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ABSTRACT

The Austroalpine domain contains the type locality of eclogites, but their protolith age
is unknown except for a Permian metagabbro. Therefore, we studied the non-gabbroic
eclogites from the Saualpe-Koralpe Complex (SKC) representing meta-basalts within a
coherent continental rift fragment subducted during the Cretaceous. Zircon laser abla-
tion—-inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb dating revealed
protolith ages of 283 + 5 Ma, 255 + 3 Ma, 251 + 3 Ma, and 241 + 3 Ma. Magmatic zircons
exhibit "*Hf/"""Hf ratios of 0.282935-0.283090 and juvenile ey, values of +10 to +17.4.
Typical normal mid-oceanic ridge basalt (N-MORB) geochemistry is established. The
SKC host metasedimentary rocks are interpreted as Variscan continental crust close to
the margin of the oceanic Meliata basin and were affected by Permian metamorphism.
Metamorphic zircon of one SKC eclogite yields an age of 87-93 Ma. These results com-
bined with previous data are used to present a new model for the tectonic evolution of the
distal Austroalpine unit associated with the Meliata Ocean in a Wilson cycle: The SKC
represents a distal continental margin during Permian to Middle Triassic rifting, which
was intruded by few gabbro bodies and numerous basaltic sills and mostly Permian peg-
matites. In contrast, structurally separated thick Triassic sedimentary cover successions
of the Austroalpine domain lack any magmatism, excluding SKC as Triassic basement of
the sedimentary cover successions. The present eclogite-bearing piece of continental crust
adjacent to the Meliata oceanic lithosphere was subducted to mantle depth during Late
Cretaceous and then exhumed.

INTRODUCTION

Since the advent of plate tectonics, global
subduction orogeny has continuously shaped
the continents, accreting continental blocks
and new crust at convergent plate boundaries.
A prominent example of those processes is the
breakup of the Gondwana supercontinent, the
formation of intervening oceanic basins, and
their subsequent consumption through subduc-
tion, which finally led to the formation of the
Alpine-Himalayan orogenic belt. High-pressure
to ultrahigh-pressure (HP-UHP) metamorphic
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rocks like blueschists and eclogites are the spe-
cific products of subduction of oceanic or con-
tinental crust and provide information on their
formation in the subduction channel (Peacock,
2003; Ernst and Liou, 2008; Roda et al., 2012;
Penniston-Dorland et al., 2015; Agard, 2021).
Continental and/or oceanic crustal and man-
tle rocks are typical components of exhumed
subduction complexes. Therefore, these rocks
record valuable information on subduction and
exhumation processes (Guillot et al., 2009; Erd-
man and Lee, 2014; Lardeaux, 2014; Agard,
2021) and commonly form in the rift or drift
setting, preserving information on the initia-
tion and/or early stage of a Wilson cycle (e.g.,
Marotta and Spalla, 2007; Schuster and Stiiwe,
2008; Roda et al., 2019).

The type area (Kupplerbrunn) of eclogites
(Hatiy, 1822) is hosted within the Saualpe-
Koralpe Complex (SKC) of the Austroalpine
units in the Eastern Alps, Europe (Figs. 1A
and 1B). The SKC represents a coherent piece
of subducted and exhumed continental crust
(Schmid et al., 2004; Janak et al., 2015).
Numerous petrological and geochronologi-
cal studies have documented the metamor-
phic evolution of these eclogites and their
surrounding rocks and established a Creta-
ceous age for HP-UHP metamorphism (Thoni
and Jagoutz, 1992; Thoni and Miller, 1996;
Thoni et al., 2008; Janak et al., 2015; Schorn
et al., 2021). The protolith ages are however
unknown except for the eclogitized Béirofen
metagabbro, for which three Permian to ear-
liest Triassic Sm-Nd ages between 275 £ 18
and 247 £ 14 Ma have been reported (Thoni
and Jagoutz, 1992; Miller and Thoni, 1997).
Based on geochemical reasoning, Miller et al.
(2005) suggested two types of eclogite precur-
sor rocks: rare cumulate gabbros (in three loca-
tions only) and abundant rocks with a basal-
tic composition. The age of the latter remains
unknown so far. Previous work reported also
Permian high-temperature metamorphism
related to lithospheric extension and subse-
quent Middle Triassic formation of the Adri-
atic passive continental margin and opening
of the Tethys Ocean (Habler and Thoni, 2001;
Schuster and Stiiwe, 2008), but there are no
age data for oceanic crust.

