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Abstract

The Permian-Triassic cover sequences that overlay northern parts of the Austroalpine basement
units, east of Tauern Window, contain chloritoid (XMg =0.17 - 0.25), chlorite and white mica
(Si = 3.2 a.p.f.u.), which indicate P-T conditions of 510 - 530°C at 0.7 - 0.9 GPa for the Eo-
Alpine metamorphism. Similar P-T conditions are estimated for Eo-Alpine mineral assemblages
from the underlaying basement rocks of the Seckau Complex. Feldspathic gneisses contain gros-
sularite-rich and pyrope-poor garnet (Grs;sAlmyg 365pS;4.04Py1.3), Which is known from many
medium- to high-pressure metagranites and orthogneisses in the Alps and the Western Carpa-
thians. It is associated with albite, phengite (Si = 3.5 a.f.u.), biotite and epidote. The calculated
P-T conditions of 550°C and 0.9 - 1.0 GPa fit well with a geotherm of 12 - 14°C/km, which was
deduced for the southwards increasing Eo-Alpine metamorphism within the Austroalpine units
in the Eastern Alps.
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Introduction

Eo-Alpine metamorphism is widespread in the Austroalpine basement rocks and their autho-
chtonous Permo-Mesozoic cover (HOINKES et al., 1999). In contrast to the polymetamorphic
Austroalpine basement, which show Caledonian, Variscan, Permian and Cretaceous metamorphic
imprints, metamorphic minerals in the Permo-Mesozoic metasediments are solely the product
of Eo-Alpine metamorphism. The P-T conditions derived from these rocks give important clues
to the polymetamorphic history of the nearby basement rocks. In the case of the HochgroBien
Massif, Ar/Ar dating of amphiboles from eclogites of the Speik Complex show an early Varis-
can age (FARYAD et al., 2001). The metamorphic mineral assemblages in the adjacent Permi-
an Rannach Formation indicate an Eo-Alpine overprint, which also must have been active in the
basement too. In this paper we present petrological data from the Permian Rannach Formation
and the adjacent basement gneisses of the Seckau Complex, which enables the reconstruction
of the Eo-Alpine P-T conditions in this part of the Eastern Alps.
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Geological setting

The Hochgrolen Massif is part of a heterogeneous unit, tectonically sandwiched between the
north-dipping Paleozoic Greywacke Zone in the north (hangingwall) and the south-dipping
‘Wolz micaschists, equivalent to the Micaschist-Marble Complex in this area, in the south (Fig. 1).
This unit contains fragments of the Speik and Core Complexes with transgressing Permo-Me-
sozoic sediments. To the N and NE of the Hochgroien summit, an allochthonous body of strong-
ly foliated serpentinite structurally overlies a paragneiss sequence with minor intercallations of
amphibolites which form parts of the Core Complex, termed the "Engelberg Gneiss" in this area
and which are attributed to the Seckau crystalline basement (METZ, 1964). Retrogressed eclo-
gites and amphibolites form a concordant lens within the serpentinite body close to its eastern
margin ("upper eclogite unit"). Metasediments (conglomerate, quartzite, phyllite) attributed to the
Permian-Mesozoic Rannach Series are present in the hangingwall, either discordantly overlying the
Engelberg gneiss, or tectonically intercalated within the serpentinite body (EL AGEED, 1979;
METZ, 1980).
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Permian Rannach
Formation

Fig. 1

Position of the HochgroBen Massif (black box)
in the frame of Eastern Alps (A) and detailed
geological map of the HochgréBen massif (B)
(El Ageed, 1979). The serpentinites and eclo-
gite-amphibolites belong to the Speik Com-
plex. Numbers in circles indicate the sample
locations: 1- Permian quartzite and 2- ortho-
gneiss and amphibolite of the Seckau Com-
plex.

