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Abstract The significance of late-stage fracturing in the

European Alps in a large geodynamic context is reap-

praised by studying brittle deformations over the entire

belt. In the internal Western Alps, paleostress datasets

display a major occurrence of orogen-parallel extension

resulting in normal faulting and associated strike-slip

mode. There the direction of subhorizontal extension

rotates with the bending of the Alpine belt. In the Central

Alps, paleostress tensors also indicate orogen-parallel

extensional regimes, both in the Bergell area and the

Lepontine Dome, where the brittle structures are associated

with ductile structures related to the formation of large-

scale upright folds that accommodate most of the colli-

sional shortening due to the north-directed component of

the movement of the South-Alpine indenter. This brittle

deformation phase is of Miocene age and is coeval with the

propagation of the Alpine front toward the external Alpine

domains. In the Eastern Alps, brittle deformation of the

Tauern Window displays an overwhelming occurrence of

orogen-parallel normal faulting and associated strike-slip

regimes again, which is inferred to be driven by lateral

extrusion of the orogenic wedge toward the Pannonian

basin, partly due to indentation on the Dolomites indenter.

The major orogen-parallel extensional signal of the brittle

Cenozoic deformations appears remarkably stable all over

the internal Alps. Extensional brittle structures are part of a

late phase of collisional deformation, during which the

propagation of the Alpine front of the Western Alps and the

northward movement of the Southern Alpine and the

Dolomites indenters in the Central and Eastern Alps were

accommodated by orogen-parallel extension in the inner

zones, at the scale of the entire chain.

Keywords Structural analysis � Alpine belt � Late-stage
faulting

1 Introduction

It is well constrained and largely accepted that the

exhumation of the Alps results from the collision between

European and Adriatic plates due to the relative northward

movement of the Adriatic microplate (e.g. Termier 1903;

Argand 1916, 1924; Dewey et al. 1973; Handy et al. 2010;

Schmid and Kissling 2000; Schmid et al. 2017). However,

late exhumation of the Alps differs significantly in terms

of the sites of enhanced exhumation within the chain, both

laterally and along strike. The actual shape and topogra-

phy of the Alpine belt is related to tectonic, climatic and

erosional processes. In the Late Eocene, the subduction of

the Tethyan oceans beneath the Adriatic plate was fol-

lowed by continent–continent collision inducing uplift and

exhumation of the Western-Central Alps and the central

part of the Eastern Alps (Dewey et al. 1989). The differ-

ences in buoyancy forces and flexural strengths between

oceanic and continental lithosphere induced an Oligocene

slab break-off (Von Blanckenburg and Davies 1995),
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Besançon, France

Swiss J Geosci (2017) 110:565–580

DOI 10.1007/s00015-017-0265-4

http://orcid.org/0000-0003-4484-9463
http://dx.doi.org/10.1007/s00015-017-0265-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s00015-017-0265-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00015-017-0265-4&amp;domain=pdf


enhancing rapid rock uplift at the scale of the belt. Sub-

sequent continental subduction induced complex vertical

motions in the Alpine crust, which are still under debate

both in terms of structures and dynamics (e.g. Champag-

nac et al. 2007; Sue et al. 2007; Vernant et al. 2013; Fox

et al. 2015, 2016; Schlunegger and Kissling 2015; Zhao

et al. 2015; Chéry et al. 2016; Nocquet et al. 2016). In the

Eastern Alps, based on analogue models, extensional

collapse and tectonic escape have been proposed as

exhumation mechanisms during the Cenozoic (e.g.

Ratschbacher et al. 1991, b).

Brittle deformations allow assessing the latest stage(s) of

deformation of an orogen (e.g. Burg et al. 2005; Hinters-

berger et al. 2011). However, despite the large number of

data on brittle deformation available over the entire Euro-

pean alpine chain (e.g. Sue and Tricart 1999, 2002, 2003;

Sue et al. 1999, 2007; Bistacchi and Massironi, 2000;

Champagnac et al. 2003, 2004, 2006; Ciancaleoni and

Marquer 2008; Perrone et al. 2011; Beucher 2009; Allanic

2012; Bertrand et al. 2015) interpretation at the orogen scale

has not been proposed in the Alps so far.

When comparing brittle deformations that occurred in

different areas of the Alps, the timing of such deformation

is of first importance. Because the closure temperature of

fission-tracks in zircon crystals, i.e. 240 ± 60 �C (Yamada

et al. 1995; Brandon et al. 1998), roughly corresponds to

the brittle-ductile transition temperature in quartz in base-

ment rocks (Stipp et al. 2002), at first approximation, the

maximum age of brittle deformation can be inferred from

the zircon fission-track ages. We are aware that using zir-

con fission-track age constraints for brittle deformation is a

rough simplification that only allows for a large-scale

overview over the entire alpine chain. Therefore, to provide

a more accurate dating of the deformation we provide,

when available, absolute dating of the deformations such as

for the Central Alps (i.e. Zwingmann and Mancktelow

2004; Rolland et al. 2009; Allanic 2012), the Periadriatic

fault system (Mancktelow et al. 2001; Müller et al.

2000, 2001; Martin et al. 2016), and the Southern Alps

(Zanchetta et al. 2011).

