
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
4
8
3
5
0
/
1
7
0
3
3
8
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
2
.
8
.
2
0
2
2 Citation: Schlunegger, F.; Kissling, E.

Slab Load Controls Beneath the Alps

on the Source-to-Sink Sedimentary

Pathways in the Molasse Basin.

Geosciences 2022, 12, 226. https://

doi.org/10.3390/geosciences12060226

Academic Editors: Olivier Lacombe

and Jesus Martinez-Frias

Received: 23 February 2022

Accepted: 24 May 2022

Published: 27 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

geosciences

Review

Slab Load Controls Beneath the Alps on the Source-to-Sink
Sedimentary Pathways in the Molasse Basin
Fritz Schlunegger 1,* and Edi Kissling 2

1 Institute of Geological Sciences, University of Bern, 3012 Bern, Switzerland
2 Department of Earth Sciences, ETH Zürich, 8052 Zürich, Switzerland; kissling@tomo.ig.erdw.ethz.ch
* Correspondence: fritz.schlunegger@geo.unibe.ch; Tel.: +41-31-684-8767

Abstract: The stratigraphic development of foreland basins has mainly been related to surface loading
in the adjacent orogens, whereas the control of slab loads on these basins has received much less
attention. This has also been the case for interpreting the relationships between the Oligocene to
Micoene evolution of the European Alps and the North Alpine foreland basin or Molasse basin. In
this trough, periods of rapid subsidence have generally been considered as a response to the growth
of the Alpine topography, and thus to the construction of larger surface loads. However, such views
conflict with observations where the surface growth in the Alps has been partly decoupled from
the subsidence history in the basin. In addition, surface loads alone are not capable of explaining
the contrasts in the stratigraphic development particularly between its central and eastern portions.
Here, we present an alternative view on the evolution of the Molasse basin. We focus on the time
interval between c. 30 and 15 Ma and relate the basin-scale development of this trough to the
subduction processes, and thus to the development of slab loads beneath the European Alps. At 30
Ma, the western and central portions of this basin experienced a change from deep marine underfilled
(Flysch stage) to overfilled terrestrial conditions (Molasse stage). During this time, however, a deep
marine Flysch-type environment prevailed in the eastern part of the basin. This was also the final
sedimentary sink as sediment was routed along the topographic axis from the western/central to the
eastern part of this trough. We interpret the change from basin underfill to overfill in the western
and central basin as a response to oceanic lithosphere slab-breakoff beneath the Central and Western
Alps. This is considered to have resulted in a growth of the Alpine topography in these portions of
the Alps, an increase in surface erosion and an augmentation in sediment supply to the basin, and
thus in the observed change from basin underfill to overfill. In the eastern part of the basin, however,
underfilled Flysch-type conditions prevailed until 20 Ma, and subsidence rates were higher than in
the western and central parts. We interpret that high subsidence rates in the eastern Molasse occurred
in response to slab loads beneath the Eastern Alps, where the subducted oceanic slab remained
attached to the European plate and downwarped the plate in the East. Accordingly, in the central and
western parts, the growth of the Alpine topography, the increase in sediment flux and the change
from basin underfill to overfill most likely reflect the response to slab delamination beneath the
Central Alps. In contrast, in the eastern part, the possibly subdued topography in the Eastern Alps,
the low sediment flux and the maintenance of a deep marine Flysch-type basin records a situation
where the oceanic slab was still attached to the European plate. The situation changed at 20 Ma, when
the eastern part of the basin chronicled a change from deep marine (underfilled) to shallow marine
and then terrestrial (overfilled conditions). During the same time, subsidence rates in the eastern
basin decreased, deformation at the Alpine front came to a halt and sediment supply to the basin
increased possibly in response to a growth of the topography in the Eastern Alps. This was also the
time when the sediment routing in the basin axis changed from an east-directed sediment dispersal
prior to 20 Ma, to a west-oriented sediment transport thereafter and thus to the opposite direction.
We relate these changes to the occurrence of oceanic slab breakoff beneath the Eastern Alps, which
most likely resulted in a rebound of the plate, a growth of the topography in the Eastern Alps and
a larger sediment flux to the eastern portion of the basin. Beneath the Central and Western Alps,
however, the continental lithosphere slab remained attached to the European plate, thereby resulting
in a continued downwarping of the plate in its central and western portions. This plate downwarping
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beneath the central and western Molasse together with the rebound of the foreland plate in the East
possibly explains the inversion of the drainage direction. We thus propose that slab loads beneath the
Alps were presumably the most important drivers for the development of the Molasse basin at the
basin scale.

Keywords: Molasse basin; Alps; foreland basin evolution; subduction tectonics

1. Introduction

A foreland basin is a flexural trough adjacent to an orogen where slab loads and
subduction tectonics cause a flexural downwarping of the plate and the formation of a
sedimentary basin, and where orogenic processes result in the creation of surface loads [1].
Because of the link between these processes, the source-to-sink routing of clastic material
and the resulting stratigraphic architectures of foreland basins are considered to depend
on the tectonic development in the adjacent orogen [2–5]. This perception is based on the
results of numerical models [6–8], which use the concept of an elastic plate overlying a fluid
substratum such as the mantle [9]. Such models were applied for the first time in the early
80’s by the pioneering contributions by T. Jordan [10] and C. Beaumont [11] who calculated
the deflection of an elastic plate [10], or a foreland plate with a visco-elastic rheology [11]
to applied loads. Such models, and particularly approaches that are based on a fully elastic
rheology, predict that the basin width depends on the elastic strength of the foreland plate,
whereas the basin depth hinges on both the plate’s strength and the loads [9]. Among the
potential loads (Figure 1), most attention has been focused on relating the basin architecture
to the evolution of surface loads in the orogen, mainly because it was recognized from early
onward that foreland basins contain the erosional products of the adjacent orogen [12], and
as such, should contain information on how the mountain belt topography evolved through
time. The focus on the surface topography, and thus on the surface loads, resulted in a view
where changes in the basin’s development were caused by thrusting along individual faults
or in a spatially limited area [6–8]. This is particularly the case for the Molasse foreland
basin situated on the northern side of the European Alps [6,13–17]. This basin, which
extends from Chambery to Linz over an along-strike distance of c. 850 km and which has
a maximum cross-sectional width of c. 150 km (Figure 2), has evolved in response to the
Alpine orogeny since the Late Cretaceous and records early underfilled (Flysch stage) and
subsequently filled to overfilled conditions (Molasse stage) [18]. Numerous chronologic,
stratigraphic, sedimentologic and provenance tracing analyses have resulted in a level of
detail that is probably one of the highest for a foreland basin [12–17,19–24]. In this context,
reconstructions of how the surface loads in the Alps evolved through space and time have
been the preferred focus, if the aim was to use stratigraphic data from the Molasse basin
to reconstruct Alpine orogenic events. Among such efforts, Pffifner’s work [13] was the
first contribution which related the subsidence history of the Swiss part of the Molasse
basin to the history of thrusting and loading in the upper crust, and thus to the buildup
of topographic loads in the frontal part of the Alps. Other authors followed the same
scope, but they applied theoretical models that were based on the principle where an
elastic plate overlies a fluid substratum such as the mantle [9]. Recently, the views where
topographic loads alone explain the continuous subsidence of the Molasse basin have
been contested [25,26], mainly because of lack of evidence for a contemporaneous growth
of the topography at the scale of the Central Alps [26,27]. However, possible controls of
subduction tectonics on the stratigraphic development at the basin scale and the routing
of the clastic detritus to the sedimentary sink have been largely unexplored [28]. This is
mainly the case because of the lack of required information such as patterns of slab loads
beneath the Alps being unavailable until 2003 when high-resolution seismic tomography
images became available for the first time [29].
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Figure 1. Orogenic and basin loads and flexure of a foreland plate. Modified from Schlunegger and
Kissling [26].

Here, we focus our work on the European Alps and the Molasse foreland basin
(Figure 2), and we relate the evolution of the stratigraphic record preserved in this basin to
the large-scale tectonic development of the Alpine orogen. We particularly elaborate how
the combination of European lithosphere slab and topography loads exert a downward-
directed force on the foreland plate, and how they controlled together with the buoyancy
of an evolving crustal root the geodynamic development of the Alpine orogen (Figure 1).
The combined effects of these forces are mirrored by the generation of sediment in the
mountain belt through erosion, by the routing of this material to the foreland trough and
by the preservation of the resulting signals in the stratigraphic record. This work is thus
mainly based on a compilation of tectonic data from the Alps and stratigraphic data from
the Molasse basin in an effort to relate the subduction tectonics that shaped the Alps to the
development of the Molasse basin situated on the northern side of this orogen.
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dome is a structure that was exhumed through slip along the Simplon fault. It exposes high-grade 
basement rocks of European origin. The lithologies of the Adriatic continental plate constitute the 
Southern and Eastern Alps and cover a large area. During the Mesozoic phase of spreading, the 
continental plates were separated by the Valais and Piemont Oceans. The related (meta)sedimentary 
rocks were thrust on top of units of European origin during the Alpine orogeny. A major tectonic 
fault, referred to as the Periadriatic lineament (or Insubric Line west of the Giudicaria fault), sepa-
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S (Swiss Molasse), F (French Molasse) and P (Po basin) are the sites for which stratigraphic data was 
used to reconstruct the subsidence history of the foreland plate.  

