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The metamorphic evolution of migmatites from the Otztal Complex
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timing of the pre-Variscan high-T event in the Eastern Alps
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ABSTRACT

Within the Otztal Complex (OC), migmatites are the only geological evidence
of the pre-Variscan metamorphic evolution, which led to the occurrence of
partial anatexis in different areas of the complex. We investigated migmatites
from three localities in the OC, the Winnebach migmatite in the central part
and the Verpeil- and Nauderer Gaisloch migmatite in the western part. We
determined metamorphic stages using textural relations and electron micro-
probe analyses. Furthermore, chemical microprobe ages of monazites were
obtained in order to associate the inferred stages of mineral growth to meta-
morphic events. All three migmatites show evidence for a polymetamorphic

evolution (pre-Variscan, Variscan) and only the Winnebach migmatite shows
evidence for a P-accentuated Eo-Alpine metamorphic overprint in the central
OC. The P-T data range from 670-750 °C and <2.8 kbar for the pre-Variscan
event, 550-650 °C and 4-7 kbar for the Variscan event and 430-490 °C and ca.
8.5 kbar for the P-accentuated Eo-Alpine metamorphic overprint. U-Th-Pb
electron microprobe dating of monazites from the leucosomes from all three
migmatites provides an average age of 441 + 18 Ma, thus indicating a perva-
sive Ordovician-Silurian metamorphic event in the OC.

Introduction

Polymetamorphic crystalline complexes provide a window into
the metamorphic evolution of large-scale orogenic belts, such
as the Alps. Deciphering the metamorphic history by means
of petrographic, mineral chemical and geochronological data
will help to unravel the geodynamic evolution of these belts
and increase our knowledge and understanding of large-scale
orogenic processes. Due to the mineralogical and textural com-
plexities in polymetamorphic rocks, it is imperative to apply
advanced analytical techniques with high spatial resolution to
obtain reliable information on the P-T-t path.

The Austroalpine Otztal Complex (OC) in the Eastern
Alps provides an excellent opportunity to study a metamorphic
complex which underwent several episodes of metamorphic
overprint. Although extensive research has been performed on
the two predominant orogenic episodes in the Eastern Alps,
namely the Variscan (Hercynian) and Eo-Alpine orogenic
events, very little attention has been paid to the pre-Variscan
metamorphic history so far. Compared to the Variscan and
Eo-Alpine events, which can be traced throughout the whole

OC, the pre-Variscan history is manifested only in localized
migmatite occurrences within the OC. Thus these migmatites
provide the opportunity to study polymetamorphic rocks that
underwent at least three metamorphic episodes (Neubauer et
al. 1999; Hoinkes et al. 1999). Within the OC, several migmatite
occurrences were described from the Otz valley, the Kauner
valley, the Reschenpass area and the Stubai valley (Schindl-
mayer 1999). We will focus our investigations on three migma-
tite bodies. Two of these migmatite bodies were only recently
discovered, the Verpeil migmatite and the migmatite from the
Nauderer Gaisloch (Schweigl 1993; Bernhard 1994) and of these
two, only the latter was studied to some extent petrographically
and geochronologically (Kl6tzli-Chowanetz 2001). The third is
the Winnebach migmatite from the central OC, but despite of
its relatively large size (25 km?) and importance as a locality to
study the pre-Variscan metamorphic history, only limited infor-
mation on its petrology and mineral chemistry is available (e.g.
Hoinkes et al. 1972; Hoinkes 1973; Kl6tzli-Chowanetz 2001).
Although the electron microprobe has been the major tool to
perform micro-analytical techniques at small scales over the
last thirty years, only very few mineral chemical data are avail-
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able from these migmatites. The lack of basic chemical data
thus prevents an application of modern thermobarometric and
geochronological techniques to resolve the P-T-t history of
these rocks.

High-grade metamorphic pelitic rocks also provide an ex-
cellent opportunity for monazite dating using the electron mi-
croprobe analyser (EMPA) (e.g. Finger et al. 1996; Finger &
Helmy 1998; Goncalves et al. 2004). Since this method is very
fast and destruction-free because it can be used in thin sections,
it has become one of the most popular dating methods (Finger
et al. 1998; Williams et al. 2006; Cocherie et al. 2005). In the
Otztal Complex (OC) a large amount of age data concerning
the pre-Variscan igneous and metamorphic evolution exists
(e.g. Thoni 1999; Neubauer et al. 1999). Geochronological in-
vestigations in the OC over the last twenty years reveal several
stages of emplacement of igneous rocks prior to the dominant
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Variscan and Eo-Alpine metamorphic episodes (Thoni 1999).
The oldest stage involves gabbroic and diorite-tonalitic intru-
sions with ages between 487 and 540 Ma (Kl6tzli-Chowanetz
2001; Hoinkes et al. 1997; Miller & Thoni 1995; Schweigl 1993).
The majority of intrusives in the central OC is granitic in
composition and most ages scatter between 420 and 485 Ma
(Thoni 1999). The latter ages seem to correlate well with
those obtained from zircons from the Winnebach migmatite
(490 + 9 Ma, Klotzli-Chowanetz et al. 1997) and also with Rb-
Sr cooling ages of micas (461 + 4 Ma, Chowanetz 1991) thus
placing a time constraint on the formation of the migmatites in
the early Ordovician.

Nonetheless, the age of the pre-Variscan migmatization is
still ambiguous. Geochronological investigations on the Winne-
bach migmatite yielded two contrasting ages of the anatexis so
far. Sollner & Hansen (1987) and Séllner (2001) obtained Pan-
African ages of 607-670 Ma and Kl16tzli-Chowanetz et al. (1997)
obtained ages of the migmatization ranging from 461 + 4 Ma
to 490 + 9 Ma (Chowanetz 1991; Kl16tzli-Chowanetz 2001). No
age data have been available so far from the Verpeil migma-
tite body but only of the intrusions that presumably caused
the migmatization, namely the metagranitoids surrounding
the Verpeil migmatite (408-487 Ma, Bernhard et al. 1996). The
available ages for the Nauderer Gaisloch migmatite also yield a
wide range from 430 + 6 Ma to 585 + 8 (Schweigl 1993; Kl6tzli-
Chowanetz 2001). Therefore, the pervasive character and the
lateral extent of these events in the OC is still unclear.

The aim of this investigation is to unravel the metamorphic
P-T-t evolution of these migmatite bodies with special emphasis
on the pre-Variscan metamorphic history of the OC. Due to the
fact that the vast majority of petrological and geochronological
data from the Eastern Alps deal with the Variscan (Neubauer
et al. 1999) and Eo-Alpine (Hoinkes et al. 1999) metamorphic
events, it is the aim of this work to fill the gap in respect to the
pre-Variscan metamorphic history. Due to their polymetamor-
phic nature, the migmatites provide the unique opportunity to
obtain P-T-t data of the pre-Variscan, Variscan and possibly Eo-
Alpine events from this portion of the Eastern Alps and there-
fore truly represent a window into the metamorphic evolution
of the Austroalpine basement west of the Tauern Window.

