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[11 Studies conducted in present-day magma-poor rifted margins reveal that the
transition from weakly thinned continental crust (~30 km) in proximal margins to
hyper-extended crust (<10 km) in distal margins occurs within a narrow zone, referred
to as the necking zone. We have identified relics of a necking zone and of the adjacent
distal margin in the Campo, Grosina and Bernina units of the fossil Alpine Tethys
margins and investigated the deformation and sedimentary processes associated with
extreme crustal thinning during rifting. Within the basement rocks of the necking zone,
we show that: (1) Grosina basement represents pre-rift upper/middle crust, while the
underlying Campo unit consists of pre-rift middle/lower crust that was exhumed and
cooled below ~300°C by ca. 180 Ma, when rifting started to localize within the future
distal margin; (2) the juxtaposition of the Campo and Grosina units was accommodated by
the Fita shear zone, which is interpreted as a decollement/decoupling horizon active at
mid-crustal depth at 180-205 Ma; (3) the Grosina unit hosts a large-scale brittle
detachment fault. Our observations suggest that crustal thinning, accommodated through
the necking zone, is the result of the interplay between detachment faulting in the brittle
layers and decoupling and thinning in ductile quartzo-feldspatic middle crustal levels
along localized ductile decollements. The excision of ductile mid-crustal layers and the
progressive embrittlement of the crust enables major detachment faults to cut into the
underlying mantle, exhuming it to the seafloor. This structural evolution can explain the

first-order crustal architecture of many present-day rifted margins.

Citation: Mohn, G., G. Manatschal, M. Beltrando, E. Masini, and N. Kusznir (2012), Necking of continental crust in magma-
poor rifted margins: Evidence from the fossil Alpine Tethys margins, Tectonics, 31, TC1012, doi:10.1029/2011TC002961.

1. Introduction

[2] The discovery of exhumed subcontinental mantle
along Ocean-Continent Transitions (OCT) at present-day
rifted margins focused most of the research on processes
related to mantle exhumation. As a result, less attention has
been paid to the processes leading to the extreme crustal
thinning that predates mantle exhumation, resulting in the
formation of hyper-extended domains (e.g., Exmouth plateau
[Driscoll and Karner, 1998], West-African margin [4slanian
et al., 2009; Contrucci et al., 2004a], mid-Norwegian margin
[Osmundsen and Ebbing, 2008]). In deep-water rifted mar-
gins, the final rifting phase is demonstrably accommodated
by large offset, low-angle top-basement detachment faults,
leading to the exhumation of continental crust and sub-
continental mantle [e.g., Whitmarsh et al., 2001].
Manatschal et al. [2001] and Pérez Gussinyé and Reston
[2001] showed that when the detachment faults become
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active, continental crust is already brittle and thinned to less
than 10 km. Moreover, the amount of visible extension
accommodated by high-angle normal faults cannot account
for the observed extreme crustal thinning [Kusznir and
Karner, 2007; Reston, 2007]. Therefore major crustal
thinning is unlikely to result from brittle, high-angle normal
faulting alone. Observations from reflection and refraction
seismic data show that crustal thickness decreases dramati-
cally along the so-called necking zone. This zone separates
weakly extended crust often preserving original crustal
thickness (£30 km) at the proximal margin from hyper-
extended crust (<10 km) at the more distal margin [Péron-
Pinvidic and Manatschal, 2009]. The strain distribution
during crustal necking is at present poorly constrained
mainly due to the lack of drill hole data from these zones and
the limitations of seismic and other geophysical methods in
revealing the nature of the rocks and deformation processes
in the necking zones. Therefore we focused our study on
well exposed remnants of the ancient Alpine Tethys margins
preserved in the Bernina, Campo and Grosina units, in the
European Alps. These units sample parts of the distal
domain and the necking zone of the Mesozoic Adriatic rifted
margin (see Mohn et al. [2010] for details on the restoration
of the margin). They have been affected and reactivated by
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Figure 1. Idealized cross-section across a magma-poor rifted margin showing the different domains,
crustal architecture and terminology used in this paper.

several deformations phases from the late Cretaceous
onward during the Alpine orogeny. However, a detailed
description of the Alpine evolution and restoration would go
beyond the focus of this paper and was extensively investi-
gated and discussed in previous works [Mohn et al., 2010,
2011]. Despite Alpine tectonics, these units preserve evi-
dence of a multistage rift-related evolution, which culmi-
nated in extreme crustal thinning in the Jurassic. The study
presented here is aimed at (1) constraining the timing and
distribution of crustal thinning along the margin, (2)
detecting the structures leading to extreme crustal thinning
and the conditions under which they were active and (3)
defining the processes leading to extreme crustal thinning. In
this paper we will present new structural, petrological and
thermochronological data in order to constrain the crustal
structure of this fossil necking zone. Based on these new
data, we discuss the processes controlling crustal thinning
and propose a coherent model to explain the structural and
temporal evolution of Alpine Tethys margin.

2. Architecture of Magma-Poor Rifted Margins

2.1. Crustal Architecture of Present-Day Rifted
Margins

[3] Although rifted margins show a large variability in
their magmatic, structural and sedimentary evolution that
may be related to their specific rift history and inheritance,
most rifted margins worldwide share a remarkably compar-
able large-scale architecture. The domains defining the
margin architecture are referred to as the proximal margin,
the necking zone, the distal margin and the Ocean-Continent
Transition (OCT) (Figure 1).

[4] Proximal margins are characterized by the occurrence
of high-angle listric faults related to fault-bounded rift basins
(e.g., North Sea [Cowie et al., 2005, and references therein])
and [-factors typically less than 2, associated with limited
crustal thinning (e.g., Jeanne d’Arc basin-Newfoundland
margin [Keen and de Voogd, 1988; Lau et al., 2006; Van

Avendonk et al., 2006]). Distal margins are characterized
by hyper-extended crust that is separated from the oceanic
crust by a domain of exhumed subcontinental mantle (OCT).
Manatschal et al. [2001] and Pérez-Gussinyé and Reston
[2001] demonstrated that low-angle normal faulting in the
Iberia distal margin only started after the crust was thinned
to less than 10 km. Sibuet [1992] and Reston [2007, 2009,
and references therein] also showed that the amount of
extension that can be inferred from imaged faults in distal
margin is insufficient to explain the extreme crustal thinning
to ~10 km. This observation, referred to as the ‘extension
discrepancy’ [e.g., Reston, 2009] leads to the suggestion that
the extreme crustal thinning recorded in the distal margin
had to occur further continentward, prior to the activity of
such faults.

[5] The necking zone is defined as the boundary between
the proximal and distal margins, which undergo either little
or extreme crustal thinning, respectively (Figure 1). Even if
the style and architecture of necking zones may vary along
strike, an abrupt crustal thinning can be recognized in many
rifted margins. This thinning occurs over a relatively narrow
area, which may be 50-60 km wide [e.g., Osmundsen and
Ebbing, 2008]. The abrupt thinning is associated with a
change in the Moho geometry from relatively flat in the
proximal margin to a dip of up to 35° in the necking zone
[Lau et al., 2006]. The necking is generally best imaged by
refraction seismic profiles and it has been recognized in the
mid-Norway margin [Olafsson et al., 1992; Osmundsen and
Ebbing, 2008], the Goban Spur margin [Bullock and
Minshull, 2005], the Armorican margin [Thinon et al.,
2002, 2003], the Iberia margin [Whitmarsh et al., 1996;
Dean et al., 2000; Zelt et al., 2003; Afilhado et al., 2008],
the Flemish Cap-Newfoundland-Nova Scotia margin [Funck
et al., 2003, 2004; Lau et al., 2006; Van Avendonk et al.,
2006], the Moroccan margin [Contrucci et al., 2004b;
Jaffal et al., 2009; Klingelhoefer et al., 2009], the Angola
margin [Contrucci et al., 2004a; Moulin et al., 2005;
Fernandez et al., 2005], the Western Mediterranean Basin
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[Bache et al., 2010]; the Gulf of Aden [Leroy et al., 2010]
and the Gulf of California [Lizarralde et al., 2007]. Within
the necking zone, (-factors are typically >2 [Reston, 2009].
In conjugate pairs of rifted margins, necking zones are often
characterized by symmetric geometries, in contrast to distal
domains, which generally show a strongly asymmetric
architecture [Péron-Pinvidic and Manatschal, 2009]. A
recent study of Osmundsen and Ebbing [2008] has shown
that necking zones recording significant crustal thinning
prior to magmatic break-up can be identified even in
magma-rich rifted margins.

2.2. Architecture of the Alpine Tethys Margins

[6] The Alpine Tethys rift system resulted from the
separation of Africa and Adria from Europe and Iberia in
Middle Jurassic time (Figures 2a and 2c). The opening was
contemporaneous and kinematically linked with the opening
of the Central Atlantic [e.g., Ricou, 1994]. Closure of the
Alpine Tethys started in the Late Cretaceous and culminated
in the collision between the European and Adriatic rifted
margins in the Eocene/Oligocene [e.g., Schmid et al., 1996;
Beltrando et al., 2010, and reference therein]. In the map in
Figure 2, the distribution of the major paleogeographic
Alpine units is shown together with 3 restored sections
across (1) the European/Brianconnais margin (section A-A');
(2) the southern Adriatic margin (section B-B’); and (3) the
northern Adriatic margin (section C-C'). The Adriatic prox-
imal rifted margin is well exposed in the Lombardian Alps
(section B-B’) and in the Upper Austroalpine nappe system
(e.g., Ortler/Ela units in section C-C'). In all these units,
Jurassic high-angle normal faults associated with half-
graben basins have been described [Bernoulli, 1964;
Froitzheim, 1988; Conti et al., 1994]. These fault-bounded
rift basins were active during initial rifting from late Triassic
to Pliensbachian-Toarcian time. The distal margin is pre-
served in the Canavese-Ivrea zone (in section B-B’) and in
the Lower Austroalpine nappe system (Bernina/Err/Margna/
Sella units in section C-C’) (Figure 2). Relics of distal mar-
gin contain only pre-rift lower-crustal rocks (Malenco-
Margna units, Ivrea zone) juxtaposed against pre-rift upper
crust (Margna unit, Serie dei Laghi domain) along Jurassic
shear zones (e.g., Margna shear zone) [e.g., Bissig and
Hermann, 1999; Miintener and Hermann, 2001]. These
observations suggest that 15-20 km of mid-crustal rocks
have been excised during rifting. At the most distal edges of
the rifted margin, the continental crust (Err and Bernina
units, Canavese zone) and subcontinental mantle (Platta,
Malenco units) are capped by low-angle top-basement
detachment faults, which are associated with extensional
allochthons [e.g., Manatschal, 2004; Ferrando et al., 2004].
Extension related to final rifting in the distal margin and
mantle exhumation in the OCT has been active from
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Pliensbachian to Callovian age [e.g., Manatschal et al.,
2007, and references therein]. The Mid-Ocean Ridge mag-
matic activity, within the northern Alpine Tethys domain,
started during the Bathonian to Oxfordian, based on dating
of the first post-rift sediments [Baumgartner, 1987] and
U/Pb ages on zircons from first MORB-type gabbros
[Schaltegger et al., 2002].

