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Abstract
Pre‐Mesozoic basements of the Alpine belt commonly contain kilometre‐scale folds with steeply inclined axial planes and 
fold axes, which are named “Schlingen” folds. The structural evolution of Schlingen folds and their geodynamic signifi-
cance for the Variscan evolution are unclear. To close this gap, this study investigates a well-preserved Schlingen structure 
in the Gotthard nappe (Central Swiss Alps). This Schlingen fold evolved by a combination of shearing and folding under 
amphibolite-facies conditions. Detailed digital field mapping, coupled with petrographical and structural investigations, 
reveal local synkinematic migmatisation in the fold hinges parallel to axial planes. Zircon crystals from leucosomes in the 
fold hinges have magmatic cores that yield an age of 449 ± 3 Ma, and rims with a range of dates from ~ 270 to 330 Ma (main 
cluster at 315 ± 4 Ma). We ascribe this late Carboniferous age to peak metamorphic conditions of the late Variscan Schlingen 
phase. Moreover, we describe for the first time post-Schlingen, but pre-Alpine transpressional deformation. The investigated 
Schlingen fold is discussed with respect to comparable structures of the wider Alpine realm, located in the most southern 
part of the Variscan belt. We propose that Schlingen formation concurred with the crustal-scale transpressional tectonics. 
This scenario separates, at least in a structural sense, the Southern Variscides from more northern parts (also Gondwana 
derived), where Schlingen folds are absent.

Keywords Crustal-scale folds with steep axes · Schlingen · Variscan tectonics · Alps · U–Pb dating · Orocline

Introduction

Many of the pre-Mesozoic polycyclic metamorphic base-
ment units of the Alps contain steeply oriented kilometre-
scale folds (Zurbriggen 2015). These characteristic, yet 
intriguing, large-scale structures have evoked various and 
controversial hypotheses about their genesis and recur-
rent abundance within the Alpine belt (e.g. Sander 1914; 

Andreatta 1948; van Gool et al. 1987; Zurbriggen et al. 
1998). There exists still no generally accepted model to 
explain these Variscan tectono-metamorphic features and 
thus their potential significance for deformation at the low 
to mid crustal transition is poorly understood. Previous stud-
ies refer to these map-scale structures as steep folds in the 
Pfossental (Austria) and Silvretta nappe (Sander 1914; Spitz 
and Dyhrenfurth 1914), vortex structures in the Schneeberg 
complex (Andreatta 1948; Förster 1967), large-scale sub-
vertical folds in the Aiguilles Rouges Massif (von Raumer 
and Bussy 2004), asymmetric open folds in the Tonale 
nappe (Martin et al. 1998; Moro et al. 1999) and Schlin-
gen folds. The latter are described in the southern Oetztaler 
Alps (Schmidt 1964, 1965; Van Gool et al. 1987; Zanchetta 
2010), between Tonale and Ultental, in the southern Defer-
eggen Alps (Schmidegg 1936; Schmidt 1965; Schulz 1988) 
and the Strona-Ceneri zone (Boriani et al. 1990; Zurbriggen 
et al. 1998). Schlingen are also described in the Aar Massif 
(Abrecht 1994) and the Gotthard nappe (Huber 1943). For 
this study we choose the German term Schlingen (Schlin-
gen folds or Schlingen structure) to encompass all structures 
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irrespective of their magnitude from map scale to micro-
scale, caused by the Schlingen event or Schlingen phase 
(Bächlin 1937). As its descriptive manifold terminology 
suggests, Schlingen are large-scale folds with a distinctively 
steep axial plane and corresponding moderately to steeply 
plunging fold axis (30°–90° e.g. Schaltegger 1984; Spiess 
et al. 2010). Schlingen folds always deform steeply inclined 
pre-Variscan foliations and occur throughout the Alpine belt 
(see above, Fig. 1a). Most authors mapped tight, isoclinal 
folds with acute interlimb angles (Fig. 1b), but some rather 
open folds are also reported (Zurbriggen et al. 1998; Moro 
et al. 1999), as well as moderately inclined Schlingen folds 
that deform flatter pre-existing structures (Van Gool et al. 
1987). Paleozoic structures are best exposed in polycyclic 
metamorphic basement units devoid of penetrative Alpine 
overprint, where peak metamorphic conditions are related 
to the Schlingen or previous phases. Kilometre-scale Schlin-
gen folds form at amphibolite-facies conditions (Schaltegger 
1984; Schulz 1988; Mercolli et al. 1994; Sölva et al. 2005). 
Schlingen folds deform the Ordovician orthogneisses and are 

truncated by early-Permian to late Carboniferous intrusives 
(Schmidegg 1936; Mercolli et al. 1994, also see Fig. 1c). In 
the Strona-Ceneri zone, they are discordantly overlain by 
unmetamorphosed Permo-Carboniferous sediments (Zingg 
et al. 1990). These crosscutting relationships limit a maxi-
mum time frame for Schlingen formation between 450 and 
310 Ma. Schlingen structures are widely accepted to be of 
pre-Permian age (e.g. Wenk 1934; Huber 1943; Zurbriggen 
et al. 1998).

Furthermore, Schlingen may show interferences with 
superimposed later-stage minor deformation events 
(Schmidegg 1936; Zurbriggen et  al. 1998; Sölva et  al. 
2001; Zanchetta 2010). Palinspastic reconstructions of pre-
Alpine basements reveal that several tectonic domains were 
spatially closely related prior to onset of Variscan shear 
tectonics (e.g. Ballèvre et al. 2018; Jouffray et al. 2020). 
Since Schlingen folds are equally observed in the external 
crystalline massif, the Austroalpine and Southalpine base-
ments, their abundance suggests a common tectonomorphic 
deformation style that had a profound and regional impact 

Fig. 1  Schlingen structures in the Alps. a Compilation map of pre-
Permian Schlingen containing polycyclic metamorphic basement 
units in the Alpine belt. Associated and extensively outcropping 
Ordovician granitoids and post-Schlingen intrusions (late Carbon-
iferous to early Permian) constrain a time frame for the Schlingen 
phase. b Compilation map of the described Schlingen structures of 

the Gotthard nappe and Austroalpine and Southalpine basement units. 
c Simplified block model of a Schlingen vertical fold with a steep fold 
axis and steep axial plane. a Modified after von Raumer et al. (2013). 
Ordovician granitoids also occur in the Penninic units (Table  S1 in 
Ballèvre et al. 2018). Here, they are only shown for the Eastern and 
Southalpine units. b Modified after Zurbriggen (2015)
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on pre-Alpine intra-Pangea units. In the Austroalpine base-
ments, the formation of Schlingen folds has been related to 
dextral transpressional tectonics during the Namurian–West-
phalian convergence (Schulz et al. 2008; Spiess et al. 2010). 
Von Raumer et al. (2013) attributed Schlingen folds to large-
scale strike-slip tectonics.

The central part of the Gotthard nappe in southern Swit-
zerland represents an ideal area to study the complex Paleo-
zoic deformation history, since pre-Mesozoic structures are 
well preserved and Alpine deformational overprint is lim-
ited (Mercolli et al. 1994; Berger et al. 2017). Because of 
its strategic geographic position along a main north–south 
European route, multiple tunnels have been constructed in 
the Gotthard region. The numerous construction reports 
describing lithologies, tectonics and geotechnical proper-
ties of drilled rock units have contributed to compilation of 
geological maps (e.g. Mercolli et al. 1994; Labhart 2005; 
Labhart and Renner 2012; Berger et al. 2017; Rast et al. 
2022) and kinematic models (Pfiffner 2006; Herwegh et al. 
2017, 2020; Ricchi et al. 2019).

In this study, we present structural, petrographic and 
geochronological data of an indicative, yet most exem-
plary Schlingen structure of the Central Alps in the Got-
thard nappe. Since Schlingen fabrics are observed at various 
scales, we use a multi-perspective approach incorporating 
digital field mapping, thin section analysis and isotope dat-
ing. We then discuss the implication and potential signifi-
cance of the Schlingen structures for mid to lower crustal 
deformation.

