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1. General Introduction

The European Alps, located in south-central Europe, record the closure of several ocean basins located
in the Mediterranean domain during the Late Cretaceous and Cenozoic convergence of the African (or
Apulian) and European plates (e.g. Trumpy 1960, Frisch 1979, Haas et al. 1995, Stampfli et al.
2001a,b). In recent years it has become increasingly evident that the oceanic and continental
paleogeographical realms, from which the Alpine tectonic units derive, were arranged in a rather non-
cylindrical fashion. This led to important along-strike changes in the overall architecture of the Alps
(Fig. 1), also reflected, for example, in the deep structure of the Alps (e.g. Pfiffner et al. 1997; Schmid
and Kissling 2000), or, in the different age of the main metamorphic events (Tertiary in the Western
Alps, Cretaceous in the Austroalpine units of the Eastern Alps, e.g. Gebauer, 1999; Thoni, 1999).

As discussed in this paper (see also Froitzheim et al. 1996) the Alps are the product of two
orogenies, a Cretaceous one followed by a Tertiary one. While the former is related to the closure of



an embayment of the Meliata Ocean into Apulia, the latter is due to the closure of the Alpine Tethys
between Apulia and Europe (Haas et al 1995; Stampfli et al. 2001a,b).

In view of rather substantial along-strike changes, we chose to construct three transects. A first one
(TRANSALP transect VI: section “ECORS-CROP”) runs approximately E-W, from the Bresse
Graben through the Jura Mountains and French-Italian Western Alps into the eastern Po Plain, midway
between the Southern Alps and Apennines, ending at drill hole Battuda (Pieri and Groppi 1981), also
crossed by transect V. This section (Roure et al. 1996b) mainly depicts late-stage, i.e. post-collisional
ENE-WSW shortening in the French-Italian Western Alps, largely controlled by Oligocene-age
WNW-directed indentation of the Adriatic micro-plate with, at its front, a slice of mantle material
reaching the surface in the Ivrea Zone (Schmid and Kissling 2000; Ceriani et al. 2001).

The second TRANSALP transect V (section “NFP-20/EGT”) is located at the transition between
the “Western” and “Eastern” Alps, corresponding to the western limit of the Austroalpine nappes of
the Eastern Alps (mapped as “Apulian Plate north of the Periadriatic Line” in Fig. 1) that runs almost
perpendicular across the E-W-strike of the present-day Eastern Alps (Fig. 1). This most important
lateral change within the European Alps coincides with the western front of the Austroalpine nappes,
stacked towards the WNW during the Cretaceous orogeny (Froitzheim et al. 1994, 1996). Transect V
crosses in a N-S direction the Bavarian Molasse Basin and the Alps (Schonborn 1992; Schmid et al.
1996a; Pfiffner et al. 1997), then in a NE-SW direction the northern Po Plain, making use of the
subsurface information provided by AGIP wells and seismic sections (Pieri and Groppi 1981; Cassano
et al. 1986), and ends SW of the front of the westernmost Apennines in the Monferrato hills.

The third TRANSMED transect VI (Section “Eastern Alps”) was constructed through the Eastern
Alps (Schmid et al in press). It runs N-S through the eastern Molasse Basin of Upper Austria, which
substantially narrows between Bohemian Massif and Alps, and then crosses the Alps east of the
Tauern window. At the Periadriatic Line the profile trace had to be displaced by some 80 km further
towards the west owing to the lack of published information on the border area of Slovenia-Italy-
Austria. Across the Southern Alps the profile still runs N-S, following a profile constructed by
Nussbaum (2000) but then it runs in a NE-SW direction across the eastern Po Plain and across the
front of the northern Apennines, again making use of AGIP-data (Pieri and Groppi 1981; Cassano et
al. 1986). We chose this section, rather than the recently published TRANSALP section (TRANSALP
Working Group, 2002) further to the west, for the following reasons. Firstly, our transect VI better
depicts the Austroalpine nappe stack, that is eroded across the Tauern window traversed by
TRANSALP; and secondly, TRANSALP is located too close to the transition zone across which the
present-day subduction polarity of the Alps changes, as evident by comparing transect IV with
transects IV and V. This polarity change was recently detected on the basis of high-resolution mantle
tomography (Lippitsch 2002; Lippitsch et al. 2003).

A new tectonic map of the entire Alps (Schmid et al. in press) introduces non-specialists to the
major units of the Alps in some greater detail than can be done here. This map is based on a
combination of purely structural data and criteria regarding paleogeographical affiliation and/or
tectono-metamorphic evolution and on the excellent maps of Bigi et al. (1990a,b, 1992). Fig. 1
presents a simplified version of this new tectonic map that depicts the paleogeographical provenance
of the different tectonic units.

Following an introduction to the structure and evolution of the European Alps, we will present data
on the deep structure of the Alps that served as a basis for constructing the lithosphere-scale features of
the three transects. Finally, we will discuss the individual transects, including the most important data
used, and the rational behind their interpretation.

2. Structure and evolution of the Alps

2.1 The major paleogeographic and tectonic units of the Alps

The map presented in Fig. 1 (Schmid et al. in press, modified after Froitzheim et al. 1996), serves as an
overview of the major Alpine units. It also indicates the location of the TRANSMED - transects IV, V
and VI, together with two additional profiles discussed later. Fig. 2 shows schematic versions of these
transects. Map and profiles given in Figs. 1 and 2 assign all tectonic units, including those made up of
high-grade metamorphic rocks, to particular paleogeographical realms. Because the TRANSMED
transects were constructed according to criteria other than those of paleogeographical provenance, the
reader is encouraged to make use of the profiles given in Fig. 2 in order to gain an overview of Alpine



geology. Fig. 3 presents a schematic reconstruction of these paleogeographic realms for Triassic,
Jurassic and Cretaceous times.

Of course, assignment of basement complexes, such as of the Lepontine dome of Southern
Switzerland and northern Italy, to paleogeographic domains may appear rather speculative. However,
the affiliations proposed in Fig. 1 are also supported by retro-deformations based on many tectonic,
petrological and geochronological criteria (i.e. Froitzheim et al. 1996), taking into account intense
post-collisional deformation (e.g. Schmid et al. 1996a, 1997). Despite many remaining uncertainties
regarding paleogeographical affiliation, the map given in Fig. 1 highlights better the major tectonic
features of the Alps than more detailed tectonic maps (e.g. Bigi et al. 1990a,b, 1992) that address
readers particularly interested in details.

Many of the major paleogeographic units of the Alps, particularly those making up the so-called
“Penninic” nappes, are only preserved as extremely thin slivers that were detached from the subducted
European lithosphere (European margin), the southward adjacent oceanic domains of the Alpine
Tethys (Valais and Piemont-Liguria Oceans, Fig. 3 and Stampfli 2000), and from the continental
Brianconnais ribbon continent of the Western Alps, located between these oceans (but not in the
Eastern Alps, the Brianconnais Terrane being interpreted to wedge out between the Engadine and
Tauern windows, see Figs. 1 & 2). These “Penninic” units, including the Margna-Sesia fragment, a
former extensionol allochthon that may be considered as part of the Penninic-Austroalpine transition
zone (Trumpy 1992; Froitzheim and Manatschal 1996), were accreted as thin slices (i.e. nappes) to the
Apulian upper plate (Austroalpine nappes and South Alpine units) during Cretaceous and Tertiary
orogenies (Froitzheim et al. 1996). Some of them were severely overprinted by Cretaceous and/or
Tertiary pressure- and/or temperature-dominated metamorphism. The term “Penninic” was avoided in
Figs. 1 and 2, as it does not designate a particular paleogeographical domain. This Penninic nappe pile
is clearly evident on the TRANSMED - transects IV, V and VI (see also Fig. 2) and will be discussed
along with the other tectonic units that were derived from particular paleogeographic domains.

The following brief summary of the major tectonic units of the Alps, accompanied by Figs. 1, 2
and 3, is structured into sub-chapters, which refer to particular paleogeographical domains, going from
external (north or west) to internal (south or east).

Tectonic units derived from the European margin

Transect IV crosses a substantial part of the European margin that constitutes the northern and western
foreland of the Alps. Tertiary-age rifting in this foreland (Bresse graben of transect IV) during the
formation of the European Cenozoic Rift System (Dezes et al. in press) started in the Late Eocene and
occurred contemporaneously with crustal shortening in the Alps and the Pyrenees. The Oligocene-
Miocene Molasse Basin, representing the northern flexural foreland basin of the Alps, is not well
developed in front of the Western Alps (transect IV). The internal parts of this foreland basin were
involved in W-directed thrusting of the Penninic units during the Oligocene (e.g. Ceriani et al. 2001),
while its external parts were affected by Miocene thick-skinned thrust propagation (formation of the
external massifs and the Chaines Subalpines, e.g. Figenschuh and Schmid 2003), followed by thin
skinned deformation of the European margin (Late Miocene to Pliocene deformation in the Jura
Mountains, e.g. Philippe et al. 1996).

The Molasse Basin is, however, well developed in the transitional area between Western and
Eastern Alps (e.g. western Bavarian Molasse Basin). It was mapped as “foreland basin” in the tectonic
version of transect V. In this foreland basin, which began to subside during the Late Eocene, orogen-
derived continental clastics were deposited during the Late Oligocene to Late Miocene (Roeder and
Bachmann 1996), directly following a stage of accretionary wedge formation, preserved in some
Lower Oligocene flysch units found on top of the Helvetic nappes, later thrust onto the Molasse Basin
(“South Helvetic flysch”, mapped as “accretionary wedge sediment” in the tectonic version of transect
V).

In transect VI the Molasse foreland basin is considerably narrower and shallower as compared to
transect V (Wagner 1996). Moreover, its sedimentary fill is dominated by orogen derived Oligocene to
Early Miocene deeper water clastics. To the east of transect VI the Austrian Molasse Basin narrows
down to less than 10km in the area of the southern tip of the Bohemian Massif basement spur.

The external massifs of the Western Alps and their sedimentary cover (Chaines Subalpines of the
French Alps in transect IV and para-autochthonous cover extending northward beneath the Molasse
Basin in transect V) were strongly affected by Neogene thick-skinned thrusting. By contrast, the
Eastern Alps are devoid of external massifs. Correspondingly, the European foreland is seen to
uniformly dip southward beneath a flat-lying stack of Alpine nappes, until it gets affected by sinistrally



transpressive faulting along the SEMP (Salzach-Ennstal-Mariazell-Puchberg) Line (transect VI). Note,
however, that European crust rises up again in the Tauern window, i.e. in a more internal position.

The completely detached Helvetic cover nappes are also part of the European margin. However,
Helvetic nappes in the strict sense (thin-skinned sedimentary fold-and-thrust belt, detached from their
former pre-Mesozoic basement) only exist in the Swiss and westernmost Austrian Alps, traversed by
transect V. In transect IV the lateral equivalents of the Helvetic nappes were involved in thick-skinned
deformation (Chaines Subalpines). In the Eastern Alps (transect VI) their paleogeographic equivalents
largely remained unaffected by deformation and were consequently not detached, except for some thin
tectonic slices found within flysch sediments (Rhenodanubian flysch). Note that in the foreland of the
Eastern Alps Late Senonian and Paleocene strong intra-plate compressional deformation of the
Helvetic shelf and the northward adjacent Bohemian Massif accounted for the partial destruction of
their Mesozoic sedimentary cover (Ziegler 1990; Ziegler et al. 2002). Hence, the erosional remnants of
the Helvetic sedimentary prism could not be detached. Moreover, in the Eastern Alps the front of the
Penninic-Austroalpine nappe stack had advanced to its present position by the Early Miocene, and was
only affected by dextrally transpressive out-of-sequence thrusting thereafter, occurring in connection
with lateral extrusion (Ratschbacher et al. 1991; Frisch et al 1998).

The pre-Mesozoic basement, onto which the sediments now exposed in the = Helvetic cover nappes
were deposited, as well as more distal parts of the European upper crust, form part of the so-called
“Penninic nappes”, and are referred to as “Subpenninic nappes” (Schmid et al. in press). These nappes
predominantly consist of Variscan basement, the distal parts of which were mapped as “rifted crust” in
the tectonic versions of the transects. Occasionally, the Mesozoic cover of these distal units was not
detached. For example, this cover is particularly well preserved as “Untere Schieferhiille” in the
Tauern window, projected below the surface in transect VI. The Subpenninic basement nappes, which
were detached from their deeper crustal underpinnings (lower crust and upper mantle) during
subduction, are presently exposed in the Lepontine dome (central part of the Alpine Orogen, exposed
immediately west of and projected into transect V), as well as in the Tauern window (tectonic window
exposed immediately east of transect VI and crossed by the TRANSALP profile given in Fig. 2d).

In case of the Lepontine dome, all units structurally located below the trace of the Valais suture
zone (i.e. units referred to as “Subpenninic” in the pioneering work of Milnes 1974), including the
Gotthard and Tavetsch “massifs”, as well as the eclogitic Adula nappe (Nagel et al. 2002), are
attributed to the European margin (Fig. 1). Parts of these basement nappes, particularly the small
“Tavetsch Massif” (Trumpy 1999), are considered to represent the basement of the Helvetic nappes.
The latter were detached before the onset of metamorphism in the Lepontine dome (Schmid et al,
1996a).

In case of the Tauern window, the attribution of the central crystalline core and its cover to the
European margin (Fig. 1) mainly follows two lines of evidence. Firstly, the Mesozoic cover of the
central crystalline core of the window has strong affinities to the Helvetic realm of the northern Alps
(Frisch 1975; Lammerer 1986). Secondly, following Froitzheim et al. (1996), the “Obere
Schieferhiille” of the Tauern window has to be equated with the Buindnerschiefer of the Engadine
window. The latter occupy a position below the easternmost remnants of the Brianconnais Terrane
(Tasna nappe) and are therefore attributed to the Valais Ocean. Following the same reasoning as for
the Lepontine dome, units below the Obere Schieferhiille, including the “eclogite zone” of the Tauern
window (Kurz et al. 1998), have to be attributed to the European margin.

Penninic nappes derived from the Valais Ocean

Remnants of this oceanic domain (Trimpy 1955) and/or immediately adjacent distal continental
margin units (i.e. Figenschuh et al. 1999) form the “Lower Penninic nappes” (Schmid et al. in press).
These units are also referred to as “North-Penninic” or “Versoyen” in the Western Alps, and as
“Rhenodanubian flysch” or “Obere Schieferhulle” of the Tauern window in the Eastern Alps. They
mostly lack pre-Mesozoic crystalline basement and predominantly consist of rather monotonous
calcareous shales and sandstones, referred to as “Bundnerschiefer”, “Schistes Lustrés” or
“Calcescisti”. Sedimentation of the Bindnerschiefer most probably started near the Jurassic-
Cretaceous boundary (Steinmann 1994) and graded into deposition of flysch during the Tertiary (e.g.
Prattigau and Rhenodanubian flysch). Only parts of these sediments were deposited on ophiolitic units,
including exhumed sub-continental mantle (e.g. Florineth and Froitzheim 1994; Fugenschuh et al.
1999). For large parts of these Buindnerschiefer it is hard to decide, whether they were deposited on
oceanic or distal continental crust (Brianconnais and/or European). Hence, units mapped as“ Valais
Ocean” in Fig. 1 often also include sediments that were deposited on distal continental crust.



The rather narrow Valais Ocean began to open near the Jurassic-Cretaceous boundary. Sea floor
spreading in this northerly branch of the Alpine Tethys was kinematically linked to the northward
propagation of the Mid-Atlantic spreading axis and the separation of the Iberia-Briangonnais micro-
continent from Europe. This entailed opening of an oceanic basin, that extended from the Bay of
Biscay via the area of the future Pyrenees into the domain of the Valais Ocean to the north of the
Briangonnais Terrane (Frisch 1979; Stampfli 1993). In the Eastern Alps, however, this opening must
have taken place within an already existing oceanic realm, representing the eastern continuation of the
Piemont-Liguria basin. Tectonic units attributed to the Valais Ocean in the Eastern Alps are derived
from areas where sedimentation persisted into the Tertiary, as documented for units in the core of the
Engadine window and the Rhenodanubian flysch (Oberhauser 1995), but only suspected for the
“Obere Schieferhiille” of the Tauern window.

Remnants of this northern branch of the Alpine Tethys define a northern Alpine suture between the
European margin and the continental Brianconnais Terrane (in case of the Western Alps), or an
orogenic lid consisting of previously stacked Piemont-Liguria and Apulian (Austroalpine) units (in
case of the Eastern Alps), respectively. This Valais Ocean closed during the Middle to Late Eocene. In
respect to high-pressure units derived from the internal Brianconnais and Piemont-Liguria units, the
Valais suture, together with the most distal parts of the European margin, defines a second and more
external high-pressure belt, which extends from the Western Alps all the way into the Tauern window
(Bousquet et al. 2002). Eclogitic mafic rocks are found in the Versoyen of the Western Alps and in
parts of the Tauern window, while blueschists and other low temperature-high pressure rocks are
preserved in the Engadine window (Bousquet et al. 1998).

Note that the units derived from the Valais Ocean are separated from those derived from the
Piemont-Liguria Ocean by nappes derived from the Brianconnais Terrane (see below) in case of
transects IV and V (see also Figs. 2a-c) across the Western Alps. This is, however, not the case in the
Eastern Alps (transect VI and profiles depicted in Fig. 2d,e) where remnants of the intervening
Brianconnais terrane are not present (see also Fig. 1).

Penninic nappes derived from the Brianconnais Terrane

Tectonic units derived from the continental Brianconnais Terrane (Fig. 1) constitute the “Middle
Penninic nappes”. As mentioned above, nappes derived from this micro-continent are only present in
transects VI and V, where they often also include pre-Mesozoic basement. This basement was mapped
as “rifted crust” in the tectonic version of the transects.

The Brianconnais micro-continent represents the eastern tip of the Iberia block that formed the
northern passive continental margin of the Jurassic Piemont-Liguria Ocean before it was separated
from Europe in conjunction with the opening of the Valais Ocean in Early Cretaceous times (Fig. 3c;
Frisch 1979; Stampfli 1993), kinematically linked to the northward propagation of sea floor spreading
in the Atlantic. The term “Brianconnais Terrane” also encompasses units immediately adjacent to
either the Piemont-Liguria Ocean (i.e. Acceglio and Nappe de la Bréche of the Western Alps) or the
Valais Ocean (i.e. Falknis nappe of the Eastern Alps). The Mesozoic cover of large parts of the
Brianconnais micro-continent (particularly the Brianconnais s.str.) mainly consists of platform
sediments with frequent stratigraphic gaps ("mid-Penninic swell", Trumpy 1960; mapped as
“slope/rise undifferentiated” in the tectonic version of transects IV and V). These sediments are best
preserved in the Mesozoic cover of the Zone Houillere of the French-Italian Western Alps and in the
detached sediments of the Préalpes Romandes of Western Switzerland (Stampfli et al. 1998, 2002) and
adjacent parts of Savoy. These sediments escaped intense deformation and high-pressure overprint.

The basement of the Mesozoic sediments of the Briangonnais Terrane is preserved in the “Zone
Houillere” (=“Upper Carboniferous” in the stratigraphic version of Transect IV, see also Fig. 2a) and
in basement nappes such as the Gran Paradiso and M. Rosa nappes of France and Western Switzerland
(Figs. 2a.b), or the Tambo and Suretta nappes of Eastern Switzerland (Fig. 2c). Some, but not all, of
these basement nappes preserved at least parts of their Mesozoic cover. Some of them (e.g. M. Rosa)
were overprinted by high-pressure metamorphism, while others (e.g. the Siviez-Mischabel nappe, i.e.
the northern continuation of the M. Rosa nappe, Fig. 2b) escaped high-pressure overprint. While an
unequivocal attribution of these basement nappes to the Briangonnais paleogeographic realm can be
made in many places (e.g. Sartori 1990; Schmid et al. 1990), such an attribution remains speculative
for basement nappes that did not preserve their Mesozoic cover.