Petrography and mineral compositions

The quartzite samples were collected from the Rannach Formation which are exposed near to
the top of the HochgrofSen Massif adjacent to amphibolized eclogite (Fig. 1B). They are in tec-
tonic contact with serpentinites and amphibolized eclogites. The samples collected from the
Seckau Complex are feldspar gneisses and amphibolites near the contact with the serpentinites.
All minerals were analysed with a scanning electron microscope JEOL 6310 with wavelength-
and energy-dispersive spectrometers at the Institute of Mineralogy and Petrology at the Uni-
versity of Graz. Analytical standards include pyrope (Mg, Al), adular (K), rutile (Ti), tephroite
(Mn), jadeite (Na, Si) and andradite (Fe, Ca). Operating conditions were 15 kV and beam cur-
rents of 10 and 15 nA. Representative mineral analyses are given in Tables 1-3.
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The Rannach Formation quartzite

The rocks reveal a strong foliation, which is defined by white mica and elongated quartz grains.
Additional to white mica, the rocks contain chlorite and chloritoid. All phases are in textural
equilibrium, although some chloritoids are partly replaced by chlorite. Muscovite has a relatively
low celadonite content of 3.1 a.p.f.u., but high paragonite contents of 17 - 22 mol % (Tab. 1).
Some large muscovite crystals show compositional zoning with slightly increasing phengite con-
tents towards the rims (Si = 3.2 a.p.f.u.). Chloritoid has an XMg =0.17 - 0.25 which decreases
from the core to the rim (Tab. 2). Some chloritoid crystals have more then one parallel lamellae,
which are relatively rich in Fe2+ contents (Fig. 2). The Fe3+ (< 0.02 a.p.f.u.) and Mn (< 0.05
a.p.f.u.) contents are low. Individual crystals of chlorite that are in textural equilibrium with chlo-
ritoid and mica have XMg =0.5 (Tab. 2).

Quartzite Gneiss amphibolite
Mineral Ms Ms Ms Bt Bt
Sample Lm73-c  Lm73-r Lmo68 Lmo68 Lm89
Si0, 47.46 48.56 49.34 36.43 37.17
TiO, 0.09 0.00 0.60 2.11 1.60
AlLO; 36.34 32.46 30.44 16.97 16.71
Fe;0; 0.00 1.71 1.97 0.00 0.00
FeO 0.66 0.77 1.77 20.66 19.12
MnO 0.07 0.00 0.07 0.26 0.15
MgO 0.32 1.48 2.40 8.43 11.91
CaO 0.05 0.57 0.01 0.04 0.06
NaxO 1.35 0.42 0.15 0.09 0.05
K,O 9.26 10.11 9.39 9.34 9.83
Total 95.60 96.08 96.15 94.33 96.6
Si 3.114 3.203 3.252 2.895 2.874
ALY 0.886 0.797 0.748 1.105 1.125
ALY 1.924 1.727 1.617 0.484 0.359
Ti 0.005 0.000 0.030 0.126 0.091
Fe** 0.000 0.085 0.098 0.000 0.000
Fe?* 0.036 0.043 0.098 1.373 1.205
Mn 0.004 0.000 0.004 0.018 0.009
Mg 0.031 0.146 0.236 0.998 1.337
Ca 0.004 0.040 0.001 0.003 0.005
Na 0.172 0.054 0.019 0.014 0.007
K 0.775 0.851 0.790 0.947 0.945
Xmg 0.421 0.526
¢ and r refer to core and rim.
Mineral formulae and ferric/ferrous iron ratios were calculated on the
basis of 11 oxygens and 6 cations + Na+ K+ Ca

Table 1
Selected microprobe analyses of muscovite (Ms) and biotite (Bt) from the Permo-Triassic Rannach
Formation quartzites, feldspar gneisses and amphibolites.
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Sample
S10;
TiO2
AlO4
FeO
MnO
MgO
Ca0
NaZO
K>;0

Total

93.03

2.048
0.005
3.504
1.517
0.011
0.506
0.001
0.006
0.000

0.250

chloritoid

chlorite

93.53

2.056
0.000
3.921
1.526
0.000
0.480
0.000
0.002
0.000

0.239

Lm-76
24.39
0.05
41.27
23.41
0.60
2.76
0.00
0.04
0.03

92.55

2.004
0.003
3.997
1.608
0.042
0.338
0.000
0.006
0.003

0.174

Im73
25.71
0.00
23.29
21.14
0.09
17.14
0.06
0.02
0.01

87.46

5.325
0.000
5.684
3.662
0.016
5.291
0.013
0.006
0.003

0.591

Lm76
24.01
0.08
23.85
25.57
0.04
14.20
0.02
0.06
0.03

87.86

5.057
0.013
5.923
4.504
0.008
4.459
0.005
0.024
0.007

0.497

Calculation of mineral formulae: Chloritoid: 12 oxygens and
2 cations, Chlorite: 28 oxygens.