Geological setting

The investigated study area is located in the basement of the 
Gotthard nappe (Central Alps, Switzerland). The Gotthard 
nappe is characterised by pre-Alpine basement surrounded 
by Mesozoic metasediments. In the Alpine structure, the 
basement represents the lithological core of the nappe. These 
basement units have been historically subdivided into pre-
Variscan basement, Variscan structures and post-Variscan 
plutonic units (see below). In the following, the pre-Variscan 
and Variscan evolution are summarised, whereas the Meso-
zoic and Alpine evolution is only mentioned shortly (not a 
topic of this contribution).

Prior to the onset of the Variscan orogeny, the early 
Paleozoic basement of the future Alps was located within 
the peri-Gondwana terrains (e.g. Guillot and Ménot 2009; 
Ballèvre et al. 2018). The Gotthard nappe and the adjacent 
Aar Massif consist of polycyclic metamorphic basement 
units that record the pre-Mesozoic history of the Central 
Alps (e.g. Abrecht 1994; Mecolli et al. 1994; Schaltegger 
1994; Ballèvre et al. 2014). The basement of the nappe 
is mainly composed of paragneisses with migmatitic 

derivatives and intercalated amphibolites, calcsilicates, 
ultramafic rocks and orthogneisses (Mercolli et al. 1994; 
Berger et al. 2017). The formation of eclogites at ~ 470 Ma 
was followed by an amphibolite- to granulite-facies high-
temperature metamorphism that led to partial melting (e.g. 
Biino and Mercolli 1991; Abrecht 1994); the correspond-
ing migmatites are exposed in the Paradis Gneiss Com-
plex (Berger et al. 2017). The Ordovician–Silurian cycle is 
sealed by the emplacement of peraluminous and calc-alka-
line orthogneisses (Ordovician metagranitoids in Fig. 1a). 
In the Gotthard nappe, the intrusion of the protolith of the 
Streifengneis is dated at 439 ± 5 Ma (Sergeev and Steiger 
1993). The tectonometamorphic setting for the formation of 
the early Paleozoic, pre-Variscan gneisses is debated. Abre-
cht et al. (1991) and Schaltegger (1994) proposed a Cam-
brian–Ordovician cordillera-type orogenic cycle. According 
to Biino and Mercolli (1991) and Abrecht (1994), eclogites 
indicate a subduction-related metamorphism followed by 
collision. Schulz and Raumer (2011) and von Raumer et al. 
(2013) interpreted the Ordovician anatexis and magmatism 
in the context of crustal thinning and rifting of the Rheic 
basin. Zurbriggen (2015) infers an active margin scenario of 
cratonising subduction-accretion complexes at the periphery 
of Gondwana, for which the new term Cenerian orogeny is 
proposed (Zurbriggen 2017).

In the context of the late Ordovician to middle Devonian 
rifting of the Paleotethys, the Gotthard nappe was exhumed 
as indicated by the deposition of clastic sediments of the Val 
Rondadura Group (Huber 1943; Niggli 1944; Von Raumer 
et al. 2013). Bonin et al. (1993) interpret the Val Rondadura 
Group as molasse-type deposits in an intracontinental basins 
created by short-lived transpressional or tensional regimes 
during a post-collisional stage of exhumation, mainly during 
Devonian and Carboniferous times.

The onset of the Variscan orogeny was marked by the 
lower- to middle Devonian (400–380 Ma; Eo-Variscan) 
collision of northwards drifting Gondwanan Eastern Shelf 
with Laurussia (von Raumer and Neubauer 1993; Stamp-
fli and Borel 2002; Guillot et al. 2009). The uppermost 
Devonian to Visean Meso-Variscan event (360–330 Ma) 
was characterised by subduction—accretion and nappe 
stacking (Guillot and Ménot 2009). Subsequently, during a 
Pennsylvanian Neo-Variscan event (330–310 Ma) orogen-
wide transpression dominated (Putiš et al. 2009; Stampfli 
and Hochard 2009; Von Raumer et al. 2013; Haas et al. 
2020). This Variscan evolution is well described for base-
ments outside the Alps like the Black Forest (e.g. Schalteg-
ger 2000), the Central Massif (Faure et al. 2017) and the 
Iberian Peninsula (Martínez Catalan et al. 2007). Variscan 
relics are also prominent in the External Crystalline Massif 
of the Alpine belt (e.g. Guillot and Ménot 2009; Bussien 
et al. 2011; Ballèvre et al. 2018; Fréville et al. 2018). In 
this region, syn- to post-orogenic intrusions of predominant 
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granitic composition preserve different evolution stages of 
the Variscan orogeny between 330 and 290 Ma (late Carbon-
iferous intrusion, e.g. Schaltegger and Corfu 1995; Sergeev 
et al. 1995; von Raumer and Bussy 2004; Manzotti et al. 
2012). Von Raumer and Bussy (2004) attributed the latest 
intrusions in the Mont Blanc Massif to crustal thinning and 
mantle uplift that resulted in pull-apart structure during 
Variscan strike-slip tectonics. Stephanian–Permian exten-
sion and crustal-scale strike-slip faulting are recorded in the 
western External Crystalline Massif (Malavieille et al. 1990; 
Gardien et al. 1997; Guillot and Ménot 2009), of which the 
East Variscan Shear Zone (EVSZ after Ballèvre et al. 2018; 
Jouffray et al. 2020) is a prominent feature.

During Alpine orogeny, the pre-Triassic basement units 
were thrusted and exhumed as the Gotthard nappe (Berger 
et al. 2011, 2017; Herwegh et al. 2020). The associated 
greenschist assemblage (Frey et  al. 1999) and the very 
restricted and localised brittle–ductile Alpine deformation 
structures (Arnold 1972; Pettke and Klaper 1992; Etter 
et al. 1999; Lützenkirchen 2002; Zangerl et al. 2006) can be 
clearly distinguished from the pre-Alpine high-grade meta-
morphic events.

Methods

Mapping

The central part of the Gotthard nappe in southern Swit-
zerland is an ideal place to study the complex Paleozoic 
deformation history, since pre-Mesozoic structures are well 
preserved (Mercolli et al. 1994; Berger et al. 2017) and only 
marginally overprinted by Alpine features. The study area is 
located at the southern end of the Unteralp Valley southeast 
of Andermatt (Fig. 2).

Even though Schlingen are defined as kilometre-scale 
structures, the identification of many of their indicative 
lithostructural features (e.g. axial plane parallel dyking, 
migmatisation and foliation spacing) requires a resolu-
tion that is between the outcrop scale and the scale of a 
regional geological map. Therefore, our 1: 5000 geologi-
cal map covering an area of 10  km2 sheds new light on the 
spatio-structural relationships. It visualises in detail the 
complex geology of the hinge zone of the kilometre-scale 
Tros Schlinge (Fig. 2a). Existing geological maps served 
as a reference (Ambühl 1929; Huber 1943; Mercolli et al. 
1994; Berger et al. 2017). Since pre-Mesozoic structures can 
hardly be investigated by digital elevation models (DEM) 
or orthophotos, we conducted extensive digital field map-
ping. By combining newly gathered data with existing ref-
erence maps, our geological map was compiled with the 

software “QGIS”. To reach a satisfactory interpretation of 
the Schlingen structure, we selected all structures that were 
deformed by the Schlingen phase. From this subset, which 
contains structural measurements, contact lines and foliation 
trajectories, we reproduced the gross geometry and axial 
trace of the central Tros Schlinge. The same procedure was 
applied for the interpretation of axial planes on the super-
imposed Vermigel phase (see below). The spatio-temporal 
relationships between different foliations and their distinc-
tive petrological and textural features were determined by 
macroscopic hand specimen investigations and thin section 
microscopy. We applied this approach to roughly estimate 
the metamorphic conditions for the different deformation 
phases. The distinction of the mapped lithologies is based 
on macroscopic textural and petrographic characteristics, 
following hand specimen observations and modal composi-
tions determined from microscopic thin section evaluation.

Geochronology—LA‑ICP‑MS U/Pb dating

To constrain an age for the Schlingen phase, we sampled 
leucosomes at the Tros location that formed parallel to the 
axial plane of the kilometre-scale Tros Schlinge. Sample 
preparation was done at the Institute of Geological Sciences, 
University of Bern. Samples were disaggregated using a 
SelFrag Lab system by high-voltage discharge and sieved 
to a grain size of 63–580 µm. Zircons were separated by 
using conventional magnetic and heavy liquid techniques. 
The hand-picked grains were analysed based on charge con-
trast (CC) and backscattered electron (BSE) imaging with a 
ZEISS EVO 50 electron microscope (see operating condi-
tions in Appendix B). It has been previously demonstrated 
that CC images correlate exactly to cathodoluminescence 
(Watt et al. 2000), as also confirmed by checks in the Bern 
laboratory.

