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Geology along the Bedretto tunnel: 
kinematic and geochronological constraints 
on the evolution of the Gotthard Massif (Central 
Alps)
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Abstract 

The unlined Bedretto tunnel crosses large parts of the pre-Triassic basement of the Gotthard massif (Central Alps), 
giving the possibility to study late-Variscan plutonic rocks (Rotondo granite) and their Caledonian (poly-)metamorphic 
host rocks (Tremola and Prato series). The Rotondo granite consists mostly of an equigranular, fine-grained granite 
and to a lesser extent of a porphyritic granite. Commonly, the Rotondo granite is massive or only slightly foliated. 
Ductile deformation is localized along discrete shear zones composed of granitic or quartz-biotite-rich lithologies. This 
paper reviews the geology of the Bedretto tunnel with emphasis on the Rotondo granite and presents constraints 
based on kinematic, microstructural, and U–Pb geochronological evidence, which can be summarized as follows: (1) 
Both granitic and quartz-biotite-rich shear zones (QB-SZ) in the Rotondo granite generally dip moderately to steeply 
towards north and are related to top-to-south reverse shearing, indicating south-verging backthrusting during the 
exhumation of the Gotthard massif. (2) Zircons from both the equigranular and porphyritic Rotondo granite show 
overlapping 206Pb/238U-age ranges of 285–319 Ma and 280–335 Ma, respectively, which indicate that both are part of 
the same late-Variscan magmatic episode. Almost no older inherited cores are reported. (3) In zircons from a QB-SZ, 
30% of the concordant age spots scatter between 339 and 589 Ma. This suggests that the parent material of the 
QB-SZ is unrelated to the magmatic episode that formed the Rotondo granite, but rather that the QB-SZ represent 
sheared xenoliths within the granite.
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1  Introduction
The ca. 5  km-long Bedretto tunnel (or ‘Bedretto win-
dow’) was constructed from 1971 to 1982 as a southeast–
northwest oriented adit to the main Furka base tunnel 
(Fig. 1). Since 2019, ETH Zurich has been operating the 
Bedretto Underground Laboratory for Geosciences and 

Geoenergies (BULGG). At the BULGG, techniques for 
extracting geothermal energy from low permeability 
rocks (Engineered Geothermal Systems, EGS) are tested 
under conditions as close as possible to the reality of 
future EGS projects (Gischig et al., 2020).

The Bedretto tunnel crosses the southern Gotthard 
massif, which is structurally a back-folded nappe 
(Milnes, 1974), and therefore the term ‘Gotthard nappe’ 
is often applied (e.g. Berger et al., 2017). However, the 
term ‘Gotthard massif ’ is still widely used and will also 
be employed in the present study. The Bedretto tun-
nel offers continuous outcrop conditions and crosses 
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from southeast to northwest three geological units of 
the Gotthard massif (Keller and Schneider, 1982): the 
Tremola series from tunnel meter (TM) 0 to TM 434, 
the Prato series (TM 434 to TM 1138), and the Rotondo 
granite (TM 1138 to TM 5218). Previous studies mainly 
focused on brittle faulting, geotechnical properties and 
hydrogeological characteristics of the Rotondo granite 

(e.g. Lützenkirchen, 2002; Lützenkirchen and Loew, 
2011; Jordan, 2019; Gischig et al., 2020).

The Rotondo granite is part of the late-Variscan grani-
toids (e.g. Mercolli et  al., 1994; Labhart, 2005). It is 
mostly equigranular and fine-grained (Labhart, 2005), 
although a porphyritic variety with sharp contact to the 
equigranular granite is exposed in the central part of the 
tunnel (Schneider, 1985). Previous studies suggested that 

Fig. 1  Main map: geologic overview of the study area (Bedretto tunnel), compiled after Hafner et al. (1975) and Berger et al. (2016). Subunits that 
are specifically mentioned in the text are highlighted with a dotted signature (Sorescia gneiss and Prato series). Coordinates correspond to the Swiss 
Grid (CH1903+). Background hillshade from Federal Office of Topography swisstopo (2011). Bottom right inlet: tectonic overview of the Central Alps 
(Federal Office of Topography swisstopo, 2016), black rectangle represents the cutout of the main map
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the Rotondo granite is nearly undeformed (e.g. Hafner, 
1958). However, in addition to an often recognizable 
weak foliation (Lützenkirchen and Loew, 2011), centim-
eter to meter thick shear zones with granitic composition 
and darker shear zones commonly occur. The latter were 
previously classified as strongly sheared lamprophyres 
(Schneider, 1985), although the mineralogical compo-
sition questions their interpretation as former mafic 
dykes. Irrespective of their origin, these rocks display a 
considerably stronger fabric than the host granite, indi-
cating that their protolith was more susceptible to duc-
tile deformation than the granite (Lützenkirchen, 2002). 
The identification of their parental material is crucial 
to understand rheological contrasts and related ductile 
deformation in the Rotondo granite.

Age of ductile deformation and development of a folia-
tion in the Rotondo granite are still a matter of debate 
(e.g. Nunes and Steiger, 1974; Guerrot and Steiger, 1991; 
Labhart, 2005; Lützenkirchen and Loew, 2011). Lützen-
kirchen and Loew (2011) interpreted the foliation in 
the Rotondo granite to be of late-Variscan age, whereas 
Alpine deformation remained localized along discrete 
shear zones. In contrast, Marquer (1990) interpreted the 
foliation in the nearby late-Variscan Fibbia granite to be 
entirely of Alpine age. Labhart (2005) attributed the lack 
of a similarly pronounced foliation in the Rotondo gran-
ite to its lower content of phyllosilicates.

This paper reviews the regional geological setting and 
site characteristic of the Bedretto tunnel, with emphasis 
on the Rotondo granite. It also aims at providing a bet-
ter reservoir characterization that may serve as basis for 
future studies at BULGG. Existing data are supplemented 
with new field and microstructural observations in order 
to relate kinematics and dynamic recrystallization associ-
ated with the ductile deformation of the Rotondo granite 
to the regional tectonic framework. Our results indicate 
that the relative uplift of the Gotthard massif was partly 
accommodated by steep, south-verging backthrusts. 
New geochronological U–Pb data show that both the 
equigranular and porphyritic varieties of the Rotondo 
granite formed during the same late-Variscan magmatic 
episode, whereas the darker shear zones are derived from 
xenoliths originating from paragneisses that hosted the 
Rotondo granite.

2 � Regional geological setting
The Gotthard massif ranges about 80  km in WSW–
ENE direction and about 10  km in NNW–SSE direc-
tion (Fig. 1). To the north, it is bounded by the Urseren 
zone, a parautochthonous sedimentary cover separating 
the Gotthard massif from the Aar massif. To the south, 
the parautochthonous sedimentary cover of the Nufenen 
zone separates the Gotthard massif from the Mesozoic 

sediments of the Penninic units (e.g. Mercolli et al., 1994; 
Labhart, 2005; Berger et al., 2017).

2.1 � Geological units
The units of the Gotthard massif crossed by the Bedretto 
tunnel will be described from older to younger below 
(Sect. 2.1.1 to 2.1.3). The following additional units occur 
in the vicinity of the Bedretto tunnel: a few hundred 
meters wide zone of amphibolites, the Streifengneis com-
plex, and the Sorescia gneiss, the latter being counted as 
part of the Paradis gneiss complex (Fig. 1). The Streifeng-
neis complex is composed of Silurian orthogneisses, of 
which the most prominent is characterized by a distinct 
linear texture (Huber, 1943; Nunes and Steiger, 1974; Ser-
geev and Steiger, 1993; Labhart, 2005; Berger et al., 2017). 
The Sorescia gneiss consists of migmatitic two-mica 
gneisses (Hafner, 1958; Steiger, 1962; Keller et  al., 1987; 
Labhart, 2005; Berger et al., 2017), which are very similar 
to some rocks of the adjacent Prato series, and a clear dis-
tinction is often not obvious (Hafner, 1958).

2.1.1 � Prato series (Val Nalps gneiss complex)
The part of the pre-Variscan Val Nalps gneiss com-
plex (Berger et al., 2017) crossed by the Bedretto tunnel 
is often referred to as ‘Prato series’ (e.g. Steiger, 1962; 
Hafner et  al., 1975; Labhart, 2005). This is a ca. 20  km 
long and up to ca. 2  km wide, elongated zone strik-
ing parallel to the Gotthard massif (Fig.  1)  and consist-
ing of two-mica-alkali-feldspar ± garnet gneisses and 
schists, hornblende gneisses and schists, and amphibo-
lites (Hafner, 1958; Steiger, 1962; Keller et al., 1987). The 
mineralogical assemblages of the different rock types of 
the Prato series is summarized by Labhart (2005) after 
Hafner (1958) and Keller et al. (1987). Banded hornblende 
schists and amphibolites dominate the northern and 
southern part, whereas the central part consists mainly 
of two-mica gneisses and schists with lenses of amphi-
bolites, hornblende schists, and biotite schists (Hafner, 
1958). The Prato series has a complicated internal struc-
ture characterized by steep isoclinal folds. Moreover, the 
alternation of different rock types and migmatization led 
to narrow banding on the centimeter to tens of meters 
scale (Labhart, 2005). The rocks are strongly foliated and 
display a steeply north- or south-plunging mineral linea-
tion defined by mica grains (Steiger, 1962).

2.1.2 � Tremola series
The pre- and early Variscan Tremola series is a ca. 20 km 
long and ca. 2 km wide zone, which separates the Prato 
series in the northwest from the parautochthonous 
sedimentary cover of the Nufenen zone in the south-
east (Fig. 1). Berger et al. (2017) used the term ‘Tremola 
Gneiss Complex’, while in this study the earlier term 
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‘Tremola series’ is used. Based on the relative occurrence 
of different rock types, Steiger (1962) subdivided the 
Tremola series into Pontino zone, Sasso Rosso zone, and 
Nelva zone. The Tremola series is a sequence of metased-
imentary rocks consisting mainly of mica-rich gneisses, 
mica-schists, hornblende-schists, hornblende-gneisses, 
and minor calc-silicate rocks, amphibolites, and quartz-
ites (Steiger, 1962; Keller et al., 1987). The mineralogical 
assemblages of the different rock types of the Tremola 
series are summarized by Labhart (2005) after Hafner 
(1958), Keller et  al. (1987) and Steiger (1962). Usually, 
the mineral assemblage and structure are highly variable. 
Changes between different rock types often occur within 
meters (Steiger, 1962; Labhart, 2005).

2.1.3 � Rotondo and Fibbia granites
The main part of the Late to post-Variscan Rotondo gran-
ite is located in the central part of the Gotthard mas-
sif, extending about 8  km in WSW–ENE direction and 
about 5 km in NNW–SSE direction (Fig. 1). In addition, 
four smaller granite bodies further to the northeast are 
classified as Rotondo granite, although they are not con-
nected in map view (Labhart, 2005). The Rotondo granite 
consists to a large extent of an equigranular, fine-grained 
granite, while in certain domains it also consists of a 
more biotite-rich and porphyroclastic granite, such as in 
the central part of the Bedretto tunnel (Schneider, 1985). 
Locally, steeply dipping aplite dykes and lamprophyre 
dykes cross-cut the Rotondo granite (Hafner, 1958; Ober-
hänsli, 1986; Labhart, 2005).

The nearby Fibbia granite is located northeast of the 
Rotondo granite and extends about 5 km in WSW–ENE 
direction and about 3 km in NNW–SSE direction (Fig. 1). 
The Fibbia granite is porphyritic with up to 2–3  cm 
large, idiomorphic alkali feldspar grains. Due to a well-
developed foliation, the Fibbia granite is also described 
as ‘granite-gneiss’ in the literature (Labhart, 2005). A 
comparison between the composition of the Fibbia and 
Rotondo granites based on literature data is shown in 
Table 1.

