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Alpine metamorphism of the Eastern Alps

by Georg Hoinkes!, Friedrich Koller’, Gerd Rantitsch’, Edgar Dachs?,
Volker Hock?, Franz Neubauer® and Ralf Schuster’

Abstract

The metamorphic overprint of the Eastern Alps during Alpine times shows significant differences between the two
main tectonic units, the Penninic and the Austroalpine, in terms of pressure, temperature, time and tectonic evolu-
tion. The Penninic units are characterized by mainly oceanic rocks and fragments of continental polymetamorphic
basement and metasedimentary cover which underwent high-pressure metamorphism of low geothermal gradients
between c. 7-13 °C/km typical for a subduction zone. This metamorphism caused eclogite formation at maximum
crustal depths of about 70 to 85 km (18 to 25 kbar at 600 °C) which is restricted to the Tauern Window and subse-
quently the formation of blueschists at 10 to 15 kbar and 400 to 450 °C in the Tauern Window and 6 to 8 kbar at
~ 350 °C in the Engadine and Rechnitz Windows. The dominant rock-forming mineral assemblages however are due
to a subsequent greenschist to amphibolite facies overprint. In the Engadine and Rechnitz Window only lower green-
schist facies conditions of ~ 350450 °C at ~ 2—4 kbar are recorded whereas in the Tauern Window a concentric meta-
morphic zonation reaching a maximum of 7 kbar at ~ 556-600 °C in the centre is observed. For the Tauern Window
the geothermobarometric results indicate a discontinuous two-stage PT-loop. The age of this metamorphic evolution
of the Penninic realm is well known for the late greenschist to amphibolite facies event which took place shortly af-
ter 30 Ma and is recorded by cooling ages and fission track studies. The exact age of the high-pressure event is still
unknown. The oldest calculated age for the onset of Alpine metamorphism in the Tauern Window however is 62 Ma
(CHRISTENSEN et al., 1994) which is older than the proposed age of eclogite formation in the Central Alps reported
by GEBAUER et al. (1992) but coincides with Eocene Ar/Ar-ages reported by ZIMMERMANN et al. (1994) for the
Tauern Window.

The Lower Austroalpine unit, the paleogeographic link between the Penninic units and the Austroalpine conti-
nental plate shows a metamorphic evolution similiar to that of the Penninic realm. In the Lower Austroalpine units
adjacent to the western Tauern Window a high-pressure event in the range of ~ 10 kbar and ~ 350 °C was overprint-
ed by greenschist facies conditions of ~ 4 kbar and 400 °C during Eocene times, whereas east of the Tauern Window
thorough PT-estimates are still missing. In the Lower Austroalpine units at the eastern end of the Alps a different
metamorphic evolution is recorded with greenschist- to amphibolite facies conditions of 8-9 kbar and 500-550 °C,
reflecting higher geothermal gradients than in the Penninic high-pressure event, and characterized by Cretaceous
mineral ages of < 80 Ma.

Cretaceous ages have also been recorded for the Middle Austroalpine units that represent the polymetamorphic
basement and sedimentary cover of the continental plate below which the Penninic units were subducted. The Alpine
metamorphic overprint increases from north towards the south from lower greenschist to amphibolite facies. Local-
ly preserved relic eclogite facies conditions of 12 kbar and 550 °C in the west (Otztal Alps) and 18-20 kbar and
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700 °C in the east (Koralpe) represent geothermal gradients of around 20 °C/km. The subsequent amphibolite facies
overprint is interpreted as due to uplift and exhumation after a collisional episode in a subduction regime. The rea-
son for this could be a continent-continent collision at the western end of the Tethys in the late Cretaceous due to
the closure of the Hallstatt-Meliatta ocean basin about 100-90 Ma in age, predating the sedimentation of the late
Cretaceous Gosau group sediments. The Upper Austroalpine and Southalpine sediments of the Alpine sedimenta-
tion cycle starting in the late Carboniferous/Permian however are slightly effected by very low- to low-grade meta-
morphism with decreasing intensity from north to south, due to internal thrusting in the course of a collisional tec-
tonic environment at the western end of the Tethys during Jurassic/Cretaceous times.

Keywords: polymetamorphism, high-pressure metamorphism, Cretaceous, Cenozoic, collisional orogeny.

1. Introduction

Metamorphism of Cretaceous and Cenozoic age
overprinted large portions of the central zone of
the Eastern Alps. Because of the overprint of fos-
sil-bearing Mesozoic sedimentary sequences the
metamorphism observed within the Penninic
units is certainly of Alpine age. In contrast, rocks
of the Austroalpine units of the Eastern Alps
mainly represent pre-Mesozoic crystalline base-
ment with varying pre-Alpine and Alpine meta-
morphic grade and Mesozoic to Tertiary sedimen-
tary cover rocks showing a weak Alpine meta-
morphic imprint. The great extent of Alpine meta-
morphism of the crystalline basement was long
overlooked because thorough geochronological
and petrological investigative techniques were
not available. With their subsequent develop-
ment, efforts have been made to unravel the
Alpine metamorphic history by numerous re-
search groups. A preliminary report on the new
results on Alpine metamorphism of the Penninic
and Austroalpine units of the Eastern Alps car-
ried out by Austrian research groups was pub-
lished in a book edited by FLUGEL and FaurL
(1987). At present, new data on age and grade of
metamorphism of the Austroalpine units con-
strain the importance of the Alpine orogeny re-
structuring the pre-Mesozoic crystalline base-
ment. Areas of basement exposed in the Eastern
Alps, which lack Alpine metamorphism turned
out to be the exception and well-known eclogites
of the Austroalpine basement have been dated as
Alpine formations. In this paper, we summarize
the state of the art concerning the Alpine meta-
morphism of the Penninic and Austroalpine units
from the Eastern Alps. The sections covering the
Penninic realm and the Lower Austroalpine
nappes were written by F. Koller, V. Hock and E.
Dachs (parts of the Tauern Window chapter), the
section covering the Austroalpine realm was writ-
ten by G. Hoinkes with the exception of the Aus-
troalpine Paleozoic and Mesozoic cover units and
the Southern Alps which was written by G.
Rantitsch. The entire chapter of Alpine Metamor-
phism of the Eastern Alps was compiled by G.

Hoinkes. The distribution of Cretaceous and
Palacogene-age metamorphic facies is shown on
the "Map of Alpine Metamorphism 1 : 500 000"
(see enclosure) to which we refer.

2. Penninic tectonic units

The Penninic tectonic units, widely distributed in
the Western and Central Alps can be found with-
in a series of windows along the whole range of
the Eastern Alps. From the W to E, these are the
Lower Engadine Window (LEW), the Tauern
Window (TW) and a group of small windows at
the eastern margin of the Alps referred to as the
Rechnitz Window Group (RWG) (Hock and
KOLLER, 1989; KoLLER and HOCK, 1990; see Fig.
1). The Rhenodanubian Flyschzone is also as-
cribed to the Penninic realm (e.g. OBERHAUSER,
1995), but is not considered here in terms of meta-
morphism.

Stratigraphically, the metamorphic rocks in
the Penninic realm range from the Late Protero-
zoic(?) to the Palaecogene. Pre-Mesozoic rocks are
restricted to the TW and to small fragments at the
base of the Tasna nappe in the LEW (FLORINETH
and FROITZHEIM, 1994). Mesozoic rocks, such as
Triassic quartzites, marbles and dolomites, as well
as Jurassic and Cretaceous phyllites, mica schists,
calcareous mica schists and other metasediments,
ophiolites and non-ophiolitic volcanics occur
throughout all Penninic windows. The upper
stratigraphic boundary of the Mesozoic to Ceno-
zoic sequences is still under discussion. Late Cre-
taceous and Palaeogene sediments are found in
the LEW (OBERHAUSER, 1995), Early Cretaceous
in the TW (REITZ et al, 1990) and the RWG
(PAHR, 1980). It has not been ascertained whether
Late Cretaceous and Tertiary sediments occur in
the more easterly windows.

2.1. LOWER ENGADINE WINDOW

The Penninic sequences of the LEW, located at
the Swiss-Austrian border, are surrounded and
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overlain by different Austroalpine nappes. These
are the Silvretta crystalline basement in the north,
the Otztal crystalline basement in the east and
southeast and the Scarl unit in the south. The
LEW itself can be divided into different internal
nappes (OBERHAUSER, 1980; TRUMPY, 1972). The
deepest unit is the Pfunds Zone which contains
the huge mass of the central "Biindnerschiefer"”.
This unit is covered by the zone of Roz-Cham-
patsch, Pezid, and Ramosch thought to be of
Northpenninic origin. The next higher unit is the
Tasna nappe with a base of pre-Alpine crystalline
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FroitzHeM, 1994). The highest unit is the Arosa
Zone, believed to be of Southpenninic origin
(TrRUMPY, 1972; TOLLMANN, 1977; OBERHAUSER,
1980).

Most of the individual nappes consist of vari-
ous carbonate-rich metasediments, mainly tur-
bidites, sandstones and pelitic sediments of Meso-
zoic to Palacogene age. Radiolarites are restricted
to the ophiolites. In addition, the nappes of
Pfunds, Ramosch and Arosa commonly contain
well preserved fragments of oceanic crust. The
ophiolites of the Pfunds and Arosa Zone consist

rocks (OBERHAUSER, 1980; FLORINETH and  of harzburgites at their base, while the Ramosch
- 5km__10°%km . Skm_10°)m o 5°km__ 10k b 57km__10°km
124 C) 12 d) 124 124 f)
ki Mesozoic, | P4
A /
i 20°km N iy 20hm ] . " |20%Km
Pemnin/~\ g
] | o |
Paleozoic
4 40°/km 41 Laa 1 40%/km 44 4 40°/km
] J I/%/ ,
200 400 600 °C 200 400 600 °C 200 400 600 °C
Kbar 5°km___ 10°km . ——
Munich L Vienna

20°/km

40°/km

h
o,

" 600

200 400
kbar

Eisenstad
[ ]

5°/km)
a)
20 -
16 10°/km
bk Southern Alps \.‘% m
(=7 100 km
g 20°/km == e ——
; ] Penninic Zone/ 7 ;
2] Mm Helvetic Zone = Zentralgneis Upper Austroalpine
A Penninic Windows
Rhenodanubian . . ;
pr i oy e Flysch Zone U:D Lower Austroalpine Bohemian Massif

Fig. I

Geological sketch map of the Eastern Alps depicting the three Penninic windows. They are from the west to

the east marked by a hatched boundary: LEW Lower Engadin Window, TW Tauern Window and RWG Rechnitz

Window group. Inserted are six characteristic PT paths:

a: Tauern Window eclogites (ZIMMERMANN et al., 1994; STURM et al., 1997);
b: Lower Engadin Window (OBERHANSLI, 1994; KOLLER et al., 1996);

c: Western Tauern Window (SELVERSTONE et al., 1984);

d: Lower Austroalpine Nappe, Tarntal Mts. (DINGELDEY et al., 1997)

e: Tauern Window (Droop, 1985):;
f: Rechnitz Window Group (KOLLER, 1985).

For references see text.
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zone is dominated by lherzolitic compositions. All
these fragments of oceanic crust exhibit traces of
an ocean-floor metamorphism {KOLLER and
Hock, 1990; KOLLER et al., 1996; OBERHANSLI et
al., 1995).

2.1.1. High-pressure event

The Alpine metamorphic overprint begins with a
poorly documented HP/LT event. 1t is recorded
mainly in the metabasites exposed at different lo-
calities by the following minerals:

— lawsonite in metabasites from several local-
ities in the northeastern part of the window
(LEIMSER, 1977; LEIMSER and PURTSCHELLER,
1980; STOCKHERT et al., 1990);

— rare blue amphiboles with compositions
ranging from glaucophane to crossite from parts
of the central window (OBERHANSLI et al., 1995)
and from the NE part (LEIMSER, 1977);

— inclusions of Fe-Mg-carpholite in quartz
from metasediments below the Piz Mundin ophi-
olite (OBERHANSLI et al., 1995);

~ high-pressure phengites (Si up to 3.45 p.fu.)
from various metasediments (OBERHANSLI et al.,
1995; STOCKHERT et al., 1990).