A total of 98 U–Th–Pb analyses were performed on zir-
con rims and cores using a RESOlution Laser System SE, 
ATL Laser head and an Agilent 7900, Q-ICP-MS instrument 
at the Institute of Geology Geological Sciences, University 
of Bern. Analytical conditions and run table are reported in 
Appendix B. Different reference materials were used to cor-
rect laser-induced elemental fractionation and instrumental 
mass bias and to monitor the precision and accuracy of the 
analyses. The TEM2 zircon (Black et al. 2003) served as 
a primary reference material and zircon Plesovice (Sláma 
et al. 2008) and 91,500 (Wiedenbeck et al. 2004) as sec-
ondary reference materials (see Appendix B for details). 
Subsequently, data were processed in the software IOLITE 
(Paton et al. 2011) and data reduction was accomplished 
according to Petrus and Kamber (2012). All errors are stated 
at the 2σ-level and propagation is calculated by quadratic 
addition after Horstwood et al. (2003). Data visualisation 
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in Concordia diagram, age density plots as well as weighted 
mean ages were performed in Isoplot 3.75 (Ludwig 2012). 
No correction was applied for common Pb. Average ages 
were forced to at least 1% to account of external accuracy.

Field results

Lithological observations

The gneiss complexes of the Val Nalps and Paradis consti-
tute the country rocks of the Streifengneis (Fig. 2). Meta-
sedimentary gneisses of the Val Nalps Gneiss Complex are 
the most abundant unit (Berger et al. 2017, www. strati. ch). 
The alternating sequences contain coarser-grained darker 
garnet, biotite and amphibole-bearing layers and finer-
grained quartz and feldspar-rich felsic sequences, pointing 

to marly-argillaceous and sandy protoliths. The sedimentary 
origin is further emphasised by contrasting grain sizes that 
indicate compositional banding owing to sedimentation. The 
widespread Val Nalps Gneiss shows intercalated banded 
amphibolites (A in Fig. 2b) that occur most frequently as 
deformed banded garnetiferous amphibolites in the Val 
Nalps Gneiss and more rarely within the Paradis Gneiss (see 
Fig. 2b). Amphibolites could not be observed in the Streif-
engneis. The amphibolites show a great variation in shape 
(e.g. bands, layers, lenses and inclusions) and dimensions 
(from few decimetres up to several decametres thickness).

The Paradis Gneiss Complex is a migmatite that dis-
plays different stages of migmatisation and various textures 
(Fig. 3). The matrix is dominated by quartz and two feld-
spars and shows a weak solid-state foliation. Some varieties, 
especially in the central hinge zone of the Tros Schlinge, are 

Fig. 3  Main lithologies of the presented geological map for the 
Unteralp Valley. Correlation of pre‐Mesozoic units described by 
a selection of studies for the Gotthard nappe. Local names refer to 
Ambühl (1929) and Huber (1943). Common lithologies of the Got-

thard nappe such as late Carboniferous granitoids as well as sedi-
ments of the Val Rondadura group (Berger et al. 2017) do not appear 
in the study area

http://www.strati.ch
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rich in angular inclusions of mica gneisses containing older 
folded foliations.

The Streifengneis is subdivided in the study according 
to its texture into three distinctive varieties, namely flaser 
gneiss, stengel gneiss and migmatitic Streifengneis (Fig. 3). 
The Streifengneis is a medium- to coarse-grained biotite 
K-feldspar gneiss, occasionally with flakes of muscovite and 
biotite lathes defining its foliation. In most occurrences, the 
unit shows a distinctive anastomosing foliation from which 
the subunit flaser gneiss is derived. Centimetre-sized K-feld-
spar phenocrysts may occur in the less deformed bands. In 
addition, locally migmatites crop out as stromatic metatex-
ites that are also deformed. At the mapped scale, leucocratic 
dykes are numerous (Fig. 4a). They have a predominant 
magmatic fabric with large euhedral muscovite grains and 
slightly smaller feldspar grains. Pegmatitic varieties have 
no pronounced cleavage aside from smaller overprinted 
bands affected by subgrain rotation recrystallisation (SGR) 
of quartz and feldspar grains.

In the Unteralp Valley, metabasic dykes are less frequent 
than aplitic dykes (n = 20 in Fig. 4b). They show sharp con-
tacts with the host rocks, indicating rapid emplacement and 
crystallisation. The presence of centimetre-wide chilled mar-
gins and biotite-rich reaction rims in the host rock may be 
attributed to fast cooling of crystallising dykes. Dykes are 
from few decimetres to a couple of metres thick and most 
of them are oriented vertically. Commonly metabasic dykes 
occur in multiple en-echelon oriented elongated lenses. The 
mineral assemblage consists of biotite, hornblende, plagio-
clase, K-feldspar, quartz, epidote and chlorite. Metabasic 
dykes are only rarely deformed and show a weak N–S trend-
ing foliation.

Structural observations

Observed structures in the central Gotthard nappe are 
assessed and evaluated according to previous studies as 
summarised in the following. DX, SX,  APX and LX, refer 
to deformation event, associated foliation, axial plane and 
lineation, respectively. The presented kilometre-scale Tros 
Schlinge is associated with its eponymous Schlingen phase 
DS and deforms older structures belonging to the Tuma (DT) 
and the Ravetsch (DR) phases (Table 1).

Primary foliations S0

Slightly discordant decametric inclusions spotted in the Val 
Nalps Gneiss contain rhythmic alternations of feldspar and 
mica-rich sequences. This compositional banding might rep-
resent a relict of sedimentary bedding (Fig. 3a and b).

Tuma phase DT

Only few relic structures of this deformation event are pre-
served in the investigated area, because subsequent strong 
overprinting during later-staged deformation has obliterated 
DT features. Still, large, resorbed garnet porphyroblasts with 
pressure shadows filled with felsic minerals signal a post-
migmatitic deformation under garnet amphibolite-facies 
conditions prior to the intrusion of the protolith of the Streif-
engneis (Fig. 5c). Furthermore, the Paradis Gneiss and Val 
Nalps Gneiss contain strongly elongated gneissic inclusions 
with an internally deformed ST foliation (Fig. 5a) marked by 
newly grown biotite. The ST is interpreted as a pre-intrusive 
foliation. Present-day orientations of foliation planes ST and 
fold axes are steep and do not deviate significantly from 
superimposed deformation structures. Most preserved struc-
tures are composite S0 and SR foliations.

Ravetsch phase DR

The Ravetsch phase accounts for the most pronounced folia-
tion in the study area and is associated with the metamorphic 
overprint of the protolith of the Streifengneis (Table 1). The 
DR structures include subvertical, close to isoclinal folds 
ranging from millimetres to several metres in size. Fold 
interference between DT and DR is observed in banded vari-
eties of Val Nalps Gneiss with tightly folded leucosomes 
parallel to SR foliation planes. The type of SR foliation var-
ies due to different rheologies and contrasting grain sizes. 
Within sequences of finer-grained varieties of the Val Nalps 
Gneiss, we observed a continuous, penetrative foliation 
marked by brown biotite, whereas coarser-grained varieties 
show a wide-spaced and partly anastomosing foliation with 
microlithons consisting of recrystallised feldspars, quartz, 
minor muscovite and bordering biotite. The foliation spac-
ing decreases according to grain size, which is also linked 
to the geometrical position within the Schlingen fold. For 
instance, in fold limbs lithological contacts show a dramatic 
decrease of grain size and foliation spacing. Feldspar and 
quartz porphyroclasts are recrystallised by SGR and show 
minor undulous extinction. White mica, biotite and the rim 
of garnet poikiloblasts and new garnet in the matrix grew 
syn-kinematically with SR. In amphibole-bearing gneisses 
as well as amphibolites, biotite overgrows amphibole por-
phyroblasts during  SR development. The mineral assemblage 
comprising garnet, hornblende and biotite indicates amphi-
bolite-facies conditions.