[7] In the following part, we will mainly focus on the
necking zone of the former Adriatic margin located between
proximal and distal margins, which is preserved across the
northern section (C-C’) in the Middle Austroalpine Campo-
Grosina units (Figure 2d). However, because the northern
and southern sections preserve different crustal portions of
the fossil Adriatic rifted margin and were reactivated in a
different way, we will use the southern section in the dis-
cussion to provide a more complete view of the architecture
of the Adriatic rifted margin.

3. The Bernina and Campo-Grosina Domains

3.1. One Paleogeographic Position and Pre-Rift
Geometry

[8] Along the northern section, relics of the Adriatic
margin are preserved within the Austroalpine nappe system
in SE-Switzerland and N-Italy (Figure 3). This nappe system
was emplaced during Late Cretaceous west-directed short-
ening parallel to previous Jurassic extension (Figure 3).
During this early stage of convergence, more proximal parts
of the margin were thrust over more distal parts of the
northern Adriatic margin resulting in the reactivation of
former Jurassic rift structures (for a more detailed discussion
see Froitzheim et al. [1994] and Mohn et al. [2011]). Of
particular importance for this paper is the Alpine tectonic
position of the Campo-Grosina and Bernina units. It is
essential to note that the Alpine stacking did not modify the
relative palacogeographic position of the units relative to
their position in the former Adriatic rifted margin. Therefore,
in a restoration of the margin, the Bernina and Campo-
Grosina units have to be placed in-between the Platta/Err
units, preserving the Ocean Continent Transition, and the
Ortler-Ela units, preserving remnants of the former proximal
margin (Figure 3). Mohn et al. [2011], on the basis of
detailed mapping, and structural, stratigraphic and petrolo-
gical arguments, proposed that the Bernina and Campo-
Grosina units preserve the transition between the former
distal margin and the necking zone. In this context it is also
important to note that the crystalline basement within the
Austroalpine nappe stack is formed by rocks derived from
the pre-rift Permian upper, middle, and lower crust as well as
from the upper and lower mantle lithosphere, providing
important constraints on the rift-related exhumation
(Figure 3) [Mohn et al., 2011]. Significantly, all these units

Figure 2. (a) Paleogeographic situation of the Alpine Tethys Ocean and adjacent margins during Early Cretaceous time
[Manatschal et al., 2011]. (b) Tectonic map of the Alps showing the distribution of the major palacogeographic domains
(modified after Schmid et al. [2004]). (c) Geological overview of the Eastern and Southern Alps modified after Bernoulli
et al. [1990] and Manatschal and Bernoulli [1999]. (d) Reconstructed palaeogeographic sections across the European/
Brianconnais and Adriatic rifted-margins, European/Briangonnais transect (section A-A' modified after Lemoine et al.
[1986] and Mohn et al. [2010]), Southern Alps transect (section B-B’ modified after Bertotti et al. [1993] and Handy
et al. [1999]) and Eastern Alps transect (section C-C' modified after Froitzheim and Manatschal [1996] and Mohn et al.

[2010]) (for traces of sections see maps above).
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Figure 3. (a) Map showing the paleogeographic domains of the Austroalpine and Upper Penninic nappe
systems in SE Switzerland and N-Italy. (b) Late Cretaceous section showing the distribution of paleogeo-
graphic units of the former Adriatic rifted margin after the west-directed convergence (modified from
Mohn et al. [2011]). (c) Late Jurassic architecture of the Adriatic (Austroalpine) rifted margin showing
the initial position of the paleogeographic units (modified from Mohn et al. [2010]). (d) Lithological
map of the Austroalpine and Upper Penninic nappe systems in SE Switzerland and N-Italy. (e) Late
Cretaceous section showing the reactivation of the former Adriatic rifted margin during the D1 west-
directed convergence (modified from Mohn et al. [2011]). (f) Late Jurassic crustal architecture of the
Adriatic (Austroalpine) rifted margin (modified from Mohn et al. [2010]). The section to the bottom right
shows a simplified cross section of Permo-Jurassic cover associated with a cross-section through the crust
in later Permian time, indicating the original position of the rocks found today in the different tectonic
units (after Mohn et al. [2011]). Note that the Albula-Zebru and Lunghin-Mortirolo movement zones
are major Alpine discontinuities inherited from the Jurassic rifting (for further details see Mohn et al.
[2011]). Coordinates given in the maps refer to the Swiss grid.
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preserve primary contacts with pre-, syn- or post-rift Meso-
zoic sediments and were located within the uppermost crust
at the beginning of convergence [Mohn et al., 2011, and
references therein] (Figure 3). Therefore exhumation of the
various crustal levels had to occur before onset of Alpine
deformation but after Permian time, since the petrographic
evolution of pre-rift lower crustal rocks indicates that they
underwent near-isobaric cooling, with no evidence for sig-
nificant crustal thinning during Permian to Triassic time
[Miintener et al., 2000]. Therefore, in this area, the con-
tinental crust was equilibrated at 30 km before the onset of
Jurassic rifting [Miintener et al., 2000].

3.2. Alpine Evolution

[v] Any attempt to reconstruct the pre-Alpine rift-related
history depends on the ability to distinguish between Alpine
and pre-Alpine structures: a subject that has been discussed
extensively by Mohn et al. [2011]. In this section we will
briefly summarize the Alpine evolution of the Bernina and
Campo-Grosina units (Figures 4 and 5).

[10] Alpine deformation structures in the Bernina and
Campo-Grosina units are largely restricted to a few, well-
localized top to the NW thrust faults that are associated with
duplex structures and NW facing anti- and syn-formal fault
bend folds with NE-SW trending axes (Figure 5). The
Campo basement is thrusted over the underlying Bernina
unit along the Campo thrust fault (Figure 5). The contact
between the overlying Grosina and the underlying Campo
unit is marked by the Grosina thrust fault in Val Poschiavo
[Staub, 1946] (Figure 5). Deformation along the Grosina
thrust is localized along a narrow (~m), lower greenschist
facies shear zone with stretching lineations defined by
elongated feldspar and asymmetric strain fringes around
K-feldspar porpyroclasts indicating a top to the west sense of
shear, interpreted as related to a Late Cretaceous Alpine
thrust fault (Figures 4 and 5) [Staub, 1946; Mohn et al.,
2011]. Further to the east, in Valle Grosina, the Campo
and Grosina basement units are juxtaposed along a major
structure referred to as the Eita shear zone (Figures 4 and 5)
[Meier, 2003]. Meier [2003] interpreted this shear zone as a
Late Cretaceous Alpine thrust representing the continuation
of the Grosina thrust further to the east, an interpretation that
is not in line with the results presented in this paper. Indeed,
in Val Poschiavo the late Cretaceous Grosina thrust trun-
cates the Eita shear zone, suggesting that the latter structure
is older.

[11] Locally, at Sassalb, in Val Poschiavo, the Mesozoic
cover sequence of the Bernina unit, which now forms a W-
facing synform, is directly juxtaposed against Campo base-
ment along a pre-Alpine brittle structure referred to as the
Grosina detachment. This contact is truncated by the Late
Cretaceous thrust faults (Campo and Grosina thrusts), which
support the pre-Alpine age of this structure, and is inter-
preted to truncate the Eita shear zone (Figure 5) [Mohn et al.,
2011]. Our study shows that the Alpine overprint is moder-
ate and the Alpine displacement along the Campo and
Grosina faults is minor (Figure 5). In the Bernina unit in the
Val dal Fain section, it can be shown that thrust faults
nucleate along a pre-existing rift-related detachment fault
referred to as the Bernina detachment (Figure 5a). Thrust
faults are forming imbricate and/or duplex structures, which
are further complicated by the existence of small extensional
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allochthons and/or the existence of rift-related high-angle
normal faults (for details see Mohn et al. [2011]).

4. Rift-Related Structures in the Campo-Grosina
Units

4.1. Campo and Grosina Basement: Petrological
Observations

[12] The Campo-Grosina units preserve a 3 km thick
crustal section that is exposed to the south and the east of the
Swiss-Italian border together with few slices of Mesozoic
cover (Figures 4 and 5). In Valle Grosina, the Campo
basement is separated from the overlying Grosina basement
by the FEita shear zone [Meier, 2003] (Figures 4 and 5).

[13] The Campo basement consists mainly of metapelites,
locally associated with amphibolites and silicate-bearing
marbles, which show a multiphase pre-Alpine tectonic his-
tory [Meier, 2003]. In this study, we will mainly focus on the
Campo basement exposed in the Valle Grosina (Figure 4). In
this area, the most common metamorphic fabric visible in
the field is generally a steeply dipping, E-W striking folia-
tion (Figure 6a and 6b). In the micaschists, this fabric is
defined by a foliation containing muscovite-biotite-plagio-
clase-quartz + garnet + staurolite + sillimanite, which
formed at temperatures between 550 and 650°C [Bucher and
Frey, 1994; Meier, 2003]. Similar metamorphic assemblages
have been reported by Notarpietro and Gorla [1981], Braga
et al. [2001], and Meier [2003] indicating a regional meta-
morphic equilibration under amphibolite facies conditions.
The absolute timing of formation of the sillimanite-bearing
foliation of the Campo unit is unknown. However, similar
metamorphic conditions were reached in the adjacent Oetztal
basement and the South Alpine basement at ca. 320-340 Ma
[Boriani and Villa, 1997; Théni, 1999].

