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Abstract

Monazite dating in metapelites is an emerging method to investigate polymetamorphic areas. A protocol for Th—U-Pb
dating of monazite by electron microprobe was adopted for a JEOL JXA-8530F. It was applied to the Variscan and Early-
Alpine metamorphic Austroalpine Oetztal-Stubai Complex (OSC). In the Alpeiner Valley in the Stubai region, the
Schrankogel complex is the eastern succession of the Central Metabasite Zone. In this part, metabasites are alternating with
metapelites. In 4 samples from micaschist lenses, dominantly Carboniferous monazite isochrone ages at 335 + 4 Ma,
320 4+ 4 Ma; 319 £ 4 Ma and 319 4+ 4 Ma were obtained. The micaschist samples with diverse modal compositions and
variable bulk rock Ca contents of calculated assay, display distinct monazite microstructures, as quantified by automated
SEM-MLA (mineral liberation analysis) routines. Clusters of small monazite could indicate new crystallization and yielded
isochrones at 313 and 304 Ma. In contrast, corona structures of apatite and allanite around large monazites with isochrones
between 350 and 315 Ma suggest a decomposition during decreasing temperature. Garnets in metapelitic assemblages
display growth zonations with low pyrope contents in the cores and pyrope-rich rims. A prograde metamorphism with high
pressure amphibolite-facies peak conditions at ~ 12 kbar and ~ 680 °C, and a post P, path with decompression to 4
kbar and 640-600 °C was estimated from the micaschists and from zoned Ca-amphiboles in retrogressed amphibolitized
eclogites. The P-T path entered the monazite stability field during the decompression. This signals a Carboniferous age of
the metamorphism. A minor population in one sample is composed of sporadic Permian single monazite ages. A Creta-
ceous monazite population is lacking. In the wide parts of the Austroalpine basement with Carboniferous-to-Cretaceous
mica mixing ages, monazite age populations allow to discriminate a distinct Permian metamorphic event.
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1 Introduction

A major part of the Eastern Alps is composed of basement
units with a polymetamorphic history. Early Palaeozoic,
Carboniferous and Permian events, and the Alpine Creta-
ceous and Cenozoic metamorphism have been reported from
the various Austroalpine and Penninic realms (Frey et al.
1999). The Austroalpine Oetztal-Stubai Complex (OSC) in
the Central Alps is one of the classical areas of polymeta-
morphism (Purtscheller 1978; Thoni 1999; Frisch et al.
2000). Various isotopic dating methods have been applied
there. An Early Palaeozoic high-temperature anatectic event
was reported from the Winnebach, Verpeil and Klopaier
migmatites (KlIotzli-Chowanetz et al. 1997, 2001; Neubauer
et al. 1999; Sollner 2001; Thony et al. 2008). Eclogite-facies
and amphibolite-facies conditions were attained during the
Variscan (Devonian-Carboniferous) metamorphism (Mo-
gessie et al. 1985; Miller and Thoni 1995; Mogessie and
Purtscheller 1986; Tropper and Hoinkes 1996; Rode et al.
2012). The Variscan metamorphic overprint led to kyanite,
sillimanite and andalusite mineral zones (Fig. 1b) of which
boundaries cut across and postdate the large-scale Schlingen
structures of the regional foliation (Purtscheller 1978). The
chloritoid and staurolite isograds, and the NW boundary of
Alpine biotite ages are also discordant to the Schlingen
structures and general trends of the foliation (Fig. 1b).

In many parts of the Austroalpine basement, Permian
ages of mica were formerly interpreted as Carboniferous-
to-Cretaceous “mixing ages” (Thoni 1981). These days,
such Permian magmatic and metamorphic ages are con-
sidered to indicate a distinct geodynamic event, namely a
post-collisional HT-LP metamorphism (Schuster et al.
2001; Marotta and Spalla 2007; Schuster and Stiiwe 2008).
In the OSC, an increasing grade of an Early Alpine (Cre-
taceous) overprint towards the South has been described
(Thoni 1981, 1983; Hoinkes et al. 1991, 1999; Hoinkes and
Thoni 1993; Thoni 1999). This is obvious from Variscan-
to-Alpine K—-Ar and Rb-Sr “mixed ages” of mica,
changing to Cretaceous ages towards the SE. The succes-
sive occurrence of chloritoid and then staurolite towards
the Schneeberg and Texel Complexes (Fig. 1b), accom-
panied by distinct growth zones in garnet porphyroblasts
(Frank et al. 1987; Tropper and Recheis 2003) are also
assigned to this Early Alpine overprint. The Late Alpine
(Cenozoic) events with South Alpine indenter and lateral
extrusion led to faults and shear zones which reframe and
dissect the OSC. The main tectonic lines are the sinistral
Inntal fault zone to the North, the Brenner normal fault
zone to the East, the Schneeberg fault zone and Vinschgau
shear zone to the South, the Schlinig zone to the West, and
the Engadine line to the Northwest (Ratschbacher et al.
1991; Frisch et al. 2000; Schmid et al. 2004).

In this context, the OSC represents a difficult situation
for the resolution of the thermal events by age dating.
Dependent on metamorphic grade and P-T paths, Rb—Sr,
K-Ar and Ar—Ar methods can provide ages on the cooling
history of the latest amphibolite- to greenschist-facies
metamorphic event. The Carboniferous-to-Cretaceous mica
“mixing ages” may hide or mask a distinct Permian ther-
mal event. Methods based on U-Pb in zircon mostly fail, as
the corresponding closure temperature and formation
temperatures have not been achieved during amphibolite-
facies and eclogite-facies metamorphism. Other methods as
Sm-Nd and Lu-Hf in metamorphic garnet are difficult in
specific applications and rarely available (Hauke et al.
2019). In this frame, the electron microprobe (EMP) Th—
U-Pb monazite dating in metapelites appears to be
promising (Williams et al. 2017). Here, we report a pro-
tocol for Th-U-Pb monazite dating and mineral chemical
analysis with a JEOL JXA-8530F electron microprobe,
applied to metapelites from the Alpeiner Valley in the
Stubai area of the OSC. The monazite ages and the P-T
evolution in this part of the OSC turned out to be similar to
corresponding data from adjacent areas which indicate a
Variscan (Carboniferous) clockwise P-T evolution. The
monazites in the Alpeiner Valley apparently crystallised
and were dissipated in diverse microstructures during the
decompression path.

2 Geological setting and petrography

In the Alpeiner Valley around the Franz-Senn-Hiitte in the
NE part of the OSC, a succession from metapsammites and
metapelites in the southern part, to an amphibolite domi-
nated northern part of a “Wechselserie” is observed.
Metagranitoids occur within this sequence (Fig. 2). Previ-
ous regional petrographic and tectonic studies (Hammer
1929; Purtscheller 1978; Schulz 1994; Rode et al. 2012;
Egglseder and Fiigenschuh 2013) cover the NE part of the
OSC, but details are lacking for the Alpeiner Valley. The
Alpeiner Valley and its metamorphic lithology have been
recently described and labelled by Klotzli-Chowanetz
(2016) and Palzer (2016). Accordingly, the Schrankogel
complex (the former Alpeiner Metabasitzone in Schindl-
mayr (1999)), is composed mainly of amphibolites and
biotite hornblende gneisses and forms the eastern succes-
sion of the Central Metabasite Zone (CMB) of the OSC.
Protoliths of the CMB are gabbros and basalts with
MORB-chemistry (Mogessie et al. 1985) and Early Cam-
brian ages (Miller and Thoni 1995), emplaced in a back-arc
setting. The CMB is subdivided from N to S into five zones
(Hoernes and Hoffer 1973; Purtscheller 1978): (1) Roughly
foliated amphibolite with layers and lenses of eclogite and
rare peridotite, (2) Dark, garnet-bearing amphibolites, (3)
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Fig. 1 a Location of the study area in the basement units of the
Central and Eastern Alps: BSTW Basement South of Tauern Window,
GWZ Graywacke Zone, IL Insubric Line, /Q Innsbrucker Quartz-
phyllite, JL Judicarien Line, Ko Koralpe, OSC Oetztal-Stubai
Complex, PL Periadriatic Lineament, Sa Saualpe, SA South Alpine,
Si Silvretta, TW Tauern Window (Penninic Unit). b Geological sketch
map of the Oetztal-Stubai basement in the Central Alps, redrawn after
Schmidegg (1964), with the various additions by Miller et al. (1967)
and Purtscheller (1978), with Variscan mineral zones and domains of

Alumosilicate gneisses, (4) “Wechselserie”, and (5)
Southern eclogite zone. The Schrankogel complex with its
metabasites alternating with metapelites to metapsammites
could be correlated to the “Wechselserie” as outlined by
Hoernes and Hoffer (1973) and Purtscheller (1978).

