
minerals

Review

Petrochronology of Monazite-Bearing Garnet Micaschists
as a Tool to Decipher the Metamorphic Evolution of the
Alpine Basement

Bernhard Schulz

����������
�������

Citation: Schulz, B. Petrochronology

of Monazite-Bearing Garnet

Micaschists as a Tool to Decipher the

Metamorphic Evolution of the Alpine

Basement. Minerals 2021, 11, 981.

https://doi.org/10.3390/min11090981

Academic Editors: Manuel Roda and

Jean-Marc Lardeaux

Received: 26 July 2021

Accepted: 6 September 2021

Published: 9 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Institute of Mineralogy, Economic Geology and Petrology, TU Bergakademie Freiberg, Brennhausgasse 14,
D-09599 Freiberg, Saxony, Germany; bernhard.schulz@mineral.tu-freiberg.de

Abstract: Garnet-bearing metapelites in the Helvetic and Austroalpine pre-Mesozoic polymetamor-
phic basement are characterised by pressure-temperature path segments reconstructed by microstruc-
turally controlled geothermobarometry, and the Th-U-Pb monazite age distribution pattern revealed
by the electron probe microanalyser (EPMA). In the Helvetic Aiguilles Rouges Massif and the Aus-
troalpine Oetztal-Stubai basement to the NW an Ordovician-to-Silurian high temperature event
preceded a pressure-dominated Carboniferous metamorphism. In the Austroalpine basement units
to the south of the Tauern Window, the maximal pressures of the Carboniferous amphibolite-facies
metamorphism range from 12 to 6 kbar. The decompressional P-T path segments signal a transition
to low pressure conditions. A subsequent high pressure overprint is restricted to the Prijakt Subgroup
unit in the Schobergruppe and documented by Cretaceous monazite crystallisation at 88 ± 6 Ma. In
the Austroalpine Saualpe basement to the SE, a distinct early Permian metamorphism which started
at low pressures of ~4 kbar/500 ◦C and reached maximal 6 kbar/600–650 ◦C predated the intrusion of
Permian pegmatites. Permian monazite crystallised in line with the intrusion of pegmatites. Corona
microstructures around the Permian monazites indicate retrogression previous to a Cretaceous high
pressure metamorphism. That way, pressure-temperature-time paths resolve the spatial and temporal
evolution in the polymetamorphic Alpine basement prior to the Tertiary collision.

Keywords: polymetamorphism; geothermobarometry; Th-U-Pb monazite dating; garnet; Austroalpine;
Helvetic; pre-Variscan; Carboniferous; Permian; Cretaceous

1. Introduction

A major part of the Alps is composed of basement units. These units can be as-
signed to the continental Northern European Plate, to the overriding Austroalpine parts
of the Adriatic-Apulian Plate, and to metamorphosed Mesozoic ophiolites and sediments
belonging to the Penninic Ocean in between [1]. Many of these units underwent polymeta-
morphism [2]. Both, the European and the Adriatic-Apulian Plate, bear the heritage and
relics of pre-Mesozoic orogenies [3,4]. Pioneering petrological studies for the recognition
of metamorphic pressure-temperature-time (P-T) paths [5], and also radiochronological
work [6–8], have been performed in the Alpine basement. Ordovician-to-Silurian, Carbonif-
erous and Permian events, followed by the Alpine Cretaceous and Tertiary metamorphism
have been reported [2]. In this complex tectonic and metamorphic frame of the Alpine
basement, the dating of individual metamorphic events is difficult. The Sm-Nd, Lu-Hf,
U-Pb and Rb-Sr dating of metamorphic minerals turned out to be suitable methods. U-Pb
zircon dating potentially fails to date metamorphism in the greenschist to amphibolite
facies and also in many high grade metamorphic rocks due to high closure temperatures.
The Ar-Ar, K-Ar and Rb-Sr isotope systems date the late cooling history and may be
severely disturbed not only in polymetamorphic settings. The chemical Th-U-Pb dating of
monazite by a texturally controlled in situ electron probe microanalysis (EPMA) provides
an interesting alternative, especially in polymetamorphic terrains [9–11]. Monazite is a
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common accessory phase in peraluminous granite and in Ca-poor and Al-rich metap-
sammopelites at all metamorphic grades above the upper greenschist facies [12]. The
appearance of garnet-bearing assemblages in many of such metapsammopelites provides
the opportunity for a partial quantification of the pressure-temperature (P-T) evolution by
geothermobarometry and/or pseudosection modelling. In combination with the EPMA
Th-U-Pb monazite dating, this opens a great potential for the reconstruction of P-T-time
paths of metamorphism. This combined approach has been applied in exemplary case
studies on garnet-bearing micaschists and gneisses in the Aiguilles Rouges External Massif
of the Helvetic Domain (European Plate) and to several different basement parts belonging
to the Austroalpine part of the Adriatic-Apulian Plate. It is possible to distinguish basement
units by their pre-Tertiary P-T-time (P-T-t) paths of polymetamorphism.

2. Materials and Methods
2.1. Basement Units in the Alps

The basement in the Alps can be subdivided into the metamorphosed remnants of
the Mesozoic sediments and ophiolites assigned to the former Penninic ocean, and the
pre-Mesozoic basement areas which belong to the European and Adriatic-Apulian plates
(Figure 1a). Many parts of the pre-Mesozoic basement were highly transformed during the
Alpine metamorphic overprint. In the External Massifs of the European Plate and in the
Austroalpine domain of the Adriatic-Apulian microplate, there are crustal segments with
minor overprint; thus, giving the possibility to recognize older lithologies and structures.
Prior to their Alpine overprint, the pre-Mesozoic basement areas underwent a complex
magmatic and metamorphic evolution [3,4]. Sedimentation along the north-Gondwana
margin started in the Neoproterozoic. A detrital input from East-Gondwanan cratonic
sources is dominant in the Austroalpine basement units [13]. During the Neoproterozoic-
Lower Cambrian period, contemporaneous to the Cadomian orogenic evolution, basement
units of the European Plate and the Northwestern Austroalpine realm belonged to an
active margin setting [4,13–17]. The subsequent Ordovician evolution of the Alpine base-
ment has not sufficiently been resolved yet. Numerous and widespread intrusions of I-
and S-type granitoids (480–450 Ma) may signal a prolongation of the Cambrian active
margin setting during the Ordovician [16]. An Ordovician subduction-collision cycle with
associated metamorphism and igneous intrusions was also discussed [18,19]. Partial ana-
tectic melting probably resulted from a thermal event triggered by crustal extension at
450–430 Ma. Nevertheless, in the Austroalpine realm (Figure 1a), the Ordovician pluton-
ism allows to discriminate pre-Early Ordovician basement units with various granitoids,
now orthogneisses, from post-Early Ordovician phyllite and quartzphyllite units with the
corresponding volcanic rocks and volcanosediments [4]. Since the late Ordovician in south-
eastern parts of the Austroalpine realm, a passive margin setting and crustal extension
lasted until the opening of the Paleotethys Ocean during the Devonian. Many Alpine
basement areas were then involved in the Variscan orogenic events in the Carboniferous,
including continental subduction and then continental collision of the peri-Gondwanan
margin with Laurussia [4]. The resulting assemblage of Pangea, then, underwent Permian,
Triassic and Jurassic extension periods. The early Meliata-Hallstatt ocean separated base-
ment units within the Austroalpine domain. The later Penninic ocean opened between the
Adriatic-Apulian Plate to the south and the European Plate to the north. Both oceans were
successively subducted previous to successive continental collisions at Cretaceous and
Tertiary times, leading to the build-up of the Alpine mountain chain [1]. As a consequence
of this multistage geodynamic evolution, in the metamorphic maps of the Alps, basement
units with pre-Variscan, Variscan (Carboniferous), Permian, Cretaceous (Eo-Alpine, Early
Alpine) and Tertiary (Late Alpine) metamorphism were distinguished [2,20]. Further-
more, polymetamorphic basement units with a pre-Mesozoic metamorphism at higher
grades which were overprinted by a single or both Alpine metamorphic events at lower
grades, and units with Alpine higher grade metamorphism subsequent to the pre-Mesozoic
events have been recognized. Radiometric ages between ~300 and ~200 Ma from metamor-
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phic rocks of the Austroalpine basement have long been considered as “Variscan-Alpine
mixed” ages [21]. However, in the light of the increasing amount of data in this age range,
a distinct high temperature low pressure Permian metamorphic event has been postu-
lated. Apparently, this event was associated with the intrusion of Permian pegmatites at
270–250 Ma [22–24]. These were arranged along a linear zone extending from the southern
Oetztal basement with the Martell granite, passing the Basement to the south of the Tauern
Window and appearing also in the Saualpe and Koralpe basement [25–27]. A large zone of
crustal extension was inferred for this event [22]. At least in some of the Austroalpine units,
where Permian pegmatites intruded already foliated host rocks, these allow an evaluation
if Alpine deformation overprinted pre-Permian structures.
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ite; SL Sesia-Lanzo Zone; SN Steinkogel nappe; SP Speik Complex with Kraubath ophiolite; TPG Thurntaler Phyllite 
Group; TW Tauern Window; W Wechsel Gneiss Complex. 
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Figure 1. (a) Pre-Mesozoic basement units in the Alps [4]. (b) Subdivision of the basement units in Austroalpine (AA),
Helvetic (H), Penninic (P) and South Alpine (SA) Domains. (c) Basement units in the Austroalpine Domain with locations
of reports (red marks). Basement units and massifs, and major tectonic lines: AC Agordo-Cereda; AG Aar-Gotthard; AM
Argentera Massif; AR Aiguilles Rouges Massif; B Bundschuh; BM Belledonne Massif; BSTW Basement South of Tauern
Window; CA Carnic Alps; CG Central Gneisses; DAV Defereggen-Antholz-Vals Line; DB Dent Blanche; DM Dora Maira;
EB Err-Bernina; EW Engadine Window; G Glarus; GC Gleinalm Complex; GG Grobgneis Complex; GN Gurktal nappes;
GP Graz Paleozoic; GWZ Greywacke Zone; HD Haute Dauphiné; IL Insubric Line; IQ Innsbruck Quartzphyllite; KA
Koralpe; LN Lepontine Nappes; MB Mont Blanc; NM Niedere Tauern and Micaschist Complexes; OB Orobic Basement;
OSC Oetztal-Stubai Complex; PC Pohorje Complex; PL Periadriatic Lineament; R Recoaro; S Silvretta; SA Saualpe; SAB
South Alpine Basement; SC Schneeberg Complex; SCZ Seconda Zona Diorite Kinzigite; SL Sesia-Lanzo Zone; SN Steinkogel
nappe; SP Speik Complex with Kraubath ophiolite; TPG Thurntaler Phyllite Group; TW Tauern Window; W Wechsel
Gneiss Complex.
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The reconstruction of pressure-temperature-time (P-T-t) paths by the methods of
petrochronology is important to decipher the evolution of each unit in the basement puzzle
of the Alps. Case studies in four basement areas are reviewed (Figure 1a):

