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A B S T R A C T   

The Northern Alpine Foreland Basin (i.e., Molasse Basin) developed due to flexural subsidence from slab- and 
topographic loading during continental collision between the Adriatic and European plates. Previous studies 
highlight a diachronous transition from underfilled- to overfilled conditions in the Molasse Basin in response to 
orogen-parallel variations in flexural subsidence and sediment supply. In this contribution, we investigate the 
lithospheric- and crustal-scale orogenic process(es) that generated this diachronous transition. For this, we 
conducted a tectonostratigraphic analysis of the Molasse Basin. Firstly, we constructed a 3D geological model to 
derive the architecture of the European margin during the Eocene onset of flexure. Second, 2D/3D reflection 
seismic- and borehole data were used to characterise the spatiotemporal development of depositional environ
ments and syn-flexural normal fault kinematics in the German Molasse. Our data show a stepwise rather than 
continuous eastward migration of the underfilled- to overfilled transition. Furthermore, syn-flexural fault ki
nematics document a Rupelian to early Burdigalian northward younging trend and higher cumulative Cenozoic 
offsets in the Eastern German Molasse (< 230 m) compared to the Western German Molasse (< 150 m). This 
implies a west-to-east increase in the curvature of bending of the European plate, induced by along-strike var
iations in the magnitude of applied loads and/or European lithospheric strength variations. These variations 
drove lateral variations in accommodation space and sediment supply. Subsequently, this led to the diachronous 
underfill-to-overfilled transition in the Molasse Basin. Taken together, we suggest that the diachronous transition 
was driven by spatiotemporal variations in the thickening of the orogenic wedge supported by slab detachment, 
promoted by subduction- and collision of the irregular European margin.   

1. Introduction 

Flexural basins develop next to orogens as a result of topographic and 
subsurface loading (such as deep-seated loads or subducting slabs) that 
result in lithospheric flexure of the subducting foreland plate (Beau
mont, 1981; Flemings and Jordan, 1989; DeCelles and Giles, 1996; 
Sinclair, 1997a; Roure, 2008). Their stratigraphic fill and basin archi
tecture record the interplay between the flexural generation of accom
modation space and sediment supply from the adjacent mountain range 
(Flemings and Jordan, 1990; DeCelles and Giles, 1996). Numerous 
foreland basins (e.g., Appalachian, Apenninic, and Tarim, Lash, 1988; 
He et al., 2016; Amadori et al., 2019) record along-strike variations in 

basin architectures (e.g., coeval existence of both underfilled and over
filled deposition, sensu Homewood et al., 1986). Several processes can 
produce along-strike variable foreland basin architectures. Examples 
include orogen-parallel variations in crustal thickening of the orogenic 
wedge (Whiting and Thomas, 1994; DeCelles and Mitra, 1995), lateral 
slab tearing (Meulenkamp et al., 1996; Van der Meulen et al., 1998; 
Ascione et al., 2012), climate change and/or sediment availability 
(Kuhlemann and Kempf, 2002; Schlunegger and Castelltort, 2016; 
Malkowski et al., 2017; Garefalakis and Schlunegger, 2019), and along- 
strike variations in the inherited pre-foreland crustal architecture 
(Dewey and Kidd, 1974; Cooper et al., 1995; Sinclair, 1997a; Roure, 
2008). A natural example that records along-strike variations in the 
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stratigraphic basin architecture is the Northern Alpine Foreland Basin (e. 
g., Kuhlemann and Kempf, 2002, hereafter referred to as the Molasse 
Basin, MB, Fig. 1). To better understand the controls of lithospheric- and 
crustal-scale processes on the along-strike variation in MB architecture, 
we investigate the tectonostratigraphic evolution of this basin and relate 
it to the geodynamic evolution of the Alps. 

