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ARTICLE INFO ABSTRACT

Keywords: The Austroalpine eclogite-bearing Sieggraben Complex, exposed at the eastern margin of the Eastern Alps, is
Eclogite considered to represent a subducted and then exhumed fragment of the continental rift, which led to the for-
Geochronology

mation of the Meliata oceanic basin. Combined zircon U-Pb dating, whole rock geochemistry and Hf isotope
analysis of the Sieggraben Complex revealed that the eclogite sample shows a protolith age of 242.3 + 2.6 Ma
(Middle Triassic) and displays tholeiitic basalt/N-MORB geochemical characteristics. Associated ultramafic rocks
as part of oceanic or subcontinental mantle lithosphere suggest a depleted mantle source and a deep subduction
environment. Two zircon grains of eclogites with low Th/U ratios yield ages of 113 + 2 Ma and 86 + 4 Ma and
represent the approximate age of eclogite metamorphism during Cretaceous. A trondhjemite dike cutting
through eclogite gives a crystallization age of 82.19 + 0.4 Ma and formed by partial melting during decom-
pression. The host metasedimentary rocks are interpreted as old continental crust close to the margin of the
Meliata basin were affected by Permian migmatitic metamorphism. The results of this study combined with
previous results from the Sieggraben Complex are used to present an updated model for the tectonic evolution of
the distal Austroalpine unit associated with the oceanic Meliata relics. The Austroalpine Sieggraben Complex
represents a location on the distal continental margin during Permian rifting. This piece of continental crust of an
inferred paleotectonic position adjacent to the Meliata oceanic lithosphere subducted during Early Cretaceous
times to mantle depth. The subducted continental crust was then exhumed incorporating even ultramafic mantle
rocks. During exhumation and decompression of mafic rocks, partial melting took place forming the trondhjemite
dike in Late Cretaceous times.

Geochemistry

Hf isotopic tracing
Austroalpine unit
Meliata Ocean

1. Introduction along similar orogenic zones (Ryan and Dewey, 1997). Subduction
represents the most important recycling process, and often includes first

Continents commonly split along ancient orogens and suture zones, subduction of oceanic lithosphere ((B-subduction, B = Benioff-Wadati)
and new oceans are created in between. This re-opening process leads to followed by subduction of adjacent continental lithosphere (A-subduc-
a new Wilson cycle including rifting, ocean spreading and convergence tion, A = Ampferer) both expressed in the occurrence of eclogites and/or
along roughly the same zones and, consequently, continents re-assembly blueschists. Often, but not necessarily, between B- and A-subduction
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stages, obduction of oceanic lithosphere occurs (Agard, 2021), leaving
behind remnants of oceanic lithosphere (ophiolites). The subducted
eclogite-bearing complexes provide information on the formation of
HP/UHP (high-pressure/ultra-high pressure) rocks in a subduction
channel or an accretionary wedge (Agard, 2021). Both mantle rocks and
continental and/or oceanic crustal rocks are typical components of
exhumed subduction complexes. Therefore, interaction between these
rock types records important information on subduction and exhuma-
tion processes (Agard, 2021; Hrvanovic et al., 2014; Putis et al., 2018).
Furthermore, the mantle rocks of subduction systems often form in the
rift or drift (ocean spreading) setting preserving, therefore, information
from the initiation and/or early stage of a Wilson cycle (e.g., Mana-
tschal, 2004).

The Alps are the archetype of a continent—continent collisional
orogenic belt (Schmid et al., 2004). In particular, the Eastern Alps are
the result of the convergence of two independent Alpidic collisional
orogenic belts (Froitzheim et al., 2008; Neubauer et al., 2000), the
Cretaceous orogenic belt forming the Austroalpine mega-unit super-
imposed by the Eocene-Oligocene Austroalpine-Stable Europe collision.
However, the Austroalpine basement complex represents a thick-
skinned fold-and-thrust belt interpreted to comprise the upper conti-
nental plate during the Cenozoic collision of the European foreland/
Penninic continental crust and the overlying Adriatic microplate
(Schmid et al., 2004). The Mesozoic-Cenozoic (Alpidic) tectonic evo-
lution is based on the splitting of the Variscan orogenic belt, including
the opening and closure of the Meliata oceanic basin and Piemontais-
Ligurian Ocean in two Wilson cycles of orogenic processes (Froitzheim
et al., 2008; Neubauer et al., 2000; Putis et al., 2019). Here, we report,
for the first time, the age of protolith formation and the age decom-
pressional melting of eclogites from the poorly investigated Sieggraben
Complex. The new results are complemented by dating of detrital zir-
cons of an associated migmatitic paragneiss. Together with data from
the literature, the new data help to reconstruct the tectonic evolution of
the distal Austroalpine domain adjacent to the Meliata oceanic basin in
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the Eastern Alps.
2. Tectonic setting

The Austroalpine Sieggraben Complex is located at the eastern
margin of the Eastern Alps close to the transition to the Western Car-
pathians (Fig. 1). The Eastern Alps are the result of two superimposed
collisional orogens (Froitzheim et al., 2008; Neubauer et al., 2000). An
earlier, Cretaceous orogenic phase evolved within the Austroalpine
mega-unit, the latter, Cenozoic phase transported the Austroalpine
mega-unit onto Penninic units, which include the Piemontais-Ligurian
Ocean relics. The Austroalpine mega-unit represents a thick-skinned
basement-cover nappe stack of Cretaceous age, and the late Creta-
ceous tectonism and eclogite facies metamorphism in the Austroalpine
units of the Eastern Alps have been attributed to collisional process
resulting from closure of Tethys-related Meliata oceanic basin (Neu-
bauer et al., 2000; Schmid et al., 2004; Froitzheim et al., 2008, Janak
et al., 2006, 2015) similar to Western Carpathians (Putis et al., 2019).
The Austroalpine nappe stack was then transported over Penninic units,
which include Mesozoic ophiolites and Subpenninic basement units,
during the Paleogene (Liu et al., 2001; Schmid et al., 2004). According to
the fundamental works by Kozur (1991) and Mandl and Ondreijikova
(1991), small relics of the Meliata oceanic basin occur at a high struc-
tural level of the Austroalpine mega-unit. Meliata unit relics are mainly
exposed in Western Carpathians and Biikk Mts., and in the Florianikogel
unit in the Eastern Alps (Fig. 1).

At the eastern margin of Eastern Alps, the Austroalpine nappe stack is
composed of, from base to top, the Wechsel, Waldbach and the
Kirchberg-Stuhleck nappes, all considered to represent part of the Lower
Austroalpine nappes, and of the overlying Sieggraben Complex (Fig. 2).

The Kirchberg-Stuhleck nappe is composed of the Lower Paleozoic
Raabalpen Complex (also termed “Grob-Gneiss” unit) and is intruded by
the Permian Grobgneiss, a porphyric granite, and rare Permian meta-
gabbros; these units are overlain by Permian-Triassic clastic-carbonatic
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Fig. 1. Overview map of Eastern Alps and Western Carpathians and remnants of the Triassic Meliata oceanic basin.
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Fig. 2. Geological map of the study area and sample locations (modified after Schnabel, 2002).

cover successions. The Raabalpen Complex was affected by Permian
migmatite-grade amphibolite facies metamorphism (Schuster et al.,
2001; Yuan et al., 2020) predating the deposition of cover successions.
Basement and cover are overprinted by a Late Cretaceous greenschist
facies metamorphism (Dallmeyer et al., 1996; Schuster et al., 2001),
which locally grades, in the southernmost Raabalpen Complex, into
amphibolite facies conditions (Frey et al., 1999). The Sieggraben Com-
plex is overlying the Lower Austroalpine Kirchberg-Stuhleck nappe
(Dallmeyer et al., 1996; Neubauer et al., 1999; Putis et al., 2018) and is
considered representing the easternmost extension of the Koriden
Complex (in previous literature often also termed Eclogite-Gneiss Unit;
Thoni, 2006). At the easternmost Eastern Alps, further south, the Upper
Austroalpine Hannersdorf unit is exposed, which comprises a very-low
grade metamorphic Silurian-Devonian basement succession of

dolomite, slate and greenschists.