U–Pb single grain ID-TIMS zircon dating on zircons 
extracted from feldspars (Sergeev et  al., 1995) showed 
a slightly younger age for the equigranular Rotondo 
granite ( 294 ± 1.1  Ma) than for the Fibbia granite 

( 299.4 ± 1.2 Ma). No age determinations for the porphy-
ritic Rotondo granite exist so far.

In the Rotondo granite, a weakly developed main folia-
tion dips steeply towards NW (Lützenkirchen and Loew, 
2011). Ductile deformation appears to be localized within 
steeply northward-dipping granitic shear zones, or 
darker shear zones interpreted as former lamprophyres 
(Schneider, 1985; Lützenkirchen and Loew, 2011). In 
contrast, the Fibbia granite displays a steeply dipping, 
WSW–ENE striking penetrative foliation and a steeply 
dipping mineral lineation defined by biotite, sericite, and 
feldspar plunging sub-parallel to the foliation dip direc-
tion (Hafner, 1958; Marquer, 1990). Centimeter-to meter-
thick shear zones strike sub-parallel to the regional 
foliation (Marquer, 1990), as is the case in the Rotondo 
granite.

2.2 � Tectonic evolution and metamorphism
2.2.1 � Pre‑Alpine tectonics and metamorphism
Paragneisses of different basement units of the Euro-
pean continental crust contain detrital zircons with ages 
between 0.6 and 3.4 Ga, which are interpreted as originat-
ing from source rocks of a pan-African orogen (Schalteg-
ger and Gebauer, 1999). In mafic rocks that intruded 
into paragneisses of the Val Nalps gneiss complex, Biino 
(1994) recognized an eclogitic mineral assemblage par-
tially replaced by a granulite facies assemblage. This was 
interpreted as the result of subduction (eclogite facies) 
followed by nearly isothermal uplift (granulite facies), 
whereby the migmatization of the host paragneisses was 
related to granulite facies conditions. According to Biino 
(1994) and Schaltegger (1994), the age of eclogite facies 
metamorphism is provided by the Caledonian U–Pb zir-
con intercept age of 467–475  Ma determined by Oberli 
et  al. (1994), who has dated zircons without inherited 
cores from metagabbros.

In the field, cross-cutting relationships suggest that 
migmatization of the paragneisses pre-dated the intru-
sion of the Streifengneis (Mercolli et  al., 1994), which 
according to zircon ages occurred around 439 Ma (Ser-
geev and Steiger, 1993). Subsequently, Variscan folds 
(Schlingen tectonics) affected both, Streifengneis and 
already existing paragneisses (e.g. Prato series, Sorescia 
gneiss) (Mercolli et al., 1994). A study of Variscan struc-
tures by Pettke and Klaper (1992) revealed a medium to 

Table 1  Composition of the Rotondo and Fibbia granites based on Hafner (1958), Labhart (2005) and Steck (1976)

Mineral abbreviations according to Whitney and Evans (2010)

Qz (%) Kfs (%) Pl (%) Bt (%) Ph (%) Accessories

Rotondo granite 25–35 20–40 10–25 3–8 Accessory Grt, Ph, Chl, Ep, Ap, opaques, Zrn, Fl

Fibbia granite 20–30 25–40 20–30 ca. 10 5–10 Chl, Ep, Grt, Zrn, Ap
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steeply inclined foliation dipping towards the  NNW, a 
relatively flat alkali feldspar lineation plunging towards 
the ENE, and late isoclinal folds with relatively flat axes 
plunging towards the east. A pre-Alpine quartz-feld-
spar matrix in the Sorescia gneiss contains sericitized 
andesine, which indicates Variscan amphibolite facies 
metamorphism (Nunes and Steiger, 1974).

The Tremola series was interpreted by Mercolli et al. 
(1994) as representing metasediments, accreted in the 
Middle Paleozoic (Devonian) to the then existing part 
of the European continental crust (to which the Got-
thard massif is counted today). This interpretation is 
based on the lack of high-grade pre-Devonian meta-
morphism and the intrusion of late-Variscan granitoids 
(Gamsboden granite) into the Tremola series.

2.2.2 � Alpine tectonics and metamorphism
The Alpine tectonic evolution of the Central Alps has 
been intensely studied (e.g. Marquer, 1990; Grujic and 
Mancktelow, 1996; Schmid et  al., 1997; Pfiffner et  al., 
2002; Maxelon and Mancktelow, 2005; Herwegh et al., 
2017; Steck et  al., 2019; Nibourel et  al., 2021) and is 
summarized in the following, with emphasis on the 
Gotthard massif: 

1.	 The detachment of the Penninic nappes (with the 
Gotthard massif as their structurally lowest part) 
between late Eocene to Oligocene was accompanied 
by the detachment of the Ultrahelvetic and Helvetic 
sedimentary cover from the Gotthard, Tavetsch, and 
southern Aar massif at around ∼40  Ma (Schmid 
et  al., 1997), but in any case before the thrusting of 
the Gotthard massif onto the Aar massif started (e.g. 
Pfiffner, 2010; Herwegh et  al., 2017). Structures of 
this first deformation phase (‘D1 stage’) are generally 
rarely preserved (Labhart, 2005), and the basement 
of the Gotthard massif was not affected by this phase 
(Berger et al., 2017).

2.	 A second phase of deformation (‘D2 stage’) is asso-
ciated with the thrusting of the Gotthard massif 
together with its parautochthonous sedimentary 
cover onto the southern Aar massif (e.g. Berger 
et al., 2017; Herwegh et al., 2017; Ricchi et al., 2019, 
Figs. 2a and b). Due to a lack of a metamorphic tem-
perature jump at the boundary between Gotthard 
and Aar massif, Herwegh et al. (2017) concluded that 
the Gotthard massif was thrusted onto the Aar mas-
sif prior to the Alpine thermal peak, which occurred 
at ∼ 19–18 Ma in this area (Wiederkehr et al., 2009; 
Berger et  al., 2017; Ricchi et  al., 2019). A NE–SW 
striking foliation with a steep lineation in the Got-

a

b d

c

Fig. 2  Simplified illustration of the Alpine tectonic evolution of the Aar and Gotthard massif. The area labeled ‘Helvetic, Penninic and Austroalpine 
nappes’ also includes flysch and Molasse units. Colored terms indicate deformation phases described in the text. Modified from Nibourel et al. 
(2021), Herwegh et al. (2017) and Ricchi et al. (2019). Interpretations based on the present study have been supplemented to the Gotthard massif
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thard massif is commonly thought to be related to 
this deformation stage (e.g. Schmid et al., 1997; Lab-
hart, 2005).

3.	 Development of large-scale synforms in the Pen-
ninic zone (‘D3 stage’) resulted in the formation of 
the ‘northern steep belt’ (Milnes, 1974): from east to 
west, these synforms are known as the Chiéra fold, 
which evolved around 14–13 Ma (Ricchi et al., 2019), 
the Basòdino-Cristallina fold (Grujic and Manck-
telow, 1996), and the Berisal fold, which evolved 
between 15 and 9 Ma (Pfiffner et al., 2002). It is gen-
erally assumed that the formation of the ‘northern 
steep belt’ also led to the steepening of the Gotthard 
massif and a corresponding large-scale back-fold-
ing of the southern Gotthard massif (e.g. Maxelon 
and Mancktelow, 2005; Herwegh et  al., 2017; Ric-
chi et al., 2019), while the ‘D3 stage’ in the Aar mas-
sif is related to steep reverse faults (‘Handegg phase’, 
e.g. Berger et al., 2017; Herwegh et al., 2017, Fig. 2c). 
Both the steepening of the Gotthard massif and the 
steep reverse faults in the Aar massif are the result 
of the delamination of the lower crust and the subse-
quent buoyancy driven uplift (Herwegh et al., 2017). 
The ‘D3’ steepening of the Gotthard massif led to an 
almost vertical to overturned foliation in the south-
ern Gotthard massif (Tremola series) and its parau-
tochthonous sedimentary cover (Nufenen zone) 
(Labhart, 2005), and resulted in the present steep 
orientation of the Permo-Carboniferous sediments 
of the Urseren zone (Wyss, 1986). Marquer (1990) 
related steep backthrusts in the Gotthard massif 
to the large-scale synforms in the Penninic zone. A 
model of minor steepening of the Gotthard massif 
indicated by a dome-like geometry of the Rotondo 
granite body (Kissling et  al., 1978; Labhart, 2005) 
was refused by kinematic analyses (e.g. Schmid et al., 
1997; Wiederkehr et al., 2009).

4.	 The end of the European slab rollback during the 
middle to late Miocene resulted in northwest-
directed sub-horizontal reverse faulting at the north-
ern front of the Aar massif (‘Pfaffenchopf ’ phase, 
after ∼12  Ma) and dextral strike-slip within the 
Aar massif (‘Oberaar’ phase, ∼11.5–7  Ma) (Her-
wegh et al., 2017; Ricchi et al., 2019, Fig. 2d). Dextral 
strike-slip faults in the Gotthard massif are further 
discussed in Sect. 5.2.2 with respect to the Rotondo 
granite. ‘Oberaar’ and ‘Pfaffenchopf ’ phases are sum-
marized by some authors as the ‘D4 stage’, which is 
further associated with back-thrusting in the south-
ern Aar massif (Herwegh et al., 2017; Nibourel et al., 
2021, Fig. 2d).

Across the Gotthard massif, the Alpine metamorphic 
grade generally increases from upper greenschist facies 
in the northwest to greenschist-amphibolite facies tran-
sition in the southeast (Bousquet et  al., 2012). Steck 
(1976) demonstrated that the mineral assemblage of 
the Rotondo granite was recrystallized to a large extent 
during the Alpine orogeny under greenschist facies 
conditions.

3 � Geology along the Bedretto tunnel
The geological characterization of the Bedretto tunnel is 
based on both existing data (tunnel section of Schneider, 
1985, a geometric unfolding in top fan, SW-wall, base 
and NE-wall) and new data acquired during the present 
study. All position data in this paper correspond to the 
distance along the tunnel axis from its entrance, the so-
called tunnel meter (TM). Petrology, microstructures, 
and kinematics of 30 representative samples were stud-
ied (sample location and type of analyses are shown in 
Table  2). Structural features and rock types along the 
Bedretto tunnel are displayed in the simplified cross-sec-
tion of Fig. 3a, which includes data from Keller and Sch-
neider (1982), Schneider (1985), and data of this study. A 
detailed petrological description of the Bedretto tunnel 
in high spatial resolution is given in the tunnel section of 
Schneider (1985). The orientation of foliation, fault zones 
( > 10 cm wide), and shear zones were plotted against the 
distance along the tunnel axis (Fig. 3b) and in lower-hem-
isphere equal-area projections (Fig.  4). The orientation 
data of the foliation and fault zones are mainly adopted 
from the existing tunnel section of Schneider (1985), 
while the data of the shear zones are from the present 
study.

3.1 � Tremola and Prato series
Rocks of the Tremola series occur between the southern 
entrance of the tunnel and TM 434 (Fig. 3a). They typi-
cally consist of centimetric to decametric alternations 
of schists and gneisses composed of varying amounts 
of quartz, plagioclase, biotite, white mica, chlorite, gar-
net, and epidote, ± garnet-bearing hornblende-schists, 
amphibolites, and subordinate calcsilicates, which pro-
duces a characteristic compositional banding sub-parallel 
to the main foliation. Between TM 0 and TM 355, the 
rocks of the Tremola series are affected by toppling (Kel-
ler and Schneider, 1982; Masset and Loew, 2010, Fig. 3a). 
This gravitationally driven slope failure caused a Quater-
nary re-orientation of the main structures and resulted 
in a main foliation dipping moderately towards the NW 
(Fig.  3). After TM 355, the main foliation dips steeply 
towards the SE (Figs. 3b and 4a).

