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The proto-Alpine Cenerian orogen (Ediacaran-Ordovician) and the Cadomian orogen (Ediacaran-Cambrian), remnants
of which are exposed in the central European Variscides, should be defined as two distinct and spatially separated coastal
orogens within the Avalonian-Cadomian belt. The Cadomian orogen originally lay in front of the Sahara metacraton. It
underwent a change from an active to a passive margin setting during the Cambrian. The Cenerian orogen, represented
by intra-Alpine rocks, was located farther east near the Arabian Nubian Shield, from where it inherited a characteristic
Tonian/Stenian detrital zircon signal. Subduction persisted in the Cenerian Orogen until the Ordovician. The Cadomian
orogen was akin to Andean type whereas the Cenerian orogen was more akin to Alaskan type. This paper explores why
the two orogens have such different characteristics and tectonic evolutions despite their probable proximity in the Ava-
lonian-Cadomian belt. One explanation could be that they were at nearly right-angles to each other due to a strong con-

cave bending of the northern Gondwana margin ahead of the Arabian-Nubian Shield.

1. Introduction

It is generally accepted that the oldest (i.e., late Neo-
proterozoic to Ordovician) rocks in central Europe stem,
with a few exceptions (Lindner et al., 2021), from the Af-
ro-Arabian sector of the north Gondwana margin. They
were part of the so-called Avalonian-Cadomian belt as
defined by Nance et al. (2008) and are now prominently
exposed in the Saxothuringian (Linnemann et al., 2004)
and Tepla-Barrandian (Zak et al., 2023) units of the Va-
riscides, but also in the Alps (Siegesmund et al., 2021) (see
Fig. 1).

During the Neoproterozoic to Cambrian, there is wide
consensus that the entire northern Gondwana margin
was an active margin (Nance et al., 2008). However, the
subsequent development of north Gondwana during the
Cambrian and Ordovician is controversial topic, especial-
ly with regard to the proto-European sector. Von Raumer
et al. (2013) and Zurbriggen (2015) have suggested that
the proto-Rheic ocean was subducted along the entire
African Gondwana margin until, at least, the middle Or-

dovician. In contrast, other authors have reported evi-
dence that this area (summarized as Armorica by some
authors) had already changed from an active to a passive
margin by the early/middle Cambrian (Linnemann et
al., 2004; Franke et al., 2017; Zak et al., 2023). Neverthe-
less, there are unequivocal signs for Ordovician subduc-
tion-accretion processes in parts of the Alpine orogenic
belt (Zurbriggen, 2015; Spahic et al., 2023; Starijas-Mayer
et al., 2023; and references therein). The aim of this short
communication is to accommodate the available region-
al geological observations into a unified tectonic model.

2.The Cenerian and the Cadomian Orogen

The main hypothesis of this paper is that the late Neo-
proterozoic and early Palaeozoic units in the Alps (Fig. 1)
define a distinct and discrete peri-Gondwana coastal oro-
gen that originated in front of the Arabian Nubian Shield.
Following Zurbriggen (2015), the term “Cenerian” is used
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Figure 1: Sketch map showing areas and units in the Alps (red) where
Late Neoproterozoic, Cambrian and Ordovician rocks are exposed (D
= Defereggen, G = Gleinalm, HT = Hohe Tauern, O = Orobic Alps, OS =
Otztal-Silvretta, S = Schladming, SC = Strona Ceneri Zone, W = Wech-
sel). Note that most of these areas experienced a variably strong Vari-
scan and/or Alpine metamorphic overprint (for review see Neubauer
etal.,, 2022). Following Zurbriggen (2015) these oldest Alpine rocks are
interpreted as part of the Cenerian Orogen (CENO). In contrast, we as-
sign the Late Neoproterozoic, Cambrian and Ordovician rocks in the
Bohemian Massif to a separate north-Gondwana orogen, which we
interpret to be part of the Cadomian Orogen (CADO). See model in
Figure 3 and main text for further explanation. Classical exposures of
CADO rocks occur in the Saxothuringian (SAX) and Tepla-Barrandian
(TB) zones of the Bohemian Massif and correlatives are likely hidden
in the high-grade metamorphic Moldanubian Zone (MOL) (Teipel et
al., 2004). The CADO rocks can be followed westwards into France (Ar-
morican Massif) and Iberia (Franke et al., 2017). Note that the Bruno-
vistulian terrane assembly (BV) in the eastern Bohemian Massif is not
part of the CADO, but represents exotic Amazonian crust (Lindner et
al., 2021).

