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Abstract
An important part of the Pre-Mesozoic basement of the Alps is the product of orogenic processes occurred in
Ordovician times. Most of the geological constrains for this reconstruction have been obtained by the study of
the Strona-Ceneri zone in the Southern Alps, where Alpine overprint was weak.
The erosion of late Pan-African belts delivered large amounts of greywackes and pelites into subduction zones
along Gondwana. The sediments were subducted and accreted to form wide complexes. As a result of the large
sediment input, subduction retreated and the mantle-derived magmas intruded the base of the fertile “mud pile”.
This initiated substantial anatexis to produce peraluminous magmas, which intruded and extruded
syntectonically. Thereby, the predominantly steeply structured subduction-accretion complex provided ideal
pathways for the uprising magmas and down-thrusting host rocks to result in an isostatically stable crust.
The SE-Australian Lachlan fold belt is interpreted as an upper crustal analogue of the Strona-Ceneri zone. Based
on the combination of their geology a crustal profile through an Alaskan-type of orogen is drawn.
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1.

Introduction

The Strona-Ceneri zone is located south of the Insubric line (Fig. 1), where Alpine tectono-metamorphism did
not exceed subgreenschist facies conditions (Frey et al. 1974). Thus, any high-grade structures are of preMesozoic origin. From a lithological point of view, the Strona-Ceneri zone is a classical gneiss terrane composed
of para- and orthogneisses with intercalated banded amphibolites.
Fig. 1: (a) Map of Alpine belt
(redrawn after von Raumer et al.
2013) with highlighted basement
units for which pre-Permian
Schlingen
structures
are
described. (b) Detailed map with
indicated pre-Permian km-scaled
Schlingen folds. Information
about Schlingen in the Austroalpine basement units are taken
from Schmidt (1965).

The following five features are characteristic for the Strona-Ceneri zone: (i) Paragneisses derived from pelites
and greywackes form the matrix (c. 77 area%, see Tab. 1) of the gneiss terrane. (ii) A continental substrate for
these metasediments is not present, but amphibolites with MORB signature could represent a possible former
substrate. However, the banded character of most amphibolites might indicate andesitic protoliths. (iii) Large
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amounts of mainly peraluminous orthogneisses (c. 21 area%, see Tab. 1) have been derived from greywacke
source rocks, similar to the host rocks, the so-called paragneisses. (iv) The main structures such as the
lithological contacts and the pervasive amphibolite facies main schistosity of the orthogneisses are moderately to
steeply oriented (Handy et al. 1999). (v) These main structures are folded by amphibolite facies “Schlingen”,
which are km-scaled folds with generally steep axial planes and fold axes (Zurbriggen et al. 1998).
Tab. 1: Lithologies of the
Strona-Ceneri zone (a
typical
greywacke
dominated gneiss terrane
rich in peraluminous
metagranitoids)
with
estimated
percentages
according to Zurbriggen
(1996).

What is the tectonic scenario of such greywacke dominated gneiss terranes rich in peraluminous metagranitoids?
Remarkably, today such settings are very rare, but in Ordovician time they were globally widespread.
German geologists of the 18th century created the term “Grauwacke” for Paleozoic sandstones, as they realized
the vast occurrence of such rocks. In the 19 th century the concept of geosynclines was developed, which later
became further differentiated in order to describe large thicknesses of immature clastics, such as shales,
greywackes and conglomerates, associated with volcanics, as eugeosynclines (Seyfert and Sirkin 1973). The
same authors show a map of Gondwanaland (their figure 10.28), which is fully framed by early Paleozoic
geosynclines, partly specified as eugeosynclines. Siever (1988) relates the abundance of early Paleozoic
potassium-rich clastics to the absence of vascular plants. Therefore, chemical weathering of granites might have
been different in those times. Furthermore, he mentions that unstable mineral compositions, typical for
greywackes, could be linked to stream deposition during and following the intense stages of orogeny. Thus,
greywackes are signs of terranes related to volcanism and perhaps to earlier stages of orogeny.
The two text books describe how the peculiar early Paleozoic circumstances were realised by sedimentologists
long ago. But how can we explain the genesis of these metagreywacke dominated gneiss terranes within a plate
tectonic setting? Interestingly, already Sengör and Okurogullari (1991) gave a hint, that earlier classified
eugeosynclines relate to accretionary processes indicating an active margin in the context of modern plate
tectonics.
This study compares different pre-Mesozoic basement units in the Alps with a focus on the Ordovician
magmatism. The reason is that this type of magmatism and its structural overprint is regarded as a key for the
Ordovician orogenic evolution. There is broad consensus about age, composition and its relation to anatexis. But,
with respect to its structural overprint and the tectonic setting there is a controversy ranging from collisional
scenarios (e.g., Franz and Romer 2007) to extensional scenarios (e.g., von Raumer et al. 2013). In order to
explain the genesis and tectonic setting of the Ordovician orthogneisses a new orogenic model is described. For
that purpose the author refers to two concepts, which were poorly recognized in the past: (i) the concept of
forearc granitoids as defined by Barker et al. (1992), and (ii) the concept of cratonization of subduction-accretion
complexes as developed by Crook (1980). Barker’s concept of forearc granitoids provides a new sight on the
relationship between para- and orthogneisses, and Crook’s concept can explain the setting of predominantly
steeply structured metapelites and metagreywackes with intercalated metagranitoids and amphibolites. To
introduce these two concepts the author will compare the Strona-Ceneri zone with two other regions far away
from the Alps, (i) the Alaskan forearc region and (ii) the Paleozoic Lachlan fold belt in Australia, for which
Barker and Crook developed their concepts, respectively.

Page 2

Three claims are made, which will be discussed in the frame of this study: (1) The Ordovician orogeny was not a
continent-continent collision because of the absence of pre-Ordovician cratonic crust. (2) The Ordovician
orogeny was not a rifting controlled event because of the eclogite facies metamorphism and the syn-tectonically
emplaced steeply inclined sheets of orthogneisses indicating a compressional or transpressional field. (3) The
Ordovician orogeny was not an Andean-type active margin because the magmatism does not indicate a dominant
metaluminous chemistry typical for granites generated by fractionation of mafic magmas.
However, the MORB-signature of some amphibolites with eclogitic relics clearly indicates a subduction related
scenario, and the dominance of metagreywackes clearly indicates a nearby, tectonically active, terrigeneous
hinterland with high erosional rates.
2.

