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Abstract

High- and ultrahigh-pressure rocks occur in the Austroalpine Nappes in a

�400 km long belt from the Texel Complex in the west to the Sieggraben Unit

in the east. Garnet growth during pressure increase was dated using Lu-Hf

chronometry. The results range between c. 100 and 90 Ma, indicating a short-

lived period of subduction. Combined with already published data, our esti-

mates of metamorphic conditions indicate a field gradient with increasing

pressure and temperature from the northwest to the southeast, where the

rocks experienced ultrahigh-pressure metamorphism. The P-T conditions of

the eclogites generally lie on the ‘warm’ side of the global range of

subduction-zone metamorphic conditions. The oldest Cretaceous eclogites

(c. 100 Ma) are found in the Saualpe-Koralpe area derived from widespread

gabbros formed during Permian to Triassic rifting. In the Texel Complex gar-

nets showing two growth phases yielded a Variscan-Eoalpine mixed age indi-

cating re-subduction of Variscan eclogite-bearing continental crust during the

Eoalpine orogeny. Jurassic blueschist-facies metamorphism at Meliata in the

Western Carpathians and Cretaceous eclogite-facies metamorphism in the

Austroalpine are separated by a time gap of c. 50 Ma and therefore do not rep-

resent a transition from oceanic to continental subduction but rather separate

events. Thus, we propose that subduction initiation was intracontinental at the

site of a Permian rift.
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1 | INTRODUCTION

Two general scenarios have been proposed for the physi-
cal mechanism of nucleation of subduction zones:

spontaneous, that is, caused by gravitational instability of
oceanic lithosphere, and induced, that is, resulting from
compressive stress acting on a plate (Stern, 2004).
According to the prevalent view, subduction begins

Received: 15 July 2021 Revised: 5 August 2021 Accepted: 9 August 2021

DOI: 10.1111/jmg.12634

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2021 The Authors. Journal of Metamorphic Geology published by John Wiley & Sons Ltd.

J Metamorph Geol. 2022;40:423–456. wileyonlinelibrary.com/journal/jmg 423

https://orcid.org/0000-0002-2808-0378
mailto:irena.miladinova@uni-graz.at
https://doi.org/10.1111/jmg.12634
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/jmg


within an oceanic plate. However, in the presently active
intracontinental belts of Central Asia, i.e., Pamir and
Tien Shan mountain ranges, it appears that subduction
was initiated within a pre-existing zone of weakness in
the Asian continental lithosphere, in response to the
compressive stress caused by India-Asia collision to the
south (e.g., Burtman & Molnar, 1993; Hamburger
et al., 1992; Poupinet et al., 2002; Sobel et al., 2013).
According to the same authors evidence of preceding,
long-lasting subduction of oceanic lithosphere is lacking.

The Austroalpine (or Eoalpine) high-pressure belt of
the Eastern Alps is another candidate for intracontinental
subduction initiation (Jan�ak et al., 2004; Stüwe &
Schuster, 2010); however, robust data supporting this
interpretation is lacking. This zone extends over a dis-
tance of �400 km from the Texel Complex in the west to
the Sieggraben Unit in the east (Figure 1). It comprises
basement rock complexes that were subducted to
eclogite-facies and locally ultrahigh-pressure (UHP) con-
ditions in the Late Cretaceous (e.g., Hoinkes et al., 1991;

Jan�ak et al., 2015; Miller, 1990; Miller & Thöni, 1997;
Tenczer & Stüwe, 2003; Thöni & Jagoutz, 1992; Thöni &
Miller, 1996). Dating of the high-pressure (HP) rocks
indicated that the pressure peak was reached at c. 91 Ma,
followed by rapid exhumation (Miller, Mundil,
et al., 2005; Miller, Thöni, et al., 2005; Thöni et al., 2008;
Wiesinger et al., 2006). One hypothesis is that the
Austroalpine high-pressure metamorphism is related to
the south- or southeast-dipping subduction zone which
consumed the Meliata-Hallstatt Ocean. Subduction
initiated around 170 Ma and, after collision with the
Austroalpine passive continental margin, resulted in
stacking of the Austroalpine nappes since 135 Ma
(Froitzheim et al., 1996; Neubauer et al., 2000; Neubauer,
Dallmeyer, et al., 1999; Thöni & Jagoutz, 1993). A second,
younger southeast-directed subduction of the Penninic
domain caused the emplacement of the Austroalpine
nappe stack on the Penninic rocks.

An alternative hypothesis explaining the geodynamic
evolution of the Austroalpine domain in the Eastern Alps

F I GURE 1 Tectonic map of the Eastern Alps modified after Jan�ak et al. (2004), Neubauer and Höck (2000), and Schmid et al. (2004). B,

Bajuvaric; BM, Brenner Mesozoic; C, Campo Nappe; D, Drauzug; EB, Err and Bernina Nappes; ED, Engadine Dolomites; EF, Engadine

Window; GN, Gurktal Nappe; GP, Graz Paleozoic; IQ, Innsbruck Quartz Phyllite; K, Koralpe; KA, Karawanken; NGZ, Northern

Grauwackenzone; Ö, Ötztal Nappe; P, Pohorje Massif; R, Radstadt Nappes; S, Saualpe; SA, Stangalm Mesozoic; SI, Silvretta Nappe; ST,

Steinach Nappe; SW, Semmering and Wechsel nappes; T, Tirolic; TO, Tonale Nappe [Color figure can be viewed at wileyonlinelibrary.com]
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is the mechanism of ablative subduction, proposed by
Polino et al. (1990) and Roda et al. (2012). In this view,
the HP/UHP metamorphism occurred by tectonic erosion
in the Austroalpine hanging wall of the southeast-
dipping subduction zone which consumed the Penninic
Ocean. The numerical model of Roda et al. (2012), which
assumed a hydrated mantle wedge in an ocean-continent
subduction system, was unable to reproduce the high T/P
conditions reflected by the natural Austroalpine eclogite
sample suite. Roda et al. (2012) suggested modification of
several factors to improve the robustness of their numeri-
cal models, e.g., variation of the oceanic and/or upper
plate thickness, variation of the subduction rate and/or
the slab dip, the initial thermal state of the passive
margin, the occurrence of continental collision, or an
oblique subduction.

Jan�ak et al. (2004) suggested intracontinental subduc-
tion as an alternative interpretation of the tectonic and
metamorphic evolution of the Austroalpine. According to
this model, the north-western parts of the Austroalpine
domain (Lower Central Austroalpine) represented the
footwall that was subducted under the south-eastern
parts (Upper Central Austroalpine), forming the hanging
wall. The site of the subduction zone can be traced along
the east-west trending zone of Eoalpine high-pressure
metamorphic rocks. The subduction was initiated in the
NW foreland of the Meliata suture, most probably within
a pre-existing Permian-age rift that was reactivated
when convergence across the suture continued after the
closing of the Meliata Ocean (Jan�ak et al., 2004; Kurz &
Fritz, 2003; Stüwe & Schuster, 2010). This model explains
many features of the tectonic evolution of the Eastern
Alps, like the lack of unambiguous remnants of former
oceanic material, the high T/P ratio of the rocks, and
the short time span of subduction (5–7 Ma; Thöni
et al., 2008). However, intracontinental subduction initia-
tion is unconventional (e.g., Stern, 2004) and the forces
that trigger this process are unclear. Stüwe and Schuster
(2010) suggested that crustal thinning during Permian
and subsequent thermal re-equilibration led to a denser-
than-average lithosphere in the rift and that the resulting
negative buoyancy could have started subduction. These
authors also suggested that subduction of the Penninic
Ocean was not achieved by a new subduction zone but
by the same, initially intracontinental subduction zone,
after the Austroalpine continental crust in the lower plate
had been completely consumed.

Exhumed HP/UHP rocks are unique proxies allowing
reconstruction of the temporal evolution of a subduction
zone as well as its thermal structure. In particular, infor-
mation on the prograde path can be gained by detailed
investigation of metamorphic garnets, which are part of
the peak-pressure assemblage. Garnets have high affinity

for Lu as well as high 176Lu/177Hf ratios, which makes
them most suitable for precise and accurate Lu-Hf dating
of high-grade rocks (e.g., Baxter & Scherer, 2013;
Blichert-Toft et al., 1999; Duchêne et al., 1997; Scherer
et al., 2000; Smit et al., 2013). In addition, slow rare-earth
element (REE) diffusion rates allow garnets to preserve
their isotopic compositions at high temperatures; thus,
their chemical composition allows attribution to a spe-
cific segment of the P-T path (Bloch et al., 2015; Burton
et al., 1995; Ganguly et al., 1998; Tirone et al., 2005; van
Orman et al., 2002).

The existing petrological and geochronological data
from the eclogites of the Austroalpine domain represent
a compilation of different approaches and geochronologi-
cal methods (U-Pb, Sm-Nd, and Lu-Hf). This data does
not show if there is a regular relation between location
and timing of subduction. In this study we present a
coherent, high-precision Lu-Hf data set combined with
equilibrium phase diagram modelling, which allows the
tectonic environment prevalent during the development
of the Austroalpine domain to be constrained. Our results
show that the Eoalpine HP belt represents coherent ter-
ranes that were progressively subducted and accreted in a
short phase (c. 10 Ma) of intracontinental subduction.

2 | REGIONAL GEOLOGY: THE
EASTERN ALPS

The Eastern Alps show a complex architecture that was
mainly developed during the Cretaceous and Tertiary
orogenies. The structurally lower units in the nappe stack
are the Penninic nappes. They crop out along the north-
ern margin of the Eastern Alps as well as in the Engadine
Window, Tauern Window, and Rechnitz Window
(Figure 1). These windows comprise slices of the
Piemont-Ligurian Ocean, the Valais Ocean, and the
Brianҫonnais Terrane.

The Austroalpine nappes form the upper part of the
nappe stack (Figure 1). They are derived from the conti-
nental crust of Apulia (Adria) and are subdivided into
Lower and Upper Austroalpine units (Schmid
et al., 2004). The Lower Austroalpine units represent the
continental margin between Apulia and the Piemont-
Ligurian Ocean and occur only locally along the base of
the Austroalpine.

The Upper Austroalpine comprises the Northern Cal-
careous Alps to the north and the Central Austroalpine
to the south. The former consists of thick Permo-
Mesozoic sediments, the latter of Variscan basement with
minor Permo-Mesozoic sedimentary cover. The Northern
Calcareous Alps show almost no Alpine metamorphism,
whereas parts of the Central Austroalpine have been
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metamorphosed up to eclogite-facies conditions
(e.g., Frank, 1987; Thöni, 1999).

