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Abstract

Metabasic rocks of the ophiolitic sequences of the Glockner Nappe and Eclogite Zone in the south-central Tauern Window,
Austria, reveal important insights into rifting and spreading of the Alpine Tethys. U-Pb dating of magmatic zircons yields a
concordant 157 +2 Ma crystallization age for the precursor of a coarse-grained metagabbro from the Glockner Nappe. The
Late Jurassic intrusion age is coeval with mafic plutonic activity in the Western and Central Alps. Although Penninic ophi-
olitic sequences in tectonic windows of the Eastern Alps are usually disrupted, an ocean—continent transition setting can be
reconstructed for the Glockner Nappe, similar to many ophiolites in the Liguria—Piemont domain in the Western and Central
Alps. Together, these observations strongly suggest a formation in the Liguria—Piemont branch of the Alpine Tethys and are
inconsistent with a formation in the Valais domain. This finding has important implications for paleogeographic reconstruc-
tions of the Penninic realm in the Eastern Alps. Whereas the Glockner Nappe metagabbro and metabasalts clearly reveal
their depleted mantle origin, the metabasic rocks of the Eclogite Zone record a more complex formation history involving

depleted mantle melting and crustal assimilation in a continental margin setting.
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Introduction

The break-up of Pangaea and Permo-Triassic rifting led
to lithospheric thinning and subsidence at the southern
European margin. The stepwise protrusion of the Atlantic
Ocean to the north caused the development of distinct oce-
anic basins within a transform system between the open-
ing Atlantic Ocean in the West and the Tethys area in the
East (e.g., Kurz 2006; Stampfli et al. 1998). Together these
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Jurassic to Cretaceous ocean basins are referred to as Alpine
Tethys or Western Tethys (e.g., Kurz 2006; Schmid et al.,
2004; Stampfli et al. 1998). The magmatic and sedimen-
tary sequences of many Alpine units have been established
and their tectonic preposition in the later Alpine orogeny
has been set during this period. Late Cretaceous to Oligo-
cene closure of the Alpine Tethys due to subduction of the
oceanic basins (Penninic nappes) and parts of the European
continental margin (Subpenninic nappes) resulted in vari-
able metamorphic overprint of older units and merged the
complex Alpine nappe system (e.g., Agard 2021; Balestro
et al. 2019). In this framework, both the timing of sea-floor
spreading and the mantle sources for mafic—ultramafic igne-
ous rocks are important data for reconstruction of the tec-
tonic processes before the onset of the Alpine orogeny (e.g.,
Handy et al. 2010; Kurz 2006; Schmid et al. 2004).

In this contribution, we present new geochronological and
geochemical data for metabasic rocks from the Glockner
Nappe and the Eclogite Zone of the south-central Tauern
Window. Based on field relations, textures and composi-
tions we discuss their magmatic formation, metamorphic
overprint and constraints on compositions of their respective
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mantle sources. Zircons with magmatic growth zonation
from one metagabbro sample yield a concordant U-Pb age.
This age, together with constraints on the protoliths of mafic
and ultramafic lithologies, allows for comparison to simi-
lar data from the Western and Central Alps and shed new
light on the timing of rifting and sea-floor spreading in the
Alpine Tethys preserved in the Penninic units in the Tauern
Window.

Geological framework

In the Western and Central Alps, ophiolitic sequences allow
the reconstruction of rifting and sea-floor spreading pro-
cesses in the Alpine Tethys. In the present Alpine, orogen
remnants of Liguria—Piemont (Southpenninic) and Valais
(Northpenninic) sub-basins of the Alpine Tethys are sepa-
rated by the Briangconnais (Middlepenninic), a fragment of
continental lithosphere that rifted from the European con-
tinental margin (Subpenninic) and was involved in subduc-
tion and Alpine nappe stacking (Froitzheim and Manatschal
1996; Stampfli et al. 1998). Following recent reviews on the
structural architecture and tectonic evolution of the western
Alpine ophiolites (e.g., Agard 2021; Balestro et al. 2019) and
according to their paleogeographic position in the Alpine
Tethys from West to East, in this study, we refer to the
Liguria—Piemont ocean (instead of Piemont-Liguria ocean,
which is also used). Structural and compositional analysis
of ophiolites assigned to the Liguria—Piemont oceanic litho-
sphere show characteristics of magma-poor rifted margins
similar to modern-day analogues (e.g., Manatschal and Miin-
tener 2009; Rampone et al. 1998; Schaltegger et al. 2002).
Based on recent plate-tectonic reconstructions the opening
of the Liguria—Piemont ocean basin began before ~ 200 Ma
and sea-floor spreading started at~ 170 Ma and lasted until
131 Ma (Balestro et al. 2019; Costa and Caby 2001; Handy
et al. 2010; Principi, 2004). The oblique opening of the Val-
ais ocean basin was linked to the opening of the Bay of
Biscay and is inferred to begin with rifting from the Juras-
sic—Cretaceous boundary followed by sea-floor spreading
from 130 to 93 Ma (Handy et al. 2010; Stampfli et al. 1998).
However, the record of magmatic activity in the Valais pale-
ogeographic domain is rather limited and the affiliation of
individual units and the available age data are still discussed
(see discussion in Handy et al. 2010; Kurz 2006; Manatschal
and Miintener 2009; Schmid et al. 2004).

The Eastern Alps are dominated by Austroalpine units
and their record of Eoalpine (Cretaceous) metamorphism.
However, a few tectonic windows expose deeper nappes of
the Alpine orogen (Fig. 1a). In the Tauern Window, conti-
nental (meta)igneous and (meta)sedimentary units (Venedi-
ger Nappe complex) underly the Glockner Nappe and Matrei
Zone, units consisting dominantly of metaigneous and
metasedimentary rocks with ocean floor affinities (Fig. 1b).
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Although the intense deformation during the Alpine tectono-
metamorphic history obliterated most original stratigraphic
relationships between different lithologies, many authors
have concluded that metabasic rocks and calcareous meta-
sediment successions, especially those associated with met-
agabbros and serpentinites, are remnants of a former ocean
floor (e.g., Bickle and Pearce 1975; Hock and Koller 1989;
Miller 1977). Furthermore, because of their tectono-strati-
graphic position within the Alpine nappe stack, it was sug-
gested that the observed incomplete ophiolite sequences of
the Tauern Window might have a contemporaneous origin
with ophiolite sequences of the Western and Central Alps
(Hock and Scharbert 1989; Melcher et al. 2002). However,
their affiliation with either the Liguria—Piemont or Valais
ocean basin is still debated (e.g., Kurz 2006; Schmid et al.
2004, 2013). Linking the Penninic units of the Tauern Win-
dow to one or the other oceanic basin of the Alpine Tethys
is complicated by the apparent absence of the Briangonnais
nappe and the lack of robust age constraints (see discus-
sion in Kurz 2006; Schmid et al. 2013). In the Glockner
Nappe, metamorphism and deformation largely obliterated
the microfossil record in metasediments (Bertle 2004) and
hampered the radiometric dating of magmatic events (Meisel
etal. 1997).

