Window

Microstructures from micaschists at study area B (Seewer
valley) suggest an early phase of quartz recrystallization.
These fabrics were isoclinally folded, attributed to folding
stage F1 (Fig. 6a). F1 folds and the associated foliation S1
occur enclosed in garnet cores and are surrounded by an
external matrix foliation S2 consisting of fine-grained
white mica (Fig. 6a, b). Two generations of biotite occur:
biotite Btl always rotated parallel to S2 or aligned along
early folds F1 and biotite (Bt2) which overgrew all earlier
structures. Btl contains pumpellyite (Pmp) interpreted as a
relic of an early prograde stage (Krenn et al. 2004).
Microstructures related to garnet growth indicate three
stages: stage I related to the syn-tectonic growth of garnet
cores which led to a curved internal fabric S1 as well as to
folds F1. S1 contains aligned coarse-grained ilmenite and
tourmaline (Fig. 6¢). Fabric asymmetry suggests WNW-
directed shearing (deformation stage D1). This sense of
shear is additionally supported by D2 strain-caps in the
matrix (arrow in Fig. 6d). Symmetric pressure shadows are

frequent and surround garnet porphyroblasts (Fig. 6d). S2
is often overgrown by inclusion-free garnet rims, defining
growth stage II (Fig. 6¢, d). Subsequent garnet resorption
to Bt2 and later chlorite close to the rims defines growth
stage III. Both minerals crystallized as thick patchy flakes
and overgrew S2 and symmetric pressure shadows.

F2 folded granitoid gneisses show similar features.
Beside growth zone I, post-tectonic growth of garnet rims
(growth zone II) is also preserved (Fig. 6e). Garnets from
these rocks show an oblique internal fabric S1 of recrys-
tallized quartz grains which are smaller in size compared to
the external fabric S2 of recrystallized quartz and feldspar.
Feldspar is mostly affected by retrogression into fine
grained sericitic mica.

In study area D/2, post-tectonic growth of garnet rims is
missing (Fig. 6f). There, the internal fabric of the garnets
suggests garnet growth during NW-directed shearing (D1)
followed by the development of symmetric pressure
shadows (D2). Due to the lack of garnet growth zone II, an
angle of >90° between S1 and S2 is observed. S2 is
overgrown by chlorite flakes (growth zone III).

4.2 East of the Tauern Window

Similar to the SC, isoclinal folds F1 and an associated
foliation S1 are surrounded by a foliation S2 consisting of
folded white mica (Fig. 7a). Patchy biotite flakes (Bt2)
partly overgrew S2. Growth stages are comparable to the
growth stages of the SC. On the basis of curved inclusion
patterns in core domains of garnet poikiloblasts, growth
stage I is associated with NW-directed shearing (defor-
mation stage D1) (Fig. 7b). Inclusion-free garnet rims
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Fig. 5 a Quartzitic gneisses containing garnet poikiloblasts with D1
internal foliation and D2-postdeformative mineral growth of horn-
blende aggregates retrogressed to biotite. Photo taken from Hoinkes
et al. (2010). b Large-scale (F2) and small-scale open (F3) folds at
study area G. Note, different plunge directions between F2 and F3.
¢ D2-postdeformative kyanite-bearing quartz veins (study area G).

d Non-cylindrical intrafolial fold structure F2 within metabasic
gneisses at study area H. e F3-open folds at study area H. f M-shape
of intrafolial folds F2 within garnet-bearing gneisses at study area J.
g D2-postdeformative mineral growth of garnet rims at the fold
hinges of F2 folds (detail in f). h Large-scale quartz vein formed due
to NW-SE-directed extension (study area I)
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Fig. 6 Micro-scale structures of selected samples of the SC. a Iso-
clinal fold F1 and Btl including pumpellyite. Folded S2 planes were
overgrown by Bt2 (micaschists, study area B/1). b Garnet poikiloblast
contains F1 folds as inclusion patterns. F1 consist of recrystallized
quartz with straight grain boundaries (garnet growth stage I).
Inclusion-free garnet rims (growth stage II) are bordered by intensely
folded white mica (S2). ¢ Garnet porphyroblasts with S1-sigmoidal
inclusion patterns of graphite and ilmenite suggest growth during
WNW-directed shearing (D1). Cores are surrounded by inclusion-free
rims (growth stage II). Symmetric pressures shadows around the

contain locally a straight fabric which continues into the
external matrix foliation S2. It characterizes strain caps
overgrown during garnet growth stage II. The external
foliation S2 surrounds symmetric pressure shadows aligned
by biotite (Btl) and white mica. Postkinematic growth of
Bt2 defines mineral growth stage III (Fig. 7a).

