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SCHWEIZ. MINERAL. PETROGR. MITT. 70, 403—417, 1990

Tectonic significance of an early-Alpine P-T-deformation
path from Austroalpine micaschists to the south
of the Tauern Window, Eastern Alps

par Bernhard Schulz!

Abstract

An early-Alpine P-T-deformation path was obtained from garnet-micaschists of the Alpidic Austroalpine basement
by applying geothermobarometric calibrations to the deformation-related chemical evolution of minerals in incom-
pletely preserved assemblages. A relative P-T path from temporarily syncrystalline rotated garnets describes the
prograde metamarphic evolution (increasing T, mainly decreasing P) during the generation of a foliation S2 by a
simple-shear-dominated deformation D1-D2. Muscovites with different mineral chemistry in foliation S2 and a
younger crenulation foliation 83 recorded a subsequent isobaric temperature decrease from 4 kb / 550 °Cto 3.5 kb /
350 °C synchronous to a pure-shear-dominated deformation D3. The general shape ot the P-T path is characteristic of
successive understacking — overstacking — uplift — further understacking / screen effect of tectonic units in a collisional
scenario. Radiometric dating by other authors suggests a pre-100 Ma age of this collision history.

Keywords: Microstructures, mineral chemistry, geothermobarometry, P-T-deformation path, early-Alpine colli-
sion, Eastern Alps.

Zusammenfassung

Aus Granat-Glimmerschiefern des alpidisch Giberpriigten ostalpinen Basements wurde ein friihalpiner P-T-Deforma-
tionspfad ermittelt. Die Anwendung der geothermobarometrischen Kalibrierungen erfolgte an Mineralen, die teil-
weise in unvollstiandiger Paragenese vorliegen und die eine chemische Entwicklung mit enger Beziehung zur Defor-
mationsgeschichte aufweisen. Ein relativer P-T-Pfad von zeitweise synkristallin rotierten Granaten beschreibt die
prograde Metamorphose (steigende Temperaturen, hauptsichlich sinkende Driicke) wihrend der Bildung einer
Foliation S2 durch Scherdeformation D1-D2. Chemisch unterschiedlich zusammengesetzte Hellglimmer in S2 und
einer jiingeren Crenulationsschieferung S3 registrierten einen darauffolgenden isobaren Temperaturrickgang von
4 kb /550 °C auf 3.5 kb 7 350 °C im Verlauf einer {iberwiegend koaxialen Deformation D3. Die generelle Form des
P-T-Pfades ist fiir eine aufeinanderfolgende Unterschiebung — Uberschiebung — Hebung - weitere Unterschiebung /
Temperatur-Abschirm-Effekt (screen effect) mehrerer tektonischer Einheiten bei einer Kontinent-Kollision kenn-
zeichnend. Radiometrische Datierungen anderer Autoren deuten darauf hin, dass diese Kollisionsgeschichte ilter als
100 Ma ist.

1. Introduction Adriatic plate, has moved to the north (FriscH,

1978; Roeper and BocEL, 1978; ToLLmANN, 1987)

The lithologic and tectonic transition between the
Austroalpine basement complex (ABC) to the
south and the Upper Schieferhiille (USH) of the
Penninic complex to the north is considered to be
the most important Alpine borderline and suture in
the Eastern Alps (Fig. la, 1b). During an early-
Alpine continental collision the pre-Alpine
Austroalpine basement complex, belonging to the

and now overlies the pre-Alpine Central gneisses
of the European continental crust which outcrops
in the central Tauern Window, The crust of the
Penninic ocean, initially situated between the Adri-
atic (Apulian) and European plates, was previously
subducted beneath the Adriatic plate. Mesozoic
sedimentary and magmatic rocks which had
covered the Penninic oceanic crust have been

! Institut fiir Geologie und Mineralogie, Schlossgarten 5, D-8520 Erlangen, Federal Republic of Germany.
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scraped off and are found in the Upper Schiefer-
hiille and Matreier Zone between the continental
plates. A partial subduction of the Mesozoic rocks
and the Central gneisses beneath the Austroalpine
basement complex is considered to be responsible
for intense Alpine regional metamorphism in the
Tauern Window and its frame (see below).

Early-, middle-, and late-Alpine metamorphic
events at 120-80 Ma, 50-30 Ma and 20 Ma were
discussed by RarTH et al. (1978), Borst et al. (1978)
and Sasst et al. (1974, 1980). The thermal condi-
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tions and metamorphic isograds of the middle-
Alpine metamorphism ("Tauernkristallisation” of
SANDER, 1921), especially in the Upper Schiefer-
hiille, are known from e.g. the studies of HOERNES
and FrIEDRICHSEN (1974), Raase and MORTEANI
(1976), Hock (1980), Hock and HoscHek (1980),
OxBurGH and TurcotTE (1974), OXBURGH and
EncLanp (1980), SaTIR and FrIEDRICHSEN (1986),
SELVERSTONE et al. (1984), SELVERSTONE and SPEAR
(1985), Droor (1985) and BLANCKENBURG et al.
(1989). Compared to the large amount of work
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Fig. 1 Geological setting (a), (b) and structural geology (c) of the sampled area. Lithology and structures after
SENARCLENS-GRANCY (1972) and ZarskE (1985). AAB - Alpidic Austroalpine basement; ABC - Austroalpine base-
ment complex; CG - Central gneisses of Tauern Window; DAV — Defereggen-Antholz-Vals-Line; M — Permomeso-
zoic of Drau; MZ — Matreier Zone; PL — Periadriatic Lineament; TC - Thurntaler complex; To — tonalite; SA —

