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Abstract
New whole-rock geochemical and detrital zircon U–Pb and Lu–Hf data of metasedimentary sequences of the Silvretta 
Nappe, Orobic Alps, Strona-Ceneri Zone, Gotthard Massif and Venediger Nappe are presented. These units seem to share a 
common early to middle Paleozoic geological record, which has alternatively been interpreted as the result of intraplate or 
orogenic processes. Detrital zircon data mainly indicate late Ediacaran to early Ordovician maximum sedimentation ages 
for the studied sequences, suggesting that they were intimately related to Cadomian and Cenerian orogenic processes along 
the northwestern Gondwana margin. The common presence of late Ediacaran to Cambrian Cadomian ages associated with 
variable subchondritic to suprachondritic Lu–Hf compositions points to recycling processes of Cadomian sequences, further 
supported by geochemical data indicating a relatively low to moderate maturity of sedimentary protoliths. The occurrence 
of Cenerian arc-related intrusions in Austroalpine and South Alpine basement unit points to an arc/back-arc position in the 
early Paleozoic Cenerian orogen, except for the Strona-Ceneri Zone, which was likely located closer to the forearc region, as 
indicated by the presence of high-pressure metamorphism. Younger sequences, such as the Landeck Quartz-phyllite, docu-
ment post-Cenerian sedimentation, whereas those of the Venediger Nappe more likely record the early stages of Variscan 
subduction, as indicated by Devonian maximum deposition ages.

Keywords Retreating-mode accretionary orogeny · Strona-Ceneri zone · Silvretta Nappe · Orobic Alps · Gotthard Massif · 
Venediger Nappe

Introduction

The late Ediacaran to Cambrian period represents a critical 
stage for the construction of the European continental crust. 
On the one hand, it represents the timing of the Pan-African 
Orogeny, which led to the assembly of Western Gondwana. 
On the other hand, the last stages of the Pan-African Orog-
eny (ca. 650–550 Ma) overlap with the onset of subduction 
along the northern Gondwana margin and the consequent 
development of the Cadomian Orogen (ca. 600–520 Ma), 
which is nearly ubiquitously recorded in European basement 
realms (e.g., D’Lemos et al. 1990; Linnemann et al. 2000, 
2007, 2008; Chantraine et al. 2001; Garfunkel 2015; Hen-
riques et al. 2017; Soejono et al. 2017; Oriolo et al. 2021; 
Siegesmund et al. 2018a, 2021; Neubauer et al. 2022). The 
Cadomian Orogen has been mainly attributed to a retreating 
accretionary orogeny associated with an arc-related mag-
matic flare-up at ca. 570–530 Ma and widespread intra-arc 
and back-arc extension (Linnemann et al. 2007, 2014; Schulz 
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et al. 2008; Hajná et al. 2013; Abbo et al. 2015; Garfunkel 
2015; Moghadam et al. 2017, 2020; Haas et al. 2020; Oriolo 
et al. 2021; Siegesmund et al. 2021).

After the Cadomian Orogeny, widespread late Cambrian 
to Ordovician magmatism, coeval with deformation and 
metamorphism, is recorded along the northern margin of 
Western Gondwana. The tectonic significance of this record 
is, however, still controversial, and has been alternatively 
interpreted as the result of subduction or rifting (e.g., von 
Raumer and Neubauer 1993; Díez Fernández et al. 2012; 
von Raumer et al. 2013; Zurbriggen 2015, 2017; Pouclet 
et al. 2017; Stephan et al. 2019; Oriolo et al. 2021; Sieges-
mund et al. 2021; Neubauer et al. 2022). In particular, mod-
els considering subduction have mainly proposed a retreat-
ing accretionary system, which may also explain features 
associated with crustal extension as the result of intra-arc/
back-arc extension (Díez Fernández et al. 2012; Zurbriggen 
2015, 2017; Arboit et al. 2019; Oriolo et al. 2021; Sieges-
mund et al. 2021).

In the Alpine basement, Zurbriggen (2015, 2017) pro-
posed that the Ordovician tectonomagmatic and metamor-
phic record corresponds to the Cenerian Orogeny. The 
Strona-Ceneri Zone in the Southern Alps represents the type 
locality and comprises metasedimentary sequences with 
subordinate amphibolite intercalation, intruded by mainly 
peraluminous intrusions—orthogneisses (Zurbriggen et al. 
1997; Zurbriggen 2015). In addition, relics of metabasic 
rocks recording Ordovician eclogite-facies metamorphism 
are present (Zurbriggen et al. 1997; Franz and Romer 2007). 
Based on similarities in lithological assemblages and struc-
tural configuration, further Alpine basement domains, such 
as the Silvretta Nappe and the Gotthard Massif, may also 
record the Cenerian Orogeny (Zurbriggen 2015). In addition, 
these blocks may also share a common Variscan evolution, 
as documented by large-scale folds (i.e., “Schlingen” struc-
tures; Bühler et al. 2023 and references therein) associated 
with regional amphibolite facies metamorphism (Zurbriggen 
2015 and references therein).

In this contribution, whole-rock geochemical and detrital 
zircon U–Pb and Lu–Hf data of metasedimentary sequences 
of key Alpine basement domains (Silvretta Nappe, Orobic 
Alps, Strona-Ceneri Zone, Gotthard Massif, Venediger 
Nappe) are presented, providing constraints on the timing 
of deposition and provenance of the sedimentary protoliths. 
Consequently, the late Ediacaran to Ordovician tectonosedi-
mentary setting and paleogeographic distribution of these 
blocks is revised, providing new constraints for the archi-
tecture of the Cadomian and Cenerian orogens in the proto-
Alpine region.

Geological setting

The pre-Mesozoic basement of the Alps is composed by 
two major continental plates, the European Plate to the 
northwest and the Adriatic-Apulian Plate to the southeast 
(Fig. 1). Previous to their separation by the formation of 
the Penninic Ocean during the Mesozoic, both plates were 
part of the Variscan and pre-Variscan orogens (Pfiffner 
1993; Ratschbacher and Frisch 1993). After closure of the 
Penninic Ocean, both plates collided during the Cenozoic 
in the late Alpine orogeny, though the metamorphic record 
of an early Alpine Cretaceous collision is also preserved 
in the Adriatic-Apulian Plate (e.g., Wolff et al. 2012). The 
Austroalpine and South Alpine main tectonostratigraphic 
domains represent the Adriatic-Apulian Plate, whereas the 
Helvetic Units and the continental basement of the Pen-
ninic domain belong to the European Plate (Schmid et al. 
2020 and references therein). The oldest sequences of the 
Alpine basement mainly comprise late Ediacaran to lower 
Paleozoic metasedimentary rocks with subordinate inter-
calations of coeval igneous and metaigneous rocks (e.g., 
Meli and Klötzli 2001; Schulz and Bombach 2003; Schulz 
et al. 2004, 2008; Siegesmund et al. 2007, 2008, 2018b, 
2021; Bussien et al. 2011; Heinrichs et al. 2012; Cavargna-
Sani et al. 2014; Bergomi et al. 2018; Mandl et al. 2018; 
Arboit et al. 2019; Maino et al. 2019). In particular, this 
association is observed in areas such as the Strona-Ceneri 
Zone, the Silvretta Nappe, the Gotthard Massif and the 
Orobic Alps, among others, which also share similar Vari-
scan “Schlingen” structures (Zurbriggen 2015 and refer-
ences therein).