In study area H, retrogression in garnet-amphibolites is
associated with the development of symmetric pressure

porphyroblasts are overgrown by Bt2, postdeformative to S2 (micas-
chists, study area B/1). d Garnet-bearing quartzitic gneisses with
comparable structural features like (c¢) (study area B/1). e Euhedral
garnet poikiloblast shows D2-postdeformative rim growth. f Garnet
porphyroblast with DI-sigmoidal inclusion pattern. Garnets are
surrounded by symmetric pressures shadows (D2) and by postdefor-
mative mineral growth of biotite retrogressed to chlorite (growth
stage III). The lack of growth stage II results into a high angle
between S1 and S2 (metapelites, study area D/2)

shadows consisting of recrystallized quartz and plagio-
clase, aligned by hornblende aggregates (Fig. 7c). The
internal fabric of these garnets suggests garnet growth
during WNW-directed shearing.

In study area I, crystallization of garnet during WNW-
directed shearing formed agglomerates with asymmetric
shape (Fig. 7d). Additionally, asymmetric mica fish in
quartzitic gneisses indicate W-directed shearing (Fig. 7e).
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Fig. 7 Micro-scale structures of selected samples of the RC. a D1
structures (isoclinal fold F1) surrounded by the folded foliation S2
and by the late growth of Bt2 (growth stage III) (study area J).
b Garnet poikiloblast with sigmoidal inclusion patterns (growth stage
I) suggest growth during NW-directed shearing. Foliation S2 is
enclosed in garnet rims (growth stage II) and continues into the
external matrix foliation S2 (study area J). ¢ Metabasite contains

In study area J, garnets from quartzitic gneisses contain
an earlier internal fabric S1 consisting of recrystallized
quartz and carbonate grains (Fig. 7f). S1, oblique to the
external foliation S2, indicates rotational garnet growth
during W-directed shearing (growth stage I). Subsequent
growth of small garnet rims (stage II) resulted in almost
euhedral-shaped garnet aggregates. Compared to quartz
grains in the cores of garnets, matrix quartz grains are
larger in size and define together with mica and carbonate
foliation S2.

garnet with an internal foliation S1 surrounded by a pressure shadow
aligned by hornblende crystals (study area H). d Garnet aggregates
with asymmetric shape suggest crystallization during WNW-directed
shearing (D1). e Mica fishes within the recrystallized quartz matrix
indicate shearing to the W (study area I). f Garnet poikiloblasts show
growth stages I and II. Inclusion patterns in growth stage I consist of
recrystallized quartz and carbonate (study area J)

5 Lattice preferred orientations
5.1 Analytical procedure

Lattice preferred orientations (LPOs) provide indirect
information on syn-deformational temperature conditions,
the kinematics of the associated flow (e.g. Lister and
Hobbs 1980; Schmid and Casey 1986), the flow geometry
and the flow vorticity (e.g. Vissers 1989; Law et al. 1990;
Wallis 1992). X-ray texture goniometry (wavelength
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CuKa = 1.5418, beam current = 40 kV and 40 mA) used
in reflection mode was applied on polished rock chips at
the Institute of Earth Sciences, University of Graz. Eight
lattice planes ([100], [110], [102], [200], [201], [112],
[211], [113]) of quartz were measured directly. Lattice
planes [001], [101] and [011] were calculated using the
orientation density function (ODF) on the basis of the
harmonic method by Roe (1965) and Bunge (1981). For
detailed description of the technical procedure see also
Wenk (1985). From the asymmetry of <c> and <a> axes
of quartz LPOs with respect to the foliation, the sense of
shear was determined. From the symmetry of quartz <c>
axes, i.e. oblique single girdle distribution versus cross
girdle distribution, the dominance of non-coaxial or
coaxial flow was qualitatively constrained.

Representative <c> axes [001] and <a> axes [110]
distribution from the SC and RC are given as pole figures
in Fig. 8a, b, respectively.

