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Abstract. We investigated rare earth element (REE) minerals in low- to medium-grade metapelites sampled
in two nappes of the Austroalpine Unit (Eastern Alps, Austria). Combining microstructural and chemical char-
acterization of the main and REE minerals with thermodynamic forward modeling, Raman spectroscopy on
carbonaceous material (RSCM) thermometry and in situ U-Th—Pb dating reveal a polymetamorphic evolution
of all samples. In the hanging wall nappe, allanite and REE epidote formed during Permian metamorphism (275—
261 Ma, 475-520 °C, 0.3-0.4 GPa). In one sample, Cretaceous (ca. 109 Ma) REE epidote formed at ~ 440°C
and 0.4-0.8 GPa at the expense of Permian monazite clusters. In the footwall nappe, large, chemically zoned
monazite porphyroblasts record both Permian (283-256 Ma, 560 °C, 0.4 GPa) and Cretaceous (ca. 87 Ma, 550 °C,
1.0-1.1 GPa) metamorphism. Polymetamorphism produced a wide range of complex REE-mineral-phase rela-
tionships and microstructures. Despite the complexity, we found that bulk rock Ca, Al and Na contents are the
main factor controlling REE mineral stability; variations thereof explain differences in the REE mineral as-
semblages of samples with identical pressure and temperature (P-T') paths. Therefore, REE minerals are also
excellent geochronometers to resolve the metamorphic evolution of low- to medium-grade rocks in complex
tectonic settings. The recognition that the main metamorphic signature in the hanging wall is Permian implies a
marked P-T difference of ~ 250 °C and at least 0.5 GPa, requiring a major normal fault between the two nappes
which accommodated the exhumation of the footwall in the Cretaceous. Due to striking similarities in setting
and timing, we put this low-angle detachment in context with other Late Cretaceous low-angle detachments
from the Austroalpine domain. Together, they form an extensive crustal structure that we tentatively term the
“Austroalpine Detachment System”.
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1 Introduction

The Austroalpine Unit in the European Eastern Alps is a
nappe stack that was assembled during a Cretaceous intra-
continental collision within the Adriatic microplate (i.e., Eo-
Alpine event; Froitzheim et al., 2008, and references therein;
Schmid et al., 2004). Resolving Eo-Alpine regional meta-
morphic patterns and structures is fundamental in identify-
ing contacts between different nappes and illuminating the
tectonic evolution of the Alpine orogeny (e.g., Rantitsch
et al., 2020). Acquiring Eo-Alpine pressure—temperature—
time—deformation (P—T—t—D) data is particularly challeng-
ing in the basement nappes due to pre-Alpine metamor-
phic signatures related to Variscan tectonics (von Raumer
and Neubauer, 1993) and Permian lithosphere-scale exten-
sion (Permian event; Schuster et al., 2001; Schuster and
Stiiwe, 2008). In particular, lower and mid-crustal rocks of
the Permian crust cooled at depth and were only exhumed
later during Eo-Alpine tectonics, resulting in a close spa-
tial correlation between Permian and Eo-Alpine metamor-
phism, however with markedly different P—T gradients (see
Knoll et al., 2023, for a compilation of Permian and Schus-
ter et al., 2004, for Eo-Alpine P-T conditions). Complexi-
ties related to polymetamorphism are reasonably well con-
strained for medium- and high-grade metamorphic units ow-
ing to index mineral and diagnostic mineral assemblages
(e.g., polyphase garnet, stability of alumosilicates; Bestel et
al., 2009; Gaidies et al., 2006; Habler et al., 2006, 2009;
Schulz and Krause, 2021; Schuster et al., 2001; Tropper and
Recheis, 2003). In low-grade metamorphic units which lack
such minerals, the timing of metamorphism and deformation
is poorly understood. The current geochronological dataset
in these units largely relies on K—Ar, Ar—Ar and Rb—Sr anal-
yses (e.g., Dallmeyer et al., 1998; Gasser et al., 2010, and ref-
erences therein; Neubauer et al., 2007; Schantl et al., 2015),
which can be ambiguous in terms of their geological signifi-
cance.

To compensate for the lack of data, U-Th—Pb dating of
rare earth element (REE)-bearing minerals (e.g., allanite,
monazite, xenotime, apatite) provides a promising alterna-
tive approach (e.g., Stumpf et al., 2024). Reactions involv-
ing REE minerals have been described both in the con-
text of prograde metamorphism (e.g., Boston et al., 2017;
Janots et al., 2006, 2008; Wing et al., 2003), during ret-
rograde overprint (e.g., Bollinger and Janots, 2006; Gasser
et al., 2012; Skrzypek et al., 2017) and in cases where a
secondary REE mineral assemblage developed at the ex-
pense of inherited (igneous or metamorphic) REE phases
(e.g., Cenki-Tok et al., 2011; Finger et al., 1998; Hentschel
et al., 2020; Krenn and Finger, 2007). Additionally, REE
minerals may recrystallize through dissolution—precipitation,
potentially controlled by deformation and fluid-related alter-
ation (e.g., Budzyn et al., 2011; Catlos et al., 2002; Ricchi
et al., 2019; Wawrzenitz et al., 2012; Williams et al., 2011).
In situ dating of REE minerals thus offers the potential to
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date a variety of geological processes and to resolve complex
polyphase evolution histories (e.g., Gaidies et al., 2008a; Jan-
ots et al., 2009), provided that the petrogenetic significance
of the target is well understood. In this contribution, we apply
a multimethod approach that combines rigorous petrograph-
ical and chemical rock characterization with in situ U-Th-
Pb geochronology and thermodynamic forward modeling on
metapelites sampled in two Austroalpine polymetamorphic
basement nappes across a major tectonic contact.

2 Geological setting

The study area is located at the eastern margin of the upper
Austroalpine Unit (UAU; Fig. 1a). The UAU consists of a
polymetamorphic basement, Paleozoic metasediments and a
Permo-Mesozoic cover that was partly metamorphosed. We
focus on two nappe systems that consist dominantly of Pale-
ozoic metasediments and basement rocks. The structurally
higher Drauzug—Gurktal Nappe System (DG-NS) contains
large portions of Paleozoic metasediments. In the DG-NS,
Eo-Alpine metamorphic conditions are generally low and de-
crease from greenschist facies at the base to diagenetic condi-
tions at the top (Schuster et al., 2004). The structurally lower
Koralpe—-Wo6lz Nappe System (KW-NS) represents the Eo-
Alpine high-pressure extrusion wedge with eclogite bodies
in the center and a metamorphic field gradient that decreases
to lower amphibolite facies towards higher and lower struc-
tural levels (Schuster et al., 2004). We here use the tectonic
and lithostratigraphic nomenclature defined by Matura and
Schuster (2014; Fig. 1b).

In the western part of our study area, three low-grade
metamorphic nappes of the DG-NS (formerly “Graz Pale-
ozoic”) are exposed. The Gasen, Schockel and Gschnaidt
nappes are differentiated based on lithology and metamor-
phic conditions (Schantl et al., 2015). These nappes con-
sist of metapelites with intercalated metavolcanics and thick
packages of marbles with protolith ages ranging from Sil-
urian to upper Carboniferous (Fliigel and Hubmann, 2000;
Gasser et al., 2010). Close to the contact with the underlying
KW-NS, peak metamorphic temperatures of 450-500 °C are
constrained by mineral assemblages, mineral thermometers
and Raman spectroscopy on carbonaceous material (RSCM)
data (Bojar et al., 2001; Rantitsch et al., 2005; Schantl et al.,
2015). Somewhat higher temperatures (500-530°C) were
calculated in garnet-bearing metapelites at the base of the
Gschnaidt Nappe (Schantl et al., 2015). Only sparse quan-
titative pressure estimates around 0.4-0.6 GPa exist in the
Schockel Nappe (Bojar et al., 2001). These metamorphic
conditions have been linked to Early Cretaceous thrusting in-
ferred by white mica and biotite K—Ar and Rb—Sr geochrono-
logical data (Fritz, 1988, 1991; Schantl et al., 2015) or ad-
vective heating during the Late Cretaceous to Paleogene ex-
humation of the KW-NS (Rantitsch et al., 2005). K-Ar and
Rb-Sr white mica ages dispersed between 240 and 140 Ma

https://doi.org/10.5194/ejm-36-943-2024



M. S. Hollinetz et al.: Polymetamorphic REE mineral evolution in the Austroalpine Unit 945

545000 546000 547000 548000 549000 550000 551000

Rb-Sr Bt Y N
77:1Maf
M
\_

11° 12°

P : :
Molasse Basin

Manchen
o

48
Alpine frontal thrust

-
- ‘ﬁtudy,ﬁrea
’

a7 Pannonian

[]Autochthonous Molasse = [Ill] Drauzug-Gurktal Nappe System

|:| Neogene basins and =} (DG-NS) and other upper plate
Cenozoic magmatites & nappe systems
-] South Alpine Unit E- |:| Koralpe-Wélz Nappe System (KW-NS)
[[] Gosau Group s % Eo-Alpine eclogites
£ [] Lower plate nappe systems
= Complexes with Permian pegmatites

, Basin
/

160
100 km

|:| Penninic Unit
[ European Plate/

Drauzug-Gurktal Nappe System
Gschnaidt Nappe 2) Hirschkogel

I schockel Nappe %) Raasberg

Units derived
from European - Gasen Nappe i) Rossegg
margin Koralpe-Wélz Nappe System

>~ Major faults and [ Waxenegg Nappe »> Nappe system boundary
NS boundaries [] Radegund Nappe »* Nappe boundary

Figure 1. (a) Simplified tectonic map of the Eastern Alps and the Austroalpine Unit (modified based on Schuster and Stiiwe, 2022). Upper
and lower plates are relative to the Cretaceous Eo-Alpine suture zone based on Stiiwe and Schuster (2010). The blue arrow shows the position
of the detailed map. (b) Tectonic map of the study area (UTM 33N coordinate grid) showing sample locations. Rb—Sr geochronological data

are from Schantl et al. (2015).

(Gasser et al., 2010, and references therein) and polyphase
garnet at the base of the Gschnaidt Nappe (Schantl et al.,
2015) indicate a pre-Alpine metamorphic event of unknown
age.
The Waxenegg Nappe, a structurally high nappe of the
KW-NS, is exposed in the eastern part of the area (for-
merly “Anger Crystalline Unit”; Krenn et al., 2008). It con-
tains garnet-bearing metapelites with intercalated quartzites,
amphibolites and marbles forming the Rossegg Complex.
Geothermobarometry of garnet-bearing metapelites in the
Waxenegg Nappe suggests 580 °C and 0.8 GPa during Eo-
Alpine metamorphism (Krenn et al., 2008). Schantl et
al. (2015) also describe relic garnet cores of presumably Per-
mian age; however, no geochronological or P-T data exist
for the pre-Alpine metamorphic event. Although the age of
Eo-Alpine peak metamorphism in the Waxenegg Nappe is
not known, cooling below 300 °C at ca. 80 Ma is resolved
by Rb-Sr biotite geochronology (Schantl et al., 2015). Ac-
cording to Krenn et al. (2008), the contact between the DG
nappes and the KW-NS is characterized by top-to-northeast
thrusting during the Middle to Late Cretaceous (> 95 Ma),
which became subsequently overprinted by top-to-southwest
brittle and ductile normal faults after being related to an ex-
tension in the Later Cretaceous (< 95 Ma).

https://doi.org/10.5194/ejm-36-943-2024

3 Methods

For this study, we targeted lithologies that contain high-
variance mineral assemblages suitable for P—T modeling
(e.g., with chloritoid, garnet and/or staurolite) and U-Th—
Pb geochronology (with allanite and REE epidote, monazite,
xenotime) in the Hirschkogel Lithodeme (top of the Schockel
Nappe), Raasberg Formation (base of the Schockel Nappe)
and the Rossegg Complex (Waxenegg Nappe; Fig. 1b). The
lithostratigraphic names are used to refer to the sample
localities. The initial objective of this study was to ob-
tain precise P-T and age data for the Eo-Alpine event,
which was considered the main metamorphic event based
on previous studies (Krenn et al., 2008; Rantitsch et al.,
2005; Schantl et al., 2015). However, results of U-Th-Pb
geochronology revealed that all sample groups experienced
polymetamorphism. Therefore, results for each sample group
(Sects. 4 to 6) are arranged as follows: the petrography, min-
eral chemistry and microstructures of main and REE phases
are described, followed by the presentation and first-order
interpretation of the geochronological data. Then, equilib-
rium assemblages for each metamorphic event are identified
based on the microstructural relationship between the dated
REE phase, main phases and fabric elements. Finally, P-T
conditions are derived using thermodynamic forward mod-
eling and, where available, peak temperatures from RSCM.
Table 1 contains an overview of interpreted mineral assem-
blages, P-T and age data.

Eur. J. Mineral., 36, 943-983, 2024
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Table 1. Sample overview, interpreted mineral assemblages and results of RSCM thermometry and U-Th—Pb geochronology.

Sample  Alias® UTM 33N  UTM 33N Lithostrati-  Nappe Lithology Permian Eo-Alpine Local/ Tmax Pseudo- U-Th-Pb
easting northing  graphic (nappe Main phases REE phases Main phases REE retrograde RSCM section geochro-
unit system) (+Ms+Qz) (*prograde) (+Ms+Qz) phases phases °C) nology (Ma)
Hi-1 MSHI1822B 546332 5235580  Hirschkogel ~ Schickel — Cld-bearing phyllite Cld+Chl+Rt Aln+Xtm +Ap | Cld+Chl+Rt Aln Mnz/Rhb Fig. 3¢ Aln: 261.3£8.4
+Thr+Kao
Hi-2 MSHI1825A 546420 5235383  Lithodeme Nappe Cld-bearing phyllite Cld+Chl+Rt Aln+Ap Cld+Chl+Rt Mnz/Rhb +Thr Fig. S13
Hi-3 MSHI1828A 546469 5235752 (DG-NS)  Cld-bearing phyllite Cld+Chl +Ilm Aln+Ap Cld+Chl+Rt Mnz/Rhb +Thr Fig. S13
Hi-4 KP02P 546565 5235647 Cld-bearing phyllite Cld+Chl+Rt Aln+Ap Cld+Chl+Rt Fig. S13
Hi-5 KPO6 546702 5235353 Cld-bearing phyllite Cld+Chl+Rt Aln+Ap Cld+Chl+Rt Fig. S13
Hi-6 KPO7" 546344 5235182 Cld-bearing phyllite Cld+Chl +Ilm Aln+Ap Cld+ChI+Rt Fig. 3d
Hi-7 MSH1822D 546332 5235580 Graphitic phyllite 495 £29
Hi-8 MSH1824C 546143 5235540 Graphitic phyllite 483 +£42
Ra-1 MSHI1830A 550119 5236376  Raasberg Schockel Cld-bearing micaschist, type I~ St+ Cld;+Bt;+Pl+Ilm  Aln;+Ep; Cldy+IIm+Rt Chl, Kao
Ra-2 08R09b 550096 5236566  Formation Nappe Cld-bearing micaschist, type I~ St4+Cld;+Bt;+Pl+IIm  Aln;+Ep; Cldy+Ilm-+Rt Chl, Kao
Ra-3 MSHI1830E 550119 5236376 (DG-NS) Cld-bearing micaschist, type I~ St+Cld;+Bt;+Pl+IIm  Aln;+Ep; Cldy+Bty+Ilm+Rt Chl, Kao Fig.8e,g  Alny/Epy:
2752+6.4
Ra-4 MSH1830B 550119 5236376 Cld-bearing micaschist, type I~ St4-Pl,p,+Plo+Ilm Aln*+Ep* Cld+Pg +IIm+Rt Epy+Ap = Mnz,  Thr Fig. 8f Epy: 108.8£6.6
+Mnz+Xtm
Ro-1 MSHI1832A 551047 5239580 Rossegg Waxenegg  Grt-micaschist, graphitic St+Bt +Pl+1lm Mnz; Grt+Cld+Chl +-Pg+Ilm  Mnzy Complex Nappe Fig. 11e, f
Ro-2 MSHI833B 551028 5239531 (KW-NS)  Grt-micaschist, graphitic St+Bt +PI+1Im Mnz; Grt+Cld+Chl +Pg+Ilm  Mnz, Bt 558 £29 Mnz; : 283-256°
Mnz,: 87.3+1.24
Ro-3 MSH1833C 551028 5239531 Grt-micaschist, graphitic 563+29

2 Sample name in database of GeoSphere Austria. ® Sample from Schantl et al. (2015). © Crystallization over a prolonged period (see Sect. 7.1.2). ¢ Minimum crystallization age (see Sect. 7.4.2).
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Table 2. Whole-rock analyses of major and trace elements.