The Strona-Ceneri Zone in the South Alpine domain 
is one of the key areas to understand the early Paleozoic 
tectonomagmatic and metamorphic history of the Alpine 
basement, as it represents the type locality of the Cene-
rian Orogeny (Schmid 1993; Zurbriggen 2015, 2017). It is 
constituted of paragneisses with subordinate orthogneisses 
and minor amphibolites and eclogites (Zurbriggen 2015 
and references therein). Orthogneisses are mainly peralu-
minous, with a zircon U–Pb SHRIMP age of 466 ± 14 Ma 
for the Ceneri augengneiss and a zircon U–Pb TIMS age 
(lower intercept) of 479 ± 24 Ma for the Ceneri gneiss, 
though the latter has alternatively been interpreted as 
part of the metasedimentary wall rock (Zurbriggen et al. 
1997; Pinarelli et al. 2008; Zurbriggen 2015). On the other 
hand, zircon and rutile TIMS U–Pb ages of 457 ± 5 and 
433 ± 19 Ma, respectively, constrain the timing of high-
pressure metamorphism in eclogites (Franz and Romer 
2007).

In the South Alpine Domain, paragneisses and 
micaschists comprise the oldest sequences of the Orobic 
Alps, which are mainly exposed between the Insubric and 
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Orobic lines (Siletto et al. 1993; Colombo et al. 1994). 
These metasedimentary sequences are intruded by grani-
toids of the Monte Fioraro Magmatic Complex, possibly 
of Ordovician age (Colombo et al. 1994; D’Adda and Zan-
chetta 2015).

The Silvretta Nappe is part of the Austroalpine basement 
units and belongs to the Ötztal-Bundschuh nappe system 
to the west of the Tauern Window. It comprises a meta-
sedimentary basement mainly made up of paragneisses 
and micaschists, with subordinate lower grade sequences 
(i.e., Landeck Quartz-phyllite and Phyllitgneiss; Nowotny 
et al. 1992) and intercalations of eclogites and metaigne-
ous rocks. Multigrain zircon U–Pb TIMS data yielded ages 
of 609 ± 3 Ma for a metadiorite, 524 ± 5 to 522 ± 6 Ma 
for metagabbros and metatonalites, and 473 ± 5 Ma for a 
metagabbro (Maggetti and Flisch 1993; Schaltegger et al. 
1997). Ediacaran to Cambrian magmatism is further sup-
ported by multigrain U–Pb TIMS and single-grain evapora-
tion 207Pb/206Pb data of orthogneisses, with ages of 568 ± 6, 
533 ± 4, 526 ± 7 and 519 ± 7 Ma (Müller et al. 1995, 1996).

The Gotthard Massif is one of the External Alpine mas-
sifs, being part of the Helvetic domain, and consists in 
paragneisses, mafic to ultramafic orthogneisses and mig-
matic gneisses, intruded by late Ordovician granitoids (von 
Raumer et al. 1993; Mercolli et al. 1994 and references 
therein). In addition, a second group of metasedimentary 
rocks (e.g., Tremola Series) comprising paragneisses, 
schists, phyllites and metaquartzites were interpreted as 

younger Silurian-Devonian sequences (Mercolli et al. 1994 
and references therein). The timing of magmatism is con-
strained by single-zircon U–Pb TIMS data yielding upper 
intercept ages of 535 + 150/− 75 and 467 + 5/− 4 Ma for the 
crystallization of a metagabbro and an eclogite, respectively, 
and 439 ± 5 Ma for an orthogneiss (Oberli et al. 1994 and 
references therein).

In the Tauern Window, basement units related to the 
Helvetic domain and the European Plate are exposed in the 
Venediger Nappe, below the Paleogene Eclogite Zone and 
the Penninic ophiolites of the Glockner nappe (Frisch et al. 
1993; Höck 1993; Lammerer et al. 2008; Schmid et al. 2013). 
The basement comprises a pre-Variscan basement, numer-
ous Carboniferous-Permian intrusions (Central Gneisses) 
and a syn- to post-Variscan cover of late Paleozoic–Meso-
zoic age (Finger et al. 1993; Lammerer et al. 2008; Schmid 
et al. 2013; Kozlik and Raith 2017; Franz et al. 2021). In the 
central part of the Tauern Window, the pre-Variscan base-
ment is dominated by the metabasites of the Early Paleozoic 
Habach Complex, which shows geochemical characteristics 
of a continental volcanic arc (Höck 1993). Metabasite pro-
tolith zircon yielded a U–Pb SHRIMP age of 547 ± 27 Ma 
(Eichhorn et al. 1999). Intermediate to felsic orthogneisses 
occur as intercalations throughout the Habach Complex. 
These biotite–albite, epidote–biotite–albite, hornblende- 
and muscovite–albite gneisses show geochemical simi-
larities with calc‐alkaline I‐type arc granites. A leucocratic 
albite‐muscovite gneiss and the K2 gneiss in the Felbertal 

Fig. 1  Pre-Mesozoic basement units in the Alps and studied area 
with detrital zircon sampling locations, compiled according to Schulz 
et  al. (2008) and von Raumer et  al. (2013), and references therein. 
Arrows in the legend indicate Cenozoic thrusting of Austroalpine 
basement units upon Penninic ophiolite units and pre-Mesozoic 
basement of the European Plate. AA Austroalpine domain, AG Aar-
Gotthard, AR-MB Aiguilles Rouges-Mont Blanc, BSTW Basement 
South of the Tauern Window, CA Carnic Alps, CG Central Gneisses 
of the Tauern Window, EB Engadine Basement, GN Gurktal nappes, 

GP Graz Paleozoic, GWZ Graywacke Zone, H Helvetic Domain, IQ 
Innsbruck Quartz-phyllite Complex, LN Lepontine Nappes, OB Oro-
bic Basement, OSC Ötztal-Stubai-Complex, P Penninic domain and 
ophiolites, S Silvretta, SA South Alpine domain, SAB South Alpine 
Basement, SC Schneeberg Complex, SCZ Strona-Ceneri Zone, SKN 
Saualpe–Koralpe Nappes, SL Sesia–Lanzo Zone and Seconda Zona 
Diorite Kinzigite, UC Ulten Complex. Main regional structure cor-
respond to IL Insubric Lineament and PL Periadriatic Lineament
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tungsten deposit were both dated at 529 ± 17 Ma (Eich-
horn et al. 1999). Relics of metagabbros intercalated with 
metasedimentary rocks yielded zircon U–Pb LA-ICP-MS 
and TIMS ages of 605.0 ± 9.2, 536 ± 8 and 534.0 ± 9.4 Ma 
(Kebede et al. 2005; Veselá et al. 2008). Pre-Carboniferous 
metamorphic events have been recorded in other areas of 
the Tauern Window. Migmatitic leucosomes with ages of 
458 ± 11 Ma and 449 ± 7 Ma) record anatexis related to an 
Ordovician high-grade metamorphism in the Habach Com-
plex (Eichhorn et al. 2001), whereas von Quadt et al. (1997) 
reported eclogites of Silurian age (ca. 420 Ma). In addition, 
Re–Os molybdenite ages of ca. 414–417 Ma at Felbertal 
could be related to this Silurian metamorphic event (Raith 
et al. 2003).

Materials and methods

Metasedimentary rock samples were collected for whole-
rock geochemistry, and zircon U–Pb and Lu–Hf LA-ICP-MS 
analysis. Sample locations are shown in Fig. 1, whereas sam-
pling site coordinates are detailed in Table 1. Approximately 
3–5 kg for each sample were crushed and disintegrated 
using a jaw crusher to obtain a grain fraction between ca. 
50–500 μm. The size fraction < 250 μm was processed using 
the Wilfley table to concentrate heavy minerals. The heavy 
fraction of the samples was loaded to sodium polytungstate, 
following removal of the magnetic minerals using the Frantz 
isodynamic separator. Zircons were cast into epoxy resin 
discs with a diameter of 2.54 cm, and polished to reveal 
grain centres. Prior to analysis, cathodoluminescence and 
transmitted light images were obtained so that the best sites 

for analysis could be chosen. Crystal cores and subordinate 
rims were analysed, with mainly one or two measurements 
per grain. Zircon analyses were performed using a Neptune 
multicollector inductively coupled plasma mass spectrome-
ter (ICP-MS) and an Analyte G2 excimer laser ablation (LA) 
system at the University of São Paulo (Brazil). Analytical 
results of whole-rock geochemistry, and zircon U–Pb and 
Lu–Hf data are presented in Supplementary Materials 1, 2 
and 3, respectively, whereas details on analytical procedures 
are included in Supplementary Material 4. An overview of 
the studied samples is presented in Table 1.