Figure 2. Geological map of the Western, Central, Eastern and Southern European Alps [30–33].
Rocks of European origin occur in the Jura fold-and-thrust belt, in the Northern (NSC) and Southern
Subalpine Chains (SSC), and along the thrust front of the Central and Eastern Alps (Helvetic nappes).
Slivers of the Iberian plate (e.g., Briançonnais rocks and crystalline basement rocks in the hangingwall
of the Simplon fault) were part of the European plate since c. 35 Ma. The Lepontine dome is a
structure that was exhumed through slip along the Simplon fault. It exposes high-grade basement
rocks of European origin. The lithologies of the Adriatic continental plate constitute the Southern and
Eastern Alps and cover a large area. During the Mesozoic phase of spreading, the continental plates
were separated by the Valais and Piemont Oceans. The related (meta)sedimentary rocks were thrust
on top of units of European origin during the Alpine orogeny. A major tectonic fault, referred to as
the Periadriatic lineament (or Insubric Line west of the Giudicaria fault), separates the northern from
the southern portions of the Alps with north- and south-vergent thrusts, respectively. Backthrusting
along this fault facilitated the rise of the Tertiary magmas. This fault was offset by left-lateral faulting
along the Giudicaria fault. The Alps are bordered by the Molasse foreland basin in the North and
the Po basin in the South: A (Austrian Molasse), G (German Molasse), S (Swiss Molasse), F (French
Molasse) and P (Po basin) are the sites for which stratigraphic data was used to reconstruct the
subsidence history of the foreland plate.
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2. Geological Setting
2.1. Crustal-Scale Architecture of the Alps

The current litho-tectonic architecture of the European Alps (Figure 2) is the result
of the collision between the European plate, slivers of the Iberian plate and the Adriatic
continental plate in the West, and the European and Adriatic plates in the East [31–37].
Subduction of the European plate started in the Late Cretaceous [34]. It resulted in the
closure of the Valais Ocean between the European and Iberian plates and of the Piemont
Ocean separating the Adriatic and the European plates [32,34]. Both oceans were originally
formed in response to the Mesozoic phase of spreading. Subduction finally culminated
in the continent-continent collision between these plates and in the construction of the
Alpine orogen [34]. On the northern and western margin of the Alps, the orogen comprises
low-grade to non-metamorphosed rocks derived from the European continental plate and
its stretched margin during Mesozoic times. These rocks are exposed in the Jura fold-and-
thrust belt in the Central Alps, the Helvetic thrust nappes in the Central and Eastern Alps,
and in the Northern and Southern Subalpine Chains in the Western Alps (NSC and SSC;
Figure 2). In the central part of the orogen, uplifted crystalline blocks together with their
autochthonous sedimentary cover that are also derived from the European continental
plate are exposed in the external massifs [38] (e.g., the Belledonne massif in the Western
Alps, the Aar massif in the Central Alps, and the Tauern Window in the Eastern Alps;
Figure 2). These units are overlain by the Penninic thrust nappes that were partly derived
from the Iberian plate. They occur as sedimentary thrust sheets in the northern margin of
the Western and Central Alps (Briançonnais unit), or as medium- to high-grade crystalline
rocks in the Lepontine Dome (Figure 2). On the eastern and southern sides of the Alps,
the north-vergent Eastern and south-vergent Southern Alps are mainly made up of rocks
derived from the Adriatic continental plate, and lithologies of the Iberian plate are absent.
The northern and southern parts of the Alps are separated by the Periadriatic lineament
(or Insubric Line west of the Giudicaria fault), which accommodated the Late Oligocene to
Early Miocene shortening by backthrusting and right lateral slip [34]. This fault also offered
the pathways for the Tertiary intrusions [34]. The Insubric Line/Periadriatic lineament was
offset through left lateral faulting along the Giudicaria fault, which occurred in response
to the post-20-Ma old shortening of the Southern Alps [39–41]. Finally, the Eastern Alps
are characterized by several left-lateral faults (such as the Inntal lineament and the SEMP
fault, Figure 2) that have dissected the orogen leading to large-scale lateral extrusion since
c. 20 Ma [40,42,43].

Published tectonic cross sections that are based on geological maps [30–33] and seismic
surveys in combination with seismic tomography investigations [29,44] allowed to extend
the surface geology to greater depths and to develop a simplified geological-geophysical
model of the Alps (Figure 3). Accordingly, beneath the Central Alps, a c. 160 km-long
lithospheric mantle slab that is part of the European continental plate dips towards the
South and exerts a downward-directed slab load force (Figure 3B). This load together
with surface topography loads are counterbalanced by the buoyancy of the crustal root
extending to more than 50 km depth [34]. The root comprises a stack of lower crustal
material that was accreted, most likely from the extended European margin and the Iberian
plate, during the Paleocene to Miocene [45]. The occurrence of a buoyant crustal root was
also used to explain the negative Bouguer anomaly in the area surrounding the Central
Alps [46,47]. Beneath the Western Alps, a tear appears to separate the subducted slab
from the European plate [29,33], which has been contested [48]. However, we consider
the interpretation of a still attached slab beneath the Western Alps as biased because it is
based on seismic data where the signal to noise ratio is lower than in Lippitsch and co-
authors [29]. Furthermore, the interpretation where the slab is still attached to the European
plate was recently challenged documenting a detached slab [49]. Therefore, we consider
the interpretation by Lippitsch and co-authors [29] of a detached slab as more convincing
than the view in [48] where the European lithospheric mantle slab is still attached to the
European plate.
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Figure 3. (A) Tectonic section across the Central Alps [33] (for location see Figure 2). On the
northern side, the orogen comprises a nappe stack derived from the European plate and its stretched
margin together with slivers of the Iberian plate that formed part of the European plate since 35 Ma.
(B) Simplified geological-geophysical model of the Central Alps (along same section as Figure 3A),
derived from seismo-tomographic images [29,33]. The lithospheric mantle has a greater density
than the asthenosphere. Therefore, it exerts a downward-directed slab load force. The crustal root,
occurring at deep levels, comprises lower crustal rocks, which were derived through accretion of
material from the Iberian plate and the European margin. These rocks have a lower density than
the asthenosphere and thus exert a buoyancy force. The elevation of the current topography of the
Central Alps thus reflects the isostatic equilibrium between these forces.

East of the Giudicaria fault (Figure 2), seismic tomography investigations disclosed
the occurrence of a lithospheric slab beneath the Eastern Alps, which is c. 190 km long
along the section displayed in Figure 4 [44]. Please note that along this section (Figure 4),
the tectonic structures underneath the Tauern Window are poorly constrained because of a
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lack of seismic data. We therefore adapted the structural style from a section through the
western part of the Tauern Window where seismic data disclosed the occurrence of steep
faults [50,51]. Note also that beneath the Eastern Alps, the dip of the lithospheric slab, its
origin and thus its relationship to either the European or Adriatic continental plates has been
controversially discussed [52]. In particular, it was proposed that this slab dips towards
the NNE [29,44,53,54] and represents the subducted lithosphere mantle of the Adriatic
plate [44]. Others proposed that the slab has a subvertical orientation [55,56] or might even
be overturned [28], thereby representing rather a yet delaminated European lithospheric
mantle slab than the continuation of an NNE-dipping Adriatic slab. However, we prefer
the interpretation where the NNE dip of the high-velocity anomaly reflects the occurrence
of a lithospheric mantle slab that is connected with the Adriatic plate [29,37,40,44], because
it is based on the consideration of a high-resolution a priori 3D crustal model of the
Alps [29,54,57,58]. In either case, the interpretation of all authors converges on the notion
that the European continental plate lacks a lithospheric mantle slab beneath the Eastern
Alps that is attached to the European plate and that would deflect this plate towards the
South. Most authors also agree on the interpretation that this situation has prevailed
since c. 20 Ma [37,40], as a balancing of the shortening in the Eastern Alps within a
detailed temporal framework has shown [40]. If our preferred interpretation of an NNE-
directed dip of the Adriatic lithospheric mantle slab is valid, then the boundary between
the Western/Central and Eastern Alps could be placed where the change in subduction
polarities occurs. According to Lippitsch et al. [29], such a change from an SE orientation
underneath the Central Alps (subduction of European mantle lithosphere) to an NNE
orientation underneath the Eastern Alps (subduction of Adriatic mantle lithosphere) occurs
in the vicinity of the Giudicaria fault. Therefore, we place the boundary between the
Western/Central and Eastern Alps along this fault [33] and its northward projection. We
acknowledge that this interpretation differs from the view in which this boundary has been
placed farther west where today the Austroalpine nappes start to cover the largest portion
of the Alps on their northern side (Figure 2) [34]. However, excluding a change in the
subduction polarity, the Giudicaria fault also separates the Alps in an eastern and a western
segment. East of this fault, the post-20 Ma shortening of the South Alpine units [39,40] was
accompanied by a left-lateral slip along the Giudicaria fault and by east-west extension
along faults that extend from the Giudicaria fault towards the East [42,59]. In contrast,
west of the Giudicaria fault, pre-20 Ma but also post-20 Ma N-S shortening was mainly
accommodated by backthrusting along the Insubric Line together with some shortening in
the Southern Alps. Accordingly, there is ample evidence from the deep crustal architecture
and the surface geology to place the boundary between the Eastern and Western/Central
Alps along the Giudicaria fault [33].

As a conclusion, if our preferred interpretation of a change of the subduction polarity
at 20 Ma is valid and the interpretation of a NNE dipping Adriatic slab is appropriate, then
the Molasse basin should record a signal that is different west and east of the northward
continuation of the Giudicaria fault. In addition, and in contrast to the Central Alps, a thick
buoyant crustal root comprising lower crustal material is largely absent beneath the core of
the Eastern Alps or it is at least much thinner than in the Central Alps as suggested by the
Bouguer anomaly pattern [60] and the Moho map [61] across the Alps. This explains the
lower elevation of the topography in the Eastern Alps (peak altitudes of c. 3500 m a.s.l.)
in comparison to the Central Alps (peak altitudes c. 4500 m.s.l.). Such a difference should
be reflected in the patterns of erosion and sediment supply to the basin, which we will
disclose in this work.
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Figure 4. (A) Tectonic section across the Eastern Alps, modified from Rosenberg et al. [35,36] (for
location see Figure 2). The cross-section shows that the orogen comprises rocks derived from the
European and Adriatic continental plates, yet lithologies of Iberian origin are absent. The rocks in
the Tauern Window correspond to the stretched margin of the European plate during the Mesozoic
phase of spreading [31,32,35]. (B) Simplified geological-geophysical model of the Eastern Alps, which
is derived from seismo-tomographic images [44] (along same transect as Figure 4A). Beneath the
Eastern Alps, the buoyant crustal root is thinner than beneath the Central Alps, which explains the
lower elevation of the surface topography in the East. This figure implies that the NNE dipping slab
is of Adriatic origin [29], which has been contested [28,52]. Please refer to the text for a discussion of
why we prefer the Lippitsch et al. [29] interpretation of the seismo-tomography data.

2.2. The Sedimentary Basins Surrounding the Alps
The Molasse and Po basins are the foreland sedimentary troughs situated on the

northern and southern sides of the Alps, respectively. Because the Po basin sits on the
Adriatic plate and since it had a position of a retro-foreland basin particularly before
20 Ma (see below for justification), the subsidence of this sedimentary trough was largely
independent of the Alpine subduction-collision dynamics on a large-scale. In fact, the
current very deep (>11 km) asymmetric Po foreland basin evolved as a result of the
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downbending of the Adriatic lithosphere beneath the northern Apennines [62–66]. As
such, it evolved in the role of a pro-foreland basin of the Apennines, but it accumulated
materials mainly derived from the Alps. In case that the interpretation of a subduction
polarity change beneath the Eastern Alps at c. 20 Ma [37] is valid (see Section 2.1), then the
basin on the eastern side of the southern extension of the Giudicaria fault took the role as a
pro-foreland basin of the Alps, in which sediment accumulation rates has increased since
then. The portion of the Po basin farther west, however, has remained in a retro-foreland
situation until now. As will be discussed in Section 5.3, there is evidence from the Po basin
stratigraphy that supports this view.

Situated at the margin of the Molasse basin, the Bresse and Rhine graben and the
Valence basin accumulated some of the Alpine material. The formation of these basins has
interfered with the development of the Molasse basin at different times mainly on its distal
margin and in the French part [67–69].