In this work, we present a synthetic overview of brittle

deformations in the Alps in order to reappraise the

Fig. 1 Tectonic sketch map of the Alps within their geodynamic context (modified after Sue 1998; De Graciansky et al. 2011)
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significance of late-stage fracturing over the entire orogen

in a wider geodynamic context by: (1) providing an overall

homogeneous mapping of late Alpine brittle deformations,

(2) using geochronological and thermochronological data

to better constrain the timing of the brittle deformations,

(3) analysing the degree of anisotropy of the upper mantle

by questioning the significance of shear wave splitting

from SKS phases.

2 Tectonic settings

The European Alps are geographically divided into the

EW-trending Eastern Alps and the arcuate Western Alps

(Fig. 1). They are characterized by a stack of large-scale

nappes that are derived from Adria (Austroalpine nappes),

the oceans of Alpine Tethys (part of the Penninic nappes)

and Europe (Helvetic-Dauphinois cover nappes and Sub-

helvetic basements units) (e.g. Termier 1903; Argand

1916; Stampfli et al. 1998; Schmid et al. 2004). Stacking

and exhumation of these nappes resulted from two suc-

cessive orogenies that occurred from the Cretaceous

onwards in the Eastern Alps and from the Cenozoic

onwards in the Western Alps (Tollmann 1963; Frisch 1979;

Platt 1986; Frank 1987; Behrmann 1988; Dewey et al.

1989; Froitzheim et al. 1996; Schmid and Kissling 2000).

In the Eastern Alps, subduction commenced during the

Early Cretaceous and lasted until the Eocene (Handy et al.

2010). It is characterized by the subduction of continental

crust associated with nappe stacking within the Aus-

troalpine nappes in the Cretaceous and subsequent accre-

tion of parts of the Tethyan oceanic units and finally

European margin units to the Austroalpine in the Cenozoic

(Schuster 2015 and reference therein). The underlying

Penninic and Europe derived units formed an accretionary

wedge in front of the Alpine subduction (e.g. Schmid and

Kissling 2000; Weh and Froitzheim 2001). The following

collisional orogeny took place from the Oligocene onwards

(e.g., Dewey et al. 1973; Milnes 1978) and is related to the

indentation of Adria into Europe (e.g. Tapponnier 1977;

Sengör 1979; Schmid et al. 1996; Schmid and Kissling

2000; Handy et al. 2010; De Graciansky et al. 2011). The

Eastern Alpine structures result from the northward

movement of the Dolomites indenter with respect to the

European plate, together with a coeval E–W extension

favoured by the rifting of the Pannonian basin to the East

(e.g. Ratschbacher et al. 1991a, b; Rosenberg et al. 2015)

and eastward retreat of the subduction beneath the outer

Carpathian belt (Decker et al. 1993; Royden 1993; Peres-

son and Decker 1997; Sperner et al. 2002). Related to this

geodynamic context, the Eastern Alps, including the

Southern Alps, display large-scale crustal strike-slip and

extensional faults, i.e. the dextral Pustertal fault and

Insubric line, the sinistral Salzach–Ennstal–Mariazell–

Puchberg (SEMP) and Giudicarie fault systems and the

Brenner and Katschberg normal fault systems (Fig. 1).

In the Western-Central Alps, orogeny took place from

the Paleogene onward and is related to the gradual closure

of the Tethyan oceans and the following Oligo-Miocene

continental collision (Tapponnier 1977; Tricart 1984;

Schmid and Kissling 2000; De Graciansky et al. 2011).

They are characterized by voluminous occurrences of

accreted rocks derived from the European plate (Fig. 1),

i.e. the lowermost units of the Alpine chain, and addi-

tionally, accreted units derived from the Valais Ocean, the

Briançonnais microcontinent and the Piedmont-Liguria

oceans. All these units were accreted to the Adriatic margin

(Southern Alps and Austroalpine nappes). The Western-

Central Alps display an arc-shaped geometry, acquired

during Oligocene time, due to complex rotation and

deformations (Gidon 1974; Anderson and Jackson 1987;

Vialon et al. 1989; Laubscher 1996; Thomas et al. 1999;

Collombet et al. 2002; Delacou et al. 2005). The internal

arc of the Western-Central Alps is imprinted by a series of

Neogene to current extensional features related to exten-

sional and/or transtensional processes. These processes are

still under debate and could refer to two specific exten-

sional phases (see Sue et al. 2007 for a review; Cham-

pagnac et al. 2007; Vernant et al. 2013; Walpersdorf et al.

2015; Nocquet et al. 2016).

South of the Pustertal-Gailtal fault, the Dolomites

indenter forms a stack of basement and Upper Paleozoic to

Mesozoic units (Laubscher 1985). South of the Insubric

line, the Southern Alpine indenter displays the lower crust

and the upper mantle of the Adriatic plate.

Hot and deep-rooted crustal material of the Eastern and

Western-Central Alps has been exhumed asynchronously

above the temperature for the brittle-ductile transition (ca.

300 �C). While the Eastern Alps, with the exception of the

Tauern and the Engadine Windows, were already exhumed

in Cretaceous times above c.a. 10 km, the Western-Central

Alps were not exhumed above this depth before the

Cenozoic (Fig. 2).