Geological setting and field relations

The three migmatite bodies in the OC, which are the focus
of this investigation and which formed by partial melting of
biotite-plagioclase gneisses and biotite schists, are: (1) the Win-
nebach migmatite near Lingenfeld in the Otz valley; (2) the
Verpeil migmatite in the Kauner valley; (3) and the migmatite
body of the Nauderer Gaisloch near the Reschenpass (Fig. 1).

The Winnebach migmatite from the central OC has al-
ready been recognized as showing features of a magmatic rock
at the beginning of the 20" century by Ohnesorge (1905) and
Hammer (1925). It mainly consists of granodioritic neosome
containing remnants of biotite-plagioclase gneisses and schol-
len of biotite schists and calc-silicate lenses, thus indicating a



higher degree of melting compared to the Verpeil migmatite as
shown in Figure 2a (Hoinkes et al. 1972). The migmatite com-
plex contains a central core unaffected by any post-Ordovician
metamorphic overprint (Drong 1959; Hoinkes et al. 1972). This
undeformed part of the migmatite is the product of in-situ ana-
texis of biotite-plagioclase paragneisses (Hoinkes et al. 1972;
Hoinkes 1973). The other two migmatites, the Verpeil migma-
tite and the Nauderer Gaisloch migmatite, were only recently
found (Schweigl 1993; Bernhard 1994) and almost no data
therefore exist. In contrast to the Winnebach migmatite, the
Verpeil migmatite and the Nauderer Gaisloch migmatite are

Fig. 2. (a): Photograph of the Winnebach migmatite at the Bach-
fallenferner outcrop (Hoinkes et al. 1972). (b): Photograph of a
sample from the Verpeil migmatite,showing the stromatic texture.
MS = Mesosome, LS = Leucosome, MLS = Melanosome. Size of
the sample ~15x 15 cm (c): Potograph of a thin section from the
Verpeil migmatite, also showing the stromatic texture. (//P, sample
VP16, length of image = 1.13 mm)

stromatic migmatites according to the classification of Meh-
nert (1968), containing small bands of leucosomes, indicating a
relatively small degree around 5 Vol.% of partial melting. The
leucosome is surrounded by a thin (ca. 1-2 mm) layer of bio-
tite selvages, which represent the melanosome (Figs. 2b—c). The
leucosome layers often show ptygmatic folding.

Petrography and microstructural relations

Migmatites from all three localities contain the minerals plagio-
clase + muscovite + biotite + quartz + K-feldspar + accessories
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+ garnet + kyanite + silimanite + andalusite + cordierite. Pre-
vious petrographic investigations from the three localities by
Hoinkes et al. (1972), Sollner et al. (1982), Chowanetz (1991),
Schweigl (1993), Bernhard (1994), and Klotzli-Chowanetz
(2001) provided evidence for several stages of mineral growth
of plagioclase, biotite and quartz during the metamorphic evo-
lution of these migmatite bodies.

In the Winnebach migmatite, garnet forms hypidiomorphic
to idiomorphic grains ranging from 50 to 100 um in size. Back-
scatter electron (BSE) images reveal two stages of plagioclase
and garnet growth (Figs. 3a-b). Biotite texturally also shows evi-
dence for two generations. Older biotites are large, idiomorphic
crystals which are surrounded by fine-grained younger biotites
(Fig. 4). Similarly, two generations of kyanite occur (Fig. 5a),
which were distinguished by micro-Raman spectroscopy since
the younger fine-grained kyanite shows a strongly fluorescing
Raman spectrum (Figs. Sb-c). Textures which indicate melting
rarely occur (Figs. 6a-c). These textures show a haplogranitic
assemblage and indicate melting according to the model reac-
tions (Boettcher & Wyllie 1968; Spear et al. 1999):

Plagioclase + K-feldspar + Biotite + Quartz = Melt @)
Muscovite + K-feldspar + Quartz + H,O = Melt (2)

In addition, large pseudomorphs containing muscovite + chlo-
rite are interpreted as pinite pseudomorphs after cordierite.
Chloritoid occurs as fine-grained needles along former frac-
tures.

In contrast to the other two migmatites, the Verpeil migma-
tite still contains relicts of cordierite as shown in Figures 7a-b,
which is actually the first report of cordierite from migmatites
from the OC. These cordierites are partly replaced by kyanite,
biotite, and plagioclase (Figs.7a—c) indicating a reaction such
as:

Cordierite + K-feldspar + H,O = Biotite + Kyanite 3)

Garnet grows around biotite (Fig. 8) and kyanite forms either
needle-shaped grains or relict large crystals, surrounded by
later formed andalusite (Figs. 9a-b), as identified with Raman
spectroscopy (Fig. 9¢). In addition, cordierite is also replaced by
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Fig.3. (a): X-ray distribution image for the ele-
ment Ca showing two generations of garnet (Grt,
+ Grt,) from a leucosome sample of the Winne-
bach migmatite (sample WB 70). Ca is distinctly
enriched at the rims. (b): X-ray distribution image
for the element Fe also showing the two genera-
tions of garnet (Grt; + Grt,) and a decrease in Fe
at the rims of the grain.

extremely fine-grained muscovite and chlorite (pinitization),
which formed during a later stage.

The mineral assemblage of the Nauderer Gaisloch migma-
tite is very similar to the one of the Verpeil migmatite and is
comprised of garnet + quartz + biotite + plagioclase + musco-
vite + kyanite, ,. Kyanite, occurs as large grains, and kyanite,
occurs as small needles intergrown with biotite (Fig. 10), which
could also have replaced former cordierite according to reac-
tion (3).

Analytical methods

Electron microprobe analysis (EMPA) of all minerals except
monazite was performed using the JEOL 8100 SUPERPROBE
at the Institute of Mineralogy and Petrography at the Univer-
sity of Innsbruck. Operating conditions were 15 kV accelera-
tion voltage and 20 nA beam current. A defocused beam with a

Fig. 4. Photograph of a thin section of sample WB9A2 showing the two,
texturally different, generations of biotite. (//P, length of image = 1.13 mm,
Btl1 = biotitel, Bt2 = biotite2, Qtz = quartz)
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Fig. 5. (a): Backscatter electron (BSE) image showing the two generations of
kyanite (Ky, + Ky,) from the Winnebach migmatite (sample WB 70). (b): Ra-
man spectrum of the texturally older kyanite,. The dark grey spectrum is from
sample WB9A2, the light grey is a standard kyanite spectrum. The spectrum
also includes peaks from adjacent minerals (quartz) and adhesive but clearly
identifies the aluminium silicate as kyanite. (c): Raman spectrum of the fluo-
rescing kyanite, (WB9A?2).