(1) The Aiguilles Rouges Massif (AR) belongs to the Alpine External Massifs and is
part of the European Plate. It underwent a high pressure Carboniferous (“Variscan”)
metamorphism, and there were indications of an Ordovician-to-Silurian event. There
is a low-grade Alpine overprint.

(2) The Oetztal-Stubai Complex (OSC) is part of the western Austroalpine domain. There
are indications of an Ordovician event with migmatism. A Carboniferous metamor-
phism with formation of eclogites is predominant. Towards the SE of the OSC, an
increasing Cretaceous overprint reaching the amphibolite facies is obvious.

(3) The basement to the south of the Tauern Window (BSTW) and the Steinkogel Nappe
(SN) to the north of the Tauern Window underwent Carboniferous metamorphism.
Some parts of the BSTW are intruded by Permian pegmatites. An eclogite-facies
Cretaceous metamorphism can be stated in the Prijakt Subgroup in the Schobergruppe
which is also a pegmatite-intruded area. The northern parts of the BSTW which
overlay the Penninic units exposed in the Tauern Window underwent a final Tertiary
metamorphism.

(4) The nappe units of the Saualpe (SA) to the SE of the Austroalpine domain are the
area of the classical Cretaceous (Eo-Alpine) high pressure metamorphism with the
formation of eclogites. Numerous intrusions of Permian pegmatites signal that there
could also be relics of older metamorphic events. The SA also comprises units with
an amphibolite facies Cretaceous metamorphism.

The case studies represent a section across the Alpine basement in space from north-
west to southeast, and, in time, enclosing metamorphism from the Ordovician to the
Cretaceous, with a focus on the Carboniferous and Permian events.

2.2. SEM-Based Automated Mineralogy (SEM-AM)

Automated mineralogical methods [28], based on a scanning electron microscope
SEM Quanta 650-FEG-MLA by FEI Company (Hillsboro, OR, USA), equipped with Bruker
Dual X-Flash energy dispersive spectrometers for chemical analyses, were applied to
complete thin sections of garnet-bearing micaschists and gneisses. Electron beam conditions
were set at 25 kV acceleration voltage and a 10 nA beam spot. A software package for
mineral liberation analysis (MLA version 2.9.0.7 by FEI Company, Hillsboro, OR, United
States) was used for the automated steerage of the electron beam, for energy dispersive
spectroscopy (EDS) identification of mineral grains, and the collection of numerous EDS
spectra. Monazite and xenotime grains and their microstructural relationships within a
distance of ~100 µm from the target grains were detected by a sparse phase search routine.
The data were used to select monazite grains for Th-U-Pb age dating and mineral chemical
analysis by the electron probe microanalysers (EPMA), The EDS spectral mapping routine
(GXMAP) produces a narrow grid of ~1600 EDS spectra per mm2 from garnet and biotite
as phases of interest. For the classification of minerals and compositions in the SEM-AM
measurements, identified reference EDS spectra were collected from matrix phases, and
from defined parts of several garnet porphyroblasts (core-mid-rim). Reference spectra
from garnet were generically labelled with the corresponding garnet Fe, Mg, Mn and Ca
compositions. When the labelled spectra were arranged on a colour scale, semi-quantitative
garnet zoning maps were established which could be compared to wavelength dispersive
spetroscopy (WDS) element maps [27–29]. The GXMAP measurements of complete thin
sections allowed for the selection of a few typical garnets out of dozens of porphyroblasts
for quantitative WDS analysis and WDS element mapping with EPMA.

2.3. Microstructurally Controlled Geothermobarometry by EPMA

Mineral-chemical analyses of silicate minerals in micaschists were performed through
time with various electron probe microanalysers CAMECA SX50 (CAMECA SAS, Gen-
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nevilliers, France), JEOL JXA-8900R„ JEOL JXA-8200, JEOL JXA-8230, JEOL JXA-8530F
(JEOL Ltd. Akishima, Japan) at several institutions, using beam conditions of 15 kV, 20 nA
and 2 µm, and the correction procedures supplied by CAMECA (Gennevilliers, France)
and JEOL (Akishima, Japan) companies. Garnet zonations were analysed in detailed tra-
verses. The compositions of associated feldspar and mica were documented by several
single-point analyses. When thermodynamic equilibrium was assumed, two principal
methods for estimating P-T conditions recorded in metamorphic rocks could be applied.
Classical thermobarometry employs mineral-chemical compositions of phases involved in
continuous cation-exchange and net-transfer solid-solid reactions [30,31]. Alternatively,
pseudosection calculations can model phase assemblage stability fields for given bulk
compositions and also allow the contouring of divariant fields [32]. Both methods have the
basic pre-requisites and uncertainties of thermodynamic data in common. However, the
pseudosection calculations involve an additional assumption concerning the effective local
chemical bulk composition in a rock domain [32]. By this method, a rock bulk composition
is related to P-T conditions. Compositional layering, strong variations in modal mineralogy
and highly variable distribution of garnet in combination with several zoned porphyroblast
generations imply significant compositional heterogeneities in metapsammopelites. The
unknown sizes of the involved rock domain(s) impose uncertainty upon the effective
local reactant bulk composition(s) for pseudosection calculations. Therefore, classical
thermobarometry was chosen as the preferred method.

The geothermobarometric calculations require the combinations of mineral-chemical
analyses from garnet, mica and plagioclase in equilibrium. Microstructural observations
and the chemical evolution of the mineral phases provided criteria for the definition of
local equilibria [33,34]. Traverses across garnet porphyroblasts may not have passed the
entire core region and porphyroblasts may display zonation gaps. Some garnets may show
only a part of the complete garnet chemical evolution in a sample. Such complications
are not necessarily evident by the zonation profiles alone but can be checked in grossular-
pyrope-spessartine coordinates. When garnet is the main Mn fractionating phase, its Mn
content during crystallisation is controlled by Rayleigh fractionation [30]. This allows
to recognize the relative temporal chemical growth evolution of the porphyroblasts. For
each sample, a characteristic garnet mineral-chemical evolution trend can be derived from
a compilation of the single-core-rim zonation profiles in grossular-pyrope-spessartine
coordinates. Selected analyses out of the garnet chemical evolution trend in the ternary
diagrams could then be used for thermobarometry. The main foliation (S2) in metapelites by
phyllosilicates and long prismatic minerals such as kyanite or fibrolitic sillimanite is related
to a later deformation stage as it surrounds mm-scale microlithons with garnet, feldspar,
mica, staurolite, aluminosilicates and quartz. Curved and planar internal foliations S1i in
porphyroblasts represent an early stage of deformation. External and internal structures of
syn- and intertectonic garnet porphyroblasts were interpreted as successive incremental
steps of progressive deformation [35]. The internal porphyroblast-S1i to the external matrix-
S2 relationships allowed to establish the relative time of crystallisation. This enabled to
relate the mineral-chemical data from mica and plagioclase to the garnet mineral-chemical
evolution trends [33–35]. For the geothermobarometric calculations, mica and plagioclase
of S1i in garnets were related to early stages, and syn-S2 mica and plagioclase to later stages
of garnet growth. Inclusions in different core, intermediate and rim sites were assigned
to the corresponding parts of the garnet porphyroblasts. When garnet had no inclusions,
cores of zoned plagioclase and S1-biotite within the same microlithon could be interpreted
to be in equilibrium with the garnet core. Rims of plagioclase, unzoned plagioclase and
S2-mica were correlated to the garnet rim [33,34].

Temperatures were estimated using garnet-biotite geothermometers. Pressures were
calculated with the garnet-aluminosilicate-plagioclase-quartz (GASP) and the garnet-
biotite-muscovite-plagioclase (GBMP) geobarometers. Recalculations of P-T data were
performed with the recent empirical re-calibration of the GBMP barometer [36]. The
geothermobarometric estimates include a minimum error of ±50 ◦C and ±1 kbar. Un-
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certainties about P-T paths calculated from the zoned garnets arose from quantitative
systematic error in microprobe analyses and thermodynamic data. Shapes or the relative
∆P/∆T trends of P-T paths appeared to be mainly preserved when the uncertainties about
corresponding plagioclase and mica were considered [30,34].