The SR orientation is characterised by moderate to sub-
vertical dips of 60°–90° (mean of 76°) with an average dip 
azimuth of 336° (n = 1444) mirroring the general strike of 
the Gotthard nappe (Figs. 5a and 6a). The scattering of SR 
is due to the reorientation effects by younger deformation 
phases, mostly attributed to the Schlingen phase (Fig. 6a, 
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Fig. 4  Structural maps: a Schlingen phase: foliation trajectory map of structures associated with the Schlingen phase DS. b Vermigel phase: 
foliation trajectory map of structures associated with the Vermigel phase DV
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see next section). LR lineation is steep and either marked by 
centimetre-long feldspars or by the shape preferred orienta-
tion of hornblende in amphibolites or hornblende bearing 
varieties of Val Nalps Gneiss. The plunge of LR ranges from 
60° to 90°. The trend scatters along foliation planes dipping 
mostly towards SW with an average orientation of 249/76 
(n = 62). The contact between the Streifengneis body and 
its host rock is slightly discordant (10°) with a subparallel 
SR foliation.

The emplacement of the of the Streifengneis granitoid 
produced contact migmatites in the host rock (Val Nalps 
Gneiss), which are commonly associated with leucocratic 
dyke swarms  (GOM in Fig. 2b and  GOM and γLe in Fig. 4a). 
Some of the aplitic dykes in the vicinity of the Streifeng-
neis body are folded, for instance around Piz Purtgera and 

east of Gafallen (Fig. 4a). In contrast to axial plane paral-
lel leucocratic dykes associated with the Schlingen phase, 
the Ravetsch dykes are thicker (0.5–20  m) and longer 
(10–500 m). Leucocratic dykes of the Schlingen phase are 
steeply inclined and strike slightly discordant (10°) to the SR 
foliation (Fig. 6c). In rare cases, leucocratic dykes contain 
a foliation.

Schlingen phase DS

The Schlingen deformation phase DS profoundly influ-
enced previous structural patterns, in particular the SR 
foliation. It is accountable for NE- to SW-verging isocli-
nal folds (Fig. 4a). Mapped Schlingen folds are moder-
ately to very tight, with inter-limb angles around 30° for 

Table 1  Correlation of deformation phases in the Gotthard nappe. Alpine phases are briefly summarised and are not the focus of this research

*Outcrops of structures and rocks associated with the Rondadura phase are southwards of the study area
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first-order and second-order parasitic folds. Schlingen have 
a fractal character which is expressed on the microscale 
by SR crenulation cleavage or isoclinal microfolds and in 
the map scale represented by the folded Streifengneis with 
an amplitude of up to several kilometres (Figs. 2a). The 
foliation trajectory map displays only the fold hinge of 
the kilometre-scale Tros Schlinge  (APS) with a half-wave-
length of ~ 2800 m and several second-order parasitic folds 
with wavelengths of approximately 500 m  (APS in Figs. 2b 
and 4a). It is interesting to note that most Schlingen folds 
close southwest and corresponding northeast closing folds 
are missing. Both symmetric and asymmetric lower-order 
folds have been identified depending on their position 
within the fold geometry (M-type versus S- and Z-type 
parasitic folds). Our results confirm that the gross geom-
etry of the Tros Schlinge affects the central Streifengneis 
body (Fig. 2a and b). The Schlingen phase also deforms 
the surrounding Val Nalps Gneiss and Paradis Gneiss and 
creates intense folding of more competent thinner gneissic 
sheets. Foliation structures related to the Schlingen phase 
are visible in hinge areas of map-scale Schlingen folds, 
owing to their oblique nature to older foliations. The SS is 
a subvertical (60°–90°) axial planar foliation that strikes 
NE–SW, with an average orientation of 327/75 (Fig. 6b). 
A composite foliation of SR and SS is observed along the 
fold limb. Fold axes of the Tros Schlinge in parasitic 
folds  (FAS) as well as axial planes  (APS) are steep with 
an average orientation of 252/70 and 329/85, respectively 
(Fig. 6a). Similar to the Ravetsch phase, LS are marked 
by elongated feldspars and amphiboles with a subverti-
cal plunge, however, slightly less steep than the LR (LS: 
276/68, n = 29; LR: 249/76, n = 62). The folding style var-
ies according to the geometrical position within the Tros 
Schlinge, the rheology of adjoining rock units and original 
grain size variability of the host rocks (Fig. 7a and b). 
For instance, ptygmatic folds in the Streifengneis and the 
Val Nalps Gneiss likely resulted from shortening of more 
competent felsic layers than the enclosing rock. A few 
sheath folds are observed in metatexites in the Streifeng-
neis or high-strain shear zones indicating intense folding 
and shearing. The SR foliation is strongly crenulated by SS 
showing millimetre- to centimetre-scale (micro) folding 
(Fig. 7b and d). The prominent and widespread SS foliation 
has spacing varying from 0.5 to 20 mm. Crenulation line-
ations are nearly subvertical and scatter considerably in 
the fold limb. Recrystallisation of mica occurs in the inner 
cores of lower-order Schlingen fold hinges, where biotite 
defines an axial plane foliation (Fig. 7e and f). Moreover, 
in garnet- and amphibole-bearing gneisses and amphibo-
lites, euhedral garnet porphyroblasts and subhedral amphi-
boles are found syn- to post-kinematically with respect to 
SS. The mineral assemblage associated with the Schlingen 

phase comprises garnet, biotite and amphibole indicating 
amphibolite-facies metamorphism.

In the migmatitic Streifengneis, a variety of leucosome 
types is observed (Fig. 7d, e, f): (i) small, crenulated fine-
grained leucosome  LeA, frequently bordered by biotite sel-
vages, was formed concordant to the Sr; (ii) patchy, irregu-
lar and discontinuous leucosomes  LeB had well-developed 
melanocratic selvages; (iii) coarse-grained leucocratic 
dykes  LeC had rather diffuse margins, displaced type  LeA 
leucosomes and showed interconnected asymmetric pinch-
and-swell structures that were slightly discordant to the SS 
foliation of the metatexites.

An additional structural feature indicative of the Schlin-
gen phase is the presence of high-strain shear zones that 
are 20–50 m wide. Densely spaced and perfectly parallel 
foliation bands are a repetitive element between NE- or 
SW-verging Schlingen folds (Fig. 4a). Such high-strain 
zones are characterised by a parallelised, locally anasto-
mosing and mylonitic subvertical foliation. Internal shear 
bands of 1-m width show a grain size reduction. Addi-
tionally, leucocratic polymineralic dykes become more 
frequent within such high-strain shear zones (Fig. 4a) and 
show pinch-and-swell structures. The shear zones occa-
sionally contain folded and sheared metatexites and field 
observations suggest that partial melting was synchronous 
to shearing. Structural data of composite SR and SS folia-
tion and corresponding LR and LS lineation indicate two 
sets of ductile shear zones. An E–W striking set with an 
average orientation of 003/73 is most prevalent towards 
the northern and especially southern border of the Tros 
Schlinge around the Vermigel and Maighels pass (Fig. 4a). 
In between, the prevalent NE–SW striking set is virtually 
parallel to the axial plane of the Tros Schlinge with an 
average orientation of 150/76. Corresponding lineations 
plunge towards SW. Sigmoidal boudins indicate an oblique 
south block-up movement with a slight dextral component 
for the NE–SW striking set. Such polymineralic boudins 
are particularly frequent in high-strain zones and indicate 
a steep reverse movement (see below).