Penninic nappes derived from the Piemont-Liguria Ocean



Tectonic units derived from the Piemont-Liguria Ocean (Alpine Tethys) and immediately adjacent
distal continental margins (see Fig. 1 and schematic profiles of Fig. 2) are also referred to as “Upper
Penninic nappes”. They occupy the structurally highest position within the Penninic nappe stack in all
transects (VI, V and VI), unless their original position was severely modified by large-scale post-
nappe folding (Schmid et al. 1990; Bucher et al. 2003), as is locally the case also in transects VI and V
(also see Figs. 2a,b, and c¢). These units consist of (i) ophiolites, including slices of exhumed sub-
continental mantle (Trommsdorff et al. 1993), often grading into distal continental margin units (i.e.
Manatchal and Nivergelt 1997; Manatschal and Bernoulli 1999); (ii) Bundnerschiefer (i.e. “Avers
Bundnerschiefer”, Oberhansli 1978) or Schistes Lustrés (i.e. nappe du Tsaté, i.e. Escher et al. 1997),
often containing ophiolitic slices or olistoliths; (iii) non-metamorphic cover nappes of very internal,
but not exclusively oceanic origin, such as the Helminthoid flysch of the Western Alps (i.e. Kerkhove
1969; Caron et al. 1989) and (iv) ophiolitic mélanges such as the Matrei zone found at the rim of the
Tauern window (Frisch et al. 1987; Kurz et al. 1998).

The Piemont-Liguria Ocean was located directly adjacent to the Apulian margin and south of the
Briangonnais ribbon continent (Fig. 3). Units belonging to this ocean (Fig. 1) are made up of oceanic
lithosphere that started to form during the Middle Jurassic (Froitzheim and Manatschal 1996), in the
context of the opening of the Central Atlantic (Frisch 1979; Stampfli 1993). The onset of sea floor
spreading was followed by deposition of radiolarites and aptychus limestones, lithologies that are
rather diagnostic for the Piemont-Liguria Ocean and neighbouring parts of Apulia; they are not found
in the northern branch of the Alpine Tethys, the Valais Ocean (see above). During the Cretaceous,
deposition of trench deposits (Avers Bundnerschiefer of Eastern Switzerland and schistes lustrés of
Western Switzerland and France, mapped as “clastics, including turbiditic sediments on oceanic
lithosphere” in the tectonic versions of the TRANSMED transects) indicates that the southern
(Apulian) margin of this basin had been converted into an active margin.

In eastern Switzerland, units derived from those parts of the Piemont-Liguria unit that are
immediately adjacent to the Apulian margin (e.g. Arosa and Platta units) were already sutured with the
Austroalpine units during the Cretaceous orogeny (Froitzheim et al. 1994). Other tectonic units
attributed to this branch of the Alpine Tethys, particularly those of the Western Alps, comprise parts of
the Piemont-Liguria Ocean that stayed open until the onset of Tertiary orogeny, when the accretionary
wedge of the Alpine subduction system collided with the Brianconnais ribbon continent (e.g. Schmid
et al. 1997; Stampfli et al. 1998, 2002). In the Western Alps (but not in the Eastern Alps), Tertiary-age
high-pressure overprint of the Piemont-Liguria units, together with adjacent parts of the most internal
Brianconnais Terrane, is very widespread (Gebauer 1999; Frey et al. 1999).

Where, according to our interpretation, no remnants of the Briangonnais ribbon continent occur, as
in the Eastern Alps (Fig. 1, see also Froitzheim et al. 1996, Stampfli et al. 2001a,b), the attribution of
some of the oceanic units to the Piemont-Liguria Ocean, rather than to the Valais Ocean, as shown in
Fig. 1, was guided by the following criteria: (1) presence of radiolarites and aptychus limestone, (2)
presence of rock assemblages that are characteristic for the ocean-continent transition found at the
margin to Apulia, including mélanges containing Austroalpine (=Apulian) slivers, such as typically
found at the rim of the Tauern window (e.g. Matrei zone, Frisch et al. 1989) and (3) evidence for early
basin closure in the context of Cretaceous age top-W nappe stacking in the Eastern Alps, and/or, (4)
absence of Tertiary-age sediments. Hence, in the Eastern Alps (transect VI), the attribution of Penninic
units to one or the other ocean (Figs. 2d,e) is very much guided by the concept that two distinct
orogenies, separated from each other by the Late Cretaceous extensional “Gosau event”, affected the
Eastern Alps (see Froitzheim et al. 1994). The Cretaceous orogeny affected only the more internal
units of the Alps and led to suturing of internal Piemont-Liguria derived slices with the Apulia margin.
However, suturing of units exposed in the Tauern and Rechnitz windows with the Austroalpine
nappes, together with Upper Penninic slices derived from the Piemont-Liguria Ocean, occurred in the
context of Tertiary orogeny. At that time, all units of the Eastern Alps, previously stacked during
Cretaceous orogeny, were thrusted together over the Middle and Lower Penninic and the Subpenninic
units presently exposed in these two windows.

Nappes derived from the Penninic-Austroalpine transition zone: the Margna-Sesia
fragment

According to Froitzheim et al. (1996), small fragments, rifted off the most distal Apulian margin
during mid-Jurassic opening of the Piemont-Liguria Ocean (Fig. 3b), were incorporated during the
Late Cretaceous into the accretionary wedge along the active northern and western margin of Apulia,



facing the still open Alpine Tethys. In the Grisons area such fragments (Margna-Sella basement-
dominated nappes) are at least partly caught within ophiolitic units (see transect V, immediately north
of the Periadriatic Line). The Sesia unit of the Western Alps, crossed by transect IV, underwent an
Alpine tectono-metamorphic history that is different from that of the Austroalpine nappes and the
Southern Alps. The Sesia unit, as well as numerous smaller slices embedded in the Piemont-Liguria
units, were incorporated into the accretionary prism near the Cretaceous-Tertiary boundary (age of
high-pressure overprint, e.g. Gebauer 1999; Dal Piaz et al. 2001) below the Dent Blanche nappe, while
the Austroalpine nappes always remained in an upper plate setting after the Cretaceous (Eoalpine)
orogeny.

In contrast to the Austroalpine units assigned to “Apulia” the pre-Alpine basement of the units
assigned to the Margna-Sesia fragment (mapped as “rifted crust” in transects IV and V), including that
of the Dent Blanche unit, comprises pieces of lower crust (e.g. Muntener et al, 2000). This lower crust
exhibits close similarities to the basement at the western margin of the Southern Alps (Ivrea Zone, see
transect IV), also attributed to the most distal part of Apulia with respect to the Alpine Tethys.

Austroalpine nappe system, derived from parts of the Apulian Plate presently found
north of the Periadriatic Line

The term “Apulian Plate” denotes all continental paleogeographic realms situated south of the Alpine
Tethys (Piemont-Liguria Ocean) and north of Neotethys (Fig. 3c). Hence this term also includes the
southern foreland of the Alps. Moreover, as shown in Fig. 3, Apulia was bordered to the east by a
westwards closing oceanic embayment that formed in Triassic times, referred to as Meliata Ocean. The
derivatives of this ocean and adjacent distal passive continental margin will be treated below in a
separate chapter. Only after closure of the Meliata Ocean during the Cretaceous orogeny, did Apulia
north of the Periadriatic Line behave as a coherent block, forming a rigid orogenic lid of the Alps
during the Tertiary orogeny.

To the north of the Periadriatic Line, remnants of the southern margin of the Piemont-Liguria
Ocean (i.e. the Apulian Plate) are only preserved in the form of basement and cover slices
(Austroalpine nappes), that are completely detached from their former deep crust and mantle-
lithosphere. Around the Tauern window, along a thrust formed during the Tertiary orogeny, the
Austroalpine nappes are seen to overlie Penninic units that consist of slivers derived from the distal
European margin, as well as oceanic slivers derived from the Alpine Tethys, Figs. 1 & 2). The
Austroalpine nappes were affected by a Cretaceous orogenic cycle, related to the closure of the
Meliata Ocean (Fig. 3a) and its adjacent continental margin. The tectonic and metamorphic
manifestations of this older orogenic cycle, referred to as “Eoalpine”, are clearly separated from the
Tertiary orogeny by a late Cretaceous phase of extension and exhumation (Froitzheim et al. 1994), as
well as by the deposition of the post-tectonic neo-autochthonous Gosau sediments (e.g. Faupl and
Wagreich 1996). Overprinting relationships are well documented in Eastern Switzerland, i.e. at the
Western-Eastern-Alps transition (Froitzheim et al. 1994). This most important lateral change within
the European Alps coincides with the western front of the Austroalpine nappes, stacked towards the
WNW during the Cretaceous orogeny. Note that this western front of the Austroalpine nappes of the
Eastern Alps (mapped as “Apulian Plate north of the Periadriatic Line” in Fig. 1) runs almost
perpendicular to the strike of the present-day Alps (Fig. 1 and Platel). Only some very small
Austroalpine klippen (units of the Northern Calcareous Alps) are preserved in Central Switzerland.

The Eoalpine (or Cretaceous) tectono-metamorphic event is well documented in the Austroalpine
nappes of the Eastern Alps, but is not evident in the Western Alps. Only in parts of the Southern Alps
(Lomardian basin) flysch deposits testimony of orogenic activity at that time (Bernoulli and Winkler
1990). Hence, the Tertiary-age eastern part of the Periadriatic lineament must have had a precursor in
the Cretaceous (and earlier, see Dal Piaz and Martin 1998) forming the southern boundary of this
Cretaceous orogen.

The Eoalpine orogenic cycle, however, was preceded by Late Jurassic thrusting of the distal
passive margin facing the Triassic Meliata Ocean (i.e. the Hallstatt facies sediments, mapped as
“Meliata Ocean and its distal passive margin” in Fig. 1; Gawlick et al. 1999), onto Austroalpine units
derived from “Apulia”. This was possibly triggered by the obduction of parts of the Jurassic Vardar
Ocean (Dinaridic ophiolites, Pamic 2002) that also occurred during the Late Jurassic (Fig. 3b).

The Cretaceous orogeny is interpreted to be related to a collisional event associated with the
closure of the Meliata Ocean (Fig. 3a). The exact geometry and location of this embayment (Haas et
al. 1995) is still a matter of debate. Its closure led to Cretaceous high-pressure (eclogitic) and/or
temperature dominated metamorphic overprints (first discovered by Frank and co-workers, e.g. Frank
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1987) in those parts of Apulia, which were presumably located closest to the Meliata Ocean. Note that
the term "Apulia", as used in Fig. 1, refers to the southern (external Dinarides and highest Austroalpine
nappes) as well as to the northern margin (lowermost Austroalpine nappes) of Apulia. As mentioned
above, these units can only be considered as a single block during the Tertiary orogeny (Fig. 3c).

Tectonic units derived from the Meliata Ocean and its distal passive margin, including
parts of the Austroalpine nappe system

Late Paleozoic to Mesozoic oceans, whose opening is kinematically unrelated to the opening of the
Atlantic Ocean and the "Alpine Tethys", include “Neotethys”, the Triassic Meliata Ocean and the
Jurassic Vardar Ocean within the area covered by Fig. 1 (see Fig. 3 for the paleogeographic location of
these oceans). Remnants of the Vardar Ocean are only found in the Dinarides, but extremely scarce
remnants of the Triassic Meliata Ocean are also found in the Alps (Mandl and Ondrejickova 1991,
1993) where they form tectonic slices within the nappe stack of the Northern Calcareous Alps
containing very low grade metamorphic serpentinites, Triassic radiolarites, olistoliths and Jurassic
flysch-type sediments. Units attributed to the distal passive margin of Apulia adjacent to the Meliata
Ocean are more widespread and preserved in parts of the Austroalpine nappes (Hallstatt-facies of parts
of the Juvavic nappes in the Northern Calcareous Alps; Gawlick et al. 1999; Mandl 2000). Such
remnants are traversed by TRANSMED transect VI, and found as a thin band at the base of a highest
out-of-sequence thrust sheet, referred to as “Juvavicum” (the highest tectonic unit within the Northern
Calcareous Alps). Moreover, ophiolitic remnants of the Meliata Ocean are preserved as olistoliths in
Jurassic mélange formations found in the Western Carpathians, east of the area depicted in Fig. 1
(Plasienka et al. 1997). Remnants of the Meliata Ocean, together with remnants of the Jurassic Vardar
Ocean, occur in the internal Dinarides (Dinaridic ophiolite zone and Sava-Vardar zone, Pamic 2002)
shown near the eastern margin of Fig. 1 in the area around Zagreb (Tomljenovic 2002).

In spite of the rare occurrences of remnants of this paleogeographical realm, the Triassic Meliata
Ocean played a crucial role for understanding the Cretaceous orogeny. In Fig. 1 we tentatively
assigned the high-pressure crystalline nappes of the Koralpe-Wolz high-pressure nappe system
(Schuster et al. 2001; Schmid et al. in press) to this paleogeographic realm, being aware that this is
speculative. These eclogitic units are traversed by transect VI and mapped as “Paleozoic with Eo-
Alpine high-P metamorphic overprint”, although the age of the eclogitic protoliths is badly
constrained. The Mesozoic cover of parts of this nappe system was completely detached prior to the
Eoalpine high-pressure metamorphism, related to the final closure of the Meliata ocean.

Southern Alps and “Adriatic indenter”: Apulian Plate south of the Periadriatic Line

The various segments of the Periadriatic Line (fig. 1), namely, from west to east, the Canavese,
Insubric, Giudicaria, Pustertal and Gailtal lines mark the western and northern boundary of the
Southern Alps (Schmid et al. 1989). Together with the external Dinarides, the Southern Alps represent
that part of the Apulian Plate which is located south of the Periadriatic lineament (e.g. Schmid et al.
1989), and that is often referred to as “Adriatic micro-plate” or “Adriatic indenter” (part of the greater
Apulian Plate).

The Southern Alps are characterised by a dominantly south-verging fold- and thrust belt (e.g.
Schonborn 1992, 1999). This young (dominantly Miocene) 10 to 15 km thick foreland prism consists
of upper crustal slices, seen to still rest on the Adriatic middle and lower crust, including the Adriatic
mantle-lithosphere, from which these slices were detached near the brittle-plastic transition of the
granitic crust (see transects V and VI, and profiles of Figs. 2a-d).

Most of the Oligo-Miocene dextral strike slip along an E-W-striking branch of the Periadriatic Line
(the Tonale Line located west of the Giudicaria Line, Fig. 1) of about 100km (Schmid and Kissling
2000, Stipp et al. in press) was taken up by dextral strike slip movements along the Simplon ductile
shear zone and the Rhone-Simplon Line (Steck 1984, 1990). Hence, from Oligocene to probably
recent times, the French-Italian Western Alps were kinematically linked to the WNW-moving Adriatic
indenter, formed by the Southern Alps and the Ivrea Zone. Note that Ivrea Zone and the Ivrea
geophysical body, crossed by transect IV, represent a piece of mantle-lithosphere and lower crust
which form the rigid frontal part of the Adriatic indenter. According to Ceriani et al. (2001), the
Adriatic indenter caused WNW-directed thrusting along the “Penninic front” of the Western Alps
(limit between European margin and Valais or Briangonnais Terrane, respectively, see Fig. 2a and
transect IV). During the late orogenic stages, WNW directed indentation of the Adriatic micro-plate
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affected also the European foreland (Fiugenschuh and Schmid 2003), finally causing deformation in the
western Molasse Basin and folding of the arcuate Jura Mountains (Burkhard and Sommaruga 1998).

The eastern parts of the Periadriatic Line (Pustertal and Gailtal lines), and their extension, the
Balaton Line (Fodor et al. 1998) (Fig. 1), accommodated Miocene-age eastward extrusion of the
Apulian Plate N of the Periadriatic Line (the Austroalpine nappes and their continuation into the
Western Carpathians, including their Penninic underpinnings) (Ratschbacher et al. 1991).
Simultaneously, the eastern part of the Southern Alps was displaced to the north across the sinistral
Giudicaria Line, dissecting the formerly straight Periadriatic Line and causing severe Miocene N-S
shortening in the Tauern window and contemporaneous E-W-extension in the tectonic units north of
the Periadriatic Line across the Brenner and Katschberg normal faults (Fugenschuh et al. 1997; Genser
and Neubauer 1989).

Tiza unit

This unit, whose exact paleogeographic origin (European vs. Apulian) is still a matter of debate (e.g.
Csontos et al. 1992; Sandulescu 1984, 1994), is located east of the transects presented here and briefly
described for reasons of completeness only. The Tiza unit (Haas et al. 2001), shown at the south-
easternmost margin of the map presented in Fig. 1, forms the innermost parts of the northwestern
Dinarides and the Romanian Carpathians. It is separated by the Mid-Hungarian Line (Csontos and
Nagymarosy 1998) from the northerly adjacent eastern extension of the Southern Alps into Slovenia
(mapped as “Apulian Plate S of Periadriatic Line” in Fig. 1) and the SW-NE-striking continuation of
the internal Dinarides situated NE of Zagreb (mapped as “Meliata and its distal passive margin” in Fig.

1).

2.2 Important along-strike changes in the architecture of the Alpine Orogen, illustrated
by transects across the Alps

Important progress has recently been made regarding the developments of large-scale geophysical-
geological transects across the Alps (Pfiffner et al., 1997; Roure et al., 1996b; TRANSALP Working
Group 2002). This involved the acquisition of high-resolution deep seismic sounding along such
transects, and the interpretation of a wealth of geophysical data that was collected during the past 40
years (e.g. Kissling, 1993). This allows for a better understanding of the three-dimensional architecture
of the Alps (i.e. Schmid and Kissling 2000).

Figs. 2a and 2b depict geological-geophysical transects (ECORS-CROP, i.e. TRANSMED transect
IV, and NFP-20 WEST) across the Western Alps (Schmid and Kissling 2000; Marchand and Stampfli
1997; Escher et al. 1997), while the transect of Fig. 2c (NFP-20 EAST, i.e. TRANSMED transect V)
crosses an area situated near the transition into the Eastern Alps (Schmid et al. 1996a, 1997; Marchand
and Stampfli 1997). These profiles illustrate the following major changes, which occur along strike,
when going from the Western Alps s.str. (Figs. 2a and 2b) towards what may be referred to as "Central
Alps" (Fig. 2c): (1) Duplication of European lower crust in the Western Alps vs. wedging of Apulian
lower crust into the European crust, (2) Apulian Moho rising towards the Alps (Ivrea body) vs.
descending Apulian Moho at the base of the lower crustal wedge, (3) increasing amounts of back-
thrusting in the vicinity of the Insubric Line (branch of the Periadriatic line crossed by TRANSMED
transect V) and, (4) increasing amounts of Miocene shortening within the Southern Alps.