So far, relatively few P and T estimates exist
for this event, ail of which lie around 300-350 °C
and > 3 kbar (LEIMSER and PURTSCHELLER, 1980;
KoOLLER and HOCK, 1990; KOLLER et al., 1996).
STOCKHERT et al. (1990) suggest pressures of 6 to
7 kbar from high density primary fluid-inclusions
in vein quartz. For the Piz Mundin area, pressures
are estimated > 6 kbar based on the carpholite
composition (OBERHANSLI, 1994).

2.1.2. Low-grade metamorphism

The thermal peak of the metamorphic overprint is
characterized by greenschist-facies assemblages.
In the metabasic rocks pumpellyite is only rarely
replaced by epidote, while stilpnomelane is com-
mon especially in the Tasna granite and is not re-
placed by green biotite. Using the compositions of
preserved Mg-rich pumpellyite, temperatures
were estimated to be in the range of ~ 350 °C
at correspondingly low pressures of < 3 kbar
(KoL1LER et al., 1996). OBERBANSLI (1994) relates
the HP/LT event to the Meso-Alpine collisional
stage, but there are no reliable mineral ages avail-
able for this event. A few K-Ar age data in the
range of 34-30 Ma from < 2 pm fractions of mus-
covite have been published for the thermal event
(THONTI, 1981). The best constrained PT-path and
geodynamic model to date have been published

by OBERHANSLI (1994). The PT-path is character-
ized by a geothermal gradient of ~ 10 °C/km for
the HP/LT event, followed by the thermal peak at
~ 30 Ma (Fig. 1b).

2.2. TAUERN WINDOW

The oldest rocks in the TW form a volcano-sedi-
mentary sequence consisting of ophiolites, island
arc volcanics and associated sediments of Late
Proterozoic to Palacozoic age (Habach Forma-
tion of FRASL, 1958). A part of this sequence un-
derwent pre-Mesozoic metamorphism, including
migmatisation in parts, and was intruded by
Variscan granitoids (transformed to "Central
Gneiss Cores" by the Alpine orogeny).

The post-Variscan sequence begins with Per-
mo-Triassic quartzites, middle Triassic limestones
and dolomites and Late Triassic sandstones and
shales (Keuper). The Triassic rocks are overlain by
shales, marls and shaly limestones of Jurassic to
Early Cretaceous age (Blindnerschiefer Forma-
tion). Locally, sandstones, breccias and arkoses
occur. Ophiolites and non-ophiolitic basic intru-
sions and volcanics are associated with the sedi-
ments. The youngest sediments known so far are
of Early Cretaceous age (KLEBERGER et al., 1981;
REITZ et al., 1990).

Tectonically, two nappes are generally delin-
eated (FriscH, 1976): the lower Venediger Nappe
with most of the pre-Mesozoic rocks (Central
Gneiss + "Lower Schieferhiille" = intruded poly-
metamorphic basement plus Permian to Meso-
zoic cover), and the higher Glockner Nappe
("Upper Schieferhiille") including most of the
Triassic rocks, the Biindnerschiefer and the ophi-
olites. Kurz et al. (1998b) introduced the Rote
Wand-Modereck nappe complex between both
major units. All three nappes were later folded
into a huge anticline with an axis approximately
following the main ridge of the Alps (for a more
detailed discussion of the Penninic nappe pile and
its kinematic evolution see e.g. KURZ et al., 1996,
and KURz et al., 1998b).

Apart from pre-Mesozoic metamorphism,
three Alpine metamorphic events have been rec-
ognized. These are an eclogite facies event, a
blueschist facies metamorphism, and the final
greenschist to amphibolite facies overprint, re-
ferred to as "Tauernkristallisation" by SANDER
(1912). The eclogites are concentrated in a rela-
tively small strip at the southern escarpment of
the TW (Grossvenediger area, Eclogite Zone,
sandwiched between Venediger and Glockner
Nappe). They may also be found as strongly ret-
rogressed relics in structurally lower parts of the
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Glockner Nappe (Grossglockner region, COR-
NELIUS and CLAR, 1939). While it appears that
eclogite facies metamorphism is restricted to
these particular areas, the entire nappe pile has
undergone blueschist facies metamorphism, fol-
lowed by the Tertiary greenschist to amphibolite
facies metamorphism which is the dominant
metamorphic imprint in all rocks of the TW.

2.2.1. Eclogite event

i) Eclogite Zone (EZ) — southern Grossvenediger
area

The most conspicuous eclogite assemblages
are found in EZ-metabasic rocks south of the
Grossvenediger. Original basal-sediment contacts
are still preserved, and consequently the interca-
lated metasediments show high-pressure mineral
assemblages as well (MILLER, 1977; FRANZ and
SPEAR, 1983; DAcHS, 1986; SPEAR and FRranz,
1986). Inclusions in the cores of eclogite garnets
such as Ep, Chl, Pg, Phe, Qtz, Ab, Fe-Bar etc., and
Lws(?)-pseudomorphs in garnets from the
metasediments indicate an epidote-amphibo-
lite/blueschist facies event prior to the eclogite fa-
cies metamorphism (MiLLER 1977; HOLLAND,
1979; DAcHS 1986; DACHS et al., 1991). The fol-
lowing mineral assemblages are found in high
pressure rocks of the EZ:

in eclogites: Omp(Jds,) + Grt(Prps;) + Rt + Qtz
+ Ky + Tle + Zo/Ep + Pg + Phe + MgCld + Dol
(MILLER, 1977; HOLLAND, 1979; FRANK et al.,
19874),in synmetamorphic veins: Qtz + Ky + Omp
+ MgCld + Tlc + Chl + Zo/Ep = Rt + Ap =+ Carb
(FRANK et al., 1987a; THOMAS and FrRANz, 1989),

in marbles: Cal + Qtz + Omp(Jds, 5,) + Dol +
Tr + Di+ Zo + Ky + Phe(Si=3.32-3.47 p.f.u.) + Pg
+ Mrg (FRANZ and SPEAR, 1983; DACHS, 1986;
SPEAR and FRANZ, 1986),

in metapelites: Phe(Si up to 347 pfu.) +
Grt(Prp,,s5) + Qtz + Omp(Jd,, 5,) £ Pg+Tle = Zo
+ Ky + Cid + Dol + Zn-St (DACHS, 1986; SPEAR
and FRANZ, 1986).

Further to the east, eclogite relics (Omp(Jd,s)
+ Grt(Prp,oGrs,Spss;) + Pg + Bar + Zo/Ep + Phe
+ Dol + Qtz) can be traced to the Dorfertal valley
north of Kals in an equivalent tectonic position
between Venediger and Glockner Nappe.

Using the Fe/Mg distribution between coexist-
ing clinopyroxenes and garnets in EZ-eclogites,
temperatures between 550 and 650 °C were calcu-
lated (580-650 °C for pressures near 20 kbar,
HoLLAND, 1979; 550-570 °C for P = 10 kbar,
FRANK et al., 1987a). Based on coexisting Omp +
Dol + Qtz + Ky + Pg, HoLLAND (1979) derived
peak pressures of 19.5 + 2.5 kbar and ay o ~ 1 for

the eclogite formation. Similar pressures close to
20 kbar were calculated by FRANK et al. (1987a)
from the reactions:

Pg = Omp(Jd,,) + Ky + H,0 and Chl + Ky =
MgCld(64) + Tlc at water activity ~1.

Comparable PT estimates were also reported
from siliceous dolomites by FRANZ and SPEAR
(1983;T =600 °C, P = 18-25 kbar), calcareous mica
schists by SPEAR and FrRaNz (1986; T = 590 + 20
°C,P =19 + 2 kbar) and for metapelites by DACHS
(1986; T = 600 °C, P = 21 kbar). More recently,
higher pressures up to 25 kbars were published by
STOCKHERT et al. (1997). The role of the fluid
phase during subduction-zone metamorphism of
the EZ was discussed by SELVERSTONE et al.
(1992) and GETTY and SELVERSTONE (1994).
Meso- and microfabrics, as well as possible mech-
anisms relevant for the exhumation of the EZ
were studied by e.g. BEHRMANN and RATSCH-
BACHER (1989), and recently by KuRrz et al
(1998a).

The eclogitic assemblages were subsequently
overprinted by a younger blueschist event fol-
lowed by the greenschist to amphibolite facies
metamorphism (Tauernkristallisation). Corre-
sponding breakdown reactions have been re-
viewed by MILLER (1977), FrRanz and SPEAR
(1983), DacHs (1986) and SpEAR and FRrRANz
(1986).
it) Grossglockner area

In the Grossglockner area, eclogites occur as
strongly retrogressed relics in greenschists that
belong to the structurally lower parts of the
Glockner nappe. They contain the assemblage
Omp(Jdss 59) + Grt(Prp,,Grs,:Spss) + Zo/Ep +
Qtz + Rt + Pg + Dol + Phe. STURM et al. (1997) cal-
culated minimum pressures of ~ 13 kbar and tem-
peratures around 530 °C (garnet-clinopyroxene
thermometry) for their formation, demonstrating
that at least the structural lower parts of the
Glockner Nappe experienced eclogite facies con-
ditions.

2.2.2. Blueschist event

Whereas the eclogite assemblages are locally well
preserved despite a multiple overprint, the miner-
als formed in the blueschist event have survived
only rarely. The best preserved remnants are
found in the vicinity of the eclogite zone.

The most conspicuous relics from this stage
are the pseudomorphs after lawsonite reported
from various lithologies within the TW (e.g. Fry,
1973; Hock, 1974, 1980; MILLER, 1974, 1977; HoL-
LAND, 1979; RAITH et al., 1980; DrRoor, 1985;
SELVERSTONE and SPEAR, 1985). The composition
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of the pseudomorphs is variable and depends on
the lithology of the host rocks. In basites, the
pseudomorphs consist mainly of Czo/Ep, Ab, Chl,
Act, Bt, in calcareous rocks, of Zo/Czo, Cal, Ab,
Chl = Pg, Mrg, Qtz (particularly as lawsonite-
shaped euhedral relics in garnet). Despite a sys-
tematic search, no relics of lawsonite itself have
been found so far in the TW, Some jadeite-poor
omphacites, embedded in a symplectite of Ab +
Hd + Act, also represent the blueschist facies
(HoLLanD and Ray, 1985). Occasionally, blue am-
phiboles such as glaucophane and/or crossite, as
well as barroisitic amphiboles are preserved. As-
sociated with this stage and possibly also with the
eclogite event are high-Si phengites with Si =
3.30-3.40 p.fu. In extreme cases, the Si content
may reach 3.5-3.7 p.fu. in dolomite marbles (Zim-
MERMANN et al., 1994). Using these data FRANK et
al. (1987a) estimated the conditions of blueschist
formation as T = 400450 °C with P around 9 kbar.
ZIMMERMANN et al. (1994) have summarized the
PT-conditions of the blueschist stage as follows:
Venediger Nappe: P < 13-15 kbar in the Central
Gneiss Cores, T = 450-520 °C and P > 10 kbar in
the Lower Schieferhiille; T < 450 °C (possibly
< 300 °C, HorLLAaND and RICHARDSON, 1979)
and P = 10-15 kbar in the EZ; Glockner Nappe:
T < 420-450 °C and P > 10 kbar.