The host rocks of the metabasites are former clastic
sequences with presumably Neoproterozoic deposition
ages. In the study area these meta-psammopelitic rocks are
composed of quartzites and staurolite bearing micaschists
and paragneisses. In the northern part, micaschists form
lenses within the” Wechselserie” of the Schrankogel com-
plex, often not extending more than 50 x 20 m. Four
micaschist samples were selected for monazite analyses

Alpine Cretaceous metamorphism after Thoni (1981), Frank et al.
(1987) and Hoinkes and Thoni (1993). Study area around the Franz-
Senn-Hiitte in the Stubai Alps (Stu) is marked by square. A Alpeiner
metagranodiorite, B Bassler metagranite, CMB Central Metabasite
Zone, KM Klopeiner migmatite, VM Verpeil migmatite, WM Win-
nebach migmatite, S Schrankogel complex with metabasites. Sam-
pling areas in Rode et al. (2012) are Sellrain (Sel), E of Solden (Sal),
and W of Umhausen (Um) around Erlanger Hiitte. Vent (V) is situated
in the area with large-scale Schlingen structures

and two of them served for geothermobarometry (Fig. 2).
The general mineral assemblage is quartz, plagioclase,
muscovite, biotite, and garnet. Staurolite, sometimes
twinned and up to 2 mm in size, can be observed in sam-
ples RZ31, RZ33 and RZ42. Accessories are tourmaline,
sphene, ilmenite, zircon and monazite. Sample RZ29
shows strong retrogression of biotite completely replaced
by chlorite. Garnet is partially to completely replaced by
chlorite, while staurolite is replaced by large sericite
pseudomorphs. In sample RZ31 with well-preserved biotite
and numerous small garnet, relics of staurolite remained in
the sericite pseudomorphs. In sample RZ33 the large garnet
porphyroblasts (up to 5 mm in diameter) are accompanied
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Fig. 2 Geological sketch map of the Schrankogel complex in the area W of Franz-Senn-Hiitte in the Alpeiner Valley, Austroalpine Oetztal-
Stubai basement, with sampling locations referred to in the text. Alpeiner metagranodiorite and Bassler metagranite

by staurolite and kyanite which are partly sericitised in the
foliated matrix. In sample RZ42 the large garnet porphy-
roblasts (up to 6 mm in diameter) enclose staurolite in their
rims. Kyanite and staurolite occur in the foliated matrix
(Table 1).

The variety of the Schrankogel complex metabasites
ranges from amphibolitized eclogite, garnet-amphibolite
and amphibolite to biotite-hornblende-gneiss with folded
layers of calcsilicate gneiss. The unit shows in mean a
smooth, zonal, anastomosing, sometimes gradational foli-
ation. Amphibolitized eclogite can be observed in small,
often altered lenses elongated several meters in the north-
ern part. Clinopyroxene and plagioclase appear exclusively
in coarse-grained symplectites. Primary Na-rich clinopy-
roxene has not been found in the Schrankogel complex and
is apparently restricted to the eclogite occurrences in the
western part of the Central Metabasite Zone (Miller and
Thoni 1995; Rode et al. 2012). Garnet displays sieve-like
internal structures and is often replaced by mica and feld-
spar. The amphibolites and hornblende gneisses are mainly
composed of green amphibole and plagioclase. Plagioclase
often displays saussuritisation. Green amphibole has acti-
nolite and chlorite fringes. Garnet up to 2 cm in diameter
overgrows the foliated main fabric, indicating a crystal-
lization at a late stage.

3 Structures and tectonic setting

The Oetztal-Stubai basement can be divided into two main
tectonic domains (Purtscheller 1978; Egglseder and
Fiigenschuh 2013): (1) Pre-Mesozoic large amplitude open
folds in the northern part and (2) the large-scale Schlingen-
structures in the southwestern part around Vent. In the
studied area with its intermediate position between these

structural parts of the OSC (Fig. 1), a large synclinal fold
structure with a gently NE plunging axis and vergence to
the S is the main structure (Fig. 2). It deforms a steeply N-
and S-dipping main foliation. Our field description and
labelling of the regional tectonic structures is affiliated to
concepts which have been applied to similar Austroalpine
basement areas with a pre-Alpine evolution, as the base-
ment south of the Tauern Window (Schulz et al. 2008).
Accordingly, monomineralic quartz layers in metapelites
are considered to represent an older foliation S;. These
quartz layers S; display cm-scale intrafolial isoclinal
folding F,. Also one can observe m-scale isoclinal folds F,.
The main foliation S, is axial-planar to these F, folds.
Subsequently, the main foliation S, was deformed in F3
folds at all scales. Parasitic folds F5 are minor structures of
a large-scale South-vergent F; fold. The geometrical
interpretation of the S, main foliation planes in the
Alpeiner Valley reveals a 5 km scale cylindric fold with a
fold axis slightly plunging to NE (Fig. 2). The m-pole at
024/27 was calculated by a Bingham axial distribution
(cylindrical best fit) with OSX Stereonet (Cardozo and
Allmendinger 2013). The calculated m-pole coincides with
the 95% confidence interval of the measured second order
fold axes F5. The smaller scale second order folds F3 are
outstandingly visible in the units of the “Wechselserie”,
where they are composed of calcsilicates or monomineralic
quartz layers. The overprinting of the isoclinal F, folds by
F; folding led to a mixed type 2/3 fold interference pattern
(Ramsay and Huber 1987; Egglseder and Fiigenschuh
2013). In their detailed tectonic study of the area, Egglse-
der and Fiigenschuh (2013) described the similar structures
and geometries, but introduced a different subscript label-
ling. The large-scale F; folds deforming S, as labelled
here, correspond to the D, folds in Egglseder and Fiigen-
schuh (2013). As the S, and F3 fold structures, and D,
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Table 1 Results from automated SEM Mineral Liberation Analysis
(MLA) of petrographic thin sections of monazite-bearing garnet
micaschist samples from the Alpeiner Valley, Stubai region. Modal
mineralogy of major phases, from XMOD point counting routine
with ~ 10° EDX analyses per thin section. Ca and Al bulk rock
compositions in wt%, as calculated assay from modal mineralogy.
Area, number of grains and grain size as MD50 (grain size at 50 wt%
of cumulative grain size distribution) in pm for zircon (Zrn), monazite
(Mnz) and xenotime (Xtm) from automated SEM Spare Phase Lineup
(SPL) routine. The monazite grains are in contact with diverse other
phases, as biotite (Bt), plagioclase (P1), quartz (Qtz), apatite (Ap) and
ilmenite (Ilm). These microstructural relationships are reported as
ternary locking in %. Note high degree of ternary locking of monazite
with allanite (Aln) and epidote (Epi) in sample RZ29 with corona
structures

Mineral RZ29 RZ31 RZ33 RZ42
Quartz wt% XMOD 22.51 25.66 25.39 26.63
Albite + K-feldspar 7.47 3.90 9.72 221
Plagioclase 2.05 18.27 23.24 5.53
Biotite 1.60 15.55 7.65 4.47
Chlorite 15.10 4.65 6.46 2.89
Muscovite 31.40 23.70 6.11 27.88
Garnet 14.21 4.11 12.71 19.42
Staurolite 0.00 1.96 1.30 6.59
Epidote 2.33 0.49 3.82 0.32
Apatite 0.52 0.27 0.66 0.18
Area (10°um?) 293 173 269 318
Ca bulk wt% calc 1.10 0.89 2.04 0.92
Al bulk wt% calc 10.81 9.94 8.34 11.41
Zircon SPL (um?) 192,229 116,786 209,182 436,128
Xenotime SPL (um?) 221 4053 4754 1146
Monazite SPL (um?) 8306 72,675 34,580 110,212
Zrn grains (SPL) 904 638 1103 1347
Zrn size MD50 (pm) 25 23 22 50
Xtm grains (SPL) 2 38 32 6
Xtm size MD50 (um) 12 14 22 24
Mnz grains (SPL) 23 292 142 36
Mnz size MD50 (um) 42 30 22 95
Mnz ternary locking