We present coupled zircon U-Pb age, trace
element, and Lu-Hf isotopic data of non-gab-
broic eclogites of basaltic composition from the
SKC and report their protolith ages. The new
data are integrated in a new model of opening
and closure of the Meliata oceanic rift.

CITATION: Chang, R., et al., 2023, Permian to Triassic protolith ages of type locality eclogites in the Eastern Alps: Implications for the opening of the Meliata
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Figure 1. (A) Overview of the eastern part of the Eastern Alps and adjacent Carpathian area (Europe) illustrating distribution of Meliata Basin
remnants and of Cretaceous eclogites. (B) Tectonic map of the Saualpe-Koralpe-Pohorje area indicating distribution of eclogites and Permian
meta-pegmatites (after Chang et al., 2020).

OVERVIEW OF ECLOGITE-BEARING which are exposed in the Texel, Schober, 2012; Hauke et al., 2019; Chang et al., 2020;
UNITS Saualpe-Koralpe, Pohorje and Sieggraben areas ~ Miladinova et al., 2022) as lens-shaped bodies

In the eastern part of the Eastern Alps, sev-  (Figs. 1A and 1B). Eclogites occur enclosed between one and several hundreds of meters
eral eclogite-bearing units can be recognized, within metapelitic paragneisses (Roda et al., in length.
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The SKC is composed of metasedimentary
rocks that experienced at least two metamor-
phic events: a Permian low-pressure—high-
temperature (LP-HT) and an Eo-Alpine Cre-
taceous high-pressure—medium-temperature
(HP-MT) event (Habler and Thoni, 2001;
Schuster and Stiiwe, 2008; Krenn et al., 2021).
Metasedimentary rocks consist of variably
deformed, staurolite- and/or aluminosilicate-
bearing micaschists and paragneisses and
contain numerous Permian pegmatite bodies
(e.g., Knoll et al., 2018). Cretaceous subduc-
tion overprinted Permian SKC magmatic rocks
(i.e., mafic rocks and pegmatites) and parag-
neisses, exemplified by kyanite paramorpho-
ses after andalusite, by forming eclogites and
lenses of foliation-parallel meta-pegmatites.
The SKC is underlain and overlain by units of
micaschist re-equilibrated under amphibolite-
facies conditions (Rappold-Wolz and Planko-
gel Complexes; Fig. 1B), which lack any HP
relics. The lower SKC boundary is a mylonitic
thrust, the upper one a mylonitic low-angle nor-
mal fault (Wiesinger et al., 2006).

SAMPLES AND PETROLOGY

We collected 11 eclogite samples and one
meta-pegmatite at six locations in the Saualpe
and Koralpe (Fig. 1B; Table S1 in the Sup-
plemental Material'). The eclogites are com-
posed of garnet (typical composition Prp_,g
Alm~,sGrs~,,Sps~,, where Prp is pyrope,
Alm is almandine, Grs is grossular, and Sps
is spessartine), omphacite (jadeite component
Xy = 0.38-0.40), phengite, paragonite, calcic
to sub-calcic amphibole, zoisite, quartz, rutile,
and ilmenite (Miller et al., 2005, and references
therein). All samples display a well-equili-
brated microfabric except for sample SA53A,
which shows a secondary foliation and retro-
gressive quartz and plagioclase around garnet
and omphacite leading to a migmatized appear-
ance (Fig. S1). The peak metamorphic mineral
assemblage is garnet + omphacite + phengitic
white mica + quartz + rutile (Fig. S1).

METHODS

Details on the instrumentation, analyti-
cal procedure, data reduction for U-Pb laser
ablation—inductively coupled plasma—mass
spectrometry (LA-ICP-MS) geochronol-
ogy, geochemistry of whole rocks, zircon

'Supplemental Material. Analytical methods
with zircon U-Pb geochronology, geochemistry, and
Hf isotopic analysis, and whole-rock geochemical
analysis; sample locations, geochemical and isotopic
data in (Tables S1-S7); microphotographs of studied
eclogite samples, cathodoluminescence images,
supplemental U-Pb and Hf isotopic plots of zircons, and
supplemental whole rock geochemical plots. Please
visit https://doi.org/10.1130/GEOL.S.22280872
to access the supplemental material, and contact
editing@geosociety.org with any questions.

cathodoluminescence (CL) images, age spectra,
photomicrographs, U-Pb ages, and Hf isotopic
data for all samples are available in the Supple-
mental Material (Figs. S1-S5, Tables S2-S6,
and supplemental text).