Since the Late Cretaceous, the European and Adriatic plates have 
been converging (e.g., Handy et al., 2015). By the late Eocene, conver
gence led to continental collision and the onset of flexural subsidence of 
the peripheral MB (e.g., Schmid et al., 1996). A key characteristic of the 
Cenozoic syn-flexural basin fill is the Oligocene to early Miocene dia
chronous transition from underfilled- to overfilled deposition (i.e., 
transition from flysch to molasse deposition; Homewood and Lateltin, 
1988; Lemcke, 1988; Allen et al., 1991; Bachmann and Müller, 1991; 
Sinclair, 1997a; Kuhlemann and Kempf, 2002). This transition started at 
31.5 to 30 Ma in the Swiss Molasse (Schlunegger et al., 1997b; Kempf 
et al., 1999; Kempf and Pross, 2005) and reached the Austrian Molasse 
by 19 to 18 Ma (Hülscher et al., 2019). The mechanisms proposed for 
this diachronous transition include eustacy (Bachmann and Müller, 
1991; Jin et al., 1995; Zweigel et al., 1998, Eastern German Molasse), 
inherited basement architecture (stratigraphy and structures, Lihou and 
Allen, 1996, Swiss Molasse), visco-elastic relaxation of the European 
plate (Zweigel et al., 1998; Hülscher et al., 2019; Borzi et al., 2022, 
Eastern German and Austrian Molasse), and slab breakoff (Sinclair, 
1997a; Schlunegger and Kissling, 2015; Schlunegger and Castelltort, 
2016, Swiss Molasse). On the scale of the entire MB, Alpine lithospheric- 
scale processes may have governed along-strike variations in sediment 
supply, driving the along-strike diachronous underfill- to overfill tran
sition (Kuhlemann and Kempf, 2002; Schlunegger and Kissling, 2022). 
In addition, it has been suggested that lateral tearing of the European 
slab governed west-to-east depocenter migration along the entire 
Alpine-Carpathian chain (Meulenkamp et al., 1996). This slab breakoff- 
and tearing hypothesis explains the mechanisms that induced the dia
chronous underfill- to overfilled transition in the MB during the Oligo
cene to early Miocene. Fingerprints of lateral slab tearing include 
lithospheric-scale STEP faults (sensu Govers and Wortel, 2005; Neely 
and Furlong, 2018; Andrić-Tomašević et al., 2023), a younging trend of 
asthenospheric magmatism parallel to the proposed direction of slab 
tearing (Ferrari, 2004; Ferrari et al., 2012; Menant et al., 2016), and 
trench-mountain curvature (Li et al., 2013; Andrić-Tomašević et al., 
2023). However, such features are less evident in the Alps. Therefore, 
alternative mechanisms, which may have controlled the Oligocene to 
early Miocene evolution of the MB, require consideration. 

Previous paleogeographic reconstructions suggest an irregular Eu
ropean passive margin (Stampfli, 1993; Faupl and Wagreich, 2000; 
Stampfli et al., 2002; Ziegler and Dèzes, 2007; Handy et al., 2010; Handy 
et al., 2015). This irregularity was characterised by the presence of the 
continental Brianconnais terrane, which tapered out between the future 
Western/Central- and Eastern Alps (Faupl and Wagreich, 2000; Mohn 
et al., 2010; Rosenberg et al., 2021). Previous geologic (Alps, Stockmal 
et al., 1987; Mohn et al., 2014; Manatschal et al., 2022; Zagros moun
tains, Alipour, 2023) and geodynamic studies (van Hunen and Allen, 
2011; Tetreault and Buiter, 2012; Vogt and Gerya, 2012) demonstrated 
that subduction- and collision of an irregular margin leads to orogen- 
parallel variations in the foreland basin architecture (Lash, 1988; Gül 
et al., 2015; Angrand et al., 2018). However, the influence of a sub
ducting irregular European margin on the MB architecture has received 
little attention and focused mostly on the Swiss Molasse only. (Lihou and 
Allen, 1996; Sinclair, 1997a; Schlunegger and Kissling, 2022). The ir
regularity of the European margin promoted an earlier collision in the 
western part of the European-Adria suture (also inferred by Schlunegger 
and Kissling, 2022). If true, this led to an earlier underfill-to-overfill 
transition in the western part of the MB compared to the eastern part. 
In this contribution, we evaluate both the hypotheses that the dia
chronous underfill-to-overfill transition in the MB was controlled by 1) 
slab breakoff- and tearing or 2) collision- and subduction of the irregular 

European passive margin. 
To test these hypotheses, we construct a 3D geological model of the 