Rocks of the Prato series occur between TM 434 
and TM 1138. The contact between the Tremola and 
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Prato series is sharp (Fig.  5a). From TM 434 to TM 
635, the Prato series consists typically of amphibo-
lites with bands of biotite-rich gneisses and leuco-
cratic quartzo-feldspatic gneisses. From TM 635 to TM 
1138, hornblende bearing rocks are less common and 
the Prato series is dominated by alternating centim-
eters- to several meters-thick, foliation-parallel bands 
of leucocratic two-mica-gneisses, and melanocratic (± 
garnet-bearing) biotite-gneisses, interpreted as leu-
cosomes and melanosomes in migmatites. The main 
foliation in the Prato series is defined by the preferred 
orientation of mica and generally dips steeply towards 
the SE, as in the Tremola series (Figs. 3b and 4a). How-
ever, from approximately TM 1000 onward, the folia-
tion becomes progressively steeper and dips to NW 

towards the contact with the Rotondo granite (Fig. 3b). 
Shear sense indicators are often not well established 
and contradictory shear senses occur. However, the 
general trend shows an upward movement of the north-
ern block (Fig. 5b), which is particularly apparent at the 
SE- and NW-contact of the Prato series (Figs. 5a and c, 
respectively).

3.2 � Rotondo granite
3.2.1 � Equigranular (RG1) and porphyritic (RG2) granite 

varieties
The Rotondo granite occurs from TM 1138 to TM 5218 
(the NW tunnel end). The contact to the Prato series 
is sharp and characterized by top-to-south shearing 
(Fig.  5c). The Rotondo granite is highly deformed away 
from the contact up to TM 1143. The main body of the 
Rotondo granite can be subdivided into an equigranu-
lar variety (referred to as RG1) and a porphyritic variety 
(referred to as RG2), the latter occurring only between 
TM 2805 and TM 3437 on the NE wall and between TM 
2807 and TM 3431 on the SW wall. The two varieties of 
granite are separated in the SE by a quartz-biotite-rich 
shear zone (Sect.  3.2.3). In the NW, RG2 and RG1 are 
separated by a sharp contact (Fig. 5d).

The main phases of RG1 are quartz, alkali feldspar, pla-
gioclase, and biotite, which display an equigranular to 
inequigranular, interlobate texture (Figs.  6a and 7a–e). 
Three types of quartz with different grain size ranges and 
different grain boundary shapes occur (Sect. 3.2.4). Alkali 
feldspar forms anhedral grains in the mm range (Fig. 7b). 
Plagioclase commonly forms anhedral grains in the mm 
range, and lamellar twinning is widespread (Figs. 7b and 
c). Biotite crystals form ca. 1 mm large sub- to anhedral 
grains, commonly partly replaced by chlorite. In some 
samples, the biotite content is very low, while musco-
vite, which occurs usually as accessory mineral, is more 
abundant (Figs. 7b, c, and e). Further accessory minerals 
are epidote, apatite, zircon, titanite, opaques, and garnet. 
The garnet crystals are often subhedral in shape and are 
found within alkali feldspar grains. 

In terms of mineralogical composition, the RG2 vari-
ety does not differ from RG1, but the proportion of the 
different phases varies. RG2 is coarser grained, displays 
a distinct inequigranular texture with interlobate grain 
boundaries, has a higher biotite content than RG1, and 
has up to ca. 3 cm large, subhedral to anhedral alkali feld-
spar porphyroclasts with perthite unmixing (Figs. 6b and 
7f ). Grain sizes and shapes of the other minerals in sam-
ples of RG2 are roughly equivalent to those from RG1.

A main foliation defined by biotite is usually well-
developed in RG2. Towards the NW contact, RG2 is 
more intensely foliated and appears darker than further 
to the southeast (Fig. 5d). In contrast, a foliation in RG1 

Table 2  Collected hand samples from the Rotondo granite used 
for thin section investigation by optical microscopy

Samples used for zircon investigations are marked with ‘ × ’ in the corresponding 
column (ZI). The uncertainty in the TM-measurements is about ±1 m

TM Wall Sample name Description ZI

1156 NE B19-1156 Equigranular granite

1258 NE B20-1258 Equigranular granite

1350 NE B19-1350 Granitic shear zone

1417 NE B19-1417 Equigranular granite ×

1755 NE B20-1755 Equigranular granite

2253 SW B20-2253 Equigranular granite

2742 SW B20-2742 Equigranular granite

2801 NE B20-2801 Quartz-biotite-rich shear zone ×

2801 SW B20-2801-2 Quartz-biotite-rich shear zone

3145 SW B20-3145 Porphyritic granite

3147 SW B20-3147 Quartz-biotite-rich shear zone

3147 SW B20-3147-1 Quartz-biotite-rich shear zone

3147 NE B20-3147-2 Quartz-biotite-rich shear zone

3155 NE B20-3155 Enclave in granite

3247 SW B20-3247 Porphyritic granite ×

3320 NE B20-3320 Aplitic dyke

3375 NE B20-3375 Enclave in granite

3380 NE B20-3380 Enclave in granite

3385 NE B20-3385 Porphyritic granite

3615 NE B20-3615 Enclave in granite

3751 NE B20-3751 Equigranular granite

4173 NE B20-4173-2 Quartz-biotite-rich shear zone

4173 SW B20-4173-1 Quartz-biotite-rich shear zone

4182 SW B20-4182 Enclave in granite

4191 SW B20-4191 Aplitic dyke

4253 SW B20-4253 Equigranular granite

4367 SW B20-4367 Enclave in granite

4384 NE B20-4384 Enclave in granite

4759 NE B20-4759 Equigranular granite

5158 SW B20-5158 Equigranular granite
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is rather weakly developed and in some cases hardly rec-
ognizable in the field, in particular between TM 1138 
and TM 2800. In this section of the tunnel, the foliation 
in RG1 is defined by discrete mm scale zones of biotite 
accumulation (possibly due to pressure solution of other 
minerals), which often appear to localize brittle frac-
tures at a later stage. The stereonet in Fig.  4b indicates 
a bimodal distribution of foliation orientation, where 
two sets of foliations can be distinguished: one dipping 
steeply towards W, and one steeply towards N (see also 
Fig.  3b). However, both sets of foliations have the same 
overall characteristics described above.

Aplitic dykes crosscut both RG1 and RG2. According to 
the tunnel section of Schneider (1985), the thickness of 
the aplitic dykes ranges along the Bedretto tunnel from 
tens of centimeters to a few meters. In some of the aplitic 
dykes, in addition to a compositional layering, a foliation 
defined by fine-grained biotite is recognizable (Fig.  8). 
The foliation within the dykes is oriented parallel to the 
foliation in the adjacent granite, which indicates that the 
development of the foliation is younger than the intru-
sion of the dyke.

a

b

Fig. 3  a Cross-section along the Bedretto tunnel based on the profile of Keller and Schneider (1982), data from the tunnel section of Schneider 
(1985), and data from this study. Background colors correspond to geological units in the overview map (Fig. 1). White dots indicate origin 
of Rotondo granite samples used for the analysis of microstructures (Sect. 3.2.4), gray dot indicates sample of a G-SZ used for the analysis of 
microstructures (Sect. 3.2.4), and yellow stars indicate samples used for investigations based on zircons (Sect. 4). The cross-section is simplified 
in order to highlight the most important structural features. Note the general upward movement of the northern block as well as the increasing 
occurrence and increasing steepness of the shear zones in the Rotondo granite towards NW. b Dip direction (upper plot) and corresponding dip 
(lower plot) of the foliation, brittle fault zones, and ductile shear zones as a function of distance along Bedretto tunnel. The arrows on the top of the 
figure mark sectors considered in the sub-figures of Fig. 4
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3.2.2 � Enclaves in the Rotondo granite
Enclaves in the Rotondo granite are relatively rare from 
TM 1138 (contact to Prato series) up to approximately 
TM 2800 but more abundant from there to the NW ter-
minus of the tunnel (TM 5218). Few meters NW of the 
RG2-RG1 contact, at TM 3431, an enclave in RG1 shows 
a larger biotite content than the surrounding RG1, alkali 
feldspar porphyroclasts up to about 1.5 cm, and appears 
to be similar to the nearby RG2 (Fig.  9a). The contact 
between enclave and surrounding RG1 appears diffuse 
and ‘frayed’, which indicates magma mingling.

However, enclaves with a sharp contact to the sur-
rounding granite are also widespread between TM 2800 
and TM 5218 (Fig.  9b). These enclaves are melano-
cratic, very fine-grained, and consist mainly of quartz, 
plagioclase, and biotite, with minor muscovite, epidote, 
calcite, and garnet (Fig. 9c). The texture is equigranular 
and polygonal (in particular quartz aggregates) to inter-
lobate. Quartz forms anhedral crystals up to 0.3  mm 
in size with undulose extinction. Aggregates of quartz 
show in some cases triple junctions with angles of 
∼  120° but have often irregular grain boundaries. Pla-
gioclase grains are anhedral and up to 0.5 mm in size. 

a

b

Fig. 4  Lower hemisphere equal area projections. Data of present study, Lützenkirchen and Loew (2011), and Schneider (1985) are shown. Legend 
in lower part of figure applies to both sub-figures. The sectors along the Bedretto tunnel, which correspond to the two sub-figures are indicated 
in Fig. 3b. Stereonet 10.4.2 was used to create plots (Cardozo and Allmendinger, 2013), contour lines according to Kamb method (Kamb, 1959). a 
Structural data of Tremola and Prato series: poles of foliation and fault zones ( > 10 cm wide). Note that the part of the Tremola series affected by 
Quaternary gravitationally driven re-orientation of the structures (‘toppling zone’ between TM 0 and 355) is not shown. b Structural data of Rotondo 
granite: poles of foliation, fault zones ( > 10 cm wide), G-SZ, and QB-SZ, and linear structural elements of fault zones (defined by striations), G-SZ, and 
QB-SZ. Contour lines are plotted for the shear directions in shear zones (G-SZ and QB-SZ), which are defined by stretched and recrystallized biotite 
or the intersection between the foliation plane and the plane normal to the boudin/swell axes (BSA)
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The lamellar twinning in the plagioclase appears to be 
disturbed and often blurs towards the grain bound-
ary. Biotite is subhedral with a grain size up to 0.4 mm 
and appears to define a weak foliation. Of the accessory 
minerals, epidote and muscovite are relatively wide-
spread, while minor amounts of calcite and garnet are 
present.