Vermigel phase DV

The axial trace of the Tros Schlinge, together with the cor-
responding  APS of second-order parasitic folds, is slightly 
wavy (Figs. 2b and 4a). This local, small undulation is 
attributed to a superimposed minor deformation event 
DV, which we name the Vermigel phase (Table 1). Moreo-
ver, in contrast to Schlingen-related folds, Vermigel folds 
show a significantly smaller half-wavelength (~ 150 m). A 
weak foliation (SV in Fig. 4b) has a steep orientation with a 
WNW–ESE strike oblique to the axial trace of the Schlin-
gen folds (Fig. 6b). Reconstructed axial planes are steeply 
inclined and locally deform Schlingen-related structures 
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Fig. 5  Field aspects of the Tuma DT and the Ravetsch DR phases. a 
Deformed composite foliation/banding (S0, ST) in fine-grained inclu-
sions of the Val Nalps Gneiss (2,692,528/1,162,842). b Detailed 
view of compositional banding. c Fractured and resorbed garnet 

poikiloblasts  (GrtT 1.5 cm) with felsic pressure shadows in an inclu-
sion associated with the Tuma phase. New euhedral garnets  GrtR of 
the Ravetsch phase grow in the vicinity of larger garnet poikiloblasts 
(2,692,535/1,162,842). All coordinates are in CH1903+ / LV95

Fig. 6  Stereoplots (equal area, lower hemisphere) of structural data 
from the study area showing a dominant NE–SW orientation. Stereo-
plots for a DR and DS structures for the Tros Schlinge; b Vermigel 
phase, whole study area; c leucocratic dykes associated with the Tros 

Schlinge; d metabasic dykes, whole study area. n number of meas-
urements, S foliation plane, FA fold axis, AP axial plane, L lineation, 
subscripts R, S, V indicate corresponding deformation phases, see 
Table 1
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 (APV: 201/75). In the fold hinge of the central Streifengneis 
body 550 m northwest of the Tros outcrop, leucocratic dykes 
are parallel to a poorly developed biotite and muscovite 
containing spaced foliation, presumably accounting for the 
Vermigel phase (Fig. 7c). SV microstructural investigation 
revealed a realignment of predominantly muscovite, chlorite 
and few biotite flakes. Biotite retrogression and occurrence 
of chlorite suggests greenschist facies metamorphic condi-
tions slightly below 400 °C.

Interestingly, DS structures are dissected by metabasic 
dykes (γb in Fig. 4b) that intruded en-echelon vertically into 
pre-existing basements units and are spread over the whole 
mapping area (Figs. 4b and 6d). Metabasic dykes have a fine-
grained isotropic texture with chilled margins. A minority of 
dykes, in particular, in between Piz Purtgera and Piz Nair, 
contain a weak NNW–SSE trending vertically dipping folia-
tion. The dykes have mostly a NW–SE elongation, which 
is subparallel to the Vermigel foliation (Fig. 6b and d). As 
overprinting relationships are lacking, the dike emplacement 
could not be unambiguously attributed to either Vermigel or 
younger deformation phases.

Alpine deformation DA

The investigated field area was affected by Alpine deforma-
tion only locally and to a minor extent. In detail, the previ-
ously discussed high-strain shear zones related to Schlingen 
are rarely overprinted by small discrete brittle–ductile shear 
bands that are presumably remnants of Alpine deformation. 
A first set of shear zones has an oblique dextral component 
with an average orientation of 146/73. These NE–SW strik-
ing brittle–ductile shear zones reveal a regular spacing of 
roughly 300 m (Fig. 4b). Some of them extend over several 
kilometres and displace the axial planes of the Vermigel 
phase as well as the Schlingen structures (Figs. 2b and 4). 
A second set has an E–W orientation (359/78) similar to the 
high-strained gneissic sequences (Fig. 4b). Corresponding 

shear zones are most prominent in the east and south of the 
mapped area and may represent Alpine shear zones reacti-
vating older pre-existing ones. Most veins in the vicinity of 
these shear zones show quartz and chlorite pockets, which 
are typical for Alpine overprint and fluid–rock interaction 
at greenschist–facies conditions. Some of the brittle–ductile 
structures are overprinted by cohesive, random-fabric, crush 
breccias and cataclasites. Abrupt contacts between faulted 
rock (gouge and fault breccia) and undeformed host rock as 
well as calcite and quartz clasts are typical. The width varies 
from discrete brittle fault zones of 20–50 cm to millimetre-
thick phyllosilicate bands. All these observations indicate 
again subsequent deformation under progressively cool-
ing temperatures, which is typically the case during Alpine 
exhumation.

Zircon chronology

To resolve the age relationship between the Schlingen phase 
and the preceding Ravetsch phase, we performed U–Pb zir-
con dating of one leucosome that formed parallel to the  APS 
in close proximity eastwards of the Tros metatexite (Figs. 2b 
and 4a). In the area, the Ravetsch foliation SR is heavily 
deformed and forms M-type lower-order parasitic folds, 
which are dissected by an axial plane foliation  (APS, SS) 
and coarse-grained leucosomes (Fig. 8a). The leucosome 
consists mainly of quartz, K-feldspar, albite and muscovite. 
Microscopically, the investigated sample has a granoblas-
tic decussate texture (Fig. 8b). Quartz is polycrystalline 
and plagioclase is locally replaced by sericite. Dynamic 
recrystallisation by subgrain rotation (SGR) and bulging is 
observed in some feldspar and quartz grains. Few K-feldspar 
grains show perthitic exsolution textures. Generally, pristine 
crystalline texture is well preserved in the leucosomes and 
post-crystallisation overprinting relationships do not estab-
lish a new penetrative fabric. The magmatic texture is only 
affected by minor solid-state grain size reduction of quartz 
and feldspars.

Zircon grains separated from leucosome LEU9 are pris-
matic to nearly euhedral (Figs. 9a–c). While smaller grains 
are transparent, larger grains (150–310 µm) appear brown 
with a rusty colour, likely due to metamictisation. The CC 
images exhibit complex internal zircon textures with vari-
ous core and rim generations. Most grains contain a vari-
ably zoned core that is truncated by a low luminescent rim 
(Fig. 9a–c). The oscillatory and planar zoned cores (C2) are 
present in virtually every grain; they have moderate U and 
Th contents and relatively high Th/U ratio around 0.02–1 
(Fig. 9e and f, supplementary Table). Some analysed grains 
have a complex xenocrystic core indicating a pre-magmatic 
inheritance (e.g. C1 in zircons B17 and B51 in Fig. 9a and 
b, respectively). Mineral inclusions in zircon are K-feldspar, 

Fig. 7  Structural relationships of the Ravetsch and the Schlingen 
phase. a Folded banded Val Nalps Gneiss (2,691,205/1,161,530). b 
Crenulated and folded banded amphibolite (2,691,861/1,161,458). 
c Relationship between different types of foliations and corre-
sponding leucosomes in the fold limb of the Tros Schlinge. The 
Vermigel foliation marks the youngest stage and strikes NW–SE 
(2,692,848/1,161,878). d Structural features of the Tros outcrop in 
the fold hinge. Two generations of migmatisation are indicated by 
deformed foliation SR1 and SR2 and corresponding leucosome gen-
erations. The Schlingen related foliation SS strikes here ENE–WSW 
(353/88) and is subparallel to the youngest leucocratic dyke  (LeC: 
330/86; 2,693,407/1,161,796). e Phenomenological progression of 
leucosomes from in  situ well-evolved leucosomes  (LeA), to discord-
ant pegmatitic pockets  (LeB). The leucocratic dyke  LeC marks the 
final stage and is subparallel to the axial plane of the Tros Schlinge. 
It dissects the Schlingen foliation  SS. f The only locally observed SR1 
foliation is tightly folded by dominant SR2 foliation. Both foliations 
strike NNW–SSE in the Tros outcrop

◂
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apatite and quartz and rarely albite, in line with a granitic 
mineral assemblage.

Of particular interest are the discordant, low luminescent 
rims that are subdivided into three different types according 
to texture, composition and age (R1, R2 and R3 in Fig. 9). 
They generally have euhedral shape, high U content and low 
Th/U ratio < 0.1 (Fig. 9e and f), comparable to that reported 
for anatectic zircon (e.g. Rubatto et al. 2009, 2013). Nota-
bly, the different types of rims are generally found in differ-
ent crystals. R1 rims grow on euhedral cores, with little or 
no sign of resorption (Fig. 9c); they have an intermediate 
Th/U of 0.01–0.1. R2 rims are slightly larger than R1 and 
R3 rims, and generally cut across the zoning of the resorbed 
cores. They are the lowest in Th content, with a tight Th/U 
of 0.006–0.017. R3 rims are particularly dark in CC images, 
with the highest Th and U content and Th/U < 0.3; they 
appear cloudy and contain more inclusions than R2. Fur-
thermore, most R1 zircons show a CL-bright very thin outer 
rim that could not be analysed.

U–Pb analyses reveal two broad major zircon populations 
(Fig. 9d, Appendix B). Older dates scatter around 450 Ma 
and younger dates are distributed around 300 Ma, but with 
a spread from 270 to 330 Ma; Fig. 9d). Most concordant 
analyses on C1 cores define a cluster with a weighted mean 
206Pb/238U age of 449.1 ± 2.6 Ma (MSWD = 2.5; n = 41). The 
few analyses on texturally older C2 cores have scattered con-
cordant dates between ~ 570 and 780 Ma.