Fig. 6. BSE images of melting textures from the Winnebach migmatite (a):
melting textures involving the assemblage plagioclase (Pl) + K-feldspar (Kfs)
+ muscovite (Ms) + quartz (Qtz) (sample WB9A2). (b): melting textures in-
volving the assemblage biotite (Bt) + muscovite (Ms) + K-feldspar (Kfs) +
plagioclase (Pl) + quartz (Qtz) (sample WB9A?2). (c): melting textures involv-
ing melting of the assemblage biotite (Bt) + K-feldspar (Kfs) + quartz (Qtz) +
plagioclase (Pl) (sample WB9A?2).
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Fig. 7. BSE images of biotite + kyanite pseudomorphs after cordierite from
the Verpeil migmatite. Relict cordierite is still present in the samples FBS6E
and VP16 (a, b). (c): garnet + K-feldspar also occur within the pseudomorphs
according to reaction (5). Abbreviations: Crd = cordierite, Bt = biotite,
Ky = kyanite, Ms = muscovite, Pl = plagioclase, Qtz = quartz, Grt = garnet,
Kfs = K-feldspar, AlSi = aluminium silicate.
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diameter of 5 um was used for the analysis of feldspars and mi-
cas to prevent loss of alkalis. Mineral formulae were calculated
using the software NORM II (Ulmer 1993, written comm.).
Microprobe analyses of monazite were obtained in wavelength
dispersive (WD) mode on a JEOL JX 8600 electron microprobe
at the University of Salzburg. Operating conditions were 15 kV
acceleration voltage, 150-200 nA beam current. Mo lines were
chosen for Th, U and Pb; L lines for Pr, Nd, Sm, Eu and Gd;
Lo lines for Sr, Y, La, Ce, Dy, Er and Yb and Ko lines for Si, Al,
Ca, P, Fe, Ti, Mn. With exception of Pb, which was counted be-
tween 160-320 s all other elements were rated 10-50 s. Related
3 sigma detection limits were 0.025 wt.% (for Th), 0.023 wt.%
(U), 0.011-0.015 wt.% (Pb) and <0.1 wt.% for all other ele-
ments. For acquisition of Pb an exponential background model
was used. Details on the background modelling, analytical set-
ting (element lines, crystals, and standards), detection limits and
interference correction are given in Krenn et al. (2008).

Standards with contrasting U and Th concentrations were
routinely used to control dead time adjustment and ZAF fac-
tors. As a further control of the analytical precision and the
reliability of chemical dating, a monazite standard with well
known age (341 + 2 Ma, Friedl 1997) was routinely measured
prior to and after 5 to 8 standard monazite analyses. In addi-
tion, standard monazites with Eo-Alpine and Proterozoic ages
(~90 Ma, ~1385 Ma, ~1865 Ma) were also analysed together
with the sample monazites.

Age and error calculations were carried out using the tech-
nique of Montel et al. (1996). Weighted average ages were
calculated by internal error propagation (95% confidence) us-
ing Isoplot 2.49¢ (Ludwig 2001). Errors of the isochron ages
were calculated using the least-squares fitting method of York
(1966).

HEB8B8E
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Fig. 8. BSE image from the Verpeil migmatite showing the formation of gar-
net around biotite (sample FB56E). Abbreviations: Grt = garnet, Bt = biotite.
Note that garnet contains an inclusion-free inner rim and an inclusion-rich
outer rim.



Confocal micro-Raman spectra were obtained with a
HORIBA JOBIN YVON LabRam-HR 800 micro-Raman
spectrometer. Samples were excited at room temperature with
the 633 nm emission line of a 17 mW He-Ne-laser through an
OLYMPUS 100X objective. The laser spot on the surface had
a diameter of approximately 1 um and a power of about 5 mW.
Light was dispersed by a holographic grating with 1800 grooves/
mm. Spectral resolution of about 1.8 cm™ was experimentally
determined by measuring the Rayleigh line. The dispersed light
was collected by a 1024 x256 open electrode CCD detector.
Confocal pinhole was set to 1000 pm. Several spectra of single
crystals of aluminium silicates in thin sections were recorded
without polarizers for the exciting laser and the scattered Ra-
man light. The spectra were baseline-corrected by subtracting
linear or squared polynomial functions and fitted to Voigt func-
tions. Peak shifts were calibrated by regular adjusting the zero-
order position of the grating and controlled by measuring the
Rayleigh line of a (100) polished single crystal silicon-wafer.
Accuracy of Raman peak shifts was better than 0.5 cm™. The
detection range was 100-4000 cm™.

Mineral chemistry

Garnet: Within the Winnebach migmatite polyphase garnet
growth is evident in BSE images. The older garnets (garnet,)
(X = 0.07-0.09, X, = 0.70-0.76, Xy;, = 0.12-0.13, X, = 0.04-
0.06) are almandine-rich with relatively constant Mg- and Mn-
contents. The second generation (garnet,) (Xy, =0.02-0.07,
X = 0.52-0.56, Xy, = 0.06-0.10, X, = 0.25-0.26) forms gros-
sular-rich rims around garnet, (Table 1, Fig. 3a). The garnets of
the Verpeil migmatite are almandine-rich with high spessartine-
and relatively low amounts of grossular- and pyrop components
(Xpg = 0.09, Xp, =0.6-0.62, Xy, =0.22-0.25, X, =0.01-0.02;
Table 1, Fig. 8). Though two texturally different generations
of garnet, an older, inclusion-free and a younger inclusion-
rich garnet growing around biotite were detected, no chemical
difference was observed. Garnet from the Nauderer Gaisloch
migmatite shows a uniform composition of Xy, = 0.08-0.11,
Xp. = 0.64-0.67, Xy, = 0.20-0.23, X, = 0.03-0.05 (Table 1).

Aluminium silicates: Two kyanite generations were identified
in the Winnebach migmatite and the Nauderer Gaisloch mig-
matite using micro-Raman spectroscopy. The large, prismatic
kyanites (kyanite,) are chemically pure aluminium silicates.
Fine-grained needles of kyanite 2 (kyanite,) show evidence for
Fe contents since they have a different micro-Raman spectrum
showing fluorescence (Fig.5c). These data are in agreement
with the data of Klotzli-Chowanetz (2001) who identified two
kyanite generations based on X-ray diffraction data. The fine-
grained felt of kyanite, often occurs as a replacement product
of kyanite, (Fig.5a). Micro-Raman investigations on samples
of the Verpeil migmatite also resulted in the identification of
two generations of aluminium silicates, namely andalusite and
kyanite, which can also be texturally discerned (Fig. 9). While
kyanite forms larger prismatic crystals, andalusite appears as
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Fig. 9. a) BSE image of the Verpeil migmatite showing a large grain of kyanite
surrounded by later formed andalusite adjacent to garnet (sample FB56E).
(b): Microphotograph of a thin section from the Verpeil migmatite show-
ing kyanite and later formed andalusite. (sample VP16, /P, length of bottom
edge = 1.13 mm). ¢c) Raman spectrum of andalusite from the Verpeil migma-
tite (sample FB56E).