Southern Alps; USH — Upper Schieferhiille.
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which has been done in the Tauern Window (for
further bibliography see Frank et al., 1987 and
Frisch et al., 1987), only a few new petrologic data
exist for the Alpidic part of the Austroalpine base-
ment to the south of the Tauern Window (e.g.
Contint and Sassi, 1980; Hormann et al., 1983;
STOCKHERT, 1984, 1985).

This paper deals with the determination and
tectonic interpretation of a P-T-t-deformation path
from Alpidic Austroalpine garnet-micaschists
three kilometers above the Matreier Zone and the
Upper Schieferhiille. The obtained prograde-retro-
grade path is not smoothly curved. Its edges give
crucial hints at the early-Alpine tectonic and meta-
morphic evolution during a continental collision.

2. Structures

Several samples from garnet-micaschists were col-
lected in the Seespitze area, northern Defereggen
Alps, Tyrol, Austria (Fig. 1c). These garnet-mica-
schists, called Cima-Dura-phyllites elsewhere (DAL
Piaz, 1934; Bagaio et al., 1971), are very uniform in
their mineralogic composition and accompany the
southern frame of the Tauern Window. The rocks
in the sampling area are uniform as well and all
samples have quite similar compositions with mus-
covite 35%, quartz 25%, biotite 16%, garnet 7%,
plagioclase 7%, chlorite 6%, ilmenite 3%, epidote
1% (sample 7, 500 points counted). Biotite gneisses
with intercalated orthogneisses are found to the
south and separate the garnet-micaschists from the
Matreier Zone to the north. Although belonging to
the pre-Alpine Austroalpine basement, the garnet-
micaschists are considered to be completely over-
printed by Alpine events, as is obvious from radio-
metric and structural data (Borst et al., 1978;
STOCKHERT, 1984, 1985).

A weakly crenulated main foliation S3 (see be-
low) strikes ENE-WSW and dips steeply to the
south (S 74 / 78 S). Lineations by open crenulation
Lcr4 and fold axes Lf plunge gently to ENE or
WSW (L 70 / 10 W) (Figs 1c, 2). Most obvious
mesoscopic structures are isoclinal folds (F3) of
quartz layers and quartz rods which are elongated
some meters parallel to L. A shearband foliation S4
crosscuts S3 at high angles (Fig. 2a). Similar
structures are found in the underlying Matreier
Zone and the Upper Schieferhiille which are posi-
tioned about 3 km below the sampled area. Such
structurally concordant transitions from the
Austroalpine basement into the underlying Meso-
zoic units were also macroscopically and mesoscop-
ically observed by NoLLau (1969) to the west and
by BArnick (1965) and BEHrRMANN and WALLIS
(1987) to the east.
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3. Microstructures

About 40 thin sections in XZ- and YZ-planes, de-
fined by the main lineation L (see Fig. 2) were
studied from seven samples which all show similar
meso- and microstructures. Foliation S3, composed
of planar biotite, muscovite and chlorite (Bt2, Ms2,
Chl) is the most significant structure in the sections
(Fig. 2b). The S3 foliation surrounds quartz-rich
microlithons which contain abundant quartz, rare
epidote and a relic crenulation foliation S2 under-
lined by biotite 1 and muscovite 1. Structurally
zoned garnets (Grt) inside the microlithons have
S-shaped inclusion trails of S1-Si, defined by
quartz, epidote and heavy minerals, in their cores.
Biotite (Bt3) and chlorite are sometimes found in
pressure-shadow positions close to the porphyro-
blasts. Optically weakly zoned plagioclases (An 2-3
determined by microprobe) mostly occur in S3
planes and enclose opaque minerals (Fig. 4¢). The
plagioclase porphyroblasts with irregular grain
boundaries seem to have grown at the expense of
muscovite. Other plagioclases with similar compo-
sitions and similar shapes are found inside the
microlithons. These porphyroblasts are probably
completely converted older plagioclases formerly
richer in anorthite. Foliation S3, crossed by large
biotites, muscovites and chlorites (Bt3, Ms3), was
slightly deformed by a late foliation S4 underlined
by chlorite (Fig. 2b).

$1-Si inclusion trails are planar or smoothly
curved in the innermost part of the garnets. This
indicates a static growth of the porphyroblasts. To
an intermediate zone, sometimes openly and tight-
ly curved hinges of S1-Si at each side of the
porphyroblasts are observed (Fig. 4a). Broad rims
without any inclusions point to a final static growth
synchronous to the formation of S2.