Sample Hi-1  Hi-2 Hi-3  Hi-4* Hi-5*  Hi-62 Ra-1 Ra-2 Ra3 Ra4 Ro-1  Ro-2
Whole-rock analysis [w %]

Si0; 4476  47.25 52.19 5425 4930 5336  41.19 4196 4952 3799  56.13 53.07
TiOy 2231 1.382 1.464 1.22 1.63 1.30 4.54 4473 3.57 556 1.269 1.243
Al O3 30.52  27.01 2524 2390 2654 2436 29.66 29.03 2227 3156 2396 24.77
Fe, 03 6.62 10.58 9.44 9.87 11.24 10.50 15.95 122 1236 1441 822  7.66
MnO 0.022  0.06  0.039 0.21 0.08 0.06  0.067 0.062 0.073 0.076  0.088  0.08
MgO 1.72 1.84 1.3 2.14 2.33 1.12 0.65 0.64 1.46 052 1.13 1.15
CaO 0.29 0.3 0.23 0.12 0.13 0.00 029  0.96 142 0.62 0.17  0.22
Na,O 1.06  0.75 0.75 0.67 1.01 0.65 058 068 052 223 1.77 1.63
K>O 6.53 5.6 5.3 4.09 4.47 5.05 4.05 4.83 444 276 372 452
P,05 0.18 0.23 0.18 0.17 0.19 0.16 0.16  0.59 1.03 0.23 0.18 0.23
LOI 5.11 4.98 4.47 4.99 4.97 4.86 3.55 356  3.19 35 339 3585
Total 99.04 99.99 100.60 101.64 101.87 101.41 100.70 9898 99.86 99.46 100.00 98.42
Al/AlbhaW 1.836  1.625 1.519 1.438 1.597 1.466 1.785 1.747 1340 1.899 1442 1.490
Ca/Cag, .. 0133 0.138  0.106  0.055 0.060  0.000 0.133 0440 0.651 0.284 0.078 0.101
Na/Nag, .. 0.613 0434 0434 0387 0584 0376 0335 0393 0301 1.289 1.023  0.942
XMg 034 0.26 0.21 0.30 0.29 0.17 0.07 0.09 0.19 0.07 0.21 0.23
Trace element analysis [ppm]

Sc 30 29 28 23 24 23 26 26 20 27 23 24
v 257 217 195 164 195 171 253 275 184 172 178 196
Cr 180 140 130 112 126 116 30 30 40 <20 130 140
Co 9 15 12 nd nd nd 17 16 23 15 15 11
Ni 50 40 50 54 47 54 30 <20 40 30 40 30
Cu <10 20 10 42 41 60 <10 <10 <10 <10 30 20
Zn 80 180 130 146 152 256 160 140 130 250 110 110
Ga 40 36 32 33 34 32 39 39 31 41 33 34
Rb 302 241 230 191 208 232 43 46 54 28 124 144
Sr 265 191 125 158 188 132 201 212 121 462 315 325
Y 45 39 37 43 51 41 32 69 36 72 39 40
Zr 394 158 222 175 248 193 461 492 267 459 266 218
Nb 39 24 25 25 35 25 86 78 54 86 25 24
Cs 12.7 9.5 8.8 nd nd nd 0.7 0.6 1.5 0.5 3.6 3.6
Ba 1165 1086 848 585 541 808 145 203 204 113 1078 1101
La 128  40.8 29.7 nd nd nd 479 552  41.1 56.2 70.8 67.5
Ce 274 926 64 106 155 69 88.3 114 803 112 140 132
Pr 31.1 10.2 7.04 nd nd nd 12 14.2 10.3 14.3 16.1 14.9
Nd 118 38 26.2 51 70 66 48.5 579 445 60.5 60.6  56.6
Sm 20.5 7.6 53 nd nd nd 10.4 13.3 9.6 13.6 10.7 10.8
Eu 394 2.02 1.35 nd nd nd 379  4.65 372 527 221 2.35
Gd 134 6.7 5 nd nd nd 8.8 12.1 9.6 133 8.5 9
Tb 2 1.2 0.9 nd nd nd 1.3 1.9 1.4 2.1 14 1.5
Dy 10.7 7.4 6.1 nd nd nd 6.9 12.2 7.6 12.7 7.9 8.5
Ho 1.8 1.5 1.3 nd nd nd 1.3 2.5 14 2.5 1.6 1.7
Er 4.6 44 3.8 nd nd nd 39 7 3.6 6.6 4.7 4.8
Tm 0.61 0.64 0.58 nd nd nd 0.55 096 048 087 0.67  0.69
Yb 3.8 39 3.7 nd nd nd 3.7 53 3 5.1 4.6 4.6
Lu 0.57 0.59 0.57 nd nd nd 0.54 0.83 046  0.75 0.65 0.68
Hf 10.6 43 6.1 nd nd nd 10.7 114 6.2 10.7 7.6 6.2
Ta 3.1 1.8 1.8 nd nd nd 6.3 52 4.1 6.1 2 1.9
w 3 1 1 nd nd nd 16 1 13 12 20 22
Pb 27 30 27 24 32 26 <5 <5 <5 8 23 20
Th 28.1 19.7 18.6 25 24 21 7.4 7.3 43 6.9 233 23.1
U 52 3 2.9 <20 <20 <20 1 1.3 0.9 14 3 2.7

nd: not determined. @ Schantl et al. (2015). ® Normed by the average low-grade metamorphic pelite of Shaw (1956).
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3.1 Petrography and mineral and whole-rock chemistry

Systematic microstructural and petrographic sample charac-
terization involved optical and scanning electron microscopy
(SEM) in backscattered electron mode (BSE) combined with
energy-dispersive X-ray spectroscopy (EDS). Planar fabrics
are referred to as S and numbered chronologically. Sn is
used for the main planar fabric if no sedimentary layering
(S0) is preserved. Note that numbering only applies to indi-
vidual sample groups. Selected samples were processed for
further chemical analyses. Whole-rock major and trace el-
ements were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) and are reported in Table 2. The min-
eral chemistry of the main and REE phases was investigated
using an electron probe microanalyzer (EPMA). Details on
analytical protocols, the full EPMA dataset, and additional
chemical plots and compositional maps are provided in the
Supplement (Sect. S1, Tables S1-S11, Figs. S1-S6). Min-
eral abbreviations are based on Whitney and Evans (2010).
Sodium- and potassium-rich white micas are referred to as
paragonite and muscovite, respectively, although the latter
may compositionally correspond to phengite. When mus-
covite and paragonite are not distinguishable, white mica
(Wm) is used. XMg is defined as Mg/(Fe’T+Mg). We dis-
criminate several types of epidote-group minerals based on
microstructural context and composition. For epidote types
that entirely fall in the allanite subgroup (REE+Th+U > 0.5
atoms per formula unit, apfu), we use the term allanite. For
simplicity, we use REE epidote (abbreviated Ep) for types
that show a heterogeneous composition corresponding partly
to the allanite and to the clinozoisite groups (Armbruster et
al., 2006) within single grains. REEs are grouped as follows:
light REEs (LREEs) La—Nd, medium REEs (MREEs) Sm—
Gd and heavy REEs (HREEs) Tb-Lu+Y.

3.2 Geochronology

Allanite, REE epidote and monazite of selected sam-
ples were analyzed using laser-ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). Crater diameters
are 24 um for allanite and REE epidote and 10 ym for mon-
azite. During analyses of U, Th and Pb isotopes, additional
elements (e.g., Ca, Nd, La, Y, Ti, Zr) were monitored to as-
sess the influence of potential inclusions and correlate the U—
Th-Pb dates to chemical domains in the analyzed mineral.
Tera—Wasserburg concordia diagrams computed with Iso-
plotR (Vermeesch, 2018) revealed a significant common Pb
(Pbg) contribution in all datasets. Allanite and REE epidote
U-Th-Pb data are thus reported as joint isochron regression
ages (Vermeesh, 2020). Radiogenic Pb of monazite varies
between 91 %-98 % (Pb*; Table S12); thus a correction
based on measured net 2%“Pb was employed, and corrected
dates are reported on concordia diagrams and weighted mean
206pp/238U ages computed with IsoplotR. Details on the an-
alytical protocol, data reduction, Tera—Wasserburg diagrams

Eur. J. Mineral., 36, 943-983, 2024

and the full LA-ICP-MS dataset are provided in the Supple-
ment (Sect. S2, Figs. S7T-S10, Table S12).

3.3 Thermodynamic modeling, effective bulk rock
composition and RSCM analysis

Pseudosections were calculated using the Theriak/Domino
software package (De Capitani and Petrakakis, 2010).
We used the database file td-tcds62-6axmn-03.txt (http:
//dtinkham.net/peq.html, last access: 25 November 2024)
compiled by Douglas Tinkham (Laurentian University,
Canada) which combines the tc-ds62 thermodynamic
dataset (Holland and Powell, 2011) and mineral activity—
composition relations in the MnNCKFMASHTO system
(White et al., 2014). Modifications accounting for pyrophyl-
lite substitution in white mica (Coggon and Holland, 2002)
and related to Mn-bearing endmembers of ilmenite, chlori-
toid and chlorite (see Hollinetz et al., 2022) are also applied.
The feldspar model of Fuhrman and Lindsley (1988) was
used.

Molar proportions of the effective bulk rock composition
(Table S13) are derived from whole-rock analyses (Table 2)
or calculated from average mineral compositions measured
by EPMA and mineral proportions estimated from petrogra-
phy, where small-scale compositional layering indicates lim-
ited equilibration (sample Hi-1; Table S14). The following
choices regarding the compositional space were made for
the calculations. Manganese is an important compositional
parameter to consider when modeling garnet- and ilmenite-
bearing assemblages. Test calculations showed that exclud-
ing Mn significantly shifts the position of ilmenite, rutile
and garnet reactions towards higher temperatures (Fig. S11).
Calculations including Mn predicted realistic compositions
for ilmenite, chloritoid and garnet; therefore it is included
in the models of all samples. Ferric iron may also influence
the stability of Fe—-Mg silicates and Fe-Ti oxides, particu-
larly at low-grade metamorphic conditions (e.g., Lo Po and
Braga, 2014). The lack of Fe3*-bearing oxides (e.g., mag-
netite, hematite) and very minor amounts of Fe3 T calculated
in the structural formulae of chloritoid, staurolite, garnet and
ilmenite generally suggest reducing conditions at the meta-
morphic peak, consistent with the common occurrence of
carbonaceous material. We therefore conclude that the uncer-
tainties related to introducing ferric iron in the model compo-
sitional space outweigh potential benefits in terms of model
accuracy.

Determining the effective Ca concentration is challenging
since identified Ca-bearing phases (allanite, apatite) are not
reproduced by the model if REEs and P are not considered.
Using the uncorrected Ca content derived from whole-rock
analysis therefore predicts phases that are not observed in
the natural sample (e.g., margarite or plagioclase in sample
Hi-1; Fig. S11). For the Raasberg and Rossegg samples, the
measured CaO content was corrected to account for CaO cor-
responding to apatite following Hollinetz et al. (2022) (Ta-
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Table 3. Results of RSCM thermometry and Raman spectra parameters with 1o standard deviation (SD) following Liinsdorf et al. (2017) of

four graphitic samples.

Sample No.of D_STA SD G_STA SD G shape SD Dmax SD Gmax SD  Dmax/ SD Temp =+
spectra factor G max [°C]

Hi-7 20 117.6 11.0 41.9 5.9 5.1 0.8 1351.3 2.7 1580.2 2.2 0.4 0.1 495 29

Hi-8 19 119.34  35.65 4585 10.22 5.19  2.08 1346.28 4.37 1578.23 3.67 0.39 0.14 483 42

Ro-2 20 164.6 70.2 28.9 4.1 74 2.6 1353.7 5.0 1579.1 2.9 0.2 0.1 558 29

Ro-3 20 216.4 78.9 28.0 5.1 8.1 2.8 1355.8 44 1579.4 1.4 0.1 0.1 563 29

ble S13). This approach yields negative Ca values for some
Hirschkogel samples. The presence of resorbed allanite and
apatite remnants infers open-system behavior of Ca postdat-
ing the metamorphic peak. Given the uncertainties related to
the effective bulk Ca concentration at the metamorphic peak,
we decided to exclude Ca entirely from the compositional
space for the Hirschkogel samples. We noted negligible in-
fluence on the stability fields of rutile and ilmenite that are
used for the determination of P-T conditions (Fig. S11),
thus justifying this approach. In the Raasberg samples, we
acknowledge discrepancies between the model stability field
of clinozoisite (Cz) and neighboring Ca-bearing phases com-
pared to the real stability field of allanite and REE-bearing
epidote. Considering overall uncertainties related to both the
thermodynamic database and the effective bulk rock compo-
sition, we generally assume a minimum error of +30 °C and
40.1 GPa for all thermodynamic calculations (Plunder et al.,
2012; Powell and Holland, 2008).

Four graphitic samples (Hi-7, Hi-§, Ro-2, Ro-3) were se-
lected for RSCM analyses which were carried out at the
University of Leoben (Austria), following the procedure out-
lined in Hollinetz et al. (2022). Measured Raman parameters
and maximum temperatures calculated based on Liinsdorf et
al. (2017) are reported in Table 3.

4 Hirschkogel samples

4.1 Petrography and microstructures

Chloritoid-bearing phyllites of the Hirschkogel Lithodeme
(samples Hi-1 to Hi-6) are macroscopically highly hetero-
geneous, which is reflected by color variations in the fine-
grained matrix and size of chloritoid porphyroblasts in dif-
ferent layers. Darker, graphitic variants contain small (<
300 um) chloritoid porphyroblasts. In mica-rich silvery phyl-
lites, chloritoid is larger (up to 2 mm). This heterogeneity
is also reflected at the millimeter-scale by compositional
variations in the matrix (phyllosilicate-rich vs. quartz-rich)
and the occurrence of accessory minerals (Fig. 2a-b). All
samples show an Al-rich bulk rock composition and are
strongly depleted in Ca relative to Shaw’s (1956) average
pelite (Ca/Cagpaw < 0.14; Table 2). Bulk rock XMg values
range from 0.17 to 0.34.
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Several generations of planar fabrics are distinguishable.
In some samples, primary sedimentary layering (SO) can be
recognized based on changes in matrix composition as well
as accessory mineral grain size and morphology (Fig. 2a). We
therefore assume the heterogeneity is partly inherited from
the protolith. A relic schistosity (S1) is preserved as internal
foliation of porphyroblasts or in domains of very fine-grained
interlayering of white mica and chlorite (Fig. 2a). The main
schistosity (S2) is defined by the orientation of white mica;
chlorite; and, if present, ilmenite. Relic S1 fold hinges sug-
gest it formed as an axial surface cleavage during folding of
S1 (Fig. 2c). The folding of S2 locally leads to the formation
of a crenulation cleavage (S3; Fig. 2b, e). The phyllosilicate-
rich matrix is dominated by muscovite and chlorite, which
are either fine-grained and oriented parallel to S2 or coarse-
grained oblique to S2 and adjacent to large porphyroblasts
(Fig. 2c—e). The XMg of white mica correlates with the sam-
ple bulk rock chemistry (Fig. 3b, Table 2). Variability in Si
(3.04-3.12 apfu) is noted but is not systematically linked to
microstructural domains. Along the S3 crenulation cleavage,
chlorite is typically absent; muscovite is reoriented but no
newly grown muscovite is present (Fig. 2e). Euhedral chlo-
ritoid porphyroblasts (up to 2 mm) are oriented parallel or
oblique to the S2 schistosity (Fig. 2c). As for muscovite, their
chemical composition is related to the bulk rock chemistry of
the sample. In some samples, a slight increase in XMg from
core to rim is noted (Fig. 3a).

The sample set exhibits contrasting Fe-Ti oxide assem-
blages and morphologies. Sample Hi-1 contains rutile that
forms euhedral, elongate (up to 20 um) or very fine-grained
(< 1 pm) crystals that are ubiquitous in the matrix and as in-
clusions in porphyroblasts (Fig. 2c). In samples Hi-2, Hi-4
and Hi-5, rutile forms fine-grained intergrowths with mus-
covite, chlorite and quartz. Remnants of Mn-rich ilmenite
(XMn = 0.04; Fig. 3a) are found partially replaced by ru-
tile intergrowths included in chloritoid, suggesting these in-
tergrowths are pseudomorphs of ilmenite (Fig. 2d). In sam-
ples Hi-3 and Hi-6, Mn-poor ilmenite is the dominant Ti-
oxide mineral (XMn = 0.02; Fig. 3a). It forms euhedral, lath-
shaped crystals oriented parallel to the main schistosity S2
(Fig. 2e, h). Occasionally, tiny quartz or muscovite inclusions
are present. [lmenite exhibits variable degrees of replacement
by rutile, particularly in the S3 crenulation cleavage domains
(Fig. 2e).
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Figure 2. Transmitted light photomicrographs and representative BSE-SEM images illustrating microstructural features and phase assem-
blages of Hirschkogel samples (sample name given in the upper right corner). (a) Sedimentary layering (SO) preserved in sample Hi-1,
overprinted by S2 (relic S1 not visible at this scale). (b) Crenulation cleavage (S3) forms as a result of folding of S2. SO is largely over-
printed by later planar fabrics. (¢) Chloritoid and allanite porphyroblasts showing an internal foliation (S1) in a matrix of muscovite, chlorite,
rutile and quartz. The inset shows a bright LREE-rich phase tentatively labeled rhabdophane (Rhb) that precipitated in cracks of chloritoid.
(d) Ilmenite partially replaced by a rutile aggregate is overgrown by chloritoid. Note that ilmenite is fully replaced in the matrix. (e) Ma-
trix ilmenite pseudomorphed by rutile and resorbed allanite along the S3 crenulation cleavage of sample Hi-3. (f) Sample Hi-4 contains
rutile pseudomorphs after ilmenite in the matrix. (g) Layer containing abundant rutile pseudomorphs and zircon overgrown by chloritoid.
(h) Sample Hi-6 contains euhedral ilmenite both in the matrix and included in chloritoid.

4.2 REE bulk rock pattern and REE mineralogy

Whole-rock REE patterns normalized to the average upper-
crust composition (Rudnick and Gao, 2003) exhibit similar
HREE patterns for all samples but appear heterogeneous in

Eur. J. Mineral., 36, 943-983, 2024

terms of L4+MREE contents (Fig. S12). Sample Hi-1 shows
the highest REE concentration and is enriched in L+-MREE.
In samples Hi-2 and Hi-3, L+MREEs are depleted with re-
spect to HREEs and possess a positive Eu anomaly. The REE
minerals are, in order of relative abundance, allanite, apatite,
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Figure 3. Mineral chemistry of (a) chloritoid, chlorite and ilmenite and (b) white mica measured with EPMA for selected Hirschkogel
samples with the lowest (Hi-6) and highest (Hi-1) bulk rock XMg. The ilmenite composition of sample Hi-2 is also shown. See Fig. S1
for other samples. Large stars represent modeled mineral compositions at given P—T conditions. (c—d) Representative P—T pseudosections
for selected Hirschkogel samples with the peak assemblage highlighted. (e) XMg-T pseudosection calculated at 0.4 GPa. Average values of
Si0y, TiOy, Al,O3, MnO, K5O, Nay O and (FeO+MgO) from all Hirschkogel samples were used (Table S13). Colored bars indicate the bulk
XMg of different samples. (f) Composite P—T pseudosection of five Hirschkogel samples with contrasting peak metamorphic assemblages
(only important reactions are shown; see Fig. S13 for full pseudosections) and isolines for Si (pfu) in muscovite for sample Hi-1 (dash-dotted
blue lines). The yellow area indicates overlapping peak assemblage fields for all samples. RSCM temperatures at 483 and 495 °C of two
samples are shown as the dark blue shaded area (Table 3).
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zircon, xenotime, thorite, monazite and rhabdophane group
minerals.

