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syn-exhumational deformation is partly preserved within 
units and shear zones exposed at Lago di Cignana but also 
that the Combin Fault and Dent Blanche Basal Thrust expe-
rienced significant post-exhumational deformation rework-
ing and overprinting earlier structures.
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Introduction

Deformation in Alpine-type orogens results from cycles 
of subduction and accretion, exhumation, and continental 
collision. Continental and oceanic units can be subducted 
to and exhumed back from (ultra)high-pressure ((U)HP) 
depths. During subsequent nappe stacking, crustal units that 
experienced such extreme conditions are juxtaposed with 
lower-pressure units along major tectonic contacts. Defor-
mation structures associated with initial exhumation from 
(U)HP conditions are often obliterated by later deforma-
tion phases resulting from nappe stacking, reactivation of 
shear zones and tectonic contacts, and continental collision. 
Accordingly, it is often controversial whether observed 
structures resulted from exhumation-related deformation 
or merely represent younger deformation phases. A classic 
example for oceanic (U)HP conditions and the discussion of 
exhumation-related deformation is the Zermatt–Saas zone 
in the Swiss–Italian Western Alps with its associated UHP 
sliver, the Lago di Cignana unit (e.g. Reinecke 1991; For-
ster et al. 2004; Groppo et al. 2009) in the western Valtour-
nenche of Italy. These units are derived from the Piemont–
Ligurian oceanic realm (South Penninic palaeogeographic 
domain; Fig. 1a), which experienced a Palaeogene cycle of 

Abstract  Kinematic analyses of shear zones at Lago di 
Cignana in the Italian Western Alps were used to constrain 
the structural evolution of units from the Piemont–Ligurian 
oceanic realm (Zermatt–Saas and Combin zones) and the 
Adriatic continental margin (Dent Blanche nappe) dur-
ing Palaeogene syn- and post-exhumational deformation. 
Exhumation of Zermatt–Saas (U)HP rocks to approxi-
mately lower crustal levels at ca. 39  Ma occurred during 
normal-sense top-(S)E shearing under epidote–amphib-
olite-facies conditions. Juxtaposition with the overlying 
Combin zone along the Combin Fault at mid-crustal levels 
occurred during greenschist-facies normal-sense top-SE 
shearing at ca. 38  Ma. The scarcity of top-SE kinematic 
indicators in the hanging wall of the Combin Fault probably 
resulted from strain localization along the uppermost Zer-
matt–Saas zone and obliteration by subsequent deforma-
tion. A phase of dominant pure shear deformation around 
35  Ma affected units in the direct footwall and hanging 
wall of the Combin Fault. It is interpreted to reflect NW–
SE crustal elongation during updoming of the nappe stack 
as a result of underthrusting of European continental mar-
gin units and the onset of continental collision. This phase 
was partly accompanied and followed by ductile bulk top-
NW shearing, especially at higher structural levels, which 
transitioned into semi-ductile to brittle normal-sense top-
NW deformation due to Vanzone phase folding from ca. 
32  Ma onwards. Our structural observations suggest that 
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subduction, exhumation, and collision. The Zermatt–Saas 
zone is situated in the footwall of the Combin zone and its 
basal tectonic contact, the Combin Fault, the significance 
of which for the exhumation of the underlying (U)HP rocks 
has been controversially discussed in the literature. The 
large difference in metamorphic grade between the eclog-
ite-facies Zermatt–Saas zone in the footwall (e.g. Bearth 
1967; Dal Piaz and Ernst 1978) and the greenschist- to 
blueschist-facies Combin zone in the hanging wall (e.g. Dal 
Piaz 1965) has led many authors to interpret the Combin 
Fault as a top-SE normal fault that accommodated exhuma-
tion of Zermatt–Saas (U)HP rocks (e.g. Ballèvre and Merle 
1993; Reddy et al. 1999, 2003; Wheeler et al. 2001). This 
interpretation has been questioned by several authors due 
to the occurrence of abundant greenschist-facies top-NW 
kinematic indicators along the Combin Fault and within the 
Combin zone. Ballèvre and Merle (1993) suggested that 
a Combin normal fault was overprinted by post-exhuma-
tional top-NW thrusting erasing earlier top-SE structures, 

which was then followed by late-stage top-SE backfold-
ing. Ring (1995) proposed that the Combin Fault represents 
an Eocene out-of-sequence thrust also overprinted by later 
top-SE backshearing. Froitzheim et al. (2006) and Pleuger 
et al. (2007) interpreted the Combin Fault as an extraction 
fault that formed due to extraction and subsequent out-of-
sequence thrusting of the Dent Blanche nappe. Reddy et al. 
(2003) proposed on the basis of syn-kinematic Ar–Ar and 
Rb–Sr ages that top-SE shearing within the Combin zone 
was dominant during exhumation of the Zermatt–Saas zone 
but also overlapped and was partly coeval with the activ-
ity of top-NW shear zones due to a significant pure shear 
component. Whereas the nature of the Combin Fault is 
still a matter of discussion, the Dent Blanche Basal Thrust 
(DBBT) separating the continental Dent Blanche nappe 
from the underlying Combin zone is usually interpreted to 
represent a major Alpine thrust of mainly Eocene age (e.g. 
Mazurek 1986; Oberhänsli and Bucher 1987; Ring 1995; 
Pleuger et  al. 2007), which was most likely reactivated 
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Fig. 1   a Late Cretaceous palaeogeography before the onset of Alpine 
subduction; the Zermatt–Saas zone and Tsaté nappe are derived from 
the Piemont–Ligurian oceanic realm; the Dent Blanche/Sesia nappe 
system originated from continental fragments rifted off the Adriatic 
continental margin during the Jurassic. b Sketch map of the European 

Alps with location of the tectonic map. c Tectonic map of the Pen-
ninic units in the Swiss–Italian Western Alps after Steck et al. (1999) 
and Pleuger et al. (2007) with location of the geological map in a. d 
Schematic cross section through the Western Alps; after Escher et al. 
(1993) and Pleuger et al. (2007)
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during NW- and SE-vergent normal-sense shearing (Wust 
and Silverberg 1989; Reddy et al. 2003; Forster et al. 2004). 
In the Lago di Cignana area, both tectonic contacts, the 
Combin Fault and the DBBT, are well-exposed. This local-
ity has been the site of many studies due to the occurrence 
of metabasic and metasedimentary UHP lithologies hosting 
coesite and microdiamond (Reinecke 1991; Frezzotti et al. 
2011), and numerous studies have been carried out on the 
petrological and geochronological evolution of these rocks 
(e.g. Reinecke 1998; Amato et al. 1999; Lapen et al. 2003; 
Groppo et al. 2009). Studies dealing with structural aspects 
of this area comprise the work of Van der Klauw et  al. 
(1997) who linked deformation structures to the exhuma-
tion path and Ballèvre and Merle (1993), Ring (1995), and 
Reddy et al. (2003) who included the Lago di Cignana area 
in their regional studies. Detailed mapping and structural 
work by Forster et  al. (2004) within and around the UHP 
Lago di Cignana unit clarified the relations between UHP 
and HP rocks and put constraints on their structural evolu-
tion. In order to test the different models and geometries 
proposed for the structural evolution of the exposed nappe 
stack in this area and to constrain the kinematic evolution 
and nature of the two major tectonic contacts, the Combin 
Fault and the DBBT, we performed kinematic analyses on 
meso- and microscopic deformation structures across all 
structural levels, from Zermatt–Saas (U)HP rocks in the 
footwall of the Combin Fault across the Combin zone to 
mylonites in the hanging wall of the DBBT. The aim of this 
work is to constrain syn- and post-exhumational deforma-
tion along the tectonic contacts in the course of progressive 
Alpine orogeny and to clarify the significance of post-exhu-
mational shearing events.

Geological setting

The Swiss–Italian Western Alps consist of a stack of conti-
nental and oceanic units (Fig. 1b; e.g. Argand 1909; Steck 
et  al. 1999), which are derived from different palaeogeo-
graphic domains (Fig.  1a). During the Late Cretaceous, 
before the onset of Alpine subduction, these included from 
northwest to southeast the European continental margin 
(Sub-Penninic domain), the Valais oceanic basin (North 
Penninic domain), the Briançonnais continental spur 
(Middle Penninic domain), the Piemont–Ligurian oceanic 
realm (South Penninic domain), the Adriatic continental 
margin (Austroalpine domain), and associated ocean-con-
tinent transition zones (e.g. Stampfli et  al. 2002; Schmid 
et  al. 2004; Handy et  al. 2010; Beltrando et  al. 2014). In 
the course of SE-directed subduction during the Late Cre-
taceous—Palaeogene,  crustal slices and partly mantle 
material from these different domains were progressively 
accreted to the Adriatic margin.

