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Chapter 01

» Figure 1.1 Tectonic map of Europe showing mountain ranges
coloured according to their age of formation and associated terranes
and continents.

Figure 1.2 Plate tectonic evolution of Europe shown in four time
slices. Positions of plates are based on Blakey (2008)_and Scotese &

South America.

 Figure 1.3 Geological cross-sections through the Caledonian
orogen in Scandinavia and Scotland. In both cases, the crystalline
basement is affected by thrusting and is involved in the nappe
structure. Transport, however, occurred in opposite directions in
Scandinavia and Scotland.

» Figure 1.4 Geological cross-section through the Variscan orogen
in central Europe. The crystalline basement is affected by thrusting
and involved in the nappe structure. But the transport directions on
cither side of the orogen are opposite.

Figure 1.5 The break-up of Pangaea shown in three time slices.
Positions of plates are based on Blakey (2008)_and Scotese & Sager




South America; Wr, Wrangellia; Mex, Mexico.

Figure 1.6 Plate reconstruction for the Berriasian (ca. 145 million
years ago), simplified after Wortmann et al. (2001). The Ligurian
(Li)-Piemont (Pi)_ Ocean stretches between the microcontinents of
Iberia and Adria. It is disrupted by a transform fault and continues
as the Penninic (Pe) Ocean between the Briancon and Austroalpine
continental fragments. Narrow basins, the Vocontian (Vo)_and Valais

Sard, Corsica—Sardinia continental fragment.

Figure 1.7 Plate reconstruction for the Barremian (ca. 125 million
years ago), simplified after Wortmann et al. (2001). The Ligurian—
Piemont Ocean is now wider and aligned with the Penninic Ocean.
Similarly, the Southalpine and Austroalpine domains are now
aligned. Cors-Sard, Corsica—Sardinia continental fragment; Vo,
Vocontian basin; VS, Valais basin.

Figure 1.8 The tectonic plates in the present-day Alpine system.
Open arrows with velocities (mm/a)_show the direction of plate
motions, simple arrows indicate directions of thrusting within the
Alpine orogens. Double arrows denote areas of extension and
opening of ocean basins.

A Figure 1.9 Digital elevation model of the Alps and neighbouring

stretch across the foreland of the Alps. They correspond to the
Rhine Graben in the north, the Bresse—Rhone Graben in the west,
the Po Basin in the south and the Pannonian Basin in the east.

» Figure 1.10 Simplified tectonic map of the Alps and their

system are part of the European continental margin, the

Austroalpine and Southalpine nappe systems represent the Adriatic
margin. The Penninic nappe system in between is derived from the
Valais basin, the Brian¢con microcontinent and the Penninic Ocean.

the Penninic and Helvetic nappes have a subsurface continuation



Austroalpine units at the transition between the Central and Western
Alps indicate the former extension of the Austroalpine nappes
towards the west. A, B and C indicate the locations of the cross-
sections shown in Fig, 1.11.

A Figure 1.11 Three schematic cross-sections through the Western,
Central and Eastern Alps based on geological and geophysical data.
The upper crust in these cross-sections is shortened considerably by
thrusting and folding, whereas the lower crust and lithospheric
mantle show a much simpler structure. [.ocations of the cross-
sections are shown in Fig 1.10.

Chapter 02

» Figure 2.1 Tectonic map of the Alps. Also highlighted are the
occurrences of pre-Triassic crystalline basement and Palaeozoic
sediments within each unit. A-R, Aiguilles Rouges massif; M-B,
Mont Blanc massif.

A Figure 2.2 Geological map of the southern Black Forest, based
on Eisbacher et al. (1989) and Huber & Huber (1984). The structural
relations illustrate the [ ate Palacozoic evolution of the area: and,

sillimanite.

V¥ Figure 2.3 Geological map of the Argenterea massif, an external
massif in the Western Alps. A Variscan thrust fault places Variscan
migmatites onto mica schists of the Valetta Formation.

A Figure 2.4 Geological map of the southwestern Belldonne massif,
an external massif in the Western Alps. Variscan thrust faults place
older rocks (‘Altkristallin’ and the Early Ordovician Chamrousse

Figure 2.5 (A)_Geological map of the Aiguilles Rouges and Mont
Blanc massifs. Folded Devonian—Early Carboniferous sediments
strike in a NNW-SSE direction, whereas folded I ate Carboniferous
strata strike in a NNE-SSW direction. The post- Variscan Mont
Blanc Granite cuts Variscan migmatites, metagranites and




of the Aiguilles de Chamonix looking south-southeast (Haute

gneisses.

<« Figure 2.6 (A)_Synoptic cross-section through the eastern
termination of the Aar massif, based on Franks (1968), Schaltegger
& Corfu (1995).and own work. The structural relationships
demonstrate the polyphase evolution of the rock units. The Early
Carboniferous sediments and volcanic rocks show a metamorphic
overprint at the contact with the Todi Granite, which can be
attributed to the latter’s intrusion. (B)_A view of the Bietschhorn
looking south-southeast across the Lotschen valley (Canton Valais,
Switzerland). The contact between the post-Variscan Central Aar

polymetamorphic gneisses (darker colour in the lower part of the
mountain flank)_is highlighted by the colour difference.