The R1 rims that grow on euhedral cores are Devonian in 
age. Seven R1 analyses define an average 206Pb/238U age of 
414.1 ± 5.7 Ma (MSWD = 2.0, Fig. 9g). On the other hand, 
all analyses of R2 and R3 rims yield Permo-Carboniferous 

ages. Of the R2 analyses, a major cluster returns an age of 
315.4 ± 3.7 Ma (MSWD = 3.4; n = 13, 2 rejected, Fig. 9g), 
whereas most analyses on R3 define an age of 282.6 ± 3.3 Ma 
(MSWD = 2.0, n = 9, Fig. 9g). In either case, the dispersion 
of the analyses is slightly above analytical uncertainty and 
this is not totally unexpected in migmatite samples that 
underwent protracted or multiple events of melting/meta-
morphism (e.g. Rubatto et al. 2009, 2013).

Discussion

Timing of magmatism and anatexis

The major zircon fraction with a mean age of 449 ± 3 Ma 
corresponds to zircon cores that have magmatic oscillatory 
zoning and composition (e.g. Hoskin and Schaltegger 2003; 
Corfu et al. 2003), and contain mineral inclusions in agree-
ment with a granitic assemblage (Figs. 9d and g). We inter-
pret the oscillatory zoning as magmatic growth and link the 
late Ordovician age with the intrusion of the protolith of 
the Streifengneis, which later underwent anatexis to form 
the leucosome (see below). Radiometric ages reported in 
literature for the crystallisation of the Streifengneis are in 
accordance with our finding (e.g. 436 ± 17 Ma, Arnold 1970; 
439 ± 5 Ma, Sergeev and Steiger 1993). Older inherited C1 
cores reflect an early Phanerozoic to Proterozoic history. 
Arnold (1970) argued that the oldest zircon fraction sam-
pled from the Val Nalps Gneiss Complex yields an age of 
1.2–1.5 Ga and its associated sedimentation has a younger 
age limit of 450 Ma.

Fig. 8  Axial parallel leucosome  LeC, (Leu9) that was sampled 
for isotopic dating. a Field image of crosscutting relationship 
between elongated leucosomes and foliation planes  SR and  SS 
(2,693,458/1,161,856). Exact location of leucosome  (LeC) parallel to 

 APS is asterisked in Figs. 2 and 4a. b Thin section photomicropgraph 
of coarse-grained leucosome with two generations of feldspar (Plag 
core and perthitic rim), and grain size reduction (SGR) of quartz fol-
lowed by annealing
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The nature of the R1 rims is not straightforward. They 
grow concordantly on euhedral magmatic cores, but the gen-
erally lower Th/U ratio with respect to the magmatic cores 
could point to partial melting or metamorphism (e.g. Rubatto 
et al. 2009, 2013; Rubatto 2017). However, low Th/U ratios 
have also been described in magmatic zircon (e.g. Lopez-
Sanchez et al. 2016). Regarding the age of 414.1 ± 5.7 Ma, 
two interpretations are plausible from the current state of 
knowledge: (i) the amphibolite facies metamorphism of the 
Ravetsch phase was still active; (ii) a hydrothermal event 
generated the rims ages, related to faulting and uplift of the 
basement, onto which the sediments of the Val Rondadura 
Group were deposited subsequently.

The Permo-Carboniferous rims are more clearly discord-
ant on resorbed zircon cores and their low Th/U ratio (< 0.02) 
is in line with metamorphic overgrowth during high-grade 
metamorphism and anatexis (Rubatto 2017). Similar zircon 
rims are commonly found in leucosomes from both ortho- 
and para-derivates (e.g. Rubatto et al. 2009, 2013). Due 
to the structural key position of the samples, we associate 
the melt formation in the hinge of Schlingen folds and its 
mobilisation along the  APS with the metamorphic peak of 
upper amphibolite-facies conditions during Schlingen fold-
ing. Thus, we attribute the most prominent zircon fraction 
(R2) dated at 315.4 ± 3.7 Ma to the metamorphic peak of 
the Schlingen phase (Table 1). Other Schlingen are dated in 
a similar structural context in the Strona-Ceneri Zone (Zur-
briggen et al. 1998), where synkinematic leucotonalitic dykes 
contain garnet dated at 321.3 ± 2.3 Ma. A late Carboniferous 
metamorphic event has been dated or inferred in other locali-
ties. Dated leucosomes in the Aiguilles Rouges Massif yield 
an age of ~ 320 Ma (Bussy et al. 2000). In the Belledonne 
Massif, high-grade metamorphism and migmatisation are 
constrained between ~ 335 and 305 Ma (Jacob et al. 2021).

The most external zircon rim dated at 282.6 ± 3.3 Ma has 
comparable textural features to the late Carboniferous R2 
rims, with equally low Th/U ratios, but even higher U and 
Th contents (up to 12,000 ppm U). Given the incompat-
ible nature of these elements, it is speculated that R3 rims 
formed by low degree melting or crystallisation of residual 
melts enriched in Th and U. It is indeed common that mig-
matites contain multiple zircon overgrowths that formed 
during subsequent events of high-grade metamorphism or 
repeated anatexis (e.g. Rubatto et al. 2009, 2013; Jacob et al. 
2021).

Structural evolution

In the crystalline basement of the central Gotthard nappe, 
the Alpine deformation (DA) is subordinate compared to 
the penetrative pre-Alpine Tuma (DT), Ravetsch (DR) and 
Schlingen (DS) deformation events. Our results confirm that 
Alpine deformation localises in a few discrete Alpine shear 

zones (see also Ambühl 1929; Niggli 1944; Marquer 1990; 
Lützenkirchen 2002; Rast et al. 2022). The Schlingen phase 
is accountable for the large-scale (sub-)vertical folds that 
deform the main Ravetsch foliation (SR). Corresponding 
Schlingen fabrics are present as a crenulation cleavage or 
as an axial plane foliation. Field observation allows us to 
define a relative sequence that we ascribe to different defor-
mation phases (Table 1). Nevertheless, associated mineral 
assemblages of phase-corresponding foliations and compos-
ite foliations underscore how difficult it is to differentiate 
between different deformation phases, particularly when 
these are coplanar and of composite nature. In this context, 
it is important to underline that the pre-Mesozoic basement 
units are likely to have experienced three times amphibolite-
facies metamorphism, namely during the Tuma (Tuma phase 
DT), Ravetsch (Ravetsch phase DR) and Schlingen phases 
(Schlingen phase DS). In the following, four main stages of 
structural evolution of the area are discussed.

(1) Formation of the country rock gneisses. Inclusions con-
taining a deformed  ST foliation are only observed in the 
Paradis Gneiss and Val Nalps Gneiss. For the Tuma 
phase, newly grown biotite in ST as well as resorbed 
garnet porphyroblasts with felsic mineral precipitation 
in pressure shadows signal a post-migmatitic deforma-
tion under garnet amphibolite-facies conditions prior 
to the intrusion of the protolith of the Streifengneis 
(Fig. 3). Thus, we conclude that partial melting is 
associated with anatexis of the Val Nalps Gneiss and 
formation of Paradis Gneiss migmatites, suggesting a 
coeval Ordovician metamorphic evolution (Berger et al. 
2017). Regarding the controversially debated formation 
of the migmatitic gneisses (Paradis Gneiss), our field 
observations support previous interpretations that (i) 
they are sedimentary derived, and that (ii) they were 
affected by subsequent multiple stages of metamor-
phism and anatexis producing gneissic and migmatitic 
structures. Hence, the Paradis Gneiss records multiple 
melting events that, at least in part, preceded the last 
episode of Schlingen folding and presumably also the 
Ravetsch phase. However, the youngest migmatitic 
pulses are associated with high-strain shear zones and 
the Schlingen phase  (GMM in Fig. 2b).

