
Vol.:(0123456789)

Contributions to Mineralogy and Petrology (2024) 179:63 
https://doi.org/10.1007/s00410-024-02130-3

ORIGINAL PAPER

Dating prograde metamorphism: U–Pb geochronology of allanite 
and REE‑rich epidote in the Eastern Alps

S. Stumpf1,2  · E. Skrzypek1 · K. Stüwe1

Received: 18 October 2023 / Accepted: 6 April 2024 / Published online: 29 May 2024 
© The Author(s) 2024

Abstract
We use U–Pb dating of allanite and REE-rich epidote in three polymetamorphosed units from the Eastern Alps to constrain 
the timing of prograde metamorphism. All three units (Ennstal, Wölz and Rappold Complex) record several metamorphic 
cycles (Variscan, Permian and Eoalpine) and presently define an Eoalpine (Cretaceous) metamorphic field gradient from 
lower greenschist to amphibolite facies. For U–Pb data, a method is introduced to test the magnitude of 230Th disequilibrium 
and potentially approximate the Th/U ratio of the reservoir out of which allanite and REE-rich epidote grew. We also show 
that the modelled stability of epidote-group minerals in the REE-free MnNCKFMASH and MnNCKFMASHTO systems and 
REE-bearing systems is nearly identical. By combining the stability fields of (clino-)zoisite and epidote modelled in REE-
free systems with known geothermal gradients for the region, REE-rich epidote growth is constrained to 200–450 °C and 
0.2–0.8 GPa during prograde metamorphism. In the Rappold Complex, allanite cores yield a Variscan age of ca. 327 Ma. In 
the Ennstal and Wölz Complex, allanite growth during the Permian event occurred at ca. 279–286 Ma. Importantly, recrys-
tallized allanite laths and REE-rich epidote overgrowths in samples from all three units yield prograde Eoalpine ages of ca. 
100 Ma, even though these units subsequently reached different peak conditions, most likely at different times. This suggests 
that all units were buried roughly at the same time during the onset of Eoalpine continental subduction. This interpretation 
leaves room for the model proposing that diachronous peak metamorphic conditions reported for the field gradient may be 
related to the inertia of thermal equilibration rather than tectonic processes.
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Introduction

Robust geochronological constraints for different stages of 
a metamorphic pressure–temperature (P–T) path are cru-
cial for reconstructing the tectonic evolution of collisional 
orogens (e.g., Foster et al. 2004). However, the most com-
monly used geochronometers hardly give information on the 
early stage of a P–T evolution. U–Pb systematics of zircon, 
by far the most popular, will mainly record the timing of 
peak P–T conditions (see Rubatto 2017 for a review), if not 

the onset of cooling from high-T conditions (e.g., Roberts 
and Finger 1997; Yakymchuk 2023). Monazite, a versatile 
accessory mineral (Hetherington and Dumond 2013), can 
yield information on the prograde path but its high reactivity 
will tend to erase this record (e.g., Seydoux-Guillaume et al. 
2003; Skrzypek et al. 2018). Micas, although they form at 
relatively low P–T conditions, suffer from Ar loss and are 
prone to age resetting above ~ 350 °C; they may record peak 
high-pressure conditions (e.g., Villa et al. 2022), but com-
monly document late stages of a P–T history (see Schaen 
et al 2020).

Allanite is a Rare Earth Element (REE)-bearing epidote 
(Gieré and Sorensen 2004) and a potential tool to date the 
prograde segment of P–T loops (e.g., Janots et al. 2009; 
Airaghi et al. 2019). It is known to crystallize at an early 
stage of metamorphism and incorporates U and Th, which 
allows for Th-U–Pb dating by various methods (Gregory 
et al. 2007). The U–Pb isotopic system in allanite is thought 
to remain closed under greenschist and amphibolite facies 
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conditions (< 650 °C), and therefore can yield the age of 
initial allanite crystallization (Heaman and Parrish 1991; 
Parrish 2001). The exact P–T conditions at which metamor-
phic allanite or REE-rich epidote initially grows are still 
unclear. Some studies document crystallization of metamor-
phic allanite after detrital or low-grade monazite at lower 
greenschist facies conditions, while allanite is replaced again 
by monazite in the upper amphibolite facies (Smith and Bar-
reiro 1990; Wing et al. 2003; Janots et al. 2008; Gasser et al. 
2012a). As such, allanite ages may document a point on the 
prograde path in the greenschist facies (Goswami-Banerjee 
and Robyr 2015).

The lack of geochronological information on prograde 
metamorphism is particularly conspicuous in the Austroal-
pine nappe stack of the Eastern European Alps. Numerous 
constraints are ascribed to the thermal peak (Sm–Nd, Rb–Sr, 
Lu–Hf, U–Pb; Thöni et al. 2008) or the subsequent cool-
ing path (Ar–Ar on micas; Neubauer et al. 1995; Wiesinger 
et al. 2006), but little is known about the prograde P–T seg-
ment. At present, the overall duration of the metamorphic 
evolution can only be derived from protolith ages (e.g., 
U–Pb detrital zircon ages; Gasser et al. 2012b). We there-
fore use a transect across the former continental subduc-
tion zone to illustrate the importance of allanite/REE-rich 
epidote for dating prograde metamorphism. We study the 
Austroalpine nappe stack located in Eastern Austria, where 
polymetamorphosed rocks are exposed along a metamor-
phic field gradient from lower greenschist to amphibolite 
facies over some 40 km (Fig. 1). Chemical compositions and 
textures of allanite partly surrounded by REE-rich epidote 
rims in metapelitic rock samples are documented in three 
different units. These petrological observations are used to 
guide in situ dating by laser ablation-inductively coupled 
plasma-mass spectrometry (LA-ICP-MS) in allanite cores 
and REE-rich epidote rim domains. Furthermore, we com-
pare thermodynamic modelling results in REE-bearing and 
REE-free systems and estimate P–T conditions of REE-rich 
epidote growth by combining pseudosection modelling with 
published metamorphic gradients. We also present a new 
method to evaluate the effect of 230Th disequilibrium on age 
results, and potentially assess the Th/U ratio of the reservoir 
out of which allanite and REE-rich epidote grew. We use the 
new U–Pb dates to constrain aspects of the early subduction 
process.

Geology of the Eastern Alps

The Eastern Alps extend over ~ 500 km from the eastern-
most part of Switzerland to Eastern Austria and Northern 
Slovenia. They consist predominantly of the Austroalpine 
nappes derived from the Mesozoic Adriatic plate. The Aus-
troalpine nappe stack is divided into the Upper and Lower 

Austroalpine nappes. This study focuses on units from the 
Upper Austroalpine nappes: the Koralpe-Wölz and the 
Tirolic-Noric nappe systems (Fig. 1) (Schmid et al. 2004). 
Although these nappe systems acquired their final structure, 
metamorphic overprint and tectonic position during Alpine 
orogeny and Cretaceous nappe stacking, they show evidence 
of earlier Variscan and Permian metamorphic events (Froit-
zheim et al. 2008). While the Variscan event was associated 
with large-scale magmatism and metamorphism and is rather 
unrelated to Alpine orogeny, the tectonics of the Permian 
event had major consequences for the onset of the Eoal-
pine orogenic cycle (Schuster and Stüwe 2008; Kroner and 
Romer 2013). The onset of subduction during Alpine orog-
eny occurred within the Adriatic plate and caused further 
separation of the Upper Austroalpine into units that belonged 
to the upper and lower plate, respectively (Fig. 2) (Schmid 
et al. 2004; Stüwe and Schuster 2010). The Koralpe-Wölz 
and Tirolic-Noric nappe systems formed in the lower plate 
during this intracontinental subduction. While the Tirolic-
Noric nappe system remained at shallow depth and under-
went low-grade metamorphism, the Koralpe-Wölz nappe 
system experienced up to eclogite facies metamorphism in 
its southern part and represents an extruded high pressure 
wedge (Tenczer and Stüwe 2003; Schmid et al. 2004; Thöni 
et al. 2008; Hauke et al. 2019).

We investigate three units at the northern margin of the 
Austroalpine nappe stack that were all part of the lower 
plate. From north to south the Ennstal Complex, Wölz Com-
plex and Rappold Complex show increasing metamorphic 
grade from lower greenschist to amphibolite facies condi-
tions (Fig. 1) (Faryad and Hoinkes 2003; Froitzheim et al. 
2008). The Ennstal Complex is mostly composed of phyllite 
with greenschist intercalations and its association with the 
Tirolic-Noric nappe system or Koralpe-Wölz nappe sys-
tem is debated. Froitzheim et al. (2008) use the continuous 
metamorphic gradient to propose that the Ennstal Complex 
belongs to the Koralpe-Wölz nappe system but new data sug-
gest that it is part of the Tirolic-Noric nappe system (Stumpf 
2023). Both the Wölz and Rappold Complexes belong to the 
Koralpe-Wölz nappe system; they consist of micaschist with 
single- and two-phase garnet, marble and amphibolite. An 
Ordovician deposition age is proposed for the Wölz Com-
plex based on Sr isotopes in marbles (Puhr 2013). The suc-
cessive metamorphic events recognized in the Ennstal, Wölz 
and Rappold Complexes are summarized below.

