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Abstract

Amphibolites in the Mesozoic part of the parautochthonous Lower Schieferhiille (LSH), the allochthonous
Upper Schieferhiille (USH) and the overlying Austroalpine basement (AA) in and around the western Tauern
Window (Eastern Alps) suffered a progressive Alpine deformation. Lineations and foliations L;-S;, L,-S,
defined by preferentially oriented (Na-Ca) amphiboles as well as F; folds and further foliations S,y and S4 in
the metabasites are structures of successive deformational stages with a constant W—E main extension axis of
strain. The (Na-Ca) amphiboles in assemblages with epidote, chlorite, albite/oligoclase and quartz are zoned
with similar continuous zonation trends from early actinolite in the cores to magnesio-hornblende and
tschermakitic hornblende, and from magnesio-hornblende to late actinolite in the rims in the three
lithostratigraphic units. Geothermobarometry involving tremolite-edenite and (pargasite—hastingsite)—
tremolite end-member equilibria in amphiboles allowed us to reconstruct prograde-retrograde P—T paths
for the Alpine greenschist-amphibolite facies event. The paths passed P/Tp,, at 6—7 kbar/600°C. Similar
shapes of the paths in AA, USH and Mesozoic LSH indicate a common metamorphic history and a stacking of
these units prior to or during the pre-P., evolution. Moderate P—T ratios are characteristic for the
temperature-dominated compression paths and indicate continental collisional rather than subduction zone
metamorphism. The middle to late Alpine greenschist-amphibolite facies event appears as an independent
metamorphism along a complete P—T loop which may have followed an earlier and poorly documented high-
pressure/low-temperature event.

Keyworps: amphibolites, microstructures, geothermobarometry, P—T—t-deformation paths, Alpine orogeny,
western Tauern Window.

Mineralogical Magazine, December 1995, Vol. 59, pp. 641-659
© Copyright the Mineralogical Society



642
Introduction

MIINERAL equilibria and various methods of geother-
mobarometry have been successfully applied to
reveal the pressure-temperature (P—T) evolution of
the Alpine metamorphism in and around the Tauern
Window. Early studies focused mainly on the
quantification of maximal pressures and temperatures
of successive stages of metamorphism. However,
even if precise, such data only poorly describe the
thermobarometric evolution of a metamorphic
terrain. For a profound geological interpretation in
terms of a comparison with numerical tectonothermal
P—T models, it is necessary to reconstruct prograde
and/or retrograde P—T paths as complete as possible
from single samples or locations (Spear, 1993). The
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relationship between the geothermobarometric, the
temporal (t) and the structural evolution of the rocks,
the P—T—t-deformation (d) path improves this
knowledge further.

Assemblages with growth zoned garnets in
metapelites have recorded a history of continuous
reaction and P—T changes during metamorphism.
This has been used by Spear and Selverstone, (1983),
Selverstone et al., (1984), Selverstone and Spear,
(1985), von Blanckenburg et al., (1989), Selverstone,
(1993), Christensen et al., (1994) to reconstruct
P—T—t paths from the western Tauern Window.

Chemical zonations of (Na-Ca) amphiboles in
equilibrium with epidote, chlorite, albite and quartz
in metabasites provide an alternative way to
determine continuous variations of P—7 conditions
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Fic. 1. (a) Geological setting in the Eastern Alps. (b) Lithostratigraphic units in the western Tauern Window and its
frame, and sample locations. AA—Austroalpine basement; BL—Brenner Line; CG—Central gneisses; D—
Mesozoic of Drauzug; EZ—Eclogite zone; GN—QGurktal nappes; GZ—Grauwackenzone; 1Q—Innsbrucker

Quarzphyllit; LSH—Lower Schieferhiille;
unit;

MZ—Matreier zone; NCA—Northern Calcareous Alps; P—Penninic
PL—Periadriatic Line; RT—Rieserferner tonalite (Oligocene); SA—Southern Alps; USH—Upper

Schieferhiille.
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(e.g. Holland and Richardson, 1979; Triboulet and
Audren, 1988; Triboulet, 1992). The present study
describes zoned (Na-Ca) amphiboles and related
microstructures in metabasites from the Penninic
western Tauern Window and the overlying
Austroalpine nappe. Complete prograde—retrograde
P—T paths from these rocks are directly correlated to
the L-S structures of a polyphase Alpine deformation.
This led to precise knowledge about the Alpine
tectonothermal evolution in the Eastern Alps.

Regional metamorphic and structural setting

The Tauern Window is an erosional window in which
the metamorphic rocks of the Penninic zone are
exposed below the Austroalpine units (Fig. 1).
Several main tectonostratigraphic units can be
distinguished: The structurally lowest units are the
Zentralgneis (CG), a pre-Variscan basement complex
(‘Altkristallin’, ‘old roof’) intruded by late-Variscan
granitoids overlain by a post-Variscan Permian to
Lower Cretaceous cover sequence. Both pre-
Variscan and post-Variscan sequences occur in a
parautochthonous position and together comprise the
Lower Schieferhiille (LSH). These units with
Helvetic affinity (Lammerer, 1988) are overthrusted
by the Upper Schieferhiille (USH), which is a
Penninic ophiolite nappe (‘Glockner nappe’) of
Jyrassic to early Cretaceous rocks. (Hock, 1969;
Thiele, 1970; Morteani, 1971; 1974; Tollmann, 1977,
Kaith et al., 1977, 1980; De Vecchi and Baggio,
1982; De Vecchi and Mezzacasa, 1986; Lammerer,
1986; Frank et al., 1987). Between Lower and Upper
Schieferhiille in the central part of the Tauern
Window is the Eclogite zone (EZ), a slice of high-
pressure metabasites, metacarbonates and metape-
lites. The southern margin of the Upper Schieferhiille
is marked by a varied sequence of Mesozoic rocks,
called the Matreier zone (MZ). Biotite-gneisses,
mylonitic orthogneisses, amphibolites and a sequence
of garnet muscovite schists are found in the
lowermost parts of the overlying pre-Variscan
basement (‘Altkristallin’) of the Austroalpine crystal-
line nappe (AA) (Senarclens-Grancy, 1972; Hofmann
et al., 1983; Schulz, 1994).