The study area is located in the Italian Western Alps 
where oceanic and continental units of the Piemont–Ligu-
rian domain and the Adriatic ocean-continent transition 
are exposed (Fig.  1b, c). The structurally highest unit is 
the Dent Blanche/Sesia nappe system, which is interpreted 
to originate from one or more continental fragments that 
were separated from the Adriatic continental margin dur-
ing Jurassic rifting (Froitzheim et al. 1996; Dal Piaz et al. 
2001). The Dent Blanche and Sesia nappes consist of Pal-
aeozoic basement and remnants of Permo-Mesozoic cover 
sequences. The basement of the Dent Blanche nappe is 
subdivided into two units, the Arolla and Valpelline series 
(Argand 1906). The Arolla series consists of Permian gran-
itoids and gabbros (Bussy et al. 1998; Monjoie et al. 2005), 
whereas the Valpelline series comprises pre-Alpine amphi-
bolite- to granulite-facies metasediments (Gardien et  al. 
1994). Permo-Mesozoic cover rocks (Ciarapica et al. 2010), 
often referred to as Roisan zone (Ballèvre and Kienast 
1987), comprise breccias, marbles, and quartzites. They 
occur on top of the Arolla series and along major shear 
zones (e.g. Manzotti 2011). The Alpine overprint within the 
Dent Blanche/Sesia nappe system increases from northwest 
to southeast which is consistent with SE-directed subduc-
tion and accretion of the units. The Dent Blanche nappe 
reached blueschist-facies conditions of ca. 1.4–1.6 GPa and 
450–520 °C and shows a pervasive greenschist-facies over-
print along shear zones (Ballèvre et  al. 1986; Oberhänsli 
and Bucher 1987; Angiboust et  al. 2014; Manzotti et  al. 
2014). The Sesia nappe experienced eclogite-facies condi-
tions around 2.0 GPa and 550 °C (e.g. Lardeaux and Spalla 
1991; Regis et  al. 2014). High-pressure metamorphism in 
the Sesia nappe occurred during the Late Cretaceous at ca. 
70–65 Ma (e.g. Inger et al. 1996; Rubatto et al. 1999) but 
may have started as early as ca. 85 Ma with distinct pres-
sure peaks within different subunits (Rubatto et  al. 2011; 
Regis et  al. 2014). Rb–Sr geochronology on Arolla and 
Valpelline series rocks by Angiboust et  al. (2014) yielded 
ages of ca. 58 Ma for Valpelline mylonites from within the 
Dent Blanche nappe and ca. 48–43 Ma for Arolla mylonites 
at its base. These have been interpreted to reflect the for-
mation of blueschist-facies fabrics in the analysed sam-
ples. The basal tectonic contact of the Dent Blanche nappe 
towards the underlying Combin zone is the Dent Blanche 
Basal Thrust (DBBT). The Combin zone comprises (1) the 
Tsaté nappe, a mélange of Jurassic to Cretaceous calcs-
chists, metabasites, and serpentinites derived from the 
Piemont–Ligurian oceanic domain (Sartori 1987), and (2) 
the Cimes Blanches and Frilihorn nappes which consist of 
successions of Permo-Mesozoic sediments with continen-
tal affinity comprising quartzites, metaarkoses, marbles, 
and dolomites (Caby 1981; Vannay and Allemann 1990). 
These sediments occur as thin dismembered sheets along 
the base (Cimes Blanches nappe) and structurally higher 
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up (Frilihorn nappe) in the Combin zone. Their origin is 
still debated and they have been interpreted to represent 
sheared-off cover sequences of the St. Bernard nappe sys-
tem (e.g. Vannay and Allemann 1990), the Dent Blanche/
Sesia nappe system (Pleuger et al. 2007) or to be derived 
from extensional allochthons within the Piemont–Ligurian 
oceanic domain (Dal Piaz 1999; Beltrando et al. 2014). The 
Combin zone reached Alpine greenschist- to blueschist-
facies conditions (Reddy et  al. 1999) with peak estimates 
around 1.2 GPa and 450 °C (Bousquet 2008) and has been 
interpreted as an accretionary wedge that formed at the 
Adriatic continental margin during Alpine subduction (Sar-
tori 1987; Marthaler and Stampfli 1989). Rb–Sr and Ar/Ar 
geochronology by Reddy et  al. (1999, 2003) showed that 
greenschist-facies deformation within the Combin zone 
occurred after 48 Ma, mainly between 45 and 36 Ma, but 
also continued afterwards as more localized deformation 
reworking earlier structures. The Combin zone is under-
lain by the Zermatt–Saas zone in the southeast and the St. 
Bernard nappe system in the northwest and its basal con-
tact is the Combin Fault. The Zermatt–Saas zone is also 
derived from Piemont–Ligurian oceanic lithosphere and 
consists of Jurassic ophiolites (metabasalts, metagabbros, 
metaultramafics, and metasediments) which experienced 
high- to ultrahigh-pressure metamorphism in the Palaeo-
cene—Eocene. U–Pb geochronology on magmatic zircons 
from metagabbros yielded protolith ages around 164  Ma, 
which are interpreted to date the age of oceanic spread-
ing (Rubatto et  al. 1998). A large spread of available (U)
HP ages between ca. 62 and 40 Ma (Bowtell et  al. 1994; 
Amato et al. 1999; Lapen et al. 2003; Mahlen et al. 2005; 
De Meyer et al. 2014; Skora et al. 2015; Weber et al. 2015; 
Fassmer et  al. 2016) suggests that the Zermatt–Saas zone 
and associated fragments of continental crust located at 
high structural levels and on top of it (e.g. Ballèvre et  al. 
1986; Dal Piaz et al. 2001; Beltrando et al. 2010a) consist 
of several slivers that assembled during subduction. Peak 
metamorphic conditions within the Zermatt–Saas zone 
commonly reached 2.5–3.0  GPa and 550–600°C (Bucher 
et al. 2005), while UHP metamorphism has been reported 
for metasediments and eclogites at Lago di Cignana in the 
western Valtournenche of Italy (Reinecke 1998; Groppo 
et al. 2009; Frezzotti et al. 2011). Peak metamorphic con-
ditions for these rocks have been calculated at ≥3.2  GPa 
and ≤600  °C (Groppo et  al. 2009; Frezzotti et  al. 2011), 
and the age of metamorphism has been dated with various 
geochronometers. U–Pb SHRIMP dating on whole zircons 
and zircon rims by Rubatto et  al. (1998) yielded ages of 
44.1 ± 0.7 Ma. Amato et al. (1999) reported a Sm–Nd gar-
net age of 40.6 ± 2.6 Ma for a UHP eclogite, while Lapen 
et  al. (2003) obtained a garnet–omphacite–whole-rock 
isochron age of 48.8 ± 2.1 Ma with the Lu–Hf method for 
the same sample. Gouzu et al. (2006) reported an age of ca. 

44–43 Ma for phengite inclusions in garnet dated with the 
Ar/Ar step-heating method. The Zermatt–Saas zone at Lago 
di Cignana partly shows a greenschist-facies overprint, 
which has been dated at 38 ± 2 Ma by Amato et al. (1999) 
with Rb–Sr whole-rock–phengite chronometry. According 
to these ages from the Lago di Cignana area, the peak of 
UHP metamorphism, following prograde metamorphism 
around 48 Ma, probably occurred at ca. 44–43 Ma, whereas 
HP conditions may have lasted until ca. 41–40  Ma and 
greenschist-facies conditions were reached subsequently 
at ca. 38 Ma. The Zermatt–Saas zone is folded around the 
underlying Monte Rosa nappe, the palaeogeographic origin 
of which is still controversial. It may either be derived from 
the Briançonnais continental spur (e.g. Escher et al. 1997; 
Keller and Schmid 2001) or from the proximal European 
continental margin (e.g. Froitzheim 2001; Pleuger et  al. 
2005). In the north, the Zermatt–Saas zone dips below the 
Mischabel fold, a large SE-closing antiform mostly affect-
ing continental units of the St. Bernhard nappe system, 
which is derived from Briançonnais continental crust (e.g. 
Schmid et al. 2004). The geometry of the Palaeogene nappe 
stack in the Swiss–Italian Western Alps has been largely 
modified by Oligocene—Miocene backfolding and forma-
tion of the Vanzone antiform after ca. 32 Ma (e.g. Escher 
et al. 1993; Keller et al. 2005 and references therein).

Field relations and lithologies

The area around Lago di Cignana in the western Val-
tournenche of Italy displays a well-exposed cross sec-
tion through the uppermost part of the nappe stack in the 
Western Alps including from top to bottom the continental 
Dent Blanche nappe, the composite Combin zone, and the 
oceanic Zermatt–Saas zone (Fig. 2a, b). The Lago di Cig-
nana section is located on the northern limb of the regional 
Vanzone antiform (Fig.  1d) so that foliations mainly dip 
to the northwest. However, also west- and north-dipping 
foliations can partly be observed suggesting folding around 
NW–SE-trending fold axes. Ultrahigh-pressure rocks of the 
Zermatt–Saas zone occur south of Lago di Cignana as three 
dismembered slivers less than 150 m in thickness (Forster 
et  al. 2004) and comprise coesite-bearing eclogites and 
quartz-rich metasediments (e.g. Reinecke 1991). They are 
surrounded by eclogite-facies metabasic and metasedimen-
tary rocks which equilibrated within the quartz stability 
field during peak metamorphism. The (U)HP assemblage 
in eclogites generally consists of garnet, glaucophane, and 
omphacite. Retrograde minerals include hornblende, albite, 
epidote, and chlorite. Metasediments of the UHP slice are 
usually quartz-rich and consist mainly of garnet, white 
mica, and quartz. For detailed petrographic and petrologi-
cal descriptions of UHP lithologies, the reader is referred to 
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Reinecke (1998) and Groppo et al. (2009). Stretching line-
ations within (U)HP rocks dominantly trend E–W (Fig. 2c) 
but may have been rotated and reoriented during subse-
quent deformation phases. At higher structural levels above 
the UHP slice, calcschists become more abundant and may 
contain garnet or are garnet-free depending on the degree 
of retrogression. They consist of white mica, quartz, feld-
spar, and calcite, as well as retrograde chlorite and epidote. 
The uppermost part of the Zermatt–Saas zone at Lago di 
Cignana shows a strong greenschist-facies overprint. Meta-
basites are often completely retrogressed to greenschists 

mainly consisting of epidote, chlorite, actinolite, and albite. 
Stretching lineations within strongly retrogressed calcs-
chists and greenschists dominantly trend NW–SE (Fig. 2c). 
The discrimination of calcschists and greenschists of the 
uppermost Zermatt–Saas zone against those of the overly-
ing Combin zone is often difficult. HP relics such as garnet 
within rocks at this structural level suggest affiliation with 
the Zermatt–Saas zone. This is supported by a difference in 
peak temperatures between calcschists in the footwall and 
hanging wall of Cimes Blanches metasediments obtained 
with Raman spectroscopy thermometry by Negro et  al. 
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(2013): rocks in the footwall of the Cimes Blanches nappe 
record temperatures between 498 and 532  °C, whereas 
rocks in the hanging wall record peak temperatures of 455–
475  °C. The structural position of strongly retrogressed 
greenschists and calcschists in the footwall of Cimes 
Blanches metasediments also speaks for their tectonic 
affiliation with the Zermatt–Saas zone (Pleuger et al. 2007; 
Groppo et  al. 2009). Two large serpentinite bodies occur 
in the uppermost Zermatt–Saas zone. One builds up the 
ridge of Monte Pancherot east of the lake and then wedges 
out towards the west, the other occurs south of the lake 
(Fig.  2a). Metasedimentary rocks of the Cimes Blanches 
nappe occur at the base of the Combin zone as a large sliver 
north of Monte Pancherot wedging out towards the west 
and as small dismembered fragments southwest of the lake. 
The Cimes Blanches nappe comprises from bottom to top 
a succession of quartzites, cellular dolomites (Rauhwacke), 
and marbles. Quartzites also contain white mica and have 
a tabular appearance defined by cm- to dm-thick layers of 
white to greyish colour. The stretching lineation plunges to 
the NNW to N (Fig. 2c) and is defined by elongated quartz 
aggregates and aligned white mica. The Tsaté nappe builds 
up the main part of the Combin zone and consists mainly of 
calcschists with metabasite bodies and lenses. Calcschists 
are always garnet-free and consist of white mica, quartz, 
feldspar, calcite, chlorite, and epidote. Metabasites display 
typical greenschist-facies assemblages consisting of epi-
dote (clinozoisite), actinolite, chlorite, and albite. Stretch-
ing lineations associated with penetrative fabrics mainly 
plunge to the NW (Fig. 2c). Rocks of the lowermost Dent 
Blanche nappe at Lago di Cignana often display green-
schist-facies mylonitic fabrics and stretching lineations 
that plunge to the NW (Fig. 2c). A metamorphic layering 
consisting of alternating layers of quartz +  feldspar and 
white mica + epidote can often be observed. Gneissic and 
mylonitic basement rocks are often intimately folded with 
slivers of the metasedimentary Roisan zone (Manzotti et al. 
2014).