Variscan cycle (Carboniferous)

In the Koralpe-Wölz nappe system, Variscan metamor-
phic ages obtained by Th-U–Pb monazite and Lu–Hf 
garnet-whole rock dating of metapelite and eclogite lie in 
the range 335–310 Ma (Krenn et al. 2012; Schulz 2017; 
Hauke et al. 2019). Gaidies et al. (2006, 2008) proposed 
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Fig. 1  a Overview map showing the location of the study area within 
the Alps (dark grey) and Austria (white). b Map depicting the dis-
tribution and grade of Eoalpine metamorphism in the Eastern Alps 

(modified after Froitzheim et al. 2008). c Geology of the study area 
and sample locations
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a Variscan age for incipient garnet growth at ~ 525 °C 
and ~ 0.53 GPa using the innermost core of two-phase 
garnet from the Rappold Complex. Similar metamorphic 
conditions of ~ 540 °C and ~ 0.66 GPa were obtained for 
inclusions in a garnet core of possible Variscan age in 
a metapelite from the Rappold Complex (Faryad and 
Hoinkes 2003). No Variscan metamorphic or magmatic 
ages have been published for the Ennstal Complex.

Permian cycle

There is no age data for the Permian event in the Ennstal 
Complex. Recent Raman Spectroscopy of Carbonaceous 
Material (RSCM) data from Iglseder et al. (2022) indi-
cates maximum metamorphic temperatures of 490–565 °C. 
These temperatures agree with the results of biotite-garnet 
thermometry (450 °C; Schlüter et al. 1984). It is suggested 
that these temperatures were reached during Permian met-
amorphism (Iglseder et al. 2022). The Permian event in 
the Koralpe-Wölz nappe system is characterized by low-P/
high-T metamorphism and magmatic intrusions, and has 
been the focus of many geochronological and petrologi-
cal studies (see summary by Schuster and Stüwe 2008). 
The majority of pegmatite intrusions and metamorphic 
rocks within the Koralpe-Wölz nappe system yield ages 
between 250 and 290 Ma (Krenn et al. 2012; Schulz 2017; 
Knoll et al. 2018 and references therein; Chang et al. 2023 
and references therein). For this metamorphic event a high 
geothermal gradient of 45 °C/km is proposed (Schuster 
et al. 2001). Garnet isopleth thermobarometry shows that 
incipient garnet growth in metapelite from the Wölz Com-
plex occurred at ~ 540 °C and 0.4–0.5 GPa (Gaidies et al. 
2006; Bestel et al. 2009).

Eoalpine cycle (Cretaceous)

Peak T conditions for the Eoalpine overprint in the Ennstal 
Complex are thought to be lower than for the Permian event 
(< 490–565 °C; Iglseder et al. 2022). Several geochrono-
logical and petrological studies were dedicated to Eoal-
pine metamorphism in the Koralpe-Wölz nappe system, 
especially in the high-grade parts (e.g., Koralpe Complex, 
Saualpe Complex) where even several stages of the P–T 
loop are partially known (Thöni et al. 2008; Neubauer et al. 
1995). Initial stages of garnet growth in the high-grade 
parts of the Koralpe-Wölz nappe system are estimated at 
ca. 95–94 Ma (Thöni et al. 2008). Incipient garnet growth 
occured at 540–570 °C and 0.6–0.8 GPa in the Wölz and 
Rappold Complex (Gaidies et al. 2006; Bestel et al. 2009). 
Eclogite-facies peak metamorphic conditions of 630–740 °C 
and 2.2 GPa in the southern part of the Koralpe-Wölz nappe 
system (Saualpe Complex) were reached at approximately 
90–88 Ma (Thöni et al. 2008). Farther north, in the southern 
part of the Wölz Complex and the northern part of the Rap-
pold Complex rocks underwent peak metamorphic condi-
tions of 600–650 °C and 1.0–1.1 GPa along a geothermal 
gradient of 10–16 °C/km (Faryad and Hoinkes 2003). The 
prograde segment of this P–T evolution is largely unknown, 
in contrast to the cooling path. For example, 40Ar/39Ar ages 
recording cooling for the Koralpe-Wölz nappe system range 
from 85 to 78 Ma (Wiesinger et al. 2006; Neubauer et al. 
1995) and fission track results date the end of Eoalpine meta-
morphism within the Koralpe-Wölz nappe system at ~ 50 Ma 
(Hejl 1997; Faupl and Wagreich 1996). The Eoalpine meta-
morphic cycle therefore lasted some 40 My from the onset of 
garnet growth to exhumation in the structurally lowest, high-
grade metamorphic part of the Koralpe-Wölz nappe system.

Along the field gradient across the Koralpe-Wölz 
nappe system, a positive correlation between metamor-
phic grade and the age of peak metamorphism has been 
observed (Tenczer and Stüwe 2003). In other words, the 
metamorphic peak was reached earlier in low-grade and 
later in high-grade rocks. Stüwe (1998) argued that this is 
a typical feature of Barrovian metamorphism and related 
this feature to the inertia of thermal equilibration. How-
ever, Stüwe (1998) also observed that the degree of ther-
mal perturbation (i.e. the departure of peak temperatures 
from a stable temperature conditions at the depth corre-
sponding to peak pressure) appears to increase along the 
Eoalpine field gradient with decreasing grade, which is 
in conflict with models for Barrovian metamorphism (see 
England and Thompson 1984). The data presented below 
may shed some light on this debate.
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Fig. 2  Schematic geological profile showing the position of the 
Austroalpine nappe systems close to the peak of Eoalpine metamor-
phism. The respective positions of the EC, WC  and RC are defin-
ing the Eoalpine metamorphic field gradient depicted in Fig.  1b. 
Modified after Stüwe and Schuster (2010). LAA = Lower Austroal-
pine, SS = Silvretta-Seckau nappe system, B = Bajuvaric nappe 
system, TN = Tirolic-Noric nappe system, EC = Ennstal Complex, 
KW = Koralpe-Wölz nappe system, WC = Wölz Complex, RC = Rap-
pold Complex, KC = Koralpe Complex, SC = Saualpe Complex, 
ÖB = Ötztal-Bundschuh nappe system, DG = Drauzug-Gurktal nappe 
system, SA = South Alpine
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Methods

Two samples from the northern and central Ennstal Complex 
(EC02, EC05), two samples from the central and southern 
Wölz Complex (WC22, WC30) and one sample from the 
central Rappold Complex (RC45) were collected for REE-
rich epidote/allanite dating (Fig. 1). These samples were 
selected from a larger set (94 thin sections, 154 localities) 
that covers the metamorphic field gradient. We adopt here 
the distinction between allanite (> 0.5 REE atoms per for-
mula unit (apfu)) and REE-rich epidote (< 0.5 REE apfu) 
following Gieré and Sorensen (2004). Whole rock major 
element compositions were acquired via X-ray fluorescence 
analysis on glass beads with a Bruker Pioneer S4 at the 
NAWI Graz Geocenter. Trace element compositions were 
measured at the University of Graz by solution ICP-MS on 
dissolved powders (Table 1). Further details on analytical 
conditions and sample preparation can be found in Nong 
et al. (2022).

A JXA-8530FPlus HyperProbe Electron Probe Micro-
analyzer at the NAWI Graz Geocenter was used for mineral 
compositions and X-ray element mapping. The microprobe 
is equipped with one energy-dispersive (EDS) and five 
wavelength-dispersive (WDS) spectrometers. Reference 
materials and detection limits are given in Table S1. Due to 
relatively short counting times, the typical 2σ error on Th 
and U is approximately 5% and 25%, respectively. Th, U and 
REE-bearing minerals were analyzed with 15 kV accelera-
tion voltage and 150 nA beam current at a beam diameter of 
3 µm. Peak overlap corrections were made for Pb-Y, Pb-Th, 
U-Th, P-Y (Table S2). X-ray element maps were acquired 
with a focused beam at 15 kV acceleration voltage and 100 
nA beam current. X-ray maps for Y, U and Th were meas-
ured with WDS, while those for Ce and Zr were measured 
with EDS. No peak overlap correction was applied for map-
ping. Maps were processed using XMapTools 4.2 (Lanari 
et al. 2023). Mineral abbreviations are after Whitney and 
Evans (2010).