2.3. The Molasse Basin
The Molasse basin stretches from Chambery to Linz over an along-strike distance of

c. 850 km. It has a N-S direction south of Geneva where Molasse strata occur as isolated
remnants in the Southern Subalpine Chaines (SSC). East of Geneva, the basin adapts a
SW-NE orientation and widens from c. 20 km to a maximum width >150 km at the latitude
of Munich (Figure 2). Towards Linz, the basin narrows again to a few kilometers.

At the proximal basin border, the Molasse sediments were folded and sliced into
isoclinal thrust sheets. This zone of deformed Molasse, which is referred to as the Subalpine
Molasse (Figure 5, see also [70,71]), can be mapped between Chambery and Salzburg.
East of Salzburg, however, no thrust sheets of the Subalpine Molasse are exposed, but
folded and thrusted pre-20 Ma-old Molasse strata are overlain by flat lying post-20 Ma-old
sequences, separated by an angular unconformity [72,73]. The southern margin of the
Molasse basin is defined by the basal Alpine thrust that separates the Alpine nappes from
the Molasse deposits (Figure 2). On the northern distal border, the Swiss part of the Molasse
basin is delineated by the Jura fold-and-thrust belt, within which Molasse strata are locally
preserved in synclines. Farther east, thick successions of Mesozoic limestones and marls
that accumulated on the European plate and that make up the current Svabian Jura form
the northern border of the Molasse basin. Towards Austria, the distal limits of the basin are
demarcated by the crystalline rocks of the Bohemian massif. These basement rocks form a
topographic high that is bound towards the Molasse basin by NW-SE striking Hercynian
faults NW-SE [74]. Such faults possibly also controlled the eastward narrowing of the
Molasse basin towards Linz (Figure 2).

The Molasse basin has a wedge-shaped cross-sectional geometry (Figure 5). The
foreland plate underneath the Molasse basin dips beneath the Alpine orogen, giving
way to a basin fill thickness of nearly 5 km at the Alpine border [13,35,73,75]. Whereas
the amplitude of the foreland plate deflection is nearly constant along strike [35], the
cross-sectional width of the basin decreases from the NE to the SW (Figure 2), with the
consequence that the dip angle of the foreland plate increases in the same direction. Because
surface loads (and also slab loads) mainly control the amplitude of a plate’s deflection, but
neither the flexural wavelength nor the curvature of the flexed plate [9], we do not consider
that along-strike changes of such loads are capable of explaining the NE-SE decreasing
trend of the basin width. Instead, this along-strike change in the deflection of the foreland
plate could be the response to the along-strike differences of the flexural rigidity of the
foreland plate where the stiffness of the plate would be higher in the NE than in the
SW [76,77]. Alternatively, and possibly more likely, the foreland plate deflection could be
influenced by the NE-SW trending Hercynian faults underneath the Molasse basin [74,75].
Such an interpretation is supported by results of simple flexural models. They illustrate
that such inherited weaknesses in the foreland plate have the potential to localize the
strain upon flexing a plate and thus to increase the deflection of the plate at the site where
such weaknesses occur [78]. The faults underneath the Jura fold-and-thrust belt together



Geosciences 2022, 12, 226 10 of 37

with the Hercynian faults at the southern border of the Bohemian massif could represent
such weaknesses in the European foreland plate that could localize the deflection, thereby
marking a distal border of the basin.
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The basin fill (Figure 6) consists of coarse-grained fluvial conglomerates at the prox-
imal basin border that interfinger with finer-grained clastic material towards the basin
axis. In the Swiss part of the basin, the clastic suite has generally been categorized into five
lithostratigraphic groups that chronicle two shallowing and coarsening upward megase-
quences [79]. The first sequence starts with the North Helvetic Flysch that was deposited
at c. 35 Ma. This unit then transitions into the regressive sequence of the Lower Marine
Molasse group, the deposition of which gave way to the terrestrial Lower Freswhater Mo-
lasse group at c. 30 Ma according to magneto-polarity stratigraphies [14,16]. Accordingly,
30 Ma was the time when the underfilled Flysch stage evolved to the filled/overfilled
Molasse stage [18]. Fluvial conditions prevailed until 20 Ma. At that time, a transgression
marked the start of the second megasequence, which started with the shallow marine Upper
Marine Molasse Group and ended, at c. 16.5 Ma, with the accumulation of the terrestrial
Upper Freshwater Molasse group. These ages were established with magneto-polarity
chronologies that were combined with mammal biostratigraphy [14,16,17].

In the Austrian part of the Molasse basin, however, the transition from deep to shal-
low marine and terrestrial conditions [19], and thus from the underfilled Flysch stage to
the overfilled Molasse stage of foreland basin development occurred at 20 Ma [19], and
thus 10 Ma later than in the Swiss part of the Molasse basin. Ages for this transition
were established based on a combination of foraminiferal assemblages, coccoliths and
chemostratigraphy [19]. Interestingly, the transition between the Austrian the Swiss por-
tions of Molasse basin evolution occurred in the northern continuation of the Giudicaria
fault, and thus in the vicinity of Munich. There, between 30 and 20 Ma, the shallow marine
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deposits of the Chattian Sands and of the Nantesbuch Sandstone (Figure 6) recorded a tran-
sition from the terrestrial and thus the overfilled western part of the Molasse basin to the
underfilled Flysch trough farther east [80]. Note that in the Munich area, the assignments
of lithostratigraphic units and the chronological framework are based on correlations of
resistivity and SP (spontaneous potential) logs between drillings and stratigraphic analyses
of seismic sections [81,82]. Therefore, the age assignments must be considered with caution.
Nevertheless, despite potential uncertainties, the results will not change the overall picture
where, between c. 30 and 20 Ma, the facies transitioned from a shallow marine environment
into a deep Flysch basin along strike from Munich to Salzburg [19].
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Figure 6. Stratigraphic architectures for the Swiss Molasse basin (between Geneva and Zürich), the
German Molasse basin near Munich c. 20 km west of the northward extension of the Giudicaria fault,
and the Austrian part of the Molasse basin between Salzburg and Linz (Figure 2). Coarse-grained
alluvial megafans and fan deltas established at the Alpine thrust front. Whereas the transition
between the Flysch to the Molasse stages occurred at c. 30 Ma in the Swiss Molasse, the same change
in basin evolution occurred 10 Ma later in the Austrian part of the basin. Obviously, the strata
near Munich chronicle the along-strike transition between the Swiss and Austrian Molasse basin.
Interestingly, this is also the region that is situated in the northward extension of the Giudicaria fault
where the polarity of the subducted lithospheric mantle slabs is considered to change from an SE to
an NNE orientation [29].
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In the entire basin, Molasse sedimentation continued up to c. 10–5 Ma [71,83–85],
when a large-scale phase of uplift inverted the basin, giving way to period of erosion
and erosional recycling of the foreland basin deposits, which is still ongoing. Here, a
chronological assignment of basin inversion is based on apatite fission track ages that were
established on sedimentary material collected from deep drillings in the Swiss Molasse
basin. Using such data, Cederbom et al. [71,83] could identify the depth of the fossiliferous
annealing zones in the drillings, which are situated at shallower levels than the modern
fission track annealing zones. These depth differences allowed Cederbom et al. [71,83] to
estimate the amount of uplift and erosion. In addition, the fission track ages recorded in
the fossiliferous annealing zone were used by the same authors to determine an age when
the inversion started.

3. Datasets and Methods
3.1. Sequential Restoration of the Shortening of the Alpine Orogen

For the Central Alps (Figure 3), the timing of shortening and the sequential restoration
of the Central Alps have been modified from a previous publication [33]. Between 32 and
30 Ma, however, the amount of subduction and the length at which the Adriatic plate
shifted towards the North is not well constrained. In our restoration, we considered that the
orogenic lid did not experience much shortening during this time span. For line-balancing
purposes, we therefore inferred that the length D1 (Figure 7A,B) at which the northern
Alpine front propagated northward corresponds to the northward shift of the Adriatic
continental plate. For the subsequent collisional history of the Central Alps until the present,
illustrated in the simplified Figure 7C–E, we considered that the subduction depth of the
European mantle slab (c. 160 km, D2) [29] was equivalent to the northward shift of the
Adriatic plate [26].

For the Eastern Alps (Figure 4), we used the tectonic cross-section from Rosenberg and
co-authors [35] and a simplified geological-geophysical model (Figure 4B) as a basis. For
this section, the depth of the Moho is based on seismic tomography data [61,86]. The timing
of the inferred subduction reversal is mainly based on the results of line- and mass-balanced
structural restorations, which show that the post-20 Ma movement of the Adriatic plate
together with its anticlockwise rotation resulted in a 190 km northward shift of this plate
(D3, Figure 7J) where we placed our section through the Eastern Alps [40]. This northward
displacement corresponds to the length of the subducted mantle slab beneath the Eastern
Alps [44]. These movements resulted in a dissection and a c. 70 km (our estimate) to 80 km
(in Linzer et al. [59]) northward displacement of the Periadriatic lineament (D4, Figure 7J),
which was accomplished by left-lateral faulting along the Giudicaria fault [40]. Note
that because of the syntectonic emplacement of 32 Ma-old tonalitic intrusions along the
Giudicaria fault, NE-SW faulting along this fault was also considered to have started earlier.
However, it is very likely that the tonalitic intrusion occurred simultaneously with E-W
faulting along the Periadriatic lineament, and that the batholits were subsequently rotated
into the Giudicaria fault system (see discussion and references in Rosenberg et al. [36]).
Nevertheless, the occurrence of some pre-20 Ma-displacement along this fault is possible
but cannot be precisely quantified.
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Figure 7. Tectonic evolution of the Alps. See Figure 2 for location of cross sections. (A) At 35–32 Ma,
the Iberian plate was accreted to the Central Alps, forming a stack of buoyant crustal rocks. The
oceanic slab, which has a high density, and which deflected the foreland plate towards the South,
was still attached to the European plate. (B) At 32–30 Ma, the resistance of the crustal root to
enter the subduction channel resulted in slab-breakoff where the dense oceanic slab was removed
from the continental plate. This latter plate experienced a rebound because of the removal of the
downward-directed slab force and driven by the buoyancy of the crustal root. The result was the
incipient rise of the Alpine topography between 30–25 Ma. (C–E) After 30 Ma and beneath the Central
Alps, the lithospheric mantle slab has continued to be delaminated from the continental crust and
to be subducted but remained attached to the European plate. Beneath the Eastern Alps (F), no
Iberian crustal rocks were accreted, and buoyant material was largely missing. The oceanic part of the
European plate was attached to the continental plate and deflected the foreland plate towards the south.
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(G) At 30 Ma, the oceanic slab was still attached to the European plate, causing a southward-directed
flexure of this plate. (H) The subducted oceanic part of the European plate became detached at
c. 20 Ma beneath the Eastern Alps [40] causing a rebound of the foreland plate, but not as much as in
the Central Alps because there existed only a small buoyant crustal root. (I,J) Beneath the Eastern
Alps the removed European oceanic slab was eventually replaced by the slab of the Adriatic plate
after 20 Ma.