The Sieggraben Complex is exposed in three tectonic klippens
(Fig. 2a), the Sieggraben, Schaffern and Steinbach klippens, and com-
prises eclogite and garnet-peridotite, orthogneiss, and marble embedded
within partly migmatitic paragneiss (Neubauer et al., 1999; Putis et al.,
2000, 2018) with a Cretaceous high-pressure metamorphism similar to
the Koriden Complex (Korikovsky et al., 1998; Miladinova et al., 2021;
Neubauer et al., 1999). All lithologic units form a tectonic mélange in
which eclogite, carbonate-rich eclogite, amphibolite, and ultramafic
rocks occur as meter thick boudins within paragneisses (Fig. 2).
Particularly, the garnet-peridotite and other ultramafic rocks (meta-
harzburgite and crosscutting meta-pyroxenite dikes) exhibit locally a
wide range of petrographic compositions (Hrvanovic et al., 2014, 2015;
Putis et al., 2018) and a subcontinental mantle lithosphere Os isotopic
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composition of the Steinbach body (Meisel et al., 1997). The eclogite
facies P-T conditions were estimated by to 670-750 °C and 1.4-1.5 GPa
by Neubauer et al. (1999) for the Schaffern klippe, and, for the Sieg-
graben klippe, to 1.4-1.7 and 610-750 °C by Putis et al. (2000) and
Kromel et al. (2011) and to 1.7 and 1.9 GPa at 600-650 °C by Miladi-
nova et al. (2021). Neubauer et al. (1999) reported Ar-Ar amphibole
ages of 136.1 to 109.5 Ma for the Schaffern klippe, and Dallmeyer et al.
(1996) Ar-Ar white mica ages of 78 to 82 Ma from an orthogneiss of the
Steinbach klippe and interpreted these ages to date cooling after the
eclogite metamorphism. Recently, Miladinova et al. (2021) published a
Lu-Hf age of 89.89 + 0.37 Ma for the Sieggraben klippe eclogite.

The metamorphic assemblages of the Sieggraben unit contrast
markedly with the Lower Austroalpine Wechsel and Kirchberg-Stuhleck
nappes, which were metamorphosed within greenschist facies of
Cretaceous age (Dallmeyer et al., 1996; Frey et al., 1999; Schuster et al.,
2001).

LITHOS 434-435 (2022) 106923

3. Samples and petrology

In a small quarry of eclogite (at Zobersdorf) described by Neubauer
et al. (1999 and references therein), unfoliated trondhjemite dikes are
cutting through the foliated eclogite (Fig. 3a, b). Except the trondhje-
mite dikes, contacts between all lithologic elements are penetratively
foliated.

Five samples of eclogite and trondhjemite from the abandoned
Zobersdorf quarry in the eastern margin of the Schaffern klippe and
ultramafic rocks from the abandoned quarry in the southwestern part of
the Steinbach klippe have been collected. In addition, a sample of
migmatitic paragneiss was collected from the northern Steinbach klippe.
Note that sample numbers (e.g., SG2) also represent the location, and in
the case of more than one sample being analyzed from a given location,
the samples are given a suffix (e.g., SG2A and SG2F). In the following,
the four main types of our samples are described, and details are shown
in field photos (Fig. 3a-h) and microphotographs (Fig. 4a-1), particu-
larly the ones used for U-Pb zircon dating. Sample locations and
mineralogy are summarized in Table 1.

SG6A

Fig. 3. Field structures and lithologies of the Sieggraben Complex. For description, see text.
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Fig. 4. Microstructures and mineral characteristics of studied samples from the Sieggraben Complex. Notice: (+) means cross-polarized light and (—) means plane-
polarized light. For explanation, see text. Abbreviations: Cpx: clinopyroxene, Omp: omphacite, Grt: garnet, Qz: quartz, Pl: plagioclase, Hbl: hornblende, Am:

amphibole, Rt: rutile, Srp: serpentine, Ol: olivine.

Table 1
Location, mineralogy and microfabrics of studied samples from the Sieggraben Complex.
Sample  Lithology Latitude Longitude Elevation Mineralogy Microfabric
() (E) (m)
SG2A- Coarse-grained ’ ’ Clmol.)yroxene, omphacite, Clmopyfoxen.e replaced by h.ornbl.ende; elon.gated
E eclogite 47°28.366 16°10.276 703 amphibole, hornblende, garnet, omphacite with preferred orientation, amphibole growth
s quartz, rutile, zircon around garnet rims
SG4A- Serpentinized Serpentinized clinopyroxene, broken to small blocks,
F pyroxenite and 47°29.634° 16°08.888" 783 Serpentine, clinopyroxene coarse-grained clinopyroxene porphyroclasts,
peridotite serpentinized matrix with mesh structure (after olivine?)
SGGA- Serpentinized Olivine serpentinized, broken to small blocks, serpentine
B e?i)dotite 47°28.261° 16°18.463° 426 Serpentine, olivine orientated, coarse-grained olivine porphyroclasts;
P serpentinized matrix with mesh structure
SG2F  Trondhjemite 47°28.366'  16°10.276° 703 Plagioclase, quartz Fragmentation of plagioclase with many cracks; fine-
grained quartz filled between broken plagioclase grains
SG5A Paragneiss 47°29.978° 16°18.608" 413 Garnet, plagioclase, quartz, biotite Well developed lineation; shear fabrics, rotated garnet

porphyroblasts indicating simple shear

Eclogite (SG2A-E): The eclogites form a several meter thick layer
within light-coloured poorly exposed gneisses (Fig. 3a). Sample SG2A is
from the margin and SG2B from the center of the eclogite body for
studying microfabrics in thin-sections, and SG2A, SG2C-E for
geochemical investigations. The eclogites are coarse-grained and bear a
weak foliation in the center of the body and are gradually more foliated
toward the boundary (Fig. 4a, b) finally changing into fine-grained

(0.5-1 mm), mylonitic, retrogressed eclogites. The amphibole content
of the eclogite increases from the center to the periphery (Fig. 4d, e). The
mineral assemblage contains omphacite, garnet, rutile, and quartz as
peak metamorphic assemblage, and diopsidic clinopyroxene and
amphibole as retrograde minerals (Fig. 4a-b, d—e). Omphacite grains are
elongated (Fig. 4a), replaced by diopsidic clinopyroxene grains and
these are replaced again by amphibole during retrogression of the
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eclogite (Fig. 4a, d; Neubauer et al., 1999). Amphibole also replaced
some of garnet grains forming a rim around garnet grains (Fig. 4d, e).

Trondhjemite (SG2F): The trondhjemite dikes cut through the eclogite
body and the eclogite foliation (Fig. 3b). They are porphyritic, internally
undeformed, with the mineral assemblage of phenocrystic plagioclase in
a fine-grained matrix composed of plagioclase and quartz (Fig. 4c, f).
The interior of plagioclase phenocrysts is fragmented and developed
many cracks filled by fine-grained quartz (Fig. 4f).

Ultramafic rocks (SG4A, SA6A): Serpentinized ultramafic rocks were
investigated from two separate locations (Schaffern and Steinbach
klippe) of the Sieggraben Complex (Fig. 3b). Pyroxene and olivine are
blocky (Fig. 4d, h) with coarse-grained clinopyroxene and/or olivine
porphyroclasts (1-2 cm in size, ca. 35 modal %, Fig. 4g, i) randomly
oriented in a fine-grained matrix (approximately 65%) composed of
partly serpentinized clinopyroxene and/or olivine with a typical mesh
structure (Fig. 4j, 1).