REE‑rich epidote/allanite dating

Thin sections from Ennstal Complex samples were pre-
pared perpendicular to the penetrative intersection linea-
tion (Fig. 3) so that mainly basal sections of allanite are 
exposed (Fig. 4a, b). To get a larger grain surface, both 
Ennstal Complex samples (EC02, EC05) were crushed to 
separate additional allanite grains by panning and handheld 
magnet. Approximately 110 allanite grains per sample were 
handpicked under a binocular microscope and mounted in 
epoxy resin. After grinding the mount down to expose the 
interior of the grains it was polished with a 3 µm and 1 µm 
diamond paste. Due to their larger grain size, allanite and 

Table 1  Bulk rock composition of samples used for allanite and REE-
rich epidote dating

Ca/Cashaw and Al/Alshaw are the respective Ca and Al contents nor-
malized to the Ca and Al contents from Shaw (1956) and are plotted 
in Fig. 7b
LOI loss on ignition

Oxides (wt%) EC02 EC05 WC22 WC30 RC45

SiO2 40.41 64.94 51.95 50.72 63.32
TiO2 1.66 0.67 0.89 1.29 0.69
Al2O3 31.18 17.78 21.84 22.94 17.59
Fe2O3

total 9.46 6.13 9.01 10.44 5.09
MnO 0.06 0.09 0.06 0.14 0.18
MgO 2.63 1.63 4.28 3.18 1.25
CaO 0.15 0.13 0.87 1.22 2.12
Na2O 1.26 1.09 1.77 1.49 2.24
K2O 6.41 3.33 4.31 4.35 3.74
P2O5 0.14 0.11 0.23 0.12 0.13
LOI 5.15 2.71 2.98 2.97 2.22
Sum 98.51 98.60 98.20 98.86 98.57
Ca/Cashaw 0.07 0.06 0.40 0.56 0.97
Al/Alshaw 1.88 1.07 1.31 1.38 1.06
Trace elements (µg/g)
Li 7.6 24.7 33.2 32.7 10.4
Be 1.1 0.8 0.8 0.5 0.5
B 10.0 1.8 1.3 1.2 1.3
Sc 4.9 3.9 7.5 10.5 1.4
V 60.8 27.5 73.7 45.8 9.1
Cr 35.4 27.4 46.1 42.2 7.0
Co 25.4 28.0 31.4 30.8 41.3
Ni 50.8 21.8 45.4 50.8 5.5
Cu 34.8 14.3 29.2 29.2 26.0
Zn 46.7 63.2 138.2 89.4 36.0
Ga 9.6 10.0 12.6 10.0 10.6
Ge 0.7 0.7 0.8 0.9 0.7
As 2.2 25.1 0.9 1.6 2.0
Rb 15.2 36.2 100.2 84.6 24.3
Sr 365.3 22.1 31.6 20.7 34.2
Y 10.1 5.9 15.4 16.4 21.0
Ba 246.1 134.1 279.4 115.6 100.4
La 23.6 24.9 28.5 35.0 47.4
Ce 45.0 52.3 53.3 69.2 90.7
Pr 4.8 5.6 6.3 7.9 9.8
Nd 18.1 20.7 24.0 29.9 32.8
Sm 3.4 3.9 4.6 5.7 5.9
Eu 0.8 0.7 0.9 1.1 0.5
Gd 3.1 3.0 4.0 4.9 5.4
Tb 0.4 0.4 0.5 0.6 0.7
Dy 2.2 1.9 3.0 3.5 4.6
Ho 0.4 0.3 0.6 0.7 0.9
Er 1.1 0.7 1.7 1.9 2.5
Tm 0.1 0.1 0.2 0.3 0.3
Yb 0.9 0.4 1.5 1.8 2.2
Lu 0.1 0.1 0.2 0.3 0.3
Pb 9.4 17.1 5.1 3.6 3.8
Th 5.8 9.8 8.9 11.6 10.4
U 1.4 1.7 2.2 2.0 2.6
Th/U 4.2 5.9 4.1 5.7 4.0
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REE-rich epidote in samples WC22, WC30 and RC45 could 
be analyzed directly in thin section. Backscattered electron 
(BSE) and secondary electron (SE) images were acquired 
with a JXA-8530F Plus HyperProbe and a Zeiss Gemini 
DSM982 SEM at the University of Graz (Fig. 5).

The 207Pb/235U, 206Pb/238U and 207Pb/206Pb ratios for 
REE-rich epidote/allanite were determined using a NWR 
193 nm ArF Excimer laser coupled to a Nu Plasma II multi-
collector (MC)-ICP-MS at the Central Lab for Water, Min-
erals and Rocks (NAWI Graz Geocenter, Austria). A single 

pre-ablation burst with 25 µm diameter was executed before 
every ablation to remove surface contamination. Abla-
tion was done with a 20 µm spot diameter, 5 Hz repetition 
rate and a fluence of 2.8 J/cm2 for 15 s. Sequences of 10 
unknown analyses were bracketed by analyses of primary 
reference materials. Ion-counting detectors (IC) were used 
to measure 202Hg, (204Hg + Pb), 206Pb, 207Pb and 208Pb while 
232Th and 238U were detected on Faraday cups. A 238U/235U 
ratio of 137.818 was used (Hiess et al. 2012). Plešovice zir-
con (Sláma et al. 2008) was used to standardize 207Pb/235U, 
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Fig. 3  Representative microphotographs of the rock matrix of sample a EC02, b EC05, c WC22, d WC30 and e RC45
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Fig. 4  Representative microphotographs of allanite/REE-rich epi-
dote rims and their textural relations to matrix minerals. a Euhedral 
allanite within the crenulation cleavage (sample EC02). b Euhedral 
allanite in sample EC05. c Allanite with REE-rich epidote rims in a 
biotite blast and within aggregates of biotite and muscovite (sample 
WC22). d Allanite with elongated REE-rich epidote rims in aggre-
gates of fine-grained muscovite within the crenulation cleavage (sam-

ple WC22). e Allanite with elongated REE-rich epidote rims within 
aggregates of biotite and muscovite in the main foliation (sample 
WC30). f Allanite with a REE-rich epidote rim in a muscovite aggre-
gate (sample RC45) under cross-polarized light. The allanite core 
appears brown, the inner rim and the enriched domain as grey and the 
outer rim as yellow
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206Pb/238U and 207Pb/206Pb ratios while NIST SRM 612 
glass (Pearce et al. 1997) was used for other Pb/Pb ratios. 
Zircons M257 (Nasdala et al. 2008), 91500 (Wiedenbeck 
et al. 1995) were used as secondary standards. Secondary 
reference zircons indicate up to 1.3% accuracy offset on 
206Pb/238U ratios while NIST SRM 612 shows < 0.5% accu-
racy offset on 207Pb/206Pb ratios. Data reduction was done 
with Iolite 3.71 (Paton et al. 2011) and the UPbGeochron4 
data reduction scheme. IsoplotR ver. 5.0 (Vermeesch 2018) 
was used to produce Tera-Wasserburg diagrams (Tera and 
Wasserburg 1972) and regress U–Pb data. Linear regression 
of U–Pb data yields a lower intercept with the concordia 
curve regarded as formation date and an intercept with the 
vertical axis representing the initial 207Pb/206Pb  (Pb0) com-
position. An external error of 1.17% was quadratically added 
to the measured 238U/206Pb ratios based on the daily variance 
of secondary reference materials (“excess variance”, Horst-
wood et al. 2016). This does not affect the lower intercept 
date and  Pb0 ratio, but lowers the MSWD of the regression. 
Linear regressions can yield uncertainties on the lower inter-
cept date that are lower than the total analytical uncertainty 
(signal counting and variance of primary standard analy-
ses, following Iolite’s output) of single data points, which 
erroneously suggests that the method can resolve differences 
smaller than the analytical uncertainty. To correct for that, 
the average uncertainty on 238U/206Pb ratios in each sample 
(always greater than that on 207Pb/206Pb ratios) is quadrati-
cally added to the lower intercept date uncertainty (Table 2). 
These final uncertainties are indicated in brackets after those 
derived from the linear regression.

Results from secondary reference materials indicate that 
U–Pb ratios are accurately reproduced for a zircon matrix. 
Downhole fractionation curves for Plešovice zircon and our 
allanite samples are similar (< 0.1% difference, Fig. S1), 
indicating an analogous ablation behaviour. This supports 
the use of a zircon reference material to standardize allanite 
analyses, provided that only a low crater depth (~ 5 µm in our 
case) is used to minimize laser-induced fractionation (e.g., 
Darling et al. 2012).

Table S3 provides the full list of LA-ICP-MS analyti-
cal conditions and Table S4 shows the results of isotopic 
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analyses. Figures S2–S6 give information on the locations of 
the measured spots in allanite and REE-rich epidote.