The western and central parts of the Tauern
Window are sites of classical as well as modern
studies on Alpine metamorphism and P—-T—t—d
paths, A first and presumably early-Alpine high-
pressure event at 550—600°C/18—-20 kbar is
documented by rocks of the Eclogite zone (Miller,
1977; Miller et al., 1980; Holland, 1979; Spear and
Franz, 1986; Frank et al., 1987) which show Eocene
(36 Ma) Ar-Ar cooling ages (Zimmermann et al.,
1994). Relics of a second metamorphic event around
450°C/> 7—9 kbar at 90—60 Ma (Holland and
Richardson, 1979; Raith et al., 1978; 1980) or

643

younger as Upper Eocene (Zimmermann et al.,
(1994), referred to as the blueschist or glauco-
phane-lawsonite event, occur in some metabasites
of the Eclogite zone. Holland and Ray (1985)
described crossite and jadeitic pyroxene from
metabasites of the USH. Furthermore, lozenge-
shaped mineral aggregates in metabasites of the
USH have been interpreted as pseudomorphs after
lawsonite (Fry, 1973; Holland, 1979; Hoéck, 1980;
Selverstone and Spear, 1985; Frank et al., 1987a;
Dachs et al., 1991). Both observations signalize a
blueschist event outside the Eclogite zone.

A younger greenschist-amphibolite facies event,
the ‘Tauernkristallisation’ of Sander (1912; 1921),
affected all tectonostratigraphic units and rock types
in the western and central Tauern Window. Maximal
pressures of 6—7 kbar and maximal temperatures
near 550°C were reported from the USH and contrast
higher pressures of 10 kbar and temperatures up to
600°C in the LSH (e.g. Hoernes and Friedrichsen,
1974; Hock, 1980; Hock and Hoschek, 1980; De
Vecchi and Baggio, 1982; Dachs, 1990). The P—T-
time evolution of this metamorphism has been
investigated by Spear and Selverstone (1983),
Selverstone et al. (1984), Selverstone and Spear
(1985), Selverstone (1988; 1993), von Blanckenburg
et al. (1989), Lammerer and Morteani (1990) and
Christensen et al. (1994). Ages by Rb-Sr of between
60 and 30 Ma, from garnets, were interpreted to show
that crystallization occurred at around P,
(Selverstone, 1993). Raith et al. (1978) reported K-
Ar ages of 42.5 Ma from actinolite cores and of 24
Ma from green hornblende rims in zoned amphiboles
from the USH in the Ahrntal (Italy). The range of
phengite Rb-Sr, homblende K-Ar, phengite K-Ar,
biotite-Rb-Sr, K-Ar and apatite FT ages continuously
decreased from 20 to 7 Ma during subsequent
cooling/uplift (Grundmann and Morteani, 1985; von
Blanckenburg et al., 1989). Few data exist on the
Alpine metamorphism of the overlying Austroalpine
basement (AA) to the south of the Tauern Window.
Conditions of 400—-450°C/7 kbar (Stockhert, 1984)
of an early stage of Alpine metamorphism, with
maximum temperatures of approx. 550°C (Schulz,
1990), and a late-Alpine stage at 350°C/3—4 kbar
(Stockhert, 1984; Kleinschrodt, 1987) have been
reported. A phengite K-Ar age of 100 Ma (Stockhert,
1984) on one side and biotite Rb-Sr ages from 28 to
15 Ma (continuously younger toward the southern
rim of the Tauvern Window: Borsi et al., 1978,
Hammerschmidt, 1981) on the other side, indicate a
polyphase Alpine history or a mixing of pre-Alpine
and Alpine ages.

Prominent Alpine deformational structures such as
foliation, lineation and fold axes are concordant in
the LSH, USH and AA units (Nollau, 1969;
Kleinschrodt, 1987; Lammerer et al., 1981). Recent
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tectonic models for the Alpine evolution in the
Tauvern Window describe an early thrust regime
followed by a transpressional regime (Lammerer,
1988; Oechlke et al., 1993). Stacking of the
tectonostratigraphic units is related to a deformation
D;. Structural features of this event and clues for the
transport direction were erased by the subsequent
deformation. A main foliation S, of oblate ductile
shearing D, is penetrative in metasediments,
metabasites and gneisses, and axial-planar to
isoclinal folds F,. The D, structures were overprinted
by prolate deformation D; with tight folding. The
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W-E trending F; fold axes together with parallel
mineral lineations may indicate dextral transpres-
sional movements during D3 (Lammerer, 1988;
Schon and Lammerer, 1993; Oehlke et al., 1993).
Selverstone (1988) related the retrograde evolution of
the greenschist-amphibolite facies event to a W—E
directed extensional ductile thinning, then top-to-W
directed low-angle normal faulting.

In view of the wealth of petrological, structural,
radiometric and geochemical data, the western and
central Tauern Window serves as an apparently well
known example for tectonothermal models of

(d) Bre3

FIG. 2. (a) Mesoscopic structures and sampling points in an amphibolite of the Lower Schieferhiille at the location

Valser Tal. L-Sy, L,-S;, Sy, S4 are linear and planar structures, Shear sense criteria indicates top-to-W transport. 1,

2, 3 are structural domains (see text). (b) Large amphiboles in dm-scale structural domain 1. (¢) Amphiboles and L,-

S, in foliated domain 2. (d) L,-S; structures and microlithon with large amphiboles of domain 1 in a foliated domain

2 at the Brenner location. (e) Epidote chlorite schist of domain 3 with mylonitic foliation Sy, and shearband
foliation S4. Scale bar in (b)—(e) is 1 cm.