Paragneiss (SG5A): A representative migmatitic paragneiss was taken
from a major exposure of the Steinbach klippe. In the field, the para-
gneiss shows a migmatitic appearance with cm-thick lenses of leuco-
somes (Fig. 3e, f). The paragneiss is strongly foliated and composed of
plagioclase, garnet and large amounts of biotite (Fig. 4h, k). Micro-
scopically, deformation with shear fabrics is well developed with a N-S
trending stretching lineation and top-N kinematic indicators (Fig. 4k).
Garnet and plagioclase porphyroblasts (ca. 0.5-1 cm in size) contain
inclusions of quartz, albite, and white mica. The matrix consists of
dominantly ca. 0.5 mm large, deformed quartz crystals showing grain
boundary migration, as well as plagioclase with subgrains, biotite and
opaque ore minerals.

4. Analytical methods
4.1. Zircon geochronology and geochemistry

Zircon grains from eclogite (SG2A), ultramafic rocks (SG4A, SG6A),
trondhjemite dike (SG2F) and paragneiss (SG5A) samples were sepa-
rated for U-Pb dating by conventional heavy liquid and magnetic tech-
niques at the Special Laboratory of the Geological Team of Hebei
Province, Langfang, China. Not sufficient zircon grains for successful U-
Pb dating were found in ultramafic rocks. Internal structures of zircons
were imaged using transmitted- and reflected-light optical microscopy
and cathodoluminescence (CL) at the Institute of Geology, Chinese
Academy of Geological Sciences, Beijing, China, and then spot positions
for dating were selected.

U-Pb dating and trace element analyses of zircons were conducted
synchronously by the LA-ICP-MS methodology at the State Key Labo-
ratory of Continental Dynamics of the Northwest University, Xi’an,
China. The laser-ablation system used is a GeoLas 200 M equipped with
a 193 nm ArF-excimer laser, and a homogenizing and imaging optical
system (MicroLas, Gottingen, Germany). Spots were performed on the
ELAN 6100 ICP-MS from Perkin Elmer/SCIEX (Canada) with a dynamic
reaction cell (DRC). The laser-ablation spot size was set at 32 pm, and
laser energy and frequency of 210 mJ and 10 Hz for 40 s were used.
Harvard zircon 91500 with a weighted mean 2°°Pb/?*U age of 1065.4
4+ 0.6 Ma (Wiedenbeck et al., 2004) was used as an external standard
and was analyzed twice every 5-10 analyses to correct for both instru-
mental mass bias and depth-dependent elemental and isotopic frac-
tionation. The NIST610 was used as external reference and internal
standard for Si to calibrate the trace element contents. Offline raw data
selection and background and time-drift correction of the zircon analysis
was performed by the Glitter 4.0 software after 2°/Pb,/20°pb, 206pp /238y,
207pb/25y and 2°8Pb/2%2Th ratios were calculated. ISOPLOT version
4.15 was used to calculate and plot the U-Pb concordia diagrams and
weighted mean ages (Ludwig, 2012).

LITHOS 434435 (2022) 106923
4.2. Zircon Hf isotopic analysis

Zircon Lu-Hf isotopic analysis was performed on the same zircon
grains that were subjected to U-Pb dating by using a Nu Plasma MC-ICP-
MS connected to a GeoLas 2005 193 nm laser system. Helium was used
as a carrier gas. The spot size was set at 44 pm, while the laser repetition
rate was 10 Hz, and the energy density applied was 15-20 J/cm?. Raw
count rates for 172Yb, 173yb, 17°Lu, 76(Hf + Yb + L), V77Hf, 178Hf, 17°Hf
and '8CHf were collected simultaneously. The detailed analytical
methodology followed that of Yuan et al. (2008). Standard zircons
91500 (Wiedenbeck et al., 1995) and GJ-1 (Jackson et al., 2004) were
re-analyzed as an unknown sample to check the quality of the data
during the analysis. The obtained 7®Hf/'77Hf ratios of the 91500 and
GJ-1 standards were 0.282295 + 0.000022 (n = 5, 20) and 0.282029
+0.000016 (n = 5, 20), respectively, which are in good agreement with
the recommended 7®Hf/}””Hf ratios within 26 (0.2823070.000058,
20; 0.282015+0.000019, 20) (Griffin et al., 2006).

The initial 7°Hf/177Hf values are expressed as eHf(t), which is
calculated using the decay constant for 17%Lu of 1.867 x 107! (Scherer
et al., 2001; Soderlund et al., 2004) and present-day chondritic ratios of
1761f/177Hf = 0.282785 and ®Lu/Y77Hf = 0.0336 (Bouvier et al.,
2008). Single-stage Hf model ages (Tpy;) were calculated relative to a
depleted mantle model with present-day '7°Hf/!”’Hf = 0.28325 and
1761u/Y77Hf = 0.0384 ratios (Griffin et al., 2002). Two-stage Hf model
ages (Tpyp) were also calculated, using a 17614/ 77Hf value of 0.015 for
the average continental crust (Griffin et al., 2002).

4.3. Whole-rock geochemical analysis

In addition to the dated samples, we collected further samples for
geochemical analysis in each outcrop. These are similar in petrography
varying slightly in the amount of main minerals and microfabrics. The
major and trace element compositions of seventeen samples from eclo-
gite (SG2A, C-E), ultramafic rock (SG4A-F, SG6B-F), trondhjemite dike
(SG2F) and paragneiss (SG5A) of the Sieggraben Complex were gener-
ated using the XRF (Rigku RIX 2100) and the ICP-MS (PE6 100 DRC),
respectively. All the analyses were performed at the State Key Labora-
tory of Continental Dynamics, Northwest University, Xi’an, China. All
samples were trimmed to remove weathered surfaces before being
cleaned with deionized water and crushed to 200 mesh in an agate mill.

For major element analysis, 0.5 g sample powders were mixed with
5.2 g Li»B407, 0.4 g LiF, 0.3 g NH4NO3 and minor LiBr in a platinum pot
and melted to a glass disc in a high frequency melting instrument prior
to analysis. For trace element analysis, sample powders were digested
using a HF + HNO3 mixture in high-pressure Teflon bombs at 190 °C for
48 h. Analyses of USGS and Chinese national rock standards (BCR-2,
GSR-1 and GSR-3) indicate that both analytical precision and accuracy
for major elements are generally better than 5%, and for most of the
trace elements except for the transition metals, are better than 2% and
10%, respectively. In addition, one sample was selected randomly to be
analyzed twice after every ten samples to assess the accuracy.

5. Analytical results
5.1. U-Pb geochronology

For this study, three samples collected from the Sieggraben Complex
were chosen for zircon U-Pb dating by LA-ICP-MS, the zircons from the
ultramafic rocks were not analyzed because not sufficient grains were
found. CL images of representative zircons and age diagrams are shown
in Figs. 5-6, and the U-Pb analytical data are listed in Supplementary
Table S1. We use the 95-105% limit of concordance although most data
are between 98 and 102%. We use the 2°°Pb,/238U age for ages <1.0 Ga.

The zircon grains of the eclogite sample SG2A are mostly subhedral
to euhedral, few grains are rounded, elongated, prismatic and range in
length from 20 to 80 pm and in width from 20 to 40 pm. In CL images,
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most zircon grains exhibit a weak oscillatory zoning (Fig. 5), one grain
(no. 9) shows a darker oscillatory zoning. Although the surface of the
zircon grains was affected by fluids no influence on the zircon cores was
found.