Another, spatially more restricted unit with proposed
oceanic affinities is the Eclogite Zone in the south-central
Tauern Window. It forms a distinct nappe and is tectoni-
cally sandwiched between the Subpenninic Venediger Nappe
complex and the Rote-Wand—Modereck Nappe, which con-
sists mainly of continental basement with Mesozoic cover
(Kurz et al. 1998). It comprises the youngest Alpine eclog-
ites (Glodny et al. 2005; Nagel et al. 2013) intercalated
with siliciclastic (Spear and Franz 1986) and carbonaceous
metasediments (Franz and Spear 1983; Miller et al. 2007;
Raith et al. 1980). Relict textures and chemical composi-
tion of eclogites and retrogressed eclogites are interpreted
as indicative of submarine emplacement of basaltic and gab-
broic rocks (Hock and Miller 1987; Miller 1977). The meta-
basite—-metasediment association is believed to represent an
initial rift stage before sea-floor spreading and simultaneous
sediment deposition along the slope of the south European
continental margin (e.g., Kurz et al. 1998; Schmid et al.
2013). Available isotopic data for metabasic rocks reveal
generally not only depleted mantle sources, but also assimi-
lation of pre-Mesozoic continental basement (Nagel et al.
2013; von Quadt et al. 1997). However, age and tectonic
setting of eclogite precursors remains enigmatic.

Sample localities of metabasic rocks of the Glockner
Nappe and the Eclogite Zone

The main focus of this contribution are metagabbroic rocks
of oceanic affinity within the Penninic units (Fig. 1c), which
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Fig.1 Geological sketch maps. a Tectonic provenance map of the
Alps, simplified after Schmid et al. (2004). Tectonic windows in the
Eastern Alps: Engadine Window (EW), Tauern Window (TW) and
Rechnitz Window group (RW). b Tectonic units within the Tauern

occur spatially associated with massive layers of metaba-
salts. The largest metagabbro occurrence in the Frofnitz-
tal is a~0.9 km? body (Fig. 2a) within and close to the
base of the Glockner Nappe (Miller 1977). The rocks are
described as prasinites with textures ranging from coarse-
grained metagabbroic (Fig. 2b) to foliated with subparallel
layering of mafic phases in more strongly deformed samples
(Miller 1977). The body is elongated parallel to the domi-
nant regional layering and separated from the surrounding

Window, modified after Kurz et al. (1998). ¢ Glockner Nappe and
Eclogite Zone in the south-central Tauern Window (after Raith et al.

1980, and own mapping)

metasediments by strongly deformed chlorite schists and
rodingites. A smaller outcrop,~ 1 km to the East is most
likely the extension of the main body, but the area in between
is covered by vegetation and talus material. Towards the
West isolated smaller bodies of lherzolitic to harzburgitic
serpentinites occur above the metagabbro and within the
same horizon (Meisel et al. 1997; Miller 1977). Metagabbro
and serpentinites are part of a layered succession of meta-
basalts and calcareous metasediments (Biindnerschiefer) in
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Fig.2 Metagabbroic rocks in south-central Tauern Window. a Out-
crop of the main metagabbro body in the FroBnitztal (view towards
the West, MG metagabbro, GRS greenschist, CMS carbonaceous mica
schist). b Coarse-grained prasinite (metagabbro) of the Glockner
Nappe. ¢ Coarse-grained eclogite of the Eclogite Zone

the Glockner Nappe which extends laterally for several 10 s
of km (Unit I of Hock and Miller 1987). In the study area,
several 10-100 s of meters thick greenschist layers occur
above the metagabbro, but also below it, close to the contact

@ Springer

with the underlying Rote-Wand-Modereck Nappe. Syntec-
tonic crystallization of the greenschist facies assemblage and
pseudomorph replacement of blueschist facies lawsonite in
the greenschists of the Glockner Nappe has been dated at
29.8 +0.5 Ma (Gleissner et al. 2007). We sampled differ-
ent zones of the main metagabbro body (Fig. lc, samples
MG1-MG11), the smaller metagabbro outcrop (sample
MG13) and representative samples of the most massive
greenschist layer (samples PM3 and PM4). Zircon is rare in
the metagabbros, only one sample (MG13) yielded enough
crystals for dating.

The Eclogite Zone comprises a similar succession of
metabasic rocks and metasediments as observed in the
Glockner Nappe, but with a higher fraction of siliciclastic
metasediments (e.g., Kurz et al. 1998; Miller et al. 2007;
Raith et al. 1980). In contrast to the thick greenschist layers
of the Glockner Nappe, eclogite layers are thinner (meters to
10 s of meters) and display strong isoclinal folding (Fig. 1c).
The majority of eclogites display massive or banded tex-
tures, interpreted as remnants of basaltic and volcaniclastic
precursors (Miller 1977; Raith et al. 1980). Some exception-
ally coarse-grained eclogites display large omphacite crys-
tals (up to 2 cm, Fig. 2c) in a finer grained matrix. Based
on the observed texture, Miller (1977) interpreted those
eclogites as metagabbros with the large omphacite crystals
as pseudomorph after magmatic augite. Serpentinites have
been described from the Eclogite Zone (Miller 1977), but are
rare; a small outcrop at the base of the Eclogite Zone is indi-
cated in Fig. 1c. We studied coarse-grained (samples MG15
and MG17) and fine-grained eclogites (samples E291 and
E352) from massive eclogite layers along a profile approxi-
mately perpendicular to the main layering of the Eclogite
Zone (Fig. 1c). In the Eclogite Zone internal isochrons of
eclogites and related segregations reveal late-prograde dehy-
dration and recrystallization under eclogite facies conditions
at 31.5+0.7 Ma (Glodny et al. 2005; Nagel et al. 2013).

Analytical methods

Analysis of major and trace elements by wavelength-disper-
sive X-ray fluorescence spectrometry (XRF) was conducted
at the Institute of Applied Geosciences, Technical Univer-
sity Berlin. Sample powders and Li,B,0O,-flux were fused
to glass discs and analyzed with a PHILIPS PW 1404 or
PHILIPS PW 2400 instrument. For control of consistency,
international reference materials MGR-1 and JB-3 were
analyzed as unknowns within the same analytical session.
Losses on ignition were calculated from the mass differ-
ence for 2 g of powdered sample before and after heating at
1000 °C for 1 h.

Electron microprobe analyses (EMPA) of all major phases
in three metagabbro samples were conducted at the Institute
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of Applied Geosciences, Technical University Berlin and
the Institute of Geological Sciences, Free University Berlin
using a CAMECA Camebax Microbeam and a JEOL JXA
8200 Superprobe instrument, respectively. Natural and syn-
thetic standards were used for instrument calibration. Min-
eral analyses were performed with an accelerating voltage
of 15 kV, a beam current of 20 nA and an electron beam of
1 pm in diameter. The measured data were corrected with
the ZAF method for absorption, background, atomic number
and fluorescence.