Because the Alpine front did not significantly propagate farther into the foreland after
20 Ma [73], the northward shift of the Periadriatic lineament had to result in a shortening
of the Austroalpine nappes and the underlying European continental crust. Upon restoring
the cross-section of Figure 4B, we infer that this was accommodated by a combination of
(i) stacking of European crustal rocks beneath the Tauern window resulting in a doubling
of the European crust along our section in Figure 4B [36], and of (ii) east-directed lateral
extrusion of the Eastern Alps through left- and right-lateral faulting (Linzer et al. [59],
see their Figure 10). Antiformal stacking of the European crustal rocks [87] beneath the
Tauern window was also associated by tectonic exhumation. This was accomplished
through low-angle normal faulting along the Brenner and Katschberg faults (BF and KF
in Figure 2) [36] that border the Tauern window on the western and eastern margins,
respectively. The contemporaneous occurrence of crustal stacking, tectonic exhumation
and lateral extrusion renders the budgeting of the relative contributions of these processes
to the N-S shortening along a cross-section rather complicated (see Figure 8 in Rosenberg
et al. [36]). Therefore, upon restoring the section through the Eastern Alps, we considered
that most of the antiformal stacking records a shortening contribution of c. 39 km [35] and
occurred in response to the post-20 Ma northward indentation of the Adriatic plate [36].
Accordingly, the rest of the 70–80 km of N-S shortening between the Periadriatic lineament
and the orogen front (D4 in Figure 7J) was possibly accommodated by E-directed lateral
extrusion of the Eastern Alps through left-lateral and right-lateral faulting.

In contrast to the aforementioned scenario, the pre-20 Ma shortening in the Eastern
Alps is rather poorly constrained, because limited surface and subsurface information
exists to estimate the details of the tectonic architecture beneath the core of the Eastern
Alps [35]. Therefore, and similarly to our previous restoration for the Central Alps [33], we
used the progradation of the northern Alpine front (D5 in Figure 7H, based on Kuhlemann
and Kempf [80]) as constraints to estimate the amount of rollback subduction. We thereby
infer that the upper crustal rocks of the Adriatic plate were passively riding on top of
the collisional zone when the oceanic part of the European plate was subducted, and that
the Adriatic plate experienced only a limited amount of internal shortening during this
time (Figure 7F,G). Note that the depth at which the lower part of the oceanic plate was
delaminated at c. 32 Ma beneath the Eastern Alps is partly based on a restoration by
Handy et al. [32].

3.2. Subsidence History and Evolution of the Molasse Basin
We compiled stratigraphic, provenance and sedimentologic data from various sources

into a synthesis of how the Molasse basin evolved at a large scale and through time. Here,
we mainly focused on the time that is recorded by the time interval that chronicles the
development from the Lower Marine Molasse to the Upper Freshwater Molasse group
(Figure 6) because the chronologic constraints are relatively precise for these units. We
also compiled stratigraphic data that allowed us to determine the subsidence history in
the various portions of the basin. We particularly used data on the thicknesses of strata,
together with published estimates of paleo-water depths for these units to reconstruct the
subsidence of the foreland plate. In the Austrian, German and Swiss parts of the Molasse
basin, the sites for which we conduct these analyses are situated in the foredeep part
adjacent to the current orogenic front. The corresponding sites are labelled as A (Austrian
Molasse), G (German Molasse) and S (Swiss Molasse) in Figure 2. These portions of the
basin were not situated in a wedge-top position. Therefore, the subsidence patterns that we
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approximate for these segments were not influenced by syn-depositional thrusting [14,19].
The situation is more complicated for the French part of the basin (site labelled as F in
Figure 2), because a large portion of the sediment accumulated in a wedge-top position [21],
and sediment accumulation in more distal parts of the basin were partly controlled by the
opening of the Bresse graben (Figure 2). Therefore, we selected the region immediately
NE of Chambery in the Rumily syncline (Ru in Figure 2) for our analysis because detailed
chronologic data has been established for this area (see below and [21]). Furthermore, this
site is located adjacent to the Alpine thrust front and is, from this point of view, in a similar
position to the other sections, which will facilitate the comparison of the inferred subsidence
rates between the sites. Finally, as will also be explained further below, the Rumily area
was most likely situated in a basin-marginal position during Late Oligocence times [80].
Therefore, the occurrence of a first distinct subsidence pulse would possibly indicate a
change in the geodynamic mechanisms. Note that compaction of sediment and porosity
loss was not considered in these calculations. To account for this possible drawback, we
considered an uncertainty of several hundred meters for the estimates of the depth of the
foreland plate, and of several 100 ka for the time when these depths were reached. We
acknowledge that this approach is simplistic, but it is precise enough to allow a comparison
of the subsidence trends between the different portions of the basin, which is the scope of
this paper.

3.2.1. French Part of the Molasse Basin
The chronologic and stratigraphic record of Molasse deposits exposed in the Rumily

syncline (Table 1) is based on a combination of sedimentologic, sequence stratigraphic,
seismo-, chemo- and bio-stratigraphic data, and some sections have been calibrated with
magnetostratigraphy by Kalifi and coauthors [21] (see Figure 13 in [21]). We also used the
data of the aforementioned authors as constraints for estimating the propagation rates of
the thrust front as this is based on detailed palinspastic restorations of shortening within a
well constrained chronological framework. The position of the Alpine thrust front and the
distal basin at c. 35 Ma is taken from Kempf and Pfiffner [88].

Table 1. Source information that was used to calculate the subsidence pattern of the foreland plate
underlying the Western (French) part of the Molasse basin NE of Chambery (site labelled as F
in Figure 2). USM = Lower Freshwater Molasse, OMM = Upper Marine Molasse, OSM = Upper
Freshwater Molasse; these are the commonly used German abbreviations for the Molasse groups.

Lithostratigraphic
Unit Ages (Ma) Thickness (m) Water Depth (m) Proxy for Depth of

Foreland Plate (m) References

USM 30–21 50 0 50 Kalifi et al. [21]
OMM 21–18 200 20 270 Kalifi et al. [21]
OMM 20–17 500 20 770 Kalifi et al. [21]
OMM 17–16.5 270 20 1040 Kalifi et al. [21]
OMM 16.5–14 300 0 1320 Kalifi et al. [21]

OSM continued (?) 14–10 250 0 1570
Erosion (?) 10–0 100 0 1470

In this part of the basin, the sediments were mainly deposited in a wedge-top depozone
position. Because the thrust front advanced towards the west through time, the facies
relationships are strongly heterochronous, and the sites of highest sediment accumulation
shifted towards the West as thrusting proceeded. Therefore, for the Rumily syncline, we
expect a combination of a positive subsidence signal controlled by the loading through
orogenic processes and subduction tectonics, and a negative component in response to
the piggy-back displacement of the basin along SE dipping ramps. Mapping of angular
unconformities within a chronological framework revealed that this part of the basin
entered into a piggy-back position after c. 17.5 Ma [21]. The analysis also disclosed that
sediment accumulation rates and hence the subsidence rates of the basin experienced a
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rapid increase at 18 Ma at the latest, and that high sediment accumulation rates persisted
despite the occurrence of a negative component in response to the piggy-back displacement
of the depositional realm.

3.2.2. Swiss Part of the Molasse Basin
For the Swiss segment of the Molasse basin, data on the stratigraphic architecture are

taken from a site labelled as S in Figure 2 and are based on various sources that are listed
in Table 2. The uncertainty on the age model is c. ±1 Ma, and an uncertainty of ±150 m
has to be considered for the depth of the bedrock underlying the Molasse sequences. This
information is valid for the Plateau Molasse in the Lucerne area (Figure 2). The propagation
rate of the thrust front is taken from a previous publication of the authors of this work [26].
The chronological framework of the Swiss part of the Molasse basin is based on magneto-
polarity stratigraphies [14,16,17,89,90]. Van der Boon et al. [90] present a chronological
framework where the transition from the Lower Marine Molasse to the Lower Freshwater
Molasse is c. 2–3 Ma older than proposed before [14,16,89]. However, we tentatively prefer
the original [14,16,89] chronological framework because it is a best-fit correction between
magnetostratigraphic chronologies of several sections and the mammal biostratigraphic
framework established for the Molasse basin and the surrounding sedimentary troughs [91].
It is thus founded on a broader dataset than the chronological framework for the transition
from the Lower Marine Molasse to the Upper Freshwater Molasse by Van der Boon et al. [90],
which is based on the nannoplankton records and one section with three reversals only. In
addition, Van der Boon et al. [90] mentioned that an age of c. 30 Ma for the transition from
the Lower Marine Molasse to the Lower Freshwater Molasse is also possible.

Table 2. Source information that was used to calculate the subsidence pattern of the foreland plate
underlying the Swiss part of the Molasse basin near Lucerne (see site labelled as S in Figure 2 for
location). UMM = Lower Marine Molasse, USM = Lower Freshwater Molasse, OMM = Upper Marine
Molasse, OSM = Upper Freshwater Molasse; these are the commonly used German abbreviations for
the Molasse groups.

Lithostratigraphic
Unit Ages (Ma) Thickness (m) Water Depth (m) Proxy for Depth of

Foreland Plate (m) References

UMM 32–30 150 50 m at 30 Ma 200 Diem [92]
Schlunegger et al. [14]

USM I 25–20 500 0 650 Schlunegger et al. [14]
Kempf et al. [16]

USM II 25–20 1460 0 2110 Schlunegger et al. [14]
Kempf et al. [16]

OMM I 20–18 600 20 2730 Schlunegger et al. [14]
OMM II 18–16.5 225 50 2985 Schlunegger et al. [14]

OSM preserved 16.5–15.5 500 0 3435 Schlunegger et al. [14]
OSM

continued 15.5–10/5 1400–3000
mean 2350 0 5785 Cederbom et al. [83]

Erosion 10/5–0 1400–3000
mean 2350 0 3435 Cederbom et al. [83]

3.2.3. German Part of the Molasse Basin
The stratigraphic framework of the German Molasse basin (Table 3) is mainly taken

from the results of the stratigraphic analyses of drillhole data (drillhole A in Jin et al. [81]
that is situated 30 km SSE of Munich; see site labelled as G in Figure 2) and seismic
lines [81,82]. Therefore, this section is situated in the northward extension of the Giudicaria
fault and will offer information about the transition from the central to the eastern part
of the foreland trough. We selected the most proximal section of Jin et al. [81] for the
purpose of comparison with the Swiss, Austrian and French parts of the Molasse basin
where we also focused on changes of the subsidence rates for sites as close to the modern
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Alpine thrust front as possible. Note that because the sediments were mainly deposited in
a coastal environment, we considered water depths between 50 and 20 m for our analyses.
In addition, eustatic variations in sea level were not considered in these analyses because
they were significantly less than the changes in accommodation space caused by tectonic
subsidence [81,82].

Table 3. Source information to infer the subsidence of the foreland plate underlying the German part
of the Molasse basin (see site labelled as G in Figure 2). OSM = Upper Freshwater Molasse.