Table 2

Microprobe analyses of chloritoid and chlorite from quartzites of the Rannach formation.

Basement rocks of the Seckau Complex

Based on the mineral assemblages of the gneissic rocks, albite, quartz, muscovite, biotite and
accessory epidote, chlorite, K-feldspar and garnet, we assume it represents an orthogneiss. It is
mylonitized and large albite crystals (up to 3 mm in size) show fractures and recrystallization
to a fine-grained matrix. Back-scatter electron images indicate that some albite sub grains have
relatively An-rich rims (An = 0.7 mol %). The K-feldspar forms individual grains (up to 1 mm),
but also occurs as inclusion together with biotite and muscovite in albite. Muscovite and biotite
are concentrated along shear zones. The muscovite is phengitic with Si contents of 3.25 a.p.f.u.
and Fe,,+Mg contents of 0.42 a.p.f.u. and shows a low paragonite content (Na/(Na+K+Ca) =
0.02)) (Tab. 1). The biotites have a constant Xmg value of 0.43. Garnet forms inclusions in albite
porphyroblasts and occurs in contact with quartz (Fig. 3). Garnet is zoned with cores rich in Mn
and poor in Fe (Grs;qAlms¢Sps,4Py;) compared to the rims (Grs3gAlmyg Spsi4Py3) (Tab. 3,
Fig. 4). Epidote has pistazite contents of 54 mol.%. Chlorite replaces biotite and garnet.
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Rock gneiss amphibolite gheiss amphibolite
Mineral Gr Gr Amph Ep Ep Ep
Sample Im68-c Im68-r Im89 Im68 Im89 Im89
Si0, 37.44 37.37 43.19 37.75 39.44 39.43
TiO, 0.07 0.18 0.60 0.17 0.21 0.21
AlLO; 21.18 21.09 12.67 25.84 27.85 28.19
Fe; 05 0.73 0.00 2.20 9.07 7.60 7.91
FeO 15.54 20.68 14.62 0.00 0.00 0.00
MnO 10.57 6.17 0.42 0.32 0.17 0.18
MgO 0.59 0.80 9.00 0.08 0.14 0.31
Ca0 13.68 12.72 11.05 22.97 24.1 24.18
Na,O 0.00 0.02 1.48 0.03 0.00 0.02
K>0 0.00 0.02 0.45 0.09 0.01 0.00
Total 99.82 99.04 95.68 96.32 99.52 100.43
Si 2.980 2.997 6.547 3.009 3.020 2.996
AlY 0.020 0.003 1453 0.000 0.000 0.004
ALY 1.968 1.990 0.811 2.427 2.514 2.520
Ti 0.004 0.011 0.068 0.010 0.012 0.012
Fe’* 0.044 0.000 0.251 0.544 0.438 0.452
Fe** 1.034 1.387 1.853 0.000 0.000 0.000
Mn 0.713 0.419 0.053 0.020 0.010 0.010
Mg 0.070 0.096 2.034 0.009 0.016 0.035
Ca 1.167 1.093 1.795 1.961 1.977 1.969
Na 0.001 0.003 0.435 0.004 0.000 0.002
K 0.000 0.002 0.087 0.009 0.001 0.000
Grs 0.367 0.358 Lo 0.437 0.526 0.532
Alm 0.347 0.462 Ep 0.544 0.438 0.452
Pyr 0.023 0.032

Sps 0.239 0.140

Adr 0.022 0.000

KMg 0.063 0.064 0.523

Calculation of mineral formulae: Amphibole: 23 oxygens and averaged Fe** from 13
and 15 cations, Epidote: 12 oxygens and 1 OH-group, Garnet: 12 oxygens and using
the equation A1 + Cr + Ti + Fe’" = 2 for garnet.