The significance of S-shaped inclusion trails in-
side porphyroblasts is still controversial: BELL
(1985) and BELL and Jonnsoxn (1989) found evi-
dence of a static growth and no syncrystalline rota-
tion of such porphyroblasts during deformation his-
tories of progressive bulk shortening. In contrast,
ScHoNEVELD (1977) and Masuba and MocHIZUKI
(1989) modelled a syncrystalline rotation of circu-
larly growing porphyroblasts by shearing. How-
ever, the differently curved hinges of inclusion trails
at each side of the garnets are very similar to the
inclusion trails shown by ScHoNEVELD (1977) and
Masupa and Mochizuki (1989). A circular (spheri-
cal) growth of the garnets is proved by chemical
profiles (Figs 4a, 4b). For this reason the observed
S-shaped inclusion trails probably indicate a short
period of syncrystalline porphyroblast rotation.

Sample 4 was studied intensely to obtain more
information about shear senses and deformation
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history. All 23 garnets with inclusion trails out of 46
porphyroblasts in a XZ-section (Fig. 2b) show
clockwise rotation around Y (PoweLL and TrEa-

(a)
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GUs, 1969). In the YZ-section, out of 50 garnets
only 10 examples with curved inclusion trails show
clockwise rotation and 17 porphyroblasts contain
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Fig. 2 (a) Mesoscopic structures of garnet-micaschists.

(b) Microstructural relationships inside garnet micaschists in a synoptic view, compiled from samples 4 and 7.

1 — garnet (Grt) with S-shaped inclusion trails of $1-Si which indicate syncrystalline rotation around Y-axis (see Fig.
4a), rotation sense may be inverted by isoclinal folding F3 around Lf. 2 — garnet with oriented dissolution at contact to
$3 plane; 3 - garnet with tension cracks filled by chlorite (Chl); 4 — garnet with pressure-shadows of biotite (Bi3); 5 -
chlorite pseudomorph is replacing garnet; 6 — biotite, muscovite (Bt1, Msl), chlorite, forming crenulated foliation S2
(see Fig. 4d); 7 - biotite, muscovite and chlorite {Bt2, Ms2, Chl) forming crenulation foliation S3; 8 — plagioclases An
2-3 (P1) in 83 foliation plane (see Fig. 4e) and inside microlithon. The plagioclase inside the microlithons seems to be
converted older plagioclase. 9 — chlorite in $4 shear plane; 10, 11, 12 — muscovite, biotite and chlorite (Ms3, Bt3, Chl)
cutting foliation S3; 13 - idiomorphic epidote (Ep) inside microlithon. dx, dy, dz — spacing between garnets of one
cluster; Ix, ly, 1z — dimensions of garnets with tension cracks. X, Y, Z — reference axes.
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planar inclusion trails. Similar relationships were
found in two further samples; oppositely directed
rotation senses around Y were observed in two
other samples. Such incoherent garnet rotation
senses from different samples probably were
caused by isoclinal folding F3 around Lf (Fig. 2a).

The S1-Si inclusion trails inside the garnets do
not line up with the crenulated foliation S2. An
oblique orientation of $2 with an unknown, but
constant angle in reference to the XY-plane pre-
vious to D3 may be inferred from the relatively
constant positions of the inclusion trails within the
XYZ-frame (Fig. 2b). Thus, from these geometric
relationships, only a shearing in the S2-plane per-
pendicular to the Y-axis can be derived. A regional
sense of shear or transport is not available from the
existing data.

A clustered arrangement of the garnets in the
sample (Fig. 2b) allows no simple application of
center-to-center methods (Ramsey and HUBER,
1983) to determine bulk strain. This arrangement is
a consequence of the crenulation folding of S2 and
was not caused by a clustered garnet growth pre-
vious to formation of S2. However, the distances in
the XY- and Z-directions between the garnets of a
cluster are significantly different. Six dx/dz ratios
(Fig. 2b) from 3.0 to 5.1 and seven dy/dz ratios from
1.1 to 6.5 in sample 4 may indicate a flattening in
the XY-plane.

As is obvious from the chemical profiles, the
garnets in the samples were initially circular (speri-
cal), but some porphyraoblasts are corroded at the
contacts with the surrounding foliation S3. Tension
cracks of other garnets are filled by chlorite (Fig.
2b). Out of 48 garnets in the XZ-section of sample
4,20 examples show tension cracks. The Ix/1z ratios
(Fig. 2b) vary at about 1.67. Only 4 garnets out of
50 porphyroblasts in the YZ-section display ten-
sion cracks and have a ly/lz ratio of 1.35. These
relationships indicate an axial extension (constric-
tion) in X-direction. The slight coherent obliquity
of the tension cracks in reference to the Z-direction
(Fig. 2b) may give a hint of a contemporaneous
small simple shear deformation component.

A deformation history was deduced semiquan-
titatively from these observed microstructural rela-
tionships. Temporally changing amounts of simple
shear and pure shear deformation components pro-
duced a finite state of deformation. Foliations S1
and S2 were generated during a deformation se-
quence D1-D2. It is difficult to evaluate the type of
dominant deformation and the primal orientation
of S2-planes related to this sequence. However,
rotated garnets recorded a period of an increased
simple shear deformation component with a shear-
ing direction perpendicular to Y and a considerable
simple shear component can be assumed in course
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of the generation of 82. Subsequently, deformation
D3 crenulated the S2 foliation. This deformation
sequence was dominated by pure shear deforma-
tion components (flattening/constriction, see
above) as is indicated by the strain data and the
undisturbed angular relationships between the gar-
net rotation axes and the X-axis. Nethertheless, an
additional minor simple shear deformation compo-
nent led to the crenulation foliation S3. The pres-
ently observed orientation of S3 (Fig. 1b) was
caused by later large-scale updoming/shortening of
the Tauern Window and its frame (LLAMMERER,
1988).