for this orogen, although we emphasize that the palaeo-
geographic interpretations of Zurbriggen (2015) are dif-
ferent from our own. Unlike Zurbriggen (2015) and most
other previous workers (e.g., Huang et al., 2021; Neubauer
et al.,, 2022), we hold the view that the proto-Alpine Cen-
erian Orogen (CENO) was spatially separated from (and
not superimposed on) the Cadomian Orogen (CADO),
remnants of which are preserved in the extra-Alpine Va-
riscides, for example in the Bohemian Massif (Fig. 1). Fol-
lowing Linnemann et al. (2004), Franke et al. (2017), Zak
and Slama (2018) or Siegesmund et al. (2021), we interpret
the CADO as an Andean type orogen that lay in front of
the Sahara metacraton.

We make the simple assumption here that all pre-Silu-
rian rocks in the Alps were included in the CENO. Howev-
er, because research in this field is only in its infancy, we
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readily concede that refined assumptions will most prob-
ably have to be made in the future. Indeed, complicated
terrane transfers from the CADO to the CENO may have
taken place in the Early Palaeozoic (see discussion sec-
tion). Our key proposition that the CADO and the CENO
were spatially separated orogens is based on the follow-
ing arguments:

1) Subduction activities are documented in proto-Al-
pine units (i.e., in the CENO) until the early/middle Ordo-
vician (Zurbriggen, 2017; Starija$ Mayer, et al., 2023; and
references therein). In contrast, subduction in the CADO
ceased in the early Cambrian and was replaced by an ex-
tensional setting (see recent work of Zak et al., 2023; and
references therein).

2) A continental arc setting with a relatively thick crust
can be inferred for the CADO based on the numerous rel-
ics of late-Proterozoic/early Cambrian, mainly crustal-de-
rived, high-K granitoids in the Armorican Massif (Brown
and D’Lemos, 1991), the Saxothuringian Zone (Kroner et
al., 1994) and the Tepla-Barrandian Unit (Dérr et al., 2002).
The youngest of these granitoids (in the Tepla-Barran-
dian) may be, in part, the product of local arc-continent
collision (Zulauf et al., 1999) or perhaps slab break-off
(Zak et al., 2023). In contrast, late Neoproterozoic and ear-
ly Cambrian granitoids are rare in the Alps, but oceanic
and subduction-related mafic rocks of the same age are
fairly widespread (e.g., Eichhorn et al., 2001; Melcher and
Meisel, 2004) (see compilation in von Raumer et al., 2015).
This implies that the CENO was initiated in an oceanic set-
ting or on a very attenuated marginal Gondwana crust.
We concur with the position of Zurbriggen (2015, 2017)
that the CENO likely had the character of a sediment-rich,
Alaskan-type subduction-accretion orogen, in which
crustal thickening and topographic elevation remained
moderate. Fast erosion of this orogen could account for
the voluminous Ordovician clastic sediments in the Alps
(Nievoll et al., 2022; Neubauer et al., 2022).

3) Detrital zircon spectra from the proto-Alpine units
indicate a considerably greater input of Tonian/Stenian
zircons relative to Palaeoproterozoic zircons than ob-
served in the CADO realm: The ratio of Palaeoproterozoic
(1600-2500 Ma) relative to Tonian/Stenian (800-1200 Ma)
detrital zircons is typically greater than 3 in the Bohemian
Massif, whereas it is mostly below 3 in the Alps (Fig. 2).
In fact, it is below 1 in an overwhelming number of Al-
pine samples (red points in Fig. 2). This indicates that the
CENO and the CADO received detrital material from dif-
ferent hinterlands and different sectors of the Gondwana
margin, respectively (see also Siegesmund et al., 2021).