Lithostratigraphic
Unit Ages (Ma) Thickness (m) Water Depth (m) Proxy for Depth of

Foreland Plate (m) References

Rupelian marls 32–30 800 50 m at 30 Ma 850 Jin et al. [81]
Chattian marls

and sands 30–25 1700 50 2550 Jin et al. [81]

Aquitanian marls
and sands 25–20 1300 50 3850 Jin et al. [81]

Sandstone-shale
Series; Fish Shales 20–18 150 20 3970 Jin et al. [81]

Neuhofer beds,
Blättermergel and
Glauconite sands

18–16.5 250 20 4220 Jin et al. [81]

Kirchberger beds
and OSM 16.5–12 450 0 4650 Jin et al. [81]

OSM continued 12–10/5 600 0 5250 Lemcke [85]
Erosion 10/5–0 600 0 4650 Lemcke [85]

3.2.4. Austrian Part of the Molasse Basin
For the Austrian segment of the Molasse basin, data on the stratigraphic architecture

are based on various sources that are listed in Table 4. These data have been established for
the part adjacent to the orogen front between Salzburg and Linz (Figure 2, site labelled as A).
The uncertainties on the age model range between ±1 Ma and ±2 Ma, and an uncertainty
of ±250 m has to be considered for the depth of the plate underlying the Molasse sequences.
Data on the propagation rate of the thrust front was taken from a synthesis article [80].

Table 4. Source information that was used to calculate the subsidence pattern of the foreland plate
underlying the Austrian part of the Molasse basin near Salzburg (see site labelled as A in Figure 2 for
location).

Lithostratigraphic
Unit Ages (Ma) Thickness (m) Water Depth (m) Proxy for Depth of

Foreland Plate (m) References

Schöneck, Dynson,
and

Eggerdingen Fms.
35–30 65 600 665 Sachsenhofer et al. [93]

Zupfing Fm. 30–27 450 400–600
(mean of 500) 1015 Sachsenhofer et al. [93]

Puchkirchen Fm.
and sands 27–20 1500 1000–1500

(mean of 1250) 3265 Bernhardt et al. [94]
Grunert et al. [95]

Hall Fm. and Inn-
viertel group 20–16.5 1200 50 3265 Hülscher et al. [19]

OSM 16.5–10 c. 450 0 3665 Ruig and Hubbard [96]
Uplift and erosion 5–0 c. 300 0 3365 Lemcke [85]

4. Results
4.1. Sequential Restoration of the Alps and Orogenic Development

The sequential restoration of the simplified cross-sections illustrated in Figures 3B and 4B
through the Central and Eastern Alps allowed us to reconstruct the position of the subducted
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lithospheric mantle slab for different time intervals and to propose a scenario of how the
Central and Eastern Alps, and partially also the Western Alps, evolved through time (Figure 7).
In the Western and Central Alps, the Tertiary subduction of the crystalline basement of a
narrow and elongated eastward extension of the Iberian plate (Figure 7A) to greater depths
resulted in blueschist metamorphic conditions with pressures up to 10 kbar [97], while the
sedimentary cover was detached and thrusted to the north, forming the Penninic sedimentary
nappes (Figure 2). The subduction of Iberian crustal material also resulted in the incipient
growth of the buoyant crustal root, which currently maintains the topography of the Central
and Western Alps at high elevations [46,47]. In the Eastern Alps, however, subduction of
the European oceanic lithosphere beneath the Adriatic continent and closure of the Piemont
Ocean continued for some time, and no thick crustal root was formed.

Between 35 and 32 Ma, the buoyant European continental lithosphere with a lower
flexural rigidity than the previously subducted oceanic lithosphere slab started to enter
the subduction channel beneath the Western and Central Alps (Figure 7A). This resulted
in extensional forces and eventually in slab breakoff between 32 and 30 Ma [98]. The
removal of the subducted oceanic lithosphere increased the relative importance of the
buoyancy versus the slab load forces, thereby lifting the surface of the Alps to the current
altitudes within a few million years [26,27]. Uplift was accommodated by backthrusting
along the Periadriatic lineament (Figure 7B,C) [99], which delineated the orogen front
on the retro side at that time and which also served as a pathway for the intrusion of
the Bergell and Adamello plutons [34] (labelled as Be and Ad on Figure 2). As a further
consequence, slab breakoff resulted in the advection of heat, which resulted in the Barrovian-
type metamorphism of rocks (temperatures up to 670 �C) between 25 and 20 Ma particularly
in the southern limb of the Penninic rocks (Lepontine Dome) north of the Periadriatic
fault [100,101].

In the Eastern Alps, however, part of the oceanic lithosphere remained attached
to the European continental plate (Figure 7F,G) until c. 20 Ma, when it started to tear
from its continental part (Figure 7H). Tearing most likely proceeded from the West to
the East [37] and was associated with a major segmentation of the Eastern Alps through
left-lateral faulting [42,43]. The inferred slab breakoff was also coeval with N-directed
thrusting and shortening in the Western Carpathians [102,103] and eventually lead to the
slab tearing around the Carpathians [57]. It was additionally considered to offer space for
the counterclockwise rotating Adriatic plate [37] to subduct towards the North, thereby
initiating the deformation of Southern Alps [40,59] and offsetting the Periadriatic lineament
through left-lateral slip along the Giudicaria fault [34]. This was also the time when the
propagation rates of the Eastern Alpine front rapidly decreased [73] and came to halt a few
Mys after 20 Ma (Figure 7I,J) [73]. In the Western and Central Alps, however, the post-30 Ma
European lithosphere slab remained attached to the European plate. Ongoing slab rollback
subduction of this plate [33] continued to control the tectonic processes on the surface and
the deformation on the northern margin, which propagated into the foreland and resulted
in the folding of the Jura fold-and-thrust belt from c. 10 Ma onward (Figure 7E) [104].

4.2. Development and Subsidence of the Molasse Basin between 35 and 20 Ma
The entrance of the European continental crust into the subduction channel at c. 35 Ma

is considered to mark the initiation of the basin on the northern side of the Alps as a
foreland basin. At that time, turbidity currents with sources in the Adriatic continental
plate resulted in the deposition of submarine fans (e.g., North Helvetic Flysch; Figure 8A)
along the Alpine thrust front between the Western and Central Alps. The built up of
andesitic volcanoes on the Adriatic plate resulted in the admixture of some volcanoclastic
material in the Flysch trough [105,106]. The transport of sediment was spatially constrained
and occurred from the West to the East in a deep trough. East of Munich, the deep marine
Flysch lobes transitioned into a pelagic sedimentary realm (Figure 8A).
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Molasse group. Updated and modified from Kuhlemann and Kempf [80]. Reproduced with permis-
sion by Elsevier (license number 5315851404282). 
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time when the deposition of the North Helvetic Flysch gave way to the regressive se-
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Figure 8. Paleogeography of the Molasse basin. (A) Situation at 32 Ma, when the basin axis was
occupied by a Flysch trough. Turbidity currents routed the clastic material with sources in the
Adriatic continent to the Austrian part of the basin, where offshore marine conditions prevailed.
(B) The situation changed after 30 Ma, when large sediment fluxes from the rising Alps resulted in
overfilled conditions in the central part of the Molasse basin, giving way to the accumulation of the
Lower Freshwater Molasse group (USM). The western part was characterized by basin-marginal
facies at that time. The fluvial systems in the central Molasse transported the clastic material until
the area near Munich, where the terrestrial facies transitioned into the deep Flysch trough of the
eastern (Austrian) Molasse basin. There, the largest portion of the supplied sediment was derived
from the area near the Periadriatic fault and transported via the paleo-Inn valley into the Flysch
trough, as recent provenance tracing has shown [20]. Thick fluvio-deltaic sediments with sources
in the adjacent orogen accumulated in a wedge-top position (Augenstein Formation). (C) At 19 Ma
the eastern Molasse basin became filled and finally transitioned from the Flysch to the Molasse
stage, here represented by the Upper Marine Molasse group (OMM). The depositional ream of the
Augenstein Formation was uplifted, and its material became eroded and re-deposited to form the
rapidly prograding Hall Formation. (D) The entire basin was overfilled during the deposition of
the Upper Freshwater Molasse group (OSM), and the sediment was transported towards the West.
This suggests a reversal in the drainage direction, which occurred during deposition of the Upper
Marine Molasse group. Updated and modified from Kuhlemann and Kempf [80]. Reproduced with
permission by Elsevier (license number 5315851404282).

At c. 32–30 Ma, the inferred occurrence of slab breakoff beneath the Western and
Central Alps [34] and the resulting rise of the Alpine topography occurred at the same time
when the deposition of the North Helvetic Flysch gave way to the regressive sequence of the
Lower Marine Molasse group (UMM; Figure 9A,B), which subsequently transitioned into
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the prograding fluvial systems of the Lower Freshwater Molasse group (USM) sometime
before 30 Ma. Overfilled conditioned prevailed between 30 and 20 Ma, when large streams
with sources in the high Alps shed their material to the basin, thereby forming megafans at
the thrust front that interfingered with an axial drainage in the basin’s axis (Figure 8B).
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Figure 9. Subsidence pattern of the Molasse basin within a temporal framework. Because the sections
are situated in the Plateau Molasse adjacent to either the Basal Alpine thrust (Austrian and French
Molasse) or to the front of the Subalpine Molasse, the deflection of the foreland plate was only
marginal in these areas at 30 Ma and before. (A) Chronological diagram for the Western (French)
Molasse basin near Chambery at the site labelled with F in Figure 2 (Table 1). Sedimentation occurred
in a wedge-top position at the proximal basin border. The transition from the Flysch to the Molasse
stage occurred at c. 30 Ma, and the propagation rate of the Alpine thrust front was nearly constant
between 30 and 5 Ma. After 20 Ma, the distal basin border was defined by the western limit of the
Bresse graben (Figure 2). Before 20 Ma, the subsidence rates of the foreland plate in this part of the
basin were negligible. They started to increase after 20 Ma. (B) Chronological diagram for a section
across the Central (Swiss) Molasse basin near Lucerne (see site labelled as S in Figure 2 and Table 2).
The transition from the Flysch to the Molasse stage occurred at c. 30 Ma. The propagation rate of the
Alpine thrust front decreased at c. 30 Ma. In the basin axis, the subsidence rates of the foreland plate
continuously increased. (C) Diagram for the boundary between the eastern and western Molasse
basin near Munich (site labelled as G in Figure 2). The subsidence pattern was taken from the data
displayed in Table 3. The basin evolution shares similarities to the Swiss and Austrian portions of the
Molasse basin. Similar to the Swiss basin, the transition from basin underfill to overfill occurred at c.
30 Ma. However, the subsidence history can be compared with the Austrian basin in the sense that the
subsidence rates where high before 20 Ma, after which they slowed down. (D) Chronological diagram
for a section across the eastern (Austrian) Molasse basin near Salzburg (see Table 4 for database, and
site labelled as A in Figure 2). The time between 30 and 20 Ma was characterized by a rapid northward
propagation of the Alpine thrust front. The fluvio-deltaic sediments of the Augenstein Formation
(Aug) accumulated in a wedge-top position. At 20 Ma, the Austrian Molasse basin transitioned from
the underfilled Flysch stage into the overfilled Molasse stage, and the deformation at the Alpine
thrust front came to a halt shortly after 20 Ma. The distal basin border was most likely limited by a
Hercynian fault, which currently separates the Bohemian massif from the Molasse basin (Figure 2).
In the area north of the modern Alpine front, the subsidence rates of the foreland plate increased
until 20 Ma. After that time, the subsidence rate was constant and nearly negligible. NHF = North
Helvetic Flysch, UMM = Lower Marine Molasse, USM = Lower Freshwater Molasse, OMM = Upper
Marine Molasse, OSM = Upper Freshwater Molasse.