The Central Austroalpine is further subdivided into
(1) Lower Central Austroalpine, which consists of base-
ment largely affected by Cretaceous metamorphism up to
eclogite facies and scarce or only locally present Mesozoic
sediment cover, and (2) Upper Central Austroalpine
comprising low-grade Variscan basement and
unmetamorphosed Mesozoic cover remnants (Jan�ak
et al., 2004). The Upper Central Austroalpine includes
among other units the Northern Grauwacke zone, the
Graz Paleozoic, and the Gurktal nappe (Figure 1). The
Ötztal-Bundschuh, Koralpe-Wölz, and Silvretta-Seckau
nappe systems of Schmid et al. (2004) form the Lower
Central Austroalpine.

Geochronological information for eclogite-facies
rocks of the Austroalpine is summarized in Table 1.

2.1 | Variscan HP metamorphism in the
Austroalpine

Variscan HP rocks crop out mainly in the western parts
of the Austroalpine basement as well as in the
Hochgrössen Massif, east of the Tauern Window
(Figure 1). U–Pb SHRIMP data for zircons from
phengite- and kyanite-bearing eclogites of the Silvretta
nappe yielded an age of 351 � 22 Ma, interpreted to
reflect zircon growth during Variscan high-pressure
metamorphism (Ladenhauf et al., 2001). Sm-Nd garnet
geochronology combined with Rb-Sr dating of mica
constrained a similar age for high-pressure imprint in
the high-grade rocks of the Ötztal Complex during the
Variscan orogeny at c. 350 Ma under P-T conditions of
2.7 GPa and 730�C and Variscan cooling ages at
c. 310 Ma (Miller & Thöni, 1995; Neubauer, Hoinkes,
et al., 1999; Thöni, 1999). In the Ulten Zone of the
Tonale Nappe, south of the Ötztal Complex, Sm-Nd
geochronology has been applied to migmatitic gneisses
associated with lenses of eclogite and garnet
peridotite (Tumiati et al., 2003). Ages of c. 330 Ma were
obtained for Variscan high-pressure metamorphism as
well as for partial melting, and the entire event was
interpreted to represent an episode of crustal subduction
at the end of the Variscan orogenic cycle. P-T condi-
tions for the Variscan high-pressure metamorphism
were estimated at 1.5 GPa and 600–850�C (Godard
et al., 1996).

In metabasites in the Speik Complex (Hochgrössen
massif), eclogite-facies conditions were estimated at 1.8–
2.2 GPa and 700�C. 40Ar/39Ar dating of edenitic horn-
blende in textural equilibrium with omphacite in the
eclogites yielded an age of 397.3 � 7.8 Ma (Faryad

et al., 2002), which is interpreted to be a minimum age
for high-pressure metamorphism in the area. This would
suggest that the Speik Complex in the Austroalpine base-
ment east of the Tauern Window comprises remnants of
the oldest eclogite-facies rocks preserved in the
Eastern Alps.

For the eclogites from the Prijakt area in
Schobergruppe, Linner (1999) determined HP metamor-
phic conditions of 1.6–1.8 GPa and 630–690�C. Sm-Nd
and Rb-Sr data of eclogites indicate that the Eoalpine
pressure peak occurred at c. 115 Ma, followed by amphib-
olite facies recrystallization before 86 Ma. In contrast,
Schulz (1993) interpreted the eclogites to be Variscan.
Recently, Hauke et al. (2019) applied Lu-Hf
geochronometry on two eclogite samples from the same
area. They obtained a minimum age of 313.3 � 1.8 Ma
for one of the samples and a maximum age of 96.92 �
0.82 Ma for the other sample, showing that the rocks in
this area experienced eclogite-facies metamorphism
twice, during the Variscan and the Eoalpine cycle. Ther-
modynamic modelling, performed by the same authors,
resulted in Alpine peak pressure conditions of c. 1.9 GPa
and 650�C.

2.2 | Alpine HP metamorphism

The Texel complex is the westernmost exposure of high-
pressure rocks of the Eoalpine high-pressure belt. HP
conditions of 1.2–1.4 GPa and 560–620�C were estimated
for the eclogite-facies stage by Hoinkes et al. (1991) and
Habler et al. (2006). In contrast, Zanchetta et al. (2013)
proposed UHP metamorphic conditions of 2.65–2.90 GPa
and 630–690�C, based on high Si-content in matrix phe-
ngites as well as K-feldspar and phengite lamellae within
omphacite. Dating of the eclogites is rather difficult,
because the garnets are inclusion-rich and display two
growth stages. Whether or not these growth stages are
part of the same metamorphic cycle is still unclear. How-
ever, U-Pb zircon dating as well as Sm-Nd garnet dating
suggested eclogite-facies metamorphism taking place at
85 � 4 and 85.2 � 4.6 Ma, respectively (Habler
et al., 2006; Zanchetta, 2007). These results are consistent
with Rb-Sr and Ar-Ar mica ages from eclogite host rocks
(e.g., Sölva et al., 2001; Thöni, 1983), which indicate that
temperatures of ≤300�C were reached during cooling
close to 70 Ma (Thöni, 1999).

In the northern part of Kreuzeckgruppe further east,
Eoalpine eclogites crop out in the cores of large garnet
amphibolite bodies (Polinik unit; Hoke, 1990). In a
tourmaline-bearing eclogite, Konzett et al. (2012) deter-
mined P-T conditions of 2.1 GPa and 650–680�C, as well
as U-Pb zircon ages of 86 � 1 and 109 � 2 Ma.
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In the Koralpe-Saualpe-Pohorje region, Miller (1990)
distinguished two different types of eclogites based on
geochemical and petrological data: (1) quartz-rich and
(2) kyanite-rich eclogites. Both types are derived from
N-MORB-type gabbroic protolith of Permian age
(Miller & Thöni, 1997; Miller, Thöni, et al., 2005; Thöni &
Jagoutz, 1992) but represent different fractionation stages
of the igneous source. The quartz-rich eclogites are
enriched in FeO and TiO2 and usually are kyanite-free.
They indicate formation from basaltic liquids with nor-
mal MORB-affinities. The kyanite-rich eclogites, on the
other hand, are characterized by high MgO and Al2O3

contents and low TiO2 contents. They are derived from
plagioclase-rich cumulates of the same gabbroic rock-
suite.

The polymetamorphic Saualpe Complex comprises
eclogites embedded in high-grade paragneisses
(e.g., Tenczer & Stüwe, 2003). The Eclogite Unit of

Saualpe is characterized by well-proven Eoalpine
eclogite-facies metamorphic imprint. Peak P-T conditions
reached up to 2.2 GPa and 630–740�C (Thöni et al., 2008,
and references therein). Sm-Nd and Lu-Hf ages obtained
from kyanite-bearing and kyanite-free eclogites range
between c. 94 and 89–87 Ma (e.g., Miller, 1990; Miller,
Thöni, et al., 2005; Thöni et al., 2008; Thöni &
Jagoutz, 1992; Thöni & Miller, 1996). The adjacent
Koralpe complex is similarly characterized by Eoalpine
eclogite-facies rocks. Sm-Nd dating of the eclogites
yielded ages between 108.7 � 8.8 and 91.4 � 6.7 Ma
(Lichem et al., 1997; Miller & Thöni, 1997; Miller, Thöni,
et al., 2005; Thöni & Jagoutz, 1992). The estimated peak
P-T conditions of 2.2-2.5 GPa and 700–750�C (Miller
et al., 2007, and references therein) are similar to those
recorded by eclogites from Saulape.

The Pohorje Mountains comprise the south-
easternmost high-grade rocks of the Eoalpine high-

TAB L E 1 Compilation of geochronological data on (U)HP rocks from the Austroalpine domain

Locality Lithology
Estimated PT
(GPa/�C)

Geochronological
method HP age Reference

Variscan HP metamorphism

Silvretta
basement

Eclogite 2.8/700 U-Pb SHRIMP 351 � 22 Ma Ladenhauf et al. (2001)

Ötztal basement Eclogite 2.7/730 Sm-Nd c. 370-340 Ma Miller and Thöni (1995)

Ulten Zone Eclogite 1.5/600–850 Sm-Nd c. 330 Ma Tumiati et al. (2003)

Speik Complex/
Hochgrössen

Eclogite 1.8–2.2/700 Ar-Ar 397.3 � 7.8
Ma

Faryad et al. (2002)

Schobbergruppe Eclogite – Lu-Hf 313.3 � 1.8
Ma

Hauke et al. (2019)

Alpine HP metamorphism

Schobbergruppe Eclogite <1.9/630–690 Sm-Nd, Lu-Hf c. 115 to c. 97 Hauke et al. (2019);
Linner (1999)

Texel complex Eclogite 1.2–1.4/560–620
2.65–2.90/630–
690

Sm-Nd, U-Pb c. 85 Ma Habler et al. (2006);
Hoinkes et al. (1991);
Zanchetta (2007)

Kreuzeckgruppe Eclogite 2.1/650–680 U-Pb 109-86 Konzett et al. (2012)

Saualpe Eclogite <2.2/630–740 Sm-Nd, Lu-Hf 94-89 Miller, Thöni, et al. (2005);
Thöni and Miller (1996)

Koralpe Eclogite 2.2–2.5/700–750 Sm-Nd 109-91 Miller and Thöni (1997);
Thöni and Jagoutz (1992)

Pohorje Eclogite,
microdiamond-
bearing gneiss

≥3.5/800–850 Sm-Nd, Lu-Hf,
U-Pb

97-90 Jan�ak et al. (2009, 2015);
Miller, Mundil,
et al. (2005);
Thöni et al. (2008);
Sandmann et al. (2016)

Sieggraben Eclogite >1.4 to <1.7/>610
to <750

Ar-Ar 136-108 Kromel et al. (2011);
Neubauer,
Dallmeyer, and
Takasu (1999)
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pressure belt. The HP and UHP rocks include eclogites
and garnet peridotites (3-4 GPa and 710–940�C; Jan�ak
et al., 2004, 2006; Vrabec et al., 2012) as well as
microdiamond-bearing gneisses (≥3.5 GPa and 800–
850�C; M. Jan�ak et al., 2015). A late Cretaceous age for
the HP metamorphism has been documented by various
geochronological studies. U-Pb zircon dating of eclogites
and metapelites yielded ages between c. 93 and c. 90 Ma
(Jan�ak et al., 2009; Miller, Mundil, et al., 2005). These
ages are identical to the Sm-Nd garnet ages and one
Lu-Hf garnet age of eclogites, determined by Miller,
Mundil, et al. (2005) and Thöni et al. (2008). Sandmann
et al. (2016) obtained ages of 96.6 � 1.2 and 94.8 �
5.1 Ma for the eclogites and 91.6 � 4.1 Ma for the garnet
peridotite and interpreted the age results to be related to
peak-pressure conditions. Taken together, a clearly docu-
mented UHP stage in Pohorje took place between 97 and
90 Ma.