fine-grained aggregates. The large kyanite grains of the Nau-
derer Gaisloch migmatite contain 0.018 apfu Fe on average
and therefore show a fluorescing Raman spectrum. The fine-
grained kyanite felt within the muscovite-biotite-quartz aggre-
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Table 1. Representative electron microprobe analyses of garnet: Basis of formula calculation: 12 O and 8 cations; Fe3+ was calculated based on charge balance
considerations. 1: garnet core (WB70); 2: garnet core (WB70); 3: garnet rim (WB49A); 4: garnet rim (WB49A); 5: garnet core (FBS6A); 6: garnet rim (FB56A);

7: garnet core (NAS50); 8: garnet rim (NA50);

Analysis 1 2 3 5 6 7 8
SiO, 36.62 36.64 37.02 37.22 36.63 36.52 36.70 36.40
AlLO; 21.16 20.57 21.12 20.89 20.76 20.70 21.59 20.74
Fe,0; 1.82 0.55 1.81 3.05 1.29 1.42 1.20 1.55
FeO 29.96 31.58 24.58 22.70 27.35 27.03 28.99 28.37
MnO 5.31 5.51 2.97 2.67 9.49 10.38 10.00 8.37
MgO 1.88 1.79 1.51 1.76 2.29 221 1.90 2.62
CaO 3.27 2.70 10.92 11.88 2.15 1.71 0.91 1.57
) 100.02 99.34 99.93 100.17 99.96 99.96 101.36 99.89
Si 2.954 2.993 2.953 2.947 2.969 2.966 2.946 2.953
Al 2.012 1.980 1.985 1.949 1.983 1.981 2.043 1.983
Fe’+ 0.110 0.034 0.109 0.182 0.078 0.087 0.073 0.095
Fe 2.021 2.157 1.639 1.503 1.854 1.836 1.946 1.924
Mn 0.363 0.381 0.201 0.179 0.652 0.714 0.680 0.575
Mg 0.226 0.218 0.180 0.208 0.277 0.268 0.227 0.317
Ca 0.283 0.236 0.933 1.008 0.187 0.149 0.078 0.137
Y Cat. 7.969 7.999 8.000 7.976 8.000 8.001 7.993 7.984
Mg# 0.075 0.072 0.059 0.068 0.091 0.088 0.076 0.104
Grossular 0.09 0.08 0.30 0.33 0.06 0.05 0.03 0.05
Almandine 0.67 0.71 0.53 0.49 0.61 0.60 0.64 0.63
Pyrope 0.08 0.07 0.06 0.07 0.09 0.09 0.08 0.10
Spessartine 0.12 0.13 0.07 0.06 0.21 0.23 0.23 0.19
Andradite 0.04 0.01 0.04 0.05 0.03 0.03 0.02 0.03

Table 2. Representative electron microprobe analyses of feldspars: Basis of formula calculations: 8 O and 5 cations; 1: plagioclase core (WB70); 2: plagioclase
core (WB70); 3: plagioclase rim (WB43); 4: plagioclase (FB56A); 5: plagioclase (NA49a); 6: K-feldspar (VP16); 7: K-feldspar (WB70); 8: K-feldspar (NA49);n.d.:

not detected

Analysis 1 2 3 5 6 7 8
SiO, 64.17 63.58 64.30 62.85 68.35 64.06 62.63 63.29
Al,O4 20.83 22.49 20.22 23.50 20.08 18.72 19.54 18.89
CaO 2.26 3.26 1.62 4.36 0.38 0.16 n.d. 0.22
Na,O 10.37 8.64 9.98 9.15 10.99 0.81 0.19 1.23
K,O 0.13 0.31 0.23 0.34 n.d. 16.14 15.93 14.88
z 98.65 98.64 96.35 100.54 99.80 99.89 98.29 98.51
Si 2.863 2.863 2.936 2.776 2.998 2.932 2.922 2.921
Al 1.095 1.194 1.088 1.219 1.038 1.009 1.074 1.028
Ca 0.108 0.157 0.079 0.206 0.018 0.008 n.d. 0.011
Na 0.897 0.754 0.884 0.781 0.935 0.072 0.017 0.110
K 0.007 0.018 0.013 0.019 n.d. 0.942 0.948 0.876
Y Cat. 4.970 4.986 5.000 5.001 4.989 4.963 4.961 4.946
Albite 0.88 0.81 0.91 0.78 0.98 0.07 0.02 0.11
Anorthite 0.11 0.17 0.08 0.20 0.02 0.01 n.d. 0.01
K-feldspar 0.01 0.02 0.01 0.02 n.d. 0.92 0.98 0.88

gates shows a normal Raman spectrum but was too small for
chemical analyses using the electron microprobe.

Plagioclase: Plagioclase is generally albite or oligoclase (Ta-
ble 2).Plagioclase analyses of the Winnebach migmatite samples
chemically show two generations similar to garnet. The Ca-rich
cores (plagioclase,; X, = 0.11-0.16, Xy, = 0.81-0.89, X <0.02)
of the plagioclase are attributed to an older metamorphic
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event together with the Fe/Mn-rich garnet cores. The Na-rich
rims of the plagioclase (plagioclase,; X, =0.08, Xy, =0.91-
0.92, X £0.01) and the Ca-rich rims of the garnet represent
a younger metamorphic event. The plagioclase compositions
from the Verpeil migmatite are uniform with X, = 0.20-0.22,
Xya = 0.78, X < 0.02. Plagioclase from the Nauderer Gaisloch
shows X, = 0.02-0.05, Xy, = 0.95-0.98, X < 0.01.



K-feldspar: K-feldspar analyses from the Verpeil migmatite
show Xy =0.88-0.92, Xy, =0.07-0.11, X, <0.01 and analy-
ses from the Winnebach migmatite show compositions of
Xk = 0.98-1.00, Xy, £0.02. The K-feldspar compositions of the
Nauderer Gaisloch migmatites are very similar to the samples
from the Verpeil migmatite and are Xy =0.88, Xy, =0.11,
Xca = 0.01 (Table 2).

Biotite: Although biotites from the Winnebach migmatite ap-
pear as two texturally different generations, chemically they
are identical (Fe = ~1.30 apfu, Mg = 1.15 apfu, Ti = ~0.13 apfu).
Biotites from the Verpeil migmatite show Fe =1.28 apfu,
Mg =1.1 apfu and Ti=0.15 apfu. Biotites of the Nauderer
Gaisloch migmatite are also not zoned and show Ti contents
between 0.1-0.18 apfu. Fe is around 1.25 apfu and Mg is be-
tween 0.95 and 1.05 apfu (Table 3).

Muscovite: White mica analyses from the three migmatite bod-
ies show very similar results indicating a slight Tschermak’s
substitution which is most distinct in the Winnebach migma-
tite. White mica from the Winnebach migmatite shows Si = 3.19
apfu and Al = 2.43 apfu. The mica analyses from the other two
migmatites show Si = 3.02-3.06 apfu and Al =2.77-2.78 apfu.
The celadonite component (Si — 3) is around 0.19 for the Win-
nebach migmatite and between 0.10 and 0.04 for the Verpeil
migmatite. The Nauderer Gaisloch migmatite shows the lowest
celadonite component of around 0.02 (Table 4).