2.2.3. Greenschist to amphibolite facies event

This metamorphic event has affected all rocks
within the TW. A region of greenschist facies meta-
morphic rocks can be clearly differentiated from
an amphibolite facies region. Corresponding min-
eral isograds run approximately parallel to the
outline of the TW and are more or less concentri-
cally arranged, such that metamorphic grade in-
creases from the periphery towards the interior of
the window (western TW: MORTEANI and RAASE,
1974; BERNOTAT and MORTEANI, 1982, HOERNES
and FRIEDRICHSEN, 1974; HOSCHEK, 1980a; central
TW: BickLE and POWELL, 1977; RAITH et al., 1977,
FrRANK et al., 1987a; DAcHS, 1990; eastern TW:
Droor, 1981,1985); Hock (1980) presents distrib-
ution maps of Alpine minerals for the whole TW.
The boundary between greenschist- and amphibo-
lite-facies areas can be mapped in gneisses and
metabasites by the first occurrence of oligoclase
(Anys,s) coexisting with albite (An). In both
lithologic types, oligoclase appears at the same
stage.In pelitic assemblages, garnet can serve as an
index mineral appearing shortly before the in-
come of oligoclase in the basic and gneissic assem-
blages e.g. of the Grossglockner region (FRANK et
al., 1987a). In addition, the increase in metamor-

phic grade from the northern and southern rims
towards the centre of the TW is also indicated by
the amphibole compositions that change from
actinolitic at low grades to magnesio-hornblende
in the medium grade areas (FRANK et al., 1987a).
The Mg-contents of calcite coexisting with
dolomite also increase with metamorphic grade in
the Biindnerschiefer (BICKLE and POWELL, 1977,
DaAcHSs, 1990). Pelites in the south-east TW show a
clear metamorphic zonation from a relatively low-
grade peripheral zone characterised by garnet +
chlorite + biotite and garnet + chlorite + chloritoid
AFM assemblages (garnet + chlorite zone)
through a narrow transitional chloritoid + biotite
zone to a relatively high-grade zone characterised
by garnet + staurolite + biotite + kyanite (stauro-
lite + biotite zone) centred on the Hochalm Dome
(DrooP, 1981; DrOOP and HARTE, 1995). Kyanite
occurrences begin in the high-T areas of the
greenschist facies and Zn-poor staurolite is re-
stricted to the highest metamorphic grades in
the western and eastern TW (Hock, 1980;
Droor, 1981, 1985; SELVERSTONE et al., 1984;
KRUHL, 1993); Zn-rich staurolite is also present in
quartz-micaschists of the EZ (SPEAR and Franz,
1986).

The calcareous metasediments are variable in
composition and mineralogy. They include volu-
minous calcareous mica schists (with minerals
such as Cal, Dol, Phe, Pg, Mrg, Chl, ClId, Zo, Grt,
Bt, Qtz), carbonate-quartzites (Cal, Dol, Tr/Act,
Zo, Phe, Chl, Qtz) and impure marbles (contain-
ing Cal, Dol, Tr/Act, Di, Ep/Zo, Chl, Phe, Otz). In
the central part of the TW, biotite is very rare in
most calcareous mica schists, while in the western
and southwestern part biotite is fairly common
(HOSCHEK, 1980, 1984). Thus, the simplified multi-
system CaO-MgO-ALO,-Si0,-H,0-CO, with
six-phase mineral assemblages such as Mrg + Zo
+ Chl + Cal + Dol + Qtz or Grt + Zo + Chl + Cal
+ Dol + Qtz describes well the metamorphic evo-
lution for the central part of the TW. These as-
semblages form isobaric invariant points in a
TX¢o, diagram and can serve as isograds in the
field with 480 °C for the first and 510 °C at 6 kbar
for the second invariant point (HOck and
HoscHEK, 1980; FRANK et al., 1987a; DACHS et al.,
1991). In the western part, a simplified marly rock
system including K,O was used by HOSCHEK
(1980 a, b) to describe phase relations in the cal-
careous Biindnerschiefer. Based on the appear-
ance of Bt + Cal and Bt + Zo + Cal, correspond-
ing isograds were mapped and temperatures
around 550 °C at a pressure of 6 kbar, and rela-
tively low X, derived as the appropriate physi-
cal conditions for the carbonate-rich rocks in the
amphibolite-grade zone. The distribution of Fe-
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sulfides in graphite-free and graphite-bearing cal-
careous rocks of the western TW in response to
metamorphic grade was addressed by HOSCHEK
(1984).

Fluid inclusions were studied in quartz, epi-
dote and other minerals from gneisses, amphibo-
lites, mica schists and garbenschists from the west-
ern TW (LUCKSCHEITER and MORTEANI, 1980;
SELVERSTONE et al.,, 1984; SELVERSTONE and
SPEAR, 1985) and recently from quartz crystals in
Alpine fissures. All data indicate that the cooling
path of the greenschist- to amphibolite facies
event passed through a T interval of 430-500 °C
and P between 2 and 4 kbar.

Available PT data show that the Alpine meta-
morphic evolution cannot be described by a single
PT loop (FRANK et al., 1987a; DACHS et al., 1991;
ZIMMERMANN et al., 1994). Eclogites, originally
formed at ~ 20 kbar and ~ 600 °C, first cooled to
blueschist facies conditions (Fig. 1a). Following
this, the eclogite path joined the iocop for the ophi-
olites and all rocks structurally below in the Low-
er and Upper Schieferhiille, which reached their
T ey between 450 to 550 °C (> 600 °C in the east-
ern TW according to DrRoOP, 1985) at pressures
between 5-7 kbar (e.g. HOSCHEK, 1982; SELVER-
STONE et al., 1984; SELVERSTONE and SPEAR, 1985;
Droor, 1985; DAcHS, 1990), cooling down later to
375400 °C at 2-4 kbar as indicated by the fluid in-
clusions (Fig. la-e).

2.2.4. Geochronology and deformation

Prior to 1985, age dating of the metamorphism
mainly involved Rb/Sr and K/Ar dating of biotites
and muscovites. A comprehensive review of the
data up to 1987 is given by FRANK et al. (1987b),
indicating that most of the cooling of
Tauernkristallisation took place at < 30 Ma
(Oligocene to Miocene). The biotite ages (Rb/Sr
and K/Ar) gave lower ages than muscovites
(Rb/Sr and K/Ar) from the same rocks (BLANCK-
ENBURG et al., 1989; CLIFF et al., 1985, REDDY et
al., 1993). The former cluster in the eastern TW
between 15 and 24 Ma, the latter between 21 and
30 Ma, and in the western part around 13 Ma and
15-20 Ma respectively. The lower ages are inter-
preted as cooling ages following the greenschist-
to amphibolite-grade metamorphism. Some of the
Upper Oligocene ages from the structurally low-
est parts are interpreted as approximating the
metamorphic climax (CLIFF et al., 1985). Few ages,
mainly in the western part of the TW (SATIR,
1975) and in the northeastern corner (PEER and
ZIMMER, 1980), are older than 30 Ma (Eocene/
Oligocene boundary).

More recent studies, using “’Ar/*Ar dating,
confirmed the Eocene/Oligocene ages for Si-rich
phengites (ZIMMERMANN et al., 1994) from the
Lower Schieferhiille, the EZ and a few from the
Upper Schieferhiille. Most of the analysed micas
are associated with the blueschist event. ZIMMER-
MANN et al. (1994) argue that blueschist facies
metamorphism took place between 36 and 32 Ma
with the cooling of the subsequent greenschist to
amphibolite facies event occuring after 27 Ma ac-
cording to a minimum age obtained from a phen-
gite in the Upper Schieferhiille. INGER and CLIFF
(1994) obtained Rb-Sr phengite ages of 29 + 1 Ma
from the same area (EZ and Upper Schiefer-
hiille). They interpret their data as representing
rehomogenization of Sr isotopes throughout both
units related to reheating to T, of the
Tauernkristallisation. It is noteworthy that DIN-
GELDEY et al. (1997) reported higher ages from
calcareous mica schists from the Upper Schiefer-
hiille with “Ar/*Ar ages between 42-38 Ma from
phengites in Biindnerschiefer, which have experi-
enced the greenschist facies event only.

A different method was used by CHRISTENSEN
et al. (1994) to determine the growth rate and age
of garnets in two garnet-bearing mica schists from
the Upper and the Lower Schieferhiille, respec-
tively. Measurement of the Rb-Sr isotopes at in-
dividual segments of single garnets from the Up-
per Schieferhiille revealed an age of 35 Ma for the
core and 30.5 to 31 Ma for the rim. The oldest age
measured in the core of a garnet from the Lower
Schieferhiille yielded 55 Ma, the youngest 32 Ma.
Extrapolating from the calculated growth rate
they inferred the onset of garnet crystallisation as
old as 62 Ma. This is the oldest reliable age re-
ported from the TW regarding the onset of the
Alpine metamorphism.

Fission tracks in apatites record a very late
stage of exhumation with rocks passing through a
temperature interval of approximately 100-120
°C. This varies in the western TW from 5-10 Ma
with a systematic increase in ages obtained from
the mineral zones in the core towards the rim of
the TW (GRUNDMANN and MORTEANI, 1985;
GRUNDMANN, 1987; FUGENSCHUH, 1995). An ex-
tensive study in the eastern TW by STAUFENBERG
(1985) gave fission track ages comparable with
those from the western TW with a tendency to-
wards slightly older ages.

The eclogite deformation within the Eclogite
Zone occurred under prograde and retrograde
metamorphic conditions. KURZ et al. (1988a) de-
scribed NNE-directed shear during burial, and
subsequent N-directed nappe emplacement un-
der decompressional blueschist facies metamor-
phic conditions. The later event is consistent with
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regional N-directed nappe stacking within the
eastern Tauern window (GENSER, 1992; KURZ et
al., 1988b). Regional peak metamorphic condi-
tions were associated with static mineral growth
within central sectors of the Tauern window and
formation of a new foliation associated with ex-
humation in peripheral, upper and lateral, sectors
of the Tauern window. W-directed shear deforma-
tion prevails in the interior. Furthermore, retro-
gressive greenschist facies metamorphic overprint
is related to confining low-angle normal faults and
sinistral strike-slip zones (KURZ et al., 1988b, and
references cited therein; WANG and NEUBAUER,
1998).

2.3. RECHNITZ WINDOW GROUP

At the eastern end of the Alps, close to the Aus-
trian-Hungarian border, several small Penninic
windows are exposed below the Variscan base-
ment of the Lower Austroalpine nappes. From
north to south they are the Moitener window,
Bernstein window, Rechnitz window, and Eisen-
berg window. All these windows consist of huge
masses of Mesozoic metasediments and some
ophiolites. The metasediments consist of a several
km thick pile of calcareous mica schists, quartz-
phyllites, graphite-phyllites and locally breccias
and few horizons of rauhwackes. Within the ophi-
olitic section, relics of oceanic metamorphism and
various degrees of oxidation have been docu-
mented in most of the metagabbros,in some of the
metabasalts and in the ophicarbonates (KOLLER,
1985).

2.3.1. Blueschist facies event

Within the ophiolitic sequence, remnants of a
HP/LT event are widespread. Typical minerals are
sodic pyroxenes, glaucophane or crossite, rare
pseudomorphs of lawsonite, high Si-phengite (up
to 3.5 pfu.), Mg-rich pumpellyite with a FetY
(Fer'+Al)-ratio of 0.03-0.06 or epidote, stilp-
nomelane, hematite and rutile. No clear high-pres-
sure assemblage can be defined for the
metabasalts which contain only rare relics of blue
amphibole, stilpnomelane and pseudomorphs af-
ter lawsonite. High-Si phengite is also present in
metabasalts and common in metasediments, In
general, very few data from the sedimentary rocks
exist. KOLLER (1985) defines temperatures of
330-370 °C at a minimum pressure of 6-8 kbar for
this high-pressure event.