Allanite is most abundant in phyllosilicate-rich layers
where it forms large (100-500 um) isolated porphyroblasts or
polycrystalline aggregates (Figs. 2c, 4a-b). Generally, elon-
gate allanite crystals are oriented parallel to S2 and may be
fractured (Fig. 3b). Inclusions are mostly matrix minerals
and, less abundantly, apatite; xenotime; and rare, tiny mon-
azite crystals along cracks (Fig. 4a, b). An internal folia-
tion (S1) is delineated by inclusions of fine-grained (< 5 um)
muscovite, chlorite, quartz and rutile (Fig. 4a). Most allanite
blasts possess a distinct porosity in the core, causing a fibrous
appearance of the allanite (Fig. 3a, d). Mineral chemistry is
available for allanite in sample Hi-1 (Table S9) but is ex-
pected to be similar in other Hirschkogel samples because of
the similar BSE Z contrast (Fig. 4a, b). Allanite is relatively
homogeneous and characterized by a high REE4-U+Th con-
tent (0.64-0.75 apfu; Fig. 4g) with L+MREEs enriched rel-
ative to HREEs (< 0.05 apfu; Fig. 4h). From core to rim, a
slight, gradual decrease in La and increase in Nd are noted
(Fig. 4e). The Th content is highest in the interior (0.5 wt %
ThO;) and also decreases towards the rim (Fig. 4f). Some
zones that are devoid of small inclusions deviate from this
general pattern. These zones, denoted as “alteration”, show
patchy zoning with minor REE enrichment in bright zones
and depletion in darker zones in high-contrast BSE images
(Fig. 4d, g). Allanite in sample Hi-1 is relatively pristine,
although the limited resorption and formation of kaolinite
with small thorite crystals are noted (Fig. 4a), potentially as-
sociated with metamitization and alteration of the Th-rich,
porous core. Allanite resorption is more advanced in other
samples, particularly in microstructural positions close to
the S3 crenulation (Fig. 3c, e). Resorbed allanite blasts are
characterized by a pronounced porosity and irregular cracks
filled with quartz and fine-grained phyllosilicates. Around
such remnants, a corona of tiny (< 3 um), irregular thor-
ite crystals and fine-grained phyllosilicates often develop
(Fig. 4b). These grains correspond to the thorite—xenotime
solid solution with M+HREE enrichment relative to LREE,
a weak negative Eu anomaly and Y,O3 concentrations be-
tween 3.9 wt % and 6.8 wt % (Fig. 4i).

Apatite is ubiquitous in all samples and ranges from 10
to 50 um in diameter. Based on morphology, we distinguish
(1) anhedral, porous apatite grains; (2) euhedral, unzoned ap-
atite without pores; and (3) composite apatite grains that con-
sist of a porous core that may be enriched in REEs, Th and
U and a darker rim similar to euhedral apatite. Anhedral ap-
atite is typically found in layers enriched in zircon (Fig. 4c),
whereas euhedral and composite apatite is dispersed in the
matrix and often oriented parallel to S2 (Fig. 4b). Zircon
is present as round or subhedral grains of variable size (5—
30 um), typically showing cracks and porous zones. These
features and its enrichment in layers with other heavy min-
erals strongly suggest a detrital origin (Fig. 4c). Xenotime
is rare and forms outgrowths on detrital zircon grains (in-

Eur. J. Mineral., 36, 943-983, 2024

set Fig. 4c) or small (< 10 pm), anhedral grains that are dis-
persed in the matrix (Fig. 4a). EPMA measurements of a
few xenotime grains reveal a heterogeneous chemical com-
position characterized by variations in M+HREEs (Fig. 41).
Monazite is uncommon and forms small (< 7 um) euhedral
or subhedral grains. In rare cases it forms isolated grains in
the matrix, but more commonly it occurs spatially associ-
ated with allanite, either adjacent to or enclosed along cracks
in allanite (Fig. 4a, b). EPMA analysis of a few monazites
in sample Hi-1 show a homogeneous composition in terms
of LREEs and a weak negative Eu anomaly (Fig. 4i). The
monazite thermometer of Gratz and Heinrich (1997) yields
temperatures between 343 and 482 °C (Table S10, inclusions
not considered). The ThO; concentration is low (< 0.4 wt %)
and slightly elevated in matrix-hosted monazite (0.8 wt %—
1.8 wt%). A bright, LREE-rich phase that precipitated in
thin (< 1 um) cracks of chloritoid porphyroblasts or along
grain boundaries in the phyllosilicate-rich matrix was ob-
served systematically in all Hirschkogel samples (Fig. 2a).
EDS analysis yields spectra that are similar to monazite but
with a pronounced Ca peak. The bright phase thus likely cor-
responds to a rhabdophane group mineral, which commonly
forms during low-grade metamorphism (e.g., Krenn and Fin-
ger, 2007; Nagy et al., 2002).

4.3 Geochronology

U-Th-Pb dating of well-preserved allanite in sample Hi-1
yields a Pb/U-Th isochron date of 261.3 +8.4Ma (n: 41;
MSWD: 1.4; Fig. 5a). This date is within error of the Tera—
Wasserburg lower intercept date of 250.7 9.9 Ma (Fig. S7).
Upon comparing LA-ICP-MS and EPMA chemical data, we
found that most analyses correspond to the compositional do-
main of the dark allanite mantle (Fig. 5d). The dark mantle
of allanite contains the highest U concentration, whereas the
interior exhibits larger Th / U ratios and higher Pby concen-
trations. Minor amounts of Zr (up to 152 ppm) and elevated
Ti (up to 18 350 ppm) suggest the contribution of tiny zircon
and rutile inclusions in some of the analyses (Table S12).
Excluding these analyses, however, has no effect on the U-
Th-Pb date (Fig. S7).

Allanite contains fine-grained inclusions of the same
phases present in the matrix and possess an internal folia-
tion, clearly indicating its metamorphic origin. The absence
of fine-grained inclusions and minor compositional modifi-
cations in a few “alteration zones” in allanite (Fig. 4d) indi-
cate limited recrystallization postdating allanite growth. No
related effect is seen in the allanite U-Th—Pb data, suggest-
ing the minor importance of this process. The 261.3+8.4 Ma
Pb/U-Th isochron date is thus interpreted as the crystalliza-
tion age of the dark allanite mantle.

https://doi.org/10.5194/ejm-36-943-2024
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Figure 4. REE phase relationships and chemistry in Hirschkogel samples. (a) BSE-SEM image of euhedral allanite in sample Hi-1 with tiny
inclusions delineating an internal foliation (S1). Note tiny thorite crystals along the rim. (b) BSE-SEM image of strongly resorbed allanite
in sample Hi-3 surrounded by tiny thorite crystals and a few anhedral monazite crystals. (¢) BSE-SEM image of detrital minerals (zircon,
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(d) High-contrast BSE-SEM of allanite shown in (a) with different zones highlighted and element maps showing the (e) La and (f) Th
distribution. (g) Al (pfu) vs. REE4-U+Th (pfu) plots illustrating compositional variation in allanite in the clinozoisite (Cz)—epidote (Ep)—
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4.4 Interpretation of Permian and Eo-Alpine nor retrogression during exhumation. Our finding that allan-

parageneses and fabrics ite crystallized in the Permian suggests an alternative, more
complex evolution: the main metamorphic imprint occurred
in the Permian, followed by a lower-grade Eo-Alpine over-
print.

Allanite and chloritoid occur both as euhedral porphyrob-
lasts and share similar inclusion patterns (Fig. 3a). Straight
phase boundaries between the chloritoid; allanite; and the
matrix-hosted chlorite, muscovite and quartz indicate that
these minerals were in equilibrium during Permian meta-

Based on petrographic observations only, all observed par-
ageneses could theoretically be explained by a monometa-
morphic history. In fact, prior to U-Pb dating of allanite, we
assumed that the Hirschkogel samples experienced a single
metamorphic cycle during the Eo-Alpine event based on a
muscovite Rb—Sr date of 119.2 + 1.2 Ma in the same nappe
(Schantl et al., 2015) and attributed signs of resorption to mi-
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Figure 5. Geochronological data of allanite and REE epidote in samples Hi-1, Ra-3 and Ra-4. (a, b, ¢) Total Pb/U-Th isochrons shown in
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morphism. The interpretation of ilmenite—rutile phase rela-
tions and contrasting morphologies is more complex and re-
quires consideration of (1) the variation in the temperature-
dependent transition of rutile to ilmenite with changing bulk
rock XMg, (2) the polymetamorphic evolution and (3) the
detrital source of Ti. RSCM thermometry of two graphite-
bearing samples yields peak temperatures at 483 and 495 °C
(Table 3) that fall in the range of the temperature-dependent
transition of rutile to ilmenite in metapelites (White et al.,
2014). A XMg-T pseudosection calculated at intermediate
pressure (0.4 GPa) predicts the observed assemblage of chlo-
ritoid 4 chlorite + muscovite 4 quartz at 7 < 520 °C across
the whole range of XMg ratios reflected by our sample set
(Fig. 3e). Depending on the XMg ratio, either ilmenite (XMg
< 0.25) or rutile (XMg > 0.3) is predicted as the stable Ti-
bearing phase for the peak temperature suggested by RSCM.
Accordingly, we interpret the dispersed, fine-grained rutile
of high-XMg sample Hi-1 as a Permian peak metamorphic
phase.

Samples Hi-2, H-4 and Hi-5 show intermediate XMg val-
ues and contain rutile as the dominant Ti-bearing phase. It
is present as aggregates, which are interpreted as pseudo-
morphs after ilmenite. These pseudomorphs are enriched in
layers with other heavy minerals (e.g., zircon; Fig. 2g) which
are interpreted as a sedimentary microscale paleoplacer, thus

Eur. J. Mineral., 36, 943-983, 2024

suggesting a detrital origin of ilmenite. This is also sup-
ported by the Mn-rich composition of incompletely replaced
ilmenite remnants preserved as a chloritoid inclusion in sam-
ple Hi-2, which suggests an igneous rather than a metamor-
phic origin (Fig. 4a). We therefore interpret rutile in these
samples as the peak Permian phase (Rt;) which formed at
the expense of detrital ilmenite.

In the low-XMg samples Hi-3 and Hi-6, we noted the
same replacement structure of ilmenite by fine-grained ru-
tile. However, its extent is minor and mostly limited to mi-
crostructural domains along the S3 cleavage (Fig. 2¢). Else-
where, ilmenite is the dominant Ti-bearing phase and occurs
both enriched in paleoplacer layers (Fig. 3c) but also dis-
persed in the matrix (Fig. 2h). It contains muscovite inclu-
sions and chemically matches the composition predicted by
thermodynamic modeling (Fig. 4a). For these samples, mul-
tiple replacement reactions of ilmenite and rutile and vice
versa are possible: during prograde Permian metamorphism,
detrital ilmenite is (partially) replaced by fine-grained rutile
aggregates (Rty). This stage is captured where paleoplacer
layers are overgrown by chloritoid (Fig. 2g). At Permian
peak conditions, Rt; was replaced by metamorphic ilmenite
(Ilmyp), supported by the presence of muscovite inclusions
and its composition, which closely matches the predicted
composition by the model (Fig. 3a). Minor replacement by
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rutile (Rtp) observed in these samples is attributed to the Eo-
Alpine metamorphic overprint.

To summarize, the Permian peak assemblage (not con-
sidering REE-bearing minerals) consists of chloritoid, chlo-
rite, muscovite, quartz and rutile in samples Hi-1, Hi-2, Hi-
4 and Hi-5 and ilmenite in samples Hi-3 and Hi-6. The
pervasive foliation defined by the matrix minerals (S2) is
also interpreted as Permian fabric. The S3 crenulation cleav-
age observed in all Hirschkogel samples is interpreted as
Eo-Alpine. In low-XMg samples (Hi-3, Hi-6), retrogressed
Permian ilmenite occurs particularly along the S3 crenula-
tion cleavage. Since only minor replacement of chloritoid by
coarse-grained chlorite is noted, we assume that their mode
changed during the Eo-Alpine overprint, but both minerals
remained stable. The Eo-Alpine assemblage therefore con-
sists of chloritoid, chlorite, quartz, muscovite and rutile in all
samples.

4.5 Permian and Eo-Alpine P—T conditions

Pseudosection calculations for individual samples repro-
duced the Permian peak assemblage in a large stability field
bordered by the chloritoid-out, paragonite-in and ilmenite-in
reaction for the high-XMg, rutile-bearing samples (Fig. 3d).
For the low-XMg, ilmenite-bearing samples, the field is de-
limited by the rutile-out, staurolite-in and garnet-in reactions
(Fig. 3e). However, combining several samples with con-
trasting peak assemblages allows constraining P—7 condi-
tions much more precisely. Figure 3f illustrates important
reactions of three rutile-bearing and two ilmenite-bearing
samples (not including the incompletely equilibrated sam-
ple Hi-2 with detrital ilmenite remnants; see Fig. S13 for
pseudosections of samples Hi-3 to Hi-5). The yellow area
at 470-500 °C and 0.4-0.8 GPa marks the overlap of peak
assemblages of all samples. The chloritoid-forming reaction
of sample Hi-1 and the garnet-in reaction of sample Hi-
4 mark the lower and upper pressure limits, respectively.
P-T conditions are in agreement with RSCM maximum
temperatures and the average Si contents in white mica
(3.07-3.10 apfu), which imply relatively low-pressure condi-
tions. Permian peak conditions therefore reached 475 °C and
0.4 GPa.

Minimum P-T conditions of the Eo-Alpine overprint
are given by the chloritoid stability field (T > 350°C, P >
0.3 GPa; Fig. 4f). The upper temperature limit is defined by
the rutile stability field (Fig. 4f). The absence of paragonite
indicates that Eo-Alpine metamorphism occurred below 0.5—
0.6 GPa (Fig. 4f). Muscovite was reoriented during S3 defor-
mation, but no neoblastic muscovite developed and its com-
position measured in S3 domains does not significantly de-
viate from matrix muscovite. Considering all the character-
istics together, we conclude that the Eo-Alpine overprint oc-
curred at similar pressure compared to the Permian peak con-
ditions (0.3-0.6 GPa) but at temperatures ~ 50—100 °C less
than the Permian maximum temperature (475 °C).

https://doi.org/10.5194/ejm-36-943-2024

5 Raasberg samples

5.1 Petrography and microstructures

Four mica schist samples (Ra-1 to Ra-4) are characterized
by an unusual large amount and size of chloritoid porphy-
roblasts (30 vol %—40 vol % of the rock). All samples are en-
riched in Al and depleted in Ca relative to Shaw’s (1956)
average pelite. Na contents are low, except for sample Ra-
4 (Na/Naghaw = 1.29; Table 2). The bulk rock XMg is gen-
erally low (0.07-0.09) and slightly higher in sample Ra-3
(0.19). The main foliation (Sn) is heterogeneously developed
in the sample set, indicating variable degrees of finite strain.
In the least-deformed sample Ra-4, the weakly developed
Sn is defined by the preferred orientation of fine-grained
ilmenite and is overgrown by coarser-grained, mostly ran-
domly oriented minerals (Fig. 7a). Samples Ra-1 and Ra-2
show a distinct Sn characterized by ilmenite-rich layers that
bend around large, oblique-growing chloritoid porphyrob-
lasts (Fig. 6a). Sample Ra-3 is strongly foliated with Sn de-
fined by the preferred orientation of fine-grained white mica
and biotite in the matrix. Around porphyroblasts, the devel-
opment of strain shadows is noted (Fig. 6b, g, h). Muscovite
is the dominant matrix mineral in all samples. It is typically
coarse-grained and grows oblique to Sn, except in sample
Ra-3, which also contains fine-grained muscovite oriented
parallel to Sn. Silicon in muscovite varies between 3.04 and
3.11 apfu regardless of its orientation with respect to the foli-
ation (Fig. 8d). In sample Ra-4, fine-grained white mica ag-
gregates of predominantly paragonitic composition are com-
monly associated with resorbed staurolite blasts (Fig. 7b).
All samples contain both staurolite and chloritoid porphy-
roblasts that exhibit variable phase relationships. In samples
Ra-1 to Ra-3, staurolite is rare and two types of chloritoid are
distinguished based on microstructural characteristics and
its relationship to staurolite. In the less-deformed samples
Ra-1 and Ra-2, staurolite is subhedral, small (< 1 mm) and
typically engulfed by larger (~ 5 mm) chloritoid porphyrob-
lasts (Cld;). XMg of staurolite ranges from 0.08 to 0.16
and is controlled by the sample bulk composition. Different
chemical populations within the same sample indicate lim-
ited equilibration of staurolite inclusions at the thin-section
scale (Fig. 8a). Moreover, significant contents of TiO, and
ZnO (up to 0.58 wt % and 1.91 wt %, respectively; Table S7)
were measured in staurolite. In a few cases, we observed
euhedral staurolite that lacks signs of resorption and shares
straight phase boundaries with Cld;. Both phases share a
similar inclusion spectrum defined by round quartz, apatite
and ilmenite, which is aligned parallel to Sn. Ilmenite layers
that are bent around obliquely oriented Cld; porphyroblasts
suggest syn- or intertectonic Cld; growth with respect to Sn
(Fig. 6a). In samples Ra-1 and Ra-2, the XMg of Cld; in-
creases from core to rim (0.06-0.12; Fig. 8a). Sample Ra-3
contains elongated aggregates of fine-grained chloritoid and
quartz that reach up to 2cm in length and are aligned par-
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Figure 6. Transmitted light photomicrographs (a—b) and BSE-SEM images (c-h) illustrating microstructural features and phase assemblages
of samples Ra-1, Ra-2 and Ra-3 (sample name given in the upper right corner). (a) Chloritoid porphyroblasts overgrowing a fabric (Sn)
defined by ilmenite layers in sample Ra-1. (b) Very large chloritoid porphyroblasts in sample Ra-3 with numerous quartz inclusions. (c¢) Large
chloritoid porphyroblast (Cld; ) intergrown with staurolite. Straight phase boundaries indicate intergrowth in equilibrium. (d) Large Cld; with
small staurolite inclusions that are partially replaced by Cld, and muscovite. (e) [lmenite inclusions in Cld| pseudomorphed by an aggregate
of rutile and chlorite. (f) Coarse-grained biotite included in exceptionally large Cld;. Note the tiny ilmenite needles (Ilm,) adjacent to the
biotite inclusion and the internal foliation (Sn) delineated by quartz inclusions. (g) Small, needle-shaped chloritoid (Cldy) and biotite in
strain shadows of preserved matrix staurolite in sample Ra-3. (h) Pseudomorphs of fine-grained clay minerals which are interpreted as
pseudomorphs of plagioclase (P1*) associated with coarse-grained biotite. Note that the foliation (Sn) wraps around the pseudomorph.