Cordierite: Within the samples of the Verpeil migmatite cordi-
erite is the only relict of a pre-Variscan metamorphic event.

Table 3. Representative electron microprobe analyses of biotite: Basis of for-
mula calculations: 11 O; 1: biotite (WB70);2: biotite (WB70);3: biotite (FBS6A);
4: biotite (FB56A); 5: biotite (NA49a); 6: biotite (NA49a); n.d.: not detected.

Analysis 1 2 3 4 5 6
SiO, 34.48 35.13 36.03 35.80 35.34 35.33
TiO, 1.74 1.61 0.28 0.13 2.40 227
AL O, 19.46 19.08 21.48 21.22 20.24 20.17
FeO 21.31 21.30 16.91 18.06 18.30 18.90
MnO 0.29 n.d. n.d. 0.32 0.42 0.43
MgO 9.21 9.27 11.18 11.35 9.14 9.02
Na,O n.d. 0.21 n.d. n.d. n.d. 0.29
K,O 9.15 9.51 9.96 9.45 9.47 9.16
H,0 3.92 3.94 4.02 4.03 4.50 3.88
z 99.68 100.17 99.86 100.47 99.75 99.80
Si 2.639 2.675 2.685 2.665 2.694 2.679
Ti 0.100 0.092 0.016 0.007 0.138 0.129
Al 1.713 1.713 1.887 1.862 1.819 1.803
Fe? 1.364 1.357 1.054 1.125 1.167 1.199
Mn 0.019 n.d. n.d. 0.020 0.027 0.028
Mg 1.051 1.052 1.242 1.260 1.003 1.020
Na n.d. 0.031 n.d. n.d. n.d. 0.043
K 0.893 0.924 0.947 0.898 0.921 0.917
H 2.000 2.000 2.000 2.000 2.000 2.000
> Cat. 7.830 7.847 7.830 7.845 7.783 7.809
Mg# 0.435 0.437 0.541 0.528 0.462 0.459

Table 4. Representative electron microprobe analyses of muscovite: Basis of
formula calculations: 11 O; 1: muscovite (WB54);2: muscovite (WB54);3: mus-
covite (FB56A); 4: muscovite (FB56A); 5: muscovite (NA49a); 6: muscovite
(NA49a); n.d.: not detected

Analysis 1 2 3 4 5 6
SiO, 47.82 4725 46.64 45.78 45.67 45.56
TiO, 0.26 0.50 0.30 0.11 0.78 0.78
Al O, 30.52 30.52 34.81 35.74 36.00 36.54
FeO 311 2.42 1.51 1.47 1.14 1.20
MgO 221 1.92 0.88 0.88 0.56 0.78
Na,O 0.22 0.19 0.34 0.41 0.40 0.44
K,O 11.33 11.35 10.87 11.39 11.01 10.78
H,O 4.49 4.43 451 4.52 3.94 3.82
by 99.96 98.58 99.86 100.30 99.50 99.90
Si 3.193 3.195 3.098 3.039 3.022 2.995
Ti 0.013 0.025 0.015 0.006 0.046 0.039
Al 2.402 2432 2.725 2.796 2.807 2.831
Fe?* 0.156 0.123 0.076 0.073 0.057 0.059
Mg 0.220 0.194 0.087 0.087 0.055 0.076
Na 0.029 0.025 0.044 0.053 0.051 0.056
K 0.965 0.979 0.921 0.964 0.929 0.904
H 2.000 2.000 2.000 2.000 2.000 2.000
2 Cat. 6.978 6.973 6.966 7.018 6.967 6.960

Table 5. Representative electron microprobe analyses of cordierite: Basis of
formula calculations: 18 O + OH; Fe’* was calculated based on charge balance
considerations; 1-4: cordierite (FB56E).

Analysis 1 2 3 4
SiO, 47.90 48.13 48.40 48.47
AlLO; 32.39 3271 32.96 31.69
FeO 7.54 7.32 6.90 7.30
MnO 0.28 0.20 0.44 0.19
MgO 7.45 721 7.54 7.94
Na,O 1.08 0.91 1.16 0.98
K,0 0.05 0.08 0.02 0.05
h) 96.69 96.56 97.42 96.62
Si 5.012 5.031 5.007 5.066
Al 3.995 4.030 4.019 3.903
Fe 0.659 0.641 0.597 0.638
Mn 0.025 0.017 0.038 0.017
Mg 1.162 1.123 1.163 1.236
Na 0.219 0.186 0.232 0.198
K 0.006 0.009 0.002 0.007
Y Cat. 11.078 11.037 11.058 11.065
Mgt 0.638 0.637 0.661 0.659

Strongly pinitized grains of cordierite could be measured and
yielded Xy, = 0.64-0.66 (Table 5).

Discussion

Textural relations between mineral assemblages and the se-
quence of metamorphic overprints

Since these migmatites underwent three metamorphic
events, a pre-Variscan high-T, a Variscan medium P-T amphibo-
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lite-facies, and a weak, Eo-Alpine, greenschist-facies overprint,
and due to the fine-grained nature of the rocks and the devel-
opment of subsequent mineral assemblages, detailed petrogra-
phy involving the scanning electron microscope was performed
to identify equilibrium mineral assemblages and attribute them
to the metamorphic events. It is well known that in the case of
the OC, the dominant mineral assemblages can be attributed
to the Variscan metamorphic event and that the Eo-Alpine
metamorphic overprint increases from NW to SE (e.g. Hoinkes
et al. 1997; Neubauer et al. 1999). According to the metamor-
phic map of the OC, the Winnebach migmatite shows a strong
Eo-Alpine metamorphic overprint since it is in the vicinity of
the chloritoid-in isograd and the other two migmatites show
a greenschist-facies metamorphic overprint. In the case of the
Winnebach migmatite, the minerals plagioclase, , + K-feldspar
+ garnet,, + pinites + biotite + kyanite,, + zircon + apatite +
muscovite + chloritoid + quartz are present. We interpret gar-
net cores (garnet,) as being part of the Variscan mineral as-
semblage while the Ca-rich rims (garnet,) are attributed to the
Eo-Alpine metamorphic event. Pre-Variscan cordierite, which
occurs only as pinite relicts, could have formed by the model
reaction:

Biotite + Sillimanite = Cordierite + K-feldspar + Melt 4)

During the Variscan event garnet, + kyanite, + plagioclase, +
biotite formed, which led to the transformation of cordierite
into kyanite and biotite by reactions such as (3) and into gar-
net, by reactions such as:

Cordierite + Biotite = Garnet + K-feldspar + H,O (5)

No association of kyanite and crystallized melt domains could
be observed and we propose that kyanite formed later, most
probably during the Variscan metamorphic event, which also led
to the formation of amphibolite-facies staurolite (Chowanetz
1991). This interpretation is in contrast to Klotzli-Chowanetz
(2001) who attributed kyanite formation to the migmatization.
During the Eo-Alpine metamorphic event garnet, (Ca-rich) +
plagioclase, (Na-rich) + kyanite, + biotite + chloritoid formed
in small microdomains along former fractures.