Thermodynamic modelling

Pseudosection modelling of (clino-)zoisite and epidote 
as proxies for REE-rich epidote was done with Perple_X 
program package (Connolly 2005) and the internally con-
sistent data set hp622ver.dat (Holland and Powell 2011) 
in the MnO-Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O 
(MnNCKFMASH) and MnO-Na2O-CaO-K2O-FeO-MgO-
Al2O3-SiO2-H2O-TiO2-Fe2O3 (MnNCKFMASHTO) sys-
tems. In the system MnNCKFMASH the activity-compo-
sition relationships used are Fsp(C1), melt(W), Chl(W), 
Gt(W), Mica(W), Ctd(W), St(W), Bi(W) and Crd(W) 
(Holland and Powell 2003; White et al. 2014). The activity-
composition relationships used in the system MnNCKF-
MASHTO are Fsp(C1), melt(W), Chl(W), Gt(W), Mica(W), 
Ctd(W), St(W), Bi(W), Crd(W), Ilm(WPH) and Ep(HP11) 
(Holland and Powell 2003, 2011; White et al. 2007, 2014). 
The equation of state of Sterner and Pitzer (1994) was used 
for  H2O in both systems and quartz and aqueous fluid were 
assumed to be in excess.

Petrography and chemistry

Ennstal Complex

Sample EC02 is a phyllite consisting of ≤ 200 µm sized mus-
covite, paragonite, chlorite and minor amounts of quartz 
(Fig. 3a). Accessory minerals within the crenulated phyl-
losilicate layers are allanite, zircon, apatite and rutile with 
ilmenite rims. Representative chemical analyses of matrix 
minerals are provided in Table S5. Sample EC02 is rela-
tively poor in CaO (0.15 wt%) and  SiO2 (40.41 wt%) but is 
enriched in  Al2O3 (31.18 wt%) and  K2O (6.41 wt%) com-
pared to samples from the Wölz and Rappold Complexes 
(Fig. 7b; Table 1).

Allanite is euhedral to subhedral in shape with an aver-
age diameter of ≤ 100 µm and appears dark brown under 
transmitted light (Fig. 4a). It can be divided into distinct 
dark and bright domains on BSE images (Fig. 5a) and locally 
contains zircon and tourmaline inclusions. The dark domains 
show oscillatory zoning parallel to the euhedral outline of 
the grains, whereas the bright domains appear as elongate 
laths that are randomly oriented within the grain. The dark 
and bright domains yield similar compositions in most 
major, minor and trace elements (~ 19 wt%  Al2O3, ~ 10–11 
wt% CaO, ~ 12 wt% FeO, ~ 22 wt%  REE2O3) although X-ray 
mapping of Ce distribution shows a lower intensity in the 
dark domains (Figs. 6a, 7a; Table S6). The largest compo-
sitional differences between these domains are in  ThO2 and 

 P2O5 concentrations which are slightly enriched in the dark 
domains (1.57 wt%  ThO2, 0.76 wt%  P2O5) relative to the 
bright domains (0.42 wt%  ThO2, 0.09 wt%  P2O5). 

Sample EC05 from the Ennstal Complex is a phyllite con-
sisting of quartz (≤ 300 µm) layers alternating with crenu-
lated phyllosilicate layers that contain ≤ 200 µm large mus-
covite, paragonite and chlorite (Fig. 3b). Accessory phases 
are allanite, zircon, apatite and rutile with ilmenite rims. 
Representative analyses of matrix minerals are provided in 
Table S5. Sample EC05 yields a significantly lower CaO 
(0.13 wt%) bulk-rock concentration compared to samples 
from the Wölz and Rappold Complexes (Fig. 7b; Table 1).

Allanite appears as dark brown euhedral to subhedral 
grains with an average diameter of 100 µm within both the 
phyllosilicate and quartz layers (Fig. 4b). BSE images of 
allanite show only minor metamictization and albite inclu-
sions (Fig. 5b; Table S5). BSE images and X-ray maps reveal 
the presence of < 10 µm thick, discontinuous rims around 
allanite (Figs. 5b, 6b). These rims are enriched in FeO 
(35.15 wt%), MgO (1.73 wt%),  UO2 (0.18 wt%) and  ThO2 
(1.11 wt%) whereas they are depleted in  SiO2 (28.04 wt%), 
CaO (4.55 wt%) and  REE2O3 (4.49 wt%) relative to allanite 
(10.74 wt% FeO, 0.16 wt% MgO, %, < 0.02 wt%  UO2, 0.31 
wt%  ThO2, 31.68 wt%  SiO2, 11.69 wt% CaO, 21.65 wt% 
 REE2O3) (Table S6).

Wölz Complex

The matrix of micaschist sample WC22 (central Wölz 
Complex) consists of quartz and crenulated layers of fine-
grained muscovite (≤ 200 µm) and paragonite (≤ 200 µm) 
together with larger biotite (≤ 700 µm) and chlorite (≤ 500 
µm) blasts and aggregates (Fig. 3c). Euhedral garnet (up 
to 5 mm in size) is partly replaced by retrograde chlorite 
and includes quartz, ilmenite and allanite with REE-rich 
epidote rims. Garnet zoning reveals a slight increase in 
 Xalm from 0.57 to 0.67 and  Xpyp from 0.05 to 0.08 from 
the innermost core to the outermost rim, whereas  Xsps 
decreases gradually from 0.10 to 0.04.  Xgrs is almost con-
stant at 0.24 (Table S7). Albite (< 300 µm) is found in 
garnet pressure shadows and in microfold hinges where it 
is partially replaced by paragonite. Accessory minerals are 
allanite with REE-rich epidote rims and ilmenite. Ilmenite 
is elongated and oriented parallel to the foliation. Repre-
sentative analyses of matrix minerals, including a garnet 
profile, are provided in Tables S5 and S7.

Allanite appears dark brown and subhedral in shape with 
an average diameter of 30 µm surrounded by 10–50 µm 
thick REE-rich epidote rims. REE-rich epidote rims are 
elongated and oriented parallel to the muscovite-biotite 
layers (Fig. 4c, d). A pleochroic halo surrounds allanite 
with REE-rich epidote rims that is included in biotite blasts 
and aggregates. REE-rich epidote rims within garnet are 
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subhedral or euhedral in shape. BSE images reveal extensive 
metamictization of the allanite cores and replacement by 
REE-epidote (Fig. 5c). X-ray maps show an irregular, patchy 
rim between the allanite core and the REE-rich epidote rim 
(Fig. 6c), which is enriched in Y. Allanite cores yield the 
highest  REE2O3 concentrations (24.36 wt%) while CaO 
(9.86 wt%) and  Al2O3 (17.82 wt%) are lower and FeO (12.01 
wt%) is higher compared to the rims (Fig. 7a; Table S6). In 
the REE-rich epidote rims, REEs and Y are decreasing from 
the innermost rim (5.28 wt%  REE2O3 ) to the middle part of 
the rim (2.34 wt%  REE2O3). The outermost part (≤ 10 µm) 
of the rim is again enriched in  REE2O3 (6.13 wt%). FeO and 
CaO concentrations at the rim are approximately 7 and 20 
wt%, respectively.  Al2O3 slightly decreases from the inner-
most to the outermost rim (27.06–25.59 wt%).

Sample WC30 from the southern Wölz Complex exhibits 
a matrix of quartz, muscovite, paragonite, biotite, garnet, 
plagioclase, chlorite and allanite with REE-rich epidote rims 
(Fig. 3d). Rutile, ilmenite, apatite and zircon are accessory 
phases. The main foliation is defined by microfolded musco-
vite (≤ 1 mm), paragonite (≤ 800 µm) and biotite (≤ 2 mm) 
layers. Garnet is approximately 1.5 mm wide with ≤ 1 mm 
thick rims. The core-rim transition is characterized by 
numerous quartz inclusions. Chlorite partially replaces gar-
net. Apatite, zircon and rutile with ilmenite rims are vis-
ible as inclusions within garnet. Garnet zoning shows an 
increase in  Xalm and  Xpyp from 0.60 to 0.75 and 0.05 to 0.15 
from inner to outer core, respectively. In the same portion 
of the garnet,  Xgrs slightly decreases from 0.10 to 0.06. At 
the core-rim transition,  Xalm and  Xpyp drop to 0.62 and 0.06, 
respectively, while  Xgrs increases from 0.06 to 0.25. From 
inner to outer rim  Xalm and  Xpyp increase to 0.7 and 0.07 
whereas  Xgrs slightly decreases to 0.21.  Xsps displays a grad-
ual decrease from innermost core (0.23) to outermost rim 
(0.05) (Table S8). Relics of plagioclase (< 1 mm) are found 
in garnet pressure shadows and in microfold hinges where 
they are partially replaced by muscovite and paragonite. 
Rutile with ilmenite rims are oriented parallel to the main 
foliation. Representative analyses of matrix minerals and a 
garnet profile are provided in Tables S5 and S8.

