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ABSTRACT

The significant progress achieved over the last fifty years in understanding continental rifting and oceanization processes demonstrates the benefit of an iterative workflow

between onshore field studies and offshore geophysical studies. On the one hand, geophysical studies can image intact present-day rifted margins in their entirety. However,

the resolution of refraction and reflection seismic sections is relatively low, and most parts of the margin remain largely inaccessible, even to deep-sea drilling. On the other
hand, field studies of rifted margin remnants exposed in orogens offer easy-to-access, high-resolution outcrops. Yet, they provide only local, discontinuous, and often
overprinted insights into the former margins and their evolution.

With more than one century of published research into the geology of the European Alps, the present-day Alpine orogen and former Alpine Tethys rift system are among the best-

described tectonic systems in the world. In the present document, we provide a guide for recognizing key remnants of the former Alpine Tethys rift system (Fig. 1.0) and discuss how

the derived observations can be integrated into the study of present-day rifted margins. This document is structured around three parts:

e Excursion notes: we first provide an overview of the state of the art on rifted margins and its historical evolution. Second, we outline the paleogeographic framework
of the Alpine rift system and discuss its uncertainties. Third, we describe the structural and stratigraphic relationships of well-preserved remnants of the Alpine Tethys
rift system and propose a crustal-scale reconstruction for one transect across the former Alpine Tethys rift system. Finally, we provide insights into the spatio-temporal
evolution of the Alpine Tethys rift system.

e Excursions: through a series of excursions at illustrative remnants of the Alpine Tethys rift system, we propose a journey across the proximal part, the distal part, and the
so-called ocean-continent transition (OCT) of the former North-Adriatic margin. In particular, we display the scale of the considered geological objects, report the nature
of the crust, mantle, and sediments, and highlight the structural and stratigraphic relationships between the different domains.

¢ Thematic sheets: we provide a series of short syntheses on different geological themes and illustrate them with examples from the Alps. Themes include the petrology
of the Alpine Tethys lithosphere, the tectono-stratigraphic record and fluid signature during the Alpine Tethys rifting, the tectono-structural characteristics of the Alpine
Tethys rift system and Alpine orogen, the impact of inheritance vs rift-induced and orogenic processes, and the isostatic evolution of future distal margins during rifting,
with special focus on the Brianconnais domain in the Alps.

Keywords: Alpine Tethys rift system, Alpine Orogen, Tectonics, Stratigraphy.

PROGRAM SUMMARY

The present field trip describes a journey across the Adriatic margin and an ocean-continent transition of the former Alpine Tethys. It focuses
on the major rift-related structures, their field evidence and the tracking of timelines (isochrons) from one domain to the other based on
stratigraphic markers.

The first excursion takes place near Il Motto (IM in Fig. I.1), an Early Jurassic half-graben depocenter that was inverted during the Late
Cretaceous. This excursion provides an overview of the pre-rift paleogeographic and stratigraphic setting in which the Alpine Tethys rifting
took place. It focuses on the style of both rift-related and Alpine deformation style in the (former) proximal domain of the fossil Adriatic margin.
The second excursion takes place near Diavolezza (D in Fig. 1.1), where the Piz Alv mountain represents a former extensional allochthon. This
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excursion displays evidence for extensional detachment faults in the necking/inner part of the hyperextended domain of the former Adriatic
margin and discusses their role in the significant crustal thinning achieved during the necking phase of rifting. It also highlights that such first-
order structural features largely seeded Alpine deformation, and hence that much of the apparent Alpine structural complexity can be linked
to the architecture of the margins involved in the collision.
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The third excursion takes place in the region of Piz Laviner, Piz Bardella and Piz Nair (PL, PB and PN in Fig.I.1), which display the spectacularly
well-preserved and exposed Err extensional detachment system. This excursion provides a three-dimensional overview of the hyperextended
domain of the former Adriatic margin with a special focus on the associated stratigraphic record. It also highlights the importance of rheological
interfaces/decoupling levels in controlling the style of alpine reactivation.

The fourth excursion takes place in the region of Falotta and the Marmorera Lake (Fa and ML in Fig. I.1), which preserves remnants of the inner
part of the Adriatic margin exhumed mantle domain. This excursion provides an overview of the three-dimensional architecture of a proto-oceanic
core complex, the nature and location of related magmatic additions and sedimentary systems, as well as the fluid-rock-sediment interactions
during mantle exhumation. It also highlights the importance of rift-related topography in controlling the style of alpine reactivation.

The fifth and last excursion takes place in the region of Tasna (Ta in Fig. I.1), which spectacularly preserves the ocean-continent transition
between the Brianconnais continental ribbon and the Valais Basin. This excursion displays the structures that accommodated crustal thinning
and mantle exhumation and describes the nature of the crust and mantle rocks involved. It also describes the nature of the sediments present
in the ocean-continent transition and the insights they provide into the regional paleogeographic setting.

SAFETY

All attendees participate to the excursions at their own risk. Your attendance to an excursion constitutes your acceptance not to hold the field
leader or their institutions responsible or liable for any mishap while on the excursion.

All field trips are accessible to any healthy person. The excursions involve walking in strenuous but not dangerous terrains at high altitudes
(up to 3000 m above sea level). Adequate mountain gear is necessary (appropriate hiking shoes, warm clothes, and rainwear).

HOSPITALS

Excursion A: International Medical Center; Via Canton, 474, 23041 Livigno SO, ltaly; +39 0342 978112; Italian Alpine rescue system
(emergency number 112)

Excursions B, C, and D: Hospital Oberengadin, Via Nouva 3, 7503 Samedan, Switzerland; +41 81 851 81 11; Swiss Alpine rescue system
(emergency number 1414)

Excursion E: Hospital Lower Engadine, Via da I'Ospidal 280, 7550 Scuol, Switzerland; +41 81 861 10 00; Swiss Alpine rescue system
(emergency number 1414)
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Fig. I.1 - Location of the excursion sites on: (a) a regional map; (b) a schematic diagram block of SE Grisons region and adjacent Italy (modified from Froitzheim et al., 1994);
(c) a synthetic cross section through the former Alpine Tethys rift system (see location of transect B—B’ in Fig. 1.0a, I.0b and 1.12); Abbreviations: Austro. n.: Austroalpine nappes;
d./dom.: domain; embr. OC: embryonic oceanic crust; hypext./hypertext.: hyperextended; OCT: Ocean—Continent Transition.

ACCOMMODATIONS

Tourist offices:

e Pontresina tourist office: Via Maistra 133, 7504 Pontresina; tel.: +41 81 838 83 00 ; email: pontresina@engadin.ch; website: https://www.
engadin.ch/pontresina

e St. Moritz Tourist Information Village: Via Maistra 12, 7500 St. Moritz; tel.: +41 81 837 33 33; email: info@stmoritz.ch; website: https://
www.stmoritz.com
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Hotels:

Sporthotel Pontresina: Via Maistra 145, 7504 Pontresina; tel.: +41818389400; https://www.sporthotel.ch/
Hotel Station: Cuntschett 2, 7504 Pontresina; tel.: +41818388000; https://www.station-pontresina.ch/en/
Hotel Baer & Post, Curtins 108, 7530 Zernez; tel.: +41818515500; http://www.baer-post.ch/

Hotel Solaria, Vea Valetta 113, 7457 Bivio; tel.: +41816591991; http://www.hotelsolariabivio.ch/

B&B:
e B&B Chesa Albris: 7500 Saint-Moritz, Suisse; tel.: +41818335465 ; https://www.engadin.ch/de/privatzimmer/chesa-albris/

Youth Hotel:
e Jugendherberge Pontresina; Via Da la Staziun 46, 7504 Pontresina, Suisse; tel.: +41818427223; http://www.youthhostel.ch/pontresina
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Camping sites:
e Camping Morteratsch: Plauns 13, 7504 Pontresina; tel.: +41818426285; http://www.camping-morteratsch.ch/
e Camping St. Moritz: Via San Gian 55, 7500 St. Moritz; tel.: +41818334090; http://camping-stmoritz.ch/
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PROGRESS IN UNDERSTANDING RIFTED MARGINS AND RIFTING PROCESSES: A HISTORICAL OVERVIEW

From naturalist observations to plate tectonics

As early as the 1700s, naturalists, and geologists started to report lithological and structural observations from the European Alps (e.g., de
Saussure 1779). The Alps became rapidly a popular natural laboratory to study the functioning of the Earth. During the next century, the Alps
both inspired and benefited from scientific advances in geology (Sengdr 1990).

The Austrian palaeontologist Eduard Suess (Fig. .2a) was presumably the most influent player in the change of paradigm from fixism to
mobilism. He was one of the first to support the existence of horizontal displacements at the scale of the Earth and suggested that “folded
orogens” resulted from the compression of basins filled with pelagic sediments between two continental blocks (Suess, 1875). He recognized
the former existence of such a basin in the Alps, which he named Tethys (Suess, 1875).

Suess’s hypothesis laid the ground for the nappe concept introduced by Marcel Bertrand (1884) (Fig.l.2b). Subsequently, Hans Schardt
(1898), Maurice Lugeon (1902), and Pierre Termier (1904) established that the Alpine orogen was primarily constructed by the stacking of
nappes, settling the nappe theory. At the same time, Gustav Steinmann (1905) (Fig. I.2c) suggested that the association of (serpentinized)
peridotite, “diabase” and radiolarite, which can be mapped throughout the Alps, was characteristic of a deep ocean floor. These studies
inspired the first-ever paleogeographic and tectonic reconstructions of the Alps by Emile Argand (1911, 1916, 1924a,b) (Fig. 1.2d).
Contemporaneously, Alfred Wegener (Fig. I.2e) published his theory of Continental Drift (Wegener, 1915), which however met a cold reception
from the scientific community because the author was unable to resolve what was driving the movements of the tectonic plates. Arthur
Holmes (Fig. 1.2f) envisioned the mechanism of mantle convection only fifteen years later (Holmes, 1931), and it took a few more decades
for the concept of seafloor spreading to emerge with Otto Ampferer (1941) and Harry Hess (1962) (Fig. 1.2g). Frederick Vine and Drummond
Matthews (Fig. I.2h) confirmed this hypothesis when they evidenced parallel and symmetrical magnetic stripes on either side of so-called
mid-oceanic ridges worldwide (Vine et al., 1963). Shortly after, the Deep-Sea Drilling Program (DSDP, 1968) revealed the positive correlation
between the age of the sediments directly overlying the ocean floor and their distance to the mid-oceanic ridge, establishing the reality of
seafloor spreading, and hence plate tectonics.

Characterization of rifted margins, ocean floors, and ocean-continent transitions

Inthe 1950s, the first refraction seismic exploration of oceans revealed significant differences between the basement flooring continental platforms
and slopes and that flooring abyssal plains (e.g., Officer and Ewing, 1954; see Green, 1974 for areview): on the one hand, the basement of continental
platforms is thick (30+5 km), the basement of continental slopes wedges oceanward from ca. 30 km to 0 km, and both are seismically complex and
heterogeneous. On the other hand, the basement of the abyssal plains is thin (ca. 7 km) and characterized by a uniform seismic signature.
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from fixism to “ophiolite” continental drift seafloor spreading
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Fig. 1.2 - Major players of the Plate Tectonics revolution: a) Eduard Suess and his first model of a Tethyan basin whose closure was at the origin of the Alpine orogeny (Suess, 1875);
b) Marcel Bertrand suggested that the architecture of the Alpine orogen was controlled by the stacking of nappes; c) Gustav Steinmann related the association of serpentinized peridotite,
“diabase” and radiolarite (later named “Steinmann’s Trinity”) observed in the Alps to a deep ocean floor (Steinmann, 1905; picture from Coleman, 1977); d) Emile Argand is the author of the
first detailed paleogeographic and tectonic restoration of the Alps (Argand, 1916); e) Alfred Wegener is the author of the Theory of Continental drift (Wegener, 1915), a premise of the Plate
Tectonic theory; f) Arthur Holmes envisioned mantle convection as a potential driver for plate tectonics as early as 1931 (Holmes, 1931); g) Harry Hess was one of the discoverers of seafloor
spreading (Hess, 1962); h) Frederic Vine and Drummond Matthews established that seafloor spreading was achieved via magmatic accretion when they evidenced parallel and symmetrical

magnetic stripes on either side of mid-oceanic ridges worldwide.
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Until the latest 1960s drilling and dredging of continental margins were essentially limited to their proximal parts. As a result, rifted
margins were envisioned as continental rifts, namely comprised of quartz-feldspathic crust (Fig. A2a in Appendix 2) essentially structured
by oceanward-dipping normal faults (Figs. I.3c and 3d). These faults were separating a series of tilted blocks whose size decreased
oceanward (Fig. |.3a).

Spurred by the Plate Tectonic revolution, the basement flooring abyssal plains was consensually interpreted as a mafic oceanic crust
formed by steady-state seafloor spreading at a mid-oceanic ridge (Penrose conference of 1972; Anonymous, 1972). At that time, the
thinned continental crust was thought to be structured by tilted blocks and to terminate abruptly against the above-mentioned Penrose-
type oceanic crust (Fig. I.3a). This sharp contact was supposed to mark an “instantaneous” onset of seafloor spreading.

Advances in reflection seismic techniques enabled to image of ever-deeper parts of rifted margins with ever-higher resolutions. However, as
seismic interpretation is generally biased by the conceptual model the interpreter has in mind, the next steps in the understanding of rifted
margins arose essentially from field studies at “fossil” rifted margins exposed on land.

Alpine geologists highlighted that the basement underlying the continental platform was essentially affected by high-angle normal faults
(blue faults on Fig. 1.0d; Bernoulli, 1964), while more distal parts of the margins were affected by both high-angle normal faults and low-angle
extensional detachment faults (green and red faults on Fig. 1.0d; Froitzheim and Eberli, 1990; Manatschal and Nievergelt, 1997; Mohn et
al., 2012). Extensional detachment faults initiate preferentially in weak materials, as evidenced by the mylonitic front associated with these
structures (Lister et al., 1986; Wernicke, 1985). Detachment faults are much more efficient thinning structures than high-angle normal faults:
they may exhume relatively deep material (e.g., mid- to lower crustal levels or upper mantle rocks) to the seafloor, favouring an efficient
cooling of the lithosphere (e.g., mylonitic structures evolving into cataclastic breccias as the detachment approaches the seafloor). Recently,
Epin and Manatschal (2018) highlighted the oceanward in-sequence migration of the successive extensional detachment faults (each one
cross-cutting the previous one) in the most distal part of the fossil Adriatic margin (Err and Platta nappes; cf. Excursions C and D).

Since their discovery inthe Alpine orogen, extensional detachment structures have been increasingly recognized at present-day rifted margins,
from ultra-distal (e.g., Reston et al., 1995) to less distal environments (i.e., necking domain; Osmundsen and Péron-Pinvidic, 2018). Growing
evidence confirms that the proximal domain of rifted margins is generally comprised of little thinned (30+5 km) continental crust essentially
affected by high-angle normal faults, while the significantly thinned (25-0 km) continental crust of the distal domain is affected by both high-
angle normal faults and low-angle detachment faults (Fig. 1.3b).

The dredging (Boillot et al., 1980) and drilling (Boillot et al., 1987) of serpentinized peridotites directly overlain by post-rift sediments
offshore the Iberian margin laid the ground for a change of paradigm in the interpretation of the OCT. In the Alps, mantle rock exposures
that had been described as early as 1905 (e.g., Steinmann, 1905) and interpreted as exhumed along extensional detachment faults
by Decandia and Elter (1969, 1972) received renewed interest after having been discarded, disregarded, or misinterpreted following
the emergence of the Plate Tectonics theory. For instance, Trommsdorff et al. (1993) and Hermann and Mintener (1996) interpreted
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the Malenco serpentinites as syn-rift exhumed subcontinental mantle. And Florineth and Froitzheim (1994), Froitzheim and Manatschal
(1996), and Whitmarsh et al. (2001) suggested that the play of extensional detachment faults could explain, on the one hand, the presence
of subcontinental mantle at the seafloor offshore Iberia, and on the other hand the existence of allochthonous blocks of continental crust
over exhumed mantle both in the former distal Adriatic margin of the Alpine Tethys and offshore Iberia (Fig.l.3e).

Later, Reston and McDermott (2011), Sauter et al. (2013) and Gillard et al. (2016a) advocated for the activity of successive in-sequence, out-
of-sequence and/or flip-flop extensional detachment faults in the process of subcontinental mantle exhumation and highlighted the variability
in morphology of detachment systems.

Unravelling rifting evolution: from a monophase to polyphase extension

Improvements in understanding rifting have been intimately tied to stratigraphic studies on rifted margins. Indeed, when the sedimentation
rate is sufficiently high with respect to the rate of accommodation space creation, sediments (and magma) efficiently record the tectonic
evolution.

The stratigraphic record of a margin can be split up into three sedimentary megasequences, namely a pre-, asyn- and a post-rift megasequence,
deposited respectively prior to the onset of rifting, during rifting and after the termination of rifting (Hubbard, 1988). In the absence of pre-
rift tectonic events, pre-rift deposits are essentially comprised of parallel strata (i.e., without growth structures; violet sediments in Figs. 1.3a
and 1.4). Post-rift deposits are made of un-extended sedimentary packages that drape or onlap against pre-existing topography and offlap
oceanward (green sediments in Fig. l.4g). The architecture of syn-rift deposits is more complex and has been the matter of much research
and many debates (compare blue sediments in Figs. 1.3a and |.4g).

Until the late 1980s, the “rigid domino fault block” model prevailed for interpreting rifted margins (Fig. [.3a). This conceptual model assumes
that upper crustal blocks rotate rigidly with a diffuse accommodation zone at their base (Hardy, 1993). All faults and intervening tilted blocks
are required to move and stop moving simultaneously, and thus, according to this model, the syn-rift megasequence must be synchronous
across the entire margin. When the sedimentation rate is high enough, syn-rift deposits must all display a wedge-shape architecture that
thickens toward the adjacent normal fault (blue sediments in Fig. .3a). In this model, both the base and top of the syn-rift megasequence are
ideally marked by an isochronous change in the strata dip across the entire margin, either between parallel pre-rift deposits and wedge-shape
syn-rift deposits in the former case, or between wedge-shape syn-rift deposits and parallel post-rift deposits in the latter (Fig. 1.3a).

From the 1990s to the early 2000s stratigraphic studies from both the Alps (Froitzheim et al., 1990) and the Iberia-Newfoundland margins
(Murillas et al., 1990; Wilson et al., 2001) highlighted that the Alpine Tethys and southern North-Atlantic rifting were achieved via two main,
distinct, and successive extensional phases. During the first, so-called low-B phase (where B corresponds to the ratio length prior to extension/
length at the end of extension; McKenzie, 1978), numerous and broadly distributed half-graben basins bounded by high-angle normal faults
formed over a wide region (Fig. 1.4b), resulting in only minor crustal and lithospheric thinning (1/8<1.5). During the second, so-called
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Fig. 1.4 - lllustration of the polyphase rift model where the area of continental crust (dark grey) and the length of pre-rift sediments (violet) are preserved (modified from Chenin
et al., 2022). a) Pre-rift stage; b) stretching phase (low-B phase): broadly distributed high-angle normal faulting rooting in the brittle-ductile transition; c) early necking phase
(onset of the high-B phase): individualization of the keystone block; d) late necking phase: basement exhumation via extensional detachment faults and onset of keystone thinning/
disintegration; e) hyperextension phase: onset of asymmetric deformation with the individualization of an upper-plate- (right-hand side) and a lower-plate (left-hand side) margin;
f) mantle exhumation phase achieved via flip-flop extensional detachment faulting; g) onset of seafloor spreading; g1-g5: close-up on the stratigraphic architecture in the different
rift domains of the passive margins. Abbreviations: d. and dom.: domain; LP: Lower Plate; TS: Tectonic Sequence; UP: Upper Plate. BB1-BB7 refer to the margin Building Blocks

defined in section 4.

high-B phase, tectonic activity was localized in the future distal margins only (Figs. I.4b-1.4f) and significant crustal thinning (1/>1.5) was
achieved via both normal and detachment faulting, and via the attenuation of ductile middle- and/or lower crustal layers (Manatschal et
al., 2001).

In the mid-2000s, Lavier and Manatschal (2006) suggested that rifting was achieved via successive and distinct deformation modes. In
their numerical models, deformation evolves from initially distributed extension with limited crustal and lithospheric thinning (the so-called
stretching phase; Fig. 1.4b) to increasingly localized deformation with significant crustal and lithospheric thinning (the so-called thinning
phase; Figs.l.4c-l.4e) and (mantle) exhumation phases (Fig. 1.4f). A few years later, the thinning phase was subdivided into a necking
phase (Chenin et al., 2018a; Ribes et al., 2020; Figs. I.4c and 1.4d) and a hyperextension phase (Epin and Manatschal, 2018; Nirrengarten
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et al., 2016; Fig. I.4e). Here we name polyphase rifting the succession of the stretching, necking, hyperextension, and mantle exhumation
deformation modes that is thought to consistently rule magma-poor rifting (Chenin et al., 2022).

Recent field observations from the Alps (Ribes et al., 2019a), seismic interpretation at the South China Sea (Chao et al., 2021; Luo et al.,
2021), and numerical models (Pérez-Gussinyé et al., 2020) suggest that the different deformation modes play sequentially (one after the
other) and affect successively ever narrower regions. This implies that at the shift between two deformation modes, extension stops (and thus
passive infill sedimentation starts) in some regions, while rifting continues in others (cf. sections 2.2.1, 5.2, and 5.3).
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STATE OF THE ART ON MAGMA-POOR RIFTED MARGINS AND RIFTING PROCESSES

Margin architecture: rift domains and related deformation modes

Definition of rift domains

Based on the dip angle of the top basement and Moho, which are usually the two most consensual interfaces recognized on seismic sections
(red lines in Fig. 1.5a), Sutra et al. (2013) identified four systematic rift domains. From the continent toward the ocean, these domains are:

¢ the proximal domain where the top basement and Moho are sub-horizontal and parallel and where the crust is only a little thinned (30+5
km);

¢ the necking domain where the crust is thinned from 30+5 km to ca. 10 km;

¢ the hyperextended domain where the crust is thinned from ca. 10 km to 0 km. Compared with the necking domain, the angle of the
aperture between the top basement and Moho is lower and more consistent in the hyperextended domain (Sutra and Manatschal, 2012;
Nirrengarten et al., 2016; Fig. 1.5a);

¢ the exhumed mantle domain where the subcontinental lithospheric mantle is exhumed to the seafloor.

Based on a worldwide compilation of seismic sections, Chenin et al. (2017) proposed that each domain displays a typical range of width,
namely: necking domains range between ca. 10 and 100 km with an average of 55 km; hyperextended domains between ca. 20 and 70 km
with an average of 50 km; and exhumed mantle domains between 20 and 110 km with an average of 60 km (Fig. I.5b). They also highlighted
the lack of correlation between the width of the different domains for a given margin (Fig. 1.5¢).

Linking rift domains to lithologies, rheologies, and deformation processes

The variability in the angle of the aperture between the top basement and Moho among the different domains of rifted margins (red lines in
Fig. I.5a) is interpreted to reflect changes in the rheology and/or in the composition of the continental crust and underlying mantle (Sutra
and Manatschal, 2012; Nirrengarten et al., 2016; Chenin et al., 2017; Figs. 1.5d and |.5e). Recently, Chenin et al. (2022) proposed that each
domain is linked to a specific deformation mode at play during rifting (Fig. 1.5f).

In the proximal domain, crustal thinning is minor and broadly distributed. It is accommodated by the formation of numerous and broadly
distributed half-graben basins in the brittle upper crust and by ductile deformation within the middle- to lower crust (i.e., decoupled
deformation). The proximal domain is associated with the stretching phase of Lavier and Manatschal (2006). Its tectono-thermal evolution
is essentially ruled by the pure-shear/depth-uniform thinning model of McKenzie (1978). In the proximal domain, neither the composition of
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Fig. .5 — a) Schematic cross-section highlighting the primary morphology of a “magma-poor” rifted margin and its relationship with the different rift domains (from Chenin et
al., 2017); b) width of the different distal domains (necking, hyperextended and exhumation (from Chenin et al., 2017); c) width relationships among the different distal domains
(from Chenin et al., 2017); d) schematic cross-section displaying the first-order rheological profile associated with each rift domain; e) schematic cross-section showing the first-
order lithological architecture of a rifted margin (modified from Chenin et al., 2017); f) schematic cross-section displaying the dominant deformation mechanism associated with

each domain (Chenin et al., 2022). Abbreviations: Atl: Atlantic; asth.: asthenosphere; hyperext. crst.: hyperextended crust; Nwfnld: Newfoundland.

the crust, nor that of the mantle is significantly modified, and thus their lithology is comparable to that of the pre-rift (or adjacent non-rifted)
lithosphere (Chenin et al., 2017; Fig. .5e).

In the necking domain, the convergence between the top basement and Moho is interpreted to reflect the progressive removal of ductile
layers (Pérez-Gussinyé et al., 2003; Sutra et al., 2013). Significant crustal thinning is achieved via detachment faulting (Mohn et al., 2012;
Osmundsen et al., 2018; Ribes et al., 2020), which is interpreted to result from viscoplastic necking of the lithosphere (Chenin et al., 2018a).
Compared with the early stretching phase, the necking phase is characterized by a focalization of the deformation into a narrower region
(ca. 20-100 km) according to the analytical study by Fletcher and Hallet (1983), the seismic observations by Chenin et al. (2017), and the
numerical models by Chenin et al. (2018a). In the necking domain, neither the composition of the crust, nor that of the mantle is significantly
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modified, and thus their lithology can also be approximated by that of the pre-rift (or adjacent non-rifted) lithosphere (Chenin et al., 2017;
Fig. l.5e).

In the hyperextended domain, there are no decoupling ductile layers left in the crust, and thus faults cut through it and propagate down
into the upper mantle (i.e., coupled deformation). The relatively uniform dip angle between the top basement and Moho among margins is
interpreted to express the frictional thinning of a fully brittle continental crust over a weak serpentinized mantle, which was recognized to
follow the extensional Coulomb’s Wedge Theory (Nirrengarten et al., 2016). Field observations show that crustal thinning is achieved via in-
sequence detachment faulting that progresses oceanward (Epin et al., 2018). In the hyperextended domain, the continental crust is highly
fractured, and efficient fluid circulation occurs along faults, forming convection cells (e.g., Manatschal, 1999; Pinto et al., 2015; Incerpi et
al., 2018; see also the Fluids thematic sheet). At the same time, the asthenosphere rise generated by lithosphere thinning results in its partial
melting. The produced melts migrate upwards and (re)fertilize the inherited subcontinental lithospheric mantle (i.e., Mantle type 2 in Picazo
et al., 2016; Fig. 1.5e; see also the Petrology thematic sheet).

The exhumed mantle domain corresponds to the domain where the subcontinental lithospheric mantle is exhumed to the seafloor (top
basement = Moho; Fig. I.5a). The mantle exhumation phase is controlled by the play of successive, either in- or out-of-sequence detachment
faults (e.g., Reston and McDermott, 2011; Sauter et al., 2013; Gillard et al., 2016a; Fig. 1.5f). On seismic sections in depth, the exhumed
mantle domain is characterized by a relatively corrugated top basement, which results from extensive normal faulting of the detachment
surface (e.g., Gillard et al., 2016b). The top 6 km of the basement is comprised of a decreasingly serpentinized mantle (Gillard et al., 2019).
The underlying mantle is infiltrated/(re)fertilized (i.e., Mantle type 2 in Picazo et al., 2016; Fig. 1.5e) and displays an increasing number of
intrusive magmatic bodies oceanward (Gillard et al., 2019). The oceanic domain is characterized by homogeneous, 5-7 km-thick Penrose-
type oceanic crust underlain by depleted oceanic mantle, or by asthenospheric mantle at the mid-oceanic ridge (Fig. 1.5e). On seismic
sections, the top basement and Moho are largely flat and parallel (Fig. .5a). At present, no evidence for such a mature oceanic domain could
be found in the former Alpine Tethys rift system (Picazo et al., 2016).

The stratigraphic record of rifting

Definition of Tectonic Sequences and notions of pre-, syn- and post-tectonic

Considering that each rift domain (proximal, necking, hyperextended, and exhumed mantle domain) is dominantly controlled by one specific
deformation mode (pure shear, viscoplastic necking, frictional thinning, and flip-flop detachment faulting, respectively), and assuming that
these deformation modes are active during distinct periods of time (see previous section), Ribes et al. (2019a) defined four system tracts,
namely the stretching, necking, hyperextension, and mantle exhumation system tract. Here we follow Chenin et al. (2022) in referring to these
as Tectonic Sequences.
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A Tectonic Sequence (TS) encompasses all the sediments deposited during the period of activity of the corresponding deformation mode (see
the Tectono-stratigraphy thematic sheet).

The recognition of passive infill deposits emplaced during rifting in the proximal domain of the Alpine Tethys margins led Masini et al. (2013)
to redefine the term syn-rift. They suggested restricting the use of syn-rift to its temporal dimension with respect to the overall rifting event
and using the terms pre-, syn- and post-tectonic to characterize the architecture of sedimentary deposits with respect to the local tectonic
activity (Figs. 1.6a-1.6d). In this perspective, pre-rift sediments are necessarily pre-tectonic and post-rift sediments are necessarily post-
tectonic. However, syn-rift sediments may be either pre-, syn- or post-tectonic (Fig. |.6e).

In the absence of pre-rift tectonic events and inherited topography, pre-tectonic sediments display horizontal and parallel strata of a constant
thickness (Fig. 1.6a). Syn-tectonic sediments are usually wedge-shaped, but their architecture varies depending on the type of fault they
are associated with. We name them half-graben wedge-shaped when associated with the play of a high-angle normal fault (Fig. 1.6b) and
supra-detachment wedge-shaped when related to an extensional detachment fault (Fig. 1.6¢). Note that supra-detachment wedge-shaped
sediments may be hard to distinguish from pre- and post-tectonic deposits because the wedge morphology may be little expressed, especially
when sedimentation rate is low compared to the extension rate along the fault (Fig. .6f). However, extensional detachment faults are generally
associated with cataclastic breccias and black gouges (Chester et al., 1986; Manatschal et al., 2000) and the surface of an exhumed

timing with respect to rifting

pre-rift syn-rift post-rift
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Fig. 1.6 (modified from Chenin et al. 2022) — a-d) Stratigraphic architecture of sedimentary deposits (a) pre-tectonic; (b) syn-tectonic normal fault-related; (c) syn-tectonic
detachment fault-related; and (d) post-tectonic; e) table synthetizing the time-sediment architecture relationships during the different rift megasequences; f) cartoon displaying
the evolution from a high-angle normal fault into a long-offset detachment fault when the amount of exhumed basement increases.

(2'T)ST - £20Z sdew pue sdiij pjalj [edlsojoas ’

S9)}0U UOISINIXD



_ —‘1— —

detachment is typically overlain with tectono-sedimentary breccias (Collettini, 2011; Masini et al., 2011; Fig. 1.6¢). Post-tectonic deposits are
either made of horizontal strata onlapping against/draping residual rift-related topography, or of strata offlapping/downlapping onto exhumed
basement or oceanic crust (Fig. 1.6d). In the absence of rift-related topography or syn-tectonic deposits between them, pre- and post-tectonic
deposits are practically indistinguishable.

The Wheeler diagram of an ideal magma-poor rifting event

The Wheeler diagram is a powerful graphic representation of the tectono-stratigraphic evolution of a geological system through both space
and time. Fig. 1.7 synthesizes into Wheeler diagrams the major paradigm shifts achieved between the tectono-stratigraphic model of the
20" century (“tilted block rift model”; Fig. I.7a) and the “polyphase rift model” currently admitted/in progress (Fig. I.7b; for details see the
Tectono-Stratigraphy thematic sheet).

The most important changes in the polyphase tectono-stratigraphic model compared to the tilted block model arises from (1) the consideration
of new real estate creation owing to basement exhumation via extensional detachment faults, and (2) the recognition that rifting is a localizing
extensional process during which the size and/or location of the actively deforming region varies with time. This model will be illustrated with
the example of the Alpine Tethys rifting in section 5.2.
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Fig. 1.7 (modified from Chenin et al., 2022) - Schematic view of a rifted margin and corresponding Wheeler diagram according to (a) a “tilted block” tectono-stratigraphic model;
(b) a “polyphase” tectono-stratigraphic model. Abbreviations: BPR: Base of the Post-Rift megasequence; BNk: Base of the Necking Tectonic Sequence; BSR: Base of the Syn-
Rift megasequence; CB: Continental Breakup; dom.: domain; exhum. d.: exhumed mantle domain; hyprxt. TS: hyperextension Tectonic Sequence; LB: Lithospheric Breakup; m.
exh. TS: mantle exhumation Tectonic Sequence; neck. TS: necking Tectonic Sequence; o.d.: oceanic domain; OCB: Ocean-Continent Boundary; OCT: Ocean-Continent Transition;

stretch. TS: stretching Tectonic Sequence; TS: Tectonic Sequence.
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PALEOGEOGRAPHIC FRAMEWORK AND TECTONIC EVOLUTION OF THE ALPINE TETHYS REALM

The Alpine Tethys realm: a large-scale perspective

The late Palaeozoic paleogeographic evolution was dominated by the agglomeration of the Pangea supercontinent (Fig. 1.8a), which was
manifested in Western Europe by the Variscan orogeny (Fig. 1.8b). Rifting of the Alpine Tethys took place in the framework of the subsequent
world-wide rifting event that led to the fragmentation of Pangea from latest Triassic onward (e.g., Miller et al., 2016).

In the future North Atlantic and western Mediterranean regions, the latest Triassic to Early Cretaceous rifting seeded largely around the core of
the Variscan orogen (Chenin et al., 2015; Chenin et al., 2019a). During the Late Jurassic, the resulting oceanic basins were part of an equatorial
spreading system that extended from the Caribbean to the western Mediterranean region via the Central Atlantic Ocean, continued eastward
between the Iberian and African plates into the Alpine Tethys rift system and beyond into the Paleo- and/or Neo-Tethys Ocean(s) (Fig. .8c).
The tectonic evolution of the Alpine Tethys rift system was controlled by the movements of three major tectonic plates (the North American,
African, and Eurasian plates), and two smaller plates (the Iberian and Adriatic plates, e.g., Hosseinpour et al., 2016). While the movements
of the major plates are reasonably well constrained, that of the smaller plates is still a matter of debate (Frasca et al., 2021; Le Breton et al.,
2017; Schmid et al., 2017). Basically, the opening of the Alpine Tethys in the Early Jurassic separated the Eurasian/Iberian plates from the
Adriatic/African plates.

Paleogeographic evolution of the Alpine Tethys realm

Three main successive rifting phases can be distinguished in the Alpine Tethys region:

e the first episode of rifting took place during the Middle- to Late Triassic and led to seafloor spreading in the Meliata-Vardar domain, east of
the Adriatic plate. This rifting event is documented and dated by magmatic intrusions and sedimentary deposits (e.g., Anders et al., 2007).
It was contemporaneous with rifting of the future Central Atlantic Ocean. The relationships between the Meliata-Vardar domain and the
Paleo- and/or Neo-Tethys Ocean(s) to the east remain, however, poorly constrained.

e Subsequently, rifting of the Alpine Tethys started west of the future Adriatic plate with the opening of the Liguria, Piemonte, and Valais branches
during the Early Jurassic (ca. 185 Ma; Galster et al., 2012; Manatschal et al., 2006). The age of this second rifting event is documented,
among others, by cooling ages of middle- to lower crustal rocks (e.g., Mohn et al., 2012) and by sedimentary deposits (e.g., Masson et al.,
2008; Ribes et al., 2019a). No evidence of a steady-state seafloor spreading is recorded in the ophiolites of any branch of the Alpine rift
system (Picazo et al., 2016).

(2'1)ST - £202 sdew pue sdli} pjaiy [e2150/098 ’

S9)}0U UOISINIXD



e The third rifting event recorded in the
peri-Tethyan region corresponds to the
opening of the future North Atlantic
Ocean and Bay of Biscay during the Late
Jurassic to Early Cretaceous (Nirrengarten
et al., 2018). Seafloor spreading initiated
during the late Early Cretaceous in the
North Atlantic segment (late Aptian-early
Albian; Tucholke et al., 2007) and in the
Bay of Biscay (earliest Albian; Montadert
et al., 1979; Thinon et al., 2003).

The details of the Alpine Tethys region
paleogeography remain a matter of much
controversy and debate. The main problems
arise from (1) the lack of magnetic anomalies
from the former Alpine Tethys “Ocean”;
(2) the identification and restoration of
hyperextended domains; and (3) the
recognition of strike-slip and intracontinental
movements.

Today’s challenges in the paleogeographic
reconstruction of the Alpine Tethys include,
among others: (1) determining the oceanic

Fig. 1.8 — a) Worldwide paleogeographic
reconstruction at ca. 250 Ma (Permo-Triassic) by Torsvik
et al. (2012); b) Palaeozoic orogenic belts in Europe,
North America and Africa in latest Palaeozoic (modified
from Nance et al., 2010); c) worldwide paleogeographic
reconstruction at ca. 120 Ma by Frizon de Lamotte et

al. (2015).
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versus non-oceanic nature of the rift basins; (2) assessing the movements of the Iberian and Eurasian plates; (3) recognizing the former
conjugate margins and determining the importance of rift-related segmentation in the Alpine Tethys rift system; and (4) integrating realistic
margin architectures in (deformable) plate reconstructions.

Alpine tectonic evolution

By and large, the Alps are the product of the convergence between the Eurasian and African plates and their interference with the smaller Iberia
and Adriatic plates. The Alpine orogen was essentially constructed through three successive, but not coaxial, phases of convergence, namely the
Eoalpine, Mesoalpine, and Neoalpine orogenic phases (Fig. 1.9; Hunziker et al., 1992; see also the Tectono-Structural thematic sheet).