Maximum sedimentation ages for metasedimentary rocks 
were obtained following three approaches, i.e., youngest 
detrital grain (YDG), youngest grain cluster at 1σ (YGC1) 
and youngest grain cluster at 2σ (YGC2) (Table 1; Dickin-
son and Gehrels 2009; Coutts et al. 2019). Weighted mean 
ages of the youngest cluster were based on n = 2 and n = 3 
for ages overlapping at 1σ and 2σ, respectively. All calcula-
tions were made using 206Pb/238U ages, since the young-
est zircons yield late Ediacaran to Devonian ages. Different 
proxies were applied to distinguish detrital zircon ages from 
those recording metamorphic overprint or Pb loss, including 
cathodoluminiscence images, Th/U values and Pb content, 
among others. A two-sample Kolmogorov–Smirnov test was 
carried out to evaluate the similarities of U–Pb data between 
samples. A threshold of 0.05 is considered for P-values to 
reject the null hypothesis, i.e., samples yielding P < 0.05 are 
dissimilar (e.g., Berry et al. 2001).

In addition, whole-rock major geochemical analyses were 
performed in most samples, excepting those of the Venedi-
ger Nappe. Samples were crushed and an aliquot was ground 
to < 200 mesh. Major elements were analysed by X-ray 

Table 1  Maximum sedimentation and metamorphism ages

Number of concordant results are indicated (n). Ages in Ma, all errors at ± 1σ
YDG youngest detrital grain, YGC1 youngest grain cluster at 1σ (n = 2), YGC2 youngest grain cluster at 2σ (n = 3)

Unit Sample n Lithology Location YDG (Ma) YGC1 (Ma) YGC2 (Ma)

Silvretta Nappe AP-01 97 Phyllite (Landeck Quartz-phyllite) 47.1300° N, 10.5008° E 418 ± 6 419 ± 8 419 ± 8
AP-02 93 Micaschist 47.0674° N, 10.3847° E 494 ± 6 514 ± 7 529 ± 5
AP-03 98 Micaschist 47.1159° N, 10.4919° E 476 ± 4 495 ± 6 490 ± 4
AP-04 95 Micaschist 47.1150° N, 10.6378° E 546 ± 4 547 ± 5 548 ± 5

Orobic Alps AP-05 102 Two-mica schist 46.1499° N, 9.8195° E 516 ± 5 528 ± 5 526 ± 14
AP-06 86 Two-mica paragneiss 46.1451° N, 9.6452° E 511 ± 8 513 ± 7 518 ± 27

Strona-Ceneri Zone AP-07 93 Paragneiss (Ceneri gneiss) 45.9937° N, 8.4859° E 552 ± 4 555 ± 6 587 ± 7
AP-08 93 Two-mica schist 45.9748° N, 8.4831° E 472 ± 4 488 ± 7 519 ± 7
AP-09 100 Two-mica paragneiss 45.9573° N, 8.5002° E 477 ± 4 534 ± 5 536 ± 5
AP-10 99 Biotite-paragneiss 45.8630° N, 8.5675° E 536 ± 9 542 ± 13 544 ± 11

Gotthard Massif AP-11 55 Two-mica paragneiss 46.5302° N, 8.5913° E 532 ± 11 532 ± 8 532 ± 6
AP-12 101 Two-mica paragneiss 46.5304° N, 8.5864° E 544 ± 3 545 ± 5 546 ± 4

Venediger Nappe AP-13 100 Biotite-paragneiss 47.0623° N, 12.3373° E 408 ± 3 409 ± 4 409 ± 4
AP-14 94 Biotite-paragneiss 47.0589° N, 12.6306° E 412 ± 3 412 ± 6 414 ± 6
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fluorescence (XRF) at the Georg-August-Universität Göt-
tingen (Germany) with an AXIOS-Advanced PANalytical 
XRF spectrometer, checking results by internal and external 
standards.

Samples AP-01 to AP-04 correspond to the northeastern 
region of the Silvretta Nappe. Characterization of the studied 
sequences follows the stratigraphy delineated by Ampferer 
and Hammer (1922). Sample AP-01 is a phyllite of the Lan-
deck Quartz-phyllite, whereas AP-02 was collected from 
garnet-staurolite micaschists. AP-03 and AP-04 micaschists 
were also sampled near the Trissana bridge (AP-03) and 
Neuer Zoll, Flieβ (AP-04). Likewise, samples of two-mica 
paragneisses (AP-06, Morbegno gneisses) and schists (AP-
05, Edolo schists) were collected from the Insubric crystal-
line basement of the Orobic Alps in the Valtellina region 
(Bigi et al. 1990; D’Adda and Zanchetta 2015), and two-
mica paragneisses were obtained from the Tremola Series 
of the Gotthard Massif near Airolo (AP-11 and AP-12; 
Mercolli et al. 1994 and references therein). In the Strona-
Ceneri Zone, four samples from distinct lithologies were 
obtained to the west of the Maggiore lake (Boriani et al. 
1990; Zurbriggen et al. 1997): The Ceneri gneiss (AP-07), 
two-mica schist (AP-08), two-mica paragneiss (AP-09) and 
biotite-paragneiss (AP-10). Finally, two samples of biotite-
bearing paragneisses were collected in the Venediger Nappe 
of the Tauern Window (AP-13 and AP-14), both sharing a 
similar structural position. Sample AP-13 comes from par-
agneisses located ca. 500 m to the northeast of the Johan-
nishütte (2116 m) and is situated in the Dorfertal in the 
southwestern part of the Großvenediger Massif, ca. 250 m 
below the Eclogite Zone and belonging to the upper part of 
the Gruppe der Alten Gneise. On the other hand, sample 
AP-14 also corresponds to the Alten Gneise in the hanging 
wall of the Habach Complex, which crops out at Tauernhaus 
to the north in Dorfertal.

Results

Whole‑rock geochemistry

Geochemical characterization shows that the studied 
sequences comprise rather immature sedimentary proto-
liths. Samples of the Silvretta Nappe and the Strona-Ceneri 
Zone mainly correspond to wackes and subordinate shales 
and arkoses (Fig. 2a). Both samples of the Gotthard Mas-
sif plot in the shale field, whereas a wacke and a litharenite 
are documented for the Orobic Alps. The CIA vs WIP plot 
(Garzanti et al. 2013 and references therein) also supports 
the general low to moderate alteration trend of samples, as 
indicated by CIA values up to ca. 75 (Fig. 2b). Likewise, 
the deviation from the expected weathering trend indicates 

that some samples document recycling of older (meta)sedi-
mentary sequences, particularly in the case of more mature 
sediments.

Maximum deposition ages

In most samples, middle to late Paleozoic ages, together 
with some minor Mesozoic contributions, yielded ages that 
seem to record metamorphism or Pb loss, and are thus not 
considered for estimation of sedimentation ages (see below; 
Supplementary Material 2). Results of detrital zircon age 
spectra are presented in Fig. 3 and Table 1.