Discussion of geology and plate tectonics

The Strona-Ceneri zone comprises the deformed and metamorphosed remains of an early Paleozoic subductionaccretion complex with relicts of eclogite facies assemblages that became re-equilibrated under amphibolite
facies conditions during the intrusion of peraluminous Ordovician granitoids (Zurbriggen et al. 1997). One of
these metagranitoids, namely the Ceneri gneiss, is controversially discussed in the literature because it has the
same chemistry as the metagreywacke host rocks, but in the core regions of the bodies it displays isotropic
magmatic structures with xenoliths (Zurbriggen et al. 1997). Although Pinarelli et al. (2008) interpret the Ceneri
gneiss as a metasedimentary rock, the comparison with other Ceneri gneiss-like lithologies of the pre-Mesozoic
basement units will demonstrate that these peculiar inclusion-rich S-type metagranitoids link the metasediments
with the widespread anatexis and related metagranitoids (see chapter 3). The main schistosity of these gneisses
was generated under amphibolite facies conditions in the range of 570-630°C and 7-9 kbar (Zurbriggen et al.
1997). Pinarelli and Boriani (2007) attribute the main structural overprint of the orthogneisses to Variscan
tectonics, and, conclusively, interpret the Ordovician magmatism as an atectonic thermal event with totally
different implications for the Ordovician setting. On the other hand, new age data of Franz and Romer (2007)
confirm that accretion, eclogitization, anatexis and pre- to synmagmatic deformation occurred in a remarkable
short time interval of 12 Ma (462-450 Ma), and clearly indicate an Ordovician orogenic evolution for the StronaCeneri zone.
A similar geology is reported for other pre-Mesozoic basement units in the Alps: Schaltegger et al. (2003)
indicate a time span of 35 Ma (480-445 Ma) including gabbroic intrusion (478 ± 5 Ma), its HP overprint
followed by anatexis between 456 and 450 Ma in the Aar massif. Ordovician ages of 460-470 Ma for eclogite
metamorphism subsequently followed by anatexis and magmatism are also reported for the Gotthard massif
(Oberli et al. 1994, Mercolli et al. 1994) and for the Oetztal-Stubai complex (Hoinkes and Thöni 1993, Thöny et
al. 2008). The Silvretta nappe shows similar rock associations (Schaltegger et al. 2003). But in addition to the
late Ordovician metagranitoids (“Flüelagranitic gneisses”) a series of late Cambrian to early Ordovician “Older
Orthogneisses” (including the Mönchalp granite, metagabbros, metadiorites, metatonalites and metagranitoids)
indicates a more complex magmatic evolution associated with anatexis in several pulses (Poller et al. 1997). Von
Raumer et al. (2003) mention that in the Aiguilles Rouges/Mont-Blanc area c. 450 Ma magmatic ages have been
obtained for both, eclogitized MORB-like basic rocks and for S- and I-type orthogneisses.
In the Strona-Ceneri zone the main schistosity of the orthogneisses is deformed by km-scaled folds with steep
axial planes and fold axes ("Schlingen", Schmidegg 1936), which were dated Variscan (Zurbriggen et al. 1998,
321 Ma, Locality Nivetta, Fig. 1). Comparable structures have been recognized in the External massifs
(Gotthard massif: Huber 1943; Aiguilles Rouges-Mont Blanc: von Raumer and Bussy, 2004) and in the
Austroalpine domain (Silvretta nappe: Wenk 1934, Maggetti and Flysch, 1993; Oetztal-Stubai complex:
Schmidegg 1936, Schmidt 1965; and in the Deferegger Alps: Schulz 1988; Fig. 1).
Already Wenk (1934) and Schmidegg (1936) have interpreted the Schlingen as folding of steep schistose rocks
around steep axes. Therefore, the occurrence of amphibolite facies Variscan Schlingen folds indicates the preexistence of a steeply structured gneiss terrane, which generated, in this case, c. 130 Ma earlier in Ordovician
time. In fact, von Raumer et al. (2013) describe large-scale strike slip tectonics at about 330 Ma (see their Fig.
6D), which would deliver the right scenario leading to the formation of Schlingen.
Altogether there is clear evidence that the Ordovician orogenic evolution and the Variscan formation of
Schlingen occurred regionally and affected all pre-Mesozoic basement units of the Alps. However, for the
reconstruction of the Ordovician evolution it is fundamentally important if the main schistosity of the
orthogneisses is related to synmagmatic Ordovician tectonics or to a post-magmatic Variscan overprint. The
former would indicate a convergent setting in Ordovician time. The latter would leave the Ordovician anatexis
and cogenetic magmatism as a thermal event related to extensional tectonics and decompression. Therefore, we
have to consider this aspect in more detail.
It is known that the structural relationships between pluton and host rock is dependent on the crustal level. As
illustrated in Fig. 2c, a pluton can be concordant and pervasively sheared in the lower crust, and will be
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interpreted as syn-tectonic, while with decreasing metamorphic grade in the upper crust, the same pluton
develops a contact aureole and discordant contacts, and will be interpreted as post-tectonic. Because
Austroalpine basement units indicate a low pressure (e.g., Thöny et al. 2008 indicate less than 2.8 kbar for the
Ordovician event in the Oetztal nappe), the Ordovician granitoids might be interpreted as post-tectonic or
atectonic, simply due to their position in the upper crust. In addition, the pre-Mesozoic basement units north of
the Insubric line suffered an Alpine overprint of their Variscan and pre-Variscan structures, which makes their
identification even more difficult. Therefore, the Strona-Ceneri zone offers a unique example of a pre-Mesozoic
basement unit, which preserved the Paleozoic high-grade structures of the lower crust.
Fig. 2: Petrogenetic model for the Ceneri gneiss
and similar inclusion-rich S-type granitoids. (a)
Hypothetical cross section through the crust at
the time of Ceneri gneiss magmatism. For
location of the cross section see figure 6. (b)
Different basement units of the Alps (and the
Lachlan fold belt, LFB) are located according to
the pressure indicators in the Ceneri-gneiss-like
granitoids. (c) “Per migma ad magma” and the
structural relationships of plutons as a function
of crustal depth. For explanations see text. The
author was inspired by figures of Flood and
Vernon (1978), D’Lemos et al. (1992), and
Brown (1994).