The ≤ 500 µm anhedral allanite cores are surrounded 
and partly replaced by ≤ 800 µm thick subhedral or anhe-
dral REE-rich epidote rims. REE-rich epidote rims within 
muscovite and biotite aggregates in the foliation appear 
as pressure shadows and are oriented parallel to the folia-
tion (Fig. 4e). Allanite with REE-rich epidote rims is also 
included in garnet rims. Allanite shows minor metamic-
tization and some grains show extensive replacement by 
REE-rich epidote (similar to “mosaic allanite” described 
by Boston et al. 2017) (Fig. 5d). These replacement zones 
yield lower REE concentrations (18.5 wt%  REE2O3) than 
the allanite cores (23.8 wt%  REE2O3). The REE-rich epidote 
rims yield lower and decreasing REE concentrations from 
the inner rim to the outer rim (10.1 to 2.4 wt%  REE2O3) 
(Fig. 6e).  ThO2 is enriched in the replacement zone (1.05 
wt%) compared to the allanite core (0.58–0.80 wt%) and 
the innermost and outermost rim (0.58 and < 0.03 wt%). 
CaO and FeO are increasing and decreasing, respectively, 
from the allanite core (10.93 wt% CaO, 10.65 wt% FeO) 
to the outermost REE-rich epidote rim (22.31 wt% CaO, 
4.88 wt% FeO).  Al2O3 follows the same trend as CaO and 
increases from the allanite core (18.6 wt%) towards the outer 
rim (28.99 wt%) (Fig. 7a; Table S6).

Rappold Complex

Sample RC45 from the central Rappold Complex contains 
quartz, muscovite, biotite, plagioclase, chlorite, garnet and 

ClinozoisiteEpidote

Ferriallanite Allanite
EC02
EC05
WC22 core

WC30 core

RC45 core

WC22 rim

WC30 rim

RC45 rim

EC02
EC05
WC22
WC30
RC45

a

Monazite stable

Allanite stable
b

sample shaw

sa
m

pl
e

sh
aw

Ca Ca

Al
Al

Fig. 7  a REE vs. Al diagram after Petrík et  al. (1995) showing the 
composition of allanite and REE-rich epidote in the analysed sam-
ples. b Bulk rock Ca and Al contents normalized to Shaw’s aver-
age pelite Ca and Al contents (Table  1). The dashed line separates 
observed monazite and allanite stability fields for the biotite and gar-
net zones (Wing et al. 2003)
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allanite with REE-rich epidote rims (Fig. 3e). Accessory 
minerals are zircon, apatite, sulfides, calcite, rutile and 
ilmenite. The main foliation is crenulated and is formed by 
muscovite aggregates and blasts (≤ 1 mm), biotite (≤ 200 
µm) and chlorite (≤ 100 µm). Plagioclase (≤ 500 µm) shows 
strong sericitic alteration. Anhedral garnet is ≤ 1.2 mm in 
size and contains zircon inclusions. Highly variable  Xalm, 
 Xpyp,  Xgrs and  Xsps show no clear increasing or decreasing 
trend from core to rim (Table S9). Biotite and Fe-Ti–rich 
chlorite locally surround garnet and fill cracks therein. 
Allanite with REE-rich epidote rims are included within 
large muscovite aggregates (Fig. 4f). Representative analy-
ses of matrix minerals and a garnet profile are provided in 
Tables S5 and S9. The bulk composition of sample RC45 is 
enriched in CaO (2.12 wt%) compared to all other samples 
(Fig. 7b; Table 1).

Euhedral to subhedral allanite reaches up to 700 µm in 
size and is surrounded by ≤ 500 µm thick REE-rich epidote 
rims (Figs. 4f, 5e). Allanite cores show pervasive metamic-
tization and partial replacement by REE-rich epidote. The 
REE-rich epidote rims can be divided into an inner and an 
outer rim separated by an enriched domain (Fig. 5e, 6d). The 
inner rim yields REE and Y concentrations below detec-
tion limit. The enriched domain yields higher  REE2O3 (2.77 
wt%),  ThO2 (0.33 wt%) and  UO2 (0.30 wt%) concentrations 
compared to the outer (0.63 wt%  REE2O3, 0.04 wt%  ThO2, 
0.80 wt%  UO2) and inner rim (< 0.03 wt%  ThO2, 0.03 wt% 
 UO2). Overall, the rim yields higher CaO (20–23 wt%) and 
lower FeO concentrations (9–10 wt%) compared to the allan-
ite core (12.01 wt% CaO, 12.02 wt% FeO).  Al2O3 is higher at 
the rim (25–27 wt%) than the core (18–19 wt%) (Table S6). 
Discontinuous trails of tiny zircon grains (< 20 µm) are com-
mon in the matrix where they cut across garnet porphyrob-
lasts. Allanite cores also yield tiny zircon trails (Figs. S16, 
S17). Tiny zircons are included in the inner rim whereas 
larger zircons (≤ 20 µm) are included in the enriched domain 
and are oriented parallel to it (Figs. 5e, 6d). The outer rim 
has no zircon inclusions.

REE‑rich epidote and allanite dating results

Ennstal Complex

For the Ennstal Complex, 28 spots on 23 allanite grains 
and 29 spots on 29 grains were measured in sample EC02 
and EC05, respectively. In sample EC02, 12 analyses from 
the BSE dark domains show significant scatter and are not 
regressed (Fig.  8a). Sixteen spots from the BSE bright 
domains define a discordia with a lower intercept date of 
105.2 ± 3.6 (4.0) Ma and a MSWD of 3.2. The intercept of 

the discordia with the vertical axis indicates an initial lead 
composition (207Pb/206Pb0) of 0.8527 ± 0.0029 (Fig. 8f).

For sample EC05, five obvious outliers were discarded 
while the remaining 24 analyses define a lower intercept 
date of 279.4 ± 6.3 (8.1) Ma (MSWD = 1.6) and an initial 
207Pb/206Pb0 ratio of 0.8619 ± 0.0032 (Fig. 8b, f).

Wölz Complex

In sample WC22, 22 spots on 22 allanite cores were ana-
lyzed. Nine outlier analyses from metamict parts were 
discarded while the remaining 13 analyses define a dis-
cordia with a lower intercept date of 316.4 ± 21.2 (22.2) 
Ma (MSWD = 5) and an initial 207Pb/206Pb0 ratio of 
0.8750 ± 0.0240 (Fig. 8c, f). Thirteen analyses from the 
REE-rich epidote rims define a discordia with a lower inter-
cept date of 98.0 ± 2.3 (2.9) Ma (MSWD = 1.1) and an initial 
207Pb/206Pb0 ratio of 0.8430 ± 0.0014 (Fig. 8c, f). Due to the 
size of REE-rich epidote rims, the laser spots overlapped the 
innermost, middle and outermost parts.

For sample WC30, 19 spots on 11 allanite cores and 16 
spots on six epidote rims were measured. For the allanite 
cores 12 outliers were discarded as they display higher 
238U/206Pb ratios ascribed to partial lead loss (Fig. 8d). Seven 
remaining analyses define a discordia with a lower inter-
cept date of 286.2 ± 11.1 (12.0) Ma (MSWD = 2.3) and an 
initial 207Pb/206Pb0 ratio of 0.8459 ± 0.0096. For REE-rich 
epidote rim, six analyses from the replacement zone were 
discarded (Fig. 8d) and the remaining 10 analyses from the 
inner and outer rim give a lower intercept date of 96.1 ± 1.7 
(2.1) Ma (MSWD = 1.4) and an initial 207Pb/206Pb0 ratio of 
0.8468 ± 0.0046.