Bulk rock trace element composition was analyzed at the
Institute of Geological Sciences, Free University Berlin by
inductively coupled plasma mass spectrometry (ICP-MS)
following the analytical protocol described in Schneider
etal. (2019). Approximately, 100 mg of sample, powdered in
an agate mill, were digested in concentrated HF-HNOj; using
Parr pressure vessels. After HCIO, addition and drying, the
samples were repeatedly fluxed with concentrated HNO; and
then dissolved in 2% HNOj; (+trace HF) for analysis. An
internal standard solution of 1 ng/g Ge-In—-Re was added
to the final dilution to correct measured intensities of the
low, middle and high masses for signal drift. Signals were
detected using a Thermo-Electron Element XR instrument
and calibrated against a calibration curve of several dilutions
of BHVO-2 or BIR-1 reference material. To adopt the sam-
ple solutions to the calibration range we analyzed different
dilutions for metagabbro samples (three different solutions
with dilution factors between 1000 and 20,000) and meta-
basaltic samples (two different solutions with dilution fac-
tors between 17,000 and 100,000). Total analytical blanks,
determined following this method, are generally <0.01 ng
for rare-earth elements (REE) and < 0.1 ng for other high
field strength elements (HFSE) and large ion lithophile ele-
ments (LILE). Thus, blank contributions to the measured
samples are generally insignificant except for Cs, Ta, Th, and
U in some metagabbro samples. According to blank levels,
calibration range and associated uncertainties the procedural
detection limit of our method is estimated as 0.0003 ug/g for
REE and 0.003 pg/g for other HFSE and LILE. Accuracy
and precision of our measurements were crosschecked with
reference materials analyzed as unknowns in the same ana-
lytical session (BHVO-2, BIR-1, AVG-2, BCR-2). Based
on reproducibility of reference materials and uncertainty
of our calibration, uncertainties of concentration determi-
nations are estimated as <5% for REE and < 10% for other
HFSE and LILE.

Zircons for age determination at the Department of
Earth Sciences, Stellenbosch University were separated
using standard techniques such as crushing, sieving, Wilf-
ley separation table, Frantz magnetic separation and heavy
liquid separation, followed by handpicking under a bin-
ocular microscope. Preparation and analytical methods
are described in detail in Frei and Gerdes (2009). After

mounting in epoxy resin, zircons were polished and stud-
ied by cathodoluminescence imaging using a LEO 1430
VP instrument. Zircons were analyzed for U, Th and Pb by
laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) employing a Thermo Finnigan Element2
instrument coupled to a New Wave UP213 ultraviolet laser
system. Data were acquired in peak jumping mode with a
spot size of 30 um. A common Pb correction, according
to model Pb composition (Stacey and Kramers 1975), was
applied to the interference and background corrected 2**Pb
signal when necessary. Uncertainties have been propagated
by quadratic addition of within-run precision of each anal-
ysis (2 SD) and external reproducibility (2 SD) of zircon
standard GJ-1 during the analytical session. For quality con-
trol, the reference M 127 zircon material was analyzed and
the results were in excellent agreement with the published
isotope dilution TIMS ages (Nasdala, 2008). Concordia
diagram and U-Pb ages were calculated using Isoplot 3.75
software (Ludwig 2012).

Results
Petrography and mineral chemistry

Samples of the Glockner Nappe metagabbro are typi-
cally coarse-grained and display relict subophitic textures
(Fig. 3a). Angular centimeter-sized grains and aggregates
of dark green actinolite with numerous tiny grains of titan-
ite are most likely pseudomorphs after magmatic Ti-augite.
White to yellowish albite and zoisite fill the space between
actinolite and most likely replaced subhedral lath-shaped
igneous plagioclase. In samples with slight foliation the
subophitic texture is less well preserved and albite and cli-
nozoisite wrap around smaller and round actinolite aggre-
gates (Fig. 3b). Phengite, titanite, chlorite (at the expense of
actinolite), pyrite, rutile, and quartz are minor or accessory
phases. Although somewhat different in texture, EMPA of
major phases reveal identical compositions in MG3, MG11
and MG13 (Table 1 and Appendix 1). The Si content of
actinolite (7.95-7.30 Si per formula unit) decreases slightly
from the core of larger grains towards the rim and smaller
crystals, but true magnesiohornblende is scarce. Albite is
almost pure (Ab 97-99), chlorite is Mg-rich (3.48—4.26 Mg
per formula unit), and phengite has 3.29-3.43 Si per for-
mula unit. Less abundant leucocratic metagabbro samples
are composed of zoisite/epidote, albite, minor actinolite and
accessory titanite, quartz, and some Cr-rich muscovite. The
marginal chlorite schists are composed of chlorite and epi-
dote with mm-sized albite porphyroblasts. The hanging wall
rodingites are mainly composed of amphibole, epidote, and
garnet.

@ Springer
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Fig.3 Scan images of polished metagabbro and coarse eclogite
samples of this study. a Preserved cumulate texture in very coarse
metagabbro MG13. b Relict cumulate texture in coarse metagab-

Among the eclogite types found in the Eclogite Zone,
those with exceptional coarse-grained appearance have
been interpreted as metagabbros (Miller 1977). Mineral
chemistry data have not been obtained during the course
of this study, but data listed in Miller (1977) show that
the coarse-grained eclogites do not significantly differ
from other eclogite types. In the studied samples, cm-
sized green omphacite crystals are surrounded by zones
of mm-sized garnet, clinozoisite, phengite, and quartz.
Apatite, rutile, and sulfides are accessory phases. When
compared to metagabbro samples from the adjacent Glock-
ner Nappe, the coarse eclogites are more strongly foliated
and the large omphacite crystals are subhedral (Fig. 3c).
Therefore, identification of magmatic protolith textures
remains ambiguous. More strongly foliated eclogites
still show large omphacite grains, but the coarse-grained
appearance disappears (Fig. 3d). In our samples omphacite
is nearly completely replaced by symplectitic amphibole,
garnet displays amphibole reaction rims and biotite grew
at the expense of phengite.