In the Silvretta Nappe, samples commonly show pris-
matic to subrounded and ovoid zircons. Internal structures 
mainly correspond to oscillatory and minor sector zoning. 
Sample AP-01 of the Landeck Quartz-phyllite yields the 
youngest maximum sedimentation age, as indicated by all 
three parameters (YDG = 418 ± 6 Ma, YGC1 = 419 ± 8 Ma, 

Fig. 2  Geochemical results of major elements. a Sedimentary proto-
liths after Herron (1988). b Chemical Index of Alteration (CIA; Nes-
bitt and Young 1982) vs Weathering Index (WIP; Parker 1970) plot 
(modified after Garzanti et  al. (2013). Yellow and red stars indicate 
mean Upper Continental Crust (UCC) and Post-Archean Australian 
Shale (PAAS) average values, respectively (Taylor and McLennan 
1995; McLennan 2001)
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YGC2 = 419 ± 8 Ma) and further supported by multiple ages 
between ca. 470 and 430 Ma (Supplementary Material 2). In 
contrast, samples AP-02, AP-03 and AP-04 yield late Edi-
acaran to early Ordovician maximum depositions ages. A 
robust age of ca. 548–546 Ma is estimated for sample AP-04 
by all three parameters, whereas early to late Cambrian ages 
are inferred for sample AP-02 (Table 1). A younger late 
Cambrian to early Ordovician age is constrained for sample 
AP-03. In addition, thin homogeneous dark rims are com-
mon in all cases, particularly in samples AP-01 and AP-02, 
and yield scattered Late Ordovician to Permian ages.

Detrital zircons in samples of the Orobic Alps are mainly 
subrounded to ovoid, though some prismatic and frag-
mented crystals are also present. They are characterized 

by oscillatory to sector zoning. Both samples yield early to 
middle Cambrian maximum deposition ages (Table 1). Sam-
ple AP-05 yields ages of 528 ± 5 and 526 ± 14 Ma based on 
YGC1 and YGC2, respectively, whereas s slightly younger 
age of 516 ± 5 Ma is inferred based on the youngest grain. 
Results for sample AP-04 are nearly the same within error, 
with all estimations at ca. 518–511 Ma. Minor Devonian and 
Ordovician metamorphic overgrowths are present as well.

In the Strona-Ceneri Zone, zircons are mainly rounded to 
subrounded or fragmented, with occasional prismatic habits 
and oscillatory to sector zoning. The oldest maximum depo-
sition age, constrained at the late Ediacaran, was obtained 
for sample AP-07 (YDG = 552 ± 4 Ma, YGC1 = 555 ± 6 Ma, 
YGC2 = 587 ± 7  Ma), whereas a slightly younger age 

Fig. 3  Kernel density estimate curves and histograms plotted using 
DensityPlotter (Vermeesch 2012) for U–Pb detrital zircon data 
results. For individual sample results, see Supplementary Mate-

rial 2. Plots only include data with ± 10% discordance. Bin and band 
width = 20  myr. Ages attributed to metamorphism and Pb loss (f) 
compile data of all samples
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is inferred for sample AP-10 (YDG = 536 ± 9  Ma, 
YGC1 = 542 ± 13  Ma, YGC2 = 544 ± 11  Ma). In turn, 
Cambrian to early Ordovician maximum deposition ages 
were obtained for samples AP-08 (YDG = 472 ± 4  Ma, 
YGC1 = 488 ± 7  Ma, YGC2 = 519 ± 7  Ma) and 
AP-09 (YDG = 477 ± 4  Ma, YGC1 = 534 ± 5  Ma, 
YGC2 = 536 ± 5 Ma). In most samples, late Ordovician to 
Devonian ages are attributed to metamorphic overgrowths 
or Pb loss.

On the other hand, samples of the Gotthard Massif exhibit 
mainly subrounded to fragmented zircons, though subordi-
nate prismatic crystals are also present. Internal microstruc-
tures typically correspond to oscillatory and sector zoning. 
For each sample, all parameters yielded nearly the same 
values, with an age of ca. 532 Ma for sample AP-11 and an 
age of ca. 546–544 Ma for sample AP-12. In addition, scat-
tered ages between the late Ordovician to the Cretaceous are 
associated with metamorphic rims or Pb loss.

Finally, zircons from samples of the Venediger Nappe 
are mainly prismatic to subrounded, being characterized by 
oscillatory to sector zoning in cores and dark homogene-
ous rims. Both samples yielded comparable Early Devo-
nian maximum deposition ages of ca. 414–412 (AP-14) and 
409–408 Ma (AP-13). Likewise, abundant metamorphic 
overgrowths document a Carboniferous to Permian over-
print in both samples, though a minor population of Triassic-
Jurassic ages is also present.

Detrital zircon spectra

Samples AP-02, AP-03 and AP-04 from the Silvretta Nappe 
show similar spectra, with a main late Cryogenian–Ediac-
aran peak at ca. 650–540 (Fig. 3a; Supplementary Mate-
rial  2). However, this population seems to contain two 
partially overlapped age groups with peaks at ca. 650–610 
and 580–540 Ma, as observed for sample AP-04. Tonian 
contributions are also well-represented, showing two main 
clusters at ca. 980–880 and 780–720 Ma. A similar spectrum 
is documented for AP-01, though this sample is character-
ized by a younger peak at ca. 460–420 Ma. In addition, all 
samples show subordinate Neoarchean and late Paleoprote-
rozoic peaks, together with a few Mesoproterozoic and early 
Paleoproterozoic zircons.

A similar late Cryogenian–Ediacaran peak at ca. 
640–560 Ma is also dominant in samples of the Orobic Alps 
(Fig. 3b; Supplementary Material 2). Subordinate peaks at 
ca. 710–660, 860–795 and 1020–920 Ma are present as well, 
together with minor input of Neoarchean-early Paleoprote-
rozoic and late Paleoproterozoic ages.

In the case of the Strona-Ceneri Zone, samples yield 
a nearly unimodal distribution, characterized by a major 
peak at ca. 670–540 Ma (Fig. 3c; Supplementary Mate-
rial 2). Further contribution of ages of ca. 1000–770 Ma 

are subordinate, except for sample AP-07, where they are 
slightly more significant. Scattered Neoarchean to late 
Paleoproterozoic grains are also present.

Samples of the Gotthard Massif show very similar results 
to those of the Strona-Ceneri Zone, with spectra clearly 
dominated by ages of ca. 640–550 Ma and minor contri-
bution of Neoarchean, Paleoproterozoic and Tonian ages 
(Fig. 3d; Supplementary Material 2). In sample AP-11, the 
main peak seems to represent two overlapped groups of ca. 
640–580 and 540–520 Ma.

In line with their younger maximum deposition age, sam-
ples of the Venediger Nappe contrast with those of all other 
units, since they are dominated by a peak at ca. 490–420 Ma, 
followed by a second group at ca. 630–570 Ma Alps (Fig. 3e; 
Supplementary Material 2). Further zircons yielding scat-
tered Neoarchean, late Paleoproterozoic and Tonian ages are 
also present.

The Kolmogorov–Smirnov test reveals similarities 
between samples of the same domain and dissimilarities 
that fit those qualitatively described above (e.g., AP-07 
of the Strona-Ceneri Zone), whereas similarities between 
regions are rather scarce (Table 2). However, the P-value 
is sensitive to sample size and, consequently, dissimilari-
ties may arise from differences in the amount of measured 
grains for each sample (e.g., n = 46 for AP-13, n = 100 for 
AP-05 and AP-06) and also from the general low number of 
analyses, which should be n > 1000 to provide a statistically 
robust dissimilarity evaluation (Ibañez-Mejia et al. 2018; 
Vermeesch 2018). Therefore, qualitative comparisons and 
geological similarities are also considered to establish inter-
group correlations (“Age and provenance”).

On the other hand, most samples show a late Devonian 
to Carboniferous Variscan metamorphic overprint, which 
is particularly significant in samples of the Venediger 
Nappe (Fig. 3f). A subordinate age group also attributed 
to metamorphism and/or Pb loss is well-documented at ca. 
460–430 Ma. Finally, some samples show also minor evi-
dence of Permian to Jurassic overprint.