4. Mineral assemblages

A mineralogical-microstructural scheme (Fig. 3),
which shows the successive appearance of mineral
phases in the course of time, was recognized from
the microstructural relationships in samples 4 and
7. These samples contain the same phases in similar
microstructural positions and are considered to re-
present the typical microstructural evolution of the
garnet micaschists. The successive appearance/
disappearance of mineral assemblages can be seen
in this scheme.

An early assemblage M1: garnet, biotite 1, mus-
covite 1, chlorite, plagioclase {disappeared), quartz
and epidote represents an upper greenschist facies
metamorphism during the D1-D2 deformation se-
quence. A later assemblage M2: biotite 2, musco-
vite 2, chlorite, plagioclase, quartz and epidote
probably characterizes a change to lower tempera-
tures in the course of D3.

5. Mineral compositions

About 60 chemical analyses of mineral grains were
obtained by microprobe in an XZ-section of sam-
ple 7 and are summarized in Tab. 1. Garnets are
strongly zoned: Spessartine (Sps) and grossular
(Grs) contents discontinuously decrease from cores
to rims, Mg/Mg + Fe®* contents are constant up to
the intermediate zones and then increase con-
tinuously to the outer rims (Fig. 4b). The general
trend of this chemical evolution (Fig. 4¢) qualita-
tively signals increasing temperatures and decreas-
ing pressures (MARTIGNOLE and NANTEL, 1982). A
significant constant or slightly increasing grossular
component in the intermediate zones and then
steeply falling grossular contents in the rims inter-
rupt this general tendency (Figs 4b, 4c). These
chemical variations were observed from several
porphyroblasts in the section.



408 B.SCHULZ

D1 SS>>PS  Ss>PS Dz Ps >5S D3 D4
DEFORMATION > > - > >
MICROSTRUCTURE | S1-Si S2 L

post pre syn |post|pre| syn| post
NOOFP-TFELD |1 2 3/4 S5 6 7| 8 9
GARNET 7 & 3 8 53 2L | |
PLAGIOCLASE | | (disappeared) _| “st-o-——— - —J;ZIE;_OJ
MUSCOVITE 1 0o—7100 iy
MUSCOVITE 2 ; [ [2_55] [MuscoviTe 3
BIOTITE 1 00100 '
BIOTITE 2 [ [13_]{BioTITE 3
CHLORITE OO O [Coer

| L v 1 L v |

PARAGENESIS early M1 late M2

Fig. 3 Appearance of minerals in course of time, derived from their structural positions relative to foliations S1 to
S3, compiled from samples 4 and 7. Numbers identify microprobe analyses in Tab. 1, bold numbers indicate
calculated P-T fields in their positions relative to microstructures, broken lines connect the analyses which were
combined to calculate relative P-T variations (see Fig. 5a). D1 to D4 — phases of deformation; ss ~ simple shear
deformation component with shearing perpendicular to Y; ps - pure shear deformation component; M1, M2 —
successive mineral assemblages; disappeared plagioclase in assemblage M1 probably was completely converted to the

younger plagioclase.

The three generations of biotite are quite simi-
lar in their chemical composition: biotites 1 in S2-
position vary in XMg from 0.44 to 0.46; biotites 2 in
foliation S3 have a XMg of 0.44. Third generation
biotites show slightly lower values of XMg from
(.44 to 0.42. Similarly, S2-biotites are slightly richer
in Ti (0.22) than biotites from S3 (Ti = 0.19 p.f.u.).

Significantly different chemical compositions
were observed in syn-S2 and syn-S3 muscovites. S2-
muscovites (Msl) are richer in Na and poorer in
Si**, Mg, Fe than S3-muscovites (Ms2) (Figs 4f, 4g).
From these chemical differences it can be con-
cluded that S2 was generated at higher tempera-
tures than S3 and that pressures only slightly
changed from S2 to S3 (Ciprian et al., 1971).

6. Estimations of P-T variations

The constant or slightly increasing grossular con-
tents in the intermediate zones of the garnets are
closely related to the curvature of the S-shaped
inclusion trails (Figs 4 a, b, ¢) which indicate a sig-
nificant deformational event within the deforma-
tion sequence D1-D2. In the same way, the signifi-

cant change in mineral chemistry of the muscovites
in foliations S2 and S3 corresponds to the deforma-
tion D3. These small-scale deformations of the
rocks were induced by large-scale tectonic events
which influence the evolution of P and T in the
crust. In consequence, the observed chemical varia-
tions, closely related to deformations, may corre-
spond to variations of P and T. In particular, garnet
compositions can continuously change by con-
tinuous reactions and reflect temporal changes of P
and T (Trzcienski, 1977, Tracy, 1982). On the
other hand, micas in successive foliations represent
discontinuous steps of the P-T evolution (TrRiBOU-
LET and AUDREN, 1985).