2.3.2. Low-pressure greenschist event

The high-pressure event is followed by a wide-
spread greenschist overprint. Prograde reactions
have led to the breakdown of pumpellyite to the
assemblage Grs + Chl in rodingites and to Czo +
Chl + Act in metaleucogabbros. The Fe-rich Na-
pyroxene is replaced by low-pressure riebeck-
ite/magnesioriebeckite. Stilpnomelane is replaced
by green biotite and lawsonite by epidote. From
north to south, there is a slight increase in tem-
perature. This can be defined by the following
mineral zones: (1) disappearance of metastable
stilpnomelane and Mg-pumpellyite in the north-
ern part of the Rechnitz window, (2) first appear-
ance of green biotite in the northern part of the
Bernstein window, and (3) the first appearence of
garnet in metapelites which is restricted to the
southernmost outcrops of the Penninic units.

2.3.3. Radiometric age data and PT-path

No reliable ages have been obtained for the high-
pressure event. Greenschist facies metamorphism
has been dated by K/Ar from muscovite at 22-19
Ma (FrRANK in KOLLER, 1985). Fission-track ages
of 21.9-13.4 Ma have been reported by DUNKL
and DEMENY (1997) for zircon and of 7.3-9.7 Ma
for apatite. The Penninic rocks of the RWG are
overlain by unmetamorphosed sediments of
Miocene and Pliocene age (PAHR, 1980). The best
constrained PT-path, according to KOLLER (1985),
is shown in figure 1f.

Blueschist metamorphism within the Rechnitz
window group was associated with static mineral
growth. These fabrics were overprinted by forma-
tion of a regional foliation due to internal nappe
stacking which evolved under greenschist facies
metamorphic conditions. RATSCHBACHER et al.
(1990) described a regional E-W directed stretch
and regional pure shear deformation due to sub-
vertical shortening. Late-stage, ductile low-angle
normal faults formed along upper margins during
exhumation consistent with above mentioned
Early Neogene fission-track zircon ages.

2.4. COMPARATIVE METAMORPHIC
EVOLUTION OF THE PENNINIC UNITS

Two metamorphic events are recognizable in all
Penninic windows of the Eastern Alps. The older
event is regarded as HP/LT metamorphism and
the younger event of Barrovian type regional
metamorphism. An earlier eclogite event with a
retrograde evolution path different from the rest
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of the Penninic metamorphic rocks has been
recorded in the TW only.

The eclogite facies metabasites and metasedi-
ments passed through a mantle/crust (?) segment
at a depth of 70 km (possibly 85 km according to
STOCKHERT et al.,, 1997). With T,,, of around
600 °C, they formed under conditions character-
1zed by a very low geothermal gradient of 7-9
°C/km typical for subduction zones (Fig. 1a). If the
WAr/PAr data of ZIMMERMANN et al. (1994) re-
flect the blueschist event, then the eclogite forma-
tion has to predate the Eocene/Oligocene bound-
ary. For many years it was believed to have taken
place during the Cretaceous but positive evidence
for this is missing. U/Pb zircon dating of eclogites
in the Central Alps (GEBAUER et al., 1992) indi-
cates that at least some eclogites were formed
close to the Eocene/Oligocene boundary.
Whether this also applies to the Tauern eclogites
remains speculative.

For the eclogite, the HP/LT blueschist event
represents a stage of cooling and uplift from 70-85
km to 35-40 km (Fig. 1a). This coincides with the
subduction of other sediments and metavolcanics
lying structurally above the eclogite-bearing units
to the same depth and heating to 400-450 °C in-
dicating a low thermal gradient of 10-13 °C/km
within a subduction-zone environment.

The HP/LT remnants in the LEW and RWG
record somewhat lower pressures and tempera-
tures compared to the TW, but also indicate a sub-
duction zone with a low thermatl gradient around
10-12 °C/km. In the LEW, it is mostly the deeper
parts (North Penninic metasediments) that are
metamorphosed under blueschist facies condi-
tions. For the ophiolites, evidence of a HP/LT
metamorphic event is missing. In the RWG, the
ophiolites have been affected by the blueschist
event, but the metasediments above and below
have not yet been studied. Therefore, the question
of whether the blueschist event is synchronous
throughout the Pennninic realm in the Eastern
Alps and its areal extent remains an unsolved
problem.

P-T modelling has shown that regional tem-
perature conditions should be of Palacogene age
because of thermal conductivity and equilibration
(GENSER et al., 1996). The subsequent greenschist
to amphibolite facies overprinting has its lowest
Tmax @t 350 °C in the LEW. In the RWG, a T, of
450 °C is recorded and T = 500-600 °C in the TW.
T\..x s coupled with pressures of 2-4 kbar in the
LEW, 3-4 kbar in the RWG and 5-7 kbar in the
TW reflecting a geothermal gradient of 20-35
°C/km, which is typical for Barrovian type region-
al metamorphism (Fig. 1a,c,e f). It coincides with
the subduction of the Penninic zone beneath the

Austroalpine nappes. This metamorphic stage oc-
curred shortly after 30 Ma and is further recorded
by cooling ages down to 16 Ma. Similar cooling
ages are reported from the RGW. In contrast, the
data from the LEW probably record the onset of
the low-grade metamorphism. The cooling and
exhumation in the TW and RWG have been
recorded by apatite fission track studies to 5 and
7 Ma respectively.

In the TW, the only window where metamor-
phic zones are properly mapped (HOERNES and
FRIEDRICHSEN, 1974), the originally subhorizontal
isograds were tilted probably as result of the late
compression and thinned close to the eastern and
western margin by late extensional faults along
the Austroalpine/Penninic boundary (SELVER-
STONE, 1988; GENSER and NEUBAUER, 1989; FU-
GENSCHUH et al., 1998). The isograds approxi-
mately image the late dome-like structure of the
Tauern window.

3. Austroalpine realm

The Austroalpine unit represents the continental
crust to the south of the Penninic ocean and sub-
duction zone. Within the Eastern Alps it compris-
es (1) the high-grade, partly polymetamorphic
basement of Proterozoic to Palacozoic age and
(2) the low- to very low-grade metasedimentary
cover nappes of Palaeozoic and Mesozoic age
which are arranged in parallel E-W-trending
chains with increasing age from north to south.
From west to east, the Austroalpine basement
consists of a continuous zone of medium- to high-
grade metamorphic rocks which are separated
from the Southern Alps by the Periadriatic linea-
ment. Interpretation of metamorphism in the
basement is complicated by pre-Alpine metamor-
phic overprints of dominantly Carboniferous age
(in the western and central Eastern Alps) and of
Permian age (mainly in the eastern parts of the
Eastern Alps). Alpine metamorphism is restricted
to the northern part of this zone. There is an in-
crease in grade of Cretaceous metamorphism
from north to south until it is suddenly truncated
along a tectonic line marking the southern limit of
Alpine Metamorphism (for which we suggest the
abbrevation SAM). SAM is situated in the south-
ern basement units close to, but still north of, the
Periadriatic lineament. From west to east, SAM is
represented by the Pejo-, Passeier—Jaufen-, Def-
freggen—Antholz-Vals-, Zwischenbergen—Wdlla-
tratten-, Ragga-Teuchl-, Siflitz-, Viktring-fault
zones. The basement blocks north of the SAM
were affected by Cretaceous and partly also Ter-
tiary metamorphism to varying extent. Western
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sections of SAM represent a zone of important,
mostly Oligocene sinistral strike-slip displace-
ment with an oblique-slip normal fault compo-
nent, the eastern sectors (east of the Isel fault) a
zone of Late Cretaceous sinistral strike-slip shear
with a subordinate normal component.

To the north of SAM a structural division into
Lower, Middle and Upper Austroalpine structur-
al units can be applied. To the south of SAM, this
subdivision becomes meaningless. We use the
terms Lower, Middle and Upper Austroalpine
nappe complexes for simplicity.

However, as shown below, the structural
boundaries of these nappe complexes also repre-
sent a break in Cretaceous metamorphic condi-
tions. These mainly include (1) superposition of
Middle Austroalpine eclogite facies metamorphic
units onto greenschist to amphibolite facies Low-
er Austroalpine units; and (2) superposition of
amphibolite facies Middle Austroalpine meta-
morphic units on greenschist facies Upper Aus-
troalpine units. The lower contact is suggested to
represent a late-stage out-of-sequence thrust, the
upper contact a regional late Cretaceous low-an-
gle normal fauit.

3.1. LOWER AUSTROALPINE NAPPE
COMPLEX

The Lower Austroalpine Nappe surrounds the
Penninic rocks of the Tauern Window in the NW
(Innsbruck Quartzphyllite and Tarntal moun-
tains) and in the NE (Radstadt nappe complex)
and the Penninic units at the eastern end of the
Alps (Rechnitz Window Group).

3.1.1. Innsbruck Quartzphyllite and Tarntal mountains

According to ToLLMANN (1977) the tectonic suc-
cession in the NW of the Tauern window consists
of three individual nappes. From the base to the
top they are the Innsbrucker Quartzphyllite
nappe, the Hippold nappe and the Reckner
nappe.

The Innsbrucker Quartzphyllite nappe com-
prises various phyllites with rare diabases,
metarhyolites and carbonate lenses. The top is
formed by Permo-Triassic sediments. In contrast,
the Hippold and Reckner nappes consist of vari-
ous and partly fossil-bearing Mesozoic sediments
ranging from Skythian to Malm (ENZENBERG,
1967; ENZENBERG-PRAHAUSER, 1976; HAUSLER,
1988). The top of the Reckner nappe is formed by
the serpentinites and blueschists of the Reckner
complex (DINGELDEY et al., 1997).

For both Reckner and Hippold nappes a
Tertiary HP/LT event (Fig. 1d) in the range of
~ 350 °C and ~ 10 kbar has been reported by DIN-
GELDEY et al. (1997). Typical minerals of this event
are alkali pyroxene (< Jd;;Acs,), Mg-rich pumpel-
lyite, stilpnomelane, high-Si phengite (< 3.65
p.f.u.). This high pressure event was followed by a
greenschist paragenesis with blue amphiboles re-
placing the alkali pyroxenes, low-Si muscovites
(3.05-3.17 p.f.u.), epidote, green biotite instead of
stilpnomelane. Only a LP/LT event (~ 400 °C and
< 4 kbar) was found in the underlying quartzphyl-
lite nappe (Fig. 1d).

“Ar/*Ar-measurements on high-Si phengites
from the Reckner nappe recorded ages around
50 Ma. In the underlying Hippold nappe and in
the adjoining Penninic Biindnerschiefer the high-
Si phengites yielded ages between 44 and 37 Ma
(DINGELDEY et al., 1997). All ®Ar/*Ar data from
the quartzphyllite nappe appear to demonstrate
rejuvenation of Variscan micas and no clear
Alpine **Ar/*Ar plateau ages have been found.

3.1.2. The Radstadt nappe complex

The Lower Austroalpine nappes of the "Rad-
stddter Tauern" form the NE rim of the Tauern
Window (TOLLMANN, 1977; HAUSLER, 1987). They
comprise a Variscan basement and various Per-
mo-Mesozoic cover sequences. These are from S
to N the Speiereck, Hochfeind, Lantschfeld, Pleis-
ling and Kesselspitz which are normally layered,
whereas the uppermost quartzphyllite nappe ex-
hibits inverse layering. Modern PT-path investiga-
tions on the Alpine metamorphic evolution have
yet to be done.

Large pre-Mesozoic remnants are found in the
crystalline of Tweng (basement of the Lantschfeld
nappe) and in the quartzphyllite nappe. They are
all characterized by a conspicuous retrograde
evolution. BECKE (1909) applied the term "diaph-
thoresis" for the first time to the crystalline rocks
of Tweng, which show low-grade overprint of pre-
Alpine amphibolite facies metamorphism. The
characteristic Alpine mineral is stilpnomelane
(EXNER, 1971). In the quartzphyllite nappe most
of the white micas yield still Variscan K/Ar ages,
in contrast to the biotite with strongly rejuvenat-
ed Rb/Sr and K/Ar ages (SLAPANSKY and FRANK,
1987). SLAPANSKY and FRANK (1987) estimated
the Alpine metamorphic conditions as 350-
400 °C.