3.2.3 � Shear zones in the Rotondo granite
Lützenkirchen (2002) and Lützenkirchen and Loew 
(2011) focused on brittle faults in the Bedretto tun-
nel between TM 3500 and TM 5218 and their relation-
ship to hydrogeological properties. They found that 

brittle faulting is preferentially localized along pre-exist-
ing ductile shear zones and that these steeply NW-dip-
ping (approximately tunnel perpendicular striking) faults 
mainly exhibit dextral strike-slip movement. Additional 
mapping of brittle faults between TM 1140 and TM 
2800, supplemented by data from borehole logging, sur-
face mapping, and aerial image mapping also revealed 
steeply NW-dipping discontinuities, as well as three fur-
ther sets of brittle fractures: a steeply dipping E–W strik-
ing set, a steeply dipping N–S striking set and a steeply 
dipping tunnel parallel (NW–SE striking) set (Jordan, 
2019; Gischig et al., 2020). The steeply NW-dipping faults 
(Lützenkirchen, 2002; Lützenkirchen and Loew, 2011; 

Fig. 5  Field photographs. Italic numbers correspond to tunnel meter (TM) where the images were taken. This is also valid for subsequent figures 
with field photographs or photomicrographs and will no longer be mentioned. a Contact between Tremola series in the SE and Prato series in the 
NW, hammer for scale. b Folded and sigmoidal quartz aggregates indicating top-to-south shear sense (upward movement of the northern block) 
in the Prato series, pencil for scale. c Contact between Prato series in the SE and Rotondo granite in the NW. The Rotondo granite consists at the 
contact to the Prato series of an approximately 5 m wide zone of highly deformed granite. Pencil for scale. d Contact between the porphyritic 
variety of the Rotondo granite (RG2) in the SE and the equigranular variety of the Rotondo granite (RG1) in the NW. Note that the RG2 is relatively 
strongly sheared at the contact and that the RG2 further to the SE is not as dark as in this photograph. Hammer for scale
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Gischig et al., 2020; Jordan, 2019) fit the fault zones in the 
Rotondo granite ( > 10  cm wide) mapped by Schneider 
(1985) (Fig. 4b).

In the following, we focus on ductile shear zones in 
the Rotondo granite along the Bedretto tunnel, since less 
attention has been paid to them in previous studies. In 
general, it can be observed that ductile strain localizes in 
regions with rheological contacts. This becomes apparent 
at the contact between the Prato series and the Rotondo 
granite (Fig. 5c), as well as at the contact between the two 
varieties of Rotondo granite (Fig.  5d). However, strain 
localization along rheological contacts was also observed 
within the same type of granite, where slight differences 
in grain size and composition occur (Fig. 10a). Based on 
the mineralogical content, the observed ductile shear 
zones in the Rotondo granite can be subdivided into 
(1) shear zones with similar mineralogy to the granite 
(referred to as granitic shear zones, G-SZ), and (2) shear 
zones containing more quartz and biotite and less feld-
spar relative to the G-SZ (referred to as quartz-biotite-
rich shear zones, QB-SZ).

G-SZ occur in the entire Rotondo granite with thick-
nesses ranging from a few centimeters to more than 
10 m. An increasing frequency of G-SZ can be observed 
from SE to NW (Fig.  3a). Between TM 1138 and TM 
∼2800 , G-SZ are often below 0.5  m in thickness, apart 
from a few larger shear zones ( > 4 m wide). These shear 
zones consist of very fine-grained rocks with a well-
developed foliation defined by biotite. This gives the 
shear zone a slightly darker appearance compared to the 
relatively undeformed granite, but they are not as dark 
as the QB-SZ (Fig.  10a). Shear zones with thicknesses 
in the meter range are more common from TM ∼2800 
to the NW terminus (TM 5218) of the Bedretto tunnel 
(Figs. 10b and c). In such shear zones, feldspar clasts are 

generally apparent, which gives the shear zone a ‘gneiss-
like’ appearance. Figures 10d–g show thin section cutouts 
of a sample taken from a G-SZ (TM 1350). The sample 
has an inequigranular and interlobate texture, consists of 
the main phases quartz, alkali feldspar, plagioclase, and 
biotite, and contains additionally muscovite, chlorite, 
epidote, calcite, zircon, and opaques as accessory miner-
als. Apart from the calcite contained and the increased 
occurrence of epidote, the mineralogy essentially corre-
sponds to RG1 samples, in particular to the sample from 
TM 1755 (Figs. 7b–e). Two types of quartz with different 
grain size ranges and different grain boundary shapes 
occur (Sect.  3.2.4). Alkali feldspars are up to a few mil-
limeters in size, form anhedral grains, and show perthite 
unmixing. Plagioclase crystals have a grain size of up to 
about 1  mm, anhedral shapes, and show lamellar twin-
ning. Biotite grains are around 0.5 mm in size, subhedral, 
and form a well-developed foliation.

QB-SZ are less common than G-SZ and occur between 
TM 2800 and the NW terminus (TM 5218) of the tun-
nel (Fig.  3a). The thickness ranges from the dm to the 
meter scale. The widest QB-SZ occurs between TM 2800 
and TM 2805 (Figs. 11a–c). QB-SZ consist of dark, fine-
grained rocks with a well-developed foliation defined by 
biotite. Besides biotite, quartz is macroscopically rec-
ognizable in this fine-grained domain. Additionally, sig-
moidal quartz veins containing rigid calcite clasts in the 
cm range occur in the QB-SZ between TM 2800 and TM 
2805 (Figs.  11b  and c). Figures  11d–f show thin section 
cutouts of samples taken from two QB-SZ (one located 
between TM 2800 and TM 2805 and one at TM 3147). 
The QB-SZ consist of quartz, biotite and, compared to 
the G-SZ, a minor amount of plagioclase. In addition, 
the phases epidote, zircon, and in some samples calcite 
or muscovite are present. Quartz crystals are anhedral, 

Fig. 6  Photographs of cut and wetted hand specimens taken from the Rotondo granite with macroscopically recognizable quartz (light reddish 
gray), plagioclase (light greenish), alkali feldspar (white), and biotite (black). a Equigranular variety (RG1). b Porphyritic variety (RG2)
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often slightly elongated parallel to biotite, and up to 
0.3 mm in size (but usually below 0.1 mm). Biotites are 
subhedral with grains up to 0.5 mm in size and form the 
foliation. This is generally more pronounced in the sam-
ple from the QB-SZ at TM 3147 (Fig.  11f ) than in the 

QB-SZ between TM 2800 and TM 2805 (Figs.  11d and 
e). Plagioclase occurs as anhedral grains, which are up to 
0.5mm in size. Calcite in the sample of the wide QB-SZ 
(TM 2800–2805) forms relatively large (up to 0.5  mm) 
subhedral crystals with lamellar twins, which are 

Fig. 7  Thin section cutouts of RG1 (a–e) and RG2 (f), crossed polarized light in all photomicrographs. Mineral abbreviations according to Whitney 
and Evans (2010) (this is also valid for subsequent figures with photomicrographs and will no longer be mentioned). The italic roman numbers 
correspond to descriptions related to dynamic recrystallization (Sect. 3.2.4): (i) magmatic quartz with grain size > 4 mm showing undulose 
extinction, (ii) dynamically recrystallized quartz in coarse-grained domain, (iii) pinning structure in coarse-grained domain, (iv) ‘left-over’ grain in 
coarse-grained domain, (v) irregular grain-boundary in coarse-grained domain, (vi) ‘left-over’ grain in coarse-grained domain, (vii) slightly elongated 
grain in fine-grained domain, (viii) potential pinning of quartz by the indicated white mica grain, (ix) coarse-grained domain in a RG2 sample
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relatively straight and about 20 µm wide. Calcite is much 
more abundant in the wide QB-SZ (TM 2800–2805) than 
in the one at TM 3147. Epidote is relatively widespread 

in samples of both QB-SZ. Muscovite is present in the 
QB-SZ at TM 3147, in which it is parallel to biotite and 
has similar shapes and grain sizes as biotite.

Fig. 8  Foliation in the Rotondo granite and its continuation into aplitic dykes with compositional layering at TM 4191 (a) and TM 4408 (b). Pencil for 
scale

Fig. 9  a Enclave within the Rotondo granite (RG1) showing indications of magma mingling and therefore interpreted as a magmatic enclave. b 
Enclave in the Rotondo granite with sharp contact interpreted as xenolith, hammer for scale. c Thin section cutout of an enclave with sharp contact 
to the granite, which is interpreted as a xenolith (crossed polarized light)
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Both types of shear zones, G-SZ and QB-SZ, are simi-
larly oriented and generally dip moderately to steeply 
towards N (Fig.  4b). The steepness of the shear zones 
observed in the Rotondo granite increases from SE to 
NW (Fig.  3). The lineation defined by stretched and 

recrystallized biotite generally dip steeply towards 
N, and thus indicates dip-slip (Fig.  4b). Additionally, 
boudin and swell axes of feldspar augen, and the inter-
section lines of planes normal to these axes with the 
corresponding foliation planes, are shown in Fig.  4b. 

Fig. 10  Field photographs and photomicrographs of G-SZ. a Strain localization at the boundary between coarser grained granite in the SE and 
finer grained granite in the NW, pencil for scale. b G-SZ in the meter range, as typically observed between TM 2800 and the NW terminus of the 
tunnel (TM 5218). c Shear sense indication by sigmoidal aggregate, pencil for scale. d–g Thin section cutouts of a G-SZ at TM 1350. The italic 
roman numbers correspond to descriptions related to dynamic recrystallization (Sect. 3.2.4): (i) quartz in coarse-grained domain surrounded by 
fine-grained bands, (ii) ‘island’ grain in coarse-grained domain, (iii) irregular grain boundary in coarse-grained domain, (iv) elongated quartz grain in 
fine-grained domain
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The latter indicate the shear direction and correspond 
well with the biotite lineations. The sense of shear 
commonly indicates upward movement of the north-
ern block (top-to-south), for both G-SZ and QB-SZ 
(Figs.  10c and 11b). This upward movement of the 

northern block is consistent with the sense of shear 
observed at the contact between Prato series and Trem-
ola series (Fig. 5a), with the general shear sense in the 
Prato series (Fig. 5b), and with the shear sense observed 
at the contact between Prato series and Rotondo 

Fig. 11  Field photographs and photomicrographs of the QB-SZ between TM 2800 and TM 2805 (a–e) and at TM 3147 (f). a White frame indicates 
the close-up shown in (b). b Close-up of the SE-contact. Shear sense is indicated by sigmoidal quartz veins. White frame indicates a further close-up 
shown in (c). c Rigid calcite crystals (brown) inside deformed quartz (white), pencil tip for scale. d, e Photomicrographs of the QB-SZ between TM 
2800 and TM 2805, crossed polarized light. f Photomicrograph of a QB-SZ at TM 3147, crossed polarized light
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granite (Fig.  5c). Taking into account the shear direc-
tion defined by the lineations, the shear zones in the 
Rotondo granite show a reverse movement with almost 
no strike-slip component.

3.2.4 � Dynamic recrystallization in the Rotondo granite
The estimation of the mean grain sizes of dynamically 
recrystallized quartz in an RG1, RG2, and G-SZ sam-
ple are presented in Additional file  1, and the results 
are described below. Determination of grain sizes and 
identification of quartz was based on optical micros-
copy of thin sections (i.e., the data represent two-dimen-
sional grain size distributions). Grain sizes of 80 to 121 
grains per sample were measured. For samples in which 
quartz occurs in both fine-grained and coarse-grained 
domains (see below), the measurements were divided 
approximately equally between the two domains (i.e. 60 
or 61 grains per domain). For a single grain size meas-
urement, the mean value of the long and short axis was 
determined.

The samples of relatively undeformed granite show 
three types of quartz microstructures exhibiting dif-
ferent grain sizes and different grain boundary shapes: 
(1) In a few samples, magmatic (non-recrystallized) 
quartz is preserved, which occurs as anhedral grains in 
the mm range and shows undulose extinction (Fig.  7a). 
(2) Dynamically recrystallized quartz occurs within 
coarse-grained domains with irregular, interlobate grain 
boundaries (Fig. 7b to d). The grain size of quartz in these 
domains yielded mean values of 280± 140  µm (RG1 
sample from TM 1755) and 460± 220 µm (RG2 sample 
from TM 3247). (3) Recrystallized quartz also occurs in 
fine-grained domains with polygonal to interlobate grain 
boundaries and occasionally slightly elongated grains, 
which, together with mica, define a foliation (Figs. 7b and 
e). The grain size of quartz in these domains (RG1 sam-
ple from TM 1755) is estimated as 160± 80  µm (Addi-
tional file  1). Magmatic quartz is restricted to samples 
taken between the SE contact of the Rotondo granite 
(TM 1138) and TM 3500, and the relative proportion of 
coarse-grained recrystallized quartz tends to increase 
towards NW (Table 3).