In the north-eastern part of the Austroalpine base-
ment, the Sieggraben unit is an eclogite-bearing tec-
tonic mélange on the border of the Eastern Alps, south
of Vienna. Neubauer, Dallmeyer, et al. (1999) estimated
peak pressure conditions of 1.4–1.5 GPa and 670–
750�C. 40Ar/39Ar dating of hornblende was conducted
by the same authors and yielded ages between c. 136
and 108 Ma. These were interpreted to represent differ-
ent stages of decompressional retrogression following
the HP event (Neubauer, Dallmeyer, et al., 1999).
Kromel et al. (2011) defined a new P-T path for the
eclogites with peak pressure conditions of 1.6–1.7 GPa
and 610–650�C.

For this study, new eclogite samples were collected
from Koralpe, Saualpe, Sieggraben, and Texel units
(Figure 1). The exact coordinates of the sample localities
are presented in Table 2.

3 | ANALYTICAL METHODS

Part of the isotopic analyses of Lu and Hf was performed
on the ThermoFisher Neptune MC-ICPMS at University
of Cologne. All other measurements and analyses were
concluded at the Institute of Geosciences, University
of Bonn.

3.1 | Bulk and mineral composition
analyses

All samples were crushed in a steel mortar. For the
whole rock bulk composition analysis representative
aliquot of each sample was powdered in an agate mill,
and glass beads and pressed pellets were produced for

measurement of major oxides and trace elements,
respectively. The X-ray fluorescence analysis was
carried out using a PANalytical ProTrace X-ray
fluorescence spectrometer. Loss on ignition (L.O.I.)
was determined by weight loss before and after
heating every sample up to 1,000�C. All the Fe is
reported as ferric (Fe3+: Fe2O3) in the XRF analysis
(Table 3).

For all samples, the major element compositions of
minerals as well as the element zoning in garnets were
determined by using a JEOL Superprobe JXA 8200 elec-
tron microprobe and following the procedure outlined
in Miladinova et al. (2018). Two garnet grains were
analysed in sample SIG 3; three in HO 1, GRÜ 1, GRÜ
2, and WOL 1; six in HO 2; and nine in sample SAL
1. Trace element distributions in garnets were measured
in situ by laser ablation mass spectrometry along line
profiles. The analyses were carried out using a
Resonetics M50-E ATL Excimer 193 nm laser system
coupled to a Thermo X-series 2 quadrupole ICP-MS.
The laser was operated using fluency of 7.4 J/cm2 at the
sample surface and repetition rate of 15 Hz. Different
spot sizes were used depending on the grain size of the
garnets as well as the distribution of inclusions: 44 and
58 μm. Count rates were normalized using 29Si as an
internal standard and NIST-SRM-612 glass as an exter-
nal standard (Jochum et al., 2011). Reproducibility was
checked by measuring the NIST-SRM-610 reference
glass and treating it as an unknown. The isotopes 43Ca,
47Ti, 55Mn, 89Y, 175Lu, 177Hf, 178Hf, and 180Hf were
monitored. Data reduction and evaluation were carried
out following standard procedures (Longerich
et al., 1996).

TABL E 2 Sample locations and GPS coordinates

Location/
Sample Sample Coordinates

Koralpe

Hohl HO 1 & HO 2 N46�43049.400

E15�08048.900

Saualpe

Grünburgerbach GRÜ 1 & GRÜ
2

N46�5102100

E14�34029.500

Wolfsberger
Hütte

WOL 1 N46�49060v
E14�39033.500

Sieggraben

SIG 3 N47�3903100 E16�2102500

Texel

Saltaus Valley SAL 1 N46�44007.500

E11�10032.800
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TAB L E 3 XRF analyses of the dated eclogite samples, used as input data for thermodynamic modelling

Sample GRÜ 1 GRÜ 2 HO 1 HO 2 SAL 1 SIG 3 WOL 1

Major oxides (wt %)

SiO2 49.10 49.74 51.47 49.24 49.85 48.39 47.59

Al2O3 14.47 14.74 14.76 20.87 13.39 14.18 15.15

Fe2O3 11.86 11.15 11.67 4.85 16.50 13.95 12.51

MnO 0.20 0.16 0.18 0.08 0.22 0.30 0.22

MgO 7.99 7.94 7.82 7.39 5.46 6.72 7.18

CaO 10.70 11.22 10.30 13.78 8.49 11.60 12.05

Na2O 3.25 2.60 2.98 1.68 3.17 2.95 2.67

K2O b.d. b.d. 0.09 0.01 0.09 0.17 0.09

TiO2 1.62 1.55 1.59 0.32 2.50 1.18 1.70

P2O5 0.12 0.11 0.12 b.d. 0.25 0.09 0.11

SO3 0.01 0.10 0.11 0.09 0.26 0.14 0.06

L.O.I. 1.14 1.10 0.08 1.87 1.05 1.07 1.22

Total sum 100.46 100.41 101.17 100.18 101.23 100.74 100.55

Trace elements (ppm)

Sc 37.5 31 34.2 23.7 37.7 38.1 30.4

V 327.6 301.7 320.9 133.2 451.1 331.6 331.5

Cr 255.6 256.2 165.6 577.4 248.7 423.7 225.1

Ni 40.6 66 41.6 25 43.4 46 75.4

Cu 69.3 121.8 57.4 77.7 38.7 75.8 175.6

Zn 38.7 84.3 35.4 75.9 26 150.3 32.1

Ga 92.5 58.7 55 31 77.7 154.4 158.3

As 16.4 16 15.6 13.6 19.8 15.2 16.5

Rb 5.1 1.7 1.4 1.9 3 b.d. 2.4

Sr 1 1.5 3.1 1.8 b.d. 3.3 3.5

Y 42.5 128.5 100.4 156.4 72.9 223.7 144.5

Zr 33.7 30.9 34.1 7.9 58.6 27.4 36.5

Nb 89.1 81.2 102.2 6.4 181.1 66.1 99.8

Mo 2.2 2.4 2.1 b.d. 11 2.6 3.9

Cs 3.2 2.4 b.d. 3.9 8.3 1.2 1.5

Ba 4.4 b.d. b.d. 4.2 b.d. 2.1 b.d.

La b.d. 2.8 11.8 49.4 11.1 18.6 5.8

Ce 48.5 37.8 49.5 b.d. 82.9 32 58.7

Nd 16.2 5.1 16.4 10.7 35.1 14.6 9.9

Sm 4 1.7 6.3 6.4 24.2 6.3 5

Hf b.d. b.d. b.d. b.d. 10.5 1.3 3.9

W 2.1 3.5 3.2 b.d. 3.6 b.d. 3.2

Pb 32.9 68.1 36.3 14.5 54.1 45.5 58.7

Th 11.5 15.2 11.7 16 11.4 8.8 18.6

U b.d. b.d. b.d. b.d. 2.8 1.2 2.1

MILADINOVA ET AL. 429



3.2 | Lu-Hf dating

The samples selected for Lu-Hf dating were crushed in
a steel mortar. One portion of every sample was pow-
dered in an agate mill for bulk rock analysis. For min-
eral separation, a second portion of every sample was
sieved, and the target fractions were then purified using
a Frantz magnetic separator. Subsequently, garnet and
omphacite were hand-picked under a binocular micro-
scope from 180–255, 250–355, and 355–500 μm size
fractions.

Sample digestion was conducted as described in
detail by Miladinova et al. (2018). For a complete sam-
ple digestion, one whole rock powder split of each
sample was digested inside steel-jacketed PARR bombs.
The mineral separates and a second whole rock frac-
tion from each sample were dissolved following the
selective tabletop procedure described by Lagos
et al. (2007). This method avoids digestion of refractory
Hf-rich phases like zircon and rutile. The single-
column element separation procedure (Münker
et al., 2001) was used to separate Lu and Hf from the
rock matrix. In addition, the Hf cuts were processed a
second time in order to remove the remaining matrix
elements Lu and Yb.

The isotopic analyses of Lu and Hf were carried
out in static mode using a Thermo-Finnigan Neptune
MC-ICP-MS. Measured Hf isotope ratios were
corrected for mass fractionation using the exponential
law and a 179Hf/177Hf of 0.7325. All measured
176Hf/177Hf ratios are reported relative to 176Hf/177Hf
= 0.282160 for the Münster Ames Hf standard, which
is isotopically identical to the JMC-475 standard.
Interferences on 176Hf and 180Hf were corrected by
monitoring 173Yb, 175Lu, 181Ta, and 182W signals. The
176Hf/177Hf was calculated using both the spiked and
natural 175Lu/176Lu composition for interference cor-
rection, and the mean 176Hf/177Hf was used. The
respective uncertainty was added to the 2σ external
reproducibility in 176Hf/177Hf that was calculated via
an empirical relationship (Bizzaro et al., 2003). The
2s.d. reproducibility of solution standards within the
single analytical sessions was �0.000029 (n = 14,
1.4 V avg. 177Hf signal; mean 176Hf/177Hf = 0.282167)
for the 176Hf/177Hf of the in-house AMES Hf standard
analysed at 4–40 ppb Hf. Isochron regressions and
ages were obtained using the Isoplot v. 2.49 program
of Ludwig (2001) and the 176Lu decay constant
λ = 1.867 � 10�11 yr�1 (Scherer et al., 2001;
Söderlund et al., 2004) as well as 2σ uncertainties for
176Lu/177Hf and 176Hf/177Hf ratios. Total procedural
blanks were typically <58 pg for Lu and <64 pg
for Hf.

4 | RESULTS

4.1 | Petrography and mineral chemistry

Representative microprobe analyses of minerals from the
investigated samples are listed in Table 4.