Sediment thicknesses together with the size and number of fluvial channels increase as
far east as Munich (Figure 10A), where the fluvial deposits of the Lower Freshwater Molasse
transitioned into a coastal environment (Chattian Sands and Nantesbuch Sandstones) and
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finally into deep marine submarine fans in the Austrian Molasse (Zupfing Formation, c.
30–27 Ma; and Puchkirchen Formation, c. 27–19.6 Ma; Figures 8B and 10A,B). There, the
shift towards more coarse-grained material at the boundary between the Zupfing and
Puchkirchen Formations [19] possibly reflects the response to the larger supply of sediment
from the rising eastern margin of the Central Alps, as U-Pb and cooling ages of detrital
zircon minerals imply [20]. Please note that we consider the region west of the Tauern
window, which was the source area of the Puchkirchen Formation [20], and thus also the
region west of the Giudicaria fault as part of the Central Alps.
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Figure 10. Subsidence of the Molasse basin for a section along the topographic axis. (A) Situation
between 30 and 25 Ma. This was the time when the sediments of the USM I (lower part of the Lower
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Freshwater Molasse group) were deposited in the central Molasse basin. The fluvial facies of the
USM I then transitioned into a Flysch trough farther east of Munich. (B) Situation between 25
and 20 Ma, when the Flysch trough in the eastern part of the basin started to subside very rapidly,
possibly driven by rapid rollback subduction and the related northward propagation of the orogen
(see Section 5.3). The central portion of the Molasse basin was still occupied by fluvial systems,
which resulted in the accumulation of the USM II (upper part of the Lower Freshwater Molasse;
Figures 5 and 6). (C) Situation when the sediments of the Upper Marine Molasse (OMM) were
deposited. The subsidence in the eastern Molasse basin became nearly to a halt, whereas the foreland
plate beneath the central Molasse basin continued to subside. (D) During the deposition of the Upper
Freshwater Molasse group (OSM), the subsidence rates of the foreland plate were much higher in
the western/central part than in the eastern Molasse. As a consequence, the sediment dispersion
occurred to towards the West. USM = Lower Freshwater Molasse, OMM = Upper Marine Molasse,
OSM = Upper Freshwater Molasse, S/D/E = Schöneck, Dynow and Eggerding Formations. The
arrows indicate the direction of sediment transport in the basin axis.

It was proposed that a valley following the Inntal fault served as pathway for the
sedimentary material in the Puchkirchen Formation [20]. Although the major deformation
along such faults occurred after 20 Ma, the occurrence of earlier movements along them
cannot be excluded [107]. Additionally, in the eastern Molasse basin, sedimentation at
the proximal basin border occurred in a wedge-top position where the >1000 m-thick
fluvio-deltaic deposits of the Augenstein Formation [108] sealed the Alpine thrust front
(Figure 8B). In contrast, the western part of the foreland basin (Chambery-Geneva area) was
characterized by the deposition of gypsiferous marls, red sandstones, freshwater carbonates
and paleosoils [109–111], suggesting a sedimentary environment that is indicative for a
basin margin [80,110]. This facies assignment is corroborated by the low subsidence rate
of <50 m/Ma in the western Molasse. This rate then increased to c. 200 m/Ma towards
the central Molasse basin and finally to >400 m/Ma in the eastern Molasse particularly
between 25 and 20 Ma (Figure 9). The eastward trend towards higher subsidence rates
was additionally associated with an increase in the propagation rate of the Alpine thrust
front from <3 km/Ma in the western basin to c. 6 km/Ma in the central basin and finally to
>10 km/Ma in the eastern Molasse basin (Figure 9).

4.3. Development and Subsidence of the Molasse Basin after 20 Ma
The situation changed at c. 20 Ma, when the coarse-grained Puchkirchen submarine

fan system in the Austrian Molasse became finer grained and then transitioned, after 19 Ma,
into the prograding prodelta deposits of the Hall Formation and finally into the shallow
marine environment of the Innviertel Group (Figures 8C, 9D and 10C). This change from
deep to shallow marine conditions occurred within less than 2 My and was recorded by the
N-directed clinoforms of the Hall Formation that onlap onto the Puchkirchen submarine
fan deposits, thereby forming the Base Hall Unconformity [19] (Figure 10C). This suggests
the occurrence of a large sediment pulse possibly in response to the uplift and erosion
of the wedge-top deposits of the Augenstein Formation [20], which became eroded and
redeposited in the Austrian Molasse at that time [20,108].

The shallow marine and tidally dominated environment of the Innviertel Group then
evolved into the fluvial conditions of the Upper Freshwater Molasse group at approximately
16.5 Ma (Figures 8D, 9D and 10D), when sediment dispersal occurred towards the West.
Additionally, at 20 Ma, the subsidence rate of the eastern foreland plate decreased to
<50 m/My, and the Alpine thrust front came to a halt shortly after 20 Ma [73] (Figure 8C).
This change from an East-directed sediment transport on the deep marine submarine
fan system to the N-directed progradation of the post 19 Ma-old prodelta deposits and
finally to the West-directed sediment dispersal during OSM times thus points both towards
a shift from basin underfill to overfill and towards a reversal of the drainage direction
(Figures 8 and 10).
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Such a change in the sediment dispersion is also recorded in the Swiss Molasse basin.
There, the fluvial environment of the Lower Freshwater Molasse (Figure 8) with an E-
directed discharge transitioned into the shallow marine environment of the Upper Marine
Molasse (OMM) at 20 Ma. A second transgression at 17.5 Ma started in the western
part of the Swiss Molasse basin and proceeded towards the East. This suggests that
the basin adapted a westward-directed tilt after 18 Ma [112], which is consistent with
the aforementioned observations from the Austrian Molasse (Figures 8 and 10). After
16.5 Ma, progradation of alluvial megafans finally resulted in the re-establishment of
terrestrial conditions in the Molasse basin, giving way to the construction of the Upper
Freshwater Molasse group. Between 16.5 and c. 10 Ma, sedimentation continued in
terrestrial conditions, and streams with sources in the Eastern Alps and the Bohemian
massif (Glimmersand) converged with streams from the Central Alps in the Swiss Molasse
basin and finally discharged via the Bas-Dauphine basin and the Rhône Graben in France
to the Mediterranean (Figure 8D). In contrast to the eastern Molasse basin, the subsidence
rates of the central foreland plate continuously increased after 20 Ma, reaching a value of c.
400–500 m/My between 20 and 15 Ma, and the deformation front continued to propagate
towards more distal sites (Figure 9). A similar yet much higher increase in sediment
accumulation rates is also recorded in the western Molasse basin. There, shallow marine
sediments started already in the Aquitanian. Deposition of Molasse sediments occurred
in wedge-top and foredeep positions, and the depocenters migrated westward together
with the thrust front. At 18 Ma, and thus contemporaneously with the inferred drainage
reversal, the western Molasse basin experienced a rapid increase in sediment accumulation
rates from <150 m/My to >1000 m/My (Figure 9A). The entire basin then became uplifted
and eroded sometime between 10 and 5 Ma [71,83].

5. Discussion

The stratigraphic development of the Molasse Basin and particularly the transition
from marine to terrestrial conditions has commonly been related to periods of thrusting
and surface loading at the orogen front [6,13–16,81,82], or to changes in the eustatic sea
level [81,82,92,113]. However, excluding the transition from basin underfill to overfill [105]
which occurred at c. 30 Ma in the central Molasse basin, the control of slab loads on the
stratigraphic development of the Molasse basin have received much less attention in the
literature [28]. Here, we first discuss whether topographic loads and the loads of the
sedimentary fill of the Molasse basin had the potential to contribute to the formation of
accommodation space in the basin itself. We continue with outlining how changes in the
eustatic sea level potentially influenced the formation of distinct sedimentary cycles in
this basin. In the last section, we then elaborate how the subduction processes at deeper
lithosphere levels beneath the Western-Central and Eastern Alps (Figure 7) potentially
impacted the generation of the sediment in the Alpine hinterland and the routing of the
sedimentary material in the Molasse foreland basin (Figures 8–10).

5.1. Possible Controls of Surface and Basin Fill Loads on the Development of the Molasse Basin
It was proposed that the sedimentary loads of the basin fill (Figure 1) potentially

contribute to a widening of a foreland basin, e.g., [114]. Such an interpretation is based
on the results of flexural models that were designed to explore the basin response to
the combined effect of crustal thickening in the orogen and the erosional redistribution of
surface loads from the orogen to the foreland basin [6,8]. According to these models, a basin
load control on the widening of the foreland trough is a valuable interpretation provided
that there is compelling evidence for surface loads to exert a measurable impact on the
basin’s subsidence history. In this context, the stacking of European crustal material beneath
the Tauern window was considered to have contributed to the formation of such surface
loads. According to flexural models, the basin is expected to respond to such crustal stacks
by a period of rapid subsidence, as proposed by, e.g., Rosenberg et al. [36]. In particular,
these authors interpreted that the thickening of the Molasse deposits from Salzburg to
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Munich reflects the occurrence of a corresponding trend in crustal loads where the stack of
European crustal material appears to be thinner in the eastern than in the western part of
the Tauern window. However, according to our restoration of the geodynamic processes,
the buildup of the antiformal stack underneath the Tauern window occurred at the highest
rates when the tectonic component of the basin’s subsidence nearly came to a halt, which
was the case after 20 Ma (Figure 9D). Therefore, we do not consider that the along-strike
differences in the crustal thicknesses beneath the Tauern window had a large impact on
the formation of the accommodation space in the Molasse basin. In the same sense, it was
proposed that the uplift of the Aar massif at c. 20 Ma caused an increase in the surface
loads and, as a consequence, a subsidence pulse in the Swiss part of the Molasse basin [6].
However, there is no evidence for such a basin response in the subsidence history of the
basin (Figure 9B). Additionally, for the Swiss part of the Molasse basin, Schlunegger and
Kissling [26] identified a disconnection between the development of the Alpine topography
and the formation of accommodation space in the basin. Based on their conclusion we
thus infer that surface loading in the Alps was not the primary driving mechanism for the
deflection of the foreland plate. Admittedly, a recent research contribution documented
that the Alps reached a high topography during Miocene times [115] particularly in the
hangingwall area of the Simplon fault (Figure 2). However, these high elevations were
possibly local in nature [115] and could have reflected a transient state in the rearrangement
of the Alpine drainage network, which started at c. 20 Ma [116–118]. In addition, at the
same time, tectonic exhumation in the Lepontine area through slip along the Simplon fault
(Figure 2) reached a peak shortly after 20 Ma [119], which would correspond to a phase of
surface unloading in the orogen. We do not see a corresponding subsidence signal in the
Swiss Molasse basin. Finally, also in the Swiss part of the Alps/Molasse basin ensemble,
the rise of the Alpine topography, and thus the construction of topographic loads occurred
at possibly the highest rates between c. 30 and 25 Ma (Figure 7B) [26], but a corresponding
flexural pulse is not observed in the basin axis (Figure 9B).