Kinematic analyses and deformation structures

In this section, we describe meso- and microscopic defor-
mation structures as well as quartz textures from the area 
around Lago di Cignana (Figs. 3, 4, 5, 6) to determine bulk 
shear senses and to gain information on the kinematics 
and geometry of deformation. Besides structural observa-
tions from outcrops, 54 samples were analysed in thin sec-
tion (Table 1), the sample locations of which are depicted 
on the geological map in Fig. 2a. Shear bands, grain shape 
preferred orientations (GSPO), mica fish, asymmetric 
porphyroblasts, and occasionally the asymmetry of pas-
sive shear folds were used to determine bulk shear senses. 

Microstructural analyses were made on lineation-parallel, 
foliation-perpendicular cuts. The relative chronology of 
deformation is deduced from the metamorphic grade of 
fabrics and deformation structures as well as overprinting 
and geometric relations between fabric elements and defor-
mation structures.

Zermatt–Saas zone

Thirty-two thin sections from different structural levels of 
the Zermatt–Saas zone exposed around Lago di Cignana 
were analysed in combination with mesoscopic deforma-
tion structures in outcrop. While the uppermost Zermatt–
Saas zone shows a strong greenschist-facies overprint, 
pristine or only weakly retrogressed (U)HP rocks occur at 
lower structural levels, especially south of the lake. Accord-
ingly, 20 thin sections were identified as fresh or weakly 
retrogressed (U)HP rocks and 12 as strongly overprinted at 
greenschist-facies conditions.

Metabasites of the UHP slice south of Lago di Cignana 
often display top-(S)E shear bands in thin section (samples 
1, 4, and 5). Some shear bands in sample 4 display only 
little retrogression (Fig. 3a), most likely under retrograde, 

Fig. 3   Photomicrographs of rocks from the Zermatt–Saas zone; col-
ours of picture frames and numbering backgrounds indicate unit affil-
iation and correspond to the ones in Fig. 2; all thin sections were cut 
parallel to the xz plane of the finite strain ellipsoid. a–d Taken with 
parallel polarizers, e–l with crossed polarizers. a Sample 4: eclogite 
from south of Lago di Cignana showing top-E shear band with only 
little retrogression. b Same sample as before showing top-E shear 
bands and asymmetrically sheared hornblende between shear bands 
and around garnet porphyroblast suggesting deformation on the ret-
rograde path. c Sample 1: eclogite from south of Lago di Cignana 
with hornblende and albite stable in top-E shear band indicating for-
mation at epidote–amphibolite-facies conditions. d Sample 5: partly 
retrogressed eclogite from south of Lago di Cignana showing top-
SE shear band with greenish-blue amphibole (glaucophane +  horn-
blende), epidote, albite, and chlorite; garnet is often strongly chlo-
ritized; deformation occurred under epidote–amphibolite-facies 
conditions, whereas chlorite largely grew post-kinematically. e Sam-
ple 21: garnet-free calcschist from an outcrop south of Monte Pan-
cherot showing top-SE shear bands. f Sample 25: garnet calcschist 
from the western side of Lago di Cignana showing retrograde top-
NW shear band with chlorite stable. g Same sample as before show-
ing retrograde top-SE shear band with chlorite stable. h Sample 27: 
garnet-free metasediment from southwest of the lake with shallowly 
dipping top-SE shear bands modifying the chlorite-bearing mylonitic 
foliation; a slight grain shape preferred orientation (GSPO) of quartz 
at the bottom of the picture indicates top-SE shearing; recrystalliza-
tion of quartz by dominant subgrain rotation (SGR) suggests temper-
atures between 400 and 500 °C (Stipp et al. 2002). i Same sample as 
before showing steeply dipping top-NW shear bands cutting through 
the chlorite-bearing foliation. j Sample 29: fine-grained greenschist 
with poikiloblastic albite from the western side of Lago di Cignana 
showing asymmetric fabric; the internal foliation of the albite blast 
in the lower right corner of the picture has been slightly rotated indi-
cating top-NW transport after main fabric formation. k Sample 26: 
greenschist from southwest of the lake showing top-NW shear bands. 
l Same sample as before showing subordinate top-SE shear bands

▸
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amphibolite-facies conditions as suggested by the occur-
rence of hornblende (Table  2), while also stronger retro-
gression within strained areas as well as epidote along 
shear bands can be observed (Fig.  3b). In sample 1, the 
association of hornblende and albite within shear bands 
(Fig. 3c) supports the assumption that they formed on the 
retrograde path under low-temperature amphibolite-facies 
conditions. Sample 5 is a partly retrogressed eclogite in 
which garnet is often strongly chloritized. Glaucophane 
seems to be still stable within shear bands, whereas also 
retrogression to green amphibole, most likely hornblende, 
can be observed (Fig.  3d). Albite and epidote occur in 

the matrix as well as along shear bands. The assemblage 
hornblende  +  albite  +  epidote within shear bands sug-
gests deformation under overall epidote–amphibolite-facies 
conditions. Chlorite can also partly be observed along 
shear bands but in general seems to have largely grown 
post-kinematically in this sample. Top-(S)E shear bands 
can also often be observed in eclogite outcrops on natu-
ral cuts (sub)parallel to the lineation. Five samples were 
taken from metasedimentary rocks of the UHP unit. Four 
samples display top-E shear sense criteria, mostly sheared 
white mica, in thin section (samples 2, 6, 9, and 10), and 
one sample shows top-W kinematic indicators (sample 3). 
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Fig. 4   Deformation structures observed in outcrop; colours of picture 
frames and numbering backgrounds indicate unit affiliation and cor-
respond to the ones in Fig. 2. a Metasediments of the UHP unit south 
of the lake showing top-E and subordinate top-W shear sense criteria 
associated with asymmetric boudinage of a more competent, garnet-
rich layer. b Garnet-bearing metasediments of the Zermatt–Saas zone 
south of Monte Pancherot showing conjugate top-WNW and top-ESE 
kinematic indicators and partly a symmetric fabric. c Metasediments 
of the Zermatt–Saas zone south of Monte Pancherot displaying retro-
grade top-SE shear bands. d Top-NW shear bands within garnet-free 
calcschists of the Zermatt–Saas zone south of Monte Pancherot asso-
ciated with rootless tight to isoclinal, intrafolial folds. e Calcschists 
of the Zermatt–Saas zone on the western side of Lago di Cignana 
showing top-NW shear bands, small-scale boudinage of more compe-

tent layers, and a high-strain zone in the upper part. f Sheared quartz 
layer within greenschists of the Zermatt–Saas zone west of Lago di 
Cignana indicating a top-NW shear sense. g Top-NW shear bands 
within calcschists of the Combin zone west of Lago di Cignana. h 
Tight NW-vergent fold within Combin metasediments southwest of 
Lago di Cignana; asymmetry suggests top-NW transport. i Top-SE 
shear bands within calcschists at the base of the Combin zone on the 
eastern slope of Monte Saleron. j Top-SE shear bands within calcs-
chists at the base of the Combin zone on the eastern slope of Monte 
Saleron; more steeply dipping top-SE shear planes brittely offsetting 
the foliation can also be observed. k Ductile top-NW shear bands 
within Dent Blanche gneisses south of Monte Seriola. l Ductile to 
semi-ductile top-NW shear bands within Dent Blanche gneisses north 
of Lago di Cignana
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The metamorphic grade of the deformation structures in 
these metasediments is difficult to determine due to the 
lack of diagnostic minerals. In an outcrop in the eastern 
part of the UHP slice, more competent garnet-rich layers 
within quartz-rich metasedimentary material are boudi-
naged and dismembered into lenses and nodules. Top-E 
kinematic indicators, mostly shear bands and asymmetric 
porphyroblasts, are abundant in the host material, whereas 
rare and more discrete top-W shear bands truncate garnet-
rich layers (Fig. 4a). Two samples were taken from partly 
isoclinally folded quartz veins from the western part of the 
UHP slice (samples 7 and 8). Sample 8 displays a slight 
grain shape preferred orientation, which suggests top-NW 
shearing, whereas sample 7 does not give any kinematic 
indicators. Six eclogite samples were collected from out-
crops southeast of Lago di Cignana but did not yield any 
shear sense criteria (samples 11–16). Seven metasediments 

samples were collected along the ridge south of Monte 
Pancherot across the transition between well-preserved HP 
rocks in the footwall and pervasively retrogressed rocks 
in the hanging wall (samples 17–23). Three of these show 
kinematic indicators indicating top-S(E) shearing (samples 
19, 21, and 23), 3 of them display kinematic indicators 
indicating top-(N)W shearing (samples 17, 18, and 20), and 
one sample shows ambiguous shear sense criteria in thin 
section (sample 22). Conjugate top-(N)W and top-(S)E kin-
ematic indicators can also sometimes be observed in out-
crop. Some garnet-bearing metasediments south of Monte 
Pancherot show conjugate sets of shear bands as well as 
symmetric flexure of the foliation (Fig. 4b). Two samples 
from this locality show top-(N)W kinematic indicators in 
thin section (samples 17 and 18). Above these metasedi-
ments, a m-thick layer of serpentinite separates the meta-
sediments in the footwall from a layer of metabasites in the 