@ Springer

bro MG11. ¢ Centimeter-sized omphacite crystals are surrounded by
mm-sized garnet, clinozoisite, phengite, and quartz in coarse eclogite
MG15. d Coarse-grained and foliated eclogite MG17

Bulk major and trace element composition

Studied samples are characterized by major element compo-
sitions typical for metabasic rocks in oceanic settings. The
Glockner Nappe metagabbro samples are rich in Mg, Ca,
and Al (Fig. 4a), but contain less Fe and Ti when compared
to the adjacent greenschists (Table 2). They are depleted in
most lithophile incompatible trace elements (Fig. 4b) and
abundances vary strongly with Al,O; content (Fig. 5a, b).
Meta-leucogabbro samples are strongly enriched in Al, con-
sistent with their high modal abundances of feldspar and
zoisite (Fig. 4a). One sample analyzed with ICP-MS dis-
plays the lowest trace element concentrations and a flat nor-
malized REE pattern (Lay/Yby=1.2), but very pronounced
positive anomalies for Sr and Eu (Eu/Eu* =5.9). In metagab-
bro samples, the positive Sr and Eu anomalies gradually
disappear with decreasing Al,O; and increasing MgO con-
tent and the patterns become more depleted in LREE (Lay/
Yby=0.25-0.45). The HFSE Th, U, Nb, Ta, Zr, and Hf are
strongly depleted in all samples (Th/Yb <0.05; Nb/Yb<0.8;
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Table 1 Representative electron microprobe analyses of silicate phases in metagabbro samples

Sample MGI11 MGI11 MG13 MG13 MGl11 MGI13 MGl11 MG13 MGI11 MGI13

Mineral (wt.%)  Actinolite =~ Magnesio- Actinolite  Actinolite  Albite Albite Chlorite  Chlorite  Phengite = Phengite

hornblende

Sio, 56.33 51.65 56.04 54.30 69.51 68.24 27.21 28.14 49.38 47.70

TiO, b.d.l b.d.l b.d.l b.d.1l b.d.l b.d.l b.d.l b.d.1 0.18 b.d.l

AL, 2.15 6.18 2.66 4.64 19.25 19.53 20.29 19.40 25.87 28.98

Cr,04 0.14 0.98 0.37 0.72 n.a n.a 0.87 0.66 1.52 b.d.l

FeO 7.29 9.40 6.60 8.16 b.d.l b.d.l 15.19 11.93 1.85 1.07

MnO b.d.1 b.d.l b.d.l b.d.l n.a n.a b.d.l b.d.l b.d.1 b.d.l

MgO 19.37 16.64 19.04 16.96 b.d.l b.d.l 22.96 25.16 2.97 2.28

CaO 11.47 11.22 11.05 10.75 0.29 0.18 b.d.l b.d.l b.d.l b.d.l

Na,O 0.66 1.21 0.97 1.38 11.00 11.77 b.d.l b.d.l 0.38 0.63

K,0 0.11 0.15 b.d.1l b.d.1 0.10 b.d.l b.d.l b.d.l 10.75 10.32

! 97.52 97.43 96.74 96.91 100.15 99.72 86.52 85.29 92.90 90.99

Si 7.864 7.310 7.856 7.659 3.021 2.990 2.755 2.837 3.400 3.318

AV 0.136 0.690 0.144 0.341 0.986 1.008 1.245 1.163 0.600 0.682

¥ tetrahedron 8.000 8.000 8.000 8.000 4.007 3.998 4.000 4.000 4.000 4.000

Ti 0.009

Al 0.219 0.340 0.296 0.430 1.176 1.143 1.499 1.694

crit 0.016 0.110 0.041 0.080 0.070 0.053 0.083

Fe’* 0.038 0.328 0.043 0.126

Fe?* 0.696 0.711 0.641 0.797 1.286 1.006 0.106 0.062

Mg 4.032 3.512 3.979 3.567 3.467 3.782 0.305 0.236

¥ octahedron 5.000 5.000 5.000 5.000 5.999 5.983 2.002 1.993

Fe* 0.117 0.074 0.090 0.039

Ca 1.715 1.702 1.660 1.625 0.013 0.008

Na 0.167 0.224 0.250 0.336 0.927 0.999 0.051 0.085

K 0.005 0.945 0.916

¥ polyhedron 2.000 2.000 2.000 2.000 0.946 1.008 0.996 1.001

Na 0.012 0.108 0.014 0.041

K 0.019 0.028

X A position 0.031 0.136 0.014 0.041

¥ cations 15.031 15.136 15.014 15.041 4.952 5.006 9.999 9.983 6.998 6.994
An140 An0.84 Ms 594  Ms 654
Ab98.0 Ab99.2 Pg5.15 Pg 8.50
Or0.58  Or0.00 Cel 35.5 Cel 26.0

Amphibole: normalized to 23 oxygens; plagioclase: normalized to 8 oxygens; chlorite normalized to 14 oxygens; mica normalized to 11 oxygens

An anorthite, Ab albite, Or orthoclase, Ms muscovite, Pg paragonite, Cel celadonite, b.d.l. below detection limit of ~0.1 wt.%, n.a. not analyzed

Zr/Yb < 8), whereas LILE are very variable and apparently
unrelated to major element composition. Together with
available trace element data from the literature, our data
for two greenschist samples form a tight cluster of element
ratios around average composition of normal mid-ocean
ridge basalts (N-MORB, Fig. 4b).

The major element compositions of coarse eclogite sam-
ples, presented here (Table 2) and by Miller (1977), are
very similar to greenschist facies metabasalts of the Glock-
ner Nappe (Fig. 4a). However, they usually display more
evolved compositions (i.e., lower MgO, but higher SiO,

and Na,O) compared to finer grained massive and banded
eclogites of the Eclogite Zone (Miller 1977). On average,
the eclogites are enriched in incompatible trace elements and
display more variable element ratios (Lay/Yby=2.7-6.4;
Th/Yb=0.37-2.1; Nb/Yb=5.0-13; Zr/Yb=45-81) when
compared to greenschists of the Glockner Nappe (Lay/
Yby=0.9-1.0; Th/Yb=0.06-0. 07; Nb/Yb=0.9-1.0; Zr/
Yb =37-40). Coarse eclogite sample MG17 analyzed by
ICP-MS displays a trace element composition very similar
to fine-grained and massive eclogite E291 (Fig. 5c, d). Both
fall close to the average composition of enriched mid-ocean

@ Springer
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Fig.4 Mafic, ultramafic and metasedimentary rocks of the south-
central Tauern Window. a MgO vs. Al,O; b Zr/Y vs. Nb/Y. Data
sources: filled symbols—this study, open symbols—Hock and Miller
(1987), Hock and Scharbert (1989), Meisel et al. (1997), Melcher

ridge basalts (E-MORB). In contrast, fine-grained eclogite
E352 (in close contact with late-prograde dehydration seg-
regation) is enriched in LREE (Lay/Yby=6.4) and other
HFSE (Th/Yb=2.1; Nb/Yb=13; Zr/Yb=81) without sig-
nificant anomalies.

Zircons: cathodoluminescence imaging and LA-ICP-
MS dating

Zircons have been separated from greenschist facies met-
agabbro MG13 (Glockner Nappe) and coarse eclogite MG15
(Eclogite Zone). Short prismatic zircons in MG13 are mostly
colorless and display dipyramidal growth zonation patterns
(Fig. 6a). In contrast, zircons in MG15 are cloudy pink to
brown and their shape is often not well preserved. Cathodo-
luminescence imaging reveals mainly metamict interiors
and only small areas (< 20 um), which display relict growth
zonation patterns (Fig. 6b). For the separated ones, only
those zircons with clearly visible magmatic growth zona-
tion in MG13 have been analyzed by LA-ICP-MS (Table 3).
The zircons display low and slightly variable Th, U, and Pb
contents, but Th/U ratios fall in the limited range from 0.29
to 0.58. Analyses of 22 individual LA-ICP-MS spots reveal
207pb/23°U and 2°°Pb/**¥U ages, which are normal-distrib-
uted around averages (+SD) of 158 +3 Ma and 157 +2 Ma,
respectively. In a Concordia diagram, all analyzed spots
define a concordant U-Pb age of 157 +2 Ma (Fig. 7).