No magmatic quartz is preserved in a G-SZ sample 
from TM 1350, but both types of recrystallized quartz 
described above for the relatively undeformed granite 
also occur in coarse-grained and fine-grained domains 
(Figs.  10e–g). Quartz in coarse-grained patches is sur-
rounded by fine-grained bands (Fig.  10e), which can be 
also observed in relatively undeformed granite sam-
ples. An estimation of the quartz grain sizes resulted in 
360± 180 µm for quartz in coarse-grained domains and 

60± 30  µm for quartz in fine-grained domains (Addi-
tional file 1).

4 � Geochronological data
In order to corroborate the intrusion age of the Rotondo 
granite and to compare the two varieties observed in the 
Bedretto tunnel, zircons of the equigranular granite RG1 
(sample B19-1417) and of the porphyritic granite RG2 
(sample B20-3247) were investigated. In addition, zircons 
of a QB-SZ (sample B20-2801) were examined to obtain 
indications of the parent material of the deformed rocks 
and to retrieve a first-order estimation for the timing of 
deformation.

4.1 � Methods
Samples were cut into pieces of about 10–20  cm3 and 
crushed by high-voltage pulse fragmentation using a 
SELFRAG apparatus. The resulting sand was then man-
ually sieved into a fraction < 500  µm and a fraction 
> 500 µm. A Holman and Wilfley table was used to sepa-
rate different density fractions from the sand with smaller 
grain size ( < 500 µm). Zircons were identified by a stereo 
microscope. 75 zircons from sample B19-1417, 96 zir-
cons from sample B20-3247, and 55 zircons from sample 
B20-2801 were hand-picked. Zircons were mounted on 
two epoxy holders and visualized by Cathodolumines-
cence (CL) imaging using a Jeol JSM-6390 LA scanning 
electron microscope (SEM) equipped with a LaB6-fila-
ment and a Centaurus CL detector.

The isotopic composition of the zircons was meas-
ured by Laser Ablation-Inductively Coupled Plasma-
Mass Spectrometry (LA-ICP-MS), using a Resonetics 

Table 3  Estimation of abundance of magmatic quartz, 
recrystallized quartz in coarse-grained domains, and 
recrystallized quartz in fine-grained domains for relatively 
undeformed Rotondo granite samples (sample location in tunnel 
meter, TM)

xxx = dominantly present, xx = abundantly present, x = slightly present, − = 
not present

TM Magmatic Coarse-grained Fine-grained

1258 x xxx −
1755 − x xxx

2253 x xxx −
2742 x − xxx

3247 xx xx −
3751 − xxx x

4253 − xxx −
4759 − xxx −
5158 − xxx −
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Resolution Excimer argon fluoride laser ablation system 
equipped with a Laurin Technics Resolution S-155 
ablation cell and coupled to a Thermo Element XR sec-
tor field ICP-MS. The laser ablation system was oper-
ated with the parameters shown in Additional file  2. If 
the internal structure of a zircon CL-image suggested 
domains of potentially different ages (i.g. core and rim), 
both domains were measured. However, this was limited 
by the spot size (19 µm) and therefore only possible if the 
zircons, respectively texturally different domains, were 
large enough (Additional file 3).

GJ-1 zircon standard (Jackson et  al., 2004) was used 
as a primary reference material to correct the U–Th–Pb 
data for mass bias, down hole fractionation, instrumen-
tal offset, and instrumental drift. A quality control of 
the resulting ages was carried out by using secondary 
reference materials shown in Additional file 2 (Wieden-
beck et al., 1995; Sláma et al., 2008; Kennedy et al., 2014; 
Von Quadt et al., 2016). In order to determine the trace 
element composition of the zircons, the NIST-610 glass 
standard (Norman et  al., 1996) was used for calibration 
(external standard) and silicon (Si) was used as an inter-
nal standard. Trace elements were measured on the same 
spots that were used for the age determination.

Data reduction and presentation follows the guidelines 
of Horstwood et  al. (2016). The LA-ICP-MS data were 
processed using the software Iolite 4 (Paton et al., 2011). 
To identify discordant ages, the U–Pb data were plotted 
in a Wetherills concordia diagram (Wetherill, 1956). For 
the calculation and visualization of the U–Pb ages, the 
software IsoplotR was used (Vermeesch, 2018). The total 
uncertainty Stot of the mean ages was calculated assum-
ing a systematic error Ssys of 1.2% (Horstwood et  al., 
2016). Data that were not taken into account for the age 
determination and/or trace element composition analysis 
are indicated in Additional file  4, including the ration-
ale for discarding the corresponding data points. A table 
including the results of the LA-ICP-MS measurements is 
presented in Additional file 4. CL-images of zircons, with 
indicated LA-ICP-MS spots, are shown in Additional 
file 3.

4.2 � Results
4.2.1 � Equigranular granite (RG1)
A total of 71 zircons from sample B19-1417 were analysed 
by CL-imaging. A total of 75 spots were measured by LA-
ICP-MS. Of these, 21 measurements were performed in 
domains with oscillatory zoning (Figs. 12a and b), 13 in 
domains with slightly blurred oscillatory zoning, eleven 
in or close to domains with a ‘spongy texture’ (Fig. 12c), 
18 in domains with strongly blurred zoning (lower zircon 
in Fig.  12d), and eight in domains with almost no zon-
ing except a ‘ghost texture’ (upper zircon in Fig. 12d). The 

observed ‘ghost texture’ is commonly interpreted as a 
relict of a primary texture within recrystallized domains 
and the ‘spongy texture’ as a complex alteration pattern 
(Corfu et al. 2003). The latter is supported by the fact that 
affected zircons often exhibit discordance or have been 
discarded for the age determination due to indications of 
considerable Pb loss.

A total of 31 data points were discarded due to dis-
cordance or other indications on considerable Pb loss 
(see Additional file  4), and two data points suggest an 
inherited core, leaving a total of 42 data points consid-
ered for the age determination (Figs. 12e and f ). For the 
determination of the mean age, another three outliers 
were rejected based on a modified version of Chauvenet’s 
criterion (Vermeesch, 2018) (brightened bars in Fig. 12f ). 
The considered 206Pb/238U-ages have a range of 285–
319 Ma with a distinct peak at ∼295 Ma and a mean of 
296.1± 3.6  Ma (Fig.  12f ). However, the mean is related 
to a mean squared weighted deviation (MSWD) value of 
7.07. The MSWD indicates the goodness of fit, where val-
ues > 1 represent either a scatter in the age distribution, 
which cannot be attributed to measurement uncertain-
ties, or underestimation of the uncertainties (Horstwood 
et al., 2016). The latter attribution is rather unlikely, since 
the MSWD values of the secondary reference materials 
are around one (ranging from 0.52 to 1.96). Therefore 
it appears that the presented mean age does not corre-
spond to a precise geological event (see also discussion 
in Sect. 5.3). No correlation is observed between the tex-
tures and the ages considered for the mean age and the 
age range (Fig. 12f ).

The chondrite-normalized rare earth element (REE) 
composition shows a relatively steeply rising slope from 
La to Lu (Fig. 13a). The slope is steeper for the light rare-
earth elements (LREE) than for the heavy rare-earth 
elements (HREE) with an average Smnorm/Lanorm of 
330± 230 (Fig. 14a). In addition, the zircons have a pro-
nounced positive Ce anomaly with an average of 37± 30 
and a negative Eu anomaly of 0.13± 0.06 (Fig. 14b). The 
Th–U-ratios and Zr–Hf-ratios show average values of 
0.55± 0.25 and 51± 7 , respectively (Fig.  14c). No rela-
tion between trace element composition and zircon tex-
ture occurs (Figs. 13a and 14).

4.2.2 � Porphyritic granite (RG2)
A total of 96 zircons from sample B20-3247 were analysed 
using CL-imaging. A total of 148 spots were measured by 
LA-ICP-MS. Of these, 87 measurements were performed 
in domains with oscillatory zoning (Figs. 15a and b), 33 
in domains with blurred texture (Fig. 15c), 27 in almost 
homogeneous domains (Fig.  15b), and one close to a 
domain with a ‘spongy texture’. From 88 measurements 
performed in rims (Figs. 15a and b), 84% were measured 
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in domains with oscillatory zoning, and from 60 meas-
urements performed in centers (Fig. 15a–c), 78% have a 
blurred or almost homogeneous texture.

A total of 25 data points were discarded due to dis-
cordance or other indications on considerable Pb loss 
(see Additional file  4), and two data points suggest an 
inherited core, leaving a total of 121 data points con-
sidered for the age determination (Figs.  15d  and e). For 
the determination of the mean age, another outlier was 
discarded based on a modified version of Chauvenet’s 

criterion (Vermeesch, 2018) (brightened bar in Fig. 15e). 
The considered 206Pb/238U-ages have a range of 280–
335 Ma with a distinct peak at ∼294 Ma and a mean of 
295.2± 3.6  Ma (Fig.  15e). However, the mean is related 
to an MSWD value of 10.6, which indicates a scatter in 
the age distribution that cannot be attributed to meas-
urement uncertainties (see Sect. 4.2.1), and the presented 

Fig. 12  Images and data of zircons separated from a RG1 sample (B19-1417). a–d CL-images, circles show LA-ICP-MS spots and numbers next to 
it show the corresponding 206Pb/238U-age with one standard error (in brackets). Green spots indicate LA-ICP-MS measurements of domains with 
oscillatory zoning (a and b), white spots of domains with ‘spongy texture’ (c), and blue spots of domains with blurred zoning or homogeneous 
texture (d). e Concordia diagram of all LA-ICP-MS measurements (inner figure) and a close-up view up to 500 Ma (main figure). Data highlighted in 
green correspond to data shown in subfigure (f) and are potentially respected for the age determination. Data points with indications of inherited 
cores are marked in yellow. Basis for discarding additional data (non-filled error ellipses) is indicated in Additional file 4. Error ellipses correspond 
to two standard errors. f 206Pb/238U-ages of the potentially respected data for the age determination. Length of the bars correspond to two 
standard errors. For the determination of the mean age and the age range, the brightened age data were discarded based on a modified version of 
Chauvenet’s criterion (Vermeesch, 2018). Colors indicate different textures, which correspond to colors in CL-images. Inner figure shows a histogram 
of all 206Pb/238U-ages shown in the main figure
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mean age again does not correspond to a precise geologi-
cal event (see also discussion in Sect.  5.3). No relation 

occurs between age and zircon texture, or between age 
and LA-ICP-MS spot location (rim or center, Fig. 15e).

a

b

c

Fig. 13  Trace element composition of zircons (chondrite-noramlized after Sun and McDonough, 1989). Dashed gray lines represent the upper 
and lower bounds of the data from sample B19-1417 and are shown for comparison. The solid gray lines and areas represent the change from a 
magmatic to a hydrothermal REE pattern after Pettke et al. (2005). Note that the left and right fields each belong to the same sample. a RG1 (sample 
B19-1417), b RG2 (sample B20-3247), c QB-SZ (sample B20-2801)
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The zircons of sample B20-3247 show a similar REE 
pattern as the zircons from B19-1417, with gener-
ally steep slopes (Fig.  13b), especially in the LREE 
( Smnorm/Lanorm =  0.98–1270, average 250, Fig.  14a). 
However, some zircons have almost flat or negative LREE 
slopes (low Smnorm/Lanorm , see Fig. 14a). Similar to sam-
ple B19-1417, the zircons of sample B20-3247 exhibit a 
positive Ce anomaly with an average of 35 and a nega-
tive Eu anomaly of 0.13± 0.05 (Fig.  14b). However, the 
Ce anomaly varies strongly (1.3–143), with the low Ce 
anomalies being related to the low Smnorm/Lanorm ratios 
(Fig. 14a). The Th–U-ratios and Zr–Hf-ratios are similar 
to the zircons of sample B19-1417, with average values of 
0.52± 0.28 and 49± 5 , respectively (Fig. 14c). The trace 
element composition does not correlate with different 
types of zircon texture.