Table 3
Selected microprobe analyses of garnet (Gr), amphibole (Amph) and epidote (Ep) from the gneisses and
amphibolites of the Seckau Complex.

The metabasites associated with orthogneisses are very fine-grained foliated rocks, which contain
the assemblage amphibole, biotite, albite and small amounts of epidote, quartz and K-feldspar.
Amphibole composition varies between tschermakite and magnesiohornblende with Si = 6.45 -
6.55, AlIVI=0.8 and NaM4 = 0.14 a.p.f.u. Both, amphibole and biotite have Xmg = 0.52 and they
seem to be in equilibrium with epidote (Ps = 0.44 - 0.45 mol %) and albite.
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Fig. 2
Compositional profiles of chloritoids from the
quartzites in the Rannach Formation

Fig. 3

Fractured idiomorphic garnet in the feldspar
gneisses of the Seckau Complex. Bt-biotite,
Chl-chlorite, Ep-epidote, Gr-garnet, Ms-
muscovite, Pl-plagioclase-albite, Qtz-quartz.

Fig 4

Garnet composition from the feldspar gneis-
ses (stars), occurring beneath serpentinites
in the HochgroBen Massif. For comparison
garnets from some metagranites and ortho-
gneisses from the literature are also shown:
S-Sopron (TOROK, 1998), GP- Gran
Paradiso (LEGOFF & BALLEVRE, 1990),
G-Gemericum (FARYAD & DIANISIKA,
1989, 1999), GC-Grobgneiss Complex
(unpublished data of the authors).



P-T conditions

Consistent with experimental investigations and natural occurrences of chloritoid-bearing rocks
(SPEAR & CHENY, 1989; THEYE & SEIDEL, 1991; FARYAD, 1995; GOFFE & BOUSQUET,
1997) the lack of garnet in chloritoid-bearing quartzite suggests that metamorphic temperatures
were not higher than ca 550°C. The composition of the chloritoid rim is apparently in equili-
brium with chlorite and the KyCt9/Chl values [(Fe2+/Mg)Ctd/(Fe,,/Mg)h!] for chloritoid rims
ranges between 1.67 - 1.86. This value is similar to that reported for other chloritoid-chlorite
pairs from low- to medium-grade rocks (GOFFE & BOUSQUET, 1997; CHOPIN & MONIE,
1984; THEYE et al., 1992, AZANON & GOFFE, 1997). Following FRANCESCHELLI &
MEMMI (1999), the zoning character in chloritoid is strongly controlled by chloritoid-forming
reactions. In the stability field of pyrophyllite, XM increases towards rim in chloritoid with in-
creasing temperatures for any variations in pressure. This is caused by a strong negative slo-
pe of the chloritoid-forming reaction

Pyrophyllite + Chlorite < Chloritoid + Quartz + H,O (1)

The zoning profile in chloritoid from samples Lm-73 and Lm-76, where Xy, first increases and
then decreases towards the rim may therefore be explained by assuming that the rocks crossed
the pyrophyllite/kyanite phase boundary during the late stage of chloritoid growth and the Fe-
Mg exchange between chloritoid and chlorite took place in the kyanite field. According to
VIDAL et al. (1999) the equilibrium constant of this exchange reaction varies linearly with 1/T
from 300°C to ca. 600°C. The empirical calibration Ingp(ctd/chl) = 1977.7/T(K)-0.971 (VIDAL
et al., 1999), applied to the chloritoid-bearing quartzite at the HochgroBen Massif (KCtd-Chl =
1.63 - 1.85) resulted in temperatures of 504 - 511°C. Similar temperatures at 0.9 GPa were also
estimated for kyanite-bearing metapsammites from the Alpi Apuane/Italy (FRANCESCHELLI
& MEMMI, 1999) which contain chloritoid and chlorite of similar composition (Ktd-Chl = 1.6
- 1.8). The lack of kyanite in our samples is probably the result of the bulk-rock composition of
the quartzite. Calculation of the reaction
Mg-Chlorite + Muscovite + Quartz <> Mg-Chloritoid + Celadonite + H,O  (2)