[14] The amphibolite-facies Campo basement in the Val-
tellina valley underwent local contact metamorphism during
the intrusion of the Sondalo gabbroic complex, dated at ca.
270-300 Ma (Permian; Figure 4) [Tribuzio et al., 1999].
Tribuzio et al. [1999] and Braga et al. [2001, 2003] pro-
posed that the Sondalo gabbro was emplaced at P = 0.6 +
0.2 GPa and T = 900°C, at mid-crustal depth. Contact
metamorphism is pervasive within a 20 to 30 m thick aur-
eole, which preserves abundant evidence of partial melting
of the metapelites with extraction of peraluminous anatectic
melts and crystallization of granitoid pods [Braga et al.,
2001]. Locally, migmatitic banding developed concordant
with the regional, steeply dipping foliation of the metapelitic
rocks. Migmatization is generally restricted to narrow belts,
which do not exceed the thickness of a few tens of meters
surrounding the intrusion. The Campo basement was also
intruded by more Si-rich magmas, leading to the formation
of granite, granodiorite and pegmatite dykes, which are all
discordant with respect to the pre-Permian Campo fabrics
(Figure 6b). Acid magmatism has been dated by Rb-Sr
method on muscovite-whole rock. Granitoids yielded Per-
mian ages between 282 + 4 Ma and 259 + 4 Ma [Del Moro
and Notarpietro, 1987; Meier 2003, and references therein]
while pegmatites are showing a wider age range between
329 and 226 Ma [Hanson et al., 1966; Thoni 1981]. More
recently S6/va et al. [2003] dated a magmatic garnet from a
pegmatite with the Sm/Nd method, for which they obtained
Permian crystallization ages of 255.4 4+ 2.8 Ma and 250 +
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Figure 6. Field photographs showing the structural elements of Campo, Grosina units and Eita shear
zone in Valle Grosina near Eita (for the location of photographs see Figures 4 and 5). (a) Large scale struc-
tures observed in Valle Grosina: note the angular discordance between the steep Pre-Permian Campo fab-
ric and the flat pervasive greenschist pervasive foliation linked with the Eita shear zone (in green) within
the Grosina basement (816305/139771). (b) Amphibolite-facies metapelites of the Campo unit crosscut by
Permian pegmatite (P) (816315/139716) (c) In the vicinity of Eita shear zone, the pre-Permian Campo fab-
ric associated with Permian dykes display recumbent folds (816467/141107). (d) Contact between Campo
and Grosina basement formed by the Eita shear zone; note the drag of the Campo fabric due to the shear-
ing indicating a top to NNW sense of shear (816481/141150). (e) North-dipping pervasive greenschist
facies fabric related to the Eita shear zone (816510/141280). Coordinates are given with the Swiss grid.

2.7 Ma from the core and the rim respectively. The poly-
phase magmatic evolution of the Campo unit is coherent
with similar observations from other Alpine basement ter-
rains, which preserve abundant evidence of a major pre-
rifting Permian magmatic event in all crustal levels [Rebay
and Spalla, 2001; Schuster and Stiiwe, 2008, and refer-
ences therein].

[15] The Grosina basement is mainly made up of Paleozoic
rocks, which have undergone several phases of pre-Alpine
deformation. Like the Campo basement, it is characterized by
amphibolite facies metamorphic assemblages, as indicated
by the occurrence of sillimanite-biotite gneiss associated with
garnet-biotite-staurolite micaschists, minor diopside-bearing
calc-silicates, andalusite bearing micaschists and variably
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Grosina unit

Campo unit

Figure 7. Photomicrographs of the samples that have been dated in this study. Pervasive greenschist
fabric related of the Eita shear zone within the Grosina basement located respectively at (a) 100 m
(816515/141332) and (b) 1 m (816481/141150) from the contact between the Grosina and Campo units.
In Figure 7b, sense of shear can be determined along C'-type shear bands indicating a top the NNW
sense of shear. (¢) Deformed and retrogressed pegmatite dyke located in the Campo basement in the
immediate vicinity (~1 m) of the contact with the Grosina basement (816489/141128). (d) Quartz mylo-
nite associated with deformed white mica (822042/138708). (¢) Banded migmatite at about 30 m from
the Permian Sondalo gabbro within the contact aureole (822096/138665). (f) Migmatite characterized
by a compositional banding sampled within the contact aureole of the Permian Sondalo gabbro
(822574/138236). Coordinates are given with the Swiss grid. Mineral abbreviations are as follows: bt,
biotite; chl, chlorite; czo, clinozoisite; fsd, feldspar; g, garnet; qtz, quartz; sill, sillimanite; wm, white
mica. For the location of photographs see Figure 4 and 5.

deformed biotite orthogneiss [Staub, 1946; Koeing, 1964; 4.2. Eita Shear Zone

Schudel, 1965; Meier, 2003]. Locally granodioritic intru-  ,5] The Eita shear zone, as defined by Meier [2003], can
sions can be described crosscutting previous amphibolite  pe mapped continuously over more than 20 km (Figure 4),
facies foliation of the country rocks. residing at the same structural level separating the Campo
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from the Grosina basement. This contact is well exposed in
the Valle Grosina close to the village of Fita (Figures 4, 6a,
and 6d). North of Eita, within thirty meters from the main
contact, the typical steep Campo fabric is progressively
overprinted by later deformation, leading to recumbent folds
with E-W trending fold axes and a shallow W-dipping axial
plane (Figure 6¢). A finite strain gradient is observed
approaching the contact. This is best shown by the amplitude
of recumbent folds associated with the rotation of the Campo
fabric due to shearing along the Eita shear zone. Locally,
Permian pegmatites are folded in the vicinity of the shear
zone, indicating that shearing must post-date their intrusion
(Figure 6c). Microstructural observations reveal that the
amphibolite-facies Campo fabric is dynamically retrogressed
to greenschist facies conditions, as indicated by the break
down of biotite to chlorite and destabilization of garnet and
sillimanite into chlorite and white mica. At the contact with
the underlying Campo unit, the Grosina basement is over-
printed by a north-dipping flat fabric related to the Eita shear
zone, which affects the Grosina orthogneiss for up to 200 m
(Figures 4 and 6e). Up section, the transition between the
flat-lying fabric domain and the less deformed Grosina
orthogneiss remains weakly constrained. This shear fabric is
defined by quartz + white mica II + chlorite + illmenite
wrapping around porphyroclastic K-feldspar, plagioclase
and white mica I (Figure 7a, 7b, and 7c). Relics of por-
phyroclasts of quartz display a core and mantle structure
with evidence of bulging recrystallization. Newly recrys-
tallized fine-grained quartz is characterized by a strong
shape preferred orientation oblique with respect to the shear
plane characteristic of subgrain rotation recrystallization
(Figures 7a and 7b). K-feldspar and plagioclase, on the
contrary, are fractured and transected by microfaults indi-
cating a brittle behavior (Figure 7b). Large (1 mm) fractured
and kinked white mica I is oriented parallel to the mylonitic
fabric defined by white mica II and chlorite (Figure 7a).
Locally, moving away from the Campo/Grosina interface,
green biotite can be found as pseudomorphs on porphyr-
oclastic white mica I (Figure 7a). The occurrence of static,
post kinematic growth of secondary chlorite is commonly
observed. These observations indicate that from the contact
with the Campo basement for a thickness of 200 m within
the Grosina basement, pre-Alpine high-T fabrics as well as
granodioritic intrusions are dynamically re-equilibrated at
greenschist facies metamorphic conditions related to the Eita
shear zone [Meier, 2003]. Stretching lineations defined by
elongated K-feldspar porpyroclasts dip gently to the NNW.
Shear bands, mica fish, and asymmetric strain fringes around
K-feldpars indicate a top-to-the NNW sense of shear
(Figures 6d and 7b,). The evidence of brittle deformation of
feldspar, associated with the growth of chlorite, white mica
and the dynamic recrystallization of quartz suggest that
shearing occurred in the temperature range between 300 and
400°C. Further to the west, the presence of green-brown
biotite in the shear fabric, together with microstructural
evidence of grain boundary migration in quartz, has been
taken as an indicator that shearing had to occur at tempera-
tures around 400°C [Meier, 2003].

4.3. Grosina Detachment

[17] The Grosina basement at Sasso Campana exposes the
best-preserved section across the Grosina detachment. In this
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locality at least two well-developed, spectacularly exposed
sub-horizontal brittle fault zones can be mapped (Figures 4,
5, 8c, and 8d). The lower brittle fault zone consists of a
continuous, less than 10 m thick horizon, which can be fol-
lowed over a distance of more than 8 km (Figure 4). Locally,
a second fault zone can be mapped. This second fault may
either represent a branch of a second detachment fault that
was cut by the first one (see incisement structures of Lister
and Davis [1989]) or may represent an anastomozing fault
belonging to the same detachment system. The detachment
faults consist of cataclastic fault rocks showing angular
clasts and transgranular fractures passing upwards into
phyllosilicate-rich gouge (Figures 8d and 8f). No crystal
plastic or dynamic recrystallization of quartz can be
observed along the Grosina detachment fault, indicating that
these fault zones were active at temperatures lower than
300°C. Stretching lineations are poorly defined and are
highly variable, showing either NW-SE or NE-SW trends
(Figure 4). The general lack of kinematic indicators hinders
the determination of sense of shear. At the top of the Grosina
basement, the detachment fault locally crosscuts quartz
mylonites (Figure 8e). These quartz mylonites can also be
observed as clasts in the cataclasites and gouges defining the
Grosina detachment (Figure 8f). The mylonitic shear zone is
20 to 30 m wide and is discordant to the Grosina fault zone.
The angle between the fault zone and the mylonite shear
zone is approximately 20°. The shear zone is discontinuous
and shows a anastomozing geometry. The quartz mylonites
are formed by quartz + chlorite + illmenite, while plagio-
clase and K-feldspar and white mica are preserved as por-
phyroclasts (Figure 8e). Fine-grained aggregates of quartz
crystals display a strong lattice preferred orientation asso-
ciated with a pervasive dynamic recrystallization dominated
by subgrain rotation mechanism (Figure 8¢). Thus, the evi-
dence of brittle deformation affecting porphyroclastic feld-
spar as well as the mechanism of quartz recrystallization
constrain the temperature condition for the activity of this
shear zone between 350°C and 400°C. Locally, the foliation
is also defined by fine aggregates of white micas. A NE-SW
stretching lineation defined by elongated K-feldspar por-
phyroclasts is observed in the quartz mylonite. From shear
band and mica fish structures a top to the NE sense of shear
can be inferred for this mylonitic shear zone. Based on field
relations, it is not clear whether the quartz mylonite repre-
sents a previous phase of deformation related to the
detachment fault or whether it represents an independent
older structure. At the moment no age constrains are avail-
able for these mylonites. Further to the west at Sassalb
(Figures 8a and 8b), the contact between Triassic dolomites
belonging to the Bernina unit and the Campo basement is
marked by a brittle fault zone. Along the contact character-
istic brittle fault rocks, similar to those found at the top of the
Grosina basement can be found.

5. Geothermochronology of Campo Basement
and Eita Shear Zone

5.1. The “’Ar/*’Ar Geochronology of the Campo
Basement

[18] Two samples were collected from the country rock of
the Sondalo gabbroic intrusion in order to constrain thermal
evolution and exhumation history of the Campo basement.
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Val Poschiavo
a. Sassalb b.