Thirteen U-Pb analyses yield overlapping results on or near the
Concordia (Fig. 6) and have low U contents of around 10-300 pg/g and
low to intermediate Th/U ratios of 0.14-0.38, with a majority around
0.20 (Supplementary Table S1). Ten of them give the weighted mean
206ph, /238 age (242.3 + 2.6 Ma, MSWD = 0.0119) (Fig. 6). In addition,
two spot analyses yield ages of 113 + 2 Ma (concordant) and 86 + 4 Ma
(slightly discordant) (Figs. 5, 6a), with a Th/U ratio of 0.06-0.08,
whereas one zircon spot (no. 9) yields a concordant age of 363 + 5 Ma
(Figs. 5, 6a), which is interpreted as an inherited xenocryst incorporated
during magma ascent. In total, at least three distinct zircon growth
stages can be resolved (Fig. 5).

Zircon grains of the trondhjemite sample (SG2F) show two groups:
One group has angular grains, a dark colour in the CL image, range in
length from 150 to 200 pm and in width from 100 to 150 pm, and are
characterized by xenomorphic, irregular shapes. CL images also show
less structural or intragranular variations of the luminescence. Most
grains have no sign of overgrowth or zoning, only one grain exhibits a
blurry oscillatory zoning. In the other group, the zircons are finer
grained with a length from 100 to 150 pm and a width from 80 to 100
pm. These grains are clear, rounded, subhedral to anhedral, crystals,
elongated to prismatic or with well-developed crystal faces. CL images
reveal sector zoning in the equidimensional zircon grains and oscillatory
zoning in the long prismatic grains. Both groups of zircons show a low
CL intensity (Fig. 5).

All the zircons have very low Th/U ratios ranging from 0.0002 to
0.02 and are mostly lower than 0.01 (Supplementary Table S1). Most
zircons are concordant and yield a concordia age of 82.42 + 0.99 Ma
(Fig. 6¢). Analyses on 25 zircon grains from trondhjemite yield a mean
206ph,/238 age of 82.19 + 0.40 Ma (MSWD = 0.061, n = 25) (Fig. 6d).

Zircon grains of the paragneiss sample SG5A are mostly subhedral to
anhedral. Lengths of these grains are about 100 to 150 pm, most are oval
to round, multifaceted crystals. CL imaging reveals that most grains have
clear core-rim structures (Fig. 5). Many cores reveal oscillatory or sector

zonation with a strong luminescence, and these cores are interpreted as
detrital zircons. However, the cores are surrounded by strongly recrys-
tallized rims and these rims are therefore younger.

U-Pb analyses on 58 grains are listed in Supplementary Table S1 and
are plotted on the concordia diagram (Fig. 6e). Of the subconcordant
grains (90-110%), the youngest age is 261 + 7 Ma (101.5% con-
cordancy), the oldest 2195 + 21 Ma (Table S1). The age population at
597 + 8 Ma with subhedral grains often exhibiting an oscillatory zoning
represents the majority (Fig. 6f). The mean age of youngest four grains
are internally consistent at 262.0 + 6.9 Ma (Fig. 6e), and these grains are
typical magmatic subehedral zircons with an oscillatory zoning (Fig. 5).
A concordant grain has a 2°°Pb/2%%U age of 493 + 13 Ma (Supplemen-
tary Table S1, spot no. 16), whereas most other grains younger than this
age have some degree of discordance. The rim ages of three grains range
between 315 + 8 and 381 + 9 Ma. These rims are homogeneously grey
in CL images (Fig. 5) and bear Th/U ratios between 0.01 and 0.14 and
represent metamorphic grains.

5.2. Zircon Hf isotopic analysis

Based on U-Pb dating results, representative zircon grains from two
samples (SG2A and SG2F) of the Sieggraben Complex were selected for
in-situ Hf isotope analysis using LA-MC-ICP-MS. The results are listed in
Table 2 and are shown in Fig. 7.

Seven magmatic zircons from the protolith 242 Ma-old eclogites
(SG2A) have '78Hf/177Hf ratios of 0.283067-0.283174, eHf(t) values of
+15.7 to +19.4. Eleven grains from the magmatic 82 Ma-old trondhje-
mite (SG2F) have 7°Hf/'77Hf ratios of 0.282971-0.283058, eHf(t)
values of +8.7 to +11.7, with model ages of 402-591 Ma.

In-situ trace-element analyses of the zircons from the U-Pb dated
samples were performed by using LA-ICP-MS. In this study, the analyt-
ical procedures were the same as the analyses of U-Pb dating, the results
are listed in Supplementary Table S2.

Analyzed REE compositions of the SG2A and SG2F zircons were
normalized by CI-chondrite compositions (McDonough and Sun, 1995).
REE patterns of zircon grains reveal that they are strongly depleted in
light REEs relative to heavy REEs, anomalous behaviours of Ce and Eu in
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chondrite-normalized(CN) patterns are expressed as Ce/Ce* = Cecn/
(Lacy X PrCN)l/ 2 and Eu/Eu* = Eucn/(Smey x GdCN)l/ 2 respectively.
The same with sample SG5A, all samples have a pronounced positive Ce
anomaly and negative Eu anomaly typical for magmatic zircons (Hoskin
and Schaltegger, 2003). The Hf contents in eclogite and trondhjemite
range from 8169 to 31,175 pg/g, and Y content from 134 to 152 ug/g.
The REE patterns of the eclogite zircon cores overlap with those of the

trondhjemite in the Sieggraben Complex (Fig. 7c). Furthermore, as
shown in Fig. 7d, the Th/U ratios of zircons (only including zircons with
ages younger than 500 Ma from SG5A), especially those in the protolith
of eclogite with Triassic ages, have high Th/U values (Fig. 7d).
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Table 2
Hf isotopic data of zircons from eclogite of the Siegraben Complex.
Sample No.  Age (Ma)  7°Yb/'”’Hf 20 176Lu/Y77Hf 20 176Hf/Y77Hf 20 epdt)  epf(t) 20 Tpm (Ma)  THy (Ma)  frumr
SG2A-01 243 0.009409 0.000270 0.000474 0.000015 0.283155 0.000020 18.8 19.5 0.7 134 67 —-0.99
SG2A-02 243 0.007462 0.000077 0.000388 0.000004 0.283106 0.000020 17.1 17.8 0.7 203 178 —-0.99
SG2A-03 243 0.006401 0.000092 0.000352 0.000006 0.283067 0.000016 15.7 16.3 0.6 257 265 —-0.99
SG2A-04 243 0.007585 0.000065 0.000367 0.000004 0.283148 0.000017 18.6 19.2 0.6 144 83 —-0.99
SG2A-05 243 0.011935 0.000170 0.000603 0.000010 0.283174 0.000023 19.5 20.3 0.8 108 26 —0.98
SG2A-06 243 0.006105 0.000131 0.000314 0.000008 0.283151 0.000020 18.7 19.4 0.7 139 74 —-0.99
SG2A-07 243 0.010640 0.000076 0.000545 0.000003 0.283109 0.000016 17.2 17.7 0.6 200 174 —0.98
SG2F-01 82 0.091329 0.000554 0.004941 0.000025 0.283058 0.000011 11.7 12.1 0.4 307 402 —0.85
SG2F-02 82 0.091001 0.000386 0.004918 0.000008 0.283034 0.000011 10.8 11.2 0.4 345 457 —0.85
SG2F-03 82 0.043987 0.000127 0.002382 0.000004 0.282971 0.000014 8.7 9.2 0.5 414 591 —-0.93
SG2F-04 82 0.032235 0.001125 0.001852 0.000070 0.283019 0.000015 10.4 11.0 0.5 338 480 —-0.94
SG2F-05 82 0.025916 0.000193 0.001349 0.000010 0.283048 0.000009 11.5 11.8 0.3 291 412 —0.96
SG2F-06 82 0.042195 0.001021 0.002081 0.000056 0.282994 0.000014 9.6 10.0 0.5 376 537 —0.94
SG2F-07 82 0.056949 0.000112 0.003066 0.000003 0.283020 0.000011 10.4 10.8 0.4 349 483 —-0.91
SG2F-08 82 0.054610 0.000401 0.002503 0.000011 0.283008 0.000010 10.0 10.4 0.4 360 507 —0.92
SG2F-09 82 0.061468 0.000135 0.002724 0.000001 0.283029 0.000011 10.7 11.1 0.4 331 460 —0.92
SG2F-10 82 0.061850 0.000063 0.002762 0.000003 0.283038 0.000011 11.0 11.4 0.4 318 441 —-0.92
SG2F-11 82 0.049078 0.000057 0.002281 0.000002 0.283035 0.000009 11.0 11.3 0.3 318 445 —0.93
SG2F-01 243 0.091329 0.000554 0.004941 0.000025 0.283058 0.000011 14.7 15.1 0.4 307 334 —0.85
SG2F-02 243 0.091001 0.000386 0.004918 0.000008 0.283034 0.000011 13.8 14.2 0.4 345 389 —0.85
SG2F-03 243 0.043987 0.000127 0.002382 0.000004 0.282971 0.000014 12.0 12.5 0.5 414 505 —0.93
SG2F-04 243 0.032235 0.001125 0.001852 0.000070 0.283019 0.000015 13.8 14.3 0.5 338 390 —0.94
SG2F-05 243 0.025916 0.000193 0.001349 0.000010 0.283048 0.000009 14.9 15.2 0.3 291 319 —0.96
SG2F-06 243 0.042195 0.001021 0.002081 0.000056 0.282994 0.000014 12.9 13.4 0.5 376 449 —0.94
SG2F-07 243 0.056949 0.000112 0.003066 0.000003 0.283020 0.000011 13.6 14.0 0.4 349 402 —-0.91
SG2F-08 243 0.054610 0.000401 0.002503 0.000011 0.283008 0.000010 13.3 13.7 0.4 360 421 —-0.92
SG2F-09 243 0.061468 0.000135 0.002724 0.000001 0.283029 0.000011 14.0 14.4 0.4 331 376 —-0.92
SG2F-10 243 0.061850 0.000063 0.002762 0.000003 0.283038 0.000011 14.3 14.7 0.4 318 357 —0.92
SG2F-11 243 0.049078 0.000057 0.002281 0.000002 0.283035 0.000009 14.3 14.6 0.3 318 359 —-0.93