From the Oligocene to Miocene and Early Pliocene, the

Western and Southern Alps expanded from the central

axial zone, towards more external Europe and Adria,

respectively, resulting from foreland propagation (Tricart

1984; Schmid et al. 1996; Schlunegger and Willett 1999;

Willett et al. 2006). This was manifested by the widen-

ing of the area of rapid cooling towards more external parts

of the orogen (Schlunegger and Willett 1999) and by the

shift of the young orogenic activity (10–6 Ma) (Laubscher

1996) to the Jura Mountains and the external crystalline

massifs to the West and to the Lombardian domain to the

South-East (Fig. 2) (e.g. Laubscher 1996; Rabin et al.

2015).
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3 Overview of late-Alpine brittle deformation

3.1 Methodology

Systematic statistical analysis of brittle deformation

measured in the field at meso/micro-scales allows quan-

tifying the corresponding kinematic axes, either strain or

stress axes, depending on the methodological and theo-

retical backgrounds (e.g. Wallace 1951; Bott 1959; Carey

and Brunier 1974; Angelier and Mechler 1977; Angelier

and Goguel 1979; Angelier 1989; Gephart 1990; Twiss

and Unruh 1998; Yamaji 2000). Regardless of whether a

stress or kinematic approach is taken, slip occurs parallel

to the direction of maximum resolved shear stress within

the fault plane that is subject to a local spatially homo-

geneous stress tensor leading to failure (Wallace 1951 and

Bott 1959’s principle). The basic assumptions for the

application of methods of stress/strain analysis of brittle

deformation are the following: (1) the rock volume is

isotropic and homogeneous; (2) displacements along faults

are incremental and individual faults slip independently;

(3) the stress/strain field is uniform and steady during a

given tectonic phase; (4) the deformation is non-rota-

tional; (5) no post-faulting reorientation of the fault-slip

data has occurred. In practice, the direction of movement

is mainly given by the orientation of slickensides, mineral

fibres, and grooves on the fault plane. The sense of

movement is given, among other indicators, by steps,

Riedel criteria (Riedel 1929), fibres and drag-folds (e.g.

Petit 1987). Although the related methods have proved

their robustness in many areas and in various tectonic

contexts (e.g. Burg et al. 2005; Hintersberger et al. 2011),

fault-slip data may not be in accordance with these basic

assumptions, mainly because of stress variations due to

pre-existing anisotropies and inherent rock hetero-

geneities. The long-lasting discussions on the various

methods concerning strain vs. stress approaches have

recently been critically discussed (Lacombe 2012), and we

refer to this paper and references therein for more details.

Brittle deformations of the entire Alps have been

investigated by different authors and paleostress fields have

been determined using the graphical right-dihedra method

(Angelier and Mechler 1977; Pfiffner and Burkhard 1987),

the graphical P-B-T axes method (Turner 1953; Marrett

and Allmendinger 1990), as well as the numerical standard

direct inversion (Angelier 1990; Sperner et al. 1993). In

particular, the direct inversion method [see Angelier (1990)

for the theoretical formalism] defines a stress tensor that

best minimizes the deviation between the theoretical shear

stress for a given plane and slickenside, and the measured

slickenside lineation (Carey and Brunier 1974; Angelier

1989, 1990).

Fig. 2 Temperature dominated tectonometamorphic ages of the Alps (modified after Bousquet et al. 2004)
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3.2 Data compilation

We present hereafter a synthesis of data on brittle defor-

mation over the entire Alpine belt, especially along the

axial zone of the Alps. We integrated available datasets

(Fig. 3a, b) from the Penninic units north of the Argentera

massif (Beucher 2009; Bauve et al. 2014), the Briançon

region between the Pelvoux, Viso and Argentera massifs

(Sue and Tricart 1999, 2002, 2003), the Vanoise area

(Champagnac et al. 2006), the Aosta region (Champagnac

et al. 2004; Bistacchi and Massironi 2000), the Valais area

(Champagnac et al. 2003), the vicinity of the Simplon fault

(Grosjean et al. 2004), the Lepontine Dome (Allanic 2012),

the Bergell pluton (Ciancaleoni and Marquer 2008), the

Tauern Window (Bertrand et al. 2015), along the SEMP

(Salzach–Ennstal–Mariazell–Puchberg; Wang and

Neubauer 1998), along the Passeier and Jaufen faults (Luth

2011) and in the Cottian Alps (Perrone et al. 2011).

To summarize the paleostress field(s) around the bend of

the Alps, we reassessed a homogeneous statistical analysis

for the entire set of data (Fig. 3a, b; Table 1). The reading

of the 727 tensors map being quite difficult (see supple-

mentary material), we propose a new statistical map-view

(Fig. 3a) that includes both contouring of stereonets and

rose-diagrams for each regional subset of data. The results

are plotted on Fig. 3b. Each stereonet in Fig. 3 presents

both the contouring of the overall related r3 paleostress

axes for a given area, together with the corresponding rose-

diagram (Stereonet� software, Allmendinger et al. 2013;

Cardozo and Allmendinger 2013). The corresponding

parameters are given in Table 1, including the best r3
directions in the (0�–180�) range (Bingham axial