5.2 West of the Tauern Window

Five representative quartz samples were selected and are
shown in Fig. 8a. Samples were taken from an F2 in-
trafolial fold limb in the “Bunte Randserie” of the SC
(7SZ1, study area B/1), nearby the transition between the
Otztal nappe and the “Bunte Randserie” of the SC (7SZ7,
study area B/2), from the Otztal nappe in the south (PF22,
study area D/1), from the fold hinge area of the Sch-
rottner Synform in the SC (HW2, study area D/2) and

near the southeastern marble unit of the TC (HW15, study
area E).

All samples taken from the SC (7SZ1, 7SZ7, HW2)
consist of recrystallized quartz aggregates that deformed
due to dislocation creep and show intracrystalline grain
boundary migration recrystallization (GBM). This suggests
deformation temperatures of >550°C (e.g. Hirth and Tullis
1992, 1994). Quartz grains in samples taken from the
Otztal nappe (PF22) and near the marble unit (HW15)
show bulging recrystallization processes (BLG), indicative
for lower temperatures of <450°C (e.g. Hirth and Tullis
1994).

LPOs of 7SZ1 indicate a slight asymmetric small circle
distribution of <c> axes [001] around z (Fig. 8a). <A>
axes [110] show a small circle distribution close to the x—y
plane. This pattern indicates flattening strain (Lister and
Hobbs 1980). A probable asymmetry suggests shearing
towards E against the plunge direction of the stretching
lineation. By contrast, LPOs of sample 7SZ7 indicate
NW-directed shearing at high temperature conditions given
by the combination of prism <a> and rhomb <a> gliding.
This is indicated by <c> axes [001] maxima in y and
maxima between the center and the periphery of the pole
figure. Microstructures of both samples show recrystallized
quartz aggregates with almost equal grain size of ca.
200 pm (Fig. 9a, b). However, sample 7SZ7 (Fig. 9b)
consists of grains with lobate grain boundaries contrasting
to sample 7SZ1 (Fig. 9a) where straight grain boundaries,
indicative for the dominance of static annealing, occur.
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Fig. 9 Microstructures of selected quartzitic samples. a Recrystal-
lized quartz grains with equal grain size and dominant straight grain
boundaries (sample 7SZ1). b Recrystallized quartz grains equal grain
size and dominant lobate grain boundaries (sample 7SZ7). ¢ Quartz
grains deformed by dominant bulging. Bulges and subgrains are
indicated by arrows (sample PF22). d Recrystallized quartz grains
with almost equal size and lobate grain boundaries (sample HW2).
e Large quartz grains deformed by dominant bulging (arrows indicate

LPOs of sample PF22 show dominant basal <a> gliding
as evident from <c> axes [001] maxima around z and a
girdle distribution of <a> axes [110] in the x—y plane
(Fig. 8a). Quartz grains are larger in size (~500 pm) and
show BLG being indicative for low-grade deformation
conditions (Fig. 9c). LPOs and microstructures suggest
dominant coaxial flow at conditions of about 350-400°C
representative for the deformation geometry within the
Otztal nappe nearby the SC.

LPOs of sample HW2 show a slight asymmetric type I
cross-girdle distribution as defined by Lister and Hobbs
(1980), suggesting eastward shearing combined with
coaxial flow (general shear) within the southernmost Sch-
rottner Synform of the SC (Fig. 8a). Quartz grains are
unequally sized between 200 and 500 pm and show mainly
lobate grain boundaries indicative for GBM (Fig. 9d).

Sample HW15 was cut slightly oblique to the foliation
and therefore appears irregular. LPOs are, however, similar

bulges) (sample HW15). f Recrystallized quartz grains with lobate
grain boundaries and almost equal size (sample 7RD21). g Large
quartz grains with undulatory extinction surrounded by smaller
recrystallized quartz grains indicating core-mantle textures (sample
RDA42). Dark areas indicate vertical quartz <c> axes. h Quartz grains
unequal in size showing undulatory extinction and dominant bulging
(sample 7RD10). i Recrystallized quartz grains with equal size and
lobate grain boundaries (sample 7RD11)

to sample 7SZ1 with asymmetric small girdle distributions
around z of <c> [001] and <a> axes [110] (Fig. 8a).
Quartz grains are large in size (about 500 um) and indicate
dominance of BLG (Fig. 9¢). Enhancement of grain size
probably relies to the fact that secondary phases like mica,
which limit recrystallization in sample 7SZ1, are absent.
Asymmetry suggests shearing to SE, against the plunge
direction of the stretching lineation.