Zurbriggen et al. (1997) argue for a syntectonic emplacement of the Ordovician granitoids as follows: (1) Relics
of magmatic foliation are concordant with intrusive contacts and main schistosity in the country rocks, which is a
reliable argument for syn-tectonic intrusions. (2) The high aspect ratio of the plutons and their orientation
parallel to the main schistosity indicates a tectonically controlled emplacement. Zurbriggen (1996) provides an
example of an approximately 20 km long Ceneri gneiss body ranging from Cannobio (Italy) across Lago
Maggiore into the Gambarogno area (Switzerland) and back into the Lago Delio area (Italy). It has an aspect
ratio of 1:45. In contrast, the aspect ratios of its inclusions are mainly in the range of 1:5 – 1:25, indicating a
synmagmatic shearing component, which did affect the pluton but not its inclusions. (3) The Ordovician lower
intercept ages of the metasediments date a severe isotopic disturbance that is reasonably inferred to be the age of
the main tectono-metamorphic event, which caused the main schistosity under amphibolite facies conditions.
Schaltegger and Gebauer (1999) concluded that the major pre-Alpine tectono-metamorphic event was the
Ordovician orogenic cycle. Based on the age records of detrical zircons from the metasediments these authors
infer the Brasilian and/or Guyana shield as provenance area for metasediments rather than the West African
Craton. Other studies favor a position of the Ordovician orogenic belt north of Gondwana (Torsvik and Cocks
2011, Meinhold et al. 2013, and Figs 12.2 and 12.3 of Frisch and Meschede 2011) or at the periphery of the
South China Craton (Stampfli et al. 2013). Wherever the position was (see Fig. 3b), the sediment input from the
corresponding hinterland must have been extraordinary high, which relates to the erosion of the global network
of Pan-African belts (Fig. 3a).
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Fig. 3: (a) Neoproterozoic supercontinent Vendia (c. 570 Ma) with peripheral and intercratonic Pan-African
belts redrawn after Murphy and Nance (1989), Powell et al. (1990), Dalziel et al. (1994) and Meert &
Lieberman (2008). (b) Late Ordovician (c. 450 Ma) configuration of continents redrawn after Dalziel et al.
(1994) and Jurdy et al. (1995). Localization of the Lachlan fold belt and Altaids after Powell et al. (1990) and
Sengör et al. (1993), respectively. The Cenerian belt (as part of a much larger Cambro-Ordovician cordillera
along the Gondwana margin) is localized at [1], [2], or [3] according to different reconstructions of Torsvik
and Cocks (2011), Stampfli (2000), or Stampfli et al. (2013), respectively.
Von Raumer and Stampfli (2008) relate the large thicknesses of early Paleozoic sedimentary sequences to a
rifting scenario with high subsidence rates in combination with an uplift of the Gondwana passive margin
(shoulder uplift). Furthermore they relate this scenario to the opening of the Rheic Ocean as a back-arc basin.
However, large sedimentary thicknesses can also be the result of lateral accretion in a convergent tectonic setting
like it will be discussed in the context of subduction-accretion complexes.
Fig. 4 is a schematic visualization of global plate tectonics during Neoproterozoic and Paleozoic times. Four
supercontinents have been formed: Rodinia, Vendia (or Panafrica), Gondwana and Pangea. Note that Pangea was
open to its east side (Paleo-Tethys), and was therefore much less compact than Vendia with its widely abundant
intercratonic and peripheral Pan-African orogens (Fig. 3a).
Fig. 4: Flow chart
of Neoproterozoic
and
Paleozoic
plate
tectonics.
Chinese
cratons
and minor terranes
are not considered.
The two arrows at
the base of the
scheme correspond
to the snapshots
shown in Fig. 3a
and b. (Redrawn
after Zurbriggen
1996.)
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Jurdy et al. (1995) suggest that in a time span of about 150 Ma (from 750 until 600 Ma) the continents split from
Rodinia and were rearranged in a second Neoproterozoic supercontinent called Vendia or Panafrica (Fig. 3a).
Thereby, East-Antarctica, Madagascar, India and Australia (the later East-Gondwanan cratons) rotated from the
west side of Rodinia to the east side of Vendia (Fig. 4) and the East African orogen formed (Meert and
Lieberman 2008, Meinhold et al. 2013). In addition, Vendia was bordered by two active margins, (i) the
Avalonian-Cadomian belt (670-540 Ma) and (ii) the Kanmantoo belt (Powell et al. 1990), also called the RossDelamerian belt (Dalziel 1992).
The world-wide orogenic activities between 750 and 520 Ma represent an important part of the Pan-African
episode, at the end of which the European shelf (Dalziel et al. 1994) began to develop at the northern margin of
Gondwana (Fig. 3a). There, the protoliths of the metagreywackes and metapelites of the pre-Variscan basement
units of the Alps were deposited. In fact, the youngest detrital zircons in metasediments from the Central- and
Southern Alps are 570 Ma old (Schaltegger and Gebauer 1999). This configuration is consistent with above
mentioned recent plate tectonic reconstructions for Ordovician times showing corresponding south European
terranes at the northern or north-eastern rim of Gondwana. In addition, Torsvik and Cocks (2011) indicate a
sediment delivery from northern Gondwana by the northward flowing South Polar ice shield.
The Cadomian orogeny included a sinistrally oblique subduction (Linnemann et al. 2014), which might have
caused an eastwards migration of the subduction zone into the European shelf, an area of high sediment input
(Fig. 3a). The critical combination of subduction of oceanic crust and large sediment input into the trench region
triggered the development of subduction-accretion complexes with forearc magmatism at the periphery of
northern Gondwana or further eastwards near to the South China Craton (Fig. 3b).
Sengör et al. (1993) interpret the whole Altaid tectonic collage in the middle of Asia as an assemblage of various,
mainly Paleozoic subduction-accretion complexes. The large amounts of clastic sediments derived from Baltica
and Siberia, a self-consistent configuration of continents which was plate-tectonically decoupled from
Gondwana (Fig. 3b). However, the configuration is similar to that of Gondwana including the same type of pericratonic orogens such as the Cenerian belt and the Lachlan fold belt are.
3.