Fig. 3 a Synthetic map of the regional best r3 axes determined from

the statistical analysis of paleostress databases available around the

bend of the Alps (see text for details). The stereonets (or only the best

axes in red drawn from the corresponding publication for the

localities c, g, k, where numerical datasets are unavailable)

correspond to the Tauern Window (a, b; Bertrand et al. 2015; and

c Wang & Neubauer 1998), the Bergell pluton (d; Ciancaleoni and
Marquer 2008), the Lepontine Dome (e; Allanic 2012), the vicinity of

the Simplon fault (f: Grosjean et al. 2004), the Valais area (h;
Champagnac et al. 2003), the Aosta area (i; Champagnac et al. 2004;

g; Bistacchi and Massironi 2000), the Vanoise area (j; Champagnac

et al. 2006), The Cotian Alps (k; Perrone et al. 2011), the Briançon

area between the Pelvoux, Viso and Argentera massifs (l, m; Sue and

Tricart 1999; 2002; 2003 and n Bauve et al. 2014), and the Penninic

units north of the Argentera massif (o; Beucher 2009). In red, r3 for

the major orogen-parallel extension signal; in blue, r3 for the minor

orogen-perpendicular extension signal recognized in the core of the

Western Alpine arc (see text for details). See Fig. 1 for geological

caption. b Set of statistical stereonets for each of the dataset plotted in

a. Each stereonet presents the contouring of the overall related

paleostress r3 axes, together with the corresponding rose-diagram

(Stereonet� software, Allmendinger et al. 2013; Cardozo and

Allmendinger 2013). Due to their internal regional variability, the

datasets of the Tauern Window, Valais-Vanoise and the Briançonnais

areas have been subdivided into 2 or 3 regional stereonets. The

corresponding parameters are given in Table 1, including the best r3
directions in the (0�–180�) range (Bingham axial distribution, see

Allmendinger et al. 2013 Cardozo and Allmendinger 2013). The

overall paleostress/strain database (727 tensors) is available as

supplementary material together with the corresponding maps
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distribution combined with the rose-diagram distribution).

From the south-western branch of the chain to the core of

the Eastern Alps, the paleostress field displays a dominant

and surprisingly stable signal that displays horizontal to

subhorizontal r3 paleostress axes running parallel to the

orogen along the bending of the belt (highlighted by the red

lines in Fig. 3a). Note that the stereonets of the

Briançonnais (L), the Valais (I), The Cottian Alps (K), and

the Western-Aosta (J) areas present a noticeable secondary

family of horizontal r3 oriented perpendicular to the

Western Alpine arc (Sue and Tricart 2002; Champagnac

et al. 2006; Perrone et al. 2011). Kinematically, orogen-

parallel horizontal extension by normal faulting is often

associated with horizontal extension by strike-slip faulting

(Champagnac et al. 2006; Sue et al. 2007; Beucher 2009;

Bauve et al. 2014). In the overall belt, ca. 75% of the

computed paleostress tensors are normal fault tensors,

while most of the remaining ones are transcurrent. Over the

entire inner Alps, orogen-parallel normal fault and strike-

slip tensors are kinematically coherent, that is to say the r3

paleostress axes remain subparallel and near-horizontal

regardless of the type of tensor (Wang and Neubauer 1998;

Sue and Tricart 1999, 2002, 2003; Bistacchi and Massironi

2000; Champagnac et al. 2003, 2004; Grosjean et al. 2004;

Champagnac et al. 2006; Ciancaleoni and Marquer 2008;

Beucher 2009; Luth 2011; Perrone et al. 2011; Allanic

2012; Bauve et al. 2014; Bertrand et al. 2015).

The major orogen-parallel extensional signal is very

stable over the entire Alps and follows the arcuate shape of

the belt, especially in the Western Alps’ arc (Fig. 3a). In

detail, the so-called Central Alps northeast of the Western

Alpine arc including the Valais (Champagnac et al. 2003),

Simplon area (Grosjean et al. 2004), Lepontine Dome

(Allanic 2012), Bergell pluton (Ciancaleoni and Marquer

2008) display an overwhelming majority of orogen-parallel

r3 paleostress axis tensors within a very regular ENE-

WSW r3 orientation (average N60�, Fig. 3a over more

than 250 km along the strike of the orogen. Further east,

the Tauern Window shows a quite comparable orientations

of r3 (WNW-ESE, N105� on average) (Bertrand et al.

2015), with a variation from the Western Tauern Window

(N95�) to the Eastern Tauern Window (N119�). Southward,
from the Vanoise area to the Briançon region and the

internal units North of the Argentera, late Alpine extension

perfectly follows the arcuate shape of the orogenic arc,

with r3 axes evolving from N27� in the North of the arc, to

N160�, N105�, then N101� in the southernmost branch of

the arc (Table 1; Fig. 3a).

Orogen parallel extension, reflected by the r3 pale-

ostress axes, has long been described in the Eastern Alps

(Behrmann 1988; Selverstone 1988; Ratschbacher et al.

1989) and in the Central Alps (Steck 1980; Mancktelow

1985), mainly based on the analysis of ductile deformation,

but it was only later recognized in the Western Alps on the

Table 1 Statistical parameters of the average r3 for each sub-dataset analysed (see text for details)

CODE (see Fig. 3) References N-data Specific localization Average dominant

s3 dir. [0–180] (�)
* Secondary s3

dir. [0–180] (�)