5.3 East of the Tauern Window

Five representative LPOs for the RC are shown in Fig. 8b.
Quartz samples were selected from the northern margin of
the RC at study area G (sample 7RD21), from an F2-folded
quartz layer at the southern part adjacent to the Millstatt
Complex at study area H (sample RD42), nearby the
transition zone between the RC and the Bundschuh nappe
(samples 7RD10) and the inner part of the RC (sample
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7RD11) at study area I and from an F2 intrafolial fold at
the south-eastern RC (study area J; sample 7RD4).

LPOs from sample 7RD21 show a small circle distri-
bution of <c> [001] and <a> [110] axes as indicative for
flattening strain (Fig. 8b). No clear asymmetry is observed.
Recrystallized quartz aggregates have lobate grain bound-
aries, are indicating GBM and minor BLG and show a size
of about 200-500 pm (Fig. 9f).

LPOs of sample RD42 represent a type I crossed girdle
distribution of <c> axes [001] (Fig. 8b). The asymmetry of
the <a> axes [110] pattern suggests shearing to the E.
Recrystallized quartz grains are up to 1 mm in size and
indicate dominant BLG and subgrain rotation recrystalli-
zation (SGR) which suggests deformation during
temperature conditions of <450°C (e.g. Hirth and Tullis
1994) (Fig. 9g).

LPOs of sample 7RD10 show an asymmetric girdle dis-
tribution by the combination of prism <a> and basal <a> +
rhomb <a> gliding. Asymmetry indicates W-directed
shearing against the plunge direction of the stretching line-
ation, also supported by the presence of asymmetric mica
fish (Fig. 7e). Quartz microstructures show dominant BLG
and undulatory extinction with relics of GBM. Grain size
is about 250-500 pum (Fig. Sh).

LPOs of sample 7RD11 show a combination of a small
circle distributions of <c> axes [001] around z combined
with low-grade basal <a> glide towards ESE. The small
circle distribution results from flattening strain (Fig. 8b).
Quartz microstructures show recrystallized quartz aggre-
gates with almost equal size of ca. 250-500 pm (Fig. 9i).
Dominant recrystallization mechanism is GBM with some
amount of static annealing as indicated by straight grain
boundaries.

LPOs of sample 7RD4 show an asymmetric type I cross-
girdle distribution after Lister and Hobbs (1980) and sug-
gest coaxial flow combined with SE-directed shearing
(general shear) within the southernmost part of the RC
(Fig. 8b). Quartz grains show a wide range of grain size
(100-500 pm) and microstructures are indicative for a
decreasing trend in deformational temperatures ranging
from GBM over BLG to undulatory extinction (Fig. 7).

5.4 Summary about LPOs and structures west and east
of the Tauern Window

LPOs from quartz samples indicate coherent deformation
geometries in the study areas west and east of the Tauern
Window and can be linked with macro- to micro-scale
deformation stages.

Deformation stage D1 is related to WNW-directed
shearing under high temperature conditions (GBM:
>550°C) and associated with an asymmetric girdle distri-
bution diagnostic for prism <a> and basal <a> &+ rhomb

<a> slip. The shearing direction under high grade condi-
tions correlates well with growth stage I of the studied
garnet porphyroblasts. Representative samples were taken
near the transition areas from the SC to the Otztal nappe
and from the RC to the Bundschuh nappe, respectively.

Deformation stage D2 and D3 evolved under high- to
medium-temperature conditions (GBM and minor BLG:
ca. 450-550°C) with local annealing textures. It is char-
acterized by coaxial flow defined by small girdle
distributions of <c> [001] and <a> axes [110] with minor
asymmetries towards the E. This trend is additionally
supported by asymmetric type-I cross-girdles with asym-
metries probably pointing to a combination of coaxial flow
and E-directed simple shearing at comparable temperature
conditions. Coaxial flow can be linked with the observed
F2 and F3 folding stages and the development of sym-
metric pressure shadows around garnet porphyroblasts
surrounded by foliation S2. Additional asymmetries are
correlated with minor shearing related to E-directed
extension. Subsequent growth of garnet rims (growth stage
II) and minerals may be linked to the observed annealing
textures.