As discussed in more detail below, recent results of high-resolution tele-seismic tomography,
focussing on the P-wave velocity structure of the lithosphere and upper mantle beneath the entire Alps
(Lippitsch 2002; Lippitsch et al. 2003; Kissling et al. in press), revealed a change in subduction
polarity between Western and Eastern Alps. The subducted European lithospheric slab, which dips
beneath the Western Alps southeastward under the Apulian lithosphere, steepens eastwards and
towards the Tauern window. East of a point located beneath the western part of the Tauern window,
the Apulian lithospheric slab is seen to dip northward under the European lithosphere by some 170km
(Lippitsch 2002; Schmid et al. 2003; Kissling et al. in press). At first sight this is surprising, since
there is no indication for an along-strike change in the stacking order of the major paleogeographic and
tectonic units of the Alps as is seen from Fig. 1. However, two major orogen-perpendicular post-
collisional features coincide with this change in subduction polarity: the Giudicaria belt (Stipp et al. in
press) and the Brenner normal fault (Fugenschuh et al. 1997). This suggests that the change in
subduction polarity imaged by tomography was not established before some 20 Ma ago, i.e. when
these across-strike features were activated.
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Fig. 2d presents a re-interpretation of the TRANSALP geophysical-geological transect
(TRANSALP Working Group, 2002; Schmid et al. 2003) in the light of these findings on the deep
structure of the Alps. It emphasizes the importance of strike-slip faulting along the Inntal and Pustertal
lines, adjacent to the Tauern pop-up structure, while the alterantive interpretation given by
TRANSALP Working Group (2002) emphasises displacement along a thrust at the base of the Tauern
window, referred to as "Sub-Tauern ramp". In terms of the deep structure, the transect given in Fig. 2d
completely differs from that given by TRANSALP Working Group (2002). The TRANSALP section
of Fig. 2d and Fig. 2e, corresponding to TRANSMED transect VI, show the Apulian Moho as
descending northwards under the European lithosphere, as indicated by the tomographically defined
lithospheric configuration (Lippitsch 1992; Lippitsch et al. 2003; Kissling et al. in press).

This re-interpretation explains the lack of a first-order separation between Southern Alps and
External Dinarides. Such a separation would be expected if the Alps and Dinarides would still exhibit
opposite subduction polarities, as they did during the Eocene. Since no separation is visible between
Southern Alps and Dinarides (see Fig. 1), both are expected to presently occupy the same lower plate
position. Instead, a major change occurs across Giudicaria belt and Brenner Line. We interpret both of
these first-order tectonic features as the surface expression of a change in subduction polarity, which
was initiated around 20 Ma ago and which had a profound effect on the style of post-collisional
deformation. As discussed later (see description of TRANSMED transect VI, chapter 4.3), this change
in subduction polarity might be an apparent one, when taking into account major dextral strike-slip
movements along the Periadriatic lineament (including Balaton Line and Mid-Hungarian zone, Fig. 1),
which is located between the Southern Alps and northern Dinarides and the Alps and Western
Carpathians, respectively.

Note that the polarity of the suture between the Rhenodanubian flysch (Valais Ocean in Fig. 1) and
the northern rim of the Austroalpine nappes (Apulian plate in Fig. 1) does not change along strike from
west to east. This indicates that the northern rim of the Apulian (Austroalpine) upper plate remained
unaffected by this Miocene change in subduction polarity, which only concerns the southern part of
the transects given in Figs. 2d and 2e. By contrast, the northern deformation front of the Alps can be
traced eastwards into the Carpathian loop (Csontos et al. 1992). There, subduction rollback and slab
break-off was initiated at about 20 Ma ago. This rollback allowed for the (apparent?) change in
subduction polarity, postulated to have occurred between the profiles of Fig. 2c and 2d, respectively.

TRANSMED transect VI (see Fig. 2e) best illustrates the Austroalpine nappe stack that preserved a
thickness of some 10-20km in the area east of the Tauern window, an area that lacks substantial
exhumation by late stage thrusting and/or orogen-parallel extension during the Tertiary. In this transect
the Koralpe-Wolz high-pressure nappe system is interpreted as representing a former extrusion wedge
located between the Silvretta-Seckau nappe system in its footwall and the Otztal-Bundschuh and
Drauzug-Gurktal nappe systems in its hanging wall. This extrusion channel exhumed high-pressure
units that formed during the subduction of the western embayment of the Meliata Ocean (Figs. 2b and
2¢) during the Late Cretaceous orogeny.

2.3 Evolution of the Alpine system and its forelands in time slices

The following discussion focuses on the evolution of the Alpine Orogen in an area crossed by
TRANSMED transect V where timing is best constrained. Fig. 4 gives a timetable of orogenic
activity, while Fig. 5 depicts cross sections along this transect for different time slices.

Cretaceous orogeny

The Late Cretaceous (or Eo-Alpine) orogeny is of Late Cenomanian to Campanian age in Eastern
Switzerland and is regarded as independent and unrelated to the Tertiary orogeny owing to its different
kinematic scenario (top WNW, hence almost orogen-parallel thrusting) and its separation by a Latest
Cretaceous extensional event from Tertiary convergence (see Fig. 4). Further east and in Austria, both
Cretaceous shortening and extension are older (see discussion in chapter 4). Apart from the
Austroalpine nappes, this older orogeny only affects the Piemont-Liguria units of Eastern Switzerland
(Arosa-Platta) whereas the rest of the Penninic units remained largely unaffected by this orogeny,
which did not propagate further to the west beyond Eastern Switzerland, nor into the Briangonnais
units. The southern margin of the Piemont-Liguria margin represented during the Late Cretaceous an
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active margin, as documented by the accretionary wedge of the schistes lustrées and by the
eclogitisation of the Sesia unit around the Cretaceous-Tertiary boundary.

The attribution of a pre-Adamello phase in the Southern Alps (main deformation of Miocene age)
to Cretaceous orogenic activity is uncertain. A precursor of the Insubric Line must have been active
(separation between the detached crustal flakes of the Austroalpine nappe system from the Adriatic
lithosphere which remained intact).

During the various stages of the Tertiary orogeny, the pre-structured Austroalpine nappe system,
together with the Arosa-Platta ophiolites, formed a rigid upper plate (referred to as "orogenic lid" in
Fig. 5), of which the Southern Alps formed part (not depicted in Figure 5a to Sc, but present at the
southern margin of these figures).

Early Tertiary convergence and subduction (65-50 Ma)

Following closure of the last remnants of the Piemont-Liguria Ocean in eastern Switzerland, the
youngest sedimentary cover of which now forms an accretionary wedge consisting of the Avers
Biundnerschiefer during the Paleocene, the Brianconnais Terrane entered the subduction zone (Fig. 5a).
In the Western Alps this southern ocean probably remained open somewhat longer. After about 200
km of N-S-convergence (13 mm/year), and following closure of the Valais Ocean, the distal margin of
Europe (the future Adula nappe, see Nagel et al. 2002) entered the subduction zone at around 50 Ma
(Table 1, Fig. 5b). Penetrative deformation during this time interval was largely restricted to the
southernmost Penninic units, i.e. the Brianconnais Terrane (Tambo-, Suretta- and Schams nappes, see
Fig. 4) and the Avers Buindnerschiefer of the Piemont-Liguria Ocean (Fig. 5b).

Tertiary collision (50-35 Ma)

During the middle and late Eocene (between Figs. 5b and 5d), an additional 200 km N-S plate
convergence (corresponding to 15 mm/year) was taken up by the incorporation of the Valais Ocean
and the distal European margin into a growing accretionary wedge below the orogenic lid formed by
the Austroalpine nappes. Fig. 4 illustrates the migration of deformation and metamorphic events
towards the northern foreland, reaching the area of the future Helvetic nappes by the end of the
Eocene. Note that the total of some 400 km N-S convergence before the Oligocene across the Central
Alps (Table 1) involved substantial sinistral strike slip movement across the future Western Alps.
Hence, the Western Alps formed under a sinistrally transpressive scenario during Early Tertiary
convergence and collision, with W-directed movements post-dating collision (see post-collisional
stage 1).

Since the Alpine nappes in Fig. 5 exclusively consist of thin upper crustal slices (basement and/or
its cover) detached from their lower crustal and mantle-lithosphere, all European (and Valais) lower
crust (including parts of the upper crust) must have been subducted together with the mantle-
lithosphere (Fig. 5¢). Hence, N-vergent nappe stacking during this collisional stage took place within a
growing accretionary wedge. After the subduction of the Brianconnais Terrane and the Valais Ocean
more subduction-resisting un-stretched continental crust of the European margin entered the
subduction zone. This triggered slab-break-off and the onset of magmatism north of the Periadriatic
line (von Blanckenburg and Davies 1995). Radiogenic heat production within this granitic basement
(Engi et al. 2001), in combination with slab break-off (depicted in Fig. 5Se), led to a change in the
thermal regime and to Barrovian-type (called, Lepontine) metamorphism (Nagel et al. 2002).

Post-collisional stage 1 (35-20 Ma)

Further growth of the accretionary wedge led to retro-thrusting of part of the material entering the
subduction zone above the steeply, N-dipping Insubric Line (Fig. 5e and 5f). A "singularity point"
(Beaumont et al. 1994) developed within the lower part of the upper crust, separating the subducting
part of the European crust from that part of the wedge which was back-thrusted and sheared in order to
be exhumed by erosion (this singularity point is near the bent arrow shown in Fig. 5f).

As can be seen from Fig. 4, forward thrusting of the Helvetic nappes along the Glarus thrust was
contemporaneous with retro- or backward thrusting along the Insubric Line. The Alps evolve into a
bivergent orogen, with a southern and northern foreland. Interestingly, the transition into bivergent
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thrusting coincides with increased rates of erosion due to the pop-up of the Central Alps between pro-
and retro-thrusts, resulting in the transition from flysch-type to molasse-type sedimentation in the
northern foreland (Sinclair and Allan 1992).

N-S directed plate convergence during this first post-collisional period amounted to about 60 km,
slowing down to about 4.5 mm/year (Table 1). In map view, this time interval coincides with the
WNW-directed movement of the Adriatic micro-plate (Ceriani et al. 2001), that was now decoupled
from the Central Alps along the Periadriatic Line, where dextral strike-slip movement amounted to
some 100 km. Kinematically, the Western Alps formed now part of the WNW-moving Adriatic micro-
plate and were separated from the Central Alps along the Simplon ductile shear zone, and later on
along the Rhone-Simplon Line (see Fig. 1). Note that continental rifting in Rhine and Bresse grabens
falls into this same time interval (Dezes et al. in press)

Post-collisional stage 2 (20-7? Ma)

Continued crustal overthickening within the central part of the Alpine Orogen by bivergent (retro- and
pro-wedge) thrusting eventually led to rapid propagation of the deformation front from the Insubric
Line towards the Po Plain (Southern Alps), as well as towards the northern foreland (thrusting at the
base of the Aar Massif and within the southern Molasse Basin) at around 20 Ma ago. This is shown in
Fig. Se, while the timing constraints are given in Fig. 4. Regarding the Southern Alps, deformation
stopped at around 7 Ma ago (Messinian unconformity).

In the northern foreland, however, the situation is more complex. During the late Serravallian (12
Ma), deformation suddenly stepped further into the foreland, now also incorporating the western part
of the Molasse Basin and the Jura Mountains into the orogenic wedge (Burkhard and Sommaruga
1998). Whilst decollement along Triassic evaporites is recognized by most authors as being
responsible for this forward stepping of the deformation front into the northernmost Jura Mountains up
to the margins of the Upper Rhine and the Bresse grabens two questions remain unanswered:

(1) Did thin-skinned deformation stop at around 7 Ma in the Jura Mountains, that is,
contemporaneous with foreland deformation in the Southern Alps? (2) How exactly did the arc of the
Jura Mountains form? Clockwise rotation of the western part of the Molasse Basin and the northern
Alps, or W to NW-directed indentation of the western part of the Central Alps?

In regard to the first question we can argue that present-day deformation is thick-skinned (Schmid
2000; Giamboni et al. 2004), hence it is likely that Jura-folding was a short-lived event (12-7 Ma).
Regarding the second question we favour an indentation model with counter clockwise rotation of the
Adriatic micro-plate during the Miocene. Assuming that relatively fast plate convergence across the
Alpine system of Switzerland stopped at around 7 Ma, the 60 km plate convergence over the duration
of this second post-collisional episode amounted to about 0.5 cm per year. Thus, plate convergence
remained practically unchanged between 35 and 7 Ma. It will be interesting to compare this figure of 5
mm/year to GPS-derived present-day shortening estimates across the Alpine system once reliable
estimates are available along this transect.

3. Lithosphere structure of the Alpine arc: new evidence from high-
resolution teleseismic tomography

3.1.Introduction

The very successful European Geotraverse (EGT) (Blundell et al. 1992), of which TRANSMED
transect V is a part, addressed the configuration of continental and oceanic lithosphere of a continuous
lithospheric swath that extends all the way from northern Scandinavia to Tunisia. It provided
consistent information on the present day structure of the lithosphere across different tectonic
provinces ranging in age from Archean to recent. The following text, extracted from a recently
submitted paper by Kissling et al. (in press), that presents work based on the rational of follow-up
project within project EUROPROBE (Gee and Zeyen 1996) that elucidates different tectonic phases
and processes of Alpine orogeny in time and space. Data were collected over time as part of EGT,
EUROPROBE, including the specific French-Italian and Swiss crustal seismic reflection campaigns
ECORS-CROP (Roure et al. 1990) and NRP20 (Pfiffner et al. 1997) and earlier deep seismic sounding
experiments. Kissling et al. (in press) demonstrate how this recent mosaic of structural information,
that mostly pertains to the crust, eventually leads to a consistent 3D picture of the lithosphere-scale
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tectonic evolution of the Alps, when combined with the latest results of the newly developed methods
of teleseismic tomography.

To a large extend the geological findings reported in chapter 2 are based on the analysis of near-
surface features. At the same time, and enforced by the concept of plate tectonics, it is obvious that the
evolution of the Alpine Orogen can only be understood by an accompanying assessment of the detailed
structural image of Alpine crust and the lower lithosphere. Active seismic experiments (Controlled
Source Seismology CSS) began in 1956 in the Western Alps and were continued since throughout the
Alps with increasing resolution of crustal structure. Especially near-vertical reflection surveys along
several across-strike transects provided the necessary insight into mechanisms of collision between
different continental crustal units.

During earlier stages of deep sounding various seismic methods, e.g. dispersion of seismic surface
waves and initial analysis of travel-time analysis, were used to derive first images of the Alpine lower
lithospheric structure. However, until now these structures could not be resolved precisely enough,
although knowing their geometry is indispensable for the understanding of the evolution of the Alps.
For a summary of earlier results and their significance, the reader is referred to Kissling (1993) and
Miller (1997). Only the use of travel-time tomography, based on regional and teleseismic earthquakes,
was able to decisively extend the depth range and to provide the desired resolution. Presently, the
combination of these techniques allows to establish a three-dimensional image of the lithosphere down
to depths of 400 km and to quantitatively unravel the evolution of the Alps.

3.2 Crustal structure

Classical deep seismic sounding using refraction and wide-angle reflection surveys provides a basic
overview of the Alpine crustal structure to Moho depths, such as previously discussed (see chapter 2.2
and Fig. 2). Good information is available from a rather dense network of profiles in the Western Alps
but much less is known from the Eastern Alps (for a compilation see Waldhauser et al. 1998).
Interpretation of these data provides excellent information on the topology of the crust-mantle
boundary and the average P-wave velocities used as input for an average 3D crustal model, as
described below. In addition, characteristic structural details allowing for tectonic inferences can be
derived in areas with favourable location and orientation of surveys.

A large number of along-strike profiles in the Central Alps, combined with a densely occupied
refraction survey along the NS oriented TRANSMED transect V (Fig. 1), allowed for the derivation of
a reasonably detailed crustal image in terms of P-wave velocities (Fig. 6), extending from the northern
foreland and across the Alps and Po Plain to the Ligurian Sea (Buness 1992; Giese et al. 1992; Ye et
al. 1995; Kissling et al. 1997). Beneath the very variable and complicated sedimentary cover and the
Alpine nappes the main features of the Alps are the deep reaching autochthonous Aar Massif (Pfiffner
and Hitz 1997) exhibiting little internal structure, a high-velocity layer in the middle to lower crust N
of the Insubric Line, and major Moho offsets under the Alps and the northern Apennines, where lower
European and Adriatic lithosphere are subducted under the Adriatic and Ligurian plates, respectively.

This velocity information is a prerequisite for a satisfactory interpretation of near-vertical
reflection-seismic transects. Four complete 2D Alpine crustal reflection transects are available so far:
the ECORS-CROP transect of Fig. 2a (Roure et al. 1990); the central NFP-20 transect (see Pfiffner et
al. 1997a); the eastern NFP-20 transect (Fig. 2c); and the transect TRANSALP (Fig. 2d; TRANSALP
Working Group 2001, 2002). Depending on data quality, which is largely determined by the difficult
topographic and geological conditions across the Alps, these transects provide the best available
structural resolution of the entire crust. Structural details at depth can directly be incorporated into the
near-surface geological and tectonic structure. However, these transects are limited in number. Fig. 2
shows unified interpretations of the available near-vertical reflection surveys, including evidence from
seismic refraction surveys and geological data. Going from the ECORS-CROP transect (our transect
IV) towards the NFP-20 EAST transect (our transect V) the major common and/or contrasting features
are (Schmid and Kissling 2000): (1) ESE to S directed subduction of European lithosphere; (2) Offset
between European and Adriatic Moho as also seen in Fig. 6; (3) Duplication and back thrusting of
lower European crust in the Western Alps (Figs. 2a,b) versus wedging of Adriatic lower crust into the
European middle crust under the Central Alps (Fig. 2¢), respectively, covered by a stack of piled up
and refolded upper crustal flakes (the Alpine nappes) in all three transects; (4) Adriatic Moho rising
towards the Alps in the W versus descending Moho at the base of the lower crustal wedge under the
Central Alps; (5) E-wards increasing amounts of back thrusting in the vicinity of the Insubric Line,
and; (6) strong shortening within the Southern Alps in a foreland fold-and-thrust-belt above the
Adriatic lower crust, exposed in the Ivrea Zone (Handy and Zingg 1991; Schmid 1993).
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Moho topography

As mentioned above, a wealth of CSS crustal profiles in the wider Alpine region provides ample
information on the Moho topography (Fig. 7); for an overall compilation see Waldhauser et al. (1998),
for the Western Alps see also Hirn et al. (1989) and Thouvenot et al. (1990). Wide-angle reflections
from the crust-mantle boundary are the most reliable and clear signals on most of these profiles. Based
on these data, a method for assessing the quality of Moho reflections, depths, and crustal velocities
was developed. This allowed for establishing a reproducible 3D crustal model yielding mean crustal
velocities and a Moho contour map with minimum roughness within the estimated error estimates
(Waldhauser et al. 1998).

This model (Fig. 7) serves several purposes. Firstly, it provides a good and reliable overview of
crustal thickness and mean velocity and its position with respect to surface tectonics and other
geophysical observations. Secondly, it reliably shows the location of offsets in the Moho where
subduction does occur. Finally, it can be used to correct crustal travel-times for teleseismic
tomography as discussed later. Fig. 7a shows the Alpine Moho contoured at 2 km intervals derived by
interpolation of the migrated CSS travel time data located in the shaded areas and a perspective NE-
SW view. The number and lateral distribution of shaded areas also provides a measure for the
extremely high information density that is unique worldwide. The image of the Alpine crust-mantle
boundary shows two offsets with three separate interfaces: The European, Adriatic, and Ligurian
Moho. The European Moho features a continuous change from an eastward dip under the Western
Alps to a southward dip under the Central Alps (see also Fig. 6). The Adriatic Moho is best imaged
near the EGT-NFP20 profile, where it is updomed below the Po Plain between the European and
Ligurian Moho. Near the southern rim it is overthrusted by the Ligurian crust, and at the western
margin of the Po Plain the Adriatic Moho merges into the structure of the Ivrea Zone (see also
TRANSMED transects IV and V). This Alpine Moho topography reflects the large-scale Alpine
structure resulting from a latest phase of continental collision (Schmid and Kissling 2000).