)

ii)

The Eoalpine orogenic phase (Figs.l.9a and 1.9d). From the Late Jurassic to the Late Cretaceous, NNE-directed closure of the Meliata-
Vardar domain led to the construction of a strike-slip dominated thrust wedge that propagated from the north-eastern margin of Adria
towards the WNW (Kley et al., 2008). During this event, the proximal margin, distal margin, and OCT of north-western Adria (i.e., the
Adriatic margin that faced the Piemonte branch of the Alpine Tethys) were telescoped into a number of thrust sheets, so-called Eoalpine
Austroalpine and Upper Penninic thrust complexes, which are today exposed in the Eastern and Central Alps (Froitzheim et al., 1994,
1996; Schmid et al., 2004). The geological record of this orogenic event is essentially limited to the former northern Adriatic margin.
The Mesoalpine orogenic phase (Figs. 1.9b and 1.9d). At ca. 84 Ma (Late Cretaceous), the NNE-directed movement of the African plate
relative to Europe rotated counterclockwise to an NNW-directed contraction (Kley et al., 2008), which led to the subduction of parts of
the Alpine Tethys beneath the Adriatic plate. This event resulted in the telescoping of the European passive margin, and eventually in the
emplacement of the Eoalpine Austroalpine and Penninic thrust complexes as an orogenic lid over the European shelf (Helvetic units; e.g.,
Pfiffner et al., 2002; Schmid et al., 1996).

Eocene subduction-related metamorphism affected parts of the Piemonte-Liguria and Valais basins, and later the most distal parts of the
European margin. In contrast, shallow crustal levels of the European margin were scraped off and accumulated in crystalline basement
units and sedimentary décollement nappes (Pfiffner et al., 1997). Thrust sheets derived from the Adriatic margin and OCT were always
in the hanging wall of the subducting European plate during the Mesoalpine phase, therefore they escaped subduction, and hence high-
pressure metamorphism.

In the Grisons region, the Cenozoic continental collision between the Adriatic margin and the Brianconnais unit-European margin affected
only the northern parts of the former distal Adriatic margin and OCT. In contrast, the rear of the margin was only weakly reactivated. The
Late Cretaceous nappe stack was thrust more or less “en bloc” to the north, over the Brianconnais and Valais units (i.e., the Middle- and
North Penninic units, respectively). In the South Alpine domain, a southward propagating thrust wedge affected the southern Adriatic
domain, whose southwestern part had escaped the previous Eoalpine orogeny (Doglioni et al., 1987; Schumacher et al., 1997; Zanchetta
et al., 2015).
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iii) The Neoalpine orogenic phase (Fig. 1.9¢). From late Eocene

onward (ca. 35 Ma), a substantial shift from essentially
N-directed to WNW-directed shortening occurred at the scale
of the entire Alpine orogen (Handy et al., 2010). This shift was
linked to the anticlockwise rotation of the Adriatic indenter
following the kinematic reorganization of the Alpine orogenic
system (transition from the collision in the Mesoalpine system
to subduction in the Eastern Mediterranean). This final phase is
largely responsible for the arcuate shape of the Alpine orogen.
It also formed most of the relief of the Western Alps along the
Franco-Italian boundary. The kinematic reorganization was
accompanied by substantial magmatic activity (e.g., Periadriatic
plutons emplacement between 33 and 31 Ma), a drastic
increase in the sedimentary budget (e.g., overfill of the eastern
and western foreland basins) and the onset of dextral strike-slip
movements in the Periadriatic system. These events are usually
regarded as linked to the onset of slab breakoff beneath the
Central Alps (von Blanckenburg and Davies, 1995; see also Ji et
al., 2019, for an alternative interpretation).
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Fig. 1.9 (modified from Mohn et al., 2011) - Paleogeographic evolution in the Alpine
Tethys region during (a) the Early- to Late Cretaceous closure of the Meliata-Vardar
domain; (b) the Late Cretaceous-late Eocene closure of the Alpine Tethys rift system; (c)
the Oligocene-Miocene subduction in the Eastern Mediterranean; d) schematic cross-
section through North-Adria and the east European margin (see panel b for location)
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RECONSTRUCTING THE FORMER ALPINE TETHYS RIFTED MARGINS

The Alpine Tethys margins have been partly accreted and subducted during the Cretaceous and Cenozoic Alpine compressional events (see
previous section). Thus, only remnants of the former margins are now embedded in the Alpine nappe stack. The restoration of the Alpine
Tethys margins relies on our capacity to (1) identify such remnants, and (2) put them back into a pre-Alpine rift system template.

Until the late 2010s, the restoration of the Alpine Tethys margin was based on the identification of Alpine paleogeographic domains and
geological units, which relied on: (i) their tectonic position within the orogenic nappe stack; (ii) the facies and stratigraphic successions
observed in their pre-, syn- and post-rift sedimentary cover; and to a lesser degree (iii) the nature of their basement (i.e., pre-rift upper-,
middle- or lower continental crust, exhumed mantle or oceanic crust). Recently, Manatschal et al. (2022) proposed an approach relying on
the identification of Building Blocks (BBs) characteristic of specific rift domains and their restoration into a generic magma-poor rifted margin
template.

In the following, we first briefly introduce the main Alpine paleogeographic domains and relate them to the former Alpine Tethys rift system.
Second, we summarize the characteristics of the seven different types of BBs identified in the Alps. Third, we describe how transects across
the former Alpine Tethys were reconstructed and paleogeographic maps were drawn.

Main Alpine paleogeographic domains

The Alps can be subdivided into three main paleogeographic domains, namely the Helvetic/Dauphiné, Penninic, and Austroalpine/South Alpine
units. These correspond respectively to the proximal European margin, the distal European margin and OCT(s)/proto-oceanic domain(s), and
the Adriatic margin. Each of these domains is comprised of several nappes and units (Figs. [.0Oc and [.0d).

The Helvetic/Dauphiné domain - The proximal European margin

The Helvetic/Dauphiné domain corresponds to the light-blue domainin Figs. 1.0a, 1.0c, and 1.0d. It represents the proximal part of the European
margin. The Dauphiné domain in the Western Alps is the equivalent of the Helvetic domain in the Swiss Alps.

The basement of the Helvetic/Dauphiné domain is made of polymetamorphic Variscan rocks and in some places Permian sedimentary basins
that formed during the post-orogenic collapse of the Variscan range. These are overlain with pre-rift Permo-Triassic sub-aerial and shallow-
marine sedimentary rocks (essentially sandstones, dolostones, and evaporites; 1 in Fig. [.10a). The Variscan basement crops out at the so-
called External Massifs (i.e., the Argentera, Pelvoux, Belledonne, Mont Blanc, Aiguilles Rouges, Aar, and Gotthard massifs; Fig. |.0a).

The limit between the northern external part of the Alpine orogen (i.e., the Helvetic/Dauphiné domain) and the internal part (i.e., the Penninic
domain - see next paragraph) is a major thrust fault named the Penninic Front (P.F. in Figs. I.0a and I.0c).
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The Penninic domain - The distal European margin and Alpine Tethys proto-oceanic domains

The Penninic domain comprises ophiolitic and continental remnants derived from the distal European margin (dark-blue domain in Figs. 1.0a,
I.0c, and 1.0d) and proto-oceanic parts of the Alpine Tethys, namely the Valais domain (olive-green domain) and the Ligurian and Piemonte
domains (dark-green domain).

Remnants from the distal European margin are comprised of polymetamorphic Variscan basement rocks intruded and/or underplated by
magmatic bodies (Fig. I.10b). Some of the Penninic nappes locally carry relics of Permo-Triassic sediments.

Remnants from the Valais Basin comprise serpentinized subcontinental mantle, metabasalts, and metagabbros, as well as calcschists that
represent their former sedimentary cover (Fig. 1.10a).

Remnants from the Liguria-Piemonte domain display relics of serpentinized subcontinental mantle covered with deep-water sediments (Fig.1.10a5)
but no evidence for a depleted oceanic mantle indicative of a mature oceanic spreading system (Picazo et al., 2016; Petrology thematic sheet).
In the Western Alps, nappes comprised of shallow-water pre- and syn-rift sediments and pelagic deep-water post-rift sediments can be found
in-between the nappes sampling the former Valais and Liguria-Piemonte domains. These relationships suggest the existence of a ribbon of
continental crust between the Valais and Liguria-Piemonte basins (Figs. [.0b and 1.0d). This ribbon of unknown thickness and lateral extent is
referred to as the Brianconnais domain.

The Austroalpine/South Alpine domain - The Adriatic margin

The Austroalpine/South Alpine domain comprises remnants from the former Adriatic margin. At present, the Austroalpine unit is separated
from the South Alpine unit by the Insubric Line (Schmid et al., 1987), which represents both a major orogenic structure and a former transfer
zone between the former Northern- and Southern Adria (Fig. 1.0b). Although Northern- and Southern Adria were never separated by an ocean,
these two domains display different tectonic histories. In contrast to the Austroalpine domain (N-Adria) where nappe stacking occurred
during the Late Cretaceous in the framework of the NNW-SSE Eoalpine contractional event, the South Alpine domain (S-Adria) recorded
essentially N-S convergence (i.e., perpendicular to the margin dip) during the Cenozoic Meso- and Neoalpine events. In this field guide, we
only discuss the Austroalpine domain.

The Austroalpine domain can be subdivided into a Lower- Middle- and Upper Austroalpine nappe system (Figs. 1.0a, 1.0c, and 1.0d; Mohn et
al., 2011):

¢ the Lower Austroalpine Nappe (dark-brown domain in Figs. 1.0a, 1.0c, and 1.0d) sample the hyperextended domain of the former north-western
Adriatic margin. Remnants of the hyperextended domaininclude essentially fragments of upper continental crust capped by low-angle extensional
detachment fault systems (Manatschal and Nievergelt, 1997; Epin and Manatschal, 2018). Extensional detachment faults are overlain with
allochthons of the upper crust and/or pre-rift sediments, as well as with deep-water syn- to post-tectonic sedimentary deposits (Fig. .10a).
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¢ The Middle Austroalpine Nappe (light-brown domain in Figs. 1.0a, 1.0c, and 1.0d) sample the necking domain of the former Adriatic margin.
Remnants of the necking domain display mid-crustal levels that were exhumed to the seafloor via intra-crustal shear zones and a crustal-
scale extensional detachment system (Mohn et al., 2012). This detachment system allowed for the exhumation of mid-crustal rocks,
including Permian magmatic intrusions (e.g., the Sondalo gabbro; Petri et al., 2019; Fig. 1.10b). No syn-rift sedimentary deposits are
preserved over this detachment system.

e The Upper Austroalpine Nappe (sand-colour domain in Figs. I.0a, 1.0c, and 1.0d) correspond to the proximal domain of the Adriatic
margin. Like in the Helvetic/Dauphiné unit, the continental basement is polymetamorphic, sometimes underplated and/or intruded by
mafic to acidic magmatic rocks and includes locally Permian basins filled with volcano-sedimentary deposits (Fig. 1.10b). This domain is
characterized by thick shallow- to deep-water Triassic carbonates filling and sealing half-grabens bounded by high-angle normal faults.
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Building Blocks (BBs) of the Alpine Tethys rift system

BBs are ideally kilometre-scale outcrops, where primary rift relationships between basement rocks, fault structures, and syn-rift
stratigraphic levels are preserved. BBs provide therefore information about (1) the nature of the basement (continental crust, exhumed
mantle, or magmatic crust); (2) depositional environments and stratigraphic thickness, and hence indications on accommodation space.
The latter can be used as a proxy for first-order crustal thickness by applying isostatic principles (e.g., Tugend et al., 2014); and (3) the
geometry and age of rift structures. In the Alps, seven types of BBs can be described (Manatschal et al., 2022). In the following, we refer
to them as BB1, BB2, ... BB7, and exemplify each one with one or several type-localities.

BB1 (Fig. l.11) displays classical tilted blocks bounded by high-angle normal faults. The normal faults affect a 30+5 km thick crust, including
possible pre-rift sedimentary layers. The syn-tectonic deposits thicken towards the bounding faults. Basins can reach several tens of kilometres
in width and several kilometres in depth. The crustal extension is typically low (B<1.5), and the total accommodation space is minor, in line
with a syn- and post-rift bathymetry remaining shallow to moderately deep (<500 m). The type locality of BB1 is the Il Motto block in the Upper
Austroalpine unit exposed near Livigno in northern Italy (Eberli, 1988; Figs. 1.12.d and I.12.e; see also Excursion A). Other examples are the
Generoso Basin in the Southern Alps (Bernoulli, 1964) and the Bourg d’Oisans Basin in the Western Alps (Lemoine et al., 1986).

BB2 (Fig. 1.11) shows crustal-scale shear zones responsible for major crustal thinning/necking. They typically juxtapose upper- and middle-
crustallevelsviathe attenuation of ductile crustal layers. The totalaccommodation space and sediments related to BB2 are yet little investigated
but were recently discussed by Chenin et al. (2022). An example of BB2 is the Eita shear zone and Grosina extensional detachment fault
exposed in the Middle Austroalpine Grosina/Campo nappe at the Swiss-ltalian border (Mohn et al., 2012, 2014; Figs. 1.12.d and |.12.e).
However, the link between basement structures and the stratigraphic record is not well preserved in this area. More recent studies in the Mont
Blanc area (Western Alps; Ribes et al., 2020) and in the Cusio-Biellese zone (Southern Alps; Beltrando et al., 2015; Decarlis et al., 2017a),
both interpreted as remnants of BB2 (Figs. 1.12.d and I.12.e), show a complex isostatic evolution consisting in uplift and sometimes erosion,
followed by fast subsidence and aggradation.

BB3 (Fig.1.11) displays a major stratigraphic gap, also referred to as “the Brianconnais unconformity”. This prominent unconformity separates
tilted and eroded Triassic and Lower Jurassic platform carbonates from late Middle- to Upper Jurassic pelagic carbonates. It is recognized
throughout the Western and Central Alps in the so-called Brianconnais nappes (e.g., Lory, 1860; Lemoine, 1961) and is characteristic of the
former distal European margin. BB3 is best exposed in the Brianconnais nappes near the city of Briancon (south-eastern France; Claudel and
Dumont, 1999; Figs. l.12.d and I.12.e).

BB4 (Fig. I.11) shows an exhumation system comprised of successive in-sequence extensional detachment faults. These detachment faults
exhume mainly upper crustal levels to the seafloor and can accommodate large offsets (>10 km; Epin and Manatschal, 2018). The exhumed
basement is locally overlain with allochthonous fragments of the upper crust, pre-rift, and early syn-rift sediments. These structures are
covered by syn-tectonic deposits and sealed by post-tectonic deep-water sediments. The type-locality of BB4 is the Err detachment system
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Fig. .11 - The Building
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exposed in the Lower Austroalpine Err nappe north of the Julier Pass (e.g., Masini et al., 2012; Epin and Manatschal, 2018; Figs. 1.12.d and
I.12.e; see also Excursion C). Another nearby example is the Bernina extensional detachment system (Mohn et al., 2012).

BB5 (Fig.1.11) is the least known block and, in contrast to the others, it is not preserved in one single outcrop. It corresponds to major breccia
bodies of Jurassic and/or Late Cretaceous age that occur preferentially along the boundary between the Brianconnais and the Piemonte units
or are linked to the Valais Basin. These breccias were first interpreted as related to one or several submarine slopes owing to either large faults
or flexure (Haug, 1909; Lemoine, 1961,
1967). Ribes et al. (2019b) linked these ] -
breccias to submarine mega-fault scarps N % \_!E\urope
that are more favourably formed in the Iberia B
distal part of upper-plate margins (Haupert
et al.,, 2016). Type localities of BB5 are
(Figs.1.12.d and I.12.e) the Breccia Nappe
in the Préalpes (e.g., Chessex, 1958;
Steffen et al., 1993) and the Falknis breccia
(Ribes et al, 2019b).

BB6 (Fig. 1.11) displays a tectonically
exhumed serpentinized mantle capped
by extensional detachment faults and
ophicalcites. These are typically overlain by
silica-rich deep-water sediments (radiolarian
cherts). The nature of the exhumed mantle
is subcontinental (Mantle type 1 of Picazo
et al., 2016). Type-localities of BB6 are
(Figs. 1.12.d and 1.12.e) the Tasna Ocean-

Continent Transition (OCT) exposed north of Fig. 1.12 (modified from Manatschal et al. 2022) - a-c) Schematic maps showing the paleogeographic evolution of
. . . the Alpine Tethys during the: (a) Late Jurassic (150 Ma; assumed end of rifting/spreading in the Alpine Tethys); (b) late
Scuol in the Lower Engadm Va”ey (Florineth Pliensbachian (180 Ma; end of necking phase); (c) Early Jurassic (195 Ma; stretching phase). Interpretation based on
and Froitzheim, 1994; Manatschal et al.,  Decarlis et al.(2017a); d) zoom on (a) showing the locations of the BBs described in this study at Late Jurassic time; e)
. D . . location of the BBs on the present-day structural map shown in Figure 1.0.a. See also Figures 1.0a and 1.0b for position
2006’ Ribes et al., 2019C’ see Excursion of transects B-B’ and B”’-B’”’. Abbreviations: B. d’Oisans: Bourg d’Oisans Basin; M. Generoso: Monte Generoso Basin;
E) and the Upper Platta Nappe (Epin and  N-Ad.: northern Adria; P..L.: Paleo Insubric Line; PL: Proto-Liguria basin; PP: Proto-Piemonte basin; PV: Proto-Valais

Manatschal, 2018; see Excursion D). basin; see caption of Fig. 1.0 for the abbreviations used in panel (e).
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BB7 (Fig. 1.11) shows syn-tectonic magmatic additions related to mantle exhumation, as well as high- and low-angle faults affecting the
infiltrated subcontinental mantle (Mantle type 2 of Picazo et al., 2016). Extrusive magmatic products include OCT basalts related to incipient
magma production (Amann et al., 2020). Type-localities are (Figs. 1.12.d and 1.12.e) the Lower Platta Nappe exposed in the Surses valley in
the Grischun region of SE Switzerland (Desmurs et al., 2001; see Excursion D) and the Chenaillet Ophiolite (Manatschal et al., 2011).

All observations derived from field studies in the Alps are not considered in terms of BBs, and yet they are important for the restoration of
the former Alpine Tethys rifted margins. Such observations include the discovery of a fossil Moho in the Malenco Nappe (Hermann et al.,
1997), as well as the identification of lower crustal granulites linked to the intrusion of Permian gabbros in the Ivrea zone (Quick et al., 1992;
Barboza et al., 1999) and in the Sondalo region (Petri et al., 2016). These outcrops enabled us to understand the pre-rift crustal structure and
to reckon the pre-rift lithospheric conditions, determine the exhumation history, and assess the Pressure-Temperature-time (PTt) evolution
of the basement rocks during rifting (cf. Petrology thematic sheet). Studies on fluid inclusions and neo-formed minerals provide insights into
the hydrothermal processes at play during rifting (cf. Fluids thematic sheet).

Reconstructing the Alpine Tethys rift system

Reconstructing the transect across the Alpine Tethys shown in Fig. 1.0d required replacing the BBs along a generic magma-poor and sediment-
starved rifted margin such as the one described in Fig. .5. Overall, it took more than 50 years to find and define all BBs and determine the
characteristics common to magma-poor rifted margins (Fig. I.11; Manatschal et al., 2022).

BB1 (tilted blocks) have been imaged since the 1970ties in the proximal margin (Montadert et al., 1979). Until the late 1980ties, the entire
margin was assumed to be formed by such structures only. BB4 (in-sequence, oceanward dipping extensional detachment faults) was the
next BB to be identified when Froitzheim and Eberli (1990) demonstrated that the proximal and distal margins of the Alpine Tethys were
controlled by different fault systems. They recognized pre-Sinemurian high-angle faults (BB1) in the proximal margin and post-Sinemurian
extensional detachment faults in the distal margin (BB4). The recognition of BB6 (exhumed mantle) and BB7 (proto-oceanic crust) arose
from both the discovery of exhumed mantle along the Iberian margin (Boillot et al., 1987) and field evidence for extensional detachment faults
related to mantle exhumation in the Alpine Tasna and Platta nappes (Decandia and Elter, 1969; Florineth and Froitzheim, 1994; Manatschal
and Nievergelt, 1997). BB2 (necking detachment systems) was identified only in the early 2010s by Mohn et al. (2012) as they studied how
and when the crust underwent major crustal thinning. The recognition of BB5 required a detailed tectono-stratigraphic investigation of the
distal European margin, which enabled Ribes et al. (2019b) to link massive breccia bodies with rift models.

To reconstruct the three-dimensional architecture of the Alpine Tethys rift system, the lateral continuity of the margins needs to be integrated.
This requires first determining the extent of the different rift domains along the dip (proximal, necking, hyperextended, and exhumed mantle/
proto-oceanic domains), which can be approximated assuming that the width/scales of the Alpine margins are comparable to those of present-
day rifted margin domains (section 2.1.1.). Second, it requires correlating rift domains along strike. To do that, it is essential to determine
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whether the rift system was segmented and if so to locate the position of the main transfer zones. BB3 and BB5, which are characteristic of
upper-plate margins (e.g., Haupert et al., 2016), are missing in the Grischun transect of Northern Adria. This, together with the polarity of
exhumation faults at BB4 (i.e., location of fault breakaways and transport direction) leaves little doubt about the Grischun transect being a
lower plate margin (Epin et al., 2018). Based on the distribution of the BBs described above, Decarlis et al. (2017b) proposed a change in
the polarity from an upper- to a lower-plate margin across a transfer fault that corresponds to the present-day Insubric Line (Figs. .0a and
1.12). Its counterpart on the European margin has not been located yet, which makes the paleogeographic restoration of the Alpine Tethys
non-unique for the time being.

Our preferred view, which needs however to be confirmed by future studies, is that this conjugate pinpoint lies at the southern limit of Sardinia
and corresponds to the paleo-lberia-Europe plate boundary (Fig. 1.12a). In this view, the conjugate of the Grischun lower plate transect
(B"’-B’"") would correspond to the Sardinia-Calabria section, that would consequently be an upper-plate margin. The Southern Alps and
Apennine would correspond to an upper-plate margin and its conjugate Ebro/Balearian would be a lower-plate margin.
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THE SPATIO-TEMPORAL EVOLUTION OF THE ALPINE TETHYS RIFT SYSTEM

Unravelling the spatio-temporal evolution of a rift system requires the dating of specific rift events. Dating can be relative to other events; or
dating can be absolute when an age can be assigned (e.g., dating with radiogenic isotopes or stratigraphic ages).

Identification of the pre-, syn- and post-rift intervals

In the Alpine Tethys rift system, the onset of rifting is manifested by the first syn-tectonic deposits, the latest Triassic-earliest Jurassic in age
(ca. 201 Ma), best preserved in the proximal domain (e.g., Eberli, 1988; Ribes et al., 2019a). The end of rifting is more difficult to identify
due to the lack of evidence for a steady-state seafloor spreading system in the Alpine Tethys. Scattered basalts indicate only an embryonic
spreading system (Picazo et al., 2016; Amann et al., 2020). The end of rifting is often assumed to coincide with the deposition of the Callovian-
Bathonian radiolarian cherts (Bill et al., 2001), which are the first sediments overlying these basalts. However, in the absence of a mature
spreading system, this assumption can be questioned (Ribes et al., 2019a).

Definition and recognition of timelines

To establish absolute timelines that can be recognized across the entire margin, Ribes et al. (2019a) relied on the characteristic deposits of
three global events (Fig. 1.13): (i) the Toarcian Oceanic Anoxic Event (T-OAE; ca. 183 Ma); (ii) the Bajocian-Bathonian Bio-Siliceous Event
(BB-SiE; ca. 170 Ma); and (iii) the Tithonian Carbonate Event (T-CaE; ca. 152 Ma):

i) the T-OAE has been interpreted as a global anoxic event that induced a large enhancement of organic carbon deposition during the
early Toarcian (ca. 183 Ma). It translates to the worldwide deposition of black shales, a large drop in 6!°C values framed by two positive
excursions, a faunal turnover including the collapse of calcareous nannofossils, and a major transgression (Jenkyns, 1988; Bailey et al.,
2003; McArthur et al., 2008; Jenkyns, 2010; Huang and Hesselbo, 2014; Ullmann et al., 2014).

i) The BB-SIE is marked by the onset of bio-siliceous sedimentation in the Alpine Tethys realm, following a drop in the biodiversity of the
calcareous organisms (Bartolini et al., 1996; Chiari et al., 2008). In the distal domain of the Alpine Tethys, it translates to a shift from
siliceous pelagic limestones to lime-free radiolarites during the Bajocian (ca. 170 Ma; Bill et al., 2001; Baumgartner et al., 2013).

iii) TheT-CaE is marked by a shift from bio-siliceous sedimentation to carbonate sedimentation in most of the Tethyan basins (Baumgartner et
al., 2013). This change was interpreted as the result of a rapid decrease in nutrients availability during the late Oxfordian-early Tithonian,
which lessened radiolarian productivity. As a result, Tithonian nannofossils developed and formed the first planktonic-derived pelagic
limestone across the Alpine Tethys (Bornemann et al., 2003; Cecca et al., 2005).
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Here we add the Rhaetian Base of the Syn-Rift interval (R-BSR), a timeline that corresponds to the Trias-Jurassic transition. In the proximal
domain, the R-BSR corresponds to the onset of Alpine Tethys rift-related deformation.

Ribes et al. (2019a) emphasized that, although the T-OAE, BB-SIE, and T-CaE belong to the syn-rift time interval, the pre-, syn- or post-
tectonic nature of associated deposits varies across the Adriatic margin:

¢ in the proximal domain (Ortler and Ela nappes), the T-OAE, BB-SiE, and T-CaE timelines lie in post-tectonic deposits, and hence related
deposits are largely continuous through space (Fig. 1.13);

¢ in the necking domain (Campo-Grosina nappes), no syn-rift sediments are preserved therefore no assumption can be made on the
stratigraphic position of the T-OAE, BB-SIE, and T-CaE timelines (Fig. 1.13);
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¢ in the inner part of the hyperextended domain (Bernina Nappe) the T-OAE timeline lies at the top of the syn-tectonic deposits, while in
the outer part of the hyperextended domain (Err Nappe), it lies at the base of the syn-tectonic deposits. In both places, T-OAE deposits
are largely discontinuous. In contrast, the BB-SIiE and T-CaE timelines lie within post-tectonic deposits and related deposits are largely
continuous throughout the hyperextended domain (Fig. 1.13);

¢ in the exhumed mantle domain, the T-OAE timeline does not exist since mantle exhumation occurred later than the anoxic event. The
BB-SiE timeline lies within syn-tectonic deposits and the T-CaE timeline lies within the first post-tectonic sediments, onto the rare basalts
present in the exhumed mantle domain (Fig. .13).

Synthesis of the Alpine Tethys rifting

The transition of the T-OAE and BB-SiE timelines from post-tectonic settings in the proximal domain to syn-tectonic settings in more distal
parts of the Adriatic margin demonstrates that the rifting of the Alpine Tethys was a localizing deformation process, as expected for a polyphase
rifting event. Its evolution is interpreted as follows.

Rifting began in the latest Triassic-earliest Jurassic (at ca. 201 Ma) with differential tectonic subsidence throughout the future Alpine Tethys
realm via the formation of numerous, both east- and west-oriented, half-grabens (Fig. I.14b). These depocenters were bounded by listric
high-angle normal faults that sold out in the brittle-ductile transition at 10-12 km depth (see Excursion A). This period of widely distributed
extension is referred to as the stretching phase (Lavier and Manatschal, 2006).

During the Sinemurian-Pliensbachian (at ca. 191 Ma), deformation ceased abruptly in the future proximal domains of the rift system while
it started focusing on the future distal domain (e.g., Eberli, 1988; Ribes et al., 2019a). The switch from distributed to focused extension is
defined as the onset of the necking phase. It is indicated by: (i) the start of post-tectonic deposits sealing most of the half-graben depocenters
in the proximal domain (the so-called necking unconformity of Chenin et al., 2015); and (ii) the play of crustal-scale extensional detachment
faults exhuming mid-crustal levels to the seafloor (e.g., the Grosina detachment of Mohn et al., 2012; Fig. I.14c). Contemporaneously, the
future Brianconnais domain became transitorily emerged and eroded, and a thermal pulse was recorded at the base of the crust in the future
distal domain of the Alpine Tethys rift system (Chenin et al., 2019b, cum ref.). These events are interpreted to reflect the early mechanical
necking of the upper mantle beneath a yet little-thinned keystone of continental crust framed by two major fault zones (Manatschal, et al.,
2019; Schmalholz, et al., 2018).

Right after the Pliensbachian (at ca. 185 Ma), the first occurrence of Ni, Cr, and V in syn-tectonic minerals in extensional detachment
faults of the distal Adriatic margin evidenced the onset of crust and mantle mechanical coupling (Pinto et al., 2015; see the Fluids thematic
sheet), in other words, the onset of the hyperextension phase. This event was largely contemporaneous with the T-OAE (ca. 183 Ma), which
is observed in the syn-tectonic deposits overlying the detachment fault systems of the Adriatic hyperextended domain (Ribes et al., 2019a).
The play of successive in-sequence extensional detachment faults (Fig. 1.14d) was associated with the formation of cataclasites, gouges,
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and syn-tectonic phyllosilicates in their footwall, and tectono-sedimentary breccias in their hanging wall (Epin et al., 2017, 2018). At the
same time, hydrothermal fluid circulations caused the breakdown of feldspar into phyllosilicates within the continental crust and the onset of
subcontinental mantle serpentinization (Manatschal, 1999; Pinto et al., 2015; see also Appendix A3).

During the Bajocian-Bathonian (ca. 170 Ma), the subcontinental lithospheric mantle started to be exhumed to the seafloor via long-offset
extensional detachment faults (mantle exhumation phase; Fig. I.14e; Epin et al., 2019; Ribes et al., 2019a). The time interval of active
mantle exhumation is characterized by a strong enrichment in Ni, Cr, V, Fe, and Mn in the fault rocks of the detachment faults (gouges and
cataclasites), and in the syn-tectonic sediments deposited contemporaneously in adjacent basins (e.g., the Saluver C Formation; Pinto et al.,
2015). This enrichment resulted from the intense serpentinization of the uppermost mantle caused by efficient hydrothermal fluid circulation
along active detachment- and normal faults (Pinto et al., 2015; Incerpi et al., 2020a). Mantle was exhumed via both in- and out-of-sequence
detachment faults that played dominantly in the brittle regime (cataclasites and gouges imply temperature < 350°C; e.g., Picazo et al., 2013;
Epin et al., 2019). Mantle exhumation was also associated with nascent magmatic activity, as evidenced by deformed gabbros at depth and
deformed basalts at the paleo seafloor (Epin et al., 2019). Mantle exhumation formed dome-shaped topographies extending over ca. 15 x 20
km, similar to those observed at present-day oceanic core complexes (Epin et al., 2019; see Excursion D). Evidence for such relief includes a
local accumulation of (tectono-)sedimentary breccias and volcanic additions around the edges of the proto-oceanic core complex (Picazo et
al., 2013; Epinetal., 2019). Local ophicalcites found at the top of exhumed serpentinized mantle indicate either post-tectonic carbonation at
the seafloor at temperatures less than 150-100 °C (Picazo et al., 2013), or carbonatation at ca. 100 °C linked to the emplacement of basalts
(Coltat et al., 2019a).

The mantle exhumation stage is assumed to cease when the first MORB-type basalts and overlying radiolarian cherts are emplaced, that
is during the Callovian-Bathonian (ca. 165 Ma; Bill et al., 2001). Yet, since a mature seafloor spreading system is lacking, this age may be
questioned (Ribes et al., 2019a).
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EXCURSIONS

In the following, we propose five excursions to visit the north-western Adriatic margin, the Piemonte OCT/proto-oceanic domain, and the
distal European margin (Fig. 11.1).

Excursion A: The proximal domain of the Adriatic margin: || Motto in the Ortler Nappe (p. 43-55)
Excursion B: The inner part of the hyperextended domain of the Adriatic margin: Piz Alv-Diavolezza in the Bernina Nappe (p. 56-69)
Excursion C: The outer part of the hyperextended domain of the Adriatic margin: Bardella-Piz Nair in the Err Nappe (p. 70-89)

Excursion D: The exhumed mantle/proto-oceanic domain of the Ligurian-Piemonte Basin adjacent to the Adriatic margin: Val Julier-Falotta in
the Platta Nappe (p. 90-106)

Excursion E: The transition between the Brianconnais domain (distal European margin) and the Valais exhumed mantle domain: Motta-
Naluns in the Tasna Nappe (p. 107-131)

https://doi.org/10.3301/GFT.2023.02
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EXCURSION A
The proximal domain of the Adriatic maryin: Il Motto (Ortler Nappe, northern Italy)

ABSTRACT

Il Motto is a 2716 m high mountain close to the village of Livigno in northern Italy. It belongs to the Upper Austroalpine Ortler Nappe, which samples the proximal domain
of the former northern Adriatic margin. Il Motto preserves structural and stratigraphic relationships between a high-angle master fault bounding an extensional basin and
its pre-, syn- and post-tectonic sedimentary infill. It is a representative example of the numerous extensional basins that formed all over the proximal domain of both the
European and Adriatic margins of the Alpine Tethys.

This excursion aims to highlight (1) the structural and stratigraphic architecture of the former rift basin exposed at Il Motto; (2) the pre-rift geological setting in the Alpine
Tethys realm; and (3) the inversion of the Il Motto basin and reactivation of rift-related structures during Alpine convergence.

MAIN TAKE-AWAY OF THE EXCURSION

- Age of rift-related deformation: Lower Jurassic (Hettangian to Sinemurian, ca. 200 to 190 Ma), before the Toarcian oceanic anoxic event.

- Deformation style: distributed deformation (so-called “stretching”). The continental crust remained thick, as indicated by the moderate
creation of accommodation.

- Paleogeographic framework at the onset of rifting: the Alpine Tethys system overprinted an older rift system (Meliata-Vardar) that used to
be east of the Adria microcontinent (i.e., Alpine Tethys rifting was part of a so-called multistage rifting).

- Onset of Alpine reactivation: Late Cretaceous (Santonian/Campanian).

- Reactivation style: thin-skinned tectonics controlled by rift-inherited structures (decoupling salt layers).

- Main remaining questions: what is the nature of the contact between the Ortler and Campo nappes (i.e., Zebru thrust): why young on old?
Is it a rift-inherited structure? why is there no sediment on the Campo Nappe?

INTRODUCTION

The Ortler Nappe exposed in south-eastern Switzerland and northern Italy belongs to the Upper Austroalpine Nappe complex (Fig. 1.0). It
preserves remnants of the proximal domain of the former Adriatic margin. As it was only weakly deformed during Alpine convergence, the
Ortler Nappe provides good insights into the architecture and stratigraphy of the former Adriatic proximal margin. It also enlightens us on the
paleo-environmental settings at the onset of the Alpine Tethys rifting.
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The field trip takes place in northern Italy, close to the Passo d’Eira, above the village of Livigno. From Livigno, drive on road SS301 towards
Bormio and leave the car in the parking of the Passo d’Eira (P on Fig. Il.A.1; GPS: 46°32'19.1”N 10°09’54.3"E, i.e., 46.538643, 10.165090).

Stop 1: Il Motto (Viewpoint 1 in Fig. Il.LA.1; GPS: 46°32’31.0”N 10°09’49.7"E, i.e., 46.541939, 10.163795). From the northern end of the
parking, take the hiking trail heading north-northeast and walk-up ca. 300 m; look into the northwest toward Il Motto.

Stop 2: Monte Crapene (Viewpoint 2 in Fig. Il.A.1; GPS 46°32’49.6”"N 10°10’09.7"E, i.e., 46.547113, 10.169358). From Stop 1, keep walking
up ca. 500 m to the summit (Monte Crapene). From there, you have a panoramic view on the Livigno region. Look into the north toward the
Punt dal Gall dam.

Stop 3: Cima di Pozzin (Viewpoint 3 in Fig. Il.A.1; GPS: 46°32'19.0”N 10°10’03.9"E, i.e., 46.538616, 10.167745). Back to the parking, walk ca.
100 m heading east to bypass the houses; look into the east toward Cima di Pozzin.

Stop 1: Il Motto (46°32’31.0”N - 10°09°49.7"E)

| Motto displays a stratigraphic contact between the pre-rift Triassic
Hauptdolomit formation (Fm) and the syn-rift Early Jurassic Allgau
Fm (Figs. Il.LA.2 and Il.A.3). This contact was interpreted as the
expression of a high-angle normal fault that separates basement
and overlying pre-rift sediments from the syn-rift sedimentary infill
of the resulting half-graben depocenter (Eberli, 1985; Furrer, 1985).
Within the former Il Motto Basin, the Allgdu Fm is comprised of
marls and limestones originating from background sedimentation,
interbedded with redeposited carbonates such as breccias, o
conglomerate, and calciturbidites (Eberli, 1988). Redeposited ™
carbonates are sourced from the pre-rift cover of adjacent footwall i
highs and related fault scarps, which became emerged and eroded
due to flexural footwall uplift (e.g., Kusznir et al., 1991). Ammonite
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Fig. Il.LA.0 - Schematic section across the Alpine Tethys rift system showing the

stratigraphy allowed to date the Allgadu formation early Hettangian to
late Sinemurian (e.g., Eberli, 1985; Furrer, 1985; Dommergues and
Meister, 1991).

position of the Brianconnais (Br), Err and Il Motto (IM) domains during the (a) Middle
Jurassic mantle exhumation phase; (b)latest Triassic to Early Jurassic stretching phase;
and (c) Late Triassic pre-rift setting (modified from Manatschal et al., 2022).
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https://doi.org/10.3301/GFT.2023.02


https://map.geo.admin.ch/

Stop 2: Monte Crapene (46°32’49.6”N - 10°10’09.7”E)

The pre-rift paleogeography of the future Alpine Tethys realm can be deduced from the pre-rift stratigraphic record, which is excellently
preserved and well described across most of the Alpine realm (e.g., Fig. 1l.A.4). Apart from local exceptions, the pre-rift Triassic stratigraphy of
the Alpine Tethys realm shows a general evolution from continental siliciclastics in the northwest, to sabkha- and shallow-marine carbonate-
dominated depositional systems toward the southeast (Bosellini, 1973; see Fig. lll.B.2 of the Stratigraphy thematic sheet).

The Triassic sedimentary sequence is thicker in the east and southeast (1 to 5 km in the Upper Austroalpine and Southern Alps), thins towards
the west and northwest, and is only a few tens of meter-thick in the future proximal European margin (bottom panel of the take-away Fig. [[.A.0).
In the future distal margin, Triassic pre-rift sediments are only present as extensional allochthons (e.g., Err in the top panel of the take-away Fig.;
see also Fig. I.1 and Excursions B and C).
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Fig. Il.A.2 - Geological maps of the Livigno-Il Motto region. a) excerpt from the Swiss geological map 1:500.000. The black dashed line in the upper panel represents the trace
of the profile shown in Fig. I1I.A.6; b) excerpt from the geological map of the Swiss National Park 1:50.000 (Triimpy et al., 1997).

https://doi.org/10.3301/GFT.2023.02



R A T R T
: NE
Corno Brusadella
Punta Casana

1 Motto I
| Piz Saliente |
PizTrupchun | |
[ .

Punta Casana

| -
| PI% Chaschauna p;, Trupchun
!