A Bertrand et al. (2015) 30 lon[ 12.5� 119

B Bertrand et al. (2015) 68 lon\ 12.5� 95

C Wang and Neubauer (1998) – See ref. D3 D4 phases 105

D Ciancaleoni & Marquer (2008) 111 See ref. 56

E Allanic (2012) 105 See ref. 64

F Grosjean et al. (2004) 60 See ref. 58

D Bistacchi and Massironi (2000) – See ref. D2 phase 60

H Champagnac et al. (2006) 90 lat[ 46� 63

I Champagnac et al. (2006) 58 45.5�\ lat\ 46 27 116

J Champagnac et al. (2006) 68 lat\ 45.5� 21 85

E Perrone et al. (2011) – See ref. 145 95

L Sue and Tricart (2003) 28 lat[ 44.75� 160 84

M Sue and Tricart (2003) 30 lat\ 44.75� 115

N Bauve et al. (2014) 46 See ref. 94

O Beucher (2009) 79 See ref. 101

CODE refers to the name of each sub-dataset; reference gives the corresponding publication with the complete description of the data and stress

inversion methodologies; N-data is the number of paleostress tensors included in the statistical handling; specific localization provides the limits

of the boxes used for the subdividing of the datasets of the Tauern Window, the Valais, Aosta, Vanoise and Briançonnais areas; average

dominant r3 is the raverage r3 direction for each dataset, regarding both the contouring and best-axis computing and the rose diagram

distribution, given in the (0�–180�) range; secondary r3 is the direction of the secondary extensional signal (orogen-perpendicular, still active),

given in the (0�–180�) range only where it is significant enough

*significant occurrence of orogen perpendicular secondary extension (see discussion in Sue et al. 2007)
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basis of the analysis of brittle structures (see Champagnac

et al. 2006 for a review). In this framework, our synthesis

of fault-related data over the entire Alpine belt shows a

surprisingly steady signal with a very dominant paleostress

field characterized by r3 paleostress axes distributed par-

allel to the strike of the belt, from its eastern tip, to its

southwestern end. Our synthesis establishes a tectonic

continuity regarding this orogen-parallel extension over the

entire Alpine chain.

4 Age of the brittle deformations

4.1 Upper limit

The closure temperature of fission-tracks in zircon crystals

is estimated around 240 ± 60 �C (Yamada et al. 1995;

Brandon et al. 1998). The annealing kinetics of fission-

tracks in zircon, and therefore the closure temperature,

depends on different parameters such as the chemical

composition of the minerals, the presence of radiation-

damages in the crystal (Dodson 1973; Kasuya and Naeser

1988; Garver et al. 2005) or the cooling rates. However, as

a first approximation, we assume that the closure temper-

ature of fission-tracks in zircon corresponds roughly to the

temperature of the brittle-ductile transition in quartz in

basement rocks (i.e. 280 ± 30 �C; Stipp et al. 2002).

We provide an interpolated map of a compilation of

non-detrital zircon fission-track ages over the entire Alps

using the natural-neighbour algorithm tool of ESRI-

ArcMap10tm GIS software (Fig. 4). Extended cells for the

interpolation are of 500 m. Analytical errors are not taken

into account for the interpolation. Age classes are based on

the analysis of the distribution histograms of zircon fission-

track ages. Because of the history of detrital materials (e.g.

Cerveny et al. 1988; Brandon and Vance 1992), it is dif-

ficult to assess the significance of the fission-track ages in

such material; therefore detrital fission-track ages are here

not considered.

Fig. 4 Interpolation of zircon fission-track ages over the Alps.

Interpolation is made using the natural neighbour tool of ArcGis �

software and 492 zircon fission-track ages compiled based on the

following published data: Carpena and Caby 1984; Hurford and

Hunziker 1985, 1989; Carpena et al. 1986; Flisch 1986; Bürgi and

Klötzli 1990; Michalski and Soom 1990; Soom 1990; Hejl and

Wagner 1991; Stöckhert 1991; Carpena 1992; Seward and

Mancktelow 1994; Fügenschuh 1995; Fügenschuh et al.

1997, 1999; Elias 1998; Sachsenhofer et al. 1997; Bertotti et al.

1999; Seward et al. 1999; Schwartz 2000; Mancktelow et al. 2001;

Viola et al. 2001; Bigot-Cormier 2002; Steenken et al. 2002; Ceriani

et al. 2003; Dunkl et al. 2003; Fügenschuh and Schmid 2003; Most

2003; Keller et al. 2005; Wölfler et al. 2008; Pomella et al.

2011, 2012; Bertrand et al. 2017
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The Argentera, Dora-Maira, Grand Paradiso, Belle-

donne, Mont-Blanc massifs of the Western Alps, the

Lepontine Dome and the Bergell pluton in the Central

Alps, and the Tauern Window, as well as units located

northwest of the Meran-Mauls fault and southeast of the

Jaufen fault cooled below the zircon fission-track closure

temperature during Late Paleogene and Neogene. The rest

of the Alps and especially the Austroalpine units of the

eastern Alps cooled below this temperature between

Jurassic and Eocene (Fig. 4). Therefore, the main areas of

interest in this paper are the area around Briançonnais, the

Valais-Vanoise area, the area around the Simplon fault, the

Lepontine Dome, the Bergell pluton and the Tauern Win-

dow. With the exception of the Briançonnais, all the

investigated areas display zircon fission-track ages of Oli-

gocene and younger age. As stated previously, the zircon

fission-track closure temperature corresponds to the duc-

tile–brittle transition temperature, therefore deformations

measured in those areas are of Miocene or younger age.

The Bergell area is a good target for investigating brittle

deformations because of the homogeneous rheological

behaviour of the granitoids and of its Oligocene emplace-

ment (32–30 Ma) (Von Blanckenburg et al. 1992), which

provides a good constrain on the maximum age of the

deformations. Moreover, the Bergell area displays close

relationships between well-constrained time markers of

post-collisional deformation (late Oligocene Periadriatic

intrusions) and prominent late Alpine faults of the Peri-

adriatic fault system (Tonale, Engadine and Forcola faults).