Rappold Complex

For sample RC45, 28 spots on 10 allanite cores were meas-
ured. 10 analyses were discarded as they display partial 
lead loss or were measured in metamict parts (Fig. 8e). The 
remaining 18 allanite analyses define a discordia with a 
lower intercept date of 326.9 ± 8.8 (11.1) Ma (MSWD = 1.6) 
and an initial 207Pb/206Pb0 ratio of 0.8376 ± 0.001. Of 22 
analyses from nine REE-rich epidote rims only one outlier 
measured in the inner rim was discarded. The remaining 21 
analyses come from the enriched domain and the outer rim. 
Analyses from the outer rim yield a lower intercept date of 
102.0 ± 6.5 Ma (MSWD 1.6), while those from the enriched 
domain give 95.3 ± 3.5 Ma (MSWD = 0.8) (Figs. S12, S13). 
Because these results are statistically indistinguishable, 
outer rim and enriched domains analyses were pooled to cal-
culate a discordia with a lower intercept date of 101.8 ± 0.9 
(2.4) Ma (MSWD = 1.7) and an initial 207Pb/206Pb0 ratio of 
0.8262 ± 0.0008 (Fig. 8e, f).
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230Th disequilibrium correction

A potential issue with U–Pb dating of Th-rich minerals is 
that they incorporate more 230Th, an intermediate product 
from the 238U/206Pb decay chain, than that in secular equi-
librium with 238U in the reservoir they grow from. For mag-
matic samples, Schärer (1984) proposed a way to correct 
for this disequilibrium by comparing the Th/U ratio in the 
dated mineral with that in the sample, assuming that the 
whole rock analysis reflects the composition of the magma 
at the time of crystallization. This approach is hard to envis-
age in metamorphic rocks, even less when several genera-
tions of REE-rich epidote/allanite are identified. Instead we 
introduce a new method based on minimizing the MSWD 
value of the regression. It is primarily devised to evaluate the 
effect of potential 230Th disequilibrium on lower intercept 
date and 207Pb/206Pb0 results. Provided that the MSWD is 
significantly improved, the method can possibly approximate 
the Th/U ratio of the reservoir and use it for correction.

Our strategy relies on discarding the lowest possible 
amount of spot analyses, unless textural (crack, metam-
ictization, inclusion) or analytical (irregular signals, U/
Pb fractionation strongly different from that of the ref-
erence material) arguments are available. This usually 
removes clear outliers that often derive from metamict 
domains, and leaves a set of ‘valid’ data with some scatter 
(MSWD > 1). This scatter can result from the combined 
effects of geological processes (growth timing, altera-
tion) and 230Th disequilibrium. Because LA-ICP-MS can-
not resolve age differences smaller than ~ 3% (e.g. Klöt-
zli et al. 2009), and altered domains are assumed to be 
excluded from ‘valid’ analyses, only the contribution of 
230Th disequilibrium remains to be tested. For all ‘valid’ 
data points, the method iteratively corrects the measured 
238U/206Pb and 207Pb/206Pb ratios with different values of 
(Th/U)reservoir and regresses the corrected ratios in Tera-
Wasserburg space.

The main idea is that a given (Th/U)reservoir value will 
improve the topology of data points to a point where their 
scatter reflects analytical errors only (MSWD approaches 

unity; Wendt and Carl 1991). This is potentially achievable 
because the magnitude of the 230Th disequilibrium cor-
rection depends on the Th/U ratio of individual analyses 
(Parrish 1990; Smye et al. 2014). It requires the assumption 
that all analyzed domains formed out of a reservoir with 
a homogeneous Th/U ratio, which is not necessarily the 
case at low-grade conditions. For example, Skrzypek et al. 
(2018) propose that the composition of monazite formed 
above ~ 600 °C reflects cm-scale equilibration, whereas 
large Th/U variations are preserved at lower temperature 
as a result of local equilibria. Different (Th/U)reservoir ratios 
for different cogenetic domains can, however, cancel out or 
drastically enhance the effect of 230Th disequilibrium, so that 
the MSWD of the regression cannot be improved through 
our approach. The improvement of the MSWD value should 
therefore be critically evaluated. If significant, the hypoth-
esis of a single (Th/U)reservoir value and its use for correction 
might be considered valid. Any remaining scatter is due to 
our wish to discard as few spots as possible, and is very 
likely caused by undetected alteration (metamictization, 
recrystallization).

A first case is illustrated by allanite core analyses of 
sample WC22. The method is able to significantly reduce 
the MSWD of regression (3.8 instead of 5.0) as well as 
uncertainties on lower intercept date (4.3% instead of 6.7%) 
and 207Pb/206Pb0 ratio (1.2% instead of 2.7%), with a cen-
tral age of 310.8 Ma that could be more robust. It, how-
ever, shows that the central age might vary by about 5% 
(298.8–315.9 Ma) and that the data point scatter remains 
high (3.8). The latter likely reflects the presence of metamict 
domains among regressed spot analyses, which is a common 
feature of allanite in this sample.

A second case is shown by sample EC02, for which a 
minimum MSWD of 3.0 (instead of 3.2) is reached for a 
(Th/U)reservoir of 0.4, which yields a lower intercept date 
(104.9 ± 2.2 Ma) and a 207Pb/206Pb0 ratio (0.8541 ± 0.0016) 
indistinguishable within uncertainty from results obtained 
with uncorrected data (Figs. 8a, 9). This, together with the 
fact that the lower intercept date will only vary between 
102.2 and 105.4 (for possible (Th/U)reservoir values from 0.05 
to 10), suggests that a 230Th-disequilibrium correction will 
not significantly influence age accuracy and geological inter-
pretation. The results for other samples are given in Table 2. 
For core analyses in WC30 and RC45, the dates obtained 
with uncorrected data are only approached at extreme 
(Th/U)reservoir values, suggesting growth in a strongly Th-
enriched environment (e.g. after monazite). In general, no 
significant improvement of the MSWD was achieved, so that 
no 230Th-disequilibrium correction was actually applied to 
our data. The method served here primarily to assess poten-
tial age variations.

Fig. 8  Tera-Wasserburg diagrams for U–Pb analyses of allanite and 
REE-rich epidote rims. Discarded analyses are depicted as open ellip-
ses. Grey ellipses were used for regression. Thick black line repre-
sents the concordia. The dates provided in the figure are derived from 
the lower intercept. a Sample EC02. Discarded analyses with lower 
238U/206Pb ratios were mostly obtained in BSE darker domains. b 
Sample EC02. c Sample WC22. The large scatter of core analyses 
is due to the small grain size and extensive metamictization d Sam-
ple WC30. Discarded analyses from the replacement zone plot in 
between the two regressed discordias. e Sample RC45. Analyses from 
the enriched zone of the rim yield 238U/206Pb ratios between 15 and 
25. Analyses from the outer rim yield 238U/206Pb ratios between 0 and 
5. The inset is a zoomed-in section with outer rim and allanite core 
analyses. f Summary of linear regressions for all samples

◂
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Thermodynamic modelling of (clino‑)zoisite 
and epidote stability

REE‑free vs. REE‑bearing systems

Several attempts have been made to model the stability of 
REE-bearing phases (e.g. Spear 2010; Janots et al. 2007, 
Hoschek 2016) using models for dissakisite and allanite. 
We first evaluate the influence of REE on the modelled sta-
bility of epidote-group minerals by comparing the model-
ling results in REE-bearing systems of Hoschek (2016) and 
Janots et al. (2007) with those from REE-free systems.

For that, we model (clino-)zoisite and epidote stabili-
ties using the bulk compositions of Janots et al. (2007) 
and Hoschek (2016), normalized to 100 wt% (sample A of 
Hoschek 2016) in the REE-free systems MnNCKFMASH 
and MnNCKFMASHTO (Fig. 10a). We consider these sam-
ples to be not very oxidized; 10% of the total Fe was assumed 
to be  Fe2O3 and was included in the MnNCKFMASHTO 
system and effectively removed for the MnNCKFMASH 
system. In the MnNCKFMASH system, both zoisite and 
clinozoisite can be modelled as pure phases. Clinozoisite is 
the stable phase at lower temperature (< 390 °C) whereas 
orthorhombic zoisite is stable above 390 °C (Fig. 10). The 
stability field displayed in this system is a combination of 
the stability fields of clinozoisite and zoisite.

The modelled (clino-)zoisite fields extend from 
345 °C/0.2 GPa to 530–560 °C and > 1.5 GPa (Fig. 10a). 
The epidote field extends from 280 °C/ < 0.1 GPa to 550 °C 
and > 1.5 GPa and is slightly wider than the REE-rich 
epidote/allanite or dissakisite stability fields modelled in 

REE-bearing systems (Janots et al. 2007; Hoschek 2016) 
(Fig. 10a). The fields become slightly wider with increasing 
bulk Ca, Al and  Fe3+ contents, similar to REE-rich epidote 
(Hoschek 2016). Overall, the stability fields of epidote-
group minerals modelled in REE-free and REE-bearing 
systems have very similar boundaries in P–T space, show-
ing that modelling results with currently available activity-
composition models for REE-phases do not significantly 
differ from those obtained in REE-free systems.