« Figure 2.7 Geological map of the central part of the Gotthard

» Figure 2.8 Geological map of the Tauern massif, an external
basement uplift in the Eastern Alps. The pre-Triassic crystalline
basement appears in two windows beneath the Glockner nappe. A
Variscan thrust fault puts the polymetamorphic crystalline rocks of
the ‘Altkristallin’ and the Zillertal and Venediger intrusives on top
of the Habach—Storz Group.

A Figure 2.9 The geological evolution of the crystalline basement
of the Penninic Briangon unit in the Ligurian Alps.

A Figure 2.10 The geological evolution of the crystalline basement
of the Austroalpine Silvretta nappe.

» Figure 2.11 Geological map of the Southalpine Ivrea Zone and
the Strona—Cenreri Zone.




Figure 2.12 The sequence of rock types and units in the crustal
profile of the Ivrea Zone (lower crust) and the Strona—Ceneri Zone

» Figure 2.13 The geological evolution of the crystalline basement
of the Southalpine Ivrea Zone and Strona—Ceneri Zone.

» Figure 2.14 The Palacozoic sedimentary sequence in the
Austroalpine Carnic Alps. The simplified stratigraphic succession is
a compilation based on Schénlaub & Heinisch (1993).

» Figure 2.15 The Palaecozoic sedimentary sequence in the
Austroalpine Eastern Greywacke Zone. Summarized after
Schonlaub & Heinisch (1993).

Figure 2.16 The Palaeozoic sedimentary sequence in the
Austroalpine Innsbruck Quartz Phyllite. Summarized after Neubauer
& Sassi (1993).

» Figure 2.17 Palaeogeographical map of the future Alpine realm
at the close of the Palacozoic. The present-day outcrop shapes of the
various basement units are given as a frame of reference. These
units have been shifted back into their relative position by
accounting for displacements due to Alpine thrusting as well as the
preceding opening of oceanic basins. Also indicated are the
boundaries of the future Northalpine foreland, Dauphinois—Helvetic,
Penninic and Southalpine—Austroalpine realms.

Figure 2.18 Geological cross-section trough the North Swiss Permo-
Carboniferous Trough located beneath the Molasse Basin and the
easternmost Jura Mountains.

Figure 2.19 Geological cross-section and retro-deformed cross-
section through the Carboniferous Dorénaz Basin (Aiguilles Rouges
massif).

A Figure 2.20 Carboniferous sediments of the Dorénaz Basin.(A)
Vertical fluvial sequence with cross-bedded sandstones and strings
of conglomerates.(B)_Detailed view of conglomerate with rounded
and subrounded clasts of quartz, feldspar and anthracite.




Figure 2.21 The Permo-Carboniferous trough of the Glarus
Verrucano. (A)_Retro-deformed cross-section showing initial graben
structure.(B)_Schematic diagram showing the process of trough
inversion.

A Figure 2.22 The Permo-Carbonifereous of the Zone Houilleére
and Mont Fort basins (Briangon basement). Magmatic rocks
associated with the Late Carboniferous to Permian sediments
include subalkaline granitoids and rhyolitic and basaltic volcanics.

<« Figure 2.23 The Carboniferous and Permian sediments of the

Krainer (1993).

A Figure 2.24 The Permian volcano-sedimentary sequence of

(1993).
Chapter 03

» Figure 3.1 The Mesozoic sedimentary sequence of the Jura
Mountains — a simplified summary stratigraphic column.

» Figure 3.2 The Mesozoic sedimentary_sequence of the Helvetic
realm of the Central Alps — a simplified synoptic stratigraphic
column.

Figure 3.3 Mesozoic sediments of the Helvetic realm at outcrop. (A)
Triassic and Jurassic in the Wenden valley (northern margin of the
Aar massif, canton of Bern, Switzerland). Above the crystalline

basement (lower right) follows a thin yellowish layer (Roti

high cliffs. The Cretaceous above is made of limestones mainly and



may_be distinguished from the Quinten [imestone by its slightly
brownish color. The gentle slope higher up is formed by Cenozoic
sediments. A klippe of Permian Verrucano thrust onto the Mesozoic-
Cenozoic sediments can be recognized at the right margin of the
photograph. The dam of Gigerwald is visible on the left margin.

» Figure 3.4 The Mesozoic sedimentary sequence of the
Dauphinois realm of the Western Alps.

» Figure 3.5 Schematic overview of the Mesozoic sedimentary,
sequences of the Penninic realm. The sedimentary sequence of the
Valais Trough corresponds to the Tomiil nappe of eastern
Switzerland, and the ophiolitic sequence of the Piemont Ocean to
the Platta nappe of eastern Switzerland.

Figure 3.6 Basalts in the ‘Biindnerschiefer’ of the Valais Trough.
(A)_Fractured basalts. The gaps formed by fracturing are filled with
secondary calcite. Photograph from the Tomiil nappe (Vals, canton
of Graubiinden, Switzerland). (B)_Pillow lavas in basalts.
Photograph from the Tomiil nappe (Vals, canton of Graubiinden,
Switzerland).

Figure 3.7 Breccias from the margins of the Briancon Rise. (A)
Polymict breccia of the Middle Jurassic (Dogger)_of the Breccia

(C)_Polymict breccia of the Jurassic of the Suretta nappe (Val
Ferrera, canton of Graubiinden, Switzerland). The pebbles are
strongly deformed by Alpine overprint and are derived from
Permian intrusives (light green)_and Triassic carbonates. (D)

shales of the Paleocene Couches Rouges and angular fragments of
Late Jurassic limestones.