This concept of relating the chemical evolution of minerals during progressive shearing
deformation to the P-T evolution was successfully applied to metapelites which underwent
a single metamorphic cycle [30,33,34]. In the basement of the Alps already metamorphosed
rocks were overprinted by second metamorphic cycles at various degrees. In such cases,
the foliation generated during the early metamorphism would be re-activated and over-
printed during the later metamorphism. The major pre-existent planar anisotropy of the
rocks, given by the mica-rich foliation planes, simply accommodates the strain during the
second metamorphic cycle. Dependent on the intensity of deformation, a heterogeneous
overprint along distinct zones, leaving microlithons with preservation of structural relics,
or a complete homogeneous transformation can be expected. In the Aiguilles Rouges
Massif and the Austroalpine Saualpe basement, such heterogeneous overprint is obvious
in foliation-parallel fine-grained high-temperature mylonitic layers of high strain with
variable mm-to-dm thickness [29]. Mica compositions would only slightly change dur-
ing recrystallisation and plagioclase would show further zonations and porphyroblast
generations. Thus, chemical zonations of garnet would provide the best criterion for recog-
nition of a second metamorphic cycle. Mn-rich garnet, which crystallised during the first
metamorphic cycle, would undergo heterogeneous resorption along the rims. During the
second metamorphic event, garnet with Mn-poor compositions would overgrow the older
porphyroblasts or crystallise in a distinct new porphyroblast generation [27,29].

2.4. Chemical Th-U-Pb Monazite Dating by EPMA

Th-U-Pb dating of monazite by electron probe microanalysis (EPMA) is based on
the given fact that common Pb in monazite (LREE, Th)PO4 is negligible compared to
radiogenic Pb resulting from the decay of Th and U [9]. Analysis of the bulk Th, U
and Pb concentrations in monazite by EPMA, at a constant 238U/235U, allows for the
calculation of an isochron age and/or for single-domain ages with a considerable er-
ror [9–11,37–39]. Monazite analyses were performed with instruments JEOL JXA-8200,
JXA-8530F and JXA-8230 (JEOL Ltd., Akishima, Japan) with individually adopted analytical
protocols [40,41]. Potential problems of data comparability were avoided by using the
same reference monazite, labelled as Madmon, with validated special ThO2*-PbO char-
acteristics [40] for offline re-calibration of ThO2, and for the data control by repeated
measurements during the analytical sessions with each instrument. The electron beam was
set at 20 kV acceleration voltage, 50 nA beam current for calibration, 100 nA beam current
for measurements and 5 µm beam diameter. The Mα1 lines of Th and Pb and the Mβ1 lines
for U of PETH or PETL crystals in spectrometers with a capsuled Xe-Ar proportional
counter were chosen for monazite analysis. Natural crocoite or vanadinite were used for
calibration of Pb. The U was calibrated either on a glass standard with 5 wt% UO2 or
on U metal. Calibration of Th on metal turned out to be problematic due to oxidization;
therefore, monazite Madmon with ~12 wt% ThO2 was preferably used for calibration
of all measurements. Calibrations of rare earth elements (REE)were performed with the
orthophosphates with negligible Pb from the Smithsonian Institution [42]. Counting times
of 320 s (Pb), 80 s (U) and 40 s (Th) on peak were utilised. Interference of YLg on the PbMa
line was corrected by linear extrapolation of correction factors gained from analysis of
various Y-bearing standards [9]. The interference of the ThMg line on the UMb line was
also corrected. A 1σ error deduced from the counting statistics (error derived from JEOL
software) and an error εPb =

√
(Cts/s PEAK + Cts/s BKG)/(Cts/s PEAK-Cts/s BKG) based on

the counting statistics in counts per second on the peak (PEAK) and background (BKG)
spectrometer positions were propagated to an error in Pb element %. For measurements of
Pb on JEOL-JXA-8200 (JEOL Ltd., Akishima, Japan), the error in element% was ~0.008 for
the given dwell time (recalculated from the JEOL software), or ~0.003 (recalculated from



Minerals 2021, 11, 981 7 of 28

εPb) for the reference monazite (Madmon) which contained ~0.25 wt% Pb. The larger error
value in Pb element% of 0.008 was applied to these analyses, which propagated for the
reference monazite Madmon with ~506 Ma typically to ±40 Ma (2σ), and for Permian
monazites (~0.04–0.08 wt% Pb) to 70–90 Ma (2σ). For Pb measurements with the JEOL
JXA-8530F and the JEOL JXA-8230, the error in element% was ~0.004 (recalculated from
the error given by JEOL software), or ~0.001 (recalculated from εPb) for the reference
monazite Madmon. We applied an error in Pb element% of 0.003 to all these analyses,
which propagated for the reference monazite Madmon with ~506 Ma typically to ±12 Ma
(2σ), and for Carboniferous monazites (~0.085 wt% Pb) to 20–30 Ma (2σ). All monazite
measurements with the various EPMA instruments reported here referred to the same
reference monazite Madmon. The number of single analyses varied with the grain size
of the monazites, e.g., 1–2 analyses in grains of < 40 µm and ~10 analyses on grains of
100 µm diameter. In the first step, the monazite chemical ages were calculated using the
methods of [9]. In the second step, monazite ages were determined using the ThO2*-PbO
isochrone method (CHIME) of [10] where ThO2* was the sum of the measured ThO2 plus
ThO2 equivalent to the measured UO2. This age corresponded to the slope of a regression
line forced through zero in ThO2* vs. PbO coordinates. Calculation of the regression line
provided an underestimation of the error. Therefore, in the third step, the weighted average
ages for monazite populations were calculated from the single analyses which defined
the regression line [43]. When a large monazite allowed several analyses, the weighted
average ages were also calculated from the ages of single analyses. Mostly, the sizes of
monazite grains were below 50 µm. In consequence, it was intended to perform a narrow
grid of full quantitative analyses from such grains. In general, the isochrone ages and
weighted average ages of monazite populations coincided within the error. The age data
were interpreted as the time of closure for the Th-U-Pb system in monazite during growth
or recrystallisation in the course of metamorphism.

3. Results from Garnet- and Monazite-Bearing Metapsammopelites
3.1. Aiguilles Rouges External Massif (European Plate)

The Aiguilles Rouges Massif, one of the External Massifs in the Helvetic Domain
(Figure 1a,b), is mostly preserved from intense Alpine tectonic and metamorphic overprint,
attaining only the lowest greenschist facies grade. The massif is composed of metapelites
and metagreywackes, diopside marbles, orthogneisses, garnet amphibolites, migmatites,
eclogites, meta-ultrabasites and granulites. Zircon and monazite dating mainly gave
Carboniferous ages [44,45]. Early Paleozoic protolith ages of magmatic rocks also came into
discussion [46]. The typical pre-Mesozic basement was observed between the Lac Cornu
and Col de Bérard regions. An impressive, tilted discordance between the metamorphic
basement and overlying Triassic sediments was exposed. A high temperature mylonitic
garnet gneiss at locations AR1890 and AR40 had a fine-grained foliated matrix surrounding
lens-like microlithons with large broken garnet porphyroblasts of up to 1.5 cm in diameter.
The other samples were garnet micaschists from a western series and from an eastern part
of the sequence [47]. Typical microstructures of multistage metamorphism were observed
from monazites [48]. These were the late partial decomposition of Carboniferous monazite
to apatite (Figure 2a), and the satellite structure (Figure 2e,f).
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Figure 2. Microstructures of monazite in backscattered electron images (BSE). (a) Partial and graded decomposition of
Carboniferous monazite (Mnz) to apatite (Ap) in the Aiguilles Rouges Massif. (b) Permian monazite with small apatite
(Ap) and broad rim of allanite (Aln), initial stage of corona structure (Saualpe Micaschist Complex). (c,d) Corona structure
around Permian monazite (Mnz-cor) enclosed in garnet (Grt) in contact to quartz (Qtz), suggesting a Cretaceous age of
garnet (Saualpe Eclogite and Micaschist complexes). (e) Permian monazite with broad apatite rim and few tiny allanite
crystals in the outer corona (Saualpe Preims Complex). (f,g) Monazite satellite microstructures (Mnz-sat) with Carboniferous
ages around apatite in mylonitic garnet gneiss (Aiguilles Rouges Massif). (h) Cluster microstructure of Carboniferous
monazite in biotite (Bt) in the Oetztal-Stubai Complex. (i) Cluster structure of Cretaceous monazite in allanite (BSTW,
Prijakt Subgroup).