4.1.1 | Koralpe

Sample HO 1: Quartz-rich eclogite, Hohl
Sample HO 1 is a medium- to coarse-grained eclogite
composed of garnet, clinopyroxene, clinozoisite, amphi-
bole, and quartz. Accessory rutile, ilmenite, and apatite
are also present. Retrogression is locally restricted and
documented by symplectites of Na-poor clinopyroxene,
calcic amphibole, and sodic plagioclase around
omphacite (Figure 2a). Garnet crystals are anhedral and
reach up to 1.5 mm in size. Usually, garnet cores contain
inclusions of quartz, rutile, and apatite but may also be
inclusion-free. High-resolution X-ray maps reveal rather
homogenous grains with respect to bivalent cations, but
some patches show slightly different compositions
enriched in Mn and Fe (Figure 3). In contrast to the
largely equilibrated major elements, Lu concentration
profiles display a well-developed bell-shaped distribution
(Figure 3). Omphacite occurs as large anhedral crystals in
the matrix and is unzoned. The molar fraction of jadeite
in omphacite is 0.39–0.42. Locally, diopside-rich cli-
nopyroxene (XJd = 0.12) together with Na-rich plagio-
clase (An14-17) and calcic amphibole form symplectitic
rims around omphacite. Amphibole is a minor phase and
occurs as single grains or in symplectites replacing
omphacite. Both varieties have pargasitic composition
with Al2O3 contents varying between 13.17 and 14.08 wt
% and Na2O of 3.47–3.89 wt%.

Sample HO 2: Kyanite-rich eclogite, Hohl
The mineral composition of this eclogite reflects its Mg-
and Al-rich bulk composition. It contains Mg-rich garnet,
omphacite, clinozoisite, kyanite, quartz, amphibole, and
rutile (Figure 2c,d). Retrogressive alteration is limited
and restricted to narrow symplectite rims around
omphacite, which consist of Na-poor clinopyroxene +

sodic plagioclase � calcic amphibole. The garnets are
poikiloblastic with inclusions of omphacite, kyanite,
amphibole, clinozoisite, quartz, and minor rutile in the
cores, whereas the rims are inclusion-free. The chemical
composition of the garnets is nearly constant with little
variation in content of the major elements
(Prp39-42Alm34-37Grs22-25Sps0.4-0.8), which is also illus-
trated by the compositional maps (Figure 4). Unzoned
omphacite with jadeite content between 25% and 30%
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F I GURE 2 Back-scattered electron (BSE) images showing the matrix compositions of the dated eclogite samples. am, amphibole; ap,

apatite; czo, clinozoisite; ep, epidote; grt, garnet; ilm, ilmenite; ky, kyanite; omp, omphacite; pl, plagioclase; qtz, quartz; rt, rutile; ttn, titanite
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occurs as single crystals in the matrix. Omphacite inclu-
sions in garnet and quartz have the same composition as
matrix omphacite. Clinopyroxene in symplectites
replacing omphacite is Na-poorer with varying jadeite
component up to 18%. Amphibole occurs in the matrix
and as inclusions in garnet. According to the classifica-
tion of Hawthorne et al. (2012), the matrix amphibole is
magnesio-hornblende with Al2O3 content ranging
between 12.92 and 15.29 wt%. Pargasite is characterized
by Al2O3 content of 13.08–13.92 wt%. It occurs as inclu-
sions in garnet and commonly replaces omphacite in
symplectites together with diopside and plagioclase.
Kelyphitic amphibole replacing garnet at the rims dis-
plays very Al-rich composition with Al2O3 up to 21 wt%
and is classified as sadanagaite (Hawthorne et al., 2012).
Clinozoisite with Fe2O3 content varying from 1.14 to 1.95
wt% occurs in textural equilibrium with omphacite and
amphibole in the matrix. Clinozoisite enclosed by garnet
has the same composition. Kyanite is unaltered and
occurs as prismatic, subhedral crystals in the matrix. It is
compositionally homogenous and contains 0.02–0.12 wt%
Cr2O3 and 0.18–0.34 wt% Fe2O3 as main impurities.
Numerous small needles of kyanite enclosed by garnet
can contain up to 1.02 wt% Fe2O3.

4.1.2 | Saualpe

Samples GRÜ 1 & GRÜ 2: Quartz-rich eclogite,
Grünburger Bach
The eclogite from Grünburger Bach is coarse-grained
and made up of garnet, omphacite, clinozoisite, quartz,
rutile, and apatite (Figure 2e,f). Weak retrogression is
indicated by the breakdown of omphacite to
symplectites composed of Na-poor clinopyroxene, sodic
plagioclase, and calcic amphibole. Garnet crystals are
anhedral to subhedral and reach up to 2.5 mm in size.
Garnet is almandine-rich and contains inclusions of
quartz and rutile. X-ray maps of major elements as
well as compositional profiles show typical prograde
zoning with high spessartine and grossular components
in the core, whereas the pyrope component is increas-
ing toward the rims (Figures 5 and 6). Lu distribution
through garnet shows a bell-shaped pattern. Omphacite
is present as relatively large anhedral crystals in the
matrix. It contains 36% to 41% jadeite in addition to
1–6% acmite. It contains inclusions of rutile, apatite,
and quartz and is variably replaced by diopside-rich
clinopyroxene (Jd8) together with albite-rich plagioclase
(An20) and pargasitic amphibole. Clinozoisite is

F I GURE 3 Major element distribution maps of a representative garnet of sample HO 1. Compositional and Lu concentration profiles

follow the trace B-B0 indicated on the map. The bell-shaped pattern of Lu shows preserved prograde growth zonation [Color figure can be

viewed at wileyonlinelibrary.com]
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F I GURE 4 Major element distribution maps of a representative garnet of sample HO 2. Compositional profiles follow the line A-B

indicated on the map. Maps and profile show homogenized element distribution related to equilibrium during the thermal stage of

metamorphism [Color figure can be viewed at wileyonlinelibrary.com]
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F I GURE 5 Major element distribution maps of a representative garnet of sample GRÜ 1. Compositional profiles in garnet show bell-

shaped distribution indicating prograde garnet growth [Color figure can be viewed at wileyonlinelibrary.com]
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abundant in the matrix and forms medium to small
grains with relatively low Fe2O3 content (2.02–2.63 wt
%). Amphibole forms poikiloblasts with pargasitic com-
position. It also occurs in narrow symplectite rims
replacing omphacite. Pargasite shows Al2O3 content
from 13.96 to 16.67 wt% and Na2O of 3.48–4.17 wt%.
Extremely Al-rich amphibole (sadanagaite) with Al2O3

reaching up to 21 wt% replaces garnet.

Sample WOL 1: Quartz-rich eclogite, Wolfsberger Hütte
Sample WOL 1 is a coarse-grained eclogite and consists
of garnet, clinopyroxene, clinozoisite, amphibole, qua-
rtz, rutile, titanite, and minor ilmenite (Figure 2b). Zir-
con and apatite are accessory phases. Garnet crystals
are anhedral and occur as two types: (1) smaller garnet
crystals (<1.5 mm) that show relatively weak, patchy
compositional zoning, and (2) larger garnet crystals
(<3.5 mm) with more distinct zoning (Figure 7). Alto-
gether, garnet is almandine-rich and frequently contains
inclusions of omphacite, quartz, rutile, titanite,
clinozoisite, and apatite. High-precision X-ray maps
indicate typical prograde zoning with high XMn and
Fe/(Fe+Mg) in the core and XMg increasing from core
to rim. The overall composition of garnet is

Am45-52Grs26-34Prp14-26Sps0.2-2.0. The Lu distribution in
the smaller garnets shows a small central peak and
enrichment in the rim domains, whereas the larger
crystals display Lu peaks only close to the rims
(Figure 7). Omphacite is the second most abundant
mineral phase after garnet. It is unzoned and occurs as
large anhedral grains in the matrix as well as small
inclusions in garnet. It contains 23% to 39% jadeite
component in addition to 1–4% acmite component.
Occasionally, omphacite is replaced by Na-poor cli-
nopyroxene (Jd15) + sodic plagioclase (An6-16) + calcic
amphibole. Amphibole is present as poikiloblasts in the
matrix or as part of symplectitic aggregates replacing
omphacite. This amphibole is pargasite with Al2O3 con-
tent between 12.97 and 16.22 wt% and less variable
Na2O between 2.97 and 3.88 wt%. Keliphitic amphibole
containing up to 20 wt% Al2O3 occurs at the contact
with garnet. Clinozoisite appears in textural equilibrium
with omphacite and garnet. Matrix clinozoisite and
inclusions in garnet display similar compositions with
low Fe2O3 ranging between 1.25 and 2.52 wt%. Rutile is
present as inclusions in garnet, but also commonly as
subhedral grains in the matrix, locally rimmed by tit-
anite. The latter is frequent also as inclusion in garnet

F I GURE 6 Major element distribution maps of a representative garnet of sample GRÜ 2. Compositional profiles as well as Lu

concentration profile show bell-shaped distribution indicating prograde garnet growth [Color figure can be viewed at wileyonlinelibrary.

com]
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F I GURE 7 Major element distribution maps of representative garnet crystals from sample WOL 1. (a) Small garnet with patchy major

element compositional zoning shows a bell-shaped distribution of Lu indicating prograde garnet growth. (b) Larger garnet crystals show prograde

major element zoning, whereas Lu is concentrated near the rims. See text for details [Color figure can be viewed at wileyonlinelibrary.com]
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porphyroblasts. Ilmenite is the least abundant Ti-phase
and occurs only in association with rutile. Observations
suggest that ilmenite grew first, followed by rutile then
titanite, in line with a clockwise pressure-temperature
evolution (e.g., Zack & Kooijman, 2017).