Fig. 5   Pole figures of [c]- and [a]-axes distributions of quartzites 
from the Cimes Blanches nappe at the base of the Combin zone; 
equal area projections in the lower hemisphere; maxima of isolines 
being multiples of random distribution are indicated; the xy plane 
in pole figures corresponds to the foliation and the x-direction to the 
stretching lineation measured in the field; pole figures are orthorhom-

bic and indicate dominant coaxial deformation under greenschist-
facies conditions (see text for further discussion); c-axis opening 
angles around 50° suggest temperatures of ca. 400 ±  50  °C during 
texture formation (Kruhl 1996; Law et al. 2004); photomicrographs at 
the bottom correspond to the samples labelled above and were taken 
with gypsum plate inserted
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hanging wall. Serpentinite layers and layer-parallel quartz 
veins are necked and boudinaged symmetrically suggest-
ing dominant coaxial deformation without a significant 
rotational component. Further into the hanging wall, meta-
sediments are cut by shallowly dipping, garnet-free top-SE 
shear bands overprinting an older layer-parallel foliation 
(Fig. 4c). Two samples taken close to this outcrop, a partly 
retrogressed garnet-bearing metasediment (sample 19) and 
a garnet-free calcschist (sample 21), display greenschist-
facies top-S shear bands in thin section (Fig. 3e). Further 
into the hanging wall, strongly retrogressed calcschists 
show top-NW kinematic indicators in outcrop (Fig.  4d). 

Top-NW shear bands are often associated with rootless 
tight to isoclinal, intrafolial passive shear folds. A garnet-
free calcschist sample taken from an outcrop in the hanging 
wall (sample 23), however, shows retrograde, i.e. green-
schist-facies shear bands indicating top-SE shearing.

Pervasively retrogressed rocks of the uppermost Zer-
matt–Saas zone are also well-exposed on the western side 
of Lago di Cignana where 9 samples were taken for thin-
section analyses. All kinematic indicators observed in 
this area formed under greenschist-facies conditions as is 
evident from the presence of syn-kinematic greenschist-
facies mineral assemblages. Two samples exhibit top-NW 
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kinematic indicators (samples 24 and 26), and 7 samples 
display symmetric fabrics and conjugate sets of top-NW/
top-SE shear bands (samples 25, 27, and 28–32). Relic 
garnet can often be observed within strongly retrogressed 
metagabbroic rocks and calcschists. A garnet micaschist 
(sample 25) from this domain shows shear bands indicat-
ing top-NW as well as top-SE shearing (Fig. 3f, g). Chlo-
rite replaces white mica in sheared domains documenting 
the greenschist-facies grade of this deformation. A garnet-
bearing calcschist from a nearby outcrop displays dominant 
top-NW shear bands (sample 24). Further to the north and 
into the hanging wall, calcschists become progressively 
more retrogressed so that garnet is not preserved anymore. 
A calcschist from this domain (sample 27) shows conjugate 

sets of shear bands. Chlorite occurs as large grains as part 
of the mylonitic foliation, which has later been modified 
by shear band formation so that chlorite is often transected 
and offset by these shear bands. Top-SE shear bands often 
dip very shallowly with respect to the mylonitic foliation 
(Fig.  3h), while top-NW shear bands truncate the folia-
tion at a relatively high angle (Fig.  3i). These geometric 
relations suggest that coaxial deformation postdates ini-
tial greenschist-facies retrogression and fabric formation. 
Quartz ribbons sometimes show slight GSPOs indicating 
SE-vergent shearing and quartz seems to have dominantly 
recrystallized by subgrain rotation (SGR; Fig. 3h) suggest-
ing temperatures between ca. 400 and 500 °C (Stipp et al. 
2002). Calcschists southwest of the lake often display mes-
oscopic top-NW shear bands in outcrop, which are often 
associated with small-scale boudinage of more competent 
layers suggesting a pure shear component during bulk top-
NW shearing (Fig.  4e). Further to the north, greenschists 
just below the Combin Fault (samples 28–32) show sym-
metric fabrics in thin section (Fig.  3j). Albite blasts are 
poikiloblastic and inclusions consist of the matrix phases. 
They are aligned with the main foliation, suggesting that 
they grew syn-kinematically during greenschist-facies 
retrogression. Poikiloblastic albite has sometimes been 
slightly rotated as suggested by flexure of the internal folia-
tion (Fig.  3j). A greenschist from a nearby outcrop (sam-
ple 26) mainly displays top-NW shear bands in thin sec-
tion (Fig. 3k) but also partly top-SE shear bands (Fig. 3l) 
as well as symmetric fabric domains. In outcrop, sheared 
quartz layers within these greenschists also occasionally 
indicate top-NW shearing (Fig. 4f).

In summary, rocks of the Zermatt–Saas zone at Lago di 
Cignana show complex kinematic indicators through the 
different structural levels from pristine and weakly ret-
rogressed (U)HP rocks in the footwall to strongly retro-
gressed, greenschist-facies rocks of the uppermost part. No 
clear kinematic indicators could be observed within eclog-
ites adjacent to the UHP unit. Eclogites from the UHP 
slice, on the other hand, display epidote–amphibolite-
facies, and possibly some higher-pressure top-(S)E shear 
sense criteria, that can be attributed to deformation on the 
retrograde path. Also, UHP metasediments show mainly 
top-(ES)E kinematic indicators which, however, cannot 
be unambiguously attributed to metamorphic conditions 
during deformation. While top-(S)E kinematic indicators 
dominate within UHP rocks, strongly retrogressed rocks 
at higher structural levels towards the Combin Fault are 
characterized by alternating zones of dominant top-SE and 
top-NW shear, respectively, as well as conjugate top-SE/
NW kinematic indicators and symmetric fabrics indicat-
ing dominant pure shear deformation along this structural 
domain.

Fig. 6   Photomicrographs of rocks from the Combin zone and the 
Dent Blanche nappe; colours of picture frames and numbering back-
grounds indicate unit affiliation and correspond to the ones in Fig. 2; 
all thin sections were cut parallel to the xz plane of the finite strain 
ellipsoid and all pictures were taken with crossed polarizers. a Sam-
ple 35: quartzite from the Cimes Blanches nappe northwest of Monte 
Pancherot with necked white mica indicating coaxial deformation; a 
slight grain shape preferred orientation (GSPO) indicates a top-SSE 
shear sense and recrystallization of quartz by dominant subgrain rota-
tion (SGR) suggests temperatures during deformation between ca. 
400 and 500 °C (Stipp et al. 2002). b Same sample as before showing 
top-SSE and top-NNW shear bands as well as a slight GSPO indi-
cating a top-NNW shear sense; recrystallization of quartz by domi-
nant SGR again suggests temperatures between ca. 400 and 500 °C. 
c Sample 40: calcschist from the lower Tsaté nappe northwest of 
Monte Pancherot displaying a metamorphic layering consisting of 
white mica + chlorite and quartz + calcite + feldspar; discrete top-
NNW shear bands overprint the foliation and are associated with brit-
tle fracturing and dismembering of feldspar suggesting temperatures 
below 450 °C (e.g. Pryer, 1993). d Same sample as before showing 
semi-ductile top-NNW shear band truncating the foliation. e Sam-
ple 43: greenschist from the crest south of Monte Seriola displaying 
top-SSE shear band. f Sample 52: quartz-rich mylonite from the low-
ermost Dent Blanche nappe south of Monte Seriola; a quartz GSPO 
and the vergence of the asymmetric fold indicate top-NW transport; 
recrystallization of quartz probably occurred by dominant SGR sug-
gesting temperatures during deformation between ca. 400 and 500 °C 
(Stipp et al. 2002). g Sample 51: mylonite from the lowermost Dent 
Blanche nappe south of Monte Seriola; the greenschist-facies meta-
morphic layering is folded into isoclinal recumbent folds which are 
truncated by a late semi-ductile top-NW shear band. h Same sample 
as before displaying discrete semi-ductile top-NW shear bands trun-
cating the foliation. i Same sample as before showing steeply dip-
ping brittle top-SE shear planes. j Sample 54: gneiss from the lower 
Dent Blanche nappe northwest of Lago di Cignana showing top-NW 
shear band and associated undulose and patchy extinction of quartz 
suggesting lower greenschist-facies conditions probably between 
280 and 400 °C during deformation (Stipp et al. 2002); grain bound-
ary migration (GBM) of quartz at the bottom of the picture proba-
bly represents a pre-Alpine relic. k Same sample as before showing 
undulose/patchy extinction of large quartz grains and partly bulging 
recrystallization (BLG) suggesting temperatures between 280 and 
400  °C during deformation (Stipp et  al. 2002). l Sample 53: gneiss 
from the same outcrop as before with folded quartz layers which are 
cut by brittle top-NNW shear planes suggesting deformation at tem-
peratures below ca. 280 °C (Stipp et al. 2002)

◂
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Table 1   Table of samples 
taken for thin-section analyses 
with values for dip directions 
and angles of foliations, 
plunge directions and angles 
of stretching lineations, shear 
senses and metamorphic 
grade of kinematic indicators: 
HP = high-pressure 
conditions, EA = epidote–
amphibolite-facies conditions, 
GS = greenschist-facies 
conditions