After emplacement of the Bergell pluton, uplift and east-

ward escape of the area occurred between the dextral

Tonale fault and the sinistral Engadine fault as the result of

on-going N–S shortening (Schmid and Froitzheim 1993). A

late Oligocene-early Miocene zircon fission-track age

(23.1 ± 1.4 Ma; Ciancaleoni 2005) provides a good con-

straint on the timing of cooling below the ductile–brittle

transition temperature for the Bergell pluton.

To the south, the dense fault network, which carves the

Briançonnais zone, postdates all the Alpine Oligocene-age

(Tricart 1984) compression-related structures such as

nappe stacking, folds, schistosities and cleavages related to

the different compressional phases (Sue and Tricart

1999, 2003). Therefore, it is has been proposed that the

brittle deformations in the Briançonnais area correspond to

the last tectonic event in the Alpine history, potentially of

Miocene age (Sue and Tricart 2003). Local paleo-karst

infill allowed proposing that brittle deformations corre-

sponding to the last orogen-perpendicular and still active

extension worked during the Pliocene using indirect argu-

mentation (Sue 1998), In summary, in the Briançon and

surrounding areas, the orogen-parallel extension phase is

most likely of Miocene age, postdating the Oligocene

compressional phases, and followed by the Plio-Quaternary

and still active orogen-perpendicular extension.

4.2 Dating of faults

Direct dating of brittle faulting is generally difficult and

hence rare. Only a few methods allow such a direct dating

such as the dating of pseudotachylite that develop during

seismic events by extreme grain size reduction and melting

due to frictional heating (e.g. Spray 1992; Hetzel et al.

1996). If the pseudotachylites contain significant amounts

of potassium derived from the host rock minerals, they may

be suitable to assess the timing of fault activity by using the
39Ar/40Ar method (e.g., McDougall and Harrison 1999;

Van der Pluijm et al. 2001). Displacement on brittle fault

planes may also often result in the development of fault

gouge, composed of crushed rock fragments and authigenic

clay minerals formed by retrograde hydration reactions.

Dating the activity of such brittle faulting is thus possible

by using K–Ar on those authigenic clay minerals (Lyons

and Snellenberg 1971; Kralik et al. 1987).

In the Alps, data based on such methods are rare, and

specifically located within the Lepontine Dome (Allanic

2012), in the vicinity of the Periadriatic fault system

(Mancktelow et al. 2001; Müller et al. 2000, 2001;

Zwingmann & Mancktelow 2004) and in the Aar massif

(Rolland et al. 2009) (Fig. 5).

Absolute dating based on K–Ar ages of fault gouges

provides ages of 6.01 ± 0.18–7.17 ± 0,18 Ma along the

N–S striking latest and brittle part of the Simplon detach-

ment, and 8.72 ± 0.26 Ma along the EW-striking Cento-

valli fault (Zwingmann and Mancktelow 2004). These ages

are coherent with absolute ages based on 40Ar/39Ar dating

of pseudotachylites of the Simplon detachment and within

the Lepontine Dome area (between 7.7 ± 0.01 and

11 ± 2 Ma, Allanic (2012) (Fig. 5). Moreover, 40Ar/39Ar

and Rb/Sr dating of synkinematic white mica of in foliated

phyllonites from the footwall of the Simplon detachment

yields ages between 14.6 ± 9.5 and 11.0 ± 0.1 Ma

(Campani et al. 2010), and are interpreted to estimate the

timing of the ductile–brittle transition. Based on these ages,

it has been proposed that the Simplon low angle detach-

ment underwent a continuous transition from ductile

shearing to brittle deformation within the same geological

framework from Middle Miocene time onwards (Campani

et al. 2010). K–Ar for\2 lm illite fractions fault gouges

provide ages of 18.98 ± 0.47–23.46 ± 047 for the steeply

north-dipping Insubric fault south of the Lepontine Dome,

and 15.89 ± 0.33 Ma for the Pustertal-Gailtal fault at the

tip of the South Alpine indenter (Zwingmann and

Mancktelow 2004). Stepwise-heating and laser-ablation
40Ar/40Ar of pseudotachylites and Rb–Sr on mylonites of
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the Periadriatic fault system indicate a tectonic activity

lasting from Late Cretaceous to Middle Miocene (Müller

et al. 2000, 2001; Mancktelow et al. 2001). In the Aar

massif, brittle–ductile offsets and reactivation of shear

zones are constrained between 13.8 ± 0.2 Ma and

12.2 ± 0.2 Ma (40Ar/39Ar on syn-kinematic phengite,

Rolland et al. (2009), while brittle deformations are dated

between 10.1 ± 0.4 Ma and 7.6 ± 0.4 Ma (K–Ar on

mylonite and fault gouges clays, Kralik et al. (1992). Most

of the above-mentioned age data are related to brittle

deformation belonging to the orogen-parallel extensional

phase (Fig. 5, Zwingmann and Mancktelow 2004; Allanic

2012), and are coherent with the zircon fission-track ages

(Fig. 4). Absolute dating combined with zircon fission-

track dating suggests that such orogen-parallel extension

occurred during late Oligocene to Miocene times.