» Figure 3.8 The Mesozoic sedimentary_sequence of the Dolomites
(Southalpine realm).

Figure 3.9 The Southalpine Triassic in the Sella Mountains (South

in the upper part of the high cliff.

» Figure 3.10 The Mesozoic sedimentary sequence of the
Austroalpine realm of the Central Alps. LAA, UAA: Lower

the Nordkette north of Innsbruck (Austria).

Figure 3.12 Plate configuration in the Norian (220 Ma). The
Vindelician High separates the facies realm of the ‘Germanic
Keuper’ that is linked to the North Sea rift and the ‘Alpine Trias’
that is linked to the Meliata Ocean. Gr, Greece; It, Italy.

» Figure 3.13 Palaeogeographical map of the future Alpine realm
in the Norian (220 Ma). The present-day outcrop shapes of the
various basement units are given as reference frame. Also indicated
are the boundaries of the future Foreland, Dauphinois—Helvetic,
Penninic and Southalpine-Austroalpine realms. The Triassic of the
Simano and Antigorio nappes is nowhere exposed. Thus its
attribution to any of the Triassic facies types remains uncertain.

Figure 3.14 Correlation scheme of the Triassic facies types in the

Figure 3.15 Plate configuration in the Oxfordian (154 Ma). The
boundaries between the Dauphinois—Helvetic, Penninic and
Austroalpine—Southalpine facies realms are shown as dashed lines
in red. A narrow sea branching off the Central Atlantic extends into
the Penninic realm. Gr, Greece; Grld, Greenland; It, Italy.

» Figure 3.16 Palaeogeographical map of the future Alpine realm
in the Oxfordian (154 Ma). The present-day outcrop shapes of the
various basement units are given as a frame of reference. Also
indicated are the boundaries of the future Foreland, Dauphinois—
Helvetic, Penninic and Southalpine—Austroalpine realms. The




Briancon Rise separates the Valais and Vocontian troughs from the
Penninic Ocean.

A Figure 3.17 Palinspastic cross-section through the Helvetic nappe
system of eastern Switzerland for the Middle Jurassic.
Synsedimentary normal faults are associated with thickness and
facies changes of the Early (Lias).and Middle (Dogger)_Jurassic
sediments.

Figure 3.18 Schematic palinspastic cross-section through the
Vocontian Trough of the Dauphinois realm(Chaines subalpines,
France). The base of the Late Cretaceous limestones was chosen as
the reference horizon. The thicknesses of the Early and Middle
Jurassic as well as the Early and Middle Cretaceous sedimentary
sequences are greater in the centre of the trough as compared with
the northern and southern rims.

A Figure 3.19 Palinspastic cross-section through the Briancon Rise
(Penninic realm)_for the end of the Cretaceous (65 Ma). (A)_The
Briancon Rise in western Switzerland is bounded on either side by
synsedimentary normal faults that caused enormous lateral facies
changes. This same phenomenon is observed even within the rise.

abrupt lateral facies changes. Some of the faults are considered to be
thrust faults and suggest local compression or transpression.

Figure 3.20 Detailed outcrop sketches from the Briangon Rise in the
Debelmas et al. (1979, 1983). Angular unconformities, karst
features, breccias and channel breccias point to Jurassic-Cretaceous
synsedimentary tectonic movements.

» Figure 3.21 Palinspastic cross-section through the Southalpine
domain in Lombardy (Italy). The continental margin was

horsts in an east—west direction. The resulting thickness variations
are particularly striking in the Early Jurassic syn-rift deposits.

Figure 3.22 Breccias of the ‘Brocatello’or ‘Macchiavecchia’, which
were formed by synsedimentary fracturing of the carbonate




platform. (A) Detailed view of the breccia. Fragments of the
carbonate platform were deposited in open fractures. A reddish fine-
grained matrix filled the open spaces between the coarse
components of the breccia. (B)_Large-scale view showing varying
sizes of coarse components, which are cut by veins in part,
indicating that they had been fractured previous to their deposition
in the larger open fracture.

synsedimentary tectonics. In the palinspastic cross-section it can be
recognized that in the northwest the Cretaceous Triazza Formation

Limestone Formation)_are restricted to the southeastern realm. The
dashed rectangle gives the location of the stratigraphic column.

Figure 3.24 Basin model of the passive Adriatic margin. The

Early Jurassic, while in the western part faulting started in the
Middle Jurassic only. The sedimentary fill of the half-grabens
covers succesively more and more of the subsiding tilted block.

Figure 3.25 Model for the evolution of the transition from the
thinned passive margin of the Austroalpine realm to the
Piemont/Penninic Ocean. The palinspastic cross-section is vertically
exaggerated. Owing to the listric shape of the synsedimentary
normal faults, some of the tilted blocks came to lie directly on the
exhumed, hydrated, serpentinized mantle.

Figure 3.26 Formation of oceanic crust in the Piemont/Penninic
Ocean. (A)_Sequence of ophiolites and oceanic sediments in a model
case of mantle exhumation followed by tectonic subsidence.
Cataclastic gabbros are overlain by sedimentary breccias containing
pebbles of serpentinite (stemming from the exhumed mantle),
followed by _gabbro (new oceanic crust) and basalt (uppermost new
oceanic crust). Red deep sea clays were finally deposited onto the




subsided ocean floor. (B)_Sequence of ophiolites and oceanic

Alps).