The phyllosilicates continuously recrystallize in
the foliation planes during progressing deforma-
tion. Thus, their chemical compositions are related
only to the final increment of each deformation
phase and represent discontinuous chemical mark-
ers in a scenario of successive deformations. This
explains the quite homogeneous compositions of
micas in each foliation generation.

The calculation of several successive values of P
and T from metapelitic mineral assemblages re-
quires chemical data from garnets, biotites, musco-



EARLY-ALPINE P-T-DEFORMATION PATH, EASTERN ALPS

409

Tab. 1 Selected microprobe analyses of garnets (24 O), biotites (22 O}, muscovites (22 Q), chlorite (28 O) and
plagioclases (8 O). For microstructural positions of the analyses sec Figs 3, 4. Foliation 82 is formed by biotite 1 and
muscovite 1; foliation 83 is formed by biotite 2 and muscovite 2. All analyses are from sample 7.

core garnet Tim plagioclase

11 7 4 3 8 53 2 29 30
5102 36.43 36.37 36 .38 36.60 36.7% 36.48 36.10 5102 70.27 69.35
TiO2 .18 .04 .09 .12 .00 .03 .03 Ca0 .44 .58
A1203 20.35 20.34 20.59 20.71 20.39 20.67 20.95 Na2 10.51 10.01
Fel 29.88 34 .80 35.59 36.36 36.70 38.38 38.75 K20 .04 .07
Mn0 7.06 3.01 2.68 1.70 .98 .95 .57 A12 3 20.72 20.33
MgO .95 1.50 1.59 1.81 2.31 2.36 2.67 - 101.98 100.34
Ca0 3.97 2.87 2.20 2.06 1.89 .79 .33

Si 2.99 2.99
tot 98.82 98.93 99.12 99.36 100.06 99 .83 9%.40 Ca 02 02
Si 5.98 5.98 5.97 5.90 6.02 5.95 5.98 Na .86 .83
Al 3.94 3.94 3.98 3.98 3.93 3.98 4.04 K .00 .00
Fez* 4.10 4.78 4.88 4.897 5.02 5.24 5.30 Al 1.03 1.03
Mn .98 .42 .37 .23 .13 .13 .07 tot 4.90 4.87
Mg .23 .37 .38 .44 .56 .57 .65
Ca .69 .50 .38 .36 .33 .13 .05 | An 203 S0
tot 15.92 15.99 15.96 15.88 15.89 16 .00 16.09
Alm 68 .36 78.76 81.06 87.09 82.99 86.14 87 .09
Sps 16.36 6.91 6.18 3.92 2.25 2.17 1.29
Prp 3.87 6.07 6.44 7.36 9.29 9.46 10.71
Grs 10.94 8.04 6.09 5.68 5.43 2.12 .83
) muscovite 53 __Sp biotite g3 chlorite

17 18 42 55 26 15 13 21 16
SiD? 51.02 50.90 52.20 53.00 53.13 37.1q0 36.53 36.25 24.40
TiU2 .40 .30 .30 .30 .30 1.95 1.72 1.72 .00
A120:3 36.03 34.93 32.16 32.19 31.92 17 .84 18.00 18.28 22.06
FeO 1.52 1.54 2.28 2.32 2.31 20.15 20.13 20.21 26.03
MgQ 1.18 1.20 2.21 2.32 .24 9.05 9.01 9.08 13.73
N820 1.01 .97 .67 .47 56 .22 .24 .24 .01
K20 7.25 7.78 7.28 6.32 7.63 8.03 B.23 8.02 .00
tot 98 .41 97 .62 97.10 96.92 98.09 94 .34 93.86 93.80 B6.23
S5i 6.41 6.47 b.66 6.72 6.71 5.62 5.60 5.56 5.24
T1 .03 .03 .03 .03 .03 22 .19 .19 .01
Al 5.33 5.23 4.84 4.81 4.795 3.20 3.25 3.30 5.59
a2t 15 .16 .24 .24 .24 2.56 2.58  2.59 4.68
Mg .22 .22 .42 .43 .42 2.05 2.06 2.07 4.40
Na .24 .23 .16 .11 .13 .06 .07 .07 .00
K 1.16 1.26 1.18 1.02 1.23 1.56 1.61 1.57 .00
tot 13.54 13.60 13.53 13.58 13.51 15.27 15.36 15.35 13.92
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Fig. 4 (a) Garnet (Grt) with sharply and openly curved S1-Si inclusion trails at each side. The porphyroblast is
situated in a microlithon wrapped by S3. Numbers identify microprobe analyses from adjacent minerals. (b) Chemical
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vites and plagioclases coexisting during corre-
sponding time intervals A t. As is obvious from the
mineralogical-microstructural scheme (Fig. 3), due
to the very different times of appearances, the late
plagioclase is not compatible with garnet. Early
oligoclase and andesine coexisting with garnet are
known (ZARskE, 1985) from biotite gneisses and
garnet-micaschists in the region. In the analyzed
samples such plagioclase was not found and the
sole observed Ca-bearing mineral found coexistent
with garnet is accessoric epidote.