Garnet compositional profiles were flat in the cores with up to 30% pyrope and low
spessartine and grossular (<2%) contents in the mylonitic garnet gneisses. Toward the
garnet rims, a decrease in pyrope and increase in grossular were observed. Such garnet
zonation profiles are typical of homogenisation of cores by diffusion at high temperature
and resorption of the rims during retrogression [30]. Thermobarometric calculations
from the mylonitic garnet gneisses indicated that the Mg-rich homogenized garnet cores
crystallized at 6 kbar/800 ◦C. From the zoned garnet rims, it was possible to calculate
3 kbar/650 ◦C (Figure 3a). P-T data from both analysed samples overlapped within
error [47]. Garnet in the micaschists displayed growth zonations with a considerable
decrease in spessartine (Mn) contents from cores to rims, while pyrope (Mg) increased
(Figure 3b–d). Following the garnet zonation, trends from the western series maximal
temperatures of 7 kbar/670 ◦C were calculated. Calculations from garnet rims and inner
parts gave 500 to 600 ◦C between 11 and 6 kbar which were arranged along a prograde–
retrograde P-T path along decreasing pressures. The P-T data from the western series
were completed by 13 kbar/650 ◦C, calculated from garnet and enclosed clinopyroxene
and 6 kbar/630 ◦C from amphibole equilibria in an amphibolitised eclogite [47]. This
contrasted maximal temperatures around 7–8 kbar/600 ◦C along a decompression path in
the micaschists to the east (Figure 3a).
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equivalents expressed as ThO2. General minimal 2σ error on monazite PbO analysis is shown by a bar. Regression lines
of monazite populations marked by colours give a coefficient of determination R2 and were forced through zero [9,10].
Weighted average ages in Ma with MSWD and minimal error of 2σwere calculated from the single analyses belonging to
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Two distinct generations of ages were revealed by EPMA monazite dating in the my-
lonitic garnet gneisses. An older group with ages at 439 ± 14 Ma was found in large matrix
monazite grains next to the garnet porphyroblasts. Monazite enclosed in garnet exclu-
sively displayed- Ordovician-to-Silurian ages. In some of the larger matrix grains, several
marginal analytical points also yielded Carboniferous ages [47]. Exclusively Carbonifer-
ous ages occurred in multigrain aggregates of monazites with small grain sizes aligned
along the mylonitic foliation and in some cases in satellite microstructures around apatite
(Figure 2e,f). In the ThO2*-PbO diagrams, the Ordovician-to-Silurian and Carboniferous
monazite ages appeared along two distinct isochrons and separated the maxima in the
histogram (Figure 3e–g). There were no monazite analyses with intermediate ages in
between these groups.

Carboniferous monazites dominated in the micaschist samples (Figure 3f). Only a
few single analyses in the cores of the matrix grains with sizes of 10–40 µm provided
the Ordovician-to-Silurian ages and were interpreted as metamorphic relics. Monazites
enclosed in garnet were also of Carboniferous age, but appeared as slightly older (~330 Ma)
than monazites (~312 Ma) in the matrix. The Ordovician-to-Silurian monazites had a much
higher Y2O3 (~3.2 wt%), whereas the maximal Y2O3 in the Variscan monazites was only
1.5 wt% [47].
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3.2. Oetztal-Stubai Complex in the Western Austroalpine Basement

The Oetztal-Stubai Complex (OSC) to the west of the Tauern Window can be attributed
to the Oetztal-Bundschuh nappe system [1]. Monotonous sequences of paragneisses
and micaschists with sparsely interlayered thin marbles and metabasites dominate the
complex [13,49]. In the Oetztal valley, the 8 km-thick Central Metabasite Zone (CMB) is
exposed. Protoliths of the Central Metabasite Zone are gabbros and basalts with MORB
chemistry and Early Cambrian ages, emplaced in a back-arc setting [50]. Acid orthogneisses
with S- and I-type affinity are interlayered with the metapsammopelitic sequences. In
general, Ordovician protolith ages have been recognised for these rocks by various dating
methods [13,21,51].

The OSC is the classical area of polymetamorphism in the Alps [6–8,21]. Various
isotopic dating methods have been developed and applied there. An Early Paleozoic
high-temperature anatectic event was reported from the Winnebach, Verpeil and Klopaier
migmatites [21,52,53]. Eclogite-facies and amphibolite-facies conditions were attained
during the Carboniferous metamorphism [50,54]. A Carboniferous metamorphic over-
print resulted in kyanite, sillimanite and andalusite mineral zones of which boundaries
cut across and postdate large-scale Schlingen structures of a regional foliation [55]. An
increasing grade of a Cretaceous overprint towards the south has been described [7,8].
This is obvious from Carboniferous-to-Cretaceous K-Ar and Rb-Sr “mixed ages” of mica,
changing to Cretaceous ages towards the SE. The successive occurrence of chloritoid and
then staurolite towards the Schneeberg and Texel Complexes accompanied by distinct
growth zones in garnet porphyroblasts were also assigned to this Cretaceous (Eo-Alpine)
overprint [56,57]. The chloritoid and staurolite isograds and the NW boundary of biotite
ages of the Cretaceous metamorphism were also discordant to the Schlingen structures.

In the Sellrain region, micaschists contain large garnet porphyroblasts which enclose
staurolite. Staurolite occurs also with kyanite and sillimanite in the foliated matrix. A
late generation of staurolite and kyanite crystallized across the main foliation S2 [58]. The
Central Metabasite Zone (CMB) with occurrences of eclogites extends towards the E and
metabasites alternate there with metapsammopelites in the Alpeiner Valley in the Stubai re-
gion. The general mineral assemblage in these micaschists is quartz, plagioclase, muscovite,
biotite and garnet. Garnet porphyroblasts are accompanied by staurolite and kyanite which
are partly sericitised in the foliated matrix. Garnet encloses staurolite in its rims [41,58].
To the S of the CMB, around the Hochstubaihütte to the E of Sölden, in garnet micaschists
the kyanite is the prevailing aluminosilicate. A significant retrogressive overprinting of
the metapelites is obvious from abundant chlorite replacing garnet and biotite and the
pseudomorphic replacement of kyanite and staurolite by aggregates of sericite. Sometimes
a (re)-crystallisation of muscovite is observed within these pseudomorphs [58].

Garnets in the metapelitic assemblages crystallized during the formation of the main
foliation S2. The porphyroblasts displayed growth zonations with low pyrope contents
in the cores and pyrope-rich rims, while Mn decreased and Ca increased and then de-
creased (Figure 4a–d). A prograde metamorphism along a clockwise P-T path with high
pressure amphibolite-facies peaked pressure conditions at 11–13 kbar and peaked tem-
perature conditions at ~680 ◦C, and a post Pmax path with decompression to 5 kbar
near 700 ◦C was estimated from the micaschists. The P-T paths from the Stubai area
matched the P-T paths described from micaschists in the Sellrain, Umhausen and Sölden
areas [41,58]. The maximal pressures calculated from the micaschists were slightly lower
than the conservative pressure estimates by the garnet-clinopyroxene equilibria from eclog-
ites. Other estimates, based on phengite equilibria and thermodynamic data, at around
27 kbar, were afflicted by the assumption of low water activity. They were not confirmed
by the observation of coesite or relics of it [50]. P-T estimates from amphibolites matched
the retrograde sections of the P-T paths (Figure 4a).
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For presentation in ThO2*-PbO diagrams, the samples to the S of the CMB from
the region W of Soelden and from the Stubai regions were selected (Figure 4e,f). The
weighted average ages of large single grains ranged around 330-320 Ma. In three sam-
ples, one observes a non negligeable number of monazites with Silurian ages, matching
observations from migmatite locations [53]. These pre-Carboniferous ages were interpreted
as the relics of an older monazite generation. Monazite in microstructures of clusters
(Figure 2c) were somewhat younger as the overall isochrone [41]. In these samples, it was
possible to define minor populations of younger monazites showing Permian isochrones at
284 ± 6 and 276 ± 7 Ma. The Permian-age monazites were always single analyses within
grains of the Carboniferous age. They were interpreted to signalize a discernible post-
Variscan thermal overprint or slow cooling during Permian times [41,58]. Isochrones with
Carboniferous ages clearly prevailed. In the histogram view, there were unimodal distri-
butions around the Carboniferous isochrone ages (Figure 4g). A search for monazite in
micaschists immediate to the north of the Schneeberg Complex was not successful. There
is yet no report of Cretaceous monazite ages, although sampling locations are within the
metamorphic aureole of Cretaceous chloritoid and mica ages [41,53,58].

3.3. Basement to the South of the Tauern Window and Related Units

The Austroalpine basement to the south of the Tauern Window (BSTW) is located be-
tween the underlying Penninic unit, and the Periadratic Lineament (Figure 1a,c). According
to the classification of Alpine nappes, the northern part of the BSTW belongs to the Koralpe-
Wölz nappe system, whereas the parts to the south of the Defereggen-Antholz-Vals Line
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(DAV) belong to the Drauzug–Gurktal nappe system [1]. The northern part comprises the
Northern-Defereggen-Petzeck Group (NDPG), considered as the structurally lowermost
unit. It is composed of micaschists, two-mica gneisses, biotite paragneisses, metaquartzites
and some marbles. Several subgroups based on the association with metabasites can
be distinguished. The structurally lowermost sequence is the Rotenkogel Subgroup,
which contains hornblende gneisses with volcanic arc basalt geochemical signatures and
550–533 Ma protolith crystallisation ages [16]. Amphibolites, with MORB to within-plate
basalt geochemical fingerprint, yielded a Pb-Pb zircon evaporation crystallisation age of
430 ± 2 Ma. In the Schobergruppe mountains, the Prijakt Subgroup is exposed in a
structurally high position within the NDPG and bears amphibolitised eclogites with N-
MORB-type geochemical characteristics and a Pb-Pb zircon evaporation protolith age of
590 ± 4 Ma [16]. The Prijakt Subgroup also encloses hornblende gneisses with Cambrian
protolith ages, and acid orthogneisses with Ordovician protolith ages. The Defereggen
Group (DG) has a pre-Early Ordovician deposition age, as it was intruded by numerous
metagranitoids with an S- and I-type affinity with Ordovician crystallisation ages [16].
The structurally overlying Thurntaler Phyllite Group (TPG) has a post-Early Ordovician
depositional age, as it comprises intercalated acid volcanic rocks with Ordovician pro-
tolith ages [13,16]. The Oligocene Defereggen-Antholz-Vals Line (DAV) separates the
northern part with Cretaceous to Tertiary mica cooling ages from the Defereggen Group
and the Thurntaler Phyllite Group to the south where Carboniferous mica cooling ages
prevail [59,60]. The latter signal a pre-Alpine metamorphism and only a minor and brittle
Alpine overprint [16]. Alpine metamorphism hardly exceed 300 ◦C in Triassic carbonate
rocks of Kalkstein, Staller Alm and Zwischenbergen along the late-Alpine faults [16].