No. Unit Lithology Foliation Lineation Shear sense Grade

54 Dent Blanche Gneiss 314/02 322/02 Top-NW GS

53 Dent Blanche Gneiss 288/12 330/10 Top-NNW GS

52 Dent Blanche Gneiss 276/21 318/11 Top-NW GS

51 Dent Blanche Gneiss 244/22 312/16 Top-NW GS

50 Dent Blanche Gneiss 254/35 304/27 Top-NW GS

49 Tsaté Calcschist 296/29 311/02 Conjugate GS

48 Tsaté Calcschist 296/09 293/09 Top-WNW GS

47 Tsaté Calcschist 274/27 313/21 Top-NW GS

46 Tsaté Greenschist 342/24 300/12 Top-WNW GS

45 Tsaté Calcschist 322/21 00/23 Top-S GS

44 Tsaté Greenschist 338/29 296/25 Top-WNW GS

43 Tsaté Greenschist 66/15 332/02 Top-SSE GS

42 Tsaté Greenschist 08/08 303/06 Top-WNW GS

41 Tsaté Greenschist 325/20 315/20 Top-NW GS

40 Tsaté Calcschist 288/24 341/14 Top-NNW GS

39 Tsaté Calcschist 291/31 316/28 Top-NW GS

38 Cimes Blanches Quartzite 278/20 327/12 Top-NNW GS

37 Cimes Blanches Quartzite 295/21 335/18 Top-NNW GS

36 Cimes Blanches Quartzite 269/10 331/08 Top-NNW GS

35 Cimes Blanches Quartzite 319/10 336/10 Conjugate GS

34 Tsaté Calcschist 247/16 199/11 Conjugate GS

33 Tsaté Calcschist 248/10 326/02 Top-NW GS

32 Zermatt–Saas Greenschist 81/13 89/11 Conjugate GS

31 Zermatt–Saas Greenschist 64/16 68/15 Conjugate GS

30 Zermatt–Saas Greenschist 244/04 293/02 Conjugate GS

29 Zermatt–Saas Greenschist 208/32 142/09 Conjugate GS

28 Zermatt–Saas Greenschist 217/12 155/08 Conjugate GS

27 Zermatt–Saas Calcschist 92/39 328/33 Conjugate GS

26 Zermatt–Saas Greenschist 306/35 322/32 Top-NW GS

25 Zermatt–Saas Grt calcschist 318/44 332/44 Conjugate GS

24 Zermatt–Saas Grt calcschist 323/50 304/46 Top-NW GS

23 Zermatt–Saas Calcschist 337/28 320/24 Top-SE GS

22 Zermatt–Saas Calcschist 356/31 304/18 Conjugate GS

21 Zermatt–Saas Calcschist 350/35 356/28 Top-S GS

20 Zermatt–Saas Metasediment 313/27 300/25 Top-NW GS

19 Zermatt–Saas Metasediment 02/32 274/04 Top-S GS

18 Zermatt–Saas Metasediment 04/29 294/26 Top-W HP

17 Zermatt–Saas Metasediment 04/38 302/22 Top-NW GS

16 Zermatt–Saas Eclogite 188/39 262/12 – –

15 Zermatt–Saas Eclogite 263/32 246/30 – –

14 Zermatt–Saas Eclogite 264/34 306/22 – –

13 Zermatt–Saas Eclogite 284/31 271/24 – –

12 Zermatt–Saas Eclogite 319/40 265/20 – –

11 Zermatt–Saas Eclogite 274/33 260/21 – –

10 Zermatt–Saas Metasediment 68/17 96/14 Top-E HP?

9 Zermatt–Saas Metasediment 163/48 80/14 Top-E GS?

8 Zermatt–Saas Quartzite 315/19 292/17 Top-WNW GS

7 Zermatt–Saas Quartzite 256/23 289/18 – –

6 Zermatt–Saas Metasediment 69/13 121/13 Top-ESE HP?

5 Zermatt–Saas Eclogite 324/52 324/52 Top-SE EA
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Combin zone

Cimes Blanches nappe

Quartzites close to the base of the Cimes Blanches nappe 
and the Combin zone, respectively, were used for micro-
structural and textural analyses (Fig.  5) to gain informa-
tion on the kinematics and geometry of deformation in 
the direct hanging wall of the Combin Fault. Four samples 
(samples 35–38) were taken from outcrops several metres 
in the hanging wall of the Combin Fault with sample 35 
being the one closest to the contact and sample 38 the one 
farthest away. Samples 36–38 are mineralogically and tex-
turally very similar. They consist of quartz with only minor 
amounts of white mica and feldspar. They are mostly equi-
granular, have a medium grain size, and only show slight 

textural domains (Fig. 5). Rare shear bands and mica fish 
indicate top-NNW transport. Sample 35 contains more 
white mica and locally shows textural domains with larger 
quartz grains showing subgrain formation. Slight GSPOs 
in different domains suggest top-SSE (Fig. 6a) as well as 
top-NNW (Fig. 6b) shearing, and also shear bands are often 
conjugate (Fig. 6a, b). Recrystallization of quartz by domi-
nant SGR (Fig.  6a, b) suggests temperatures between ca. 
400 and 500 °C during fabric formation (Stipp et al. 2002).

Textures of the four quartzites were measured with 
the X-ray texture goniometer at Geowissenschaftliches 
Zentrum Universität Göttingen. Figure  5 depicts pole fig-
ures for [c]- and [a]-axes as equal area projections in the 
lower hemisphere with isolines being multiples of random 
distribution. The xy plane in the pole figures corresponds 
to the foliation measured in the field, and the x-direction 

Table 1   continued No. Unit Lithology Foliation Lineation Shear sense Grade

4 Zermatt–Saas Eclogite 318/22 269/16 Top-E EA

3 Zermatt–Saas Metasediment 297/39 266/38 Top-W HP?

2 Zermatt–Saas Metasediment 344/37 281/26 Top-E HP?

1 Zermatt–Saas Eclogite 334/29 274/17 Top-E EA

Table 2   Electron microprobe 
analyses of retrograde minerals 
within samples from the 
Zermatt–Saas and Combin 
zones; mineral compositions 
were measured with the Jeol 
JXA-8200 superprobe at the 
Steinmann-Institut of the 
University of Bonn; note 
the different compositions 
of amphiboles within the 
two samples: retrograde 
amphibole in sample 4, a 
partly retrogressed eclogite 
from the Zermatt–Saas zone, 
is hornblende suggesting 
formation at epidote–
amphibolite-facies conditions 
together with albite and epidote, 
while amphibole in sample 43, 
a greenschist from the Combin 
zone, is actinolite suggesting 
formation at greenschist-facies 
conditions

a  All iron was measured as Fe2+

Sample 4: Zermatt–Saas eclogite Sample 43: Combin greenschist

Amp Amp Ep Czo Ab Amp Amp Chl Chl Phg Phg Czo Ab

SiO2 48.40 47.24 38.17 39.03 67.68 56.13 56.51 28.74 28.07 53.02 52.50 39.47 68.44

Al2O3 10.41 11.48 28.38 32.13 20.21 1.34 0.92 19.94 21.57 26.71 27.48 32.36 19.79

MgO 12.34 12.10 0.06 0.05 0.12 20.21 20.78 26.87 26.06 4.15 3.94 0.00 0.00

FeOa 12.83 13.32 6.38 1.79 0.28 5.66 5.01 9.97 9.78 1.29 1.07 0.88 0.03

MnO 0.14 0.28 0.08 0.00 0.07 0.25 0.18 0.19 0.19 0.07 0.00 0.00 0.01

CaO 8.64 8.88 24.01 24.52 0.59 12.20 12.87 0.00 0.04 0.00 0.04 25.31 0.04

Na2O 3.61 3.56 0.00 0.04 11.01 0.66 0.40 0.02 0.02 0.15 0.17 0.00 11.72

K2O 0.26 0.31 0.00 0.00 0.06 0.08 0.03 0.00 0.00 10.70 11.11 0.01 0.06

TiO2 0.21 0.07 0.10 0.07 0.04 0.01 0.02 0.04 0.02 0.10 0.14 0.06 0.00

Cr2O3 0.03 0.00 0.04 0.04 0.00 0.00 0.04 0.15 0.04 0.76 0.94 0.19 0.02

Total 96.85 97.23 97.22 97.66 100.06 96.53 96.77 85.93 85.79 96.93 97.38 98.28 100.10

Si 7.06 6.90 2.90 2.88 2.96 7.90 7.91 5.68 5.55 6.92 6.84 2.88 2.99

Al 1.79 1.98 2.54 2.79 1.04 0.22 0.15 4.65 5.03 4.11 4.22 2.79 1.02

Mg 2.68 2.64 0.01 0.00 0.01 4.24 4.34 7.92 7.68 0.81 0.76 0.00 0.00

Fe 1.56 1.63 0.41 0.11 0.01 0.67 0.59 1.65 1.62 0.14 0.12 0.05 0.00

Mn 0.02 0.03 0.01 0.00 0.00 0.03 0.02 0.03 0.03 0.01 0.00 0.00 0.00

Ca 1.35 1.39 1.95 1.94 0.03 1.84 1.93 0.00 0.01 0.00 0.01 1.98 0.00

Na 1.02 1.01 0.00 0.01 0.93 0.18 0.11 0.01 0.01 0.04 0.04 0.00 0.99

K 0.05 0.06 0.00 0.00 0.00 0.01 0.01 0.00 0.00 1.78 1.85 0.00 0.00

Ti 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.08 0.10 0.01 0.00

Total 15.56 15.63 7.82 7.73 4.99 15.09 15.06 19.98 19.93 13.89 13.94 7.72 5.00
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corresponds to the measured stretching lineation. All four 
samples show cross-girdle type [c]-axis pole figures as a 
basis (e.g. Schmid and Casey 1986). Rhomb <a> slip is 
dominant in all samples. Different contributions of basal 
<a> and prism <a> slip modify the basic cross-girdles into 
partial cross-girdles. The activity of these different slip 
systems and the absence of a single basal <a> maximum 
around the y-axis suggest texture formation at temperatures 
below 500  °C (Stipp et  al. 2002). C-axis opening angles 
in the pole figures are consistently around 50° suggesting 
temperatures of ca. 400 ± 50 °C during texture formation 
(Kruhl 1996; Law et al. 2004). [a]-axes form small circles 
about 25° away from the x-direction. [c]- and [a]-axes dis-
tributions have orthorhombic symmetries suggesting domi-
nant coaxial deformation. The different intensities of the 
textures are probably an effect of strain localization with 
sample 37 representing a zone of relatively high strain and 
sample 35 a zone of relatively low strain during overall 
pure shear deformation. The higher content of white mica 
in sample 35 may have also contributed to the lower inten-
sities measured for this sample.

Microstructural and textural analyses on Cimes Blanches 
quartzites suggest that the base of the Combin zone at Lago 
di Cignana experienced dominant coaxial deformation. The 
measured textures show overall orthorhombic symmetries 
suggesting no significant rotational component. Dominant 
pure shear deformation is also suggested by conjugate top-
NNW and top-SSE shear bands as well as domains with 
NNW- and SSE-vergent GSPOs in sample 35. Considering 
temperature estimates according to c-axis opening angles 
in pole figures and observed SGR in thin section, condi-
tions during this phase were probably between ca. 400 and 
450 °C. Top-NNW kinematic indicators in samples 36–38 
may reflect a late top-NNW overprint following the phase 
of dominant pure shear deformation.