Figure 3.27 Plate configuration in the Aptian (125 Ma). The Atlantic
had opened further and the narrow seas in the Penninic realm had
also become wider. Gr, Greece; It, Italy; Nam, North America.

» Figure 3.28 Palaecogeographical map of the future Alpine realm
in the Aptian (125 Ma). The present-day outcrop shapes of the
various basement units are given as a frame of reference. Also
indicated are the boundaries of the future Foreland, Dauphinois—
Helvetic, Penninic and Southalpine—Austroalpine realms. The
Southeastern margin of the Penninic Ocean was the site of

beneath the Adriatic Plate. Clastic and coarse clastic sediments were
shed from highs within the Australpine realm into local basins.
These highs bear witness to an early Alpine mountain chain.

Figure 3.29 Palinspastic cross-section through the Helvetic realm of
eastern Switzerland for the Early Cretaceous. Synsedimentary
normal faults are associated with thickness and facies changes.
Limestones are replaced by marl and shale towards the south.

Figure 3.30 Two photographs of the Helvetic Cretaceous in eastern
Switzerland, taken near Flims (canton Graubiinden)_and in the

the Schrattenkalk Formation is present as a very thin bed within the
cliff in the Flimserstein, whereas in the Churfirsten this limestone

makes up the entire peaks. Ver, Verrucano; QL, Quinten Limestone;
C,_Cementstone Formation; Pa, Palfris Shale; OL, Ohrli Limestone;

Schrattenkalk Formation.

» Figure 3.31 The ‘Biindnerschiefer’ of the Penninic nappe
complex in Graubiinden. In the stratigraphic columns, the Nolla
Shale Formation, as an example, can be traced from Préttigau




domains. The northern one opened in the Jurassic, the southern one
in the Early Cretaceous.

Chapter 04

A Figure 4.1 Schematic overview of the Cenozoic rock suites in the

from the underlying Cretaceous sequences. Magmatic rocks include
the Peri-Adriatic plutons and associated dyke swarms, as well as
volcanic rocks in the northern foreland.

limestone and sandstone in a dark shaly matrix in a 30-metre-thick
layer of ultrahelvetic ‘Wildflysch’. Photograph taken near Mellau

sequence of conglomerates from the proximal part of the Rigi fan
(Lower Freshwater Molasse). Photograph taken on the southwestern

of sandstone—mudstone. The large spectrum of pebbles in the
conglomerate provides the strikingly distinct colours at outcrop.

sedimentation started in Cretaceous times. Cenozoic flysch deposits
are present only in the Gurnigel and Sarine flyschs.

A Figure 4.5 Sedimentary sequence of the Northpenninic flyschs,

Pfavigrat Formation to Eggberg Formation in the Préttigau Flysch is
also known as ‘Pre-flysch’.

<« Figure 4.6 The Cenozoic sedimentary sequence of the Helvetic—
Dauphinois realm may be subdivided into a ‘trilogy’: Neritic Eocene




beds overly karstified Mesozoic limestones with an angular
unconformity; the Neritic Eocene beds are in turn overlain by,
hemipelagic marls interspersed with conglomerates; flysch
sediments overlie the marls. The boundaries between the three units
of the ‘trilogy’ are highly diachronous.

A Figure 4.7 Schematic overview of the sedimentary sequence of
the Molasse Basin.

A Figure 4.8 The sedimentary sequence of the Po Basin.

» Figure 4.9 Tectonic map of the Alps showing thedistribution of
the Peri-Adriatic plutons, the associated dyke swarms and the
volcanic rocks in the Northalpine Foreland.

» Figure 4.10 Cross-section through the Bregaglia Pluton.

» Figure 4.11 Palaeogeogra-phical map of the future Alpine realm
in the Turonian (90 Ma). The present-day outcrop shapes of the
various basement units are given as a frame of reference. The
Southpenninic flysch basins were narrow troughs straddling the
active plate margin where the Piemont Ocean plunged beneath the
Adriatic plate. Evidence from the Gosau basins and the [.ombardian
Flysch indicates the presence of a mountain range consisting of
Austroalpine units: arrows indicate current directions.

<« Figure 4.12 Palacogeographical map of the future Alpine realm
in the Early Focene (35 Ma). The present-day outcrop shapes of the
various basement units are given as a frame of reference. The
Northpenninic flysch basins were narrow troughs in the
northwestern Alpine foreland. A rise separated two flysch basins
and acted as the source of detritus. Continental conditions existed on
aregional bulge to the northwest of the flysch basins.

<« Figure 4.13 Palaeogeographical map of the future Alpine realm
at the transition from the Eocene to the Oligocene (35 Ma). The

as a frame of reference. The Northhelvetic Flysch was deposited in a
narrow curved trough that extended from the Western Alps to the
Central Alps. Marine conditions in the Northalpine Foreland of the
Eastern Alps reached as far as Salzburg,




Figure 4.14 Palaeogeographical map of the future Alpine realm in

various basement units are given as a frame of reference.
Continental conditions are indicated by fluvial fans in the
Northalpine Foreland of the Central and Eastern Alps, which had
filled the foreland basin completely. Marine conditions prevailed
from Salzburg to Vienna, where, as well as in the Po Basin,
submarine fan deposits accumulated. Marine conditions also reigned
in a narrow north—south oriented basin to the west of the Western
Alps (Valensole and Valence basins)_that connected to the rift
structures of the Bresse and Rhine grabens. See text for discussion.