Lu–Hf isotopes

Coeval detrital zircons of different stratigraphic units and 
samples show similar Lu–Hf signatures (Fig. 4). Therefore, 
no major differences are recorded among them, indicating a 
common source in terms of isotopic fingerprint.

Neoarchean zircons show a variable isotopic fingerprint, 
with εHf between ca. − 16 and + 8, whereas mainly subchon-
dritic compositions up to ca. − 20 characterize Paleopro-
terozoic grains. In the case of Tonian and early Ediacaran 
crystals, slightly suprachondritic to mainly subchondritic εHf 
between ca. − 30 and + 10 are observed. The fingerprint of 
late Ediacaran to early Cambrian zircons is less dispersed, 
showing values mostly between ca. − 21 and + 1. Though 
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scarce, two clusters of Ordovician—early Silurian and late 
Devonian—Carboniferous ages show comparable signature, 
with dominance of subchondritic εHf of ca. – 14 to + 1.

Discussion

Age and provenance

In general, most samples yielded similar U–Pb results, with 
mainly late Ediacaran to early Ordovician maximum sedi-
mentation ages (Table 1). The Venediger Nappe is the only 
region that has a younger age, well-constrained by all calcu-
lated parameters to the Lower Devonian at ca. 414–408 Ma. 
These ages are comparable to Devonian maximum deposi-
tion ages obtained for further metasedimentary sequences of 
the Tauern Window basement (Kebede et al. 2005; Sieges-
mund et al. 2021), indicating that a relatively significant 
part of the pre-Variscan basement in the European Plate is 
younger than in the Austroalpine and South Alpine counter-
parts (Heinrichs et al. 2012; Siegesmund et al. 2018b, 2021; 
Arboit et al. 2019; Chang et al. 2021).

In the case of the Silvretta Nappe, the oldest maximum 
sedimentation age of ca. 548–546 Ma is constrained by all 
parameters for sample AP-04, whereas younger, Cambrian 
to early Ordovician ages were obtained for samples AP-02 
and AP-03. These results are in line with ages of coe-
val metaigneous rocks yielding ages of ca. 533–519 and 
473 Ma (Müller et al. 1995, 1996; Schaltegger et al. 1997). 
In contrast, a significantly younger age of ca. 419–418 Ma 
was obtained for the Landeck Quartz-phyllite, further sup-
ported by multiple igneous grains yielding ages between 

ca. 470 and 420 Ma (Supplementary Material 2). Though 
classically interpreted as a retrograde equivalent of higher-
grade rocks of the Silvretta Nappe (Nowotny et al. 1992 
and references therein), new data indicate that the Landeck 
metasedimentary sequences are clearly younger and were 
deposited after the Cenerian phase (see also “Growing an 
early Paleozoic orogenic accretionary margin”), as shown 
for other Austroalpine quartz-phyllite units (Neubauer and 
Sassi 1993).

Both samples of the Orobic Alps (AP-05 and AP-06) 
yielded comparable results, indicating within-error equiva-
lent early Cambrian deposition ages for both schists and par-
agneisses. Together with the inferred Ordovician age of the 
Monte Fioraro Magmatic Complex, the most likely timing of 
sedimentation can thus be constrained to the late Cambrian 
(Colombo et al. 1994; D’Adda and Zanchetta 2015).

Samples AP-08, AP-09 and AP-10 of the Strona-Ceneri 
Zone exhibit late Ediacaran to early Ordovician maximum 
sedimentation ages. Considering the zircon U–Pb SHRIMP 
age of 466 ± 14 Ma of the intrusive Ceneri augengneiss 
(Pinarelli et al. 2008), the timing of sedimentation thus pre-
dates the Middle Ordovician, further supported by the late 
Ordovician–Silurian timing of high-pressure metamorphism 
(Franz and Romer 2007). On the other hand, the only sample 
lacking in Paleozoic grains is AP-07 of the Ceneri gneiss, a 
unit that has alternatively been interpreted as a peraluminous 
orthogneiss or part of the metasedimentary wallrock of the 
Ceneri orthogneisses (Zurbriggen et al. 1997; Pinarelli et al. 
2008; Zurbriggen 2015). Detrital zircon data rather support a 
sedimentary origin and, therefore, the lower intercept zircon 
U–Pb TIMS age of 479 ± 24 for the Ceneri gneiss could be 
interpreted as the timing of anatexis of the metasedimentary 

Table 2  P-values of the studied samples according to the Kolmogorov–Smirnov test

P-values rejecting the null hypothesis (P > 0.05) are indicated in bold

Silvretta Nappe Orobic Alps Strona-Ceneri Zone Gotthard Massif Venediger Nappe

AP-01 AP-02 AP-03 AP-04 AP-05 AP-06 AP-07 AP-08 AP-09 AP-10 AP-11 AP-12 AP-13 AP-14

AP-01 0.057 0.003 0.001 0.000 0.003 0.000 0.039 0.039 0.001 0.011 0.001 0.162 0.012
AP-02 0.057 0.098 0.147 0.010 0.266 0.004 0.002 0.004 0.054 0.001 0.102 0.010 0.000
AP-03 0.003 0.098 0.381 0.216 0.008 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000
AP-04 0.001 0.147 0.381 0.098 0.069 0.215 0.000 0.000 0.000 0.000 0.001 0.000 0.000
AP-05 0.000 0.010 0.216 0.098 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
AP-06 0.003 0.266 0.008 0.069 0.001 0.003 0.003 0.017 0.272 0.001 0.301 0.000 0.000
AP-07 0.000 0.004 0.027 0.215 0.001 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000
AP-08 0.039 0.002 0.000 0.000 0.000 0.003 0.000 0.369 0.014 0.774 0.033 0.037 0.000
AP-09 0.039 0.004 0.000 0.000 0.000 0.017 0.000 0.369 0.062 0.227 0.466 0.019 0.000
AP-10 0.001 0.054 0.000 0.000 0.000 0.272 0.000 0.014 0.062 0.004 0.641 0.000 0.000
AP-11 0.011 0.001 0.000 0.000 0.000 0.001 0.000 0.774 0.227 0.004 0.018 0.269 0.003
AP-12 0.001 0.102 0.000 0.001 0.000 0.301 0.000 0.033 0.466 0.641 0.018 0.001 0.000
AP-13 0.162 0.010 0.000 0.000 0.000 0.000 0.000 0.037 0.019 0.000 0.269 0.001 0.501
AP-14 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.501
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wallrock and consequent widespread peraluminous magma 
production (Zurbriggen et al. 1997; Zurbriggen 2015).

In the Gotthard Massif, robust maximum sedimentation 
ages of ca. 532 and 546–544 Ma were obtained for sam-
ples AP-11 and AP-12 of the Tremola Series, respectively. 
The Tremola Series was interpreted as a Silurian-Devonian 
sequence (Mercolli et al. 1994 and references therein), which 
may explain the obtained detrital zircon data. However, it 
may also be possible that these units are part of the oldest 
metasedimentary basement, which predates the intrusion of 
the late Ordovician to early Silurian Streifengneiss (Oberli 
et al. 1994 and references therein), as documented for the 
Landeck Quartz-phyllite and paragneisses of the Silvretta 
Nappe (see above).