3. Palaeogeographic aspects and tectonic model

As mentioned before, it is a common assumption that
the Late Neoproterozoic to Cambrian units of the ex-
tra-Alpine Variscides (the Armorican units) were formerly
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Figure 2: Frequency ratio of Palaeoproterozoic zircons (1.6-2.5 Ga)
relative to Tonian/Stenian (0.8-1.2 Ga) zircons in Ediacaran and Palae-
ozoic (meta)sediments of the Alps and the Bohemian Massif (see Tab.
1 for data sources, map as in Fig. 1). Green symbols: strong dominance
(>3:1) of Palaeoproterozoic zircons over Tonian/Stenian zircons. Pink
symbols: weak dominance (<3:1) of Palaeoproterozoic zircons relative
to Tonian/Stenian zircons. Red symbols: dominance of Tonian/Stenian
zircons relative to Palaeoproterozoic zircons.

Bohemian Massif (points from W to E in Fig. 2)
Saxothuringian metasediments, Thuringia
Tepla-Barrandian metasediments
Moldanubian metasediments Cesky Krumlov Friedl et al. (unpubl.)
Moldanubian metasediments (mean) Kosler et al. (2014)
Saxothuringian quartzite, Krkonode—Jizera Massif ~ Zackova et al. (2012)
Saxothuringian quartzite, Orlica-Snieznik dome Szczepanski et al. (2020)
Paragneiss, Gory Sowie Massif Tabaud et al. (2020)

Linnemann et al. (2007)
Drost et al. (2011)

Alps (points from W to E in Fig. 2)
Grand Paradiso Massif
Strona-Ceneri Zone Siegesmund et al. (2023)
Gotthard Massif Siegesmund et al. (2023)
Silvretta Siegesmund et al. (2023)
Tauern Window Vesela et al. (2022)
Defreggen Group Siegesmund et al. (2018)

Manzotti et al. (2014)
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Frank et al. (2020)
Frank et al. (2020)
Frank et al. (2020)
Mandl et al. (2018)
Frank et al. (2020)
Frank et al. (2020)
Chang et al. (2021)
Frank et al. (2020)
Chang et al. (2021)
Chang et al. (2021)

Table 1: Data sources for Figure 2.

Figure 3: Palaeogeographic sketches illustrating the inferred posi-
tions of the Cenerian (CENO) and Cadomian orogens (CADO) within
north Gondwana during the Ediacaran/early Cambrian (left) and the
early Ordovician (right) (modified after Stampfli et al., 2013). Abbrevi-
ations: AR: Armorican Massif, SAX: Saxothuringian, TB: Tepla-Barran-
dian. Stars highlight crustal extension (rifting) inboard on the CENO.
Green arrow labelled “TT” indicates a possible along-margin terrane
transfer from the CADO to the CENO during the Ordovician (Wechsel
Gneiss; see main text).

located somewhere in front of the Sahara metacraton.
These represent the CADO in the terminology of this
paper. We interpret the CADO in the classical way as an
Andean-type accretionary orogen adjacent to the pro-
to-Rheic oceanic plate (Fig. 3).

The proto-Alpine units, on the other hand (represent-
ing the CENO in our terminology), probably occupied a
more easterly position on the Gondwana margin (Fig. 3).
This can be concluded from the characteristic Tonian/
Stenian detrital zircon signal (Fig. 2), which comes most
probably from the Arabian-Nubian Shield (Dérr et al.,
2015; Haas et al., 2020; Meinhold et al., 2021; Siegesmund
et al., 2021). Published reconstructions of the Avalo-
nian-Cadomian belt (e.g., Siegesmund et al., 2021; Zak et
al., 2023) commonly imply that the CENO and the CADO
were laterally aligned on the same active margin of the
same peri-Gondwana subduction system. But in this ar-
rangement it is difficult to explain why the tectonic con-
ditions were so strikingly different, especially during the
Ordovician.

The palinspastic reconstructions of Stampfli et al.
(2013) for the Cambrian and Ordovician offer a reason-
able solution to this problem. These reconstructions
show a marked bend in the Gondwana coastline ahead
of the Arabian-Nubian Shield at the transition from NW
to NE Gondwana. Note that NW and NE Gondwana were
separate landmasses until their collision in the late Cryo-
genian (Scotese, 2014; Merdith et al., 2017). This could
have been responsible for the striking embayment of the
Ediacaran Gondwana megacontinent in front of the Ara-
bian-Nubian Shield.