The Alpine metamorphic evolution of the Per-
mo-Mesozoic sedimentary sequences can be de-
fined by the assemblage of phengite + chlorite
without newly formed biotite. VoLL (1977) de-
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scribed local chloritoid and kyanite from the
quartzphyllite nappe. In the Hochfeind nappe,
further to the south, MEIXNER (1978) described,
besides stilpnomelane, Mn-minerals such as brau-
nite, piemontite or spessartine in slightly meta-
morphosed radiolarites. Temperatures of 450 °C
and pressures of > 3 kbar have been deduced by
SLAPANSKY and FRANK (1987). Metamorphic con-
ditions generally increase towards the south.

Summing up, the Permo-Mesozoic Lower Aus-
troalpine nappes suffered a low-grade, possibly
Cretaceous metamorphism. K/Ar ages of white
micas (fine fractions) are only slightly rejuvenat-
ed in the northern part, while in the southern part
Tertiary ages are more common (SLAPANSKY and
FRANK, 1987).

3.1.3. Lower Austroalpine nappes at the eastern end
of the Alps

The Lower Austroalpine Unit at the eastern end
of the Alps can be divided into two different
nappes, both containing pre-Alpine basement and
an individual Permo-Mesozoic sedimentary cov-
er. The lower nappe is named the Wechsel nappe,
tectonically overlain by the higher Stuhleck-
Kirchberg nappe, also known as "Grobgneis"
nappe (TOLLMANN, 1977). Both nappes show an
independant metamorphic evolution. They were
thrusted onto the Penninic units of the RWG as
seen in the borehole Maltern 1 (PAHR, 1975).

The Wechsel nappe is build up by the Wechsel
gneiss and rare garnet-bearing micaschists, by the
Wechsel phyllites and by Permo-Mesozoic sedi-
mentary rocks (TOLLMANN, 1977). The typical
Variscan Wechsel gneiss is characterized by a ret-
rograde Alpine metamorphic overprint. The
Wechsel phyllites (of possible Carboniferous to
Permian sedimentation age) comprise various
types of phyllites, including graphite phyllites. Ac-
cording to MULLER (1994) the main metamor-
phism of the Wechsel gneiss is defined by an Ear-
ly Variscan high-pressure event. The Alpine meta-
morphic conditions are in lower greenschist facies
with temperatures of 350 °C in the northern part
(MULLER, 1994); a temperature increase towards
the south is possible, but not well documented.
Cretaceous “*Ar/*Ar white mica ages were deter-
mined from shear bands within the Wechsel gneiss
(86 Ma), from the Wechsel phyllite (82.1 Ma) and
from Early Triassic quartzites (MULLER, 1994;
DALLMEYER et al., 1998).

The Stuhleck-Kirchberg or "Grobgneis”
nappe consists of a pre-Alpine basement with syn-
collisional Variscan granites and garnet-, stauro-
lite-, andalusite- and sillimanite-bearing mica-

schists. The basement is covered by the thick Per-
mo-Mesozoic sedimentary sequences of the Sem-
mering system (TOLLMANN, 1977). The Alpine
metamorphic evolution ranges from greenschist
facies in the north (ca. 350400 °C) to amphibolite
facies in the south. Alpine amphibolite facies
metamorphism is documented by entirely recrys-
tallized amphibolites, the presence of staurolite
and kyanite in metapelites and Cretaceous K—Ar
and Rb-Sr muscovite-ages (PEINDL, 1990;
REINDL, 1989; MOYSCHEWITZ, 1994). Leucophyl-
lites, which represent mylonitic former or-
thogneisses are common. "Blastomylonites" and
chloritoid-bearing micaschists were described by
LELKES-FELVARI et al. (1984) in western Hungary.
Replacement textures of andalusite by (1) chlori-
toid, staurolite and white mica and (2) kyanite are
reported by SCHUSTER (pers. com.) from the Stral-
legg gneisses and temperatures of 530 °C are esti-
mated. The talc mining site Rabenwald was inves-
tigated by MOINE et al. (1989) who derived pres-
sures of 8-9 kbar from phengite barometry at
500-550 °C. For the Sopron area near the Austri-
an-Hungarian border DRAGANITS (1996) postu-
lates metamorphic conditions of ~ 550 °C and
9.5 kbar from replacement textures of pre-Alpine
staurolite by eo-Alpine chloritoid, kyanite and
phengitic white mica. From garnet-bearing or-
thogneisses of the Grobgneiss nappe in Western
Hungary (Sopron area) peak metamorphic pres-
sure conditions of 12 kbar at 450-500 °C are re-
ported by TOROK (1996, 1998). “Ar/*Ar white
mica ages are Cretaceous (81-71 Ma; MULLER,
1994; DALLMEYER et al., 1998) for mylonites in the
"Grobgneis" and for Semmering quartzites. Fis-
sion track ages of 80-70 Ma for zircon and 30-80
Ma for apatite were reported by DUNKL (1992) for
the Sopron unit suggesting Late Cretaceous to
Palaeogene postmetamorphic cooling.

3.2.MIDDLE AUSTROALPINE NAPPE
COMPLEX

3.2.1 Silvretta-, Scarl-Campo- and Otztal Basement

In the westernmost Silvretta-, Scarl-Campo- and
Otztal-blocks the Alpine overprint is character-
ized by an increasing grade from NW towards SE
ranging from very low-grade in the Silvretta and
northern Otztal blocks to low-grade in the Scarl-
Campo block and medium-grade in the southern
Otztal block. This continuous increase in meta-
morphic grade is indicated by the Cld-in isograd
crossing the Austroalpine basement area west of
the Tauern window from Innsbruck in the NE to
the Bernina area in the SW (PURTSCHELLER, 1969,
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THONI, 1981). North of the Cld-isograd a late for-
mation of stilpnomelane and a second generation
of phengitic white mica (3.5 Si/p.f.u.) in meta-
granitoids are indicative of a low-temperature
(< 300 °C) - high-pressure (5 kbar) type Alpine
metamorphism. South of the Cld-isograd increas-
ing metamorphic temperature and pressure is
indicated in the southern Otztal block by an
Alpine staurolite-in isograd (HOINKES, 1981), a
KFMASH equilibrium assemblage of St + Ky +
Grt + Bt + Chl + Ms with equilibrium conditions
of ¢. 600 °C and 7 kbar, and phengitic white mica
in metagranitoids (max. Si = 3.4/p.fu.) indicating
pressures of 10 kbar at 600 °C. In the southern-
most Otztal basement relics of eclogite assem-
blages in metabasites (omphacites with Jd,,)
formed at minimum pressures of 11.5 kbar. The
typical assemblage comprises Ca-Amp (Mg-horn-
blende) + Omp(Jd,, )} + Grt{Alm,) + Ep/Zoi + Rt
+ Qtz + Phe. Characteristic textures are reaction
rims of Al-rich amphiboles (sadanagaites) be-
tween Grt and Omp and partial to complete sym-
plectitic replacement of Omp to Jd-poor Cpx + P1
and sometimes hornblende. Phengite is only pre-
served as relics and usually replaced by a Bt + Pl
intergrowth, The geothermobarometric results
from the eclogite assemblage and the symplectite
assemblage in eclogites and the chemical zonation
of phengites in metagranitoids are consistent with
a clockwise PT-loop from 550 °C / 12 kbar to
600 °C/ 5 kbar and finally 300 °C/ 3 kbar (Fig. 2a)
(HOINKES et al., 1991).

The main arguments for an eo-Alpine over-
print with metamorphic grade increasing from
very low-grade to eclogite facies are mineral age
data presented by SCHMIDT et al. (1967), THONI
(1981, 1986); FRANK et al. (1987a); HOINKES et al.
(1991) and reviewed by THON (1999, this vol-
ume). K/Ar- and Rb/Sr-ages of white mica and bi-
otite are rejuvenated from Variscan ages in the
NW of the Otztal basement to eo-Alpine ages in
the SE where thin-slab isochrons also result in
Cretaceous ages. A range of 100 to 70 Ma ob-
tained from thin slabs, white micas and biotite are
interpreted in terms of a thermal climax close to
100 Ma. An uplift/exhumation-rate of 1 to 2 mm/a
was calculated from the age data for the period
between the Turonian and the Campanian. The
preceeding P-climax is not very well constrained,
but a Rb/Sr phengite age of 143 Ma from an eclo-
gite assemblage is tentatively interpreted as the
age of eclogite formation (HOINKES et al., 1991).

Laas Complex

The southern Otztal basement is characterized
by a narrow zone, a few kilometres wide, of a
metacarbonate-rich basement. Since metacarbon-

ates are otherwise rare in the Otztal basement,
this zone is distinguished by a special name. The
index mineral of the siliceous carbonates is tremo-
lite but in a few cases relic diopside partially re-
placed by tremolite can still be recognized.
Whether this is an indication of polymetamor-
phism or is caused by PT changes during a single
eo-Alpine metamorphic evolution is not clear.
However, polymetamorphism in terms of a
Variscan diopside formation followed by eo-
Alpine tremolite formation is more plausible in
this part of the Austroalpine basement, since diop-
side has never been found in the monometamor-
phic Schneeberg complex.

3.2.2. Schneeberg Complex

The Schneeberg Complex is a zone of texturally
monometamorphic metapelites, metacarbonates
and metamarls which forms a complex structure
of several narrow synclines within the Otztal
basement exactly at the transition to the Laas
complex. The lowermost units of this sequence
however show indications for a two-stage garnet
growth.

The dominant monometamorphic character of
the Schneeberg complex is an additional argu-
ment for the eo-Alpine age of high-pressure
metamorphism in the polymetamorphic Otztal
basement since Rb/Sr muscovite ages of ¢. 90 Ma
clearly prove an eo-Alpine age of the metamor-
phism of the Schneeberg complex. The index min-
eral assemblages in the three lithologies are:

Grt + St + Ky + Pl £ Bt + Chl in the paragonite-
and muscovite-bearing metapelites (HOINKES,
1981), Qtz + Cal + Dol + Tr + Tlc and Qtz + Cal +
Dol + Tr in marbles (HOINKES, 1983) and Ca-Amp
+ Grt + Pl + Ep + Chl + St + Ky in white mica-
bearing amphibolites. Hornblende-garbenschists
containing white mica and aluminosilicates and
paragonite-amphibolites seem to be the precursor
rocks of the eclogites further to the south
(KonzerT and HOINKES, 1996). Pressure condi-
tions of 9 to 12 kbar at 580 °C were derived by
KonzeTT and HOINKES (1991) for the white mica
and aluminosilicate-bearing amphibolites. Sym-
plectitic reaction rims of either Mrg + Ab + Chl or
Mrg + Ab + Bt between white micas and Ca-Amp
are again indicative for pressure release. A similar
occurrence of paragonite-amphibolites and eclo-
gites along an increasing metamorphic gradient is
also observed in the Radenthein Complex and
Millstatt basement east of the Tauern Window
(TEIML et al., 1995).
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3.2.3. Middle Austroalpine basement south
of the Tavern Window