allel to Sn (Fig. 6b). These aggregates are interpreted as ex- tion and representing a significant modal proportion in the
ceptionally large, deformed Cld; blasts that contain numer- blasts (Fig. 6f). Chemically, these large blasts are homoge-
ous rounded quartz inclusions delineating an internal folia- neous with XMg at 0.12-0.14 (Fig. 8a). The second type of
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Figure 7. Transmitted light photomicrograph (a) and BSE-SEM images (b—c) illustrating microstructural features and phase assemblages
of Raasberg sample Ra-4. (a) Poorly foliated sample Ra-4 with staurolite remnants replaced by fine-grained white mica and chloritoid
aggregates. Note the small grain size of chloritoid in comparison to type I samples. (b) Staurolite remnants replaced by chloritoid and
paragonite. Dashed orange lines delineate the original shape of staurolite. (¢) Domain of sample Ra-4 dominated by coarse-grained albitic
plagioclase (Ply,) and oligoclase (Ply)). Although both types of plagioclase are partially resorbed by muscovite and kaolinite, note that
the inferred phase boundaries are relatively straight (highlighted by dashed orange lines). Inset shows resorption of Pl,, by muscovite and

kaolinite randomly growing in cracks of Plg.

chloritoid (Cldy) is significantly smaller and forms at the ex-
pense of staurolite. In sample Ra-3, Cld, displays a needle-
shaped habitus, forms in strain shadows around resorbed ma-
trix staurolite (Fig. 6g) and exhibits slightly lower XMg con-
tents compared to Cld; (Fig. 8a). In samples Ra-1 and Ra-2,
the distinction between Cld; and Cld; is not straightforward
where staurolite is engulfed in large Cld; blasts. Note, how-
ever, the presence of muscovite, which roughly delineates the
shape of the original staurolite blasts (Fig. 6d). Chemically,
Cld; is comparable to the rim of Cld; (Fig. 8a).

https://doi.org/10.5194/ejm-36-943-2024

In sample Ra-4, staurolite is most abundant, and only one
type of chloritoid is observed. Staurolite forms up to 2 mm
long, is typically strongly resorbed porphyroblasts and is
overgrown by rosette-shaped aggregates of small (< 1 mm)
chloritoid crystals and fine-grained, randomly oriented, pre-
dominantly paragonitic white mica (Fig. 7a, b). The replace-
ment of staurolite by white mica is pseudomorphic and the
inclusion pattern of staurolite blasts characterized by nu-
merous minute (< 20um), round, ilmenite crystals (Ilmg;
Fig. 8b—c) is preserved. Chemically, both chloritoid and stau-
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Figure 8. Mineral chemistry measured with EPMA for selected Raasberg samples. Additional data for sample Ra-2 are in Fig. S5. The
same color code applies for plots (a)—(d). (a) XFe — XMg — XMn ternary plot showing chloritoid and staurolite chemistry. Data for sample
Ra-1 are shown separately from samples Ra-3 and Ra-4 for better legibility. (b) Plagioclase chemistry of sample Ra-4. (¢) XMg — Si (pfu)
and XMg — Ti (pfu) of biotite in sample Ra-3. (d) XMg — Si (pfu) plot of white mica. (e) Pseudosection of sample Ra-3 (representative of
Raasberg type I samples) and (f) sample Ra-4 (Raasberg type II) with important mineral reactions highlighted by color. (g) Pseudosection
of sample Ra-3 calculated without the chlorite model. (h) Volumes and XMg of chlorite, chloritoid, biotite and staurolite along a P-T path
from 450 °C and 0.6 GPa to 540 °C and 0.4 GPa, indicated by the dashed line in (g).
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rolite are relatively homogeneous and lower in XMg com-
pared to the other samples (Fig. 8a).

Biotite is not observed in sample Ra-4, a minor constituent
of samples Ra-1 and Ra-2 and a matrix-forming mineral
of sample Ra-3. In the latter, two habits of biotite are dis-
tinguished. Bt; forms large aggregates of coarse-grained,
obliquely oriented biotite that are intergrown with muscovite
and oriented oblique to Sn (Fig. 6g, h). This coarse-grained
population is also included in Cld; (Fig. 6f) and possesses
the same round quartz and apatite inclusions as Cld; and
staurolite. Bty is fine-grained and oriented parallel to Sn in
the matrix or intergrown with Cld; in strain shadows of re-
sorbed staurolite (Fig. 6g). Biotite is homogeneous in terms
of Ti content (0.07-0.12 apfu). Matrix biotite (both Bt; and
B») exhibits slightly lower XMg and higher Si contents com-
pared to Bt; included in Cld; (Fig. 8c).

In sample Ra-4, two types of plagioclase are observed:
(1) albitic plagioclase, partially replaced by coarse, randomly
oriented muscovite (Plap, Xan = 0.02-0.1), and (2) oligo-
clase (Ply;, Xan = 0.22-0.24; Fig. 8b), partially resorbed by
kaolinite along cracks (Fig. 7c). Remnants of albitic pla-
gioclase are commonly observed in the matrix (Fig. 7b).
In some layers, the rock matrix is dominated by coarse-
grained plagioclase of both types, with relatively straight al-
beit overprinted boundaries between the different types (inset
Fig. 7¢). In other samples, plagioclase is not observed, aside
from strongly resorbed relics included in Cld;. These sam-
ples, however, contain peculiar aggregates of quartz; very
fine-grained, unidentified clay minerals; and Fe hydroxides
that are overgrown by coarse-grained muscovite and biotite,
spanning several millimeters in size. These aggregates are in-
terpreted as sericitized pseudomorphs of plagioclase (labeled
PI* in Fig. 6b, c, h).

All samples contain both ilmenite and rutile. We distin-
guish several types based on morphology and microstructural
position. Ilmg is most prominent in sample Ra-4, where it ex-
ists as numerous small (< 50 um), typically subhedral round
crystals that form a distinct inclusion pattern of staurolite and
chloritoid aggregates (Fig. 7b—c). In other samples, this type
only occurs as an inclusion of bright allanite porphyroblasts
(Fig. 9b). Ilm; is the dominant ilmenite type in all Raasberg
samples. It forms euhedral, lath-shaped blasts ranging be-
tween 50 and 200 um in length. Numerous inclusion of small,
round quartz and apatite grains are typical, especially in sam-
ple Ra-3. Smaller Ilm; grains are typically parallel to Sn,
whereas larger grains tend to grow oblique to Sn. Ilm, forms
tiny ilmenite needles (< 10 um length) that typically precipi-
tate along cleavage planes of Cld; and muscovite around in-
clusions of staurolite and, in sample Ra-3, biotite (Fig. 6d,
f). Ilm; is also observed in the matrix of sample Ra-3 asso-
ciated with Bt; aggregates. Rtg is rarely observed as small
inclusions of Ilm; and staurolite. Rty forms as a pseudomor-
phic replacement of I[lm; together with anhedral, fine-grained
chlorite. This replacement is systematically observed in all
samples regardless of the microstructural position of Ilm;
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(matrix and inclusion; Fig. 6e, h). Note also that Ilm; un-
affected by the replacement coexists next to layers where it
is fully replaced by Rt; pseudomorphs (Fig. 6e).

5.2 REE bulk rock pattern and REE mineralogy

Whole-rock REE patterns of the Raasberg samples exhibit
a pronounced positive Eu anomaly relative to the average
upper-crust composition (Fig. S12). Samples Ra-2 and Ra-
4 are characterized by a high REE content relatively en-
riched in M+HREE:s. In contrast, the whole-rock REE con-
tent of samples Ra-1 and Ra-3 is lower, and the enrichment of
M+HREE:s relative to LREES is subtle. The Raasberg sam-
ples exhibit variable and complex REE mineral assemblages.
Based on the REE mineralogy, samples Ra-1, Ra-2 and Ra-3
are grouped as “type I’ samples that contain allanite porphy-
roblasts with a zoned REE epidote overgrowth. Sample Ra-4
represents a “type II” sample that exhibits highly complex
allanite and REE epidote microstructures and additionally
contains monazite and xenotime. Small (< 20 um) fluorap-
atite and tiny zircon (< 2um) is ubiquitous in all samples,
often appearing in foliation-parallel layers (Fig. 7c). Details
of individual samples are given in Table 4 and summarized
below.

Based on petrographic and chemical characteristics, we
differentiate several types of allanite or REE epidote. All
samples contain bright, euhedral or subhedral allanite por-
phyroblasts that are characterized by high total REE+Th+U
contents (> 0.5 apfu), high Th /U ratios and enrichment in
L+MREEs (Fig. 9c, d, i, j). The allanite contains numer-
ous fine-grained (< 10 pm) inclusions of quartz, ilmenite and
apatite that delineate an internal foliation (Fig. 9a, b). In
sample Ra-4, subordinate small monazite and xenotime in-
clusions also occur (Fig. 9¢). Additionally, small REE-rich
epidote inclusions are common in the bright porphyroblasts
(Fig. 9b, e); however, only one epidote inclusion was large
enough for EPMA analysis. Like its host, L+MREEs dom-
inate the REE pattern, but the total REE+Th-+U content is
lower (0.24 apfu; Fig. 91, j). Note that these inclusions occa-
sionally form along the phase boundary between quartz in-
clusions and the LREE-rich allanite host (Fig. 9e).

In type I samples, the allanite porphyroblasts are rimmed
by a zoned REE epidote overgrowth (Fig. 9a-b). This over-
growth lacks fine-grained inclusions and is characterized by
lower REE+Th+-U contents (< 0.5 apfu) than the bright por-
phyroblast (Fig. 9¢). REE patterns vary depending on the
sample; bright zones (dotted red lines in Fig. 9a-b) are gener-
ally enriched in M+HREEs, whereas in darker zones (dotted
light blue lines in Fig. 9a-b) the allanite endmember is de-
fined by the HREE content that decreases towards the mar-
gin (Fig. 9c—d). Internally, the overgrowth zones may show
irregular or oscillatory chemical zoning rather than a simple
core-to-rim trend (Fig. 9a-b).

In type II sample Ra-4, allanite and REE epidote phase
relationships are more complex. In the rare occasion where
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Table 4. Allanite and REE epidote types in Raasberg samples.

Sample  Lith. Description Color Morphology Abundance BSE Z contrast Total REE+Th+U REE zoning pattern Th/U
type code
Ra-1 type I bright Aln por-  black euhedral porphyroblasts, few (5-10 grains per bright, homogeneous 0.73-0.7 apfu enriched in L+MREE  high Th/ U
phyroblast < 100 um thin section) (patchy in high-contrast low HREE < 0.02 pfu
images)
Ra-1 type I zoned Ep over- red 10-30 um wide rim overgrow- common around por- bright, may show oscil-  0.02-0.19 apfu enriched in HREE, de- low Th/U
growth, bright ing porphyroblasts phyroblasts latory zoning creased towards rim
Ra-1 type I zoned Ep over-  light common around por- dark, may show oscilla-  low REE (< 0.04 apfu) low ThO,
growth, dark blue phyroblasts tory zoning (< 0.08wt%), UO,
bdI?
Ra-3 type I bright Aln por-  black subhedral porphyroblasts, nu- common (15-20 grains  bright, homogeneous 0.50-0.72 apfu enriched in L+MREE  high Th/U, ThO; <
phyroblast merous, fine-grained inclusions  per thin section) (patchy in high-contrast low HREE 0.38 wt %, UO, bdl*
images)
Ra-3 type 1 Ep inclusion purple along phase boundary of quartz  common in bright por-  dark, internally variable  not analyzed not analyzed not analyzed
inclusion and Aln phyroblast
Ra-3 type I zoned Ep over- red discontinuous overgrowth on common bright, internal hetero-  0.14-0.48 apfu enriched in M+HREE  variable Th / U, highest
growth, bright Aln or euhedral porphyroblasts geneity due to oscilla- L+MREE decrease to-  ThO; (up to 0.62 wt %)
tory zoning wards rim
Ra-3 type I zoned Ep over-  light common dark, internal hetero- 0.01-0.24 apfu enriched in HREE, de- low Th/U, highest
growth, dark blue geneity due to oscilla- crease towards rim UO; (up to 0.08 wt %)
tory zoning
Ra-4 type II bright Aln por-  black euhedral Aln porphyroblasts, uncommon (<5 grains bright, homogeneous 0.69-0.78 apfu enriched in ThO; < 0.53 wt %,
phyroblast up to 800 um long per thin section) (patchy in high-contrast L+MREE low HREE high Th/U (> 10)
images) (<0.02apfu) La/Nd
decrease towards rim
Ra-4 type II porphyroblast dark 10-30 um wide rim around Aln  rare relics around one dark, homogeneous 0.23-0.33 apfu enriched in HREE lowTh /U (<5)
rim blue porphyroblasts Aln porphyroblast
Ra-4 type 1T Ep inclusion purple along phase boundary of quartz  common in bright por- intermediate, internally  0.24 apfu enriched in L+MREE
inclusion and Aln phyroblast variable
Ra-4 type II patchy Ep ag- yellow elongated aggregates, up to common (~ 15 grains patchy, highly vari- 0.44-0.77 apfu enriched in L+MREE  variable to low Th /U
gregate 1 mm long per thin section) able, micron-scale HREE enriched to-
heterogeneity wards rim of aggregate
Ra-4 type II zoned Ep over-  red in cracks of Aln porphyrob- commonly associated bright, internal hetero- 0.78-0.29 apfu L+MREE > HREE low Th/U (mostly <
growth, bright lasts, overgrowth on patchy ag-  with Aln porphyrob-  geneity due to patchy 10)
gregate, neoblasts in matrix ad-  lasts and REE Ep zoning
jacent to Aln blasts and patchy — aggregates
aggregates
Ra-4 type II zoned Ep over-  light dark, internal hetero- 0.48-0.20 apfu HREE > L+MREE UO; < 0.10wt %, low
growth, dark blue geneity due to patchy Th /U (mostly < 5)

zoning

4 bdl: below detection limit of EPMA (~ 0.02 wt % UO5).
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Figure 9. BSE-SEM images illustrating phase relationships of REE minerals and EPMA data of allanite and REE epidote in samples Ra-
3 (a—-d) and Ra-4 (e-i). Sample name and lithological type given in the upper right corner. Colored labels and dotted lines indicate different
types of allanite and REE epidote. Monazite (orange) and xenotime (purple) are also highlighted. (a—-b) Zoned allanite and REE overgrowth
in sample Ra-3 (type I) adjacent to staurolite and included in Cld;. (e-h) Phase relations of allanite, REE epidote, monazite and xenotime
in type II sample Ra-4. (e) Bright allanite porphyroblasts with relics of a dark epidote rim and zoned REE epidote forming in cracks.
(f) Monazite in the matrix rimmed by a corona of apatite and zoned REE epidote. (g) Bright allanite porphyroblast partially replaced by
patchy REE epidote aggregate with apatite inclusions. (h) Large patchy REE epidote aggregate with numerous apatite and small monazite
inclusions surrounded by xenotime crystals. (¢, i) Al (pfu) vs. REE4-U+Th (pfu) plots illustrating compositional variation in allanite and
REE epidote of sample (c¢) Ra-3 and (i) Ra-4 in the clinozoisite (Cz) — epidote (Ep) — ferriallanite (Ferri-Aln) — allanite (Aln) system. Dashed
lines represent lines of constant Fe oxidation state. (d, j) REE distribution normalized by the average upper crust of Rudnick and Gao (2003)
of allanite and REE epidote in (d) Ra-3 and (j) Ra-4.
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two allanite porphyroblasts are adjacent to each other, relics
of a 10-30 um wide, dark REE epidote rim (dotted dark blue
lines in Fig. 9e) are present. This REE epidote is charac-
terized by low total REE+Th+U contents (0.23-0.35 apfu)
and is enriched in HREEs (Fig. 9i, j). Only a few bright
allanite porphyroblasts are present in this sample (Fig. 9e).
Instead, REE epidote aggregates that consist of numerous
small, chemically highly heterogeneous REE epidote crys-
tals are more common. These elongated aggregates are of-
ten oriented parallel to Sn (Fig. Oh) and in some cases di-
rectly replace the allanite porphyroblast (Fig. 9g). Distinct
features include numerous apatite inclusions and a highly
variable Z contrast, which reflects micron-scale variations in
REEs (£ Th, U), resulting in a patchy appearance (Fig. 9g,
h). The interface between apatite and REE epidote is highly
serrated, particularly in darker, REE-poor areas of the aggre-
gates (Fig. Oh). The patchy REE epidote exhibits higher Al
contents and greater variability in total REE contents than
the bright allanite (Fig. 9i). REE patterns are similar but
with lower L+MREE concentrations and slightly increased
HREES, particularly towards the margins (Fig. 9j). A zoned
REE epidote generation similar to the overgrowth in type 1
samples also exists in sample Ra-4. It occurs in cracks of
bright allanite and the dark REE epidote rim and as over-
growth on the patchy aggregates, thus clearly postdating the
growth of these allanite and REE epidote types. Additionally,
small (< 50 um) euhedral neoblasts occur in the vicinity of
bright allanite and patchy REE epidote aggregates (Fig. 9e,
g). Bright zones are characterized by larger REE contents rel-
atively enriched in L+MREEs, whereas dark zones are REE-
poor and enriched in HREEs (Fig. 9i). Individual crystals
typically show decreasing L+MREE and increasing HREE
contents from core to rim (Fig. 9i, j) and can exhibit internal
oscillatory or patchy zoning (Fig. 9g).

Clusters of small (< 10 um) monazite are rarely found in
the matrix but are commonly included in patchy REE epi-
dote (Fig. 9h). In rare cases where isolated monazite grains
occur in the matrix adjacent to REE epidote, it typically pos-
sesses a rim of apatite, which is overgrown by zoned REE
epidote (Fig. 9f). The LREE content in monazite is homoge-
neous, and M+HREE shows some variation irrespective of
the microstructural position (0.08-0.10 apfu; Fig. S3). Xeno-
time exists as small (~ 15um) satellite grains surrounding
both allanite porphyroblast and the patchy REE epidote ag-
gregates (Fig. 9e, g, h). Chemically, it is homogeneous with
0.19 apfu M+HREE substituting for yttrium (Fig. S3).

5.3 Geochronology

U-Th-Pb dating of allanite and REE epidote in sample Ra-
3, which was chosen as being representative of type I sam-
ples, yields a Pb/U-Th isochron date of 275.2 + 6.2 Ma (n:
45; MSWD: 2.2; Fig. 5b), which is consistent with the Tera—
Wasserburg lower intercept date of 275+ 10 Ma (Fig. S8).
Using the Th /U ratio and the Y content, individual analy-
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ses are correlated with chemically distinct zones in the REE
epidote (Fig. 5e). The bright allanite porphyroblast is char-
acterized by a high Th / U ratio, a low Y concentration and a
high Pby content. The 233U / 29°Pb ratio is generally higher
in the zoned overgrowth, particularly in the bright Y-rich do-
main. Comparing the Pbg-corrected dates of individual spots,
no age difference between the various REE epidote domains
is apparent.