Locked in Bt (%) 49.25 37.59 25.14 61.41
Locked in Pl 0.52 27.79 23.65 0.22
Locked in Qtz 6.4 19.04 2.8 2.82
Locked in Aln + Epi  32.63 5.45 18.37 3.91
Locked in Ap 3.07 0.83 2.16 0
Locked in Ilm 0.12 0.38 14.71 3.46
Mnz microstructure Corona Cluster Corona Large
Age £ wghtav. Ma) 335+4 319+4 3204 319+3

respectively, are not observed in the Brenner Mesozoic
(Purtscheller 1978; Egglseder and Fiigenschuh 2013), they
should belong to pre-Mesozoic and pre-Alpine events. Also
mineral cooling ages (Thoni 1999) imply no Alpine (Cre-
taceous) metamorphic event with ductile deformation in

the northern parts of the Oetztal-Stubai Complex. The
subsequent Alpine deformation phases display an increas-
ing brittle component (Egglseder and Fiigenschuh 2013):
W to NW directed thrusts are related to a Cretaceous
thrusting. This stage is not observed in the study area. A
subsequent top-to-SE directed shearing, appears to be
related to a late Cretaceous extension. This stage is
observed in the two-mica porphyroblastic gneiss in the
south-eastern part of the study area. Several phases of
brittle deformations in the studied area were related to
Miocene to Neogene lateral extrusion and exhumation of
the Tauern Window (Ratschbacher et al. 1991; Egger
1997).

4 Analytical methods
4.1 SEM-based automated mineralogy (MLA)

Automated mineralogical methods (e.g. Fandrich et al.
2007), based on a scanning electron microscope SEM
Quanta 650-FEG-MLA by FEI Company, equipped with
Bruker Dual X-Flash energy dispersive spectrometers for
EDX analyses were applied to complete thin sections of
garnet micaschists, as described in Schulz (2017). Accel-
eration voltage of the focussed electron beam was set at
25 kV. Beam current was adjusted at 10 nA. A software
package for mineral liberation analysis (MLA version
2.9.0.7 by FEI Company) was used for the automated
steerage of the electron beam for EDX identification of
mineral grains and collection of numerous EDX spectra.
Then follow the measurement routines given below:

1. XMOD is a single spot point counting for mineral
mode analysis, based on ~ 10° EDX spectra at a
10 um step size in a thin section. Mineral modes in
wt% (Table 1) have been recalculated by introducing
average densities listed in mineral databases. A calcu-
lated chemical assay was derived from the mineral
mode, densities, and the mineral chemical composi-
tions. For garnet, biotite, muscovite, and plagioclase
the representative compositions from EDX and EPMA
measurements were introduced. The calculated assays
(Table 1) thus represent an approximation to the bulk
rock composition in a given thin section plane and may
differ from the bulk composition obtained from a larger
volume of rock.

2. The SPL (Selected Phase Lineup) routine combines a

backscattered electron (BSE) grey colour value trigger
and single spot EDX-ray spectral analysis. This enables
the detection of rare phases as monazite, xenotime and
zircon and their surrounding minerals. One receives a
catalogue of all monazite and xenotime intermineral
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relationships (Table 1). This was used to select mon-
azite grains for detailed investigation in backscattered
electron imageing under the SEM, and quantitative
WDS analysis with the electron microprobe (EPMA).

3. The GXMAP routine produces a narrow grid of ~
1600 single EDX-ray spectra per mm?, at a stepsize of
25 pum. Garnet and biotite in samples RZ33 and RZ42
were chosen as the target phases. For the classification
of mineral phases and compositions in XMOD, SPL
and GXMAP measurements, a list of identified refer-
ence EDX-ray spectra was established by collecting
spectra from matrix phases and from defined parts of
several garnet porphyroblasts (core—mid—rim). It is
indispensable to use sample garnets for this procedure,
as the spectra from the available standard garnets and
arbitrary other garnet-bearing rocks will not match due
to different element compositions. Garnet reference
spectra are further characterized by EDX-ray single
spot elemental analyses which revealed strong varia-
tions of Fe, Mg, Mn and Ca in the porphyroblasts. In a
next step, the reference spectra were labelled in a
generic way with the corresponding garnet Fe-Mg-
Mn—Ca compositions. When the labelled spectra are
arranged in a color scale, they correspond to semi-
quantitative garnet zoning maps. The GXMAP mea-
surements were classified against the reference EDX-
ray spectra list with a high degree of probability of
match (Schulz 2017). The GXMAP measurements
allowed to select garnets with a well-developed and
complete concentrical element zonation out of dozens
of porphyroblasts for quantitative WDS analysis with
electron microprobe (EPMA).

4.2 Electron microprobe (EPMA) and monazite
dating

The mineral-chemical analyses from metabasite and
metapelite samples were performed with a JEOL JXA-
8900-RL instrument at beam conditions of 15 kV, 20 nA,
2 pum, and with the corresponding ZAF correction proce-
dures. The ~ 900 analytical points on garnet, mica, feld-
spar, amphibole, clinopyroxene and epidote from the
metapelite and metabasite samples enclose detailed garnet
zonation traverses.

Electron microprobe Th—-U-Pb dating is based on the
observation that common Pb in monazite (LREE, Th)PO,4
is negligible when compared to radiogenic Pb resulting
from the decay of Th and U (Parrish 1990; Montel et al.
1996). Electron microprobe analysis of the bulk Th, U and
Pb concentrations in monazite, at a constant 238U/235U,
allows for the calculation of an isochron age (Suzuki and
Adachi 1991; Suzuki and Kato 2008) and/or for single

domain ages with a considerable error (Montel et al. 1996;
Pyle et al. 2005; Jercinovic et al. 2008; Spear et al. 2009;
Williams et al. 2017). A protocol for the monazite analysis
with a JEOL JXA-8530F electron microprobe hosted at the
Helmbholtz Institute Freiberg for Resource Technology has
been developed. Some parts of this protocol consider
details reported by Allaz (2017). The electron beam was set
at 20 kV acceleration voltage, 100 nA beam current, and
5 um beam diameter. For analyses of monazite < 10 pm in
diameter, the beam diameter was set to 3 um. The Mal
lines of Th and Pb and the M1 lines for U of a PETH
crystal in a spectrometer with a capsuled Xe proportional
counter were selected for monazite analysis. Calibration of
Pb was carried out on a natural crocoite. The U and Th
were calibrated on metal reference materials. For calibra-
tion of REE with the exception of La, which was only
available from the Smithsonian Institution (Jarosewich and
Boatner 1991), an alternative set of Pb-free REE-ultra-
phosphates from ASTIMEX Ltd. was used as reference
materials. More details of the analytical protocol are
reported in the Online Resource 1 and Online Resource 2.
The measured data for REE were corrected offline for
mutual interferences using an Excel-based spreadsheet in a
similar way as is explained in Osbahr et al. (2015). Sub-
sequently the instrument drift was corrected for P, La, Ce,
Nd, Sm and Y measuring a monazite reference material
from ASTIMEX Ltd. (natural crystal from Buenopolis,
Brazil) as unknown every 24 h. The instrument drift was
assumed to be linear over time. Analyses with measurable
contents of Al were omitted from the dataset as well as
analyses with totals outside the range from 98.0 to
101.5 wt%.

A reference monazite labelled as Madmon, with vali-
dated special ThO,*-PbO characteristics (Schulz and
Schiissler 2013) was used for offline re-calibration of
ThO,, as well as for the control of data by repeated mea-
surements at the beginning, midterm and end of analytical
sessions. Interference of YLy on the PbMa line was cor-
rected by linear extrapolation of correction factors gained
from analysis of various Y-bearing standards, as proposed
by Montel et al. (1996). An interference of ThMy on UM
was also corrected. The number of single analyses varies
with the grain size of the monazites, e.g. 1-2 analyses in
grains of <40 pm and up to 10 analyses in grains of
100 pm in diameter. Monazite ages were first calculated
from each single analysis using the method of Montel et al.
(1996). A 1o error deduced from the counting statistics
(JEOL error) and an error €py, = \/ (Cts/sppak + Cts/sgkg)/
(Cts/s peax — Cts/sgkg) was propagated to an error in Pb
element %. For Pb the error in element % is ~ 0.004
(recalculated from the JEOL error), or ~ 0.001 (recalcu-
lated from ep,) for the reference monazite Madmon
(~ 0.25 wt% Pb). We applied an error in Pb element % of
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0.003 to all analyses, which propagates for the reference
monazite Madmon with ~ 506 Ma typically to = 12 Ma
(20), and for Carboniferous monazites (~ 0.085 wt% Pb)
to 20-30 Ma (20). In a second step, monazite ages were
further determined using the ThO,*-PbO isochrone
method (CHIME) of Suzuki et al. (1994) where ThO,* is
the sum of the measured ThO, plus ThO, equivalent to the
measured UOQO,. This age is based on the slope of a
regression line in ThO,* vs PbO coordinates forced
through zero. As the calculation of the regression line
provides underestimation of the error, in a third step the
weighted average ages for monazite populations were
calculated from the single analyses defining the regression
line using Isoplot 3.0 (Ludwig 2001). Weighted average
ages were also calculated from the ages of single analyses
when a large monazite allowed several analyses, and from
clusters composed of many small monazites. As the sizes
of most monazite grains are below 50 um (Table 1), it was
intended to perform a narrow grid of full quantitative
analyses. In all analysed samples, the isochrone ages and
the weighted average ages coincide within the error. The
age data are interpreted as the time of closure for the Th—
U-Pb system of monazite during growth or recrystalliza-
tion in the course of metamorphism.