Characteristics of Ordovician magmatites

Ordovician metagranitoids are abundant in pre-Mesozoic basement units of the Alps. The comparison of these
metagranitoids is focussed in a first step on the main types, namely the orthogneisses or metagranitoids of the
Strona-Ceneri zone, the Streifen gneisses of the Gotthard massif, the Flüelagranitic gneisses of the Silvretta
nappe and the ortho-, augen-, and granitic gneisses of the Oetztal-Stubai complex.
Fig. 5 shows that these metagranitoids are very similar in their peraluminous composition, plotting remarkably
near the mean compositions of pelites or shales (P), and greywackes (G), after Pettijohn (1963). Except for some
hornblende-bearing metatonalites from the Strona-Ceneri zone (compare Fig. 7 in Zurbriggen et al. 1997) the
majority of metagranitoids plots far away from a mantle-derived basaltic source.
Fig. 5: Debon-Le
Fort diagram for
various Ordovician
(meta-) magmatites
in the Alps. For
references of data
see table 2. Data
from Ceneri gneiss,
its melanosome and
metapegmatites are
taken
from
Zurbriggen et al.
(1997). (The mean
composition
of
common
basalts
after Le Maitre
1976, is denoted
with a “B”.)
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Tab. 2: References of
the geochemical data
base for Fig. 5.

The mean composition of 255 Ordovician metavolcanics (porphyroids) from the Eastern and Southern Alps is
very similar to that of the Ordovician metagranitoids supposing that both can be regarded as volcanic and
plutonic equivalents of the same magmatic event as already mentioned by Peccerillo et al. (1979) and Heinisch
and Schmidt (1982).
The main characteristics of the Ordovician plutonic suites are: (i) large volumes (e.g., 21 area% of the StronaCeneri zone; Tab. 1); (ii) sheet-like concordant bodies (typical for syntectonic intrusions); (iii) xenoliths are
identical to the country rocks (metasediments and amphibolites); (iv) cogenetic mafic enclaves are rare or absent;
(v) mafic end members are rare or absent; (vi) association with inclusion-rich S-types; (vii) mainly potassiumdominated, peraluminous granitic to granodioritic suites; (viii) mainly ALUM- (generated by biotite
fractionation of sedimentary protoliths) and ALCAF-suites; (ix) real CAFEM-suites (generated by hornblende
fractionation of mafics) are rare or absent (Fig. 5).
According to Debon and Le Fort (1988) ALUM- and CAFEM-suites correspond in a descriptive sense to
Chappell and White’s (1974) S- and I-types, respectively. ALUM-, ALCAF-, and CAFEM-suites further
correspond to the S-, H-, and M-type granitoids of Castro et al. (1991), standing for sedimentary-derived, hybrids
and mantle-derived granitoids, respectively. Furthermore, Castro et al. (2009) describe ALUM-suites as
ferrosilicic granitoids, which reflects their metagreywacke source rock.
The above list of characteristics of the Ordovician metagranitoids, their association with metaturbidites
(flyschoid metapelites and metagreywackes) and banded amphibolites (partly with MORB signature), the steep
structures, and the apparent absence of pre-Ordovician cratonic crust suggest a geodynamic setting similar to that
found in a forearc accretionary complex. Barker et al. (1992) give a case study (Gulf of Alaska) of such an
accretionary prism and the forearc granitoids occurring therein (note that the term “forearc granitoids” is taken
from their publication). They show that melting of flyschoid sediments, and especially greywackes which are
fertile in granitoid melts, is a major process in the generation of such granitoids. Forearc granitoids reflect
compositions and isotopic signatures of their sedimentary source rocks, which themselves have inherited
compositions and signatures of the hinterland they are derived from. Therefore, common tectonic-discrimination
diagrams for granitic rocks may misinterpret forearc granitoids, in that they interpret their source rocks rather
than the tectonic setting of the magmatism (Barker et al. 1992). For example, according to the dominant graniteforming process of melting sediments, the Alaskan forearc granitoids should be labelled with an “S”. But the
inherited I-type signature of the greywacke-source rocks remains preserved in the granitoids, which therefore
still have I-type compositions. Or, according to the granite classification scheme of Pearce et al. (1984) the
Alaskan forearc granitoids are of the volcanic arc type. But Barker and co-workers note that Pearce et al. (1984)
have no category for forearc magmatism, instead typical forearc intrusives were included by Pearce’s team with
their volcanic arc granitoids. Conclusively, it can be a misleading practice to apply genetically pre-interpreted
tectonic discrimination diagrams to forearc granitoids. Therefore, in this study the chemically descriptive
diagram of Debon and Le Fort (1988) is applied to the Ordovician magmatites (Fig. 5). As shown by Zurbriggen
et al. (1997) the metagranitoids of the Strona-Ceneri zone show a Rb-(Y+Nb) pattern (Pearce et al. 1984)
identical to the inherited volcanic arc signatures of their metasedimentary host rocks.
Of specific interest are the inclusion-rich S-type metagranitoids like the Ceneri gneiss (Flasergneiss is similar) of
the Strona-Ceneri zone, and comparable rock-types from the Gotthard massif (Paradis gneiss and similar
Schmitzen gneiss), the Silvretta nappe (Mönchalp granite), and the Oetztal nappe (Winnebach granite and
similar Sulztaler, Inziger and Schlosskopf granites). Such inclusion-rich S-type granitoids (Tab. 3) bear many
similarities to the Ordovician Cooma granodiorite, the type locality of Chappell and White’s (1974) S-type of the
SE-Australian Lachlan fold belt. In all those regions these inclusion-rich peraluminous granitoids represent keylithologies linking the metasedimentary pile with volumetrically abundant magmatism in their areas.
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Tab. 3: Petrographic data for Ordovician inclusion-rich S-type granitoids. (*The Paradis gneiss was not
isotopically dated, but according to Mercolli et al. (1994) it associates with migmatites post-dating granulite
facies at 470 Ma, and pre-dating Streifen gneiss intrusion at 440 Ma. **Poller et al. (1997) mention late
Cambrian to early Ordovician isotopic ages for the Mönchalp gneiss/Mönchalp granite.)
In anatectically derived granitoids the formation of retrograde muscovite can reduce the mode of K-feldspar
producing a shift in the QAP diagram towards the tonalite field (White and Chappell 1990). Therefore, Ceneri
gneiss-like lithologies (Tab. 3), which are very similar in chemical composition, can vary mineralogically from
the granite to the tonalite field simply due to retrograde rehydration reactions. This could also explain the
clusters of tiny oligoclase crystals with interstitial muscovite, the typical microstructure of the Ceneri gneiss
(Boriani 1970), which is typical for all inclusion-rich S-type granitoids in the Alps! Their origin could be caused
by decompression related to the mobilization and emplacement of the melts. Thereby water deliberated from the
melt and reacted with K-feldspar and alumosilicates to form clusters of oligoclase and muscovite.
The Ceneri gneiss, the Paradis gneiss and the Winnebach granite are tonalites. The latter is quite rich in quartz.
The Cooma granodiorite plots into the field of quartz-rich granitoids, and the Mönchalp granite is much more
granitic in composition and except for the lower content in quartz similar to the Cooma granodiorite. High
modes of quartz are very typical for S-type granitoids which derived from quartz-rich source rocks. Most of
these Ceneri gneiss-like lithologies fall within the S-type field of Lewis et al. (1994).
The Cooma granodiorite is partly foliated and partly massive and contains various metasedimentary xenoliths,
such as metagreywacke-gneiss xenoliths, sillimanite and/or biotite-rich enclaves or schlieren, and feldspar and
quartz xenocrysts or so-called quartz lumps (Tab. 3). Feldspar xenocrysts originate from early formed pegmatites
which in a later advanced stage of anatexis become disrupted. Quartz lumps may have the same origin or they
can derive from vein quartz in the protolith. They are clearly restitic and very typical for S-type granitoids
(Chappell et al. 1987).
Ceneri gneiss-like lithologies are strongly peraluminous. In the case of the Ceneri gneiss the percentage of
normative corundum ranges from 1.5 to 8.1%, typically around 5%. Consequently they bear Al-silicates
according to the attained P-T conditions. Kyanite, sillimanite, and garnet in the Ceneri gneiss (Tab. 3) indicate
pressures around 10 kb (Zurbriggen et al. 1997). The abundance of garnet and the lack of cordierite in the
Paradis gneiss indicate pressures between 6 and 9 kb (Vielzeuf and Holloway 1988). The classical cordierite
granites of the Silvretta and Oetztal nappes (Mönchalp granite and Winnebach granite/migmatite) indicate
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pressures around 5 kbars (Söllner et al. 1982), but Thöny et al. (2008) provide geobarometric data for the latter
to be less than 2.8 kb.
The andalusite and cordierite bearing Cooma granodiorite of the SE-Australian Lachlan fold belt crystallized at
pressures between 3.5 and 4 kb (Ellis and Obata 1992) and the Cowra granodiorite (about 200 km west of
Sydney) has a very limited aureole and is associated with volcanics of the same composition, and is therefore
classified as a subvolcanic granitoid (Wyborn et al. 1991).
Based on these pressure indicators a petrogenetic model, shown in Fig. 2, can be drawn: Granulite facies
temperatures in the lowermost crust produce migmatites and progressively diatexites. Driven by buoyancy and
simultaneous tectonics, these migmas became isostatically unstable and tended to rise, preferentially along preexisting steep structures and deep-reaching active faults zones. In an early stage of anatexis pegmatites were
produced. Evidence for an anatectic origin of these leucotonaltic metapegmatites is provided by their chemical
composition (Fig. 5) plotting on a line with the Ceneri gneiss and its melanosomes (biotitic restites). This
explains why metapegmatites and metatexites predominantly occur in the vicinity of Ceneri gneiss bodies, and
why metapegmatites are cut by the subsequently emplaced Ceneri gneiss pluton as drawn in Fig. 2 (see also
photo 2e in Zurbriggen et al. 1997).
The reason why the Strona-Ceneri zone is relatively rich in Ceneri gneisses is its position in the lower crust. Due
to the relative high viscosity of deep-seated water-under-saturated magmas such plutons tend to accumulate in
the lower to middle crust rather than intruding shallow crustal levels. One of the most important consequences of
this model (Fig. 2) is that together with the uprising S-type granitoids the isotherms and the migmatic aureole
become flexed upwards and narrowed, producing steeply inclined isograds, large lateral gradients, and high
T/low P metamorphism at shallow crustal levels. However, to understand the causes for such intensive deepcrustal anatexis of metasediments we have to look at the tectonic setting discussed in the next chapter.
4.