The mineral assemblage in the Verpeil migmatite was also
determined by SEM and micro-RAMAN spectroscopy and is:
K-feldspar + plagioclase + garnet + biotite + muscovite + cor-
dierite + andalusite + kyanite + clinozoisite + zircon + apatite
+ rutile + quartz. Cordierite is interpreted to be the only re-
maining pre-Variscan relict. The dominant Variscan mineral as-
semblage is garnet + biotite + kyanite + K-feldspar + quartz.
Again, cordierite most likely reacted to form garnet, biotite and
kyanite by model reactions (3) and (5) as shown in Figures 7a—c.
Andalusite formed during the retrograde Variscan evolution as
described further south by Tropper & Hoinkes (1996). The Eo-
Alpine mineral assemblage is chlorite + muscovite + albite, con-
sistent with the Eo-Alpine greenschist-facies conditions in this
area (Hoinkes et al. 1997).

The mineral assemblage of the Nauderer Gaisloch migma-
tite is garnet + quartz + biotite + plagioclase + muscovite +
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kyanite, ,. In contrast to Verpeil, no relict cordierite is present
anymore and only pseudomorphs after cordierite containing
biotite and kyanite occur. Kyanite,, which occurs as large grains
in the matrix, was probably formed during the Variscan event,
which also led to the transformation of cordierite into pseudo-
morphs containing biotite + kyanite, according to reaction (3)
where kyanite, occurs as small needles (Fig. 10).

Thermobarometry

Multi-equilibrium calculations: The simultaneous calculation
of all possible reactions within a defined chemical system has
been done by using the program THERMOCALC v. 2.7 (Hol-
land 1999, written comm.) and the data set of Holland & Powell
(1998). The natural composition of coexisting minerals is taken
into account using the activity models for garnet, plagioclase,
muscovite and biotite from the set of proposed activity models
from the program MacAX (Holland 1999, written comm.).

Inverse equilibrium approach (WEBINVEQ): In this approach,
by giving the activities of the end-members of the coexisting
minerals, a least squares estimate of the pressure and tempera-
ture of the equilibration of a mineral assemblage is calculated,
based on the activities of the participating phases. Instead of
using a set of independent equilibria, P and T estimates are
found by finding the best-fit hyperplane to the partial molar
free energies of all phase components. The basic principles of
the method are described by Gordon (1992).

Pseudosections: Equilibrium phase diagrams for unmelted
protolith paragneiss samples adjacent to the leucosomes, with
the given bulk-rock composition were calculated in the chemi-
cal system SiO,-TiO,~Al,0;~FeO-MnO-MgO-CaO-Na,O—

Fig. 10. Photograph of a thin section of sample NA49a from the Nauderer
Gaisloch migmatite showing the intergrowth of biotite and kyanite (//P).



5000

4200

3400

P (bar)

2600

1800

1000

Fig. 11. Pseudosection calculated for sample
VP2b from the Verpeil migmatite. The boxed as-
semblage biotite + cordierite + plagioclase + K-
feldspar + melt + quartz is the observed mineral
assemblage in the migmatite and is stable over a
T-range of 670-750 °C and <2.8 kbar. Abbrevia-
tions: Crd: cordierite, Bt: biotite, Kfs: K-feldspar,
Pl: plagioclase, Qtz: quartz.
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K,0-H,O with the software PerpleX (Connolly 2005, written
comm.) and the thermodynamic database of Holland & Powell
(1998).

In addition to the programs discussed above, conventional
thermobarometry using Fe-Mg exchange reactions and net-
transfer equilibria was done with the program P-T-t-path by
Spear & Kohn (1999 written comm.). For temperature calcula-
tions the garnet — biotite thermometer with the calibrations of
Kleemann & Reinhardt (1994), Patino Douce (1993), Perchuk
& Lavrent’eva (1983) and Ferry & Spear (1978) with Berman
(1990) were used. Pressure calculations were done with the the
garnet — kyanite — plagioclase — quartz (GASP) barometer with
the calibration of Koziol & Newton (1989) and the garnet — pla-
gioclase — biotite — muscovite barometer using the calibration
of Chun-Ming Wu (2004).

Pre-Variscan thermobarometry

Verpeil migmatite: The P-T conditions for this event were cal-
culated with a pseudosection for a biotite-plagioclase host
rock sample with the bulk-rock composition of SiO, =77.51,
TiO,=0.61, ALO;=11.17, Fe,0;=2.43, MnO =0.05,
MgO =1.42, CaO = 1.99,Na,O =2.99, K,0 = 1.62, P,05 = 0.19,
Total = 99.96 and LOI = 1.11. The calculations yielded about
670-750 °C and pressures <2.8 kbar for the maximal baric sta-
bility of the assemblage biotite + cordierite + plagioclase + K-
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feldspar + quartz + melt as shown in Figure 11. These low P
estimates also indicate that garnet was not stable during the
high-T event.

Winnebach migmatite: Textural evidence from the Winnebach
migmatite shows that during the pre-Variscan event the wa-
ter saturated granite solidus was overstepped indicating tem-
peratures of at least 650 °C at pressures <5 kbar (Boettcher
& Wyllie 1968). Hoinkes (1973) experimentally obtained tem-
peratures of 685 °C and pressures >4 kbar for the pre-Variscan
event. Similar P-T conditions as for the Verpeil migmatite
were also calculated using the composition of a biotite-plagio-
clase host rock sample from the Winnebach migmatite given
by Hoinkes et al. (1972). The obtained pressure estimates of
<2.8 kbar are also in agreement with the petrogenetic grid of
Spear et al. (1999) since the presence of K-feldspar in the leu-
cosomes indicates pressures <4 kbar, which is also consistent
with the absence of garnet during migmatization. In contrast to
these data, Kl6tzli-Chowanetz (2001) assumes partial anatexis
in the kyanite stability field, since she interprets kyanite, to be
a product of anatectical reactions above the invariant point of
the system KASH, which is above 4 kbar and hence attributes
kyanite, to be of pre-Variscan origin. She assumes that garnet,
is also of pre-Variscan origin and in combination with the pet-
rogenetic grid of Spear et al. (1999) this indicates pressures of
at least 7-8 kbar for the partial anatexis.
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Fig. 12. a) Variscan P-T conditions of the Verpeil migmatite calculated with
the program P-T-t-path (sample VP16).b) Variscan P-T conditions of the Nau-
derer Gaisloch migmatite calculated with the program WEBINVEQ (sample
NA 53).