Grosina thrust Grosina unit

CI Syn-rift sediments :I Pre-rift sediments |:| Pre-rift :l Pre-rift Brittle
(Middle Jurassic) (Early Jurassic-Triassic) upper/middle crust middle/lower crust fault zone

Sasso Campana

Figure 8. (a) Photograph and (b) line drawing from the Val Poschiavo at Sassalb showing the contact
between Campo-Grosina and Bernina units. Campo unit is juxtaposed against the Bernina unit along a
pre-Alpine contact referred to as Grosina detachment (in blue) crosscut by the Grosina and Campo thrust
faults. Note that the photograph has been inverted to be compared with the map (Figure 4) and cross-
section (Figure 5b) (804796/134771). (c) Grosina detachment at the top of Grosina unit in Sasso Campana.
Note that two splays of the detachment can be observed (811306/137391). (d) Gouge zone as exposed
along the Grosina detachment (811316/137314). (e) Photomicrographs of quartz mylonite from a shear
zone crosscut by the Grosina detachment. Note the dynamically recrystallized quartz flows around the
feldspar clast (811311/137194). (f) Photomicrographs of clast of quartz mylonite within a gouge from
the Grosina detachment (811316/137314). Coordinates are given with the Swiss grid. For the location
of photographs see Figure 4 and 5. (For mineral abbreviations see caption of Figure 7).
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Figure 9. (a—d) The *°Ar/*®Ar step-release spectra. For location of dated samples see Figures 4 and 5; for
the GPS coordinates of the samples see Tables S1 and S2. Mineral abbreviations are as follows: bt, biotite;

wm, white mica. For discussion see text.

Samples for *°Ar/*°Ar geochronology were taken from the
migmatites and quartzo-feldspathic dykes within the contact
metamorphic aureole of the Sondalo Gabbro. Samples were
crushed, sieved, cleared by ultrasound and then passed
through the Frantz Magnetic separator. Hand-picking was
made under the binocular microscope choosing the 250-
500 pm size fraction. Details of the method and analytical
data are given in the auxiliary material, and sample locations
are given in Figures 4 and 5 and in the auxiliary material.'

[19] Sample 32 was collected in a banded migmatite at
about 20 m from the gabbro-country rock contact. This rock
is characterized by the presence of one foliation defined by
white mica and biotite, which are in equilibrium with quartz
+ garnet + plagioclase (Figure 7e). The biotite-bearing
foliation is also found within quartz porphyroblasts, sug-
gesting that the formation of the fabric was followed by grain
size coarsening of the quartzitic matrix. Irregular and lobate
boundaries associated with variable grain size of quartz
crystals indicate recrystallization by high-temperature grain
boundary migration. Local retrogression of biotite to chlorite
is observed. Only one generation of biotite could be observed
in this sample on microstructural ground (Figure 7e).

[20] Sample 32 yielded a relatively flat apparent age
spectrum, starting from an initial age of 174 Ma, increasing
progressively to 186 Ma and then decreasing to 180 Ma.
Over 91% of the *°Ar gas release occurred between steps 2
and 15, ranging from 179 to 185 Ma (Figure 9a).

'Auxiliary materials are available in the HTML. doi:10.1029/
2011TC002961.

[21] Sample 6 was collected from a leucocratic layer of a
migmatite characterized by compositional banding. Thin,
spaced layers made of fine-grained aggregates (~0.1 mm) of
sillimanite, biotite I and quartz define a weak anastomozing
foliation concordant with the foliation in the metapelitic
country rocks (Figure 7f). Porphyroblastic garnet is found
exclusively in the leucosome, with inclusions of biotite I and
quartz. Garnets are associated with a second generation of
large biotite II (Figure 7f). Coarse anhedral quartz and sub-
hedral plagioclase grains are also found. A younger gen-
eration of fine-grained (~0.3 mm) biotite III is present in
cracks of the garnet (Figure 7f). Thus, at least three different
generations of biotite could be identified in this rock based
on microstructural observations.

[22] The apparent age spectrum of sample 6 is slightly
more complex than for sample 32. Steps 1 to 11 yielded
apparent ages in the 178—190 Ma range and are followed by
a relatively flat part of the spectrum between steps 12 and
15, yielding ages in the 188 Ma range with 59% of the total
3 Ar released (Figure 9b).

5.2. The **’Ar/*’Ar Geochronology of the Eita Shear
Zone

[23] Two samples (208, 257) were collected for VAP Ar
dating on white mica at the base of the Grosina basement
affected by greenschist-facies shear fabric. Samples 208 and
257 have been taken respectively at ~100 m and ~1 m from
the contact with the underlying Campo unit. Detailed
methods and analytical data are given in the auxiliary
material, and sample locations in Figures 4 and 5 and the
auxiliary material.
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[24] Sample 208 is an orthogneiss located within the
Grosina basement at ~100 m from the contact with the
Campo basement (Figure 4). This sample is characterized by
a pervasive fine-grained shear fabric containing white mica
II + green biotite + recrystallized quartz wrapping porphyr-
oclasts (1.2-0.2 mm) of K-felsdspar, plagioclase white mica
I and relict quartz (Figure 7a). The mineral assemblage
marking the shear fabric indicates that it formed under
greenschist facies conditions.

[25] Sample 208 yielded an age spectrum that increases
from an initial apparent age of ~119 Ma to a relatively flat
section between steps 57 (61% of the total *°Ar released) in
the 256-263 Ma range (Figure 9d). These steps are followed
by apparent ages that increase slightly and then decrease
with the final ~20% gas released (Figure 9d).

[26] Sample 257 is an orthogneiss collected in the Grosina
basement at ~1 m from the contact between Campo and
Grosina (Figure 4). The observed main fabric is similar to
the greenschist facies foliation described in sample 208. The
fine-grained shear fabric is defined by white mica II +
quartz + chlorite associated with porphyroclastic relic of
quartz, white mica I (1-0.5 mm), plagioclase, K-feldspar
(Figure 7b). In this sample, biotite has been completely
replaced by chlorite. Most quartz recrystallized showing
small granoblastic grains while porphyroclastic plagioclase
and K-feldspar are affected by brittle deformation.

[27] Sample 257, obtained from a white mica separate,
exhibits a stair-case age spectrum. It increases from an initial
age of ~112 Ma to a second step age of ~230 Ma, followed
by generally increasing ages up to 273 Ma (Figure 9d).

[28] Within the Campo basement, in the immediate vici-
nity of the Eita shear zone, Permian and/or pre-Permian
high-T fabrics are retrogressed and overprinted by a perva-
sive greenschist facies deformation. Two samples were
taken for “°Ar/*’Ar dating on white micas in the vicinity
(<1 m) of the shear zone in the Campo unit. Analytical
techniques and the *°Ar/*°Ar stepwise heating results are
provided in the auxiliary material and sample locations in
Figures 4 and 5 and the auxiliary material.

[20] Sample 233 was collected from a deformed pegmatite
dyke, presumably of Permian age, within the Campo base-
ment at the immediate contact to the overlying Grosina unit
(Figure 4). A relict magmatic assemblage consisting of
quartz + K-feldspar + plagioclase + white mica I is largely
overprinted by a greenschist facies fabric characterized by
chlorite + clinozoisite + white mica II + quartz (Figure 7c).
Porphyroclastic (<100 um) white micas have been fractured
and kinked while grain boundaries of porphyroclastic quartz
show the formation of isolated small grains suggesting a
bulging recrystallization processes (Figure 7c).

[30] Sample 233 shows a stair-case age spectrum, with an
increase from an initial step of 100 Ma to ages of ~200 Ma
at step 7 with 22% of the total >°Ar released (Figure 9d). The
majority of gas was released between steps 7-20 (78% of
the total *°Ar released) yielding apparent ages in the 200—
210 Ma range (Figure 9d).

[31] Sample 17 was taken from a granitoid dyke display-
ing a pegmatitic texture in the vicinity of the Sondalo Gab-
bro affected by a greenschist facies overprint (Figure 4). The
mineral assemblage consists of quartz + white mica + biotite
locally weakly retrogressed to chlorite (Figure 7d). Quartz
grains are highly strained and display undulose and patchy
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extinction, as well as deformation lamellae (Figure 7d).
Newly crystallized fine-grained quartz crystals are observed
along sutured poryphroclast boundaries, suggesting bulging
recrystallization process (Figure 7d). Microstructures of
quartz indicate temperature of deformation at approximately
300°C [e.g., Stipp et al., 2002]. Porphyroclastic white micas
show evidence of brittle deformation, including parting
along basal cleavage and kinking (Figure 7d). Micas are
elongated parallel to the foliation and are locally associated
with fine-grained aggregates (Figure 7d).

[32] Sample 17 yields a relatively flat age spectrum, with
the majority of the steps in the 201-205 Ma range
(Figure 9c). The beginning of the age spectrum, starting
from step 2, shows a slightly discordant shape between a
minimum age of 197 Ma and a maximum age of 205 Ma
(Figure 9c). Although two generations of white mica are
found in the sample, the rare fine-grained aggregates of
white mica have largely been selected out by hand picking.
Therefore, the apparent age spectrum is interpreted as
resulting from the degassing of the argon reservoir related to
the large porphyroclastic white mica crystals.

6. Pre-Alpine Rift Related Structures in the
Bernina Unit

6.1. Pre-Rift Structures and Their Relations to
Mesozoic Sediments

[33] The Bernina unit is located next to the Campo-
Grosina units in the footwall of the late Cretaceous Campo
thrust fault. The restoration of Mohn et al. [2011] proposes
that this thrust reactivated the pre-existing Grosina detach-
ment, suggesting that these units were already juxtaposed in
pre-Alpine time. The basement rocks of the Bernina unit are
made of Carboniferous to early Permian (356283 Ma) calc-
alkaline and alkaline igneous rocks (Figure 4) intrusive into
poly metamorphic Variscan basement associated with
extrusive rhyolites and lamprophyric dykes [Spillmann and
Biichi, 1993; von Quadt et al., 1994]. Mesozoic sediments
occur only locally as slices in the Piz Alv-Val da Fain, Val
del Monte and Sassalb areas (Figure. 4). At Piz Alv
(Figures 4, 5, and 10), a complete pre-rift succession is
preserved including Permian rhyolites, massive shallow
marine Triassic dolomites and Upper Triassic lagoonal
sediments, overlain by Lower Jurassic limestone. The whole
sequence is 600 to 800 m thick and shows, except for the
Lower Jurassic limestone, a very similar evolution to that
observed in the more proximal parts of the Adriatic margin
(e.g., Ortler and Ela units). The age of the lower Jurassic
limestone (Agnelli Formation (Fm.)), representing the last
pre-rift formation, has been constrained by ammonites indi-
cating a Sinemurian age for the deposition and an early
Pliensbachian age (188 Ma) for the hardground at the top of
this formation [Finger, 1978; Manatschal and Nievergelt,
1997]. Syn-rift sedimentation began with the deposition of
200 to 300 m thick breccias, referred to as the Alv Breccia
[Schiipbach, 1974] in Piz Alv (Figure 10a). These breccias
consist exclusively of clasts of Triassic and Lower Jurassic
carbonate that range in size from some few mm to several
tens of meters. Previous authors [Schiipbach, 1974; Furrer
et al., 1985; Froitzheim, 1988] interpreted these breccias as
formed in situ or by minor gravitational transport on the
flanks of submarine highs related to high-angle fault activity
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Piz dal Fain