@ Springer

et al. (2002), Miller (1977), and Miller et al. (2007). In panel a, the
effect of fractional crystallization is schematically shown. In panel
b, average trace element ratios of N-MORB, E-MORB and OIB are
given for comparison (Sun and McDonough 1989)

Discussion
Formation of magmatic protoliths

Based on field observations, the metagabbro had been
detached from the country rocks of its original intrusion
level and elongated parallel to the dominant regional lay-
ering with tectonic contacts to the surrounding metasedi-
ments (Fig. 1c). Although the continuation of the metagab-
bro body towards the East cannot be observed in the field,
the smaller outcrop east of the FroBnitz creek is most likely
related to the main body and represents either the tip of the
elongated lens or a slice that had been sheared off from the
main body. Smaller serpentinite lenses occurring in the
same tectono-stratigraphic position (Fig. 1¢) are interpreted
as disrupted parts of an original ultramafic succession in
the intrusion level. Together with the metagabbro, green-
schists and rodingite country rocks, they form a disrupted
sequence of oceanic crust. The Glockner Nappe metagabbro
is characterized by a greenschist facies mineral assemblage
of actinolite + clinozoisite + albite. However, the majority of
the exposures preserved the texture of a coarse-grained pro-
tolith (Fig. 3a, b). Like the main mass of the gabbroic body,
the deformed marginal domains display greenschist facies
mineral assemblages, too. Therefore, shearing of the met-
agabbro body most likely happened during N-S thrusting
and coeval extensional W—E shearing in the Tauern Window
(e.g., Glodny et al. 2008).
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Fig.5 Trace element composition of metabasic rocks of the south-
central Tauern Window determined by ICP-MS. a, b Metagabbro and
greenschists of the Glockner Nappe. Procedural detection limit is dis-
played for HFSE in meta-leucogabbro MG7 (dotted line). ¢, d Coarse
eclogite and massive eclogites of the Eclogite Zone. The range of

Although metagabbro and greenschists are broadly simi-
lar in their major element composition, considerable differ-
ences are observed in their trace elements (Figs. 4, 5). Met-
agabbro samples are generally depleted in lithophile trace
elements except for elements compatible in plagioclase (Eu
and Sr) and in mafic silicates (Ni and Cr). Furthermore, the
overall mass fractions of incompatible trace elements are
inversely correlated to Al,O; concentrations (Fig. 5b). Meta-
leucogabbro with the highest Al,O; content displays a flat
REE pattern with a very pronounced positive Eu anomaly,
indicative of plagioclase accumulation. Together with the
systematic variation of trace and major elements we inter-
pret this observation as indicative of protolith formation
by fractional crystallization and accumulation of variable
amounts of plagioclase and mafic silicates, most probably
augite. If this is correct, the meta-leucogabbro portions most
likely represent metamorphic equivalents to zones or lay-
ers of strong accumulation of plagioclase and only minor
mafic silicates. The more mafic metagabbro samples dis-
play lower Al,O; contents and LREE depleted patterns (Lay/
Yby=0.25-0.45) consistent with augite accumulation. The
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available data from the literature (references as in Fig. 3) and isotope
dilution data from Nagel et al. (2013) and von Quadt et al. (1997) are
shown for comparison. Abundance patterns for average N-MORB,
E-MORB and OIB after Sun and McDonough (1989) and normaliza-
tion values after McDonough and Sun (1995)

low TiO, content of metagabbro samples strongly suggest
that Fe—Ti oxides were not part of the cumulate assemblage
and that Ti was most likely in augite. Together with the mag-
nesian bulk rock composition (Xy;, =0.68-0.85), we suggest
that the protolith of the Glockner Nappe metagabbro evolved
from relatively primitive unfractionated basaltic melt and
is not a Fe-Ti gabbro, which usually forms after signifi-
cant fractional crystallization (e.g., Desmurs et al. 2002;
Schaltegger et al. 2002).

Metagabbro with the lowest Al,O5 content (i.e., lowest
fraction of accumulated plagioclase; sample MG13) dis-
plays a trace element pattern without pronounced anomalies,
broadly parallel to studied greenschist samples (Fig. 5a, b).
Therefore, we argue that it probably contains also a larger
fraction of trapped intercumulus melt. The latter interpre-
tation is also consistent with the occurrence of zircons in
this sample and implies that zircon formed from the last
increments of interstitial melt in pockets after accumulation
of major cumulate phases. Furthermore, their dipyramidal
growth zonation patterns (Fig. 6a) and Th/U ratios > 0.2
strongly suggest that the zircons are of magmatic and not of

@ Springer



2716

International Journal of Earth Sciences (2021) 110:2705-2724

Fig.6 Cathodoluminescence
images of zircon grains sepa-
rated from a greenschist facies
metagabbro of the Glockner
Nappe and b coarse-grained
eclogite of the Eclogite Zone

metamorphic origin (e.g., Rubatto et al. 1998; Rubatto and
Hermann 2003). Based on these arguments, we interpret the
concordant U-Pb age of 157 +2 Ma (Fig. 7) as that of late
magmatic crystallization of zircons in a gabbroic intrusive
body, which underwent significant fractional crystalliza-
tion and accumulation of plagioclase and mafic silicates.
The Glockner Nappe metagabbro age falls into the range of
crystallization ages obtained for most mafic intrusions in the
Western and Central Alps (Fig. 8).

Coarse-grained eclogites of the Eclogite Zone have been
previously interpreted as metagabbros (Miller 1977) and

@ Springer

Metagabbro (MG13)

‘.

their occurrence was interpreted as initially concentrated
at the base of the lithostratigraphic sequence (Kurz et al.
1998). However, detailed mapping by Raith et al. (1980) and
this study (Fig. 1¢) could not confirm a predominant occur-
rence of coarse-grained eclogites at the base of the Eclogite
Zone (most likely they are part of larger eclogite layers).
Furthermore, studied coarse-grained eclogite samples from
different layers in the Eclogite Zone are very similar and
relics of magmatic textures cannot be identified with con-
fidence (Fig. 3c, d). In analogy to the actinolite crystals in
the greenschist facies metagabbro of the Glockner Nappe,
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Fig.7 Concordia diagram of U-Pb spot analyzes with LA-ICP-MS
on zircons of metagabbro MG13

cm-sized omphacite in coarse eclogites has been interpreted
as pseudomorphs after augite and used as an argument to
suggest coarse-grained gabbroic protoliths (Miller 1977).
On the other hand, trace element data obtained for one typi-
cal coarse eclogite sample resemble patterns of fine-grained
eclogite and strongly differs from gabbroic cumulate rocks
like the studied metagabbro of the Glockner Nappe (Fig. 5).
However, the data set is still limited and the possibilities

of strong alteration of the trace element inventory due to
fluid-assisted element mobility (see discussion below) and/
or precursor solidification of small plutons or dikes without
significant fractional crystallization cannot be fully excluded
(e.g., Desmurs et al. 2002).