5 Monazite ages and mineral chemistry

In the garnet micaschists the monazite appears in different
grain sizes and microstructural associations (Fig. 3). Grains
with an elongated shape and an average length of 200 pm
and width of 50-150 pum allowed for up to 15 single spot
analyses (Fig. 3a, b). The grains are parallel to S, foliation.
Single grain weighted average ages of such large grains in
sample RZ42 are between 326 & 9 and 312 £ 12 Ma.
There are also large monazites with more embayed grain
boundaries (Fig. 3c). In large monazite, darker cores and
lighter rim zones with higher ThO, contents are observed
in the BSE image. In samples RZ29, RZ31 and RZ33 one
observes large monazite with weighted average ages
between 351 + 15 and 320 + 15 Ma. Monazite displays
successive stages of a double corona formation. In an early
stage, the monzite is rimmed by allanite with only single
tiny apatite grains in between (Fig. 3d). In the more pro-
gressed stages, the apatite corona increases while the
monazite size decreases by consumption or decomposition
(Fig. 3e). At the late stage of double corona formation,
only elongated thin relics of monazite remain within the
apatite zone. The allanite mantle is composed of crystals
with radial orientation (Fig. 3f). The relative amount of this
monazite involved in such corona structures can be esti-
mated from the monazite ternary locking (Table 1). In
sample RZ29 > 30% of monazite is locked by allanite and

epidote, whereas the predominant large monazites in
sample RZ42 are mainly locked in biotite.

Other microstructural features are clusters composed of
numerous small monazite grains with diameters of
mostly < 10 um (Fig. 3g, h). These small monazite grains
are partly surrounded by allanite. Cluster monazites domi-
nate in sample RZ31, where REM-MLA recorded much
more grains with smaller MD50 diameter (grain size at
50 wt% of cumulative grain size distribution), when com-
pared to the other samples (Table 1). The cluster monazite
in association with allanite, plagioclase and mica display
also Carboniferous ages of 313 & 8 to 304 £ 6 Ma, with a
tendency to younger ages. The monazite clusters mostly take
place in large mica (Fig. 3g), but can also found in plagio-
clase (Fig. 3h). The diverse distribution of these monazite
microstructures among the samples are reflected by the
number of single grains, the area of the grains and the grain
size distribution, as indicated by the MD50 value of the
cumulative grain size distribution curve (Table 1). The
cluster microstructure in sample RZ31 is reflected by 292
monazite grains at a MD50 of 30 um (Table 1). Accord-
ingly the samples RZ42 and RZ29 have few, but large
monazite grains. Large monazites dominate in sample RZ42
with an MD50 of 95 um (Table 1).

The monazites in the three studied samples display a
diverse mineral chemistry (Table 2; Online Resource 3). In
the age vs Y,0j3 plot, monazites in sample RZ29 are uni-
formly high in Y,03 (~ 2 wt%). In samples RZ31 and
RZ42 dominate monazites low in Y,0O5 (0.4 wt%), but also
some higher Y,O3; contents up to 2 wt% are observed
(Fig. 4a). Sample RZ33 displays comparable broad varia-
tion in monazite Y,05 contents. In the UO, vs age distri-
bution, monazite of all samples concentrate around 0.8
wt% (Fig. 4b). Samples RZ31 and RZ33 display a large
spread in the monazite XHREE + Y vs XLREE diagram
(Fig. 4c). In contrast, monazite in sample RZ29 have
higher XHREE + Y than in sample RZ42. In XGdPO, vs
XYPOQO, coordinates, the monazites slightly exceed the limit
of the garnet zone or garnet isograd as given by Pyle et al.
(2001), but do not reach the limit toward the sillimanite
zone at 0.06 XYPO, and migmatism at 0.08 XPO,
(Fig. 4d). The dominant cheralite exchange (Th or U +
Ca =2 REE) is typical for systems with elevated Ca in
bulk rock composition (Spear and Pyle 2002). Many
monazites in samples RZ29 and RZ31 display a tendency
toward higher Ca and deviate from the cheralite substitu-
tion trend (Fig. 4e). Low concentrations of HREE can be
expected in monazite, however, the HREE vs LREE frac-
tionation, represented by Gdn/Yby and Cen/Gdy coordi-
nates, is given in Fig. 4f. The Eu has not been considered,
as many monazites have no or negligeable Eu. The LREE
fractionation in each of the samples RZ29, RZ33 and RZ42
is quite uniform, but the variation between the samples is
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RZ42
Mnz5 331,

£

a,msso 314 + 16 Ma (9)

P~
! > 283

Fig. 3 Microstructures of monazite in backscattered electron images
(BSE). Numbers are single Th-U-Pb ages in Ma. Weighted averages
with 2o error are calculated from several analyses within a grain, and
from several small grains analysed by a single measurement. a Large
monazite (Mnz) with slightly embayed rims and patchy darker core
zones, with Carboniferous ages. b Large monazite with patchy darker
core zone. ¢ Embayed large monazite with darker domains.
d Carboniferous monazite in biotite (Bt) with tiny apatite (Ap) at
the rim and formation of allanite (Aln), initial stage of corona
structure. e Progressed stage of corona formation with broad apatite
zones. Only some single ages are labelled for spread of data. f Late

considerable, with sample RZ29 in an intermediate posi-
tion. In contrast, monazite in sample RZ31 displays a
considerable variation in the LREE, with a distinct

333

312 + 13 Ma (11)

“:‘.l | A ‘365
315+ 16 Ma(9)
(i) 10

324 + 14 Ma (6)
(]) 10 ym

stage of corona formation with broad apatite and allanite rims and thin
relic monazite. Sutured monazite grain boundaries signal dissolution.
Compared to e, the relic monazite cores are older. g Large cluster of
small monazite grains which are surrounded by allanite and biotite.
h Details of monazite cluster arrangement in plagioclase (Pl), quartz
(Qtz) and biotite (Bt), with allanite rims around all small monazite
grains. (i, j) Small Carboniferous monazite surrounded by allanite
coronas (not visible due to BSE contrast/brightness); with stable grain
boundaries and no signs of possible fluid-mediated marginal disso-
lution-repricipitation

population at low Gdn/Yby, belonging to a single large,
312 4+ 18 Ma old grain (Fig. 4f). This may be an effect of
the abundant cluster monazite microstructures.
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Fig. 4 Mineral chemistry of 3 0.05
monazite and distributions of 1Y203 monazite mineral chemistry { XYPO4 *
monazite Th-U-Pb chemical | Wt %) 0.04 A
ages. a Monazite Y,03 vs age. 2 ] :g%g? 1 ORZ9
Note position of sample RZ29. 110 RZ33 0.03 {|gRZ31 @ Sl "
b Monazite UO, vs age. 1| RZ42 1O RZ33
¢ Monazite LREE and HREE 1] 0.02 1|®Rz42
compositions in mole fractions, 1
with only negligeable variations ] * 0.01 1
in sample RZ29. 1 (a) 1 (d) - XGdPO4
d Diagram XGdPO, vs XYPO,, 0 R 0.00 T L
with compositions above the 100 200 300 400 0 0.01 0.02 0.03 0.04 0.05
garnet (Grt) metamorphic 0.5
mineral zone as defined by Pyle {Ca ® ®
et al. (2001). Moles calculated 0.4 A
according to Pyle et al. (2001). ]
e Monazite compositions in 0.3 A
reference to the cheralite 1
substitution trend. Note 0.2 1
different trends in sample RZ29 1
compared to the other samples. 0.1 — (e)
f Normalised REE variation Th+U
pattern in metamorphic 0.0 oo T Tt
monazite from Stubai 0 0.1 0.2 0.3 04
micaschists, with HREE 12
fractionation expressed as Gdn/ Cen/Gdy gn REE pattern
Yby versus LREE fractionation 1 * 10 ] 4
expressed as Gdn/Yby. Note 0.9 - 8 3
REE fractionation in pegmatitic . %
reference monazites Madmon T ® 6 1 R
and MonAST 0.8 - ) REZQ 4 ®RZ29 & 'é; *
E RZ31 ] )
1 ORZ33 2 <-> R233 < Madmon
0.7 (c) [®Rz42 XHREE+Y 0 (f) |®Rz42| |0 MonAST| Gdn/Yby
. —r T 1 T T LB B B P B D B T B C R Bl B B o I i T o
0 0.02 0.04 0.06 0.08 0.1 0 5 10 15 20 25 30