4.1.3 | Sieggraben

Sample SIG 3
The eclogite from Sieggraben is coarse-grained and con-
tains garnet, clinopyroxene, amphibole, epidote, rutile,
titanite, plagioclase, and quartz (Figure 2g). Garnet crys-
tals are anhedral to subhedral and reach up to 2.5 mm
in size. Garnet is almandine-rich and encloses amphi-
bole, plagioclase, epidote, K-feldspar, quartz, rutile, tit-
anite, and ilmenite. Composition of garnet is
Am49-55Grs26-34Prp11-21Sps0.3-5.0. The grains are zoned
and show increasing pyrope and almandine components
from core to rim and correspondingly decreasing gros-
sular and spessartine components. The Lu distribution
in garnet as well as that of the other heavy REEs shows
high concentrations near rims but no discernible central

peaks (Figure 8). Small omphacite crystals with jadeite
component of �24% occur in the matrix (Figure 2g).
Most of the omphacite was replaced by symplectites of
diopside-rich clinopyroxene (Jd9-16) and albite-rich pla-
gioclase (An10-20) during a retrograde overprint. Calcic
amphibole occurs as poikiloblasts, but also as part of
narrow symplectite rims replacing omphacite. Amphi-
bole displays Al2O3 content varying between 10.44 and
17.97 wt% and Na2O content ranging from 2.31 to 3.16
wt%. Keliphitic amphibole (sadanagaite) replacing gar-
net shows Al2O3 of at least 19 wt%. Clinozoisite occurs
as single grains in textural equilibrium with garnet and
amphibole (Figure 2g). The Fe2O3 content is somewhat
higher than in the previous samples and ranges from
7.64 to 8.46 wt%. Inclusions in garnet are epidote-rich
and contain up to 15.31 wt% Fe2O3. Plagioclase occurs
as inclusions in garnet as well as symplectites with cli-
nopyroxene and amphibole after breakdown of
omphacite. Rutile and ilmenite are abundant in the
matrix and occur as irregular grains. Rutile inclusions
in garnet are present as single grains or partly replaced
by titanite. Titanite is mainly present as single inclu-
sions in garnet.

F I GURE 8 Major element distribution maps of a representative garnet from sample SIG 3. Compositional profiles show bell-shaped

distribution indicating prograde garnet growth. The distribution of Lu shows elevated concentrations near the garnet rims, whereas a central

peak is missing. See text for details [Color figure can be viewed at wileyonlinelibrary.com]
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4.1.4 | Texel complex

Sample SAL 1, Saltaus valley
Sample SAL 1 is fine- to medium-grained eclogite com-
posed of garnet, omphacite, amphibole, rutile, ilmenite,
quartz, and minor titanite and epidote. Fine-grained
symplectites locally replace omphacite in the matrix
(Figure 2h). They are made up of diopside-rich cli-
nopyroxene, plagioclase, and calcic amphibole. Accessory
zircon can be found as single grains in the matrix and as
inclusions in garnet. The sample displays a weak foliation
defined by elongated omphacite and aligned amphibole.

The garnets are subhedral to anhedral and reach up
to 1 mm in size. They are almandine-rich and clearly
show two growth stages (Figure 9). Idiomorphic Grt 1 dis-
plays compositional zoning with high spessartine and
grossular components in the core and increasing pyrope
component toward the rims. The overall composition of
Grt 1 is Alm53-65Grs15-35Prp8-20Sps0.5-2.4. An abrupt
change in chemical composition marks the second garnet
growth stage (Grt 2). It is characterized by a sharp

increase in Ca-content, as well as a decrease in Mg- and
Fe-contents relative to the rims of Grt 1 (Table 4). Inclu-
sions of omphacite, quartz, amphibole, rutile, titanite,
epidote, plagioclase, zircon, and apatite are abundant in
Grt 1 and along the boundary between Grt 1 and Grt
2. Grt 2 is inclusion-free. The distribution of Lu mimics
well the zoning of the Ca and Mn in garnet (Figure 9).
The core of Grt 1 is characterized by the highest Lu con-
centrations, which decrease toward Grt 2, where it is
increasing again. Omphacite occurs as large, anhedral
crystals in the matrix with 37–48% Jd component. They
are unzoned and contain inclusions of quartz and amphi-
bole. Smaller aggregates among the symplectitic matrix
have lower jadeite component that ranges between 25%
and 34% (Figure 2h; Table 4). Larger and smaller
omphacite crystals with the same compositions are also
included in garnet. Locally, symplectites of diopside-rich
clinopyroxene and albite-rich plagioclase (An2-8 and
rarely An13-18) replace omphacite in the matrix. The
symplectitic pyroxene contains 19–21% jadeite. Amphi-
bole with katophorite composition (Hawthorne

F I GURE 9 Major element distribution maps of a representative garnet from sample SAL 1. Compositional and Lu concentration

profiles follow the trace B-B0 indicated on the map. They clearly show the presence of two growth phases (Grt 1 and Grt 2). The bell-shaped

pattern of Lu indicates preserved prograde growth zonation [Color figure can be viewed at wileyonlinelibrary.com]
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et al., 2012) occurs in textural equilibrium with
omphacite and garnet in the matrix, indicating crystalli-
zation during high-pressure conditions. Its Al2O3 content
ranges between 10.35 and 13.32 wt% and Na2O reaches
up to 4.74 wt% (Table 4). The retrogressive amphiboles
have pargasitic composition. They form symplectites
together with plagioclase and clinopyroxene or replace
coarse-grained primary amphiboles. Extremely Al-rich
amphiboles (up to 20 wt% Al2O3) replacing garnet are
reaction products from garnet during decompression.
Most of the amphibole inclusions in garnet are pargasite
and rarely katophorite with compositions similar to the
matrix amphiboles, suggesting that pargasite inclusions
actually reflect reequilibrated inclusions. Rutile is abun-
dant as inclusions in garnet. In the matrix rutile occurs
as single grains or replaces ilmenite. Sometimes both
phases are rimmed by titanite. Inclusions of pure titanite
are observed mainly in the garnet core, while matrix tit-
anite is always associated with ilmenite and rutile.

4.2 | P-T estimates

In order to better constrain the metamorphic evolution of
the eclogites from the Austroalpine high-pressure belt,
equilibrium phase diagram modelling was used to esti-
mate the peak metamorphic conditions of the studied
samples. Equilibrium phase diagrams are calculated from
XRF-determined whole rock compositions and compared
with observed assemblages as well as mineral composi-
tions of garnet, omphacite, amphibole, and plagioclase
obtained by electron microprobe analyses (Tables 3 and
4). We used the software package Theriak/Domino
(de Capitani & Petrakakis, 2010) together with a modified
thermodynamic dataset of Holland and Powell (1998).
Non-ideal solution models for garnet (White et al., 2007),
clinopyroxene (Green et al., 2007), and amphibole
(Diener et al., 2007) were used for the calculations. The
system was assumed to be saturated in pure water. The
Si-Al-Fe-Mg-Ca-Na-O input compositions were calcu-
lated assuming bivalent iron and normalized to 100 cat-
ions. In order to account for the observed minor trivalent
iron in clinozoisite/epidote, omphacite, and amphibole, a
small amount of oxygen (up to 1.0 mol) was added. The
results are illustrated on Figures 10 and S1 to S6.

4.2.1 | Sample HO 1: Quartz-rich eclogite,
Hohl, Koralpe

The inferred stable equilibrium assemblage in sample
HO 1 is garnet-omphacite-amphibole-clinozoisite-quartz-
rutile. It is predicted to be stable over a relatively large

pressure-temperature range between 1.45 and 2.25 GPa
and 580–770�C (Figure 10). However, the observed min-
eral chemistry corresponds to the upper part of this sta-
bility field. This is illustrated via calculated isopleths for
grossular and almandine content in garnet, which con-
strain the peak conditions to �2.2 GPa and 670�C. The
intersection between modelled garnet volume isopleths
and the corresponding grossular and almandine contents
confirm the estimated conditions. This interpretation is
in close agreement with the published eclogite peak con-
ditions from this region (1.65–2.05 GPa/620–720�C,
Bruand et al., 2010; 2.2–2.8 GPa/635–720�C, Miller
et al., 2007, and references therein).

4.2.2 | Sample HO 2: Kyanite-rich eclogite,
Hohl, Koralpe

The observed mineral assemblage of sample HO 2 con-
tains garnet-omphacite-kyanite-amphibole-clinozoisite-
quartz-rutile, corresponding to 1.8–2.3 GPa and
700–800�C in the phase diagram (Figure 10). These con-
straints are in line with the published P-T data, which
are in the range of 2.2–2.4 GPa and 630–785�C (Miller
et al., 2007; Miller, Thöni, et al., 2005). For more precise
estimation of P and T, grossular and pyrope isopleths
were calculated. They intersect at �2.2 GPa and 730�C,
within the range of the already published data.

4.2.3 | Sample GRÜ 2: Quartz-rich eclogite,
Grünburger Bach, Saualpe

The peak mineral assemblage of the quartz-rich eclogite
from Grünburger Bach is garnet-omphacite-clinozoisite-
quartz-rutile. The predicted stability field for this assem-
blage extends over a wide pressure-temperature range of
1.7–2.8 GPa and 680–850�C (Figure 10). The observed
grossular and almandine contents in garnet correspond
to �2.4 GPa and 700�C in the peak assemblage stability
field. This result is well in agreement with the published
peak conditions of 2.2–2.4 GPa and 629–727�C
(Miller et al., 2007; Miller, Thöni, et al., 2005). In addi-
tion, garnet volume isopleths reveal that garnet grew
under increasing pressure and temperature, similar to
sample HO 1.

4.2.4 | Sample WOL 1: Quartz-rich eclogite,
Wolfsberger Hütte, Saualpe

Sample WOL 1 contains the high-pressure assemblage
garnet-omphacite-clinozoisite-quartz-rutile, which is

442 MILADINOVA ET AL.



stable between 1.6–2.8 GPa and 650–870�C in the calcu-
lated phase diagram. Equilibrium conditions can be con-
strained to �2.4 GPa and 680�C from the compositional

isopleths of garnet. These P-T conditions overlap with
those of the quartz-rich eclogites from Grünburger Bach
as well as the published data for Saualpe (Miller

F I GURE 1 0 Equilibrium phase diagrams calculated for SiAlFeMgCaNaOH bulk compositions of the dated eclogite samples HO 1, HO

2, GRÜ 2, WOL 1, SIG 3, and SAL 1. All calculations assume water saturation. Additionally, compositional isopleths for almandine (red

lines), grossular (green lines), and pyrope (blue lines; only for sample HO 2) components in garnet were calculated. Grey isopleths show

volume percentage of garnet. The yellow stars correspond to the estimated peak conditions [Color figure can be viewed at wileyonlinelibrary.

com]
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et al., 2007; Miller, Thöni, et al., 2005). Similar to the
samples described above, modelling of the garnet volume
percentage shows that garnet grew along a prograde path
under increasing temperature and pressure.

4.2.5 | Sample SIG 3, Sieggraben

The peak pressure assemblage of the Sieggraben eclogite
is garnet-omphacite-amphibole-epidote-rutile-quartz.
Phase equilibrium modelling predicts a relatively large
stability field for this assemblage. The grossular and
almandine components that reflect garnet rim composi-
tion correspond to peak pressure conditions ranging
between 1.7 and 1.9 GPa at 600–650�C. The temperature
estimates are in good agreement with the published P-T
data for the eclogites from Sieggraben (Kromel
et al., 2011; Neubauer, Dallmeyer, et al., 1999), but the
estimated peak pressure is higher than previously
suggested by these authors (max. 1.7 GPa).