~._

block

bedding
Jurassic normal fault

pre-rift sediments: Q\_')
Triassic Hauptdolomit & Késsen Fms

syn-rift sediments:
Lower Jurassic Allgau Fm

- Alpine thrust
[:l basement .
~w  €rosion

Fig. Il.A.3 - Panorama of the Il Motto area taken from the Monte Sponda chairlift station (GPS: 46°31’48.6”N 10°09'04.1”E; 46.530170, 10.151136)
and its geological interpretation. Abbreviation: T-OAE: Toarcian Oceanic Anoxic Event.

https://doi.org/10.3301/GFT.2023.02

0Q
D
=3
o
Q
S
=8
=h
ul
Q
~
3.
ke
%]
Q
S
Q
3
Q
ke
%]
N
S
N
W
~
[$2
~
-
N
N—

Kieiaul}l




- VALTRAFOI

o
P ©

i 4 g W‘LA,
fﬁ v*‘y
o
ESE

Scarldecke (Unterenfadiner Dolomiten [ | @ e | scarldecke e |

Ned 1 i 1 ) | | s 5 Trato

: 725 ik i
e Umbraildecke

A

T |
Tl 1)
mez My Brocke ! Ofa Sfin
cios 1532 RS SR il ool

E=ly

| valdal yaidal | valng i : ora 1638 ¥ Umbraistsse gy Grenze
‘al Naglia Ofanphsshaha 220 1f o Sm " ol
el o o e . Mp frasirs Schvelz lta

{ I
Val da | ! |
+ Kelven  Ruinas  Tachiorv 1650
oiser tach
Brlicke 1745 Botser  Staboichod strad Ly

Galir s - ! i

St.\Valentin
auf der Halde

Burgusio
Malles,venasta

Glorenzas

Val Mistair

Monte
Crapene =,

di Cancano

- Trepalle

= Rl iy ed I \ ; i K
X - . / | e, Bormio
Campaccio - \ i 2

3 000 m Cameéra:22km 46°29'44°N 10°1322°E 2376 m

Fig. ll.A.4 - Panoramic view of the Ortler region toward the north-northeast showing the Triassic stratigraphy (background picture from

Google Earth) and geological section across the Engadine Dolomites (see panorama for location; Switzerland Generaldirektion der Post-,
Telegraphen- und Telephonverwaltung, 1955).

https://doi.org/10.3301/GFT.2023.02

&

(C'T)ST - €20 sdew pue sdli} pjalj [e2150/0983

Kieiaul}l




_ \

Triassic deposits overlay Carboniferous to Permian clastic sediments and volcano-sedimentary sequences, which form the base of the sedimentary
succession. These Permo-Carboniferous volcano-sedimentary rocks and clastic sedimentary sequences were presumably deposited in fault-

bounded basins during the post-orogenic extensional collapse of the Variscan orogen (Handy and Zingg, 1991; Handy et al., 1999; Froitzheim
et al., 2008).

Stop 3: Cima di Pozzin (46°32’19.0”N - 10°10’03.9”E)

At Cima di Pozzin, large-scale sheath folds are spectacularly exposed (Fig. Il.A.5a). These folds display a north-dipping axial plan, sub-parallel
to the overlying Quattervals Thurst and the underlying Zebru Thrust (Fig. Il.A.5b).

The Cima di Pozzin folds represent D1 sheath folds that were in turn folded by a later, long-wavelength D3 event. The folded marker bed is
the Culment limestone that represents the limit between the Triassic Kdssen Fm and the base of the Lower Jurassic Allgau Fm (Figs. Il.A.5b-
[1.A.5d). These fold structures result from the inversion of a rift basin located further east, as discussed below.

From field observations to a tectono-stratigraphic interpretation

Structural and stratigraphic architecture of the former rift basin exposed at Il Motto

Inthe Livigno region, the Allgdu Fm displays a large-scale wedge-shaped architecture thickening towards the master fault identified at Il Motto
(Figs. 1ILA.6 and 11.A.7). Deposits show a general fining and thinning upward megacycle. Basal deposits close to the fault scarp are largely
comprised of megabreccias, which evolve into finer breccias and calciturbidites both upwards and away from the master fault (Eberli, 1985).
Ribes et al. (2019a) noticed that, within the entire proximal domain of the Adriatic margin, all the T-OAE, BB-SIE, and T-CaE timelines (cf.
section 5.2. of the excursion notes) belong to the post-tectonic sequence (Fig. [I.A.6). This means that extension ceased in the future Adriatic
proximal domain before the T-OAE, and consequently before the BB-SIE, which is considered to coincide with the end of the Alpine Tethys
rifting/mantle exhumation.

The proximal domain of both the Adriatic and European margins used to comprise several similar graben and half-graben basins bounded
by east- and/or west-facing high-angle normal faults (Eberli, 1987; Froitzheim, 1988). Il Motto is a representative example of these basins,
like the Generoso Basin on the former southern Adriatic margin (Bernoulli, 1964; Bertotti, 1991) and the Bourg d’Oisans Basin on the former
European margin (Chevalier et al., 2003; for a general discussion see Manatschal et al., 2022). The dip angle of the Jurassic normal faults in
the Ortler Nappe is typically 60°+10° and their vertical offset ranges from 100 m to more than 1000 m (Froitzheim, 1988), and even several
thousand meters in the case of the Generoso Basin (e.g., Bernoulli, 1964). Based on geological mapping, Bertotti (1991) concluded that
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these faults had a listric geometry characterized by high-
angle localized brittle faulting in the pre-rift and uppermost
basement layers, and soling out into a ductile mylonitic
shear zone at greenschist facies conditions, that is at
300 to 350 °C. Assuming a normal temperature gradient
of 30 °C/km, the depth of this brittle-ductile transition is
expected to occur at 10 to 12 km depth.

Triassic to Early Jurassic paleogeography and “pre-rift” evolution

The thick Triassic sequences in the eastern and south-
eastern parts of the Alpine realm can be partly explained by
its proximity to the Triassic Meliata margin, which underwent
post-rift thermal subsidence (Gawlick et al., 2015). Further
west, over the European domain, the shallow marine pre-rift
deposits, and the lack of subsidence during the Late Triassic
suggest that the continental crust was inisostatic equilibrium
and was ca. 30+5 km thick prior to the onset of rifting. The
distribution and thickness of Triassic vs. Lower Jurassic
depocenters suggest that the locus of rifting jumped from
the east/southeast of Adria to the west/northwest of Adria.
Rifting in the Alpine Tethys realm was thus a multistage
processinvolving several extension phases that were spatially
and temporally offset (see the Stratigraphy thematic sheet).

Fig. Il.A.6 — a) Palinspastic reconstruction across the Ortler Nappe
by Ribes et al. (2019a); see the black dotted line in panel a of Fig. Il.A.2
for location. Note that the scale for syn-rift sediments is different from
that for pre-rift sediments and basement; b) representative sedimentary
successions of the Ortler Nappe by Ribes et al. (2019a). Abbreviation:
R-BSR: Rhaetian Base of the Syn-Rift; T-OAE: Toarcian Oceanic Anoxic
Event; BB-SiE Bajocian—Bathonian bio-Siliceous Event; T-CaE: Tithonian

Carbonate Event (see section 5.2. of the excursion notes).
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including chert and radiolaria-rich intervals.
x Blais-Radiolarit Fm. (= 20 m)

iy T T
sokd

SI - Shaly limestone, Ca - Calcarenite and SL - Silicified
Limestone : Marls and shaly limestones alternating with
calciturbidites, both highly silicified. Trace fossils, especially
Chondrites and Zoophycus are abundant. Fossils comprise
mostly echinoderm skeletal debris and sponge spicules, and
occurence of radiolaria at the top part of the section.
Mezzaun Beds (= 150 m)

-Upper Allgdu Fm.-

-------- l\-/l -n-»-I;/l-a-n-g]z;r;és-e- ;f-lzil-e-s-:-s-h-a-le-s- El-a;/é)-/-t;-r;;;l)-/,-usually black dark-blue
................ overptintdue tomanganese. Manganese.klack shales F: (2201, v eccccccemeeeeea e T-OAE

Sl - Shaly Limestone, Ca - Calcarenite and Cl - Cherty limestone : Marls and shaly
limestones alternating with calciturbidites, both partially silicified. Fossils comprise
mostly echinoderm skeletal debris and sponge spicule. Trace fossils of Chondrites
type are abundant and pyrite occurs in the bioturbated beds.
Trupchun Beds (= 200 m)

A
1
1
1
1
£
[T
=
g L - Limestone : Alternation of gray to black limestones and marls with occasional chert
<=( nodules. The beds are rich in fossils,such as echinoderm skeletal debris.
5 Alpisella, Naira and Culmet Beds (=30m) Stidier and Spadlatscha Beds
3
)
|
{ §
:
Y

Br - Breccias : Clast-supported breccias mostly constituted by angular components
1 of dolomites and limestones of the Triassic Hauptdolomit and K&ssen Fms. Matrix is
scarce and consists of marls and finer-grained clasts of a similar composition as the
larger components. The non-channelized beds are interpreted as thick debris sheets
generated by the catastrophic collapse of the newly formed fault escarpments.
Chaschauna Breccia (=~ 80 m)
""""""" Kesssen (= 200'm) & Hauptdofomit (= 13007 Frms, = === === "======-===- R-BSR
Do - Dolomite: poor in fossils, deposited on a large platform with wide tidal flat areas
and closed internal lagoons.

Legend: = = sLimits of Formation & Foraminifera <~ Bioturbation Y Crinoid @Ammonoid ,(Sponge spicule —]Belemnoids @Echinoid |
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HD = Hauptdolomit Group

Fig. 1l.A.7 - Sedimentological model for the deposition of syn-tectonic sediments based on the vertical and lateral distribution of the Allgau Fm in the Il Motto basin (from Eberli

1987).
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Alpine convergence and associated rift basin reactivation

Primary architecture of the Alpine nappe stack in the Ortler-Campo region

The Ortler Nappe and overlying Quattervals Nappe belong to the Upper Austroalpine nappe system (Fig. 1.0). The underlying Campo-Grosina-
Languard Nappe (including the Filladi di Bormio) belongs to the Middle Austroalpine nappe system (Mohn et al., 2011). It is separated from
the Ortler Nappe by the Albula-Zebru Movement Zone (Fig. II.A.8a; Mohn et al., 2011).

The Campo-Grosina-Languard Nappe is essentially comprised of upper- and middle-crustal rocks and lacks largely pre- and syn-rift sediments
(Fig.11.A.8).The Ortlerand Quattervals nappes are décollement sedimentary nappes that sample essentially the pre- and/or syn-rift sedimentary
cover, although some slivers of crystalline basement overlain by Permo-Triassic pre-rift sequences can be locally observed (Fig. [I.A.8).

The Zebru Thrust between the Campo-Grosina-Languard and Ortler nappes is part of the Albula-Zebru Movement Zone. The latter is a complex
tectonic contact that corresponds largely (but not only) to the boundary between the Variscan basement and its sedimentary cover (Fig. Il.A.8).
It may be rooted in a pre-existing (inherited) structure; however, this assumption remains to be confirmed.

In contrast, the Quattervals Thrust between the Quattervals and Ortler nappes followed an evaporite layer that was deposited during the Meliata
rifting (Carnian). This salt layer acted as a décollement level during Alpine convergence.

Reactivation during Alpine convergence

The Alpine orogeny included three main deformation phases, namely the Eoalpine, Mesoalpine and Neoalpine orogenic phases (see section

3.3. of the excursion notes). In the Ortler Nappe, the Eoalpine orogenic phase is equivalent to the local D1 deformation phase. The Mesoalpine

orogenic phase is expressed by the D2 and D3 deformation phases. The Neoalpine phase is only recorded by minor deformation structures

in the Ortler Nappe. In the Il Motto area, the D1 and D3 deformation phases are clearly identified, while the D2 phase is less well expressed.

e D1 phase (i.e., Trupchun phase of Froitzheim et al., 1994). During the D1 deformation phase, the Quattervals Nappe was thrust over the
Ortler Nappe along the Quattervals Thrust, and the Ortler Nappe was thrust over the Campo-Grosina-Languard Nappe along the Zebru
Thrust (Fig. 1l.A.4c). Both thrusts are top the west-northwest and the age of thrusting is Late Cretaceous (post-Cenomanian, for details see
Mohn et al., 2011).
The Allgdu Fm was strongly folded during the D1 deformation phase (e.g., sheath folds in Fig. Il.A.8). Folds are increasingly tight when
approaching the Quattervals Thrust plane, and a gradual transition into calcite mylonites is observed. Close to the thrust plane, fold axial plans
become parallel with the mylonite foliation, which implies that the Quattervals Nappe thrusting (i.e., basin inversion) was contemporaneous
with both folding and mylonitization (Conti, 1997).

¢ OQOrientation of the D1 sheath fold axes varies largely in the || Motto area. Yet, as their axial planes are consistently northward plunging,
this non-cylindrical folding cannot result from a subsequent folding event (Conti et al., 1994). Escher and Watterson (1974) and Cobbold
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e D2 phase (Ela-Duncan phase NW
of Froitzheim et al., 1994). The
D2 deformation phase is poorly
recorded in the Il Motto area,
despite it is well documented in the
Austroalpine nappes north of the
Engadine Line. There, it corresponds - Lower Jurassic (Allgau Fm)
to an extensional event that is Late Iﬂ Upper Triassic (K&ssen

& Hauptdolomit Fms)
Cretaceous to Palaeocene (see also -
Middle Triassic (Raibl Fm
Mohn et al., 2011). ( )

- Permian-Lower Triassic deposits
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Fig. 1I.A.8 - Restoration of a transect through ‘:l Variscan basement
the Quattervals, Ortler and Campo—Grosina— .
Languard nappes from Conti et al. (1994). r__13 Alplie TSt
a) Reconstruction at the end of the Jurassic; @Zebru thrust @Quattervals thrust
dashed lines highlight future D1 thrust planes.
b) Reconstruction after W-thrusting along the C
Zebru thrust and before reactivation of the Profile of the central Ortler nappe

Monte Torraccia fault; c) Reconstructed present-
day profile across the central part of the Ortler
Nappe. Note that scale in (a) is different scale
from that in (b) and (c). Abbreviation: A: Aligau
Fm; B: basement; C: Campo Nappe; CD: Cima
Doscopa; CP: Cima di Pozzin; HD: Hauptdolomit
Fm; K: Késsen Fm; LP: La Paré; MT: Monte
Torraccia; MP: Monte Pettini; P-Tm: Permian—
Middle Triassic sediments; QT: Quattervals
Thrust; VPF: Val Pila Fault; ZT: Zebru Thrust.
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e D3 phase (Blaisun phaseof Froitzheimetal., 1994). Inthe Il Motto area, the D3 phase resulted in large-scale buckling and formation of east-
west trending, km-scale upright folds (Fig. I1.A.5; see also Mohn et al., 2011). These structures are of the same age as the north-directed
thrusts in the proto-wedge in the north, and south-vergent folds in the retro-wedge in the south. In the Passo d’Eira area, the northern limb
of a D3 anticline can be observed. Consequently, the whole D1 nappe pile was tilted to the north in an N-S section (Fig. [I.A.5). Details of
this reactivation can be mapped along the Monte Pettini southern slope (see map in Fig. [l.A.1).

The overall evolution of the Ortler domain exposed at || Moto - Passo d’Eira can be summarized as follows: globally east-dipping normal
faults were created during the early rifting stages of the Alpine Tethys. These faults were properly oriented to be reactivated during the west(-
northwest)-directed Eoalpine phase of convergence (D1 deformation phase). During rift basin inversion, the deep parts of normal faults were
reactivated while their upper part was often preserved due to shortcuts of the Alpine D1 thrusts. In other proximal basins, normal faults were
sometimes reactivated as ramps while major interfaces (e.g., the base of the Hauptdolomit Fm) were reactivated as décollement/flats.

FURTHER READING

For an overview of the Alpine Tectonic evolution of the Austroalpine units see Froitzheim et al. (1994) and Triimpy et al. (1997).
For more detailed studies of the Il Motto region, see Eberli (1988), Froitzheim (1988), and Conti et al. (1994).
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The inner part of the Adriatic hyperextended domain: Diavolezza-Piz Alv and Val da Fain (Bernina Nappe, southeast
Switzerland)

ABSTRACT

Diavolezza, Piz Alv and Val da Fain lie in the Bernina region, south of the village of Pontresina. They belong to the Bernina Nappe, which
samples the inner part of the former Adriatic hyperextended domain. The stratigraphic and structural relationships between basement rocks
and pre- to syn-rift sediments preserved at Piz Alv and Val da Fain indicate the existence of an extensional allochthonous block made of
pre-rift sediments, and of early syn-rift sediments that directly overlie exhumed basement and are sealed by post-tectonic sediments. The
occurrence of cataclasites and gouges along a low-angle interface separating the tectonized exhumed basement from either the extensional
allochthon or late Lower Jurassic sediments, suggests that this contact is a former rift-related detachment fault.

This excursion aims to: (1) describe the structural and stratigraphic architecture; (2) discuss the type of sediments and basement and
structures observed in the inner part of the Adriatic hyperextended domain; and (3) highlight how the former necking zone controlled the style
and location of subsequent Alpine deformation.

MAIN TAKE-RWAY OF THE EXCURSION

- Age of rift-related deformation: the Bernina detachment fault is younger than the Toarcian Oceanic Anoxic Event (T-OAE; ca. 185 Ma),
and older than the Bathonian-Bajocian Bio-siliceous Event (BB-SIiE Radiolarian cherts; ca.170 Ma).

- Deformation style: essentially controlled by brittle extensional detachment faults.

- Paleogeographic framework: extension occurred after the necking phase, at the onset of crust-mantle mechanical coupling. At that time,
the proximal margin was tectonically inactive, conversely to the future distal margin.

- Onset of Alpine reactivation: Late Cretaceous (Santonian/Campanian).

- Reactivation style: essentially thick-skinned tectonics. Involved basement and reactivated pre-existing faults, also thin-skinned tectonics.
Reactivation of decoupling levels (e.g., Triassic salt layers).

- Main remaining question: what are the age and importance of the Val da Fain normal fault and of its reactivation?
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INTRODUCTION

The Lower Austroalpine Bernina Nappe in SE-Switzerland samples the inner part of the Adriatic hyperextended domain. Despite numerous
studies, the structure and architecture of this region have long remained unclear and controversial. Main problems arose from apparently
conflicting observations, for instance: (1) the sedimentary sequences show both tectonic and primary contacts with the underlying basement;
and (2) in some places, syn-rift Jurassic sediments overly directly basement rocks with primary contacts, questioning how and when the thick

pre-rift Triassic sequence was removed (by erosion or tectonics?
Before or during the Jurassic?).

Based on new mapping and structural, petrological, and
thermochronological studies, Mohn et al. (2011) proposed that
the present-day observed tectonic complexity is largely inherited
from the Jurassic rifting. They suggested that the basement was
juxtaposed against the pre- and early syn-rift Mesozoic cover via
one extensional detachment fault during the Jurassic rifting. This
detachment fault, referred to as the Bernina detachment fault,
displays similarities with those previously described in the Err nappe
(see Manatschal, 2004 and Excursion C). Observations from the
Bernina Nappe reveal a strong control of rift-related structures at all
scales during the Alpine reactivation of the distal margin.

ITINERARY

This excursion takes place in the Diavolezza-Piz Alv-Val da Fain area in south-eastern Switzerland, on road 29 between the town of Pontresina

and the Bernina Pass.

Stop 1: Park the car on the Bernina Lagalb parking (P1 on Fig. II.B.1; GPS: 46°26'13.2”N 9°59'37.1"E, i.e., 46.437002, 9.993632). Walk ca.

_ \

°;,,,LBr) —Err—

20-

30-
km

104 - T S .~ S ‘%f‘jj—;r’m("j =

Piz Alv

Fig. 11.B.0 - Schematic section across the Alpine Tethys rift system showing the
position of the Brianconnais (Br), Err and Il Motto (IM) and Piz Alv domains during the
Middle Jurassic (modified from Manatschal et al., 2022).

300 m toward the northwest and look at the rocks (Outcrop 1 on Fig. II.B.1).
Stop 2: Park the car on the Bernina Diavolezza parking (P2 on Fig. II.B.1; GPS: 46°26'31.3”"N 9°58'57.7"E, i.e., 46.442040, 9.982703).

Stop 2a: From P2, take the cable car to Diavolezza. Look into the north-northeast toward Piz Alv and Val da Fain (Viewpoint 2a on Fig. I.B.1;

GPS: 46°24'44.2"N 9°57'56.2"E, i.e., 46.412274, 9.965613).
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Stop 2b: From P2, walk along road 29 toward the west ca. 550 m and take the path on your right-hand side. After 1.8 km, turn leftand walkca. 2.5 <

km up to the outcrop (total ascending elevation ca. 680 m; Outcrop 2b on Fig. II.B.1; GPS: 46°27°43.6”"N 9°58'46.5"E, i.e., 46.462120, 9.979569).
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, outcrop

Fig. 1l.B.1 - Map of the Diavolezza-Piz Alv-Val da Fain area and route to the outcrops
and viewpoints (background map from map.geo.admin.ch).

https://doi.org/10.3301/GFT.2023.02

Stop 1: Alv Breccias (46°26°19.0” N - 9°59'33.8" E)

The Alv Fm, also called Alv Breccias, is best exposed near P1 at the
Lagalbcablecarstation(Figs.ll.B.1andll.B.2).Thereitcorresponds
to a 200-300 m-thick succession comprised of coarse breccias
and megabreccias (Decarlis et al.,, 2015; Ribes et al., 2019a;
Incerpi et al., 2020a). It is constituted of a few millimetres- to tens
of meters-scale angular clasts derived from the Triassic Kssen
and Hauptdolomit Fms, embedded into a reddish to a yellowish
matrix (Fig. 11.B.3e). The same reddish-yellowish sediments also
occur as clasts and as neptunian sills and dykes infill within the
breccias (Decarlis et al., 2015; Incerpi et al., 2020a; Fig. I1.B.3).
Significant facies variations occur over short distances within the
Alv Fm, hindering regional stratigraphic correlations.

Fig. 11.B.3 displays some of the key observations concerning
sedimentary facies and diagenetic products. For details, see
Incerpi et al. (2020a).

Stop 2a (46°24’44.2” N - 9°57°’56.2” E) and 2b (46°27°43.6"
N 9°58’46.5” E): Panoramic view and view of the contact,
respectively

Field observations

Piz Alv and Val da Fain display a Variscan polymetamorphic
basement topped by a flat surface (Fig. II.B.4), which is locally
overlain by blackish fault rocks and cataclasites (Figs. [I.B.5b and
[1.B.5c; Manatschal, 1999). The flat surface is overlain by an Upper
Triassic to Middle Jurassic(? - age based on lithostratigraphic
correlations) sedimentary succession (Fig. II.B.4), which includes,
from the bottom up (Fig. I11.B.6; Decarlis et al., 2015; Ribes et al,
2019a): (1) a ca. 10 m-thick Triassic evaporite layer; (2) a ca. 350

¥

&

[0)¢]
D
<3
o

o
S
=8
=h
@
Q
~
3.

ie]
%]
Q
S
Q
3
Q

ie]

%]
N
S
N
w
~
O
~
=~
N
=

Kieiaul}l




D1 fold axes

D3 fold axes

Jurassic detachement fault
(Late rifting)

, - Early Jurassic high-angle
*\ A T‘ _~ normal fault reactivated

~
‘._\ N\ ‘
|:> I
1 km ®
' /
b
L 4
Bernina Nappe | -

N
T T T X~ %
/ -

- N

A
N
&8 L 4

R A
Piz dal Fain ™\

as a thrust fault
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~ Y C Val da Fain fault (VFF):
;7 high-angle normal fault
X post-dating Jurassic
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(VFF reactivated as a
thrust fault during Alpine
convergence)
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Bardella and Allgau Fms (syn-rift)
. Middle Jurassic sed. (syn-tectonic)

- Agenlli formation (syn-rift)
Early Jurassic sed. (pre-tectonic)

Hauptdolomit & Késsen Fms.
X Upper Triassic sediments (pre-rift)

Raibl group (evaporites)

) &) Upper Triassic sediments (rre-rift)
J Q
éD l:l Permian rhyolite
AV 0? Late or post-Varsican
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D1 thrust fault
(Eoalpine phase)

I:I Polymetamorphic basement

a‘ D1 fold axial plane
(Eoalpine phase)
7
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(Mesoalpine phase)

Road 29

H

Fig. 11.B.2 - Geological map of the Diavolezza-Piz Alv-Val da Fain area (modified from Mohn et al., 2011). The geological cross-section (C-C’) is showed in

Fig. I1.B.6a.
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7% %23 Replacive dolomitization
2’| (fine grained dolomite)

Q| Replacive dolomitization
(coarse grained dolomite)

dolomite cementation

:t;;“ ASY k :n%“

L MRS T
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1 2 12 1

Fig. 11.B.3 (from Incerpi et al., 2020b) - a) Polished slab of mosaic breccia affecting the Hauptdolomit Fm. The centimetre-large angular clasts are cemented by dolomite; b)
Neptunian dyke within the breccia of Alv Fm made up of reddish laminated and dolomitized micritic sediment; c) detail of a neptunian dyke filling. It is made up of centimetre-
large clasts of grey dolostones as well as reddish clasts composed of older neptunian dyke filling. It points to a polyphase opening and filling of fractures; d) TL photomicrograph
showing a clast of dolostone, belonging to the Hauptdolomite Fm, cut by a dolomite-filled vein confined within the clast edges. Both are then cut by a neptunian dyke whose filling
is dolomitized; e) typical aspect of the Alv Breccia made up of grey Triassic dolostone clasts as well as reddish to yellowish clasts consisting of dyke-filling sediments; f) the largest
fissure infills often show convoluted laminae; g) photomicrograph and CL image (h) of a dolomitized dyke filling, which is cut by a dolomite vein. Both the replacement dolomite
and the cement are characterized by bright orange to brown concentric CL zoning. The synthetic diagenetic log on the left side represents on a timescale the succession of the

main diagenetic processes recorded at Piz Alv. For details, see Incerpi et al. (2020b).

https://doi.org/10.3301/GFT.2023.02
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1] ;“ﬂ'[ggf é#{%@?&?ﬁ}.‘!ﬁ{g“'a' [ "] |Late Triassic dolostones (pre-rift) [T Polymetamorphic basement (>270 Ma)

Early Jurassic Agnelli Fm
- (mainly limestones)

Fig. 11.B.4 - Panorama of the Piz Alv and Val da Fain areas and their geological interpretation (modified from Mohn et al., 2011).

m-thick Triassic dolostone succession (Hauptdolomit and locally Késsen Fms); (3) a ca. 10 m-thick Early Jurassic limestone layer (Agnelli Fm);
(4) a 100-300 m-thick succession of Early Jurassic breccias and mega-breccias (Alv Fm); (5) a ca. 10 m-thick manganese-rich layer, known
as the Black Shale Fm, that is presumably of Toarcian age (Ribes et al., 2019a; T-OAE in Fig. 11.B3b); and (6) a succession of calciturbidites
(ca. 100 m-thick preserved) of Middle Jurassic age, which was correlated to the Upper Aligdu Fm (cf. Excursion A).

.J Upﬁler Permian sandstones and Earl
to

iddle Triassic dolostones (pre-ri

Basement nature and exhumation timing

The basement of the Bernina Nappe is made of Carboniferous to early Permian calc-alkaline and alkaline igneous rocks (333-295 Ma;
Spillmann and Biichi, 1993; Von Quadt et al., 1994) intrusive into polymetamorphic Variscan basement. The occurrence of Permian rhyolitic

https://doi.org/10.3301/GFT.2023.02
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bodies that formed near or at the surface indicates that the Bernina basement was in an upper crustal position already during the Permian
(i.e., prior to the onset of rifting).

Stratigraphic indicators

The Triassic pre-rift succession observed at Piz Alv and Val da Fain is comparable to that of the proximal domain (cf. Excursion A). At Piz
Alv, the pre-rift deposits are conformably overlain by the syn-rift (but pre-tectonic) Agnelli Fm, which is interpreted as a former starved
carbonate platform. It was dated from late Sinemurian to Pliensbachian with ammonites (Finger 1978; Manatschal and Nievergelt 1997).
The next deposits are the syn-tectonic Alv Breccias. The Agnelli and Alv Fms were deposited contemporaneously to the Lower Allgdu Fm in
the proximal domain (cf. Excursion A). This tectono-sedimentary succession indicates that rift-related deformation started later in the future
distal domain (Bernina Nappe) compared to the proximal domain (Ortler Nappe).

The Alv Breccias are sealed by a manganese-rich layer, which can be correlated to that separating the Lower- from the Upper Allgdu Fm in the
proximal domain (T-OAE time marker; cf. Excursion A). In contrast to the Ortler Nappe where the T-OAE clearly belongs to the post-tectonic
sequence, the T-OAE lies within the uppermost part of the syn-tectonic in the Bernina Nappe (Ribes et al., 2019a).

To the northwest, at Piz dal Fain, the syn-rift Aligdu formation overlies directly fragments of pre-rift sediments (Fig. 11.B.5a). Deformed

basement beneath the contact and deformation structures in the overlying sediments suggest that this contact represents a former extensional
detachment fault.

DISCUSSION

From field observations to a tectono-stratigraphic interpretation

The Alv Fm corresponds to the first syn-tectonic sequence recorded in the inner part of the Adriatic hyperextended domain, now exposed
in the Lower Austroalpine Bernina Nappe (Schiipbach, 1974; Finger, 1978). The Alv Fm generally overlies the Agnelli Fm, which is dated
Sinemurian-Pliensbachian.

Where the Alv Fm overlies the Agnelli Fm, the contact between the two formations is an erosional unconformity (Incerpi et al., 2020a). Locally,
however, Alv Breccias are interfingered with Agnelli-type sediments, suggesting that both formations were deposited contemporaneously
(Incerpietal., 2020a). The Alv Fm is overlain by the Black Shale Fm, which is interpreted to reflect the Toarcian Oceanic Anoxic Event (T-OAE;
Ribes et al., 2019a; cf. section 5.2. of the excursion notes).

Schipbach (1974), Furrer (1985), and Froitzheim (1988) suggested that Alv breccias formed in situ in response to the activity of nearby high-
angle normal faults. More recently, Ribes et al. (2019a) highlighted that the Alv Fm was extended subsequently to its deposition and prior to
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Middle Jurassic Alv Breccia, undifferentiated Triassic Pol%/metamorphic basement Jurassic extensional
I:I Allgdu Fm calciturbidite |:| sediments (pre-rift) |:| >270 Ma, pre-Permian rocks detachment fault

Fig. 11.B.5 - Outcrop observations from Mohn et al. (2012). al) Photograph and line drawing (a2) of the Bernina detachment (Bernina
Nappe; view from the south). A high-angle normal faults crosscutting the Bernina detachment can be observed. The syn-rift Allgdu Fm
thickens into this fault, indicating that these sediments were deposited during the fault activity; b—c) view of the fault rocks related to
the Bernina detachment. (b) Cataclastic Palaeozoic basement of the Bernina Nappe, and (c) photomicrograph of a fault rock (crossed

polarizers) showing rotation s-c fabric indicating a top to the SW sense of shear.
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Alpine convergence (cf. neptunian dykes and sills affecting the Alv Fm). They interpreted this deformation to have resulted from the activity

of the detachment fault underlying the Alv allochthon (Fig. I1.B.6a).

During the late Pliensbachian time, deformation started to focus on the future distal margin. Localization of the deformation is indicated by
(1) the sealing of extensional basins in the proximal margin with post-tectonic deposits; and (2) the deposition of thick syn-rift sediments in

the distal margin, including the up to 200-300 m-thick Alv Breccias (Schipbach 1974).

Alv breccias were deposited contemporaneously with the Lower Aligdu Fm and after the Agnelli Fm. Alv Breccias were interpreted to have
initially formed in a high-angle fault basin environment comparable to that of Il Motto (cf. Excursion A) and to have been subsequently

deformed due to continuing activity of the normal fault as it evolved into a long-offset detachment fault (Ribes et al. 2019a).

a Bernina unit| W E

Blais-Radiolarite Fm. (BB-SIE)
Mezzaun beds/ ;
Upper Allgau Fm. Val da Fain

Piz Alv & Piz  Piz Stretta Valle del Monte
= | Val Val da Fain narma| saul Tschiiffer Monte Garone & Piz Sassalb
e Alv Breccia & Gess
Mn-Shales Fm. Fain Fm Fm. Agnelli Fm
B (-OAE) el - Present-da
- erosion level
? ?
Piz dal Fain
— ey,
+ .
tOE
: . =
. Upper Continental crust + 5 km
-== Onset of Manganese-rich == Onset of siliceous =~ == Onset of carbonate [ 7] Pre-rift Pre-rift. [ Syn-rift [ ] Post-rift
black shales (T-OAE) sedimentation (BB-SIiE) sedimentation (T-CaE)  dolomite evaporite sedim. sedim.

Fig. 11.B.6 - a) Palinspastic reconstruction of the Bernina Nappe by Ribes et al. (2019a, modified). Note that the scale for the syn-rift sediments is different from that for the
pre-rift sediments and basement; see location of transect C—C’ in Fig. I1I.B.2).
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b Representative sedimentary succession of Val da Fain (Piz Alv & Piz da Fain) - Bernina Unit

300

Upper Allgadu Fm

? 174 Ma

200 S e

100

'
A Br
'

Sinemurianf:

£ ~—~—3Do

-+~~~ Present-day erosion level

Ca - Calcarenite and SL - Silicified Limestone : consists mostly of calciturbidites partially
silificied interbedded in marls and shales. The grain size varies mostly between fine and very
fine. The components of these turbidites are either Hauptdolomit Fm. fragments or contempo-
raneous fossil debris (mostly crinoids). Secondary silicification occurs as nodules and irregular
elongated bands.

Mezzaun Beds (= 100 m)

T T o = W ) L

Br - Breccias : Clast-supported breccias mostly constituted by angular components of the
Triassic Hauptdolomit and Késsen Fms. No large scale bedding observable, angular sand-sized
particles to sedimentary blocks, which are several hundreds of meters long, no sorting, matrix
dominantly dolomitic containing often marine fossils such as belemnites.

Alv Breccia Fm. (= 100 - 300 m)

L - Limestone : very thin bedded-dark greyish limestone interbedded with shaly intervals,
which are rare and thin. Secondary quartz occurs as thick nodular bands. Few crinoids and
ammonites are observed.

Untere kieselige Kalke, Hierlatz Kalk and Agnelli Fms. (= 10 m)

orme® 0 o~ IRF I3 "Rssen (< 200 m) & Hauptdolomit (< 1500 m) Fms.~~ 77T TTTTTTTIITTTT I RABSR

Do - Dolomite: poor in fossils, deposited on a large platform
with wide tidal flat areas and closed internal lagoons.

Fig. 1.B.6 - b) representative sedimentary successions of Piz Alv and Val da Fain by Ribes et al. (2019a). Abbreviation: R-BSR: Rhaetian Base of the Syn-Rift; T-OAE: Toarcian
Oceanic Anoxic Event; BB-SiE: Bajocian-Bathonian bio-Siliceous Event; T-CaE: Tithonian Carbonate Event (see section 5.2 of the excursion notes).

Detachment systems in the necking zone

and inner hyperextended margin

Remnants of the necking zone and inner hyperextended domain are exposed in the Campo-Grosina and Bernina nappes (Fig. II.B.7). These
domains contain extensional detachment faults that can be mapped in the field (e.g., Fig. 1l.B.7). Two extensional detachment faults can
be distinguished, namely the Grosina and the Bernina detachments. The relationships between these two detachment faults are shown in

https://doi.org/10.3301/GFT.2023.02
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Fig. II.B.7c and sections across these domains are shown in Figs. 11.B.8a and II.B.8b. In the sections of Fig. II.B.8, the relative and absolute
ages of the detachment systems and related fault rocks are provided, which allow us to reckon the timing of necking to be 185+5 Ma
(Sinemurian to Pliensbachian).
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Grosina Nappe
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Poschiavo,
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Pl Caméra - 29 km  46°2226°N 9°5718°E
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ARWAYAY
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" Grosina

-

10 km S

ampo

Nappe

/AN A

= 260 Ma|

2205
5}

Distal margin

Necking zone

Mid. to Late Jur. sed.

Radiolarian cherts

Middle Jurassic
“Calcareous” sed.

- Lower Jurassic sed.
Agnelli Fm. (A. Fm.)

D Triassic sed.
E Upper crust

| | Middle / Lower crust
Z’ Acid/Mafic intrusives

Grosina detachment
fault/shear zone

Eita shear zone /
decollement (ductile)

Bernina exhumation
=== fault (brittle)

Yyy brittle deformation

~ _ - ductile deformation
Cooling ages

1 40Ar/39Ar on white mica
:)40Ar/39Ar on Biotite

Fig. 11.B.7 - View of the fossil Adriatic necking zone and location of detachments faults. a) Panorama of the Bernina region (background picture from Google Earth); b)
present-day geological map and (c) restored cross-section of the Adriatic necking zone across the Bernina—Campo—Grosina nappes. The cross section summarizes the sediment
architecture, fault geometry, °Ar/*°Ar data and strain distribution observed in these nappes (from Mohn et al., 2012). Abbreviation: A. Fm: Agnelli Formation; Jur.: Jurassic; Mid.:

Middle; sed.: sediments.
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Alpine reactivation

The overall Alpine structure in the Piz Alv-Val da Fain region is quite clear when looking into a WSW-ENE-striking section, i.e., parallel to the main
Alpine transport direction (Fig. I1.B.8b). Piz Alv, like Piz Tschuffer, form a W-facing recumbent fold truncated by a west-vergent, second-order,
late Cretaceous thrust fault (Fig. 11.B.8b). This thrust juxtaposes an inverted limb in the hanging wall against a sub-vertical hinge in the footwall.

At a larger scale, it can be observed that Alpine deformation reactivated and overprinted rift-related decoupling levels so that the necking
zone and overriding nappes display an antiformal shape (Fig. 11.B.9).