On the other hand, provenance is also comparable for 
most sequences, with a main late Cryogenian–Ediacaran 
peak at ca. 650–540 Ma (Fig. 3; Supplementary Mate-
rial 2). In some samples (e.g., AP-04, AP-11), however, 
this peak seems to represent two partially overlapped 
groups of late Cryogenian-early Ediacaran and late Edi-
acaran ages, which are interpreted to represent Pan-Afri-
can and Cadomian magmatic sources, respectively (e.g., 
Oriolo et al. 2021; Siegesmund et al. 2021). The main lim-
itation is that late Pan-African processes temporally over-
lap with the early stages of the Cadomian Orogeny at ca. 
620–580 Ma (Linnemann et al. 2000, 2007; Abdelsalam 
et al. 2002; Dörr et al. 2002; Liégeois et al. 2003, 2013; 
Oriolo et al. 2017, 2021; Soejono et al. 2017; Siegesmund 

Fig. 4  U–Pb vs. εHf data of 
studied units. The lower dia-
gram shows a detail of age dis-
tribution for zircons < 700 Ma. 
Data were recalculated 
considering a constant decay 
λ 176Lu = 1.867 ×  10−11  year−1 
(Söderlund et al. 2004) 
and CHUR values of 
176Hf/177Hf = 0.282785 and 
176Lu/177Hf = 0.0336 (Bou-
vier et al. 2008). The red line 
indicates a crustal array with 
176Lu/177Hf = 0.015, typical for a 
crustal reservoir (e.g., Vervoort 
and Blichert-Toft 1999)
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et al. 2021) and, consequently, both sources cannot be eas-
ily distinguished.

Neoarchean to Paleoproterozoic peaks are attributed to 
basement contribution of the Saharan Metacraton (Abdel-
salam et al. 2002; Liégeois et al. 2013), most likely at its 
northeastern margin, as previously inferred for further Aus-
troalpine and South Alpine metasedimentary sequences 
(Heinrichs et al. 2012; Siegesmund et al. 2018b, 2021). This 
source area is further supported by a prominent population of 
late Stenian to Tonian zircons, attributed to Bayudian rocks 
of the northeastern Saharan Metacraton and the Sinai base-
ment at the northern Arabian–Nubian Shield (Küster et al. 
2008; Be’eri-Shlevin et al. 2009, 2012; Evuk et al. 2014; 
Siegesmund et al. 2018b). In addition, the dominance of 
subchrondritic compositions of Pan-African zircons indicate 
a significant crustal reworking, as commonly recorded in the 
Pan-African magmatism of northern Africa (Oriolo et al. 
2017 and references therein). A similar trend is observed for 
zircons recording Cadomian ages, which may record rework-
ing of older, Pan-African sequences, as both age groups are 
aligned along the crustal array with 176Lu/177Hf = 0.015 
(Fig. 4b; Oriolo et al. 2021; Siegesmund et al. 2021). How-
ever, new results show that Tonian zircons have variable, yet 
dominantly subchondritic compositions, whereas previous 
Austroalpine and South Alpine data of Siegesmund et al. 
(2018b, 2021) show a dominance of juvenile, suprachon-
dritic Lu–Hf signatures for Tonian detrital zircons, typical 
of the Arabian–Nubian Shield coeval magmatism (Be’eri-
Shlevin et al. 2009; Ali et al. 2012, 2013, 2016; Oriolo et al. 
2017). Such subchondritic compositions were, nevertheless, 
reported for some metavolcanic and metasedimentary rocks 
in the western Arabian–Nubian Shield (Ali et al. 2013), 
which may represent a likely source. In this sense, Archean 
to Proterozoic detrital zircons of studied sequences may not 
necessarily derive from primary magmatic sources but also 
from younger metasedimentary units. This interpretation is 
further supported by geochemical data indicating relatively 
immature sedimentary protoliths and recycling processes. 
Therefore, transport from distant primary Archean to Pro-
terozoic rocks in the Gondwana mainland seems unlikely.

As previously discussed by Siegesmund et al. (2018b, 
2021), the detrital zircon record of metasedimentary 
sequences points to a late Neoproterozoic to early Paleo-
zoic paleogeographic position to the north of the north-
eastern Saharan Metacraton and the Arabian–Nubian 
Shield, which is also supported by further geological evi-
dence (Siegesmund et al. 2021 and references therein). 
Alternative models considered a position closer to the 
Amazonian, West African or South China cratons (e.g. 
Stampfli et al. 2013; Neubauer et al. 2020, 2022). In the 
case of the Amazonian Craton, most proposals consider 
the input of late Mesoproterozoic “Grenville”-age detri-
tus. However, such ages are not abundant in the Alpine 

basement and, when present, they are more likely associ-
ated with a main Tonian peak (Fig. 3; Siegesmund et al. 
2018b, 2021). Furthermore, the Amazonian Craton hosts a 
vast tectonomagmatic record at ca. 1.8–1.0 Ga in the Ron-
dônia-Juruena, Rio Negro and Sunsas provinces (Tassinari 
and Macambira 1999; Santos et al. 2000), whereas such 
ages are very scarce in the Alpine detrital zircon record. In 
the case of the West African Craton (Ennih and Liégeois 
2008), late Mesoproterozoic to early Neoproterozoic units 
are absent and, therefore, provenance from this block can-
not account for the observed Tonian peaks. In contrast, 
Tonian magmatism is abundant in the South China Craton 
and late Neoproterozoic to Paleozoic sedimentary rocks 
of this block typically show very prominent Tonian detri-
tal zircon populations (e.g., Chen et al. 2018; Wang et al. 
2018; Yang et al. 2018). As highlighted above, Tonian 
peaks are not so significant in proto-Alpine sequences, 
which are mainly dominated by Pan-African ages of ca. 
650–540 Ma. The latter are very subordinate in the South 
China Block, allowing to rule out the Alpine affinity with 
the former.

Finally, samples of the Landeck Quartz-phyllite (AP-
01) and Venediger Nappe (AP-13 and AP-14) show also 
a significant input of Ordovician to Silurian zircons yield-
ing ages of ca. 460–420 Ma and variable suprachondritic to 
subchondritic Lu–Hf signatures, typical of Cenerian mag-
matism (Oriolo et al. 2021). Since the basement of Cenerian 
intrusions mainly comprise slightly older metasedimentary 
sequences (Zurbriggen 2015, 2017; Siegesmund et al. 2021; 
Oriolo et al. 2021), it is thus inferred that further recycling 
of exhumed late Ediacaran—early Paleozoic metasedimen-
tary sequences intruded by Cenerian plutons might have 
represented the main source for these younger sequences.

When further detrital zircon age data from other Alpine 
basement units are considered (Heinrichs et al. 2012; Sieges-
mund et al. 2018b; 2021; Chang et al. 2021), the metasedi-
mentary rocks of the Adriatic Plate belong to the East Afri-
can-Arabian zircon province, whereas the Alpine basement 
units related to the European Plate display the signatures 
of the West African zircon province, both belonging to the 
peri-Gondwanide margin (Stephan et al. 2018). However, 
both domains might have been relatively close to the bound-
ary between provinces, possibly at the northern margin of 
the LATEA and Saharan metacraton boundary (Siegesmund 
et al. 2021). New data from the Gotthard basement and the 
Venediger Nappe, previously with an unknown position in 
the pre-Variscan detrital zircon province map (Stephan et al. 
2018), share a similar detrital zircon pattern with the base-
ment of the Moldanubian Zone. This evidence suggests a 
paleogeographic position of the Helvetic-Penninic basement 
to the west of the Adriatic Plate in the peri-Gondwanide 
margin, as outlined by Stampfli et al. (2002) and Siegesmund 
et al. (2021).
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Growing an early Paleozoic orogenic accretionary 
margin

After the assembly of Western Gondwana in the late Edi-
acaran, its northern margin remained active by the develop-
ment of widespread accretionary orogenic systems during 
the entire Paleozoic, culminating with the Variscan collision. 
This evolution is particularly well-documented in Alpine 
basement domains, which share a common pre-Variscan tec-
tonomagmatic, sedimentary and metamorphic record (e.g. 
Zurbriggen 2015, 2017, 2020; Oriolo et al. 2021; Sieges-
mund et al. 2021; Neubauer et al. 2022).