To the S of the DAV, the metapelites and Ordovician granitoids of the Defereggen
Group underwent a shearing deformation which produced isoclinal and sheath folds F2
as well as the main foliation S2. Linear-planar fabrics in the Ordovician granitoids, now
orthogneisses, are parallel to S2. The S2 was refolded and overprinted at all scales by open
to tight folds and crenulations F3. F3 folds with steeply plunging axes are minor structures
of large-scale syn- and antiforms labelled as Schlingen structures [16]. Toward the east
and south of the region with Schlingen in the Defereggen Group, the orientation of the F3
fold axes grades from the steeply plunging direction into gentler WSW or ENE plunging.
In the Thurntaler Phyllite Group, similar orientations of linear-planar fabrics and of later
F3 fold axes as in the adjacent Defereggen Group were observed [16]. In micaschists the
deformation with the formation of S2 and F3 was accompanied by the crystallisation of
the strongly zoned garnet with microstructures of syncrystalline rotation. Kyanite and
staurolite crystallised subsequent to garnet. Geothermobarometry yielded complex pro-
grade P-T paths. Spessartine-rich garnets recorded the onset of shearing under increasing
high-pressure low-temperature conditions of 7 kbar/380 ◦C [61]. Then, followed isother-
mal decompression from 9 kbar to 5 kbar/500 ◦C and subsequent recompression/heating
during continuing shearing to 12 kbar at 650 ◦C, and further increasing temperatures up to
680 ◦C accompanied by decompression (Figure 5a,e). The EPMA Th-U-Pb monazite dating
of micaschist samples from the Defereggen Group yielded single Carboniferous isochrons
at 309 ± 9 Ma (sample 431), 308 ± 12 Ma (sample 750) and 307 ± 15 Ma (sample 839) which
can be combined to a unimodal distribution around 309 ± 7 Ma (Figure 5i).
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Phyllitic micaschists occur in the upper part of the Defereggen Group in a lithological
transition to the overlying Thurntaler Phyllite Group [16]. Assemblages with garnet, biotite,
muscovite, oligoclase, quartz and lacking staurolite and aluminosilicates were observed.
The garnet showed increasing pyrope contents at high grossular contents from cores to
rims. Maximal pressure and temperature of the prograde P-T paths were at 8 kbar/520 ◦C
(Figure 5b,f). Similar garnet zonations, and similar prograde P-T paths reaching maximal
conditions of 8 kbar/530 ◦C, were observed from the Steinkogel Nappe (SN) which overlies
the Innsbrucker Quartzphyllite to the N of the Tauern Window (Figures 1c and 5b,f). A
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monazite suitable for EPMA Th-U-Pb dating has not yet been detected in the samples from
the phyllitic micaschists.

The Thurntaler Phyllite Group overlies the Defereggen Group along a partly over-
turned pre-Alpine foliation-parallel contact. Quartzphyllites and phyllitic micaschists are
interlayered by amphibolites, epidote amphibolites, chlorite schists, quartzites, graphite
phyllites and rare marbles (Figure 1c). Assemblages with garnet, biotite, muscovite, oligo-
clase, quartz and lacking staurolite and aluminosilicates were observed and the maximal
P-T conditions calculated from Mg-rich garnet rims were 6 kbar/560 ◦C. These conditions
of an epidote amphibolite facies metamorphism were confirmed by assemblages in metab-
asites with strongly zoned magnesio-hornblende and tschermakite with albite, oligoclase,
epidote, chlorite, titanite and quartz, which crystallized at increasing temperatures from
2.5 kbar/300 ◦C up to 6 kbar/600 ◦C/6 kbar (Figure 5b,f). Identical mineral assemblages,
amphibole mineral chemical compositions and P-T conditions have been found in amphi-
bolite samples from the western parts of the Kreuzeck Phyllite Group [16]. A monazite
suitable for EPMA Th-U-Pb dating has yet not been detected in the samples from the
Thurntaler Phyllite Group.

In the lower part of the Defereggen Group, which crops out immediate to the south
of the DAV line, the micaschists are intruded by numerous pegmatite bodies. A distinct
zone with micaschist-bearing fibrolitic sillimanite is developed in the host rocks around
the pegmatites. Fibrolitic sillimanite crystallized in the foliation planes and replaced the
garnet. Porphyroblasts of andalusite and staurolite overgrew the foliation S2. Staurolite also
encloses garnet. These microstructures indicate that the aluminosilicates are related to later
stages of metamorphism and crystallized subsequent to garnet [16]. Garnet zonations in
this pegmatite zone displayed a significant decrease in Ca towards the rims, corresponding
to a prograde P-T evolution towards 10 kbar/600 ◦C followed by a marked decompression
to 4 kbar/600 ◦C (Figure 5c,g). The EPMA monazite dating in the pegmatite zone to the
south of the DAV [62] yielded Permian ages at isochrons of 276 ± 18 Ma (sample Sti13) and
271 ± 15 Ma (sample P24, Figure 5j).

To the north of the DAV and to the W of the Isel river, a polyphase metamorphic
evolution was recorded. The increasing intensity of an Alpine structural overprint toward
the Austroalpine-Penninic suture was not matched by any changes of the mineral chemistry
in the garnet, biotite, muscovite, plagioclase and quartz-bearing metapelite assemblages or
by changes within the garnet zoning profiles. Garnet zonations showed increasing pyrope
contents from cores to rims, indicating a crystallisation at an increasing temperature and
pressure. Thermobarometry of garnet metapelites gave no hints to metamorphic gradients
related to this structural overprint. Maximal pressures ranged at 10–12 kbar and maximal
temperatures were at 650 ◦C/7 kbar, connected by decompression paths as exemplified
by samples 20 and 45 (Figure 5c,g). In combination with the structural observations, it
was concluded that a greenschist-facies Tertiary overprint did not exceed the prevailing
pre-Alpine amphibolite-facies metamorphic conditions [16,63]. The maximal thermal
conditions of the regional metamorphic Alpine overprint were 500 ◦C at 4 kbar, calculated
from amphibolites in the Penninic Upper Schieferhuelle. The contact metamorphism
in the vicinity of the Oligocene Rieserferner intrusion reached maximal conditions of
3 kbar/620 ◦C, with the crystallisation of sillimanite, staurolite, andalusite and K-feldspar [16].

Amphibolitised eclogites were restricted to the Prijakt Subgroup in the Schobergruppe
mountains to the E of the Isel river and to the Kreuzeckgruppe mountains. Pre-Alpine
and Cretaceous ages for the eclogite formation have been discussed [64,65]. The Lu-Hf
geochronology of garnet in eclogites allowed to identify major events, one with a 313 Ma
minimum age reflecting for Carboniferous metamorphism, and a second event (104–97 Ma)
related to a Cretaceous high pressure metamorphism in a Prijakt Subgroup amphiboli-
tised eclogite body [66]. The data confirmed Cretaceous EPMA Th-U-Pb monazite ages in
micaschists [62]. Garnets in staurolite and kyanite-bearing micaschists in the vicinity of
the amphibolitised eclogites displayed complex zonations [62,64]. A re-interpretation of
these zonation profiles, following the findings in the Saualpe reported below, allowed to
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conclude for two distinct metamorphic episodes. An early metamorphic episode led to
the crystallisation of a Mn-rich and Ca-poor garnet one along a prograde P-T path from
3.5 kbar/460 ◦C to 6 kbar/600 ◦C. A late metamorphic episode with the crystallisation of a
Mn-poor but Mg- and Ca-rich garnet two, partly in rims around garnet one, was charac-
terised by various P-T segments. These involved prograde as well as prograde-retrograde
paths which passed conditions at 14 kbar/680 ◦C. Garnet-clinopyroxene equilibria from
eclogite garnets gave slightly higher pressures (Figure 5d,h). Monazite ages from the micas-
chists ranged around Carboniferous (327 ± 7 Ma), Permian (260 ± 6 Ma) and Cretaceous
(88 ± 6 Ma) isochrons [62]. In most of the single samples, the Carboniferous and Permian
monazite ages prevailed. Only in sample HPr10 with small, clustered monazite in allanite,
the Cretaceous monazite ages were dominant (Figures 2h and 5d,k,l).

3.4. Saualpe Nappe Units

The Austroalpine Saualpe metamorphic complex (Figure 1c) was composed of five
nappe units. The lowermost part was the parautochthonous amphibolite facies Kliening
Complex. Toward the hanging wall followed the amphibolite facies Preims Complex and
then the Eclogite Complex. An amphibolite facies Micaschist Complex, also labelled as
the Plankogel Complex, marked the top of the metamorphic pile which was tectonically
overlain by the lower greenschist facies Phyllite Complex [67]. A significant metamor-
phic break along a low-angle normal fault was observed between the Micaschist and
the Phyllite complexes. Metamorphic breaks were further observed between the other
complexes [67–70]. Meta-pegmatite layers and bodies, referred to as pegmatite gneiss, with
K-feldspar, muscovite and tourmaline clasts, represented protoliths of Permian to Triassic
ages, and were restricted to the Preims, Eclogite and Micaschist complexes. Permian and
Cretaceous metamorphic events have yet to be demonstrated in the Preims and Eclogite
complexes [2,24,27,29,67,70–72]. In the Kliening Unit, where no pegmatite gneisses occur,
the Cretaceous mica and monazite ages were predominant [27,67].