Chapter 05

Figure 5.1 Glarus Thrust and Martin’s Hole in the Tschingelhoren.
Figure 5.2 Glarus Thrust and Martin’s Hole in the Tschingelhoren.
<« Figure 5.3 Glarus Thrust at the Lochsite locality.

V¥ _Figure 5.4 The Penninic klippen in the Mythen (canton Schwyz,
Central Switzerland).

Central Switzerland).

» Figure 5.1-1 Simplified geological-tectonic map of the Western
Alps with traces of cross-sections (green lines—numbers are figure
numbers).

<« Figure 5.1-2 Geological cross-section through the Western Alps
along the seismic lines of ECORS/CROP (redrawn after Schmid &
Kissling 2000).

A Figure 5.1-3 Geological cross-section through the Jura
Mountains along the seismic lines of ECORS.

A Figure 5.1-4 Geological cross-section through the Chaines
subalpines of Haute Savoie (France).

Figure 5.1-5 Geological cross-section through the Chaines
subalpines of Chartreuse (France).



<« Figure 5.1-6 Geological cross-section through the Chaines
subalpines of Vercors (France).

Figure 5.1-7 Geological cross-section through the Chaines

A Figure 5.1-9 Geological cross-section through the Penninic nappe
system along the seismic line ECORS/CROP).

A Figure 5.1-10 Geological cross-section through the southern
Western Alps.

» Figure 5.2-1 Simplified geological-tectonic map of the Central
Alps with traces of cross-sections (green lines — numbers are figure
numbers). Double arrows denote major fold axes.

Figure 5.2-2 Geological cross-section through the eastern Central
Alps along the seismic lines of the Eastern Traverse of NRP20 (after
Pfiffner & Hitz, 1997).

A Figure 5.2-3 Geological cross-section through the central Jura
Mountains.

» Figure 5.2-4 Geological cross-section through the Folded Jura
along the Grenchenberg railroad tunnel (redrawn after Buxtorf,
1916). The photograph displays a view of the folds in the gorge of
Moutier (Canton Jura, Switzerland) looking west-southwest. The
syncline is a kink fold with straight limbs whereas the anticline is
more open and contains several gentle kinks. The cliffs are made of
Late Jurassic limestones.

A Figure 5.2-5 Geological cross-section through the western
Molasse Basin along the seismic lines of the Western Traverse of
NRP20.

A Figure 5.2-6 Geological cross-section through the eastern
Molasse Basin along the seismic lines of the Eastern Traverse of
NRP20.




» Figure 5.2-7 Geological cross-section through the Helvetic nappe
system along the transect of Sanetschpass. The internal structure is
characterized by an interplay of isoclinal folds and thrust faults. The
photograph gives a view of the frontal folds in the Cretaceous
limestones of the Wildhorn nappe in the western flank of the
Schluchhorn. Light coloured cliff is Schrattenkalk Formation.
Drusberg Marl form the core of the fold.

Figure 5.2-8 Geological cross-section through the Helvetic nappe
system along the transect of Jungfrau. The photograph shows the
situation at the front of the Helvetic nappes where Cretaceous

Subalpine Flysch and Subalpine Molasse units.

Figure 5.2-9 Geological cross-section through the northern margin
of the Aar massif in the region of Grindelwald-Wetterhdrner (ct.
Bern, Switzerland).

» Figure 5.2-10 Geological cross-section through the Helvetic
nappe system along the transect of Pilatus-Goms. The photograph is
taken a few kilometres east of the cross-section and shows the view
across the Uri branch of Lake Lucerne (view is to the west). An
internal thrust fault (highlighted in red)_in the Drusberg nappe places

Schrattenkalk Formation.

<« Figure 5.2-11 Geological cross-section through the Helvetic
nappe system along the transect of Mythen-Lukmanierpass. The
photograph shows the Windgéllen fold located on the south-
southeast flank of Windgille (view is to the west-southwest). The
recumbent anticline has Permian Windgillen Porphyry in its core
(Pe); Middle Jurassic strata (MJ; brown)_directly overly the
Permian;_the Late Jurassic Quinten Limestone (Qi;.grey)_highlights
the fold hinge.

» Figure 5.2-12 Geological cross-section through the Helvetic
nappe system along the transect of Santis-Flims. The photograph is
a view across Seez valley at Sargans (canton St. Gall, Switzerland)




folding. The Gonzen anticline has a core of Middle Jurassic strata.
Northwest of Gonzen, the Quinten Limestone is repeated by _thrust
faults following a detachment horizon in the Middle Jurassic. The
Santis thrust follows the Palfris Shale, shown here at the type
locality Palfris. MJ, Middle Jurassic; Qi, Quinten Limestone; Pa,
Palfris Shale; Kk: Kieselkalk Formation.