4.2.6 | Sample SAL 1, Saltaus valley, Texel
complex

As explained above, the garnets in sample SAL 1 display
a two-stage growth history. The obtained Lu-Hf-garnet
age (see Section 4.3 below) suggests that the two garnet
generations did not grow during a single high-pressure
event. In this case, Grt 1, which is also the main garnet
generation, is a pre-Alpine relic that was overgrown by
Grt 2 during the regional eclogite-facies event in Creta-
ceous times. The well-developed Grt 2 suggests that
matrix minerals are also Eoalpine in age and in equilib-
rium with Grt 2. It is not possible to reconstruct the P-T
conditions of the pre-Alpine metamorphic event.

The Eoalpine peak pressure assemblage is character-
ized by garnet, omphacite, amphibole, epidote, quartz,
and rutile. As a result of the at least two stages of evolu-
tion of this eclogite, disequilibrium (e.g., chemical) effects
on the effective bulk compositions may be large, and we
consider the obtained conditions as a first approximation.
The compositional isopleths as well as the amount of gar-
net indicate that the assemblage is stable within the
upper part of the relatively large stability field, i.e., 1.9–
2.1 GPa and 570–600�C. This temperature range fits well
with the published data for eclogites from Saltaus valley.
However, our peak pressures differ strongly from those
published in Habler et al. (2006). These authors applied
albite-jadeite-quartz barometry and obtained notably
lower pressure conditions probably due to its limited
application based upon the breakdown of albite
(e.g., Page et al., 2003; Tropper et al., 1999). Zanchetta

et al. (2013) proposed UHP metamorphic conditions for
the formation of eclogite in Ulfas valley, north of our
sample locality, but evidence for that is lacking in sam-
ples from Saltaus valley.

4.3 | Geochronology

New Lu-Hf isotope data are presented here for seven
eclogite samples from the Austroalpine basement of the
Eastern Alps. The results are given in Table 5 and illus-
trated on Figure 11.

4.3.1 | Sample HO 1 (quartz-rich eclogite)
and sample HO 2 (kyanite-rich eclogite) from
Hohl, Koralpe

Three garnet separates of each sample as well as selec-
tively digested whole rocks were used to calculate the Lu-
Hf isochrons. Additionally, an omphacite fraction from
sample HO 1 was handpicked and analysed. The garnet
fractions of both samples show distinctly different
176Lu/177Hf of 2.65–2.74 for HO 1 and 0.81–1.09 for HO
2. The Hf concentration in the garnets of HO 1 range
from 86 to 93 ppb, and in the garnets of HO 2 from 73 to
79 ppb. The Lu-Hf ages are 98.80 � 0.65 Ma (MSWD 1.3;
n = 5) for HO 1 and 92.6 � 2.0 Ma (MSWD 0.35; n = 4)
for HO 2.

4.3.2 | Samples GRÜ 1 and GRÜ 2 (quartz-
rich eclogite) from Grünburger Bach, Saualpe

Garnet and omphacite separates as well as table top
digested whole rock aliquots were used for the calcula-
tions of the isochrons for samples GRÜ 1 and GRÜ
2. Both samples show very similar isotopic compositions
with Hf concentration in the garnets ranging from 119 to
134 ppb and 176Lu/177Hf ratio between 1.19 and 1.34.
Omphacites contain Hf concentrations of 595 and
623 ppb and 176Lu/177Hf of 0.00429 and 0.00329, respec-
tively. The resulting ages are 100.3 � 1.0 Ma (MSWD
1.03; n = 5) for GRÜ 1 and 101.79 � 0.92 (MSWD 1.01;
n = 5) for GRÜ 2, both identical within error.

4.3.3 | Sample WOL 1 (quartz-rich eclogite)
from Wolfsberger Hütte, Saualpe

Three handpicked garnet separates and one table top
digested whole rock sample were used to determine the
age of sample WOL 1. The 176Lu/177Hf ratio of the
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TAB L E 5 Lu-Hf isotope compositions of eclogites from the Eastern Alps

Samples ppm Lu ppm Hf 176Lu/177Hf 2 s.d. 176Hf/177Hf 2 s.d. Age (Ma)

GRÜ 1

WR tt 0.544 0.596 0.1296 0.0003 0.283321 0.000018 100.3 � 1.0

WR b 0.544 2.00 0.03871 0.00008 0.283165 0.000020 99.8 � 1.2

Omp 0.0180 0.595 0.004292 0.000009 0.283093 0.000024

Grt 1 1.16 0.133 1.232 0.002 0.285402 0.000024

Grt 2 1.14 0.134 1.203 0.002 0.285312 0.000034

Grt 3 1.18 0.129 1.294 0.003 0.285508 0.000035

GRÜ 2

WR tt 0.482 0.600 0.1141 0.0002 0.283300 0.000017 101.79 � 0.92

WR b 0.498 2.18 0.03244 0.00006 0.283127 0.000030 102.2 � 1.5

Omp 0.0170 0.623 0.003886 0.000008 0.283072 0.000024

Grt 1 1.12 0.134 1.185 0.002 0.285326 0.000018

Grt 2 1.12 0.119 1.340 0.003 0.285626 0.000027

Grt 3 1.11 0.130 1.211 0.002 0.285416 0.000062

HO 1

WR tt 0.536 0.605 0.1256 0.0003 0.283248 0.000015 98.80 � 0.65

WR b 0.544 2.22 0.03480 0.00007 0.283118 0.000021 97.97 � 0.71

Omp 0.0238 0.625 0.005419 0.000011 0.283003 0.000037

Grt 1 1.72 0.0925 2.647 0.005 0.287921 0.000048

Grt 2 1.66 0.0861 2.735 0.005 0.288030 0.000048

Grt 3 1.72 0.0888 2.744 0.005 0.288093 0.000054

HO 2

WR 1 tt 0.119 0.248 0.06813 0.00014 0.283329 0.000039 92.6 � 2.0

WR 2 tt 0.118 0.248 0.06778 0.00014 0.283330 0.000024

Grt 1 0.561 0.0734 1.086 0.002 0.285096 0.000035

Grt 2 0.501 0.0779 0.9137 0.0018 0.284742 0.000195

Grt 3 0.448 0.0787 0.8089 0.0016 0.284578 0.000081

SAL 1

WR 1 tt 0.944 0.471 0.2848 0.0006 0.284134 0.000034 232.0 � 6.4

WR 2 tt 0.959 0.424 0.3207 0.0006 0.284256 0.000029

WR b 0.983 4.87 0.02863 0.00006 0.283081 0.000022 231 � 10

Grt 1 2.56 0.0567 6.448 0.013 0.310865 0.000062

Grt 2 2.54 0.0554 6.539 0.013 0.311817 0.000078

Grt 3 2.53 0.0495 7.286 0.015 0.314069 0.000067

SIG 3

WR 1 tt 0.434 0.656 0.09375 0.00019 0.283330 0.000019 89.89 � 0.37

WR 2 tt 0.424 0.670 0.08972 0.00018 0.283325 0.000025

WR 3 tt 0.428 0.662 0.09177 0.00018 0.283317 0.000022

WR b 0.438 1.69 0.03676 0.00007 0.283208 0.000026 90.12 � 0.43

Grt 1 3.11 0.0830 5.319 0.011 0.292100 0.000056

Grt 2 3.16 0.0861 5.216 0.010 0.291933 0.000064

Grt 3 3.17 0.0776 5.805 0.012 0.292921 0.000060

(Continues)
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garnets ranges from 1.72 to 1.78, and their Hf concentra-
tion is between 119 and 125 ppb. The age is
101.0 � 1.2 Ma (MSWD 0.87; n = 4). An isochron calcu-
lated with the completely digested whole rock sample
yields an identical age. The age is also identical with both
ages from Grünburger Bach.

4.3.4 | Sample SIG 3 from Sieggraben

Three garnet separates and one selectively digested whole
rock aliquot from sample SIG 3 were used to determine
its age. The garnets display Hf concentrations between
78 and 86 ppb and 176Lu/177Hf of 5.22-5.81. The age is
89.89 � 0.37 Ma (MSWD 0.15; n = 4). A second isochron,
calculated using the completely digested whole rock gives
the same age within the error limits.

4.3.5 | Sample SAL 1 from Saltaus valley,
Texel complex

For sample SAL 1, three garnet separates and whole rock
aliquot define a statistically insignificant isochron with
mean square weighted deviates (MSWD) >74 (Figure 11).
The resulting Lu-Hf age of 232.0 � 6.4 Ma (n = 5) indi-
cates a variable mixing of Alpine (Grt 2) and relic pre-
Alpine garnets (Grt 1).

5 | DISCUSSION

5.1 | Interpretation of the Lu-Hf ages:
Prograde garnet growth versus cooling

A crucial factor for the interpretation of Lu-Hf ages is
identification of the growth mechanisms of garnet as well
as the major and trace element zoning. Particularly, REE
patterns can provide valuable information about the pro-
cesses that operated during garnet growth (e.g., Hickmott
et al., 1987). Two rate-limiting end-member processes for

porphyroblast growth have been discussed in numerous
studies, i.e., interface- and diffusion-controlled growth
(e.g., Carlson, 1989; Daniel & Spear, 1999; Fischer, 1978;
Hyppolito et al., 2018; Kretz, 1974; Skora et al., 2005;
Skora et al., 2006; Spear & Daniel, 1998, 2001).
Interface-controlled garnet growth implies that the
attachment or incorporation of material at the garnet sur-
face is relatively slow compared to diffusion to the
growing garnet. Thus, pre-existing garnet crystals do not
influence the nucleation of new ones. Moreover, garnet
will be randomly distributed in a homogeneous matrix
and will grow with equal radial increments regardless of
size. When the diffusion of material to the growing
garnet is slower compared to the growth rate, then
growth is diffusion-controlled. This may result in the
development of a depletion rim around growing
porphyroblasts, which suppresses nucleation adjacent to
the growing garnet. Therefore, garnet crystals will have a
non-random distribution in a homogenous matrix, where
smaller garnet appears at greater distances to large
garnet.