RESULTS
Zircon U-Pb Ages and Hf Isotopic
Composition

Four eclogite samples yielded sufficient zir-
con grains for U-Pb dating. In CL images, selected
grains in three eclogites (samples SAS52A,
SAS53A, and SA55A) either reveal a weak oscil-
latory zoning or are homogeneous. They yielded
U-Pb ages 0f 283.4 £ 5.1 Ma, 255.6 £ 3.5 Ma,
251.1 £ 3.1 Ma, and 241.0 &+ 3.2 Ma (Fig. 2;
Table S2). Sample SA52A includes two zircon
populations: a younger one (241.0 £ 3.2 Ma),
homogeneous in CL images, interpreted as the
age of protolith crystallization, and an older one
(255.6 £ 3.5 Ma) with oscillatory zoning inter-
preted as the age of xenocrystic zircons of an
older crystallization event. In sample SA56A,
zircon ages scatter around 250 Ma but without
precise age. These zircons have relatively low
and uniform U and Th concentrations (3—203
and 0.4-112 pg/g, respectively) with Th/U ratios
of 0.1-1.49 typical for a magmatic origin, except
for five grains (Th/U < 0.1) with homogeneous
appearance in CL images suggesting a meta-
morphic origin. One eclogite (SA56A) yielded
a 91.2 &+ 1.2 Ma metamorphic age group and
few grains with Middle Triassic to Permian
ages. Sample SA53A has a small age group at
193.8 £ 3.3 Ma.

Hf Isotopic Composition of Zircons

The Hf isotopic composition of 35 zircons
from four eclogites and one pegmatite allows
separation of them into two groups (Fig. 2E).
One group (samples SA52A, SA53A, and
SA55A) yielded ey, values from +10.0 to
+14.5 that straddle the mean value of the new
crust (depleted mantle model age, Ty, at 350—
431 Ma; Table S4; Fig. 2F). Sample SAS6A
has ey, from —1.4 to +9.2 in Permian ages
corresponding to Ty, ages of 430-940 Ma,
suggesting a magma source that had an isoto-
pic composition between mantle and crustal
values or was influenced by the nearby peg-
matite represented by sample SA57A. Other
zircons from SA56A display ey, of +4.5 to
+5.8 at ca. 91 Ma U-Pb age with Ty, ages of
513-570 Ma, differing remarkably from the
new crustal-type Hf isotope composition of
Permian to Triassic protolith zircons from the
eclogites.

Geochemistry

Eleven samples of non-gabbroic eclogites
from six localities (Fig. 1B) were collected for
whole-rock major and trace element analysis.
Except for sample SA53A with a pronounced
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secondary foliation, samples are similar in
petrography, varying slightly in the amount
of main minerals and microfabrics (Fig. S1).
Only relatively immobile elements are used in
the following discussion. Ten eclogite samples
show uniform SiO, contents ranging from 47.15
to 49.74 wt%; only one migmatized eclogite
(sample SA56A) has a higher SiO, content of
55.59 wt%. The rare earth elements (REEs) of
eclogite samples are depleted in light REEs
(Fig. 3B), with eight eclogites displaying (La/
Lu)y and (La/Yb)y (N—normalized) values of
0.46-0.99 and 0.43-0.97 respectively; only two
samples have ratios >1 [(La/Lu)y = 1.25-1.47
and (La/Yb)y = 1.01-1.53]. Sample SA56A
gives (La/Lu)y and (La/Yb)y values of 5 and
4.92, respectively (Table S5). None of the sam-
ples exhibits an Eu anomaly, indicating their
origin from basaltic liquids (Fig. 3B). Except
for sample SAS53A, all samples display uni-
form REE patterns and a typical normal mid-
oceanic ridge basalt (N-MORB)-like positive
slope (Fig. 3B). Sample SA53A has a light-
REE-depleted pattern, explained as the result
of secondary alteration.

On a Zr/Ti versus Nb/Y diagram, all eclog-
ite samples plot within the basalt field, and on
an AFM plot, most samples fall into the tho-
leiitic field (Figs. SSA and S5B). In the primi-
tive mantle—normalized multi-element varia-
tion diagram (Fig. 3A),aside from the obvious
N-MORB character, eclogites show enrichment
in U, Pb, Nd, Sm, and Er and depletion in high-
field-strength elements and large-ion lithophile
elements such as Ba, Sr, Zr, and Hf.