AMPHIBOLITES FROM THE TAUERN WINDOW

orogenic processes and the related metamorphism,
especially subduction and continental collision (e.g.
Frisch, 1976; Selverstone, 1988; Behrmann, 1990;
Spear, 1993). However, several important aspects of
the Alpine metamorphic evolution in the western
Tauern Window remain weakly constrained. There
exists only poor knowledge of the prograde
metamorphism, and apart from the P-T path
studies (Selverstone et al., 1984; Selverstone and
Spear, 1985) there is little information about the
spatial P—T evolution within the tectonostratigraphic
pile, especially from the Austroalpine unit.
Ampbhibolites with different provenance and protolith
ages but similar mineral assemblages and mineral
chemistry occur in the Mesozoic part of the LSH, the
USH and in the AA units. These rocks are suitable for
a comparative study of the Alpine thermobarometric
evolution of these units (Fig. 15).

Microstructures and mineral chemistry in
amphibolites

Lower Schieferhiille (LSH). A 1-3 m thick
amphibolite horizon, probably an original dolerite
sill, has been sampled in the mainly clastic Lower
Cretaceous Kaserer formation (Hock, 1969; Thiele,
1970; Frisch, 1980, 1984) at Brenner Pass (samples:
Bre) and in the Valser Tal (samples: Val). The
locations represent the upper Mesozoic part of the
Lower Schieferhiille LSH (Fig. 1b). The amphibolite
horizon is subdivided into different mesoscopic
structural domains (Fig. 2a). Decimeter-scale lens-
like domains (1) with randomly or poorly arranged
large amphiboles up to 5 mm in length and a weak
foliation S; (Fig. 2b) are surrounded by medium- to
fine-grained and strongly foliated domains (2)
(Fig. 2a). Preferentially oriented amphiboles in
domain (1) define an E—W striking mineral lineation
L, on the foliation planes S,. Sometimes cm-scale
lenses of domain (2) with large amphiboles occur
between the S; planes (Fig. 2a,d). Domain (3) is a
fine-grained and finely-banded foliated (Sy,:) epi-
dote chlorite schist at the base of the amphibolite
horizon. A shearband foliation, S4, cuts across the
mylonitic foliation S, at an acute angle and with a
top-to-W directed sense of shear parallel to the W—E
stretching lineation (Fig. 2a,e).

Microstructures and mineral chemistry have been
studied in XZ sections parallel to the W—E trending
mineral and stretching lineations (= X) and perpendi-
cular to the foliation planes (= XY) of finite strain.
Large first generation amphiboles (1) of L;-S; occur in
domain (1) and in microlithons between the foliation
planes in domain (2) (Fig. 3a,b,f). Tension cracks
between fragments of amphibole (1) are filled by
chlorite, calcite, albite, epidote and quartz (Fig. 3a,b).
A second amphibole generation (2) in domain (2} is
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preferentially oriented with the long axes parallel to S,
and L, (Fig. 3a—e,g). Chlorite, epidote, albite and
quartz are fine-grained in S, and coarse-grained when
associated with amphibole (1) porphyroblasts.
Amphibole (1) in domain (1) are actinolitic horn-
blende, magnesio-hornblende and sometimes tscher-
makitic hornblende with small cores of actinolite (Fig.
3b,f). Some of these large amphiboles (1) have narrow
rims of actinolitic hornblende and actinolite (Fig. 3a).
The actinolitic rims surround the fragments of large
broken amphiboles with tension cracks, but are
lacking when the porphyroblasts are broken along S,
planes (Fig. 3a). Similar chemical zonation trends
occur in amphibole (2), elongated in the foliation S, of
domain (2) (Fig. 3a). Circular or lenticular cores by
actinolite are mantled by actinolitic hornblende and
magnesio-hornblende of which long axes are oriented
parallel to the foliation/lineation (Fig. 3a,c,d). Some of
the amphiboles (2) were stretched and broken.
Actinolitic rims crystallized with albite and chlorite
in the tension cracks as well as in a pressure shadow
position (Fig. 3a,b). Needle-like small amphiboles (2)
parallel to S, are poorly zoned with actinolitic
hornblende cores and actinolite in the rims (Fig. 3a).

The (Na-Ca)-amphiboles are continuously zoned
with Si 7.85 to 6.45, AIY' 0.08 to 1.065, (Na + K)
0.01-0.45 and Ti 0.002—0.053 (always per formula
unit p.fau,, the site allotment is explained below) from
actinolite cores to tschermakitic hornblende rims.
Zonations from magnesio-hornblende to actinolite
rims are continuous as well (Fig. 3a—d, Table 1).
Actinolitic hornblende with Si 7.45, AlY' 0.4-0.5,
(Na + K)5 0.08—0.2 and Ti 0.016—0.025 of a late
stage of crystallization occur in sample Bre3
(Fig. 3a). Strongly plastically deformed lens-shaped
amphiboles were rarely preserved between the
mylonitic foliation in the epidote chlorite schist of
domain (3) at the base of the amphibolite horizon.
Green amphibole is not stable within the fine-grained
epidote, chlorite, albite, actinolite and quartz of S,y

Oligoclase is lacking in samples Bre and Val2 and
all plagioclase is albite. Most of the plagioclase in
sample BreBl1 and Bre3 is albite, but oligoclase
(An20) as well as albite crystallized parallel to S, in
domain (2) in equivalent microstructural positions.
Only oligoclase has been found in sample BreAl.
There appears to be no systematic variation of
amphibole compositions with the occurrence of
oligoclase or albite or both in the samples. The Fe-
rich epidotes are poorly zoned with AP between 2.5
and 2.6 in the studied samples. Chlorites in domains
(1) and (2) are homogeneous with Xz 0.65—0.68 in
the Bre samples and 0.56 in the Val samples.