The strong and partly mylonitic deformation of the pegmatite bodies implies a Creta-
ceous or Alpine age of the main foliation. These former Permian to Triassic pegmatites, as
known from the Austroalpine basement in the southern part of the Oetzal-Stubai Complex
and to the south of the Tauern Window [22,23], indicate a Paleozoic minimum sedimenta-
tion age of their host rocks in the Saualpe. This was supported by the zircon U-Pb dating of
amphibolites in the Micaschist Complex which yielded Early Devonian magmatic protolith
crystallisation ages [73]. Ordovician granitoids, which are widespread in other parts of the
Austroalpine basement [4], did not occur.

Two garnet generations with monophase and polyphase porphyroblasts were revealed
in metapelites from four Saualpe complexes. Garnet one had a uniformly decreasing
Mn, low Ca and significantly increasing Mg from cores to rims in the four complexes.
The geothermobarometry of garnet one assemblages signalled a crystallisation along
a M1 prograde metamorphic P-T path culminating at 6 kbar/600–650 ◦C, followed by
decompression (Figure 6a,b,e,f). Garnet two always displayed low Mn at high Ca and Mg.
The grossular was increasing and then decreasing, while pyrope was decreasing and then
increasing toward the rims. The garnet two assemblages recorded a prograde P-T path
from 8 kbar/530 ◦C/ to 10–13 kbar/700 ◦C for metamorphism M2 in the Kliening Complex,
and from 10–12 kbar/620 ◦C to 14–15 kbar/700 ◦C for M2 in the Preims Complex [27]. In
the micaschists of the Eclogite Complex, garnet two displayed first an increasing grossular
at a decreasing pyrope, then an increasing grossular and pyrope, and, finally, a decreasing
grossular with an increasing pyrope, always at high Ca and Mg and low Mn. (Figure 6c,g).
This recorded a P-T evolution for M2 which passed through eclogite-facies conditions and
reached maximum temperatures at 14 kbar/~750 ◦C during decompression-heating [29].
Maximal pressure conditions for M2 could be estimated at around 22 kbar and matched
conservative estimates from garnet-clinopyroxene equilibria in the eclogites [70,71]. In the
Micaschist Complex, the zonations in garnet two porphyroblasts allowed the calculation
of a prograde-retrograde P-T path segment for M2 with maximal pressure conditions at
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around 14 kbar/620 ◦C (Figure 6d,h). When the maximal pressures for the M2 event were
compared for samples situated next to the nappe boundaries, it was evident that a major
discontinuity with an inverse character existed between the Preims and Eclogite complexes,
and with a normal character between the Eclogite and Micaschist complexes, as outlined in
earlier studies [27,29,67–71].
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EPMA Th-U-Pb monazite ages have already been reported from the Kliening, Preims
and Eclogite complexes [27,29], but not yet from the Micaschist Complex. For completion,
monazite data from garnet micaschists, partly with staurolite, kyanite and chloritoid, are
presented here (Table S1: Electron Probe Microanalyses of monazite in the Micaschist
Complex of the Austroalpine Saualpe Nappes, Carinthia, Austria). Samples from the



Minerals 2021, 11, 981 17 of 28

structurally lower part of the Micaschist Complex displayed a mostly Permian monazite
which defined ThO2*-PbO isochrons at 268 ± 34 Ma, 259 ± 9 Ma, 252 ± 16 Ma and
244 ± 7 Ma, partly accompanied by minor Carboniferous and Mesozoic populations
(Figure 7a–c,f). Two samples displayed dominant Cretaceous monazites at isochrons of
87±12 Ma and 87 ± 15 Ma (Figure 7d,e). The microstructural appearance of monazite
in the Micaschist Complex was similar as already described from the underlying nappe
units [27,29]. Of special interest were the various modifications of the monazite corona
structures (Figure 2b–e). Such coronas of apatite end epidote around Permian monazite doc-
ument a post-Permian retrograde metamorphic period [26,48]. Monazite corona structures
were enclosed in second generation garnet with low Mn contents, indicating a prograde
metamorphism subsequent to the retrogression period (Figure 2d,e).
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It was also interesting to compare the proportions of monazite age populations in
the sample suites from the Saualpe nappe units (Figures 6i–l and 8). All samples had
Al-rich and Ca-poor bulk rock compositions within narrow limits [27,29]. In the Kliening
Complex, the samples were clearly dominated by Cretaceous monazite. Pre-Cretaceous
monazites were lacking, although garnet one crystallisation was observed, as in the other
complexes. In the Preims Complex, the Permian and Triassic monazites dominated and
the Cretaceous monazites were quite scarce in some samples. In the Eclogite Complex,
in most samples, the Permian monazites dominated, but three samples showed large
populations of Cretaceous monazite. A similar situation was found in the Micaschist
Complex where five samples were dominated by Permian and Triassic monazites and two
samples mostly had Cretaceous monazites. Permian-Triassic monazite occurred only in
the three complexes which showed pegmatite gneisses. This completes the observations
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from the BSTW where Permian monazite was restricted to zones with Permian pegmatites.
Apparently, the fluid-driven intrusion of the pegmatites induced a pervasive monazite
crystallisation [27,29,62].
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4. Discussion

Garnet-bearing meta-psammopelites allowed reconstructions of P-T path segments in
several Alpine basement terrains with geothermobarometry by cation exchange and net
transfer continuous reactions. Syndeformational garnet-bearing assemblages crystallised
during the formation of the main foliation. They recorded prograde metamorphism at an
increasing pressure and temperature, followed by decreasing pressure with a further temper-
ature increase. The maximum temperatures were mostly reached during the decompression.
This corresponded to the standard clockwise P-T path in continental collision scenarios with
tectonic crustal thickening, as demonstrated in classical numerical models [74,75]. It can also
be shown by detailed garnet zonation studies that in several parts of the Alpine basement a
second clockwise metamorphic cycle overprinted rocks which had undergone an earlier
metamorphic cycle with higher (Aiguilles Rouges Massif) and also lower (BSTW, Saualpe)
maximal thermal conditions (Figures 3a, 4a, 5a–d, 6a–d and 9a,d). The EPMA Th-U-Pb
monazite dating revealed Ordovician-to-Silurian, Carboniferous, Permian and Cretaceous
age populations. These major age populations are occasionally connected by minor Triassic
and Jurassic populations (Figures 3g, 4g, 5i,l and 6i–l). The principal question is, how are
these P-T path segments related to monazite crystallisation and ages, or which monazite
generation may be linked to specific P-T path segments? Potential methods for performing
such correlations to garnet are the monazite microstructures [48], monazite inclusions in
garnet, monazite mineral chemistry [76], the stability fields of monazite and allanite [77–79]
in reference to P-T path segments, and a combination of these.
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In mylonitic garnet gneisses in the Aiguilles Rouges Massif, the pyrope-rich garnet
cores crystallised at 6 kbar/800 ◦C. This was inside the monazite stability field, even for
more Ca-rich bulk rock compositions (Figure 3a,b). Ordovician-to-Silurian monazites
are abundant and prevail in these samples (Figure 3e). The Carboniferous monazites in
the samples occurred often in satellite structures (Figure 2f,g), which implies a prograde
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metamorphism subsequent to a retrogressive event [80]. Furthermore, the Carboniferous
monazites in the mylonitic garnet gneisses occurred within fine-grained high tempera-
ture mylonitic layers which surround microlithons with the large garnet porphyroblasts.
This allowed to relate the crystallisation of the garnet to an Ordovician-to-Silurian mon-
azite crystallisation event [47]. The P-T paths reconstructed from the strongly zoned
garnets in micaschist samples entered the monazite stability field at heating-decompression
(Figure 3a,c,d). In these samples, the Carboniferous monazites prevailed and indicated
the age of crystallisation of the pyrope-rich garnet rims. P-T conditions retrieved from
the amphibolitised eclogites apparently matched the initial stage of the P-T path for the
micaschists to the W, signalising also a Carboniferous metamorphism (Figure 9a). However,
this should be confirmed by independent Sm-Nd or Lu-Hf dating of the metabasite garnet.

In the northern part of the Oetztal-Stubai Complex, outside the zone with Cretaceous
biotite K-Ar ages, but partly within the Cretaceous chloritoid zone, the Carboniferous
monazite ages clearly prevailed (Figure 4e–g). Ordovician-to-Silurian monazite ages were
restricted to distinct locations such as the Winnebach and other migmatites, but occurred
also in single grains sporadically in some micaschist samples [53,58]. P-T path segments
of a prograde metamorphism with maximal pressures at 13 kbar/600 ◦C were followed
by decompression-heating to maximal 6 kbar/680 ◦C, and further decompression-cooling.
The pre-Pmax evolution was outside the monazite stability field, even for low Ca bulk rock
compositions. P-T paths of decompression-heating also entered the monazite stability field
for more Ca-rich bulk rock compositions, as for the Stubai samples (Figure 4a–d). As a
consequence, the maximum of the Carboniferous monazite age distribution at 321 ± 2 Ma
could be related to the maximal temperature approached during a Carboniferous metamor-
phic cycle. This would match with a 360-350 Ma Sm-Nd age of eclogite garnets, interpreted
to date the high pressure stage [50]. It can be concluded that the Carboniferous monazites
started to crystallise during decompression after the pressure maximum when the P-T path
enter the monazite stability field for the given Ca bulk rock compositions. A continuing
crystallisation of successively younger monazites, often in cluster microstructures, occurred
during further decreasing pressures within the stability field of sillimanite. Conditions for
monazite crystallisation even for elevated bulk rock Ca compositions maintained when
the P-T path passed into the andalusite stability field and may have led to some Permian
monazites [41]. The Cretaceous metamorphic overprint in this part of the OSC, apparently,
occurred at P-T conditions outside the monazite stability field and appeared as a retrogres-
sive event, which was documented by double corona allanite-apatite structures around the
relic Carboniferous monazite [41,53,58].