DISCUSSION
Geochronological Constraints on Eclogites

The U-Pb ages obtained from three eclogites
(samples SAS52A, SA53A, and SA56A) define
four mean 2°Pb/>%U ages of 283.4 &+ 5.1 Ma,
255.6 £ 3.5 Ma, 251.1 + 3.1 Ma, and
241.0 4 3.2 Ma, from Permian to Middle Trias-
sic. All dated zircons display Th/U ratios >0.1.
The REE patterns of zircons reveal that they
are strongly depleted in light REEs relative to
heavy REEs and show positive anomalies for
Ce and slightly negative to no Eu anomalies
in chondrite-normalized patterns. We consider
that the age of 193.8 & 3.3 Ma (sample SA53A)
indicates hydrothermal alteration prior to meta-
morphic eclogite crystallization because of the
homogenous CL pattern and low Th/U ratios
(0.125-0.147). The interpretation is also sup-
ported by the distinct light REE—depleted pat-
tern of this sample (Fig. 3B).

The metamorphic event at 91.2 + 1.2 Ma
identified in this study represents the age of
eclogite metamorphism (e.g., Thoni et al., 2008).
The calculated Zr saturation temperatures from
eclogites are between 555 and 690 °C (Watson
and Harrison, 1983) and 468-626 °C (using
parameters of Boehnke et al., 2013) and are in

539


https://doi.org/10.1130/GEOL.S.22280872
mailto:editing@geosociety​.org
https://doi.org/10.1130/GEOL.S.22280872

T [Mean =241.0:3 2 Ma A T[Mmean=193.8£3.3 M4 2507 B
gL, 0.055} £ /
5 SA52A B o4 SA53A
0.045) 3 s
g 0.045| % |56
Ll £ | Mswp =0.36, n=5 ~
20.035 241MjV’:’D Toh;’;g n=6 soun | o 194%3 Ma 50um
3 14 Ma, §_0.035} Th/U=0.125 + =
5 256+7 Ma, Th/U=0.175 | & 251£5 Ma, Th/U=0.169
o o
g 7 —_ Mean =255.613.5 Ma g = Mean=2511+3.1 Ma
~ 0.025 150/ © 4 — 260
=064 0.025 150/ ©
-4 50 ym // 2
50 ym g — / g252 | I I | I | |
2% =
0.015 g 0.015 2
2248 L2
s 50 &
MSWD =0.087, n=10 p 2 23 MSWD =0.080, n=10
0.005 ' 240 n 0.005 L4
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
207Pb/235u ZD7PbI235U
0.060 —E“; Mean = 283.41+5.1 Ma / C gﬂf | D
o |28 SA55A 0.045 2 SAS6A Figure 2. (A-D) Repre-
0.056| S |~ s | | | sentative CL images,
g 278 £ {930 | concordia plots of U-Pb
0.052 ;& 0.035 ; | 1 zircon dat?, and inset
> £ [iswo= 024,07 soum| o & soum|  plots of varlous|2°5.Pb/23“Uf
g 281%9 Ma, Th/U=0.250 | g 93+2 Ma, Th/U=0.001 mean age populations o
L 0.048 / L ; .
S 2zeg Ma 8 eclogites. MSWD—mean
g ' g 0.025 150, /”94 | Mean = 91.2£1.2 Ma square of weighted devi-
0.044 Miean = 25051 a3 g | ates. (E) Plots of gy
A = s versus U-Pb age. CHUR—
0.040f  50um 0.015 D90 chondritic uniform
’ 2 l | reservoir. (F) Depleted
0.036 ::iss ! | | mantle model age (Tou)
50/ MSWD = 1.16, n=11 versus age of concordant
0.032 | Meap =243Ma, n=2 0.005 zircons.
0.15 0.25 0.35 0.45 0.55 0.0 0.1 0.2 0.3 0.4
2I‘l7PbI235U 207PbI235u
25.0 2000
E I F
200F .
Depleted Mantle 1500k ag>§x ,,,,,,,,,,,,,,,,,,
15.0F I
New Crust _
10.0f 8 s |
g A SA52A T2 1000
<ol et A SA52A
’ <& SA53A
<& SA53A
0.0 O SAS5A I O _SA55A
: HUR | sgolbeeee A& SASOA
CHU SA56A 00T 8
% SA56A
-5.0f K SASTA | [ R e
X SA57A
-10.0! . . . . ol L .
0 100 200 300 400 500 0 100 200 300 400 500
Age (Ma) Age (Ma)

line with expected Cretaceous metamorphism
with a maximum of 680 °C (Thoni et al., 2008).