4.2.3 � Quartz‑biotite‑rich shear zone (QB‑SZ)
A total of 55 zircons from sample B20-2801 were ana-
lysed by CL-imaging. A total of 58 spots were measured 
by LA-ICP-MS. Of these, 22 data points were obtained 
from grains with oscillatory zoning (Fig.  16a) or grains 
with blurred oscillatory zoning (Fig.  16b), and 36 from 
grains with strongly blurred zoning (Fig.  16c) or grains 
with an almost homogeneous texture (with the exception 
of a ‘ghost texture’, Fig. 16d).

Ten data points were discarded due to discordance or 
other indications on considerable Pb loss (see Additional 
file 4), and two data points are considerably outside the 
age range of the other zircons (indicated as ‘inherited 
core’), leaving a total of 46 data points considered for 
the age analysis (Fig. 16e). The latter data points display 
a peak between 252 and 303 Ma, mostly defined by zir-
cons with a strongly blurred or almost homogeneous tex-
ture, and ages between 325 and 589 Ma without distinct 
peak(s), mostly corresponding to (± blurred) oscillatory 
zoned zircons (Fig. 16f ).

The chondrite-normalized REE pattern of concord-
ant zircons is characterized by steep slopes (Fig. 13c), in 
particular from La to Sm, with a Smnorm/Lanorm ratio of 
220± 170 (Fig.  14a). Furthermore, the zircons exhibit 
positive Ce anomalies, with an average of 24 (wide 
range from 0.8 to 198) and negative Eu anomalies of 
0.27± 0.15 (Fig.  14b). The positive Ce anomaly is more 
pronounced for zircons with preserved magmatic zon-
ing (5.7–198, average 40) than for zircons with strongly 
blurred zoning or homogeneous texture (0.8–43, aver-
age 16). The same applies to the negative Eu anomalies, 
with lower Eunorm/Eu∗ values for zircons with preserved 
magmatic zoning (0.04–0.42, average 0.20) than for zir-
cons with strongly blurred zoning or almost homogene-
ous texture (0.05–0.60, average 0.33). The zircons from 
the QB-SZ show a similar chondrite-normalized trace 

100 101 102 103

Smnorm/Lanorm

100

101

102

C
e n

or
m
/C
e
*

10-2 10-1 100

Th/U-ratio

30

40

50

60

70

80

Z
r/
H
f-
ra
tio

10-2 10-1 100

Eunorm/Eu*

100

101

102

C
e n

or
m
/C
e
*

B20-3247
B20-2801

B19-1417a

c

b

magmatic

hydrothermal

Fig. 14  Trace element ratios of zircons from samples B19-1417 
(RG1), B20-3247 (RG2), and B20-2801 (QB-SZ). The subscript ‘norm’ 
indicates normalized values (chondrite-noramlized after Sun 
and McDonough, 1989). Colors indicate different textures of the 
zircons and correspond to the legends in Figs. 13a–c. a Sm–La-ratio 
(chondrite-normalized) versus Ce anomaly, where Ce∗ is defined by 
(Lanorm + Prnorm)/2 . Magmatic and hydrothermal domains after 
Hoskin (2005). b Eu anomaly versus Ce anomaly, where Eu∗ is defined 
by (Smnorm + Gdnorm)/2 . c Th–U-ratio versus Zr–Hf-ratio
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element pattern as the zircons from RG1 (sample B19-
1417, Fig.  13c). However, some zircons with strongly 
blurred zoning or almost homogeneous texture differ 
from the pattern of sample B19-1417 by generally higher 
normalized LREE values, less pronounced negative Eu 
anomalies, and a flatter slope from Sm to Lu (green data 
in Fig. 13c).

5 � Discussion
5.1 � Petrology
The petrology along the Bedretto tunnel is described in 
high spatial resolution in the tunnel section of Schneider 
(1985) and corresponds well to the petrological obser-
vations of the present study. The porphyritic variety of 
the Rotondo granite (RG2) is not described in studies 
that were conducted at the surface (e.g. Hafner, 1958; 

Fig. 15  Images and data of zircons separated from a RG2 sample (B20-3247). a–c CL-images, circles show LA-ICP-MS spots and numbers next 
to it show the corresponding 206Pb/238U-age with one standard error (in brackets). Green spots indicate LA-ICP-MS measurements of rims with 
oscillatory zoning (a and b), the white spot of an inherited core (a), blue spots of zircon centers (b), and the red spot of a domain with blurred 
zoning (c). d Concordia diagram of all LA-ICP-MS measurements. Data highlighted in green correspond to data shown in subfigure (e) and are 
potentially respected for the age determination. Data points with indications of inherited cores are marked in yellow. Basis for discarding additional 
data (non-filled error ellipses) is indicated in Additional file 4. Error ellipses correspond to two standard errors. e 206Pb/238U-ages of the potentially 
respected data for the age determination. Length of bars correspond to two standard errors. For the determination of the mean age and the age 
range, the brightened age data were discarded based on a modified version of Chauvenet’s criterion (Vermeesch, 2018). Colors indicate rims with 
oscillatory zoning texture (green), rims with other textures (red) and centers (blue). Inner figure shows a histogram of all 206Pb/238U-ages shown in 
the main figure
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Steck, 1976). However, in the tunnel section of Schnei-
der (1985), a biotite-rich porphyritic granite with feldspar 
porphyroclasts has been mapped, although the sharp 
contact to the equigranular variety of the Rotondo granite 
(RG1) in the NW and the separation of the two varieties 
by a QB-SZ in the SE was not reported. The composi-
tion of the Rotondo granite in the Bedretto tunnel is 

consistent with that reported in other studies (Hafner, 
1958; Steck, 1976; Labhart, 2005, Table 1). Garnet within 
alkali feldspar grains, as well as the lack of indications for 
metamorphic reactions with garnet growth, indicate a 
magmatic origin. Magmatic garnet is commonly found in 
peraluminous granites, which in turn fits with the pres-
ence of white mica (Barbarin, 1999).

Fig. 16  Images and data of zircons separated from a QB-SZ sample (B20-2801). a–d CL-images, circles show LA-ICP-MS spots and numbers next 
to it show the corresponding 206Pb/238U-age with one standard error (in brackets). Blue spots indicate LA-ICP-MS measurements of domains with 
preserved oscillatory zoning (a) or slightly blurred oscillatory zoning (b), and green spots of domains with strongly blurred zoning (c) or almost 
homogeneous texture (d). e Concordia diagram of all LA-ICP-MS measurements (inner figure) and a close-up view up to 750 Ma (main figure). 
Data highlighted in green correspond to data shown in subfigure (f) and are potentially respected for the age determination. Outliers referred to 
as ‘inherited cores’ are marked in yellow. Basis for discarding additional data (non-filled error ellipses) is indicated in Additional file 4. Error ellipses 
correspond to two standard errors. f Inner figure shows a histogram of all 206Pb/238U-ages shown in the main figure. Main figure shows 206Pb/238U
-ages separated into two age ranges based on a depression in the histogram at around 310 Ma. Colors indicate different textures, which correspond 
to colors in CL-images
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The macroscopic similarities of the enclave observed at 
TM 3435 (Fig. 9a) to RG2 indicate that this is a magmatic 
enclave of RG2 within RG1. This interpretation is further 
supported by the close proximity between the magmatic 
enclave and the RG2-RG1 contact (about 4 m). The dif-
fuse character of the contact between magmatic enclave 
and surrounding granite suggests that both RG1 and RG2 
existed contemporaneously under sub-solidus conditions 
and, hence, both lithologies formed at approximately the 
same time. In contrast, melanocratic, biotite-rich, and 
feldspars-poor enclaves have sharp contacts to the gran-
ite (Fig.  9b), indicating the incorporation of host rocks. 
The presence of calcite, the absence of amphiboles, and 
the abundance of quartz relative to feldspars suggests 
that these are metasedimentary rocks, i.e. garnet–epi-
dote–calcite bearing paragneisses. Although a foliation 
is only weakly developed (Fig.  9c), the sharp contact 
and the mineral paragenesis suggest an interpretation of 
these enclaves as xenoliths. The mineralogical compo-
sition of the xenoliths is in the range of paragneisses of 
the southern Gottard massif, e.g. of the Prato series or 
Sorescia gneiss (see summaries of mineralogical contents 
in Labhart, 2005).

5.2 � Deformation of the Rotondo granite
The crosscutting relationship between compositional lay-
ering in aplitic dikes and the foliation that affects both 
aplitic dykes and adjacent granite (Fig. 8) shows that the 
foliation development is younger than the intrusion of 
the dyke and clearly indicates that the foliation is not of 
magmatic origin. The similar characteristics of the two 
differently oriented sets of foliations (Fig.  4b) indicate a 
change in the stress field under otherwise more or less 
constant conditions. The distribution of the foliaton ori-
entations is similar to the fracture orientations shown by 
Gischig et  al. (2020) and Jordan (2019), supporting the 
observation that the biotite accumulations defining the 
foliation localize fractures.

The occurrence of localized shear zones at contacts 
between (slightly) different rock types suggests that 
deformation was localized at rheological contacts and 
is not restricted to bands of weaker rocks (Mancktelow 
and Pennacchioni, 2005). The conclusion of Mancktelow 
and Pennacchioni (2005) is based on the observation of 
paired shear zones at the border of bleached halos that 
developed due to fluid–rock interaction along brittle 
fractures. Although such paired shear zones have not 
been observed in the Rotondo granite, it is suggested 
that the concept of strain localization at rheological con-
tacts can be expanded to heterogeneities within granites 
(Figs. 5d and 10a, e.g. Cobbold, 1977; Pennacchioni and 
Mancktelow, 2007; Wehrens et al., 2017).

A sample of a granitic shear zone (G-SZ) at TM 1350 
shows a similar mineralogical content as the wall rocks 
(Figs. 10d and e). An increased content of white mica and 
the presence of calcite could result from metasomatic 
processes that weakened the rock, localizing the strain 
(e.g. Kerrich et  al., 1980; Goncalves et  al., 2012). How-
ever, the presence of white mica in the relatively unde-
formed Rotondo granite (Figs. 7b, c, and e) indicates that 
the white mica in the G-SZ could also reflect the per-
aluminous character of the Rotondo granite (Sect.  5.1). 
In contrast, the presence of calcite is restricted to shear 
zones, indicating a CO2-bearing fluid resulting from met-
amorphic reactions that percolates along the anisotropies 
defined by these shear zones.

The mineralogy of the quartz-biotite-rich shear zones 
(QB-SZ) differs distinctly from both the Rotondo gran-
ite and the (meta-)lamprophyres in the Gotthard massif: 
the QB-SZ contain more biotite and quartz and a minor 
proportion of feldspars compared to the Rotondo granite 
(Figs. 11d–f), while the (meta-)lamprophyres, unlike the 
QB-SZ, always contain amphibole (hornblende or actino-
lite, Oberhänsli, 1986, 1987). In contrast, the mineralogy 
of the QB-SZ is similar to the xenoliths (Fig. 9c). There-
fore, xenoliths in the Rotondo granite should be consid-
ered as source rocks of the QB-SZ. This also fits with the 
sharp contact observed between the QB-SZ and relatively 
undeformed granite, as well as with the fact that both 
xenoliths and QB-SZ occur in the Bedretto tunnel mainly 
between TM 2800 and the NW terminus (TM 5218). The 
sharp contact of the QB-SZ to the relatively undeformed 
granite contrasts with strain localization at rheological 
contacts discussed above in connection with the G-SZ. 
Instead, the strain appears to be confined within the 
QB-SZ, indicating that these zones were weaker than the 
granite (Lützenkirchen, 2002).