Besides very scarce relics of possible Tonian basement 
(Gebauer et al. 1988), the oldest Alpine basement record 
indicates a mainly late Ediacaran to Cambrian age. Detri-
tal zircon data of Austroalpine and South Alpine basement 
units typically yield late Ediacaran to early Cambrian ages 
(Table 1; Heinrichs et al. 2012; Siegesmund et al. 2018b, 
2021; Arboit et al. 2019; Chang et al. 2021). Contempo-
raneous calc-alkaline arc magmatism and subordinated 
mafic magmatism (Müller et al. 1995; Eichhorn et al. 2001; 
Schulz and Bombach 2003; Schulz et al. 2004, 2008; Ves-
elá et al. 2008; Bussien et al. 2011; Neubauer et al. 2020; 
Huang et al. 2021), possibly resulting from back-arc basin 
development, point to a Cadomian retreating accretionary 
orogen. The Cadomian arc was related to a magmatic flare-
up at ca. 560–530 Ma (Oriolo et al. 2021 and references 
therein), followed by post-orogenic alkaline magmatism at 
ca. 526–519 Ma (Müller et al. 1995; Schaltegger et al. 1997). 
In this sense, the widespread Alpine metasedimentary base-
ment mainly resulted from late Pan-African to syn- to late 
Cadomian sedimentation.

Late Ediacaran to early Cambrian units were subse-
quently intruded by late Ediacaran to Ordovician magma-
tism. In addition, subordinate late Cambrian to Ordovician 
sedimentary sequences were deposited, resulting from exhu-
mation of the Cadomian orogen, as documented by the com-
mon presence of late Ediacaran to early Cambrian zircons 
(Fig. 3; Heinrichs et al. 2012; Siegesmund et al. 2018b). 
Coeval felsic, metaluminous to mainly peraluminous meta-
granitoids and metaporphyroids are well-documented at ca. 
508–443 Ma in multiple basement domains (e.g. Meli and 
Klötzli 2001; Rubatto et al. 2001; Schulz et al. 2004, 2008; 
Siegesmund et al. 2007, 2008, 2021; Bussien et al. 2011; 
Bussy et al. 2011; Cavargna-Sani et al. 2014; Tropper et al. 
2016; Bergomi et al. 2018; Mandl et al. 2018; Arboit et al. 
2019; Maino et al. 2019; Chang et al. 2021). Subordinate 
mafic magmatism is also present at ca. 495–457 Ma (Rubatto 
et al. 2001; Giacomini et al. 2007; Bussy et al. 2011; Huang 
et al. 2021).

Though some contributions attributed the Ordovician 
magmatic record to intraplate rifting processes (e.g. Ste-
phan et al. 2019), there is growing evidence that supports 

a more likely accretionary orogenic model attributed to the 
Cenerian phase (e.g. Zurbriggen 2015, 2017, 2020; Oriolo 
et al. 2021; Siegesmund et al. 2021; Neubauer et al. 2022). 
In this context, amphibolites are interpreted to represent 
juvenile arc-related mafic magmatism and/or intraplate 
intrusions linked with coeval extension (Zurbriggen 2020; 
Chang et al. 2021), whereas felsic magmatism may represent 
more evolved arc magmas. In particular, the common occur-
rence of peraluminous intrusions can be explained by either 
assimilation or anatexis of the widespread metasedimentary 
wallrock, mainly comprising metagraywackes and metape-
lites (Zurbriggen 2020; Oriolo et al. 2021; Siegesmund et al. 
2021). Lu–Hf isotopic data further supports this model, 
documented by positive, suprachondritic compositions for 
mantle-derived magmas and very negative εHf values for 
magmas with a significant crustal component. As a result, 
both igneous and detrital zircons record a wide dispersion in 
the Lu–Hf fingerprint, mainly due to mixing between these 
two end-members (Fig. 4). Interestingly, both Cadomian and 
Cenerian ages yield similar results, supporting a long-lived 
dominance of retreating subduction resulting in addition of 
mantle-derived magmas and reworking of metasedimentary 
sequences.

Further evidence is provided by P–T–t constraints of 
Ordovician to early Silurian metamorphism. A key ele-
ment in the Cenerian orogenic evolution is eclogite-facies 
metamorphism (ca. 740–680 °C and 23.5–18.5 kbar) in the 
Strona-Ceneri Zone, constrained at ca. 457–448 Ma by zir-
con and rutile U–Pb TIMS data, and followed by Barrovian 
metamorphism at ca. 630–570 °C and 7–9 kbar (Franz and 
Romer 2007). In addition, migmatites of the Ötztal-Stubai 
Complex record high-temperature/low-pressure metamor-
phism at ca. 670–750 °C and < 2.8 kbar (Thöny et al. 2008). 
In this unit, Ordovician to early Silurian anatexis is sup-
ported by zircon Pb–Pb evaporation and U–Pb TIMS data 
of ca. 490–485 Ma (Klötzli-Chowanetz et al. 1997) and 
monazite EPMA Th–U–Pb monazite ages of ca. 441 Ma 
(Thöny et al. 2008; Rode et al. 2012). In the Aar Massif, 
zircon U–Pb TIMS ages of ca. 456–445 Ma constrain the 
timing of high-temperature metamorphism and anatexis, 
which occurred after high-pressure metamorphism at < ca. 
478 Ma (Schaltegger 1993; Schaltegger et al. 2003). In a 
similar way, eclogite-facies metamorphism is also con-
strained at ca. 475–467 Ma by U–Pb TIMS data of the 
Gotthard Massif (Oberli et al. 1994). The presence of high-
pressure metamorphism demonstrates the existence of Cen-
erian subduction, whereas low-pressure high-grade meta-
morphism may explain relatively high geothermal gradients 
triggering anatexis and peraluminous magma production in 
an extensional/transtensional setting (Oriolo et al. 2021 and 
references therein).

Though scarce, the geological record allows to partially 
reconstruct the distribution of Alpine basement units in the 
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Cenerian Orogen (Fig. 5), an aspect that has been so far 
poorly explored. In general, it seems to be that the distribu-
tion of basement relics is roughly comparable to that inferred 
for the Upper Paleozoic (von Raumer 1998; Pfiffner 2009), 
with external massifs located in a mainly forearc position 
and Penninic units closer to the forearc to arc transition. 
Austroalpine units might have been placed between arc and 
back-arc domains, whereas South Alpine sequences might 
have occupied mainly the latter. Nevertheless, the South 
Alpine Strona-Ceneri Zone is clearly distinct, since it docu-
ments high-pressure metamorphism and might thus have 
been associated with External units. The comparable evolu-
tion of the Strona-Ceneri Zone and the Aar Massif, with 
high-pressure metamorphism being followed by Barrovian 
metamorphism may imply a transport towards the forearc/
arc region during late to post-Cenerian processes (Franz and 

Romer 2007). A comparable evolution, though younger and 
related to the early Variscan evolution, is also documented 
for the Tauern Window basement (see below). On the other 
hand, arc and back-arc domains were mainly characterized 
by high geothermal gradients due to crustal extension, thus 
accounting for the widespread occurrence of low-pressure/
high-temperature metamorphism, anatexis and felsic peralu-
minous magmatism (Fig. 5).