Tectonic setting and source of magmatic protoliths

Based on relict pillow structures (Holland and Norris 1979),
trace elements which are considered as immobile (Bickle
and Pearce 1975), and their isotopic composition (Hock
and Scharbert 1989), the Glockner Nappe greenschists are
interpreted as metamorphosed ocean-floor basalts. In most
classification schemes, the greenschists indicate MORB
composition and many authors (Bickle and Pearce 1975;
Hock and Koller 1989; Hock and Miller 1987; Hock and
Scharbert 1989) favor a formation from depleted mantle. In
contrast, the affiliation of the metabasic rocks of the Eclogite
Zone is less well constrained. Their composition apparently
reflects a less depleted source or higher degree of source
melting (Hock and Miller 1987). Furthermore, it has been
suggested that the composition of the mantle source which
supplied melts to the transitional crust located between the
European continental margin and the opening Penninic
ocean basin might have changed over time (e.g., Hock and
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—- o0 Ligurian Alps
= -0- Monviso
H —o— o Montgenévre
00— Lanzo
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Fig.8 Crystallization age data for mafic and felsic intrusions into
oceanic lithosphere along the Corsica—Apennine—Alpine mountain
belt; data are concordant U-Pb zircon ages (Bill et al. 2001; Borsi
et al. 1996; Costa and Caby 2001; Froitzheim and Rubatto 1998;
Kaczmarek et al. 2008; Li et al. 2013, 2015; Liati and Froitzheim
2006; Liati et al. 2003, 2005; Lombardo et al. 2002; Neubauer et al.
2019; Rubatto and Hermann 2003; Rubatto and Scambelluri 2003;
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Schaltegger et al. 2002; Stucki et al. 2003) and internal Sm—Nd isoch-
ron ages (Rampone et al. 2009; Tribuzio et al. 2004). Suggested age
ranges from the literature for sea-floor spreading in the Liguria—Pie-
mont and Valais domain of the Alpine Tethys (Handy et al. 2010) and
dominantly mafic plutonic activity (gray field, Manatschal and Miin-
tener 2009) are shown for comparison
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Koller 1989; Kurz et al. 1998). However, correct classifi-
cation of metabasic rocks is possibly hampered by meta-
morphic element transport (Miller 1977), especially under
high-pressure fluid—rock interaction (Brunsmann et al. 2000)
prevalent during peak metamorphism in the Eclogite Zone.

In a Th/Yb vs. Nb/YDb diagram, available data from the
literature and this study plot onto the array of oceanic basalts
(Pearce 2008, not shown), but display increasing ratios from
greenschists towards eclogite. Akin to the classification
scheme of Pearce (2008), in Fig. 4b, trace elements of dif-
ferent compatibility are compared. We use Zr instead of Ti,
because it is less mobile during subduction zone metamor-
phism (Gao et al. 2007) and Y instead of Yb, because more
data are available. Greenschists from different localities
fall in a restricted range around the average of modern-day
N-MORB compositions. This argues for only minor altera-
tion of Zr/Y and Nb/Y ratios during Alpine metamorphism
and preservation of depleted mantle source characteristics.
Consistently, the trace element patterns of studied green-
schist samples display increasing depletions towards incom-
patible elements and only minor disturbances for very fluid
mobile elements like Cs and Rb (Fig. 5a). Trace element
patterns of metagabbro samples are governed by mass frac-
tions of cumulate phases, but also by the amount of trapped
interstitial liquid (see discussion above). The sample with
the least indication of cumulate plagioclase (i.e., no anomaly
in Eu and Sr) displays a trace element pattern similar to
greenschist samples (Figs. 5a, b). Therefore, we argue that
the magmatic protolith of the Glockner Nappe metagabbro
formed from a melt similarly depleted in incompatible trace
elements. This interpretation is also consistent with low
mass fractions of U and Th in analyzed zircons (Table 3).
All metagabbro samples analyzed in our study display deple-
tions in Zr and Hf, which can be attributed to the coarse
nature of the rocks and the heterogeneous distribution of
zircon.

Major and trace element composition of the Glockner
Nappe metagabbro is similar to Mg-gabbros described
in ophiolitic sequences of the Western and Central Alps.
There, gabbroic dikes and/or km-sized bodies are described
as intrusions into exhumed, serpentinized subcontinental
mantle in ocean—continent transition settings (Desmurs et al.
2002; Kaczmarek et al. 2008). For the Glockner Nappe met-
agabbro, further constraints on its tectonic setting can be
gained from spatially related metamorphic ultramafic rocks
and metabasalts. A serpentinite in the Dorfertal, a valley
east of the FroBnitztal, is one of the largest in the area and
occurs together with smaller serpentinite lenses west of
the metagabbro in the same tectono-stratigraphic position
within calcareous metasediments (Fig. 1c). Another larger
occurrence of meta-ultramafic rocks, the Mailfrof3nitz ser-
pentinite, is situated a few km east of the metagabbro in a
similar stratigraphic position (Melcher et al. 2002). Both

serpentinites are harzburgitic and are interpreted as ultra-
mafic cumulates (Meisel et al. 1997; Melcher et al. 2002).
Available Re-Os data for the Dorfertal serpentinite reveal a
depletion in Re and strongly subchondritic '¥70s/'380s ratios
(Meisel et al. 1997). Since known low-temperature processes
during serpentinization cannot produce such low '¥70s/'#0s
ratios (Becker and Dale 2016), Re-depletion must have
occurred much earlier than tectonic emplacement and the
system must have been isolated from the convecting mantle
for long time (Meisel et al. 1997). Such characteristics are
typically observed in fragments of exhumed subcontinental
lithospheric mantle that have undergone Proterozoic melt
extraction (Becker and Dale, 2016). The derivation of the
Dorfertal serpentinite from subcontinental lithospheric man-
tle contradicts coeval formation of the ultramafic cumulates
and basic rocks in Mesozoic oceanic lithosphere, but is a
strong similarity to the magma-poor ocean—continent transi-
tion of exhumed subcontinental mantle rocks and associated
magmatic and sedimentary rocks observed in many ophi-
olitic sequences of the Western and Central Alps (Becker
and Dale, 2016; Manatschal and Miintener 2009).