Moho offsets and gaps, and their locations, play key roles in the tectonic interpretations of 3D
lithospheric structures. The results obtained by networked wide-angle and near-vertical profiling proof
that the Moho interface exists everywhere under the wider Alpine region. However, there is clear
evidence for Moho offsets (Figs. 6 and 7) indicating asymmetric subduction geometries. Hence, the
Moho is not a continuous interface. Laterally bounded Moho signals define these offsets. Provided
their relative positions are clearly defined, as is the case for the Western Alps (but not the Eastern
Alps), the sense of subduction can be inferred.

Lower crustal wedge structures

The high-resolution transect images depicted in Figs. 2a-c clearly show that there is no common
crustal model, which would be valid for the entire Alpine arc in terms of a simple collision or
shortening mechanism. The lower crustal wedges found in the Western Alpine transects, are special
features. The lower crustal wedge found in the NFP-20 EAST transect (Fig. 2¢) consists of Adriatic
lower crust with a P-wave velocity of 6.5-6.6 km/s (Fig. 6). This wedge lies above European lower
crust, as can also be derived from clear reflection-seismic data (Holliger and Kissling 1992). Its shape
is additionally constrained by interpretations derived from CSS seismic refraction and wide-angle
reflection observations (Fig. 7) such as given by Ye et al. (1995) and Schmid and Kissling (2000).
According to the reconstructions given in Fig. 5, the northward insertion of this Adriatic crustal wedge
occurred during middle to late Miocene times, and contemporaneous with the development of the
Southern Alpine fold-and-thrust-belt within the upper Adriatic crust. Hence, it is a rather late and
sudden feature during Alpine collision. This wedging requires complete detachment near the interface
between lower and upper crust, and most likely also at the base of the Adriatic lower crust, that
directly overlies the European lower crust, though this lower interface of the wedge is not clearly
identified.

Shortening across the ECORS-CROP and NPF-20 WEST transects, geographically located nearby
(Figs. 2a & b), predominantly took place within the external European and Briangonnais realms. The
overall geometry also suggests south-directed subduction of the European Plate. Note however, that in
these more westerly positioned transects, lower crustal wedging occurs within the European Plate
(Schmid and Kissling, 2000). The clear identification of the top of the lower crust, based on the exact
position of several refraction and wide-angle reflection profiles, allowed for the compilation of a
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contour map of the top of the lower crust (Fig. 8). Fig. 8 illustrates the configuration of the lower
crustal structures and identifies the lateral extent of lower crustal wedges of different origin, located in
the hinge zone between the NS striking Western Alps and the EW striking Eastern Alps. The Adriatic
lower crustal wedge under the Central Alps and the European crustal wedge under the Western Alps
(Fig. 8) meet at depth were the Simplon fault zone branches off the Insubric Line (Fig. 1) This
indicates a rather abrupt change in the geometry of wedging below this important fault zone.

The geometry of this wedging of Adriatic and European lower crust, as discussed so far, suggests
that the bulk of the lower crust is made up of high strength material, contrary to a widely held belief in
a “weak lower crust”. However, low-viscosity material must be present within relatively thin layers
forming the interfaces of the lower crustal wedges with the upper crust and the upper mantle,
respectively, allowing for detachment near the interfaces of the wedges.

A semi-quantitative post-35 Ma kinematic reconstruction of ESE-WNW shortening along the
ECORS-CROP and Central Alps transects is displayed in Fig. 9. The total amount of shortening is a
composite of the westward strike-slip component of the Adriatic micro-plate relative to Europe and the
amount of NS shortening along the EGT-NFP20 transect (Fig. 10, see discussion in Schmid et al.
1996a). As shown in Fig. 8, the Adriatic Moho rises to shallower depth and merges into the structure
of the Ivrea Zone (see also Figs. 2a,b) at the western margin of the Po Plain. The subvertical position
of rigid lower crustal and upper mantle material that rises to the surface probably is responsible for the
presence of a backstop, causing the relatively young back thrusting and doubling of the European
lower crust under this part of the Western Alps.

Crustal structure in the Eastern Alps

Recently, a fourth crustal transect given in Fig. 2d, profile TRANSALP, whose location in the Eastern
Alps is shown in Fig. 1, was established by high-resolution reflection- and refraction-seismics and
other geophysical methods (Lueschen et al. 2003; Bleibinhaus 2003; Ebbing et al. 2001; TRANSALP
Working Group 2001, 2002), following much earlier work by Miller et al. (1977). The first
interpretations of the data were presented by Lammerer and TRANSALP Working Group (2003) and
by Castellarin et al. and TRANSALP Working Group (2003). Additional information on this transect
is found in Nicolich et al. (2003).

The boundary between Western and Eastern Alps roughly coincides with the N-S-striking western
margin of the Austroalpine nappes (Fig.1), which formed by top-WNW-suturing of the Austroalpine
nappes with the Piemont-Ligurian Ocean during a first orogenic cycle during the Cretaceous
(Froitzheim et al 1994). However, the more external Brianconnais micro-continent and Valais Ocean,
bordering the European margin, were not sutured to the Austroalpine units before the end of a second
orogenic cycle in the late Eocene. Another important boundary, running across strike and located
immediately east of the western end of the Eastern Alps, is formed by the sinistrally transpressive
Giudicaria belt. Sinistral shearing along the Giudicaria belt during the early Miocene caused north-
directed indentation of the eastern part of the Southern Alps and massive NS shortening in the Tauern
window. This was accompanied by lateral extrusion of the Eastern Alps E of the Brenner normal fault
(Ratschbacher et al. 1991), associated with dextral strike slip along the Periadriatic Line (Fig. 1).

The interpretation of the TRANSALP transect, shown in Fig. 2d, only partly follows the one
proposed by the TRANSALP Working Group (2002) regarding the near-surface structures, and
strongly differs in terms of the interpretation of the deep structure. According to our interpretation the
core of the Tauern window, made up of tectonic units derived from the European margin, has the
appearance of a positive flower structure (Dobrin and Savit 1988). While we agree with one of the two
models presented by the TRANSALP Working group (2002) regarding the continuation of south-
dipping Tauern-window reflectors beneath the Southern Alps S of the Periadriatic Line, inherited from
an initial stage of a south-directed subduction, we do not see enough evidence from the seismic data
presented by the TRANSALP working group for an Adriatic lower crustal wedge indenting the
European crust, as observed in the NFP20-EAST profile (see Fig. 2c). However, these data also are not
clear enough to demonstrate that the Adriatic Moho descends northward under the European
lithosphere, as drawn in Fig. 2d. However, in proposing the interpretation given in Fig. 2d we are
strongly guided by the acquired high-resolution tomography data in an area located further to the E
and near the TRANSMED transect VI (Lippitsch 2002; Schmid et al. 2003), data that will be further
discussed below.

3.3 Lithospheric structure
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Early models of lower lithospheric structure derived without crustal corrections

The above discussion on the TRANSALP section (Fig. 2d) and its relation to the more westerly
positioned Alpine transects makes it clear that we need detailed knowledge on the 3D structure of the
lower lithosphere and the lithosphere-asthenosphere boundary, at least in terms of P-wave-velocity
distribution. Any technique chosen has to resolve potential differences in the regional structure
between Western and Eastern Alps down to depths that at least correspond to the length of the
subducted lithospheric slabs. Over the years a considerable effort was made to gain more insight into
the relevant upper mantle structure. A critical summary of pre-1993 knowledge on lower lithospheric
structure was provided by Kissling (1993), who concluded that there must be thickened lower
lithosphere beneath or near the Alps, indicating a southerly and south-easterly dip under the Western
Alps. To a large extent, these early results were based on surface-wave analysis and travel-time
residual studies (Ansorge et al. 1992; Suhadolc et al. 1990; Babuska et al. 1990; Guyoton 1991; Viel et
al. 1991), as well as on seismic tomography using data sets of limited accuracy, or covering only a
small area in the SW Alps (Spakman 1991; Spakman et al. 1993; Cattaneo and Eva 1990). Methods
and resolution were, however, not sufficient for detailed imaging of the 3D structure and, in particular,
to properly resolve slab geometries. In the meantime travel-time tomography developed into a
reasonably powerful tool for the resolution of global and large-scale regional upper-mantle structures
by mainly using data collected by international seismic bulletins such as produced by the ISC.

Regarding the wider Alpine region, Fig. 11 depicts two important recent examples of an improved
technique for resolving upper-mantle structure, based on travel-time inversions (Bijwaard and
Spakman 2000; Piromallo and Morelli 2003). Both studies use the same ISC data with different
selection and resolution criteria in the inversion process, but they are derived without crustal
corrections. Fig. 11a depicts a vertical cross-section across the Eastern Alps through the model of
Piromallo and Morelli (2003) showing a diffuse subvertical high-velocity body under the Alps,
reaching down to the 410 km discontinuity. The section across the eastern part of the Western Alps
(Fig 11b), presented by Bijwaard and Spakman (2000), is also based on a large set of ISC first P-wave
arrival times. In this transect the high-velocity structure beneath the Alps appears to dip in a southerly
direction. At a larger scale, the models by Piromallo and Morelli (2003) and Bijwaard and Spakman
(2000) both postulate the presence of a high-velocity structure beneath the Alps, although in the latter
model this structure varies rather unsystematically in a horizontal direction and may even disappear
further E.

Summing up, these tomographic mantle models were derived without crustal corrections.
Furthermore, they were obtained by inversion of P-wave travel times determined with different
picking routines from seismograms recorded on a variety of seismographs and reported to ISC. The
significant error in the ISC data, and the lack of corrections for the effects of the 3D crustal
configuration, seriously limit the resolution of detailed regional tomography. Hence, these detected
lower lithosphere structures cannot be reliably correlated with the crustal structure, independently
deduced by tectonic and/or geophysical methods such as the profiles depicted in Fig. 2, nor can they be
used for discriminating between different hypotheses regarding the tectonic evolution of the Alpine
Orogen.

Models of lower lithospheric structure based on high-resolution teleseismic
tomography

In spite of the difficulties regarding the desired resolution, teleseismic tomography is a very valuable
tool for obtaining reliable structural information in depth ranges which are hard to assess in detail with
other methods. In order to increase the resolution of teleseismic tomography a new and alternative
approach was developed (Arlitt et al. 1999; Waldhauser et al. 1998, 2002). Firstly, this approach uses a
set of carefully selected teleseismic events with digital signals transformed to the same standard
recording response. Secondly, a uniform picking routine for seismic phases results in a highly
consistent data set. Finally and thirdly, a careful correction, accounting for 3D crustal contributions of
the observed travel times, is applied. An a priori known crustal velocity model allows for carefully
correcting the observed teleseismic travel times for crustal contributions (Waldhauser et al. 2002).
These may account for up to 50 % of the total travel-time residuals.

Selected teleseismic events, that are evenly distributed and recorded in the sufficiently dense
Austrian, French, German, Italian, Slovenian, and Swiss permanent seismic networks in the wider
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Alpine region were merged, complemented by the passive seismic network of TRANSALP (see
Lippitsch 2002; Lippitsch et al. 2003). The data set of this study consists of travel times of 4698
manually picked first arrivals from 79 events with even azimuthal distribution. Absolute travel times
from the selected events were used to determine an initial reference subcrustal velocity model for the
investigated area. Sensitivity and resolution tests with synthetic data show that a combination of non-
linear inversion, high-quality teleseismic data and the use of the a priori 3D crustal model permits to
reliably resolve structures of about 60 km linear length in the upper mantle in most areas of the
investigated region.

3.4. Seismic structure of the Alpine lithosphere derived by integrating crustal and
mantle structures

In the following we present the images of the lower lithosphere derived from high-resolution
tomography. Then their relation to the independently determined crustal transects discussed earlier
(Fig. 2) will be assessed, in order to construct lithosphere scale transects such as those presented in the
TRANSMED transect IV, V, and VI and to eventually achieve a unified lithosphere model for the
Alpine Orogen.

Fig. 12 is a detailed horizontal section (or map) of the Alpine lithosphere-asthenosphere system
representative for the 135 to 165 km depth interval. The continuous high velocity structure beneath the
Alps, found by Piromallo and Morelli (2003) in the same depth range, appears to be split into two
separate slabs located beneath the Western and Eastern Alps, respectively, both again following the
strike of the orogen. This separation is supported by strong differences in the structure of these two
slabs, also clearly visible in vertical transects, as discussed below.

The same horizontal section also reveals a pronounced negative velocity anomaly beneath the
eastern Po Plain. It remains unclear whether this is a singular and local feature, or alternatively, if it
represents the northern part of an extended low velocity structure in the Adriatic micro-plate, as
imaged by Piromallo and Morelli (2003).

It is important to note that the structures of the two major constituents of the lithosphere, the crust
and the mantle-lithosphere, were not simultaneously derived, but separately and over many years.
Hence, we cannot a priori expect that the locations of the crustal transects, selected on the basis of
surface tectonic or practical experimental criteria, are at the same time ideally located in terms of a
comparison with lower lithosphere sections. Firstly, Fig. 12, indicates the positions of three selected
lithospheric profiles A-A’, B-B’ and C-C’, that exhibit the very clear images of the newly derived 3D
lower lithosphere slab geometries depicted in Fig. 13. Secondly, Fig. 12 also indicates the positions of
the lithospheric profiles presented in Fig. 14, corresponding to the transects given in Fig. 2b, ¢ and d,
i.e. all profiles that happen to contain the well imaged crustal structures discussed earlier (Fig. 2).
These tomographic images illuminate the upper mantle down to depths of 400 km.

Transect B-B’ (Fig. 13b), located in the Western Alps and cutting at an angle across the
TRANSMED transect V (NFP-20 EAST), displays the clearest image of the present European-Adriatic
collision structure and related processes. European and Adriatic Moho, as derived from CSS surveys,
serve as guidelines in the otherwise unresolved crustal structure, and define the location of the suture
at depth. The high-velocity volume subducted to the SE, outlined by a dashed line, clearly
distinguishes the European lower lithosphere from the surrounding area exhibiting background
velocities and identifiable as asthenosphere at that depth range. The amount of more or less
undeformed subducted lower lithosphere, when interpreted to represent subducted continental
lithosphere, implies a shortening of about 120 km since the onset of continental collision. For the first
time this provides an independent measure of post-collisional shortening, against which palinspastic
reconstructions (such as presented in Fig. 5 and based on crustal structure) can be checked, assuming
that the transect runs parallel to the direction of subduction. Further high-velocity volumes visible
between 350 km and 400 km are not yet reliably identified. They might be remnants of earlier
subducted and detached oceanic lithosphere, as suggested by von Blanckenburg and Davies (1995).
Significant low-velocity bodies in the NW and SE are connected with the Rhine Graben Rift System
(Prodehl et al. 1995) and the Po Plain, respectively.

Transect A-A’ (Fig. 13a) coincides with the ECORS-CROP crustal cross-section (Fig. 2a),
incorporated into the lithospheric image at the appropriate scale and used as a basis for displaying
TRANSMED transect IV. Dotted lines indicate the CSS derived European and Adriatic Moho.
Continental European lower lithosphere is subducted ESE-ward beneath the Adriatic micro-plate, with
the high-velocity material reaching a depth of at least 400 km. The variation of the velocity pattern at
about 300 km depth may indicate a change in composition and origin of the subducted material at
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larger depth from continental to oceanic. The subduction angle clearly varies with depth, being
subvertical to 250 km. At Moho depth, the European lower crust (Fig. 2a) ends against the adjacent
high-velocity Ivrea body, and hence must bend into a subvertical position (Schmid and Kissling 2000).
At about 100 km depth, the deeper parts of the European continental lithosphere are detached. Sue et
al. (1999) also invoked slab detachment under the Western Alps in order to explain extensional
earthquake mechanisms. The detachment may be accompanied by additional upwelling of
asthenospheric material into a pronounced low-velocity region located immediately to the W of the
locus of detachment, at 100-150 km depth in Fig. 13a.

The third transect C-C’ (Fig. 13c), is representative for the mantle structure in the Eastern Alps. It
lies E of the TRANSALP traverse (Fig. 12) and intersects profile EASTERN ALPS (TRANSMED
transect VI), immediately E of the Tauern window. This transect again reveals a rather obvious
subduction pattern. However, very surprisingly, the subduction polarity is opposite to that found in the
Western Alps. The European lithosphere here represents the overriding plate. For obvious reasons, this
configuration had to be chosen for presenting the lithospheric geometry in TRANSMED transect VI as
well. In section C-C’ through the 3D lithospheric model, the Adriatic lower lithosphere is found to
have been subducted to the NE and beneath the European Plate down to a depth of 270 km. Using the
suture between European and Adriatic Moho as reference, the total shortening since collision amounts
to some 210 km, significantly more than observed for the SE directed subduction along transect B-B’
further to the W. There is no indication for a detachment of the subducted lower lithosphere within the
observed depth range. Transect C-C’ reaches the Po Plain low-velocity anomaly, seen much clearer on
Fig. 12, near its SW end.

The 3-D tomographic model leaves no doubt, that the dip direction of the subducted slab flips from
a SE to a NE direction between transects B-B’ and C-C’, this flip occurring over a relatively short
distance of about 80 km and between the two separate high-velocity volumes depicted in Fig. 12. This
important transition occurs roughly beneath the Giudicaria tectonic lineament (Fig. 12) and beneath
the TRANSALP profile given in Fig. 14c.

Fig. 13 presents the most important and clearest features concerning the structure of the Alpine
mantle-lithosphere and its lateral variations in the form of representative lithosphere cross sections.
The locations of these ideally chosen mantle sections do not coincide with the available crustal
transects given in Fig. 2, except for transect A-A’. Hence, the lower-lithosphere and crustal structures
were imaged for the remaining transects in Fig. 14.

The profile along the NFP20 WEST transect (Fig. 14a) shows crustal and lithospheric features that
are nearly identical to those found in the ECORS-CROP transect shown in Fig. 13a, and confirms the
sense of subduction and also the important role of the Ivrea body (Schmid and Kissling 2000). The
transect given in Fig. 14b follows NFP 20 EAST/EGT and presents the basis for constructing
TRANSMED transect V, running across the eastern margin of the Western Alps. It obliquely crosses
transect B-B’ (Fig. 13b). A careful analysis of the crustal data (Holliger and Kissling 1992; Pfiffner et
al. 1997; Schmid et al. 1996a; Valasek and Miller 1997) led to the conclusion that a wedge of
relatively rigid lower Adriatic crust was inserted into the European crust (Fig. 2c). Consequently, the
sheared-off European lower crust was possibly subducted, together with its mantle-lithosphere, as
interpreted in TRANSMED transect V. However, teleseismic tomography cannot resolve such detailed
features within the subducted volume. Yet, as seen in Fig. 14b, the upper or lower boundary of the
European lower crust can easily be extrapolated into the outlines of the SE-ward subducted high-
velocity lower lithosphere.