FURTHER READING

Mohn et al. (2011, 2012); Epin et al. (2017); Ribes et al. (2019a).
Ph.D. thesis: Mohn (2010).

https://doi.org/10.3301/GFT.2023.02
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a Sassalb-Sondalo section (present-day)
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Fig. 11.B.8 (modified from Mohn et al., 2012) - Geological sections across (a) Sassalb—Sondalo, and (b) parallel to the Alpine shortening direction across the
Piz dal Fain—Piz la Stretta area (see Figure 11.B.7 for location); c) restoration of the two sections above showing the pre-Alpine structures and their relation to the

sediments and basement rocks in the Bernina, Campo-Grosina nappes. Abbreviation:; N.: Nappe; sed.: sediments.
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Fig. 11.B.9 (modified from Mohn et al., 2011) - Large-scale tectonic restoration of the Austroalpine and Upper Penninic nappes in SE-Switzerland and N-Italy. Top panel:
reactivation of the former rift structure during the Eoalpine phase: the Upper Austroalpine, Ela and Ortler nappes are thrust over Middle and Lower Austroalpine nappes. Note
the importance of the Albula-Zebru and Lunghin-Mortirolo movement zones in accommodating most of the Alpine deformation, so that the Upper Penninic and Lower and Middle

Austroalpine nappes in-between the two movement zones are only moderately overprinted by Alpine deformation. Lower Panel: architecture of the former Adriatic margin.
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EXCURSION C

The outer part of the Adriatic hyperextended domain: The Err detachment system at Piz Lavinier, Piz Bardella and Piz Nair
(Err Nappe, southeast Switzerland)

ABSTRACT

The Err detachment system belongs to the Err Nappe, which samples the outer part of the Adriatic hyperextended domain. The Err detachment system is comprised of at
least three in-sequence long-offset detachment faults, namely, in order of activity, the Err, Jenatsch and Agnel extensional detachment faults. The length of detachment
faults and the size of associated breakaway blocks decrease oceanward. The three-dimensional architecture of the Err detachment system was largely controlled by inherited
structures and compositional heterogeneities within the basement and pre-rift sediments.

This excursion aims to display: (1) the three-dimensional architecture of the Err detachment system; (2) the sedimentary facies and stratigraphic architecture of supra-
detachment basins; (3) the characteristics of fluid flow linked to detachment systems; (4) the importance of inheritance in controlling the architecture of the Err detachment
system; and (5) the importance of rift-related structures in controlling Alpine reactivation.

MAIN TAKE-AWAY OF THE EXCURSION

Age of rift-related deformation: the Err detachment
system is younger than the Agnelli formation, which is
dated Sinemurian (196.5-189.6 Ma), and older than the
Radiolarian Cherts (ca. 165 Ma).

Deformation style: essentially controlled by long-offset
detachment faults (so-called “hyperextension”). The
continental crust was thinned from ca. 10 km to O km over
a distance of ca. 30 km while significant accommodation
space was created.

Paleogeographic framework: extension occurred after
the necking phase when the crust was mechanically
coupled to the upper mantle; syn-tectonic minerals and
pre- to syn-rift sediments show evidence for mantle-
reacted fluid contamination.

_ ‘

Fig. 11.C.0 - Schematic section across the Alpine Tethys rift system showing the position of
the Brianconnais (Br) and Err domains during the (a) Middle Jurassic mantle exhumation phase,
and (b) late Early Jurassic (Pliensbachian—Toarcian) hyperextension phase (modified from

Manatschal et al., 2022).
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- Onset of Alpine reactivation: Late Cretaceous (Santonian/Campanian).

- Reactivation style: essentially thick-skinned tectonics; involves basement and sometimes reactivation of pre-existing faults; also thin-
skinned: reactivation of decoupling layers (e.g., Triassic salt).

- Main remaining questions: where and how do the detachment faults root at depth?

INTRODUCTION

The Lower Austroalpine Err Nappe samples the outer part of the former Adriatic hyperextended domain. Already in the early 1990s, Froitzheim
and Eberli (1990) pointed out the existence of low-angle faults in the Err Nappe, which contrast with the high-angle faults observed in the
proximal domain. Mapping of the Err Nappe by Manatschal and Nievergelt (1997), Masini et al. (2011), and Epin and Manatschal (2018)
confirmed that the Err detachment system likely formed via a rolling hinge model succession (e.g., Buck and Poliakov, 1998; Wernicke and
Axen, 1988). Epin and Manatschal (2018) also highlighted that the Err detachment system is comprised of three successive detachment
faults. These faults formed in-sequence with an oceanward progression. They were linked with fluid flow and deposition of syn-tectonic
sequences (Manatschal, 1999; Pinto et al., 2015).

ITINERARY
This excursion takes place in the Julier Pass - Piz Neir region (Fig. 11.C.1).

Stop 1 (virtual): Piz Lavinier.

Stop 2: Piz Nair. In San Murezzan, park the car in the Sarletta parkaus (P2 on Fig. II.C.1; GPS: 46°29°47.7”"N 9°50'33.5"E, i.e., 46.496594,
9.842637). Take the escalators and walk to the funicular station (St Moritz SMBB; GPS: 46°29'55.6”N 9°50'15.2"E, i.e., 46.498779,
9.827546). Take the funicular to the Corviglia station, and from Corviglia take the cable car to Piz Nair. Walk up ca. 50 m to the antenna
(GPS: 46°30'23.1"N 9°47'14.6"E, i.e., 46.506403, 9.787398). Enjoy the panoramic view on the Err Nappe. Walk down the path through the
sedimentary section back to Corviglia station.

Stop 3: Bardella allochthon; From San Murezzan, take route 27 toward the southeast and then head towards Julier Pass on route 3. Drive
over the Julier Pass and park the car on the first parking to the right (P1 on Fig. II.C.1; GPS: 46°28'12.5”N 9°43'03.8"E, i.e., 46.470141,
9.717715). From the parking, cross the road and walk 250 m toward the southwest to the top of the hill. Look west toward Piz Bardella
(Viewpoint 1 on Fig. II.C.1; GPS: 46°28'07.2”"N 9°42'58.8"E, i.e., 46.468672, 9.716343).

Alternative stop 3: walk up to Fuorcla Cotschna (GPS: 46°38’31.5”N 9°01'26.1"E, i.e., 46.642095, 9.023911; see Fig. Il.C.1) where the
detachment is exposed and syn-rift sediments onlap directly onto the detachment surface (Fig. II.C.3).
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Stop 1: Piz Lavinier (virtual: https://sketchfab.com/3d-models/3a19ff2890394{2ba81283c89e1b9d4b; Betlem et al., 2023)

The Err detachment system is exposed over ca. 6 km in the region of Piz d’Err-Piz Bial and, except from a few gaps due to later erosion, it can
be traced over more than 200 km? (Figs. I.C.2 and 11.C.3; Epin and Manatschal, 2018).

Characteristics of the fault zone of the Err detachment system

Sections across the footwall of the Err detachment system exhibit an evolution from an undeformed granitic basement to a damage zone formed of
green cemented cataclasites (login Fig. I1.C.4). These cataclasites display angular clasts of variable size cemented by a matrix comprised of quartz,
albite, illite, and chlorite (Epin and Manatschal, 2018). Manatschal (1999) and Pinto et al. (2017) showed that albite, illite, and chlorite formed
during rifting as a result of an intense fluid-assisted breakdown of feldspars. The lack of quartz mylonite suggests that deformation occurred in the
brittle regime, at relatively low temperatures (<300 °C). The main slip surface of the extensional detachment faults, which corresponds to the core

zone of the damaged zone, is made of a few cm- to meters-thick layer of
indurated black gouges that shows sharp limits to the cataclastic zone
(Fig. 11.C.4d; Froitzheim and Eberli, 1990; Manatschal and Bernoulli,
1999; Manatschal et al., 2000; Epin and Manatschal, 2018). These
black gouges define the upper limit of the footwall.

Where a hanging wall is preserved in the Err detachment system, it
is made of continental basement and/or pre-rift sediments that form
extensional allochthons. They can be either tilted toward the east
(continentward) or the west (oceanward) (Fig. II.C.4a). These fault
blocks are typically a few hundred meters to several km across.
Where a hanging wall is missing, syn-rift sediments overly directly
the detachment surface (e.g., Fuorcla Cotschna). In that case,
black gouges are usually reworked within the tectono-sedimentary
breccias that form the base of the overlying syn-tectonic sequence.
Manatschal (1999) showed that the black gouges along the Err
detachment system display relatively high concentrations in Ni, Cr,
and V. These elements of mantle chemical affinity were released
during mantle serpentinization (c.f. the Fluids thematic sheet;
Appendix A3; Pinto et al. 2015).

https://doi.org/10.3301/GFT.2023.02
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Fig. 1I.C.2 - View of the Err detachment system area looking eastward (background
picture from Google Earth).
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Fig. 1I.C.3 (modified from Epin and Manatschal, 2018) - Geological map of the Err detachment system area and sections through the northern (a), central (b) and southern (c)
part. Abbreviation: det.: detachment.
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Fig. 11.C.4 - Fault rocks and relation to footwall and hanging wall observed along the Err detachment system (modified from Masini et al., 2011; Log modified from Epin et
al., 2017). a) View of the Err detachment fault in the Piz Lavinier area. The hanging wall is made of an extensional allochthon, which is comprised of polymetamorphic basement
and Triassic dolostones that are tilted to the east (i.e., continentward). The underlying Err detachment (green line) shows a top-to-the-west transport direction; b) clasts of black
gouge, green cataclasite and Triassic dolostone reworked into Jurassic sediments (Saluver Fm); c) clast of Triassic dolostone in black gouges; d) Fuorcla Cotschna outcrop. The Err
detachment fault is sealed by Jurassic sediments. Green lines highlight the black fault gouges (G) that are onlapped by syn-rift sediments of the Saluver Fm (S). The Saluver Fm

was deposited after the Sinemurian Agnelli limestones (ca. 190 Ma) and before the Bathonian radiolarian cherts (ca. 165 Ma).

Stop 2: Piz Nair (46°30°23.1” N - 9°47°14.6” E)

The sedimentary record of hyperextension

Piz Nair lies approximately in the centre of the Samedan Basin, which is floored by the Err detachment system (Fig. II.C.3). At Piz Nair, the basement
is topped by cataclasites and locally also gouges, which are directly overlain by Jurassic syn-tectonic sediments (Saluver Fm). The reworking of
the gouges and cataclasites within syn-tectonic sediments suggests that an extensional detachment fault was exhumed to the seafloor. From base
to top, the Saluver Fm consists in (Fig. [I.C.5): massive breccias (Member A of the Saluver Fm); turbiditic sandstones (Member B of the Saluver
Fm); and shale-dominated hemipelagic sediments (Member C of the Saluver Fm). The progressive finning upward of the sedimentary deposits in
the Saluver Fm indicates a progressive deepening of the basin. Members B and C of the Saluver Fm were essentially deposited during axial basin
sedimentation, conversely to Member A.

The Saluver Fm was deposited at least partially at the same time as the Bardella Fm, as indicated by the local interfingering of the two
formations. However, in contrast to the Bardella Fm that is exclusively comprised of hanging wall-derived carbonate rocks, the Saluver

https://doi.org/10.3301/GFT.2023.02
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Fig. II.C.5 (modified from Masini et al. 2011) — a) Lithostratigraphic log and schematic sections along a NW—SE transect across the Samedan Basin showing
correlations perpendicular to the main axis of the basin (i.e., in transport direction of the detachment fault). Note that the intermediate- and top facies tracts
onlap the Bardella allochthon to the NW and the exhumed basement to the SE; b) lithostratigraphic log and schematic sections along a NE-SW transect across
the Samedan Basin showing correlations along the basin depot-axis (i.e., in the sediment transport direction); ¢) 3-dimensional model of the Samedan Basin
morphology during its opening (intermediate facies tract deposition); arrows indicate the paleoenvironment directions of basal (1) and intermediate (2) facies
tract deposits. Abbreviations: BA, Bardella allochthon block; FAs: Facies Associations, i.e., beds or group of beds with consistent texture, composition and

sedimentary structures; FT: Facies tract; OFT: Out of facies tract; TAF: Top of the Agnelli Fm; RC: Radiolarian cherts; tecto.: tectonique; ZoS: Zone of Samedan.
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Fm is essentially made of siliciclastic, basement-derived material. Masini et al. (2011) interpreted the different compositions of the
Bardella and Saluver Fms to reflect a change from hanging wall-derived to footwall-derived breccias due to increasing extension along
the detachment fault underlying the basin (Figs. II.C.5 and II.C.6). The Saluver Fm is overlain by post-rift radiolarian cherts, which are
interpreted to represent the Bathonian-Bajocian Bio-Siliceous Event (BB-SiE; Ribes et al., 2019a; cf. section 5.2 of the excursion notes).
The last sedimentary sequence corresponds to the Aptychus Limestone Fm, which is interpreted to mark the Tithonian Carbonate Event
(Ti-CaE; Ribes et al., 2019a).

Mantle-derived fluids linked to hyperextension

Crustal thinning and mantle exhumation during hyperextension were achieved via a series of extensional detachment faults (Epin and
Manatschal, 2018). These processes are intimately linked with fluid migration, which leads to changes in the mineralogy and chemistry of
the related mantle, crustal, and sedimentary rocks. Using field observations and analytical methods, Manatschal et al. (2000) and Pinto et al.
(2015) showed that Cr, Ni, V, and Mn, together with some major elements (Si, Fe, and Mg), were transported by fluids that were channelized
along the extensional detachment faults. These fluids first reacted with the encompassing fault rocks (crust and/or mantle), before they
reached the seafloor, where they reacted with surrounding syn-tectonic sediments (see Fig. II.C.6a).

In the early stages of hyperextension, mantle-reacted fluids released their element surplus directly within the syn-tectonic sediments they
percolated through (e.g., Member A of the Saluver Fm). In the later stages of hyperextension, over-saturated fluids reached the seafloor,
and their transported elements surplus were released within seawater. As a consequence, these elements were absorbed by post-tectonic
sediments (e.g., Member C of the Saluver Fm).

The significant enrichment of syn-rift sediments in mantle-derived elements suggests that a significant amount of serpentinization occurred
beneath the hyperextended continental crust and that mantle-reacted fluids modified the chemical composition of the local sediments and

seawater (Fig. I.C.6b). It also shows that mantle serpentinization initiated before the mantle was exhumed to the seafloor (Fig. Il.C.6a; Pinto
et al., 2015).

Stop 3: The Bardella Allochthon (46°28’07.2” N - 9°42'58.8" E)

Compared to the Piz Nair, the Bardella site displays an extensional allochthon made of (from the bottom up): a few hundred meters of pre-rift
Triassic carbonates (Hauptdolomit and Késsen Fms); and ca. 40 m of Lower Jurassic Agnelli Fm (Fig. II.C.7). Despite the Agnelli Fm is syn-rift
in age, it lies in a pre-tectonic position in the Err Nappe.

The Agnelli Fm is capped by a ferromanganese crust, which is interpreted to represent the Toarcian Oceanic Anoxic Event (T-OAE; Ribes et
al., 2019a). Thus, in the Err Nappe, the T-OAE marker lies at the top of the pre-tectonic sequence, while it lied at the top of the syn-tectonic
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Fig. 11.C.6 (modified from Masini et al. 2011 and Pinto et al. 2015) — a) Progressive gain of Ni-Cr-V along the Err detachment fault (left hand-side panel) with a close

up showing the tectono-sedimentary evolution of the Samedan Basin (right hand-side panel). The panels to the left show the concept of the progressive increase of
serpentinized area and degree of serpentinization that are linked to the detachment fault evolution. This increase is registered along the Err Detachment (coloured dots).
The light blue zone is the downward migration of the seawater along normal faults in the hanging-wall. Seawater reaches the mantle, triggering its serpentinization, which
produces the mantle-reacted fluids that migrate upward (light green zone). In t1 stage, deformation is distributed along a high-angle normal fault and a set of fractures.
From t2 to t4, deformation is localized along the detachment fault.; b) Ni-Cr-V trends from the sedimentary rocks (from Pinto et al., 2015). Samples are from Piz Nair and
Murtirél in the Err nappe (blue symbols). Samples from the Platta Nappe (dark green symbols) are from Bracciali et al. (2014) and the reference value of PAAS (orange

cross) are from Condie (1993). Abbreviations: PAAS: Post-Archean Australian Shale standard; RAD: Radiolarian cherts; t: time; TAF: Top of the Agnelli Fm.
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sequenceinthe BerninaNappe and belonged to the post-
tectonic sequence in the Ortler Nappe (cf. Excursions B
and A, respectively; see also the Stratigraphy thematic
sheet).

The Bardella allochthon overlies exhumed basement.
The local presence of evaporitic remnants (cargneules)
between the basement and overlying pre-rift sediments
indicates that this contact was a décollement level
(Figs. 1I.C.7 and II.C.8). Where evaporitic remnants
are lacking, the contact between the basement and
overlying pre- to syn-rift sediments is characterized
by cataclasites and black gouges, which are typical
fingerprints of Jurassic detachment faults (see Fuorcla
Cotschna outcrop, Fig. I.C.4d).

The Bardella allochthon is overlain by syn-tectonic
Jurassic sediments of the Bardella Fm (Figs. II.C.7
and 1I.C.8). The Bardella Fm is essentially comprised
of stacking of 1-5 m-thick beds of clast-supported,
unsorted breccias. These breccias are exclusively
comprised of Triassic dolostones, and, in rare cases,
of Agnelli limestones. The Bardella Fm is interpreted to
result from debris flow processes. A finning-up trend of
the sedimentary deposit is locally observable (breccias
calcarenite calcilutites). Up-section, Masini et al.
(2011) recognized a 90° counterclockwise rotation of
the paleocurrent. This observation may be explained
by a change from gravitational sediment transport
along slopes (debris-flows) to axial turbiditic currents
(Figs. 1l.C.5 and II.C.6).

https://doi.org/10.3301/GFT.2023.02
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Fig. 11.C.7 - Panorama of the Piz Bardella—Fuorcla Cotschna region (from Epin et al., 2017).
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From outcrop observations to a tectono-stratigraphic interpretation

The challenge to upscale outcrop observations to a tectono-stratigraphic interpretation is a long-standing problem and has been tackled by
numerous studies, including litho-stratigraphic and sequence-stratigraphic approaches. At modern rifted margins, because of the lack of direct
observations and the scarcity of drill hole data in distal domains, syn-tectonic sediments were often assumed to be of the same age along the dip
of the entire margin (i.e., it was assumed that syn-rift equals syn-tectonic; see section 2.2 of the excursion notes for more details and Chenin et
al., 2022 for a more comprehensive review). The Piz Bardella outcrop played a major role in the change of paradigm toward the modern view of a
localizing rifting process. By dating the top of the Agnelli Fm with ammonites and correlation of this time horizon, which coincides with the T-AOE
(Fig. 11.C.8a), along the dip of the fossil Adriatic margin, Ribes et al. (2019a) demonstrated that the syn-tectonic sequence becomes younger in
increasingly distal settings. Indeed, while the syn-tectonic sequence is older than the T-AOE in the proximal domain (e.g., Il Motto; see Fig. ll.A.6a
in excursion A), it post-dates the T-OAE at Piz Bardella (Fig. II.C.8a). A more comprehensive description of the margin-scale tectono-stratigraphic
evolution is provided in the Tectono-stratigraphy thematic sheet and more extensively reviewed in Ribes et al. (2019a) and Manatschal et al.
(2022).

Three-dimensional architecture of the Err detachment system

Mapping of the Err detachment system allowed defining three successive detachment faults that formed in-sequence with an oceanward
younging and sense of shear. The footwall of the Err detachment system is mainly formed by the Albula granite, a late Variscan granite that was
emplaced at upper crustal levels into polymetamorphic Palaeozoic gneisses and schists. In contrast, the rocks of the hanging wall are more
heterogeneous (Fig. [I.C.4e): in the northern and southern parts of the Err region the hanging wall is made of the polymetamorphic basement;
in contrast, the central part of the hanging wall consists dominantly of volcano-sedimentary sequences that belong to a former Permian basin
(Fig. 11.C.10d). This variable lithology has important implications in the localization and evolution of the detachment system (Fig. I11.C.9a). For
instance, the Jenatsch detachment seeded at the base of the Permian basin so that the footwall of the Jenatsch detachment is made of the
Palaeozoic basement and its hanging wall of a Permian volcano-sedimentary sequence (Fig. I11.C.10d-h). Upper Triassic evaporitic sequences
within the pre-rift succession also controlled the style of Jurassic extension as they acted as decollement layers (Fig. 11.C.9e).

In the north of the Err region (Fig. I1.C.9¢c), three in-sequence extensional detachment faults can be identified: the Err, Jenatsch, and Agnel
detachments. Each of these detachments is crosscut by the next one with an angle of 20-30° (i.e., the footwall of a given detachment
corresponds to the hanging wall of the next detachment). Both the size of the breakaway blocks and the length of the detachment faults
decrease oceanward (Figs. 11.C.10a and I.C.10b).
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Ra - Radiolarite: Blue, greenish and reddish radiolarite beds including chert and
radiolaria-rich intervals.

Blais Radiolarit Fm (= 20 m)

Sd - Sandstone: interleaved black, red, green and brown shales and thin distal
turbidite beds with subordinate conglomerates and mature arkosic beds.
Member C of the Saluver Fm (=40 m)

Br - Breccias and Sd - Sandstone: Matrix-supported breccias and reddish
fine-grained sandstone consisting of the resedimented Triassic strata and the rewor-
ked basement with an important contribution of the Permo-Triassic Chazfora source.
The size of clasts decreases upsection. Matrix of breccias consists of red arkoses.
Member B of the Saluver Fm (= 100 m)

Br - Breccias and Ca - Calcarenites: Clast-supported breccias constituted by angular
components of the Triassic Hauptdolomit and Késsen Fms, the Jurassic Agnelli Fm
and crystalline components. Breccias are interbedded with gray to brown marl/shales
and calcarenites.
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100 === - Ca o 7 mm m f m,  m mm m pm TOAE
= , L - Limestone and Ca - Calcarenites: At the base dark thin-bedded spiculitic limes-
« tones, then 20 m of gray massive limestone capped by a 10 m thick body of calcare-
—— = , nite. Beds generally contain siliceous spiculae, echinoiderms and crinoids debris.
= Th\Br » The upper limit is capped by a belemnite-rich horizon that predates the deposition of
Toarc. &) =—®pca aferromanganese hardground which contains a rich encrusted ammonite fauna.
Sin.- % L Agnelli Fm (=40 m)
201P|U|2n0§ e I o e R e e e R-BSR

=’Kossen (=200 m) & Hauptdolomit (= 1500 m) Fms
Do - Dolostone: poor in fossils, deposited on a large platform with wide tidal flat areas
and closed internal lagoons.

Fig. 1l.C.8 — a) Palinspastic
reconstruction across the Err Nappe from
Ribes et al. (2019a). Note that the scale
for syn-rift deposits is not the same as
that for basement and pre-rift deposits;
b) representative sedimentary succession
of the distal hyperextended domain from
Ribes et al. (2019a). Abbreviations: R-BSR:
Rhaetian Base of the Syn-Rift; T-OAE:
Toarcian Oceanic Anoxic Event; BB-SIiE
Bajocian—Bathonian bio-Siliceous Event;
T-CaE: Tithonian Carbonate Event (see
section 5.2 of the excursion notes). Plien.:
Pliensbachian; Sin.: Sinemurian; Toarc.:
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In the central part (Fig. 11.C.9d), only two in-sequence detachments can be identified: the Jenatsch and Agnel detachments.
In the south (Fig. II.C.9¢e) a single detachment surface covered by post-rift sediments can be identified. This detachment surface has been
interpreted to correspond to the merging of the Jenatsch and Agnel detachments (Epin and Manatschal, 2018).

Anatomy of a supra-detachment basin: the example of the Samedan Basin

The Samedan Basin formed as a result of the Err detachment activity. Remnants of the Samedan Basin extend from Piz Bardella to the town
of Samedan and further east to Murtirél (Figs. [I.C.1 and 1.C.11; Masini et al., 2011, 2012).

Based on structural and stratigraphic relationships and on the restoration of Alpine sections (Fig. [I.C.11), Masini et al (2011) reconstructed the
tectono-stratigraphic architecture and history of the Samedan Basin (Fig. 11.C.12).

[ IPostriftsed. [ | Pre-rift dolostone [ | Volcano-sedimentary seq. (Neirbasin) [] Granite (Albula)

[ ]Syn-riftsed. [ ]Pre-rift evaporite ] Polymetamorphic basement [ ] Mantle
Lower Err and
Upper Platta nappes Middle Err Nappe
Castalegns - Piz Calderas Piz Jenatsch Piz Lavinar
\\\ /Q —/
\‘\
N
Piz Neir Piz Bardella Fuorcla
Cotschna
‘—’/
Inherited structures < R \ \\ ? S —
=== Permian normal fault
d
Jurassic structures
w== Err detachment Rocabella and Pizd’Emmat Dadora Grevasalvas
=== Jenatsch detachment —F‘—/—_‘
=== Agnel detachment o
=== Upper Platta detachment
e

Fig. Il.C.9 (modified from Epin and Manatschal (2018) — a) Restored block of the Err Nappe showing the location of the different detachment faults; b) restored block of the
Lower Err and Upper Platta nappes showing the transition between the hyperextended and exhumed mantle domains. c-d) and (e) simplified restored sections through the Err
Nappe (see panels a and b for location). Abbreviations: sed.: sediments; seq.: sequence.
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Fig. 11.C.10 (modified from Epin and Manatschal, 2018) - a) Schematic block representing the lateral extent of allochthonous blocks related to the Err, Jenatsch and Agnel
detachments of the Err detachment system; note: the pink detachment to the left corresponds to the Upper Platta detachment, which is responsible for mantle exhumation to the
seafloor. It does not belong to the Err Nappe but to the more distal Platta domain; b-c) sections through the schematic block showing the lateral variability of allochthonous blocks;

d) schematic map of the Jenatsch and Agnel detachment faults and their relation to the Permian basin (see sections e, f, g and h).

The Samedan Basin initiated as a classical high-angle fault-bounded basin (Figs. 11.C.12b and II.C.12c). Continued extension on the high-
angle fault led to the flattening of its inactive portion as it moved away (roll-over), and to the exhumation of relatively deep basement levels at
a low angle to the seafloor. At this stage, the initial high-angle fault had become a long-offset extensional detachment fault where syn-tectonic
sediments were deposited directly onto exhumed basement (Fig. [I.C.12d).

Alpine reactivation

The Err Nappe underwent little metamorphic imprint during the Eo-Alpine orogeny (late Cretaceous closure of the northern Meliata-Vardar
domain; cf. section 3.3. of the excursion notes). It was also little reactivated during the Eocene-Oligocene N-S shortening because it was in
the neutral zone located above the singular point that separates the pro-wedge from the retro-wedge.

At present, the Err Nappe is sandwiched between the Bernina Nappe (above) and the Platta Nappe (below) along second-order D1
Alpine thrusts (Epinetal., 2017). The Err Nappe itself is essentially affected by third-order D1 Alpine thrusts (Fig. 11.C.13). Most of these
thrusts seed at lithological contacts between basement and sediments or between the basement and serpentinized mantle, suggesting
that most of the Alpine orogen complexity is inherited from the architecture of the former Alpine Tethys margins (Fig. I1I.C.13; Epin et
al. 2017).
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Fig. 11.C.12 - Schematic evolution of the Samedan supra-detachment basin in 2D, 3D and its location within a margin-wide framework (modified
from Masini et al., 2011). Abbreviations: Cr. Cretaceous; RC: Radiolarian Cherts; sed.: sediments; ZoS: Zone of Samedan.
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Fig. 11.C.13 (modified from Epin
et al.,, 2017) - Schematic sections
through (a) the present-day Alpine
nappe stack; and (b) the former
distal Adriatic margin. Note how the
architecture of the former Adriatic
margin controlled the architecture

of the Alpine nappe stack.
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Fig. 11.C.14 (modified from Epin et al., 2017) - Restoration
of the present-day geological section A-A’ and B-B’ in Fig. Il.C.2
back to their position at the end of rifting in late Middle Jurassic
time. Note the link between D1 thrusts and inherited Jurassic

detachment structures. Abbreviation: FC: Fuorcla Cotschna.
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On a local scale, the kinematics of the Jurassic and Alpine fault systems were approximately co-linear in the Piz Bardella-Fuorcla Cotschna area,
both trending E-W to SE-NW. This enabled Epin et al. (2017) to propose a qualitative restoration of a section parallel to the transport direction

(Fig. Il.C.14). They identified 5 sub-units stacked one on top of each other and noticed that thrusts partly reactivated the inherited Jurassic
detachment, which was used as a decollement level (Fig. 11.C.14).

FURTHER READING

Froitzheim and Eberli (1990); Manatschal and Nievergelt (1997); Masini et al. (2011, 2012, 2013);

Epinetal. (2017, 2019); Epin and Manatschal (2018); Ribes et al. (2019a).

About fluids: Manatschal (1999); Manatschal et al. (2000); Pinto et al. (2015); Incerpi et al. (2017, 2018, 2020a).
Ph.D. theses: Epin (2017); Incerpi (2017); Masini (2011); Pinto (2014).
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The exhumed mantie domain of the Adriatic margin: Falotta-Marmorera-Ual da Natons-Bivio (Platta Nappe, southeast
Switzerland)

ABSTRACT

The Platta Nappe in south-eastern Switzerland samples the exhumed mantle domain of the former Adriatic margin. The Platta Nappe can be subdivided into two units based
on their lithology and tectonic position, namely the Upper- and Lower Platta units: the Upper Platta Unit corresponds to the most proximal part of the exhumed mantle
domain. It is comprised of an inherited subcontinental lithospheric mantle with minor magmatic additions and a few continental allochthons. The more distal Lower Platta
Unit is comprised of (re-)fertilized mantle with an increasing number and volume of intrusive and extrusive magmatic bodies oceanward. It also preserves remnants of a
proto-Oceanic Core Complex (OCC). The exhumed mantle domain is characterized by intense hydrothermal fluid activity and Cu-Fe-Ni-Co-Zn-rich mineralizations linked to
serpentinization.

This excursion aims to display: (1) the general architecture of the exhumed mantle domain; (2) the tectono-sedimentary sequences and structures associated with mantle
exhumation; (3) the nature of fluid-rock interactions and associated mineralizations; (4) the characteristics of the magmatic intrusions affecting the exhumed mantle
domain; (5) the evidence for a proto-OCC; and (6) how rift-related structures controlled the style and location of subsequent Alpine deformation.

MAIN TAKE-AWAY OF THE EXCURSION

- Age of rift-related deformation: latest Middle Jurassic (Callovian; ca. 161 Ma).

- Deformation style: essentially controlled by detachment faults affected by later normal faulting; minor magmatic activity and intense
hydrothermalism.

- Paleogeographic framework: Ocean-Continent Transition (OCT) of the southeast Alpine Tethys margin.

- Onset of Alpine reactivation: Late Cretaceous (Santonian/Campanian).

- Reactivation style: thin-skinned tectonics; controlled by local buttresses and decoupling levels at the top and within the serpentinized
mantle.

- Main remaining questions: what is the nature and age of the contact between the Upper- and Lower Platta units? A primary lithological
transition or a major Jurassic shear zone?

INTRODUCTION

The Platta Nappe belongs to the Upper Penninic Unit. It preserves remnants of the most distal part of the northern Adriatic margin, namely
the exhumed mantle domain. The mechanisms of mantle exhumation are well-constrained for the Platta Nappe (Epin et al., 2019). Seismic
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imaging of exhumed mantle domains at present-day rifted margins @®n Platta

highlights complex architectures with pronounced top basement &= o S T-rw -
topography. However, only a few drill holes have been performed |
in such distal settings and drilling was limited to basement highs, . DL ©

leaving a lot of uncertainty on the nature of the basement and the
processes at play in exhumed mantle domains. In this framework, _ _ _ _ _ _

the study of a fied analogue like the one preserved in the Platta 7% 00, Sehemati secton acosstne Apie Tetys it yters sawng e
Nappe is of great interest. The Platta Nappe is presumably the mantle exhumation phase (modified from Manatschal et al., 2022).

best exposed and investigated rift-related exhumed mantle domain

worldwide.

ITINERARY

This excursion takes place in the Val Surses in southeast Switzerland. Main localities visited are Alp Flix/Falotta; the Marmorera Lake area,
and outcrops/panoramas close to the village of Bivio (Fig. 11.D.1).

Stop 1 (Viewpoint 1 in Fig. 11.D.1): From Bivio, drive north on road 3. Approximatively 2 km beyond the Marmorera Lake, turn right into the
village of Sur. Drive up 2.3 km and then turn right to reach the Alp Flix parking place (P1 on Fig. I1.D.1; GPS: 46°31'21.9”"N 9°38'36.7"E, i.e.,
46.522745, 9.643513). Look north in the direction of Falotta.

Stop 2 (Outcrop 2): From the P1 parking place, walk on the road track ca. 1.5 km up to the café/farm. Then, take the smaller road track on
the right, which evolves into a hiking path. Walk north up to Falotta (46°32'47.9”N 9°39'55.7"E, i.e., 46.546650, 9.665474; see the path on
Fig. 11.D.1).

Stop 3 (Outcrop 3): Park the car on the northern end of the Marmorera Lake (P3 on Fig. I1.D.1; GPS: 46°30’37.5”N 9°38’03.0"E, i.e.,
46.510421, 9.634153). Take the path heading southwest along the lake up to its end at the foot of a cliff (ca. 800 m; Outcrop 3 in Fig. Il.D.1;
GPS: 46°30’19.3"N 9°37°41.1"E, i.e., 46.505361, 9.628077).

Stop 4 (Viewpoint4inFig. 11.D.1): From P3 drive 3.7 km south onroad 3 and park the car on P4 at Stalveder (GPS: 46°28'55.6”N 9°38'29.4"E,
i.e., 46.482102, 9.641499); look into the NNE toward the outcropping gabbro bodies cropping out in Val da Natons.

Stop 5 (Viewpoint 5in Fig. 11.D.1): From P4 drive 2.7 km south on road 3 and park the car on P5 at the Tua ski lift station (GPS: 46°27°46.8”N
9°39'22.9”E, i.e., 46.463007, 9.656362); look into the NE toward the cliff above the road.
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Stop 1: Alp Flix (46°31°21.9” N - 9°38'36.7" E)

The Platta Nappe can be subdivided into two units
based on mantle lithology and Alpine tectonic position,
namely the Upper- and Lower Platta units (Fig. 11.D.2).
Each one of these units is up to 400 m thick. The Upper
Platta Unit corresponds to the more proximal part of the
OCT. It overlies the Lower Platta Unit along an Alpine
tectonic contact. The basement of the Upper Platta Unit
is comprised of serpentinized subcontinental lithospheric
mantle (Mantle type 1a of Picazo et al. 2016; cf. section
2 of the Petrology thematic sheet). It is affected by rare
late Middle Jurassic magmatic additions and overlain by
a few extensional allochthons made of continental crust
and pre-rift sediments.

The Lower Platta Unit corresponds to the more distal
domain in the OCT. It is comprised of infiltrated
serpentinized subcontinental lithospheric mantle (Mantle
type 2 of Picazo et al. 2016; cf. section 2 of the Petrology
thematic sheet). It displays an increasing number of
MORB-type gabbroic intrusive- and basaltic extrusive
rocks oceanward. These magmatic bodies are interpreted
as the first products of an embryonic spreading system
(section 3 of the Petrology thematic sheet). The magmatic
bodies of the Platta Nappe were emplaced over a short
period of time at 161+1 Ma (Schaltegger et al., 2002).
Mylonitic shear zones can be found within the mantle
peridotites (e.g., the Muttariel mylonitic shear zone).
Muntener et al. (2010) reckoned their formation
temperature to 700-900 °C and suggested that these
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Fig. Il.D.1 - Map of the Platta Nappe area and route to the outcrops and viewpoints (background
map from https://map.geo.admin.ch/).
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mylonitic shear zones separated the infiltrated/(re-)fertilized mantle of the Lower Platta (Mantle type 2) from the inherited subcontinental
lithospheric mantle of the Upper Platta (Mantle type 1). Mylonitic shear zones may have acted as permeability barriers.

Stop 2: Falotta (46°32'47.9” N - 9°39'55.7" E)

The Falotta outcrop (Fig. 11.D.3b) displays a succession from “undeformed” serpentinized and re-fertilized mantle to intensively, brittlely
deformed fault rocks overlain by a volcano-sedimentary sequence (basalts/breccias/ophicalcites; Fig. 11.D.4 and log 1 of Fig. II.D.5).
Hydrothermal activity was intense during mantle exhumation since almost all rocks have been altered and or chemically modified (Coltat et
al., 2020).

The extensional structures found at Falotta are comparable to those observed in the Err Nappe, despite the fact they affect different types of
lithologies. Extensional structures are marked by serpentinite cataclasites and black gouges topped by ophicalcites and overlain by tectono-
sedimentary breccias, which are typical fingerprints of Jurassic detachment faults (Pinto et al., 2016; Epin et al., 2019; Coltat et al., 2020;
Fig. 11.D.4). Thus, the Platta extensional detachment may be interpreted as the oceanward continuation of the Err detachment system (cf.
Excursion C; see also Epin et al., 2017).

An idealized section through the footwall of the Platta detachment fault includes, from base to top (Fig. I1.D.4c):

e foliated massive serpentinized peridotite or gabbro;

e serpentinized peridotite or gabbro cataclasites marked by fractures and veins filled with syn-kinematic chlorite and serpentinite; the
intensity of cataclastic deformation increases upward, passing into;

e serpentinite gouges (core zone).

A recent study by Coltat et al. (2020) investigated the contact between the basalts and the mantle rocks at Falotta and showed that the
deformation of the basalts is pre-Alpine and occurred under seafloor conditions, suggesting that the basalts were emplaced during mantle
exhumation.

The first sediments overlying the detachment surface are carbonate-rich tectono-sedimentary breccias named ophicalcites (Fig. 11.D.4c).
These formed in a syn-tectonic setting, either at low- or high temperatures depending on the presence or absence of overlying basalts (Coltat
et al., 2019a; cf. section 5 of the Fluids thematic sheet). From bottom up, two types of ophicalcites can be identified:

e Type 1 ophicalcites are characterized by penetrative impregnation and replacement of serpentinite cataclasites and gouges by calcite;
¢ Type 2 ophicalcites are calcitic matrix-supported tectono-sedimentary breccias that rework serpentinized mantle.
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Fig. 11.D.2 (modified from Epin et al., 2019) - a) Geologic map of the Central Grisons area showing the distribution of the Austroalpine units and South Penninic
ophiolites derived from the Adriatic OCT; b) geological map of the Platta Nappe; c) section through the Platta and Err nappes showing main Alpine units and Alpine D1
structures; d) restored section at Late Jurassic time across the Platta and Err domains. Black lines mark the location of major Alpine first-, second-, and third-order D1

thrust faults. Abbreviation:det.: detachment.