From the microstructural and mineral chemistry
observations it is concluded that the structural
domains (1) and (2) both existed during the growth
of early actinolite, then green hornblende and late
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FIG. 3. (@)~(g) Microstructures in an amphibolite horizon from the Lower Schieferhiille. Scale bar is 0.5 mm, X-Z

sections parallel to [,-S,. Act—actinolite; Am—amphibole; Ab—albite; Bt—biotite; Cc—calcite; Chi—chlorite,

Ep—epidote; Qtz—quartz; Ttn—titanite. Green amphibole is hatched, actinolite is not hatched. Arrows indicate
core—rim profiles of microprobe analyses (numbers) in Fig. 6.

actinolite. Domain (1) represents a preserved low-
strain zone, domain (2) a high-strain zone of the
partitioned foliation-forming deformation (D). The
high strain of the progressing deformation mainly
partitioned from domain (2) with S, into the
mylonitic domain (3) with Sy when temperatures
decreased. The deformation persisted after the
growth of late actinolite and the shearband foliation

S4 has been formed in domain (3) at conditions near
to the ductile—brittle transition.

Upper Schieferhiille, (USH). Metabasites in the
Upper Schieferhiille USH are former submarine -
ophiolitic basalts with MORB affinity (Hock, 1981;
Hock and Miller, 1987; De Vecchi, 1989) and occur
as thick bodies in Mesozoic calcareous and pelitic
metasediments. A lithological banding of the
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FiG. 4. (a)—(g) Microstructures in amphibolites from the Upper Schieferhiille. Scale bar is 0.5 mm. X—Z sections

parallel to L;-S,. Act—actinolite; Am—amphibole; Ab—albite; Bt—biotite; Cc—calcite; Chl-—chlorite, Ep—

epidote; Qtz—quartz; Ttn—titanite. Green amphibole is hatched, actinolite is not hatched. Arrows indicate core—rim
profiles of microprobe analyses (numbers) in Fig. 6.
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amphibolites results from different modes of
amphibole, epidote, chlorite, plagioclase and quartz
in the layers. Sample locations in a large western
metabasite complex in lower parts of the USH are
Wieden in the Pfitschtal (WieB), the
Unterbergbachtal at the Selverstone and Spear
(1985) locations (MO1, MO2), the Weitenbergalm
(MO3, Schulz et al., 1994) and the Engbergalm
(Eng3) in the upper Pfunderer Tal, and the road to the
Neves lake in the Miihlbachtal (NevA7). Another
metabasite complex in upper parts of the USH to the
east (Raase, 1974) was sampled in the Rottal to the
south of Prettau/Ahrntal (R6tB2). All samples show a
W-E trending lineation (= X) by preferentially
oriented amphiboles and were studied in XZ sections.
The mineral lineation (L,) in metabasites and
metasedimentary host rocks is parallel to and
identical with fold axes of F3 folds.

Preferentially oriented amphiboles (2) in samples
MO1, MO2, MO3 and NevA7 define lineation and
foliation (L,-S,) and surround lens- and lozenge-
shaped mineral aggregates composed of epidote,
chlorite, quartz and amphibole, or albite porphyro-
blasts with numerous inclusions of these minerals
forming an L,-S, fabric (Fig. 4¢). The shapes of the
mineral aggregates and microlithons appear to be the
result of a non-coaxial partitioned deformation and
should be distiguished from other mineral aggregates
which were interpreted to testify the former presence
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of pseudomorphs after lawsonite (Fry, 1973;
Selverstone and Spear, 1985). Long axes of large
amphibole (1) porphyroblasts between the foliation
planes are oriented at an acute angle to S, (Fig. 4a).
In the MO1, MO2, MO3 samples, large third-
generation amphiboles (3) cut across the S, structure
defined by amphibole (2) (Schulz et al., 1994).
Although it is not always visible by optical methods,
all three generations of amphiboles show similar
prograde zonation trends from actinolite cores toward
tschermakitic hornblende rims (Fig. 6e—i). In sample
MO3, a prograde actinolite to green hornblende and a
retrograde green hornblende to actinolite zonation
trend (Fig. 6f) has been analysed (Schulz et al.,
1994). Zonations from actinolitic hornblende to
actinolite in amphibole (2) needles of sample
Ro6tB2 (Fig. 6i) also refer to a retrograde stage of
metamorphism. Compositions of tschermakitic horn-
blendes in the different samples are between
(Na+K), 0.3—0.5, AIY" 0.7-0.9 and Ti 0.05-0.06
(Table 1). Plagioclase is always oligoclase (An20) in
samples MO1 and MO2, and albite in samples MO3,
Eng3, NevA7 and R6tB2. Both oligoclase and albite
occur in WieB. According to the microstructural
positions it is possible to distinguish among syn-L-
S, or pre-L,-S, albites in the interstitial space or as
porphyroblasts in microlithons, syn-L,-S, albites
(sometimes with thin oligoclase rims) elongated
parallel to L,-S, and post-L,-S, porphyroblasts

FG. 5. (@)—(¢) Microstructures in amphibolites from the Austroalpine basement to the south of the western Tauern

window. X—Z sections parallel to L,-S;. Act—actinolite; Am—amphibole; Ab—albite; Bt—biotite; Cc—calcite;

Chl—chlorite; Ep—epidote; Qtz—quartz; Ttn—titanite. Green amphibole is hatched, actinolite is not hatched.
Arrows indicate core—rim profiles of microprobe analyses (numbers) in Fig. 6.
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(sometimes oligoclase) which overgrew L,-S,.
Epidotes are zoned with Fe-rich cores and Al’" of
2.4 (WieB), 2.5-2.7 (MO3), 2.6 (Eng3), 2.4
(NevA7) and 2.3-2.4 (R6(B2). The Xp, of chlorites
are constant in each sample with Xy, 0.63 in WieB,
0.65 in NevA7 and 0.67 in R6tB2. The assemblage
(Na-Ca) amphibole—albite (oligoclase)-chlorite-
epidote-quartz was stable in different microstructural
sites of Dy (preserved as L;-S; in microlithons and
albite porphyroblasts), D, with L,-S, structures and
post-D, with crystallization of post-L,-S, plagioclase
and amphibole (3).