Allgau fm-calciturbidite (U. megacycle)
(syn-rift)

I:l Lower Jurassic Agnelli fm-mainly limesones -

(pre-rift)

I:l Upper Triassic dolomites (pre-rift) ;‘

Middle, Lower Triassic dolomites to
Upper Permian sandstones (pre-rift)

Polymetamorphic basement

>270 Ma, Pre-Permian rocks

Alpine / Jurassic low-angle detachment fault
thrust fault (late rifting) (Bernina detachment)

Figure 10. Photograph and line drawing from the Piz Alv—Val dal Fain area (Bernina unit) (for location
of the photograph see Figures 4 and 5a). (a) Large-scale structure of Piz Alv-Val da Fain area viewed from
the S showing the relationship between pre- and syn-rift sediments and basement rocks (796000/148000)
(for restoration see Figure 5¢). (b) View of Piz dal Fain from the S showing the syn-rift sediments (Allgiu
Fm. (upper mega-cycle)) onlapping either onto exhumed basement or pre-rift sediments. (795000/149000)

(for more details see text). Coordinates are given with the Swiss grid.

during the rifting. Laterally, the Alv breccias pass into cal-
citurbidites, marls and hemipelagic limestones, dated as Late
Sinemurian to Bathonian and referred to as the Allgidu For-
mation (Fm.) [Eberli, 1988]. The overall sequence shows a
general thinning- and fining upward megacycle interpreted
to represent a basinal sequence ranging in thickness between

200 and 500 m that was deposited in fault-bounded rift
basins [Eberli, 1988]. To the northwest at Piz dal Fain
(Figures 4, 5, and 10), the syn-rift Allgdu Fm. directly
overlies and seals Paleozoic basement and discontinuous
and dismembered slices of pre-rift sediments (Figure 11b).
The Allgaii Fm. is onlapping at a low angle (<20°) onto
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Middle Jurassic Alv Breccia,
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Polymetamorphic basement
>270 Ma, Pre-Permian rocks

Jurassic low-angle detachment fault
(late rifting) (Bernina detachment)

]

Figure 11. (a) Photograph and (b) line drawing of the Bernina detachment (Bernina unit) (view from the
south). High-angle normal faults crosscutting the Bernina detachment can be locally observed. The syn-rift
Allgdu Fm. thickens toward this fault, indicating that these sediments were deposited during the activity of
this structure (794983/149072). View of the fault rocks related to the Bernina detachment. (¢ and d)
Cataclastically deformed Paleozoic basement of the Bernina unit (794832/149133). (e) Photomicro-
graphs under crossed polarizers of a gouge layer showing rotation of the shear fabric during shearing
indicating a top to SW sense of shear (794643/143200). Coordinates are given with the Swiss grid.

For location of the photographs see Figure 4 and 5.

Paleozoic basement or pre-rift slices. Schiipbach [1974]
interpreted the relation between the pre-rift slices and the
syn-rift Allgdu Fm. as strictly sedimentary. These slices,
overlying the basement, show a variable and reduced pre-rift
sedimentary cover ranging from several tens to a few meters
thick. This situation is very different from the thick (~800 m)
and constant pre-rift cover record on the whole Austroalpine
unit and in Piz Alv (Figure 10a). These slices are generally
made up of Upper Triassic dolomites associated with a
reduced middle to lower Triassic and Permian succession

(Figure 10b). These slices are strongly dismembered by
small-scale (~m) high-angle normal faults, which cannot be
observed in the surrounding basement or syn-rift sediments.

6.2. Bernina Detachment

[34] The Bernina detachment represents a major structure
that can be mapped over more than 20 km, separating
Paleozoic basement rocks in the footwall from basement
blocks associated with Permian rhyolites, pre-rift and
syn-rift sediments in the hanging wall (Figures 4 and 5).
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Although this fault is in most places reactivated by sub-
sequent Alpine thrust faults, the pre-Alpine architecture is
locally preserved. In Val dal Fain, the detachment is char-
acterized by a 1 to 20 m thick damage zone of brittle fault
rocks located at the top of the basement (Figures 11a—11d).
Mylonites or other evidence for deformation at deeper
crustal levels are not observed associated with this brittle
detachment. Locally, matrix-supported fault gouges with
rounded, footwall-derived clasts can be observed
(Figure 11e). They are best developed where the top of the
basement is overlain by Permian rhyolites. Stretching
lineations are oriented in a NE-SW direction and, based on
shear bands and asymmetric strain fringes around porphyr-
oclasts of K-feldspar, a top to the southwest sense of shear
can be determined (Figures 4 and 11¢).

[35] AtPiz Alv, the Bernina detachment can be mapped at
the interface between Paleozoic basement and a complete
pre-rift succession (Figures 4, 5, and 10a). Therefore we
interpret Piz Alv as an extensional allochthon (Figures 5c).
On the northern side of Val dal Fain, the fault surface is in
turn overlain by extensional allochthons consisting of upper
crust and pre-rift sediments or onlapped at a low angle
(<20°) by the syn-rift Allgdu Fm. (Figures 5c and 10). The
top of the fault is formed by a smooth surface with local
fissures filled by indurated tectono-sedimentary breccias.
Pre-rift slices on top of Bernina detachment are crosscut by
small scale high-angle normal faults, which are sealed by
syn-rift sediments (Figure 10b). This complex geometry
implies that the pre-rift succession was emplaced tectoni-
cally onto the basement and does not represent olistolites.
This indicates that the top basement surface formed as a
tectonic surface that was locally exposed at the seafloor.
Similar top basement detachment faults have been described
also from the Err unit [e.g., Manatschal and Nievergelt,
1997; Masini et al., 2011]. Where the detachment surface
is onlapped by the Allgdu Fm., no gouges are observed and
basement clasts do not occur in the overlying sediments.
This suggests that exhumation was followed by erosion and
removal of the gouges and cataclastic basement, before the
basement was sealed and onlapped by the Allgdu Fm.
Although in the direct neighborhood basement-derived
breccias are not observed, they occur in the adjacent Err unit,
located more oceanward, in the Middle Jurassic Saluver Fm.
(Figure 3).

[36] The age of Bernina detachment can be inferred from
high-angle faults with vertical displacements ranging from
10 to 600 m cutting the Bernina detachment (Figures 11a
and 11b). Because the basal sediments thicken toward
these high-angle faults, and higher levels of the same for-
mation sealed these faults, it had to form during the sedi-
mentation of the Allgdu Fm. Thus, the basal sediments of the
Allgéu Fm. were deposited during or after exhumation of
basement along the Bernina detachment fault, but before the
end of tectonic activity in this domain. These relationships
confirm the Jurassic age of the Bernina detachment.

7. Discussion

[37] Understanding of the processes and mechanisms
associated with extreme crustal thinning requires direct
access to tectonic structures and rocks from the necking zone
of rifted margins. Based on the new observations and data of
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the Campo-Grosina and Bernina units presented above and
on existing data from the Adriatic rifted margin, in this
section we discuss the structures, processes and the timing
related to crustal thinning within the Alpine Tethys rift
system. This will allow us to propose a new coherent con-
ceptual model to explain extreme lithospheric extension and
to evaluate its implications for the interpretation of present-
day rifted margins.

7.1. Structures Related to Crustal Thinning: The Eita
Shear Zone

[38] In the Valle Grosina, the contact between Campo and
Grosina basements is characterized by the presence of the
Eita shear zone. Previous studies [Meier, 2003] suggested
that this shear zone was formed during late-Cretaceous
thrusting. However, stretching lineations along this structure
indicate a NNW sense of shear, which is oblique with
respect to the generally NW-SE direction of transport along
Alpine and Jurassic rift-related structures in the area
[Froitzheim and Manatschal, 1996]. This observation indi-
cates an oblique component for motion along the shear zone
with respect to other rift structures, provided that the study
area did not experience regional-scale rotation during the
Alpine orogeny. As discussed below, the *°Ar/*°Ar geo-
chronological data presented in this study provides clear
indication that a significant amount of crustal excision was
accommodated along the Eita shear zone in the Late Trias-
sic-Lower Jurassic. Local Alpine reactivation of this struc-
ture is possible and indeed likely. However, as discussed
below, the regional cooling pattern indicates that its activity
was largely restricted to the Late Triassic-Lower Jurassic.

[39] White mica and biotite separated from the Campo
basement in the footwall of the Eita shear zone consistently
yield ages <205 Ma (Figures 9 and 12). Biotite separated
from samples 6 and 32 belonged to a high-T metamorphic
fabric that was generated during emplacement of the Son-
dalo Gabbro at middle to lower crustal depth at ca. 270—
300 Ma. These biotites yield ages in the 183—189 Ma range
(Figures 9a, 9b, and 12). Sample 32 yielded the most
concordant spectrum. This sample is characterized by a
pervasive high-T metamorphic fabric with only one gen-
eration of biotite (Figure 7¢), which yielded a relatively flat
age spectrum in the 179-185 Ma range (Figure 9a). This
estimate is more than 85 Myr younger that the inferred
Permian age of the metamorphic fabric. The complete lack
of chloritization of the biotites visible under the optical
microscope allows to rule out this process as a possible
cause of argon loss [Di Vincenzo et al., 2003]. Therefore,
the Jurassic ages of the spectrum are interpreted as being
related to cooling of the studied biotites below a tempera-
ture of ca. 300°C during the exhumation from middle/lower
crustal depth (closure T is estimated from Harrison et al.
[1985], for the cooling rate of 10°C/Ma estimated by
Braga et al. [2001] for the plutonic rock of the Sondalo
area). Sample 6 yields similar results, although with a
slightly more discordant age spectrum, which may be related
to the fact that the rock sample contained 3 generations of
biotite with different grain sizes and, likely, slightly different
Ar retention (Figure 9b).