using the program THERMOCALC v. 2.5 (HOLLAND, 1996, written comm.) for coexisting
chloritoid, muscovite and chlorite yields 500 - 510°C at 0.85 GPa (Fig. 5).
Almandine-grossularite-rich garnet, similar to those from the feldspar gneiss, is known from meta-
granite and orthogneisses in the Alps (ACKERMAN, et al.,1972; MASSONNE & CHOPIN,
1989, LE GOFFE & BALLEVRE, 1990; BINO & COMPAGNONI, 1992; TOROK, 1997) and
the Western Carpathians (VRANA, 1980; FARYAD & DIANISKA, 1989) (Fig. 4). It is inter-
preted as product of medium to high-pressure metamorphism, where plagioclase destabilizes
and grossularite-rich garnet forms. In all cases, medium- to high-pressure conditions were
estimated for the garnet formation. Garnet-biotite thermometry based on the methods of
KLEEMAN & REINHARD (1994) and PERCHUK & LAVRENTEVA (1983) gave temperatures
of 533 - 561°C and 491 - 534°C, respectively. Because plagioclase is pure albite, it was not
possible to apply the GASP reaction between garnet, plagioclase, kyanite and quartz for pressure
estimation. The Si content of phengite (3.25 a.p.f.u) in these rocks indicates minimum pressu-
res of 0.8 GPa at 550°C (MASSONNE & SCHREYER, 1987). Higher pressure (1.0 GPa at
550°C) can be obtained by equilibrium reaction
Clinozoisite + Biotite + Quartz < Garnet + Muscovite + H,O  (3)
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Because of the low Mg content in garnet, this reaction was calculated using the TWQ v. 2.02
program (BERMAN, 1996 written comm.) for the system KFASH. A temperature of 610°C at
1.0 GPa was derived from amphibole-plagioclase thermometry (HOLLAND & BLUNDY,
1994). However, these temperature estimates should be regarded with caution since this ther-
mometer should only be applied to amphiboles coexisting with plagioclase of An >10 mol %.

P[GPa]

1.0 H

0.6

T[°Cl

300 400 500 600

Fig. 5

Mineral equilibria for the Eo-Alpine mineral assemblages in the Permo-Triassic Formation and basement
gneisses from the HochgroBen Massif. The box with horizontal lines indicates temperature range, ob-
tained with the calibration of VIDAL et al. (1999) for chloritoid and chlorite in the Permian quartzite. The
box with vertical lines indicates the temperature range calculated with garnet-biotite thermometry for feld-
spar gneisses of the Seckau Complex. The Si-isopleths of phengites are according to MASSONNE &
SCHREYER (1987). Line 4 shows the temperature, obtained from amphibole-plagioclase thermometry
(HOLLAND & BLUNDY, 1994) for amphibolites in the Seckau Complex.

Discussion and conclusions

Textural relations and mineral compositions in the Permo-Triassic quartzites and the basement
feldspar gneisses at the Hochgroflen Massif indicate that chloritoid and garnet were formed during
Eo-Alpine metamorphism. Maximum temperatures of 510 - 530°C in the kyanite stability field
were calculated for the Permian-Triassic quartzite and ca. 550°C at 0.9 - 1.0 GPa for feldspar
gneisses of the Seckau Complex.
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The estimated P-T conditions of the Permo-Triassic sedimentary cover and the basement ortho-
gneisses from the Hochgrofien Massif fit well with the Eo-Alpine geotherm (13°C/km), inferred
from the Middle Austroalpine Complexes, which overthrust the Speik Complex (FARYAD &
HOINKES, 2001). The Wolz and Kor- and Saualpe Complexes situated south of the Hochgrofien
Massif yielded P-T conditions of 1.2 - 1.3 GPa at 650°C and 1.5 - 1.8 GPa at 700°C, which reflects
the increase of metamorphic conditions towards the south.

The Rannach Formation and the Seckau Complex adjacent to the northern part of the Wolz Com-
plex reveal a pressure dominated metamorphic history during the Cretaceous, which may be ex-
plained by Eo-Alpine crustal thickening within the Austroalpine realm due to compressive
tectonics caused by the closure and subduction of the Hallstatt-Meliatta ocean in the course of
the northward drift of the African Plate towards Europe.
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