(2) Intrusion of the protolith of the Streifengneis is dated 
at 449 ± 3 Ma (Fig. 9a and g, Zircon chronology) and 
its emplacement is considered syntectonic at amphibo-
lite-facies conditions (see Geological setting and Huber 
1943; Niggli 1944). This synemplacement deformation 
is also recorded in the hosting Val Nalps complex (Mer-
colli et al. 1994). The kilometre-long steeply inclined 
sheets of orthogneisses with high aspect ratio reinforce 
a syntectonic emplacement (e.g. Zurbriggen 2015). 
Their elongated geometry resulted from transpres-
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sional shearing. This conclusion is supported by (i) SR 
foliation that is concordant to the intrusive contact, (ii) 
bands of Streifengneis and aplitic dykes that are par-
allel to the contact, (iii) Schlingen folded apophyses 
and Schlingen that deformed older contact migmatites 
along the contact of the Streifengneis and the Val Nalps 
Gneiss, as well as (iv) a decrease in foliation spacing 
towards contact zones, expressed by a more evolved 
mylonitic foliation and a prominent grain size reduc-
tion (Figs. 2b and 5a). The corresponding most pro-
nounced foliation (SR) affects all major rock units and 
is deformed by the Schlingen phase (Fig. 10b).

(3) Schlingen phase. Field observations of the Tros outcrop 
show that the Schlingen phase must be considered as a 
polyphase event with multiple pulses of partial melting 
and compressional shearing. There is ample evidence 
to suggest that Schlingen formation is a combination 
of simultaneous shearing and folding of a pre-exist-
ing planar fabric (Fig. 10b). These older deformation 
events involving steepening are isoclinal small-scale 
folds (Ravetsch phase) as well as old foliations (ST, SR, 
Sr) being folded by the Schlingen phase. Also, multiple 
refolded banded amphibolites and Paradis Gneiss bands 
indicate fold interferences owing to multiple deforma-
tion events (Fig. 2b).

We conclude that the folding and associated shearing rep-
resent a continuum of deformation episodes rather than a 
single short-lived deformation event, based on the following:

(i) The Schlingen foliation shows different appearances 
ranging from a crenulation cleavage in the vicinity 
of the fold hinge to a penetrative axial plane foliation 
(Fig. 7d–f).

(ii) Whilst the map-scale Tros Schlinge plunges SW 
(252/70), second-order parasitic folds are more affected 
by fold interferences (DV, DA) and show considerable 
variations in plunge.

(iii) Axial plane parallel to -sub-parallel leucocratic dykes 
contain no foliation as opposed to older leucosomes 
 (LeA and  LeB in Fig. 7). This latter observation further 
suggests that, concomitant to the multiple deformation 
phases, simultaneous water-assisted partial melting 
occurred. Supporting evidence are the multiple folia-

tions observed in the Tros outcrop and the evolution 
of leucosomes (SR1, SR2, SS in Fig. 7d, e, f and  LeA, 
 LeB,  LeC in Fig. 7e). It is important to note that such 
a continuous polyphase deformation sequence, with 
potentially a locally rotating stress field, can yield leu-
cosomes, which do not necessarily evolve strictly par-
allel to axial planes (Druguet 2019). We infer that the 
slight deviations of the leucosomes from the Tros axial 
plane can be interpreted in this sense.

(iv) At the kilometre scale, instead of a classical sequence 
of syn- and antiforms, the Schlingen in the Unter-
alptal rather consist of a succession of southwest clos-
ing folds, which laterally grade into high-strain shear 
zones being followed by the next southwest closing fold 
(Fig. 4a). The counterparts, namely northeast closing 
folds, are missing. The high-strain shear zones are a 
viable explanation for equally closing folds adjacent 
to each other (Fig. 4a). These syn-Schlingen high-
strain shear zones cut pre-Variscan intrusive contacts 
between the Streifengneis, Val Nalps Gneiss and Para-
dis Gneiss. Some leucosomes are rotated and dragged 
into the shear zones (see also Pettke and Klaper 1992). 
Measured lineations of high-strain zones indicated a 
subvertical movement, which points to a transpressive 
setting during Variscan Schlingen folding. Hence, for 
the Schlingen phase, a strong strain partitioning within 
a general shear kinematic framework is typical with 
folds representing domains of horizontal compressional 
strain and the shear zones domains of highly localised 
shear strain with a reverse faulting component.

(v) Post-Schlingen deformation includes the Vermigel 
phase, the injection of the (meta)basic dykes, as well 
as the Alpine greenschist facies shearing (Table 1, 
Fig. 4b). The minor undulation of the Schlingen folia-
tion is attributed to the Vermigel phase and is the 
first stage of post-Schlingen deformation (see Chap-
ter 4.2.5). Whether the Vermigel phase post-dates the 
early Permian intrusions has yet to be established, since 
there is no outcrop exposing these relationships in the 
study area. The timing of the metabasic dykes is not 
yet entirely solved. Previous studies suggest that they 
indicate the latest intrusive event in the Gotthard nappe 
(Niggli 1944; Niggli and Niggli 1965; Oberhänsli 
1986), which is also confirmed by observations in the 
Aar Massif (Schneeberger et al. 2016). Bussien et al. 
(2011) investigated metabasic dykes in the Teggiolo 
Zone, which yield an age of ~ 290 Ma. Our field obser-
vations indicate that metabasic dykes dissect the latest 
Schlingen-related leucocratic dykes  (LeC) and are not 
affected by Variscan high-strain shear zones.. There-
fore, metabasic dykes are considered to be younger than 
the Schlingen folds. The orientation of metabasic dykes 
is steep and their lenticulargeometry is subparallel to 

Fig. 9  Zircon chronology: a–c Contrast charge images (CL) of rep-
resentative zircon crystals from leucosomes LEU9. Scale is the same 
for all analysed zircons. Obtained 206Pb/238U ages are indicated next 
to spots. d Conventional Concordia diagram of two major age popula-
tions; inherited C1 cores are not shown. e Th–U concentration (ppm) 
in analysed zircons. f Th/U ratios versus age. g Probability density 
plot of 206Pb/238U ages with inserts showing the weighted mean ages 
for three rim populations (R1, R2, R3). Light grey bins mark ages that 
were rejected for weighted average calculations

◂



 International Journal of Earth Sciences

1 3



International Journal of Earth Sciences 

1 3

the foliation planes of the Vermigel phase (Figs. 4b and 
6d). This may suggest a synchronous injection with 
respect to Vermigel folding. The W-directed vergence 
of the open Vermigel folds suggest left-lateral shearing 
framework for this deformation stage (Fig. 4b). The 
brittle–ductile Alpine shear zones and their purely brit-
tle reactivation clearly represent the youngest deforma-
tion, since they croscut all other structures mentioned 
above. Unravelling the exact timing of this Alpine 
deformation is, however, out of the scope of the present 
study and the interested reader is referred to (Marquer 
1990; Oliot et al. 2014; Lützenkirchen and Löw 2011; 
Berger et al. 2017).

Tectonic evolution

In a plate-tectonic framework, the above discussed Schlin-
gen tectonics are limited to the Southern Variscides, which 
were separated from the Moldanubian Zone, although both 
show a Gondwanan affinity. South of the Southern Varisci-
des, foreland basins and undeformed Gondwana occurred 
(Fig. 11, e.g. Guillot and Ménot 2009). Due to the intense 
post-Variscan tectonics in Europe (mainly Permian-Jurassic 
extensional phases and Alpine convergence), the borders 
between undeformed Gondwana, Southern Variscides and 
Moldanubian Zone are only locally preserved. Owing to 
this uncertainty, we introduced a mixed zone in our recon-
struction (Fig. 11). The main parts of the Southern Varis-
cides are located today in the Alps, Maures Massif, Cor-
sica and Sardinia (Fig. 11; e.g. Guillot and Ménot 2009; 
Simonetti et al. 2020a, b). Therefore, the former border 
between the Moldanubian Zone and the Southern Varisci-
des is now located either inside the Alps or directly north 
of them underneath the Northalpine Foreland. It is intrigu-
ing to observe that the Schlingen structures are restricted to 
units of the Southern Variscan realm only. To understand 
this geodynamic point, the understanding for the spatially 
restricted formation of Schlingen needs to be discussed in 
terms of time. As already summarised in the introduction, 
the Variscan orogeny can be subdivided into an Eo-Variscan 
(400–380 Ma) event, a Meso-Variscan event (360–330 Ma) 
and a Neo-Variscan event (330–310 Ma), the latter having 