New model for the Ordovician orogeny in the Alps

The model of cratonization of subduction-accretion complexes can explain the genesis of metagreywacke
dominated gneiss terranes such as the Strona-Ceneri zone and similar basement units. In order to describe the
many details of these highly dynamic petrogenetic processes, the model will be discussed along seven aspects
which are located with corresponding numbers in Fig. 6.

Fig. 6: Tectonic model of the Cenerian belt at the periphery of northern Gondwana or the South China Craton
in Ordovician time. Possible paleogeographic positions of the Cenerian belt are indicated in Fig. 3b. The
numbers 1-7 are described in the text. (EG: eclogite facies, GF: granulite facies, AF: amphibolite facies, GSF:
greenschist facies, CM: contact metamorphism; simplified and redrawn after Zurbriggen 1996.)
Point #1 in Fig. 6: Geodynamic setting: large input of detritus into subduction trench
The cratonization of forearc subduction-accretion complexes is a fast, highly dynamic and self-sustaining
process (Crook 1980), needing (i) long lasting subduction and (ii) a high sedimentary flux from a craton. (i) Van
Staal and Hatcher (2010) notify that the Ordovician is marked by the formation of peri-cratonic arcs of great
strike-length along the margins of Laurentia, Baltica, Siberia, and Gondwana, which were separated by wide
oceans. (ii) In case of the Lachlan fold belt, the sediments derived from the Kanmantoo belt (600-500 Ma),
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whereas the sedimentary input for the Strona-Ceneri zone (as part of the Cenerian belt) probably have been
derived from the Cadomian belt (670-540 Ma) and/or intercratonic late Pan-African belts of northern Africa (e.g.,
Meinhold et al. 2013). Von Raumer et al. (2013) mention additional sedimentary sources in north-eastern
Gondwana and the South China Craton. The Ordovician South Polar ice shield accelerated the rates of erosion
and caused a sediment transport in direction to the shorelines (e.g., Torsvik and Cocks 2011), where the
deposition of sediments was localised at the sites of calving and melting, right in the trench area!
Point #2 in Fig. 6: Accretionary tectonics
Subduction zones with high sediment input form accretionary complexes with a seaward retreating trench (Clift
and Vannucchi 2003). With the addition of new wedge-shaped sedimentary packages at the base of the prism,
older thrust wedges are gradually moved upwards and rotated with their top to the arc. The continuous (trans-)
pressional tectonics cause a progressive steepening of the main structures of the accretionary prism with
increasing distance from the trench. Both, subduction and accretion tectonics predate the forearc magmatism
creating pre-magmatic structures in the metasediments.
Point #3 in Fig. 6: Development of forearc granitoids
The Strona-Ceneri zone consists of 21 area% of metagranitoids (Tab. 1), 85% representing crustal-derived Stype granitoids. Taking into account the extruded equivalents, about the lower fifth of the accretionary complex
melted and intruded higher crustal levels. Assuming an approximate thickness of 30 km of the accretionary
complex, this means, that the lowermost 6 km were melted away. What was the heat source for such a
substantial anatexis?
Mantle-derived mafic magmas are generally hotter than 1000°C and have solidi above 900°C. As they come in
contact with the cooler accretionary complex they cool, rheologically thicken, and start crystallizing releasing
cooling and crystallization heat. According to Vielzeuf and Holloway (1988), in the metapelite-greywacke
system large amounts of anatectical melts are generated in a narrow temperature range between 850 and 875°C.
This will have an important buffering effect on metamorphic temperatures in the lowermost crust, because
temperatures cannot further rise until melting reactions, such as biotite-dehydration is completed. Due to these
processes the lowermost parts of the accretionary wedge reach temperatures between 850 and 900°C. Exactly in
this temperature range crustal derived melts are near their liquidi. On the other hand, mantle-derived mafic
magmas begin to solidify at 900°C, and thus, will have increased viscosities. These viscosity contrasts reduces
magma interaction and the formation of hybrid magmas. Due to their higher density, mafic rocks tend to remain
at depth where they underplate the anatectic horizon of the lowermost accretionary wedge.
During the initial stage of the development of a subduction-accretion complex, the accretionary prism is small
and the subduction-related mantle-derived magmas intrude the margin of the craton. The input of crustal-derived
magmas will, therefore, be minor and the magmatism will be of the Andean-type (Tab. 4). As the sediment input
increases due to increased erosion rates in the hinterland, the accretionary prism grows ocean-wards. As a result,
the subduction zone retreats, and from a certain point, the subduction-related mantle-deriving magmas intrude
directly the accreted and fertile “mud-pile” instead of the former sterile cratonic crust, and the magmatism
changes from an initial volcanic arc of the Andean-type to a forearc magmatism of the Alaskan-type.
Beside the majority of crustal-derived S-type granitoids, M-type granitoids and hybrids (nomenclature according
to Castro et al. 1991) can be present in cratonized subduction-accretion complexes, too, indicating that not all
mantle-derived melts underplate the anatectical horizon, especially in periods when the sedimentary flux
decreases and/or the subduction accelerates.
Barker et al. (1992) list many options for basaltic magma sources including the subduction of a spreading ridge.
In fact, the plate tectonic reconstructions of Stampfli (2000) indicate the subduction of the fast-spreading Rheic
Ocean. However, the widespread occurrence of forearc granitoids over geographically large areas all along
Gondwana and over chronologically long periods during the Paleozoic era would favour a long lasting standard
subduction scenario as suggested by the model.
With respect to the tectonic setting and the location where the basaltic magmas underplate the prism (as inferred
by the model), this peraluminous magmatism represents the arc itself, instead of being in the forearc region.
Therefore, from a model’s perspective this type of magmatism should be called for example “peraluminous arc”
rather than “forearc”. However, in this study the term “forearc granitoids” from Barker et al. (1992) was applied
to the peraluminous Ordovician granitoids because of their concept of inherited signatures.
Point #4 in Fig. 6: Processes in the lower crust as represented in the Strona-Ceneri zone