size. Crystals range from small (I mm) isometric to several
mm large subhedral to euhedral grains (Fig. 7a). Inclusions
of quartz, ilmenite, titanite, mica and plagioclase line up
and can be interpreted as relics of an internal foliation S;i.
Garnet zonations show a core-to-rim trend with decreasing
spessartine (Sps 15-1 mol%, calculated from mole frac-
tion x 100), grossular (Grs 20—10 mol%), and increasing
pyrope with Prp 5-20 mol %. Some garnets display ret-
rogressive spessartine-rich overgrowths. Such rim zones
are characterised by decrease of the pyrope component
(Fig. 7b, c). In sample RZ33 a large garnet porphyroblast
displays the complete core-to-rim zonation profile (Grt-A).
In sample RZ42 one garnet displays a zonation from the
spessartine- and grossular-rich core with low pyrope, to a
rim with intermediate compositions (Fig. 7c, Grt-B).
Another garnet porphyroblast recorded these intermediate
compositions in its core and displays the pyrope-rich and
spessartine- and grossular-poor compositions in the inner
rim (Fig. 7c, Grt-C). In consequence, the complete garnet
mineral-chemical evolution can be deduced by a combi-
nation of both porphyroblast Grt-B and Grt-C zonation
profiles (Fig. 7d). This appears when garnet porphyroblasts

are not truncated in their cores, or are partly resorbed along
their rims. The Ca-content in the RZ33 garnet core
(XCa = 0.20) is considerably higher as in the RZ42 garnet
cores with XCa = 0.1 (Fig. 7d). Such systematic differ-
ences in garnet XCa are related to the bulk composition of
the samples (Spear 1993). This is supported by the Ca bulk
rock calculated assay of 2.04 wt% in sample RZ33, and
0.92 wt% in sample RZ42 (Table 1). The garnet zonations
in the metapelite samples represent segments of a common
mineral-chemical trend, as can be demonstrated in the
XMg-XCa coordinates (Fig. 7d). The core-to-rim zonation
trends of the garnets B and C in sample RZ42 (Fig. 7c, d)
correspond to the zonation in the rim of garnet A in sample
RZ33 (Fig. 7b, d). From the decreasing spessartine (Mn)
contents from cores to inner rims, it is clear that garnets A,
B and C represent the same porphyroblast generation
which crystallized during the same metamorphic event. It
has been demonstrated from other polymetamorphic base-
ment areas that garnet generations which crystallized dur-
ing distinct thermal events (e.g. Carboniferous-Permian
and Cretaceous) can be distinguished by their Mn zonation
characteristics (Frank et al. 1987; Schulz 2014; 2017). The



608 B. Schulz et al.
Fig. 5 Th-U-Pb chemical 0.15 0.15
model ages of monazite (Mnz). 1 (F\’Nt:% RZ29 26 1 (wat% RZ33 y = 0.0135x
Total ThO,* vs PbO (wt%) y=0.0141x I y = 0.0150x R?=0.945
isochrons diagrams. ThO,* is 1 R?=0.8459 1 R%*=0.9936 MSWD=1.07
ThO, + UO, equivalents 0.10 1 wMswD=16 0.10 1 MswbD =0.106 320 +-4 Ma
expressed as ThO,. General 335 +-4 Ma 1 356 +- 12 Ma 75 Mnz
minimal 2c error on monazite 67 Mnz i 10 Mnz < y=0.0116x 20
PbO analysis is shown by a bar. 0.05 A 0.05 - R? = 0.8867 I
Regression lines with the R 1 Z MSWD = 0.93
coefficient of determination R? 1(a) C 0 1(e) o, 276 +-7 M "
. 1 a 1.10 wt% 1 Ca 2.04 wt’o a Tho
are forced through zero (Suzuki 1 Al 10.81 WtO/Z (Wt%) ThO2* 1 Al 834wt%  22Mnz (wt%2)
et al. 1994; Montel et al. 1996). 0.00 ¥+ 000
Weighted average ages in Ma 0 2 4 6 8 10 12 0 2 4 6 8 10 12
with MSWD and minimal error 0.15 0.15
of 2o are calculated from the ] Fvﬁoc/: ) RZ31 ® 20 ] Fvﬁ% RZ42 20
single analyses belonging to an y = 0.0135x - i y =0.0151x
isochrone according to Ludwig 1 R?=0953 1 R? = 0.9922
(2001). The symbols mark 0.10 1 MSWD = 1.4 y = 0.012x 01071 wmswD=048 y = 0.0135x
analyses belonging to monazite 319 +- 4 Ma R? = 0.966 357 +-8 Ma R2=0.9712
age populations and defining 79 Mnz MSWD = 0.5 ] 11 Mnz > MSWD = 0.98
isochrones, falling into 0.05 4 ’ 284 +-6Ma | 0.05 4 319 +- 3 Ma
Carboniferous, and Permian 1 ) 17 Mnz 1 87 Mnz
ranges of ages. Al and Ca are 1(b) Ca 0.89 wt% :(d) Ca 0.92 wt%
bulk rock compositions in wt% Al 9.94 wt% (Wt%) ThO2* : Al 11.41 wt% (Wt%) ThO2*
from Table 1 0.00 ¥ 0.00 ¥
0 2 4 6 8 10 12 0 2 4 6 8 10 12
30 30 30 30
N RZ29 N Rz31| © N RZ33 N RZ42
251 % 335+4Ma| 25{% 319 +4 Ma | 25{% 320 +4 Ma| 25{ % 319+ 4 Ma
20479 monazite 204 101 204 110 204 104
ages ' monazite monazite monazite
151 : age | 15739°° 15 ages 15 a9es
: (Ma)
10 i 10 ?Iae) 101 age 10 age
a
51 5 5 5 (Ma)
(a) (b) (c) (d)
200 250 300 350 400 200 250 300 350 400 200 250 300 350 400 200 250 300 350 400
30 - 30 30 " 30
N Sellrain N Um- N Sélden N Qetztal-all
251% i 251% nausen 251% i 251{%
| I
I
201219 201171 ' 207252 ; 201642
monazite age monazite monazite ! monazite
151 ages (Ma)| 151ages 151ages I 151ages
104 10 10 age 10 age
(Ma) (Ma)
5 5 a'ae 54 5
(e) (f) (Ma) (9) (h)
200 250 300 350 400 200 250 300 350 400 200 250 300 350 400 200 250 300 350 400