As a consequence of the concave coastal embayment
between NW and NE Gondwana, it is feasible that the
CADO and CENO were at nearly right-angles to each oth-
er (Fig. 3) and, as such, would develop individual tectonic
evolutions during the Ordovician. In this interpretation,
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it is envisaged that as subduction came to an end in the
CADO, the proto-Rheic oceanic crust continued to be
subducted in the CENO (at least intermittently) until the
early/middle Ordovician. This resulted in subduction-ac-
cretion processes in the frontal parts of the CENO and a
dextral transform regime in the CADO realm as the pro-
to-Rheic oceanic plate moved east. Recent ideas of Syah-
putra et al. (2022), who proposed that the Rheic ocean
grew along a broadly N-S trending ridge superimposed
on proto-Rheic oceanic crust (see Fig. 3 and also Murphy
et al., 2006), kinematically fit this scenario. The tectonic
configuration sketched in Figure 3 gives reason for spec-
ulations that ridge-trench-transform interactions (Sisson
et al,, 2003) played an important role in the CENO and
the CADO realm. It also allows for the possibility that mi-
croterranes could have detached from the CADO, moved
along the Gondwana margin and finally attached to
the CENO (green arrow in Fig. 3). An example for such a
“transferred terrane” could be the Alpine Wechsel Gneiss
Unit, for which Neubauer et al. (2020) credibly proposed a
west African ancestry based on detrital zircon data (note
the green point labelled W in Fig. 2).

4. Discussion

This work builds on the work of von Raumer et al. (2013,
2015) and Stampfli et al. (2013). However, we challenge
some of their interpretations: For example, von Raumer
et al. (2013) positioned the proto-Alpine units far to the
NE, adjacent to South China. In contrast, in our model
(Fig. 3), the position of the CENO is ahead of the Arabian
Nubian Shield, proximal to the transition between NW
and NE Gondwana. A second difference is that we pro-
pose that all late Neoproterozoic to Ordovician rocks of
the Bohemian Massif (except the Brunovistulian) were
proximal to the Sahara metacraton (see Fig. 3), whereas
von Raumer et al. (2015) placed the Tepla-Barrandian to-
gether with the proto-Alpine units close to South China.

Given our interpretation that the CENO and the CADO
were indeed spatially distinct orogens in the Ordovician
(Fig. 3), then the question must be asked as to when and
how did the CENO-derived units come into their pres-
ent-day position south of the CADO units (Fig. 1). Like von
Raumer et al. (2013), we propose that, after a major rift-
ing event in the Devonian (opening of the Palaeotethys),
the CENO and CADO units detached from Gondwana
and were subsequently juxtaposed via dextral strike-slip
processes in the Carboniferous. Parts of the Carbonifer-
ous CENO/CADO suture zone are now hidden under the
northern front of the Alps (Finger and Riegler, 2022). Of
course, it should be noted that the Permian arrangement
of the CENO-derived units was massively disturbed by
Alpine tectonic events. A comprehensive attempt to re-
store the Permian constellation of the intra-Alpine Palae-
ozoic domains has recently been presented by Neubauer
et al. (2022).

An important subject of debate concerns the tectonic
evolution of the CENO and the CADO during the Early
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Palaeozoic. There is wide agreement with the idea that
the African periphery of Gondwana (i.e., CADO in our
terminology) was under strong extension during that
period (e.g., Franke et al., 2017; Zak et al., 2023). However,
the extent to which this phase of extension changed the
overall geological structure of the plate margin remains
contentious. Many authors (e.g., Linnemann et al., 2004;
Kroner and Romer, 2013; Romer and Kroner, 2019; Zak
and Slama, 2018) suppose that the African sector of the
peri-Gondwana crust, although thinned out to form a
hyperextended passive margin (Zak et al., 2023), un-
derwent no substantial oceanisation during the Early
Palaeozoic and, therefore, did not split into mobile ter-
ranes. In contrast, Franke et al. (2017) suggested that
major crustal fragments (the Thuringian/Saxonian ter-
rane) drifted far from Gondwana in the early Palaeo-
zoic giving birth to the Saxothuringian ocean. Similarly,
Stampfli et al. (2013) proposed that a large elongated
Hun ribbon terrane detached from the African sector of
north Gondwana during the Ordovician and travelled
towards Asia.