The Eclogite Zone is commonly interpreted as part of
the passive European continental margin (e.g., Kurz et al.
1998; Miller et al. 2007), but considered most likely as not
being part of the Glockner Nappe system (Kurz et al. 1998;
Schmid et al. 2013). Consistent with available data from the
literature, our new trace element data show that metabasic
rocks of the two units are considerably different. Whereas
the greenschists of the Glockner Nappe consistently show
N-MORB-like affinities, the metabasic rocks of the Eclogite
Zone display much more variable compositions ranging from
average E-MORB towards higher enrichments in incompat-
ible trace elements (Figs. 4b, 5¢). The large variation does
not correlate with major element composition or grain size,
but can be explained most likely with fluid-assisted trace
element mobility during peak metamorphic conditions.
Brunsmann et al. (2000) demonstrated that trace elements
like Nb and Zr, usually considered as immobile, can vary
considerably due to high-pressure fluid—rock interaction over
a distance of 10 s of centimeters. In the latter study, observed
variations of Nb/Y and Zr/Y ratios fall above the MORB
array similar to most of the eclogite samples (Fig. 4b). Fur-
thermore, when compared to available data for neighbor-
ing siliciclastic metasediments (Miller 1977), fluid-assisted
trace element exchange could explain elevated Zr/Y ratios
and also variations in other HFSE. However, we note that
none of the eclogite samples plot in the range of Glockner
Nappe metabasalts (Fig. 4b) and that observed patterns for
less mobile trace elements are generally smooth (Figs. 5Sc,
d). Therefore, we argue for different initial trace element
abundances between the two metabasic suites. Furthermore,
separated zircons from a coarse-grained eclogite sample dis-
play metamict interiors (Fig. 6b) and could not be dated.
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Such metamictization is apparently consistent with generally
higher U contents in metabasic samples from the Eclogite
Zone (Fig. 5). The above geochemical indicators suggest
that the Eclogite Zone metabasic rocks are generally more
enriched in incompatible trace elements than the depleted
samples of the Glockner Nappe. This interpretation of the
Eclogite Zone metabasites is consistent with assimilation
of pre-Mesozoic continental basement by depleted mantle
melts as indicated by recent Rb—Sr, Lu—Hf, and Sm-Nd iso-
topic data (Gleissner et al. 2007; Glodny et al. 2005; Nagel
et al. 2013; von Quadt et al. 1997).

Rifting and sea-floor spreading in the Alpine Tethys
Western Alps

The age of the oceanic crust of the former Alpine Tethys has
been constrained by different isotope and stratigraphic meth-
ods. Here, we focus on in situ dating of magmatic zircons
from mafic and felsic intrusions from the literature (Fig. 8).
Concordant U-Pb data from zircons showing typical oscilla-
tory magmatic zoning, and Th/U ratios in the range of mag-
matic zircon are interpreted as representative of crystalliza-
tion ages of respective intrusions or dikes. Unzoned zircons
or zircon domains commonly yield discordant U-Pb data
and younger apparent ages which most likely reflect Pb-loss
during Alpine metamorphism (e.g., Lombardo et al. 2002).
Sm-Nd internal isochron ages (Fig. 8) are considered only
when in situ U-Pb zircon ages are not available, because
these ages sometimes have higher uncertainties because
of limited fractionation of Sm/Nd ratios between mineral
phases in gabbroic intrusions (e.g., Rampone et al. 1998)
and, like K—Ar, Sm—Nd systematics might also be affected
by metamorphic overprint.

Magmatic rocks related to rifting and spreading had
been dated previously in the Western and Central Alps,
Apennines and Corsica. According to the available data
magmatic activity in the Liguria—Piemont oceanic domain
may have lasted from ~ 170 to 140 Ma. U-Pb zircon data
for most ophiolitic gabbros show an even shorter time span
from ~ 166 to 155 Ma whereas more differentiated intrusions
(i.e., diorite, plagiogranite, albitite) are coeval or postdate
mafic intrusions (Fig. 8). In most localities, detailed geo-
chemical and structural analyses reveal that small bodies
of mafic melt with MORB characteristics intruded already
serpentinized mantle rocks with older depletion ages (e.g.,
Lombardo et al. 2002; Rampone et al. 1998; Schaltegger
et al. 2002; Tribuzio et al. 2004). The latter association is
interpreted as remnants of former ocean—continent transi-
tion zones where subcontinental mantle rocks were exhumed
and serpentinized in a magma-poor slow-spreading regime
(e.g., Manatschal and Miintener 2009). Scarce occurrences
of mafic intrusions in isotopic equilibrium with mantle rocks
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like in the Corsica ophiolite (Rampone et al. 2009) are inter-
preted as representing more developed oceanic domains (Li
et al. 2015; Manatschal and Miintener 2009). Although in
Alpine ophiolites, oceanic basalts and their metamorphic
equivalents are more widespread than plutonic rocks, deter-
mining their crystallization ages is commonly hampered by
the absence of zircon, smaller grain size and/or metamor-
phic overprint. However, radiolarian biostratigraphy shows
that the time span of pelagic sediment deposition on top of
oceanic basalts overlap with U-Pb ages of plutonic activity
(e.g., Balestro et al. 2019; Bill et al. 2001; Lombardo et al.
2002; Principi et al. 2004). This strongly suggests broadly
coeval extrusion of oceanic basalts and plutonic activity and
further supports the existence of a slow-spreading ridge in
the Liguria—Piemont oceanic basin (Manatschal and Miin-
tener 2009).

In contrast to ophiolites ascribed to the Liguria—Piemont
ocean, the time of rifting and sea-floor spreading in the
Valais ocean domain and the structure and composition of
its crust are less well constrained. Based on structural and
sedimentological arguments opening of the Valais ocean
basin started north of the Brianconnais in the Late Jurassic
to Early Cretaceous (Stampfli et al. 1998). Recent U-Pb zir-
con data for different lithologies with oceanic affinity reveal
a bimodal distribution of ages (Fig. 8). The older ages, over-
lapping with the time of dominant mafic plutonic activity in
the Liguria—Piemont domain, are explained by spreading
within Jurassic Liguria—Piemont oceanic crust (Liati et al.
2003, 2005). However, the radiometric ages clearly indi-
cate that these rocks formed in the Liguria—Piemont oceanic
basin and were eventually re-rifted during the later Valais
ocean opening. The younger ages are interpreted as repre-
senting late stages of spreading in the Valais ocean (Liati
and Froitzheim 2006; Liati et al. 2003). The apparent gap of
50 Ma remains enigmatic, but might reflect either episodic
spreading or complete subduction of Early Cretaceous ocean
floor (Liati and Froitzheim 2006). The tectonic setting of
dated Valais oceanic crust fragments is generally interpreted
as that of a basin floored by subcontinental mantle exhumed
from below the adjacent European and Briangonnais mar-
gins. The Valais ophiolites are derived from depleted mantle
sources (Liati and Froitzheim 2006; Liati et al. 2003 and ref-
erences therein), similar to most Liguria—Piemont ophiolites
(Manatschal and Miintener 2009).