[490] White mica from samples 17 and 233, which also
belong to the Campo basement, yielded slightly older ages
than biotite (Figures 9c and 9d). Both samples were taken
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Figure 12. Present-day geological map associated with a restored cross-section of the necking zone of
the Adriatic rifted margin across the Bernina-Campo-Grosina units. The cross section summarizes the
sediment architecture, fault geometry, **Ar/*’Ar data, and strain distribution observed in these units.

from the upper part of the Campo basement, less than 10 m
from the contact with the Grosina basement. Sample 17
yielded a relatively flat age spectrum, with the majority of
steps, between steps 8—13 (68% of the total **Ar released) in
the 201-205 Ma range (Figure 9c). The age spectrum of
sample 233 is characterized by a progressive age increase,
with the majority of apparent ages (steps 7 to 17) falling in
the 198-207 Ma range (Figure 9d). Although two genera-
tions of white mica are found in the studied samples, the rare
fine grained aggregates (<100 pym) of white mica defining
the mylonitic fabric of the Eita shear zone have largely been
selected out by hand picking. Therefore, the apparent age
spectrum of both samples is interpreted as resulting from the
degassing of the argon reservoir related to the large por-
phyroclastic white mica crystals. The measured ages are
likely to record cooling of the porphyroclastic white micas
below temperatures at which a significant amount of radio-
genic argon could be retained in the crystal lattice. This
interpretation is supported by the *°Ar/*’Ar age of 188 =+
4 Ma obtained by Meier [2003] from white micas of the
Campo basement. The Cretaceous ages obtained in the first
2 steps of the heating experiment from samples 208, 257,
233 may hint at local re-setting/recrystallization during the
Alpine orogeny (Figure 9d).

[41] *°Ar/°Ar ages of white micas from the Grosina
basement are significantly older than those found in the
Campo basement (Figure 9). As discussed above, the base of
the Grosina basement is overprinted for a thickness of about
200 m by a pervasive greenschist facies flat-lying fabric
related to the Eita shear zone (Figures 4 and 6e). Samples
208, 257 were located within this overprinted area, respec-
tively at 100 m and in the vicinity (~1 m) of the contact with
Campo basement (Figures 4, 7a, 7b, and 9d). Both samples
yielded staircase *’Ar/*°Ar age spectra. Similarly to the
Campo basement, samples 208 and 257 contained two gen-
erations of white micas (Figures 7a and 7b). Also in this
case, the finest grained white mica II was selected out by
hand picking. Therefore, the age spectra are interpreted to be
derived largely from degassing of the coarse-grained por-
phyroclastic white mica I. Sample 208, which was located
further away from the contact with the Campo basement and
is less affected by the greenschist facies shear fabric yield
Permian ages in the 250-275 Ma range over 86% of the
radiogenic argon release (Figure 9d). Sample 257, instead,
yielded slightly younger ages, with Triassic ages over 50%
of the radiogenic argon release (Figure 9d).

[42] Shifting of the age spectrum toward younger ages
from sample 208 to sample 257 is probably a result of the
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more pervasive overprint during shearing along the Eita
Shear Zone (Figure 9d). Therefore, the “°Ar/*’Ar geochro-
nology performed on the Grosina basement indicates that the
analyzed porphyroclastic white micas cooled in the Permian
and were later partly reset during the activity of the Fita
shear zone.

[43] The very fine-grained micas that define the mylonitic
fabric of the Eita shear zone have not been dated in this
study. Despite this, an Upper Triassic-Lower Jurassic age
can be proposed for the activity of the Eita Shear Zone on
the following grounds:

(1) The Eita shear zone juxtaposes rocks with Permian or
older white mica cooling ages (>260 Ma) in hanging wall
(Grosina basement) against rocks with younger cooling ages
(~205-183 Ma) in the footwall (Campo basement;
Figure 12). This age gap brackets the time of activity of the
interface between the Campo and Grosina units;

(2) Flat age spectra of biotites from the Campo basement
(samples 6 and 32), which did not experience any fabric re-
working after the Permian, allows us to exclude any argon
loss during the Alpine orogeny. Such argon loss would have
been inevitable if the Grosina basement had been thrust over
the Campo basement in Alpine times at the conditions of
350-400°C estimated from the metamorphic and micro-
structures observed along the Eita shear zone.

(3) An Alpine activity is inconsistent with the observed
structural style as well as the Alpine kinematics. Indeed, in
the study area, Alpine thrust faults are constantly described
as narrow shear zones (~m) with synkinematic metamorphic
conditions around 300°C [e.g., Froitzheim et al., 1994;
Ferreiro Mdhlmann, 1996]. Furthermore the main thrusting
event shows a dominance of WNW-shear sense. These
characteristics are significantly different from those dis-
played by the Eita shear zone. Nevertheless, local Alpine
reactivation of this structure as inferred by Meier [2003] is
considered to be likely, and is compatible with Late Cre-
taceous ages obtained in the earliest steps of the step-heating
experiments in samples 208, 257, 233. However, such low-
grade Alpine reactivation would have resulted in minor
reworking of an already established large-scale crustal sec-
tion (for details see Mohn et al. [2011]).

[44] Furthermore, the substantial gap in *°Ar/°Ar ages
between the Campo and Grosina units indicates that while
the Grosina basement was already residing in an upper to
mid-crustal position (T < 400°C) in the Permian, the Campo
basement was still at temperatures sufficient to cause sig-
nificant argon diffusion in white mica (~405°C for a grain
with a 100 pym radius cooling at 10°C/km and ca. 5 kbar
[Harrison et al., 2009]). This conclusion is also supported
by the intrusion of the Sondalo Gabbro at a mid- to lower
crustal position (0.6 + 0.2 GPa) [Tribuzio et al., 1999;
Braga et al., 2001, 2003], which constrains the Permian
depth of the Campo basement to ca. 15-25 km. Therefore,
the Eita shear zone marks a significant crustal gap, indicat-
ing that it must have been active as an extensional shear zone
(Figure 12). Based on the metamorphic conditions and
microstructures it can be proposed that the Eita shear zone
was active between 400 and 300°C. Assuming a thermal
gradient of ca. 20-25°C/km as inferred for the Triassic time
by Miintener et al. [2000], this would indicate that this
structure was active at 10 to 15 km depth separating pre-rift
middle/lower crust (Campo basement) from pre-rift upper/
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middle crust (Grosina basement). Since this structure can be
mapped along 20 km juxtaposing the same crustal levels and
showing the same metamorphic conditions, we propose that
this shear zone was active as a decollement horizon between
a ductile upper/middle crust (Grosina) and rigid “brittle”
middle/lower crust (Campo) (Figure 12). Several similar
shear zones have been identified in the Campo and Grosina
units. Although their exact role and age are not yet deter-
mined, we do not exclude that these shear zones may belong,
together with the Eita shear zone, to a network of shear
zones responsible for thinning of the ductile middle crust
during rifting.

7.2. Structures Related to Exhumation: The Grosina
Detachment

[45] The type locality of the Grosina detachment is located
at Sasso Campana, where this low-angle intrabasement
detachment fault is exposed at the top of the Grosina base-
ment (Figures 4, 5b, Sc, and 8). We suggest that this struc-
ture can be correlated with the pre-Alpine brittle fault
observed in the Sassalb area located more to the west, where
it separates the exhumed mid- to lower crustal rocks of the
Campo basement from pre-rift Triassic dolomites and upper
crustal rocks of the Bernina unit (Figures 8a and 8b). Thus,
in the Sassalb area, the Grosina detachment marks the con-
tact between the Grosina-Campo units in the footwall and
the Bernina unit in the hanging wall (Figures 8a and 8b).
Crosscutting relationships allow the age of this structure to
be constrained. At Sassalb, the Grosina detachment is folded
and truncated by Alpine Campo and Grosina thrust faults,
indicating that it pre-dates Late Cretaceous Alpine con-
vergence (Figure 5). The observation that along this
detachment Permian middle/lower crustal rocks (Campo
basement) are juxtaposed against Triassic dolomites (Ber-
nina unit) excludes a Permian or older age. This is also in
line with the observation that the Grosina detachment cuts
across Permian high-T fabrics in the Grosina and Campo
units. Therefore a Jurassic age can be proposed for the
Grosina detachment. From a map view, this interpretation
seems to be confirmed by the fact that Grosina detachment
crosscuts the Late-Triassic to Early Jurassic Eita shear zone
(Figure 5). In contrast to the latter, we interpret the Grosina
detachment as a downward concave exhumation fault along
which rocks from deeper crustal levels, i.e., Grosina and
Campo units, were exhumed and juxtaposed against upper
crustal rocks and Mesozoic sediments, i.c., Bernina unit
(Figure 12). Structural and microstructural observations
show that the Grosina detachment fault was active in the
brittle field below ~300°C probably during Jurassic rifting.
Significantly, within this brittle detachment, clasts of higher
grade mylonitic rocks can be found, indicating brittle
reworking of pre-existing ductile shear fabrics (Figures 8e
and 8f). Crosscutting relationships between the brittle Gro-
sina detachment and these quartz mylonites indicate an
angular discordance of about 20°. Three main possibilities
can be proposed to account for the mutual relationship
between quartz mylonites and detachment: (1) the quartz
mylonites formed in a deeper part of the Grosina detachment
and were exhumed and overprinted by brittle deformation,
or (2) the quartz mylonites belong to a structure similar to
the Eita shear zone, i.e., they represent a decollement that
was exhumed along the detachment fault (e.g., mylonitic
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front along the Wipple Mountains detachment [Lister and
Davis, 1989]), or (3) the quartz mylonites are unrelated to
Jurassic rifting and were formed as a result of Permian or
Variscan tectonics. At the moment the exact significance of
this quartz mylonite remains unclear.

7.3. A Low-Angle Top Basement Detachment Fault in
the Distal Margin: The Bernina Detachment

[46] The Bernina detachment is interpreted as a low-angle
top basement detachment fault accommodating the final
extension in the distal margin (Figure 12). In the Val dal
Fain and Piz Alv area (Figure 10), the first phase of rifting is
characterized by high-angle normal faulting associated with
the deposition of the Alv breccias. The high-angle normal
faults of this earlier rift phase have been subsequently
crosscut by younger low-angle detachment faults. This
results in the formation of extensional allochthons that range
in scale from several tens of kilometer wide blocks (e.g., Piz
Alv), including basement, to small, extended fragments of
pre-rift dolomites overlying exhumed basement (e.g., Val
dal Fain; Figure 10b). Along the Bernina detachment, no
variation of the metamorphic conditions can be observed and
the structures related to the detachment are forming in the
brittle field at temperatures below 300°C over more than
20 km in the direction of transport (Figures 4 and 11). This
observation suggests that this fault was only active in the
brittle field within the upper crust. Although it is difficult to
determine the initial dip of the fault at depth, near the surface
the fault was sub-horizontal and was exhumed at the sea-
floor, resulting in a low-angle top basement detachment
fault. This is confirmed by the low-angle between the fault
zone and the syn-rift sediments onlapping onto the fault
(Figure 10b). The lower limit for the activity of the Bernina
detachment can be inferred from truncation of the youngest
pre-rift formation dated as Pliensbachian [Finger, 1978],
while the last part of the Allgdu Fm., which was deposited in
a post-tectonic setting until the Bathonian, provides the
upper limit [Furrer et al., 1985, Eberli, 1988]. The Bernina
detachment is interpreted as a similar structure to the Err
detachment [Froitzheim and Eberli, 1990, Manatschal and
Nievergelt, 1997, Manatschal, 1999, Masini et al., 2011],
but located in a part of the distal margin closer to the con-
tinent (Figure 3). These structures accommodated extension
in the distal continental margin, similar to the structures
described from the present-day Iberia distal margin, which
are responsible for mantle exhumation.