In summary, the zircon U-Pb ages and Hf
isotopes of eclogite samples SA52A, SAS3A,
and SAS55A strongly suggest Permian to Mid-
dle Triassic magmatism marked by a dominant
basaltic contribution from a juvenile mantle
source. The temperature throughout the history
of the SKC was insufficient to cause the loss of
radiogenic daughter isotopes from zircons after
their crystallization. The new U-Pb data, there-
fore, record the crystallization age of the eclog-
ite protolith. Together with Hf isotope data and
whole-rock geochemistry (see following discus-
sion), these ages suggest previously unrecog-
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nized basalt emplacement events from Permian
to Middle Triassic, in part significantly younger
than the dated Permian metagabbro (Thoni and
Jagoutz, 1992).

Origin of Eclogite Protoliths

Except for one sample (SA56A), the multi-
element variation diagrams indicate that the
SKC eclogites are tholeiitic basalt and/or
N-MORB magmas contaminated by continen-
tal crust components, which may be the conse-
quence of contamination of eclogite protoliths
(i.e., basaltic liquids) prior to HP metamorphism
or by surrounding migmatites during or after
their emplacement.

Relationship between Eclogite Bodies and
Pegmatites

Miller and Thoni (1997) estimated the
emplacement conditions of the Permian gabbros
at 0.17-0.29 GPa and 1000-1200 °C, indicat-
ing a shallow emplacement depth and implying
overheating of immediate country rocks. The
basaltic eclogites could have been emplaced
as sills. In only a few cases, pegmatites are
included into retrogressed eclogite.

The Permian extension event associated with
abundant mafic and felsic igneous rocks is well
known in the Austroalpine basement of the Eastern
Alps (Schuster and Stiiwe, 2008; Manzotti et al.,
2018), in the Western Alps (Sesia zone; Manzotti
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Figure 3. (A) Primitive mantle-normalized rare earth element (REE) patterns of eclogite samples (Sun and McDonough, 1989). (B) Chondrite-
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mid-oceanic ridge basalt, respectively.

etal., 2018), and in Southalpine units (Ivrea zone;
Quick et al., 2009). Our new data indicate that the
eastern part of the Austroalpine domain includes a
much higher proportion of Permian to Middle Tri-
assic mafic bodies than previously envisaged (Neu-
bauer et al., 2022). For the SKC, emplacement
of basaltic sills and gabbros led to partial melting
of metasediments at mid-crustal levels along with
LP amphibolite facies metamorphism. Anatectic
melts are believed to have been the source for the
pegmatites and granitoids that occur widely in the
SKC (Knoll et al., 2018).

Tectonic Implications for the SKC and
Regional Geology

The new data indicate that felsic and mafic
Permian magmatism was more widespread

in the Austroalpine domain than previously
assumed (Chang et al., 2020; Neubauer et al.,
2022). In contrast to the Western Alps, evi-
dence for Triassic magmatism in the Eastern
Alps was entirely missing until now (Fig. 1B).
Eclogite bodies make up a large percentage of
SKC rocks. Accordingly, our new data reveal
appreciable mafic magmatism in the SKC from
the Permian to Middle Triassic, which corre-
sponds to the extensional period predating the
Ladinian (ca. 240 Ma) opening of the Meliata
oceanic basin (e.g., Puti§ et al., 2019). Given that
magmatism is entirely missing within the thick,
well-studied Permian—-Mesozoic Austroalpine
cover successions (Fig. 1A), our data cast doubt
on the basement-cover relationship commonly
invoked in tectonic models for the Eastern Alps.
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Meliata-related basaltic rocks of Western
Carpathians range in age from Early to Late
Triassic (Putis et al., 2019). Based on previous
and new data from the Alps and Carpathians,
we consider that the continental rifting started
no earlier than 283 Ma, then progressed from
the Late Permian to Middle Triassic between
255.6 &+ 3.5 Ma and 241 + 3 Ma. The ca.
283 Ma age of sample SA55A could represent
captured zircons from older magmatic rocks
such as pegmatites.

Based on our new data, the following tectonic
model is proposed (Fig. 4): During the Permian
to Middle Triassic, basaltic sills and rare Perm-
ian gabbros were emplaced into shallow levels
of Austroalpine basement units. This part of the
Austroalpine basement must have been located
more distal to the future oceanic Meliata basin,
typical for an asymmetric rift because of the
restriction of the HT metamorphism (Schuster
and Stiiwe, 2008) to one side (Fig. 4A), now in
the present-day footwall of the SKC. During
Ladinian times, this rift developed to breakup
and the opening of the Meliata back-arc basin
(Putis et al., 2019). After the Jurassic to Early
Cretaceous consumption of the Meliata back-arc
basin, the passive margin subducted to mantle
depth (Fig. 4B) as envisaged by earlier authors
(Jandk et al., 2015).
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