5.2.1 � Implications based on dynamic recrystallization
Two domains of recrystallized quartz occur in both the 
relatively undeformed Rotondo granite and G-SZ. The 
irregular, interlobate grain boundaries in the coarse-
grained domains (Figs. 7b–d, 10e and f ) indicate dynamic 
recrystallization of quartz by high-temperature grain 
boundary migration (GBM). This is supported by the 
occurrence of pinning structures (Fig.  7c) and so-called 
‘left-over grains’ (Figs.  7c, d and 10f ), which are typical 
for GBM (e.g. Jessell, 1987; Stipp et  al., 2002; Passchier 
and Trouw, 2005). According to Stipp et al. (2010), typi-
cal grain sizes related to GBM are > 120 µm, which is in 
agreement with the grain size data of quartz in coarse-
grained domains of an RG1, RG2, and G-SZ sample 
(Additional file 1).

For the occurrence of the finer-grained quartz 
domains, two interpretations are possible: (1) The 
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dynamic recrystallization of quartz occurred under dif-
ferent conditions and with a different recrystallization 
mechanism compared to the dynamic recrystallization 
of quartz in the coarse-grained domains. This resulted 
in the fine-grained domains, which appear to be younger 
since they surround the coarse-grained domains. The 
dynamic recrystallization mechanism in this case would 
most probably be subgrain rotation (SGR), which is 
indicated by slightly elongated grains sub-parallel to the 
foliation (Figs.  7e and 10g, Nishikawa and Takeshita, 
2000). According to Stipp et  al. (2010), recrystallization 
by SGR results typically in grain sizes of approximately 
40–120  µm. This would fit with grain sizes in the fine-
grained domains determined for the G-SZ but not for the 
RG1 (Additional file 1). (2) Another interpretation is that 
the grain size of quartz in the fine-grained domains is 
controlled by the pinning of grain boundaries by second-
ary phases (e.g. white mica in Fig. 7e), which commonly 
occurs in polymineralic domains (Herwegh et al., 2011). 
This is supported by the fact that secondary phases are 
more common in the fine-grained than in the coarse-
grained domains, and it could also explain why subgrains 
are almost absent, although SGR seems the most prob-
able dynamic recrystallization mechanism. It should also 
be noted that in the case of the RG1 sample, the grain 
size distributions of the coarse- and fine-grained domains 
overlap within one standard deviation (but not in the 
case of the G-SZ sample, Additional file  1), supporting 
the second interpretation.

Nevertheless, dynamic recrystallization of quartz by 
GBM is preserved in the coarse-grained domains, indi-
cating deformation under high-grade conditions at about 
500–700  °C (Stipp et  al., 2002; Passchier and Trouw, 
2005). However, it must be noted that this temperature 
estimate is dependent on the presence of water, differen-
tial stress, and strain rate (e.g. Hobbs, 1985; Passchier and 
Trouw, 2005; Stipp et al., 2006). Since dynamic recrystal-
lization of quartz by GBM also occurs in relatively unde-
formed granite, deformation may have taken place at 
very low strain rate, and thus deformation at lower tem-
peratures cannot be excluded. Furthermore, calcite in 
G-SZ indicates the presence of fluid (see above), which 
may affect the microstructures associated with dynamic 
recrystallization (Stipp et al., 2006).

Deformation at relatively high temperatures is sug-
gested for the QB-SZ, which kinematically fit the G-SZ, 
by rigid calcite clasts in ductile deformed quartz veins 
(Fig. 11c): Mancktelow and Pennacchioni (2010) showed 
that coarse calcite in wet quartz is stronger than the 
quartz matrix during amphibolite facies metamorphism 
at around 550  °C. Contradictory are the thick lamel-
lar twins observed in calcite within the QB-SZ material 
(Fig.  11d), which indicate deformation at temperatures 

between 150 and 300  °C (Burkhard, 1993). However, 
these may have developed at a later stage than the defor-
mation of the quartz veins.

A compilation of Alpine peak temperatures by Bous-
quet et al. (2012) indicates ∼ 475 °C at the NW terminus 
of the Bedretto tunnel (TM 5218) and ∼500 °C at the SE 
boundary of the Rotondo granite (TM 1138). An uncer-
tainty of at least ± 25  °C is suggested due to the general 
uncertainties of metamorphic temperature estimates 
and the interpolation of the isobars. The rough tempera-
ture estimates discussed above show that deformation 
in the relatively undeformed Rotondo granite, as well as 
in localized shear zones (G-SZ and QB-SZ), may have 
occurred when Alpine peak temperature conditions pre-
vailed. This is in agreement with the findings of Oliot 
et  al. (2010), who related the activity of a steeply NW-
dipping shear zone in the Fibbia granite to a temperature 
of 490 °C.

In general, dynamic recrystallization of quartz in 
the Rotondo granite indicates higher-grade conditions 
(GBM) than those reported for the Aar massif, where 
dynamic recrystallization of quartz by SGR at the south-
eastern boundary of the massif and decreasing grade 
(bulging, BLG) towards NW was observed (Bambauer 
et al., 2009). This corresponds to an Alpine metamorphic 
gradient with increasing temperature from NW to SE 
(Bousquet et al., 2012).

5.2.2 � Kinematics
Both G-SZ and QB-SZ are similarly oriented with a rela-
tive upward movement of the northern block (Fig.  3a), 
which indicates that both types of shear zones were active 
in a similarly oriented stress field. The orientation of the 
shear zones (moderately to steeply dipping towards N) is 
similar to a set of foliations mapped by Schneider (1985) 
(Fig. 4b). This suggests that the shear zones localized at 
weak planes defined by the foliation, or that the foliation 
was formed by slight shear (in a similarly oriented stress 
field as during shear zone formation).

If it is assumed that the ductile shear zones developed 
during the Alpine orogenesis, the following considera-
tions show that they do not fit to the ‘D2 stage’ nor the 
‘D4 stage’ and thus are most probably related to the ‘D3 
stage’ (steepening and partial overturning of the Got-
thard massif, Fig.  2c): (1) The kinematics of the shear 
zones (upward movement of the northern block) do not 
fit with northward thrusting of the Gotthard massif dur-
ing ‘D2 stage’ (Figs. 2a and b). Alpine peak temperature 
was reached after the Gotthard massif was thrust onto 
the Aar massif during the ‘D2 stage’ (Herwegh et al., 2017; 
Ricchi et al., 2019, Sect. 2.2.2). Hence relating the shear 
zones to the ‘D3 stage’ is in agreement with the rough 
temperature constraints discussed above (Sect.  5.2.1), 
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which suggest that the shear zones were active at around 
the time when Alpine metamorphic temperatures were at 
their peak. (2) Based on crosscutting relationships, Her-
wegh et al. (2017) showed that NW dipping dextral strike 
slip faults observed in the southern Aar massif post-date 
structures of the ‘D3 stage’ (Fig.  2d). These faults have 
been associated to the ‘D4 stage (‘Oberaar’ phase) based 
on Th–Pb crystallization ages of fissure monazite (Ricchi 
et  al., 2019). In the Rotondo granite, similarly oriented 
dextral strike-slip faults localized along pre-existing 
ductile shear zones (Lützenkirchen and Loew, 2011), 
suggesting that the shear zones pre-date the ‘D4 stage’. 
Furthermore, this is supported by the fact that the rough 
temperature estimate for the shear zones (Sect. 5.2.1) is 
higher than the 200–300 °C estimated by Lützenkirchen 
and Loew (2011) for the strike-slip faults (further dis-
cussed below).

Considering a general N-vergent thrusting regime dur-
ing the main stages of Alpine orogenesis (Sect.  2.2.2), 
the kinematics of the ductile shear zones in the Rotondo 
granite must be related to backthrusting. If one would 
assume that these shear zones formed earlier and were 
overturned by Basòdino-Cristallina folding, the shear 
zones would indicate a normal sense of shearing that does 
not fit into any of the known Alpine deformation stages. 
Moreover, the ductile characteristics make it unlikely that 
they are inherited normal faults related to rifting. There-
fore, it is suggested that the backthrusts along the shear 
zones are a part of the scenario during the ‘D3 stage’ in 
the Gotthard massif. They developed soon after or during 
a late stage of the formation of the large-scale synform 
(Fig.  2c). A kinematic evolution model including back-
thrusts in the southern Gotthard massif was already pro-
posed by Marquer (1990).

The orientation of brittle faults mapped by Schneider 
(1985) ( > 10 cm wide) is similar to the orientation of the 
ductile shear zones (Fig. 4b). The agreement is probably 
even better than it appears in the stereonets, since brittle 
faults occur more frequently towards the NW terminus 
of the Bedretto tunnel and the distribution is therefore 
biased (Fig. 3b). Furthermore, the orientations of ductile 
shear zones are in the range of NE–SW striking faults 
mapped by Lützenkirchen and Loew (2011) between 
TM 3500 and 5218. This supports the interpretation of 
Lützenkirchen and Loew (2011) that brittle faults have 
developed along pre-existing ductile shear zones and that 
these indicate different kinematics than the shear zones, 
namely dextral strike-slip (Fig.  4b). Based on the fault 
mineralogy, Lützenkirchen and Loew (2011) estimated 
that the brittle strike-slip faults were active at tempera-
tures of approximately 200–300 °C. They used these tem-
peratures together with the thermal history of the central 
Gotthard massif according to Glotzbach et  al. (2010) to 

estimate that the faults were active between approxi-
mately 18 and 14Ma. This is earlier than the ‘Oberaar’ 
phase, which took place between ∼11.5 and ∼7  Ma 
(Bergemann et  al., 2017; Ricchi et  al., 2019) or at least 
after ∼14 Ma (Nibourel et al., 2021), although the faults 
in the Rotondo granite kinematically fit to this phase. 
Considering the metamorphic peak temperature of about 
475–500 °C (Bousquet et al., 2012) at around ∼ 19–18 Ma 
(Wiederkehr et al., 2009; Berger et al., 2017; Ricchi et al., 
2019), it appears that the time estimate of Lützenkirchen 
and Loew (2011) should be shifted toward younger ages, 
as suggested for the ‘Oberaar’ phase by Bergemann et al. 
(2017), Ricchi et al. (2019), and Nibourel et al. (2021).

5.3 � Intrusion age of the Rotondo granite
Zircons of two Rotondo granite samples were investi-
gated, one of RG1 (sample B19-1417) and one of RG2 
(sample B20-3247). Disturbed oscillatory zoning is more 
present in zircons from RG1 (Fig.  12d) than in zircons 
from RG2. However, the zircons with disturbed oscil-
latory zoning appear to have an insignificant influence 
on the age determination since their ages are relatively 
equally distributed over the determined age ranges 
(Figs.  12f and 15e), and the same applies to measured 
‘cores’ in zircons from RG2 (Fig. 15e). Both indicate that 
a reset of the U–Th–Pb decay system in existing zircons 
took place at the same time as the crystallization of new 
zircons or ‘rims’.