5.3. Geochemistry

Four samples of eclogite, eleven samples of ultramafic rocks, one
trondhjemite and one paragneiss were collected for whole rock major
and trace element analysis. The results are listed in Supplementary
Table S3.

On the Zr/Ti versus Nb/Y diagram (Pearce, 1996), most eclogite
samples plot within the basalt field (Fig. 8a), and on the Th/Yb vs. Zr/Y
(Ross and Bédard, 2009), all samples fall into the tholeiitic (basalt) field
(Fig. 8b).

The eclogite samples show SiOg contents ranging from 48.75 to
50.13 wt% and LOI- (loss of ignition) (0.93-1.21 wt%) corrected silica
contents of 49.42-50.67wt%. These eclogite samples have MgO contents
of 6.81-7.35wt% with varying Mg# values of 55.1-59.8. The K0
contents range from 0.24 to 0.36 wt%, and their total alkalis (K20 +
NayO) range from 3.42 to 3.87wt%. They also have variable TiO3 con-
tents of 0.86-1.01wt%, Al,O3 contents of 14.10-15.36wt% and total
Fey03 contents of 11.25-12.96wt%. The rare earth elements of eclogite
samples are depleted in light rare earth elements (LREE) (Fig. 9a; Boy-
nton, 1984), with (La/Lu)y and (La/Yb)y values of 0.57-0.76 and
0.58-0.85, respectively, both are <1 (Supplementary Table S3). All
samples have uniform REE patterns and show a typical N-MORB-like
positive slope (Fig. 9a). In the primitive mantle-normalized multi-
element variation diagram (Fig. 9b; Sun and McDonough, 1989), based
on typical N-MORB (Fig. 9b), eclogites show enrichment in Ba, U, K, Sr
and depletion in Th, P and Ti.

In the two studied ultramafic rock types, the high degree of ser-
pentinization is represented by the LOI 8.76-11.91 wt%, we consider
LOI-free main elements, they contain SiOy 44.4-47.2 wt%, high MgO =
35.2-40.7 wt%, and very low NayO contents implying little additions of
alkalis during serpentinization, high Ni (1444-1970 ug/g) and Mg#s
(=100*molar Mg/(Mg + Fe)) (86.6-89.7), low (La/Lu)y = 0.59-1.01,
(La/Yb)y = 0.69-1.30. Conversely, the REE contents (0.97-4.16 pg/g) of
the ultramafic rocks are very low. We collected the data from two ul-
tramafic rock types from Putis et al. (2018) (Fig. 9, shaded background),
which show the depletion in Nb, Zr, Hf, Ti and anomalous behaviour of
Eu in one type (pink in Fig. 9), which is similar to our ultramafic rocks.

The REE data of show a hump-shaped pattern (Fig. 9a) different from
our investigated samples.

The total rare earth element (REE) abundance of the trondhjemite is
5.26 pg/g, like that of ultramafic rocks, and the total REE content of
paragneiss is 252 pg/g, with (La/Lu)y and (La/Yb)y ratios of 0.89 and
0.90, respectively, both <1 for the trondhjemite. Taken together, the
trondhjemite shows similar characteristics as the eclogite. The rock has a
clear enrichment of Ba, U, K, Sr, and depletion of Th, Nb and Ti
(Fig. 10b), implying a similar trend with eclogite and ultramafic rocks.
While the paragneiss shows a continental margin character by its high
SiO3 (71.81 wt%) and K20 (3.08%) contents and high (La/Yb)y (52.8)
and (La/Lu)y (45.9) ratios.

6. Discussion
6.1. Geochronology and petrogenesis

6.1.1. Protolith age of eclogite

It is accepted that magmatic and metamorphic zircons can be sta-
tistically distinguished by their Th/U ratios (Hoskin and Schaltegger,
2003) although this approach not always applies (e.g., in migmatites, Li
et al., 2022) as shown by the dated trondhjemite of this study, too. The
Th/U ratios of Triassic zircons of the eclogite in our study are between
0.14 and 0.38, most grains scatter at ca. 0.2 indicating a magmatic origin
of these zircons. Furthermore, the rare earth element patterns of eclo-
gitic zircons show positive Ce anomalies and high HREE and Th con-
tents, supporting the magmatic nature of dated zircons (Rubatto, 2017),
and whole rock compositions show no Eu anomalies indicating their
origin as basaltic liquids. Results of precise LA-ICP-MS zircon U-Pb
dating show that the protolith age of the eclogite from Sieggraben
Complex is 242.3 + 2.6 Ma (ca. Anisian/Ladinian boundary). The
temperature of eclogite formation in this outcrop (670-750 °C; Neu-
bauer et al., 1999) was not high enough for zircon resetting. The pres-
ence of appreciable Sr contents in the eclogite indicates cycling of
oceanic Sr and K in the high-pressure fluid (Scambelluri et al., 2001).
This age implies that the protolith of the metamorphosed mafic rocks in
Sieggraben Complex was formed in Middle Triassic times. This is the
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first Triassic mafic magmatic rock reported from the Austroalpine nappe
complex and is different to the Late Permian age (Sm-Nd, 275 + 18 Ma,
254.4 + 8.7 Ma) of eclogitized metagabbros from the Koralpe (Thoni
and Jagoutz, 1992). From the geochemical character, we consider that
the eclogite and trondhjemite have the same source. Consequently,
calculating model age for SG2F with the protolith age of SG2A, a young,
Variscan model age results implying juvenile material (SG2FA; Table 2).
This corresponds to the inherited zircon age (363 Ma) of the eclogite
sample SG2A mentioned above.