7.4. The Temporal and Spatial Evolution of Crustal
Thinning (Figure 13)

[47] To unravel the temporal and spatial evolution of
crustal thinning along the fossil Adriatic rifted margin, sev-
eral data sets need to be taken into account and correlated:
(1) the stratigraphic record, (2) petrological and thermo-
chronological data obtained from the basement units, and
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(3) the structures accommodating crustal thinning. While the
stratigraphic record can be deduced from the whole margin
system, including the conjugate European/Brianconnais
margins (for a review see Mohn et al. [2010]), the exhuma-
tion and thinning in the basement can only be determined
from locations where the Alpine tectonic and metamorphic
overprint allowed the preservation of rift structures.

7.4.1. Initial Condition at the Onset of Rifting and
Importance of Inheritance (Figure 13a)

[48] The pre-rift setting of the future Adriatic and Brian-
connais/European margins, i.e., the future conjugate mar-
gins, was characterized during the Triassic by widespread
shallow marine carbonate platforms, which suggest that the
pre-rift crust was thermally and isostatically equilibrated
(Figure 13a). This is confirmed by petrological work from
the crust-mantle section preserved in the Margna/Malenco
domain (Braccia gabbro). Miintener et al. [2000] demon-
strated that before rifting in Triassic time the base of the
crust was located at ca. 25-30 km, at metamorphic condi-
tions of T = 600 & 50°C and P = 0.8 GPa, suggesting an
average heat flow of 70 W/m? (Figure 13a).

7.4.2. From Stretching to Thinning: Birth of the
Necking Zone (Figures 13b and 13¢)

[49] The first extensional structures related to Jurassic
rifting initiated during Late Triassic to Late Sinemurian time
(~205-190 Ma) (Figure 13b). These structures form large
basins bounded by high-angle normal faults (e.g., Ortler
unit; [Eberli 1988]). In the Southern Alps, Bertotti [1991]
recognized the listric geometry of Jurassic normal faults
and demonstrated that these faults sole out under greenschist
facies conditions at mid-crustal levels around 10-15 km
(Figure 13). This suggests that, during early rifting, defor-
mation in the upper crust was decoupled from deformation
in the mafic lower crust and subcontinental mantle. More-
over, exhumation of basement rocks (upper crust) occurs
only along fault scarps related to the listric normal faults
bounding the early rift basins (Figure 13b). This, together
with the overall subsidence of the margins, explains why no
basement was yet exhumed and reworked in the stratigraphic
succession of the Alpine Tethys margins during this early
stage of rifting (Figure 13b). The same style of deformation
is also observed on the European margin (e.g., Bourg
d’Oisans [Lemoine et al., 1986]). Attempts to quantify the
extension accommodated in the upper crust results in (-
factors ranging between 1.2 and 1.65 [Froitzheim, 1988;
Bertotti et al., 1993; Chevalier et al., 2003].

[s0] From Pliensbachian to Toarcian (190-175 Ma),
extension starts to shift toward the future distal margin
[Froitzheim and Eberli, 1990], resulting in a major change in
the structural and stratigraphic evolution of the whole mar-
gin (Figure 13c). In the Bernina unit, this period is char-
acterized by deposition of the Alv Breccia in fault-bounded
basins linked with the deposition of the second megacycle
of the Allgéu Fm. During Toarcian to Aalenian time (180—

Figure 13. Conceptual model showing the evolution of lithospheric thinning as recorded in the Adriatic fossil margin:
(a) the pre-rift situation in middle Triassic, P-T condition during the Triassic time for the lower crust are inferred from
the Braccia and Fedoz gabbros at 600 + 50°C and 0.8 £ 0.1 GPa [Miintener et al., 2000], (b) stretching phase from late
Triassic to Sinemurian (220 to 190 Ma), (c) thinning phase from Pliensbachian to Toarcian (190 to 175 Ma), and (d) exhu-
mation phase from Toarcian to Callovian (175 to 161 Ma). Note the spatial and temporal evolution of the Bernina intrusive,

Sondalo and Braccia Gabbro.
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170 Ma), the Briangonnais domain undergoes a different and
decoupled evolution from the rest of the margin. This is
indicated by an uplift leading to subaerial exposure, indi-
cated by the occurrence of karst and subaerial sediments,
which is in contrast to the subsidence recorded on the
adjacent proximal margins (Figure 13c). The subaerial
conditions prevailed until the Bathonian-Oxfordian (165—
155 Ma), when the Briangonnais domain subsided rapidly.

[51] Significantly, this distinctive changes in palaco-
bathymetry occurred at the same time as crustal thinning
within the continental crust in (1) the Ivrea-Verbano zone
in the Southern Alps (Figure 2 section B-B') and (2) in
the Grosina-Campo units in the Eastern Alps (Figure 2
section C-C’). The new Grosina-Campo data provide cri-
tical constraint on the shallow part of the necking zone,
whereas the Ivrea-Verbano zone preserves the deeper parts
of the necking zone, which are not exposed in the Campo-
Grosina units. In these units, new 49A1/*? Ar data on biotite
from the Campo basement, sampled in the vicinity of a
Permian intrusion (Sondalo Gabbro) (Figure 13c¢) demon-
strate that these rocks were exhumed and cooled below ca.
300-350°C at around 200-180 Ma. A similar evolution has
been proposed for the Ivrea-Verbano Zone, which was
intruded by Permian gabbros in a lower crustal position
(~30 km) [Handy et al., 1999; Mulch et al., 2002, and
references therein]. In this zone, pre-rift upper/middle crust
(e.g., Strona-Ceneri) was juxtaposed against lower crustal
levels (e.g., Ivrea-Verbano zone) along the Pogallo shear
zone (Figure 2; section B-B') [e.g., Handy, 1987; Handy
et al, 1999]. P-T-t paths from the Ivrea-Verbano zone
indicate that pre-rift lower crust was exhumed below tem-
peratures of 350-320°C at ca. 170-220 Ma [Mulch et al.,
2002]. Therefore, previous studies interpreted the Pogallo
shear zone as an extensional moderate- to low-angle
detachment fault (10 to 34°) along which the Ivrea-Verbano
lower crustal rocks were exhumed to a depth of 10 km
during Jurassic rifting [e.g., Handy, 1987; Mulch et al.,
2002; Handy and Zingg, 1991]. Exhumation of deeper
levels of the continental crust was contemporaneous with
uplift of the Brianconnais domain. The observation that
crustal attenuation occurred simultaneously with the uplift of
the Briangonnais domain is a key observation at odds with
the classical model of McKenzie [1978]. However, such
anomalous subsidence histories are commonly observed in
hyper-extended rifted margins (e.g., Iberia margin [Péron-
Pinvidic and Manatschal, 2009]; South Atlantic and NW-
Australia margin; [Driscoll and Karner, 1998]). It can be
best explained if crustal thinning occurred simultaneously
with thinning of the mantle lithosphere. In the case of the
Alpine Tethys system, Piccardo [2008] and Miintener et al.
[2010, and references therein] showed that lithospheric
thinning was related to the impregnation of magma into
subcontinental mantle prior to its exhumation at the seafloor.
The magma-infiltration may have enhanced the thermal
erosion, resulting in depth-dependent thinning of the litho-
sphere [e.g., Kusznir and Karner, 2007, Cannat et al.,
2009].

7.4.3. From Thinning to Exhumation (Figure 13d)

[52] Final rifting is characterized by the localization of
deformation in the future distal margin over previously
thinned crust (Figure 13d). A relic of a crustal section across
the Adriatic margin prior to exhumation is preserved in the
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Margna unit in the eastern Alps (Figure 2, section C-C'). In
this area, pre-rift lower crustal rocks preserving a primary
contact with subcontinental mantle welded by a Permian
gabbro (Braccia gabbro) are juxtaposted against pre-rift
upper crust preserving primary contacts with Mesozoic
sediments through the activity of an extensional shear zone
(e.g., Margna shear zone in section C-C' [e.g., Guntli and
Liniger, 1989; Hermann and Miintener, 1996; Hermann et
al., 1997; Bissig and Hermann, 1999]). This shear zone is
located at the interface between uppermost and lowermost
crust with more than 25 km of continental middle crust
missing in-between [e.g., Hermann and Miintener, 1996;
Bissig and Hermann, 1999]. We suggest that horizontal
extension of the continental crust was achieved with the
extreme thinning of ductile quartzo-feldspatic mid-crustal
levels. At this stage, the new faults cut through an already
thinned, brittle crust and are able to penetrate into the
underlying subcontinental mantle. These new structures
form low-angle top-basement detachment faults that result in
the delamination of the hanging wall and the exhumation of
upper crust and eventually also lower crust, leading finally to
exhumation of subcontinental mantle at the seafloor
(Figure 13d). The top-to-the-west (ocean) sense of shear
determined from these detachment faults is in line with these
faults forming breakaways to the east (continent) that cut
westward (oceanward) into the mantle. The allochthons
occurring over the detachment faults (e.g., Val dal Fain—Piz
Alv area; Figures 5a and 10), are interpreted to derive from
the delamination of the hanging wall block, i.e., the Brian-
connais domain. This interpretation is supported by the
similarity between the pre-rift stratigraphic record of the
Briangonnais and the distal Adriatic margins.

[53] The formation of exhumation surfaces is best recor-
ded in the stratigraphic record by the occurrence of reworked
crustal rocks in the syn-rift sediments, suggesting the crea-
tion of a new siliciclastic sediment source [Masini et al.,
2011]. In the Southern Alps, in the Canavese zone
(Figure 2, section B-B'), the exhumation of lower crustal
rocks is indicated by the occurrence of clasts derived from
the lower crust in the syn-rift sediments [Ferrando et al.,
2004]. Finally, low-angle top-basement detachment faults
permit the exhumation of subcontinental mantle to the sea-
floor (Figure 13d). A maximum age for this exhumation is
given by the 165 to 160 Ma U/Pb ages on zircons from
oceanic gabbros that have been exhumed to the seafloor and
a minimum age is given by the age of the radiolarian cherts
stratigraphically overlying the exhumed mantle, which ran-
ges between Callovian to Bathonian [Bill et al., 1997;
Schaltegger et al., 2002].