To the east of the Southern Otztal basement, in
the Austroalpine basement block bordered by the
Penninic Tauern Window to the north and the
DAV line to the south, BOorsI et al. (1978) have re-
ported mainly Tertiary Rb/Sr-biotite ages ranging
between c. 20 and 50 Ma but also three Cretaceous
ages between 82 and 95 Ma. Hence co-Alpine
metamorphism and a significant thermal effect
from the Penninic realm in the Tertiary is evident
for this Austroalpine block close to the Tauern
Window. However, the interpretation of the min-
eral assemblages in terms of Alpine or pre-Alpine
formation is still debated (Sasst et al., 1978;
STOCKHERT, 1985; SCcHULZ et al., 1995; ScHULZ,
1997). Key petrological observations in meta-
pelites include the stable occurrence of a second
generation of kyanite and staurolite as well as
phengitic white micas (Sassi, 1978) and hence
very much resemble the petrological features of
the southern Otztal basement. However, eclogites
have not been observed until now in this part of
the Austroalpine basement. STOGCKHERT (1985)
derived pressures and temperatures of c. 6 kbar
and 600 °C which he allocated to the Variscan
event but instead these probably represent Alpine
conditions of either Cretaceous or Tertiary age.
Further to the east, several occurrences of rel-
ic eclogites within the Austroalpine basement are
known from the Schober group (CLAR, 1927; LIN-
NER et al., 1996), the Polinik unit of the northern
Kreuzeck group (ANGEL, 1930; HOkE, 1990) and
the Millstatt complex (STRAUSS, 1990; TEIML et al.,
1995). The eo-Alpine age of the metamorphism
affecting the Schober group is now well con-
strained by mineral dating of eclogite phases by
LINNER (1995), LINNER et al. (1996) and LINNER
(in prep.). Sm/Nd ages of garnet and WR and
Rb/Sr ages of phengites from eclogites range be-
tween 115 and 80 Ma. Mineral assemblages of the
eclogites are similar to those of the Polinik unit
and the Millstatt complex and comprise Grt +
Omp + Ca-Amp + Ep/Zoi + Rt + Otz + Phe.
Rather high pressures of 16 to 19 kbar at 625 °C
were derived for the Schober group eclogites and
slightly lower pressures of 9 to 11 kbar at 650 °C
for the enclosing metasediments (LINNER, in
prep.). Metamorphic conditions of 11 kbar and
600 °C were proposed by HOKE (1990) for the
eclogite formation of the Polinik unit and 12 to 13
kbar at 600 °C by TEIML et al. (1997) for the Mill-
statt basement (Fig. 2b). The eclogites are embed-
ded in a metamorphic matrix of mainly quart-
zofeldspatic gneisses and schists of amphibolite
facies with kyanite as the stable ALSiO; poly-

morph coexisting with staurolite. The Millstatt
complex is similar to the Laas complex of the
southern Otztal basement in terms of lithologies
and polymetamorphism. Massive tremolite-bear-
ing marbles with relic diopside from a pre-Alpine
metamorphic episode are present in both base-
ment blocks as well as numerous barren peg-
matites. The polymetamorphic Millstatt complex
carries a monometamorphic metapelitic sequence
which may be compared with the Schneeberg
complex of the southern Otztal basement. This is
the Radenthein complex representing a zone of
coarse-grained hornblende garbenschists and
kyanite-garnet schists as part of the Wolz com-
plex, the dominant Austroalpine unit to the north
of the Millstatt complex and east of the Tauern
Window. Cretaceous ages of amphibolite facies
metamorphism were reported from the basement
(DEUTSCH, 1988) and the Radenthein Complex
(ScHIMANA, 1986) by Rb-Sr-garnet dating.

3.2.4. Middie Austroalpine basement east
of the Tauern Window

This area is dominated by the Wiz complex com-
prising the area between the Enns and Palten val-
leys to the north and the Mur valley to the south
from the line Schladming-Spital in the west to the
line Rottenmann-Judenburg in the east. It covers
the Schladming- and Seckau crystalline basement
which represent lower tectonic units of the Aus-
troalpine basement. Immediately to the east of
the Tauern Window it carries tectonically the
polymetamorphic Bundschuh crystalline base-
ment which very much resembles the Otztal base-
ment to the west of the Tauern Window (FRIM-
MEL, 1986, 1988). Further east, the Glein- and
Stubalpen complex represent the transitions to
the tectonically highest basement nappes of the
Kor- and Saualpe turther to the south. The whole
basement complex described above together with
the Millstatt complex experienced a common €eo-
Alpine metamorphic event with increasing grade
from north to south that partly obliterated tec-
tonic boundaries but which may usually be recog-
nized by lithological and petrological differences.
Geochronological investigations by FRANK et al.
(1987b) demonstrated the widespread Cretaceous
metamorphic overprint of the Austroalpine base-
ment east of the Tauern Window. The metamor-
phic imprint of the Gleinalpen complex is dated
by *Ar/*Ar-hornblende and white mica ages
ranging between 95 and 84 Ma (NEUBAUER et al.,
1995; DALLMEYER et al., 1996). Together with zir-
con fisson track ages of 61 Ma an average cooling
rate of 9 °C/Ma is calculated. The eo-Alpine meta-
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morphic conditions continuously increase from
north to south from low-grade to high-grade, end-
ing up with regional eclogite facies conditions at
the SAM. Along this metamorphic gradient
white-mica-bearing hornblende garbenschists
and paragonite amphibolites occur at epidote-
amphibolite facies conditions in the Radenthein
complex. High-pressure amphibolite facies condi-
tions of 11 kbar, 600 °C (KOROKNALI et al., 1996)
and 9 kbar, 570 °C (TeimML and HOINKES, 1996)
were obtained from metapelites and metabasites
of the Radenthein complex. Most metapelites,
however, equilibrated at lower P and T conditions
of 6 kbar and 550 °C (SCHUSTER, pers. com.). The
petrologic data show that the Austroalpine base-
ment areas immediately east and west of the
Tauern Window are remarkably similar in terms

of metamorphic evolution and the tectonostrati-
graphic sequences. In the eastern part of the Wolz
complex polymetamorphic textures in garnet
have been observed and dated: Sm/Nd ages of
269 Ma from a garnet core and 94 Ma from a rim
have been interpreted as primary growth ages
(ScHUSTER and THONI, 1996). The eastern Wolz
complex again shows increasing metamorphic
conditions towards the south. The medium-grade
cquilibrium assemblage in metapelites comprises
St + Ky + Grt in a muscovite- and paragonite-
bearing matrix (ABART und MARTINELLI, 1991)
and is thought to represent the eo-Alpine condi-
tions. The rare occurrence of reaction rims of gar-
net replacing staurolite in the southern Wolz com-
plex is indicative either of the transition to high-
grade eo-Alpine metamorphic conditions or of

Munich

ass® B

Mo\

Southern Alps

Mm Helvetic Zone

[]

] Penninic Zone/
==L1 Zentralgneis

Rhenodanubian
Flysch Zone

[[]] Lower Austroalpine

Upper Austroalpine

/

L 5°C/km B2 |
20 a) 10°C/km 20 b)

16 16

12 4 12 4

| 20°C/km
8- 8-
ol 40°Chkm 4 |
200 400 600 800 °C 200 400

5°C/km 5°C/km
10°C/km 3) A4 10°C/km
'/
127
77
\
=
20°C/km | 2) 20°C/km
|
40°C/km - 40°C/km
/’/
600 800 °C 200 400 600 800 °C

Fig. 2 Geological sketch map of the Eastern Alps and three characteristic PT paths for the

a) Southern Otztal basement (HOINKES et al., 1991),
b) Millstatt basement (TEIML, 1996),

c¢) Koralpe: 1) Plankogel unit, 2) Koralm unit (GREGUREK et al., 1997); 3) Koralm "Plattengneis" (STUWE and

POWELL, 1995).



ALPINE METAMORPHISM OF THE EASTERN ALPS 169

relic pre-Alpine high-grade assemblages. Metaba-
sites locally exhibit garben textures and metacar-
bonates contain tremolite but a thorough petro-
logic and geothermobarometric examination of
the Wolz complex is still required. Interestingly
these garnet corona textures around staurolite are
also observed a few kilometres to the south in the
Gleinalpen complex at the northern border of the
Koralpe complex (locality Gaberl, LiICHEM et al.,
1996). Until now it is not known if we are dealing
with textures due to a single metamorphic event
or polymetamorphism. Micaschists of the Wolz
Complex appear as tectonic windows within the
Koralpe basement further to the south, indicating
that the Wolz Complex occupies a lower tectonic
position than the Koralpe basement.

3.2.5. Middle Austroalpine Sau- and Koralpe

Garnet-bearing metapelites throughout the Sau-
and Koralpe contain similar KFMASH mineral
assemblages with kyanite and staurolite as the in-
dex phases. Staurolite is rather scarce with the ex-
ception of a few samples with abundant staurolite.
Garnets generally appear to be monometamor-
phic, with continuous chemical zonation patterns,
but may also exhibit complicated patterns due to
a polyphase growth. In the "Plattengneis"”, a mas-
sive mylonitic gneiss, an older generation of clasts
(Grt, Ky, Or) is typically embedded in a well foli-
ated fine-grained recrystallized matrix. Staurolite
is not present in the Plattengneis and kyanite typ-
ically forms elongated lenses of recrystallized
grains. Another typical texture indicating
polyphase metamorphism outside the mylonite
zone is formed by rectangular aggregates of re-
crystallized kyanite representing pseudomorphs
after andalusite. Concerning the metabasites the
Kor- and Saualpe is well known as the type local-
ity of eclogite. The term "eclogite" was first ap-
plied by HAUY (1822) to garnet-pyroxene-zoisite-
bearing metabasites from the localities Kuppler-
brunn and Pricklerhalt of the Saualpe. Investiga-
tions by BECK-MANNAGETTA (1961); HERITSCH
(1973); MILLER und FRANK (1983); MILLER et al.
(1988); MILLER (1990); THONI and JaGouTtz
(1992) and others demonstrated the key function
of these rocks for the geologic history of the East-
ern Alps. The first eo-Alpine Sm/Nd-dates of
eclogite facies metamorphism, ranging between
93 and 150 Ma, were reported by THONI and
JaGouTz (1992) from a Koralpe metagabbro (lo-
cality Bérofen). In contrast to the eclogite occur-
rences of Cretaceous age from the other Aus-
troalpine units described above, where relic mag-
matic textures are lacking, the Koralpe eclogites

show textural evidence for gabbroic protoliths.
Gabbros occur as isolated bodies in the quartzo-
feldspathic country rocks and exhibit gradational
transitions from primary magmatic assemblages
in the cores to eclogite facies metamorphic as-
semblages in the rims. Magmatic ages, derived
from the primary assemblages, are Permian
(TuonI and JaGouTz, 1992; MILLER and THONI,
1997), hence the high-pressure metamorphism
must be an Alpine event. The high-pressure as-
semblages were overprinted by amphibolite fa-
cies conditions during the eo-Alpine PT-evolution
and hence are only partially preserved. Moderate
T-conditions of ¢. 600 °C at 18 kbar were reported
by MiLLER (1990) for some Sau- and Koralpe
eclogites. The metamorphism of the Koralpe
eclogites was reinvestigated by GREGUREK et al.
(1997) who deduced PT conditions of 15-16 kbar
and 700 °C for the southern Koralpe (Fig. 2¢c). De-
creasing pressure and temperature conditions of
eclogite formation in the Koralpe complex to-
wards the north were demonstrated by LICHEM et
al. (1996) and are consistent with the general
metamorphic pattern of the Austroalpine base-
ment. An eo-Alpine high-pressure history was
also documented in the enclosing metapelites in-
dicating that the whole basement shared a com-
mon high-pressure history. Sm/Nd garnet-whole
rock dating of micaschists from the Saualpe com-
plex resulted in a range of ages from 88.5 to 94 Ma;
surprisingly high pressures of c¢. 20 kbar at 685 °C
were derived by THONI and MILLER (1996) for
these micaschists. Similar conditions of 18 kbar at
700 °C were derived by STOWE and POWELL
(1995) for metapelites of the Koralpe. Most
metapelites and metabasites of the Austroalpine
basement, however, equilibrated at much lower
PT conditions corresponding to the amphibolite
facies, but still within the kyanite stability field
during exhumation. GREGUREK et al. (1997) re-
port a continuous clockwise PT loop and condi-
tions of 8 kbar, 630 °C for the final equilibration in
metapelites outside the mylonite zone and 10
kbar, 700 °C in amphibolites (Fig. 2c). In contrast
STOWE and POWELL (1995) present evidence for a
discontinuous three-step PT path from modal
proportions of an average metapelite resembling
the Plattengneis: a heating step to 700 °C during
pressure release, an isobaric cooling step at 14
kbar to 600 °C and finally isothermal decompres-
sion followed by pressure release and cooling dur-
ing exhumation (Fig. 2¢). This is probably a typical
PT path for the mylonitic gneisses but cannot be
extrapolated to less deformed gneisses for which
a clockwise PT path from eclogite to amphibolite
facies conditions is derived (GREGUREK et al.,
1997).
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3.2.6. Plankogel unit