A

(2'1)ST - £202 sdew pue sdyi} pjaiy [e2150/088

Kieiaul}l



(Z'I)ST - €20 sdew pue sdli} p[aly 80130098 g
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Fig. 11.D.3 (modified from Epin et al., 2017) — a) Geological map of the Falotta region; b) photograph and line drawing of the panoramic view of the Tigias-Falotta area (view
from the south); c) constructed sections C-C’ and D-D’ across the Falotta-Tigias area (for location see Fig. 11.D.2 and 11.D.3a). Abbreviations: obs./infer.: observed/inferred.

Stop 3: Marmorera Lake (46°30’19.3” N-9°37°41.1" E)

The outcrop east of the Marmorera Lake (outcrop 3 in Fig. 11.D.1) displays a contact between the serpentinized mantle in the footwall and
basalts in the hanging wall (Fig. 11.D.6). Close to the contact, the serpentinized mantle in the footwall is affected by rodingitized mafic dykes.
These dykes are generally parallel to the contact between the mantle and overlying basalts. They were interpreted as feeders of the overlying
basalts. The contact between the mantle and the basalts is made of ophicalcites reworking serpentine and intensively deformed rocks, which
suggests that it is a detachment fault linked to mantle exhumation. A pre-Alpine age is further supported by the observation that the fault
rocks are crosscut by carbonate veins. Carbonate veins in a comparable position further west, near Cotschen, were dated 144+13 Ma using
the U/Pb method on carbonate (Coltat et al., 2019b).

The base of the basalts overlying the contact is strongly deformed, similar to what can be observed at Falotta. Epin et al. (2019) suggested
that these basalts were emplaced during mantle exhumation, in the hanging wall of a detachment system.

In a detailed study, Coltat et al. (2019b) described an ultramafic-hosted Cu-Fe-Ni-Co-Zn-rich mineralization well exposed at Cotschen, west
of the Marmorera Lake (Fig. II.D.6a and 11.D.6b). Along the cliff east of the Marmorera Lake, mineralization occurs as sporadic thin oxidized
reddish corridors and patches of Fe-Ca-silicates, semi-massive sulphides and/or Cu-rich massive sulphides. Some of these patches were
mined (e.g., Cotschen mine on Fig. Il.D.6a). Coltat et al. (2019b) suggested that hot (>350 °C) hydrothermal fluids were drained along sills

https://doi.org/10.3301/GFT.2023.02
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" OC2-type ophicalcite: Carbonate matrix-supported breccias with serpentinite and
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Fig. 11.D.4 - a) Palinspastic reconstructions across the northern Platta Nappe by Ribes et al. (2019a). Note that the scale for syn-rift sediments is different from that for pre-
rift sediments and basement; b) representative sedimentary successions of the Platta Nappe from Ribes et al. (2019a); c) structural and petrologic details showing the nature of
the deformation at the top of the exhumed mantle and the overlying basalts (from Epin et al., 2019 and Coltat et al., 2020). Abbreviation: T-CaE: Tithonian Carbonate Event.

and dykes toward the surface. They compared these mineralizations to those related to the high-temperature black smokers of the North
Atlantic Ridge. This implies that processes comparable to those taking place at mid-oceanic ridges can take place during the formation of
OCTs and prompt us to reconsider the potential metal resources available in such settings.
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Fig. I1.D.5 (modified from Epin et al., 2019) - a) Geological map of the northern part of the Platta Nappe and associated logs (1-4); b) section through the Falotta ridge

(see panel (a) for location); c) panorama of the Falotta area; d) stereo-plot in lower hemisphere showing a rose diagram and poles to planes of calcite veins. Abbreviation:
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Carbonatation (ophicalcite formation; Coltat et al., 2019a) close to the paleo-seafloor and along extensional detachment faults marks the
end of hydrothermal activity.

Stop 4: Stalvedret/Val da Natons (46°28'55.6” N - 9°38’29.4” E)

Two types of gabbros occur in the Val da Natons:

e afirst group of sheet-shaped bodies whose extent can be mapped over a few kilometres;
e asecond group of sphere-shaped bodies with diameters <100 m (Fig. [1.D.7b).

The sheet-shaped bodies are mainly made of Mg-gabbros, although a high compositional diversity can be observed, ranging from primitive
olivine gabbros to highly differentiated Fe-Ti-P gabbros that indicate fractional crystallization. The sphere-shaped bodies originate from a
Transitional MORB (T-MORB)-type source and are very homogenous (Desmurs et al., 2002).

Evidence for contact metamorphism at the interface between the serpentinized mantle and the intrusive gabbros suggests that gabbros intruded
into the already serpentinized mantle (Desmurs et al., 2001). It implies that they were emplaced at or above the serpentinization front, i.e., at 4
to 6 km below the seafloor (Fig. 11.D.8), consistent with seismic observations at present-day margins (Gillard et al., 2019). Val da Natons gabbros
were emplaced at 161+1 Ma, during a very short-lived magmatic event (Desmurs et al., 2001; Schaltegger et al., 2002).

Gabbro bodies underwent different deformation phases. The first one is recognized as syn-magmatic. It is overprinted by later mylonitic shear
zones that presumably formed under lower amphibolite- to greenschist facies conditions. Finally, cataclastic deformation truncated the shear
zones, testifying to deformation in the brittle regime (Fig. 11.D.7c).

Gabbros are stratigraphically (primary contact) overlain by sedimentary- and pillow breccias that contain gabbro clasts, which implies that
these gabbros were exhumed to the seafloor.

The petrology of the basaltic flows is described in section 4 of the Petrology thematic sheet (for further details see Amann et al., 2020).

Stop 5: Tua ski lift station (46°27°46.8” N - 9°39°22.9” E)

The village of Bivio lies at the edge of a glacial lake that was filled by Quaternary, post-glacial sediments. A drill hole penetrating the basement
flooring of the village of Bivio (Log 16 in Fig. I1.D.8) penetrated a sequence of Upper Jurassic Aptychus limestones and pillow basalts interleaved
with radiolarian cherts. These formations overlie cataclastic serpentinized peridotites that show a decrease in deformation downhole. This
succession is similar to that observed in the Falotta section. Thus, Bivio sits on exhumed mantle covered with Jurassic deep-water sediments
and magmatic products, comparable to sequences described from magma-poor OCTs. East of Bivio, the sedimentary sequence is well
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exposed and exhumed mantle floors the skiing area of Bivio. The hills surrounding the village are made of heavily hydrated and deformed
pillow breccias and hyaloclastites.

Looking into the east from the parking of the Tua ski lift (P5 in Fig. II.D.2), one can see a cliff a few tens of meters above the Julier road
(Fig. 11.D.8b). This outcrop shows post-rift sediments belonging to the Upper Jurassic Aptychus Limestone Fm, which are intruded by a
magmatic sill of alkaline basalts (see description in Amann et al., 2020). These relationships indicate that magmatic activity continued after
mantle exhumation in the Platta OCT, similar to what has been described from the present-day Newfoundland margin (see ODP Site 1276;
Péron-Pinvidic et al., 2010).

3D architecture of a proto-Oceanic Core Complex (proto-0CC)

The OCCs in exhumed mantle domains are capped by exhumation faults that are characterized by a trilogy of fault rocks, namely cataclasites,
gouges, and ophicalcites. This rocks association can be mapped throughout the Platta Nappe, which provides an overview of the paleo-top
of the exhumed mantle. The exhumed mantle was dome-shaped in the Lower Platta Unit, as shown on sections striking from the north of the
Marmorera Lake to Bivio (Fig. I1.D.9c) and from the toe of Piz Platta to Val da Natons (Fig. II.D.9b). The paleo-top of the exhumed mantle is
often truncated by later normal faults (Figs. 11.D.9a and 11.D.9b). The observed offset of these normal faults locally reaches 200 m. The fact
that basalts become thicker toward normal faults suggests that basalts were emplaced during fault activity. All mantle rocks linked to the OCC
are serpentinized, chloritized and/or carbonatized, while mafic rocks (basalt and gabbro) are spilitized and rodingitized. Hydration reactions
occurred both during mantle exhumation and during the emplacement of the mafic intrusive and extrusive rocks.

The widespread basalts of the Platta Nappe become generally thicker “oceanward”, which suggests an increase in magmatic budget with time.
Basalts are also thicker on either side of the exhumed mantle dome compared to the dome itself. Indeed, on the top of the dome, Upper Jurassic
limestones directly overlie the exhumed mantle, indicating that both basalts and sediments of the Blais Radiolarit Fm are locally lacking.

Comparison with present-day 0CC
Comparing to present-day Oceanic Core Complexes (OCC), the Lower Platta exhumed mantle domain displays:
¢ similar lithologies (exhumed mantle, basalts, gabbros, breccias);

e similar dome size (ca. 15x20 km);
e comparable hydrothermal activity (see next paragraph).
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Fig. 11.D.9 (from Epin et al., 2019) — a) 3D paleogeographic restoration of Platta units and (b-d) sections across the OCC preserved in the Lower Platta Unit.
However, the Lower Platta exhumed mantle domain differs from classical OCC by:

e the nature of the exhumed mantle, namely is subcontinental (mantle type 1 and 2) in Platta while it is depleted oceanic (mantle type 3) in
classical OCC;

e existence of continent-derived blocks in the Lower Platta not observed in present-day OCCs;
e evidence for polyphase tectono-magmatic activity in the Lower Platta, while either tectonic- or magmatic activity/segments at mature
ultra-slow spreading ridges;

e basalt chemistry in the Lower Platta differs from that of classical N-MORB observed at mature ridges and were defined as OCT basalts
(Amann et al., 2020).

Mantle exhumation at rifted margins has first been described in the pioneering work of Decandia and Elter (1972) in the Alps before it
was proven at slow-spreading ridges and present-day rifted margins (Boillot et al. 1987). The processes of mantle exhumation have been
described in the meantime by many authors at many places, in particular at magma-poor, slow-spreading ridges (e.g., Sauter et al., 2013).

Imaging of present-day mid-oceanic ridges enabled to recognize detachment faults capping so-called Oceanic Core Complexes (OCC), along
which mantle rocks are exhumed at the seafloor (MacLeod et al. 2009). These OCC are complex, km-scale structures linked to magmatic and
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hydrothermal processes. They show the interaction of high-angle normal faults and long-offset exhumation faults. Detailed mapping of the
Lower Platta Unit enabled to restore such an OCC, namely the Platta OCC that is exposed over ca. 5 km both in the strike- and dip directions
along the Julier valley, between the Marmorera Lake and the village of Bivio (Fig. I1.D.9; Epin et al., 2019).

Intense hydrothermal activity occurred along the Platta OCC, in particular at the interface between the mafic extrusives (pillow breccias,
hyaloclastites, and basalt flows) interleaved with deep-water sediments, and the ultramafic exhumed serpentinized mantle. Products of
hydrothermalism include local patches of Cu-Fe-Ni-Co-Zn-rich mineralizations (Coltat et al., 2019b).

The existence of continent-derived allochthonous blocks in the Lower Platta Unit is difficult to explain if we consider that the Lower Platta
OCC was formed in a steady-state, ultra-slow spreading system. The subcontinental nature of the mantle does not support this theory either,
since the mantle of ultra-slow spreading systems displays classically depleted oceanic chemistry (Mantle type 3 of Picazo et al., 2016).
Allochthonous blocks were possibly “delaminated” from the conjugate margin at the same time as mantle exhumation (e.g., Nirrengarten et
al., 2016). In this case, the exhumed subcontinental mantle underlying the continental allochthon would originate from beneath the conjugate
margin (Fig. [1.D.10b).

Alpine reactivation

The base of the Platta Nappe is juxtaposed against Eocene flysch sediments along the late Eocene Turba normal fault (e.g., Nievergelt et al.,
1996; black dashed line in Figs. I11.D.2b and I1.D.2c). The contact between the Platta Nappe and the overlying Err Nappe corresponds to a
polyphase contact including a pre-Alpine detachment system that has been reactivated by an Alpine D1 thrust and truncated by an Alpine D2
normal fault (Figs. 11.D.2c and [I.D.2d). More recent studies suggest that the contact between the Upper Platta Unit and the Err Nappe could
be affected only by minor Alpine convergence (for details see Epin et al., 2017 and Epin and Manatschal, 2018). Epin et al. (2017) interpreted
the contact between the Upper- and Lower Platta Units as a Late Cretaceous Alpine thrust, which may have seeded on the primary mylonitic
shear zone that separates the Upper- and Lower Platta units.

Thrust faults did essentially root at the top of the massive serpentinized mantle, while the overlying material was scrapped off (Fig. 1l.D.11).
The resulting duplexes are thus essentially comprised of basalts, continent-derived remnants, and sediments. Basement topography largely
controlled the style of reactivation: positive topographies acted as buttresses (for instance volcanoes, continental allochthons, or normal
faults), so that ramps were usually located along their borders. In contrast, flats seeded at former detachment faults, at the top of the
exhumed mantle (Figs. 11.D.11).

Alpine metamorphism ranged from prehnite-pumpellyite to greenschist facies (Trommsdorff, 1983). However, to what extent Alpine
metamorphism has overprinted pre-Alpine events is a matter of ongoing debate. For instance, while Bernoulli and Weissert (2021) argue that
the metamorphic facies record only the Alpine orogeny, Coltat et al. (2021) claim that the rocks of the Platta Nappe preserve the record of
pre-Alpine, rift-related thermal events.
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Fig. 11.D.10 (modified from
Epin et al.,, 2019) - Conceptual
model showing the evolution of
the OCT and its implication in the
structural, thermal, and magmatic
evolution. a) Conceptual model
showing the large-scale evolution
of the OCT and related mantle, the
evolution of the 800 °C isotherm
(brittle—ductile  transition in
lithospheric mantle) and the
evolution of the 1300 °C isotherm
(base lithosphere) during final
rifting; b) first exhumation of
subcontinental mantle; c) onset of
exhumation of infiltrated mantle
and first gabbro emplacement;
d) exhumation of infiltrated
mantle exhumation, formation
of gabbros and emplacement of
basalts; e) out-of-sequence fault
evolution and increase in ascend
of lithosphere-asthenosphere
boundary and associated
magmatic rock emplacement;
f) conceptual model showing
location of fluids and magma
pathways across exhumed mantle
linked to detachment faults

evolution.
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EXCURSION E
The European-Brianconnais Ocean-Gontinent Transition: Tasna (Tasna Nappe, southeast Switzerland)

ABSTRACT

The Tasna Nappe in south-eastern Switzerland preserves a quasi-intact fragment of the Ocean-Continent Transition (OCT) between the former
European-Brianconnais margin and the Valais Basin floored with exhumed mantle. The Tasna Nappe displays a wedge of continental crust
adjacent to exhumed subcontinental mantle. Field evidence indicates two major detachment faults, namely the Upper Tasna Detachment
(UTD) at the top of the crust, and the Lower Tasna Detachment (LTD) that extends from the base of the crust to the top of the exhumed mantle.
This excursion aims to display: (1) the general architecture of an OCT; (2) the nature of crustal and mantle rocks involved; (3) the main
deformation structures and their role; (4) the nature, origin, and architecture of the sedimentary deposits found in this OCT; (5) the
paleogeography of the Alpine Tethys rift system; and (6) the architecture of the nappe stack associated with the reactivation of the Tasna OCT.

MAIN TAKE-RWAY OF THE EXCURSION

- Age ofrift-related deformation: prior to the deposition of the Tithonian Falknis breccias (Late Jurassic); mantle exhumation was presumably
coeval throughout the Ligurian-Piemonte-Valais domain and occurred after 170 Ma (post-Bathonian).

- Deformation style: essentially controlled by extensional detachment faults with minor subsequent normal faulting; intense hydrothermal
activity.

- Paleogeographic framework: OCT between the Brianconnais continental ribbon and the distal European margin, forming a V-shaped basin
referred to as the Valais Basin.

- Onset of Alpine reactivation: Post-Tasna flysch (Eocene).

- Reactivation style: thick-skinned tectonics (minor Alpine overprint within the Tasna Sliver).

- Main remaining questions: Where and how did the crust thin prior to final detachment faulting?

INTRODUCTION

The Tasna Nappe in south-eastern Switzerland belongs to the Penninic domain of the Alpine nappe stack. It displays a unique example of a
quasi-undeformed OCT, well exposed along an SSW-NNE trending mountain ridge between Muot da I'Hom and Piz Tasna (Figs. Il.E.1 and
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[I.E.2). This former OCT was linked to the Brianconnais continental
ribbon and was part of the Valais exhumed mantle domain (Fig. II.E.3). e
The Tasna OCT has been largely used as a field analogue for the most
distal part of magma-poor rifted margins (e.g., Holker et al., 2002;
Manatschal, 2004; Reston and McDermott, 2011). In the past, most
studies focused on the relationship between the tip of the continental ) _ _ _ _ _

) . Fig. Il.LE.O - Schematic section across the Alpine Tethys rift system showing the
wedge and the adjacent exhumed mantle (Florineth et al.,, 1994;  ,osition of the Brianconnais (Br), Err and Tasna domains during the Middle Jurassic
Froitzheim et al., 1998; Manatschal et al., 2006). More recently, Ribes mantle exhumation phase (modified from Manatschal et al., 2022).
et al. (2019c¢) undertook a more comprehensive study, including the
surroundings of the Tasna Nappe. From these new observations, they proposed a new stratigraphic framework for the Tasna OCT.

—Err—

ITINERARY

This excursion takes place north of the villages of Ftan and Scuol, in the ski resort of Motta Naluns (Fig. I.E.1).

Stop 1 (viewpoint 1): From the north of Ftan, drive up on a mountain road (driving permission is needed). Bypass the cable car stations of Prui
and Motta Naluns and park at the next intersection (P1 on Fig. Il.LE.1; GPS: 46°49’10.1”N 10°16’02.7"E, i.e., 46.819470, 10.267409). Look
into the northwest between Piz Minschun and Piz Nair.

Stop 2: From P1, drive on ca. 550 m on the road track to the northwest and park at the restaurant (P2 on Fig. Il.E.1; GPS: 46°49’02.0”N
10°15’45.5"E, i.e., 46.817210, 10.262644). From P2, walk ca. 75m to the west and turn right at the intersection. Follow the road track on
ca. 800 m. Stop just before the creek bed (outcrop 2 on Fig. Il.E.1; GPS: 46°49'21.1”"N 10°15'11.0"E, i.e., 46.822514, 10.253041). Look at
the rocks on the left-hand side of the track road.

Stop 3: From stop 2, keep walking up on the road track until the Mot da Ri ski lift station (GPS: 46°49'35.3”N 10°15’10.8"E, i.e., 46.826468,
10.253012). Outcrop 3 (Fig. Il.E.1) is a few tens of meters up to the west (Moho-Lower Tasna Detachment outcrop).

Stop 4: From the Mot da Ri ski-lift station walk toward the north along the slope (do not follow the road to Champatsch but take the path to
Fuorcla Champatsch that goes west of P. 2461 on Fig. Il.E.1). Along the slope there are blocks of sedimentary and of mantle rocks derived
from the contact between the exhumed mantle and overlying sediments.

Stop 5: Outcrop 5in Fig. Il.E.1 is located ca. 300 m west of the path to Fuorcla Champatsch, along the small creek in the Champatsch area
(GPS: 46°50'24.4”N 10°15'38.3"E, i.e., 46.840112, 10.260629).

Stop 6: Ardez and surroundings.
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Stop 1: Tasna Panorama (46°49’10.1” N - 10°16’02.7"” E)

The Tasna Nappe s.I. (Fig. I.E.2) was emplaced during Eocene-Oligocene
Alpine convergence within a north verging nappe stack. This nappe stack
comprises, from base to top (Fig. Il.E.3b): (1) the Blindnerschiefer Nappe,
which represents the infill of the Valais Basin; (2) the Tasna Nappe s.l.,
which includes remnants of continental crust, exhumed mantle, Mesozoic
sediments, and flysch; (3) the Arosa Nappe, which preserves remnants
of the southeastern OCT of the Piemonte-Ligurian Basin; and (4) the
Austroalpine Nappe Complex, which preserves remnants of the Adriatic
margin.

The Tasna Nappe s.l. comprised of 3 main tectonic units (Fig. Il.E.2):

e the Upper Tasna Unit lies around the village of Ardez. It is made of
continental crust covered with remnants of autochthonous Triassic
to Lower Jurassic sediments, and then by upper Mesozoic to lower
Cenozoic sediments;

¢ the Middle Tasna Unit lies north of the Upper Tasna Unit, between
Muot da I'Hom and Piz Tasna. It represents the OCT itself, where
lower continental crust and subcontinental lithospheric mantle were
exposed next to each other to the seafloor and overlain by Early
Cretaceous to Eocene sediments;

e the Lower Tasna Unit lies beneath the Middle Tasa Unit, in the
Champatsch area. It comprises serpentinized mantle peridotites,
basalts, and continent-derived allochthonous blocks covered with
undated shales and Tithonian calcareous siltstones with breccia
layers.

Fig.ll.E.1 - Map of the Tasna area and route to the viewpoints and outcrops (background
map from https://map.geo.admin.ch/).
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The present-day structure of the Tasna Nappe was
described by Froitzheim and Rubatto (1998) as a wedge
of continental crust next to exhumed subcontinental
mantle, both covered by sediments. The crustal wedge
is bounded by two detachment faults (Fig. 1l.E.4): the
Upper Tasna Detachment (UTD) above separates
continental crust from overlying sediments. The
Lower Tasna Detachment (LTD) below separates the
subcontinental mantle from the overlying continental
crust in the southern part of the Middle Tasna Unit, and
exhumed mantle from the overlying sediments in the
northern part. Thus, the LTD truncates the UTD (Ribes
et al., 2019c), contrary to what Manatschal et al. (2006)
suggested.

Holker et al. (2002) investigated the seismic expression
of such an OCT. They highlighted that, on a synthetic
Tasna-type seismic section, only lithological contacts
stand out, while no fault is visible (Fig. II.E.5). Thus,
the relatively flat-lying exhumed mantle can easily be
misinterpreted as pre-rift basement in seismic sections.

Fig. Il.E.2 (modified from Ribes et al. 2019c) - a) Geological map of
the Tasna Nappe in eastern Switzerland; b) map showing the upper-,
middle-, and lower tectonic units constituting the Tasna Nappe s.l.
(Upper-, Middle-, and Lower Tasna units), which were stacked as a
result of north-directed convergence; c) cross-section along a S-N
transect across the Tasna Nappe s.l. (see panel (a) for location).

Abbreviations: P.:Piz; volcano-sed.: volcano-sedimentary.
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Fig. I.E.3 (from Ribes et al., 2019c) - Geological setting of the Tasna Nappe and its position in the former Alpine Tethys rift system. a) Tectonic map of the
western- and central Alps; b) tectonic map and (c) cross-section through the Engadine window; d-e) paleogeographic reconstruction showing the Alpine realm at
the end of Jurassic; f) cross-section through the Alpine Tethys margins at the end of rifting and before onset of Alpine convergence in Late Cretaceous time (no
scale intended). The red star marks the location of the Tasna Nappe (see panel (e) for location of the cross-section). Abbreviations: Aa: Aar massif; B: Brianconnais
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Fig. Il.LE.4 (modified from Ribes et al. 2019c) - Photograph and interpretation from the Middle Tasna Unit between Piz Cliinas and Piz Tasna. The large-scale
architecture viewed from the east shows the relationship between sediments and basement rocks, including migmatite rocks and exhumed mantle. For location
of the photograph, see Fig. Il.E.2. Abbreviations: UTD (purple): Upper Tasna Detachment; LTD (magenta): Lower Tasna Detachment; P.: Piz; sed.: sediments.
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(Holker et al. 2002); b) geological profile of the Tasna OCT outcrop (modified from Florineth and Froitzheim 1994 and Manatschal et al., 2006).
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Stop 2: Characteristics of crustal and mantle rocks (46°49°21.1” N - 10°15’11.0” E)

In the Middle Tasna Unit, the continental basement is made of migmatites, gabbros, and diorites (Ribes et al., 2019c). Pressure-Temperature-
time (P-T-t) estimates on these rocks indicate that they were emplaced at ca. 500 °C and 4-8 kbar during late Carboniferous to Permian time
(Manatschal et al., 2006; Fig.ll.E.7a and Il.E.7b). These conditions testify to a pre-rift lower crust origin.

In contrast, the Upper Tasna Unit displays relics of upper crustal units, either made of granite or of Permian volcano sediments interpreted as
the infill of a Permian basin (Ribes et al., 2019c; see Stop 6: village of Ardez and surroundings).

Both basement relics largely preserve their pre-rift magmatic textures, which suggests a lack of distributed syn-rift deformation in both the
upper- and lower crust. No evidence for a pre-rift middle crust was found in the Tasna Nappe.

From these observations, Ribes et al. (2019c) deduced that crustal thinning was achieved via middle crust deformation during necking,
rather than by lower crustal flow during hyperextension. Petri et al. (2019) found evidence of localized shear zones in basement rocks of the
conjugate Adriatic margin and hypothesized a comparable mechanism for crustal thinning in the Brianconnais-European margin.

The mantle exhumed in the Tasna Nappe is made of highly serpentinized (>90%) spinel Iherzolite derived from the subcontinental lithospheric
mantle (Mantle type 1a of Picazo et al., 2016; Fig. Il.E.6d). It equilibrated at a temperature of 900+50 °C, consistent with other subcontinental
mantle peridotites exhumed close to the continent during Jurassic rifting (Fig. Il.E.7¢c). These peridotites largely preserve their pre-rift high-
temperature texture, which suggests that they did not undergo pervasive shearing during its exhumation to the seafloor. °Ar/**Ar dating on
mantle-derived phlogopite provides a cooling age of ca. 170 Ma (Bajocian time; Manatschal et al., 2006; Fig. I.E.7d). Exhumed mantle rocks
are capped by ophicarbonates (cf. the Fluids thematic sheet) and tectono-sedimentary breccias.

Stop 3: Extensional structures (46°4935.3” N - 10°15'10.8” E)

The Middle Tasna Unit displays two major extensional detachment structures: (1) the UTD at the top of the continental crustal wedge separates
lower crust migmatites from a Jurassic sedimentary cover; and (2) the LTD at the base of the crustal wedge separates lower crust migmatites,
gabbros, and diorites from mantle rocks. Both are planar structures, and both record a comparable extension displacement top to the NW
in present-day coordinates.

The core zone of the UTD is formed by gouges and/or foliated cataclasites (Fig. Il.E.6e) preceded by a less than 10 m-thick damage zone
(Fig. 1l.LE.6g). In the Upper Tasna Unit, the UTD manifests as a strongly tectonized top granitic basement and the pre-rift sequence is not
preserved. The first sediment over the tectonized basement is a 5-m-thick clast- to matrix-supported breccia with gravel-sized clasts of
Triassic dolomites, granites, and Carboniferous to Permian volcano-sedimentary sequences and gneisses (i.e., “Lias breccie” of Gruner,
1981; Fig. Il.E.6a).
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Fig. 1l.LE.6 (modified from Manatschal et al., 2006) - Lithologies and low-temperature deformation structures in the Tasna OCT. Logs A and B show
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fault rock types observed in the exhumed mantle rocks in the Tasna OCT. a) tectono-sedimentary breccia overlying the UTD; b) foliated serpentinite
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Upper Tasna Detachment; LTD: Lower Tasna Detachment.
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The LTD fault core is made of foliated
cataclasites preceded by a >100
m-thickdamagezone (Figs.Il.E.6b-d).
Deformation along this detachment
occurred under greenschist facies
to seafloor conditions and within the
serpentine stability field.

Note that, because both the UTD
and LTD display only evidence for
deformation in the brittle field, they
cannot account by themselves for the
upper- and lower-crust juxtaposition.
Where prolate-shaped clasts exist in
the gouges of the UTD and LTD, they
define an NW-SE-directed lineation
(Fig. 11.E.8a). Relying on this lineation
and on the asymmetry of the clasts
in the gouge, a top-to-the northwest
transportdirectioncanbedetermined
for both detachments. Structural
measurements also indicate a planar
sub-horizontal fault architecture for
both detachments that is sub-parallel
to the overlying sediments (i.e., sub-
horizontal at the time of sediment
deposition; Fig. II.E.8b).

Because the damage zone of both
detachmentsis located in the footwall
only and does not affect the overlying
pre-Alpine sediments (Fig. 1l.E.9a),
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quartz pegmatite cutting foliated meta-gabbro; b) concordia plot of U/Pb zircon analyses of pegmatite and meta-gabbro from the
Tasna OCT; c) comparison of the clinopyroxene composition of the spinel Iherzolite from the Tasna OCT (Na vs. Cr) with those of other
ultramafic units in the Alps and the Northern Apennines. For references and locations see Miintener et al. (2004). Clinopyroxenes
from the Tasna OCT are similar to the Malenco and Totalp units and the Upper Unit in the Platta Nappe. All these units are interpreted
as subcontinental mantle peridotites exhumed next to the continent in a former OCT (Miintener et al., 2004); d) “°Ar/**Ar ages on
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Fig.1l.E.9 (from Manatschal et al., 2006) - Deformation
structures in the continental basement and exhumed
mantle associated with the UTD. A) Basement-cover
contact in the Tasna OCT showing exhumed foliated
mantle rocks, stratigraphically overlain by undeformed
shales; b) thin section in plane polarized light of the
basement-cover contact shown in (a). The section shows
undeformed shales overlying a foliated serpentinite
replaced by calcite. Note the imbricated and rounded
clasts at the interface between sediments and exhumed
mantle. All clasts are continent-derived detritus. In the
exhumed mantle, chlorite and serpentine minerals define
the foliation. The latter are almost completely replaced by
calcite (cc). Remnants of core-and-mantle structures and

o-type porphyroclasts occur in these rocks.

https://doi.org/10.3301/GFT.2023.02

both structures are considered as pre-Alpine. However, paleomagnetic data (Fig. II.E.8d)
show that Tasna underwent a clockwise rotation between the time of mantle exhumation
and the present, and thus none of the directions measured in the field can be interpreted as
a reliable direction preserved from the former Alpine Tethys framework.

Stop 4: Sediments (46°50°08.1” N - 10°15'08.1" E)

In the Middle Tasna Unit, Jurassic sediments onlap directly onto the Upper- and Lower
Tasna detachments over ca. 6 km (i.e., at the top of exhumed continental lower crust and
exhumed mantle).

The first sediments onto exhumed mantle are lime-free, dark shaly sediments with a high
proportion of clay minerals and pyrite known as the Tonschiefer Fm (Figs. I.E.10, Il.LE.11
and II.E.13; Florineth and Froitzheim, 1994). Although this formation was not formerly
dated, it is reckoned to be of Late Jurassic age (Ribes et al. 2019c). The thickness of the
Tonschiefer Fm varies largely along the Middle Tasna Unit, from <1 m in the southern part
(Muot da I’'Hom; Fig. I1.E.12) to more than 25 m in the northern part (Piz Tasna; Fig. Il.E.12;
Ribes et al., 2019c). It contains local clasts of migmatite and mantle material, as well as a
few manganese and phosphate nodules.

The overlying Falknis Breccia Fm is up to 40 m thick (Fig. [l.E.14). It also onlaps onto the
exhumed lower crust. The basal part of the Falknis Breccia Fmis comprised of poorly graded,
clast-supported breccias.Clastsare mainly of continental origin (granite, granodiorite, diorite,
migmatite and volcano sediments), but also semi-lithified clasts of late Jurassic limestones
from the Brianconnais domain. Above, Falknis breccias become matrix-supported, and the
contact with the underlying clast-supported breccias may be locally erosive.

The following sedimentary deposits are made of shales and marls (Neokom Fm), which
become interbedded with calcarenite (Tristel Fm). The overlying Gault Fm is made of
turbiditic, siliciclastic deposits. The sedimentary succession ends with the Couches Rouges
and Tasna Flysch Fms, which are both characteristic of Alpine convergence.

Anomaly of Magnetic Susceptibility (AMS) data highlight that transport direction in the
trurbidites of the Gault Fm was along strike of the paleo-margin (i.e., axial sedimentation),
while the underlying debris flows of the Tristel and Falknis Fms were along dip (Fig. Il.E.8b).

o>
5

(2'I)ST - €20 sdew pue sdli} p[aly 80130098 g

Kieiaul}l




Detrital zircon provenance analysis
(Ribes et al. 2019c) showed that the
source of the sandstones interbedded
within the Falknis Breccia Fm
(samples CR-T-03H and CR-T- 03G
in Fig. Il.E.15) is distinct from that of
the Tonschiefer Fm. This means that
both formations are not derived from
the erosion of a unique local Penninic
basement. A distinct source, or at least
the contribution of one (or several)
other source(s), must be considered.

Stop 5: Lower Tasna Unit
(46°50'24.4”N - 10°15°38.3"E)

The basement of the Lower Tasna Unit
consists of serpentinized peridotites.
These are crosscut by rodingitized
mafic dykes and locally overlain by
basaltic bodies of MORB affinity
(Amann, 2017). A magmatic veinin the
mantle was dated 167.3+2.7 Ma using
U-Pb on zircon, and ca. 161 Ma using
40Ar/3%Ar on phlogopite (Hauser, 2011).
Sediments locally occur directly on the
exhumed mantle and are sometimes
either overlain or interbedded with
pillow basalts (Fig. Il.E.16; Ribes et
al. 2019c). These sediments consist
of a decimetre-thick layer of greenish

& | Eocene Falknis nappe E= —— UpperTasna Unit |- ] Middle and Middle and
8 P : Fiysch | TasnaFlysch —|  Lower Lower Tasna
& ] & Couchesrouges & Couches =] Tasha Unit T Unit ]
Q Alpine rouges Fms ] Interpretation from
E Cenomanian | conver- F Fns ¢ Our study - Schwizer (1983)
—1| and Florineth &
gence == Froitzheim (1994)
Albian
Gault Fm Gault Fm GaultFm it OE CaultFm
Aptian ‘ \
%) S S 3t
3 - 4
8 > ) Tristel Fm Tristel Fm ={£ Tristel Fm —————1c TristelFm
g | Barremian S e g‘
k] = S =] TR ¥
G Hauterivian e E—— — — — TonschieferFm
Neokom £ Neokom Fm ———r— Neokom
Valanginian Fm 2 &  Fm
Berriasian : i 5
3 JesFm = —
= l‘ " I. Aptychenkalk —————— Falkni
Tithonian £ Falknis ——————1% Fm S e Rk
3*2 Brecca B — — b e —— Breccia Fm
- r ﬁ‘lmme schiefer SRS S
= Kimmeridgian 3 P—————|
o L [— ===
g ]S Sanalada Fm - - .
oxfordian  |Post-rift - f ] [ ! ETonSCh'Efer
______ S Fm
Calovan_| | adezsere || ===
@ | Bathonian [ Fm o
ulg Bajocian 8‘ Panier Fm *5 Onset of mantle exhumation
= =]
b4 Aalenian =
B o =
E = =
= %
Toarcian o| & z
El ¥ : 5 2 |
g_f c T : H *
> [Pliensbachian & u>)‘ 'I —
S = — SteinsbergerFm  [—— & Steinsberger
Ul I T T T T I T 8 Fm
Sinémurian | "7 : I" : |I : |I
T T T
I I I
Hettangian - e — . Legend: E=JDolomite =] Limestone [E=] Shale & Marl
. Pre-rift Haupdolomite Fm Il Radiolarite Sandstone Calcarenite
Trias Breccia %1 Age constraint and references

Fig. Il.LE.10 (from Ribes et al. 2019c, cum ref.) - Simplified stratigraphic columns of Tasna and Falknis nappes, Middle
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fine-grained sand overlain by either pillow basalts (Fig. I1l.E.16B)
or beige immature sediments including reworked feldspar and
amphibole grains (Fig. II.E.16A). Locally, isolated blocks of
Triassic Hauptdolomit Fm occur directly on the exhumed mantle.
They represent remnants of the former hanging wall stranded on
the exhumed mantle (e.g., Tigias area in Excursion D; Epin et al.,
2017). Up-section, sedimentary deposits evolve into a 3 m-thick
package of medium-bedded, fine- to medium-grained siliciclastic
turbidites interbedded with dark shale intervals (Fig. 1l.E.16).
One of the dark shale intervals contains a thin basaltic lava flow
(Fig. Il.LE.16; Ribes et al. 2019c). In the basal layer, Mg-chlorite is
likely the result of submarine alteration and reworking of mafic
and ultramafic rocks (e.g., Bracciali et al., 2014). Upward, the
dark shales and quartz-dominated beds are erosional products of
the continental basement. The latter deposits are attributed to the
Tonschiefer Fm, given the lithological similarity with sandstone
beds and dark shales of the Tonschiefer Fm in the Middle Tasna
Fig. IEA2 Unit (Flg II.LE.11).
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Stop 6: Upper Tasna Unit (Ardez village and surroundings)

The village of Ardez is overlooked by the Steinsberg Castel, which
sits on the late Sinemurian carbonates of the Steinsberger Fm
(Dommergues et al., 2012). The Steinsberger Fm contains coarse

Fig. Il.LE.11 (modified from from Ribes et al. 2019¢c) - Photograph and
interpretation across the Middle Tasna Unit illustrating the relation between
the exhumed serpentinized mantle and sediments. a—b) Panorama of Piz Oscar
area (WGS 84 coordinates: 46°50'19”N, 10°14'49”E); the red lines represent
post-exhumation high-angle normal faults and décollement (¢$); c) panorama
from Piz Nair to Piz Tasna (WGS 84 coordinates: 46°50'51”N, 10°15'18"E);
d-e) photograph and interpretation of Piz Tasna area (WGS 84 coordinates:
46°51'34"N, 10°15'09”E). Abbreviation: P.: Piz.
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Fig. I.LE.12 (modified from Ribes et al., 2019c) - Representative sedimentary successions across the Middle Tasna Unit and south-north section correlation
along the basin depot axis correlation (i.e., in transport direction of the detachment fault). Lines correspond to correlations (i.e., correlative beds or facies tract
boundaries). Abbreviations: UTD (purple): Upper Tasna Detachments; LTD (magenta): Lower Tasna Detachments; P.: Piz.
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Falknis
Breccia Fm

Tonschiefer

Fm

Radiolarians

e

Fe-rich hardground

‘with abundant
siliceous nodules

Boulder-size element
of basement
: .