Locally preserved D4 structures are only studied at
macro-scale and not analysed by LPO textures.

6 Tectonic model for the evolution of the SC and RC

The SC and RC derived either from Paleozoic or from
Permian to Triassic carbonatic to clastic sedimentary
sequences, as proposed by Puhr et al. (2009) or as previ-
ously suggested by Justin-Visentin and Zanettin (1965) and
Zanettin and Justin-Visentin (1971). These sedimentary
sequences were deposited on older basement units, which
were intruded by magmatites of Permian age and which
now constitute the Texel and Millstatt Complexes (Schuster
and Stiiwe 2008; see Fig. 10a). All of these four complexes
are parts of the Eoalpine high-pressure wedge (after Schmid
et al. 2004) and were exhumed between ca. 90 Ma (peak
metamorphic conditions; e.g. Thoni et al. 2008) and ca.
70-60 Ma (cooling of the Texel Complex below 300°C at
~70 Ma: Habler et al. 2006; cooling of the Otztal nappe
below 100°C at ~ 60 Ma: Fiigenschuh et al. 2000).

It is proposed that thrusting of parts of the highest tec-
tonic units, i.e. the Steinach and Gurktal nappe as members
of the DGN, occurred during an earlier stage of Alpine
nappe stacking, i.e. during phase 1 at >115 Ma, before the
onset of subduction of the future Eoalpine high-pressure
wedge (Fig. 10a). Arguments about the relative tectonic
position of the Otztal-Bundschuh nappe system (OBN),
which might be either structurally below or above the
Koralpe—Wolz high-pressure wedge, are as follows. The
southern parts of the OBN share a common
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Window, WC Wolz Complex, GN Gurktal nappe, DZ Drauzug, StC
Strieden Complex, SAM-Line Southern Limit of Alpine Metamor-
phism, MF Molltal Fault
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tectonometamorphic evolution with the high-pressure
wedge. This favours a lower plate position where the parts
of the OBN were incorporated into Eoalpine continental
subduction. However, the Bundschuh nappe, now located
east of the Tauern Window, is seen to be underlain by the
high-pressure wedge of the RC (Fig. 4a) and by high-
pressure units in the Rammingstein area (“Rammingstein
Window” RW in Fig. 1) that contain “monometamorphic”
garnet mica schists (Schuster and Frank 1999). This clearly
implies a tectonic position of the OBN above the high-
pressure wedge, and the latter therefore is representing a
relatively higher nappe system (Fig. 10b). The OBN has
been folded together with the SC/RC and TC/MC during
exhumation (Fig. 10c). Deformation was accompanied by
Eoalpine mineral growth at the base of the OBN (new
growth of Eoalpine staurolite in the SC and retrogression of
pre-Eoalpine staurolite into fine-grained white mica in the
OBN) (e.g. Hoinkes 1981; Hoinkes et al. 1999; Schuster
and Frank 1999).

WNW-directed shearing is observed both west and east
of the Tauern Window and is compatible with the overall
kinematics during Eoalpine nappe stacking (e.g. Ratschb-
acher 1986; Ratschbacher and Neubauer 1989; Linzer et al.
1995; Neubauer et al. 2000; Kurz and Fritz 2003). In the
SC, prograde to peak metamorphic conditions are linked
with the static growth of poikiloblastic garnets, followed by
syn-kinematic growth during WNW-directed shearing (D1)
under early retrograde conditions (Krenn 2010). This study
shows that this also applies to the RC. Peak metamorphic
conditions for the SC and RC were calculated between 550
and 600°C at ca. 10 kbar (Konzett and Hoinkes 1996;
Koroknai et al. 1999; Krenn 2010). Sm-Nd data indicate
garnet growth in the SC (Bunte Randserie) at
93.1 £ 4.7 Ma (Solva et al. 2005). Garnet growth during
eclogite facies metamorphism in the Texel Complex is
about 85 + 5 Ma (Habler et al. 2006). Both age data
constrain the lower time limit for SE-directed continental
subduction (Fig. 10b).