Mean age calculations with high MSWD values sug-
gests that geological scattering due to crystallization at 
different ages or a disturbance of the U–Th–Pb decay 
system must be considered for both RG1 and RG2, which 
means that a precise intrusion age cannot be calculated. 
Consequently, we discuss age ranges instead of mean ages 
in the following. However, it should be noted that also 
the age ranges are associated with uncertainties, such as 
the measurement error of the individual ages within the 
range and the limitations in detecting data points that are 
not to be considered (Additional file 4). The 206Pb/238U
-age range of zircons from RG1 (285–319 Ma) lies within 
the range of zircons from RG2 (280–335 Ma), which leads 
to the interpretation that both granite varieties are part 
of the same magmatic episode. This fits with the indi-
cations of magma mingling based on a RG2 magmatic 
enclave within RG1 (Sect. 5.1, Fig. 9a). Furthermore, this 
interpretation is supported by the kernel density esti-
mates (KDE, Vermeesch, 2012) shown in Fig.  17, with 
peaks at ∼295 Ma (RG1) and ∼294 Ma (RG2). The peaks 
of ∼295 Ma and ∼294 Ma are consistent with the com-
monly accepted intrusion age of the Rotondo granite of 
294 ± 1.1  Ma (Sergeev et  al., 1995). However, the rela-
tively wide age ranges of the presented zircon age data 
and the fact that the age of Sergeev et al. (1995) is based 
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on a few zircons raise the question of whether their age 
corresponds to a ‘distinct’ intrusion event or represents 
a mixed age of a range, as in the data presented in this 
study.

Both granite samples contain zircons with Th–U-
ratios > 0.07 , enrichment of HREE over LREE, positive 
Ce anomalies, and negative Eu anomalies, which points 
to zircons of magmatic origin (Hoskin and Schaltegger, 
2003; Rubatto, 2002). A few zircons from sample B20-
3247 (RG2) show less pronounced Ce anomalies and less 
fractionated LREE (Figs. 13b and 14a), as usually reported 
from hydrothermal zircons (Pettke et  al., 2005; Hoskin, 
2005). Similarly, the occurrence of ‘spongy textures’ in 
zircons from both RG1 and RG2 suggests hydrothermal 
activity (Corfu et  al., 2003). In addition, hydrothermal 
activity is indicated by data points that were discarded 
due to discordance or indications on Pb loss (Figs.  12e 
and 15d, see also Additional file  4). Therefore, the rela-
tively large ranges of discordant ages (34 Myr in RG1 and 
55 Myr in RG2) are interpreted to be due to a disturbance 
of the U–Th–Pb decay system by late- to post-magmatic 
fluids.

Although an exact intrusion age cannot be demon-
strated, the age ranges of RG1 and RG2 show that the 
Rotondo granite can be attributed to a late- to post-
Variscan magmatic episode as commonly proposed in 
the literature (e.g. Schaltegger, 1994; Sergeev et al., 1995; 
Labhart, 2005). The Rotondo granite thus joins a series of 
magmatic bodies in the Central Alps that have intruded 

during the same period, such as the nearby Fibbia gran-
ite with an intrusion age of 299.4 ± 1.2  Ma (Sergeev 
et al., 1995), the Central Aar granite s.str. in the Aar mas-
sif with an intrusion age of 299± 2 Ma (Schaltegger and 
Corfu, 1992), or the Alpigia complex (Lepontine Alps), 
of which the pre-metamorphic protolith is attributed to 
an intrusion at around 292 Ma (Hirsiger et al., 2015). The 
late-Carboniferous to early-Permian magmatic episode 
in the basement units of the Central Alps is often inter-
preted to be related to extension and lithospheric thin-
ning during the latest stages of Variscan orogeny caused 
by gravitational collapse (Schaltegger, 1997; Schaltegger 
and Gebauer, 1999; Vanderhaeghe et  al., 2020). This is 
preserved in several areas in Central Europe, such as the 
Massif Central (e.g. Vanderhaeghe et  al., 2020), Vosges 
(e.g. Soder and Romer, 2018), or Bohemian massif (e.g. 
Schulmann et al., 2014).

5.4 � Source rock of QB‑SZ
Zircons of a quartz-biotite-rich shear zone (QB-SZ) 
located between TM 2800 and TM 2805 (sample B20-
2801) were investigated to obtain indications of the par-
ent material of the deformed rocks and constraints on 
the timing of deformation. Sample B20-2801 contains 
zircons with preserved oscillatory zoning, of which 14 
data points out of 19 have concordant ages between 
325 and 589 Ma, and strongly blurred or almost homo-
geneous zircons, of which 25 data points out of 27 have 
concordant ages between 252 and 303  Ma (Fig.  16f ). 

Fig. 17  Kernel density estimates (KDE, Vermeesch, 2012) and approximate peaks of 206Pb/238U-ages determined for zircons of a RG1 sample 
(B19-1417), a RG2 sample (B20-3247), and a QB-SZ sample (B20-2801). n-values in brackets correspond to number of considered ages (data used for 
the mean calculation and age range definition in Figs. 12f and 15e, and data corresponding to the 252–303 Ma age range in Fig. 16f ). KDE curves 
are normalized to a maximum value of one
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Approximately one third of the concordant data points 
are older than the upper boundary of the granite age 
ranges (335Ma for B20-3247, Sect.  5.3). In contrast, 
both granite samples contain only rare inherited cores. 
This leads to the interpretation that the QB-SZ are not 
sheared lamprophyres that are cogenetic with the host 
Rotondo granite, as previously thought (e.g. Schneider, 
1985; Lützenkirchen, 2002; Lützenkirchen and Loew, 
2011). The abundant occurrence of pre-Carboniferous 
zircons in the QB-SZ rather suggests that the QB-SZ are 
strongly sheared basement paragneiss xenoliths. Numer-
ous xenoliths within the Rotondo granite have a similar 
composition as the QB-SZ (Sect.  5.2), which reinforces 
this interpretation.

In both, zircons with disturbed textures (strongly 
blurred zoning or almost homogeneous textures) and 
with preserved oscillatory zoning, the normalized REE 
pattern is similar to that of RG1 (sample B19-1417, 
Fig.  13c) and corresponds to a typical magmatic pat-
tern with steep slopes in the LREE, postive Ce anoma-
lies, and negative Eu anomalies (e.g. Rubatto, 2002; 
Hoskin and Schaltegger, 2003). However, ages ranging 
from 252 to 303 Ma are mainly defined by zircons with 
strongly blurred or almost homogeneous texture, and 
such textures in zircons are usually characteristic for 
medium- to high-temperature metamorphism or hydro-
thermal zircons (Corfu et  al., 2003). This suggests that 
the change from magmatically zoned to blurred textures 
resulted from a metamorphic event or by fluid-zircon 
interaction, which may have led to a (partial) reset of 
the U–Th–Pb decay system. Furthermore, the presence 
of syn-kinematic quartz veins with calcite in the studied 
QB-SZ (Figs. 11b and c) raises the question whether the 
zircons with disturbed texture were affected by hydro-
thermal fluids. A normalized REE pattern that indicates 
a change from magmatic to hydrothermal zircons is 
not observed in zircons from the QB-SZ (Fig. 13c). In a 
Sm–La-ratio versus Ce anomaly diagram after Hoskin 
(2005), only two data points plot close to the hydrother-
mal domain, while the others are close to the magmatic 
domain (Fig.  14a). However, hydrothermal zircons can 
result in different normalized REE patterns (Pettke et al., 
2005). Therefore, a hydrothermal origin or overprint of 
zircons with strongly blurred zoning or almost homoge-
neous textures do not appear to be evident from the trace 
element composition, but cannot be excluded either.

Although the age range from 252 to 303  Ma overlaps 
with the age ranges of the zircons from the granite sam-
ples, the KDE shows a distinct peak around ∼279  Ma, 
which is younger than the peaks of the granite samples 
(Fig.  17). There are two possible interpretations for the 
observed zircon age distribution: (1) In some zircons, 
a reset of the U–Th–Pb decay system occurred after 

the emplacement of the Rotondo granite by late- to 
post-magmatic fluids. Such an explanation would be in 
agreement with Sergeev and Steiger (1993), who dated 
∼270 Ma old zircons separated from metasomatic micro-
cline in the Rotondo granite and interpreted them as 
zircons affected by post-intrusive recrystallization. How-
ever, the age data of the Rotondo granite samples show 
that their data may simply be at the lower end of the age 
range and cannot be attributed to a distinct event. (2) The 
partial resetting of the U–Th–Pb decay system in zircons 
from the QB-SZ is related to the intrusion of the Rotondo 
granite, the tendency towards younger ages being related 
to increased Pb loss. Although Pb loss may lead to dis-
cordant ages, its detection is limited by the analytical 
uncertainties of the applied method. A possibility to over-
come the issue of Pb loss is to analyse 207Pb/206Pb-ages, 
which are not affected by Pb loss. However, this was not 
feasible since the uncertainties of the 207Pb/206Pb-ages 
are too large. Nevertheless, the second interpretation is 
supported by the large range from 252 to 303 Ma, which 
shows a potential reset of the U–Th–Pb decay system. 
However, the question remains why Pb loss was more 
effective in the zircons from the QB-SZ in comparison to 
the zircons from the Rotondo granite, which can be pos-
sibly attributed to increased hydrothermal activity due to 
shearing in the QB-SZ. Overall, it remains unclear what 
the meaning of the age range between 252 and 303  Ma 
in zircons from the QB-SZ is, and a correlation to shear 
activity cannot be demonstrated.

6 � Conclusions
This paper summarizes the geology and tectonic evolu-
tion on a regional (Gotthard massif ) and local (Bedretto 
tunnel) scale and at the same time provides a basis for 
ongoing and future studies in the Bedretto Underground 
Laboratory for Geosciences and Geoenergies. New data 
resulting from field observations, microstructural obser-
vations, and zircon investigations provide the following 
insights into geochronology and ductile deformation in 
the Rotondo granite: 

1.	 Ductile shear zones observed in the Rotondo gran-
ite can be subdivided based on their mineralogy into 
granitic shear zones (G-SZ) and quartz-biotite-rich 
shear zones (QB-SZ). Both G-SZ and QB-SZ gener-
ally dip moderately to steeply towards north and are 
generally related to reverse shearing with relative 
upward movement of the northern block. The shear 
zones in the Rotondo granite are attributed to back-
thrusting during the late exhumation phase of the 
Gotthard massif (Alpine ‘D3 stage’).
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2.	 The development of G-SZ occurred preferentially 
at rheological contacts within the granite. The par-
ent material of the QB-SZ is interpreted as xeno-
liths (based on U–Pb geochronology, see below). 
The sharp contact between the QB-SZ and rela-
tively undeformed granite suggests that, where 
weaker xenoliths were embedded within the stronger 
Rotondo granite, the strain was confined within the 
QB-SZ.

3.	 Although an exact intrusion age cannot be demon-
strated based on the presented U–Pb zircon data, 
the data nevertheless show that the two varieties 
of Rotondo granite (RG1 and RG2) observed in the 
Bedretto tunnel are part of the same late- to post-
Variscan magmatic episode. This is indicated by the 
overlapping 206Pb/238U-age ranges of 285–319  Ma 
(RG1) and 280–335 Ma (RG2).

4.	 About 30% of the zircons from a QB-SZ sample 
are older than the upper boundary of the age range 
defined by zircons from the granite ( > 335  Ma). In 
contrast, the granite samples only contain a non-
significant number of inherited cores older than 
335  Ma. This indicates that the parent material of 
the QB-SZ is not cogenetic with the Rotondo gran-
ite, as would be the case for a sheared lamprophyre 
or sheared granite, but rather that the QB-SZ are 
sheared xenoliths within the granite. The other ∼70 % 
of the zircons define a 206Pb/238U-age range of 252–
303 Ma and show indications of a reset of the U–Th–
Pb decay system, possibly caused by the intrusion of 
the Rotondo granite.
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