Austroalpine basement (AA). The upper part of the
USH is built up by alternating Mesozoic graphitic
phyllites, calcschists, marbles, chlorite epidote
metabasites, quartzites and serpentinites with similar
Alpine linear, planar and folding structures as
observed in the USH and the AA. No suitable rocks
for the geothermobarometric P—T path studies were
found in this 1 km thick Penninic—Austroalpine
transition zone, referred to as the Lower Austroalpine
Matreier zone by Tollmann (1977). Amphibolites of
pre-Variscan origin (Schulz et al., 1993) occur with
biotite gneisses and mylonitic orthogneisses in the
Austroalpine basement immediately to the south of
the Matreier zone. These metabasites with a W—E
striking mineral lineation by preferentially oriented
amphiboles were sampled in the Kleinklausen-Tal
(Htih) and in the upper Buinlandtal (Bui5, Bui20) to
the south of the Ahrntal (Fig. 1b). Only one
generation of large zoned amphiboles (Fig. 6k) occur
with albite and oligoclase in sample Hiih. In samples
BuiS and Bui20, the W—E striking L,-S, fabric by
small amphiboles (2) and fine grained epidote,
chlorite, albite and quartz surrounds up to cm-long
microlithons with large amphibole (1) and coarse-
grained chlorite, epidote, albite and quartz (Fig.
S5a,c). Small actinolite cores of amphibole (1) are
mantled by magnesio-hotnblende. The porphyro-
blasts have rims of actinolite. Similar zonation trends
were analysed in amphibole (2). Maximum contents
of A" (1.75), AIY* (0.7), (Na + K)4 (0.65) and Ti
(0.077—0.92) in sample Bui5 are slightly higher than
in sample Bui20 (Fig. 61, m, Table 1). Plagioclase is
albite in samples BuiS and Bui20; epidotes have an
AP* value of 2.3 and the Xy, of chlorites is 0.63. As
observed in the USH samples, the assemblage (Na-
Ca) amphibole-albite—chlorite-epidote—quartz per-
sisted in microlithons and L,-S, throughout the
deformation.

Geothermobarometry and P—T-deformation
paths

The amphibolite samples from the LSH, USH and
AA units display different microstructures of a
common Alpine structural evolution with formation
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of L;—S;, L,—S, and post-L,—S; microfabrics.
Microprobe analyses were performed on character-
istic microstructural sites in selected thin sections.
The chemical evolution of the amphiboles in each
thin section has been checked by 5—10 profiles and/
or parts of profiles of 5—15 point analyses in well-
defined and clearly optically zoned porphyroblasts of
the L;-Sy, L»-S; and post-L,—S, microstructural
sites. Chlorites, epidotes and plagioclases next to the
amphibole porphyroblasts were analysed at cores and
rims or by profiles of 3—5 points. As it was the aim
of the study to discover the general chemical
evolution of the amphiboles and the related minerals
during their crystal growth, the analysis of small-
scale late diffusion effects on mutual grain
boundaries and inclusions has been avoided.
Amphibole compositions do not change when in
contact with plagioclase, whatever its composition.
The individual zonations and compositions of the
amphiboles in a given thin section are part of an
overall and systematic chemical evolution trend in
AT vs. (Na + K), coordinates (Fig. 6, Table 1).
Continucus core-rim zonations with amphibole
compositions connecting the actinolite and green
hornblende compositional fields are observed. The
equivalent zonations of amphiboles (1), (2) and (3) in
the different L;-S;, L,-S; and post-L,-S, micro-
structural positions (USH and AA samples) and in
different microstructural domains (low- and high-
strain zones in Bre and Val samples) signalize a
continuous crystallization in the different micro-
structural sites of a partitioned progressive deforma-
tion. The coeval chemical evolutions of the
amphiboles in AV (pressure sensitive), (Na + K)5
and Ti (temperature sensitive) with prograde
actinolite to tschermakitic hornblende and retrograde
magnesio-hornblende to actinolite zonation trends
are similar in the studied samples. In the 100Na/(Ca
+ Na) vs. 100Al/(Si + Al) and Nayy vs. Nay + K
diagrams of Laird and Albee (1981), the amphibole
compositions plot in the medium pressure field next
to the low pressure field.

It is well known that the composition of the host
rock with its influence on the mineral chemistry, and
the compositions of the amphiboles and paragenetic
minerals are determinant factors in the application of
the different methods used to follow P—T variations
during metamorphism (e.g. Leake, 1965; Harte and
Graham, 1975; Grapes et al., 1977; Thiéblemont et
al., 1988). The distribution of Si, Al and Na in
amphibole sites depends on the physical conditions
of crystallization. Si** increases, AlY' and (Na, +
Napmg) decrease when the grade of metamorphism
decreases (Boyd, 1954; Bard, 1970). Na, increases
with temperature (Vittel and Fabriés, 1982) as does
Ti (Raase, 1974; Laird & Albee, 1981; Colombi,
1989). AI'! and Napy increase with pressure at
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constant temperature (Leake, 1965; Brown, 1977).
Amphibole-plagioclase assemblages exist over a
wide P—T range. Low-T/low- to high-P plagioclase
is albite. At low pressure, plagioclase becomes Ca-
rich when temperatures increases. Even at 600°C an
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amphibole rich in Nas may be in equilibrium with
albite (Spear, 1980; 1981).