5 Discussion

Crustal thickening due to on-going orogen-perpendicular

convergence accommodates large amounts of intra-conti-

nental shortening across the Alpine belt during late-stage

indentation of Adria. However, brittle deformations in the

Western, Central and Eastern Alps display surprisingly

similar patterns with major occurrence of brittle faulting

achieving subhorizontal extension parallel to the strike of

the Alpine chain. This Neogene orogen-parallel extensional

signal developed mainly in the internal zones, coevally

with further propagation of the indentation to the West and

the Northwest in the external zone. Indeed, the propagation

of the Alpine front in the Western Alps and the northward

movement of the Southern Alpine and Dolomites indenters

in the Central and Eastern Alps and backthrusting onto the

Adria microplate were accommodated by orogen-parallel

extension in the inner zones, at the scale of the entire chain.

This implies major tectonic decoupling between the inner

belts and the most external belts of the Alps as a whole.

Late Alpine orogen-parallel extension appears as a major

event during the kinematics and associated dynamics of the

evolution of the Alps from the Miocene onwards. It can no

longer be treated as a local epiphenomenon, and must

therefore be taken into account in geodynamic models for

the Miocene geodynamic evolution of the Alps.

In the Lepontine Dome and the Bergell pluton, most of

the collisional shortening due to the north-directed com-

ponent of the movement of the South Alpine indenter was

accommodated by the formation of large-scale upright

folds. In the Eastern-Alps, the late brittle deformations, as

observed in the Tauern Window are dominated by orogen-

parallel extension at the eastern and western borders of the

Dome and by strike-slip faulting in the central parts of the

Fig. 5 Dating of brittle faulting based on the K–Ar method on authigenic clay minerals and 39Ar/40Ar dating of pseudotachylites in the Alps

(modified after Zwingmann and Mancktelow 2004; Ciancaleoni 2005; Rolland et al. 2009; Allanic 2012)
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Dome and along the SEMP (Fig. 3) (Wang and Neubauer

1998; Bertrand et al. 2015). The location of the Tauern

Window in front of the tip of the Dolomites indenter

invokes a possible link of extensional and strike-slip

faulting with the N to NNE motion of the Dolomites

indenter. Analogue models (Ratschbacher et al. 1991a, b;

Rosenberg et al. 2004, 2007) show that the movement of

the indenter can be accommodated, in the eastern Alpine

units located north of the indenter, by both extension and

shortening due to deformation partitioning. Northward

movement of the indenter first resulted in exhumation of

the unit of the lower European plate and the overlying

Penninic units of the Tauern Window by folding and ero-

sion accommodating ca. 30 km of orogen-perpendicular

N–S shortening of the Tauern window (Scharf et al. 2013).

During the Neogene, the motion of the Dolomites indenter

was accommodated by orogen-parallel extension combined

with strike-slip faulting, yielding an overall N–S shortening

and exhumation of ca.10 km (Bertrand et al. 2015). Oro-

gen-parallel extension in the Eastern Alps is inferred to be

driven either by the retreat of the plate boundary in the

outer Carpathians (Royden 1993; Sperner et al. 2002) or by

a combination of N–S compression driven by the Dolo-

mites indenter (Ratschbacher et al. 1991a) and eastward

retreat of the subducted slab below the Carpathians

(Decker et al. 1993; Peresson and Decker 1997). Mid- to

Late Miocene (U-Th–Sm)/he and apatite fission-track ages

from the Southern Alps and the Karawanken Mountains

(Nemes 1996; Zattin et al. 2003, 2006; Pomella et al. 2011;

Reverman et al. 2012; Heberer et al. 2016), indicate that

exhumation related to the movement of the Dolomites

indenter, which was localized within the central part of the

Eastern Alps during Oligocene and Early Miocene became

more widespread during Mid- to Late Miocene (Heberer

et al. 2016).

Images of the seismic velocity and anisotropy variations

in the uppermost mantle, compiled from Pn and Sn phases

(Diaz et al. 2013) indicate a non-continuous signature of

the Alps, with an arcuate variation of the anisotropic

properties in the Western Alps and low-velocity zones

beneath its eastern and southwestern terminations. Pn

anisotropy shows consistent orientations subparallel to

major alpine orogenic structures. Beneath the Alps, the two

important low velocities observed seem to be separated by

a zone of normal velocity located roughly under the

Insubric line. The anisotropic parameters obtained from Pn

and SKS splitting are very similar beneath the Western

Alps, with an anisotropy following the trend of the belt,

from a NE–SW orientation to the North, to a roughly NS

orientation in the southern termination of the Alps. The

variations in crustal thickness are consistent with available

Moho depths inferred from controlled-source seismology

and receiver functions (Spada et al. 2013). The overall

similarity between anisotropic parameters retrieved from

Pn tomography (Diaz et al. 2013), from the splitting SKS

(Qorbani et al. 2015a) and the Moho depth (Spada et al.

2013) seems to indicate that deformations are rather uni-

form from the base of the crust to mantle depths. The

anisotropic pattern may be explained by lithospheric-scale

deformation beneath the Alps triggered by mantle flow that

may be related to the retreat of the Pannonian and Cal-

abrian slabs (Faccenna et al. 2014) at both ends of the

Alpine orogen.

SKS splitting measurements also indicate a strong

coherent average signal with the fast direction being sub-

parallel to the strike of the orogen over the entire Alps,

including Central and Western Alps (Qorbani et al. 2015).