The steep structures provide an ideal framework for the syntectonic emplacement of magmas. This upwards
mass flow must be compensated by a downwards flow of country rocks, causing a major reorganization into a
stable cratonic crust. This would explain the juxtaposition of eclogite facies rocks next to lower grade rocks in
the Strona-Ceneri zone, all overprinted in amphibolite facies grade (Zurbriggen et al. 1997).
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From a geodynamic point of view, all deformation phases can be regarded as one continuous tectonic event
during which the Ordovician magmas were generated, successively emplaced, and subsequently deformed under
amphibolite facies conditions. However, from a geometric point of view, there are still two deformation phases:
the pre-intrusive D1 subduction-accretion phase, and the syn- to subsequent post-intrusive D2 cratonization
phase.
Point #5 in Fig. 6: Processes in the upper crust with reference to shallow crustal analogues
In the same way as mantle-derived mafic magmas bring advective heat into the lowermost crust, heat is
transferred by the plutons to the upper crust. As a result the isotherms become narrowed inducing high thermal
gradients and associated high T/low P metamorphism in the upper crust, as can be observed in the Lachlan fold
belt. The cratonization processes do not form an over-thickened crust. Therefore no late to post-orogenic
exhumation of the deeper crust occurs. At this point the comparison to the Lachlan fold belt becomes most
interesting because it might represent a shallow crustal analogue of a cratonized subduction-accretion complex
(Crook 1980). Because no Variscan and Alpine tectonics overprinted the Lachlan fold belt, its original
configuration was preserved. In contrast, late and post-Variscan tectonics have uplifted the Strona-Ceneri zone
and exposed the Ordovician amphibolite facies levels.
Point #6 in Fig. 6: Volcanism in the forearc
As discussed in chapter 3, the metavolcanics (porphyroids) of the Eastern and Southern Alps can be regarded as
extruded equivalent of the coeval plutons. Together they belong to the Ordovician forearc magmatism in the
Alps. Boriani and Colombo (1979) investigated the "Gneiss Chiari" from the Val Colla zone (which is located
between the Strona-Ceneri zone and the Orobic Alps in Fig. 1) concluding that it might represent the
metamorphic product of a pre-Variscan alkali rhyolite, thus, representing a volcanic member of the Ordovician
magmatism, too.
Heinisch (1981) showed that the Ordovician metavolcanics of the Eastern and Southern Alps have ignimbrite
characteristics, supposed to be accompanied by a large amount of emplacing granitoids. His volume estimations
indicate that the Late Ordovician volcanism in the Alps is comparable to any of the known major ignimbrite
eruptions in the earth's history!
Ordovician volcanics do also occur on Sardinia, where they discordantly truncate already deformed Cambrian
and Early Ordovician strata (Eltrudis et al. 1995). Evidence for a possible existence of an equivalent discordance
to the so-called "Sardic Unconformity” is discussed by Poli and Zanferrari (1992) for the Agordo basement in
the eastern Southern Alps (see Fig. 1 for location of Agordo).
Point #7 in Fig. 6: Lateral trench-ward growth of accretionary complexes
Crook (1980) suggests that cratonization of accretionary complexes caused the formation of a c. 1000 km wide
tract of continental crust which was accreted to the Australian craton over a 250-300 Ma long period. Sengör et
al. (1993) did an estimation of a similar dimension for the Altaid tectonic collage (Fig. 3b). They calculated that
c. 5.2 million square km of subduction-accretion complexes were accreted within 350 Ma to Eurasian cratons.
These two examples show that the process of frontal accretion and subsequent stabilization of accretionary
complexes as cratonic crust is, on one hand, very fast, and on the other hand, can last over geologically long
periods. Thereby, accretionary complexes can grow hundreds of kilometers ocean-wards, and with that, the
locations of near-trench subduction and forearc magmatism migrate ocean-wards, too. Cratonization will occur
with a certain delay after subduction and accretion, but all three major processes migrate with a similar velocity
away from the cratonic hinterland. This increases firstly, the distance of transport for the craton-deriving
sediments, and secondly, the type of sediments will change also, because volcanic rocks and low-grade
metamorphic metasediments from exposed parts of the accretionary complex itself get eroded and recycled again
as they become deposited in the trench.
The model of subduction-accretion complexes at the periphery of a craton does explain why pre-accretionary
cratonic basement units cannot be found in the accretionary complexes themselves. For this reason Precambrian
crystalline basement units cannot be found in the Alps. Apart from the few ophiolitic rocks and a minor amount
of mantle-derived igneous rocks, an accretionary complex such as the Strona-Ceneri zone can consist of 97% of
recycled cratonic crust (Tab. 1). Evidence for this can be found in inherited ages and chemical signatures of the
metasediments.
The model of cratonizing subduction accretion complexes describes the basic mechanism, which in reality can
be further complicated by (i) the accretion of terranes, (ii) changes in velocity and angle of subduction, and (iii)
changes in amount and types of terrigeneous sediments. But these complications are options and not principal
characteristic of this type of orogeny.
Zurbriggen (1996, pp. 170-179) did a detailed comparison between the Ordovician Strona-Ceneri zone (SCZ)
and the Ordovician-Devonian SE-Australian Lachlan fold belt (LFB) and showed that both orogens are of the
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same type with respect to the following aspects: (i) peri-cratonic setting at South-East-Gondwana (LFB) and
North-Gondwana (SCZ); (ii) Gondwana-derived clastic sediments; (iii) Neoproterozoic to early Paleozoic age of
turbiditic sediments; (iv) wedged slices of oceanic lithosphere; (v) vast syntectonic magmatism with a dominant
crustal component; (vi) mobilized diatexites which rise as plutons and intrude metasediments of the same
greywacke-pelitic composition, namely the Cooma granodiorite (LFB) and the Ceneri gneiss (SCZ); (vii) no
exposure of Precambrian cratons; (viii) predominant steep structures; (ix) no exhumation of the lower crust.
The last aspect will be discussed in more detail because it targets a key aspect of cratonized subduction-accretion
complexes. The subvolcanic character of many granitoids like the very limited contact aureoles and the close