In the Defereggen Group of the Austroalpine basement to the south of the Tauern Win-
dow, the Carboniferous monazite ages prevailed. Thermobarometry revealed prograde P-T
path sections with maximal pressures at about 10 kbar/600 ◦C, followed by decompression
(Figure 5a,e). As in the OSC, this allowed to conclude to a Carboniferous high pressure
amphibolite facies metamorphism along clockwise P-T paths [16,61]. However, in the
Defereggen Group, no amphibolitised eclogites as in the OSC or AR were observed. In the
hanging wall of the Defereggen Group, the maximal pressures in phyllitic micaschists were
at 7 kbar. In the Steinkogel Nappe with similar garnet zonations in the micaschists, only
slightly higher pressures at 9 kbar/520 ◦C were attained (Figure 5b,f and Figure 9b). In the
Thurntaler Phyllite Group, the maximal pressures were even lower, at 5–6 kbar. The age of
this metamorphism at a medium pressure was also Carboniferous, as could be concluded
from the mica cooling ages in these parts of the basement [16,60]. When compared to the
P-T and monazite age data from the OSC, one can state that there was a trend of decreasing
maximal pressures within the units with Carboniferous metamorphism, and also a trend
toward younger, but still Carboniferous, monazite ages within the Austroalpine basement
units. Permian pegmatites occurred at the base of the Defereggen Group in a distinct zone
to the south, and also to the north of the DAV in the North-Defereggen-Petzeck Group.
Maximal pressures of 10–12 kbar/600 ◦C could be retrieved by thermobarometry of micas-
chist host rocks. In some of the samples, the garnet zonations displayed a decrease in the
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grossular toward the rims, resulting in marked decompression paths, partly approaching
4 kbar/580 ◦C (Figure 5c,g). Permian monazite ages prevailed, as observed from other
zones with Permian pegmatites (Figure 5j,k). Garnet zonations in micaschists, P-T data
and P-T path segments were similar to those observed in the OSC and in the Defereggen
Group, and the monazite stability field was approached also during the decompression
paths. The difference was that Permian and not Carboniferous monazites prevailed in this
zone. It has been claimed that the Permian pegmatites crystallised at low pressures, as
they occurred with andalusite [23]. Additionally, when the Permian pegmatites were not
foliated and transposed to gneisses, they cut across an older foliation [16]. Upon combining
these observations, it appeared as possible that the Permian pegmatites intruded during
the uplift of the crust subsequent to the Carboniferous metamorphism, or in terms of P-T
paths, when the decompression paths approached low pressure conditions subsequent to
the Carboniferous medium pressure stages (Figure 9b). As the conditions of pegmatite
crystallisation were within the monazite stability field, and as these intrusions were ac-
companied by fluids, this may have enhanced a pervasive monazite crystallisation in the
host rocks.

In the Prijakt Subgroup in the Schobergruppe, a trimodal distribution of monazite
age populations was observed [62]. Carboniferous monazites were dominant in some
micaschist samples, whereas Permian monazites were abundant in samples next to peg-
matites. Inclusions of Permian monazites in the garnet with low spessartine contents, and
clustered crystallisation of tiny Cretaceous monazite (Figure 2i) in a sample HPr10 with
low spessartine and high grossular contents in the garnet allowed the conclusion that a
garnet two generation belongs to a Cretaceous high pressure metamorphism [62]. This
confirms the Cretaceous Lu-Hf garnet ages in amphibolitised eclogites [66]. The zona-
tions of the garnet one porphyroblasts in the Prijakt Subgroup differed considerably
from those in the other parts of the BSTW. They displayed low grossular contents and,
significantly, increasing pyrope contents toward the rims (Figure 5e–h). The accord-
ingly calculated prograde P-T path segments started at low pressures and approached
6 kbar/600 ◦C which was the monazite stability field for low Ca bulk rock compositions
(Figures 5d and 9c). According to the structural observations, this prograde P-T path
segment should have predated the pegmatite intrusions, presumably at late Carboniferous
or early Permian times.

The evolution of the micaschists in the Saualpe complexes was characterised by the
crystallisation of garnet one and garnet two at the M1 and M2 metamorphic events, and
two monazite generations at Permian and Cretaceous times. For the correlation of garnet
and monazite generations, the metamorphic evolution in the Saualpe complexes was
subdivided into five stages, A to E [27,29]. Stages A and D correspond to the garnet one
and garnet two crystallisation at the M1 and M2 events. The Permian monazites represent
the stage B and the Cretaceous monazites the stage E. Stage C corresponds to the time gap
between the M1 and M2 metamorphic events and the Permian and Cretaceous monazites
(Figure 6c).

The garnet one assemblages in the Saualpe complexes uniformly recorded a first
prograde metamorphism M1 (stage A) along an intermediate P-T gradient toward maximal
pressures of 6 kbars at temperatures ranging between 600 and 650 ◦C (Figure 6a–d). For
event M2, with garnet two assemblages (stage D), the maximal conditions were different
and matched the occurrence and absence of eclogites [27,29,68,70,71]. Except for the
Kliening Complex where Permian monazites as well as pegmatites were lacking, the other
complexes displayed bimodal distributions of Permian and Cretaceous monazite ages,
despite the diverse age distributions in single samples (Figure 6e–h, Figures 7 and 8).
Monazite Y2O3 and HREE contents potentially increased with a metamorphic grade [76].
Most of the bulk rock Y and HREE would be fractionated into garnet one and into the oldest
monazites, the Permian populations. This will reduce the availability for Y and HREE,
especially Gd, for the crystallisation of garnet two and the later Cretaceous monazite.
Therefore, a Y saturation in the Cretaceous monazite is not necessarily the case. The
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observed lower Y and Gd in Cretaceous monazites compared to the Permian monazites,
then, would not indicate lower formation temperatures. Maximal temperatures during
M2 exceeded those at M1 in all Saualpe complexes [27,29]. As a consequence, the Y-
rich Permian monazite should date the metamorphism M1 with garnet one at lower
temperatures, and not the M2 event where garnet two crystallised at higher temperatures.

The apatite-allanite corona structures around Permian monazite in the allochthonous
Saualpe complexes (Figure 2e,f) were interpreted as an indicator for monazite decom-
position. A fluid-mediated coupled dissolution-precipitation process can explain the
pseudomorphic partial replacement of the original monazite by apatite and allanite [26,81].
Such monazite corona structures were generated during a decreasing temperature at ret-
rogression [81]. In several samples, a Permian monazite with a corona structure was
enclosed by a garnet two porphyroblast (Figure 2e,f). The most likely interpretation of
this observations would be a post-Permian and post-monazite-corona crystallisation of
garnet two. Furthermore, garnet one recorded a prograde metamorphism M1. It appears
unlikely that garnet one crystallised at the same time when Permian monazite underwent
retrogression; it should have crystallised previous to the retrogression event. This signals
an early Permian minimum age of garnet one. A general assumption is that the garnet
should be younger than the enclosed monazite. This may be true when the monazite
is significantly older than the bulk of the matrix monazite. In contrast, monazite may
crystallise after garnet formation along cracks or pits of the host mineral. Monazite could
then be younger or of the same age as the hosting garnet [48]. In many samples, Permian
monazites were enclosed in spessartine-poor garnet two porphyroblasts, signalising their
post-Permian crystallisation [27,29]. The microstructure of satellite monazite with Creta-
ceous ages was occasionally observed in the pegmatite-bearing complexes of the Saualpe.
These monazite satellite grains should have crystallised during an increase in temperature
after the formation of allanite-apatite coronas surrounding the monazite [80]. Monazite
microstructures, thus, can confirm that there was a period of decreasing and then increasing
P-T conditions which separated the two prograde metamorphic events.

The prograde P-T path for the garnet one assemblage in the Saualpe complexes
matched the monazite stability field only for low Ca bulk compositions (Figures 6a–d
and 9d). Monazite crystallisation started when the prograde P-T path of M1 entered the
monazite stability field at a high temperature, or, subsequently, at a decreasing pressure
for the relevant bulk composition. This also suggests an early Permian minimum age for
the garnet one assemblage. Favourable P-T conditions for extensive Permian-to-Triassic
(290–200 Ma) monazite crystallisation (labelled as stage B) can be expected during de-
creasing pressure, subsequent to the garnet one growth. It has been suggested from
thermodynamic modelling of garnet-bearing assemblages with and without staurolite, that
garnet should not crystallise and may be consumed or resorbed during the isothermal
decompression and decompression accompanied by cooling [30,79]. Partial resorption and
consumption of the garnet result in gaps, breaks and marked discontinuities in the P-T
record. The crystallisation of the Permian monazite subsequent to garnet one was further
supported by the pervasive intrusion of Permian to Triassic pegmatites. Such intrusions
into metamorphic host rocks were initiated by fluids, which would facilitate monazite
crystallisation. Studies of Permian to Triassic pegmatites in the Eastern Alps [22,72,82]
claim a contemporaneous low-pressure metamorphism with andalusite and sillimanite
formation during their emplacement. As for a decompression and cooling evolution, such
a low pressure event would not be favourable for garnet crystallisation. If garnet growth
is not favoured, the pegmatite intrusions should postdate the peak pressure conditions
recorded by garnet one with an early Permian minimum age. As a consequence, the garnet
one assemblage should belong to a metamorphism at an intermediate P-T regime previous
to a Permian to Triassic low pressure high temperature event accompanied by pervasive
pegmatite intrusions.