The micaschist-rich Plankogel unit in the south-
ern Koralpe complex experienced lower meta-
morphic conditions than the rest, and may also be
distinguished by a metapelitic and metabasic
lithology similar to the W&lz complex but occur-
ing in a higher tectonic position. In the Plankogel
unit micaschists and amphibolites occur together
with lenses of serpentinite, indicating a tectonic
emplacement. This zone can be traced westwards
into the southern Saualpe complex. The typical
mineral assemblage of the paragonite-rich mica-
schists is Cld + St + Ky + Grt + Chl + Qtz (KLEIN-
scHMIDT and RITTER, 1976; HERITSCH and
MORTL, 1977) and represents pressure and tem-
perature conditions of 10.6 kbar, 570 °C (GRE-
GUREK et al., 1997). The metabasites of the
Plankogel unit never show indications of eclogite
assemblages which is in contrast to the Kor- and
Saualpe complex in the footwall. It is therefore
concluded that both units were put together after
the eo-Alpine pressure peak at medium-grade
conditions. Permian Sm/Nd-ages of garnet cores
and eo-Alpine rims from the Plankogel unit
(LicHEM et al., 1997) indicate a similar metamor-
phic evolution to that suggested for the Wélz com-
plex (SCHUSTER and THONI, 1996).

3.2.7. Sieggraben unit

East of the Sau-, Kor-, Glein- and Stubalpen com-
plexes mainly lower levels of Austroalpine units
and Penninic units appear. From top to bottom,
the Middle Austroalpine Sieggraben unit repre-
sents a relic of the highest tectonic level, compa-
rable to the Sau-/Koralpe complexes. It rests as a
tectonic klippe on the Lower Austroalpine Sem-
mering system (Grobgneis nappe) and Wechsel
nappe representing the tectonostratigraphic se-
quence down to the Penninic units, partly present
as tectonic windows. The eo-Alpine metamorphic
age of the Sieggraben units is well constrained by
WAr/°Ar plateaux ages of hornblende (136 and
108 Ma) and white mica (78-77 Ma). In the Sieg-
graben unit, which is interpreted as tectonic
melange at the very eastern end of the Eastern
Alps, relic eclogites very much resemble the Aus-
troalpine units further to the west; their similar
metamorphic conditions of 14-16 kbar and
670-750 °C (NEUBAUER et al., in prep.) are in-
dicative of a large-scale compression and subduc-
tion regime within the Austroalpine plate during
the Cretaceous.

3.3. UPPER AUSTROALPINE BASEMENT AND
COVER UNITS

The general architecture of the upper Aus-
troalpine units is characterized by a Variscan
basement of early Palaeozoic to middle Carbonif-
erous sediments and post-Variscan (late Car-
boniferous to Tertiary) cover sequences. This
building style has been successfully used to date
relatively the observed metamorphic overprint.
However, during the Alpine cycle, the Graz
Palaeozoic and the Carboniferous of Notsch lost
their post-Variscan cover sequences, so that the
age of the decisive metamorphic overprint in
these units remains uncertain.

The effects of polyphase very low- to low-
grade tectonometamorphism have been studied
in several papers. At the beginning of the 1970’s
clay mineralogical studies resulted in a first out-
line of the metamorphic zonation within the
Northern Calcareous Alps including the Gray-
wacke Zone as its primary basement (see KRALIK
et al., 1987 for full references), in the Gurktal
nappe complex (FRANK and RIEHL-HERWISCH,
1972; SCHRAMM et al., 1982; voN GOSEN et al.,
1987) and in the Drau Range (NIEDERMAYR et al.,
1984). Subsequently, these data were completed
by coalification data (GAUuPP and BATTEN, 1985;
SACHSENHOFER, 1987; KrRUMM et al, 1988;
PETscHIck, 1989; HEINRICHS, 1993; FERREIRO
MAHLMANN, 1994; RANTITSCH et al., 1996),
geochronological data (KrRALIK, 1983; NEUBAUER
et al, 1987: HANDLER, 1994; KRrRALIK and
SCHRAMM, 1994; DALLMEYER et al., 1996, 1998),
conodont color alteration index (CAI) data
(GAWLICK et al., 1994; LEIN et al., 1997; NEUBAUER
and Friepr, 1997) and fluid inclusion data
{RANTITSCH et al., 1997).

The Graz Palaeozoic was studied by combin-
ing data on clay mineralogy, coalification and co-
nodont alteration indices by HASENHUTTL and
RUSSEGGER (1992), RUSSEGGER (1992, 1996) and
HASENHUTTL (1994). A similar approach was used
to investigate the metamorphic overprint of the
Carboniferous of Notsch (RANTITSCH, 1995b).

Significant progress in understanding the ther-
mal processes leading to very low-grade meta-
morphism within the Eastern Alps was achieved
mainly by an approach of combining data of dif-
ferent methods. Problems in the reconstruction of
the Mesozoic thermal history arise from a
polyphase tectonothermal history including late
Carboniferous to Permian (late- to post-Variscan)
extensional tectonics (e.g. Va1, 1991), Alpine
thrusting in the middle Cretaceous to early Ter-
tiary {e.g. NEUBAUER, 1994; GENSER et al., 1996)
and finally, from the lateral escape of large crustal
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blocks towards the east (e.g. KAzZMER and
KovAcs, 1985; RATSCHBACHER et al., 1991). Lo-
cally, thermal events in the early Tertiary influ-
enced the metamorphic history of basement rocks
in the vicinity to the Periadriatic Lineament
(SACHSENHOFER, 1992; RANTITSCH, 1997; SAcH-
SENHOFER et al., submitt.).

In the uppermost tectonic units of the Alps
{Upper Austroalpine and Southalpine) the inten-
sity of metamorphism at the base of the Alpine
sedimentation cycle (starting in the late Carbonif-
erous/Permian) decreases from north to south
(RANTITSCH, 1997). On the basis of structural and
geochronological data, DALLMEYER et al. (1998)
explain metamorphism within this nappe assem-
bly as an effect of internal thrusting, initiated at
c. 100-90 Ma (predating the sedimentation of
Gosau Group sediments) by the closure of the
Meliata-Hallstatt ocean.

3.3.1. Steinach nappe

Within the Steinach nappe, Alpine very low-grade
conditions were attained as recorded by the pres-
ence of Late Carboniferous anthracite. FUGEN-
SCHUH (1995) reported Late Cretaceous zircon
cooling ages.

3.3.2. Gurktal nappe complex

The mineral assemblage of quartz, muscovite,
chlorite, albite + garnet, biotite, epidote, clinozo-
isite, calcite, dolomite in the structurally low
Murau nappe suggests Alpine greenschist facies
metamorphism with maximum temperatures of
460-500 °C during Cretaceous metamorphism
(KOoROKNALI et al., 1998).

According to RANTITSCH and RUSSEGGER (in
prep.) and KOROKNAT et al. (1998) the very low- to
low-grade metamorphism in the Gurktal nappe
complex is related to the loading of thrust sheets
and to shear heating along fault planes, producing
diagenetic to higher anchizonal illite crystallini-
ties and anthracitic to meta-anthracitic coal ranks
in the Late Carboniferous cover sequences
(Stangnock Formation) of the structurally high
Stolzalpe nappe (RANTITSCH and RUSSEGGER, in
prep.). In this sequence SCHRAMM et al. (1982) de-
scribed pyrophyllite, paragonite/muscovite mixed
layer minerals and paragonite.

CALI values within Ordovician to early Car-
boniferous sediments of the Gurktal nappe com-
plex vary from 5 to 8. Low values occur in eastern
sectors, high values in northeastern and south-
western sectors (NEUBAUER and FRIEDL, 1997).

3.3.3. Graz Palaeozoic

The structurally low Schockl nappe and the
Kalkschiefer nappe of the Graz Palaecozoic are
characterized by epizonal illite crystallinities,
meta-anthracitic to semi-graphitic coal ranks and
CALI values of 5-7, whereas in the Laufnitzdorf
nappe meta-anthracitic coal ranks, anchizonal il-
lite crystallinities and CAI values of 4-6!/2 are
found. Fritz (1988) reported Cretaceous K-Ar
white mica ages from mylonites which formed
along thrust surfaces. The structurally higher
Hochlantsch nappe displays a meta-anthracitic to
semi-graphitic organic maturation, anchi- to epi-
zonal illite crystallinities and CAl values of 3-7.1n
the south of the Graz Palaeozoic the structurally
high Rannach nappe shows low-volatile bitu-
minous to semi-graphitic coal ranks, diagenetic to
epizonal illite crystallinities and CAI values of
41/>-8. The occurrence of paragonite is restricted
to the Schéckl nappe, while pyrophyllite occurs in
the eastern part of the Rannach nappe (RUSSEG-
GER, 1992, 1996; HASENHUTTL and RUSSEGGER,
1992; HASENHUTTL, 1994). :

Due to the problems of distinguishing between
Variscan and Alpine metamorphism, two con-
trasting models are given. In the northern part of
the Graz Palaeozoic, HASENHUTTL (1994) inter-
prets metamorphic gaps at internal thrust planes
as indicators of a synsedimentary rift-related
metamorphic event. In the southern part of the
Graz Palaeozoic, there is no metamorphic hiatus
along internal thrusts. Therefore, RUSSEGGER
(1992, 1996) explains the metamorphic data in
terms of Alpine events. In this model, early Creta-
ceous thrust-related heating and a subsequent rise
in heat flow during late Cretaceous extensional
tectonics were responsible for maximum burial
temperatures of ¢. 250 °C in the structurally high
Rannach nappe.

In the eastern and structurally lower part of
the Graz Palaeozoic phyllites are exposed which
grade eastwards into phyllitic micaschists. They
are characterized by a mineral zonation with the
income of biotite, chloritoid and garnet towards
the east and by Cretaceous Rb-Sr and K-Ar
white mica ages (ESTERLUS, 1985).

3.3.4. Graywacke Zone

Analysis of illite crystallinity indicates that low-
grade metamorphic conditions were attained dur-
ing Alpine orogenic events. Chloritoid, parago-
nite, pyrophyllite, margarite and paragonite/mus-
cowite mixed-layer minerals have been found as
critical metamorphic minerals (KrRALIK et al,



172 G. HOINKES, F. KOLLER, G. RANTITSCH, E. DACHS, V. HOCK,
F.NEUBAUER AND R. SCHUSTER

1997 and references therein). "Graphite" which is
mined within Westphalian sediments of the east-
ern Graywacke Zone (Sunk/Irieben, Kaisers-
berg) is characterized by microscopic and X-ray
investigations as semi-graphite (SACHSENHOFER
and RANTITSCH, 1997; RAITH, submitt).
Radiometric dating demonstrates that the
peak temperature of Alpine low-grade meta-
morphism in the eastern Graywacke Zone did not
exceed 450 °C (HANDLER, 1994; NEUBAUER et al.,
1994; HANDLER et al., 1997; DALLMEYER et al.,
1998). According to SCHRAMM (1977, 1982) two
events of similar intensity have to be postulated.