Eastern Alps

Tracing the continuation of the two distinct oceanic basins
from the Western and Central Alps towards the East is
complicated due to coverage by Austroalpine nappes and
scarcity of robust age constraints. This led to contrasting
interpretations on the nature of ophiolite units exposed
in tectonic windows of the Eastern Alps. In the Engadine
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Window, the Briangonnais nappe facilitates the correlation
with the Central Alps and most authors agree that remnants
of both oceanic basins are exposed (e.g., Bertle 2004; Kurz
2006; Schmid et al. 2004). Correlation of metasedimentary
units towards the East is complicated by the absence of
stratigraphically useful microfossils in the Glockner Nappe
(Bertle 2004) and correlations based on similarities of
volcano-sedimentary successions remain ambiguous (Kurz
2006). Therefore, the question if remnants of Valais oceanic
crust, Liguria—Piemont oceanic crust or both are exposed in
the Tauern Window and the Rechnitz Window group is still
debated (e.g., Kurz 2006; Schmid et al. 2004, 2013).

To constrain the affiliation of the Glockner Nappe ophi-
olitic sequence the finding of a 157 +2 Ma (Late Jurassic)
crystallization age for the magmatic precursor of the met-
agabbro is an important step forward. To our knowledge,
this is the first radiometric age determination for the forma-
tion of Alpine Tethys ocean floor in the Tauern Window.
Emplacement ages of mafic plutons in the Liguria—Piemont
domain do not greatly differ along the Corsica—Apen-
nine—Alpine mountain chain (see discussion above) and the
Glockner Nappe gabbro intrusion age falls exactly in this
age range (Fig. 8). Furthermore, a similar tectonic setting
as for most Liguria—Piemont ophiolites can be reconstructed
from the regional geology and isotopic data from the litera-
ture; serpentinized subcontinental mantle was intruded by a
small mafic pluton from a depleted asthenospheric mantle
source. These two key observations strongly suggest that
the Glockner Nappe was part of the same oceanic basin and
was formed in a similar ocean—continent transition setting
as the Liguria—Piemont ophiolites in the Western and Cen-
tral Alps. In principle the ocean—continent transition set-
ting could also be consistent with a Valais affiliation (see
discussion above), but the Late Jurassic gabbro intrusion
age excludes its formation during Cretaceous Valais ocean
spreading. Following the above reasoning, we argue that
the magmatic protolith of the Glockner Nappe metagabbro
and its disrupted ophiolite sequence formed during the Late
Jurassic in the eastward extension of the Liguria—Piemont
branch of the Alpine Tethys.

For metabasic rocks of the Eclogite Zone, no formation
age could be determined in the present study and the lim-
ited Lu—Hf data available are regarded as inconclusive with
respect to the time of formation of their protoliths (Nagel
et al. 2013). However, following the correlation of Penninic
and Subpenninic units in the Tauern and Engadine Window,
the continental Rote-Wand-Modereck Nappe (sandwiched
between Glockner Nappe and Eclogite Zone, Fig. 1b, ¢) is
interpreted as distal European continental margin (i.e., Sub-
penninic; Kurz 2006). The latter interpretation is entirely
consistent with our finding of Late Jurassic ocean floor for-
mation in the hanging wall Glockner Nappe (i.e., Southpen-
ninic). Metabasic rocks in the Eclogite Zone structurally

below the Rote-Wand—Modereck Nappe, display character-
istics of depleted mantle melting and assimilation of pre-
existing continental basement (see discussion above). The
observed characteristics might reflect a later rifting phase,
which separated crustal slices of the distal European margin.
Alternatively, the Eclogite Zone might represent an exten-
sion of the Late Jurassic ocean basin separated by the Rote-
Wand-Modereck Nappe as a small extensional allochthon as
discussed by Kurz (2006) and GroB et al. (2020). However,
without robust age constraints for the formation of eclogite
protoliths the time of the latter rifting event and its relation
to oceanic basins remains speculative.

East of the Tauern Window, Penninic units are exposed
in the Rechnitz Window group (Fig. 1a). Recently, Neu-
bauer et al. (2019) reported a plagiogranite protolith age
of 142 Ma, interpreted to represent the age of oceanic
spreading. Since this age is apparently younger than the
Liguria—Piemont ophiolites, but older than the remnants of
the Valais ocean the authors do not consider a relation with
oceanic spreading in the Penninic basin. However, the latter
formation age is coeval with similar plagiogranite intrusion
ages in the Central Alps (Fig. 8). Available data from the
Western and Central Alps show that felsic intrusions into
the oceanic lithosphere of the Liguria—Piemont domain often
significantly postdate mafic intrusions. Although a detailed
discussion of the Rechnitz Window group is beyond the
scope of this study an Early Cretaceous plagiogranite age
does not necessarily preclude a correlation of ophiolitic units
in the Tauern Window and Rechnitz Window group.

Summary and conclusions

Based on textural and compositional characteristics, we con-
clude that the coarse-grained prasinite body in the FroBnitz-
tal originated from a coarse-grained gabbroic intrusion into
a segment of oceanic crust which later formed the Glockner
Nappe. The trace element composition of different met-
agabbro samples clearly reveals its magmatic formation
by fractional crystallization and accumulation of plagio-
clase and mafic silicates from a depleted melt composition.
Greenschists of the Glockner Nappe display similar trace
element patterns consistent with asthenospheric depleted
mantle sources for both the metabasalts and the metagabbro.
Available data from the literature indicate the presence of
depleted subcontinental lithospheric mantle in the intrusion
level of the protolith. The latter association strongly suggests
the intrusion of a small gabbro pluton in an ocean—conti-
nent transition setting with exhumed and serpentinized lith-
ospheric mantle, similar to many ophiolitic sequences in the
Western and Central Alps.

The concordant U-Pb age of 157 +2 Ma, determined
here from zircon grains with magmatic growth zonation,
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is interpreted as crystallization age of the gabbro protolith.
Consequently, the formation of the volcano-sedimentary
succession of the Glockner Nappe is interpreted as Late
Jurassic. The latter age constraint is inconsistent with its for-
mation during Cretaceous spreading of the Valais oceanic,
but coeval with the time of dominant mafic plutonism in
the Liguria—Piemont domain of the Alpine Tethys. Together
with the similarity in tectonic setting, we conclude that the
Glockner Nappe of the Tauern Window is a remnant of the
eastward extension of the Liguria—Piemont ocean basin. This
finding implies that remnants of the Valais ocean are far less
abundant in the Eastern Alps than suggested in some recent
paleogeographic reconstructions.

Coarse eclogites of the Eclogite Zone are most likely not
metamorphic equivalents of gabbroic intrusions into oceanic
crust as suggested in earlier studies (Miller 1977; Kurz et al.
1998). Incompatible lithophile trace elements reveal consid-
erable variability among different eclogite types, but do not
support cumulate gabbro precursors for the coarse-grained
eclogite type. The age of their formation could not be
retrieved during this study, however, geochemical character-
istics reveal significant differences between metabasic rocks
of the Eclogite Zone and the Glockner Nappe. Whereas the
Glockner Nappe metagabbro and metabasalts reveal clear
indications of their derivation from a depleted mantle source
and emplacement in an oceanic-continent transition setting,
formation of metabasic rocks of the Eclogite Zone involved
depleted mantle melting and significant assimilation of crus-
tal material in a continental margin setting.
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