The Holland and Richardson (1979) geothermo-
barometer cannot be applied to the western Tauern
metabasite samples due to the negligible glaucophane
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FIG. 6. (a)—(m) Mineral chemical evolution of amphiboles in samples from the Mesozoic Lower Schieferhiille

(LSH), the Upper Schieferhiille (USH) and the Austroalpine basement (AA) in AIV! (= relative pressure) vs. (Na +
K)a (= relative temperature) coordinates. Numbers are microprobe analyses in Figs 3—5. Arrows indicate temporal
direction of the compositional evolution according to core—rim zonation trends in the amphiboles.
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activities in the analysed amphiboles. The maximum
temperatures or the thermal peak of metamorphism
have been estimated with the empirical AI'Y/Ti
geothermobarometer of Colombi (1989). From
magnesio-hornblendes and tschermakitic
hornblendes, temperatures around 600°C at pressures
of 6—7 kbar have been obtained. A more accurate
interpretation of the amphiboles mineral chemistry
evolution in terms of P—T data is possible with the
(Na-Ca) amphibole-albite—chlorite—epidote—quartz
geothermobarometer in the system S-A-F-M-C-N-
H,0O (Triboulet, 1992; Triboulet er al., 1992). It is
based on an empirical calibration which takes into
account two equilibria. These equilibria involve
edenite-tremolite and (pargasite-hastingsite)-tremo-
lite end-members in the amphiboles of assemblages
with chlorite, epidote, albite and quartz.

Cation formula® of amphiboles were calculated
after the procedure explained in Triboulet (1992)
with the site allotment proposed by Leake (1978) and
with estimates of Fe* after Paplke (1974) and Papike
et al. (1974): (1) four Si in the T2 site; (2) the
remaining Si and Al in the T1 site, with Si + AV =4
(3) the remaining Al, Ti, Fe**, Fe®*, Mn and Mg in
the M2 site, with sum M2 = 2; (4) Ca and Na in the
M4 site, with Ca + Nayy, = 2; the remaining Na, K
and then vacancy in the A site with sum A = 1. For
the partition of Fe** and Mg between the M2 and
(Ml M3) sites, it is assumed that (Fe>* /Mgy, =
(Fe /Mg)Ml M3 = (Fe TIME)ary ngbolg

Knowing the Sir;, Al'Y, A *, Fe®*, Mg, Ca,
Napy, Naa and A vacancy in an amphlbole and the
AI’* and Xy, in coexisting epidote and chlorite, it is
possible to calculate two values of In Ky for this
assemblage and to determine P—T directly from each
amphibole analysis (the calculation program and
isopleths are reported in Triboulet, 1992). The
calibration can be used when the amphibole
composition can be defined by end-member activities
occurring in the two equilibria considered, and when
the plagioclase is albite with An < 10% (Triboulet,
1992). Samples with oligoclase only (MO1, MO2
from the Selverstone and Spear (1985) location,
BreAl) are therefore not suitable for the application
of this geothermobarometer. However, results of
tentative geothermobarometric calculations from
these samples do not differ significantly from the
P—T data obtained from samples with both albite and
oligoclase (Bre3, BreB1, WieB, Hiih) and albite only.
In samples with both oligoclase and albite, oligoclase
(An20) is either late/post-L,-S, and does not
influence the P—T paths or it occurs during the
paths calculated with pure albite. In the latter case,
temperatures are overestimated as the paths are
shifted toward higher T when plagioclase is Ca-
richer as An 10 %. No shifting in pressures has been
observed (Triboulet, 1992).
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Chlorites in the successive equilibria of the other
samples raise a problem as these minerals appear
with homogeneous compositions due to a possible re-
equilibration during metamorphism. In contrast, the
epidote compositions vary with the microstructural
site and slight zonations are abundant. As a re-
equilibration is not necessarily evident in most cases,
a change of the modal ratios between some minerals
involved in mass transfer reactions during meta-
morphism would reduce the compositional variations
of the other minerals during the exchange. This
would enable a stronger zoning of amphiboles in a
closed chemical system. As the Xp, of chlorites in
samples with unzoned amphiboles have been found
to be related to the Xy, of the amphiboles
(Thiéblemont et al. 1988), the Xy, of chlorite have
been varied with the different Xp, of amphlboles for
In K, calculations. Measured values of AI’* in
epidote were used. The remaining uncertainty on
chlorite and epidote compositions leads to systematic
error, which cannot be checked, on In K4 for
tremolite—(pargasite—hastingsite). However, the
resulting uncertainty on In Ky and on P—T position
is very small, as the stoichiometric coefficients for
chlorite and epidote are low in the used equilibria
(Triboulet 1992). Moreover as the amphibole site
allotment and Fe** estimation procedure has an
influence on K, values when the isopleths positions
are calculated in P—T coordinates, the choice of the
amphibole structural formulae calculation is deter-
mined by the applied geothermobarometric calibra-
tion. The error in the standard-state enthalpy change
calibration A(AH°) cannot be estimated and the
uncertainties in endmember activities and on
thermodynamic constants are not known. Errors in
T and P (50°C/500 bar, Fig. 7a) are based on the
uncertainties in the microprobe analyses (in per cent:
Si0, 0.4; TiO; 3.5; Al,O; 0.8; FeO 1.5; MnO 8;
MgO 0.6; CaO 0.9; Na,O 2.5; K0 8). Known and
unknown uncertainties from microprobe analyses,
thermodynamic parameters, activity models, Fe**
calculations, do not change the relative positions of
P—T estimates in P—T space and the principal shapes
of the P—T paths remain preserved.

Possible changes of chemical profiles by internal
diffusion in the interior of amphiboles are difficult to
assess. When zonation profiles of different porphyro-
blasts are compared, similar zonations are observed
from different locations within porphyroblasts with
different sizes and from several porphyroblast
generations within a given sample. This provides
no hints to possible internal diffusive changes in the
amphiboles.