The transition between the observed opposite subduction regimes between western and Eastern
Alps can be seen on NS transect IV, running along the TRANSALP profile shown in Fig. 14c.
Features of lower crustal wedging and indentation in profile view, as observed further W, are now
replaced by a relatively narrow collision structure, located beneath the western end of the Tauern
window, where the Giudicaria Line joins the Periadriatic Lineament (Schmid et al. 2003). The
extended flat-lying piles of nappes observed in the W are here dramatically steepened up and the
structure upholding the Tauern window very much resembles a large-scale flower structure, as
commonly seen in sediments (Dobrin and Savit 1988). The polarity of subduction is not obvious, as is
the case either further E (Fig. 13c) or further W (Fig. 13b) from the 2-D section alone. A series of
additional cuts through the tomographic model not shown in Figs. 13 and 14, however, make it clear
that the lithospheric structure of this profile resembles that which predominates beneath the
easternmost Alps (Fig. 13c). A subvertical moderately high-velocity structure, without sharp
boundaries, extends to 220 km depth into the surrounding asthenosphere. Parts of the diffuse
geometrical outlines of the high-velocity material are caused by EW averaging of grid elements over
about 100 km. This results in the inclusion of structural features from the western as well as the eastern
subduction systems. Possibly, the derived tomographic image only reflects the northern end of the
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deep reaching left-lateral Giudicaria shear zone, along which no clear direction of subduction can be
defined.

3.5 Conclusions and application of results of high resolution tomography to the Alpine
TRANSMED transects

Careful analysis of the actively acquired seismic data for the crust evidenced the presence of different
types and mechanisms of crustal wedging and indentation. These include features such as (1) back-
thrusting or doubling of lower European crust as a consequence of its collision with the deep reaching
rigid Ivrea part of the Adriatic micro-plate in the W (Fig. 2a and TRANSMED transect IV, Fig. 2b),
and (2) wedging of lower Adriatic into European crust, implying intense shearing at the interface
between upper and lower crust, leaving the European lower crust closely connected to its mantle-
lithosphere (TRANSMED transect V, Fig. 2c). Another transect, i.e. TRANSALP through the Eastern
Alps (Fig. 2d), positioned near the transpressive Giudicaria Line, lacks wedging within the lower crust.
Note that Kummerow et al. (2003) have derived an independent and alternative NS cross-section that
features the Moho along the TRANSALP transect based on receiver function analysis. In an area
between the northern Molasse Basin and the centre of the orogen this cross section agrees with our
compilation that is based on earlier CSS data and the new TRANSALP data. It differs, however,
significantly in the southern part. There these authors propose a sub-horizontal crust-mantle boundary
at 40 km depth. In contrast to transects mentioned so far, the crustal configuration along transect
EASTERN ALPS (TRANSMED transect VI, Fig. 2e) is ill defined (Fig. 2e). For constructing this
transect we made use of the Moho compilations provided by Dezes and Ziegler (2004), essentially
based on Waldhauser et al. (1998). Concerning the geometry of the Moho near the interface of the
European and Adriatic plates along this transect (and along the TRANSALP section) we were
exclusively guided by the lithospheric configuration provided by the high-resolution tomography.

The mechanism, by which large portions of crust and mantle-lithosphere disappeared during the
latest continental collision process, as well as the location of the subducted remnants, remained a topic
of discussion since the early hypothesis of “Verschluckung” (Laubscher 1970). Miller (1997)
provided evidence for a of deeply south-dipping lithospheric root. South-dipping subduction in the
Central Alps was also postulated and suggested based on the interpretation of active seismic and
geological data, as well as seismic tomography (Fig. 11b) (Spakman et al. 1993; Pfiffner and Hitz
1997; Stampfli and Marchant 1997; Bijwaard and Spakman 2000).

The present work, which is based on the construction of a representative 3D crustal model for
crustal travel-time corrections, combined with the use high-quality teleseismic travel-time data,
provides a quantitative assessment of the length of lithospheric slabs, that significantly varies along the
orogen (Figs. 13a, b and c). Based on the estimates of post-collisional crustal shortening along the
EGT and ECORS-CROP transects (Schmid and Kissling 2000) we identify the slab beneath the
Central Alps to represent lower continental lithosphere (Figs. 13b and 14b). The detached slab beneath
the inner arc of the Western Alps (Figs. 13a and 14a), however, is likely to contain continental and
oceanic lithosphere. This strongly supports the model by von Blanckenburg and Davies (1995) who
postulated (oceanic) slab break-off early during collision, at least for parts of the Alpine subduction
zone.

The increased resolution allows for separating the two opposing subduction regimes in the Western
and Eastern Alps, respectively, whose 3-D orientation suggests an angle of around 90 degrees between
the two slabs. Note that in 3-D the European slab dips to the SE beneath the Western Alps, while the
Adriatic slab in the Eastern Alps dips to the NE. This complex Alpine subduction system is obviously
spatially connected with significant, deep-reaching left-lateral strike slip motion along the Giudicaria
Line. We tentatively propose that the continental Adriatic lower lithosphere subducted to the NE
beneath the Eastern Alps represents a remnant of the Eocene orogeny in the Dinarides, characterised
by NE-directed subduction according to geological evidence. This piece of lithosphere is interpreted to
have been laterally displaced and inserted into the Alps by dextral movements along the Periadriatic
Line, combined with sinistral transpression along the Giudicaria Line during the last 20 Ma. The
reason for the detachment of the European slab at shallow depth (120 km) under the western transects
ECORS-CROP and NFP20 WEST is unclear. It is possibly linked to the presence of strong Adriatic
lower crust and mantle-lithosphere (Ivrea body), indicating that crust and mantle-lithosphere have to
be studied as layers of different mechanical strength, and that this strength strongly varies laterally.
The new 3D lithospheric picture for the wider Alpine region down to 400 km depth demonstrates the
tight connection between the deep structure of the lithosphere-asthenosphere system and near-surface
tectonic features. It provides new and unexpected evidence for the younger Alpine tectonic evolution,
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a process that obviously induced significant changes in the architecture of the Alps and their
lithospheric roots from W to E.

The lithospheric configuration shown in the three Alpine TRANSMED transects is almost entirely
based on the tomographic model of Lippitsch (2002) and Lippitsch et al. (2003) discussed above.
Given the fact that the geometry of the high P-wave volumes is consistent with crustal geometries,
inferred by independent methods, we assumed that the high P-wave velocity volumes roughly outline
the geometry of the lithospheric slabs. Hence we contoured the outlines of these high P-wave velocity
bodies in the simplest possible way, keeping in mind the inaccuracies involved in assigning P-wave
velocities to the mantle, allowing to reliably resolve structures of about 60 km linear length in the
upper mantle in most areas of the investigated region.

The most speculative part of the interpretations offered in the TRANSMED profiles concerns the
exact geometry of the interface between crustal roots and mantle-lithospheric slabs. We are aware that,
due to imbrications and/or ductile flow, there probably is no simple and sharp boundary between
eclogitised crustal roots and the surrounding mantle. Also, processes such as on-going delamination of
the mantle-lithosphere from the crustal roots, as tentatively drawn in case of TRANSMED transect V,
may complicate this geometry. Since the wedging geometry of the Adriatic and European lower crust,
as discussed above, suggests that the bulk of the lower crust is made up of high strength material, at
least to a depth of some 50 km, we assigned a simple isopach geometry for the lower crustal roots,
being aware that this is debatable and contradicts widely accepted views concerning a “weak lower
crust”. However, in spite of these difficulties, we regard the integration of crustal structures, derived
from a combination of geological and geophysical methods, with the structure of the mantle,
independently derived from high-resolution tomography, as sound. In this sense we hope that the
TRANSMED transects will serve as good starting models for understanding Alpine geology at a
lithospheric scale.

4. Data and interpretation of the crustal structure depicted in the
TRANSMED transects

While constructing the Alpine TRANSMED transects IV-VI we applied the technique of axial
projection of tectonic units (nappes) along strike, a classical method applied in Alpine geology since
the pioneering days of Argand (e.g. Argand 1916). Of course, this method assumes a cylindrical
geometry, i.e. it excludes along-strike changes. This assumption does not lead to serious errors, as long
as the projection distance does not exceed a few tens of kilometres. Due to the presence of an axial
plunge, particularly pronounced in case of TRANSMED transect V, considerable extrapolation is not
only possible down-plunge, but also up-plunge, i.e. above the present-day surface of the earth.

It is important to note, however, that erosion acts simultaneously with orogeny. Hence, some of the
tectonic units that we placed high (up to 20km) above the earth’s surface have in fact never been at
that elevation. However, such structures undoubtedly existed at lower elevation, albeit in modified
form, during earlier orogenic stages (see serial reconstructions in Fig. 5). Nevertheless, we found it
desirable to depict them in order to better understand the architecture of the spectacular Alpine
collisional orogen and its temporal evolution.

4.1. TRANSMED transect IV (ECORS-CROP)

Alternative interpretations of deep crustal configuration

Previous interpretations of the deep crustal structure along the ECORS-CROP profile heavily relied on
results of a wide-angle seismic experiment consisting of 5 radial fans (Hirn et al., 1989; Thouvenot et
al., 1990). These data, together with results from gravity modelling (Bayer et al., 1989, 1996), led
Nicolas et al. (1990, 1996) to propose the presence of an intermediate Moho reflector at a depth of
about 30km beneath the Gran Paradiso Massif (reflector II in Nicolas et al., 1990, their Figure 4),
underlain by a mantle wedge which connects eastward with the mantle part of the Ivrea geophysical
body. Nicolas et al. (1990, their Figure 7) proposed that this mantle wedge was sliced off from the
European lithosphere during lithospheric scale wedging. Alternatively, Roure et al. (1990, their Figure
6) interpreted this mantle wedge below reflector II to be directly connected with the mantle of the
Adriatic lithosphere, indicating wedge-shaped indentation of Adriatic lithosphere into the European
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lithosphere, a model similar to interpretations along the NRP-20 East profile (Pfiffner, 1992; Schmid
et al.,, 1996a). Another alternative interpretation is given in Marchant (1993) and Marchant and
Stampfli (1997). More recently, Roure et al. (1996a, their Figure 1b) proposed that the high-density
material beneath reflector II, the presence of which is indicated by gravity data (Bayer et al., 1989,
1996), does not represent mantle material at all, but could be made up of duplexes derived from the
European lower crust. In fact, this third option offered by Roure et al. (1996a) is in fairly close
agreement with our interpretation presented below.

Interpretation of deep crustal configuration

The deep crustal configuration shown for the TRANSMED transect IV follows that proposed by
Schmid and Kissling (2000). It is primarily based on migrated high-angle reflection-seismic data of the
ECORS-CROP transect, provided by Sénéchal and Thouvenot (1991). The migration provided by
Sénéchal and Thouvenot (1991), based on the principle of the common tangent of two spherical wave
fronts, served as the basis for the geological interpretation of the deeper crust (see Schmid and Kissling
for more details). Key reflectors of the migrated ECORS-CROP data were orthogonally projected into
a straight profile trace (Fig. 1).

Our interpretation incorporates also the results of wide-angle reflection and refraction seismic
experiments (Ansorge, 1968; Hirn et al., 1989; Thouvenot et al., 1990). Rather than projecting the
wide-angle reflection data onto the ECORS-CROP transect (Thouvenot et al., 1990), we followed the
procedure outlined in Kissling (1993) and Waldhauser et al. (1998) to establish a 3-D crustal model
with the experimentally determined seismic reflector elements located where they were actually
imaged (see Fig. 7).

Parts of the top of the European lower crust beneath the most external parts of the Alps could be
placed at the top interface of a band of strong reflectors evident on the migrated reflection data
(Thouvenot et al., 1990) of the ECORS-CROP profile. Reflections located close to those of “reflector
IT” detected by the wide angle experiment of Hirn et al. (1989), were interpreted to represent the
interface between the lower and upper European crust, rather than the top of a mantle slice, as
proposed by Nicolas et al. (1990). This re-interpretation, together with other arguments outlined
below, resulted in the postulated duplication of the entire European lower crust, the thickness of which
is defined in the foreland (Schmid and Kissling 2000). This re-interpretation is compatible with the
gravity data discussed by Bayer et al. (1989)

Unfortunately, the European lower crust looses its characteristic high-reflectivity towards the more
internal parts of the Alps, a feature that is common to all seismic traverses across the Alps.
Consequently, the exact thickening geometry of the European lower crust is not well constrained by
seismic profiling, except for the Moho depth. We are aware of the fact, that the proposed lower crustal
wedging might be considerably more complex than depicted in TRANSMED transect I'V.

One of the key features, particularly well visible on un-migrated line drawings of the ECORS-
CROP seismic reflection profile (Damotte et al., 1990), additionally supports wedging of European
lower crust: a bundle of NW-dipping reflectors is discordant with respect to several SE-dipping events
evident on the ECORS-CROP transect (see discussion in Schmid and Kissling 2000). This group of
NW-dipping reflectors is taken to mark a foreland-dipping shear zone, or back-thrust, above the tip of
the allochthonous European lower crust.

Furthermore, the interpretation in terms of wedging of European lower crust, discussed above, also
heavily relies on the results of crustal 3-D tomography, based on well-located seismic events provided
by Solarino et al. (1997). The NW boundary of the pronounced high-velocity perturbation,
corresponding to the Ivrea geophysical body (a thick slab of predominantly mantle material, see
Kissling 1984) appears steeply E-dipping to subvertical everywhere within the 3-D model of Solarino
et al. (1997), that spans the arc of the Western Alps. The high-velocity Ivrea body abruptly terminates
towards the WNW, adjacent to a low-velocity perturbation found at a depth of 20-35km (see Schmid
and Kissling 2000, their Plate 2), which indicates that the wedges of European lower crust are clearly
separated from the Ivrea mantle material down to a depth of 45 km by low velocity material,
interpreted to mark the suture between the European and Adriatic lithospheres (TRANSMED transect
IV; Subpenninic nappes, Valais and Piemont-Liguria sutures as depicted in Fig. 2a).

A group of strong subhorizontal reflections, evident on the migrated ECORS-CROP profile
(Sénéchal and Thouvenot 1991), connects with two SE-ward dipping bands of high reflectivity, whose
up-dip projection to the surface correlates with the Valais suture zone and the Penninic frontal thrust at
its base (Antoine 1971; Mugnier et al., 1996; Marchant, 1993; Fugenschuh et al. 1999; Loprieno 2001;
Ceriani et al. 2001). Hence, the geometry of the base of the Valais suture (“Valaisan” in Fig. 2a) is
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rather well constrained. All material below this Valais suture is inferred to be of more external origin
with respect to the Valais suture and, therefore, assigned to the European lithosphere (Fig. 2a), which
lends further support the postulate of wedging of the European lower crust below the Valais suture as
shown in TRANSMED transect IV. Note, that closing of the Valais Ocean predates Oligocene to
Early Miocene top-WNW thrusting at the Penninic frontal thrust, and is related to earlier (Eocene) top-
N nappe stacking (Loprieno 2001; Ceriani et al. 2001).

In the more internal parts of the Alps crossed by TRANSMED transect IV the top of the Ivrea
mantle rocks corresponds to reflector III of the wide angle experiment (Nicolas et al., 1990), and is
also evident on the migrated ECORS-CROP reflection seismic line (Sénéchal and Thouvenot 1991) by
a SE-dipping band of strong reflectors. In combination with the position of the Adriatic Moho given
by Waldhauser et al. (1998), the up-bent geometry of the Adriatic lower crust, resting directly on the
Ivrea mantle material, is well constrained. The up tilted NW edge of the Adriatic Moho can be directly
correlated with the top of the Ivrea mantle slab. The Adriatic crust appears to be dissected by a group
of back-thrusts that are buried beneath the sediments of the Po Plain, shown in the transect according
to the interpretation of Roure et al. (1990).

Our interpretation of the deep crustal structure of the TRANSMED transect IV suggests that the
allochthonous European lower crust slice acted as a flow-resistant wedge. The geometry of this
wedging is analogous to a scheme proposed by Roure et al. (1990, their Figure 7) for the same
ECORS-CROP section. Wedging of the lower crust, also found along the other Alpine transects (see
discussion in chapter 3), implies a flow-resistant feldspar-dominated rheology for the lower crust and
the activation of detachment surfaces at its top and near its base (Moho), respectively. Such a postulate
is not unrealistic in the light of the concept of rheological stratification applied to a 2-layer (quartz and
feldspar-dominated) crust (see Ranalli and Murphy, 1987; Handy 1989). We make use of the term
“lower crustal wedge” rather than "wedge-shaped geometry of lower crust", being aware that, given
our geometric-kinematic approach, rheological inferences remain speculative.

Interpretation of near-surface structures

The configuration of the Bresse graben is based on seismic profiling and drill hole data compiled by
Bergerat et al. (1990). The structure of the NW foreland is drawn according to Philippe et al. (1996)
concerning the Jura Mountains, and according to Guellec et al. (1990) and Mugnier et al. (1996)
concerning the Chaines Subalpines. The suspected frontal thrust of the Belledonne Massif shown in
this transect (see also Fig. 2a) can only take up part of the total shortening of 55 to 60 km indicated by
profile balancing (some 30 km in the Jura cover sequence plus around some 28 km in the Chaines
Subalpines) according to (Guellec et al., 1990). Hence, much of the shortening within this Mesozoic
cover has to be taken up in the internal Belledonne and the M. Blanc Massifs, including the Penninic
frontal thrust (see discussion in Mugnier et al., 1996). Shortening within the NW foreland occurred
during an early Miocene phase (post-25 Ma, probably during the Aquitanian) in case of the frontal
thrust of the Chaines Subalpines, but during a later phase (Late Miocene to Pliocene) in case of the
Jura Mountains (stratigraphic constraints discussed in (Guellec et al. 1990; Mugnier et al. 1990, 1996;
Dezes et al in press).

The Valaisan domain, a separate and more external oceanic suture zone with respect to the
Piemont-Liguria Ocean (Frisch, 1979; Stampfli, 1993; Froitzheim et al., 1996), is thrust onto the
allochthonous cover of the M. Blanc Massif (Ultradauphinois) along the most spectacular feature
evident on reflection seismics: the Penninic frontal thrust. Details within the Valaisan domain (Plate 1)
are drawn according to a recent structural analysis by Loprieno (2001); for a short summary see
Fugenschuh et al (1999). Up-dip projection of two bands of high reflectivity, referred to earlier,
indicates that these two bands correspond to the Ultradauphinois cover below the Versoyen unit
(prasinites, interbedded with shales) and above the Pennine frontal thrust. Hence this late thrust,
including the Versoyen unit, can be followed down to a depth of almost 15 km before it flattens out,
according to our interpretation of the deep structure. The age of the Penninic frontal thrust is by now
rather well constrained by fission track data (Fugenschuh and Schmid 2003) to be of Oligocene to
Early Miocene age. This "Penninic frontal thrust" (brief "Penninic front", see Fig. 2a) denotes a late
stage WNW-directed thrust, which post-dates earlier (i.e. Latest Eocene) top N stacking within the
Valais domain (Fugenschuh et al., 1999; Loprieno 2001; Ceriani et al. 2001), associated with the
decollement and thrusting of presently more externally located Penninic cover nappes, such as for
example the Préalpes Romandes (Mosar et al., 1996; Bagnoud et al., 1998).

The large-scale structure within the more internal Penninic units attributed to the Briangonnais
micro-continent (Gran Paradiso Internal Massif, Zona Interna or Vanoise-M. Pourri unit, Ruitor unit
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and Zone Houlliere; Bucher at al. 2003), as drawn in the older version of the ECORS-CROP profile
published by Schmid and Kissling (2000) based on literature data (e.g. Ballevre and Merle 1993;
Baudin 1987; Caby 1996; Elter 1972; Fabre 1961; Gouffon 1993; Vearncombe 1985), was modified
according to new structural and metamorphic investigations by Bucher et al. (2003). This work (and
Bucher et al., in press) revealed the occurrence of large-scale post-nappe folding of the more external
Brianconnais-derived basement nappes in front of the Gran Paradiso Massif (Fig. 2a): namely the
Ruitor basement unit and the Zona Interna or Vanoise-M. Pourri basement unit (Caby, 1996). This
large scale post-nappe folding has to predate zircon fission track cooling ages of about 30 Ma obtained
from the Gran Paradiso Massif (Hurford et al., 1991), indicating that before 30 Ma temperatures fell
below those required for crystal plastic deformation under greenschist facies conditions. Note, that
such large-scale nappe re-folding also characterises those parts of the TRANSMED transect V that are
found in front of the Brianconnais-derived Tambo and Suretta nappes (Fig. 2c¢) and which formed
contemporaneously (“Niemet-Beverin” phase of Fig. 4).