Figure 5.2-13 The Glarus Thrust in the Tschingelhoren (looking
South), a center piece of the UNESCO World Natural Heritage site
‘Tectonic Arena Sardona’. The Quinten [imestone beneath the
Glarus Thrust is a sliver dragged along the base of the Helvetic
nappes, which came to lie on top of the Sardona Flysch. This sliver
consists itself of smaller slivers as indicated by the tongue of
Sardona Flysch near the Martin’s Hole.

Figure 5.2-14 Fold-and-thrust tectonics in the Helvetic nappe
system. (A)Inverted limb of Morcles fold in the Dents de Morcles
(western Switzerland). (B)_Recumbent folds at the front of the
Doldenhorn nappe (Gasterntal, Canton Bern, Switzerland). Late

Jurassic and Early Cretaceous are folded more or less harmonically.

Limestone; Kk, Kieselkalk Formation. View is to the east-northeast.
(C)_Plunging fold in the flank of Graustock (west of Engelberg,
central Switzerland). The recumbent fold with a core of (Early and)
Middle Jurassic sediments was tilted in the course of the latest
updoming of the Aar massif. EJ, Early Jurassic; MJ, Middle

Gobigerina Marl. The Garschella Formation forms the thin dark
band between Schrattenkalk Formation and Seewen Limestone.
View is to the north. Asterisk, location of Drachenberg Cave with
bones of extinct cave bears assembled some 45 00040 000 years
ago (see Fig, 7.4). (E)Imbricate thrusting in the eastern flank of




Crap Mats (north-northwest of Reichenau, canton Graubiinden,
Switzerland). Tschep thrust (marked red)_places Late Jurassic
Quinten Limestone onto a manifold stack of Cretaceous limestones.
The imbrication is outlined by the repetition of the Schrattenkalk—
Garschella pair (light Schrattenkalk Formation and dark Garschella
Formation above). The pairs are marked by a black filled circles.
View is to the west. (F)_Thrusting and folding in the western flank
of Piz d’Artgas (north of Breil/Brigels, canton Graubiinden,
Switzerland). The inclined north-vergent anticline beneath the
summit of Piz d’ Artgas is well outlined by_the brown Biirgen
Formation (Eocene). The summit area above the thrust fault marked
in red consists of an inverted sequence with crystalline basement
(diorite) forming the peak and overlying Triassic R6ti Dolostone.
The Val Nauscha mélange (VN)_in the footwall of the thrust fault
consists of multiple repetitions and blocks of Cretaceous and Eocene

Biirgen Formation; Gl,_Globigerina Marl; VN, Val Nauscha
mélange.

» Figure 5.2-15 Palaeogeographical map of the pre-Triassic
basement (upper diagram)_and the Mesozoic sediments of the

Helvetic nappe system (lower diagram)_in the Central Alps (redrawn
and supplemented after Kempf & Pfiffner 2004). Ax, Di, Do, Dr,

nappe).

Figure 5.2-16 Stockwork tectonics in the area Walensee—
Sichelchamm (canton St Gall, Switzerland). The Cretaceous
limestones of the Santis nappe are detached from their Jurassic
substratum and folded as detachment folds above the Santis thrust.
The Jurassic limestones in the footwall of the Séntis thrust display a
completely different style characterized by imbricate thrusting. The
individual imbricates are detached along shales at the base of the
Middle Jurassic.




A Figure 5.2-17 Geological cross-section through the Penninic

Switzerland). Imbricate thrusting prevails in the rear (south),
whereas thrust faults at the front are associated with folds.

<« Figure 5.2-18 Geological cross-section through the Penninic
nappes along the seismic lines of the Western Transect of NRP20.
Thin slivers of sediments mark contacts between crystalline
basement nappes. The photograph shows a highly deformed
augengneiss from the ‘root’ of the Monte Rosa nappe taken near
Villadossola (Italy). Pencil gives scale.

A Figure 5.2-19 Geological cross-section through the Penninic
nappes along the seismic lines of the Eastern Transect of NRP20.
Cover rocks were detached from their crystalline substratum and
form a nappestack of their own (Vals, Grava, Tomiil, Schams). The
crystalline basement was piled up to four major nappes (Simano,
Adula, Tambo, Suretta).

A Figure 5.2-20 Geological cross-section through the Austroalpine
nappes of Graubiinden (eastern Switzerland).

Figure 5.2-21 The contact between the Austroalpine (Adriatic

the area around Arosa (canton Graubiinden, Switzerland).
Amselfluh and Furggahorn are made of Permian and Mesozoic

Lower Austroalpine Tschirpen nappe in the lower left conists of
Mesozoic sediments and pinches out in the distance. The Arosa
Zone is a mélange of ophiolitic rocks and oceanic sediments derived
from the Piemont Ocean that underlies the Silvretta nappe, but is
visible in the flank of the Furggahorn, and in turn overlies the
Falknis nappe visible at the left margin of the photograph. The

the Briancon Rise. View is from Parpaner Rothorn toward the east-
northeast.




A Figure 5.2-22 Geological cross-section through the Southalpine
nappe system along the seismic lines of the Southern Traverse of
NRP20 (redrawn and modified after Schumacher, 1997).

A Figure 5.2-23 Geological cross-section through the Southalpine

» Figure 5.3-1 Simplified geological-tectonic map of the Eastern
Alps and Dolomites with locations of cross-sections (green lines—
numbers are figure numbers).