In sample Ra-4, we attempted U-Th-Pb dating of all al-
lanite and REE epidote types. However, no age data could be
obtained for the dark porphyroblasts rim (Fig. 9e), since only
small relics of this zone are present. Analyses can be grouped
according to their Th / U ratio, with high Th /U ratios (50—
170) corresponding to bright porphyroblasts and low Th /U
ratios (< 30) and higher 238U /2%Pb ratios corresponding
to the patchy porphyroblasts and the zoned overgrowth. On
a Tera—Wasserburg diagram, bright porphyroblast analyses
plot close to the y axis, indicating a dominant Pby contri-
bution. A regression calculated through both Th / U popula-
tions (one outlier excluded) yields a lower intercept date of
87.1£3.5Ma (n: 35; MSWD: 1.3; Fig. S9), which is roughly
consistent with Eo-Alpine metamorphism. However, on the
isochron plot (Fig. 5c¢) it is apparent that these groups com-
prise in fact different age populations, rendering the Tera—
Wasserburg lower intercept date as geologically meaning-
less. Due to its high Pbg content, no meaningful date could be
calculated for the bright porphyroblast. The low Th / U pop-
ulation yields a Pb/U-Th isochron date of 108.8 6.6 Ma (n:
13, MSWD: 3.1). An elevated Ca content suggests the pres-
ence of apatite in most analyses (Fig. 5f).

The U-Th-Pb data of sample Ra-3 indicate that both the
bright allanite and the zoned REE epidote overgrowth formed
during Permian metamorphism. The age data of sample Ra-
4 provide evidence that the patchy porphyroblasts and the
zoned overgrowth formed during Eo-Alpine metamorphism.
The significance of the various allanite and REE epidote
types in this sample requires consideration of both the Per-
mian and the Eo-Alpine evolution. Their significance, the
role of monazite and apatite inclusions, and reasons explain-
ing the contrasting evolution of REE phases in type I and
type II samples are discussed in detail in Sect. 7.1.

5.4 Interpretation of Permian and Eo-Alpine
parageneses and fabrics

All Raasberg samples preserve reaction microstructures. To-
gether with geochronological evidence of both Permian and
Eo-Alpine metamorphism, this indicates that a Permian as-
semblage was partially overprinted during the Eo-Alpine
event. It is, however, challenging to interpret whether phase
relationships represent replacement microstructures or inter-
growth in equilibrium. We here assume that all samples have
experienced the same P—T evolution as they were collected
close together. This implies that the contrasting phase as-
semblages can be explained by differences in the bulk rock
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chemistry, deformation and fluid influence. We here use our
petrographic observations combined with the results of ther-
modynamic forward modeling to determine the Permian and
Eo-Alpine equilibrium assemblages and assess the influence
of contrasting bulk rock compositions on the respective peak
assemblage. Finally, we discuss the effect of deformation on
resulting microstructures.

We first consider phase relationships between Fe—Mg alu-
mosilicates (chloritoid, staurolite, biotite, chlorite). Since
staurolite shows uniform resorption by chloritoid, the re-
placement of Permian staurolite with Eo-Alpine chloritoid
would be an obvious interpretation. This explanation is con-
sistent with reaction microstructures observed in sample Ra-
4, where large, partially resorbed staurolite is replaced by
rosette-shaped chloritoid aggregates intergrown with mus-
covite and paragonite according to the following unbalanced
reaction (e.g., Nosenzo et al., 2022; Yardley and Baltatzis,
1985):

St+K* 4+ Nat — Cld +Ms + Pg. (R1)

This interpretation, however, fails to explain the two types
of chloritoid (Cld; and Cld,) observed in the other samples.
Straight phase boundaries between staurolite and large Cld;
blasts (Fig. 6¢) infer equilibration across the phase bound-
ary. Therefore, we propose that Cld; coexisted with stau-
rolite during Permian peak metamorphism. The similar in-
clusion spectrum and both phases overgrowing Sn support
this interpretation. Cldy, on the other hand, is interpreted as
an Eo-Alpine chloritoid generation which formed together
with muscovite at the expense of staurolite. Remnants of bi-
otite, which are associated with staurolite in samples Ra-1
and Ra-2, likely represent relics of the Permian assemblage.
In sample Ra-3, where biotite is a matrix-forming mineral,
the two different habits (coarse-grained Bt; and fine-grained
Bty) may be interpreted as Permian and Eo-Alpine genera-
tions, respectively. This is supported by the presence of Bt;
inclusions in large Cld; blasts and intergrowth of Bty and
Cld; around resorbed staurolite (Fig. 6g—f). Tiny Ilm, nee-
dles formed at the expense of Ti in biotite and staurolite.
Thus, staurolite and biotite breakdown in samples Ra-1, Ra-
2 and Ra-3 is summarized according to the following unbal-
anced reaction:

St+Bt; — Cldy + Ms = Ilmj + Bt,. (R2)

Chlorite, finally, is restricted to late-stage shear bands in sam-
ple Ra-3 or observed as the local alteration of staurolite rem-
nants. It is therefore attributed to late-stage retrogression and
not considered as part of the Eo-Alpine peak assemblage.
P-T pseudosections calculated for all Raasberg samples
show a similar topology for the reactions between Fe-Mg
aluminosilicates. The positively sloping chloritoid-out and
chlorite-out reactions coincide with the staurolite-in and
biotite-in reactions with a narrow P-T interval between ~
480 °C and 0.1 GPa and the intersection with the garnet sta-
bility field at ~ 535°C and 0.45 GPa (Fig. 8e—f). Although
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modeling results are consistent with staurolite and biotite
forming during higher-grade Permian metamorphism and
chloritoid forming during the lower-grade Eo-Alpine over-
print, the model fails to explain the two generations of chlo-
ritoid. Model results generally show a very restricted P—
T range where staurolite and chloritoid coexist in equilib-
rium. However, staurolite incorporates significant amounts
of Ti and Zn, both of which are not considered in the model.
Therefore, its stability field may be extended towards lower
temperatures compared to model results. Another inconsis-
tency between model and observation concerns biotite and
chlorite. We found that in all samples, significant amounts
of chlorite are calculated below staurolite stability, whereas
the amount of chloritoid is generally underestimated by the
model. The misfit is particularly striking in the sample Ra-3,
which has the highest XMg bulk rock content. Below 520 °C,
only minor amounts of chloritoid (~ 2 vol %) but ~ 18 vol %
chlorite are calculated, which is inconsistent with the ex-
ceptionally large CId; blasts of this sample. Test calcula-
tions performed excluding the chlorite model not only yield
more realistic chloritoid and biotite proportions but also pro-
duce chloritoid compositions that match observations more
closely (Fig. 8g—h). These findings suggest that the chlo-
rite model applied here (Holland and Powell, 2011) overes-
timates chlorite stability at low- P—T conditions for the con-
sidered Al-rich chemistry, which affects the predicted com-
position and number of other Fe-Mg phases (chloritoid, stau-
rolite, biotite).

Sample Ra-4 exhibits a different mineralogy of the Na-
and Ca-bearing phases compared to other samples. Com-
paring pseudosections of samples Ra-3 and Ra-4, we can
infer that this is due to the higher bulk rock NayO con-
tent in sample Ra-4 (Table 2), which influences the stabil-
ity fields of plagioclase and paragonite (Fig. 8e—f). In sample
Ra-3, the onset of the plagioclase stability field in the low-
pressure, high-temperature (LP-HT) area of the pseudosec-
tion approximately coincides with the chloritoid—staurolite
transition, whereas paragonite is restricted to high-pressure
conditions (P > 1.0 GPa). The presence of plagioclase pseu-
domorphs and resorbed relics included in Cld; is consistent
with the notion that plagioclase is part of the Permian peak
assemblage. Sample Ra-4 contains two compositionally dis-
tinct types of plagioclase (Pl,, and Ply)) and paragonite. The
stability fields of plagioclase and paragonite overlap at 0.2—
0.4 GPa, bounded by positively sloping reaction curves. Pla-
gioclase, regardless of which type, is always partially re-
sorbed. Where both plagioclase types are present, they show
similar microstructural features (i.e., large grain size) and rel-
atively straight phase boundaries. Thus, we propose that Ply,
and Pl correspond to peristerite pairs and formed in thermo-
dynamic equilibrium at Permian peak metamorphic condi-
tions. Although thermodynamic modeling fails to reproduce
the peristerite solvus, it is expected at similar P-7T condi-
tions as corroborated by staurolite—chloritoid phase relations
at the transition between the greenschist and amphibolite fa-
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cies (Habler et al., 2009; Holland et al., 2022; Maruyama et
al., 1982).

The growth of paragonite occurred together with chlori-
toid during the Eo-Alpine overprint.

Finally, ilmenite and rutile phase relations are considered.
Ilm; is interpreted, too, as part of the Permian peak assem-
blage, which is consistent with the chloritoid—staurolite tran-
sition within the ilmenite stability field. The partial replace-
ment of Ilm; by rutile (Rty) postdating the growth of large
Cld; and formation of Ilm; related to staurolite and biotite
breakdown strongly suggests that ilmenite and rutile coex-
isted in equilibrium during Eo-Alpine metamorphism.

To summarize, the Permian peak assemblage consists of
staurolite, chloritoid (Cld,), biotite (Bt;), plagioclase in sam-
ples Ra-1 to Ra-3 and staurolite + plagioclase (Plp+ Ply) in
sample Ra-4, with ilmenite (Ilm;)+ muscovite 4+ quartz in
all samples. The Eo-Alpine overprint caused the formation
of chloritoid (Cld;)+ ilmenite (Ilmy)+ rutile (Rty), as well
as biotite (Bty) in sample Ra-3 and paragonite in sample Ra-
4. Retrograde reactions involve minor replacement of stau-
rolite by Fe-rich chlorite and the formation of kaolinite and
other clay minerals at the expense of plagioclase remnants.
Permian peak phases grew randomly oriented over the Sn fo-
liation, which consequently formed during prograde Permian
metamorphism. The extent of Eo-Alpine deformation varies
depending on the sample. In sample Ra-4, the formation of
paragonite pseudomorphs after staurolite and the preserva-
tion of the Ilmg inclusion pattern indicate that the Eo-Alpine
overprint was static. In samples Ra-1 and Ra-2, the deflec-
tion of Sn around Cld; indicates minor Eo-Alpine defor-
mation that caused the bending and slight rotation of Cld;
porphyroblasts. In sample Ra-3, the development of strain
shadows filled with Cld, around staurolite porphyroblasts
is interpreted as a result of pervasive Eo-Alpine shearing.
Cld; blasts were stretched and recrystallized to a fine-grained
chloritoid 4 quartz aggregate, where stretching is accommo-
dated by quartz precipitating along cleavage planes of Cld;

(Fig. 6f).

5.5 Permian and Eo-Alpine P—T conditions

As outlined in Sect. 5.4., the Permian mineral assemblage
is not precisely reproduced by pseudosection modeling due
to limitations of the solid solution models (i.e., Ti and Zn
in staurolite) and potential overestimation of chlorite stabil-
ity. Although the chlorite appears to affect the composition
and volumes of chloritoid, we found that the position of the
staurolite-chloritoid transition does not change regardless of
whether chlorite is considered in the model and is predicted
between 470-530 °C and 0.1-0.4 GPa in all Raasberg sam-
ples (Fig. 8e, f). We therefore assume that these inconsis-
tencies have a minor effect on the accuracy of our P-T es-
timates. Permian peak P-T conditions reside close to the
staurolite-chloritoid transition and below the stability field
of garnet, which closely coincides with the onset of plagio-
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clase stability. Thus, the Permian assemblage is consistent
with P-T conditions at 500-530 °C and 0.2-0.4 GPa.

P-T conditions of the Eo-Alpine overprint are delimited
by the stability field of garnet towards high pressure and pla-
gioclase in sample Ra-4 towards low pressure. The tempera-
ture is constrained by ilmenite and rutile coexisting in equi-
librium. Altogether, the Eo-Alpine phases are consistent with
P-T conditions of 440-480 °C and 0.4-0.8 GPa (Fig. 8e, f).

6 Rossegg samples

6.1 Petrography and microstructures

The two garnet—chloritoid-bearing graphitic micaschist sam-
ples (Ro-1 and Ro-2) are characterized by the interlayering
of mica-rich layers that contain garnet and chloritoid porphy-
roblasts and up to centimeter-thick quartz layers subparallel
to the main foliation Sn (Fig. 10a, b). Both samples are Al-
rich and depleted in Ca compared to Shaw’s (1956) pelite
and exhibit average Na contents (Table 2). Quartz layers pos-
sess pseudomorphs of a fibrous mineral that was replaced
by fine-grained oxides (inset Fig. 10b). In the matrix, two
different white mica populations are identified (Fig. 10g).
Fine-grained muscovite (Msl) pigmented by graphite de-
fines the main foliation Sn; it is overgrown by a second gen-
eration of coarse-grained white mica. Compositionally, the
coarse-grained mica population is characterized by both K-
rich (Msy) and Na-rich white mica (Pg; Fig. 10c—g). Some
Ms; crystals exhibit chemical zoning with the maximum Si
content in the core (3.15 apfu; Figs. 10g, 11d). In Ms;, the
Si content is lower (~ 3.11 apfu). Garnet forms large, euhe-
dral porphyroblasts spanning up to 4 mm in diameter. Fine-
grained graphite inclusions delineate an internal foliation that
continuously merges into the matrix foliation Sn (Fig. 10a).
Inclusions in garnet are ilmenite, chloritoid, apatite, monazite
and zircon. Some garnet crystals possess an inclusion zoning
with a pigmented core and a clear rim (Fig. 10a). Chemi-
cally, garnet is characterized by an almandine-rich compo-
sition and continuous core-to-rim zoning (Fig. 11a). In the
largest garnet of sample Ro-1, Xalm increases from 0.72 to
0.8, whereas Xsps exhibits a bell-shaped decrease from 0.11
in the core to 0.01 at the rim. Xprp increases slightly from
0.08 to 0.1. Xgrs gradually decreases from 0.07 in the core
to 0.01 at the rim.

Chloritoid forms large (up to 3mm long) porphyrob-
lasts that are generally oblique to the foliation. Fine-grained
graphite inclusions delineate an internal foliation that contin-
uously merges into the external foliation (Fig. 10a, d). Chlo-
ritoid exhibits cracks filled with chlorite and small (< 5 um)
ferroan gahnite crystals (Fig. 10). Chemically, chloritoid is
characterized by XMg between 0.1 and 0.15 with no clear
trend from core to rim and negligible Mn content, except two
analyses from chloritoid included in garnet (Fig. 11b). Cross-
shaped zones with weakly foliated coarse-grained muscovite
and paragonite are developed adjacent to, or intergrown with,
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+ Bt.
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Ms + Pg + Qz

Figure 10. Transmitted light photomicrographs (a—b) and representative BSE-SEM images (c—g) illustrating microstructural features and
phase assemblages of Rossegg samples (sample name given in the upper right corner). (a) Large garnet and chloritoid porphyroblasts
overgrowing the Sn foliation defined by ilmenite and fine-grained graphite. (b) Interlayering of a foliated, mica-rich matrix with garnet and
chloritoid porphyroblasts and quartz layers that are subparallel to the foliation. Inset shows a relic fold hinge in the quartz vein that contains
a fibrous pseudomorph (labeled Sil*). (¢) Garnet is intergrown with large chloritoid and chlorite in a matrix of muscovite and paragonite.
(d) Cross-shaped chloritoid porphyroblasts are intergrown with coarse-grained muscovite, paragonite and subordinate biotite. The dotted
orange line highlights the boundary to matrix micas. (e) Tiny gahnite inclusions and chlorite in a crack in chloritoid. (f) Relics of plagioclase
associated with biotite overgrown by randomly oriented muscovite (Msp) and chlorite. (g) High-contrast BSE image of matrix-forming
white mica illustrating microstructurally different white mica types: fine-grained, Sn-parallel muscovite (Ms) and coarse-grained, obliquely
growing muscovite (Ms,) that is sometimes chemically zoned.

https://doi.org/10.5194/ejm-36-943-2024 Eur. J. Mineral., 36, 943983, 2024



966 M. S. Hollinetz et al.: Polymetamorphic REE mineral evolution in the Austroalpine Unit
a Garnet profile b | llmenite X 0.16“ Biotite ﬂwl"\ite'mi'ca ' ’Q
0.9 & Ro-1 Ro-2 omat.rlx omf‘:ltrlx O Ms, .
¥, 4 ¢Cld incl. 014 , OwithCld} 312} % Ms,, core
OGrtincl. & AwithPl O Ms,, rim 00
O P @
098 5 012 =3.08 9 &f S
v S a ¢
e chlorioid w2 0l o & oo )
r(., = Y ° o n
0.02 O core ¢ rim . o oo 3.04 ® o
Xre 0.0 o Grtincl. A gig ‘e L Taal e
¢ so0f = % °
. : al "
Grt rim Grt core Grerim  Xee 02 > Xyg 048 05 052 01 02 03 04 05 06
XMg XMg
A RSCM Tmax f S O\ . o-1-2.5% Grt
12 \ 558 + 29°C 12 9 6/\‘0:\% A L
A 563 + 29°C @ | — B - ”’\\qd,&“’f Q) fooee i@l - |
AN ___EER - K
GrtCld B il
1 chiRtPg
1.0 -

Chllim

‘onset of Eo-Alpine
Grt growth
\

0.8 4

P [GPa]

0.6

0.4 4

02
TMnNCKFMASHT +Ms Qz H,0 |
MALLALLLACLL L
500

T
550

TICY 600

Grt Cld

s F . -
& —RtPg/ & v
o 1/ cam 4D
064/ & fim Pg Grtst
© Chllim
04 ] ageniim I
_. i «\Q\ i
02 , And Bt lm PI i
1 \ Kfs
MnNCKFMASHT +Ms Qz H,0 N‘dax\\m"
— e —
500 TIC 550 600

Figure 11. Mineral chemistry of (a) garnet, (b) chloritoid, ilmenite, (c) biotite and (d) white mica measured with EPMA for Rossegg samples.
The same color code applies for (a)—(d). (a) High-resolution garnet profile of sample Ro-2 (length 1.44 mm) representative of garnet zoning
in Rossegg samples and partial profile (length 2 mm) through the largest garnet of sample Ro-1. Profile lengths are normalized for better
comparison. (e) P—T pseudosection of sample Ro-1 (Table S13). Isopleths corresponding to the observed garnet core composition are shown
as dashed lines. Dotted purple lines indicate stability fields of aluminosilicates. Maximum temperatures from RSCM are shown as the dark
blue shaded area. (f) P-T pseudosection of sample Ro-1 considering 2.5 mol % garnet fractionation (Table S15). Isopleths corresponding to
the observed garnet rim composition are shown as dashed lines. Dash-dotted blue lines are Si (pfu) isopleths in muscovite-rich white mica.

chloritoid porphyroblasts (Fig. 10a, c). Biotite that is other-
wise absent in the matrix occurs here too or is associated
with a few remnants of albitic plagioclase (Fig. 10d—f). Com-
positionally, it is fairly homogeneous in composition with
XMg around 0.5 and Ti between 0.08 and 0.1 apfu (Fig. 11c).
Two analyses of biotite associated with plagioclase remnants,
however, show an elevated Ti content (0.13 apfu). [lmenite
that is strongly pigmented by graphite, and rarely rutile, is
mostly parallel, and occasionally oblique, to the foliation.
Chemically, ilmenite included in garnet exhibits higher XMg
and XMn values than ilmenite in the matrix and included in
chloritoid (Fig. 11b).