Modelling the investigated samples

In view of the fact that the stability fields of epidote-group 
minerals appear to be similar in the REE-free and REE-
bearing systems, we now model the stability of (clino-)
zoisite and epidote for our own bulk compositions in the 
MnNCKFMASH and MnNCKFMASHTO systems, respec-
tively. The measured bulk composition (Table 1) of the sam-
ples investigated was normalized to 100 wt% and 10% of 
the total Fe was assumed to be  Fe2O3. Modelling results 
with an effective bulk composition considering element frac-
tionation in garnet cores (sample WC30) and Ca fractiona-
tion in accessory calcite (0.25 mode% in sample RC45) do 
not yield significant differences in epidote-group mineral 
stabilities. Pseudosections in the range of 200–600/700 °C 
and 0.1–2 GPa were calculated for samples WC22, WC30 
and RC45. Modelling results for sample WC30, consid-
ered representative in terms of major oxide concentrations 
and pseudosection topology, are shown in Fig. 10 with 
the stability fields of (clino-)zoisite (MnNCKFMASH) 
and epidote (MnNCKFMASHTO) highlighted. The same 
pseudosections are displayed in Figs. S14 and S15 with all 
fields labeled. (Clino-)zoisite in samples WC22 and WC30 
is stable from 310–320 °C/0.1–0.2 GPa to 550 °C/1.4–1.5 
GPa while epidote stability extends from 225 °C/ < 0.1 GPa 
to 575 °C/1.6–1.8 GPa. In sample RC45, (clino-)zoisite is 
stable from 320 °C/0.1 GPa to 625 °C/1.4 GPa. Epidote is 
stable from < 200 °C/ < 0.1 GPa to 675 °C/1.7 GPa.

Discussion

Modelling the stability and growth of REE‑rich 
epidote

It was shown above, that the stability fields of epidote-
group minerals modelled in REE-free and REE-bearing 
systems are very similar (Fig. 10a). (Clino-)zoisite stability 
in the MnNCKFMASH system thus provides a plausible 
minimum P–T range in which epidote-group minerals are 
expected to be stable (Fig. 11). Conversely, the epidote sta-
bility field obtained in the MnNCKFMASHTO system is 
wider, and slightly larger than that of REE-bearing epidote 
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in REE-bearing systems (Janots et  al. 2007; Hoschek 
2016), so that it can be regarded as the maximum stabil-
ity range for epidote-group minerals. In both REE-free and 
REE-bearing systems, the stability field of epidote-group 
minerals is bounded by breakdown reactions involving Ca-
bearing, major minerals like zeolites, lawsonite or plagio-
clase (Figs. 10, S14, S15; see also Janots et al. 2007). It is 
very likely the limited P–T dependence of these reactions 
that explains the similarity between modelled epidote and 
allanite stabilities.

Constraining the P–T conditions of REE-epidote growth 
and resorption during metamorphism is more challenging. A 
peculiar feature of modelled stability fields is the concentric 
shape of modal isopleths (e.g. Hoschek 2016); the modal 
amount of epidote increases towards the center of the stabil-
ity field. For any prograde path, this predicts REE-epidote 
growth only in the low-temperature half of the stability field. 
(Clino-)zoisite, epidote and allanite fields are all centered at 
about 450 °C, which coincides well with the first appearance 
of allanite at ~ 400–450 °C reported for numerous natural 
samples (Janots et al. 2006, 2007, 2008; Goswami-Banerjee 
and Robyr 2015). Along a prograde metamorphic path, the 
centre of the modelled fields (~ 450 °C) provides the maxi-
mum temperature of REE-rich epidote growth. The epidote 
stability field is wider than the (clino-)zoisite stability field 
due to the addition of  Fe3+ and yields a lower P–T boundary 
(~ 225 °C/< 0.5 GPa instead of 325 °C/< 0.6 GPa) for the 
growth of REE-rich epidote along a prograde path.
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To obtain the P–T conditions of REE-rich epidote growth 
in our samples, we use a similar approach to Goswami-
Banerjee and Robyr (2015). We combine geothermal gra-
dients with modelling results of the stability fields of the 
end-members (clino-)zoisite/epidote (Fig. 11a, b). For both 
samples WC22 and WC30, maximum P–T conditions for the 
appearance of REE-rich epidote lie at approximately 450 °C 
and 0.8 GPa. The minimum P–T estimates for samples 
WC22 and WC30 are 250 °C/0.3 GPa and 225 °C/0.2 GPa, 
respectively (Fig. 11a, b). Although epidote can occur at 
such low P–T conditions, these estimates should be regarded 
with caution as equilibrium is only attained at a millimeter 
scale or lower (Ruiz Cruz et al. 2010).

Sample RC45 differs from those in the Wölz Complex. 
Although the REE-rich epidote rims also appear elongated 
and are included in large muscovite aggregates oriented 
parallel to the foliation, they do not yield gradually decreas-
ing REE concentrations (Figs. 4f, 6d). In fact, the inner rim 
yields REE concentrations below detection limit while the 
enriched zone and the outer rim show almost constant REE 
contents. We interpret this as a sign of REE-rich epidote 
growth due to the influx of a fluid rather than progressive 
metamorphism. Since REEs mostly reside in Variscan allan-
ite cores, REE-epidote growth during the Eoalpine event 
takes place in a virtually REE-free system, as indicated by 
the rather low REE content of the rims (Fig. 7a; Table S6). 
Nevertheless, considering a similar gradient as for the Wölz 
Complex and the relatively high modal abundance of epi-
dote, the possible P–T range in which the fluid infiltrated is 
constrained at 200–450 °C and 0.25–0.8 GPa.

P–T conditions and timing of allanite/REE‑rich 
epidote growth

Ennstal Complex

In the Ennstal Complex, additional samples that are not 
shown in this study contain euhedral allanite included in 
large biotite blasts around which the main Eoalpine folia-
tion is deflected (Stumpf 2023). This is interpreted as Per-
mian allanite formation before or at the same time as biotite, 
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during prograde metamorphism (279.4 ± 8.1 Ma). The P–T 
conditions of Permian metamorphism were higher than 
those of the Eoalpine overprint (Iglseder et al. 2022), which 
is responsible for the present-day, low-grade appearance 
of the Ennstal Complex. Contemporaneous Permian meta-
morphism in the Ennstal Complex and Koralpe-Wölz nappe 
system indicates a similar mid-crustal position for all units 
during that period. The absence of biotite and garnet in both 
dated samples from the Ennstal Complex further supports 
that peak metamorphic temperatures of 490–565 °C were 
reached during the Permian cycle and were never exceeded 
during the Eoalpine overprint at 105.2 ± 4.0 Ma (Iglseder 
et al. 2022). No peak pressure estimations are available 
for the Ennstal Complex. We propose that pressure dur-
ing the Eoalpine overprint was lower than 0.8 GPa based 
on the lower greenschist facies paragenesis and assum-
ing the Ennstal Complex entered the Eoalpine subduction 
zone along a similar gradient as the adjacent units from the 
Koralpe-Wölz nappe system. This implies that the growth of 
BSE-bright laths inside former, euhedral allanite (Fig. 5a) 
occurred at P–T conditions lower than 490–565 °C and 0.8 
GPa, close to the metamorphic peak in the lower greenschist 
facies (Froitzheim et al. 2008).

Samples EC02 and EC05 reacted differently to the Eoal-
pine overprint. Allanite in sample EC05 remained largely 
unaffected except for the appearance of small discontinuous 
rims (Fig. 6b). These rims are the only indicator of allan-
ite alteration; they are thought to reflect allanite breakdown 
and the formation of a subsequent phase (tiny monazite is 
found in other Ennstal Complex samples) during low-grade 
Eoalpine overprint. On the other hand, the internal texture 
of allanite in sample EC02 was significantly changed. Thin 
BSE-bright allanite laths formed at the expense of former 
(Permian?) allanite. This difference very likely reflects the 
contrast in bulk rock compositions. The relatively low Ca 
and Al contents of sample EC05 limit epidote stability and 
an alteration to monazite is expected (Fig. 7b). Conversely, 
the high Al content of sample EC02 fostered (REE-bearing) 
epidote growth after allanite.

Wölz Complex

The Permian age in sample WC30 (286.2 ± 12.0 Ma) is 
slightly older but in line with previous Th-U–Pb monazite 
ages of 261 ± 18 Ma and 267 ± 9 Ma in the Koralpe-Wölz 
nappe system (Krenn et al. 2012; Schulz 2017). However, no 
textural information is available to constrain Permian allan-
ite growth due to the pervasive Eoalpine overprint. None-
theless, we interpret the significant size and euhedral shape 
of allanite cores to be an indication of prograde growth 
rather than retrograde replacement of a former REE-rich 
phase like monazite. The age obtained from allanite cores 
in sample WC22 (316.4 ± 22.2 Ma) overlaps within error 

with the Permian age from sample WC30 (286.2 ± 12.0 Ma) 
as well as with the Variscan age from sample RC45 
(326.9 ± 11.1 Ma). Extensive metamictization and a small 
grain size is the most likely explanation for this large uncer-
tainty and this date is deemed inconclusive.