The region to the SE of the Gran Paradiso unit has been drawn according to the interpretation given
by Roure et al. (1990). According to these authors, SE-directed thrusting, detected in the subsurface of
the Po Plain, is of early Neogene age (around 25-22 Ma). Post-Oligocene upturning of the Ivrea Zone,
related to this back-thrusting, is compatible with paleomagnetic evidence from Oligocene dykes
intruding the western margin of the Ivrea Zone (Schmid et al., 1989). Thrusting within the eastern Po
Plain east of the Ivrea Zone affected Oligocene to Aquitanian deposits (Gonfolite group), but is sealed
by a Burdigalian unconformity.

Regarding the further continuation of the transect into the Po Plain, we followed profile Nr. 13 of
Pieri and Groppi (1981), and integrated drill hole data, as well as seismic interpretations given therein.
Regarding the deeper parts of the profile, interpretations given by Cassano et al. (1986, their Fig. 30)
were adopted. The profile ends at drill hole Battuda, that is also traversed by TRANSMED transect V.
Comparison with the latter transect shows that the middle Miocene and younger formations, which
appear undeformed in the transect described here, are in fact involved in foreland-propagating
deformation in transect V. However, post-Burdigalian and pre-Messinian southward propagation of
the South Alpine thrust front does not reach TRANSMED transect IV situated south of this
deformation front. Moreover, this South Alpine thrust front is known to die out westwards and hence
does not cross TRANSMED transect IV (see Schumacher and Laubscher 1996 for further discussions).
Miocene to recent northward-propagation of deformation in the westernmost northern Apennines,
building up the Monferrato hills near Torino, stayed south of TRANSMED transect IV and is hence
not visible in it.

Summary of timing constraints and 3-D kinematics

Constraints available suggest that all the major structures characterising the large-scale geometry of
the Alpine part of TRANSMED transect IV formed during Oligocene and Neogene times (i.e. after 35
Ma), as schematically sketched and summarized in Fig. 9. Hence, most of the deformation visible in
the NW-SE to WNW-ESE oriented ECORS-CROP section post-dates Early Tertiary collision and
nappe stacking which was top-N, as is shown in Fig. 10, and which led to at least 350 km N-S-directed
convergence in the eastern Central Alps between 65 and 35 Ma (Schmid at al. 1996a; see also Fig. 5).
Tectonic activity, related to Tertiary collision, certainly also affected the Western Alps, but since this
earlier nappe stacking is demonstrably associated with top-N displacements (Fuigenschuh et al. 1999;
Ceriani et al. 2001; Loprieno 2001) it cannot be properly imaged in the ECORS-CROP section.

The present-day arc of the Western Alps appears to be pre-structured by head-on Tertiary collision
in the Central and Eastern Alps (see Fig. 5) and oblique collision associated with pre-35Ma sinistral
transpression in the Western Alps, as is shown in Fig. 10 (see discussion in Schmid and Kissling
2000). After 35 Ma the arcuate shape was accentuated by a change towards WNW-directed movement
and anticlockwise rotation of the Adriatic micro-plate (Fig. 10). Strain partitioning along the E-W
striking parts of the Periadriatic and Rhone-Simplon shear zones (Fig. 1) permitted this WNW-directed
movement to transmit significant amounts of WNW-directed transport into the Penninic units and the
European foreland of the Western Alps (Ceriani et al. 2001), while shortening continued in a N-S-
direction in the Central Alps (Schmid et al. 1996a). This also led to orogen-parallel extension and
exhumation of the Lepontine dome. Post-35 Ma shortening along TRANSMED transect IV is
estimated to amount to a mere 124km, as is shown by the vector triangle given in Fig. 9 (see detailed
discussion in Schmid and Kissling 2000).

Peak pressure conditions in the most internal parts of the section derived from the internal parts of
the Briangonnais micro-continent (Zona Interna, Gran Paradiso unit) and the Piemont-Liguria Ocean
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were reached at 50-43 Ma ago in the tectonic units derived from the Brianconnais domain (Dal Piaz et
al. 2001, Bucher et al. in press). Note, however, that in the still more internal Sesia unit peak pressures
were reached even earlier, i.e. near the Cretaceous-Tertiary boundary (Gebauer 1999; Dal Piaz et al.
2001). Exhumation and nappe stacking of the Penninic units took place during D2 (43-35 Ma) and led
to exhumation of the Penninic high-pressure units of the Western Alps by extrusion within and parallel
to a subduction channel (Bucher et al. 2003). Finally, large-scale nappe refolding (D3; 35-31 Ma),
associated with subhorizontally oriented axial planes, indicating vertical shortening of a part of the
former nappe pile in front of a very thick Gran Paradiso unit and below the Dent Blanche Austroalpine
klippe, led to the final geometry, as shown for the internal Alpine parts of the transect.

It is important to note that all deformation that pre-dates top-WNW thrusting along the Roselend
thrust, initiating at about 32 Ma ago, was related to sinistral transpression in the area of the future arc
of the Western Alps (Schmid and Kissling 2000; Ceriani et al. 2001), as was first postulated by Ricou
and Siddans (1986). These deformations predate top-W thrusting along the Roselend thrust, initiating
at about 32 Ma ago (Fugenschuh and Schmid 2003). During this post-32 Ma deformation in the
external Western Alps (Fig. 9), following the closure of the Valais Ocean, the internal units of the
study area were only passively transported to the west, leading to their final exhumation by erosion at
around 30 Ma (Hurford and Hunziker 1989; Fugenschuh and Schmid 2003).

From the Early Miocene onwards, fore- and back-thrusts were simultaneously active (Fig. 9).
Deformation now started to propagate away from the Penninic front and into the European foreland.
According to Fugenschuh and Schmid (2003) this thrust propagation led to thrusting of the M. Blanc
External Massif and the onset of its exhumation, together with the internal Dauphinois cover and the
northern frontal Penninic units (Valaisan) between 20-15 Ma, causing their erosion upon tilting in the
back-limb of the culminations of the external massifs (Belledonne and M. Blanc Massifs, Fig. 2a).
Thrusting also propagated into the Po Plain, albeit in moderate form, during Early Miocene times.
Note however, that this thrusting is sealed by a Burdigalian unconformity (Roure et al. 1990). Hence,
in contrast to what is observed further east in TRANSMED transects V and VI, deformation stopped in
Mid-Miocene times in the part of the western tip of the Adriatic micro-plate that is traversed by
TRANSMED transect IV.

Later stages of foreland thrusting were confined to the European foreland, where a latest stage of
thrust propagation, beginning at about 12 Ma, is related to further imbrications by thrusting in the
external Belledonne Massif and shortening within the Jura Mountains (Fig. 9). Hence, the thrust front
jumped by some 80 km into the foreland and finally reached the margin of the Bresse graben
(Burkhard and Sommaruga 1998).

4.2. TRANSMED transect V (NFP-20 EAST)

Interpretation of deep crustal configuration

This transect was part of the European Geotraverse (EGT), a geophysical traverse running from
Scandinavia to North Africa (Blundell et al. 1992). At the same time it was part of a project of the
Swiss Science Foundation (NFP-20), the results of which (together with results regarding the traverse
NFP-20 WEST, given in Fig. 2b) were published in Pfiffner et al. (1997).

Along this transect, the lower crust is generally characterized by a significant increase in P-wave
velocities with respect to the upper crust (Fig. 4) and by the onset of high reflectivity (Pfiffner and
Hitz 1997). In the Alpine part of the transect, the upper and lower boundaries of the lower crust are
similar to, but not identical in their position with the C1/C2 (top of the lower crust) and M1/M2
(Moho) layers as defined by Valasek (1992). The positions of these lower crustal interfaces are
basically drawn after the results of refraction work (Ye 1992; Buness 1992), combined with an
integrated interpretation of both refraction and reflection seismics (Holliger and Kissling 1992), as
shown in detail by Schmid et al. 1996a (their plate 1).

The seismic velocities from Ye (1992) and Buness (1992), as shown in Fig. 6, also support other
details of the interpretation given in TRANSMED transect V. Note that the velocities of around 6.5 to
6.6 km sec’, typical for the lower crust (with a notable exception for the lower crust of the N
foreland), contrast with values between 6.0 and 6.2 km sec’, typical for the lower parts of the upper
crust. Upper crustal low velocity layers are found in the basement of the external Molasse Basin at a
depth of about 10km (5.8 km sec™). Upper crustal velocity inversions are also found within the lower
Penninic nappes and beneath the Southern Alps (see Fig. 6 and Ye 1992 for details).
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Furthermore, the position of the lower and upper boundaries of the lower crust is constrained by
migrated wide-angle reflection data (modified from Hollinger and Kissling 1992; Ye 1992). It is
important to stress the fact that the position of these interfaces and reflections within the lower crust is
closely controlled by seven refraction profiles oriented parallel to the strike of the Alps (Holliger and
Kissling 1991, 1992). These profiles intersect the TRANSMED transect V and the EGT refraction
profile (Ye 1992). Hence, there is considerable 3-D control on the position of the reflectors within the
lower crust. The procedure for their depth migration within the EGT profile is outlined in Holliger
(1991) and Holliger and Kissling (1991, 1992).

During the integration of reflection- and refraction-seismic results, major reflections of the
composite NFP-20 reflection lines E1, S1, S3 and S5 (for their locations, except that of S1 given in
Fig. 8, see Pfiffner et al. 1997) were in a first step converted into digitized line drawings according to a
procedure outlined by Hollinger (1991). In a second step, these digitized line drawings were projected
into the EGT line coinciding with the E1 line of NFP-20. In a third step, the data were migrated in the
N-S section (Holliger and Kissling, 1991). This projection was necessary to arrive at a more complete
picture of this transect, because El, coinciding with the EGT transect, terminates well N of the
Insubric Line, that is well imaged in line S1, whose position is given in Fig. 8. For this projection
Schmid et al. (1996a) followed Holliger (1991) and Holliger and Kissling (1991, 1992) arguing, that
the integrated effects of structures at mid- and lower crustal levels are best reflected by the Bouguer
gravity map (corrected for the effects of the Ivrea body, Kissling 1980, 1982). This ultimately (i.e.
after migration) led to the deep crustal configuration as shown in TRANSMED transect V.

The following additional arguments support the procedure chosen: (1) Refraction work carried out
along the EGT line (Fig. 6) provides independent evidence for the presence of a large lower crustal
wedge beneath the Alps, that is compatible with the refraction-based model of Ye (1992), and
additionally, the projected and migrated line drawings of the major reflectors. (2) The axial dip of the
Alpine nappes to the E is discordant with respect to the European lower crust and Moho,
independently indicating strong decoupling between the lower and upper crust. (3) There is excellent
consistency between refraction and reflection data regarding the Insubric Line, which can be traced to
great depth.

Within the Adriatic lower crustal wedge occur reflectors that cross each other in many places (see
plate 1 in Schmid et al. 1996a). This points to some problems concerning either lateral continuity of
this wedge or, alternatively, the projection and/or migration procedure. However, as pointed out by
Holliger and Kissling (1992), this lower crustal wedge may in fact have a complicated, sheared
internal structure and may represent a mélange body consisting of predominantly Adriatic lower crust
and some material of oceanic crustal origin, having a density slightly higher than that of "normal"
lower crust. It is clear, however, that this zone of high reflectivity is largely contained within the lower
crustal wedge outlined by the refraction-based EGT crustal model (Fig. 6).

Steeply inclined reflectors, obtained along S1, are related to the Insubric Line (Bernoulli et al.
1990; Holliger 1991; Holliger and Kissling 1991; 1992), but project in the NFP-20 EAST section into
a position 5-10km north of the Insubric Line. However, due to possible errors in projection and
migration techniques, the exact location of these reflectors in relation to the Insubric mylonite belt
remains speculative. In view of the parallelism between the Insubric mylonite belt and northward
adjacent “Southern Steep Zone” (Schmid et al. 1989), these reflectors certainly document flattening of
the Insubric mylonite belt at depth to an inclination of about 45°, from the 70° measured at the surface
(Schmid et al. 1987, 1989), as shown in the TRANSMED transect V.

In the TRANSMED transect V, the upper boundary of the European and Adriatic lower crust,
respectively, is not very well constrained in those parts of the northern and southern forelands of the
Alps, where only refraction data are available. However, the position of the Moho is rather well
constrained, as discussed in chapter 3 (see Fig. 7). Note, that up-warping of the Moho, and
consequently also of the upper boundary of the lower crust, between Southern Alps and Apennines is
rather well constrained. Furthermore, the position of this Moho arch coincides with an upper mantle
low-velocity anomaly, as seen in Fig. 12.

A very remarkable and rather well constrained offset of the Moho occurs at the front of the
easternmost Northern Apennines (see Figs. 6 and 7), as shown near the south-western end of the
TRANSMED transect V, where the Ligurian Moho overrides the Adriatic Moho, presumably along a
steep thrust and/or transpressive strike slip zone. As suggested by the data shown in Figs. 6 and 7, and
confirmed by recent findings of Finetti et al. (2001) along a more southerly located transect through
the northern Apennine, Moho-offsets and crustal-scale imbrications seem to be a common feature of
this orogen.
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Interpretation of near-surface structures

In the northernmost part if the transect, the data concerning the position of the basement top, the
thickness of the Mesozoic cover and the stratigraphy of the unfolded part of the Bavarian Molasse
Basin were taken from Lemcke (1988), mostly (except for drill hole Fronhofen) by laterally projecting
borehole and seismic data. Thrusts and folds shown for the deformed Subalpine Molasse, characterised
by a spectacular triangle structure, are based on surface data, and additionally, on the projection of a
reflection-seismic profile recorded for hydrocarbon exploration, positioned immediately to the west of
the NFP-20/EGT traverse (Stauble and Pfiffner 1991a).

Along the NFP-20 EAST transect the basement of the autochthonous cover of the external Aar
Massif, positioned below the pile of Helvetic nappes, is exposed in a small window. The geometry
chosen for the structure of the top of basement of the Aar Massif, as shown in this transect, is based on
“model 17 of Stauble and Pfiffner (1991b), who evaluated the reflection-seismic response of
alternative geometries by 2D normal incidence and offset ray tracing.

The Helvetic nappes, the sole of which is formed by the Glarus overthrust (Schmid 1975), are
shown according to extrapolation of surface information obtained along the profile trace and the
results of 3-D seismic modelling (Stduble et al. 1993). Within the Helvetic nappes, the Santis thrust
separates the Jurassic strata of the Lower Glarus nappe complex from the Cretaceous strata of the
Upper Glarus nappe complex (Pfiffner 1981). This Santis thrust merely acts as a structural
discontinuity resulting from the different style of shortening within Jurassic and Cretaceous strata.
Note that the Helvetic cover nappes wedge out towards the south (beneath the locality “Sargans”
indicated in the transect) and beneath the lower Penninic nappes that were derived from the Valais
Ocean (see also Fig. 2c).

The higher Penninic and Austroalpine units, overlying the Helvetic nappes, are only exposed east
of the transect and were projected onto it parallel to a direction N 70 E. In a first step, the profiles
published by Allemann and Schwizer (1979) and Néanny (1948) were used. In a second step, and
particularly concerning the area around the “Prattigau half-window” (indicated in TRANSMED
transect V), these older data were modified according to more recent data by Weh and Froitzheim
(2001). These authors projected their structural data from the Prittigau half-window into our transect
with variable plunges. This projection shows that up-doming of the base of the Austroalpine nappes
above the Aar Massif corresponds to the Prittigau half window in map view (Fig. 1), in accordance
with the axial plunge of the Aar Massif to the east, as deduced from seismic profiling along strike
(Hitz and Pfiffner 1994).

Very strong, south-dipping reflectors south of the Aar Massif, recorded along profile E1 (between
Canova and Thusis, extending from 2.5 down to 4 seconds TWT (reflector “D” in plate 4 of Pfiffner et
al., 1990b), have been attributed to the allochthonous cover of the southern Gotthard "Massif" (Etter
1987), representing a Subpenninic basement slice (Schmid et al. in press). Along the “Penninic Basal
Thrust”, units derived from the Valais Ocean were transported over the several Subpenninic slices or
nappes, including the eclogite-bearing Adula nappe (Fig. 2¢). The position and configuration of this
major thrust was adopted from the final 3-D seismic model developed for the Penninic units by Litak
et al. (1993).

Based on the same model constrained by 3-D seismic modelling (fig. 3a in Litak et al. 1993), the
basal thrust zone of the Gotthard "Massif" (Urseren-Garvera zone) is steeply inclined to the south, and
not strongly back-folded, as is observed further west along strike in the Lukmanier area (Etter 1987,
Probst 1980), where a very late deformation phase led to the formation of a back-fold, the “Chiera
synform” (see Fig. 4), situated south of the Gotthard "massif". Such back-folds are a feature typical for
the southern part of the external massifs in western Switzerland (Escher et al. 1988; see Fig. 2b).

The geometry of the lower, middle and upper Penninic nappes in the northern and central parts of
this transect was obtained by axial projection. In a first step, all major tectonic boundaries (fig. 3) were
projected up and down plunge, strictly parallel to the N 70 E direction. This direction approximates the
azimuth of most of the large-scale fold structures relevant to this part of the transect. Development of a
series of cross-sections parallel to N 70 E, constructed on the basis of structure contour maps, allowed
for projection with a variable plunge (10-35°). The different units were then projected into the transect
along these strike-parallel sections by assuming that their thickness does not change along strike.
Geological details shown in the projected units are drawn according to the geometries found where
they are exposed (e.g. Schmid et al. 1990, 1997). In a second step, the profile was adjusted to conform
to the 3-D seismic model of Litak et al. (1993). Hence, the overall geometry of the Subpenninic Adula
and Simano nappes, derived from the distal European margin (see Fig. 2¢), corresponds to that of Fig.
3a in Litak et al. (1993).
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Lower, Middle and Upper Penninic nappes were refolded at a large scale (Schmid et al. 1990;
Schreurs 1993, 1995), leading to inversions of the original nappe stack over significant portions of the
transect, as is schematically depicted in Fig. 2¢ (and in more detail in TRANSMED transect V). Note
that the units attributed to the Valais suture, originally situated below the units attributed to the
Brianconnais terrane (Tambo and Suretta nappe), are folded back and over the Suretta nappe,
including the Avers Buindnerschiefer that were derived from the Piemont-Liguria Ocean. Above a late
stage normal fault (Turba normal fault, see Nievergelt et al., 1996) the nappe pile is upright, consisting
of the Platta and Arosa ophiolitic units, derived from the Piemont-Liguria Ocean, at the base and the
Austroalpine nappe stack on top.

The structure of the Southern Penninic zone, immediately north of the Insubric Line, is based on
work, which addressed ascent and emplacement of the Bergell pluton (Rosenberg et al. 1995;
Davidson et al. 1996; Berger et al. 1996), summarized in Schmid et al. (1996b). This is a spectacular
pluton in the sense that its floor is exposed, and that its emplacement is syntectonic. In its northern
part, the Bergell pluton tectonically overlies upper amphibolite to granulite grade migmatitic rocks of
the Gruf complex that forms part of the Adula nappe.