Variscan thermobarometry

Verpeil migmatite: Garnet-biotite temperatures from the
Verpeil migmatite range from 470 to 650 °C (at 5 kbar). The
most uniform data set were obtained using the calibration of
Kleemann & Reinhardt (1994), which yielded 530-600 °C. The
highest results were obtained with the calibration Patifio Douce
(1993) and yielded approximately 660 °C. The lowest tempera-
tures were calculated with the calibration of Ferry and Spear
(1978) with the garnet activity model of Berman (1990). The
calibration of Perchuk & Lavrent’eva (1983) also yielded uni-
form temperatures of 580-615 °C for garnet-biotite pairs from
the Verpeil migmatite. Calculation with THERMOCALC v 2.7
yielded the following reactions for the equilibrium assemblage
garnet + plagioclase + K-feldspar + quartz:
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Phlogopite + Anorthite
= Pyrope + Grossular + Eastonite + Quartz (6)

Phlogopite + Annite + Anorthite
= Grossular + Almandine + Eastonite + Quartz (7)

Pyrope + Annite + Anorthite =
Grossular + Almandine + Eastonite + Quartz 8)

Almandine + Phlogopite = Pyrope + Annite 9)

Due to the small grossular component in the garnets, the P-
estimates have to be treaded with caution (Todd 1998). None-
theless, these calculations yield P-T conditions of 6-7 kbar and
550-650 °C. These data are in very good agreement with the
data of Tropper & Hoinkes (1996), who calculated metamor-
phic conditions of 600-640 °C and 5-6 kbar for the Variscan
event in the western OC. Calculations with the program P-T-
t-path using the garnet — biotite thermometer and the garnet
— kyanite — plagioclase — quartz (GASP) barometer yielded
the same P-T conditions of 600 °C and 6 kbar (Fig.12a).
Calculations using WEBINVEQ yielded 5.8 + 0.7 kbar and
612 £ 32 °C.

Winnebach migmatite: Garnet-biotite thermometry, using the
calibration of Perchuk & Lavrent’eva (1983) yielded tem-
peratures of 580-620 °C (at 5 kbar), which is a much smaller
temperature range than from Chowanetz (1991) and Klotzli-
Chowanetz (2001) who obtained temperatures of 480-700 °C
for the Variscan event. Calculation with the program THER-
MOCALC resulted in the following reactions using the min-
eral assemblage garnet; + biotite + plagioclase, + K-feldspar
+ quartz:

Phlogopite + Anorthite + Quartz

= Pyrope + Grossular + Sanidine + H,O (10)
Pyrope + Grossular + Muscovite

= Phlogopite + Anorthite (11)
Grossular + Muscovite + Quartz

= Anorthite + Sanidine + H,O (12)
Phlogopite + Muscovite + Quartz

= Pyrope + Sanidine + H,O (13)

The intersection of these reactions yielded P-T conditions of
5.7 2.6 kbar and 676 + 56 °C.

Nauderer Gaisloch migmatite: Calculations with the program
P-T-t-path using the garnet biotite thermometer, the GASP
barometer and the garnet — plagioclase — biotite — muscovite
barometer according to reaction (11) using the calibration of
Chun-Ming Wu (2004), resulted in P-T conditions of 550-570 °C
and 4-7 kbar. Calculations with WEBINVEQ resulted in a
temperature range of 500-650 °C and pressures of 5-6.5 kbar
(Fig. 12b). THERMOCALC v 2.7 yielded similar conditions of
610-660 °C and 5.1-5.3 kbar.



Eo-Alpine thermobarometry

Calculation of the Eo-Alpine P-T conditions was only at-
tempted in the Winnebach migmatite. For these calculations,
the assemblage garnet, (Ca-rich rims) + plagioclase, (albite-
rich rims) + biotite (small grains adjacent to Ca-rich garnet,,
Fig.4) + kyanite + quartz + chloritoid was used. The calcula-
tions using the program P-T-t-path yielded P-T conditions of
485 °C and 8.5 kbar as shown in Figure 13. These results are in
agreement with thermobarometric results from this area (Trop-
per & Recheis 2003). Calculations with THERMOCALC v 2.7
resulted in pressures of 8.6 + 0.2 kbar and slightly lower tem-
peratures of 433 + 12 °C.

Geochronology

U-Th-PDb electron microprobe dating of monazites from three
samples from the leucosome of the Winnebach migmatite
yielded ages ranging from 408 =46 Ma to 472 + 36 Ma for
the partial anatexis as shown in Table 6. These ages show a
higher spread and are also slightly younger than previously
reported ages from the Winnebach migmatite which were
around 490 Ma (Kl6tzli-Chowanetz 2001). The geochronologi-
cal data from monazites of four leucosome samples from the
Verpeil migmatite range from 409 + 50 Ma to 457 + 42 Ma for
the anatectic event, which is similar within the error with the
data obtained from the Winnebach migmatite. Geochronologi-
cal investigations on monazites from two leucosome samples
of the Nauderer Gaisloch migmatite resulted in ages ranging
from 431 + 37 Ma to 472 + 31 Ma (Fig. 14),again in good agree-
ment with the data from the other two migmatites. In addition,
a second generation of monazite which formed during the
subsequent Variscan metamorphic event was detected. These
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Fig. 13. Eo-Alpine P-T conditions calculated with the program P-T-t-path for
the Winnebach migmatite (sample WB 70).

grains yielded ages ranging from 305 + 43 Ma to 336 + 42 Ma
(Table 6; Fig. 14).

Discussion

Although our P-T data of the pre-Variscan migmatization yield
somewhat lower pressures of <2.8 kbar than previous investiga-
tions, the data are in agreement with petrogenetic grids and tex-
tural observations. Hoinkes (1973) estimated the P-T conditions
of the migmatization, based on experiments, to be 660-685 °C
and >4 kbar. Sollner et al. (1982) obtained similar P-T results by
using petrogenetic grids from the literature. Klotzli-Chowanetz
etal. (2001) deduced significantly higher pressures and tempera-
tures of 8 kbar and ca. 750 °C for the anatexis based on petro-
graphic evidence and comparison to the petrogenetic grid by
Spear et al. (1999). The latter pressure estimates strongly depend
on the interpretation of kyanite as being present during anatexis,
which could not be verified in our investigation.

Previous thermobarometric investigations of the Variscan
P-T conditions by Veltman (1986), Tropper & Hoinkes (1996),
and Tropper & Recheis (2003) from the OC yield P-T condi-
tions of 570-750 °C and 5.8-8 kbar. Veltman (1986) obtained
from the northern kyanite zone 570-650 °C and 4.3-7.8 kbar.
For the sillimanite zone, he reported P-T conditions of 600—
750 °C and 4.2-6.8 kbar. Tropper & Hoinkes (1996) obtained
570-640 °C and 5.8-7.5 kbar for the central andalusite zone
and Tropper & Recheis (2003) obtained P-T conditions of
469-630 °C and 4.2-7.3 kbar for the northern kyanite zone and
578 °C and 7.2 kbar for the southern kyanite zone. The data
from the Verpeil- and the Nauderer Gaisloch migmatites are
well in accordance with these results, only the temperatures of
the Winnebach migmatite are slightly lower, thus possibly indi-
cating a later Eo-Alpine rejuvination.
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Fig. 14. Th*-Pb diagram showing the isochron ages of the two different mon-
azite generations from the Nauderer Gaisloch migmatite (samples Na49a,
Nal5). Na49a (open triangles) yields pre-Variscan ages and Nal5 (black dia-
monds) Variscan ages as discussed in the text.
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Table 6. U-Th-Pb electron microprobe analyses data of monazites: Th. U and Pb contents. Th* values (Suzuki et al. 1991) and chemical ages (calculated after
Montel et al. 1996) of monazites from samples WB70B1, WB29/2, VP28, FB56A, NA15, NA49. Errors are 20 for the single points and at the 95% confidence

level for the weighted average age.