In both samples from the Wölz Complex, REE-rich epi-
dote rims appear as elongated pressure shadows around 
allanite. They are oriented parallel to the main, variably 
microfolded foliation in samples WC22 and WC30 (Fig. 4c, 
d, e). Allanite with REE-rich epidote rims is included in gar-
net (Eoalpine garnet and two-phase garnet rim), muscovite, 
paragonite and biotite aggregates and blasts. Decreasing 
REE contents from the inner to the outer rim are interpreted 
as element fractionation during prograde growth. These 
textures indicate prograde REE-rich epidote crystallization 
(98.0 ± 2.9 Ma, 96.1 ± 2.1 Ma) during formation of the main 
foliation. This likely occurred in a deformation stage at the 
onset of Eoalpine metamorphism, preceding metamorphic 
peak pressure. Incipient Eoalpine garnet growth in the Wölz 
Complex is estimated at 540–570 °C and 0.6–0.8 GPa (Gaid-
ies et al. 2006; Bestel et al. 2009). This further constrains 
the crystallization of the REE-rich epidote rims, which is in 
agreement with our modelled maximum P–T conditions of 
450 °C and 0.8 GPa.

Rappold Complex

No textural information to constrain Variscan allanite 
growth (326.9 ± 11.1 Ma) is available in sample RC45. Due 
to the large size and euhedral shape of allanite cores, we 
also ascribe them to prograde growth rather than retrograde 
replacement. The Variscan age matches the mid-Carbon-
iferous Th-U–Pb monazite and Lu–Hf garnet-whole-rock 
metamorphic ages of 335–310 Ma reported in other units of 
the Koralpe-Wölz nappe system (Krenn et al. 2012; Schulz 
2017; Hauke et al. 2019). This further supports the hypoth-
esis of Variscan garnet growth in the Rappold Complex 
(Gaidies et al. 2006, 2008).

Since it is not possible to temporally resolve the different 
growth domains in the epidote rims, we suggest that rim 
crystallization happened in a relatively short time span due 
to influx of a fluid. Furthermore, the age of 101.8 ± 2.4 Ma 
and the fact that the REE-rich rims are included in mus-
covite forming the crenulated foliation points to REE-rich 
epidote rim crystallization during a prograde deformational 
stage of Eoalpine metamorphism at comparable P–T con-
ditions as REE-rich epidote rim crystallization in samples 
WC22 and WC30. Micro-zircon trails similar to those found 
in RC45 were reported as inclusions in chloritoid from low-
grade schist in the Eastern Alps (Hollinetz et al. 2022) (Fig. 
S16). In this case, a formation through Zr-saturated fluid 
at greenschist facies conditions (< 500 °C) is inferred. We 
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consider this as further evidence for the formation of REE-
rich epidote rims at greenschist facies conditions.

Tectonic implications

There are no Eoalpine ages for the Ennstal, Wölz and Rap-
pold Complex to directly compare our dating results to. 
We therefore compare our data to dating results from the 
high-grade eclogite facies part of the Koralpe-Wölz nappe 
system to give an estimation on the duration of the Eoal-
pine cycle. The ages of sample EC02 (105.2 ± 4.0 Ma), 
WC22 (98.0 ± 2.9 Ma), WC30 (96.1 ± 2.1 Ma) and RC45 
(101.8 ± 2.4 Ma) are older or slightly overlap with the ages 
of initial garnet growth at 95–94 Ma but are considerably 
older than the ages of the subsequent metamorphic pressure 
peak at 90–88 Ma (Thöni et al. 2008). This suggests a time 
span of 6–15 My for prograde metamorphism of the studied 
units from 0.2 to 1.1 GPa (Faryad and Hoinkes 2003).

For the Eoalpine event, the difference between P–T con-
ditions of REE-rich epidote/allanite appearance and peak 
P–T conditions varies between units. Peak metamorphic 
temperature in the Ennstal Complex is constrained to less 
than 490–565 °C (Iglseder et al. 2022), suggesting that 
partial allanite recrystallization during Eoalpine overprint 
occurred relatively close to the peak. In the southern part of 

the Wölz Complex, peak Eoalpine conditions of 600–650 °C 
and 1–1.1 GPa were reached, although they decrease towards 
the north (Faryad and Hoinkes 2003; Froitzheim et al. 2008). 
The difference between REE-rich epidote rim crystallization 
at maximum 450 °C and 0.8 GPa and peak conditions is 
therefore larger than in the Ennstal Complex. In the Rap-
pold Complex, similar peak conditions of 600–650 °C and 
1.0–1.1 GPa in the northern part have been documented, 
but they increase towards the south (Faryad and Hoinkes 
2003; Froitzheim et al. 2008). Here, the difference between 
prograde REE-rich epidote rim growth and peak conditions 
is even more substantial.

Dating in all units along the field gradient yields similar 
results of ~ 100 Ma, indicating that REE-rich epidote/allanite 
growth conditions during the Eoalpine P–T-t evolution were 
all reached roughly at the same time. Conversely, the age 
of peak P–T conditions becomes younger with increasing 
metamorphic grade (Thöni et al. 2008). This diachronous 
character of peak metamorphic ages has been formerly inter-
preted in terms of a southward propagation of units that were 
incorporated into the subduction channel at different times 
(Schuster et al. 2013).

However, our results indicate that all units entered the 
continental subduction channel nearly at the same time. We 
therefore argue that diachronous peak metamorphic ages 
simply result from the inertia of thermal equilibration (Eng-
land and Richardson 1977). For all units, the onset of burial 
is associated with a nearly instantaneous pressure increase 
without much heating of the geotherm, which leads to 
broadly similar REE-rich epidote/allanite ages during heat-
ing and burial along the geothermal gradient  (t0) shown on 
Fig. 12.

Low-grade metamorphic rocks at shallow crustal depth 
(Ennstal Complex in our case) will reach their metamorphic 
peak early, begin their exhumation and cool down. As such, 
they preserve a unique record of the geothermal gradient 
related to the early stages of continental subduction. Con-
versely, rocks buried to greater depths have a significantly 
longer time to equilibrate before their proximity to the sur-
face initiates cooling, so that their metamorphic peak is 
reached later. This interpretation supports the applicability 
of the classic models for Barrovian metamorphism to the 
Eoalpine metamorphic evolution (see also Stüwe 1998). An 
implication of this interpretation is that there is no need to 
invoke tectonic processes at different times for rocks of dif-
ferent metamorphic grades.

Conclusions

REE-rich epidote and allanite geochronology for differ-
ent units (Ennstal Complex, Wölz Complex, Rappold 
Complex) of a metamorphic field gradient exposed in the 

Fig. 12  Schematic P–T diagram illustrating the Eoalpine P–T-t evolu-
tion of the investigated units. The blue area indicates REE-rich epi-
dote/allanite appearance along the prograde path. The black arrow 
shows the P–T path broadly shared by all units while the grey arrows 
show the subsequent P–T evolution of individual units. Dashed lines 
are geotherms at different time steps  (t0,  t1…). The green domain is 
the exposed metamorphic field gradient
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Eastern Alps reveals the timing of Variscan (Carboniferous), 
Permian and Eoalpine (Cretaceous) events. The effect of 
230Th disequilibrium on dating results was evaluated with 
a new method based on minimizing the MSWD value of 
regressed U–Pb data. This approach might offer the pos-
sibility to approximate the Th/U ratio of the reservoir out 
of which allanite/REE-rich epidote grew, which can then be 
used for correction.

In the Ennstal and Wölz Complexes, allanite yields Per-
mian ages of 279.4 ± 8.1 Ma and 286.2 ± 12.0 Ma, respec-
tively. Allanite in the Rappold Complex yields a Variscan 
age of 326.9 ± 11.1 Ma. REE-rich epidote rims from the 
Wölz (98.0 ± 2.9 Ma, 96.1 ± 2.1 Ma) and Rappold Com-
plexes (101.8 ± 2.4 Ma) and BSE-bright laths in allanite 
of one sample from the Ennstal Complex (105.2 ± 4.0 Ma) 
all yield Eoalpine ages of ~ 100 Ma.

Textural relations between REE-rich epidote rims and 
muscovite, biotite or garnet show that the former crys-
tallized during an early deformational stage of prograde 
Eoalpine metamorphism. Additionally, we show that the 
modelled stability of epidote-group minerals in REE-free 
and REE-bearing systems is nearly identical. Pseudosec-
tion modelling in the REE-free systems MnNCKFMASH 
and MnNCKFMASHTO combined with geothermal gradi-
ents and textures constrain a P–T range of incipient REE-
rich epidote growth of 200–450 °C and 0.2–0.8 GPa.

All investigated units entered the Eoalpine subduction 
channel nearly at the same time, independent of their peak 
metamorphic grade. The subsequent P–T evolution of each 
unit towards the metamorphic peak did not necessarily 
involve differently timed tectonic processes but could sim-
ply reflect the inertia of thermal equilibration.
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