The geothermobarometric data from the amphi-
boles affords a reconstruction of P—T evolution with
a direct correlation to the structures of the Alpine
deformation. In the LSH, prograde P—T paths from
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Fi. 7. (a)—(h) P—T data and P-T paths (see inset sketches) of the Alpine greenschist-amphibolite facies
metamorphism in the western Tauern Window (Mesozoic Lower Schieferhiille LSH, Upper Schieferhiille USH) and
its southern Austroalpine (AA) frame. Results from the application of the Triboulet (1992) geothermobarometer (see
text). Arrows indicate temporal direction of the P—T paths according to core—rim zonation trends in the Am; and
Am, amphiboles. Numbers are amphibole analyses in Figs 3—6. Path from Bre is equivalent to BreB1, path from
Eng3 is similar to WieB and path from Hiih corresponds to Bui20/Bui5. The error bar for each P—T point is + 50°C/
0.5 kbar. (i) Alpine P—T path, summarized from (a)—(%). Cooling ages (13—30 Ma) for this P—T path are taken
from Borsi et al. (1978), Raith et al. (1978), Blanckenburg et al. (1989), Christensen et al. (1994) and Zimmermann
et al. (1994). P—T data for the Alpine blueschist facies event M4 1 and the greenschist-amphibolite facies event M A2
are from Holland and Ray (1985), Dachs (1990) (D), Zimmermann et al. (1994) (Z). The P—T paths (grt) from USH
and Palaeozoic LSH garnet-bearing rocks (Selverstone, 1993) with Rb-Sr ages (Christensen et al., 1994) are shown
for comparison. Broken arrows: (1) Previous interpretations with Ms1 and M2 as successive events belonging to a
common P—T loop. (2) Possible relationship between an early M1 event, the lawsonite stability field (e. g. Spear,
1993), and an independent later greenschist-amphibolite-greenschist facies P—T loop (see text for the discussion).
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lower greenschist facies conditions of 300°C/2 kbar
to the amphibolite facies at 600°C/7kbar are
observed. A deviation from the average prograde
P—T paths toward higher pressures (Fig. 7¢) in
sample Val2 is probably related to Fe*-poor
exsolutions in actinolitic cores. The retrograde
evolution passes a segment at 400°C/3—4 kbar and
ends at LT/LP greenschist facies conditions (Fig.
7a—c). Prograde and retrograde parts of the P—T
evolution were both recorded by amphiboles in
domains (1) and (2); however, it is clear from the
fine-grained actinolite—chlorite—epidote—quartz
assemblages in S, and Spy that high strain of
deformation has been concentrated on the foliation
planes. Formation of Spy and S4 occurred when the
P—T path passed lower greenschist facies conditions
between 350 and 300°C.

Maximum P—T conditions of 600°C/6 kbar in the
USH were reached by relatively temperature-
dominated P—T paths which started at 300°C/1—-2
kbar and show a pressure increase at 450°C in some
samples (Fig. 7d—f). At higher temperatures, the
prograde paths are outside the lawsonite stability
field. Post-P ., paths, especially from sample MO3,
are characterized by marked decompression at higher
temperatures as the compression paths, and with first
increasing then decreasing temperatures. When
complete retrograde paths have been recorded
(samples MO3, Ro6tB2), they show significant
cooling at 2—3 kbar (Fig. 7e, g).

Maximum conditions in the amphibolites Bui5 and
Bui20 from the lowest part of the Austroalpine
basement are 600°C/6.5 kbar. The prograde P—T
evolution in this unit is also first dominated by
temperature then by pressure with a pressure increase
at 450°C/3 kbar. The post-P,,, paths show
decompression/cooling to 500°C/3 kbar, then domi-
nant cooling to final LT-LP conditions (Fig. 7h).

Conclusions and implications to
tectonic models

Although differences in details exist, the syndeforma-
tional P—T paths from AA, USH and the Mesozoic
LSH have similar general shapes, first temperature-
dominated, then clockwise with a final cooling at low
pressures. The paths started in the lower greenschist
facies passed the epidote—amphibolite facies at P,y
then Tn.x and finished at greenschist facies
conditions again (Fig. 7{). Maximum temperatures
for the Alpine greenschist-amphibolite facies event
in all three units are 600°C from the Colombi (1989)
and Triboulet (1992) geothermobarometers. These
temperatures are 50—100°C higher as has been
previously estimated from other rocks and with
other geothermobarometric calibrations (Hoernes
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and Friedrichsen, 1974; De Vecchi and Baggio,
1982; Selverstone and Spear, 1985; Frank et al.,
1987; Dachs, 1990). At least a part of these
differences could be caused by the empirical
calibrations of the (Na-Ca) amphibole geothermoba-
rometer. Results from garnet-biotite thermometry in
garnet muscovite schists of the AA are 550—580°C
(Schulz, 1990, and unpublished data) and in fair
agreement with the data from the amphibolites. If
temperatures are slightly overestimated by the
geothermobarometers of Colombi (1989) and
Triboulet (1992) , the principal shapes of the P—T
paths will not change dramatically, as pressures are
equivalent to the previous results (Fig. 7i). As is
evident from the geothermobarometric calculations,
the mineral chemistry and the mineral assemblages,
the samples belong to the same metamorphic zone
which cuts across the tectonostratigraphic units.
Complete P—T paths are observed from single
samples and locations, and the P—T estimates do
not represent a metamorphic field gradient from a
random pattern of P—T data from scattered samples.