Tsaté nappe

Thirteen samples were taken from the Tsaté nappe for thin-
section analyses, most of them along the crest northeast of 
Lago di Cignana between Monte Pancherot in the south and 
Monte Seriola in the north. Most samples from the crest 
show top-WNW to top-NNW kinematic indicators in thin 
section (samples 40–42, 44, 46–48), and only two samples 
display top-SSE to top-S kinematic indicators (samples 43 
and 45). In a fine-grained greenschist from the lower Tsaté 
nappe, strain has been localized into top-NW shear bands 
(sample 41). The matrix and inclusion trails of poikiloblas-
tic albite blasts sometimes show a sigmoidal shape suggest-
ing syn-kinematic growth of greenschist-facies minerals 
during top-NW shearing. Calcschists often show a strong 
metamorphic layering defined by ribbons and layers of 
quartz + calcite and white mica + chlorite (e.g. sample 40; 

Fig. 6c, d). Chlorite often occurs as large grains as part of 
the foliation, suggesting that the main phase of fabric for-
mation occurred during greenschist-facies retrogression. 
Discrete ductile to semi-ductile top-NNW shear bands 
often truncating and overprinting the foliation (Fig. 6c, d) 
suggest top-NNW shearing under lower-grade greenschist-
facies conditions. Feldspar clasts are often brittely fractured 
adjacent to these shear bands (Fig.  6c) suggesting tem-
peratures below ca. 450 °C during deformation (e.g. Pryer 
1993). Top-S(SE) kinematic indicators can be observed in 
two samples from the central part of the Tsaté nappe. In a 
greenschist (sample 43), actinolite and clinozoisite are sta-
ble within shear bands (Fig. 6e) suggesting formation under 
greenschist-facies conditions (see also Table 2). Southwest 
of Lago di Cignana, foliations within schists dip shallowly 
to the WSW. There, top-NW as well as top-SE shear bands 
can be observed in the direct hanging wall of the Combin 
Fault. Top-NW shear bands dip shallowly to moderately 
to the northwest (Fig.  4g), while top-SE shear bands dip 
shallowly to the southeast (Fig. 4h). No overprinting rela-
tions could be observed between these spatially associated 
but opposing kinematic indicators. Two calcschist samples 
from this locality show top-NW (sample 33) and conjugate 
(sample 34) kinematic indicators, respectively, in thin sec-
tion. In outcrop, steeply dipping top-SE shear planes can be 
observed to overprint the ductile fabric in a brittle manner 
(Fig. 4i). Tight folds occur within heterogeneous metasedi-
ments just above the Combin Fault (Fig. 4j). Their asym-
metry suggests NW-vergent shearing.

In summary, the Tsaté nappe at Lago di Cignana experi-
enced bulk top-NW shearing under greenschist-facies con-
ditions. Nine of 13 samples show top-WNW to NNW shear 
sense criteria, 2 show top-(S)SE kinematic indicators, and 
2 thin sections display symmetric fabrics. While top-NW 
shearing was dominant at higher structural levels, meso- 
and microstructures in the direct hanging wall of the Com-
bin Fault southwest of the lake also indicate conjugate top-
NW and top-SE shearing and therefore a significant pure 
shear component. In some samples, top-NW shear bands 
seem to be related to the main phase of greenschist-facies 
retrogression and fabric formation, whereas in others, top-
NW shear bands appear to be a late feature of renewed top-
NW shearing. Top-SE to top-S shear sense criteria within 
rocks from the central part of the Tsaté nappe and in the 
hanging wall of the Combin Fault may be kinematically 
related and may represent conjugate shear zones to pre-
dominantly observed zones of top-NW shear.

Dent Blanche nappe

Greenschist-facies foliations within rocks of the low-
ermost Dent Blanche nappe have often been modified 
and overprinted by subsequent deformation after initial 
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greenschist-facies retrogression and fabric formation. South 
of Monte Seriola, ductile top-NW shear bands can be 
observed in outcrop within gneisses of the lowermost Dent 
Blanche nappe (Fig. 4k). Three samples from this locality 
were analysed in thin section (samples 50–52). Quartz-rich 
mylonites show GSPOs of quartz grains indicating top-NW 
transport (samples 50 and 52; Fig. 6f). Dynamic recrystalli-
zation of quartz probably occurred mainly by SGR (Fig. 6f) 
indicating temperatures between ca. 400 and 500 °C (Stipp 
et al. 2002). Quartz layers defined by different grain sizes 
are sometimes folded into tight to isoclinal, NW-vergent 
folds and the quartz GSPO defines a NW-vergent axial 
surface foliation indicating folding during progressive 
top-NW deformation (Fig. 6f). In a sample showing a pro-
nounced greenschist-facies metamorphic layering (sample 
51), quartz ribbons sometimes show GSPOs, again indi-
cating top-NW shearing. The foliation has been affected 
by isoclinal, recumbent folding (Fig. 6g), most likely dur-
ing progressive deformation after initial fabric formation. 
Folds and the foliation in turn are truncated by shallowly 
to moderately dipping, semi-ductile to brittle top-NW shear 
bands and planes, respectively (Fig. 6g, h). These probably 
formed during a relatively late stage of NW-vergent shear-
ing. In the same sample, the foliation is also cut by brittle, 
moderately to steeply dipping top-SE microfaults which 
represent late structures after cessation of ductile deforma-
tion within these rocks (Fig.  6i). Gneisses and mylonites 
cropping out along the plains north of Lago di Cignana also 
show deformation structures related to top-NW shearing. 
Shear bands observed in outcrop are often discrete and have 
a ductile to semi-ductile character (Fig. 4l). In thin section, 
top-NW shear bands are often localized within domains of 
fine-grained intergrowths of white mica + epidote + chlo-
rite, which are often associated with large quartz grains 
showing patchy and undulose extinction (sample 54; 
Fig.  6j). In the same sample, quartz also shows dynamic 
recrystallization by bulging (Fig.  6k) indicating tempera-
tures between ca. 280 and 400 °C (Stipp et al. 2002). Rare 
recrystallization of quartz by grain boundary migration 
(GBM) indicates temperatures above ca. 500  °C and is 
therefore interpreted to be a relic from a preceding stage of 
Alpine or pre-Alpine higher-grade deformation before the 
onset of Alpine greenschist-facies deformation along the 
DBBT. In sample 53, the foliation defined by quartz rib-
bons in a matrix of white mica +  epidote +  chlorite has 
been folded into recumbent, open to tight folds which are 
cut by discrete top-NNW microfaults (Fig.  6l) indicating 
continuing deformation in the brittle regime.

In summary, the lowermost Dent Blanche nappe at Lago 
di Cignana exhibits deformation structures indicating epi-
sodic or prolonged top-NW shearing under decreasing 
greenschist-facies conditions including initial formation 
of greenschist-facies fabrics, folding of foliations during 

progressive deformation, and formation of semi-ductile to 
brittle shear bands and planes, respectively.

Discussion

Kinematic evolution of shear zones

Shear zones and deformation structures exposed in the 
area around Lago di Cignana are characterized by different 
bulk shear senses and metamorphic grades as well as vary-
ing amounts of rotational and coaxial deformation. Eclog-
ites and metasediments of the UHP unit south of the lake 
mainly record top-(S)E kinematic indicators. Although their 
metamorphic grade is often not trivial to deduce from pet-
rographic and microstructural observations, UHP eclogites 
display deformation structures and mineral assemblages 
(hornblende +  albite +  epidote; Table  2) indicating top-
(S)E shearing under epidote–amphibolite-facies conditions 
and possibly also higher-pressure conditions as suggested 
by the presence of glaucophane along shear bands. These 
are therefore attributed to deformation during exhumation 
of the UHP unit to lower crustal depths. The absence of 
kinematic indicators within eclogites in the surroundings 
of the sliver suggests that deformation during ascent of the 
Zermatt–Saas zone was localized at a different structural 
level, possibly the uppermost part which, however, has 
been strongly affected and overprinted by later retrogres-
sion and deformation. Lower-grade, i.e. greenschist-facies 
top-SE shear sense criteria, can be observed at higher struc-
tural levels above (U)HP rocks and are often associated 
with top-NW kinematic indicators. More importantly, this 
domain is characterized by significant coaxial deformation 
as documented by abundant conjugate sets of shear bands, 
symmetric fabrics, and boudinage. Replacement of white 
mica by chlorite along conjugate shear bands within partly 
retrogressed rocks as well as greenschist-facies symmetric 
fabrics within strongly retrogressed ones indicates green-
schist-facies conditions during coaxial deformation. The 
different orientation of conjugate shear bands with respect 
to the greenschist-facies foliation and their often ‘post-
chlorite’ character in some samples suggest that this event 
occurred after an initial phase of greenschist-facies defor-
mation and retrogression along the top of the Zermatt–
Saas zone. This deformation phase was possibly related to 
normal-sense top-SE shearing, continuing exhumation of 
the Zermatt–Saas zone at crustal levels, and juxtaposition 
with the overlying and strongly retrogressed greenschist-
facies Combin zone. Top-SE structures are scarce within 
the Combin zone which may be due to localization of strain 
along the uppermost Zermatt–Saas zone so that the Com-
bin Fault may have represented a decoupling surface dur-
ing normal-sense shearing and ascent of (U)HP rocks in 
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its footwall. Additionally, exhumation-related deformation 
structures along the Combin Fault have most likely been 
overprinted by subsequent deformation phases. Coaxial 
deformation can be traced across the Combin Fault from 
the uppermost Zermatt–Saas zone into the lower Combin 
zone where it is preserved within quartzites of the Cimes 
Blanches nappe displaying orthorhombic textures and con-
jugate shear sense criteria as well as spatially associated 
top-NW and top-SE shear bands within Tsaté calcschists. 
Temperature estimates from c-axis opening angles in pole 
figures and observed SGR of quartz in thin section suggest 
conditions between ca. 400 and 450 °C for this phase. The 
similar style, geometry, and metamorphic grade of defor-
mation in the immediate footwall and hanging wall of the 
Combin Fault suggest that the uppermost Zermatt–Saas 
zone and lowermost Combin zone experienced significant 
post-exhumational deformation and retrogression related 
to a phase of dominant pure shear. This deformational 
event after exhumation of (U)HP rocks to crustal levels 
and juxtaposition of the two units is interpreted to reflect 
NW–SE-directed crustal elongation. Despite the predomi-
nance of coaxial deformation along the Combin Fault, sym-
metric deformation structures often occur in association 
with top-NW kinematic indicators so that bulk top-NW 
shearing may have accompanied but also partly postdated 
pure shear deformation. The Tsaté nappe displays almost 
exclusively top-NW kinematic indicators which seem to 
be partly related to the main phase of greenschist-facies 
retrogression and fabric formation and partly to late and 
renewed top-NW shearing, which probably postdated pure 
shear deformation. The few observed top-SE to top-S kin-
ematic indicators may reflect conjugate top-SE shearing or 
be related to normal-sense shearing during ascent of the 
Zermatt–Saas zone. Top-NW shear sense criteria are also 
abundant within mylonites along the DBBT and show a 
progressive decrease in metamorphic grade from high- to 
low-grade greenschist-facies conditions. Top-NW simple 
shear was the dominant deformation mechanism along 
the DBBT without any signs of a pure shear component 
or top-SE simple shear during ductile deformation. The 
decreasing metamorphic grade of kinematic indicators sug-
gests that NW-vergent shearing occurred during several 
stages of the retrograde greenschist-facies evolution of the 
lower Dent Blanche nappe and can therefore be character-
ized as syn-exhumational. Main formation of greenschist-
facies mylonitic fabrics along the DBBT may predate the 
observed pure shear deformation along the Zermatt–Saas/
Combin boundary. Lower-grade top-NW kinematic indi-
cators, on the other hand, most likely postdate this phase 
and are therefore ascribed to late-stage reactivation of the 
DBBT and renewed top-NW shearing which also affected 
the Tsaté nappe and partly units along the Combin Fault. 
Ductile top-NW shearing along the DBBT evolved into 