The situation, however, is different in the French portion of the Molasse basin because
this basin was situated in a piggy-back position particularly after 20 Ma, and the pulse of
rapid subsidence coincides with a period of accelerated crustal uplift and exhumation in
the external massifs [120,121]. Therefore, a surface load control on the high sediment accu-
mulation rate in the basin cannot be excluded. Furthermore, the piggy-back emplacement
of the French part of the Molasse basin might have influenced the sedimentation pattern,
which could introduce a bias upon reconstructing the subsidence history. However, in
this part of the Molasse trough, the basin evolution was characterized by a change from a
basin-marginal position prior to 20 Ma to an open seaway thereafter, which resulted in the
establishment of a connection between the Swiss and the French part of the foreland basin
as far South as the Gulf of Lion (GL on Figure 2) [122,123]. Therefore, it is very likely that
this subsidence pulse was a regional and not a local signal. Furthermore, the establishment
of a seaway along the Alpine front also suggests that the uplift due to the piggy-back
emplacement of the basin was not significantly overprinting the inferred regional subsi-
dence signal, which we relate to the tectonic processes in the evolving Alps. In contrast
to previous interpretations [21,120,121,123,124], however, we rather consider a slab load
control on the c. 20 Ma increase in the subsidence rates than a surface control such as the
uplift of the Belledonne external massif (Figure 2). We use the analogy offered by the Aar
massif (Figure 2) as an argument because the uplift of this unit was considered to have
occurred ‘en bloc’ through vertical extrusion, possibly driven by buoyancy forces and not
by classical thrust tectonics [38,125]. En bloc extrusion of the Aar massif was interpreted
to have occurred as an isostatic response to ongoing slab rollback subduction [33,125].
Therefore, such a mechanism would not contribute to the formation of additional surface
loads [26]. Accordingly, if such processes [33,38,125] could also be invoked to explain the
uplift of the Belledonne massif (Figure 2), then slab loads generated through rollback sub-
duction rather than surface loads would have been the primary control for the formation of
accommodation space in the French part of the Molasse basin.
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We note that for the Swiss and German Molasse, previous authors, e.g., [6,19,82]
explained the formation of the Burdigalian unconformity at 20 Ma through a short period
of uplift in the forebulge area. According to these authors, this uplift occurred either as a
flexural response to a phase of surface loading in the Alps [6] or as a visco-elastic relaxation
of the foreland plate after a phase of thrusting and loading [82]. As outlined above,
we refrain from such interpretations because of a lack of evidence in the reconstructed
subsidence histories (Figure 9).

In summary, because there is a disconnection between the long-term subsidence
pattern in the basin axis and the history of uplift in the Alpine orogen particularly in the
area surrounding the Aar massif and the Tauern window, we do not consider that surface
loading exerted a major control on the subsidence history of the Molasse basin. Admittedly
the situation is different in the Western Alps [21,120,121,123,124] where the hypothesis of a
surface load control on the deflection of the foreland plate cannot be completely excluded
with the available information.

5.2. Possible Controls of Eustatic Sea-Level Changes on the Development of the Molasse Basin
During most of the time, the Molasse basin had a link to the global sea either via the

Paratethys in the NE or the Tethys in the SW [126,127]. This is also the reason why eustatic
sea level changes were considered to have controlled the occurrence of transgressions and
regressions in the foreland trough [21,68,81,82,92,112,113] and the formation of erosional
unconformities, particularly in the Swiss and German parts of the Molasse basin (Figure 6).
Such interpretations were justified by the temporal coincidence between the low stands of
the eustatic sea level and the occurrence of hiati in the stratigraphic record (e.g., [81,82]).
For the Swiss part of the Molasse basin, an eustatic control could even be invoked to explain
the erosional unconformities at c. 25 and 22–21 Ma when terrestrial conditions prevailed
(Figure 6). We justify this interpretation because the downstream distance to the shoreline
(near Munich during USM times) was short enough for sea level to have controlled the
elevation of the fluvial base level farther upstream in the Swiss Molasse. Additionally,
the unconformities in the Swiss Molasse basin were also formed contemporaneously with
those in the German part of the basin when the global sea level was lowered. For the
French segment of the basin, however, eustatic sea level changes alone are not sufficient
to explain most of the unconformities because the basin was in a piggy-back position
where thrusting and uplift beneath the depocenters could have induced the formation of
unconformities [21]. Accordingly, while eustatic changes can be invoked to explain the
various unconformities identified in the basin axis particularly in the Swiss and German
parts of the Molasse basin, the amplitudes of sea level oscillations were most likely too
small to explain the large-scale pattern at which accommodation space was formed.

5.3. Slab Load Controls
As outlined above, surface loads and loads due to the basin fill (Figure 1) alone are

not capable to explain the large-scale sedimentation pattern in the Molasse basin. As a
consequence, we do not consider that upper crustal shortening and the resulting stacking
of crustal material (e.g., the uplift of the Aar massif and the buildup of the antiformal
stack exposed in the Tauern window, see previous section) had a measurable impact on the
basin-scale subsidence pattern of the foreland trough. Instead, we interpret that rollback
subduction was the primary mechanism to drive the formation of accommodation space
in the basin [33]. As discussed in Kissling and Schlunegger [33], such a model, which has
been referred to as rollback orogeny [33,128], differs from considerations where horizontal
compression drives the orogenic development of mountain belts. In particular, in an
orogen that evolves in response to a rollback subduction, the kinematic processes are
mainly driven by the vertically directed slab loads of the subducting plate and not by the
horizontal push of the overriding plate [33,128]. Conventionally, the Adriatic plate has been
assigned to take this role of exerting a horizontal push. Such a mechanism at work has been
proposed in modelling studies that are based on critical taper wedge theories [119,129],
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or in scientific contributions that aimed at reconstructing the kinematic evolution of the
Alpine orogen [34]. In both cases, a rigid indenter made up of lower crustal material
of Adriatic origin has been used either as backstop upon applying critical taper wedge
models, or as driver to explain the shortening and uplift in the core of the Alps. However,
the results of such analyses cannot be reconciled with two principal observations derived
from geophysical surveys [33]. These are first, the strongly negative Bouguer anomalies in
the area surrounding the Central Alps [44,46] that could not be explained upon applying
critical taper wedge models, and second the occurrence of a kilometre-thick crustal root
made up of lower crustal material of the European plate instead of a rigid indenter of
Adriatic origin beneath the core of the Alps [45] (Figure 3). Furthermore, as outlined
before [33], reconstructions of the evolution of the Alps need to consider the principle
where slab loads and topographic loads together with the buoyancy of the crustal root are
in an isostatic equilibrium (Figure 1). Accordingly, we take the view where a combination
of vertically directed slab loads exerted by the subducted plate (which was only partly
counterbalanced by the effects related to the flexural strength of the plate, Figure 1) and the
buoyancy of the crustal root were the primary forces to drive the large-scale evolution of the
Alps, the formation of accommodation space in the basin and the buildup of topography
in the adjacent orogen. In the next sections, we elaborate a scenario of such a dynamic
development, and we outline how changes in slab loads offer a valuable alternative for
relating the development in the Alps to the sedimentary processes in the foreland basin
and the source-to-sink routing in this sedimentary trough.

5.3.1. Prior to 32 Ma: Flysch Stage in the Entire Molasse Basin
The start of the Molasse basin as a foreland basin involved a Flysch stage and was

characterized by a deep-marine trough next to the Alpine thrust front (Figure 8A). Dur-
ing these times, the formation of a deep trough appears to have been controlled by the
downward-directed slab loads exerted by the subducted oceanic lithosphere slab of the
European plate, which resulted in the downwarping of the foreland plate (Figure 11A,B).
Beneath the Central and Western Alps, this downwarping was most likely less than beneath
the Eastern Alps. This interpretation is based on the eastward-directed routing of the clastic
material in the submarine system (Figure 8A), which points towards an eastward-directed
tilt of the foreland plate and thus towards a greater deflection of the foreland plate in the
East. The along-strike difference in the deflection of the basin trough most likely reflects the
effect of the buoyancy caused by the crustal material of the Iberian plate, which was, prior
to 35 Ma, accreted to the orogen in its central and western part but not in its eastern portion
(Figure 7). As a further consequence of this buoyancy, the incipient Alpine topography was
possibly higher in the Western and Central Alps than in the Eastern Alps. These along-
strike differences in the topography possibly explain why sediment budgets disclosed a
50% higher sediment yield in the Western and Central Alps compared to the eastern part of
the orogen [130,131].
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Figure 11. Sketch figure, showing the development of the collisional processes and the basin response.
(A) Situation before 35 Ma, when the European oceanic plate was subducting beneath the Adriatic
plate and when a flysch trough was established. (B) At c. 32 Ma, continent-continent collision started
beneath the Central Alps. This resulted in necking and the removal of the subducted oceanic plate.
(C) Slab breakoff beneath the Central Alps was associated with a rebound of the foreland plate and the
growth of the Central Alpine topography. As a result, the erosional mass flux increased in the Central
Alps, and the Molasse basin transitioned from the underfilled Flysch to the overfilled Molasse stage.
Beneath the Eastern Alps, parts of the subducted oceanic plate remained attached to the continental
plate, which resulted in a continued downwarping of the foreland plate. Therefore, the topography of
the Eastern Alps was subdued, and the foreland basin remained in the Flysch stage. (D) Incipient slab
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delamination beneath the Eastern Alps resulted in a rebound of the foreland plate, with the conse-
quence that the Eastern Molasse basin transitioned from deep marine to shallow marine conditions.
The rise of the Eastern Alpine topography was less than in the Central Alps at 30 Ma, mainly because
the buoyant crustal root was much thinner in the East. (E) Subduction of the continental lithosphere
continued beneath the Central Alps after 20 Ma, which resulted in an ongoing downwarping of the
foreland plate. This finally resulted in a reversal of the drainage direction.