The quartzo-feldspatic gneisses of the Gruf complex are overlain by a variety of other lithologies
consisting of ultramafics, amphibolites, calc-silicates and alumo-silicates, concentrated in an almost
continuous band that concordantly follows the tonalitic base of the Bergell pluton, exposed along its
western margin (see map by Berger 1996). These lithologies at the base of the pluton are seen to be
connected with the Chiavenna ophiolites and represent the southern continuation of the Valais Ocean
suture zone (see Fig. 2c). The Piemont-Liguria Ocean are preserved in the roof of the Bergell
intrusion. Consequently, this spectacular intrusion occupies a structural position that is comparable to
that of the Brianconnais-derived Tambo and Suretta nappes. In fact, this intrusion was and was
emplaced as a nappe-like structure, as originally proposed by Wenk (1973). Both ophiolitic sutures,
the intervening pluton, and the orogenic lid formed by the Austroalpine nappes root in an overturned
position within the “Southern Steep Belt”. This is a belt of extremely deformed rocks that parallels
mylonites associated with the sector of the Periadriatic line crossing this transect (the Insubric Line).
The Insubric Line took up dextrally transpressive displacements during the Late Oligocene to Early
Miocene. These displacements involve a vertical component of approximately 20km (Schmid et al.
1989), while the horizontal (strike-slip) component is estimated to be around 100km (Schmid and
Kissling 2000).

The construction procedure in the Bergell area allowed for considerable vertical extrapolation,
thanks to the pronounced axial plunge of the Bergell pluton as indicated from structural (Rosenberg et
al. 1995) and petrological (Davidson et al. 1996) data. In a first step, the Tambo and Suretta nappes
(Fig. 2c) were projected S-wards and upwards according to structure contour maps (Pfiffner et al.
1990a) and own data. However, to the south these nappes were vertically displaced across the
Engadine Line by some 4km during a late stage (Schmid and Froitzheim, 1993), and this was taken
into consideration when constructing that part of the transect. The base of the Bergell intrusion was
drawn according to the projection of auxiliary profiles, based on structure contour maps (Davidson et
al. 1996) and their projection along NE-SW striking folds deforming the base of the pluton. The roof
of the intrusion was placed at the projected structural level presently exposed at the eastern margin of
the pluton. This is a minimum elevation for this roof, since the eastern contact represents the side
rather than the roof of the pluton (Berger and Gieré 1995; Rosenberg et al. 1996). The geometry of the
Austroalpine nappes on top of the Bergell intrusion (see also Fig. 2¢) is drawn after Liniger (1992) and
Spillmann (1993).

The southernmost Alpine part of this transect, crossing the Southern Alps, was taken without
modification from Schonborn (1992, cross section B of the enclosure) except for the northernmost
part, where compatibility with the shape of the Insubric fault necessitated very minor adjustments. The
profile is balanced, and retro-deformability was established at all stages by forward modelling. The
deeper parts of the profile are kept as simple as possible and drawn according to the geometrical rules
of the ramp and flat geometry indicated for basement and cover by surface data. The total amount of
shortening (80km) within the sediments necessarily leads to the postulate that parts of the upper crustal
and all of the lower crustal excess volume have to be looked for beneath the Insubric Line (Schonborn
1992; Pfiffner 1992). Note that the Adriatic lower crust may have been substantially thinned during
Jurassic rifting and passive continental margin formation, since the Southern Alps were in a lower
plate margin setting (Lemoine et al. 1987; Froitzheim and Eberli 1990; Manatschal and Bernoulli
1999). Hence, the wedge of Adriatic lower crust, underlying the Insubric line and Subpenninic units,
very probably was tectonically thickened while shortening took place south of, and in front of the
Insubric line within the Adriatic upper crust (i.e. Southern Alps). The section taken from Schonborn
(1992) runs N-S. However, further south TRANSMED transect V starts to depart into a NE-SW
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direction near Milano (see trace indicated in Fig. 1) in order to incorporate borehole and seismic data
published by Pieri and Groppi (1981).

The information regarding the Tertiary fill of the Po Plain and the front of the Northern Apennines
is again that given by Pieri and Groppi (1981, their section 4), complemented by information on the
top-basement and its Mesozoic cover from Cassano et al. (1986, their Fig. 21). The exact geometry of
the frontal part of the easternmost part of the Northern Apennines, crossed by TRANSMED transect
V, is not well constrained by the borehole and seismic data given in Pieri and Groppi (1981) below the
Neogene sediments, that form piggy-back basins. Note that the Paleogene of the Monferrato Hills is in
part made up of allochthonous flysch units (with Late Cretaceous sediments at their base), derived
from the Ligurides (parts of the Piemont-Liguria Ocean) that were “back-thrust” (in respect to the
polarity of the Alpine movements), i.e. thrust north- and north-eastward onto the Po Plain during Mid-
Miocene and later times (Finetti et al. 2001; see also maps compiled by Bigi et al., 1990a,b, 1992).
Furthermore, it is important to realise that such back-thrusting occurred in conjunction with the onset
of west-directed Apennines-Maghrebides subduction that characterises the Alps-Betics retro-belt, as
discussed by Carminati et al. (this volume). We interpreted a second thrust sheet (after Cassano et al.
1986), shown below borehole Quargnento, and mapped as Mesozoic in the stratigraphic version of
TRANSMED transect V, to represent the Toscanides, i.e. allochthonous sediments detached from of
the Apulian Plate during the Neogene orogeny of the northern Apennines (i.e. Finetti et al. 2001).

Details concerning the geometry of the deeper parts of the frontal thrust of the Apennines are not
constrained at all. The geometry chosen for the interpretation given at the southern (in fact south
western) end of TRANSMED transect V is guided by the following considerations. Firstly, the
existence of an offset in the Moho, with the “Ligurian” Moho at much shallower depth, is not only
well documented by the compilation data of Waldhauser et al. (1998; see Fig. 7 and seismic transect of
Fig. 6), but is confirmed further south and along strike in the frontal parts of the Apennines, where
Finetti et al. (2001) documented a vertical offset of the Moho by about 16km, associated with only
some 36km shortening. Secondly, it is reasonable to associate the geophysically documented jump in
Moho depth with thrusting at the front of the Apennines, and this automatically leads to an
exceedingly steep up-thrust that traverses the entire crust. Thirdly, such steep thrusting is very likely to
have reactivated an older (Oligocene to Early Miocene) sinistrally active strike slip zone that allowed
for late stage indentation of the Adriatic micro-plate (Laubscher 1971, 1991; Schumacher and
Laubscher 1996), in conjunction with the formation of the arc of the Western Alps, associated with
late-stage top WNW thrusting in the Italian-French Western Alps (Fig. 10; Schmid and Kissling 2000;
Ceriani et al 2001).

Summary of timing constraints and 3-D kinematics

Timing constraints for this transect are summarized in Figs. 4 and 5 and have already been discussed
in chapter 2.3. Since geometry and evolution of the structures are rather well constrained along this
transect, it is possible to provide estimates for the amount and velocity of N-S plate convergence
during the Tertiary, as recorded by crustal shortening in this easternmost part of the Western Alps.
These estimates are given in Table 1.

Tertiary shortening across this transect is approximately N-S during Tertiary orogeny, and is well
documented by numerous structural studies along this transect. There are no abrupt changes in
kinematics of movement, such as discussed when describing TRANSMED transect IV (see Figs. 9 and
10). Note, however, that substantial out-of-section movements did occur along the dextrally
transpressive Periadriatic (Insubric) Line, kinematically decoupling the movements within Southern
Alps and Adriatic micro-plate from those of the northern part of the Alps from the Oligocene onwards.

The kinematics of movement during the Cretaceous orogeny, however, were top-WNW as
recorded in the Austroalpine units and those parts of the Piemont-Liguria derived ophiolites that were
already sutured to the upper plate in Cretaceous times (Platta and Arosa tectonic units, see Fig. 2c)
(e.g. Schmid and Haas 1989). Hence, this deformation cannot be adequately treated in a N-S section.
E-W sections that illustrate Cretaceous-age nappe stacking, followed by Late Cretaceous collapse, are
shown in Schmid et al. (1996), and this Creatceous orogeny will be briefly discussed below and in the
context of describing TRANSMED transect VI. The latter transect exposes a much more complete
section across the Austroalpine units, since it is positioned much further to the east, i.e. in the
hinterland with respect to Cretaceous-age top WNW nappe stacking.
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4.3. TRANSMED transect VI (EASTERN ALPS)

Interpretation of deep crustal configuration

The deep crustal configuration of this transect is not nearly as well constrained as in the other two
transects. This also applies to the depth of the Moho. The transect is located east of the area compiled
by Waldhauser et al. (1998) shown in Fig. 7, except for its NE-SW-running southernmost parts
through Po Plain and the frontal Apennines. For constructing the transect we adopted the Moho
compilation by Waldhauser et al. (2002), which was prepared for the crustal corrections of the high-
resolution mantle tomography by Lippitsch et al. (2003), and that is practically identical with the
compilation by Ziegler and Dezes (2004) in the area of interest. Note that Moho depth is particularly
ill constrained beneath the central parts of the Alps. Hence, the Moho offset depicted in this transect
(see also Fig. 2e) is entirely based on evidence provided by the high resolution mantle tomography
presented and discussed in chapter 3.

Regarding the geometry and thickness of the lower crust in the Alps, we extrapolated our
interpretation of the reflection-seismic data available along the TRANSALP profile (Luschen et al.
2003; Luschen per. comm.) located further to the west (Fig. 1). As discussed in chapter 3, this
interpretation of the deep structure (Schmid et al. 2003) considerably differs from that provided by
TRANSALP Working Group (2001, 2002). This concerns particularly the Moho depth inferred for the
Southern Alps by Kummerow et al. (2003), which is based on an analysis of receiver functions.

Interpretation of near-surface structures

This newly constructed transect was so far only published in a simplified form (Schmid et al. in press).
It is based on the sheets 1: 50'000 of the Geologische Bundesanstalt Wien and on the maps of Exner
(1990, and unpublished material). For constructing the profile, the existing transects by Prey (1980),
Hoffmann et al. (2002), Mandl (2001) and Schmidt et al. (in prep.) were consulted.

Regarding the northern foreland, the transect is based on a profile provided by Kollmann (1977),
based on reflection-seismic data and numerous drill holes, some of them reaching down to top
basement of the Bohemian Massif (Zimmer and Wessely 1996). The near-surface structures of the
Northern Calcareous Alps were taken from Mandl (2001).

In the Central Alpine area, south of the SEMP (Salzach-Ennstal-Mariazell-Puchberg) sinistral
strike slip fault, another newly constructed profile across the easternmost Tauern window was
projected beneath the base of the Austroalpine nappe stack, making use of a pronounced axial plunge
towards the east and across the Katschberg normal fault (Genser and Neubauer 1989), that delimits
this window to the east.

The Austroalpine nappe stack is drawn according to a new subdivision that is based on recent
compilations by Schuster and Frank (1999) and Schuster et al. (2001), discussed in Schuster (2003)
and Schmid et al. (in press), that are largely based on the degree of the Cretaceous metamorphic
overprint (Fig. 15). We also used ideas proposed by Slapansky and Frank (1987) and Bouvier et al.
(1972). The term “Middle Austroalpine” was avoided since this subdivision, proposed by Tollmann
(1977), invokes correlations between the detached sediments of the Northern Calcareous Alps and the
Austroalpine basement nappes that are incorrect in the light of more recent data (see discussion in
Schuster and Frank 1999). Instead, we only used the terms Upper and Lower Austroalpine (Fig. 2e).

The Upper Austroalpine basement nappes were subdivided into four nappe systems which are,
from top to bottom (see Fig. 12e): (1) Drauzug-Gurktal nappe system, including the Mesozoic cover of
the Drauzug, located immediately to the north of the Periadriatic Line in our transect and south of the
dextral strike slip zone that delimits the southern boundary of Alpine metamorphism, referred to as
“SAM” by Hoinkes et al. (1999), (2) The Otztal-Bundschuh nappe system with remnants of its
Mesozoic cover, (3) the Koralpe-Wolz high-pressure nappe system comprising a series of basement
units that are characterized by a significant, often pressure dominated, Eoalpine metamorphic overprint
(Hoinkes et al, 1999; Schuster et al. 2001; see Fig. 15), and which include eclogitic MORB-type
gabbros (Miller and Thoni 1997), and, (4) the Silvretta-Seckau nappe system. Following an early
suggestion of Frank et al. (1983), we suspect that the eclogitic parts of the Koralpe-Wolz nappe system
form the core of a recumbent fold (Fig. 15) with the high-pressure units in its core and lower grade
rocks in its limbs (also see Fig. 2e and "Paleozoic with Eo-Alpine high-P overprint" in TRANSMED
transect VI). We propose that these eclogitic units were exhumed towards the north within an
extrusion wedge, which is back-folded in the southern part, i.e. north of the SAM (Fig. 15). This
extrusion led to an inverted field metamorphic gradient at the base of the extrusion wedge (Fig. 15).
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The southern part of this transect, located south of Periadriatic Line, was displaced some 75 km to
the west in order to make use of an existing balanced cross section constructed by Nussbaum (2000).
This offset in the profile trace has no significant effect on the deep structure, as the Moho depth
contours are sub-parallel to the Periadriatic Line. This section across the Southern Alps by Nussbaum
(2000) links up with section 11 of Pieri and Groppi (1981) across the Po Plain and the Ferrara thrust
belt of the Northern Apennines. Their section, together with the interpretation given by Cassano et al.
(1986), was the basis for displaying the subsurface of the Po Plain and the frontal parts of the Northern
Apennines, largely buried under piggy-back basins and active in Late Neogene to recent times.

Summary of timing constraints and 3-D kinematics

Since this transect offers a rather complete section through the Austroalpine units it is appropriate to
also discuss the pre-Tertiary history of the crystalline basement. During Permian to Early Triassic
times (290-235 Ma) the Variscan orogen was affected by lithosphere-scale extension (Ziegler and
Stampfi 2001), which led to basaltic intrusions into the lower crust, volcanism and a thermal imprint,
expressed by a temperature dominated metamorphism. Subsequent thermal relaxation of the
lithosphere caused subsidence allowing for to the deposition of up to more than 3 km thick shallow
marine sediments.

Middle to Late Triassic times (235-210Ma) were characterised by the opening of the Meliata
Ocean, which formed an embayment into a realm now occupied by the Austroalpine nappes and the
Southern Alps (Fig. 3a). According to a working hypothesis proposed by Schmid et al. (in press), this
embayment was located south of the main part of the future Northern Calcareous Alps, the
Grauwackenzone and the Silvretta-Seckau nappe system, but north of the Otztal-Bundschuh and
Drauzug-Gurktal nappe systems, as well as north of the eastern part of the Southern Alps. The tectonic
units representing this oceanic embayment, and/or its adjacent distal continental margin, are identified
as such in Fig. 1.

The Jurassic to Early Cretaceous time interval (210-140Ma) was characterized by the opening of
the Alpine Tethys in an area to the north of the present-day Austroalpine nappes. Further south, the
former passive margin of the Meliata Ocean was affected by Late Jurassic transpressional tectonics
(e.g. Gawlick et al. 1999; Mandl 2000) that are not yet fully understood, but that were
contemporaneous with a phase of ophiolite obduction in the Dinarides (e.g. Pamic 2002) and the
Hellenides (Bernoulli and Laubscher 1972).

The Cretaceous (or "Eoalpine") orogeny commenced at around 120 Ma during Mid-Cretaceous
times, when the Northern Calcareous Alps were detached from their crystalline basement. This
detachement must have occurred before metamorphism affected parts of the former crystalline
basement of the Northern Calcareeous Alps, since the latter escaped metamorphism. From about 115
Ma onwards, compressional tectonics along the northern margin of the Austroalpine units indicate, that
the former passive margin of Apulia that faces the Piemont-Liguria Ocean turned into an active one
(Wagreich 2001). Early N to WNW-directed movements (i.e. Ratschbacher et al., 1989) preceded the
peak of high-pressure metamorphism in the area south of the Northern Calcareous Alps, reached at
around 100 Ma within the Koralpe-Wdlz high-pressure nappe system (Thoni 1999). Development of
this high-pressure belt and associated deformation were induced by the closure of the Meliata Ocean.
Further west, in the area of TRANSMED transect V, however, Cretaceous (Eoalpine) compressional
tectonics did not start before about 100 Ma (e.g. Schmid and Haas 1989, see Fig. 4).

The time interval 100-65Ma was characterised by exhumation of the high-pressure units to shallow
crustal levels by N directed thrusting and S-SE directed back-folding (Schuster 2003). This was
accompanied by a heterochroneous change from compression to extension, associated with the
formation of the Gosau basins in the area of the Austroalpine nappes (Faupl and Wagreich 1996;
Froitzheim et al. 1997). While sedimentation in the Gosau basins, sealing the nappe contacts, started as
early as about 90 Ma ago (Late Turonian) in the east (area of TRANSMED transect VI), thrusting
commenced only at about this time in the west (area of TRANSMED transect V), as documented by
the youngest sediments found under the top-WNW thrusts in the area of Eastern Switzerland
(Froitzheim et al. 1994; see Fig 4). In the west, the transition from compression to post-orogenic
extension did not start before some 80 Ma (onset of "Ducan extension", as given in Fig. 4; Froitzheim
et al. 1994).

The Tertiary orogenic cycle led to thrusting of a previously stacked and subsequently extended
Austroalpine nappe stack over the Penninic units presently exposed in the Tauern window. Collision
of the Austroalpine orogenic wedge with the European margin already occurred during the Paleocene
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in the Eastern Alps. This is in contrast to the Central Alps, where the intervening Valais Ocean did not
close before the Middle Eocene. This collision was matched by the thick-skinned imbrication in the
Bohemian Massif and the disruption of the Helvetic shelf (Ziegler et al. 2002). In the course, Eocene
flexural subsidence of the foreland basin commenced. By the end of Eocene times, break-off of the
subducted European lithosphere gave rise to magmatism north of the Periadriatic Line (Periadriatic
intrusions), also widespread in the Eastern Alps (von Blanckenburg and Davis 1995). During the
Oligocene and Early Miocene the nappe stack of the Eastern Alps advanced by perhaps as much as
250km to its present position (Wagner 1996). This was accompanied by a commensurate amount of
renewed southward subduction of European continental lithosphere, penetrating considerably deeper
into the asthenosphere as compared to TRANSMED transect V.

At around 20 Ma a drastic change occurred when lateral extrusion of the Eastern Alps commenced
(Ratschbacher et al. 1991). This involved eastward displacement of the parts of the Eastern Alps
situated between sinistral (i.e. SEMP Line) and dextral (i.e. SAM and Periadriatic Lines), strike-slip
zones that traverse the TRANSMED transect VI (and the TRANSALP profile, Fig. 2d).
Simultaneously with the onset of lateral extrusion in the Eastern Alps, sinistral strike-slip faulting
dissected the Southern Alps and Periadriatic Line (Stipp et al. in press) along the Giudicaria Line. This
led to north-directed indentation of the eastern part of the Southern Alps (Ratschbacher et al. 1991),
invoked to be genetically linked to lateral extrusion, which is turn associated with extensional orogen-
parallel unroofing along the Brenner normal fault and simultaneous up-doming of the Tauern window
(Fagenschuh et al. 1997).

Drastic changes occurred around 20 Ma also at a lithospheric scale. The south-dipping European
subduction slab, which did penetrate into the asthenosphere during the Oligocene and Early Miocene,
started to tear off the lithosphere and began to retreat into the Carpathian loop (Wortel and Spakman
2000). This caused massive extension in the Pannonian Basin, also comprissing the eastern
continuation of the Alps located north of the Balaton line (eastern continuation of the Periadriatic line),
which did escape and were simultaneously extended eastwards.