However, the garnet must have exchanged Ca
with a coexisting abundant solid or liquid medium
in close dependence on the deformation as is ob-
vious from its discontinuous chemical zonations. A
complete conversion of pre-existing plagioclase
richer in anorthite to the observed younger pla-
gioclase by further reactions (probably Ms1 + PI1 +
H,O = Ms2 + P12) in course of the metamorphism
seems to be a satisfying explanation. This is sup-
ported by the observation of late plagioclase inside
microlithons nearby garnet (Fig. 2b). Replacement
of early plagioclase by epidote induced by exagger-
ated fluid migration from underlying mesozoic
metasediments (STOCKHERT, 1982) may be also
taken into account.

Due to the lacking analyses from the disap-
peared early plagioclase, no absolute, but only rel-
ative pressure variations may be calculated from
the garnet zonations. Furthermore, the micas from
foliation S2 grew contemporaneously with the
garnet rims and there are some time intervals A t of
coexistence during late stages of garnet growth.
This allows calculation of the variations in T in
relation to the temperature reached during the fi-
nal stage of garnet growth.

Methods proposed by SPEAR and SELVERSTONE
(1983) to estimate P and T from garnet zoning
cannot be applied directly due to the incomplete
existing pre/syn-S2 mineral assemblage (M1) in the
sampled garnet-micaschists. A different method,
based as well on the garnet zoning, was used. Input
of always the same biotite, muscovite and inade-
quate plagioclase compositions into the calcula-
tions gives a systematic error in the results. How-
ever, this systematic error does not affect the prin-
cipal sense of the calculated P-T variation (SPEAR
and RuMBLE, 1986).

Relative temperatures and pressures were cal-
culated by combining several garnet analyses with
always the same syn-S2 biotite and muscovite and
an inadequate plagioclase, treating biotite, musco-
vite and plagioclase as a constant factor (Fig. 3).
Thus, the obtained P-T variation is only dependent
on garnet compositions and reflects a relative P-T
variation directly dependent on the discontinuous
zonation.
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The data from garnet and biotite was applied
using seven pressure-dependent geothermometric
calibrations. Only maximal and minimal results
from caltbrations by THompsoN (1976), HoLpawAaY
and Lee (1977), Hopces and Seear (1982) and
PercHUK and ArRaNovITCH (1984) are shown (Fig.
5a). The variations in temperatures from 500 °C
(garnet core and S2-muscovite) to 580 °C (garnet
rim and S2-muscovite), calculated by the geother-
mometer of GREEN and HELLMANN (1982) is not as
broad than from the garnet-biotite calibrations.
However, syn-S2 temperatures are similar from all
applied geothermometers.

The relative variations in pressure by calcula-
tions with the calibration of GHENT and Stout
(1980), involving garnet, biotite, muscovite and the
inadequate late plagioclase is shown by Fig. 5a. The
pressure-dependent transission of AlY! to AI'Y and
of Mg, Fe¥!! to Mg, Fe"! in micas involved in the cal-
ibration was kept constant by the procedure de-
scribed above and only net transfer of Ca between
garnet and the intentionally used inadequate pla-
gioclase is taken into account for relative pressure
determination. Thus, the results depend strongly
on the garnet activity model of GHENT and Stout
(1980), which is calibrated for rocks with lacking
aluminosilicates. Other calibrations from GHENT
(1976) and Newrton and HaseLton (1981), applied
to draw error surfaces, produced pressure values
systematically higher and with a similar sense of
variation. Calculations with an assumed oligoclase
led to the same sense of variation.

However, all these calibrations involve the gar-
net activity model as a predominant part, and micas
and plagioclase as minor parts of the calculations.
Thus, the results will always depend strongly on the
chemical zonation of the garnet, even if chemical
compositions of inadequate associated minerals are
intentionally integrated. As was pointed out by
SpeAr and RuMBLE (1986), such an (intentional) in-
put of a systematic error like the chemical composi-
tion of an inadequate plagioclase into the calcula-
tions will not reverse the sense of the P-T variation
and therefore will not affect the principal shape of
the relative P-T path.

For the above mentioned reasons, the calculat-
ed values of pressures in the P-T fields 1 to 7 are not
realistic and too high and reflect only a relative
change of metamorphic conditions in an interval of
4.5 kbar. Values of temperatures are realistic,
especially the maximum temperature which was
calculated from minerals in adjacent positions on
the microstructural-mineralogical scheme (Fig. 3).

It is possible to estimate minimum pressures
from Si** contents of white micas coexisting with
biotite and quartz (VELDE, 1967, MassonnE and
SCHREYER, 1987) if temperatures are known. The
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Si** contents of representative muscovites from fo-
liations S2 and S3 (Figs 4 f, g) previously were nor-
malized by substracting the paragonite component
and recalculating the structural formulae (Diro et
al., 1989).