The same discussion can be translated to the CENO,
which may have started to break-up into terranes during
the Early Palaeozoic (Neubauer et al., 2022). In the Ordo-
vician, subduction/accretion processes likely dominated
at the outboard flank of the CENO, while back-arc rifting
and contemporaneous passive margin type sedimenta-
tion occurred inboard and on the Gondwana facing side.
In fact, Nievoll et al. (2022) describe Ordovician shelf sed-
imentation in the eastern Greywacke Zone of the Alps
that supports the hollowing of a rift basin. Felsic vol-
canism of Ordovician age in the same area (Blasseneck
porphyry) is also considered extension-related (Haas et
al., 2020; Nievoll et al., 2022) with a possible petrogenetic
connection to slab roll back (Best et al., 2016; Lewis et al.,
2022). Likewise, the numerous Cambro-Ordovician mafic
complexes in the Alps (Chamrousse, Speik, etc.) have of-
ten been interpreted in terms of oceanic rift basins that
formed inboard from the Gondwana margin (e.g., Schulz
et al., 2004; Haas et al., 2020; Huang et al., 2021). It should
be noted, however, that many of these mafic complexes
can also be interpreted as obducted oceanic crust from
the outboard side of the CENO (Zurbriggen, 2017; von
Raumer et al., 2015; Neubauer et al; 2020). Therefore, the
important issue of whether Early Palaeozoic oceanic rifts
did open in the CENO realm remains open for discussion,
and, as in the case for the CADO, obviously requires fur-
ther research.

At a larger scale, evidence is mounting that the north
Gondwana margin (the Avalonian-Cadomian belt of
Nance et al., 2008) should be divided into several discrete
segments, each with a significantly different tectonic
evolution, especially during the Ordovician. We tenta-
tively distinguish from west to east:

1) The westernmost (Amazonian) segment with the
Brunovistulian terranes, which detached from Gondwa-
na in the Cambrian (Lindner et al., 2021).



2) The Avalonian segment that broke up into terranes
during the Ordovician in a sinistral transtensional regime
(Syahputra et al., 2022; and references therein). It is note-
worthy that, according to recent papers by Van Staal et al.
(2021) and Murphy et al. (2023), this segment may contain
exotic, non-native crustal fragments of peri-Baltic ori-
gin (W-Avalonia) in addition to true Gondwana terranes
(E-Avalonia).

3) The Cadomian segment, which, during the Ordo-
vician, represented a hyper-extended passive margin in
front of the Sahara metacraton with dextral transtension-
al kinematics (Zak et al., 2023).

4) The Cenerian segment in front of the Arabian-Nu-
bian Shield, at the transition between NW and NE Gond-
wana, that records Ordovician subduction tectonics on
its outboard side and inboard back-arc extension.

5) The large, but little known NE Gondwana segment
in Asia, for which intensive data collection is now under-
way (e.g., Dan et al., 2022; 2023). This segment will likely
require further subdivision.

Finally, widespread Ordovician granitic magmatism,
which is seen in both the Alps and the extra-Alpine Va-
riscides, deserves further attention. Although it is mainly
of S-type to I/S transitional character (Schulz et al., 2004;
Zurbriggen, 2015; René and Finger, 2016; Zak et al., 2023;
Nievoll et al., 2022), some geologists working in the Alps
have, understandably, related this igneous event to arc
magmatism associated with Cenerian subduction and
slab roll-back (Siegesmund et al., 2023). However, similar
felsic magmatism of the same age also occurs in equal
intensity in the CADO, where no Ordovician subduction
activities are documented. This supports crustal thinning
and mantle upwelling as the main tectonothermal caus-
es, although slab roll back may have additionally contrib-
uted to a high heat flow under the CENO (Siegesmund et
al,, 2023).

Dan et al. (2023) have recently shown that Cambro-Or-
dovician S-type granitic magmatism plays a major role in
NE Gondwana (Asia) and propose that it forms a promi-
nent large igneous province (LIP). The intensive Ordovi-
cian magmatism in the CENO and the CADO could repre-
sent the western extension of this so-called Pinghe silicic
LIP, which is potentially related to a major mantle plume.
This aspect should be considered in future studies.
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