Studies have demonstrated that large-ion-lithophile elements (LILE),
such as K, Rb, Sr and Ba, as well as U, are mobile during seawater
alteration and low-grade metamorphism of ocean floor rocks (e.g.,
Verma, 1981). However, by comparing the high-grade metamorphic
rocks to equivalent igneous rocks, Spandler et al. (2004) have shown
that high-pressure metamorphism produce very minor chemical
changes, with no significant mobility of high-field strength elements
(HFSE), such as Ti, Nb, Ta, Zr, Hf, metals such as, V, Ni, Cr and Fe, and
rare earth elements (REE) during subduction-zone metamorphism (e.g.,
Bienvenu et al., 1990) and serpentinization processes (Scambelluri et al.,
2001). Our petrographic work shows that most samples have undergone
strong metamorphism and/or some degree of alteration/hydration,
mainly affecting the ultramafic rocks. In this study, therefore, only
relatively immobile elements are used in the following geochemical
discussion. The geochemistry of the studied eclogites is more enriched in
Sr, K, U, Ba than normal basalts (Fig. 9b) and depleted in Th, Nb, Ta P
and Ti,which are considered to be caused by either crustal

10

contamination or a magma source, which is influenced by the input of
subducted material (Sun and McDonough, 1989). We argue that the
tholeiitic basalt/N-MORB protoliths of Sieggraben eclogites were
emplaced as sills within the middle/lower crust of the rifted continental
margin or, less likely, as a part of opening oceanic crust close to the
continental margin as found in some magma-poor passive margins (e.g.,
Whitmarsh et al., 2001). No other member of an ophiolite succession
like gabbro or mafic/ultramafic cumulate rocks was found in the Sieg-
graben Complex making the ophiolitic origin unreasonable. The most
plausible explanation is that the studied eclogites represent tholeiitic-
basaltic liquids characterized by an evolving magma-rich passive
margin similar to undated eclogite protoliths with a similar tholeiitic
basaltic signature (Miller et al., 1988, 2007), excluding the dated met-
agabbros (Thoni and Jagoutz, 1992) with a different chemistry, of the
Eclogite-Gneiss Unit of the Koralpe-Saualpe region.

The extremely young Hf isotopic Tpy values of the Sieggraben
eclogite also suggest that the mafic magmas did not undergo significant
contamination by older continental crust during magma ascent. The
values above the depleted mantle line in Fig. 7a and b are influenced by
high 7°Yb. Nb-Ta depletion can be caused by either crustal contami-
nation or a magma source, which is influenced by the input of subducted
material (Sun and McDonough, 1989). However, all eclogite zircons
have clearly positive eHf(t) values, the extensive crustal contamination
can be excluded. Thus, the geochemical and isotopic characteristics of
the eclogite are inherited from their mantle source rather than by crustal
assimilation.
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respectively. The data of light grey and pink shaded background are from Putis et al. (2018). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

In summary, the single inherited age (363 Ma) represents an
inherited age and is, i.e., derived from a granitoid/sedimentary source,
suggests that Variscan materials existed in the Sieggraben Complex
during ascent of the mantle-derived basalt. The main group with Triassic
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ages is considered as the protolith age of the eclogite, shows the eclogite
crystallized from a tholeiitic basalt liquid and formed in Middle Triassic
times. The Variscan grain was incorporated during ascent of the magma.
The younger two ages (86 and 113 Ma) represent the later Cretaceous
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Fig. 10. Chondrite-normalized REE patterns (a) and primitive-mantle-normalized trace element (b) diagrams of trondhjemite (SG2F) and paragneiss (SG5A) from the
Sieggraben Complex. The values of chondrite and primitive mantle are from Boynton (1984) and Sun and McDonough (1989), respectively.

HP metamorphic event. Up to now, only Permian Sm-Nd ages from
metagabbroic eclogite protoliths from the Koralpe region were available
(Thoni and Jagoutz, 1992) as mentioned above. Unmetamorphic gab-
bros were reported from the Eisenkappel region (Miller et al., 2011) and
metagabbros with a low-grade metamorphic overprint from the Lower
Austroalpine Raabalpen Complex, where these are associated to the
porphyric augen-gneiss (Grobgneiss) (Schuster et al., 2001) of Permian
age (Yuan et al., 2020). However, the protolith of the Sieggraben eclo-
gite represents a tholeiitic-basaltic melt and cannot be related to the
gabbro bodies mentioned before. The undated basaltic eclogites of the
Kor- and Saualpe region further east show similar N-MORB character-
istics as the dated Sieggraben eclogite (Miller et al., 2007). In the Kor-
and Saualpe region, only two metagabbros with ages of 275 to 254 Ma
(Permian) are known (Thoni and Jagoutz, 1992) and are interpreted as
cumulates (Miller et al., 2007).

In Western Capathians, two Meliata units are distinguished (1) the
Borka Nappe subducted, metamorphosed at HP-MP/LT conditions
(mainly blueschist facies), and (2) Meliata s. str., metamorphosed at
very-grade metamorphic conditions, a Late Jurassic-Early Cretaceous
mélange containing Triassic sedimentary olistoliths (Putis et al., 2019
and references therein). The latter unit is also found in the Eastern Alps
at the Florianikogel (Fig. 1a). Recently, Putis et al. (2019) reported U-Pb
zircon ages ranging from 266 + 3 Ma to 245.5 + 3.3 Ma (Middle
Permian to Anisian) of basalts from various blocks tectonically
embedded within the Meliaticum of Western Carpathians, all with N-
MORB characteristics.

The younger basalts are associated with deep-sea sediments (radio-
larites). These data constrain synchronous processes and potentially
tectonic relationships between the continental Sieggraben Complex in
Eastern Alps and the ongoing oceanic Meliata unit of Western Carpa-
thians although both units occur in different tectonic levels of Eastern
Alps. Blocks of alkaline gabbros and diorites with cooling ages at the
Permian/Triassic boundary were found in the uppermost Permian
evaporite mélange (Haselgebirge) at the stratigraphic base of the
Northern Calcareous Alps (Schorn et al., 2013), which is like evaporite
mélanges involving Meliata basaltic blueschists in Western Carpathians
(Kozur, 1991).

We consider ages of 86 Ma and 113 Ma as metamorphic ages, based
on their patchy appearance in CL images and the low Th/U ratios. The
older age is like the “°Ar/3°Ar amphibole age from the same outcrop
(Neubauer et al., 1999), but a small amount of extraneous argon in the
amphibole cannot be fully excluded. The younger age of 86 + 4 Ma is
within error the same with the recently reported Lu-Hf garnet age of
89.89 + 0.37 Ma from the Sieggraben klippe (Miladinova et al., 2021)
and appears, within error, the same as that of the trondhjemite, which
crosscuts the mylonitic eclogite foliation.
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For the Jaklovce metabasalt of Western Carpathians, Putis et al.
(2018) reported a rutile U-Pb SIMS age of 100 + 10 Ma (late Early
Cretaceous), which is close to high-pressure age of the Sieggraben Unit.