For the corona formation of Permian monazite (stage C) of the metamorphic evolution
(Figure 9d), the low temperature stability limit of monazite should have been passed
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during a decrease in temperature and/or at a re-increase in pressure, when the high P-T
conditions of garnet two crystallisation were achieved. The P-T conditions for garnet
two crystallisation (stage D) in the Saualpe complexes were not favourable for extensive
monazite formation as they were apparently outside the monazite stability field (Figure 9d).
An age assessment of the high pressure garnet two crystallisation was facilitated by the
comparably narrow time span of the Cretaceous monazites around 95–81 Ma [27,29]. It was
suggested that these monazites crystallised after garnet two when, at further decompres-
sion, P-T conditions more favourable to the monazite stability field were achieved. This
was labelled as stage E of the evolution (Figure 9d). In general, these Cretaceous monazite
ages coincide with Sm-Nd data from the eclogites at 95–88 Ma, [70,71]. The Ar-Ar mica
ages at 86–78 Ma [67] were slightly younger, as can be expected, and date cooling after
peak P-T conditions. The EPMA monazite ages can, thus, confirm the known range of age
data for the Cretaceous high pressure event and the subsequent cooling.

For the Carboniferous-to-Permian metamorphism during the Variscan orogeny, the
monazite ages and thermobarometric data signalled two separate thermal and spatial
events. On the one hand, clockwise P-T path segments were observed which started at low
a temperature and medium-to-high pressure in the kyanite stability field far outside the
monazite stability field. These P-T paths passed eclogite facies conditions in the Aiguilles
Rouges Massif and the Oetztal-Stubai Complex, and high pressure amphibolite facies
conditions in the BSTW. Carboniferous monazite ages at ~320–310 Ma can be related to the
decompression-heating and decompression-cooling P-T path sections. There were units
with lower maximal pressures (~10–8 kbar), but also prograde P-T paths within in the
kyanite stability field. Although monazite ages were partly not available from these units,
one can conclude to a Carboniferous metamorphism due to corresponding mica cooling
ages. Furthermore, the units with such Carboniferous metamorphism had pre-Early Or-
dovician sedimentary deposition ages and orthogneisses, the former Ordovician granitoids,
in common. In the Thurntaler Phyllite Group with a post-Early Ordovician sedimenta-
tion age [13,16], the pre-Alpine metamorphism started at low pressures and the maximal
pressures remained below 6 kbar, contrasting the more pressure-dominated Carboniferous
P-T path segments in the other units. A special situation with marked decompression
paths was observed in the pegmatite bearing basement parts to the north and the south of
the Defereggen-Antholz-Vals Line. There, it appeared likely that the Permian pegmatites
intruded at low pressures subsequent to the pre-Alpine decompression path segments. To
sum up, the pressure-dominated Carboniferous metamorphism along clockwise P-T paths
displayed maximal pressures ranging between the geothermal gradients of 15 ◦C/km and
25 ◦C/km.

In the basement areas with a Cretaceous high-pressure metamorphism, as the Prijakt
Subgroup and the Saualpe, one observes a garnet one generation with zonations along
low grossular contents which contrasted the zonations in the units with Carboniferous
monazite. The geothermobarometry of the garnet-bearing assemblages gave prograde
P-T path segments which started at low pressures, reach maximal pressures at around
6 kbar/600 ◦C and rarely showed final decompression. In the Saualpe, these contrasting P-T
evolutions could be categorised as early Permian due to the dominant Permian monazite
ages. In the Prijakt Subgroup of the BSTW, with a similar P-T path, this age classification
was not free of doubt, as a distinct population of Carboniferous monazite exists there.
However, a Permian metamorphism at an intermediate P-T regime has been reported from
regions adjacent to the Saualpe [82–84]. It should have preceded a Permo-Triassic low
pressure stage with the intrusion of pegmatites.

For the Cretaceous metamorphism, one observes comparable garnet compositions and
zonations, but different maximal pressures in the various basement regions. Apparently,
in the Saualpe Eclogite Complex, the maximal pressures considerably exceeded those
in the underlying and also overlying units. In the Prijakt Subgroup of the BSTW with
amphibolitised eclogites, the maximal pressures were also lower as in the Saualpe Eclogite
Complex. The geothermal gradients corresponding to the maximal pressures were at
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15 ◦C/km and lower for the Cretaceous metamorphism. The Cretaceous monazite ages
uniformly displayed unimodal distributions around ~85 Ma and were interpreted to date
the decompression-cooling stage after the high pressure stage.

The polyphase metamorphism of the pre-Mesozoic basement units as deciphered
by the P-T and monazite age data also had spatial aspects, as presented in a pre-Tertiary
palinspastic reconstruction [85] in combination with the map of pre-Tertiary metamor-
phism [2]. Basement units with Ordovician-to-Silurian events and the high pressure
Carboniferous metamorphism were situated to the NW (Figure 9e). Basement units with
Carboniferous metamorphism at lower maximal pressures occurred in the central part,
and units with the early Permian metamorphism as exemplified in the Saualpe complexes
followed towards the SE. Monazite crystallisation and ages are apparently not only related
to the decompression P-T paths of regional metamorphic events, but also to the intrusion
of the Austroalpine Permian pegmatites. The pegmatite-bearing zone cuts across various
Austroalpine units, with and without Ordovician granitoids (Figure 1). The Cretaceous
metamorphism and overprint at different grades and maximal pressures was restricted to
the Austroalpine basement. The maximal pressures of the Cretaceous metamorphism were
observed not at the margins, but in the more central parts of the Austroalpine domain,
namely, in the Saualpe, Koralpe and Pohorje complexes (Figure 9e).

5. Conclusions

The combined approach with EPMA Th-U-Pb monazite dating and microstructurally
controlled geothermobarometry of garnet-bearing assemblages in metapelites allowed to
reveal several pre-Tertiary metamorphic events in Alpine basement units. Monazite ages
concentrated around Ordovician-to-Silurian (~450–420 Ma), Carboniferous (320–310 Ma),
Permian (~265 Ma) and Cretaceous (~100–85 Ma) populations and isochrons. Single
samples displayed unimodal, bimodal and rarely trimodal distributions of monazite age
populations. The variable distributions of age populations implicated to combine data
from several samples for a complete characterisation.

An interpretation of various P-T path sections reconstructed from zoned garnets in
assemblages with biotite, muscovite, plagioclase, aluminosilicate(s) and quartz in reference
to the monazite stability field and the microstructures allowed a temporal assignment
of the metamorphic events. Accordingly, monazite crystallised posterior to the maximal
pressures during the decompression-heating and decompression-cooling sections of each
clockwise P-T evolution. Furthermore, the intrusion of pegmatites along a distinct zone in
the Austroalpine domain was accompanied by the crystallisation of Permian monazite.

The earliest event of the polymetamorphic evolution in the Alpine basement was an
Ordovician-to-Silurian (439 ± 14 Ma) metamorphism at 6 kbar/800 ◦C in the Aiguilles
Rouges Massif, and a migmatisation in distinct areas in the Oetztal-Stubai Complex. Due to
the sparse complementary information, the geodynamic significance of this event remained
spurious. It can be suggested that this temperature-dominated metamorphism was part of
an Early Paleozoic arc magmatism.

A subsequent pressure-dominated metamorphism can be assigned to Carboniferous
(320–310 Ma) monazite crystallisation in the course of the decompression-heating and
decompression-cooling P-T path sections. This Carboniferous metamorphism along clock-
wise P-T paths signalled a continental collision with crustal thickening. The Carboniferous
metamorphism displayed different maximal pressures, in the various basement units,
ranging between 16 and 6 kbars, and with eclogite facies conditions in units to the NW. In
basement units to the SE, especially in the Saualpe nappe complex, a distinct initial early
Permian metamorphism at maximal 6 kbar/600–650 ◦C of which P-T path segments started
at a low pressure (~4 kbar/500 ◦C) preceded the intrusion of the Permian pegmatites. This
scenario can be explained by the extension of a moderately thickened crust subsequent to a
continental collision.

The Austroalpine basement units to the SE were overprinted by a Cretaceous high pres-
sure metamorphism with P-T path segments along overall clockwise P-T paths. Monazite
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with ages at around ~85 Ma dates the decompression stage. The Cretaceous metamorphism
can be related again to a continental collision scenario with crustal thickening, but at a
higher P-T and lower geothermal gradients when compared to the Carboniferous and
Permian events. The Tertiary (Late Alpine) metamorphism since the Eocene was prominent
in many basement units of the Alps. A critical point of the EPMA Th-U-Pb monazite
dating method was the limit of detection for Pb. The amount of radiogenic Pb in monazite
generated from the decay of Th and U since the Tertiary was mostly too low to be reliably
measured by EPMA. However, in the studied units no monazite with low Pb contents
corresponding to Tertiary ages was detected.

The pre-Tertiary polymetamorphism in the various Alpine basement units was obvi-
ous by the crystallisation of garnet porphyroblast generations with different endmember
compositions and zonations. Early metamorphic events were followed by decompression
and cooling toward P-T conditions outside the monazite stability field. This led to the
corona microstructures of monazite decomposition, signalising a retrogression. The re-
increase in temperature and pressure during the second and later metamorphic overprint
led to the re-crystallisation of considerably younger monazite in satellite microstructures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11090981/s1, Table S1: Electron Probe Microanalyses of monazite in the Micaschist
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