Fig. 6 Frequency distribution of the EMP-Th-U-Pb monazite ages.
a—d Histograms of monazite ages in the Stubai samples, recalculated
to percent. The weighted average isochrone ages from Fig. 4 are
marked apart a 300 Ma reference line. e-g Histograms of monazite

preserved Mn zonation profiles signal that a possible post-
crystalline diffusion at high temperatures was not signifi-
cant. The increase of Mn in some tiny rim zones is related

ages as reported by Rode et al. (2012) from regions in the Oetztal
basement, recalculated to percent. h Histogram with summary of the
monazite ages in (e—g)

to retrogression, as it is accompanied by significantly
decreasing Mg and Fe. Accordingly, the garnets in samples
RZ33 and RZ42 with comparable high Mn in the cores
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Fig. 7 a Map of energy dispersive X-ray (EDX) spectra in garnet
micaschist. Spectra for garnet porphyroblasts are labelled in a generic
way by Fe, Mg, Mn, and Ca contents in normalised element wt%. Bt
biotite, Grt garnet. Locations of analytical profiles and traces of
foliations S;i by aligned elongated quartz (Qtz) inclusions and
opaques, and S, by mica plates are marked. Numbers are EMP
analyses along profiles. b, ¢ Zonations in micaschist garnet including
almandine (Alm-50%, due to scale), pyrope (Prp), grossular (Grs) and
spessartine (Sps) components (in mole%). Numbers are selected
garnet analyses used for geothermobarometry. The profiles are
labelled from the cores (c) to the rims (r) of garnet. d Garnet

zonations in XMg-XCa coordinates. Arrows indicate core-to-rim (c, 1)
zonation trends from single garnet profiles. Numbers are selected
garnet analyses for geothermobarometry. Note different Ca bulk rock
compositions in wt% from Table 1. The garnet XMg-XCa zonations
refer to the semiquantitative pressure—temperature trends A (heating-
compression), B (heating-decompression) and C (isothermal decom-
pression), as outlined in Spear (1993). e Mineral chemistry and
zonations of Ca-amphibole in metabasite samples, nomenclature
according to Leake et al. (1997). f Ca-amphibole zonations in "V Al vs
V1AL coordinates, with relative P-T trend. cl, ¢2 cores, rI, 2 rims of
amphiboles



610

B. Schulz et al.

represent the first or early part of a single porphyroblast
generation. Zoned garnets with lower Mn in their cores
then can be explained by truncation beside the true core
and/or crystallization at a later stage of the same porphy-
roblast generation.

Staurolite within the matrix is not zoned and chemically
homogeneous with Fe./(Fe,,, + Mg) ratio of 0.87 to 0.91
and 11.7 to 13.4 wt% FeO. Staurolite inclusions in garnet
are within the same compositional range. Biotite defines
together with muscovite the main foliation S,. Single
biotites are not zoned. Depending on the sample, they
display only little differences in composition with an
overall range of XMg between 0.42 and 0.47 (sample
RZ42), and XMg between 0.38 and 0.55 (sample RZ33).
Among the microstructures, three different structural
positions of biotite can be distinguished: (1) biotites
aligned along the main foliation, (2) biotite as inclusions in
garnet with evolving Ti-contents from 0.08 to 0.10 (p.f.u.),
and (3) biotite in pressure shadows of garnets formed by
the breakdown reaction of garnet = biotite 4 silliman-
ite + quartz. These biotites have highest Ti-contents
(0.10-0.12 p.f.u). Matrix plagioclase shows a trend from
An-rich (An;q) cores to albite-rich rims (Ans_;(). Plagio-
clase grains within garnet (An,s_3p) and in the pressure
shadows (Anjg_»p) show lower An-contents. Aggregates
with sericite are formed by breakdown reaction of stauro-
lite and plagioclase during retrogression (Table 3).

Each garnet zonation trend in a single porphyroblast
represents a segment in the overall P-T evolution. A
crystallization of the garnets A, B, C first at increasing
temperature and pressure, then during decompression at
amphibolite facies conditions, followed by decompression-
cooling can be semiquantitatively derived from the zona-
tions in the XMg-XCa coordinates (Spear 1993). Cores of
garnet and matrix plagioclase as well as relic mica and
inclusion minerals in garnet may document the early stage
of metamorphism. Late stage metamorphic evolution can
be preserved in rims of garnet and matrix plagioclase, and
large biotite in pressure shadows and microlithons. Thus,
distinct single analyses of garnet which characterise the
overall zonation trend in XMg-XCa coordinates were
identified and selected (Fig. 7b—d). Plagioclase and biotite
analyses from grains in corresponding microstructural
positions (e.g. enclosed in garnet, aligned in S,, in pressure
shadows, in zoned plagioclase porphyroblasts, were chosen
in each sample (Table 2). Accordingly, the garnet-biotite
Fe-Mg exchange geothermometer (Bhattacharya et al.
1992; Holdaway 2001) and the garnet-plagioclase Ca-net-
transfer geobarometers were applied. Pressures were cal-
culated with the garnet-aluminosilicate-plagioclase-quartz
(GASP) geobarometer involving kyanite, enclosing the
internally consistent thermodynamic mineral data set
(Holland and Powell 1998), with the activity models for

Table 3 microprobe analyses (cations p.f.u.) of garnet (Grt), biotite
(Bt), muscovite (Ms) and plagioclase (Pl) in micaschists and gneisses
from the Schrankogel complex in the Austroalpine Oetztal-Stubai
basement, Alpeiner Valley around Franz-Senn-Hiitte, normalized to
12 oxygen (garnet), 11 oxygen (biotite, muscovite) and 8 oxygen
(plagioclase). Almandine (Alm), anorthite (An), grossular (Grs),
pyrope (Prp), spessartine (Sps) contents in mole%*100. Mineral
analyses combined for geothermobarometric calculations are as fol-
lows: Sample RZ33: Grt31c-Bt119-P173; Grt4r—Bt108—P1170/P173:
Sample RZ42: Grt245¢-Bt161-Ms187-P1171;  Grt104c-Bt161-
Ms187-P1171; Grt84r-Bt247-Ms187-P1203; Grt77r—Bt247-Ms187—
PI1203. ¢ core, r rim

Grt RZ33  RZ33 RZ42  RZ42  RZ42  RZ42
31c 4r 245¢ 104c¢ 84r TTr
Si 3.013 2972 2997 3.004  3.003 3.000
Al 1.922 1.969 1.979 1.987 1.978 1.970
Fe 1876  2.165 2132 2232 2248 2251
Mn 0404 0013 0266  0.090  0.056  0.267
Mg 0.148 0604 0318 0459 0618 0432
Ca 0.642 0310 0305 0216  0.104  0.086
Tot 8.005 8.033  7.997  7.989 8.007 8.007
Alm 61.1 70.0 70.6 74.5 74.3 74.2
Prp 4.8 19.5 10.5 15.3 204 14.2
Sps 13.2 0.4 8.8 3.0 1.9 8.8
Grs 20.9 10.0 10.1 7.2 3.4 2.8
XMg 0048  0.195  0.105 0.153 0204  0.142
XCa 0209  0.100  0.101 0.072  0.034  0.028
Bt119  Btl08 Btl61 Msl187 Bw247  Msl87
Si 2727 2737 2636  3.152 2654  3.152
VAl 1.273 1.263 1364  0.848 1.346  0.848
VIAL 0349 0368 0419  1.821 0.387  1.821
Ti 0.095  0.090  0.045  0.008 0.095  0.008
Fe 1.261 1.183  1.155  0.092 1229  0.092
Mn 0.003  0.003  0.005  0.001 0.005  0.001
Mg 1.186  1.240 1443  0.096 1.255  0.096
Ca 0.000  0.000  0.002  0.001 0.001  0.001
Na 0.024  0.028  0.027  0.131 0.030  0.131
K 0922 0919  0.692  0.839 0.793  0.839
Tot 7.840  7.831  7.787  6.990 7.796  6.890
XMg  0.48 0.51 0.56 0.51 0.51 0.49
Pl 73 76 171 173 203 204
Si 2859 2784 2847 2842 2779  2.805
Al 1.129 1203  1.150  1.152 1220 1.190
Ca 0.153 0226  0.152  0.163 0222  0.205
Na 0.849  0.788  0.846  0.846 0.762  0.798
K 0013  0.002  0.008  0.002 0.013  0.004
Tot 5006  5.008  5.003  5.005 4996  5.001
An 15.0 222 15.1 16.1 22.3 20.3

garnet and plagioclase taken from Powell and Holland
(1993) and Ganguly et al. (1996), and the corresponding
updated calibrations by Wu et al. (2004) and Wu (2015).
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In detail, garnet cores started to crystallize at ~
460-500 °C/7-8 kbar and maximal pressures of 12 kbar
were reached at 680 °C (Fig. 8a). This was followed by a
decompression to 6 kbar, accompanied by only slight
cooling to 660 °C. The Mg-poor and Mn-enriched mar-
ginal zones of some garnets signal a cooling and decom-
pression toward 600 °C and 4 kbar (Fig. 8a).
Geothermobarometric estimates include a minimum error
of = 35°C and £ 1 kbar (Spear 1993). Thus, resulting
errors of thermobarometric calculations are much higher
than quantitative systematic error in thermodynamic data
and microprobe analysis. Considering this, the shape of the
P-T path and/or AP/AT trends can be obtained. When
applied to garnet cores and rims in the samples RZ33 and
RZA42, the single P-T segments line up to a clockwise
prograde-retrograde P-T path (Fig. 8a).