6.1.2. Partial melting of eclogite and formation of trondhjemite

In the field, the trondhjemite dikes transect the foliation of eclogites,
and are, therefore, younger than the peak conditions of eclogite meta-
morphism. The zircon grains from the trondhjemite show xenomorphic
irregular habits, mostly no sign of overgrowth or zoning, only one grain
has a blurry oscillatory zoning. They are significantly different from the
zircon morphology in the host eclogite. These characteristics suggest
that the zircons in the trondhjemite dike were not captured from the
eclogite, but grew and crystallized during the formation of the dike
(Vavra et al., 1996). We interpret the 206p1, /238 mean age of 82.19 +
0.40 Ma as the best estimate for the timing of the trondhjemite dike
emplacement. The zircons from the trondhjemite dike have high HREE
and U contents, however, very low Th and therefore a low Th/U ratio,
showing that the dike-forming magma has a good ability to dissolve and
carry HREE and HFSE. This further indicates that zircons grew from a
melt (Hermann et al., 2006; Liu et al., 2014; Vavra et al., 1996). These
zircons show LREE depletion and HREE enrichment, which is consistent
with the REE partitioning patterns of the zircons from the eclogite and
other felsic magmatic rocks (Hermann et al., 2013). Compared to zircons
formed within amphibolite facies metamorphic conditions we have
higher HREE contents and steeper REE patterns (Rubatto, 2017). The
trondhjemite and paragneiss show a completely different geochemical
character (Fig. 10). Hence, we consider that the hydrous melt formed by
partial melting of the eclogite during the retrograde decompressional
exhumation stage. The deeply buried and subducted continental crust of
the Sieggraben Complex underwent isothermal decompression during
the re-entrant process, leading to decompressional hydration of the
minerals in the eclogite, e.g., amphibole (for details of the eclogite
retrogression path, see Neubauer et al., 1999) and/or release of struc-
tural hydroxyl groups and molecular water preserved in nominally
anhydrous minerals, resulting in retrograde metamorphism of eclogite
(Auzanneau et al., 2006). It also causes partial melting of the exhuming
slab to produce an aqueous melt, and the trondhjemite dike might have
formed by crystallization of the aqueous melt (Hermann et al., 2013;
Zheng et al., 2007). The formation of melt could effectively reduce the
viscosity of continental crust rocks and promote the internal disassembly
of the subducted slab. Meanwhile, the aqueous melt can also function as
a lubricant for the re-entry of UHP/HP rocks (Hermann et al., 2013;
Labrousse et al., 2011), thus triggering or accelerating the re-entry of
subducted slabs. Except a recently reported example from eclogite of the
Saualpe (Schorn et al., 2021), the dated trondhjemite is the first reported
magmatic rock related to the Cretaceous subduction zone and the first
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Cretaceous-aged plutonic rock of the Austroalpine mega-unit. Thoni and
Miller (2010) described andalusite during exhumation of the Eclogite-
Gneiss Unit of the Saualpe region and this locality is also associated
with small undated felsic magmatic rocks.

6.1.3. Protoliths of ultramafic rocks

Two hypotheses for the origin of ultramafic rocks proposed: (1) they
are residual mantle peridotites, or (2) they are igneous cumulates,
formed either by crystal fractionation or by reaction of fractionating
melt with peridotite (Liu et al., 2008). In the case of Steinbach, the
harzburgite-type ultramafic rocks of subcontinental Re-Os isotopic
characteristics (Meisel et al., 1997) are intruded by the Permian clino-
pyroxenite dike (Putis et al., 2018). In the two studied ultramafic rock
types, the high degree of serpentinization is represented by the high LOI
suggesting sea floor metamorphism conditions or metamorphic ser-
pentinization in a subducting or exhuming slab. Trace and major-
element compositions of the ultramafic rocks have LOI-corrected SiO5
contents of 44.5 to 47.5 wt% and low (La/Lu)y, (La/Yb)y ratios and
Mg# between 85 and 88, as well as high Ni (1443-1970 ug/g) contents
that match those expected for mantle rocks (e.g., 1883 pg/g; Workman
and Hart, 2005) and lithospheric mantle peridotites (Bodinier and
Godard, 2003; McDonough, 1990). Except the REE characters, the
studied ultramafic rocks have a similar content of TiO, as websterites
reported by Putis et al. (2018). They have a different source than the
eclogites (Fig. 9).

Putis et al. (2018) reported a U-Pb zircon age of 252 + 2 Ma
(Permian/Triassic boundary) of a pyroxenite. Based on the Re isotopic
composition of the Steinbach ultramafic body, Meisel et al. (1997)
proposed a subcontinental mantle lithosphere for the origin of ultra-
mafic rocks. Interestingly, ultramafic rocks are also associated with the
Meliata Unit in Western Carpathians. There, perovskite formed during
hydration of these rocks by a short-lived rodingitization event, and
perovskite was dated within 137 and 134 Ma by the U-Pb SIMS Method
(Li et al., 2014) postdating the blueschist metamorphism at 150-160
Ma, an event not reported up to now in the Sieggraben Complex.

6.1.4. History of the paragneiss

The youngest age of 262.0 £ 6.9 Ma (Fig. 6e) of typical magmatic
subhedral zircons are found in broad rims of zircons and show an
oscillatory zoning. These rims could have been grown in-situ during the
partial melting of the paragneiss or within thin leucosome layers. This
indicates that the sedimentary source is not younger than Late Permian.
The youngest subcordant detrital zircon grain has an age of 493 + 13 Ma
indicating that the maximum depositional age of the paragneiss is Early
Ordovician. The dominant Ediacaran age population at 597 + 8 Ma
indicate a Panafrican/Cadomian provenance as other metasedimentary
units of the Eastern Alps (Siegesmund et al., 2021; Chang et al., 2021)
and supports an earlier reported multi-grain U-Pb zircon age of 603 +
23 Ma from the Sieggraben unit (Putis et al., 2000). The rim ages of three
grains indicate Variscan (Devonian — Carboniferous) metamorphism.

The existence of a strong negative Eu anomaly in the paragneiss
suggests growth of Permian zircons in the continental crust because of
the higher REE contents as well as the occurrence of Ediacaran detrital
zircons. Permian migmatite formation and intrusion of Permian
“Grobgneis”-type porphyric metagranite at about 266-272 Ma is well-
known in the underlying Raabalpen basement (Chen et al., 2020;
Schuster et al., 2001; Yuan et al., 2020) interpreted as rift-related
magmatism and metamorphism. Therefore, in this study we suggest
that the younger magmatic zircon from paragneiss formed in the same
stage during rifting, and their protoliths were derived by the recycling of
older continental crust. The majority of detrital zircon grains of the
paragneiss with an age of 597 + 8 Ma proofs a Panafrican source, which
is similar in age with the detrital memory of the underlying Raabalpen
Complex (Chang et al., 2021).
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6.2. Tectonic evolution

The petrology and geochemistry of the eclogite and ultramafic rocks
contained in the Sieggraben Complex of the Eastern Alps unequivocally
demonstrate their mixed mantle/crust affinity and thus provide valuable
constraints to the reconstruction of the Triassic geodynamic setting in
the Western Tethyan realm. The most likely situation is that the Sieg-
graben Complex represents various lithologies from a distal continental
crust of an evolving passive margin, which include fragments of
tholeiitic basalts emplaced as sills in continental crust characteristic for
evolving magma-rich passive margin. The U-Pb zircon dating of the
eclogite revealed the dominant (sub-)concordant population giving a
weighted mean age of 243.3 + 2.6 Ma. This age is interpreted as the
protolith age of eclogites and could reflect a magma emplaced during
the initial stage of opening of the Meliata Ocean, which may have been a
back-arc ocean related to subduction of the Paleotethys Ocean during
Middle Triassic times (Froitzheim et al., 2008; Stampfli and Borel,
2004). The preliminary chemical data from undated ultramafic
magmatic rocks suggest a deep-subduction zone environment with a
depleted subcontinental mantle source (Meisel et al., 1997). Putis et al.
(2018) calculated P-T conditions of 850-825 °C and 25.5-27.5 kbar for a
clinopyroxenite from Steinbach, which is much higher than the P-T
conditions of the eclogite between 1.4 and 1.9 Gpa and 610-750 °C
(Kromel et al., 2011; Miladinova et al., 2021; Neubauer et al., 1999). We
assume, therefore, that eclogite and ultramafic rocks have their origin in
different levels of the subducted lithosphere.