semi-ductile to brittle top-NW deformation which in turn 
was followed by a minor phase of top-SE brittle faulting 
which can only locally be observed in the area around Lago 
di Cignana.

Our kinematic analyses and structural observations show 
that top-(S)E shearing under epidote–amphibolite-facies 
conditions was responsible for exhumation of UHP rocks 
to approximately lower crustal levels. Continuing exhu-
mation of the Zermatt–Saas zone and juxtaposition with 
the overlying Combin zone most likely occurred during 
greenschist-facies top-SE shearing along the uppermost 
Zermatt–Saas zone and the Combin Fault. This phase was 
followed by post-exhumational, pure shear-dominated 
deformation, especially affecting the uppermost Zermatt–
Saas zone and the lowermost Combin zone. The lower 
Dent Blanche nappe and partly the underlying Tsaté nappe 
show an evolution of prolonged or episodic top-NW shear-
ing under decreasing metamorphic conditions. A first stage 
of foreland-directed top-NW shearing most likely accom-
panied exhumation of the Combin zone and Dent Blanche 
nappe to crustal levels and may have predated juxtaposition 
of the Combin and Zermatt–Saas zones. However, renewed 
top-NW shearing at higher structural levels also partly 
accompanied coaxial deformation along the Combin Fault 
and, more importantly, continued subsequently as sug-
gested by low-grade greenschist-facies deformation struc-
tures along the DBBT.

Previously published structural works

In this section, we compare our observations with exist-
ing structural works by other authors in the Lago di Cig-
nana area. Ballèvre and Merle (1993) reported equally 
top-E and top-W shear sense criteria for Zermatt–Saas 
(U)HP rocks and therefore did not propose a bulk shear 
sense for deformation under (U)HP conditions or on the 
retrograde path after the peak of metamorphism. Van der 
Klauw et  al. (1997) also reported rather conjugate sets of 
eclogite-facies shear bands and suggested that no consid-
erable deformation was localized into metabasites during 
exhumation from UHP depths. The microstructural study 
by Müller and Compagnoni (2009) on the other hand 
showed that deformation of HP minerals occurred during 
all stages of the eclogite-facies evolution. Our study con-
firms the occurrence of top-(N)W shear sense criteria in 
addition to top-(S)E indicators in (U)HP rocks. However, 
we find a clear predominance of top-(S)E shear sense crite-
ria within rocks of the UHP unit. Although some of them, 
especially within metasediments, cannot unambiguously 
be linked to deformation under (U)HP conditions or dur-
ing subsequent retrogression, many of them show clear 
petrographic and microstructural evidence for deformation 
under retrograde epidote–amphibolite-facies conditions 
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and therefore during exhumation to approximately lower 
crustal levels. The strong greenschist-facies overprint in 
the uppermost Zermatt–Saas zone has already been recog-
nized by Van der Klauw et al. (1997) who reported top-NW 
kinematic indicators along this domain in agreement with 
our observations. However, our analyses also show that 
top-NW shearing was preceded and accompanied by con-
siderable portions of greenschist-facies coaxial deforma-
tion in the footwall and hanging wall of the Combin Fault 
indicating a dominant pure shear regime after juxtaposition 
of the Zermatt–Saas and Combin zones at crustal levels. 
Reddy et  al. (2003) reported a dominant top-SE sense of 
shear for the Cimes Blanches nappe at Lago di Cignana. In 
contrast, our study revealed orthorhombic quartz textures 
and conjugate top-NNW and top-SSE kinematic indicators 
within quartzites suggesting dominant pure shear deforma-
tion in the direct hanging wall of the Combin Fault. Pleuger 
et  al. (2007) analysed microstructures and textures of 3 
Cimes Blanches quartzites from localities ca. 2  km NNE 
of Monte Seriola. They acquired top-NW as well as top-SE 
shear senses but attributed them to different stages of the 
greenschist-facies structural evolution instead of coaxial 
deformation. The observed pure shear deformation may 
have therefore been unequally distributed in the direct 
hanging wall of the Combin Fault in the Valtournenche area 
and may have been most pronounced at Lago di Cignana. 
Reddy et  al. (2003) reported a predominance of top-NW 
kinematic indicators towards higher structural levels above 
the Cimes Blanches nappe at Lago di Cignana, which 
is confirmed by our study. Detailed mapping and struc-
tural work by Forster et  al. (2004), especially within and 
around the UHP sliver, revealed a complex structural evolu-
tion of these units under (U)HP conditions. These authors 
reported older top-E kinematic indicators for Zermatt–Saas 
HP rocks overprinted by younger HP top-W and conjugate 
shear sense criteria, while for the UHP unit they reported 
dominant eclogite- to blueschist-facies top-(W)NW fabrics 
and kinematic indicators. These observations may indicate 
differential and faster exhumation of the UHP unit relative 
to surrounding HP rocks during (W)NW-directed thrusting 
under HP conditions. During this phase, normal-sense top-
(S)E shearing may have been localized at a higher struc-
tural level, whereas it subsequently affected the UHP unit 
under epidote–amphibolite-facies conditions as suggested 
by our observations. Forster et  al. (2004) also proposed a 
period of NW–SE-directed crustal extension after juxtapo-
sition of the Zermatt–Saas and Combin zones, which led 
to crustal-scale boudinage and the development of conju-
gate shear zones. Such a phase would correspond to our 
postulated stage of post-exhumational pure shear deforma-
tion along the Combin Fault. Forster et al. (2004) suggested 
that all exposed units were already in a subhorizontal and 
partly NW- and SE-dipping position, respectively, after 

exhumation to crustal levels. Reddy et al. (2003) also pro-
posed that regional-scale folding was responsible for late 
reactivation of ductile shear zones in the Valtournenche 
area. We follow this interpretation and suggest that the 
observed phase of dominant pure shear deformation reflects 
NW–SE crustal elongation in response to updoming of the 
nappe stack.

Structural evolution in the tectonic context of the 
Western Alps

In this section, we embed the results of our structural anal-
yses into the tectonic framework of the Western Alps and 
propose a kinematic evolution for the units exposed at Lago 
di Cignana (Fig. 7).

The Zermatt–Saas zone probably experienced eclogite-
facies conditions until ca. 41–40  Ma (Amato et  al. 1999; 
Skora et al. 2015). Exhumation of UHP rocks from upper-
mantle to lower crustal levels during normal-sense top-(S)
E shearing under epidote–amphibolite-facies conditions 
is therefore interpreted to have occurred around 39  Ma 
(Fig. 7a). At that time, the Combin zone and Dent Blanche 
nappe were already largely exhumed to crustal levels and 
experienced a first phase of greenschist-facies top-(N)
W deformation and retrogression (e.g. Reddy et  al. 1999, 
2003; Angiboust et  al. 2014). Thrusting at higher crustal 
levels may have therefore prevailed, while ascent of the 
Zermatt–Saas zone at deeper levels occurred during nor-
mal-sense shearing (Fig.  7a). This overall geometry can 
best be explained by differential exhumation of the Zer-
matt–Saas zone with respect to the Combin zone and Dent 
Blanche nappe. Initial exhumation of the Zermatt–Saas 
zone from (U)HP conditions may have been triggered by 
buoyancy resulting from large portions of hydrated rock 
material (e.g. serpentinite, lawsonite eclogite; Angiboust 
and Agard 2010). Additionally, buoyancy of low-density, 
quartz-rich metasedimentary material of the UHP slice 
compared to surrounding mafic material probably led to 
differential and fast exhumation of this unit. (Ultra)high-
pressure rocks at Lago di Cignana show the highest pres-
sures and some of the youngest available ages related to 
eclogite-facies metamorphism in the Zermatt–Saas zone 
(Rubatto et al. 1998; Amato et al. 1999; Gouzu et al. 2006), 
suggesting that this unit was exhumed at higher rates than 
the surrounding HP rocks. Greenschist-facies retrogression 
within UHP rocks probably occurred around 38 Ma (Amato 
et  al. 1999), which is interpreted to reflect the timing of 
juxtaposition with the overlying Combin zone during nor-
mal-sense top-SE shearing (Fig. 7b). Since ductile top-SE 
shear sense criteria are largely missing within the Combin 
zone and along the DBBT, normal-sense shearing is inter-
preted to have largely been localized along the uppermost 
Zermatt–Saas zone. A cluster of ages between ca. 39 and 
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Fig. 7   Tectonic evolution of the Western Alps with detail sketches 
of the structural and kinematic evolution of the upper Zermatt–Saas 
zone, the Combin zone, and the lower Dent Blanche nappe; red rec-
tangles indicate areas of sketches on the right; large grey arrows 
indicate approximate domains of maximum strain during the respec-
tive deformation phase; sketches are not to scale; colour coding of 
tectonic sketches is the same as in Fig. 1, colours of detail sketches 
correspond to the ones in Fig.  2; yellow star indicates location of 
the Lago di Cignana UHP unit. a Situation at ca. 39  Ma: exhuma-
tion of Combin zone and Dent Blanche nappe at crustal levels during 
foreland-directed top-NW shearing along the Combin Fault and Dent 
Blanche Basal Thrust (DBBT); exhumation of Zermatt–Saas zone 
and associated UHP rocks to lower crustal levels during normal-sense 
top-(S)E shearing under epidote–amphibolite-facies conditions along 
its top; DB Dent Blanche nappe, Se Sesia nappe, Co Combin zone, 
SB St. Bernhard nappe system, MR Monte Rosa nappe, SC Zone 
of Sion-Courmayeur. b Situation at ca. 38  Ma: exhumation of Zer-