6.2 Metabasites

Two metabasite samples were selected for mineral chem-
istry analyses and related geothermobarometry (Online
Resource 4). Sample RZ 24 is an amphibolitized eclogite.
Garnets are up to 3 mm in diameter in a matrix composed
of fine-grained symplectites, green amphiboles, plagio-
clase, epidote and quartz. Titanite and ilmenite appear as
the Ti-bearing phases. From cores to rims the garnets are
zoned with decreasing spessartine (Sps 12—1 mol%, cal-
culated from mole fraction x 100), strongly increasing
pyrope (Prp 5-25 mol %), at quite constant high grossular
(Grs 22-25 mol %). This pyrope zonation trend indicates
crystallization at increasing temperature. The Mg- and Ca-
rich garnet rim compositions are typical of eclogites
without coesite. In combination with the symplectites this
indicates a former eclogitic stage for the Schrankogel
complex. Many inclusions of epidote towards the garnet
rim are typical. Plagioclase is slightly zoned, sometimes
with oligoclase cores, but mostly with albitic compositions
at An < 10. Plagioclase is also albitic in the symplectites
with secondary clinopyroxene with Jd < 10. Ca-amphi-
boles in the metabasites display considerable zonations and
compositional variations which can be described best in the
Si vs XMg nomenclature diagram (Fig. 7e) after Leake
et al. (1997), and in "VAI vs. Y'Al coordinates (Fig. 71).
Amphibole cores in sample RZ24 have high YAl (~ 3.8
p.f.u.) of ferro-tschermakite and rims with lower VIAL (1.0)
at similar VAl (1.6). In sample RZ37 one observes
amphibole cores with Mg-hornblende compositions at ¥'Al
of 1.5 and "™VAl of 1.2-1.6 (p.f.u.). In this sample, amphi-
bole rims and also a second generation of porphyroblasts
are actinolites with Y'Al and VAl below 0.4 (Fig. 7e, 1).
The garnet-clinopyroxene Fe—-Mg geothermometer cannot
be used for sample RZ24, as the only observed clinopy-
roxene in the symplectites has low Na (Jd < 10), and no
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Fig. 8 a Geothermobarometry and P-T estimates from garnet
micaschists. Crosses mark results from garnet-biotite (Grt-Bt) ther-
mometers and GASP and GBMP barometers; HP—Holland and
Powell (1998); Wu—Wu (2015). See text and Table 2 for details and
combination of analyses. Arrow indicates P-T trend given by
combination of data from samples RZ33 and RZ42. The aluminosil-
icates (And, Ky, Sill), cordierite-in (Cd +), muscovite-out (Ms —)
and staurolite-in and -out (Sta + , Sta —) univariant lines are after
Spear (1993). Bold crosses marks a general uncertainty of £+ 50 °C
and £ 1.0 kbar. b Geothermobarometry and P-T estimates (crosses)
from amphibolitized eclogite (RZ24) and amphibolite (RZ37), by the
Ca-amphibole equilibria geothermobarometer (ZS) by Zenk and
Schulz (2004). Isopleths for jadeite (Jd10; Jd20; Jd40) content in
clinopyroxene after (H) Holland (1980; 1983). A potential and
questionable higher pressure stage indicated by decomposition of Na-
rich clinopyroxene to symplectites is indicated

Na-rich clinopyroxene corresponding to the eclogitic stage
and coexisting with the garnet remained preserved
(Fig. 8b). However, a pressure estimation for the sym-
plectitic stage is possible using the Jd-in-clinopyroxene
barometer of Holland (1980; 1983).

The dependence of Si and 'V Al on temperature and “'Al
on pressure in Ca-amphiboles in assemblages with pla-
gioclase, epidote, quartz, ilmenite and/or titanite can be
used for P-T estimates. The amphibole-bearing assem-
blages in sample RZ24 and also in the amphibolite sample
RZ37 match the requirements for the application of the
geothermobarometer of Zenk and Schulz (2004), which



612

B. Schulz et al.

involves experimental data listed by Gerya et al. (1997).
Accordingly, the zoned ferro-tschermakitic to tscher-
makitic amphiboles in sample RZ24 crystallized during a
nearly isothermal decompression from 11 to 4 kbar at
650-600 °C (Fig. 8b). The Mg-hornblende and actinolites
in sample RZ37 crystallized at mainly decreasing temper-
atures from 600 to 400 °C/4-2 kbar (Fig. 8b). The P-T
estimates from the metabasites contribute with retrograde
P-T segments to the overall clockwise P-T path of the
Schrankogel complex.

7 Discussion

The combination of the thermobarometric results from
garnet metapelites and metabasites in the Schrankogel
complex points to a clockwise P-T path which evolved
mainly in the pressure-dominated amphibolite-facies. A
prograde P-T path started in the kyanite stability field.
Maximal pressures and temperatures range around 12 kbar
and 650 °C. Then the P-T path passed the sillimanite field
at decreasing pressure. Zoned green amphiboles recorded
conditions from 5 to 4 kbar/600 °C to 2 kbar/400 °C,
indicating a retrograde P-T path which entered the anda-
lusite stability field (Fig. 9a). This meets the observation of
the three alumosilicates in sample RZ42, where andalusite
overgrows the fabric at a late stage of the evolution. The
amphibolite-facies metamorphism in the Alpeiner Valley
matches the Variscan (Carboniferous) event as described
from the Sellrain, Umhausen and Solden areas, as reported
in Rode et al. (2012). It was not possible to constrain high
pressure eclogite facies P-T conditions in the Schrankogel
complex metabasites, as it has been described from the
Central Metabasite Zone (CMB) in the Oetztal by Miller
and Thoéni (1995). They reported minimum pressures for
the CMB eclogites at ~ 15 kbar at 650-700 °C from the
Jd-in-clinopyroxene barometer by Holland (1980). They
also stated that their alternative estimates, based on phen-
gite equilibria and thermodynamic data, at around 27 kbar,
are afflicted by the assumption of a very low water activity,
and are not confirmed by observation of coesite or relics of
it. Omphacite with high jadeite contents was not preserved
in the Schrankogel complex metabasites. However, the
pervasive occurrence of symplectites with low jadeite
bearing clinopyroxene demonstrates that the metabasites
should have experienced somewhat higher pressures as
were actually recorded by the green amphiboles (Fig. 8b).

By comparing similar P-T paths from various parts of
the Oetztal and Stubai basement (Fig. 9a) to the age dis-
tribution pattern of monazite (Fig. 9b, c), one can argue
that the monazite ages not necessarily coincide with the
time of garnet growth. However, the P-T paths deduced
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Fig. 9 a P-T-t evolution and monazite ages from the Schrankogel
complex in the Stubai region (Alpeiner Valley), compared to data
from metapelites in the Oetztal basement to the west, as given in Rode
et al. (2012). Sections of the P-T paths are labelled by age data. P-T
data from Stubai metapelites and metabasites are interpreted to
combine to a prograde-retrograde P-T path. Segments of the P-T path
are marked: 1—Age data and minimum P estimate (~ 15 kbar,
ellipsoid) from eclogites in Miller and Thoni (1995); they give
maximal P at ~ 27 kbar. 2, 3, 4—Positions of EMP monazite age
data reported here from Stubai. It is questionable if the metapelites
have experienced the high pressures reported from eclogites (1).
Stability fields for kyanite, andalusite, sillimanite after Spear (1993).
Stability fields of monazite (Mnz) and allanite (Aln) at different bulk
rock contents as a function of Ca wt%, and with the xenotime (Xtm)
stability field (Janots et al. 2007; Spear 2010). b Frequency distri-
bution (recalculated to percent) of the EMP-Th—-U-Pb monazite ages
in the Oetztal regions to the W, as reported in Rode et al. (2012).
¢ Frequency distribution (recalculated to percent) of the EMP-Th-U-
Pb monazite ages from the Stubai region (Alpeiner Valley), compared
to Oetztal

from garnet metapelites in the Sellrain and Umhausen areas
to the NW outside of the Cretaceous chloritoid isograde,
and from Solden and Stubai within this isograde are quite
similar (Rode et al. 2012). Also, the monazite ages in all
these regions are predominantly Carboniferous. There is
yet no indication of a distinct Cretaceous monazite popu-
lation in the overprinted Oetztal-Stubai basement to the
NW of the Schneeberg Complex. Thony et al. (2008), and
Rode et al. (2012) reported no significant quantity of
Cretaceous monazite populations from the Winnebach
migmatites and from the metapelites to the E of Solden. In
contrast, distinct Permian and Cretaceous monazite popu-
lations were described from the overprinted Austroalpine
basement to the S of the Tauern Window (Krenn et al.
2012) and from the Saualpe (Schulz 2017). Thus it appears
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as reasonable that the amphibolite-facies P-T paths in the
OSC are related to the Carboniferous monazite ages.