The detrital memory of biotite-rich paragneisses suggest the old
continental crust metamorphosed during Variscan times close to the
margin of the Meliata basin subsequently affected by Permian meta-
morphism and magmatism as already proposed by Schuster et al. (2001)
and Schuster and Stiiwe (2008) for other Austroalpine units. In the
Southalpine realm however, metamorphism and magmatism, related to
the Permian extension, has already been recognized earlier, and their
magmatic activity is restricted to the Lower to Middle Permian with
plutonic rocks and volcanics of the Southalpine unit in the age range
275-285 Ma (Schaltegger and Brack, 2007). The Southalpine Ivrea-
Verbano zone includes two major periods of emplacement of mantle
magmas during Early and Middle Permian (Quick et al., 2009) and
Middle-Late Triassic times (Zanetti et al., 2013). In contrast to the
Austroalpine mega-unit, volcanic, subvolcanic and even classical
plutonic bodies of Middle to early Late Triassic age are widespread in the
cover successions of the Southalpine realm (e.g., Lustrino et al., 2019
and references therein).

The U-Pb age result of the trondhjemite dike within the eclogite in-
dicates that the melt formed at 82 Ma, significantly younger than the
peak HP metamorphic age (95-90 Ma) in the Koriden Complex further
west (Miller et al., 2007; Thoni, 2006), as well as recently published Lu-
Hf data of 89.89 + 0.37 Ma from the Sieggraben klippe (Miladinova
et al,, 2021). The relative relationships suggest that high-pressure
metamorphic rocks were affected by partial melting during the exhu-
mation process. Two zircon grains in the eclogite show metamorphic
ages with 113 Ma and 86 Ma with a ca. 17 Myr time interval, interpreted
as the time between peak HP metamorphism and melting during exhu-
mation although the interpretation of these dates would be somehow
speculative. The age of eclogite metamorphism by the Lu-Hf data of
89.89 + 0.37 Ma mentioned above (Miladinova et al., 2021). This is in
support of an earlier multi-grain zircon lower intercept age of 103 + 14
Ma (Putis et al.,, 2000). The trondhjemite intrusion is followed by
cooling through the Argon retention temperature of white mica (ca. 425
+ 25 °C) indicated by ages between 82 and 78 Ma (Dallmeyer et al.,
1996).

The paleotectonic reconstructions in the Alps of the western Tethys
(Stampfli and Borel, 2004) have shown sequential back-arc basin
openings along the Eurasian margin from the Late Permian-Triassic to
Early-Middle Jurassic times, due to the Paleotethys closure and Neo-
tethys opening and widening. In the eastern Mediterranean region, this
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rifting phase occurred in a scenario of slab rollback, which created the
oceanic Kiire, Meliata, Maliac and Pindos basins, whose life spans are
within that time interval. The Meliata-Maliac oceanic basin had been
separated from the Mediterranean Neotethys by a major transform fault,
which evolved further north in the subduction zone (Stampfli and Borel,
2004). In this tectonic scenario, the Middle Triassic protoliths of the
Sieggraben Complex developed in response of back-arc opening during
oceanic subduction of the Paleotethys as proposed by Stampfli and Borel
(2004) and Neubauer et al. (2022).

Based on the data and discussion above, we suggest a new model for
the tectonic evolution of Sieggraben Complex from the Eastern Alps, and
we use only arguments from the Eastern Alps because of potential dia-
chronous tectonic processes in Western Carpathians (Fig. 11). Recently,
Putis et al. (2021) proposed a two-wedge model for for the Jurassic-
Cretaceous tectonics of Inner Western Carpathians, which includes the
Meliaticum, too, which differs from the model presented here (for de-
tails, see below).

The Austroalpine Sieggraben Complex shows a location on the con-
tinental margin during Permian rifting and the Permian zircon ages of
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the dated migmatitic paragneiss indicate that process of extension. The
Raabalpen Complex, now in the footwall of the Sieggraben Complex,
includes Late Permian migmatites, granititic gneisses and metagabbros
overlain by halfgraben-type basins filled with Permian clastic sediments
and volcanics on tilted blocks (Fig. 11a) (Neubauer et al., 2022; Yuan
et al., 2020). This consequently supporting the Permian rift genesis of
the Austroalpine mega-unit. The Permian relationships between Aus-
troalpine and Southalpine units are debated because of major Permian
paleogeographic differences (see Neubauer et al., 2022) and Permian
mega-shearing (Muttoni et al., 2019). In the model of Fig. 11a we put an
“unknown continental object” (UCO). In the case that UCO was the
Southalpine unit, then the widespread Southalpine magmatic rocks,
particularly of the Ivrea-Verbano zone would represent, as a working
hypothesis, a sort of magmatic flare-up providing the heat for migma-
tization. The similar age of Permian pyroxenite formation (Putis et al.,
2018) may indicate that the heat for migmatization might have been
provided by ultramafic magma intrusion within the subcontinental
mantle within an asymmetric rift setting (Fig. 11a). Similar Permian
ultramafic rocks might be present in the Slovenska Bistrica Ultramafic
Complex in the Pohorje Mountains but protolith ages are missing there
(Janak et al., 2006). Middle Triassic (Ladinian) N-MOR tholeiitic-
basaltic liquids intruded into the distal continental crust extended
since the Permian (Fig. 11b) just predating the opening of the Meliata
oceanic rift. During Middle Triassic times, the oceanic Meliata basin
opened (Fig. 11c) as intially suggested by Kozur (1991). After Jurassic to
Early Cretaceous consumption of the Meliata oceanic lithosphere
(Fig. 11d) (Neubauer et al., 2000; Putis et al., 2018), this piece of con-
tinental crust of the former passive margin adjacent to the Meliata
oceanic lithosphere subducted during Early to early Late Cretaceous
times to mantle depth (Stage 1 in Fig. 11e) as it was recently testified by
Lu-Hf age of eclogitization (Miladinova et al., 2021) and also indicated
by two single-grain U-Pb ages of this study. During subduction, possible
Permian-Mesozoic cover successions on the Sieggraben basement were
separated from their subducting basement (middle/lower crust) as
postulated for other Austroalpine basement along the central axis of the
Eastern Alps (e.g., Neubauer et al., 2000; Schmid et al., 2004) (Fig. 11e).
The deeply buried rocks were subsequently exhumed incorporating ul-
tramafic mantle rocks (Stage 2 in Fig. 1le). During exhumation of
eclogites, partial melting took place and formation of the trondhjemite
dikes during Late Cretaceous (~82 Ma). During this stage, the Siegg-
graben Complex was overthrusted onto the Raabalpen Complex (e.g.,
Dallmeyer et al., 1996).

7. Conclusions

The new data from the Sieggraben Complex combined with the
literature allow the following major conclusions, and these are given
here in a chronological order:

1 The host metasedimentary rocks of the Sieggraben Complex repre-
sent a distal continental crust with a Panafrican relationship, which
was located close to the future margin of the Meliata basin and was
affected by Permian magmatism. The host paragneisses of the Sieg-
graben Complex include dominant Late Ediacaran sources. The
paragneiss was affected by Permian migmatization as testified by
euhedral zircons with an age of 262.0 + 6.9 Ma.

2 The ultramafic rocks were formed as part of subcontinental litho-
sphere and potentially by oceanic mantle lithosphere during the
Permian.

3 The eclogite shows a protolith age of 242.3 + 2.6 Ma (Anisian/
Ladinian boundary) and displays a N-MORB type geochemical
signature of basaltic liquids formed during Middle Triassic times. The
protolith is younger than the Middle-Late Permian eclogitized met-
agabbros from the Koriden Complex further west.
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4 After consumption and closure of the Meliata Ocean, subduction of
the continental Sieggraben Complex occurred during late Early
Cretaceous times and reached eclogite metamorphic conditions.

5 A trondhjemite dike cuts through the eclogite, gives a crystallization
age of 82.19 + 0.4 Ma and formed by partial melting of the host
eclogite during decompression and exhumation of the previously
subducted continental wedge.
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