Eur. J. Mineral., 36, 943-983, 2024

6.2 REE bulk rock pattern and REE mineralogy

The whole-rock REE compositions shows a flat pattern
on upper-crust normalized REE plots for both samples
(Fig. S12). The REE mineral assemblage is dominated by
monazite that coexists with apatite, ubiquitous but tiny
(< 10um) zircon, and rare anhedral xenotime. Apatite is
strongly resorbed and highly porous and occasionally found
associated with monazite (Fig. 12a). In both samples, large
(up to 500 um), elongated monazite crystals or aggregates
are preferably oriented parallel to Sn (Fig. 12a—b). Monazite
in sample Ro-2 was dated and is described in more detail;
sample Ro-1 monazite follows similar compositional trends
(Fig. S5). Typically, monazite is stained by fine-grained
graphite and quartz and subordinate ilmenite and white mica
inclusions. High-contrast BSE images and element maps in-
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Figure 12. REE phase relationships and monazite chemistry in Rossegg samples. (a) Large monazite associated with strongly resorbed
apatite. Tiny graphite and ilmenite delineated an internal foliation that is parallel to the matrix schistosity (Sn). (b) High-contrast BSE image
of monazite showing internal chemical zoning. Colored labels and dotted lines indicate different types of monazite: bright core (black),
bright mantle (red), dark mantle (light blue) and rim (dark blue). The white box shows the position of element maps of (c¢) La, (d) Nd and
(e) Th. (f) La-Nd-Th+U and La—Nd-Y ternary plots of monazite. (g) REE distribution normalized by the average upper crust of Rudnick
and Gao (2003) of monazite. Elements in brackets were not analyzed in all datasets. (h) REE+P vs. Th4+-U+-Si (pfu) of monazite showing

huttonite and cheralite substitutions.

dicate internal chemical zoning: a bright core, a bright man-
tle, a dark mantle and a discontinuous bright rim (Fig. 12b).
The bright core is relatively enriched in MREEs and depleted
in LREEs. Towards the mantle, the REE profile becomes pro-
gressively flatter with maximum La / Nd ratios in the dark
mantle zone (Fig. 12g). This zoning is also illustrated by
the inverse relationship of Nd and La on element distribu-
tion maps (Fig. 12c—d). Yttrium content is low (< 0.83 wt %
Y;,03) and generally decreases towards the mantle (Fig. 12f).
Thorium and uranium are incorporated in monazite through
the cheralite and, to a lesser extent, huttonite substitutions,
generally decreasing in concentration from core to mantle
(Fig. 12h). In some grains, complex internal zoning within
the core is attributed to variations in Th (Fig. 12e) with
up to 14 wt % ThO, in the brightest zones. The Th /U ra-
tios are highest in the core (~ 80) and decrease towards the
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dark mantle (~ 30). Most monazite grains possess a discon-
tinuous, thin rim, which is typically only 2-3 um wide but
may reach up to 15 um width on monazite faces normal to
Sn (Fig. 12b). The La / Nd ratio and LREE concentrations
at the rim are comparable to those in the dark mantle, but
M+HREE (Eu-Lu+Y) is relatively enriched (Fig. 12f, g).
Moreover, the rim is chemically characterized by an elevated
Th+U content with ThO, up to 6.45wt% and Th /U be-
tween 55 and 80 (Fig. 12h).

6.3 Geochronology

Sample Ro-2 was selected for monazite U-Pb dating since
it contains monazite grains with Th-rich rims that are wider
than 10um. On a U-Pb Tera—Wasserburg plot, monazite
dates are discordant, suggesting a variable Pby contribu-
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Figure 13. Geochronological data of monazite in sample Ro-2. (a) Wetherill concordia diagram with 204pp-corrected dates. (b) Weighted
mean ages color-coded by chemical domain: red — bright core plus mantle; light green — dark mantle; blue — rim. Open bars represent
discordant dates. (¢) Nd—La—Th+-U ternary plot illustrating the chemical composition of the monazite LA-ICP-MS data color-coded by date
and weighted mean ages calculated for each chemical domain. Gray open symbols represent discordant dates; black open symbols represent
“chemical outliers” that are excluded from the weighted mean age calculation.

tion (Fig. S10). The 204pp-corrected dates show two distinct
clusters that yield concordia ages of 270.1 & 1.4 Ma (n: 30,
MSWD: 0.18), encompassing most analyses of the monazite
interiors, and 92.2 +£0.6 Ma (n: 19, MSWD: 0.39), involv-
ing mostly analyses from the monazite margins (Fig. 13a).
A total of 8 analyses that are discordant after correction
and 11 concordant analyses that lie between the main clus-
ters were excluded from the age calculations. On a La—
Nd-U+Th ternary plot, LA-ICP-MS analyses show excel-
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lent agreement with the monazite chemistry determined us-
ing EPMA (Fig. 13c). Analyses that correspond to the older
population generally define the chemical domain of the mon-
azite core and mantle, whereas the younger population chem-
ically matches the rim domain. However, there are a few ex-
ceptions, termed “chemical outliers”: analyses of the older
population that plot in the chemical domain of the rim and
analyses of the younger population that plot in the chemical
domain of the monazite core and mantle (Fig. 13b). Con-
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sidering only U-Pb dates that plot in the expected chemical
domain, analyses from the monazite core and bright man-
tle yield a weighted mean age of 283.5 4+ 10.1 Ma (n: 12,
MSWD: 1.6), the dark mantle yields a weighted mean age of
255.8£10.1Ma (n: 15, MSWD: 0.77) and the rim yields a
weighted mean age of 90.1£1.2Ma (n: 17, MSWD: 12). In-
cluding only the youngest dates of the rim, a weighted mean
age of 87.3 = 1.2Ma (n: 9, MSWD: 5) is calculated.

Monazite forms euhedral porphyroblasts and contains the
same phases as inclusions that are also found in the ma-
trix, corroborating a metamorphic origin. Monazite core
and mantle domains dominantly yield older U-Pb dates
(243-315Ma), suggesting that the main portion of mon-
azite formed during Permian metamorphism. Apparent U-Pb
dates that lie between the main clusters (139-222 Ma) rep-
resent binary mixing of the outermost potions of the dark
mantle and the rim and have no geological relevance. The
younger dates of the Th-rich rim and a few younger dates in
the monazite interior indicate limited recrystallization dur-
ing the Eo-Alpine metamorphism. Mechanisms of monazite
formation are discussed in Sect. 7.1 and 7.2.

6.4 Interpretation of Permian and Eo-Alpine
parageneses and fabrics

Based on microstructural constraints, we can identify distinct
mineral parageneses and establish the timing of their growth
relative to the main foliation Sn. Although these parageneses
could theoretically represent stages of a single metamorphic
cycle, our new monazite ages reveal unambiguously their
polymetamorphic origin during the Permian and Eo-Alpine
events. Clarifying which phases define the equilibrium as-
semblage during each event is complicated by the ambigu-
ous relationship between monazite and porphyroblasts like
garnet and chloritoid. Moreover, the microstructural perspec-
tive alone does not disclose whether certain phases (e.g., bi-
otite) represent remnants of an earlier assemblage or reflect
local bulk rock heterogeneity. Additional constraints are pro-
vided by the fact that the two events are characterized by
markedly different P-T gradients: low pressure and high
temperature during the Permian (Knoll et al., 2023, and ref-
erences therein) and medium to high pressure during the Eo-
Alpine events (Schuster et al., 2004, and references therein).
Thermodynamic forward modeling is therefore employed not
only to determine P—T conditions, but also to predict which
phases are expected to equilibrate at high- and low-pressure
conditions.

In garnet-bearing metapelites of the UAU, garnet that dis-
plays discontinuous chemical zoning is often cited as a di-
agnostic feature for polymetamorphism (e.g., Gaidies et al.,
2006; Habler et al., 2009; Schantl et al., 2015; Schuster et al.,
2001). In our samples, the gradual core—rim chemical zoning
of garnet indicates a single growth stage, raising the ques-
tion of why only one event — and which one — produced the
garnet. A pseudosection calculated for sample Ro-1 predicts
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garnet in a stability field above 0.3-0.4 GPa (Fig. 11e). The
garnet core composition, particularly the Ca content, is also
indicative of pressures above 0.6 GPa (Fig. 11e). Therefore,
we suggest that garnet formed during Eo-Alpine metamor-
phism. Conversely, the low-pressure Permian assemblage is
garnet-free. This interpretation is consistent with its euhe-
dral shape and general lack of overprint, aside from minor
alterations by Fe oxides, which are attributed to weathering
at surface conditions. Chloritoid, chlorite, paragonite and Si-
rich muscovite (Ms;) grew oblique to the Sn foliation. Partic-
ularly the presence of paragonite and the Si-rich Ms; compo-
sition are indicative of relatively higher pressures (Fig. 11d).
We suggest that these phases together with garnet define
the Eo-Alpine peak assemblage, which implies that miner-
als oriented parallel to the Sn foliation predate Eo-Alpine
peak metamorphism. Ilmenite is, similar to Permian mon-
azite, mostly aligned parallel to Sn and strongly included
by graphite. We therefore assume it formed already during
the Permian event but remained stable during the Eo-Alpine
overprint, since no replacement by rutile is observed.
Although monazite grew primarily during Permian meta-
morphism, our findings suggest that the main mineral assem-
blage largely re-equilibrated during the Eo-Alpine metamor-
phic imprint. However, a few observations allow inferences
about the Permian mineral assemblage. Few remnants of al-
bite associated with Ti-rich biotite probably comprise relics
of the Permian assemblage. Thermodynamic modeling also
supports this, since both phases are predicted in the low-
pressure, garnet-free area of the pseudosection (Fig. 11d).
Staurolite and andalusite, which would also be expected ac-
cording to the model, were not observed. However, certain
characteristics of chloritoid infer that it indeed replaced pre-
Alpine staurolite, and similar features have been described
in other parts of the UAU (e.g., Habler et al., 2009; Piber et
al., 2008). The tiny gahnite (Zn-spinel) inclusions frequently
observed in chloritoid may infer staurolite, which can in-
corporate a significant amount of Zn in its crystal structure,
as a precursor. Feenstra et al. (2003) also described gahnite
and chloritoid forming due to staurolite breakdown for very
Al-rich metabauxite rocks in a high-pressure setting. The
commonly observed intergrowth of chloritoid with Msy and
paragonite (% biotite) can be interpreted as a result of stauro-
lite replacement given the case that K and Na™ are available
in excess (e.g., Habler et al., 2009; Yardley and Baltatzis,
1985; sample Ra-4 of this study). In fact, the shape of these
intergrowths is reminiscent of cross-shaped, twinned stauro-
lite in some cases (Fig. 10d). Biotite, which is also present
in these intergrowths, could be a relic of the Permian assem-
blage. Alternatively, it formed locally during the Eo-Alpine
to balance changes in XMg between staurolite and chlori-
toid. This would explain its relatively low Ti content, con-
sistent with lower temperatures (Henry et al., 2005; Wu and
Chen, 2015). In summary, we argue that these observations
provide indirect, yet convincing, evidence for the existence
of Permian staurolite, which was replaced following the un-
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balanced reaction:
St+K*' 4+ Nat+ — Cld 4+ Ms; + Pg & Ghn £ Bt. (R3)

Finally, the conspicuous pseudomorphs observed in quartz
veins might represent pseudomorphs of fibrous silliman-
ite, which is described in Permian mineral assemblages of
the UAU and equivalent tectonic units in the Carpathians
(e.g., Habler and Thoni, 2001; Jetdbek et al., 2008; Schus-
ter et al., 2001).

6.5 Permian and Eo-Alpine P—T conditions

Maximum temperatures are constrained by RSCM thermom-
etry of two samples at 558 29 °C and 563 £29 °C (Fig. 11e,
Table 3). The stability field of the presumed Permian assem-
blage defined by St + Bt 4+ Ilm + Pl + Ms + Qz inter-
sects with the peak temperatures at 0.25-0.4 GPa. Silliman-
ite is only predicted at > 590 °C and does not coexist with
staurolite. It is, however, reasonable to assume that quartz
veins were not in equilibrium with the matrix; thus silliman-
ite could appear at 540 °C (Fig. 11e). Therefore, we interpret
Permian peak P-T conditions at 560 °C and 0.4 GPa.

The Eo-Alpine peak assemblage defined by
Grt+Cld+-Chl+-Ilm+Pg+Ms+-Qz is stable at 510-560 °C
and 0.5-1.1 GPa (Fig. 11e). Garnet core isopleths intersect at
~ 520 °C and 0.7-1.0 GPa, which are interpreted as the onset
of Eo-Alpine garnet growth. Garnet isopleths corresponding
to the rim composition are not reproduced in the pseudo-
section. The bell-shaped profile of the Mn content in garnet
(Fig. 11a), however, indicates that fractionation of the garnet
core from the matrix must be considered (e.g., Evans, 2004).
Thermodynamic modeling predicts ~ 2.5mol % of garnet
within the stability field of the observed assemblage, which
is consistent with the estimated garnet mode from the thin
section (4.9 vol % garnet calculated at 550 °C and 1 GPa vs.
4.5 % modal amount of garnet in the thin section of Ro-1).
To calculate the effective bulk rock composition during
growth of the garnet rim, 2.5 mol % of the average garnet
core composition (Xalm = 0.81; Xprp = 0.08; Xsps = 0.06;
Xgrs = 0.05) corresponding to 4.9vol % was subtracted
from the bulk rock composition of sample Ro-1 (Table S15).
In the resulting pseudosection, isopleths corresponding to the
garnet rim composition are reproduced at 540-550 °C and
1.0-1.1 GPa (Fig. 11f). Additional constraints on the peak
pressure are derived from the composition of chemically
zoned, coarse-grained white mica (Ms;). The maximum
Si content observed in the core (3.15apfu) suggests that
Ms;, formed at the Eo-Alpine pressure peak. Combining
garnet isopleths and Si in potassic white mica, we interpret
Eo-Alpine peak metamorphic conditions at 550°C and
1.0-1.1 GPa.
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7 Discussion

Our sample set contains allanite, REE epidote, monazite and
xenotime that formed during two metamorphic events un-
der conditions ranging from greenschist to amphibolite fa-
cies. Phase relationships and microstructures of the dated
REE minerals are highly complex, justifying an in-depth dis-
cussion of factors controlling REE mineral crystallization
(P-T conditions, bulk rock composition and deformation).
Sketches illustrating the REE mineral evolution for each lo-
cality are presented in Fig. 14 and provide the basis for dis-
cussing the P—T—t—D evolution of both tectonic units during
the Permian and Eo-Alpine events. We conclude the discus-
sion by outlining the broader implications of our results for
Cretaceous tectonics in the Austroalpine Unit.

7.1 Primary prograde REE mineral formation during
Permian metamorphism

7.1.1 Allanite and REE epidote

Allanite and REE-rich epidote in samples Hi-1 and Ra-3
yield Permian U-Th-Pb dates. Euhedral allanite porphy-
roblasts (Aln;) characterized by an LREE-rich composi-
tion and an internal foliation delineated by numerous fine-
grained inclusions are common in both Hirschkogel and
Raasberg samples. Only the latter contain a zoned REE-
rich epidote (Ep;) overgrowth on Aln;, which is charac-
terized by fewer, coarser-grained inclusions. Composition-
ally, lower total REE contents and relative enrichment of
M+HREE:s are typical. In sample Ra-4 (Raasberg type II),
relics of the HREE-rich epidote rim (Fig. 9e) are interpreted
as Ep; remnants, which were too small to be dated. A sim-
ilar Aln;/Ep; compositional pattern has been interpreted as
prograde growth zoning at upper greenschist to lower am-
phibolite facies grade (e.g., Boston et al., 2017; Janots et al.,
2008; Wing et al., 2003). We therefore interpret Aln; forma-
tion during prograde Permian metamorphism at greenschist
facies conditions to be coeval with chloritoid formation. Only
in the Raasberg samples were Permian peak temperatures
sufficiently high (~ 520 °C) to allow the formation of the Ep;
overgrowth. Geochronological data of sample Ra-3 showed
no age difference between Aln; (bright LREE-rich core) and
Ep; (zoned overgrowth), confirming it formed during the
same event. The grain size increase of inclusions in Alnj
and Ep; is explained by the coarsening of the pre-existing
matrix with increasing temperatures, also strengthening our
interpretation.

Janots et al. (2008) explained the growth zoning of Aln;
and Ep; by the successive breakdown of monazite and xeno-
time with increasing metamorphic grade. Their interpretation
is applicable to our samples, supported by the presence of
tiny xenotime grains in Hirschkogel samples where no Ep;
rim is developed and the absence of xenotime in the matrix
of Raasberg type I samples (Ra-1, Ra-2, Ra-3) that contain
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transport in the fluid.

Aln; with Ep; rims. Except for a few, small monazite in-
clusions in Aln; in sample Ra-4, only limited evidence re-
garding the LREE-rich precursor exists. The chemical zon-
ing of Aln; provides additional insight into the nature of the
LREE-rich precursor. In all samples that contain Alnj, we
observe a gradual systematic increase in Nd and decrease in
La from core to rim. This is at odds with Janots et al. (2008),
who report distinct growth zones with Nd-rich cores and La-
rich rims. They explain this zoning by compositional inheri-
tance of a heterogeneous monazite population of partly detri-
tal, party low-grade metamorphic origin. Applying the same
logic to our samples, a compositionally relatively homoge-
neous, presumably low-grade metamorphic monazite pop-
ulation may have provided LREEs for Aln;. According to
Janots et al. (2008), phosphorous released from the break-
down of monazite and xenotime is incorporated in apatite
that crystallized coevally with Aln;/Ep;. Euhedral, unzoned
apatite grains are abundant in both Raasberg and Hirschko-
gel samples. In the latter, metamorphic overgrowths on detri-
tal apatite grains are also common. The growth of metamor-
phic apatite is therefore plausible for all samples that contain
Aln; and Ep;. According to Janots et al. (2008), the follow-
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ing reaction can be written to describe the formation of Aln;
and Ep;, where Ca is most likely supplied by detrital or low-
grade metamorphic silicate minerals (e.g., margarite — Livi et
al., 2002; detrital feldspar — Janots et al., 2008).