Radiolarians

Fig. 1.LE.13 (from Ribes
et al., 2019c) - Outcrop
photographs and Scanning
Electron Microscopy (SEM)
images of representative
sedimentary facies of the
Tonschiefer Formation from
the Middle Tasna Unit.
a) Panoramic view of the
migmatite basement overlain
by the Tonschiefer and Falknis
Formations in the northern
Piz Minschun section (UTD-
Upper Tasna Detachment);
b) Fe-rich hardground, partly
pyritized and containing
abundant siliceous nodules
with radiolarians observed
at the top of the Tonschiefer
Formation; c) isolated boulder-
size element derived from the
migmatitic gneiss basement in
the Tonschiefer Formation; d)
silica-rich phosphatic nodule
with radiolarian microfossils in
the Tonschiefer Fm; e-f) SEM
images from siliceous nodules,
containing radiolarians and
Calpionella(?) fossils.
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Fig. ll.E.14 (from Ribes et al.,
2019c) - Outcrop photographs
of representative sedimentary
facies of Middle Tasna Unit.
a) Panoramic view of the
serpentinized mantle basement
(LTD-Lower Tasna Detachment)
onlapped by thin- to medium-
bedded calcarenites of the
Falknis Breccia Formation in the
Piz Oscar section; b) panoramic
view of the breccia-prone,
shale-rich, and the calcarenite-
rich packages reinterpreted
as the Falknis, Neokom, and
Tristel Formations. Uppermost
section corresponds to the Gault
Formation. The dashed lines
represent the formation limits;
c) Breccia b of the breccia-prone
package interpreted as the
uppermost Falknis Formation.
Breccia b consists of unsorted
matrix-supported breccias with
a light grey to bluish limestone
matrix. The size of the clasts
ranges from a few centimetres
up to 30 cm, and the clasts are
derived from the continental
crystalline basement; d) image
of the breccia-prone package
interpreted as the basal Falknis
Formation (Breccia a). This
breccia is poorly graded,
mostly made of pebble- to
boulder-sized clast-supported
breccias composed of (1) semi-
consolidated clasts of marly
limestones, and (2) angular
to subrounded continental
basement clasts, in a calcareous
matrix.
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breccias with angular clasts derived from the
Triassic Hauptdolomit Fm (Girler, 1995).
These limestones overlie thin, Upper Triassic
dolostones, late Carboniferous to Permian
volcano-sedimentary sequences, and Tasna
granite (Cadisch, 1932; Gruler, 1995). Ribes
et al. (2019c) interpreted this succession with
preserved pre-rift strata above the basement as
remnants of an allochthonous block.

Toward the northwest (Fig. Il.E.2a), the top of the
granitic basement is strongly tectonized, and
the pre-rift sequence is not preserved. The first
sediments occurring directly on the tectonized
basement are clast- to matrix-supported
breccias with gravel-sized clasts of Triassic
dolostones, granites, and late Carboniferous to
Permian volcano-sedimentary sequences and
gneisses (i.e., “Lias breccie” of Gruner, 1981;
Fig. Il.E.17d). The matrix of this breccia consists
of strongly transformed greenish schists and silica
(Gurler, 1995).Ribesetal.(2019c) interpreted the
top ofthe basement asadetachment faultthatwas
exhumed to the seafloor (Fig. Il.E.17c). The late
Lower-to Upper Jurassic Ardez Fm, which overlies
both the Steinsberger Fm and the allochthonous

Fig. I.E.15 (from Ribes et al., 2019c) - Detrital zircon
206ph/238 Laser Ablation—Inductively Coupled Plasma—
Mass Spectrometry (LA-ICP-MS) age distributions
measured in Late Jurassic Falknis sandstones from the

Tasna Nappe. Time scale from Ogg et al. (2016).
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block, seals the basement-derived
breccia (Fig.ll.LE.17aand b). The Ardez
Fm consists of dark shales, 5-30 m in
thickness, with thin sandstone beds
(Gruner, 1981). Up-section, it grades
into the greenish-reddish siliceous
shales of the Bunte Schiefer Fm, within
which ghosts of radiolarians have been
identified. The transition from lime-free
sedimentation, including the Ardez
and Bunte Schiefer Fms, to carbonate
sedimentation is sharp: it is marked by
the deposition of the Aptychenkalk Fm
and then the Neokom Fm (Fig. Il.E.10).
The base of the overlying Tristel Fm is
locally characterized by fine-grained
breccias with dolomitic components,
up to 3 cm in diameter, alternating
with decimetre-thick grey shales and

Fig. 1l.LE.16 (modified from Ribes et
al. 2019c) - Representative sedimentary
succession and photographs illustrating
the Lower Tasna Unit (WGS 84 coordinates:
46°50'25”N, 10°15'39”E). a, c¢) Exhumed
serpentinite overlain by (1) greenish fine-
grained sediments mainly composed of Mg-
chlorite, passing up section to (2) medium-
bedded, fine- to medium-grained siliciclastic
turbidites made of quartz and plagioclase
grains interbedded with dark shale intervals;
b, d) vertical contact between serpentinite
(1) greenish fine-grained sediments mainly
composed of Mg-chlorite and (3) MORB—
type pillow breccias.
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Fig. Il.E.17 (modified from Ribes et al., 2019¢c) — a) Representative sedimentary successions of the Upper Tasna Unit based on Cadisch (1932), Giirler (1995), and own
observations. See Fig. II.E.2 for location; b) palinspastic reconstructions across Upper Tasna Unit. The cross-sections summarize the sediment architecture and the fault geometry;
c) photograph of the Lias Breccie Fm, which corresponds to first sediments of section B occurring directly onto the tectonized basement (detachment surface). White dashed

lines highlight gravel-sized clasts of Triassic dolostone, granites, and Carboniferous to Permian volcano-sedimentary sequences. Abbreviations: B.: Breccia; D.: detachment; Fm:
Formation; Trias: Triassic.

calciturbidite beds (Cadisch, 1932; Schwizer, 1983). Up-section the Tristel Fm passes into the glauconitic-bearing turbidites of the Gault Fm, and

finally into the Couches Rouges and Tasna Flysch Fms.

These observations, which can be made in the surroundings of the village of Ardez within dispersed, not very well-exposed outcrops, allow us to
interpret the Upper Tasna Unit as a pre-Alpine block preserving rift-related structures. This allochthonous block sealed by the Jurassic Ardez Fm

is used to override an exhumed detachment fault.
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Sedimentary systems

X

Ribes et al. (2019c) suggested that basin sedimentation at the Tasna OCT was fed both by downdip-transported platform material and axial
siliciclastic sediments. Pre- and early syn-exhumation sediments derived from the continental platform were presumably trapped into basins
of the intervening hyperextended domain (Fig. Il.E.18A), while the first sedimentary deposits onto exhumed mantle were emplaced via axial
sedimentation from further sedimentary sources.
Later, during Tithonian time, widespread continent-derived breccias were deposited in the exhumed mantle domain (Fig. I.E.18B). Ribes et
al. (2019c) concluded that most of the local topography in the Sub-Brianconnais domain was attenuated, most likely due to the filling of the
hyperextended basins with Jurassic sediments.
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Fig. 1l.LE.18 (modified from Ribes et al., 2019c) - Three-dimensional paleogeographic and tectono-stratigraphic diagrams of the Sub-Brianconnais domain (a) during the
Callovian—Oxfordian (sediment distribution across this area is dominated by rockfall and debris flows derived from the long-lived mega-fault scarp in the Falknis domain and dark
shales and sandstones derived from erosion of local basement source) and (b) during the Tithonian (the Falknis Breccia Fm interfingered with axial clastic systems). Abbreviations:

Lo.: Lower; Tas.: Tasna; MOR: Mid-Ocean Ridge; R: radiolarians; Up: Upper.
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Crustal architecture

Based on field and petrological data, Ribes
et al. (2019c) showed that the basement
rocks of the Tasna Nappe are derived from
at least three pre-rift lithospheric levels
that became laterally juxtaposed during
rifting (Fig. II.E.19B). The Carboniferous to
Permian volcano-sedimentary sequence
and underlying granite were part of the
pre-rift upper crust. In contrast, pressure-
temperature estimates performed on the
Permian mafic intrusives indicate a pre-rift
lower crustal origin. Finally, Picazo et al.
(2016) interpreted the mantle peridotites
of the Tasna Nappe to be derived from the
sub-continental lithospheric mantle (Mantle
type 1a).

The pre-rift lower crustal and mantle rocks
were exhumed at or close to the seafloor
during rifting, as evidenced by: (1) their
stratigraphic relationship with syn- to post-
rift sediments; (2) the 170-167 Ma “°Ar/>Ar
ages on phlogopite from pyroxenites within
the mantle (Manatschal et al., 2006); and
(3) the strong retrogression of feldspar
in both the granites and the migmatites.
Manatschal et al. (2006) emphasized the

] Proximal

domain

Hyperextended
= domain

Exhumed mantle
] domain

: Piemont
Domain

Falknis domain

NNW
Ocean-Continent Transition|

Tasna domain o

< >

uUTD LTD

China

Pakistan India

Fig. Il.E.19 (modified from Ribes et al. 2019) — a) Paleogeographic reconstruction of the rift domain showing the
situation in the Late Jurassic (modified from Mohn et al., 2010); b) tentative palinspastic reconstruction of the margin
across the Brianconnais (s.s.-sensu stricto), Sub-Brianconnais, and Valais domains; c) seismic section in depth along
dip of the East India margin (from ION; location map from Haupert et al. 2016). Abbreviations: Tas.: Tasna; UTD: Upper
Tasna Detachment; LTD: Lower Tasna Detachment; UCC: Upper Continental Cust; MCC: Middle Continental Crust;

LCC: Lower Continental Crust; Low.: Lower; Mid.: Middle; Up.: Upper.

role of the Upper- and Lower Tasna detachments in exhuming rocks at or close to the seafloor. However, these two structures only present
brittle deformation (<300 °C) and do neither explain how the migmatites and mantle rocks were exhumed from deep- to shallow levels, nor
the absence of a middle crust (Ribes et al. 2019c¢).

https://doi.org/10.3301/GFT.2023.02
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The preservation of most of the pre-rift fabric in the migmatites and mantle rocks conflicts with models suggesting a pervasive lower crustal flow
to explain extreme crustal thinning (e.g., Huismans and Beaumont, 2008; Sibuet and Tucholke, 2013; Jolivet et al., 2015). A possible alternative
mechanism to account for the exhumation of deep crustal- and/or upper mantle rocks to less than 10 km is shearing along high-strain localized
shear zones, as documented in the basement of the conjugate Adriatic margin (Petri et al., 2019) and modeled by Lavier and Manatschal (2006),
however, such structures are not observed in the Tasna Nappe. Deformation responsible for the exhumation and juxtaposition of the lower crust
against the upper crust was presumably localized in the middle crust, which is lacking in the present-day Tasna Nappe.

The Tasna OCT displays (indirect) morphological evidence for an upper-plate affinity, namely (Chenin et al., 2022): (1) the presence of
extensional detachment faults exhuming lower crustal rocks to the seafloor; and (2) the presence of mega-breccias (Falknis Fm), which may
be related to a mega-fault scarp (Ribes et al., 2019b). A present-day analogue of the upper-plate margin is the East India margin (Fig. 11.E.19C).

Paleogeography

The paleogeographic position of the Tasna Nappe was a matter of debate for a long time. It was initially considered as the termination of
the Adriatic margin (Staub et al., 1921), before Trimpy (1972, 1980) suggested that it was part of the Brianconnais domain, a hypothesis
that is at present largely accepted. Another matter of controversy was the age of the Valais domain and its relationships with both the Alpine
Tethys realm and the Bay of Biscay. Frisch (1979), Stampfli (1993), and Handy et al. (2010) considered the Valais as an oceanic domain that
propagated from the Bay of Biscay between Europe and Iberia/Brianconnais during the Early Cretaceous. More recently, several authors argued
that the Valais (Fig. II.LE.19A): (1) was not a true oceanic domain (Masson et al., 2008); (2) was not linked to the Bay of Biscay but was part
of the Piemonte-Ligurian rift system (e.g., Manatschal et al., 2006); and (3) opened during the Early to Middle Jurassic, contemporaneously
with the Piemonte-Ligurian Basin (Manatschal et al., 2006, 2022; Ribes et al., 2019c).

Fig. 11.E.20 shows our preferred interpretation for the Tasna OCT. In this interpretation, we localize the Upper (U), Middle (M), and Lower (L) Tasna
units in the northern margin of the Brianconnais continental ribbon, i.e., at the southern margin of the Valais V-shaped basin. The preserved
stratigraphic record is compatible with such an interpretation, explaining two main sedimentary sources: (1) those derived from the Brianconnais,
including the Falknis Breccia Fm, which were sourced perpendicular to the basin; and (2) axial deposits (e.g., Gault Fm) that were sourced from
the European margin. The interpreted locations of the units are also in line with their observed stacking during a N-directed episode of shortening.

Alpine reactivation

The Tasna Nappe lies within the Engadine window in the Central Alps, which forms a fault-bounded, late Alpine, NE-SW-trending antiform
exposing Penninic units in south-eastern Switzerland (Figs. I.E.3A and II.E.3B). In the Engadine window, the stack of thrust sheets includes,
from bottom to top (Figs. II.E.3C and II.E.3D):
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Fig. Il.E.20 - Stratigraphic record of the Upper-, Middle- and Lower Tasna units and their position in the framework of the Alpine Tethys rift system (modified from Manatschal
et al., 2022).

e the “Blindnerschiefer,” a several-kilometre thick assemblage of highly deformed calcschists containing meta-basalt bodies (e.g., Cadisch
etal., 1968; Durr et al., 1993; Bousquet et al., 1998). This nappe is classically interpreted as representing the sedimentary fill of the Valais
Basin (Trimpy, 1972; Stampfli, 1993);

e the Tasna Nappe s.l. derived from a complex assemblage of crustal and exhumed mantle units with an overlying Mesozoic sedimentary
succession (e.g., Waibel and Frisch, 1989), which are interpreted as the easternmost remnants of the Brianconnais continental ribbon
(e.g., Trimpy, 1980);

¢ the south Penninic Arosa zone, consisting of strongly tectonized pelagic sediments and ophiolitic material, interpreted as the Mesozoic
remnants of the south Penninic Piemonte Basin (Weissert and Bernoulli, 1985; Ring et al., 1990);
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¢ the Austroalpine units, derived from the Adriatic rifted margin, i.e., the south-eastern continental margin of the Piemonte-Liguria branch
of the Alpine Tethys (Trimpy, 1980).

This north- to northwest-vergent nappe stack (Fig. II.E.20) was emplaced during Eocene to Oligocene Alpine convergence (Hitz, 1996;
Springhorn, 2007). Early Cenozoic thrusting was followed by late Oligocene post-stack, east-west extension, and large-scale open folding
(Froitzheim et al., 1994). Contemporaneous or subsequent local uplift and erosion, together with faulting along the Engadine fault (Schmid

et al., 1993), generated the present-day shape of the Engadine window (Fig. I.E.3).

FURTHER READING

Florineth and Froitzheim (1994); Froitzheim and Rubatto (1998); Manatschal et al. (2006); Ribes et al. (2019b, 2019c).
Ph.D. theses: Engstrom (2006); Holker (2001).

Three-dimensional model of the Tasna OCT: https://sketchfab.com/3d-models/05b270df7e424f7a8c86138aal0ef8c4 (Betlem et al., 2023)
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https://sketchfab.com/3d-models/05b270df7e424f7a8c86138aa10ef8c4

THEMATIC SHEETS

In the following thematic sheets, we briefly develop some specific concepts related to rifting or rifted margins. We illustrate how this knowledge
can be applied to the understanding of the Alpine Tethys rift system.

The following themes are developed:

A. Petrology Thematic Sheet (p. 133-140)

B. Tectono-Stratigraphy Thematic Sheet (p. 141-150)
C. Fluids Thematic Sheet (p. 151-158)

D. Tectono-Structural Thematic Sheet (p. 159-166)
E. Inheritance Thematic Sheet (p. 167-177)

F. Isostasy Thematic Sheet (p. 178-181)

https://doi.org/10.3301/GFT.2023.02
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A. PETROLOGY THEMATIC SHEET
Crust, mantle, and magma characteristics across the former Alpine Tethys

INTRODUCTION

Rifting exhumes rocks of various crustal and mantle positions to the seafloor so that lithospheric levels that were initially on top of each other
become exposed next to each other (see coloured stars in Fig. lll.A.1). Magma-poor rifted margins are thus ideal places to characterize the
initial architecture, lithology, and thermal conditions of a pre-rift lithosphere. Based on Pressure-Temperature-time (P-T-t) paths deduced
from preserved mineral assemblages and cooling ages, it is possible to identify the pre-rift position and thermal conditions of rocks and gain
insights into their exhumation history. In the Alps, the pre-rift (Variscan) magmatic intrusions are particularly well suited for such analyses.

ARCHITECTURE AND LITHOLOGY OF THE ALPINE TETHYS PRE-RIFT CRUST

The pre-rift upper crust (red star in Fig. lll.A.1) is made of a polymetamorphic basement affected by late Carboniferous to early Permian felsic
intrusive and extrusive rocks. Such rocks occur in the Err, Bernina, Sella, Margna, and Grosina nappes (Fig. Ill.A.2d) and were related to the
Variscan orogeny and post-Variscan orogenic collapse. The P-T conditions deduced from the mineral assemblages preserved in these rocks
(Fig. lll.A.2a) as well as their contacts with Permian sedimentary deposits indicate very shallow intrusion depths (<3 km; Peters, 2007, 2005).
Pre-rift mid-crustal rocks (orange star in Fig. lll.A.1) have only been recognized in the basement of the Campo nappe. Campo’s basement
consists essentially of metapelites that equilibrated within the amphibolite facies during pre-Permian and/or Permian time (the timing of
peak metamorphism remains ill-constrained). Mafic intrusions such as the Sondalo gabbro (Fig. Ill.A.2d) were emplaced within these rocks
by 300 to 270 Ma (Tribuzio et al., 1999; Petri et al., 2017, 2016). Based on P-T estimates from the rocks encompassing the Sondalo gabbro
(Fig. l1l.A.2b) and the relationship between the intrusion and the country rock, Tribuzio et al. (1999); Braga et al., (2003, 2001), and Petri et
al. (2017, 2016) concluded that the Sondalo intrusion resided at mid-crustal levels (0.6+0.2 GPa, 900 °C) during the Permian. Its exhumation
occurred during the necking phase of the Alpine Tethys rifting (ca. 185 Ma; Mohn et al., 2012).

Pre-rift lower crustal rocks (yellow star in Fig. lll.A.1) have only been recognized in the Margna and Malenco nappes (Fig. lll.A.2d). The Malenco
nappe preserves a former crust-mantle boundary welded by early Permian gabbroic rocks dated 281+19 Ma by U/Pb on zircons (Hansmann et al.,
2001). The country rocks affected by gabbroic intrusion and underplating are meta-pelites and meta-carbonates that underwent granulite-facies
intrusion-related contact metamorphism (Appendix 4). Miintener et al. (2000) demonstrated that, after the intrusion of gabbros in Permian time,
the mantle and lower crustal rocks cooled more or less isobarically over 50 Ma (Fig. ll1l.A.2c). They calculated that, at the crust-mantle boundary,
the temperature was ca. 550 °C and pressure ranged between 0.9 and 1 GPa at the onset of rifting. Such conditions are expected at the base of
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cscu g Based on these petrological and
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model with a brittle upper crust, a ductile

E= Sediments
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[ | Ductile pre-rift middle crust

middle crust, a mafic/gabbroic strong lower
crust, a brittle upper mantle, and a plastic
lower mantle can be proposed for the pre-rift

Hyper-
extension

lithosphere (lower panel of Fig. lll.A.1). Pre-
existing Variscan and Permian structures,
local pre-rift volcanic activity and underplated
gabbros along the crust-mantle boundary
[ Serpentinized mantle resulted in rheological heterogeneities
] §f,*\;,3;)n':tfertti%§dzﬂ;a”“e (Handy, 1989), which may have strongly
] Epr\r}learri]tﬂeecltggge‘]rar%antle controlled the distribution of rift structures

at the onset of rifting (Chenin et al., 2015,
2019a; Manatschal et al., 2015).
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MANTLE COMPOSITION ACROSS THE ALPINE
TETHYS RIFT SYSTEM

Picazo et al. (2016) identified three types
of mantle peridotites based on their bulk
composition and on the chemistry of their
clinopyroxene and spinel, namely: (1)
inherited subcontinental, (2) refertilized

Fig. ll.A.1 - Schematic evolution of the Alpine Tethys rift system with tracing of specific crustal and mantle subcontinental and (3) depleted oceanic
positions (coloured stars). Abbreviation: underpl.: underplate. mantle (Fig N1.A.3)
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Fig. lll.A.2 (modified from Mohn et al., 2011) - Pressure-Temperature-time (PTt) path of specific magmatic bodies: a) pre-rift upper crustal Bernina
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Time
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a: 270 Ma: Post-Orogenic Collapse
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Refertilization

Asthenospheric mantle

[ ] Continental crust
[ ] Permian gabbro

[ ] Serpentinized mantle

Inherited upper mantle
I (Mantle type 1a)

Inherited lower mantle
- (Mantle type 1b)

(Re-)Fertilized mantle
|:| (Mantle type 2)

Depleted oceanic mantle
I (Mantle type 3)

I Asthenospheric mantle

Lithospherized asthenospheric
B mantle

[ | oceanic crust

Fig. Ill.A.3 - The different mantle types and their location in the framework of a Wilson Cycle (modified from Picazo et al., 2016). a) Depletion of the uppermost asthenospheric
mantle due to post-orogenic magmatism; b) incorporation of the depleted asthenospheric mantle in the lithosphere due to thermal relaxation; c-e) subcontinental mantle
refertilization as a result of extension-related asthenosphere partial melting; f) depletion of the uppermost asthenosphere as a result of MORB accretion.

Mantle type 1: Inherited mantle

Mantle type 1 corresponds to the pre-rift subcontinental lithospheric mantle. Because the upper part and lower part of the subcontinental
lithospheric mantle underwent different tectono-magmatic evolutions, and thus display different geochemical signatures, Picazo et al. (2016)

made a distinction between them (Mantle type 1a and 1b in Fig. lll.A.3):

e Mantletype 1a(greenstarinFig.lll.A.1) corresponds to the upper part of the pre-rift subcontinental lithospheric mantle (see also Figs. lll.A.3a
and lll.A.3b). Remnants of this type of mantle are found in Malenco, Totalp, Tasna and Upper Platta (Fig. lll.A.2d), as well as in the proximal

part of the Iberia-Newfoundland OCTs.

Mantle type 1a is characterized by an important heterogeneity: it may be comprised of Iherzolite (dominant), dunite, harzburgite and/or
pyroxenites (Fig. Ill.A.4). The variability in clinopyroxenes and spinel chemistry reflects the record of several former magmatic depletion
and/or impregnation events (chemical overprint of the different events). Mineral assemblages have usually equilibrated in the spinel

stability field, which implies long-time rest at depths >30-40 km (Fig. lll.A.5).
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e Mantle type 1b (turquoise star in the lower panel of Fig. lll.A.1) corresponds to the lower part of the pre-rift subcontinental lithospheric mantle
(see also Figs. Ill.LA.3a and IIl.A.3b). It used to belong to the uppermost part of the asthenosphere, which was strongly depleted during the
Permian large-scale magmatic event that followed the orogenic collapse of the Variscan range. The uppermost part of the asthenosphere
became progressively part of the lithospheric mantle due to the thermal relaxation that followed the end of the post-orogenic collapse. Remnants
of Mantle type 1b are found in Civrari, ca. 20 km NW or Torino (Picazo et al., 2016).

Compared with inherited mantle type 1a, depleted mantle type 1b is more homogeneous. It is mainly comprised of pyroxene-bearing

spinel harzburgites (Fig. l1l.A.4) whose pyroxenes are extremely depleted in Na,O and TiO,,

Mantle type 2: Refertilized mantle

Mantle type 2 (turquoise star in the middle and top panels of
Fig. 1llLA.1) corresponds to a relatively deep subcontinental
lithospheric mantle (formerly Mantle type 1b) that was refertilized by
syn-rift asthenosphere-derived partial melts (Figs. lll.A.3and lll.A.4).
Indeed, rift-related lithospheric thinning induces partial melting of
therisingasthenosphere. The resultingmagmatic fluids move upward
due to their lower density compared to the encompassing mantle.
These melts then react with and “impregnate” the subcontinental
mantle as they percolate through it, forming plagioclase and
pyroxene (Figs. Ill.A.3c-1ll.A.3e and [ll.A.5). Remnants of Mantle
type 2 are found in Lower Platta, Lanzo Central and South, Chenaillet
(Fig. [1l.A.2d) and in the distal part of the Iberia OCT.

Mantle type 2 is mainly comprised of plagioclase-lherzolites.
During melt percolation, melt-rock reactions form orthopyroxene
at the expense of olivine on the one hand, and orthopyroxene and
plagioclase at the expense of clinopyroxene on the other hand
(Fig. 1ll.A.4). TiO, content and Cr of spinel become higher with
increasing fertilization. Based on this observation, Picazo et al.
(2016) noticed an increase in the importance of melt-rock reaction
oceanward.

olivine
partial melting
depletion in
clinopyroxene ,8
o
i)
—
()
o
lherzolite
melt impregnation
enrichment in
clinopyroxene 40 % 4
2
c
)
X
o
90 % 10 % 2
ortho- /_\ / clino-
pyroxene 10 % 90 % pyroxene

Fig. lll.A.4 - Triangular diagram displaying the composition of the main types of
peridotites in % of olivine, clinopyroxene and orthopyroxene. The blue and red arrows
represent the shift in composition of the peridotite affected by melt impregnation and

partial melting, respectively (modified from Chenin et al., 2020b).
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Mantle type 3: Depleted oceanic mantle (not evidenced in the Alps)

At slow or ultra-slow spreading ridges, the depleted mantle is typically exhumed by
detachment faults. This type of oceanic mantle is dominantly comprised of harzburgite
together with rare dunite and lherzolite (Fig. 1ll.A.4). Clinopyroxenes in harzburgite are
extremely depleted in Na,O and TiO,, consistent with high degrees of partial melting (15-20
%). At present, no evidence for Mantle type 3 has been found in the former Alpine Tethys
realm, which questions the existence of a mature accretion system between Adria and
Europe (Fig. lll.A.6). Whether or not there was a true ocean remains to date a matter of
debate.

MAGMATIC BODIES OF THE EMBRYONIC SEAFLOOR SPREADING SYSTEM

The embryonic seafloor spreading system of the Alpine Tethys formed two types of magmatic
bodies, namely basalts, and gabbros. A description of the latter is provided in Excursion D (Stop
4 at Stalvedret/Val da Natons). Below we provide a short overview of the rift-related basalts.

Only scattered remnants of “oceanic” basalts (black star in Fig. lll.A.1) have been found
so far in the Lower Platta and Lower Tasna nappes (Fig. lll.A.2d), which sample the ocean-
continent transition of the former Alpine Tethys. These basalts formed during late stages
of rifting (167-161 Ma extrusive rocks in the Platta and Tasna nappes; Lower Cretaceous
sills in the Platta Nappe) and overly exhumed subcontinental lithospheric mantle. Their
chemical signature differs from that of classical MORB. Amann et al. (2020) identified two

types of basalts based on their geochemical signature (Fig. Ill.A.7). Both basalts are related to 15-20 % melting of a mantle source that differs
from the standard asthenospheric Depleted Mantle (DMM):

Type 1 basalts were all formed during the Jurassic mantle exhumation phase (i.e., they are syn-tectonic). They display a depletion in Light
Rare Earth Elements (LREE) comparable to that of Normal-MORB (N-MORB). However, Type 1 basalts differ from N-MORB by their lower
Nb/La ratio and their higher (Sm/Nb)N ratio. Such a high (Sm/Nb)N ratio is typically related to a garnet component in the MORB source.
Type 1 basalts were interpreted to result from relatively low degree partial melting (<15 %) of refertilized subcontinental lithospheric
mantle in the spinel stability field (i.e., relatively shallow; Fig. lll.A.7a). Partial melting of the subcontinental lithospheric mantle at shallow
depths was presumably enabled by high geothermal gradients caused by both asthenosphere upwelling and melt percolation.
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Mantle-type 1a
Inherited subcontinental
lithospheric mantle

| Mantle-type 2
Refertilize subcontinental
lithospheric mantle

Mantle-type 3
Depleted oceanic
lithospheric mantle

[ | Continental crust

Hyperextended basins
1- Neo-Tethys

2- Alpine Tethys
(Liguria, Piemonte
& Valais basins)

3- Atlantic Ocean

Fig. Ill.A.6 (from Picazo et al., 2016) - Distribution of the different types of mantle flooring the Neo-Tethys, Alpine Tethys and southern North Atlantic systems (restoration at
late Aptian time, ~110 Ma). Abbreviations: Br.: Brianconnais; Sa: Sardinia.

Type 2 basalts were emplaced either during the Jurassic, or the Cretaceous, simultaneously with and/or after the mantle exhumation
phase. They are similar to present-day Enriched MORB (E-MORB): they are enriched in incompatible elements and High Field Strength
Elements (HFSE) and display high (La/Sm)N and (Sm/Yb)N ratios.
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Type 2 basalts were interpreted as a mix between 80-90 % of standard DMM partial melts and 10-20 % of garnet-pyroxenite-derived melts
(Fig. lll.A.7b). Garnet-pyroxenite source may derive from high degrees batch melting of a recycled oceanic crust (e.g., Variscan-derived
eclogite?).

[ Continental crust

[ | Permian underplated gabbros

- Inherited Subcontlnental Lithospheric Mantle (SCLM)
(Mantle type 1a)

|:| Refertilized mantle
Refertilization process
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I Asthenosphere (DMM) .
Active thermal erosion 2 Porous melt flow percolation
Solidus .

Active adiabatic exhumation o Farial melingian Db

Boundary DMM/SCLM
Type 1 basalt
Channelized melt flow

o2 Partial melting of refertilized
mantle (Mantle type 2)

1300 °C

Type 2 basalt
Mixing melt flow

o®d 820 Partial melting of DMM
. and garnet-pyroxenite

OCT basalt

Adiabatic exhumation < Thermal erosion

Fig. lll.A.7 - Conceptual model for the formation of OCT-basalts (inspired from Amann et al., 2020). a) Near-adiabatic upwelling of the asthenosphere (DMM) and onset
of DMM partial melting (apple green circles) during necking and/or hyperextension phase; initial percolation of melts towards the subcontinental lithospheric mantle (SCLM)
inducing its refertilization; the distal SCLM is melt-impregnated by up to 12%; b) thermal advection enhanced by porous-flow melt percolation moves the solidus upwards allowing
for melting of the refertilized SCLM (light blue circles) forming the Type-1 basalts (light blue pipes and volcanoes). Mixing of partial melts from the DMM (dark blue circles) and

garnet-pyroxenite (black dashes, orange circles) creates type-2 basalts (red pipes and volcanoes).
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B. TECTONO-STRATIGRAPHY THEMATIC SHEET

Migration of rift activity and related depocenters with time: the muitistage and polyphase nature of the Tethyan-

Atlantic rifting during the Mesozoic

INTRODUCTION

The tectono-stratigraphic record of a rift system is controlled by the migration of deformation with time. Here we unravel the two main - and

not mutually exclusive - types of rifting, namely multistage and polyphase rifting.

MULTISTAGE RIFTING
Definition

During multistage rifting, several successive extensional events
take place under various plate kinematic directions. The different
extensional phases may ormay notoverlapinspace.Inthe Tethyan-
Atlantic realm, at least three extensional phases occurred: The
first was the Triassic Meliata-Vardar rifting to the east of the Adria
microcontinent and Central Atlantic rifting southwest of Iberia
(violet rifting in Fig. lll.B.1a). The second was the Jurassic rifting
of the Alpine Tethys within the proximal domain of the western
Meliata-Vardar margin (blue rifting in Fig. Ill.B.1a; the violet
stripped pattern represents the domain where it overprints the
Meliata-Vardar rift system). The third occurred during the Early
Cretaceous when the southern North-Atlantic Ocean started to
propagate northward from the Central Atlantic and eastward in
the Bay of Biscay.

Multistage rifting is common in Earth’s history and may even be
the standard rift evolution. For instance, Cadenas et al. (2020)
evidenced at least three successive rift events at the northern

https://doi.org/10.3301/GFT.2023.02
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Fig.lll.B.1 —a) Schematic view of the successive rifting events that took place in Western
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complexity in a multistage rift system: the local presence of blue sediments unrelated to
the green rift event in the distal margin may be misinterpreted when the multistage nature
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Iberian margin. Lovecchio et al. (2018) identified three independent extension phases at the Argentinian margin of the South Atlantic. Bergh
et al. (2007) recognized three extensional phases with various plate kinematics at the Norwegian margin. Sang Chan et al. (2010) identified
three extension phases with different plate kinematics during the opening of the South China Sea in the Pearl River Delta region. Senkans et
al. (2019) described three extensional phases with various plate kinematics at the Mozambique margin.

When two rift systems (or more) overlap during multistage rifting, the sedimentary record is necessarily complex in the area of overprint
(Fig. lll.B.1b). Indeed, sediments related to different rifting episodes may locally be incorporated into the sedimentary record of a given
margin. These may be erroneously interpreted when not recognized as resulting from multistage rifting.

X

Overview of the pre-Alpine Tethys rift setting

Triassic sediment thickness and
depositional environments changed across
the future Alpine realm (violet sediments in
Fig. l1l.B.2b). They testify to relatively deep-
waterenvironmentstothe eastand southeast
and evolve into platform carbonates, sabkha
environments, and continental siliciclastic \
systems to the west and northwest “ o

(Fig. 1ll.B.2a). The sedimentary sequence i - o Bty
is generally thicker in the east and south Africa ~
(future Upper Austroalpine and Southern ];/\\
Alps; 1to5km)andis IocaIIy Only a few tens b future Alpine Tethys breakup Mgﬁgt-a-l:?}gryjar
of meters in the future proximal European A (—

margin (Fig. I11.B.2b). The distribution and - e n T et adt / J U=
thickness of Triassic sediments in between
is complex and poorly constrained due
to the pervasive tectonic overprint from
both the Jurassic Alpine Tethys rifting and
SUbsequent AIpine convergence. Fig. lll.B.2 — a) Late Triassic restoration of the Alpine and central Atlantic realm showing the pre-rift depositional

Thethicker Triassic sequencesintheeastern  settings and the location of the future Alpine Tethys (modified from Bosellini, 1973 and Laubscher and Bernoulli, 1977); b)
and south-eastern parts of the Alpine realm schematic section across the Meliata-Vardar margin and future Alpine Tethys realm during the Late Triassic.
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can be explained by their proximity to the Triassic Meliata-Vardar domain and the thermal subsidence following its Carnian (ca. 220 Ma)
rifting (Fig. lll.B.2a; Dercourt et al., 1986; Channell and Kozur, 1997; Robertson, 2004). To the west (future European margin), the presence
of shallow-marine deposits and the lack of subsidence during the Triassic suggest that the pre-rift continental crust and lithosphere were in
isostatic equilibrium and were approximately 30 and 120 km thick, respectively.

POLYPHASE RIFTING
Definition

Polyphase rifting corresponds to the succession of different deformation phases (namely stretching, necking, hyperextension, and mantle
exhumation; see section 2 of the excursion notes) during continuous extension under one and the same kinematic setting. The polyphase
nature of the Alpine Tethys rifting was first evidenced by Froitzheim and Eberli (1990) using stratigraphy. They recognized a first extensional
event with minor to moderate subsidence in the former proximal domain of the Alpine Tethys; and they identified a second extensional
event with larger subsidence in the former distal part of the margin. A few years later, Lavier and Manatschal (2006) suggested that the first
extensional event was largely distributed over the entire Alpine Tethys realm (the stretching phase), while the second extensional phase was
expressed by the focusing of deformation over a narrower domain (the necking, hyperextension and mantle exhumations phases). More
recently, Ribes et al. (2019a) provided a detailed review of the tectono-stratigraphic evolution of the Alpine Tethys rifting using absolute time
markers.

In the following, we use the term Tectonic Sequence (TS) to refer to all the sediments deposited during a given rift-related deformation phase.
We describe the characteristics of the TS corresponding to each one of the successive deformation phases at play during an ideal, polyphase,
magma-poor rifting event. By ideal we mean that the six following hypotheses are fulfilled: (1) rifting is achieved via four distinct and successive
extension phases that are the stretching, necking, hyperextension and mantle exhumation phases; (2) these extension phases do not overlap
in time, therefore each one is associated with one single ST, namely the stretching, necking, hyperextension and mantle exhumation ST; (3)
each extension phase is controlled by a single deformation mode, namely the stretching, necking, hyperextension and mantle exhumation
deformation mode; (4) the structures formed during a deformation phase are characteristic and specific to the corresponding deformation
mode; (5) each deformation mode is spatially restricted to the rift domain(s) it affects, and when a rift domain is affected by a deformation
mode, its entire width is affected; and (6) rifting is a localizing process during which the successive deformation modes affect an ever narrower
region (see Chenin et al., 2022, for a more comprehensive review).

This record compares well with that of the Alpine Tethys described in the different excursions of this field guide (see Manatschal et al. (2022)
for a more comprehensive review).
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Tectono-stratigraphic evolution of an ideal
magma-poor polyphase rifting

The stretching ST

The stretching TS records the stretching
phase, a low-B pure shear extension of
the lithosphere that is manifested by
broadly distributed high-angle (60°)
normal faulting in the brittle layers and
plastic deformation in the ductile ones.
The corresponding half-graben basins
are distributed over the entire rift domain
(Fig. 1.4b of the excursion notes). Thus,
the stretching TS displays comparable
depositional characteristics in the
proximal, necking, and hyperextended
domains (fifth line of Fig. Ill.B.3b),
although it is increasingly overprinted/
dismembered by subsequent
extensional events in distal domains
(fifth line of Fig. l1l.B.3c). In contrast, the
stretching TS is lacking in the exhumed
mantle domain, as well as overall new
real estate domains since neither crustal
nor mantle basement is exhumed to the
seafloor at the stretching stage.