been transpression dominated (Putiš et al. 2009; Stampfli and 
Hochard 2009; von Raumer et al. 2013; Haas et al. 2020). 
Devonian and early Carboniferous crustal stacking, subduc-
tion and related arc magmatism of Ballèvre et al. (2018) are 
comparable to the Eo- and Meso-Variscan events. In addi-
tion, during late Carboniferous arcuate megastructures such 
as oroclines developed (Ibero-Amorican arc 315–297 Ma, 
Jacques et al. 2017). This Pennsylvanian event is contem-
poraneous to the evolution of the Schlingen. At the same 
time, magmatism occurred in the Moldanubian Zone as well 
as in the northern part of the Southern Variscides (Ballèvre 
et al. 2018, Figs. 10c and 12). The timing of Schlingen for-
mation and transpressional deformation may be related to 
crustal scale shear zones, such as the East Variscan Shear 
Zone (EVSZ). Accepting a correlation of the EVSZ with 
the described structure inside the Gotthard nappe implies 
following questions: (1) What is the timing of the EVSZ 
activity? (2) What is the large-scale geometry of the EVSZ? 
and (3) What is the link between the EVSZ and the differ-
ent Schlingen structures and oroclines (Fig. 11)? The main 
question will be the timing of the deformation. Simonetti 
et al. (2020a, b) propose a main activity between 330 and 
320 Ma (their Fig. 7). Elter et al. (2020) connect the EVSZ 
with different sedimentary basins related to strike-slip defor-
mation in the Alps, Corsica and Sardegna (Stephanian and 
younger in age). Accepting a long-term activity of the EVSZ 
(~ 30 Ma), all these interpretations overlap (Padovano et al. 
2012; Ballèvre et al. 2018; Simonetti et al. 2018, 2020a, b; 
Elter et al. 2020). However, the plate tectonic interpretation 
would differ and different scales have to be considered. In 
contrast to a crustal scale shear zone as a major strike-slip 
zone, an alternative concept of different branches implies a 
large-scale corridor of deformation (Fig. 11). Examples of 
such a corridor are shear zones with (sub-)vertical mylonitic 
foliation bands of several hundred metres width (Ballèvre 
et al. 2014; Advokaat et al. 2014; Simonetti et al. 2020b). 
Some of these transpressive shear zones were active simul-
taneously with the formation of large-scale folds (Simonetti 
et al. 2020b). The correlation of the EVSZ as a large-scale 
deformation corridor with different strike-slip branches and 
Schlingen indicates transpressive deformation.

This is in contrast to the general basin evolution, which 
requires a transtentional setting in the same time interval 
(Elter et al. 2020). A contemporaneous local transpressional 
and transtensional deformation (= releasing and restraining 
bends) would integrate the different detailed observations.

The proposed structural model requires shearing and fold-
ing, which is consistent with the Carboniferous collisional 
tectonics (Fig. 11a). Moreover, these structures are contem-
poraneous to our newly dated Schlingen phase. In contrast, 
the distribution of magmatism indicates larger-scale lateral 
movements. In the Aiguilles Rouge Massif, the Schlingen 

Fig. 10  Pre-Mesozoic evolution. a Ordovician to early-Silu-
rian emplacement of the Streifengneis in steep metasedimentary 
sequences. b The Schlingen phase is considered as a continental-
scaled tectonic event in relation to collision and transpression 
between Laurussia and Gondwana, affecting pre-existing subvertical 
anisotropies within peri-Gondwanan terranes. c Widespread early 
Permian intrusions (late Carboniferous intrusions after Mercolli 
et  al. 1994) cut Schlingen structures and mark a younger time limit 
(Schaltegger 1994). d Vermigel phase is a temperature dependent 
deformation event with locally open folds and a weak foliation
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phase is terminated by extensive sheet-like intrusions of per-
aluminous granitic melts (e.g. ~ 307 Ma, Bussy et al. 2000). 
In comparison with the neighbouring Mont Blanc and Aar 
Massif, the Gotthard nappe lacks Carboniferous magmatism, 
which is also the case for the Austroalpine and Southalpine 
basement units (Fig. 12). Therefore, we tentatively propose 
for the Gotthard nappe a Carboniferous position further to 
the east (Fig. 11a). This paleo-location has several implica-
tions: (i) given the overall dextral shear, the Gotthard nappe, 
as well as the Austroalpine and Southalpine basement units 

were displaced westwards during late Carboniferous/Per-
mian times; (ii) the emplacement of the Gotthard nappe close 
to the Aar Massif occurred during strike-slip movements. 
These two data sets (inferred collision and strike-slip move-
ments) can be seen as a single long-lived (active over 30 Ma) 
or as a two-stage process (a Carboniferous transpressional 
phase, followed by a local Permian transtensional phase; 
e.g. compare timing in Simonetti et al. 2020a, b; Stephan 
et al. 2019; Pohl et al. 2018). Our data indicate that late Car-
boniferous Schlingen tectonics, related to oblique collision 

Fig. 11  Situations of the Neo-Variscides. a Sketch of a possible 
reconstruction of the Southern Variscides during the late Carbon-
iferous Schlingen phase (see text for definition). Note the necessary 
transpressional deformation to reorganise the units within the Alpine 
realm (A Argentera Massif, B Belledonne Massif, MB Mont Blanc 
Massif, AR Aguilles Rouges Massif, AM Aar Massif, G Gotthard 
nappe, Oe Oetztal nappe, Si Silvretta nappe, D Defereggen Alps, SC 

Strona-Ceneri zone). For details of the Variscides outside the box, see 
Ballèvre et  al. 2018. b The situation after the transpressional stage 
of (a) indicates a strike-slip situation or a more transtensional stage, 
which is well known from the Permian. Both figures are generally 
redrawn after Ballèvre et  al. 2018 with modifications regarding the 
Alpine realm
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(~ transpressional at local scale; see also Guillot and Ménot 
2009), includes large-scale strain partitioning. Furthermore, 
the model proposes that the pre-existing steep anisotropies 
coalesced by progressive non-coaxial transpression into a 
branched network of localised high-strain shear zones. In 
between such high-strain shear zones, regional compression 
prevailed and induced continuous formation of Schlingen 
structures (Fig. 11a). Despite the general simultaneity of 

anastomosing shear zones around compressed lenses with 
internal Schlingen folding, we propose dominance of a pure 
shear component during this collisional stage. This is fol-
lowed or continued into more strike-slip dominated defor-
mation to explain the difference in magmatism (Fig. 11b; 
see above).

Fig. 12  Orogenic timetable for pre-Mesozoic evolution of Schlingen 
containing basements in the Alpine belt. The Schlingen phase (DS or 
D3) spans over 40 Ma from 340 to 300. Metamorphic facies: l,u pre-
fixes indicating lower and upper; GF greenschist facies, AF amphi-

bolite facies, GrF granulite facies, EF eclogite facies. Column of Aar 
Massif is modified after Berger et al. 2017. Full list of references is 
provided in appendix A
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Summary

The investigated kilometre-scale Schlingen fold in the Got-
thard nappe is an amphibolite facies regional structure with 
a steep fold axis and axial plane. The eponymous Schlingen 
phase expresses a polyphase deformation, which is associ-
ated with Variscan crustal-scale shear zones that affected 
units of the Southern Variscides within peri-Gondwana 
terranes. For the Central Alps we draw the following 
conclusions:

 (i) The northern rim of Gondwana became steeply struc-
tured during the Ordovician time. Consequently, 
characteristic subvertical pre-Schlingen anisotropies 
formed, such as foliations and bandings.

 (ii) During oblique collision between Laurussia and 
Gondwana, a strong strain partitioning formed crus-
tal-scale Schlingen folds (315 ± 4 Ma) and strike-slip 
zones. After Schlingen folding, the strike-slip zones 
coalesced and plate motions triggered the formation 
of the EVSZ in its eastern part.

 (iii) Schlingen in the Gotthard nappe developed under 
amphibolite-facies conditions and concurrent 
water-fluxed partial melting migmatised Ordovi-
cian granitoids (Streifengneis 449 ± 3 Ma) and older 
migmatites (Paradis Gneiss). Melt segregation dur-
ing the Schlingen phase was variable, but commonly 
occurred in fold hinges, fold limbs and along shear 
zones of Schlingen structures.

 (iv) Variscan post-Schlingen deformation (Vermigel 
phase) locally produced open folds  (DV) and penetra-
tive foliation at similar metamorphic conditions as 
the Schlingen phase documenting ongoing transpres-
sion.
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