Mnz + Xtm 4 Chl + Ca** — Aln; +Ep; + Ap+Cld (R4)

7.1.2 Monazite and xenotime

In the Raasberg type II sample Ra-4, clusters of small xeno-
time blasts typically surround both partially resorbed Alng
porphyroblasts and patchy REE epidote aggregates. These
xenotime blasts are in turn overgrown by Permian peak
phases (e.g., Ilmy, Plyy). Therefore, we suggest that in this
sample, Aln; and Ep; were destabilized at Permian peak con-
ditions and partially replaced by clusters of small monazite
and xenotime blasts. This replacement is described by a reac-
tion modified from Janots et al. (2008), where CaZt is likely

incorporated into plagioclase:
Aln; +Ep; + Ap — Mnz; + Xtm; + Ca’t. (RS)

Permian monazite (Mnz;), however, was largely replaced
during the Eo-Alpine overprint (Sect. 7.2.1) and only exists
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as relic grains included in, or adjacent to, patchy REE epidote
aggregates. This interpretation is supported by Permian peak
P-T conditions determined for Raasberg samples, which co-
incide with the upper stability limit of allanite and REE epi-
dote (Boston et al., 2017; Janots et al., 2008; Spear, 2010;
Wing et al., 2003). Moreover, the in situ replacement of large
porphyroblasts by numerous small “satellite grains” is a typ-
ical replacement microstructure for this prograde reaction
(e.g., Boston et al., 2017; Janots et al., 2008).

In Rossegg samples, the U-Pb dating of monazite core
and mantle domains dominantly yields older U-Pb dates
(243-315 Ma), suggesting that the main portion of monazite
formed during Permian metamorphism (Mnz;). In contrast
to sample Ra-4, its microstructural features are inconsistent
with Mnz; formation from the prograde breakdown of al-
lanite. In such a case, a patchy, irregular monazite zoning
pattern would be expected (Skrzypek et al., 2018) instead of
the large, isolated blasts with pronounced core—rim chemical
zoning. Thus, we confidently exclude the prograde break-
down of metamorphic allanite as a monazite formation re-
action in this sample. Lacking direct evidence for the mon-
azite LREE-rich precursor, the REE zoning pattern in Mnz;
may provide additional constraints. The Mnz; core of sample
Ro-2 exhibits a pronounced enrichment of MREEs, which is
comparable to the zoning of greenschist facies monazite from
other studies (e.g., Rasmussen and Muhling, 2007, 2009).
This sample also contains abundant, strongly corroded ap-
atite that can incorporate significant amounts of MREEs
(Henrichs et al., 2019; Hermann, 2002). Following Janots et
al. (2006), we suggest that the breakdown of detrital apatite
released MREEs and phosphorous which then were incorpo-
rated in Mnz;. Additionally, slightly increased HREE con-
centrations in the core and mantle domains infer a contribu-
tion of xenotime during incipient stages of monazite growth.
Thus, Mnz; formation is summarized by the following equa-
tion:

LREE-rich phase + REE-rich Ap 4+ Xtm — Mnz;. (R6)

The complex growth zoning of Mnz; infers growth over a
prolonged period, consistent with the spread observed in the
Mnz; U-Pb dates. Protracted monazite growth is also consis-
tent with thermodynamic modeling of Spear and Pyle (2010),
who demonstrated that monazite records a range of ages
rather than single points during the metamorphic episode if
allanite is absent.

7.2 Secondary REE mineral formation during the
Eo-Alpine overprint
7.2.1 Overprint in the allanite stability field

We first consider samples that contain pristine Permian Aln;
(£ Ep1) porphyroblasts (Hi-1, Raasberg type I samples). De-
spite substantial overprint of the main mineral assemblage,
Permian allanite is not resorbed, suggesting that the Eo-
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Alpine event also occurred within the allanite stability field.
Since no reactive precursor REE phase was present during
the second event, no Eo-Alpine allanite generation formed.
Therefore, the geochronological data only record Permian
metamorphism in these samples (Fig. Sa-b).

In contrast, the Raasberg type II sample Ra-4 contains Per-
mian monazite (Mnz;). The breakdown of Mnz; during the
Eo-Alpine overprint in the allanite stability field provided
LREEs for the growth of a new REE epidote generation
(Ep2), according to Reaction (4). Microstructural and com-
positional properties of Ep;, however, strongly depend on the
inherited variations in the Permian REE mineral assemblage.
Relic monazite grains surrounded by coronae of apatite and
zoned REE-rich epidote are direct petrographic evidence for
Mnz; replacement. Similar coronae are described as typi-
cal reaction microstructures forming during retrograde over-
print of high-grade (igneous or metamorphic), large monazite
crystals (e.g., Broska et al., 2005; Finger et al., 1998; Gasser
etal., 2012; Hentschel et al., 2020). We propose that the same
replacement mechanism produced the patchy REE epidote—
apatite aggregates. Instead of a large monazite crystal, clus-
ters of small Mnz; blasts that replaced prograde Permian
Aln; were present. If phosphorous is conserved over the re-
action front as suggested for the corona formation (Hentschel
et al., 2020), the apatite inclusions reflect pre-existing small
Mnz; grains. Thus, the apparent pseudomorphic replacement
of Aln; by Ep,—Ap (Fig. 9g) involved in fact two stages of
in situ replacement (Fig. 14): (1) replacement of Aln; by
clusters of small Mnz; blasts at the Permian peak (compa-
rable to Fig. 5i of Janots et al., 2008) and (2) replacement
of Mnz; clusters by the Ep,—Ap aggregate. Few relics of
Aln; (+ Ep;) remained stable during the Eo-Alpine over-
print. Here, Ep, is present as a thin, strongly zoned REE epi-
dote overgrowth that chemically resembles Ep; in type I sam-
ples but forms preferably in cracks of the Permian porphy-
roblasts (Fig. 9e). For Ep, formation, the reaction proposed
by Hentschel et al. (2020) for the allanite—apatite corona for-
mation is modified:

Mnz; + Ca?™ + Si** + APT + Fe? ™3t 4+ M
+HREE** — Ep, + Ap = Thr == Mnz;. R7)

Here, the breakdown of Permian plagioclase provided Ca for
Ep, and apatite. Tiny monazite inclusions within the Epy—
Ap aggregate, particularly those mantled by apatite, may rep-
resent remnants of Permian monazite (Mnzp). Alternatively,
the formation of secondary monazite (Mnz;) by dissolution—
reprecipitation of Mnz; is possible (Hentschel et al., 2020).
Finger et al. (2016) suggested Mnz, formation from the re-
versal of the Epp—Ap-forming reaction, a process that seems
plausible particularly within bright, REE-rich parts of the
Ep>—Ap aggregates with relatively straight grain boundaries
(Fig. 8e). Local variations in the Ca and Na concentration in
the fluid greatly affect whether monazite is preserved, altered
by dissolution—reprecipitation or replaced by REE epidote

https://doi.org/10.5194/ejm-36-943-2024



M. S. Hollinetz et al.: Polymetamorphic REE mineral evolution in the Austroalpine Unit 973

(Budzyn et al., 2011). Thus, we acknowledge that a com-
bination of monazite-forming (or preserving) mechanisms is
appropriate and must be taken into account when interpreting
the geochronological data of sample Ra-4.

7.2.2 Overprint in the monazite stability field

In most Hirschkogel samples, small, euhedral monazite crys-
tals that occur in cracks of, or adjacent to, Permian allan-
ite blasts are typically associated with tiny thorite crystals.
Additionally, isolated monazite grains exist in the matrix.
Regardless of its microstructural position, monazite exhibits
similar REE patterns and low Th and Y contents. We there-
fore assume that all monazite in the Hirschkogel samples
formed due to allanite resorption at low temperature, com-
parable to reports by Bollinger and Janots (2006) and Krenn
and Finger (2007). Low Th contents are typical of monazite
that forms at low-grade conditions associated with thorite
(Rasmussen and Muhling, 2009); thus we can write the fol-
lowing reaction:

Aln+ Ap — Mnz + Thr + Ca**. (R8)

Monazite thermometry yields temperatures broadly consis-
tent with monazite formation at low temperature (343—
482 °C; Gratz and Heinrich, 1997), although the large disper-
sion may indicate incomplete equilibration between matrix
xenotime and monazite that are not in direct contact. In sam-
ple Hi-1, minor allanite resorption and monazite formation
likely occurred after Eo-Alpine peak metamorphism. In other
Hirschkogel samples allanite resorption is more advanced,
especially close to the S3 crenulation cleavage (Fig. 3¢), indi-
cating that Eo-Alpine P-T conditions lie outside the allanite
stability field. Strongly resorbed allanite is microstructurally
replaced by quartz, chlorite and a corona of tiny thorite crys-
tals, but only subordinate monazite (or a different LREE-
rich phase) is present in direct contact with allanite. Here, an
LREE-rich phase (monazite or rhabdophane) found in cracks
of chloritoid is most likely a result of allanite breakdown.

In Rossegg samples, Eo-Alpine monazite (Mnz;) forma-
tion is evinced by U-Pb dates ranging between 81 and
121 Ma. These dates correspond to the Th-rich rim on Per-
mian monazite blasts. Partially reset U-Pb dates in the Per-
mian Mnz; (“chemical outliers”; Fig. 11b) suggest that it
served as source material for the rim, consistent with studies
demonstrating metamorphic monazite growth at the expense
of inherited monazite (Rasmussen and Muhling, 2007). The
sharp compositional discontinuity between the Mnz, rim and
the dark mantle and its preferable formation in sites nor-
mal to the schistosity (Fig. 12b) argues for a dissolution—
reprecipitation formation mechanism of Mnz;. Additionally,
Mnz; overgrowth formation may have occurred, which is dif-
ficult to discern as the shape of the Mnz; grain prior to Eo-
Alpine metamorphism is not known. Experiments demon-
strated that Th-rich rims most likely form in the presence
of alkali-bearing fluids (Harlov et al., 2011; Hetherington
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et al., 2010). Such fluid compositions are expected in our
samples due to the dissolution of Permian plagioclase and
formation of Eo-Alpine paragonite. Constraining the tim-
ing of Mnz, formation relative to the main mineral assem-
blage is not straightforward as direct phase contacts of mon-
azite and garnet or chloritoid porphyroblasts (i.e., the Eo-
Alpine peak assemblage) are lacking. In contrast to low-
temperature monazite in Hirschkogel samples, the rim is en-
riched in Th, which is indicative of monazite crystallization
at elevated temperatures (Rasmussen and Muhling, 2007;
Seydoux-Guillaume et al., 2012). Thus, we interpret the for-
mation of the Mnz, rim at, or close to, Eo-Alpine peak con-
ditions.

In summary, significant secondary REE mineral forma-
tion is observed if the overprint occurred outside the stability
field of the primary REE mineral assemblage. In cases where
the overprint falls in the stability field of the primary REE
mineral, primary allanite is preserved and secondary allan-
ite does not form. Monazite on the other hand is more prone
to recrystallization, facilitating the formation of secondary
monazite.

7.3 Relative role of P—T and bulk rock composition for
REE mineral stability

The reconstructed REE mineral evolution confirms that al-
lanite and monazite generally do not coexist in equilibrium.
Consistent with other studies, we find that allanite is sta-
ble at greenschist to lower amphibolite facies conditions and
monazite forms both at lower- and higher-grade conditions
(e.g., Bollinger and Janots, 2006; Janots et al., 2006, 2008,
2011; Krenn and Finger, 2007; Rasmussen et al., 2001; Wing
et al., 2003). Xenotime remains stable at higher tempera-
tures compared to monazite and may coexist with allan-
ite (e.g., Hi-1 and Ra-4); its breakdown at higher tempera-
tures explains the systematic prograde zoning with LREE-
rich allanite cores and HREE-rich epidote rims (Janots et al.,
2008). Furthermore, contrasting evolutions derived for dif-
ferent samples from the same locality that experienced iden-
tical P-T conditions (Fig. 14) underline the strong bulk rock
chemistry control on stability limits. Our sample set confirms
the influence of bulk rock CaO and Al,O3 content on allan-
ite and monazite stability, which is well established by other
studies (e.g., Foster and Parrish, 2003; Hoschek, 2016; Krenn
and Finger, 2007; Rasmussen and Muhling, 2009; Spear,
2010; Wing et al., 2003). For instance, the Eo-Alpine over-
print in Hirschkogel samples at ~ 400 °C corresponds to the
low-temperature stability limit of allanite (Janots et al., 2008;
Wing et al., 2003). In most samples, the overprint occurred
outside the stability field of allanite, except for sample Hi-1.
The high Al,O3 content of sample Hi-1 (30.5 wt %) presum-
ably increased allanite stability towards lower temperatures
(Fig. 15a), thus preserving Permian allanite in this sample.
In other cases, bulk Ca and Al contents alone do not
sufficiently determine allanite and monazite stability, which
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Figure 15. Bulk rock Ca, Al and Na contents normalized by
Shaw’s (1956) average low-grade pelite and compositional limits
for allanite and monazite. Larger symbols are samples of this study;
smaller symbols are from Janots et al. (2008). Symbols represent
the REE mineral(s), color represents peak temperature and labels
are sample names. Magenta labels are used if the REE mineral is in-
consistent with the proposed compositional limits. (a) Normalized
Ca vs. Al content and compositional limits of allanite and monazite
at the biotite and staurolite isograd proposed by Wing et al. (2003).
(b) Normalized Ca vs. Na contents and tentative compositional lim-
its based on our sample set and data by Janots et al. (2008).

aligns with Boston et al. (2017) and Janots et al. (2008).
For instance, compositional limits for Ca and Al proposed
by Wing et al. (2003) predict metamorphic allanite as a pre-
cursor for Permian monazite in Rossegg samples (Fig. 15a),
which is highly unlikely as discussed above (Sect. 7.1.2).
Rossegg and Hirschkogel samples overlap in terms of bulk
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Ca and Al content (Fig. 15a), but metamorphic allanite
formed only in the latter. Similarly, the model of Wing et
al. (2003) incorrectly predicts allanite preservation for sam-
ple Ra-4 and allanite replacement by monazite for Raasberg
type I samples (Fig. 15a). Janots et al. (2008) proposed the
molar CaO / Na,O ratio as the critical factor for the temper-
ature of the prograde allanite breakdown. We suggest that
the bulk rock Na content best explains both the absence and
presence of metamorphic allanite in very Ca-poor Hirschko-
gel and Rossegg samples as well as contrasting Permian peak
assemblages in the Raasberg samples (Fig. 15b). Elevated
bulk rock Na contents increase the stability field of plagio-
clase towards higher pressures (Fig. 11f, g). This affects the
stability limits of allanite, as both phases compete for Ca. In
Na-rich Rossegg samples, albitic plagioclase formed during
prograde Permian metamorphism (Fig. 10f). Because of the
low bulk rock Ca content, it seems plausible that a sufficient
amount of plagioclase, albeit of albitic composition, prevents
the growth of allanite. In contrast, no plagioclase formed in
Na-poor Hirschkogel samples; thus allanite grew as the main
calcic phase.

Similarly, the upper stability limit of allanite is related to
the bulk Na content and plagioclase formation. The Na-rich
type II sample Ra-4 contains significantly larger amounts
of plagioclase compared to Raasberg type I samples. Con-
sequently, Alni/Ep; breakdown occurred at lower tempera-
tures compared to Na-poor Raasberg type I samples where
Aln|/Ep; remained stable at the Permian peak. Hence, if
bulk rock Na is relatively high (Na/Nagpayw > 1), the prograde
breakdown of allanite to monazite occurs at ~ 520 °C. Based
on our sample set and published data (Janots et al., 2008), we
propose tentative compositional limits for allanite and mon-
azite in Ca vs. Na space (Fig. 15b). At ~ 450 °C, allanite can
form in Ca-poor metapelites (Ca/Cagpaw < 0.2) if Na/Naghaw
is below 0.6 (Hirschkogel samples). The Ca-poor and Na-
rich Rossegg samples constrain a field in which no allanite
will develop that is separated by a steep curve originating
at Na/Naghaw ~ 0.7. With increasing temperatures, the curve
becomes progressively shallower; at ~ 520 °C, the slope is
constrained by samples with replacement microstructures
of allanite by monazite at relatively higher Na /Ca ratios
(e.g., Ra-4) and samples that preserve allanite with epidote
rims at lower Na / Ca ratios (Ra-1, Ra-2, Ra-3).

The amount of REEs in the bulk rock appears to have no
influence on whether allanite or monazite represents the sta-
ble LREE-rich phase, consistent with studies that assess al-
lanite and monazite stability using thermodynamic modeling
(Janots et al., 2007; Spear, 2010). The bulk rock REE com-
position may, however, affect the composition of whichever
LREE-rich phase is present. For instance, anomalies in the
bulk rock REE pattern are reflected in the REE pattern of the
dominant REE-bearing mineral (e.g., positive Eu anomaly in
Raasberg samples). Furthermore, the bulk rock Y (+HREE)
content strongly influences xenotime stability at greenschist
facies conditions which in turn determines the HREE con-

https://doi.org/10.5194/ejm-36-943-2024



M. S. Hollinetz et al.: Polymetamorphic REE mineral evolution in the Austroalpine Unit 975

centration of the coexisting LREE-rich phase (e.g., Pyle et
al., 2001). This may explain compositional variations com-
paring allanite and REE epidote in different Raasberg sam-
ples.