matt–Saas zone to mid-crustal levels and juxtaposition with overlying 
Combin zone along greenschist-facies top-SE shear zones. c Situation 
at ca. 35  Ma: dominant pure shear deformation under greenschist-
facies conditions affecting units in the direct footwall and hanging 
wall of the Combin Fault and largely overprinting syn-exhumational 
deformation structures along the Combin Fault; this phase probably 
reflects NW–SE-directed crustal elongation resulting from updom-
ing of the nappe stack due to underthrusting of European continen-
tal margin units and the onset of continental collision; it may have 
been accompanied by bulk top-NW shearing, especially at a higher 
structural levels and along the DBBT; large-scale folding of the nappe 
stack may have led to regional differences in the dominant vergence 
of shearing, i.e. top-NW in the western Valtournenche and top-SE 
in the areas east of it. d Situation at ca. 32  Ma: renewed foreland-
directed top-NW shearing as a result of continuing updoming led to 
reactivation and reworking of earlier structures
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36 Ma associated with domains of dominant top-SE shear 
along the south-eastern segment of the Combin Fault has 
been reported by Reddy et  al. (1999). Constraints on the 
timing of post-peak normal-sense shearing along the top of 
the Zermatt–Saas zone are also given by the age of retro-
grade top-SE shear zones formed between 42 and 37  Ma 
in the northeast close to the Mischabel fold (Cartwright 
and Barnicoat 2002). Formation of the Mischabel fold in 
the hanging wall of the northern Zermatt–Saas zone most 
likely represents a late stage of SE-vergent shearing at ca. 
37 Ma after juxtaposition of the Combin and Zermatt–Saas 
zones (Barnicoat et  al. 1995; Cartwright and Barnicoat 
2002). While top-SE kinematic indicators are abundant in 
the areas southeast of Valtournenche, e.g. in the Val Gres-
soney area and along the Combin/Sesia contact (Wheeler 
and Butler 1993; Reddy et  al. 1999; Pleuger et  al. 2007, 
Gasco and Gattiglio 2011), the Combin zone in the west-
ern Valtournenche area is dominated by top-NW kinematic 
indicators (Ring 1995; Pleuger et al. 2007). It is often diffi-
cult to establish a relative chronology of deformation since 
all these structures formed under greenschist-facies condi-
tions. On the basis of geochronological data, Reddy et al. 
(2003) proposed regional top-SE and top-NW shear zones 
overlapping in space and time due to a significant pure 
shear component and regional-scale folding. A similar sce-
nario with conjugate shear zones during NW–SE-directed 
crustal extension and large-scale corrugation of the nappe 
stack has also been proposed by Forster et  al. (2004) to 
explain the regional distribution of dominant shear senses. 
Large coaxial strains along the Combin Fault and within 
the Combin zone in the greater area have also been reported 
by Ring (1995) based on finite strain analyses and by 
Pleuger et al. (2007) on the basis of quartz texture analysis. 
Based on our structural observations and existing works, 
we favour a scenario in which juxtaposition of the Zer-
matt–Saas and Combin zones during top-SE normal-sense 
shearing at ca. 38 Ma was followed by a phase of NW–SE-
directed crustal elongation with conjugate shear zones and 
pure shear deformation due to increasing updoming of the 
nappe stack in the Internal Western Alps (Fig.  7c). This 
phase most likely resulted from Late Eocene underthrusting 
of European continental margin units as indicated by pro-
grade ages around 38–37 Ma within these units (Herwartz 
et  al. 2011; Sandmann et  al. 2014). Abundant shortening 
structures across the Alps and coarse clastic sedimentation 
in forelands for the period between ca. 38 and 34 Ma have 
been reported by Beltrando et al. (2010b) and also suggest 
an increased uplift of the nappe stack. The phase of domi-
nant pure shear deformation is interpreted to have culmi-
nated at ca. 35 Ma and to have partly been accompanied by 
bulk top-NW shearing, probably due to ongoing or renewed 
foreland-directed movement of the Dent Blanche nappe 
(Fig. 7c). It was followed by more rotational NW-vergent 

shearing after ca. 34  Ma (Fig.  7d) as evident from abun-
dant low-grade greenschist-facies deformation structures. 
Late post-exhumational top-NW shearing has also been 
suggested by Ballèvre and Merle (1993) to explain the 
predominance of greenschist-facies top-NW kinematic 
indicators within the Combin zone. Following significant 
updoming, tectonic contacts and units in the western Val-
tournenche area probably had an already (sub)horizontal or 
possibly even NW-dipping orientation (Reddy et al. 2003; 
Forster et al. 2004). NW-vergent shearing during this phase 
therefore resulted either from low-angle thrusting or nor-
mal faulting (Fig. 7d). The geometry of post-exhumational 
top-NW shear zones and whether late foreland-directed 
shearing was reverse or normal sense cannot conclusively 
be resolved at this point. In contrast to observations from 
the Lago di Cignana and western Valtournenche area, top-
SE shearing has been reported for the Tsaté nappe in the 
footwall of the north-western DBBT (Wust and Silverberg 
1989; Reddy et al. 2003), suggesting that late NW-vergent 
shearing was not strictly parallel to tectonic contacts and 
either cut up or down section with respect to tectonostratig-
raphy. Late greenschist-facies top-NW shearing overprint-
ing earlier structures has not been reported for the areas 
southeast of Valtournenche where top-SE shearing seems to 
be the last deformational event (Wheeler and Butler 1993; 
Reddy et al. 2003; Babist et al. 2006; Pleuger et al. 2007, 
Gasco and Gattiglio 2011). Also, no greenschist-facies top-
NW shear zone reemerging at a higher structural level in 
the Dent Blanche nappe has been reported so far. In con-
trast, Ballèvre and Merle (1993) proposed that a late top-
NW ‘Combin Fault’ propagated down section into the St. 
Bernhard nappe system. Taking these constraints on shear 
zone geometry into account (see also Wheeler and Butler 
1994), the observed top-NW shear zone probably rooted 
in an already eroded part of the Dent Blanche/Sesia nappe 
system and cut down section through the Combin zone and 
into the St. Bernhard nappe system. Continuing updoming 
of the Internal Western Alps, which transitioned into Van-
zone phase folding from ca. 32  Ma onwards (e.g. Keller 
et al. 2005), is interpreted to have resulted in the observed 
top-NW brittle overprint along the DBBT.

Conclusions

Kinematic analyses of shear zones at Lago di Cignana in 
the western Valtournenche of Italy constrain the struc-
tural evolution of the exposed units, the upper Zermatt–
Saas zone, the Combin zone, and the lower Dent Blanche 
nappe, as well as the tectonic contacts separating them, 
the Combin Fault and the DBBT. Normal-sense top-(S)
E shearing under epidote–amphibolite-facies conditions 
at ca. 39  Ma was responsible for exhumation of UHP 
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rocks to approximately lower crustal levels. Although 
syn-exhumational deformation structures are scarce along 
the Combin Fault, continuing exhumation of the Zermatt–
Saas zone to mid-crustal levels and juxtaposition with the 
overlying Combin zone is inferred to have occurred dur-
ing greenschist-facies top-SE shearing around 38 Ma. The 
scarcity of top-SE kinematic indicators in the hanging 
wall of the Combin Fault at Lago di Cignana and in the 
western Valtournenche area is interpreted to be the result 
of strain localization along the uppermost Zermatt–Saas 
zone during its ascent but also of obliteration by subse-
quent greenschist-facies deformation. A phase of domi-
nant pure shear deformation at ca. 35  Ma affected units 
in the direct footwall and hanging wall of the Combin 
Fault. This phase is interpreted to reflect NW–SE crus-
tal elongation due to underthrusting of European conti-
nental margin units, the onset of continental collision, 
and resulting updoming of the nappe stack. Dominant 
pure shear deformation along the Combin Fault probably 
occurred in a (sub)horizontal orientation of tectonic units 
and contacts. It was partly accompanied but more impor-
tantly followed by greenschist-facies top-NW shearing, 
especially at higher structural levels, which was related to 
either low-angle thrusting or normal faulting. This phase 
transitioned into Vanzone phase folding from ca. 32  Ma 
onwards resulting in semi-ductile to brittle reworking of 
the DBBT in the western Valtournenche area during nor-
mal-sense top-NW shearing. Our structural observations 
suggest that exhumation of UHP rocks and the upper Zer-
matt–Saas zone to crustal levels occurred during dominant 
normal-sense top-(S)E shearing, whereas the overlying 
Combin zone and lower Dent Blanche nappe experienced 
prolonged or episodic foreland-directed top-NW shear-
ing under decreasing greenschist-facies conditions. A 
first stage of top-NW shearing may have been related to 
exhumation of the Combin zone and Dent Blanche nappe 
to crustal levels and predated juxtaposition of the Com-
bin and Zermatt–Saas zones. However, syn-exhumational 
deformation structures along the Combin Fault and DBBT 
have been reworked and partly overprinted during post-
exhumational coaxial deformation along the Combin 
Fault and renewed top-NW shearing along the DBBT.
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