Minimum ages of the metamorphism are given by
Rb-Sr, K-Ar and Ar-Ar mineral data (Borsi et al.,
1978; Raith et al., 1978; Blanckenburg et al., 1989;
Christensen et al., 1994; Zimmermann et al., 1994).
Following the concept of closure temperatures and
interpreting biotite Rb-Sr ages to date the cooling
below 320°C, the minimum age of the final
retrograde stage of the P—T paths is 13—15 Ma
(Blanckenburg et al., 1989). Low-silica micas yield
Ar-Ar data which indicate cooling at 27 Ma in the
central Tauern Window (Zimmermann et al., 1994).
According to the Rb-Sr data from garnets in the LSH
and USH, the thermal climax in the western Tauern
Window may have been around 30 Ma and P, in
the Palaeozoic LSH at 60 Ma (Selverstone, 1993;
Christensen et al., 1994). In the absence of fossil data
from the Mesozoic host rocks of the amphibolites, or
of further radiometric data, it is impossible to
constrain the age when burial began.

It is evident from the syndeformational P—T paths
and the chemical evolution of the amphiboles that the
greenschist-amphibolite facies event is similar in the
AA, USH and the Mesozoic part of the LSH, and
represents an independent metamorphism along a
complete P—T loop. Furthermore, even if minimum
uncertainties of + 50°C/+ 0.5 kbar on the
geothermobarometric calculations are considered,
there is no hint that the prograde paths passed high-
pressure/low-temperature conditions in the studied
units (Fig. 7i). The prograde P—T evolution was
dominated by an increase of temperatures with a
moderate increase of pressures and the P—T ratios
are situated in the P—T range of a ‘continental
orogenic belt’” metamorphism (Spear, 1993). It is
possible that the short anticlockwise portions of some
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prograde paths have been related to an early
ephemeral temperature-dominated heat flow regime.

According to the P—T data from the amphibolites,
a high-pressure/low-temperature event in the Tauern
Window should have predated the greenschist—
amphibolite—greenschist facies P—T loop. Pressure
may have decreased from high-pressure/low-
temperature conditions previous to the prograde
greenschist—-amphibolite facies evolution. Lozenge-
shaped mineral aggregates have been interpreted as
pseudomorphs after lawsonite of a high-pressure/
low-temperature event (e.g. Selverstone and Spear,
1985). Alternatively, lawsonite may have crystallized
at low-pressure/low-temperature conditions at the
beginning of the P—T path (Fig. 7i). This appears
possible, as lawsonite can be stable at LP-LT
conditions. Additionally the actual pressures for the
growth of early actinolite in the amphibolites may
have been slightly underestimated by the Triboulet
(1992) calibration due to the low activity of
pargasite-hastingsite end-members in actinolites.

This observation of a complete greenschist—
amphibolite—greenschist facies P—T loop contrasts
the interpretations of Holland and Ray (1985) and
Zimmermann et al. (1994) for the central Tauern
Window with that of Selverstone and Spear (1985)
for the western Tauern Window. These authors
assigned the glaucophane—lawsonite or blueschist
facies and the greenschist-amphibolite facies meta-
morphic stages in the USH to a common P—T loop
(Fig. 7). The P—T paths confirm the results of De
Vecchi and Baggio (1982) who found no evidence of
a blueschist facies event in the USH metabasites of
the western Tauern Window. However, the geother-
mobarometric data from garnet-bearing rocks in the
Palaecozoic LSH of the western Tauern Window
(Selverstone et al., 1984) and the data from the
Eclogite zone in the central Tauern Window (Fig. 7)
indicate quite different P—T evolutions in basal and
upper parts of the nappe pile.

This complete middle- to late-Alpine greenschist—
amphibolite facies P—T loop is coeval with a
polyphase Alpine deformation. The boundary
between the Mesozoic Matreier zone/Upper
Schieferhtille and the pre-Variscan Austroalpine
basement is clearly a marked lithological boundary
in the Eastern Alps. However, the continuous
structural transition across the boundary, the similar
late-Alpine radiometric ages on both sides and the
common metamorphic evolution obvious from
similar P—T-deformation paths, suggest that
Mesozoic units and the Austroalpine basement
rocks were imbricated and welded prior to the
thermal and baric peaks of the greenschist-amphi-
bolite facies event. Accordingly, crustal burial with a
stacking (D;) of AA, USH and LSH nappes and with
a movement of the nappes parallel to the lineation,
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then isoclinal folding F, (D,), could be associated
with the prograde paths. The uplift after P, was
then accompanied by subsequent transpression
tectonics with folding F; (D;) around the W-E
trending lineation. At a late stage of the uplift, the
top-to-W directed movements of low-angle normal
faulting occur along S, and Sy planes with a W—~E
directed lineation. In this manner, the prograde as
well as the retrograde P—T evolution are associated
with L;-Sy, L2-8; then F3, Si,y1 and Sy structures of a
polyphase progressive deformation with a constantly
W-—E oriented extension axis of strain.

There arise some consequences for geodynamic
models of the Alpine evolution. It is clear from the
significant differences in maximum pressures
between the Eclogite zone on the one hand and the
AA, USH and Mesozoic LSH on the other hand, that
these units have not been adjacent throughout their
metamorphic histories. Furthermore, the glauco-
phane-lawsonite or blueschist event in the EZ, LSH
and USH was not related to the greenschist—
amphibolite facies P—T-loop and appears to be an
earlier event. After individual burial histories, the
high-pressure and medium-pressure units should
have been brought together during the uplift of the
high-pressure rocks, as has been outlined by Spear
(1993, p. 744—745). Accordingly, Frank et al. (1987)
explained the temporal and spatial relationships by
envisaging two subduction zones — an early-Alpine
subduction to the north with an early high-pressure
metamorphism, and a later middle- to late-Alpine
second subduction to the south with the greenschist—
amphibolite facies metamorphism. However, the
moderate P—T ratios in the studied AA, USH and
Mesozoic LSH favour a continental collisional type
of metamorphism rather than subduction for the
second event. Similar Alpine two-stage successive
subduction-uplift then collision-uplift processes have
been recognized from metamorphic rocks of the
Betic Cordilleras (Puga er al., 1989).
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