As is obvious from high pyrope components
(Fig. 4c) and the microstructural observations (Fig.
3), the rims of the garnets grew at maximum tem-
perature contemporaneous with the formation of
foliation S2. This is also proved by qualitative geo-
thermometry (CiprIANI et al., 1971) from S2-mus-
covites which indicates a growth of these micas at
high temperatures (Figs 4 g, f). Accordingly, lower
temperatures can be assumed during the formation
of S3. Two extreme compositions of S3-muscovites
combined with analyses of plagioclases which grew
also in S3 were calculated by the geothermometer
of GReeN and Uspansky (1986). Then the similar
results from garnet-biotite- and garnet-phengite-
thermometry (Fig. Sa, P-T field 7) fixing the tem-
perature of S2-formation (2 T,,,), and results from
plagioclase-phengite-thermometry which fix the
temperature of S3-formation were combined with
the minimum pressures from Si** contents of S2-
and S3-muscovites (VELDE, 1967). This led to the
P-T fields 8 and 9 (Fig. 5a).

Next the pre/syn-S2 P-T path from the garnets
was connected with the syn/post S2 path from the
muscovites. The combined path displays the rela-
tive P-T evolution prior and subsequent to the for-
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mation of S2 which is fixed at a well-defined T,,,
and a corresponding minimum pressure (Fig. 5b).
In spite of the relativity of this P-T evolution in
relation to the P-T conditions syn-S2, all actual P
and T of the assembled path (Fig. 5b) are consistent
with data from other authors (STOCKHERT, 1984,
SELVERSTONE and SpeAR, 1985; Droor, 1985). Thus,
this path seems to represent a reliable result. What-
ever the actual values of this assembled path are,
the shape of this P-T path is significant for its ther-
motectonic interpretation. The principal shape is
only dependent on the chemical evolution of the
garnets and the micas and will not be affected by
inaccurate thermodynamic data, inaccurate geo-
thermobarometry, or input of compositions of in-
adequate associated minerals (SrEAR and RUMBLE,
1986). Consequently, the close relationships be-
tween rock deformation and chemical variations /
P-T variations can be used to evaluate a large-scale
tectonic scenario from the shape of this P-T-defor-
mation path.

7. Tectonic significance of the P-T path

Numerical modelling of crustal evolutions is a basis
for the tectonic interpretation of P-T paths from
metamorphic rocks. The clockwise sense of the ob-
tained path is characteristic of tectonic thickening
and subsequent uplift of continental crust (Enc-

(GPa)

|over’ri'nrusfing B
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" under- R
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6 . N
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i i
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Fig. 5 (a) Estimated P-T paths; P-T fields which define global error of calculations are marked by bold numbers,
microstructural positions of P-T fields see Fig. 3. Abbreviations of geothermometers: GU ~ GReeN and UsDANSKY
(1986); HS - HobcEes and SpEARr (1982); PA — PErcruk and AranoviTch (1984); T — THompson (1976). Calibrations
from VELDE (1967) (V) and GHent and Stout (1980) were used for geobarometry. (b) P-T-t-deformation path from
garnet-micaschists of the Alpidic Austroalpine basement, compiled from the paths in Fig. 5a. The shape of the path
characterizes several tectonic events. See text and Fig. 6 for further explanations.
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LAND and THompsoN, 1984; ThompsoN and ENG-
LAND, 1984; SpEAR et al., 1984). Stacking by under-
and overthrusting of several tectonic units is con-
sidered to be an important process of such thick-
ening of crust. Modelled underthrusting of a first
tectonic slab beneath a pre-existent crust and the
succeeding isostatic uplift of this slab (Davy and
GiLLET, 1986) resulted in post-P,,, paths similar to
the general shape of the observed prograde T-ret-
rograde P evolution of the garnet-micaschists. A
modelled further understacking of a second tecton-
ic unit beneath the first unit then led to an isobaric
temperature-decrease in the first slab. This is
caused by a covering effect of the initially cold
second unit (Davy and GiLLET, 1986; AUDREN and
TriBoULET, 1988). Such an isobaric temperature-
decrease ("screen effect”) is observed as well in the
garnet-micaschists (Fig. 5b).

The re-increasing pressures at increasing tem-
peratures in the first segment of the path can be
explained by an overthrusting of a tectonic slab
(Davy and GILLET, 1986; SPEAR and RUMBLE,
1986). Similar shapes of early post-P_,, paths were
observed in the western and eastern parts of the
Upper Schieferhiille and the allochthonous Lower
Schieferhiille by SELVERSTONE and SPEAR (1985),
SELVERSTONE et al. (1984) and Droor (1985). This
implies coherent Alpine P-T histories in the Al-
pidic Austroalpine basement and the underlying
units listed above.

Therefore the thermotectonic evolution of the
Alpidic Austroalpine basement may tentatively be
modelled by combining the Upper Schieferhiille /
allochthonous Lower Schieferhiille, the Matreier
Zone and the Austroalpine basement into one
tectonic unit. This combination of the subunits is
based mainly on the similar shapes of the early
post-P,.. paths and the parallel structures in the
lithological units. Further detailed research prob-
ably will led to other combinations of subunits. A
schematic palacogeographic arrangement of the
lithologic units previous to a collision is shown in
Fig. 6a. The three united lithologic units, forming a
tectonic unit 1 (Fig. 6b) were underthrusted to the
south beneath the Austroalpine basement and suf-
fered a common high pressure - low temperature
(HP-L.T) metamorphism at 8 kbar / 400 °C (Figs 5b,
6¢). The subsequent isostatic uplift of the thick-
ened crust was interrupted by the overthrusting of
a tectonic slab with a minimum thickness of 3 km.
This overthrusting event coincides with the syn-
crystalline garnet rotation (Fig. 6d). On account of
the palaecogeographic situation, this overthrusted
slab must come from the south or southeast and
may be the Upper Austroalpine Unit.