Very likely, this retreat allowed for the change in subduction polarity, postulated to have occurred
along the TRANSALP profile (Schmid et al. 2003). Note that at present, no separation between
Southern Alps and Dinarides is evident at the earth’s surface (see Fig. 1). Hence, both are expected to
presently occupy the same, i.e. upper plate, position. A major change occurs, however, across
Giudicarie belt and Brenner line in the border area between the two mantle-lithospheric slabs
(European and Adriatic slabs, respectively), depicted in Fig. 12. It is proposed, that the change in
subduction polarity between the TRANSALP transect (Schmid et al. (2003) and the TRANSMED
transect VI postulated in this contribution, is only an apparent one. By taking into account the 3D-
geometry of the entire Alpine-Pannonian-Dinaridic system, we propose a lateral northwestward
movement of the NE-dipping Dinaridic mantle-lithospheric slab south of the Periadriatic line, identical
with the “Adriatic” slab of Figure 12, and into TRANSMED transect VI, facilitated by the eastward
retreat of the detached European slab into the Carpathian loop.

The Southern Alps east of the Giudicaria Line, crossed by TRANSMED transect VI, underwent
some 50 to 70 km of orogen-perpendicular shortening after 20 Ma ago (Carulli and Ponton 1992;
Nussbaum 2000), shortening that continues at the present, as is documented by the Friuli earthquakes.
Very recent N-S convergence also characterised the front of the Northern Apennines, as can be
inferred from the young age of thrusting documented by the borehole and reflection-seismic data (Pieri
and Groppi 1981) in the Ferrara thrust belt, shown at the southern end of TRANSMED transect VI.

5. Conclusions

During the development of the tectonically complex Alpine arc several continental and oceanic plates
were amalgamated. Analyses of crustal structures, derived from modern fieldwork, and geophysical
deep sounding of the lithosphere-asthenosphere structure were combined into 3 major transects
through the Alps. Particularly high-resolution teleseismic tomography, together with the correlation of
tectonic units along strike, revealed a far more complex 3D geometry of the Alpine Orogen than
hitherto believed. The inferred substantial along-strike changes are illustrated by the 3 transects
selected for this presentation: (1) the ECORS-CROP transect (TRANSMED transect IV) through the
French-Italian Western Alps, (2) the NFP-20/EGT transect (TRANSMED transect V) through the
German-Swiss-Italian Alps located at the transition between western and Eastern Alps, and (3) the
EASTERN ALPS transect (TRANSMED transect VI) through the German-Austrian-Italian Eastern
Alps, to the east of the TRANSALP geophysical transect.
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In the Western Alps (ECORS-CROP transect), the European Plate was subducted beneath the
Adriatic micro-plate. The generally SE directed subduction of the European continental lithosphere
can be followed along strike and into the most complete transect across the Alps located at the
transition between Western and Eastern Alps (NFP-20/EGT). Further eastwards, the subduction angle
gradually gets steeper and finally vertical under the westernmost part of the Eastern Alps (western
Tauern Window and Giudicaria lineament). Quite unexpectedly, some 50 km further to the east the
subducted continental lower lithosphere forms part of the Adriatic lithosphere and dips NE beneath the
European Plate (EASTERN ALPS transect). This documents bipolar present-day slab geometries
beneath the Alpine Orogen.

Major along-strike changes are also reflected in fundamental changes in the geometry and timing
of nappe stacking. The West-Alpine nappe stack was severely overprinted by late stage (post-35 ma)
west-directed indentation of the Adriatic micro-plate. The central profile is characterized by an
impressive amount of Tertiary N-S-shortening, asymmetric and top-N initially, but completely
reworked into a bi-vergent orogen during late-stage back thrusting and retro-thrusting. The EASTERN
ALPS transect is characterized by a very thick pile of Austroalpine nappes, floating on European crust.
This nappe stack, formed during 2 subsequent orogenies, a Cretaceous and a Tertiary one, is presently
found in an upper plate position with respect to the Southern Alps. This due to a fundamental change
in the 3D lithospheric configuration, that initiated at around 20 Ma ago and was triggered by the retreat
of the European subduction slab into the Carpathian loop.
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Table and Figure captions

Table 1
N-S convergence along TRANSMED transect V, derived from the scaled and area-balanced profiles
depicted in Fig. 5

Fig. 1
Map of major paleogeographic and tectonic units in the Alps, after Schmid et al. (in press), modified
and completed after an earlier version by Froitzheim et al. (1996).

Fig. 2

Schematic transects through the Alps. Sections a) to c¢) are after Schmid and Kissling (2000) and
Schmid et al. (1996a). For section c) see also Escher et al. 1988, 1997. Section d) is after Schmid et al.
2003 and includes information from Lippitsch (1992) and TRANSALP working group (2003). Section
e) is from Schmid et al. (in press). a) ECORS-CROP profile, corresponding to TRANSMED transect
IV; b) NFP-20-West profile; c) NFP-20-East and EGT profile, corresponding to TRANSMED transect
V; d) TRANSALP profile; e) EASTERN ALPS profile, corresponding to TRANSMED transect VI.

Fig. 3

Large-scale paleogeographical reconstruction, basically based on Stampfi et al. (2001), for a) Late
Triassic, b) Late Jurassic and c) Late Cretaceous times. See also: Frank 1987, Stampfli 1993, Schmid
et al. 1997, Schmid et al. in press.

Fig. 4
Correlation table showing age of deformation phases and metamorphism along TRANSMED transect
V; after Schmid et al. (1996a).

Fig. 5

Scaled and area balanced sketches of the kinematic evolution of the eastern Central Alps from early
Tertiary convergence (a-b) to collision (c) and post-collisional shortening (d-g); after Schmid et al.
(1996a).

Fig. 6

Crustal cross-section along the European Geotraverse (EGT) across the Central Alps from the northern
Alpine foreland to the Ligurian Sea based on active refraction and wide-angle reflection data. A to F
denote shot points, numbers give P-wave velocities in km/s, M denotes crust-mantle boundary; after
Ye et al. (1995).

Fig. 7

(a) Depth map of crust-mantle boundary in the wider Alpine region contoured at 2 km intervals, based
on smoothest interpolation of 3D migrated CSS data. Numbers indicate isoline depth values. Broken
bars indicate locations of wide-angle Moho reflection elements.

(b) Perspective SW view on the European (M), Adriatic (M?), and Ligurian (M') Moho. The Ivrea
Zone is indicated, while the Ivrea geophysical body is not shown).

Figures are after Waldhauser et al. (1998).

Fig. 8

Depth map of top of European lower crust in the N, of European lower crustal wedge in the W, of
Adriatic lower crust in the N central region, and of Adriatic Moho in the S, showing location of main
crustal transects (Fig. 3). Note also tentative depth extension of Insubric Line and location of high-
velocity Ivrea material. The contour interval is 2km; after Schmid and Kissling (2000).

Fig. 9

Kinematic reconstruction of post-collisional (post-35 Ma) shortening in the Alps along the ECORS-
CROP (=TRANSMED 1V) transect in three episodes after Schmid and Kissling (2000). The vector
triangle (top right) illustrates how the assumed total amount of post-collisional shortening (124km),
corresponding to vector AE (movement of the Adriatic micro-plate in respect to Europe), was obtained
from resolving 100km dextral strike slip between the Adriatic micro-plate and the Central Alps (vector
AC) into the western transect. Vector CE results in 71 km N-S shortening within the Central Alps,
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parallel to the NFP-20/EGT (=TRANSMED V) transect. See Schmid and Kissling (2000) for an
extensive discussion.

Fig. 10

Simple kinematic retro-translation (length of vectors given in km) of some key tectonic features, as
they appear in present day map view, accounting for the estimated amount of convergence between
these features and the fixed European foreland: Position at present (orange), 35 Ma ago (green), and,
50 Ma ago (red). The position of the NW edge of the Adriatic micro-plate (present-day Insubric Line)
was obtained by a 124 km retro-translation towards azimuth 125° (see inset of Figure 9) plus an 18°
clockwise retro-rotation. The positions of the other tectonic features 35 Ma ago correspond to those
given in Figure 9 (ECORS-CROP profile) and by a similar kinematic reconstruction in profile view
along the NRP-20 east profile (Fig. 5), respectively. A common S-directed retro-translation by 195km
between 35Ma and 50 Ma (corresponding to the N-S convergence between European foreland and
Adriatic micro-plate for this time interval, as estimated by Schmid et al. (1996a) along the NRP-20
east profile, restores the configuration at the onset of collision in the Alps; after Schmid and Kissling
(2000) where a further discussion is given.

Fig. 11

P-wave velocities derived by travel-time tomography. Crustal structure is not resolved in both cases.
(a) NE-SW lithospheric cross section from Central Europe to Northern Africa across the Eastern Alps
after Piromallo and Morelli (2003). Lower part shows section between thick horizontal bars on the
map. Note the northerly vergence of subducted high-velocity material below 150 km depth under the
Eastern Alps.

(b) NW-SE cross-section through the Central Alps after Bijwaard and Spakman (2000). For location
see B-B’ in Figure 12. Note SE vergence of subducted European lithosphere. Note also the high-
velocity material in the upper mantle transition zone between 400 and 620 km depth.

Fig. 12

P-wave velocity distribution between 135 and 165 km depth with linear interpolation between
inversion cells; after Lippitsch et al. (2003). Velocity variations are plotted relative to a 1D initial
reference model determined for the research area from absolute travel times. Areas with no resolution
are left grey; areas with critical resolution are displayed in faded colours. Thick black bars circle areas
of high-velocity European and Adriatic lower lithosphere which is subducted E to SE and N to NE
under the Western and Central Alps and under the Eastern Alps, respectively. Thick white bars
indicate from W to E the Insubric, Giudicaria, and Periadriatic Lineaments (PL) and the Tauern
window (TW) as part of the Eastern Alps. Red dashed lines I, II, III, IV mark locations of crustal
geophysical-geological transects (see Figs. 1 and 3). Blue dashed lines A-A’, B-B’, C-C’ mark
locations of lower lithospheric transects (Fig. 13). Dark red area indicates the Po Plain anomaly.

Fig. 13

Lower lithosphere transects; after Lippitsch et al. (2003): (a) A-A” Western Alps with crustal transect
ECORS-CROP as in Fig. 3a, (b) B-B’ Central Alps, (c) C-C’ Eastern Alps. For location and display
mode see Fig. 12. Crustal layers are set to zero velocity deviation with Moho topography taken from
the 3D crustal model in Fig 10b. Thin dashed line indicates lithosphere-asthenosphere boundary LAB.

Fig. 14

Combined crustal and lower lithosphere transects along high-resolution crustal geophysical-geological
transects (Fig. 3b,c, d); after Kissling et al. (in press). For location and display mode see Fig. 12 II, III,
IV: (a) NFP-20 WEST, (b) NFP-20 EAST/EGT, (c) TRANSALP.

Fig. 15

Map showing degree of Cretaceous-age (Eoalpine) metamorphism; after Schuster (2003). Note
increase in grade of metamorphism from north to south up to the SAM ("Southern Border of Alpine
Metamorphism" (Hoinkes et al. 1999). The SAM cuts this zonation, due to a Neogene dextral strike
slip fault with a vertical component depicted in TRANSALP transect VI and also shown in the profile
at the bottom of this figure. Note inverted field metamorphic gradient in the lower limb of a mega-fold
north of the SAM, interpreted as being related to Late Cretaceous exhumation by extrusion. The
extruded unit constitutes the Koralpe-Wolz high-pressure nappe system depicted in Fig. 2e, or the
"Paleozoic with Eo-Alpine high-P overprint" shown in TRANSMED transect VI, respectively.



table 1: N-S convergence derived from the scaled and area balanced profiles depicted in Fig. 5 (after Schmid et al. 1996)

time interval

amount of convergence across the Alps

convergence rate

plate tectonic reconstruction
(Dewey et al. 1989)

Early Paleocene to Early | 200 km inferred from relative displacement between points a and b in fig. 5. 1.33cm/ a 0.22cm/a
Eocene (65-50 Ma) 116 km of thinned continental crust of the Brianconnais domain and the Valais
ocean enter the subduction zone. 55 Ma
04cm/a
51 Ma
Early to Late Eocene 150 km inferred from relative displacement between points a and b in fig. 5. 1.5cm/a
(50-40 Ma) 150 km of distal European margin situated between the southern edge of the
Helvetic domain and the southern tip of stable Europe enter the subduction zone. 1.2cm/a
38 Ma
Late Eocene to Oligocene | 45 km inferred from relative displacement between points a and ¢ in fig. 5. at least
(40-32 Ma) Detachment of the Helvetic sediments and deformation within the Subpenninic 0.55cm/a
nappes.
Unknown amount of shortening in the vicinity of the Insubric line and in the
Southern Alps: 45 km represent a minimum estimate only
Oligocene to Early a total of 58 km consisting of: 045cm/a
Miocene (32-19 Ma)
33 km from relative displacement between points a and c in fig. 5 (including 094 cm/a
6km out of a total of 21 km shortening in the Aar massif)
15 km from backthrusting along the Insubric line
10 km out of a total of 56 km post-Adamello phase shortening in the Southern
Alps
19 Ma
Early Miocene to recent a total of 61 km consisting of: 03cm/a
03cm/a
(19-0 Ma)
9 Ma
15 km from shortening in the Aar massif (0.5 cm/ a if deformation
stopped at 7 Ma) 0.43cm/a
46 km from shortening in the Southern Alps
0 Ma

Total time span (65-0
Ma)

more than 514 km

more than 0.79 cm / a

average: 0.72cm/a
amount of convergence: 481

km




MAJOR PALEOGEOGRAPHIC UNITS IN THE ALPS i : ‘

after Schmid et al. (in press)

48° 6° o ©Minchen
9 wmm

7 8°
TRANSALP

' \"; 4

3 o7

Sa
Basel& = -
NFP-20 EAST %
e}

fan— Zurich o =

° Besangon % -

Rheiy

Tauern window

Engadine
window

Periagriag, Line

European margin

Valais ocean (Alpine Tethys)

]
]
|:| Brian+ onnais terrane
I
=

Piemont-Liguria ocean (Alpine Tethys)

Margna-Sesia fragment

47°

-

-
e -
N

N

[~ Katschberg
fault 2 }

Maribor 22
-
-

o
%, .-
2 .
9 - “ga“““,
- S

B
= PRI

<
e >
-
.

-
y - ’
o Zagreb

|:| Apulian plate N of Periadriatic Line
|:| Apulian plate S of Periadriatic Line

|:| Meliata ocean and its distal passive margin
|:| Tiza unit

100 km

Fig. IV-VI. 1



SE

Fenrt\inic
ron zone houillere
10 =X S Insubric line 10
chaines
subalpines
= 0
-50 -50
Tkm]

ECORS-CROP @

Insubric line

A Heles
w

NFP-20 WEST

Engadine line

Insubric line

-50
[km]

NFP-20 EAST & EGT @

Fig.IV-VI.2 a-c



Periadriatic line
(4[]

TRANSALP (D)

N Periadriatic S
S;héP SAM I|r,1e
10 b 8@ 10

EASTERN ALPS @

European margin Upper Penninic Apulian plate S of PL Apulian plate N of PL
(Piedmont-Liguria ocean) (Southern Alps) (Austroalpine nappes of profiles D and E)
«
- Zermatt-Saas, Platta, Matrei |:| upper crust (cover) |:| Mesozoic cover of Drauzug 9..%
. =3
|:| Mesozoic cover S:;;?)stﬁgré]ﬁ’eure, Avers - upper crust (basement) - Drauzug-Gurktal nappe system % g
Y
- upper crustal basement Middle Penninic - lower crust - Otztal-Bundschuh nappe system \»g_
>
[ rower crust (Briangonnais terrane) B mante
mantle .
- |:| cover Apulian plate N of PL s
. R 33
- upper crustal basement (Austroalpine nappes of - Koralpe-Wslz high-p nappe system & g
profiles A to C) S
Lower Penninic
. Austroalpine nappes in general
(Valais ocean) ] P ppesing
B e, — Jrr—"
Ed
E (J=Juvavicum, T=Tirolicum, B=Bajuvaricum) i‘g"
Periadriatic intrusions Grauwackenzone 23
oS
- Bergell intrusion |:| Lower Austroalpine nappes E

Fig. IV-VI. 2 d,e



NEOTETHYS

W
PIEMONT-LIGURIA o
S~ s\
o( ‘

L)
ﬁ&y

Late Triassic
(Carnian)

VARDAR

MELIATA

NEOTETHYS

Late Jurassic
(Oxfordian)

Eoalpine

eclogites Apulian
plate

Late Cretaceous
(Santonian)

1000 km ()

Fig. IV-VI.3



Plateau Subalpine External Internal Helvetic Aeulk N-penninic Tambo Bergell Southern Austro-
molasse molasse Aar massif Aar massif nappes §r'nGa‘S’§EP."‘"d nappe buendner- Suretta Ieic L alps alpine
int. schiefer Schams ) nappes
0
Plio- i
& Messinian
Pleistocengd B Shcehii!t
e ™ 1] va 5.2
pl
Apatite 2
10 To . p i
= N &
<) 2, 3
a Se %( [a} o
2 osm \% 2 2]
® lla < & e
— . s I
2 [alv] w o ® (o
o = ) S Zir-con 5 8| & ? <]
Bu Zircon > x| 2 =
20 ° o3 o
1 o A o EXIC] . =
—] — < = < é" A & 2
A =] O [} a = =
<! > g - S s NS 3 l— 2 233
Usm S — == L e 3 ? o
Ch N [P 23 S
o oL (53 o 53 Grano- asa =
= S A @ 2T o o9 n . o
30 o | 3 % = Q diorite 45 = 4
18 Umm ) %, e N < - =c| & =1
= N 5 A © =z @ = ? G & -
D |Ru =} = o} 25 25 - = X<
o 8 3 g % z ‘3" Tonalit < §§’-
ul S 5 Ey onalite ]
3 2 & i i z )
ol 8 —RT — z E] 354
Pr D1:Detach- o é%
— ment helv. S —a
40 H Ba I~ nappes N - . 33
° ) [o} g
N Tertiary thrygsy 8 o ) °
o cover A B S =
) 5
3 Lu c
o o 2
50 L Sardona 2 <
flysch o 1
Yp N-penninic
flysch
S [Th
60 | @ z
g - z
r:n L | @
® |Da |T
65.0
=
==
58 . .
70 | = Sedimentation 9
(=% ? 8
g : =
o
— —_— = = 74.0
o) Molasse Flysch Other sediments 2
§ = g
3 23| P >
. m
80]2Q| 2 Deformation phases AERES
2] 3 2| a g
8 Phase of HEE
o ase Of — 919 =
2 [san- main cleavage Other defor- ;—; = 8 s'_:“ 830
“ | tonian formation mation phases é v &:i' — '5_
- er L —_—l s — L
Con. = 0 § 5 86.6
= =
90 | [&Tur Petrology i a0 HEE i 1Py
30 K3 ;,E 8 |
= g Temperature ? N EH B
N dominated Eclogite facies 3 § -
Cooling ages metamorphism metamorphism Magmatism SHl 5
o «Q
3 - 97.0
@
1001 after Schmid et al., 1996

Fig. IV-VI. 4



Scaled and area-balenced sketches of the kinematic evolution of the eastern Central Alps
from (a-b) early Tertiary convergence and subduction to (c) collision and (d-g) postcollisional shortening.

after Schmid et. al. (1996)
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Fig. IV-VI. 7

after Waldhauser et al. 1998
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