Thrusting of the upper plate (OBN and DGN) towards
NW is defined as stacking phase 2 and occurred slightly
earlier than phase 3 which is characterized by the rapid
exhumation of the high-pressure wedge. Hence the base of
the upper plate was incorporated into early and subsequent
folding stages which resulted into the formation of large-
scale F2/F3 fold interferences, incorporating the south-
eastern OBN and the TC/MC in the front of the exhuming
wedge (Fig. 10c). F2/F3 fold patterns formed the synform
structures and produced the so-called “Schlingentektonik™.
It is proposed that this pattern evolved in the part of the
wedge west of the Tauern window, but it is not verified in
detail in the east. East of the Tauern window RC and MC
have been thrusted further towards NW onto the lower
plate (Silvretta—Seckau nappe system).

Orientations of F2 intrafolial folds in the SC are com-
parable to the orientations of fold axes in the Texel
Complex studied by Solva et al. (2001) and folding stages
F2 and F3 are therefore related to this advanced exhuma-
tion stage. On the micro-scale, symmetric strain shadows
around garnets developed at a minimum crustal depth of
ca. 12 km (~4 kbar) and ca. 550-600°C (Krenn 2010).

During exhumation of the wedge, evidence for the early
stage of WNW-directed shearing is additionally supported
by non-coaxial fabrics (D1) that pass progressively into
pure shear. Coaxial deformation (D2 and D3) is associated
with the advanced stage of exhumation and affected both,
the OBN and the high-pressure wedge beneath (Fig. 10c).

It is proposed that exhumation was accompanied by
NW-SE-directed extension along a system of normal faults
which reactivated earlier thrusts in the front of the wedge.
The Schlinig Fault is interpreted as a former W-directed
thrust system (Schmid and Haas 1989 reactivated during
E-directed normal faulting (Froitzheim et al. 1997).
Stacking phase 3 is therefore accommodated by thrusting
along the Schlinig Fault and the Vinschgau Shear Zone at
the base of the OBN (Fig. 10b).

Another former thrust system reactivated by normal
faulting during Late Cretaceous times was that between the
OBN and its cover (Brenner and Stangalm Mesozoic) (e.g.,
Koroknai et al. 1999; Fiigenschuh et al. 2000). This led to
final cooling of the OBN and to advanced exhumation of
the high-pressure wedge beneath. In both our study areas
SE-directed extension correlates with coaxial LPO textures
which indicate subvertical flattening within the SC and the
RC (Fig. 10c).

The late stages of exhumation coincided with heat
advection towards shallow crustal levels, raising the overall
geotherm. This is evident from post-kinematic growth of
garnet rims and hornblende garben. Field observations
suggest that this late-stage mineral growth is dominant in
the fold hinge areas of the main synforms, probably indi-
cating fluid controlled mineral growth along S2 fold axial
planes. Crustal extension and normal faulting probably
caused condensed isotherms, e.g. at the transition between
the OBN and the SC/RC. Post-kinematic mineral growth is
observed in study areas B/1, B/2 and D/2 of the SC and in
study areas G, H and J of the RC.

The current orientations of the dip direction of the main
foliation (towards the N and NW in the SC, and towards the
N and NE in the RC) are considered to have resulted from
tilting induced by the indentation of the Southalpine units
as the frontal parts of the NE-dipping Adriatic plate during
Oligocene to Miocene times (Kissling et al. 2006; Briickl
et al. 2010; see Fig. 10d). Indentation led to significant
rotation of the main foliation and all lithotectonic bound-
aries at the front of the wedge from the original south- to
the present-day northward dip linked with semiductile to
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brittle overprinting, mainly observed in the southern parts
of the SC and RC (D4). Adjacent to the Periadriatic Fault,
the uppermost units of the Eoalpine nappe pile (DGN) were
verticalized and locally overturned and finally juxtaposed
with the high-pressure units as a result of N-side-up dis-
placement along the Passeier—Jaufen Fault and the Mélltal
Fault (PJF and MF in Fig. 10d). This late-stage folding and
faulting formed a southernmost large-scale synform con-
taining Triassic cover in its core: the Meran-Mauls
basement with Triassic marbles in the west (MB in
Fig. 10d) and the Strieden Complex (StC) and Drauzug in
the east (DZ in Fig. 10d). The SAM-Line simply follows
the Passeier—Jaufen and Molltal Faults.