It is SW–NE in the western part of the Eastern Alps and

NW–SE in the eastern part of the Eastern Alps and turns

parallel with the arcuate shape of the Central-Western Alps

(Fig. 6), staying roughly parallel to the strike of the belt. In

Fig. 6, we superpose the orientations of the inferred axes of

subhorizontal orogeny-parallel extension from our statisti-

cal analysis with the orientations of the fast direction

inferred from SKS measurements. In this framework, it

appears that both kinds of data, a priori disconnected as

belonging to very different structural levels within the

lithosphere, exhibit surprisingly similar patterns. Indeed,

the scheme of the SKS anisotropy, arising from lattice

preferred orientation of olivine acquired during upper

mantle flow parallel to the fast direction, is well correlated

with the orientation of the extensional axes measured in the

upper crust along the entire strike of the Alps. This might

indicate a coupling between strain in the upper crust (ac-

quired during brittle deformation) and flow in the upper

mantle (acquired during dislocation creep in olivine at very

elevated temperatures of[700 �C). Beyond the discussion

on a potential fortuitous correlation, we can propose that, at

the scale the entire Alps, Miocene upper crustal brittle

deformation, characterized by an orogen-parallel exten-

sional phase, could be controlled, or at least strongly

influenced, by mantle flow (e.g. Doglioni 1991; Faccenna

et al. 2004; Jolivet et al. 2008; Molli et al. 2010). Such a

provocative interpretation would imply a strong coupling

across the different structural levels in the Alpine litho-

spheric root.

The main features of brittle deformation in the Eastern

Alps are related to lateral extrusion resulting from the

northward movement of the Dolomites indenter combined

with slab retreat beneath the Carpathians. However, in the

Western Alps the overall structure of the arc prevents to

propose a similar extrusion-like model. Here, deformations

and exhumation are related to the WNW-directed move-

ment and counterclockwise rotation (e.g. Delacou et al.

2005 and references herein) of the South Alpine indenter in

the Oligocene and Miocene times (e.g. Tricart 1984;
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Schmid and Kissling 2000; Schmid et al. 2017). The

opening of the Ligurian Sea during Early-Middle Miocene

may have favoured the brittle extension parallel in an

overall geodynamic model, in which orogen-parallel Mio-

cene extension in the upper crust of the internal Alps would

be driven by mantle flow and concomitant slab retreat

processes implying the Pannonian slab to the East and the

Apennine slab to the Southwest.

6 Conclusion

We provided a first synthesis of the late Alpine brittle

deformation at the scale of the entire Alps, using inversion

methods and published regional paleostress fields (Sue and

Tricart 1999, 2002, 2003; Champagnac et al.

2003, 2004, 2006; Grosjean et al. 2004; Ciancaleoni and

Marquer 2008; Beucher 2009; Allanic 2012; Bertrand et al.

2015). 727 individual tensors have been statistically reas-

sessed to provide an overview of the main kinematics

associated to the late faulting in the Alps. Zircon fission-

track ages, direct dating, and indirect argumentations sug-

gest that the main faulting event is a Miocene phase of

orogen-parallel extension, well developed in the inner belts

of the entire Alps, from the Eastern Alps (E–W extension)

to the Central Alps (ENE–WSW extension) and the Wes-

tern Alpine arc (rotation of the extensional axes from NE-

SW to NW–SE). Indeed, orogen-parallel extension is sur-

prisingly stable along the strike of the Alps. Correlation

between brittle extension axes and SKS anisotropy axes

along the strike of the Alps suggest a potential coupling

between mantle flow within the upper mantle and the upper

crustal faulting. In this framework, Miocene orogen-par-

allel upper crustal faulting would be driven (at least partly)

by mantle flow, which itself is controlled by subduction

dynamics in the larger Alpine-Mediterranean realm.
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Zürich 1995, Zürich, Switzerland, 225 pp.
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Fügenschuh, B., & Schmid, S. M. (2003). Late stages of deformation

and exhumation of an orogen constrained by fission-track data: a

case study in the Western Alps. Geological Society of America

Bulletin, 15, 1425–1440.
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Molli, G., Crispini, L., Malusà, M., Mosca, P., Piana, F. & Federico,

L. (2010). Geology of the Western Alps-Northern Apennine

junction area: a regional review. In Beltrando, M., Peccerillo, A.,

Mattei, M., Conticelli, S., Doglioni, C. (Eds.), The Geology of

Italy: tectonics and life along plate margins, Journal of the

Virtual Explorer, Electronic Edition, ISSN 1441-8142, 36,

doi:10.3809/jvirtex.(2010).00215.

Most, P. (2003). Late Alpine cooling histories of tectonic blocks along

the central part of the Transalp-Traverse (Inntal-Gadertal):

constraints from geochronology. Ph.D. dissertation, University
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(2002). Cooling and exhumation of the Rieserferner Pluton

(Eastern Alps). International Journal of Earth Sciences, 91,

799–817.

Stipp, M., Stünitz, H., Heilbronner, R., & Schmid, S. M. (2002). The

eastern Tonale fault zone: a ‘‘natural laboratory’’ for crystal

plastic deformation of quartz over a temperature range from 250

to 700 �C. Journal of Structural Geology, 24, 1861–1884.

doi:10.1016/S0191-8141(02)00035-4.
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internes–approche structurale et sismologique. Ph.D. disserta-
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