spatial association with coeval volcanics (e.g. Cowra granodiorite, Wyborn et al. 1991) indicate a shallow
erosional level of the LFB. Often only graphite and sericite indicate lower greenschist facies metamorphism in
the cleaved turbiditic sequences. Even in the Wagga-Omeo and the Cooma-Cambalong metamorphic belts which
contain the highest metamorphic rocks of the LFB, pressure indicators hardly exceed depths of more than 10 km
(Johnson and Vernon 1995). Isobaric cooling at the end of their anticlockwise PTt-paths is consistent with a
general lack of late to post-orogenic exhumation of lower crustal metamorphic rocks.
In the Strona-Ceneri zone, there is evidence for a limited uplift of the amphibolite facies gneisses into the
stability field of andalusite in late Ordovician time (Zurbriggen et al. 1997). However, an exhumation of the
amphibolite facies gneisses did not occur until the end of the Variscan orogeny. Such a scenario would explain
the strong age contrast between the high-grade events during which the crust was generated (i.e. Ordovician UPb zircon and monazite ages as mentioned in Zurbriggen et al. 1997) and the 140-160 Ma younger cooling ages
indicating uplift events (i.e. Permo-Carboniferous K-Ar and Rb-Sr mica ages, McDowell 1970, and Hunziker
1974). These contrasting age patterns are also typical for other pre-Mesozoic basement units in the Alps. Based
on these considerations there are two distinct orogenic cycles, (i) the Ordovician cratonization of a subductionaccretion complex after which no exhumation of the lower crust occurred, and (ii) the middle Carboniferous
formation of amphibolite facies Schlingen (corresponding to the Variscan collision of Gondwana and Laurussia).
The Variscan orogeny caused (at least regionally) a crustal over-thickening and resulted in a late to postorogenic exhumation of the lower crust as indicated by late Carboniferous cooling ages (Zurbriggen et al. 1998)
and the exposure of Schlingen structures, which are unconformably overlaid by the non-metamorphosed
conglomerates of Manno (c. 310 Ma).
In order to emphasize the characteristics of cratonizing subduction-accretion complexes table 4 compares three
idealized types of orogens: Alpine-type continent-continent collision, Alaskan-type subduction-accretion
complex and Andean-type continental arc. The listed criteria are strongly generalized and, thus, denote typical
situations. It is clear, that these three types of orogens represent end members, or even only single stages in a
more complex orogenic history. This is probably best explained by the Caledonian fold belt, which is listed as an
example for the Alpine-type continent-continent collision. In the standard Alpine-type, namely the Alps, the
subducted ocean was small, so that typical subduction-related magmatism could not develop on a larger scale. In
contrast to this, the subducted lapetus was much bigger, and therefore, in an early stage of the Caledonian
orogeny subduction-related processes played a dominant role. But even though, the final continent-continent
collision produced the dominant imprint, and allows classifying the Caledonian fold belt as such.
The Cadomian belt resembles very much to an Andean-type continental arc that changed into an orogenic system
of a Western Pacific style with a continental arc and a back-arc basin (Linnemann et al. 2014), whereas the
Cenerian belt shows all characteristics of a typical subduction-accretion complex. This is important to highlight
because Alaskan-type subduction-accretion complexes with forearc magmatism are nowadays rare and poorly
recognized orogenic systems as stated by Barker et al. (1992), Sengör and Natal’in (1996), and Van Staal and
Hatcher (2010). The reason for this rareness is the low overlap of subduction zones with regions of high
terrigeneous sediment input (compare Fig. 4.12 in Frisch and Meschede 2011). The subduction zones of Alaska,
Makran, Sumatra and Vancouver are potential candidates, but the sediment input into these zones is not high
enough to form subduction-accretion complexes comparable to those in Ordovician time. However, the
subduction-accretion complex of the Gulf of Alaska (Moore et al. 1991) is the most similar recent example.
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Tab. 4: Comparison of the three orogenic types, Alpine, Alaskan and Andean.
A surprising aspect of subduction-accretion complexes are their fast dynamics which make them so efficient in
recycling sediments into stable cratonic crust. Barker et al. (1992) have shown that in the forearc of the Gulf of
Alaska, 50 Ma old sedimentary-derived granodiorites postdate their source rocks of the Paleocene to Eocene
flyschoid Orca Group by just a few million years. Sample and Moore (1987) describe another example from the
same region with a very short time interval of only 12 Ma between deposition of the sedimentary country rocks
and the emplacement of the plutons. In this context it is interesting to note that Fernández-Suárez et al. (2014)
relate Iberian Ediacaran-Early Cambrian sediments to an active margin due to the short time gap between
sedimentation and magmatism, which might indicate a similar orogenic scenario.
Another astonishing feature of cratonizing subduction-accretion complexes is the occurrence of an anatectical
granite kitchen at depth, whereas at the surface the erosion of corresponding forearc volcanics and the
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transportation and sedimentation of greywackes continues to form a shallow coastal range mostly eroded to sea
level. In the Eastern Alps more than 1000 m thick sequences of Ordovician sediments of the Grauwacke Zone do
not show any sign indicating an Ordovician orogeny (Schönlaub and Heinisch 1993). But in the light of the new
model these Ordovician sequences represent the ongoing sedimentation during the cratonization of the
subduction-accretion complex as confirmed by the intercalated volcanics.
Here, the term “Alaskan-type” is applied to subduction-accretion type of orogens because the Alaskan forearc
complex represents a today’s active orogenic system, which is in analogy to the Alpine and Andean types.
Sengör and Natal’in (1996) suggested an alternative term: “Turkic-type”. However, the cratonization of
subduction-accretion complexes was first described by Crook (1980) for the Lachlan fold belt.
Note the three idealized types of active margins localized in Fig. 4: continent-continent collisional belts of the
Alpine type, peri-cratonic continental arcs of the Andean type (in italic font), and Alaskan type subductionaccretion complexes with forearc magmatism (in italic and underlined).
5.