3.3.5. Northern Calcareous Alps

In the western and middle part of the Northern
Calcareous Alps there is a general north-to-south-
and east-to-west increase in the metamorphic
overprint (PETSCHICK, 1989), documented by dia-
genetic to epizonal illite crystallinities and coalifi-
cation ranks between the lignite stage and the
meta-anthracite stage (KRALIK et al., 1987,
PeETscHick, 1989; KOURMANN, 1993; FERREIRO
MAHILMANN, 1994). In this segment, PETSCHICK
(1989) and FERREIRO-MAHLMANN and PETSCHICK
(1995) proposed a (pretectonic) Permian to mid-
dle Cretaceous diastathermal metamorphism
with burial temperatures up to 300 °C, a syn-
tectonic thermal event during early Cretaceous to
Turonian times with burial temperatures of
¢. 250 °C (cf. KURMANN, 1993), and a posttectonic
thermal event in the early Tertiary.

In the northeastern part of the Northern Cal-
careous Alps an eastward increase in the thermal
overprint is indicated by sub-bituminous to high-
volatile-bituminous Carnian (Lunz) coals, indicat-
ing maximum burial temperatures of c. 170 °C
(SACHSENHOFER, 1987). In the Northern Calcare-
ous Alps paragonite, margarite, pyrophyllite and
paragonite/muscovite mixed-layer minerals are
found as critical metamorphic minerals, whereas
palygorskite occurs in unmetamorphosed sedi-
ments (KRALIK et al., 1987).

In the Juvavic nappe system extremely high
ranks of conodont alteration indices (up to CAI7)
are explained by GaAwLICK and KONIGSHOF
(1993), GAWLICK et al. {1994) and GawLick and
HoOrPFER (1996) with a tectonic burial of internal
parts in an accretionary wedge before the early
Jurassic to early Cretaceous, inducing burial tem-
peratures of 350-490 °C (from calcite-dolomite
thermometry). SpOTL et al. (1996) reported
WAT/PAr ages of c. 142-140 Ma for authigenic
feldspar formed at c. 240 °C. These ages are con-
sistent with both Rb-Sr and K-Ar sericite ages

(KRrRALIK, 1983) and recent apatite fission track
ages which are within the same age range
(ScHwWEIGL, 1997). The significance of this age
group is uncertain but appears to be related to on-
going burial of the Northern Calcareous Alps.

The lower thermal overprint in the tectonical-
ly deeper Tirolic unit is explained by a younger
(early Cretaceous) metamorphic event pene-
trating the Northern Calcareous Alps from the
south, induced by crustal thinning combined with
fluid circulation (KRALIK et al., 1987; KRALIK and
ScinramM, 1994). HEIL and GRUNDMANN (1989)
and SCHWEIGL (1997) reported similar apatite fis-
sion track ages of c. 140 Ma from the same region.
These ages suggest that no thermal effect later
than Late Jurassic affected northern sections of
the Calcareous Alps.

3.3.6. Austroalpine units between SAM
and Periadriatic fault

A weak thermal overprint is found in all units be-
tween SAM and the Periadriatic fault.

The metamorphic conditions within the Car-
boniferous of Notsch (anchizonal illite crystal-
linities and anthracitic coal ranks) are explained by
RANTITSCH (1995b) with Alpine peak conditions of
c. 260 °C and 6 km subsidence. The Alpine an-
chizonal metamorphic overprint in the basal (Per-
mian to Scythian) strata of Drau Range is docu-
mented by anchizonalillite crystallinities and semi-
anthracitic coal ranks (NIEDERMAYR et al., 1984;
RANTITSCH, 1995b,1997; RANTITSCH et al., 1996).In
late Triassic sediments, bituminous-stage coal
ranks, diagenetic illite crystaliinities and CAI val-
ues of 1'/2 to 2'/> indicate that the metamorphic
overprint in the Drau Range ceases within the
Carnian (NIEDERMAYR et al., 1984; RANTITSCH et
al.,1996; LEIN et al., 1997).There is a slight increase
in the rank of organic maturation towards the
west. Paragonite/muscovite mixed-layer minerals,
paragonite and pyrophyllite are described by
NIEDERMAYR et al. (1984) as metamorphic miner-
als in Permian to Scythian sediments.

In the North-Karawanken Range diagenetic
(smectite-rich) illite/muscowite, high-volatile bi-
tuminous coal ranks and CAl values of 1'/21in late
Triassic sediments {LEIN et al., 1997; RUSSEGGER
and RANTITSCH unpubl. data) indicate a thermal
overprint corresponding to the eastern segment
of the Gailtal Alps.

Based on thermal modeling, maximum
temperatures of ¢.220 °C in the Permian to Scythi-
an basal strata and c. 130 °C in the Carnian level
have to be assumed within the eastern segment of
the Gailtal Alps (RANTITSCH, 1995b). Hydro-
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carbons in ore minerals of the Bleiberg Pb~Zn de-
posit and in authigenic quartzes of the Lienz
Dolomiten Range indicate a hyperthermal event
(130-180 °C) of migrating condensate-like hydro-
carbons, affecting late Triassic carbonates during
the middie Cretaceous to early Tertiary
(RANTITSCH et al., 1997).

3.4. RELATIONSHIP BETWEEN
METAMORPHISM AND DEFORMATION

The relationship between metamorphic overprint
and deformation within Austroalpine units is
complex. Cretaceous eclogites within the Middle
Austroalpine are ductilely deformed within eclo-
gite facies and subsequent amphibolite facies
metamorphic conditions during exhumation from
deep to shallow crustal levels (e. g., within the Kor-
Saualpe region; NEUBAUER, 1991). Middle Aus-
troalpine units with Cretaceous-age amphibolite
facies metamorphic rocks as exposed in the
Schneeberg, Otztal, Radenthein and Kor-Saualpe
regions are often well-recrystallized under static
conditions during peak temperature conditions.
These units are overprinted by retrogressive shear
zones that developed along upper and lower mar-
gins of individual tectonic units (e.g., NEUBAUER
et al., 1995; KOrROKNALI et al., 1999; FROITZHEIM et
al., 1997; FUGENSCHUH et al., 1998). The bound-
aries between Middie to Upper Austroalpine
units generally represent ductile low-angle nor-
mal faults and transtensive sinistral strike-slip
faults. Low-grade metamorphic Upper Aus-
troalpine units were ductilely deformed within
greenschist metamorphic conditions (DALLMEY-
ER et al., 1998). The corresponding foliation is con-
sidered to be the result from nappe stacking
(RATSCHBACHER, 1986).

4. Southern Alps

The Carnic Alps, part of the Southern Alps, have
been studied using clay mineralogy, coalification
of organic matter, microthermometry on fluid
inclusions, thermal modeling and radiometric
dating (ARkal et al., 1991; ScHramMm, 1991;
DALLMEYER and NEUBAUER, 1994; RANTITSCH,
1992,1993,1995a,1997; Sassi et al., 1995; LAUFER,
1996; LAUFER et al., 1997).

Within the Carnic Alps the metamorphic over-
print is exposed in a continuous north-to-south
trending metamorphic section and ranges from
the lower anchizone to the epizone, correspond-
ing to semi-anthracitic to semi-graphitic coal
ranks (ARKAI et al, 1991; Sassi et al., 1995;

RANTITSCH, 1993, 1997). The metamorphic zona-
tion is disturbed by shear zones related to the
strike-slip movement of the Periadriatic Linea-
ment. The Alpine metamorphic overprint shows
the same intensity as the Variscan event
(RANTITSCH, 1993, 1995a, 1997; LAUFER et al.,
1997). The temperature-sensitive mineral pyro-
phyllite is present in the whole anchizone. Para-
gonite occurs in epizonal and meta-anthracitic
pre-Variscan samples, and in high anchizonal and
semi-anthracitic post-Variscan samples. Kaolinite
and pyrophyllite form the mineral paragenesis in
the post-Variscan Auernig Group (RANTITSCH,
1997). Based on thermal modeling and fluid inclu-
sion data RANTITSCH (1997) proposes Alpine
peak conditions of ¢. 270 °C and a burial of 4-6
km. In the structurally lowest nappe of the Carnic
Alps (Eder Nappe) “Ar/*Ar and K-Ar ages sug-
gest a two-stage, Cretaceous and Tertiary, history
(LAUFER et al., 1997). High-temperature fluid
inclusion phases enclosed in extensional veins
(RANTITSCH, 1993, 1997) may be related to one of
these events.

5. Gosau basins

From the Late Cretaceous Gosau basins on top of
the Northern Calcareous Alps, SACHSENHOFER
(1987) reports coalification data of Coniacian to
Santonian coals, corresponding to the sub-bi-
tuminous stage of organic maturation. A signifi-
cantly higher coalification is attained in the Mut-
tekopf Gosau basin (up to the medium-volatile bi-
tuminous stage; PETSCHICK, 1989). At the north-
eastern margin of the Kainach Gosau basin, which
unconformably overlies the Graz Palaeozoic, vit-
rinite reflectance ranges from the sub-bituminous
stage to the high-volatile bituminous stage. This
coalification range and Rock Eval T, data indi-
cate maturation levels ranging from the beginning
to the peak stage of oil generation (SACHSEN-
HOFER et al., 1995), implying maximum burial
temperatures of 140 °C.

6. Concluding remarks

Alpine metamorphism is evident in almost all tec-
tonic units of the Eastern Alps. Significant meta-
morphic temperatures and pressures of low- to
medium-grade conditions are restricted to the
Penninic units and lower parts of the Austroalpine
thrust mass. The Austroalpine thrust mass, howev-
er, may be divided into two E-W-trending units: a
major northern unit with southwards increasing
metamorphic overprint and a minor southern unit
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lacking significant Alpine metamorphism. Both
units are separated by a tectonic fault-zone
(SAM) parallel to the Periadriatic Lineament.
Alpine metamorphism of both tectonic units,
the Penninic and the Austroalpine, is character-
ized by a "clockwise" PT-evolution from an early
high-pressure event of partly eclogite facies con-
ditions through a pressure release event of am-
phibolite or greenschist facies conditions to a final
retrogressive stage. The most effective metamor-
phic overprint was the intermediate-pressure re-
lease stage, thoroughly obliterating the primary
high-pressure assemblages in most of the rocks.
The age of metamorphism is significantly dif-
ferent in the Penninic and the Austroalpine units.
The high-pressure event in the Penninic and Low-
er Austroalpine units is probably of Eocene/
Oligocene age. It postdates the Upper Cretaceous
metamorphism of the Middle Austroalpine units.
Itis generally expected that the metamorphism of
the Penninic units was caused by the subduction
(sensu lato) of the Penninic realm below the con-
tinental lithosphere to the south which is now rep-
resented by the Austroalpine unit. The high-pres-
sure metamorphism of Upper Cretaceous age
within the Austroalpine unit indicates collisional
tectonics prior to the subduction of the Penninic
realm. A currently discussed model is the opening
of a small ocean basin (Hallstatt-Meliatta) at the
western end of the Tethys which continues to-
wards the west as a zone of extension with a high
geothermal gradient in Jurassic times. Magma
generation and high-temperature metamorphism
in the eastern parts of the Eastern Alps may be in-
dicators for this tectonic environment in the Aus-
troalpine lithosphere. The opening of the Penninic
ocean further to the north may have caused the
closure of the Hallstatt-Meliatta ocean basin dur-
ing the Cretaceous leading to compressional tec-
tonics, crustal thickening and metamorphism in
the Austroalpine lithosphere. The high-pressure
rocks formed in this event were transported up-
wards by strike-slip thrusting along the SAM, now
limiting the Austroalpine basement with signifi-
cant Alpine metamorphic overprint to the south.
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