Y Th U Pb Th* Age Error (20)

WB 70 B1 Monl 1,306 3,702 0,371 0,095 4917 433 33

WB 70 B1 Mon2 1,304 3,525 0,780 0,116 6,081 426 27

WB 70 B1 Mon3 1,268 3,822 0,241 0,098 4,614 472 36 MSWD =1.8
WB 70 B1 Mon4 1,702 3,821 1,245 0,164 7911 463 21

WB 70 B1 Mon5 1,515 3,759 0,401 0,100 5,073 441 32

WB 29/2 Monl 1,639 3,702 0,943 0,138 6,798 455 27

WB 29/2 Mon2 1,627 3,485 0,985 0,132 6,716 442 27

WB 29/2 Mon3 1,387 2,246 0,602 0,084 4219 444 43

WB 29/2 Mon4 1,038 2,548 0,501 0,086 4,192 457 43 MSWD = 0.74
WB 29/2 Mon5 1,282 2,174 0,544 0,072 3,953 408 46

WB 29/2 Mon6 1,141 3,203 0,371 0,087 4,418 438 41

VP 28 Mon1 1,335 2,121 0,353 0,060 3,275 409 50

VP 28 Mon2 1,616 1,765 0,664 0,080 3,945 457 42

VP 28 Mon3 1,204 4,280 0,428 0,115 5,685 452 29 MSWD = 1.6
VP 28 Mon4 0,824 3,937 0,314 0,101 4,969 456 33

VP 28 Mon5 1,189 2,809 0,421 0,076 4,185 408 39

FB 56A Monl 1,763 3,726 0,729 0,118 6,114 433 30

FB 56A Mon2 2,056 7,259 0,781 0,200 9,824 454 18

FB 56A Mon3 1,881 3,530 0,759 0,115 6,015 427 30

FB 56A Mon4 1,127 2,332 0,280 0,061 3,249 419 56 MSWD = 1.6
FB 56A Mon5 1,749 3,214 1,379 0,143 7,728 416 24

FB 56A Mon6 1,927 3,591 1,532 0,164 8,610 428 21

NA 15 Monl 1,968 2,887 0,615 0,068 4,885 313 37

NA 15 Mon2 2,204 3,056 0,652 0,079 5,178 340 35

NA 15 Mon3 2,056 2,606 0,678 0,068 4,807 316 38

Na 15 Mon4 2,231 3,788 0,632 0,080 5,838 308 31

NA 15 Mon5 1,531 4329 0,566 0,091 6,169 330 29

NA 15 Mon6 1,882 2,343 0,611 0,065 4,329 336 42 MSWD = 0.75
NA 15 Mon7 1,978 2,848 0,641 0,067 4,928 305 37

NA 15 Mon8 1,697 2,311 0,454 0,061 3,791 358 48

NA 15 Mon9 1,886 3,392 0,702 0,081 5,674 321 32

NA 15 Mon10 1,967 2,088 0,662 0,057 4237 305 43

NA 49 Monl 1,036 2,053 0,355 0,065 3,217 449 56

NA 49 Mon2 1,137 2,705 0,364 0,083 3,901 475 46

NA 49 Mon3 1,484 3,242 0,517 0,095 4,935 431 37

NA 49 Mon4 1,424 3,516 0,471 0,103 5,061 455 36 MSWD = 0.88
NA 49 Mon5 1,736 4310 0,464 0,123 5,836 472 31

NA 49 Mon6 1,536 3,993 0,536 0,112 5,749 435 31

NA 49 Mon7 1,331 4,054 0,480 0,113 5,630 448 32

The Eo-Alpine P-T conditions of this investigation from
the Winnebach migmatite agree with P-T estimates of the chlo-
ritoid-in isograd of 421495 °C and 6.7-9.4 kbar for samples
from the Ortler-Campo Crystalline Complex (Mair et al. 2006)
as well as with the Eo-Alpine P-increase from NW to SE (e.g.
Veltman 1986; Tropper & Recheis,2003).

Although the obtained U-Th-Pb ages of monazite cluster
around 430-450 Ma in all three migmatites and thus confirm a
pervasive pre-Variscan event throughout the OC, which has not
been confirmed yet, still large discrepancies concerning previ-
ously published age data remain. S6llner & Hansen (1987) and
Sollner (2001) obtained Pan-African ages of 607-670 Ma on
zircons, which they interpret as the age of the anatexis. Klotzli-
Chowanetz et al. (1997) obtained an age of the migmatization
of 490 + 9 Ma and minimum cooling ages, based on Rb-Sr
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isochron ages of muscovite, of 461 + 4 Ma (Chowanetz 1991;
Kl6tzli-Chowanetz2001). On the other hand, even the age of the
pre-Variscan event in the Winnebach migmatite is still not un-
ambiguous since Kl16tzli-Chowanetz et al. (1997) also provided
some evidence for even older thermal events at 560 Ma and
635 Ma. Similarly, highly variable pre-Variscan ages have also
been obtained from the Nauderer Gaisloch migmatite, which
yielded several stages of zircon growth, namely 531 + 11 Ma,
which is thought to be the age of the anatexis, 585 + 8 Ma (Pan-
African), and 430 + 6 Ma (Silurian high-T event). The age of
the tonalite is constrained to be 487 + 11 Ma and that of a peg-
matite crosscutting the migmatites at the Nauderer Gaisloch
is 472 + 26 Ma (Klotzli-Chowanetz et al. 2001; Schweigl 1993).
These data are also somewhat older than the ages we obtained
from this migmatite complex (Table 6). The only ages that were



so far available from the Verpeil area are Rb-Sr ages from two
different types of orthogneisses, which are in the vicinity of the
migmatite body (Bernhard 1994). The first type, a hedenber-
gite-hornblende orthogneiss, shows a minimum intrusion age of
417 + 9 Ma, which is similar to the age of the second type of in-
trusion, a hornblende-bearing tonalitic gneiss, which shows an
age of 408 + 20 Ma. Both ages are considerable younger than
the ages of the monazites obtained in this study. The majority
of intrusives in the central OC shows ages in the range between
420 and 485 Ma (Thoni 1999). These ages seem to correlate well
with the monazite ages of the OC migmatites, thus placing a
rather reliable time constraint on the formation of the migma-
tites during the early Ordovician.
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