However, despite the predominant Carboniferous age
populations, there are significant differences in monazite
microstructures in the Oetztal and Stubai metapelites.
Monazites with apatite and allanite coronas are lacking in
the Umhausen and Sellrain samples (Rode et al. 2012), and
the monazite clusters are only observed in sample RZ31
from Stubai. The monazite phase stability limits may
provide some aspects and a clue in this discussion. Studies
in amphibolite-facies metapelites have identified a major
pulse of monazite growth, which could be linked to the
breakdown of garnet at decreasing pressure (Pyle and Spear
1999; Pyle et al. 2001; Spear 2010). In fact, the P-T record
in the metapelite garnet ceased during decompression. This
could explain the strong variation of Y in monazite which
crystallized subsequent to the garnet and which could have
incorporated the Y from decomposing garnet. According to
Janots et al. (2007), Spear (2010), Spear and Pyle (2010)
and Goswami-Banerjee and Robyr (2015), monazite is
stable under amphibolite-facies conditions. The tempera-
ture-dependent univariant allanite-monazite equilibrium
with the monazite stability limit is qualitatively shifted
toward lower temperature with decreasing Ca and
increasing Al in the bulk rock (Fig. 9a). Within this frame,
monazite should have crystallized when the actual P-T
path passed the allanite-monazite stability limit at
decreasing pressure (Fig. 9a). This implicates that the
Schrankogel complex monazite started to crystallise, when
the decompression P-T path passed from the kyanite to the
sillimanite stability field (Fig. 9a). If this is accepted, the
P-T evolution within the kyanite and sillimanite stability
fields should be also Carboniferous in the Schrankogel
complex, as was similarily reported from the adjacent
Sellrain, Umhausen and Solden micaschists (Rode et al.
2012).

When compared to the monazite age data from the
Sellrain, Umhausen and Solden regions (Rode et al. 2012),
with their unimodal age distributions around 317 £+ 5 Ma
and almost lacking Permian ages, the histograms and iso-
chrones in the Schrankogel complex apparently may indi-
cate a distinct Permian thermal event (Figs. 5b-d, 6b, c).
However, this differs considerably from the situation in the
Austroalpine basement to the south of the Tauern Window,
where the Permian monazite population is more abundant,
especially in areas with Permian pegmatites (Krenn et al.
2012). In the Schrankogel complex, the minor population
of Permian monazites rather crystallised when the P-T path
entered the andalusite stability field at low pressures
(Fig. 9a), and apparently does not indicate a separate Per-
mian thermal event.

Double corona structures with apatite and allanite
around relic Paleozoic monazites were reported as a

characteristic feature of retrogressed basement areas which
were overprinted by Alpine (Cretaceous) metamorphism
(Finger et al. 1998; 2016; Schulz 2017). Apatite-allanite
corona structures around Carboniferous monazite (Fig. 3d-
f, i, k) are interpreted as an indicator for monazite
decomposition. The corona formation can be explained by
pseudomorphic partial replacement of the original mon-
azite by apatite and allanite via a fluid-mediated coupled
dissolution—precipitation process (Harlov et al. 2011;
Budzyn et al. 2011). At the present stage of knowledge,
such monazite corona structures are generated during
decreasing pressure and temperature (Broska and Siman
1998; Finger et al. 1998; Krenn and Finger 2007; Budzyn
et al. 2011; 2017), and retrogression (Upadhyay and Pru-
seth 2012). However, an alternative explanation is possi-
ble: The micaschists appear as m-scale layers and lenses in
a matrix of metabasites which are comparably Ca-rich and
may serve as a source for Ca-metasomatism. An increase of
bulk rock Ca in the metapelites by metasomatism would
shift the monazite stability field toward higher tempera-
tures and would cause monazite dissolution without a
significant decrease of temperatures.

The arrangement of cluster monazite (Fig. 5g, h) is
distinct from the satellite monazite structure as it was
described by Finger et al. (2016). The satellite monazite
microstructures are small grains arranged around a larger
central grain. It is considered as the new crystallization of
small monazite at the rim and in the core of apatite in a
former apatite-allanite double corona structure, when
monazite stability conditions are attained by re-increasing
temperature after a retrogression. At the present limited
stage of knowledge about this structure, the cluster mon-
azite at Stubai represents at least a period of new Car-
boniferous monazite crystallization. In an opposite way as
has been outlined above, in this case a decrease of bulk
rock Ca, or an increase of bulk rock Al could shift the
monazite stability field toward lower temperatures which
would result in new monazite crystallisation.

The Schrankogel area is situated within the Alpine
chloritoid zone and next to the boundary of Alpine (Cre-
taceous) biotite cooling ages (Fig. 1b). One can expect
temperatures of 350 - 400 °C in this situation. This would
be outside the typical temperatures where metamorphic
monazite in a Ca-poor and Al-rich bulk rock composition
crystallises (Fig. 9a). The Cretaceous temperatures at given
pressures may have been simply too low for the given bulk
rock Ca contents to allow significant monazite crystal-
lization in this part of the OSC. This could explain the
retrogressive corona structures in combination with the
completely lacking Cretaceous monazite ages.



614

B. Schulz et al.

8 Conclusions

The nature and geodynamic significance of a Permian
event in the Austroalpine and also Southalpine basement
units has been increasingly discussed with the emerging
new age data and the re-interpretation of existing data
(Schuster et al. 2001; Kunz et al. 2018). According to
Schuster and Stiiwe (2008), the Permian event can be
related to (1) intrusion of Permian gabbros into the middle
and lower crust, (2) granite and pegmatite intrusions at
mid-crustal levels, (3) quartz-andalusite veins and (4)
Permian volcanics. Permian metamorphic and magmatic
ages, and also monazite ages have yet been mainly reported
from Austroalpine basement domains where numerous
intrusions of Permian pegmatites occur (Schuster et al.
2001; Schuster and Stiiwe 2008, and references therein;
Krenn et al. 2012; Schulz 2017). Evidently, the fluid
activity associated to these intrusions enhanced the mon-
azite crystallization in metapelites, when low pressure and
low bulk Ca compositions are given. In such regions, a
Permian monazite population supports the presence of a
distinct Permian event. There are yet no own observations
or reports of pegmatites and Permian pegmatites respec-
tively from the Alpeiner Valley and the OSC nearby
(Klotzli-Chowanetz  2016; Palzer 2016). An important
geological marker of a Permian event is therefore lacking
in this part of the Austroalpine basement.

In the Schrankogel complex of the Stubai region one
observes a clockwise P-T evolution with maximum pres-
sures and temperatures ranging in the high pressure
amphibolite facies. This P-T path matches P-T data from
metapelites in other parts of the OSC (Rode et al. 2012).
Also the predominant Carboniferous monazite populations
in 4 metapelite samples are comparable to observations in
other parts of the OSC. By comparison of the P-T path to
the monazite stability fields at various bulk rock Ca and Al
contents it can be concluded that the Carboniferous mon-
azites started to crystallise during decompression after the
pressure maximum. A continuing crystallisation of suc-
cessively younger monazites, often in cluster microstruc-
tures, occurred during further decompression within the
sillimanite stability field. When the P-T path passed into
the andalusite stability field, the conditions for monazite
crystallisation even for elevated bulk rock Ca compositions
maintained and may have led to a minor population of
Permian monazites. These few monazite ages provide no
substantial argument for a distinct Permian thermal event
in this part of the Austroalpine basement. Also other geo-
logical features of such an event are lacking. The Creta-
ceous metamorphic overprint in this part of the OSC
appears as a retrogressive event, which is documented by
double corona allanite-apatite structures around relic

Carboniferous monazite. No monazite grains with Creta-
ceous ages are observed in this part of the OSC, as the
monazite stability field has not been approached during the
Cretaceous overprint. In consequence, the EMP monazite
ages from the Oetztal-Stubai area allow to exclude a dis-
tinct Permian event in this part of the Austroalpine base-
ment. As exemplified in other parts of this basement with
Carboniferous-to-Cretaceous mica mixing ages (Krenn
et al. 2012) a Permian event can be discriminated by a
corresponding monazite population.
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