The stretching TS is characterized by
wedge-shaped sedimentary deposits that
thicken toward the normal fault bounding
the depocenter (Fig. 11.B.3a5 and fifth

https://doi.org/10.3301/GFT.2023.02

a
N Conffental st (W Rkt e E}mantle exhumation TS Pré- or post-t
1 lithospheric mantle  — pre-rift sed. =

[

1 asthenosphere }hyperextension TS
] oceanic crust

pre- or post-tecto

~. €erosion syn-tectonic sed.

al1: BB2 a2: BB3 & BB5 a3: BB6 & BB7

. sed. :
syntectonic sed. = } necking TS

.
-}stretchmg TS

. sed.

a4: BB4

pre- or post-tectonic sed.
syn-tectonic sed.

pre- or post-tectonic sed.
syn-tectonic sed.

a5: BB1

oceanic d. exh. mantle

proximal d. : necking d. L",JP hypxt. d._ exh. mantle d|.

. LP hypxt. d.

necking d. proximal domain

i ca. 15 km

b D ==
post-rift E——0— S ——— = E——
. b //////// E-— —— — — BPR
mantle exhumation = —— =———— e e ——
High B 1 = - == =
£ hyperextension >< Zz_ ﬁ% =——— E=——a—
=) _ 7 — —_—
> necking ><Z W — L ¥ ) A = =
: BNk
Low R 4 stretching >< —ﬁ ﬁg ﬁ&
& a -BSR
exhumed mantle hyperextended necking proximal
domain domain domain domain
- p&e-tec_tc_)nic s()j/n-tec_tgnic sgn-tec_tc_)nic pgst—teqt_onic . new real
oo ———— deposition N eposition ?@: < ~= deposition = eposition ...~ estate ~aw- erosion
><app||cable (aggradation) #  (normal fault) 4 (detachment fault) (aggradation) creation

Fig. 11.B.3 (modified from Chenin et al., 2022) - Tables summarizing the main characteristics of each Tectonic Sequence in
the different rift domains of an idealized magma-poor polyphase rifting. a) Margin architecture at the end of rifting with close-

up on the stratigraphy.

o>
5

@

(2'1)ST - €202 Sdew pue sauj pjaly [e9}50/098 s

:
=
®
L
-4
L
<



C
post-rift —_— — — —
e -BPR
mantle exhumation 5 = o — = S ———— ==
High R = ——
= hyperextension ><Z Yrisl 7 —_— _———
&= —
> i — % = —_—
/ L / o .BNk
Low 1 { stretching >< § ey §
9 ok 7. .BSR
pre-rift ><L
exhumed mantle hyperextended necking proximal
domain domain domain domain
pre- or post-rift pre-tectonic syn-tectonic post-tectonic tectonic fragmentation due .. i
package package package package é% % to new real estate creation 7 rempyal by erasion
d syn-rift packages
post-rift
-BPR
mantle exhumation
High R
= hyperextension
&
7 necking
BNk
Low R { stretching
-BSR
pre-rift ==———
exhumed mantle hyperextended necking proximal
domain domain domain domain
ebosienal shallow water | bvsse

Fig. 111.B.3 (modified from Chenin et al., 2022) - Tables summarizing the main characteristics of each Tectonic Sequence in the different rift domains of an idealized
magma-poor polyphase rifting. b) main structures and related stratigraphic architecture with time in the different rift domains; c) spatio-temporal distribution of pre-, syn-
and post-tectonic sedimentation and tectonic fragmentation; d) spatio-temporal evolution of the depositional water depth. Abbreviations: BNk: Base of the Necking tectonic
sequence; BPR: Base of the Post-Rift megasequence; BSR: Base of the SynRift megasequence; d.: domain; exh.: exhumed; hypertext.: hyperextended; LP: lower plate; UP:

upper plate; sed.: sediments; TS: Tectonic Sequence.

https://doi.org/10.3301/GFT.2023.02

o>
5

@

(2'1)SI - £20c sdew pue sdli] p[aly [eI50/093 e

Kieiaul}l




‘\‘\,

line of Fig. lll.B.3b). Related deposits often include breccias derived from the adjacent footwall crest and/or fault plane. Indeed, the activity of
a normal fault is usually associated with footwall uplift and erosion due to the rotation of the fault block (Yielding, 1990) and/or to the flexural
response of the lithosphere (Kusznir and Ziegler, 1992). Most of the infill is, however, linked to axial sedimentation (Leeder et al., 1987).

No significant lithospheric thinning occurs during the stretching phase, which results in only limited creation of accommodation space outside
the basins, and minor subsequent thermal subsidence across the future proximal domain. Moreover, the high ratio between the rates of
sedimentation and accommodation space creation hampers the formation of significant bathymetry during the stretching phase (fifth line of
Fig. 111.B.3d).

The stretching TS is best preserved in the proximal domain of rifted margins, where the stretching phase is at the origin of BB1 (Figs. l11.B.3a5
and 1l1.B.4a). Examples include the Bourg d’Oisans area in SE France (former European proximal margin), and the Il Motto (Excursion A)
and Monte Generoso (southern Switzerland) areas (former Adriatic proximal margin). In more distal settings, the stretching TS is largely
overprinted by subsequent deformation phases (necking and hyperextension).

The necking ST

The necking TS records the necking phase, which corresponds to the onset of significant crustal thinning via only a few active faults on
either side of a largely undeformed crustal keystone (called H-block in Lavier and Manatschal, 2006; Fig. .4c). These major crustal-scale
extensional detachment faults are specific and characteristic structures of the future necking domains.

At the same time, most normal faults that were formed during the stretching phase are abandoned outside the necking domain. As a result,
the necking TS outside the necking domain is characterized by the sealing of the older half-graben depocenters by post-tectonic, passively
infilling sediments (Fig. I11.B.3a5 fourth line of Fig. I1l.B.3b).

The onset of crustal neckingis linked to the yield of the strongest lithospheric layer, which is usually the upper mantle in a thermally equilibrated
lithosphere. When the upper crust is mechanically decoupled from the mantle, the yielding of the upper mantle is followed by a flexural rebound
that accounts for the shallow-water depth, or even the uplift and local erosion of the keystone (i.e., the future necking and hyperextended
domains) during the necking phase (see erosional unconformity in Figs. ll1l.B.3al, 1ll.B.3a2 and I11.B.3a4; Chenin et al., 2019b, 2020a). Uplift
of the keystone may be further increased by the thermal erosion related to the upwelling of the underlying asthenosphere.

The necking phase is linked to significant crustal and lithospheric thinning, which will eventually counterbalance the flexural rebound and
thermal erosion of the lithosphere and cause rapid and significant subsidence. The timing of uplift vs subsidence depends strongly on the
rheology of the lithosphere (Chenin et al., 2020a). Subsidence might be further enhanced by a large sediment supply and by subsequent
thermal relaxation of the rift system.

In summary, in the necking domain of the final margin, the necking TS is expressed by (fourth line of Figs. Il[.B.3b-Il1l.B.3d): (1) creation
of new real estate due to the exhumation of upper- to middle crustal rocks to the seafloor via extensional detachment faulting; (2) supra-
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detachment wedge-shaped sedimentary deposits of necking phase age emplaced directly onto exhumed basement; (3) uplift and erosion of
exhumed basement and pre-necking sediments potentially visible in both the necking and hyperextended domains; and (4) contemporaneous
deposition of basement-derived material (e.g. sandstones) in adjacent regions. These sediments may be “cannibalized” (i.e., reworked, and
re-deposited) during the necking phase owing to the progressive exhumation/uplift/rollover of the detachment fault on which the sandstones
were deposited.

The necking phase is at the origin of BB2 in the necking domain of rifted margins and BB3 in the hyperextended domain. In the Alps, BB2 is
best preserved in the Mont Blanc region (former European margin) and in the Cusio-Biellese region (former Adriatic margin), and BB3 in the
Brianconnais domain (Figs. ll1.B.3a2 and 11l.B.4a). The Alpine Tethys necking TS displays different characteristics along dip (Fig. l11.B.4b): it
expresses as passive infill in the proximal domain (e.g., Excursion A), as basement exhumation in the necking domain (e.g., Mont Blanc; Ribes
et al., 2020) and as shallow-water deposition and/or erosion in the future hyperextended domain (e.g., shallow-water facies of the Agnelli
Fm; Decarlis et al., 2015).

The hyperextension ST

The hyperextension TS records the hyperextension phase, which corresponds to the localized dismembering of fully brittle continental crust.
Hyperextension is the first deformation stage that displays a marked asymmetry: on the one hand, the future lower-plate margin is extended
via in-sequence detachment faulting, while on the other hand, the future conjugate upper-plate margin is delaminated by the play of the
underlying detachment fault (Fig. .4e).

During hyperextension, the proximal and necking domains are tectonically inactive, which results in continued passive infill in the proximal
domain and the sealing of syn-tectonic structures/deposits in the necking domain (third line of Fig. Ill.B.3b). Thus, in the proximal and
necking domains of the future margin, the hyperextension TS is characterized by post-tectonic deposits. In the exhumed mantle domain, the
hyperextension TS is lacking since no mantle is exhumed to the seafloor at the hyperextension stage.

The hyperextension phase is associated with rapid subsidence in both the necking and hyperextended domains (third line of Fig. [11.B.3d).
Subsidenceisrelated to significant crustal thinning (crustal thickness between 10 and O kminthe hyperextended domain) above amechanically
weak mantle (mechanical breakup achieved during the previous necking phase). In the necking domain, subsidence is at this stage essentially
driven by thermal relaxation.

In the lower plate hyperextended domain, each successive in-sequence detachment fault crosscuts the former one, resulting in the typical
BB4 in-sequence architecture illustrated in Fig. 1ll.B.3a4 (Ranero and Pérez-Gussinyé, 2010). These detachment faults create new real
estate via the exhumation of the basement to the seafloor. The exhumed basement is typically pre-rift upper- to the middle crust. Each
detachment fault is associated with a supra-detachment sedimentary basin floored by tectono-sedimentary breccias. These basins are filled
with supra-detachment wedge-shaped syn-tectonic sediments emplaced directly onto the detachment surface, getting younger toward the
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detachment exhumation point (third line of Fig. lll.B.3b). As the successive in-sequence detachment faults play one after another, syn-
tectonic sedimentary deposits are getting younger oceanward. Therefore, sedimentary deposits of given age that are syn-tectonic in one
supra-detachment basin are post-tectonic in supra-detachment basins located more continent-ward.

In summary, in the hyperextended domain of the final lower-plate margin, the hyperextension TS is expressed by (third line of Figs. IlI.B.3b-
[11.B.3d): (1) creation of new real estate due to the exhumation of upper- to middle crustal rocks to the seafloor via in-sequence detachment
faults that dip exclusively oceanward; (2) tectono-sedimentary breccias and overlying supra-detachment wedge-shaped sedimentary deposits
of hyperextension phase age emplaced directly onto exhumed basement, and (3) a progressive younging of supra-detachment basins fill
oceanward.

The hyperextended domain of upper plate margins represents the residual part of the initial keystone block (Haupertetal., 2016; Fig. 11.B.3a2).
It preserves therefore much more of the stretching and necking-related structures and deposits compared to its conjugate, namely high-angle
normal faults that can dip continent- or oceanward. The base of the outer part of the hyperextended domain is an extensional detachment
fault that may exhume both subcontinental mantle and lower crustal rocks to the seafloor (e.g., Excursion E).

The individualization of the upper plate hyperextended domain is often associated with the formation of mega-fault scarps at its boundary
with the adjacent necking domain, and thus with the emplacement of breccias at its toe, over a wide part of the hyperextended domain
(Fig. lll.B.3a2; Ribes et al., 2019b).

In summary, in the hyperextended domain of the final upper-plate margin, the hyperextension TS is expressed by: (1) the creation of a mega-
fault scarp and associated mega-breccias at the boundary between the necking and hyperextended domain; (2) good preservation of earlier
sedimentary structures due to the lack of significant new real estate creation; and (3) possible exhumation of lower crustal rocks to the
seafloor at the outer edge of the hyperextended domain.

The hyperextension phase is at the origin of BB4 and BB6 at the lower-plate margin and BB5 & BB6 at the upper-plate margins. In the Alps
(Figs. 11.B.3a2 111.B.4), BB4 is best preserved in the Err Nappe (Excursion C), BB5 in the Falknis Nappe and Nappe de Bréches (Ribes et al.,
2019b) and BB6 in the Upper Platta (Excursion D; Epin and Manatschal, 2018) and Tasna Nappe (Excursion E; Ribes et al., 2019c).

The mantle exhumation ST

The mantle exhumation TS records the phase of subcontinental mantle exhumation to the seafloor (Fig. 1.4f). Mantle exhumation occurs while
tectonic activity has ceased in the continental domains of the future margin, therefore the mantle exhumation TS in the proximal, necking and
hyperextended domains of the final margin is characterized by post-tectonic sedimentation (second line of Fig. l11.B.3b). The entire margin
keeps on subsiding during the mantle exhumation phase.

The exhumed mantle domain is entirely comprised of new real estate (except from few potential allochthonous blocks of continental crust and/
or pre- to syn-rift sediments). Subcontinental mantle exhumation is achieved via flip-flop (out-of-sequence) detachment faults that develop
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successively on either side of the future spreading centre, generating a relatively symmetrical pattern (Epin et al., 2019; Gillard et al., 2016b;
Fig. l.4g and second line of Fig. lll.B.3b). The play of a mantle exhumation fault is associated with the formation of a topographic high at the
detachment fault breakaway and thus characterized by over-tilted sedimentary sequences (see to the very right of Fig. Ill.B.3a3). As tectonic
activity continuously steps toward the locus of the future breakup, the age of the over-tilted sequences decreases oceanward.

The first sediments overlying the exhumed mantle are tectono-sedimentary breccias that are mixed and/or overlain with either pelagic,
detritic, or chemical (e.g., cherts or brines precipitated from SiO,-oversaturated fluids) sediments depending on the available sources (e.g., in
transform margins this domain may be directly fed by the adjacent continent). In the case of high sedimentation rates, these sediments form
supra-detachment wedge-shaped architectures directly onto the detachment surface.

The exhumation phase often displays incipient magmatic activity, which results in discontinuous magmatic intrusions and lava flows. Magmatic
flows are syn-tectonic, and thus they are interbedded with sediments of exhumation phase age.

In summary, in the exhumed mantle domain of the final margin, the mantle exhumation TS is expressed by (second line of Figs. Ill.B.3b
and 111.B.3c): (1) exclusively new real estate basement comprised of subcontinental lithospheric mantle exhumed to the seafloor via out-of-
sequence detachment faulting; (2) tectono-sedimentary breccias and overlying supra-detachment wedge-shaped sedimentary deposits of
mantle exhumation phase age emplaced directly onto exhumed mantle; (3) over-tilted sedimentary packages at detachment faults breakaway;
and (4) a progressive younging of supra-detachment basins fill oceanward.

The mantle exhumation phase is at the origin of BB7 in the exhumed mantle domain. In the Alps (Fig. Ill.B.4), BB7 is best preserved in the
Lower Platta Nappe (Excursion D, Epin et al., 2019) and at the Chenaillet (Manatschal et al., 2011).
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C. FLUIDS THEMATIC SHEET
Signature of syn-rift fluids: the example of the former Alpine Tethys

INTRODUCTION

In a general way, “magma-poor” rifting can be regarded as a succession of deformation phases with specific characteristics that affect an
ever-narrower domain as extension progresses, namely the stretching, necking, hyperextension, mantle exhumation, and seafloor spreading
phases (Fig. lll.C.1; see also section 2 of the excursion notes). Over the last twenty years, several researchers attempted to link these different
deformation phases to specific geochemical and petrological signatures of syn-rift neo-formed minerals and/or sediments (e.g., Manatschal,
1999; Manatschal et al., 2000; Pinto et al., 2015; Incerpi et al., 2020a, 2020b; see also https://convergent-margins.com/fluids/).

A few years ago, Pinto et al. (2015) evidenced specific chemical signatures of syn-tectonic detachment fault minerals from the time the crust
and mantle are mechanically coupled. More recently, Incerpi et al. (2020a) achieved a detailed tracing of fluid signature in time and space
within the sedimentary deposits of the Alpine Tethys rift system.

FLUID SIGNATURE IN SYN-TECTONIC DETACHMENT FAULT ROCKS/MINERALS

Fluid signature prior to crust-mantle coupling: the Bernina and Grosina detachments

The Bernina and Grosina detachment faults are two of the oldest detachment faults found in the Adriatic margin of the former Alpine Tethys.
They formed during the necking- and early hyperextension phases (fluid event 2 in Fig. l1l.C. 1c). Fluid-continental rock reactions were recorded
along the Grosina and Bernina detachment faults at 190 and 185 Ma, respectively (Pinto et al., 2015). Both detachments show syn-tectonic
clay minerals, which display little chemical variations compared with the composition of the protolith. Sr isotopes indicate interactions with
continental crust (Incerpi et al. 2020a).

Fluid signature after crust-mantle coupling: the Err detachment system

The Err detachment system belongs to the distal Adriatic margin of the Alpine Tethys. It is younger than both the Bernina and Grosina
detachment faults. The Err detachment system formed during the hyperextension phase of rifting (fluid event 3 in Fig. 11l.C.1d). Evidence for
fluids circulation along the Err extensional detachment system includes:

e quartz and albite veins produced by saussuritization processes (i.e., alteration of feldspar);

e precipitation of iron oxides in cataclastic foliations as a result of biotite alteration syn-tectonic phyllosilicates enriched in Cr, Ni, V, and Fe
along the detachment fault zone.
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Pinto et al. (2015) interpreted the enrichment
of syn-tectonic neo-formed minerals in Cr, Ni, V,
and Fe to result from the circulation of mantle-
reacted hydrothermal fluids along extensional
detachment faults (Figs. 1ll.C.2a). Indeed,
crust-mantle mechanical coupling allows the
percolation of marine fluids down into the mantle,
where they are heated. These hydrothermal fluids
trigger efficient mantle serpentinization, which
is characterized by a depletion of peridotites
in Cr, Ni, V, and Fe. These elements enrich the
hydrothermal fluids, which migrate back up
along the active part of extensional detachment
faults and enrich seawater where tectonic
activity is responsible for dynamic permeability
(Fig. lll.C.2a). Consequently, syn-tectonic neo-
formed minerals within these fault zones (as well
assedimentary depositsabovethem)areenriched
in mantle-derived elements (Fig. [Il.C.2b). Fluid
circulation is maximal in the active portion of
detachment faults (i.e., prior to their exhumation
to the seafloor) due to intense tectonic fracturing
and high geothermal gradient. Once exhumed to
the seafloor, the detachment becomes inactive,
and thus its porosity decreases rapidly.

Fig. lll.C.2 (from Pinto et al., 2015) — a) Conceptual
model of mantle-reacted fluids migration during active
detachment faulting (modified from Pinto et al., 2015); b)
graph displaying the percentage of Cr as a function of the

sample position with respect to the exhumation point.
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Pinto et al. (2015) observed a progressive enrichment in Ni, Cr, and V of syn-tectonic sediments and neo-formed minerals from 185 Ma
onward. They suggested that this enrichment marks the onset of mantle serpentinization beneath hyperextended continental crust.

Pinto et al. (2015) also noticed a peak in Ni, Cr, and V concentration in the syn-tectonic sediments of the distal margin towards the end of the
185-165 Ma interval (i.e., member C of the Saluver Fm; see Excursion C). They interpreted it as evidence for efficient serpentinization, most
likely related to the exhumation of the mantle to the seafloor. They emphasized that member C of the Saluver Fm is more enriched in Cr, Ni,
and V than overlying radiolarian cherts. They suggested that hydrothermal activity had largely decreased and/or moved further outboard (i.e.,
in the proto-oceanic domain) by this time.

Interpretation

The absence of mantle fluid signature in the syn-tectonic fault rocks of the Grosina and Bernina detachments indicates that continental crust
was not mechanically coupled to the subcontinental lithospheric mantle until 185 Ma (Pinto et al., 2015). In contrast, mantle fluids signature
within the syn-tectonic minerals of the Err detachment fault rocks as well as in the overlying syn-tectonic sediments testify to crust-mantle
mechanical coupling during the hyperextension stage, from approximately 185 Ma onward.

FLUID SIGNATURE IN SEDIMENTARY DEPOSITS

. . . . hydrothermal fluid path
Fluid signature in sediments during the stretching phase blisceoid ' '*
Incerpi et al. (2020a) recognized a first carbonate-rich stage along the entire Adriatic { !
margin from Rhaetian to Pliensbachian (latest Triassic to Early Jurassic; Fluid event 1 in Stretching phase /
Fig. Ill.C.1b). It consists of of dolomitization of the Late Triassic Hauptdolomit and Késsen . (Hettangian)

Fms before their reworking within syn-tectonic breccias (Alv, Bardella, and Saluver Fms). YYR 7..( ( 7o 7n
Precipitation of dolomite, calcite, and minor quartz occurred as passive infill of open cracks, 18

which suggests tectonically static conditions. 207
The dolomitization process began once the Triassic carbonate platform started to be 39
fragmented, which occurred during the so-called stretching phase of rifting. Seawater
percolated downintothethick pre-rift sedimentsvia high-angle normal faults, was heated and T S ——————
chemically modified by exchanges with Triassic sediments on its way down and dolomitized  ithin the Triassic carbonate platform during the
the carbonate platform on its way up (hydrothermal loop represented in Fig. I11.C.3). stretching phase.
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Fluid signature in sediments during the necking phase

Incerpietal.(2020a) observed asecond set of eventsthatarerecorded
only in the distal part of the margin from the late Pliensbachian to
the Toarcian (Fluid event 2 in Fig. Ill.C.1c). It includes dolomitization,
dedolomitization, hydrofracturing and calcite cementation of
hydraulic breccias. These events are related to detachment faulting
and crustal thinning.

Evidence for both hydrothermal and more superficial fluids suggests
a mix between surface fluids flowing along detachment faults with
fluids flowing up from deeper fracture basement. Surface fluids may
be at the origin of the patchy dedolomitization observed along brittle
faults.

Fluid signature in sediments during the hyperextension and mantle
exhumation phases

Incerpi et al. (2020a) recognized a third set of events after Toarcian
time (Fluid event 3 in Fig. l1l.C.1d). It affected the entire pre- and syn-
rift sedimentary pile of the distal margin, although it is more marked in
the syn- to early post-tectonic sequences. This fluid event manifests
as quartz precipitation both in veins and as cement, as well as local
septarian-like concretions in fine-grained syn-rift sediments. Such
concretions were formed close to the seafloor, where they were often
reworked (Incerpi et al., 2017, 2018; Fig. lll.C.4b).

The existence of Fe and Mn oxides within debris flow deposits in the
outermost part of the margin suggests a contribution of mantle fluids
(Fig. lll.C.4a).

In the exhumed serpentinized mantle domain of the Platta Nappe,
Coltat et al. (2019b) noticed Fe-Ca-silicates, semi-massive sulphides,
Cu-rich massive sulphides (Cu-rich MS), which occur as sporadic thin

https://doi.org/10.3301/GFT.2023.02

blue: cold

hydrothermal fluid path
/ red: hot

: i ——
heat source detachment
faults

heat source

heat source

Fig. lll.C.4 - a) Schematic fluid path during the hyperextension stage; b) fluid path
within and around an allochthon during crustal detachment faulting (modified from
Incerpi et al., 2018). Abbreviation: concr.: concretion.
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Fig. l11.C.5 (modified from Incerpi et al., 2020b) - Stable isotope data: 620 versus 6'3C cross-plot for dolomite and calcite minerals from the five studied areas along the Adriatic
margin; values are given relative to VPDB (Vienna Pee Dee Belemnite) standard. The orange circles represent the replacement dolomite affecting the Hauptdolomit Fm. The green

colour is for those minerals occurring as void-filling phases: rhombs (dolomite cement in hydraulic breccias), squares (dolomite veins), circles (calcite veins), triangles (calcite
cement in hydraulic breccias and dedolomitization).
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oxidized reddish corridors and patches. They interpreted the metalliferous deposits as a result of black smoker-type hydrothermal structures

comparable to those observed at present-day slow-spreading ridges.

Oxygen and Carbon isotopes along the Adriatic margin

Oxygen and carbon isotope analyses on
different carbonate phases display very
homogeneous C isotope values along the
entire Adriatic margin (Fig. 1ll.C.5), with
values ranging between 0 and 3%. of
the Vienna Pee Dee Belemnite standard
(VPDB). Conversely, O isotope values vary
significantly both among the different
paleogeographic domains and within a given
domain (Fig. 1ll.C.5). &80 value becomes
increasingly negative oceanward, with
values ranging from 0 to -16%o. VPDB.

CARBONATATION OF EKHUMED MANTLE

Picazo et al. (2013) highlighted that the
top ~20 m of the mantle exhumed to the
paleo-seafloor is intensively replaced by
carbonates. The fact that carbonatized
serpentines are crosscut by neptunian
dykes filled with Jurassic sediments testifies
to the pre-Alpine origin of the carbonatation
process.

Picazo et al. (2013) interpreted the
carbonatation of the top of the exhumed
mantle as the result of paleo-seafloor

a conceptual sketch

(spatial and flexural rotation
scales poorly constrained)
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Fig.l11.C.6 — a) Conceptual sketch (modified from Picazo et al., 2013) illustrating the formation of ophicalcites.

Serpentinite cataclasites and gouges observed up to 100 m away from the paleo-seafloor are interpreted to
reflect deformation in the ultramafic footwall next to Jurassic mantle exhumation faults. This deformation
postdates mantle serpentinization. When the detachment fault reaches the seafloor, carbonation affects the
exhumed mantle rocks and sediments are deposited; b) (modified from Coltat et al., 2019b): model of carbonation
(sketches | and Il ) in context of magma-assisted mantle exhumation (top sketch). Carbonation is represented in

blue (veins).
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alteration in post-tectonic settings (fluid event 4 on Fig. lll.C.1e; see also Fig. 1ll.C.6a). Carbonatation was linked to hydrothermal fluid
circulation at relatively low temperatures (<100-150 °C; Friih-Green et al., 1990).

More recently, based on field studies in the Lower Platta Nappe (Excursion D), Coltat et al. (2019a) evidenced that carbonatation may also
be syn-tectonic, occurring during late stages of syn-magmatic mantle exhumation (Fig. lll.C.6b). In this case, carbonatation takes place along
the detachment fault plane, in the high-permeability zone between serpentine and basalts. The remarkable homogeneity of the carbonate
isotopic signature suggests that they formed during a single and short seawater-derived carbonatation event at relatively low temperatures
(ca. 100 °C).

Picazoetal.(2013) noted thatcarbonates are sometimes reworked into tectono-sedimentary breccias. They concluded that mantle exhumation
was associated with the formation of topographic highs in the footwall of active detachment faults. This hypothesis is also supported by the

study of Epin et al. (2019) in the Lower Platta Nappe (Excursion D). Footwall-derived products could subsequently be deposited onto active
tectonic surfaces.
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D. TECTONO-STRUCTURAL THEMATIC SHEET
3D architecture of the former Alpine Tethys margins and its impact on the present-tlay Alpine orogenic structure

INTRODUCTION

The present-day architecture of the Alpine collisional orogen is strongly controlled by that of the former Alpine Tethys rift system. Therefore,
our understanding of the Alpine Tethys rift system is intimately linked to our understanding of the Alpine orogen, and vice versa. In the
following, we characterize the architecture of both magma-poor rift systems and collisional orogens and highlight their relationships.

TEGTONO-STRUCTURAL EVOLUTION OF RIFT SYSTEMS
Three-dimensional-large-scale rift structure and evolution

Rifting often initiates with a phase of distributed extension characterized by the formation of humerous half-graben basins over a wide
region (Fig. Ill.D.1a, e.g., Ball et al., 2013; Withjack et al., 2012). During this so-called stretching phase, extensional basins are mostly
oriented perpendicular to the main extension direction (Nirrengarten et al., 2018), although further complexity may arise due to structural
inheritance (Zwaan et al., 2021). In the Alpine Tethys realm, the stretching phase started in the latest Triassic-earliest Hettangian
(Fig. lll.D.1e) and formed, amongst others, the Il Motto (Excursion A), Monte Generoso and Bourg d’Oisans basins (cf. Manatschal et al.,
2022, for a review).

During the subsequent necking and hyperextension phases, deformation focalizes in different rift segments (Nirrengarten et al., 2018).
These rift segments are either limited by transform faults or set up as overlapping en-échelon systems comprised of individual disconnected
rift basins (Fig. l1l.D.1b). In the Alpine Tethys realm, three independent segments developed from Sinemurian-Pliensbachian time onward,
namely the Piemonte, Ligurian, and Valais basins (Fig. l1l.D.1f).

Brune et al. (2016) noticed that this stage commonly displays a sudden acceleration of extension within the rift system. They related
this acceleration to the yielding of the lithosphere (i.e., upper mantle and/or crustal necking) under a constant force extensional setting.
Considering a tectonic system submitted to a constant bulk extension rate leads to a comparable acceleration in extension at the switch
from distributed to localized extension (i.e., during the necking phase; Chenin et al., 2018a). However, based on the plate kinematic
reconstruction of the southern North Atlantic rifting, Nirrengarten et al., (2018) suggested that this phase of acceleration started

contemporaneously with the onset of hyperextension, implying that mechanical weakening of the lithosphere occurred already during the
preceding necking phase.
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During the following mantle exhumation and proto-oceanic phases, the individual rift basins merge into a single rift system (Nirrengarten
et al., 2018). At this stage, non-segmented V-shape propagation may dominate rifting (Fig. Ill.D.1c), which suggests that inheritance does

not control extension anymore (Manatschal et al., 2015; Nirrengarten et al., 2018).

In the Alpine Tethys realm, the Piemonte, Ligurian, and Valais basins became connected during Callovian-Bathonian time (Fig. lll.D.1g;

Baumgartner, 2013).

Two-dimensional architecture of rifted margins

The first-order architecture and lithology of
magma-poor rifted margins are described
in section 2.1 of the excursion notes. In the
following, we focus on the aspects important
for subsequent compressional reactivation.
The proximal and necking domains of rifted
margins are comprised of thick (35-10 km),
buoyant, and little altered continental crust
that tapers oceanward (Fig. lll.D.2a). The
underlying mantle is not hydrated, and thus
much denser and stronger compared to the
overlying crust. In these domains, the crust
and mantle are mechanically decoupled
by a ductile middle and/or lower crust.
The proximal domain is almost exclusively
structured by high-angle normal faults, while
the necking domain displays both high-angle
normal faults and extensional detachment
faults.

In contrast, the basement in the
hyperextended and exhumed mantle
domains is highly fractured and its top
six kilometres are intensively hydrated

https://doi.org/10.3301/GFT.2023.02
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Fig. 111.D.1 - 3D sketch of a magma-poor rifting (modified from Nirrengarten et al., 2018). a) The stretching phase
is characterized by broadly distributed half graben basins generally perpendicular to the extension direction; b) during
the necking and hyperextension phases, a few rift basins separated by transfer faults/zones individualize; c-d) at the
stage of mantle exhumation and proto-oceanic accretion, individual rift basins are connected and extension continues
into a non-segmented V-shape propagator; e-g) schematic paleogeographic evolution of the Alpine Tethys rift system

(from Manatschal et al., 2022; see legend of Figure 1.12).
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(Fig. 1ll.D.2a; Manatschal, 1999): feldspars in
the residual/allochthonous continental crust are
altered into clay minerals, and mantle peridotites
are serpentinized. Both the residual crust and
uppermost mantle are largely weakened and
deform in a frictional way (Nirrengarten et al.,
2016). Within the serpentinized mantle, a major
rheological interface at ca. 3 km below the top
basement marks a sharp limit between weak
material above and significantly stronger material
below (Gillard et al., 2019). Both domains are
essentially structured by extensional detachment
faults that dip at a low angle.

Further outboard, in the oceanic domain, the
Penrose-type oceanic crust and underlying mantle
represent a stronger, mechanically coupled, and
globally denser domain (Fig. Ill.D.2a). The oceanic
crustis often fractured by high-angle normal faults.

Fig. lll.D.2 — a) Schematic view of a rifted margin
displaying the first-order morphology of magma-poor rifted
margins and their main lithological interfaces (modified from
Chenin et al., 2017); b) sketch illustrating the fate of the
different components of an immature “ocean” during orogeny
upon its closure (from Chenin et al., 2017); c) representation
of the buttresses, accreted material and subducted material
on the seismic cross section through the Alps (from Schmid
et al., 1996; see transect A-A’ in Figure 1.0a for location and

abbreviations).
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TECTONO-STRUCTURAL EVOLUTION IN COMPRESSIONAL SETTINGS

Two-dimensional/regional-scale
architecture of a magma-poor
collisional orogen

Collisional orogens can be
regarded primarily as three-part
systems comprising: (1) two
buttresses, (2) an accretionary
wedge, and (3) a subducted
part (respectively B, A, and S
in Figs. 1ll.D.2b and 1lI.D.2c). In
the case of hyperextended rift
systems and narrow/immature
“oceans” like the Alpine Tethys
or the Pyrenean rift system,
no long-lasting subduction of
oceanic lithosphere occurs, and
thus there is no significant arc-
related magmatic overprint. As
a result, the closure of the rift
system is essentially controlled by
mechanical processes (Chenin et
al., 2017).

During the closure of a
hyperextended rift system, the
oceanic lithosphere tends to be
efficiently subducted due toits high
density (Fig. Ill.D.3). According to
Stern (2004), most of the ophiolites
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preserved within orogens correspond to remnants of buoyant oceanic crust from small and young oceanic basins, usually former forearcs or back-
arcs, rather than mature oceanic crust. A large part of sediments is also usually subducted, while the remaining part accumulates in the accretionary
prism (e.g., Clift and Vannucchi, 2004; Stern, 2011). A significant proportion of the subducted material must be integrated into the orogenic root
in order to account for the isostasy of collisional orogens; however, the deep architecture of collisional orogens is very poorly constrained (Butler,
2013), as illustrated by the diversity in the interpretation of the deep part of the ECORS-CROP seismic section (Mohn et al., 2014).

Both the Alpine and the Pyrenean orogens display a similar first-order architecture, where the external domain is made of a little-deformed
continental basement and the internal part of a complex stacking of material originating from the former distal margin (e.g., De Graciansky
et al., 2011), with the difference that the Pyrenees do not show subduction- or orogenic-related metamorphic overprints. Recent studies
(Mohn et al., 2014; Tugend et al., 2015) show consistently that the external parts of orogens (the buttresses, B, in Fig. ll1.D.2b) correspond
to the little deformed necking zones of the former continental margins. In contrast, the internal part corresponds to the accretionary prism
(A in Fig. l11.D.2b), which is composed of the thinned continental basement (remnants of the hyperextended domain), ophiolites and/or
exhumed mantle, and thick sequences of highly deformed sediments (see Beltrando et al., 2014, for a review).

The distribution of accreted versus subducted material may be largely controlled by decoupling horizons like salt layers and the rheological
boundary within the serpentinized mantle described in section 1b (Fig. lll.D.3; Gillard et al., 2019; Manatschal et al., 2021).

Manatschal et al. (2021, cum ref.) suggested that, in a hyperextended rift system orimmature ocean, subduction initiates in the exhumed mantle
domain. The exhumed mantle- and adjacent hyperextended domain are usually subducted during this initial, so-called “soft-collision stage”.
However, when the necking zone enters the subduction zone, a major change in the collision style occurs, switching from “soft-" to “hard
collision”. At this stage, the necking zone starts to act as a buttress. Subsequent shortening reactivates either ductile levels within the residual
continental crust, resulting in a thick-skinned reactivation, or continuous low friction levels in the sedimentary section (e.g., salt), resulting
in a thin-skinned reactivation. Thin-skinned deformation forms a nappe stack that consists of supra-salt units only. In contrast, thick-skinned
reactivation results in the stacking of crustal nappes, which induces crustal thickening, the creation of orogenic topography, erosion, and
exhumation. Combinations of thick- and thin-skinned reactivation are commonly observed in collisional orogens.

The architecture of mature collisional orogens can be described with the Coulomb Wedge Theory, which indicates that rift inheritance plays
an increasingly subordinate role as compression progresses (Manatschal et al., 2021).

Large-scale tectonic evolution during the closure of a segmented rift system

The three-dimensional reactivation of segmented rift systems has been little investigated so far, except from the study by Lescoutre and
Manatschal (2020) in the Pyrenean system. These authors suggest that, away from the edges of rift segments, the closure of a rift basin follows
the two-step evolution described in the previous section, namely (1) thin-skinned reactivation of the exhumed mantle and hyperextended
domain; and (2) thick-skinned deformation once the necking zone reaches the subduction zone.

X
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In contrast, at the edges of two overstepping rift segments separated by a block of thicker continental crust (Fig. 111.D.4), thick-skinned
deformation may affect the exhumed mantle and hyperextended domains already during early stages of convergence due to the formation
of shortcutting thrust faults at the V-shaped termination of both rift segments. This may lead to the excellent preservation of pre-Alpine
structures and integration of the subcontinental mantle in the orogenic wedge.

This situation may account for the preservation of lower crustal rocks and exhumed mantle domainin Ivrea and in the Grischun (Malenco). Indeed,
both used to lie along the transfer zone separating Northern- and Southern Adria, which now corresponds to the Insubric line (Fig. 11l.D.1g).
This model may also explain the preservation of the Brianconnais domain, which may have been a ribbon of thick continental crust between
two rift systems, in a comparable situation as the Basque Massif in Fig. l11.D.4

MULTISTAGE OROGENY: THE CASE OF THE ALPINE TETHYS

As described in section 3.3 of the excursion notes, the Alpine orogen is the result of the closure of three (proto-)oceanic rift basins, namely
the Meliata-Vardar, the Alpine Tethys, and the East-Mediterranean through three successive and non-coaxial phases of convergence, namely
the Eoalpine, Mesoalpine, and Neoalpine orogenic phases (Figs. 1.9 and I11.D.5). As a consequence, the Alpine nappe stack differs from that
of classical orogens described in the previous section.