7.4 P-T—t-D evolution
7.4.1 Permian event

The obtained P-T—t data allow us to reconstruct Permian
metamorphic conditions in both investigated tectonic units
(Fig. 16). In the Schockel Nappe (DG-NS), peak tempera-
tures of 475 °C in higher structural levels (Hirschkogel sam-
ples) that increase to 520 °C at the base (Raasberg samples)
at relatively low pressures of ~ 0.3-0.4 GPa are consistent
with the Permian LP-HT gradient (Fig. 16) and with re-
gional RSCM data (Rantitsch et al., 2005). Previous studies
attributed these temperatures to Eo-Alpine tectonics (Krenn
et al., 2008; Rantitsch et al., 2005; Schantl et al., 2015),
owing to ambiguous hitherto existing geochronological data
(Gasser et al., 2010, and references therein). Our allanite
and REE epidote ages in Hirschkogel and Raasberg sam-
ples unequivocally prove that these peak temperatures and
thus the main metamorphic signature correspond to the Per-
mian event. In sample Hi-1, the allanite Pb/U-Th isochron
date of 261.3 £ 8.4 Ma corresponds to the crystallization of
the dark mantle domain inferred from compositional data
(Fig. 5b). The coarsening of matrix minerals postdating al-
lanite growth likely occurred at the metamorphic peak; there-
fore the allanite age is attributed to the late prograde evo-
lution. In sample Ra-3, we found no systematic difference
in Pbg-corrected dates for Aln; and Ep;, indicating that the
different growth stages of Aln; and Ep; cannot be resolved
based on the U-Th-Pb data. Ilmenite inclusions imply the
growth of Aln; in the ilmenite stability field. Therefore, the
age of 275.24+6.2 Ma corresponds to prograde Permian meta-
morphism at 450-520 °C and 0.3-0.4 GPa.

The monazite date of the Rossegg sample confirmed that
pre-Alpine metamorphism in the Waxenegg Nappe (KW-NS)
corresponds to the Permian event, as already speculated by
Schantl et al. (2015) based on the presence of polyphase gar-
net. In our case, for the garnet-free Permian assemblage we
interpret peak P-T conditions of 560 °C and 0.4 GPa that
are consistent with the Permian LP-HT gradient in the Aus-
troalpine Unit (Fig. 16). The U-Pb monazite age data show
that the main portion of monazite formed during Permian
metamorphism, albeit partially overprinted during the Eo-
Alpine event. Particularly in the Th-rich Mnz; core, we noted
complex, irregular chemical zoning patterns that are linked to
small-scale variation in Th (Fig. 12e). Such microstructures
are typical for the dissolution and reprecipitation of mon-
azite which can already occur at relatively low temperatures,
as documented in experiments (< 400 °C; Grand’Homme et
al., 2016, 2018; Seydoux-Guillaume et al., 2012). Young U-
Pb dates that compositionally correspond to Mnz; (“chemi-
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Figure 16. P-T—t data for the Permian and Eo-Alpine event in
each location. Transparent rectangles represent published P-T data
compiled by Knoll et al. (2023) for the Permian and Schuster et
al. (2004) for the Eo-Alpine events.

cal outliers”; Fig. 13b) also indicate (partial) resetting of the
U-Pb system in Permian Mnz;. If these analyses compro-
mised by alteration are excluded, we find that U-Pb dates in
the MREE-rich interior zone are generally older (ca. 283 Ma)
and younger in the LREE-rich mantle (ca. 256 Ma; Fig. 13c).
Based on tiny ilmenite inclusions in monazite, minimum
temperatures of ~ 450 °C for the onset of monazite growth
are estimated. This is consistent with the elevated Th con-
tent in the bright core, since at lower-grade conditions, Th-
poor monazite is expected to form together with thorite (Ras-
mussen and Muhling, 2007).

Overall, our Permian P-T—t data are consistent with the
literature data recording LP-HT metamorphism over a time
span from 290 to 240 Ma (Fig. 16; see Knoll et al., 2023, for
a compilation of Permian P—T—¢ data; Stumpf et al., 2024).
Younger ages towards higher structural levels are consistent
with a progressively increasing heat flow in response to litho-
spheric thinning (Knoll et al., 2023, and references therein).
Prolonged metamorphism over a time span of ca. 27 Myr
corroborated by our monazite age data is consistent with
slow heating rates that were inferred for the Permian event
(Bestel et al., 2009; Gaidies et al., 2008b; Knoll et al., 2023).
Geochronological data of the Raasberg samples do not di-
rectly disclose the duration of metamorphism. However, the
unusually coarse grain size observed in some Raasberg sam-
ples provides at least indirect evidence for the long-lasting
nature of Permian metamorphism.

The discovery of Permian metamorphism in the Schockel
Nappe implies that the timing of metamorphism in the neigh-
boring DG nappes (Gasen and Gschnaidt nappes) has to
be reconsidered. Pre-Alpine garnet reported by Schantl et

Eur. J. Mineral., 36, 943-983, 2024



976 M. S. Hollinetz et al.: Polymetamorphic REE mineral evolution in the Austroalpine Unit

al. (2015) at the base of the Gschnaidt Nappe formed most
likely during Permian metamorphism. Moreover, the pre-
sumed Eo-Alpine inverted metamorphic gradient across the
three nappes proposed by Schantl et al. (2015) may also be
inherited from the Permian event. Permian metamorphism in
this part of the DG-NS provides an explanation for a long-
known peculiarity compared to nappes composed of low-
grade metamorphic Paleozoic metasediments elsewhere in
the Austroalpine Unit. For instance, the low-grade metamor-
phic nappes of the Gurktal Alps and the Tirolic-Noric Nappe
System experienced a Variscan tectonometamorphic imprint
and often contain slices of transgressive Permo-Mesozoic
metasediments (e.g., Neubauer et al., 2022, and references
therein), which are missing in the DG nappes north of Graz
(e.g., Fliigel and Hubmann, 2000). The metamorphic condi-
tions determined for the Schockel Nappe (450-520°C and
0.3-0.4 GPa) imply that the unit was buried several kilome-
ters in the Permian. Therefore, no sediments could be de-
posited on top of this unit during the post-Variscan sedimen-
tation cycle, which commenced in the Permian.

7.4.2 Eo-Alpine event

In the Schockel Nappe, we constrain Eo-Alpine P—-T condi-
tions of ~ 470 °C and 0.4-0.7 GPa at the base of the nappe
that decrease to ~ 400 °C and 0.3-0.6 GPa at higher struc-
tural levels. These P—T estimates are subject to greater un-
certainty compared to Permian peak conditions; nonetheless
we emphasize that similar P-T conditions were calculated
in other units of similar Eo-Alpine grade (e.g., Hollinetz et
al., 2022) and are generally consistent with the Eo-Alpine
geothermal gradient (Fig. 16; Schuster et al., 2004). Timing
for the Eo-Alpine overprint is determined using the U-Th—
Pb data of Ep, in sample Ra-4. The significance of the date
is complicated by the compositional heterogeneity of the Ep,
domains and presence of numerous apatite and monazite in-
clusions. Low Ca concentrations in two analyses that fall on
the main trend likely represent monazite inclusions, support-
ing the presence of secondary Mnz,. Since Ep», apatite and
Mnz; formed from the same Reaction (7), we see no reason
to exclude these “polluted” analyses from the age calcula-
tion. We interpret the Pb/U-Th date of 108.8 £ 6.6 Ma as the
crystallization age of Ep, (+ Ap + Mnz;) during the Eo-
Alpine metamorphic overprint but acknowledge that chemi-
cal heterogeneity and existence of phase boundaries within
the analytical volume may compromise the precision of our
date to some degree. It is therefore not surprising that our
age is somewhat younger than biotite Rb—Sr data, suggesting
cooling below 300 °C at 113 £ 1 Ma (Schantl et al., 2015).
Despite these small discrepancies we argue that within er-
ror, both our results, data by Schantl et al. (2015) and other
white mica ages from the area (Gasser et al., 2010, and ref-
erences therein) are broadly consistent with metamorphism
and exhumation of the Schockel Nappe in the Early Creta-
ceous (> 110Ma). This relatively older evolution prior to
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peak metamorphism in the higher-grade KW-NS is compa-
rable to other units of similar grade (Hollinetz et al., 2022).

In the Waxenegg Nappe, Eo-Alpine P-T conditions
(550°C, 1.0-1.1 GPa) are somewhat lower in temperature
but higher in pressure compared to published thermobaro-
metric data (580-590 °C, 0.77-0.87 GPa; Krenn et al., 2008).
This discrepancy may result from using mineral pairs that
formed during different metamorphic events for previous P—
T calculations. We constrain the timing of Eo-Alpine meta-
morphism from the geochronology of the Mnz, rim at ca.
90 Ma. Individual U-Pb dates of the overgrowth zone dis-
play a significant dispersion, evident from the relatively large
MSWD value of this population (Fig. 13c). Comparable to
the Permian evolution, this may indicate protracted mon-
azite growth, which would support the extended time span
for prograde metamorphism in other KW nappes suggested
by Stumpf et al. (2024). Alternatively, older dates in the
overgrowth zone may be compromised by minor amounts of
Permian monazite. Avoiding this potential source of error, a
mean weighted age of 87.3 &= 1.2 Ma that is calculated from
the youngest population (rn: 9, MSWD: 5.2) is considered
as the minimum age of Eo-Alpine monazite formation. Eo-
Alpine peak metamorphism at ca. 90 Ma is consistent with
the timing of the pressure peak in the eclogite facies units
of the KW-NS (Miladinova et al., 2022; Thoni et al., 2008).
Cooling below 300 °C at 80 Ma (Schantl et al., 2015) sug-
gests fast cooling and exhumation during the Late Creta-
ceous, which is also typical for the KW-NS (Thoni, 2006,
and references therein).

A major finding of our study is that the main fabric in all
investigated samples is inherited from the Permian event. De-
formation during the Eo-Alpine overprint is evident only lo-
cally in all sample groups. In the Hirschkogel samples, the
S3 crenulation, which reoriented Permian porphyroblasts, is
attributed to Eo-Alpine deformation. In the Raasberg sam-
ples, the intensity of Eo-Alpine deformation varies strongly,
indicating that even in proximity to the nappe boundary, Eo-
Alpine deformation in the Schockel Nappe was strongly lo-
calized. The geochronological data do not correlate with the
degree of deformation: sample Ra-4 records only the Eo-
Alpine event, albeit statically recrystallized during the over-
print, whereas in the strongly deformed sample Ra-3, Per-
mian allanite is preserved. Allanite and REE epidote recrys-
tallization is therefore primarily driven by chemical disequi-
librium (Sect. 7.2.1), but the minerals remain unaffected by
deformation, highlighting the potential of allanite to preserve
a pre-Alpine or prograde metamorphic age, even after sig-
nificant overprint by deformation postdating peak metamor-
phism. This finding is comparable to the preservation of Per-
mian allanite in an eclogite facies Alpine shear zone reported
from the western Alps (Cenki-Tok et al., 2011). Even in the
highest-grade Rossegg samples, we found that, at least on
a microstructural level, the Eo-Alpine overprint is a static
event, evinced from the preservation of staurolite pseudo-
morphs. This circumstance may be explained by the fact that
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our samples were collected distally from the nappe bound-
ary. Our finding highlights that inheritance of Permian fab-
rics should be considered in future studies investigating the
structural evolution of nappes of the KW-NS.

7.5 Implications for Cretaceous tectonics

Our conclusion that the main mineral assemblage and fab-
rics in the Schockel Nappe formed during Permian meta-
morphism suggests that previous quantitative P—T estimates,
especially their timing (e.g., Krenn et al., 2008; Schantl et
al., 2015), must be considered with care. Based on our data,
we can draw the following implications on the nature of
the contact separating the Waxenegg and Schockel nappes.
At the time of Eo-Alpine peak metamorphism in the Wax-
enegg Nappe, the Schockel Nappe was already exhumed to
upper-crustal levels (< 300 °C). This implies a P-T differ-
ence of ~ 250 °C and at least 0.5 GPa, potentially up to 0.7—
0.8 GPa, between the two nappes. Such a discordance is con-
sistent with the exhumation of the Waxenegg Nappe below
a major low-angle normal fault in the ductile regime be-
tween 90 and 80 Ma. This structure separates rocks with a
predominantly Permian and low-grade Eo-Alpine overprint
in the hanging wall from rocks with a Permian and medium-
grade, P-dominated Eo-Alpine metamorphic overprint in the
footwall. Assuming lithostatic pressure, a standard upper-
crustal density of 2700 kgm~> and a fault plane dip of 25°,
the pressure difference would correspond to a minimum dis-
placement of 45 km (0.5 GPa) or 71 km (0.8 GPa) along the
fault. Krenn et al. (2008) also proposed a large-scale, top-
to-northeast shear zone along the contact, which was sub-
sequently overprinted by top-to-southwest normal faulting.
However, the Permian evolution was not recognized at the
time. Therefore, we strongly advise revisiting the tectonic
evolution and kinematics of the proposed fault in future stud-
ies, taking the Permian metamorphism and structural evolu-
tion into account. Schantl et al. (2015) noted the presence of
a phyllonite zone separating the Waxenegg Nappe from the
overlying DG nappes. This zone may correspond to a gradi-
ent with increasing finite strain and retrogression in the foot-
wall which would be expected towards a detachment contact.

Such a large-scale, low-angle normal fault is comparable
to structures at the base of the DG-NS in the central and west-
ern parts of the Austroalpine Unit (e.g., Griesmeier et al.,
2019; Koroknai et al., 1999; Neubauer et al., 1995; PutiS et
al., 2002; Rantitsch et al., 2020; Ratschbacher et al., 1989;
Schorn and Stiiwe, 2016; Solva et al., 2005). For instance, a
multimethod investigation of the DG nappes in the Gurktal
Alps revealed that these units are detached along major nor-
mal faults with east-directed kinematics in the Gurktal Alps
(Koroknai et al., 1999; Neubauer et al., 1995; Rantitsch et
al., 2020). Both the magnitude of the temperature difference
between hanging wall and footwall (100-250 °C; Rantitsch
et al., 2020) and the timing of peak metamorphism in the
footwall (ca. 99-83 Ma; Iglseder, 2019; Neubauer et al.,
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2003; Wolfler et al., 2023) are comparable to our study area.
West of the Tauern window, similar (Eo-Alpine) crustal-scale
structures with southeast-directed kinematics are reported
from the base of the DG-NS (Froitzheim et al., 1997; Fii-
genschuh et al., 2000; see also cross sections in Reiser et al.,
2010). Based on thermochronometric and geochronological
data together with RSCM analyses, significant differences of
about 200 °C between the footwall and hanging wall together
with rapid footwall exhumation between 100-70 Ma are doc-
umented (Fligenschuh et al., 2000; Holzer et al., 2024; Liins-
dorf et al., 2012; Rockenschaub, 2003).

These low-angle normal faults and shear zones with east-
or southeast-directed kinematics juxtapose low-grade rocks
of the DG-NS against higher-grade (> 500 °C) portions of
the Austroalpine nappe stack and presumably facilitated
the exhumation of Eo-Alpine eclogites in the KW-NS dur-
ing the Late Cretaceous extensional regime. Furthermore,
the activity of these normal-sense structures seems more or
less coeval with west-northwest-directed thrusting in struc-
turally lower parts of the nappe stack (e.g., in the Vinschgau
shear zone at the base of the Otztal Nappe; Montemagni et
al., 2023). Upper Cretaceous synorogenic sediments of the
Gosau Group that unconformably overlie these low-angle de-
tachments provide additional constraints on the timing (Wa-
greich and Decker, 2001). To conclude, synorogenic Late
Cretaceous low-angle detachments are documented from all
over the Austroalpine Unit. We therefore interpret the low-
angle normal fault between the Schockel and Waxenegg
nappes as a segment of a larger crustal-scale structure, which
we tentatively term the “Austroalpine Detachment System”.

8 Conclusions

We investigated the metamorphic evolution of metapelites
in two nappes of the Austroalpine Unit separated by a
major tectonic contact. In situ U-Th-Pb dating of allan-
ite and REE epidote and monazite coupled with thermo-
dynamic forward modeling revealed Permian (290-250 Ma)
and Eo-Alpine (109-87 Ma) metamorphism in both the hang-
ing wall (Schockel Nappe, DG-NS) and the footwall (Wax-
enegg Nappe, KW-NS). For both events, an upright metamor-
phism gradient is identified, with P—T conditions increasing
from 475 °C and 0.3-0.4 GPa to 560 °C and 0.4 GPa during
the Permian and ~ 400 °C and 0.3-0.6 GPa to 550 °C and
1.0-1.1 GPa during the Eo-Alpine events.

Contrasting REE mineral evolution histories in samples
with identical P-T histories revealed that the bulk rock
composition of major elements, most importantly Ca, Al
and Na, exerts a first-order control on P-T conditions at
which REE mineral reactions occur. For Ca-poor and Al-rich
metapelites, the bulk rock Na content determines whether al-
lanite or monazite forms. In Na-rich samples where meta-
morphic plagioclase formed, we observe restricted or no al-
lanite formation. Significant secondary REE mineral forma-
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tion is observed if the overprint occurred outside the stabil-
ity field of the primary REE mineral assemblage. In cases
where the overprint falls in the stability field of the pri-
mary REE mineral, we noted contrasting behavior of allanite
and monazite. Primary allanite is preserved and unaffected
by deformation, thus geochronology only records the first
event. Primary monazite on the other hand is more prone
to fluid-assisted dissolution and reprecipitation forming sec-
ondary monazite. Single monazite can therefore record com-
plex polyphase histories.

We stress that recognizing a pre-Alpine imprint in low-
grade mineral assemblages is not as straightforward com-
pared to higher-grade rocks where polymetamorphism is
more easily identified, for example from garnet zoning pat-
terns. Moreover, the Permian and Eo-Alpine P-T gradients
converge at greenschist facies conditions (Fig. 16), making
it more difficult to link P-T data to either the high- or
low-pressure gradient when geochronological data are not
available. As a consequence, Permian metamorphism might
be underestimated in greenschist facies units of the UAU
that lack Permian igneous rocks, emphasizing the necessity
of precise geochronological data in low-grade metamorphic
units. We here demonstrate that a dataset relying on multi-
ple samples is invaluable for understanding the effects of P—
T conditions, bulk rock composition and deformation on a
complex, polyphase REE mineral evolution, which provides
the basis to determine both the pre-Alpine and Eo-Alpine
metamorphic evolution of poorly constrained Austroalpine
basement nappes.

The main metamorphic signature and structural imprint in
the Schockel Nappe corresponds to the Permian event, and
the Eo-Alpine overprint is lower grade than previously as-
sumed. Our results imply a marked increase of ~ 250 °C and
at least 0.5 GPa between the two nappes at the timing of peak
metamorphism in the Waxenegg Nappe. For a simple, low-
angle normal fault geometry, this would correspond to a min-
imum displacement of 45 km. We therefore propose the ex-
istence of a major low-angle normal fault between the KW
and DG nappe systems, which is potentially part of a crustal-
scale structure, tentatively termed the Austroalpine Detach-
ment System.
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