Regarding the Lu-Hf system, a key assumption is that
garnet remains an isotopically closed system since crys-
tallization. Hence, Lu and Hf are effectively retained in
the garnet and do not undergo substantial diffusional
reequilibration that modifies primary Lu-Hf isotope sys-
tematics during the thermal peak of metamorphism
and/or consequent cooling of the system. However, rates
and mechanisms of element diffusivity in garnet depends
on several other factors in addition to temperature:
e.g., grain size, oxygen fugacity, cooling rate, ionic
charge, presence or absence of fluid (e.g., Bloch
et al., 2015; Caddick et al., 2010; Skora et al., 2006; Smit
et al., 2011). Experimental studies showed that the ionic
charge of an element is a major control factor on its diffu-
sive closure temperature, i.e., 2+ ions (e.g., Mn2+) diffuse
by orders of magnitude faster than 3+ (e.g., Lu3+),
whereas the diffusion of 4+ (e.g., Hf4+) is even slower
(e.g., Bloch et al., 2015; Carlson, 2006, 2012; Ganguly
et al., 1998; van Orman et al., 2002). The published esti-
mates of the closure temperature of the Lu-Hf system

TAB L E 5 (Continued)

Samples ppm Lu ppm Hf 176Lu/177Hf 2 s.d. 176Hf/177Hf 2 s.d. Age (Ma)

WOL 1

WR tt 0.584 0.650 0.1277 0.0003 0.283279 0.000017 101.0 � 1.2

WR b 0.590 2.30 0.03643 0.00007 0.283079 0.000020 101.9 � 1.2

Grt 1 1.47 0.119 1.754 0.004 0.286370 0.000059

Grt 2 1.51 0.125 1.717 0.003 0.286246 0.000062

Grt 3 1.49 0.119 1.782 0.004 0.286407 0.000051
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F I GURE 1 1 Lu-Hf isochron plots for the dated eclogite samples. Grt, garnet digestion; omp, omphacite digestion; wr, whole rock. The

error bars are typically smaller than the symbol
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appear to be in the range of �800–850�C for garnets with
1 mm diameter (Smit et al., 2013; van Orman
et al., 2002), thus well above the peak temperature esti-
mates for the eclogites from the Austroalpine high-
pressure belt, which experienced a thermal peak at
≤730�C.

As described above, garnet grains from samples HO
1, GRÜ 1, and GRÜ2 exhibit compositional zoning with
high Ca and Mn distributions as well as bell-shaped Lu
concentration patterns in the cores (Figures 3, 5, and 6).
This means that the garnets have preserved their pro-
grade growth zonation pattern for Lu-Hf. Therefore, the
obtained Lu-Hf ages of 98.80 � 0.65 Ma, 100.3 � 1.0 Ma,
and 101.79 � 0.92 (Figure 11), respectively, clearly reflect
the time of garnet growth during increasing P and T.

The garnets in the kyanite-rich eclogite HO 2 show a
complete homogenization in the distribution of major
elements. Unfortunately, due to the very abundant inclu-
sions in the garnet cores as well as the very low concen-
trations of REE, it was not possible to obtain Lu
concentration profiles within the framework of this
study. Samples HO 1 and HO 2 belong to the same eclo-
gite body, but the obtained Lu-Hf age of 92.6 � 2.0 Ma
from HO 2 is c. 6 Ma younger than the prograde age of
HO 1 (Figure 11). This age discrepancy could be attrib-
uted to prolonged (>6 Ma-long) garnet growth in these
eclogites. However, further analyses of more garnets
would be necessary to resolve this. On the other hand,
P-T equilibrium modelling for sample HO 2 constrains
somewhat higher temperature (�730�C; Figure 10) than
for HO 1 (�670�C), which could suggest that the kyanite-
rich eclogite recorded the thermal peak of metamor-
phism. Hence, the younger age dates the onset of cooling
after temperature peak.

As described above, the small garnets in sample WOL
1 display somewhat less pronounced major element zon-
ing, but a distinct Lu concentration peak in the garnet
cores (Figure 7). By contrast, the major element composi-
tion of the large garnets shows typical prograde growth
zoning with Ca-, Fe-, and Mn-poor and Mg-rich rims.
However, the corresponding Lu profile shows maxima
only near the garnet rims, probably resulting from a
depletion halo surrounding the garnet grains early in
their growth history (e.g., Skora et al., 2006). The mea-
sured Lu profiles in the garnets from sample WOL 1 may
be explained by a model in which incorporation of Lu is
controlled by diffusion, whereas the overall garnet
growth is dominated by the interface-controlled mecha-
nism. Nevertheless, the zoning does not necessarily bias
the obtained Lu-Hf age of 101.0 � 1.2 Ma. In fact, consid-
ering the prograde major element zoning pattern and the
nearly identical ages of the adjacent GRÜ 1 and GRÜ
2 (100.3 � 1.0 Ma and 101.79 � 0.92, respectively), we

interpret the obtained age to represent prograde garnet
growth.

The major element distribution in garnet of sample
SIG 3 shows distinct zoning with high Mn- and Ca-
contents in the garnet core, whereas Mg and Fe are
enriched at the rims (Figure 8). In contrast, Lu is concen-
trated near the rims and shows no central peak. Similar
to WOL 1, we suggest that diffusion-controlled garnet
growth is responsible for this pattern. Another possibility
is that a very narrow central peak of Lu may have been
missed if garnet was not sectioned precisely through its
centre. If so, the near-rim peaks would represent a sec-
ondary maximum of Lu that was released from the
decomposition of REE-bearing minerals within the adja-
cent matrix (e.g., Fassmer et al., 2016; Konrad-Schmolke
et al., 2008). In any case, the REE pattern in the garnets
of that sample does not seem to have experienced signifi-
cant partial resetting during crystallization that could
affect the Lu-Hf age. Therefore, the age of 89.89 �
0.37 Ma is interpreted to be related to burial during
subduction.

Both growth stages in the garnets from sample SAL
1 (Grt 1 and Grt 2) record prograde growth zoning with
high contents of spessartine and grossular in the inner
parts (Figure 9). The Lu concentration through
garnet also shows a bell-shaped distribution in Grt
1 and a second enrichment towards the rims (Grt 2).
Hence, we interpret the estimated P-T conditions to
reflect prograde growth of Grt 2 during subduction.
However, the obtained ‘Triassic’ age (232.0 � 6.4 Ma;
Figure 11) seems to be a mixed result between signifi-
cantly different garnet age components, most probably
pre-Alpine (Grt 1) and Alpine (Grt 2) garnet. By using a
mass balance approach (e.g., Kellett et al., 2014), we
compared the Lu concentration in the garnet core ver-
sus garnet rim and estimated the relative contribution
of these zones to the bulk Lu-Hf age. Using average
core and rim Lu concentrations and average garnet
diameters, we estimated that Grt 1 is responsible for
roughly 75% of the total Lu budget in the Texel eclogite
(see the supporting information for details of the calcu-
lations), which suggests that most of the garnet is pre-
Alpine and there is a significant ‘contamination’ on the
age by Alpine garnets that grew during the Eoalpine
high-pressure event. Unfortunately, a geologically mean-
ingful age cannot be assigned to any of the growth
stages. It could be that pre-Alpine Grt 1 is a relic from
the Permian-Triassic high-temperature metamorphism
that reached peak pressure conditions at circa 280–260
Ma (Schuster & Stüwe, 2008). However, the Texel com-
plex continues around the Eoalpine Schneeberg
Complex (e.g., Sölva et al., 2001) into the Ötztal base-
ment, which contains Variscan eclogites. Together with
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the recent Lu-Hf garnet dating of eclogites from
Schobergruppe, where both Variscan and Alpine ages
were obtained (Hauke et al., 2019), this suggests that
the pre-Alpine garnets from Texel are Variscan as well.

5.2 | Tectonic implications

A compilation of garnet-whole rock ages from this and
other studies is shown in Figure 12a (Hauke et al., 2019;
Sandmann et al., 2016; Thöni et al., 2008). The oldest ages
of c. 100 Ma are located in the Koralpe and Saualpe,

previously interpreted as relating to burial. This area is also
characterized by intense igneous and metamorphic activity
of regional importance during the Permian–Triassic period
(e.g., Schuster et al., 2001). The gabbroic protoliths of the
Koralpe-Saualpe eclogites were derived from a depleted
mantle source (Miller et al., 1988, 2007; Miller &
Thöni, 1997; Thöni & Jagoutz, 1992) and embedded within
the thinned crust of a rift zone that was probably located
northwest of the Meliata-Hallstatt Ocean (Figure 11a;
Jan�ak et al., 2004; Schuster et al., 2001; Schuster &
Stüwe, 2008). This suggests intracontinental subduction
initiation, localized by the reactivated Permian rift.

F I GURE 1 2 (a) Compilation of Lu-Hf garnet ages established in the Austroalpine HP belt (data from Hauke et al., 2019; Sandmann

et al., 2016; Thöni et al., 2008; and this study). (b) Compilation of the estimated P-T conditions (data from Hauke et al., 2019; Jan�ak

et al., 2015; Konzett et al., 2012; and this study). Bold numbers represent the data obtained in this study [Color figure can be viewed at

wileyonlinelibrary.com]
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Further south, the eclogites from Pohorje Mountains
are also derived from MORB-type gabbroic protoliths,
just as the ones in Saualpe and Koralpe (Figure 13a;
Miller, Mundil, et al., 2005; Miller et al., 2007; Thöni &
Jagoutz, 1992). Protolith ages are not known from the
eclogites, but zircon cores in surrounding paragneisses
(Jan�ak et al., 2009) and magmatic zircons in
orthogneisses (Chang et al., 2020) yielded Permian to
Early Triassic ages, suggesting a Permian rift situation
also in Pohorje. Lu-Hf dating of these eclogites as well as
garnet peridotites yields ages of �95 Ma (Sandmann
et al., 2016; Thöni et al., 2008). These ages were inter-
preted to reflect garnet growth during progressive sub-
duction. This rock complex experienced UHP
metamorphism at ≥3.5 GPa/800–850�C during the
Eoalpine subduction event (Jan�ak et al., 2015), whereas
Saualpe-Koralpe reached only 2.2–2.4 GPa/670–700�C.
Altogether, this may be explained in two ways. Either,
Pohorje and Saualpe-Koralpe are two distinct coherent
terranes, and while Pohorje was still being subducted,

Saualpe-Koralpe had already been accreted to the upper
plate. Alternatively, they may represent one single ter-
rane (Figure 13b) and the c. 100 Ma ages from Koralpe
and Saualpe reflect an earlier stage of the subduction,
while the c. 95 Ma ages from Pohorje reflect a later stage
of the P-T path. The occurrence of a �99 Ma quartz-rich
eclogite and a �93 Ma kyanite-rich eclogite together in
one locality (Hohl) in the southern part of the Koralpe,
i.e., rather close to Pohorje, speaks for this second expla-
nation. The two eclogites from Hohl, although they yield
different ages, must belong to the same terrane because
they were sampled in the same eclogite lens, only a few
tens of metres apart.