» Figure 5.3-2 Geological cross-section through the Eastern Alps
and Dolomites along the seismic lines of TRANSALP (Liischen et
al. 2004).

A Figure 5.3-3 Geological cross-section through the Molasse Basin
of Bavaria and Austria.

A Figure 5.3-4 Geological cross-section through the Helvetic nappe
system of Vorarlberg (western Austria).

A Figure 5.3-5 Geological cross-section through the western Tauern
window (Austria—Italy).

A Figure 5.3-6 Geological cross-section through the Northern
Calcareous Alps in Tyrol-Bavaria (Austria—Germany).

A Figure 5.3-7 Geological cross-section through the Northern
Calcareous Alps of Styria, Upper Austria.

A Figure 5.3-8 Geological cross-section through the the
Karawanks.

A Figure 5.3-9 Geological cross-section through the Dolomites
(Ltaly).

Figure 5.4-1 Structure contour map of the top of the pre-Triassic
basement in the foreland and the crystalline basement uplifts of the
Central Alps and neighbouring areas.

Figure 5.4-2 Lithosphere-scale geological cross-sections through the
Western and Central Alps along the seismic lines of ECORS/CROP
and the Eastern Traverse of NRP20. Crustal structure is based on
Waldhauser et al. (2002), Diel et al. (2009)_.and Wagner et al. (2012),




and mantle structure after Lippitsch et al. (2003)_and Kissling

lower and upper crust is taken at a seismic velocity of 6.5 kilometres
per second.

Figure 5.4-3 Two lithosphere-scale geological cross-section through
the Eastern Alps, one along the seismic lines of TRANSALP, the
other farther east. Crustal structure is based on Waldhauser et al.
(2002), Diel et al. (2009)_and Wagner et al. (2012), and mantle
structure after Lippitsch et al. (2003)_and Kissling (personal
communication, 2013). The Conrad discontinuity between lower
and upper crust is taken at a seismic velocity of 6.5 kilometres per
second.

Chapter 06

of Cretaceous age in the Eastern Alps and of Cenozoic age in the
Western and Central Alps. The Eastern Alps are characterized by a

around 100 million years ago. In the Western Alps a high-pressure
metamorphic overprint occurred between 45 and 35 million years
ago.

Figure 6.2 High-pressure metamorphism in the Western Alps. P-T—¢
paths are from the Penninic Dora Maira basement and the Zermatt—
Saas Fee Zone in Valtournache, and from the Austroalpine Dent
Blanche nappe.

Figure 6.3 High-pressure metamorphism in the Central Alps. (A)_P=
Morphological expression of eclogite outcrops in the Adula nappe.
View is to the south-southeast. Easterly dip of lithologic contacts
and foliation of the Adula nappe are clearly visible in the distance.
(C)_Mafic boudins (green)_within paragneisses (grey). Eclogites are
preserved in the core of the boudins while the outer rims are

of the Adula nappe.



Figure 6.4 High-pressure metamorphism in the Eastern Alps. P-T-¢
paths are from the Austroalpine Southern Otztal nappe and the
Penninic Eclogite Zone in the Tauern Window.

Figure 6.5 Regional metamorphism in the Leventina (Central Alps).

Figure 6.6 Contact metamorphism in the contact aureole of the
Bregaglia Pluton (Central Alps). See text for discussion.

A Figure 6.7 Synoptic cross-section through the Northern
Calcareous Alps in the Cretaceous showing synorogenic Gosau
sediments — compiled from Ortner (2001).

Figure 6.8 Orogenic timetable of nappe formation, sedimentation,
metamorphism and magmatism in the Eastern Alps.

Figure 6.9 Schematic block diagram of the Eastern Alps in the Late
Cretaceous — inspired after Froitzheim et al. (1997). A west-vergent
nappe stack is bordered in the north and south by strike-slip faults.
Sedimentation prevails in the future Central and Western Alps.

Figure 6.10 Folded folds and thrust faults.(a)_In the Middle Penninic

The southeast-vergent fold was initially a north-vergent Ferrera
Phase fold which was back-folded by shearing of the Niemet—
Beverin Phase.(b)_A folded and overturned, steeply _south-dipping
thrust fault marks the contact between the Trun submassif of the Aar
massif and the Mesozoic of the Cavistrau nappe. The thrust fault
follows a gully to the summit of Piz Dado and continues at distance
into the summit area of Piz Dadens. A thin layer of Triassic
remained attached to the crystalline basement. The sediments of the
Cavistrau nappe young towards the thrust fault (indicated by
arrows). A penetrative (Calanda Phase)_foliation cuts across and
post-dates the (Cavistrau Phase)_thrust fault.

Figure 6.11 Orogenic timetable of nappe formation, sedimentation,
metamorphism and magmatism in the eastern Central Alps.




<« Figure 6.12 Tectonic evolution of the Central Alps of eastern
Switzerland depicted as a series of palinspastic cross-sections. Note
that because of strike-slip motion along the Insubric Fault, some

replaced by others. Growth of the orogen is accomplished by,
successive incorporation of detached upper crustal blocks (e.g.

these units was stripped off and moved to the north in an earlier
stage. The core of the orogen made up of Penninic basement nappes
was uplifted by retro-thrusting along the Insubric Fault and basal
accretion of Simano, Lucamagno, Gotthard and Aar basement
blocks. Uplift was aided by erosional removal of the Austroalpine

nappe pile.