Conclusions

These investigations indicate that the pre-Mesozoic crust of the Alps was mainly generated in the Ordovician by
the cratonization of subduction-accretion complexes and related forearc magmatism. These Alaskan-type
orogens were the dominant orogenic type in Ordovician times, but today such tectonic settings are rare. The
reason is the unique plate tectonic history in Neoproterozoic and early Paleozoic times. According to Rino et al.
(2008) and Van Kranendonk and Kirkland (2013) the global rate of crust formation was ever highest during the
Grenvillian (1.3-1.0 Ga) and at the dawn of the Pan-African orogenies (0.8-0.6 Ga), at the end of which the
supercontinents Rodinia and Vendia assembled, respectively (Fig. 4). The collision of all cratons to form the
supercontinents closed all oceans in between and subduction tectonics jumped to the periphery of the
supercontinent. Simultaneously, the ongoing erosion of all the intercratonic collisional belts delivered large
amounts of detritus into the peripheral subduction zones along the coastline. Thus, Gondwana (major part of
Vendia) was full of Pan-African belts between its cratons and at its periphery (Fig. 3a), which became
successively eroded and delivered extraordinary amounts of detritus, which in Ordovician time became accreted
forming the Cenerian and Lachlan fold belts (Fig. 3b). In both fold belts, special inclusion-rich strongly
peraluminous (meta-) granitoids (namely the Ceneri gneiss and the Cooma granodiorite with the same
composition and signature as their metasedimentary host rocks) represent the key lithologies, which link the
metasedimentary sequences (“paragneisses”) with the anatectically derived metagranitoids (“orthogneisses”).
The Cenerian belt might correlate (at least in part) to the early–Paleozoic Gondwana-directed subduction zone
with an approximate strike length of 1300 km as shown in Fig. 5 of von Raumer (1998). This suture zone was
part of the much larger Cambro-Ordovician cordillera all along northern and northeastern Gondwana with a
more complex evolution (Stampfli et al. 2013). However, other parts of this cordillera might have had an
Alaskan-type evolution like the Cenerian belt, too.
In case of the Cenerian belt, Variscan tectonics overprinted the predominantly steeply structured subductionaccretion complex. Thereby km-scaled Schlingen folds with typically steeply plunging fold axes were formed
under amphibolite facies conditions. The mid-Carboniferous Schlingen phase caused an over-thickened crust, as
a result of which late to post-orogenic uplift and exhumation of the lower crust occurred. Later, Alpine tectonics
disrupted these pre-Mesozoic basement units into several pieces which became part of the Alpine chain,
recognized as External massifs, and Eastern and Southern Alpine crystalline basement units.
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