After Saualpe-Koralpe-Pohorje, subduction continued
including the polymetamorphic basement of
Schobergruppe and Texel complex (Figure 13b), which
comprises rocks with pre-Alpine and Eoalpine overprint.
U-Pb zircon and Sm-Nd garnet dating of these complexes
yielded only Cretaceous ages (Habler et al., 2006;
Linner, 1999; Zanchetta et al., 2013). A recent detailed

F I GURE 1 3 Tectonic model

illustrating the proposed evolution of the

Austroalpine domain. (a) Gabbroic

intrusions embedded within the thinned

crust of a rift zone during extension in

the Late Permian. (b) Progressive

subduction of the Saualpe-Koralpe-

Pohorje terrane and the Variscan

eclogites from Schobergruppe and Texel

complex during the Late Cretaceous

[Color figure can be viewed at

wileyonlinelibrary.com]
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petrological and geochronological study by Hauke
et al. (2019) showed that the eclogites from
Schobergruppe recorded two high-pressure metamorphic
events, Variscan with a minimum age of �314 Ma and
Alpine with a maximum age of �97 Ma. They estimated
pressure peak conditions during the Late Cretaceous sub-
duction of c. 1.9 GPa and 650�C, whereas the Variscan
eclogite experienced conditions of at least 1.6 GPa, as
inferred from the amount of garnet.

Similar to the HP rocks from Schobergruppe, previous
dating of the eclogites from the Texel complex yielded
Late Cretaceous ages. Using Sm-Nd garnet geochronol-
ogy, Habler et al. (2006) dated eclogites from Saltaus val-
ley as well as their host-rock. The study derived an
eclogite age of 85.2 � 4.6 Ma, which was interpreted to
reflect maximum burial stage during subduction. The
authors assumed that polyphase garnet growth in the
eclogites occurred during a single eclogite-facies meta-
morphic event. However, the Sm-Nd garnet dating of
orthogneisses and metapelites by Habler et al. (2006)
resulted in ages of 205.7 � 5.3 Ma and 208.5 � 8.4 Ma,
respectively, which indicates the presence of pre-
Cretaceous mineral relics. Zanchetta et al. (2013)
confirmed the Late Cretaceous metamorphic age of the
eclogites from Texel by using U-Pb zircon geochronology.
They derived an age of 85 � 4 Ma and considered it to
represent a stage near the high-pressure metamorphism.
The Lu-Hf garnet dating in this study resulted in a ‘Trias-
sic’ age of circa 232 Ma. As discussed above, this age is
interpreted as a Variscan-Eoalpine mixed age. Consider-
ing the distribution of Lu-Hf garnet ages along the
Austroalpine high-pressure belt as well as the estimated
P-T conditions that show a clear temperature decrease
from southeast to northwest (Figure 12a,b), the age of the
Alpine metamorphism in the Texel complex should be
≤97 Ma.

Accordingly, from c. 97 Ma, continental crust com-
prising Variscan eclogites was subducted. These rocks
were exhumed after the Variscan orogeny and subducted
to high-pressure conditions again in the Late Cretaceous.
In this scenario, the Texel complex represents the more
deeply subducted southeastern part of the Ötztal nappe.

The observed discrepancy between Lu-Hf and Sm-Nd
data is common for the eclogites from the Eoalpine high-
pressure belt. One reason for that may be the presence of
unequilibrated inclusions within garnet that are capable
to bias the estimated ages (e.g., Scherer et al., 2000). On
the other hand, the different diffusion kinetic properties
of Nd3+ and Hf4+ cause the 147Sm–143Nd decay system to
be more easily affected by diffusive resetting, which leads
to a lower closure temperature than that of the
176Lu–176Hf system in garnet (e.g., Scherer et al., 2000).
Thus, the younger Sm-Nd ages can be attributed to the

early stages of cooling from high-grade conditions
(e.g., Smit et al., 2013).

All these data suggest that the Eoalpine subduction
began at �100 Ma within the Permian rift and lasted
until �90 Ma, as inferred from the high-pressure ages
from Pohorje and Sieggraben. The observed field gradient
representing the depth and the timing of the subduction
indicate that the Eoalpine high-pressure belt does not
represent a subduction-channel mélange, mixing rocks
with different P-T history, as suggested by Roda
et al. (2012). Rather, it represents one coherent terrane or
parts of one terrane that were progressively subducted
and accreted in a short phase (�10 Ma) of
intracontinental subduction. The considerably higher
40Ar/39Ar hornblende ages from Sieggraben, c. 136 to
108 Ma (Neubauer, Dallmeyer, et al., 1999), probably
result from excess Ar. Our results show that there is not a
continuous record of high-pressure metamorphism in the
Austroalpine connecting the Middle (c. 172 Ma) to Late
Jurassic (c. 155–152 Ma; Faryad & Henjes-Kunst, 1997)
blueschist metamorphism in Meliata with the Cretaceous
(c. 100–90 Ma) HP/UHP metamorphism of the
Austroalpine. Instead, there is a gap in the record of
c. 50 Ma, which speaks against a continuous develop-
ment from oceanic to continental subduction and rather
favours tectonically independent events.

It is well known that P-T conditions of subduction
zones depend, among other factors, on subduction rate as
well as the relative proportions of oceanic and continen-
tal crust being subducted (e.g., Warren, 2013). The higher
radiogenic heat production in the continental crust leads
to higher temperatures during continental subduction,
which only increase with the thickness of the subducted
continental crust. Hence, the peak metamorphic temper-
atures of subducted oceanic crust are usually relatively
low (<600�C), whereas those of subducted continental
crust may reach up to 800�C. Furthermore, subduction in
oceanic subduction zones is usually a long-lasting pro-
cess, whereas the continental subduction zones are rather
short-lived.

The P-T estimations for the Austroalpine eclogites
suggest relatively ‘warm’ conditions on the prograde sub-
duction path (600–850�C; Figure 14), in contrast to the
‘cold’ Tertiary HP/UHP rocks of the Western Alps
(c. 500–600�C; e.g., Dragovic et al., 2020), which originate
mainly in an oceanic subduction setting and have much
higher P/T ratios, explained by the cooling effect of a sub-
ducting oceanic plate (Yamato et al., 2007). This, together
with short duration of the Eoalpine subduction cycle
(c. 10 Ma), is in line with an intracontinental subduction
scenario for the Austroalpine where cooling by a sub-
ducting oceanic plate from underneath did not take
place.
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6 | CONCLUSIONS

Lu-Hf dating of eclogites from the Austroalpine high-
pressure belt yielded prograde garnet growth ages
between 101.79 � 0.92 Ma and 89.89 � 0.37 Ma,
suggesting a short period of (ultra)high-pressure meta-
morphism. The oldest eclogites are localized in the
Saualpe-Koralpe area, where Permian to Triassic gabbros
are also widespread. This supports the hypothesis that
subduction was intracontinental and was initiated within
a pre-existing weakness zone in the lithosphere, a
Permian-age rift. The scattered age data from the eclogite
from Saltaus valley is explained by the variable mixing
between pre-Alpine and Alpine garnets. Therefore, the
Texel Complex is interpreted to represent continental
crust that contained Variscan high-grade rocks and was

re-subducted during the Eoalpine orogeny. Thermody-
namic modelling indicates overall high T/P ratio and gra-
dient with increasing temperatures and pressures from
northwest to southeast. There is no continuous record of
high-pressure metamorphism linking the Middle to Late
Jurassic Meliata blueschist-facies metamorphism with
the Cretaceous HP/UHP in the Austroalpine, but instead
a gap of 50 Ma, suggesting that these are separate tectonic
events.
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Data S1. Supporting information

Figure S1. Equilibrium phase diagram calculated for
SiAlFeMgCaNaOH bulk composition of the dated eclo-
gite sample HO 1. Additionally, compositional isopleths
for almandine (red lines) and grossular (green lines) com-
ponents in garnet were calculated. Grey isopleths show
volume percentage of garnet. The yellow star corresponds
to the estimated peak conditions. For more details see
“P-T estimates”.

Figure S2. Equilibrium phase diagram calculated for
SiAlFeMgCaNaOH bulk composition of the dated eclo-
gite sample HO 2. Additionally, compositional isopleths
for grossular (green lines) and pyrope (blue lines) compo-
nents in garnet were calculated. The yellow star corre-
sponds to the estimated peak conditions. For more details
see “P-T estimates”.
Figure S3. Equilibrium phase diagram calculated for
SiAlFeMgCaNaOH bulk composition of the dated eclo-
gite sample GRÜ 2. Additionally, compositional isopleths
for almandine (red lines) and grossular (green lines) com-
ponents in garnet were calculated. Grey isopleths show
volume percentage of garnet. The yellow star corresponds
to the estimated peak conditions. For more details see
“P-T estimates”.
Figure S4. Equilibrium phase diagram calculated for
SiAlFeMgCaNaOH bulk composition of the dated eclo-
gite sample WOL 1. Additionally, compositional isopleths
for almandine (red lines) and grossular (green lines) com-
ponents in garnet were calculated. Grey isopleths show
volume percentage of garnet. The yellow star corresponds
to the estimated peak conditions. For more details see
“P-T estimates”.
Figure S5. Equilibrium phase diagram calculated for
SiAlFeMgCaNaOH bulk composition of the dated eclo-
gite sample SIG 3. Additionally, compositional isopleths
for almandine (red lines) and grossular (green lines) com-
ponents in garnet were calculated. Grey isopleths show
volume percentage of garnet. The yellow star corresponds
to the estimated peak conditions. For more details see
“P-T estimates”.
Figure S6. Equilibrium phase diagram calculated for
SiAlFeMgCaNaOH bulk composition of the dated eclo-
gite sample SAL 1. Additionally, compositional isopleths
for almandine (red lines) and grossular (green lines) com-
ponents in garnet were calculated. Grey isopleths show
volume percentage of garnet. The yellow star corresponds
to the estimated peak conditions. For more details see
“P-T estimates”.
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