Figure 6.13 Kinematic evolution of the Helvetic nappes near the
western end of the Aar massif.

Figure 6.14 Geological cross-section through the Axen nappe of
central Switzerland — redrawn after Menkveld (1995). The plunging
isoclinal anticlines are evidence of orogenic collapse above the
updoming Aar massif.

Figure 6.15 Early phase of folding in the Jura Mountains indicated
by angular unconformities.

Figure 6.16 Orogenic timetable of nappe formation, sedimentation,
metamorphism and magmatism in the western Central Alps.

<« Figure 6.17 Kinematic evolution of the Central Alps in western

Growth of the orogen was accomplished by successive basal
accretion of upper crustal blocks (e.g, Verampio, Gotthard, Aar).
The sedimentary cover of the upper crustal units was stripped off in
an earlier phase and piled up at the front of the orogen by frontal
accretion. Out-of-sequence thrusting during frontal accretion was
responsible for the Southpenninic, Piemont derived Gurnigel nappe

(Monte Rosa, Bernhard nappe complex) were intensively squashed,




stacked and back-sheared. Combined with retro-thrusting along a
steeply_dipping south-vergent thrust fault and aided by erosional
removal of the overlying Austroalpine nappes,_these units were
exhumed.

Figure 6.18 Orogenic timetable of nappe formation, sedimentation,
metamorphism and magmatism in the Western Alps.

A Figure 6.19 Folded folds in the Penninic nappes of the Western
Alps. Isoclinal folds of the first phase can be recognized from the
symmetric pattern of the ages of strata with either young or old
strata in the fold cores. These folds were refolded by a second west-
vergent shearing,

<« Figure 6.20 Palaeogeographical map of the Alps towards the end
of the Oligocene (22 Ma).

<« Figure 6.21 Palaeogeographical map of the Alps in the Middle
Miocene (15 Ma).

<« Figure 6.22 Map showing the late Neogene cooling history of the
Alps. Zircon fission-track ages indicate the time when the rock
sample cooled below about 230 °C. For Apatite this temperature
corresponds to about 110 °C. Data in the Western and Central Alps
are from Vernon et al. (2008)_and data in the Eastern Alps from Luth
& Willingshofer (2008).

Chapter 07

A Figure 7.1 Palacogeographical map of the Alps towards the end
of the Miocene (Messinian, 6 Ma).

A Figure 7.2 Geological cross-sections through valleys carved and
overdeepened by fluvial erosion. The valleys are to the south of the
Central Alps and the cross-sections based on seismic reflection
lines.

<« Figure 7.3 Palaeogeographical map of the Alps in the Pliocene
(3Ma).

» Figure 7.4 Timetable of Pleistocene glaciations and the evolution
of the hominini and Homo. Note that our ancestors experienced
glaciations.




A Figure 7.5 The extent of the Alpine ice sheet and glaciers during
the Last Glacial Maximum (20 000 to 15 000 years ago). On the
northern side of the Alps, glaciers spread way out onto the Alpine
foreland, whereas the Po Basin to the South of the Alps remained
almost completely ice free. Three ice domes in the interior of the
Alps can be distinguished (marked with +).

Figure 7.6 Limit of glacial polishing related to the Last Glacial
Maximum in the area of Finsteraarhorn—Grimselpass (canton Bern,
Switzerland).

Figure 7.7 Geological cross-section through the glacially

Switzerland).

» Figure 7.8 Recent uplift rates determined from precision leveling,
The map was compiled from various

Figure 7.9 Geological cross-section through the western Central
Alps showing a simple crustal structure along with hypocentres of
earthquakes and uplift rates. Note the conspicuous steep gradient of
the uplift rates on the northern flank of the Aar massif (near
Zweisimmen)_and above the Adriatic mantle wedge (north of Ivrea)
suggesting that the core of the orogen is being expelled upward.
Seismicity is restricted to the upper 12—15 km in the core of the
orogen.

Figure 7.10 Holocene tectonic fault in the Aiguilles Rouges massif
near Lac de Fully (canton Valais, Switzerland). The offset of the
glacially scoured suface by the fault is clearly visible.

A Figure 7.11 The Flims rock avalanche, the largest one in the

cross-sectional view.

Figure 7.12 Ruinaulta, a gorge that the Vorderrhein River cut
Remains of a gravel terrace representing an ancestral river bed o
located roughly 50 m above the modern river bed. (B)_Ancestral
valley bottom filled with gravel and boulders located above the
modern river bed.




Figure 7.13 Gravitational slope movements as seen in the field. (A)
Sackung of Cari (Leventina valley, canton Ticino, Switzerland).
Motion occurred on surfaces dipping into the mountain flank and
being parallel to the foliation in the gneisses. (B)_Steep faults in Val
Bedretto (canton Ticino, Switzerland)_forming ridges and uphill-
facing scarps. Small ponds and lakes form behind the ridges. (C)

Antithetic normal faults merging with a basal detachment result in
ridges and uphill facing scarps. (b)_Steep faults delimiting tilted
blocks also result in ridges and uphill facing scarps.

Figure 7.15 Erosional processes on the southern flank of Val
Bedretto (canton Ticino, Switzerland): mass movements, rock falls
and debris flows.