During D4, oblique convergence released a set of semi-
ductile to brittle faults with north-side up displacement
accompanied with a change from sinistral to dextral dis-
placement during Oligocene/Early Miocene times along the
PJF (e.g., Spiess 1995; Miiller et al. 2001; Mancktelow et al.
2001; Viola et al. 2003). Displacements are compatible with
N-S to NNW-SSE shortening and orogen-parallel exten-
sion and linked with S4 planes in the southern part of the SC
that are parallel to the strike of the PJF. In the RC, WNW-
ESE extension is linked with the formation of large dis-
cordant quartz veins and D4 fault planes. Due to unroofing
of Penninic and Subpenninic units within the Tauern Win-
dow the SC and RC were laterally separated into a western
and eastern unit, respectively (e.g., Frisch et al. 2000).

The high-pressure units further in the east (Koralpe—
Saualpe) with dominantly S-dipping foliation planes con-
trast with the N-dipping foliations found within the SC and
RC (Fig. 1). Hence, before the D4 low-grade overprint,
Early Cretaceous thrust-related structures formed by N- to
NW-directed shearing and folding (D1-D3) in the internal
parts of the high-pressure wedge. This is compatible with
Eoalpine structures found in the eastern parts of the Eastern
Alps (Kurz and Fritz 2003). Coaxial geometries with no
clear shear sense are proposed for the Plattengneis shear
zone of the Koralpe which is interpreted as a flat-lying
synmetamorphic shear zone (e.g. Krohe 1987; Kurz et al.
2002). It is therefore suggested that the units of the high-
pressure nappe system, after an earlier stage of non-coaxial
shearing, experienced dominant coaxial flow with flatten-
ing strain geometries during exhumation. The Koralpe—
Saualpe, however, was not affected by south-alpine
indentation like the SC and RC and therefore remained in
their approximate orientation since consolidation of the
Eoalpine nappe stack.

7 Conclusions

This study supports previous interpretations (e.g., Frisch
et al. 2000) about a common tectonothermal evolution of

Alpine monometamorphic units west and east of the Tau-
ern Window. Comparisons of structures and metamorphic
grades within the high-pressure nappe system south of the
pre-Alpine basement of the Otztal-Bundschuh nappe sys-
tem indicate that both units were closely related before
tectonic unroofing of Penninic and Subpenninic units
within the Tauern Window. The observed micro- and
macro-scale structures from both study areas developed
during exhumation of the high-pressure wedge, controlled
by NW directed shearing (D1) and extrusion (D2-D3)
between >90 and 60 Ma. The low-grade D4 overprint
under semiductile/brittle conditions observed in the SC and
RC is interpreted as resulting from overall shortening and
lateral slip due to the indentation of the Adriatic plate in
Oligocene—Miocene times. Transpression (shearing and
folding) led to intense bending and steepening of the foli-
ation planes during SW directed brittle shearing, mainly in
the SC, and brittle overprinting, mainly in the RC. The
current strike direction of the main foliation in the south-
ernmost SC and RC, which is almost NE-SW and NW-SE,
respectively, results from block rotation accompanied with
strike-slip faulting during Miocene times. Strike-slip was
sinistral with north-side-up displacement in the southern
part of the SC along the PJF, and dextral in the RC along
the Molltal Fault (MF) at its southern margin and along the
Hochstuhl Fault (HF) at its northern margin (e.g. Polinski
and Eisbacher 1992; Mancktelow et al. 2001) (Fig. 1).

Based on considering the effects of indentation it is
argued that the SC west of the Tauern Window, previously
interpreted to represent a wide shear zone accommodating
normal displacements (Schneeberg Normal Fault Zone)
(Solva et al. 2005), is an area formed by rotated and
originally S-dipping and NW-directed thrust-related fab-
rics. NW-directed normal shearing is only apparent and
resulted from lower crustal indentation. The SC is part of a
sedimentary sequence of Paleozoic or Mesozoic deposi-
tional age that was squeezed between intensely folded
polymetamorphic basement rocks.

The coherence of the thrust-related structures through-
out the Koralpe-Wolz high pressure nappe system of the
Eastern Alps implies that structures related to nappe
stacking and extension during Cretaceous time were orig-
inally identical in the areas west and east of the Tauern
Window. The current tectonostratigraphy of basement/
cover nappes resulted from three different stacking events,
which evolved during time increments (stacking events 1-3
in Fig. 10). Transpression accompanied by tectonic erosion
formed the high-pressure wedge below the OBN, which is
overlain by the Steinach and Gurktal nappes including their
respective Permo-Mesozoic cover sequences.
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