7.5. A Conceptual Model to Account for Extreme
Crustal Thinning (Figure 14)

[54] Three major structures that were all active during
early Jurassic rifting can be identified between the proximal
and distal Adriatic rifted margin: the Eita shear zone, the
Grosina detachment, and the Pogallo shear zone (Figure 14).
Because the Grosina detachment was only active in the
brittle crust and the Pogallo shear zone at deeper crustal
levels [e.g., Handy, 1987], we assume that these structures
soled out at in a decollement horizon in the ductile middle
crust. Based on this evidence, we interpret that crustal thin-
ning is accommodated by a system of conjugate crustal scale
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Figure 14. Strain distribution and strain partitioning during lithospheric thinning: (a) exhumation phase,
(b) thinning phase, and (c) initial stage. For a discussion see text.

shear zones that are active in the upper brittle crust (e.g.,
Grosina detachment fault) and in the mafic lower crust and
upper mantle (e.g., Pogallo type shear zone) and are
decoupled along mid crustal decollements within the brittle-
ductile transition (e.g., Eita shear zone) (Figures 13 and 14).
We interpret the Margna shear zone [Miintener and
Hermann, 2001] as an extraction shear zone/decollement
from the necking zone to the distal margin, leading to the
omission of the mid-crustal level and the direct juxtaposition
of the uppermost and lowermost part of the continental crust
in the distal margin (Figures 13 and 14) (e.g., extraction fault
of Froitzheim et al. [2006]).

[s5] The strain evolution, spatial relationships and struc-
tures that accommodate crustal thinning are shown in a

conceptual way in Figure 14. We assume, based on the
constrains presented above, a four layer rheology: (1) a
strong felsic upper crust (from 0 to 15 km), (2) a weak felsic
middle crust (15-25 km), (3) a strong mafic and felsic
lower crust consisting of dry granulite and mafic rocks (25—
30 km), and (4) a strong and cold subcontinental mantle.
The conceptual model shown in Figure 14 is based on the
fact that the mass of the crust needs to be conserved during
rifting (problem of restoration of sections). The role of
structural inheritance and the initial stretching phase (for-
mation of rift basins during an initial stage of rifting) are
neglected in our conceptual model shown in Figure 14.
[s6] The onset of thinning occurs when deformation starts
to localize within the future distal margin. In Figure 14c, this
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is shown by a conjugate set of shear zones that are in the
upper felsic brittle crust. These structures are decoupled in a
ductile layer in the felsic middle crust. Extension in the rigid
mafic/felsic granulitic lower crust and upper mantle is
accommodated along conjugate shear zones. This set of
conjugate shear zone forms the limit between the future
distal and proximal margins, and defines the necking zones
of the two margins.

[57] During subsequent thinning, only the hatched areas
(necking zones plus future distal margin) will deform.
Crustal thinning is accommodated by conjugate shear zones
shown in blue (e.g., Grosina and Pogallo) in the brittle upper
and lower crusts. These crustal levels will deform by faulting
and block rotation while ductile middle crust will act as a
decoupling horizon between the two brittle layers. The
importance of decoupling horizons during crustal thinning
has been already emphasized by Brun and Beslier [1996]
from analog modeling. In the ductile middle crust, strain
will increase toward the necking zone (see strain ellipsoid in
Figure 14) as indicated by the formation of shear zones (e.g.,
Eita shear zone). On the scale of the crust, strain is accom-
modated, at this stage, by pure shear deformation. The
ductile middle crust within the future distal margin will act
as an extraction fault (e.g., Margna shear zone), along which
the middle crust will be thinned between the rigid upper and
lower crust together with the underlying rigid mantle. The
higher strain of the ductile layer in the distal margin is
compensated by more brittle deformation in the necking
zones. A more complex process is supposed to occur in the
mantle. Since extension in the brittle upper mantle results in
omission and boudinage of the brittle layers, the space cre-
ated by extension may be replaced by deeper, hotter
impregnated mantle. This process may trigger thermal ero-
sion and could be the cause of the strain localization and
uplift of the future distal margin (e.g., key stone, Briangon-
nais [Lavier and Manatschal, 2006; Mohn et al., 2010])

during crustal/lithospheric thinning (for more discussion see
Piccardo [2008] and Miintener et al. [2010, and references
therein]).

[s8] The transition from symmetric thinning to asym-
metric exhumation occurs when ductile mid-crustal layers
cannot decouple anymore the deformation in the upper crust
and mafic lower crust and subcontinental mantle. At this
stage, faults can cut from the surface into the mantle and
result in the exhumation of mantle rocks in the OCT. These
faults (shown in red), are typically downward concave faults
that sole out at shallow levels in the mantle and are expres-
sed as low-angle top-basement detachment faults in the
distal margin and adjacent OCT (e.g., Bernina and Err
detachment faults). During this stage of deformation the
former keystone Briangonnais block (or H-block in the ter-
minology of Lavier and Manatschal, [2006]) will be dela-
minated and will form units constituting the final distal
margin.

7.6. Implications for Present-Day Rifted Margins
(Figure 15)

[s9] Interpretation of necking zones at present-day rifted
margins remains difficult due to a lack of scientific drill hole
data from the basement of the necking zone. In Figure 15,
we show the refraction seismic line IAMS across the Iberia
rifted margin [Afilhado et al., 2008]. This line exemplifies
the first order crustal structure of many rifted margins. In the
IAMS section (Figure 15a), the Moho as defined by velo-
cities of ~8 km/s is marked by surfaces that can dip up to
35°, corresponding to the necking zone where the crust is
thinned from £30 km to 10 km. Further continentward, in
the necking zone, strong sub-horizontal reflections occur,
which are clearly within the crust. These reflections are
commonly interpreted as “Conrad” reflections, i.e., the
contact between upper and lower crust. In the section, mid-
crustal velocities are not observed in the most distal margin,
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while upper crustal velocities are found directly above a
horizon characterized by velocities typical of the lower crust
from the proximal margin. Therefore, Afilhado et al. [2008]
suggested that the middle crust is wedging out toward the
necking zone. Restoration of the Adriatic rifted margin
(Figure 13) shows many similarities with the refraction
seismic data shown in the IAMS section (Figure 15a)
regarding the first-order crustal architecture of the necking
zone. We therefore consider that the underlying processes
and the strain accommodation within the two margins are
comparable. This enables us to propose a structural inter-
pretation of some of the reflections observed in the section in
Figure 15b. The Margna-Pogallo shear zone could be linked
to the contact between middle crust and mantle that dips
continentward. Many authors have proposed that the seismic
Moho at the base of the necking zone may correspond to a
shear zone [e.g., Péron-Pinvidic and Manatschal, 2009].
The apparent dip of the Pogallo shear zone was estimated by
Handy [1987] between 10° to 34°, which is consistent with
observations from present-day margins. The high velocity
bodies that seem to be displaced by the Moho could in this
case correspond to underplated gabbroic bodies, similar to
those observed in the Margna and Ivrea units. The Eita shear
zone and associated shear zones in the Campo unit could be
equivalents of the reflections within the crust in the [AMS
section (Figure 15a). These reflections are at the top of the
middle crust and point oceanward toward the wedge of the
middle crust in the necking zone.

[60] The Grosina and Bernina detachments are top-base-
ment detachment faults, locally overlain by extensional
allochthons. These structures are therefore not easy to image
and interpret in seismic sections [e.g., Holker et al., 2003].
We suggest, however, that an equivalent structure to the
Grosina detachment may occur west of the B1 high (see
Figure 15a). This is supported by the observation that the
middle crust wedges out in the footwall of this structure and
that this structure also separates the distal and proximal
margins showing different basin architectures.

[61] The similarity between the structures observed in the
Bernina and Campo-Grosina units and those imaged in the
IAMS section (Figure 15a) show that the Alpine analogs
represent a valuable natural laboratory to study present-day
magma-poor rifted margins, with the significant advantage
of allowing us to estimate the age and conditions under
which the rift structures formed. Such information is neces-
sary to constrain and test kinematic and dynamic models of
rifted-margin formation.

8. Conclusions

[62] In many present-day margins crustal thickness chan-
ges abruptly from about 30 km in proximal part to <10 km in
hyper-extended domains in the distal part. Such change
occurs in a narrow zone, which is referred to as the ‘necking
zone’. In this paper, we have identified and investigated
relics of such a necking zone and its adjacent distal margin
preserved in the Campo-Grosina and Bernina units of the
Eastern Alps. The study of these units enables us to identify
the crustal architecture of the necking zone and to unravel
the sedimentary and deformation processes associated with
extreme crustal thinning during rifting in the Alpine Tethys
margins.
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[63] The main conclusions of this study are as follows.

1. The Campo-Grosina units derive from the necking
zone of the Adriatic rifted margin. Grosina basement repre-
sents a pre-rift upper/middle crust preserving Permian
YOAr°Ar ages in white mica (260.1 & 2.4 Ma). The Campo
unit, instead, consists of pre-rift middle/lower crust, which
was exhumed below ~300°C within the necking zone dur-
ing Pliensbachian time (184.55 4+ 1.22 Ma and 188.67 £
0.86 Ma for *°Ar/*°Ar ages from biotite) when rifting started
to localize within the future distal margin.

2. The Eita shear zone, which marks the contact between
the Campo-Grosina units, is interpreted as a decollement/
decoupling horizon active at mid-crustal depth within the
necking zone at 183-205 Ma, as indicated by *’Ar/*’Ar ages
from white mica and biotite.

3. Thinning in the necking zone is the result of the
interplay between detachment faulting in the brittle layers
(e.g., Grosina detachment in the upper crust and Pogallo-
type shear zone in the lower brittle crust) and decoupling
and thinning in ductile quartzo-feldspatic middle and lower
crustal levels along localized ductile decollements (e.g.,
Eita shear zone).

4. The Bernina-Margna units derived from the distal
margin, where pre-rift upper crust is juxtaposed against pre-rift
lower crust along a major “extraction fault” (e.g., Margna
shear zone) responsible for extreme crustal thinning. When
the crust is thinned to <10 km, ductile layers become brittle,
which enables faults to cut from the surface into the mantle
and exhume the brittle crust, as well as the subcontinental
mantle, to the seafloor (e.g., Bernina and Err detachments).
This process may result in the delamination of the previously
thinned hanging wall block (e.g., Briangonnais domain).

[64] These results enable us to propose a coherent struc-
tural and tectonic model for the evolution of magma-poor
rifted margins during major lithospheric thinning. The
necking zone is shown to play a major role in the indivi-
dualization of the future conjugate continental plates. Fur-
thermore, these symmetric necking zones will define and
bound a continental ribbon (also referred to as a key stone
block or H-block [Lavier and Manatschal, 2006]. Finally
this block (e.g., Briangonnais domain) will be delaminated at
the end of rifting by low-angle top-basement detachment
faulting leading to the exhumation of crustal and sub-
continental mantle in the distal margin and adjacent OCT.
This final stage will give the large-scale asymmetry
observed in many rifted margins.

[65] New structural and thermochronological data of the
Adriatic rifted margins enable us to propose a coherent
evolution for rifting in Alpine Tethys margin in order to
explain major crustal thinning. We believe that these results
will help to better understand margins undergoing extreme
thinning as well as to constrain and test rift models.
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