An alternative model could be postulated, assuming a 
paleogeographic position of the Strona-Ceneri Zone together 
with further South Alpine blocks. If so, high-pressure con-
ditions could be attributed to the closure of a rather small 
back-arc basin and, therefore, may suggest the onset of 
advancing subduction prior to the Variscan Orogeny. Nev-
ertheless, a position closer to the External Massifs seems 
likely based on the aforementioned similarities in the P–T–t 

Fig. 5  Sketch showing the architecture of the Ordovician Cenerian 
Orogen (modified after Zurbriggen 2020), linked with subduction 
of the Proto-Tethys oceanic crust (sensu Stampfli 2000; Neubauer 
et  al. 2022). The basement is mainly represented by late Ediacaran 
to Cambrian metasedimentary sequences and subordinate coeval 
intrusions. The general distribution of pre-Alpine basement units is 
schematically depicted (modified after von Raumer 1998; Pfiffner 
2009). Amphibolites, metagabbros and metaultramafic rocks (e.g., 
Strona-Ceneri Zone, Silvretta Nappe, Venediger Nappe) record man-
tle-derived arc magmatism, whereas crustal anatexis results in mig-
matites, peraluminous granitoids (e.g., Ötztal-Stubai complex, Aar 
Massif) and porphyroids (e.g., Comelico). Likewise, high-pressure 
metamorphism is documented by relics of eclogites (e.g. Strona-
Ceneri Zone, Gotthard Massif). Syn- to post-Cenerian sedimentation 

corresponds to Silurian-Devonian sequences (e.g., Landeck Quartz-
phyllite, Venediger Nappe basement). The inset shows an early 
Ordovician paleogeographic reconstruction (modified after Oriolo 
et  al. 2021; Siegesmund et  al. 2021), with the location of the west-
ern (WM) and (EM) segments along the northern Gondwana mar-
gin (orange; sensu Stephan et  al. 2019). The grey lines indicate the 
eastward development of back-arc basins and Avalonia is depicted in 
green. The Alpine basement might have been located at the eastern 
segment, close to the boundary with the western segment (Sieges-
mund et al. 2021). See text for further details. AM Aar Massif, GM 
Gotthard Massif, MSN Maggia and Sambuco nappes, OA Orobic 
Alps, ÖSC Ötztal-Stubai Complex, SAP South Alpine porphyroids 
(e.g., Comelico), SCZ Strona-Ceneri Zone, SMN Siviez–Mischabel 
Nappe, SN Silvretta Nappe, VN Venediger Nappe
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paths of the Strona-Ceneri Zone and the Aar Massif, and 
the comparable detrital zircon spectra of the former and the 
Gotthard Massif (Fig. 3c, d).

A comparable evolution linked to crustal extension during 
subduction is documented in other peri-Gondwanan regions 
as well (e.g. Díez Fernández et al. 2012; Oriolo et al. 2021; 
Tabaud et al. 2021; Starijaš Mayer et al. 2023). Starijaš 
Mayer et al. (2023) argued for a segmentation along the 
northern Gondwana margin, with an active Cenerian margin 
in the eastern segment and a passive margin setting in the 
west. This proposal is in line with the intraplate extensional 
setting proposed for the Bohemian Massif, located in the 
western segment, which was attributed to the opening of the 
Rheic ocean (Žák et al. 2013, 2023; René and Finger 2016; 
Stephan et al. 2019; Soejono et al. 2020; Syahputra et al. 
2022). Though felsic peraluminous magmatism is dominant, 
coeval Ordovician intermediate intrusions are also present 
(Žák et al. 2013, 2023; Soejono et al. 2020) and are unlikely 
to occur in a rift setting. Furthermore, the Ordovician dex-
tral transtension proposed for the Bohemian Massif (Žák 
et al. 2023; Syahputra et al. 2022) fits displacement vectors 
derived from paleogeographic reconstructions of Oriolo 
et al. (2021), which show dextral transtension along the 
northern Gondwana margin linked with a counter-clockwise 
rotation of Gondwana mainland. In this context, the geologi-
cal record of the Bohemian Massif may alternatively indi-
cate an arc to mainly back-arc position within the Cenerian 
Orogen. Furthermore, tectonometamorphic processes and 
magmatism related to a late Cambrian to Ordovician mag-
matic arc are well-documented in the Iberian Massif (Abati 
et al. 2007 and references therein), further supporting the 
extension of the Cenerian Orogen along the western mar-
gin. Consequently, differences between crustal blocks of the 
western and eastern margin of Gondwana may be explained 
as the result of the eastward migration of back-arc basin 
extension (Oriolo et al. 2021), more evolved to the west, and 
the position within the Cenerian Orogen architecture (i.e., 
forearc, arc, back-arc).

In contrast to most Austroalpine and South Alpine units, 
Devonian maximum sedimentation ages documented for 
paragneisses of the Venediger Nappe are in agreement with 
those of further sequences of the Tauern Window basement 
(Kebede et al. 2005; Siegesmund et al. 2018b), and seem 
thus to be mainly related to the early stages of pre-collisional 
Variscan subduction. Late Silurian-early Devonian eclogite-
facies metamorphism documents post-Cenerian subduction 
(von Quadt et al. 1997), whereas arc magmatism is con-
strained at ca. 374–331 Ma by zircon U–Pb SHRIMP and 
LA-ICP-MS ages of calc-alkaline intrusions (Eichhorn et al. 
2000; Veselá et al. 2011). A comparable post-Cenerian age 
is also inferred for the Landeck Quartz-phyllite. These units 
may record the transition from the post-orogenic Cenerian 
to the early Variscan arc-related processes, mainly during 

the Devonian, which culminates with the widespread early 
Carboniferous Variscan collision (e.g., Finger et al. 1997; 
von Raumer 1998; Schulz et al. 2008).

In sum, Austroalpine and South Alpine basement units, 
particularly those studied herein, record distinct segments 
of the Cenerian orogen (Fig. 5). Younger sequences, such 
as the Landeck Quartz-phyllite, may however record post-
Cenerian sedimentation. In contrast, the generally younger 
ages obtained for Penninic units of the Tauern Window, 
together with the presence of early Variscan high-pressure 
metamorphism, may imply a position closer to the forearc, 
in line with late Paleozoic paleogeographic reconstructions 
(von Raumer 1998; Veselá et al. 2022). The pre-Variscan 
early to middle Paleozoic geological record of the Alpine 
basement was thus intimately related to retreating accre-
tionary orogenic processes and crustal extension, possibly 
resulting from slab roll-back (Oriolo et al. 2021). Conse-
quently, coeval development of oceanic crust might have 
been the result of the development of back-arc basins of lim-
ited extension (e.g. von Raumer et al. 2002; Stampfli et al. 
2013; Oriolo et al. 2021; Siegesmund et al. 2021; Finger and 
Riegler 2022; Neubauer et al. 2022), in contrast to models 
assuming rifting and widespread oceanic basins.

Conclusions

There is growing evidence of late Ediacaran to early Paleo-
zoic Cadomian to Cenerian orogenic processes in the Euro-
pean basement. However, the position of the different crustal 
blocks in the large-scale orogenic architecture is still uncer-
tain in most cases, particularly for the Cenerian event. In this 
contribution, whole-rock geochemical and detrital zircon 
constraints on the tectonic evolution and paleogeographic 
position of key Alpine basement units, previously correlated 
in the context of the Cenerian Orogen, are presented, provid-
ing also correlations with adjacent crustal blocks.

Detrital zircon data mainly indicate late Ediacaran to 
early Ordovician maximum sedimentation ages for the 
studied sequences, except for those of the Venediger Nappe, 
which show Devonian maximum deposition ages compara-
ble to those previously reported for further metasedimen-
tary sequences of the Tauern Window basement. In particu-
lar, the common presence of late Ediacaran to Cambrian 
Cadomian ages associated with mainly subchondritic to 
suprachondritic Lu–Hf compositions imply an input from 
Cadomian magmatism and its metasedimentary wallrock. 
Geochemical data further support this interpretation, since 
sedimentary protoliths exhibit a typically low to moderate 
maturity and, in some cases, evidence of recycling.

The studied Austroalpine and South Alpine basement 
units record distinct segments of the Cenerian orogen. The 
common presence of arc-related intrusions in these areas 
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suggest that they mainly occupied an arc/back-arc position 
in the Cenerian Orogen, except for the Strona-Ceneri Zone, 
which was likely closer to the forearc region, as documented 
by evidence of high-pressure metamorphism. Younger 
sequences, such as the Landeck Quartz-phyllite, document 
post-Cenerian sedimentation, whereas those of the Venedi-
ger Nappe more likely record the early stages of Variscan 
subduction.
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