A sharp pressure-decrease and a minor de-
crease in temperature were caused by an exag-
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gerated isostatic uplift and shortly sinking iso-
therms after overthrusting (Fig. 6d). Temperatures
then slightly increased up to T, of 550 °C and
pressures further decreased down to 4 kbar. A
subsequent significant isobaric temperature de-
crease to 3.5 kb / 350 °C is the result of an under-
stacking of cold European crust (Central gneisses /
autochthonous Lower Schieferhiille, tectonic unit
2) under unit 1 (Fig. 6e). As it was modelled by
Davy and GiLLeT (1986), the screen effect played
by this tectonic unit 2, will be efficient for time
delays between the two underthrusting events of
less than 30 million years. It is important to note
that in unit 1, now acting as a hangingwall, a signif-
icant change from non-coaxial deformation to pre-
dominant pure shear deformation during the un-
derstacking of unit 2 is observed. The temporally
changing type of deformation seems to be directly
related to the position of the tectonic units within
the collision scenario (ELLis and WATKINSON, 1987).

K-Ar isochrons of about 100 Ma from small
recrystallized white micas in the main foliation of
pegmatites which were affected by Alpine defor-
mation (STOckHERT, 1984) give the ages of cooling
below 350 + 50 °C (JAGER, 1979). The relative posi-
tion of this age determination on the P-T path co-
incides approximately with the formation of 83 at
the end of the recorded P-T evolution. This sug-
gests an early Cretaceous age of the underthrusting
and overthrusting events. Rb-Sr isochrons from
biotites in the Alpidic Austroalpine basement and
the adjacent southern part of the Tauern Window
vary between 28 and 16 Ma (Borst et al., 1978).
These ages are continuously younger from south to
north and indicate different rates of late-Alpine
uplift and cooling below 300 £ 50 °C (JAGER, 1979)
in the Tauern Window and its southern frame
(GrunpMANN and MoRTEANI, 1985). The data im-
plies a long period of very slow uplift/cooling rates
in the Alpidic Austroalpine basement between 100
and 30 Ma (STockHERT, 1984) This induced static
annealing of fabrics (StockHERT, 1982; KLEIN-
SCHRODT, 1987).

8. Conclusions

A close relationship between deformation history
and evolution of mineral chemistry was used to
construct a combined P-T-deformation path, as-
sembled by relative P-T variations from garnet zon-
ing and from muscovites in successive foliations.
The shape of the obtained P-T-t-deformation
path provides detailed information about the tem-
poral, spatial and thermotectonic evolution of the
Alpinic Austroalpine basement during the early-
Alpine continental collision. Understacking of the
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Alpidic Austroalpine basement together with the
Matreier Zone and the Upper Schieferhiille / al-
lochthonous Lower Schieferhiille beneath the
Adriatic (Apulian) Plate is the most important
tectonic process. An overthrusting of a tectonic
slab (probably the Upper Austroalpine unit) was
additionally recorded. The time delay to a subse-
quent underthrusting of the Central Gneisses / au-
tochthonous Lower Schieferhiille unit is responsi-
ble for a significant isobaric temperature-decrease
in the garnet-micaschists. This tectonic scenario,
derived by semiquantitative modelling of the shape
of the relative P-T-t-deformation path provides ad-
ditional information to previous ideas of other au-
thors about the Alpine orogeny in the Eastern Alps
(Frisch, 1978; Roeper and BoGeL, 1978; ToLL-
MANN, 1987).

No clear interpretations of shear senses at the
under- and overthrusting were possible from the
existing structural data. However, a considerable
simple shear deformation component with shear-
ing perpendicular to Y is indicated by syncrystal-
line garnet rotation which was induced by an
overthrusting event in course of D1-D2. Further-
more, the strain data signalizes substantial ductile
shortening by a subsequent deformation D3 with a
predominant pure shear deformation component.
Such temporally changing types of deformation
may be related to a changing of the relative tectonic
position of the Alpidic Austroalpine basement in
the collisional process. The subparallel orientation
of the shearing direction during D1-D2 and the
stretching lineation (D3) to the striking of the pre-
collisional palacogeographic zonation (TOLLMANN,
1987) implies an oblique collision between Adriatic
and European plates.

Available radiometric geochronologic data sug-
gests an early-Alpine age of the complete recorded
thermotectonic history in the Alpidic Austroalpine
basement. Discussions about middle- or late Al-
pine metamorphic and deformational events in the
area refer to differential post-D3 cooling and uplift
histories after the continental collision.

That way, tectonic modeliing based on the
shapes of P-T-t-deformation paths provides useful
information and ideas to the understanding of
orogenic processes.
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