During the Eoapline phase, the Grischun region was in the footwall of the closing Meliata-Vardar domain located between Northern Adria
and the Dacia-Rhodopes microcontinent (Fig. Ill.D.5a; Schmid et al., 2020). During the final stages of continental collision, the Albula-Zebru
movement zone juxtaposed the Ela and Ortler upper Austroalpine nappes against the Campo and Grosina middle Austroalpine nappes and
the Bernina, Err, and Platta Lower Austroalpine nappes in the Grischun region (Fig. l1l.D.5b; Mohn et al., 2011, cum ref.).
Contemporaneously or shortly later, the Alpine Tethys proto-oceanic domain started to be subducted beneath Northern Adria, marking the
onset of the Mesoalpine phase. In the Grischun region, deformation was essentially controlled by the Lunghin-Mortirolo movement zone,
which juxtaposed the northern Platta, Err, and Bernina nappes over the southern Platta and Sella nappes (Fig. lll.D.5b; Mohn et al., 2011).
Following the conclusions from Lescoutre and Manatschal (2020) in the Pyrenees, we suggest that, in the necking and proximal domains, the
Lunghin-Mortirolo movement zone continued within the mid-crustal decoupling level (equivalent to the blue dashed line in the bottom right
of Fig. lll.D.3). At present, the Lunghin-Mortirolo movement zone delimits the low-grade metamorphic nappe stack above (i.e., the northern
Platta, Err, and Bernina nappes) from a nappe stack affected by pressure-dominated, upper greenschist- to epidote-amphibolite-facies
conditions below (i.e., the southern Platta and Sella nappes). On a smaller scale, the Grischun region was affected by numerous second-order
thrust faults. Related folding mostly affected post-rift sediments.

Following the closure of the Alpine Tethys, active subduction has finally initiated in the Eastern Mediterranean. During the resulting Neoalpine
phase, the nappe stack of the Adriatic margin was thrust more or less “en bloc” over the Middle- and Lower Penninic units along the Pre-
Piemonte Front (Fig. [ll.D.5a; Haupert, 2015).
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Fig. 11l.D.4 (modified from Lescoutre and Manatschal, 2020) — a) schematic 3D representation of the reactivation of overstepping, en-échelon rift segments; b) map of the
Basque Massifs region displaying the remnants of the proximal (blue), necking (green) and hyperextended (orange) domains; c) paleogeographic reconstruction of the Pyrenean
phase of convergence in the Basque Massifs region; d) tectonic restoration of transects A-D shown in panel c. Abbreviations: anticl.: anticlinal; B.: Basin; BCB: Basque-Cantabrian
Basin; Gav.: Gavarnie; Lak: Lakora fault; LP: Lower Plate; MB: Mauléon Basin; NdM: Nappe des Marbres; Ronces: Roncesvalles fault NPFT: North Pyrenean Frontal Thrust; NPF:
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km

Fig. l1l.D.5 — a) Simplified crustal cross-section displaying the
succession of the Eo-, Meso- and Neoalpine convergence phases
during the Alpine orogeny; b) position of the tectonic domains
inherited from the Alpine Tethys rifting (bottom panel) during
the Eoalpine (middle panel) and Neoalpine (top panel) orogenic
phases (from Mohn et al., 2011). Abbreviation: B.: Brianconnais

domain; MZ: Movement Zone.
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E.INHERITANCE THEMATIC SHEET
The impact of inheritance during rifting and orogeny

INTRODUCTION

All tectonic systems, except maybe oceanic systems, build on inheritance that is controlled by their specific and unique geological history.
Recognizing the legacy of previous tectonic events and determining the initial conditions prevailing at the onset of rifting or orogeny is
fundamental to understanding and predicting the evolution of geological systems.

DEFINITION

(C'T)ST - €20 sdew pue sdui} pjalj [e2130/083 qé%’
%

To unravel the role of inheritance during tectonic events, we first need to define what is inheritance and determine which and under what
circumstances it may be reactivated. We distinguish between the transient topographic and thermal conditions, which we refer to as interface
shape inheritance and persisting inheritance that survives tectonic events.

Transient initial conditions: Interface shape inheritance

In the framework of a Wilson Cycle, a tectonic system evolves through convergent and divergent stages, during which its thermal state and
gravitational potential energy are changing (Fig. lll.E.1a, b; Manatschal et al., 2021). The gravitational potential energy and thermal state of a
geological system can be approximated by the three main interfaces defining the lithosphere, namely the Earth’s surface, the Moho, and the
base of the lithosphere. Therefore, we name the transient gravitational and thermal state prevailing at the onset of a tectonic event interface
shape inheritance.

In the convergent part of a Wilson Cycle, gravitational potential energy increases as a consequence of crustal and lithospheric thickening
(slabs, crustal thickening, and orogenic topography), while in the divergent part of the cycle, the gravitational potential energy decreases due
to crustal/lithospheric thinning (Fig. Ill.E.1b). This decrease in gravitational potential energy is associated with an increase in the geothermal
gradient, which is linked to the thinning of the lithosphere. Thus, while the surface topography and base of the lithosphere interfaces diverge
during the convergent part of a Wilson Cycle, they converge during its divergent part. The only stage at which a tectonic system may reach
a gravitational and thermal equilibrium (i.e., all interfaces are approximately sub-horizontal) is the transition between a convergent and a
divergent stage when this transition is slow enough. Indeed, it takes at least tens of millions of years to reach a gravitational and thermal
equilibrium (Fig. lll.E.1a, b).
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Fig. IllLE.1 — a) Main stages of a Wilson Cycle (rifting, seafloor spreading, subduction, and late orogenic state)
illustrated by the shapes of the three main interfaces, which are the top basement (red line), the Moho (blue line) and
the base of the lithosphere (violet line). Modified from Manatschal et al. (2021) and Petri (2014).

Following the Permian Variscan post-
orogenic collapse, surface topography was
largely flat, as indicated by the widespread
occurrence of Early Triassic fluvial
sandstones (Buntsandstein) throughout
Western Europe (Ziegler, 1988; Dercourt
and Vrielynck, 1993). We can therefore
suspectthat at the onset of the Alpine Tethys
rifting (latest Triassic), the lithosphere was
largely thermally equilibrated. At the onset
of convergence in the Alpine Tethys realm,
the Alpine Tethys hyperextended rift system
had reached the stage of mantle exhumation
but presumably not the stage of steady-state
seafloor spreading (Picazo et al., 2016).

Persisting inheritance

While gravitational and thermal states
are transient and tend to equilibrate
with time, structural and compositional
heterogeneities last in lithospheric rocks
(Fig. lll.E.2). They may exert a major control
on strain localization or distribution during
subsequent tectonic events.

Compositional inheritance is often linked
to igneous or metamorphic processes,
or to hydration reactions. It results in the

juxtaposition of rocks with different properties (density, velocity, permeability, radiogenic heat production, etc.), and thus rheologies. Yet the
rheological architecture and composition of the lithosphere determine the distribution of weak vs. strong spots, including decoupling levels

and dense vs. buoyant materials that are more or less easy to subduct.

https://doi.org/10.3301/GFT.2023.02
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Fig. lll.LE.1 — b) idealized thermally equilibrated layer-cake lithosphere vs. “real” post-orogenic lithosphere comprising inherited structural and compositional complexities
(modified from Manatschal et al., 2015); c) schematic evolution of the thermal state and gravitational potential energy depicted by the base of the lithosphere (1300°C isotherm)

and the surface topography within a Wilson Cycle (modified from Manatschal et al., 2021).
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Fig. lll.LE.2 - Schematic evolution of the thermal state and gravitational potential energy depicted by the base of the
lithosphere (1300°C isotherm) and the surface topography within a Wilson Cycle (modified from Manatschal et al., 2021).

Structural inheritance results either
from a strong anisotropy linked to
crystal-orshapedpreferredorientations
(e.g., foliation or alighments of grains
or aggregates), or from mechanical
discontinuities (e.g., faults). They may
provide preferential slip-plans when
appropriately oriented with respect to
the stress direction (e.g., Ring 1994).

Examples of systems leaving pervasive
persisting inheritance (compositional
and structural) in convergent systems
are subduction systems with arcs/for-
arcs/back-arcs, and collisional orogens
with suture zones, fold-and-thrust belts,
and foreland basins (Fig. lll.LE.2). In
divergent systems, igneous processes
are often linked to mafic underplating,
mantle depletion and/or enrichment,
deposition and/or formation of low

frictional materials (e.g., salt, clays, or serpentine), and deposition of thick sedimentary sequences. Structural and compositional inheritance
cannot always be dissociated, and their efficiency may depend on the background/boundary conditions prevailing in the tectonic system

(e.g., stress field, thermal state, pressure, etc.).

Under some circumstances, structural and/or compositional inheritance can be wiped out. Examples are prograde metamorphic events that
can change mineralogical compositions (e.g., dehydration, metamorphism, metasomatism) and/or thermally anneal microstructures; Braun et
al., 1999; Yamasaki et al., 2006). Processes like slab breakoff can result in efficient lithospheric thinning and induce intense magmatic activity,
which strongly depletes the uppermost part of the asthenosphere (e.g., Permian evolution in W-Europe; Petri et al., 2017). Conversely, the
percolation of asthenosphere-derived partial melts through overlying depleted subcontinental mantle lithosphere may refertilize it (Mintener
et al., 2004, 2010). The composition of the subcontinental mantle lithosphere may exert a strong control on the magmatic budget related to

different tectonic events through a Wilson Cycle (Chenin et al., 2018b).
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THE IMPACT OF OROGENIC INHERITANCE ON RIFTING
Large-scale/3D perspective

The North Atlantic region is particularly well-suited to analyse the impact of orogenic inheritance on rifting since two distinct orogenic domains
with various geological histories, namely the Caledonides to the north and the Variscides to the south (Fig. Ill.E.3), were both affected by a
same episode of rifting during the Mesozoic.

Comparing the distribution of orogenic inheritance and the characteristics of rifting between the southern- and northern part of the North
Atlantic highlight major differences in rift architecture, rifting duration, and amount of breakup-related magmatism depending on whether
it affected Caledonian or Variscan orogenic lithosphere (Fig. lll.E.3; Chenin et al., 2015). Indeed, in the northern North Atlantic, the rift
cut through the Caledonian orogenic lithosphere, rifting was protracted (> 80 Ma) and achieved via multiple extension phases, and the
breakup was magma rich. In contrast in the southern North Atlantic, the rift circumvented the core of the Variscides of Western Europe, rifting
was of relatively short duration (<50 Ma), and ‘magma-poor’ lithospheric breakup was achieved after one, apparently continuous, episode
of extension. These observations support that orogenic inheritance impacts considerably subsequent rifting, and its influence may vary
significantly depending on the characteristics of the orogenic lithosphere involved.

A first possible factor controlling the behaviour of the rift may be the thermal state of the lithosphere at the onset of rifting, which depends
primarily on the time lag between the last orogenic event and the onset of rifting. In the North Atlantic region, =200 Ma elapsed between the
end of the Caledonian orogeny and the onset of necking, whereas this time lag was only =100 Ma between the termination of the Variscides
and the onset of necking in the southern North Atlantic. Yet, as horizontal thermal re-equilibration is usually achieved in less than 100 Ma
(Jaupart et al., 2007), it is likely that no significant thermal heterogeneity existed in either of these orogenic lithospheres. This conclusion
is consistent with the lack of significant topography in Western Europe and the hypothesis that both the Caledonian and Variscan orogenic
systems were in a thermally and gravitationally equilibrated stage by the onset of North Atlantic rifting.

The magma-rich versus magma-poor nature of the post-orogenic collapse is another potential explanation for the difference in rift
characteristics between the Caledonian and Variscan lithospheres in Western Europe. Indeed, while the collapse of the Caledonian range was
essentially controlled by mechanical processes, the significant magmatic event associated with the collapse of the Variscan range resulted
in the rejuvenation of the lower crust by mafic underplating (Rey, 1993; Costa and Rey, 1995). This event probably welded the different
crustal blocks together and depleted the underlying mantle. As the Variscan lithosphere was presumably thermally equilibrated by the onset
of the North Atlantic rifting (cf. previous paragraph), the mafic lower crust and underlying depleted mantle may have acted as strong regions
compared to the encompassing lithosphere, preventing deformation to localize in the former orogenic area (Chenin et al., 2019a).

The magma-rich versus magma-poor nature of the northern- versus southern North Atlantic rifting was presumably controlled by the kinematics
of rifting, rather than by the composition of the underlying mantle. Indeed, rifting in both the northern- and southern North Atlantic took place
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Fig. lll.E.3 - a) Extent of the Caledonian (green) and Variscan (red) orogenic lithosphere (from Chenin et al., 2015); The top-right panel illustrates the unique, long-lasting subduction
of the lapetus Ocean at the origin of the Caledonides (from Roberts, 2003); the bottom-right panel illustrates the multiple subductions at the origin of the Variscides (from Franke,
2006); b) map displaying the main Caledonian and Variscan structures, the extent of post-orogenic magmatism, the location of rift domains, the extent of breakup-related magmatism
and the duration of rifting in the North Atlantic (from Chenin, 2016); c) interpreted seismic section through the Variscan orogenic area (from Bois et al., 1989; see panel b for location).

The brown shading highlights the layered and highly reflective lower crust interpreted as magmatic underplate or granulite-facies metamorphosed rocks.

over a subcontinental lithospheric mantle that was depleted, either due to subduction-related arc-magmatism during the closure of the
lapetus Ocean in the former case, or due to massive magmatism following the post-orogenic collapse of the Variscan range in the latter. Yet
rifting in the northern North Atlantic was achieved via successive phases of hyperextension, during which the subcontinental lithospheric
mantle was presumably efficiently refertilized as a result of melt impregnation (Mintener et al., 2004, 2010). In contrast, the single phase of
the extension during rifting in the southern North Atlantic may not have refertilized the subcontinental mantle enough to generate significant
magma at the breakup stage. Another possibility to explain the intense magmatic activity during the late rift stages in the northern North
Atlantic is the presence of the Iceland plume. Although the presence of this plume is likely to have influenced the magmatic budget of the
northern North Atlantic rifting, the fact that excess magma is observed along the entire length of the Norway-Greenland rifted margins, and
not only around Iceland, questions the exclusivity of its contribution.

https://doi.org/10.3301/GFT.2023.02
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Regional scale/2D perspective

The evolution of rift systems during extension is controlled by the interaction between extensional stresses, inheritance, rift-induced processes,
and external factors (e.g., mantle plume). While inheritance corresponds to pre-existing transient or persisting heterogeneities (cf. section 2),
rift-induced features/processes correspond to physical properties/processes acquired during or triggered by rifting. They include physical,
chemical, compositional, and/or thermal modifications related to hydration and/or fracturation (e.g., serpentinization, feldspar breakdown)
and magmatic activity, all of which impact the bulk rheology of the lithosphere.

In their review, Manatschal et al. (2015) concluded that the role of inheritance is maximal during the early stages of rifting and decreases as
rifting progresses (Fig. lll.E.4). For instance, in the early stages of rifting, the amount of inherited heat controls largely the mode of deformation
(distributed when the geothermal gradient is hot, localized when it is cold, e.g., Buck et al., 1999). Structural and compositional inheritance are
largely reactivated on a local scale throughout rifting when properly oriented with respect to the stress field (Ring, 1994).

In the Alps, Lemoine et al. (1986) suggested that most of the Early Jurassic rift structures exposed in the proximal domain may have been
seeded either on Variscan orogenic structures or on former Meliata-Vardar rift structures. Recently, Epin and Manatschal (2018) highlighted
that the architecture of the Err detachment system in the distal domain was also partially controlled by the presence of a pre-rift Permo-
Carboniferous sedimentary basin and pre-rift Triassic salt (see Excursion C).

Conversely to inheritance, rift-induced processes have a minor influence during the early stages of rifting but become dominant during
the hyperextension phase (Fig. Ill.E.4). Indeed, hydration and fracturing processes lead to the breakdown of continental crust feldspar
(Manatschal et al., 1999). In the hyperextended domain, the less than 10 km-thick continental crust is entirely brittle, and thus largely
hydrated. Nirrengarten et al. (2016) emphasized that most hyperextended rifted margins display a comparable dip angle and suggested
that this consistency testifies to the disappearance of inheritance that is specific to each lithosphere. Subcontinental mantle impregnation
by asthenosphere-derived partial melts during hyperextension tends also to erase the initial heterogeneity of inherited mantle (Picazo et al.,
2016).

Finally, when passive extension gives way to active rifting as a result of adiabatic asthenosphere decompression (Huismans et al., 2001), the
location of the final breakup is not controlled by lithospheric inheritance but by the rise of the asthenosphere (Manatschal et al., 2015).

THE IMPACT OF RIFT INHERITANCE ON OROGENY

Since the advent of plate tectonics and the understanding of primary subduction processes, collisional orogens have been usually regarded
as the result of the telescoping of continental margins after long-lasting subduction of a wide oceanic domain (Uyeda, 1981; Willett et al.,
1993; Ernst, 2005; Handy et al., 2010). Such orogens are characterized by paired metamorphic belts, namely a low-temperature-high-pressure
belt corresponding to the accretionary wedge and a high-temperature-low-pressure belt related to arc metamorphism and/or magmatism
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(Miyashiro, 1961; Dewey and Horsfield, 1970; Brown, 2009, cum ref.). However, several collisional orogens such as the Alps and the Pyrenees
lack voluminous magmatism contemporaneous to subduction; that is, they are devoid of remnants of arcs, forearcs, and back-arcs and of high-
temperature-low-pressure metamorphic assemblages in the upper plate. Yet both orogens result from the closure of relatively narrow (400-600
km for the Alpine Tethys, <200 km for the Pyrenean rift system), hyperextended rift basins (e.g., Pyrenees), or embryonic oceans (Alps; Lemoine
etal., 1987; Rosenbaum et al., 2002; Rosenbaum and Lister, 2005; Mohn et al., 2010; McCarthy et al., 2020). This small width may be the main
cause of the lack of significant magmatic products.

Narrow/immature hyperextended rift basin versus wide/mature oceanic domains

Chenin et al. (2017) highlighted that extensional systems narrower than 300 km are usually devoid of a mature, self-sustaining spreading
system, and thus of normal oceanic crust. As a result, their seafloor is composed of thinned continental crust, exhumed mantle, and/or
embryonic oceanic crust underlain by fertile/refertilized mantle (Mantle type 2 of Picazo et al., 2016) resulting from the impregnation by
asthenospheric melts during hyperextension (Muntener et al., 2010). Conversely, mature oceanic systems are usually characterized by
a homogeneous, Penrose-type oceanic crust underlain by a depleted oceanic mantle (Mantle type 3 of Picazo et al., 2016). As there is
statistically no relationship between the size or maturity of a magma-poor hyperextended rift system and the architecture of its margins
(Chenin et al., 2017), the main difference between narrow and wide oceans is the existence of a significant amount of oceanic crust and
underlying depleted mantle (Figs. Ill.E.5a and Ill.E.5b).

The closure of narrow/immature hyperextended rift basin versus wide/mature oceanic domains

During short-lived subduction associated with the closure of narrow oceans, the small length of the slab may not allow for a significant amount
of volatiles to reach the critical depth for entering the hot part of the mantle wedge (Ripke et al., 2004; Grove et al., 2006). Indeed, significant
dehydration of the basaltic crust and serpentinized mantle starts from a depth of only 100-200 km (Peacock et al., 1994; Ripke et al., 2004).
Chenin et al. (2017) estimated that the subduction of rift basins narrower than 300 km is unlikely to produce significant magmatic activity.
In such circumstances: (1) the subsequent orogeny may be essentially controlled by mechanical processes, in which the structural and
lithologic architecture of the intervening margins may be the dominant factor in controlling the architecture of the orogen; and (2) hydration
and enrichment of the mantle wedge with subducted fluids and sediments may dominate over partial melting (Peacock et al., 1994), and
thus the lithosphere underlying orogens resulting from the closure of narrow oceans is likely to be relatively fertile and hydrated (Fig. lll.E.5c).
In contrast, protracted subduction associated with the closure of wide oceans develops usually vigorous convection in the mantle wedge that
efficiently transports volatiles derived from the dehydration of the slab to great depths (Peacock et al., 1994). The resulting partial melting
creates thickened sialic crust at the surface (magmatic arcs), induces high-temperature metamorphism in the encompassing upper plate,
and depletes the underlying mantle in fusible elements (Uyeda, 1981). Although vigorous convection within the mantle wedge tends to
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represented. Abbreviations: Abbreviations: asth.: asthenospheric mantle; hyperext. crst.: hyperextended continental crust; HT/LP: high temperature-low pressure; oc.: oceanic;
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homogenize its composition, lower mantle fertility is still to be expected beneath an orogen resulting from the closure of a wide ocean. This
assumption is supported by the depleted mantle wedge composition of the Pacific subduction compiled by Woodhead et al. (1993). The
thermal and lithological architecture of orogens related to the closure of wide oceans may largely differ from the thermal and lithological
architecture of their initial margins, as opposed to orogens consequent upon the closure of narrow oceans (cf. Figs. lll.E.5¢c and Ill.E.5d).
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Impact on Subsequent Collapse or Rifting Magmatic Budget

The difference in mantle composition resulting from the closure of narrow and/or embryonic oceans versus wide oceans may dictate the
magmatic budget of subsequent extensional events such as post-orogenic collapse or rifting. Indeed, the depleted mantle beneath orogens
related to mature subduction systems may not allow for voluminous magma production, in contrast to the fertile mantle underlying orogens
produced by the closure of narrow oceans. This hypothesis may account for both the amagmatic collapse of the Scandinavian Caledonides
and the large amount of magmatism during the Variscan post-orogenic collapse.

The Variscides of western Europe result from the closure of several narrow oceans (Franke, 2006; McKerrow et al., 2000a), in addition to the
suturing of the wide (Nance and Linnemann, 2008; Torsvik, 1998) Rheic Ocean. Only the closure of the Rheic Ocean presumably formed a
significant magmatic arc (Franke, 2006). The post-orogenic collapse of the Variscan topography was followed by a significant magmatic activity,
which resulted in widespread, more or less acidic intrusions within the crust, and formed a thick mafic crustal underplating across most of the
orogenic area (Bois et al., 1989; Rey, 1993; Costa and Rey, 1995; Schaltegger, 1997; Petri et al., 2017).

In contrast, the Scandinavian Caledonides between Norway and Greenland resulted essentially from the closure of the wide (2000 km; Van
Staal and Barr, 2012) lapetus Ocean. At this latitude, the two-sided subduction of this ocean formed at least one major volcanic arc, now
exposed in Norway (Mac Niocaill et al., 1997; McKerrow et al., 2000b). The Caledonian topography underwent a phase of post-orogenic
collapse, which was essentially achieved through mechanical deformation without significant magmatic activity north of the Elbe lineament
(McClay et al., 1986; Andersen, 1998; Meissner, 1999; Fossen et al., 2014).

The importance of the magmatic event associated with a post-orogenic collapse has direct consequences on the characteristics of the
lithosphere, since it may erase all the structural inheritance in the lower crust, introduce major compositional and thermal heterogeneities in
the upper and middle crust, and significantly deplete the underlying mantle (see section 3).

Structural architecture of orogens: 2D and 3D perspectives

The impact of both the 2D/regional-scale and 3D/large-scale architecture of a hyperextended rift system on the structure of the orogen upon its
closure is described in section 3 of the previous Tectono-Structural thematic sheet.
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F.ISOSTASY THEMATIC SHEET
Possible causes for transient syn-rift uplift and heat pulse at future distal margins

INTRODUCTION

To explain the subsidence and temperature evolutions of sedimentary basins formed in extensional settings, McKenzie (1978) developed a
simple but robust model assuming that lithosphere thinning is instantaneous and uniform with depth (Fig. lll.F.1a). In this so-called depth-
uniform thinning (DUT) model, the extension of a lithosphere generates (black curves in Fig. lll.F.1b and c): (1) immediate surface subsidence
related to crustal thinning together with (2) instantaneous geothermal gradient increase without any material heating (the lithospheric material
is simply advected upward); subsequently, thermal relaxation results in (3) progressive surface subsidence due to lithosphere cooling.

The DUT model has been successfully applied to describe the subsidence and thermal evolutions of rift basins that developed over a crust/
lithosphere that underwent little thinning, for instance in the proximal domain of rifted margins where the ratio of initial to final crustal
thickness B is less than 1.3 (White and McKenzie, 1989; Hendrie et al., 1993). However, growing evidence suggests that the distal part of
rifted margins displays a more complex tectono-thermal evolution during the necking phase of rifting.

TOPOGRAPHIC EVOLUTION OF THE FUTURE DISTAL DOMAIN DURING RIFTING

The Tithonian shallow-water carbonates and clays drilled at ODP Sites 901, 1065 and 1069 offshore Iberia suggest that the distal domain
of the Iberian margin remained at shallow water depths during advanced stages of rifting (Mohn et al., 2015). This subsidence evolution is
schematically represented as the red curve in Fig. lll.F.1b.

In some rift systems, distal domains show an initial phase of rift-related subsidence, which is followed by a phase of erosion and/or emersion,
and subsequently a phase of renewed subsidence. For instance, the Brianconnais domain in the fossil distal European margin of the Alpine
Tethys (e.g., Claudel and Dumont, 1999; Fig. lll.F.1d), the Campos Basin offshore Brazil (Lewis et al., 2014), the South China Sea (e.g., Lin et
al., 2003) and the East India margin (Haupert et al., 2016) show such a subsidence-uplift/emersion-subsidence evolution.

The width of the karstified/emerged domain in the Brianconnais can be roughly estimated to a few tens of kilometres based on present-day
mapping of the corresponding formation (Fig. lll.F.1e). Note however that the width of the karst varies largely along strike and its estimate
depends on the assumptions made on the direction of Alpine convergence. The extent of the erosional unconformity is better constrained
in the outer hinge of the Campos Basin, where it was mapped over a width of 10-30 km over 120 km along strike (Lewis et al., 2014). The
subsidence-uplift/emersion-subsidence evolution recorded by these margins is schematically represented by the blue curve in Fig. lll.F.1b.
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THERMAL EVOLUTION OF THE FUTURE DISTAL DOMAIN DURING RIFTING

Thethermalevolutionofcontinentalcrustduringriftingisdifficulttoassess
due to the lack of access to deep crustal levels, especially at present-
day rifted margins. Currently, the only clues are thermochronological
data from fossil rifted margins exposed in the Alps and Pyrenees. In
both cases, data indicate a transient but intense syn-rift heating event
at the base of the continental crust (prograde metamorphism), which
predates the phase of subcontinental mantle exhumation (Smye and
Stockli, 2014; Seymour et al., 2016; Hart et al., 2017).

Inthe Alps, this thermal event was dated to 200-179 Ma (Beltrando et al.,
2015), and thus was largely contemporaneous with the necking phase
dated between 189 and 179 Ma by Mohn et al. (2012) and between 191
and 185 Ma by Ribes et al. (2019a). The thermal evolution recorded at
the base of the crust in the distal domain of the Alpine and Pyrenean rift
systems is schematically represented by the blue curve in Fig. 1c.

POSSIBLE CAUSES FOR NON-MCKENZIE-TYPE BEHAVIOURS

Several processes may account for delayed subsidence, emersion, and/
or a heat pulse at the base of the crust during rifting. These include:

e the simple shear-dominated extension (e.g., Wernicke, 1985;
Lemoine et al., 1987; Fig. lll.LF.2b), where one lithospheric-scale
shear zone causes a lateral offset in crustal and mantle thinning.
This process can account for both uplift and transient crustal
heating at the distal upper plate margin of a rift system. However,
this model implies highly localized, simple shear deformation
across the lithosphere, which is incompatible with the distributed
extension generally observed during the early stages of rifting (e.g.,
Withjack et al., 2012; Ball et al., 2013; Beltrando et al., 2015).
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e Magmatic underplating (e.g., White and McKenzie, 1989; Fig. lll.F.2f), where the addition of hot and low-density material beneath the crust may
result in local uplift and heating; This process may explain distal margin uplift but does not account for an only transient and local heating event.
Besides, magmatic underplating is accompanied by extensive syn-rift magmatic activity, which is not observed during ‘magma-poor’ rifting.

¢ Flexural processes (Braun and Beaumont, 1989; Weissel and Karner, 1989; Kooi et al., 1992; Fig. lll.F.2d), where the flexural response to the
thinning of a lithosphere with a significant rigidity results in uplift (or subsidence) of parts of the margin. For instance, flexural rift shoulder
uplift is important in numerical models with strain softening (e.g., Huismans and Beaumont, 2011; Svartman Dias et al., 2015). However,
these uplifts are of short wavelength (ca. 5 km; Fig. lll.F.2b) compared to that observed in the distal domain (several tens of kilometres at both
the Brianconnais and Outer Campos Hinge; Fig. lll.F.1e).

¢ Dynamic topography (e.g., White and McKenzie, 1989; Xie et al., 2006; Fig. lll.F.2a) or removal of the continental mantle lithosphere (i.e.,
‘delamination’) prior to continental breakup (e.g., Esedo et al., 2012), where a mantle plume or replacement of lithospheric mantle by lower
density asthenospheric mantle, respectively results in uplift and heating of the lower crust. However, dynamic topography and delamination
of the continental lithosphere induce typically a large-scale uplift (several hundred kilometres in diameter, e.g., Campbell, 2005; Esedo et
al., 2012) and long-lasting heating event, which are incompatible with the much smaller (few tens of kilometres) region of erosion observed
in the future distal domain.

¢ Mineral phase changes, where the density decrease associated with the transition from garnet- to plagioclase-peridotite at relatively low
pressure and high temperature (e.g., Kaus et al., 2005; Simon and Podladchikov, 2008; Fig. Ill.F.2e) or the increased volume and lower
density of serpentinized peridotite with respect to fresh peridotite causes uplift in the most distal part of the rift basin during advanced stages
of crustal thinning (Reston et al., 2011). Although both processes can account for up to hundreds of meters of uplift of distal parts of a rift
system, they are restricted to advanced stages of crustal thinning (i.e., when the crust is less than 10 km thick), and thus cannot account for
uplift during the earlier necking phase of rifting.

¢ Flexural rebound following depth-dependent lithosphere necking (Chenin et al., 2019b, 2020a; Fig. lll.F.2c): When the upper crust and upper
mantle are mechanically decoupled by a weak lower crust and, in the absence of any prominent rheological heterogeneity, upper mantle,
necking starts first because of the higher deviatoric stresses associated with its larger effective viscosity. Upper mantle necking causes a
transient heat pulse at the base of the crust of the future distal margin. At the same time, ductile crustal material flows toward the necked
mantle domain, delaying thinning of the overlying crust. Once the necked lithospheric mantle has locally lost most of its strength, the over-
deepened Moho moves upward toward an isostatically compensated depth. This flexural rebound causes uplift and emersion of distal parts
of the rift system that are composed of still relatively thick crust and triggers the necking of the overlying crust.

X
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In conclusion, the hypothesis that best explains both the syn-rift heat pulse and transient, several tens kilometres wide uplift in the future distal
domain of arift system is the depth-dependent necking of a lithosphere where the upper crust is mechanically decoupled from the upper mantle
by a weak lower crust.
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Cataclasite
Rock in which the fabric results from the fracture and breaking up of rocks along a fault plane or in a fault zone.

Depleted oceanic mantle
Peridotites made of dominant harzburgites and rare dunites and lherzolites (see Fig. A2b) crosscut by gabbroic bodies and basaltic rocks.
Clinopyroxene in oceanic harzburgites are depleted, indicating a ca. 15-20% partial melting of the upper part of the asthenosphere.

Diabase (= Diorite)
Dark-coloured igneous rock compositionally equivalent to gabbro and basalt (see Fig. A2a) but texturally between them.

Distal domain
Oceanward part of the margin that is made of significantly thinned crust and, in some cases, of exhumed mantle (see Fig. |.5a).

External Massif

Mountain where crystalline rocks of the European plate crop out. All External Massifs are located North of the Penninic Front. They include,
from south to north, the Argentera and Pelvoux massifs, the Belledonne range, the Aiguilles Rouges and Mont Blanc massifs, and the Aar and
Gotthard massifs (Fig. .0a).

Fixism
Theory of geology holding that the continents are fixed in position.

Granulite
Metamorphic rock formed under high temperature and moderate- to high-pressure conditions (see Fig. A4).

Inherited subcontinental mantle

Heterogeneous mantle lying close to the base of the continental crust and recording former partial melting and/or depletion events related to
previous tectonic events. Inherited subcontinental mantle is typically comprised of different ultramafic rocks on a sub-meter scale, such as
dunite, harzburgite, lherzolite, spinel pyroxenite, garnet pyroxenite and/or phlogopite-hornblende pyroxenite (see Fig. A2b).
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In-sequence (faulting)
Progression of deformation where each new fault develops in the hanging wall of the previous fault.

Keystone (in extensional settings; see also H-block in Lavier and Manatschal, 2006)
Block of little deformed material framed by two major high-angle normal faults or shear zones that merge at depth (Crosby and Crosby, 1925).

Mafic
Relating to or denoting a group of dark-coloured, mainly ferromagnesian minerals such as pyroxene and olivine.

Mobilism
Theory of geology holding that the continents are displaced over time, in opposition to fixism.

Mylonite
Rock in which the fabric results from intense ductile shearing of a pre-existing rock.

Nappe

Slab of Earth’s surface that has been significantly displaced (i.e., allochthonous) in a horizontal or near horizontal direction through thrust
faulting.

Necking

Necking (domain)

Domain of a rifted margin where the crust is thinned from its initial thickness (usually 35+5 km) to a thickness where it becomes fully brittle
(usually ca. 10 km). See Fig. |.5a.

Necking (period of time)

Time during which the crust is thinned from its initial thickness (usually 30+5 km) to a thickness where it becomes fully brittle (usually ca. 10
km).

Necking (mechanical process)
Mode of tensile deformation where relatively large amounts of strain localize in a disproportionately small region of the material. The necking
domain of rifted margins is thought to be mainly controlled by the viscoplastic necking of the lithosphere (Chenin et al., 2018a).

(C'I)ST - £20¢ sdew pue sdli} p[al} [IS0[09ST g %
&

Kieiaul}l




Ocean-continent transition (OCT)

Domain located between unequivocal continental- and oceanic crusts, indicative of an embryonic seafloor spreading system.

Ophicalcite
Rock made of calcite and ultramafic material. Different origins are possible: hydrothermal or sedimentary (see the Fluids thematic sheet).

Out-of-sequence (faulting)
Backward progression of deformation where new faults develop in the footwall of the previous fault.

Pangea
Large continental landmass (“supercontinent”) that encompassed most of the continental lithosphere between the latest Carboniferous (ca.
300 Ma) and latest Triassic (ca. 200 Ma). The present-day continents’ configuration results from the breakup of Pangea.
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Penrose-type oceanic crust

6-7 km thick layered oceanic crust comprised of, from top down: (i) ca. 1 km of pillow basalts; (ii) 1-2 km of basaltic sheeted dykes; (iii) several
km of gabbros. Such mature oceanic crust develops only when the magmatic budget at the mid-ocean ridge is high enough.

Peridotite

Coarse-grained, dark-coloured, ultramafic igneous rock made of at least 40% olivine and comprising frequently a significant proportion of
pyroxenes (see Fig. A2b).

Post-orogenic collapse

Loss of height and lateral spread out of mass of an orogen as a consequence of the cessation or overcoming of the tectonic forces at the origin
of the orogeny.

Proximal domain

The most continentward part of the margin that is made of little thinned crust and where the top basement and Moho are largely horizontal
and parallel (see Fig. I.5a).
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Radiolarite

Fine-grained, homogeneous, and relatively hard siliceous sedimentary rock formed mainly from the skeletal remains of radiolarians (i.e.,
single-celled aquatic animal that has a spherical amoeba-like body with a spiny skeleton of silica). Also: any sedimentary rock formed mainly
from radiolarians. Radiolarites are characteristic of deep depositional settings, i.e., below the Carbonate Compensation Depth (CCD).

(Re-)Fertilized subcontinental mantle
Mantle lying close to the base of the continent, oceanward from inherited subcontinental mantle, and recording melt percolation and trapping
from asthenosphere-derived partial melts. (Re)Fertilized subcontinental mantle is dominated by plagioclase lherzolites and subordinate

harzburgites and dunites with trapped cm-scale gabbroic veins. The proportion of plagioclase mineral is important, with a modal composition
locally exceeding 10%.

Unit
Volume of rock recognizable by its distinctive petrographic, lithologic and/or paleontological features.

Variscan orogeny

Late Palaeozoic mountain-building event resulting from the collision between Laurussia (North America + Europe), Gondwana (Africa), and a
number of microcontinents (see Kroner and Romer, 2013 for a review).
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Fig. Al - Geological time
scale used in this field guide
(from Cohen et al., 2013).
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A2: CLASSIFICATION FOR IGNEOUS AND ULTRAMAFIC ROCKS

a Streckeisen classification diagram for igneous rocks
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b Streckeisen classification diagram for ultramafic rocks
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Fig. A2 - Streckeisen (1976) classification diagrams for (a) igneous plutonic (left-hand side) and volcanic (right-hand side) rocks whose mafic minerals modal content is
less than 90%. The diagram consists of two ternary diagrams whose poles (100% modal composition) are: Q: Quartz pole; A: Alkali feldspar pole; P: Plagioclase feldspar pole; F:
Feldspathoids (i.e., silica poor minerals) pole; b) ultramafic rocks whose mafic minerals modal content is more than 90%. The poles (100% modal composition) of this ternary

diagram are olivine, orthopyroxene, and clinopyroxene.

A3: SERPENTINIZATION

Serpentinization reaction (many other reactions are possible):
Olivine (F090) + water — Serpentine + Brucite + Magnetite + Dihydrogene

3 Mg, Fe,,Si0, + 4.1 H,0 — 1.5 Mg,Si,

0,(OH), + 0.9 Mg(OH), + 0.2 Fe,0, + 0.2 H,

Serpentinization rates are highest at temperatures of 200-300°C and in high-permeability fault zones.
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Serpentinization produces:

e heat (ca. 250 J.kg?)

e volume increase, and thus density decrease (from ca. 3.3 g.cm for fresh peridotite down to 2.6 g.cm-3 for fully serpentinized peridotite)

and seismic velocity decrease (from ca. 8 km.s! in fresh peridotite down to 5.5 km.s! in fully serpentinized peridotite)
® increase in natural remanent magnetization (NRM) at high serpentinization degrees
® increase in magnetic susceptibility (K) at high serpentinization degrees
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Fig. A3 - Left-hand side)
Compressional-wave (Vp) and Shear-wave
(Vs) seismic velocity within worldwide
serpentinized peridotites relative to their
degree of serpentinization; right-hand
side) Density of worldwide serpentinized
peridotites plotted relative to their degree
of serpentinization. Both plots are from

Miller and Christensen (1997).
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A4: METAMORPHIC FACIES
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Fig. A4 - Pressure-temperature diagram regarding the metamorphic facies (from Hanzl et al., 2018). Abbreviations:
And: andalusite; Ky: kyanite; Sil: sillimanite; UHP: ultra-high pressure; UHT: ultra-high temperature.
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