5.3.2. At 30 Ma: Slab Load Controls on the Along-Strike Differences in Sedimentation
At 32 Ma, after the collision between the continental plates, crustal rocks of the

European continental plate together with the accreted material of the Iberian plate started
to enter the subduction channel (Figure 7). Partly due to the buoyancy of the continental
crust, the continental lithosphere has a higher effective flexural rigidity than the subducted
oceanic lithosphere. The result was an increase in the extensional forces at the interface
between the continental and oceanic parts of the European plate, with the consequence that
eventually the subducted oceanic lithosphere slab broke off. The continental part of the
plate, in turn, experienced a rebound because of the removal of the downward-directed slab
weight and because of the buoyancy of the crustal root (Figure 7B) [33]. The related uplift
was accomplished by backthrusting along the Periadriatic lineament. It resulted in the rise
of the Alpine topography and in an increase in the sediment yields from <5000 km3/My
to >20,000 km3/My [130,131]. We use the combination of these processes to explain the
transition of the Molasse basin from the underfilled Flysch to the overfilled Molasse stage
particularly between Chambery and Munich [105] (Figure 8). Accordingly, this shift from
basin underfill to overfill is interpreted as a combined response to the rebound of the
foreland plate and to the buoyancy exerted by the accreted crustal root.

Please note, however, that the 30 Ma-old slab break-off hypothesis was contested [132]
based on evidence for the occurrence of magmatism along the Periadriatic lineament when
subduction was still active, and because zircon U–Pb data [132] reveal a trend towards
younger ages perpendicular to the strike-direction of the European slab. This information
was then used to propose that the European slab was continuously steepening between the
Eocene–Oligocene without breaking off [132]. However, this interpretation is not consistent
with the development of the Molasse basin, mainly because slab steepening would be
associated with a period of continued Flysch sedimentation and not with a shift from basin
underfill to overfill.

In the Eastern Alps, at least a part of the oceanic slab most likely remained attached
to the European plate, thereby causing a downward-directed flexure of this plate and
maintaining the Flysch stage (Figure 11C). In the basin axis, the increasing subsidence
rate particularly after 25 Ma together with the rapid northward shift of the orogen front
(Figure 9C) and onlaps of the Puchkirchen and Zupfing Formations on what has been
referred to as the Northern Slope Unconformity [19] suggest that the rollback subduction
of the oceanic part of the European plate was ongoing, driven by its own load (Figure 7G).
Furthermore, because no large volume of crustal material was accreted to form a buoyant
crustal root, the topography of the Eastern Alps was most likely lower than in the Western
and Central Alps (Figure 11C). This could explain why the sediment yields were >50%
lower than in the Western and Central Alps. In fact, provenance tracing revealed that
most of the detritus in the Puchkirchen Formation (Figure 8B) was sourced from the
eastern margin of the Central Alps surrounding the Periadratic lineament [20] and thus
not from the Eastern Alps. Please note that in this context we consider the boundary
between the Central and Eastern Alps to be situated in the area of the Giudicaria fault
(Figure 2). Because of the rapid rollback deflection of the foreland plate, accommodation
space was not only formed in the basin axis but also on top of the frontal part of the eastern
Alpine wedge. There a >1000 m-thick suite of fluvio-deltaic material derived from the
Eastern Alps [20] accumulated in a wedge-top position (Augenstein Formation, Figure 8B).
Accordingly, between 30 and 20 Ma, the along-strike difference in the deflection of the
foreland plate and the sediment routing pattern most likely reflects the response to the
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larger slab loads beneath the Eastern Alps (Figure 11C). In fact, the yet still attached oceanic
lithosphere was likely to have exerted a larger vertical-directed slab load than the more
rigid subducted lithospheric mantle slab of the European plate beneath the Central Alps
(Figure 11C), thereby tilting the foreland plate to the East. If this interpretation is valid,
then the development of the marginal facies in the western Molasse basin [110] could
reflect the occurrence of a lateral forebulge that established in response to the eastward,
arcuate-shaped deflection of the European plate.

Note that between 30–25 Ma, the reconstructed subsidence rate of the Austrian Molasse
was significantly lower than in the German part of the basin (Figures 9 and 10), which
could be perceived as not consistent with the scenario drawn in this section. We interpret
this pattern by the differences in the distance between the Alpine front and the sites for
which we calculated the subsidence history. Because prior to 25 Ma, the Austrian section
was situated farther away from the orogen front (c. 160 km) than the German section
(c. 100 km, Figure 8A), the subsidence rates were lower at the Austrian site. The situation
then changed during the time between 25 and 20 Ma, when ongoing rollback subduction
and the associated propagation of the orogenic front shifted the Austrian section as close to
the orogen front as the German one (Figure 8B). It thus appears that the propagation rate of
the Alpine front (and the rollback subduction rate) was higher in the Austrian (i.e., east
of the northward extension of the Giudicaria fault) than in the German part (west of the
northward extension of this fault, Figure 11), which offers an explanation as to why the
subsidence rates accelerated more rapidly in the Austrian Molasse basin.

5.3.3. At 20 Ma: Controls of Slab Unloading Beneath the Eastern Alps
The situation then changed at c. 20 Ma, when the subducted oceanic part of the

European plate broke off beneath the Eastern Alps (Figure 11D,E). The result of this slab
unloading was a rebound of the eastern segment of the foreland plate (Figure 7H), while
the lithospheric mantle slab remained attached to the European plate in its central and
western segments and continued to be subducted. This rebound, however, was possibly
less than in the Central Alps at 30 Ma, because beneath the Eastern Alps, a smaller volume
of continental crust was delaminated from its mantle lithosphere prior to slab breakoff than
beneath the Central Alps. Therefore, less continental crust was accumulated to establish
a buoyant crustal root beneath the eastern part of the orogen to counterbalance the slab
loads and to maintain a moderately high topography. The removed slab was most likely
replaced by the lithospheric mantle slab of the Adriatic plate (Figure 7I). As a result, the Po
Basin on the eastern side of the Giudicaria fault became the active foreland basin where
subsidence rates started to increase (Figure 12).
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Figure 12. Evolution of the total subsidence of the Po basin recorded by sections that are exposed
in the hangingwall of the Montello thrust (see site labelled with ‘P’ in Figure 2 for location). The
subsidence pattern [133] has been corrected for eustatic sea level variations and compaction.
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The plate underneath the eastern Molasse experienced a phase of unloading at 20 Ma,
while ongoing subduction resulted in a further downwarping of the foreland plate beneath
the central and western Molasse basin (Figure 11D,E). These along-strike differences are
mirrored in the along-strike pattern of the basin’s subsidence rates. In the eastern part,
the subsidence rates of the foreland plate decreased to <50 m/My at 20 Ma, whereas the
subsidence rates continued to increase to ca. 400–500 m/My in the central part of the
basin, and to nearly 1000 m/My in its western segment (Figure 9). These differences are
also recorded in the facies development. In the eastern part of the basin, the facies shifted
from a Flysch-type environment to shallow marine conditions at 20 Ma analogously to
what occurred around 30 Ma in the western part of the basin. This change is recorded by
the N-directed clinoforms of the Hall Formation [19] and onlap structures of this unit on
top of the Puchkirchen Formation, thereby forming the Base Hall Unconformity [19]. We
consider these processes as response to the rebound of the foreland plate and the larger
fluxes of sediment derived from the rising Eastern Alps. However, the largest portion of
this material was derived through the recycling of the previously deposited Augenstein
unit [20], which became uplifted possibly in response to this rebound.

In the central and western part of the Molasse basin, the ongoing increase in the
subsidence rates after 20 Ma (Figure 9) in combination with a 30% reduction in sediment
flux [130,131] and possibly a rise in the eustatic sea level [81,82,112,113,134] caused the
fluvial depocenters to step back, thereby giving way to a marine environment. Near
Lucerne (Figure 2), the first transgression progressed from the East to the West at 20 Ma,
whereas the subsequent transgression at 18 Ma occurred in the opposition direction [17,112].
This suggests that between 20 and 18 Ma, the tilt of the basin axis reversed from an east-
to a west-directed orientation (Figure 10C). This reversal is thus considered as a direct
response to the foreland plate to slab unloading beneath the Eastern Alps, while subduction
of the lithospheric mantle slab beneath the Central and Western Alps proceeded (Figure 11),
which ultimately resulted in westward tilt of the foreland plate.

6. Conclusions

We propose a qualitative geodynamic model where subduction tectonics beneath the
Alps has controlled the large-scale evolution of the Molasse foreland basin. In particular,
based on a synthesis of published data, we document that at 30 Ma, the change from
the deep marine underfilled (Flysch stage) to the overfilled terrestrial Molasse stage of
basin evolution was most likely driven by slab unloading beneath the Western and Central
Alps. This is considered to have resulted in a growth of the Alpine topography in this
part of the Alps, an increase in surface erosion and sediment supply to the basin, and thus
in the observed change from basin underfill to overfill. In the eastern part of the basin,
however, the underfilled Flysch-type conditions prevailed until 20 Ma, which we relate to
the occurrence of slab loads beneath the Eastern Alps as parts of the subducted oceanic slab
most likely remained attached to the European plate and downwarped the plate in the East.
The situation changed at 20 Ma, when the eastern part of the basin experienced a change
from deep marine underfilled to shallow marine filled and finally overfilled conditions.
This was also the time when the sediment routing in the basin axis changed from an east-
directed sediment dispersal prior to 20 Ma, to a west-oriented sediment transport and thus
to the opposite direction thereafter. We relate these changes to the occurrence of oceanic
slab breakoff beneath the Eastern Alps, which most likely resulted in a rebound of the
plate, a growth of the topography in these parts of the Alps and a larger sediment flux
to the eastern portion of the basin. We thus propose that there is ample evidence in the
basin-scale stratigraphic record for a slab load control on the development of the Molasse
foreland basin.

In a broader sense, we suggest that the combination of slab loads and the buoyancy
of the crustal root beneath an orogen are likely to exert a control on the formation of
accommodation space in a foreland basin and the routing of sediment in this trough. These
loads and forces also impact the formation of relief and the topography in the orogen. They
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additionally control the production of sediment where a higher topography, conditioned
by the buoyancy of a crustal root, can result in higher denudation rates and thus in a larger
material supply to the adjacent foreland basin. Finally, the formation of such a crustal root
and the accretion of crustal material is ultimately controlled by slab rollback subduction,
which in turn is driven by slab loads. Consequently, any changes in the arrangement of
these forces, such as slab tearing and slab breakoff, has the potential to alter the production
rates of sediment in the orogen, the formation rate of accommodation space in the basin
and the dispersion of the sedimentary material from source to sink. Such changes are
ultimately recorded by the sedimentary archives in a foreland basin. We propose that the
Alps/Molasse basin ensemble serve as presumably one of the best examples where such
mechanisms at work can be documented, and we suggest that further research on the
relationships between subduction tectonics, orogenesis and foreland basin evolution will
significantly enhance our understanding of how a foreland basin in general responds to
orogenic processes at deeper crustal levels.
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