MB north of the present-day Alpine thrust front using existing subsurface 
models (GeoMol, 2015; Fig. 1a). Furthermore, we interpret 2D/3D 
seismic data in the German Molasse (Fig. 1a, 2D seismic lines and 
seismic volumes A and B) for the late Eocene to early Miocene deposi
tional environments and syn-flexural normal fault kinematics. 
Combining these analyses enables a reconstruction of the tectonos
tratigraphy of the MB resulting from the geodynamic evolution of the 
Alps. Our results suggest that the pre-flexural European passive margin 
architecture controlled the late Eocene architecture of the German 
Molasse. Furthermore, subduction- and collision of the irregular Euro
pean margin likely influenced the along-strike variations in the surface 
uplift of the Alps, subsequently resulting in basin-parallel variations in 
sediment availability. 

2. Geological setting 

The Alps and the adjacent MB extend from south of Lake Geneva to 
Lower Austria, striking roughly E-W over ca. 700 km (Fig. 1). From west 
to east, the MB is bounded north by the Jura Mountains, the Swabian/ 
Franconian Alb, and the Bohemian Massif. The thickness of the syn- 
flexural Cenozoic fill of the MB increases from north to south, reach
ing ~5000 m in front of the Alps (e.g., Bachmann and Müller, 1991). A 
rough division of the MB is typically made between the Oligocene 
brackish/terrestrial Western Molasse (Swiss and Western German Mo
lasse, Fig. 1a) and littoral to bathyal Eastern Molasse (Eastern German 
and Austrian Molasse, Fig. 1a, Kuhlemann and Kempf, 2002). Further
more, we subdivide the Eastern Molasse into the Eastern German Mo
lasse (German Molasse east of Munich) and Austrian Molasse (Fig. 1a) 
because of their different histories (Subsection 2.2). 

The adjacent Alps are a nappe stack of European and Adriatic- 
derived material (e.g., Schmid et al., 1996; Schmid et al., 2004a). 
While European-derived units dominate the western part of the orogen, 
Adriatic-derived units are more prominent in the eastern part (Fig. 1b). 
This lateral variation in the structure of the nappe stack suggests orogen- 
parallel variations in Alpine tectonics (e.g., Schmid et al., 1996; Stampfli 
et al., 1998; Handy et al., 2010). 

2.1. Geodynamic evolution of the Alpine hinterland 

The Penninic domain (Piemont Ocean and Valais Through) separated 
the Adriatic and European plates from the Late Jurassic until Late 
Eocene continental collision (Schmid et al., 1996; Ziegler et al., 1996; 
Mohn et al., 2010; Le Breton et al., 2021). Along the future Western and 
Central Alps, the Piemont Ocean and Valais Trough were separated by 
the continental Brianconnais terrane (Handy et al., 2010; Mohn et al., 
2010; Le Breton et al., 2021; Rosenberg et al., 2021). However, this 
terrane tapered out towards the future Eastern Alps (e.g., Stampfli, 1993; 
Stampfli et al., 2002). This led to an irregular European margin. Sub
duction of the Penninic domain started in the Late Cretaceous (84 Ma, 
Stampfli et al., 1998; Handy et al., 2010; Handy et al., 2015; Le Breton 
et al., 2021). By the late Eocene, continental collision started (Schmid 
et al., 1996; Ziegler et al., 1996), leading to the overthrusting of the 
European margin by the Alpine nappe stack. Alpine nappe stacking and 
European slab loading caused flexural subsidence of the foreland (Allen 
et al., 1991; Schmid et al., 1996; Wagner, 1998). At that time, the shelf 
sediments of the Ultrahelvetic domain were incorporated into the thrust 
wedge to form the Helvetic nappes (Burkhard, 1988; Pfiffner, 1993; 
Schmid et al., 1996). Coeval late Eocene to early Oligocene emplace
ment of intrusives along the Periadriatic Fault (Fig. 1b, Dal-Piaz et al., 
1988; Barth et al., 1989; von Blanckenburg and Davies, 1992) suggests 
that continental collision was followed by European oceanic slab 
breakoff (~43–30 Ma, von Blanckenburg and Davies, 1995; Schmid 
et al., 1996). This led to an increase in exhumation, backthrusting, and 
low-angle detachment faulting in the Western/Central Alps, which 
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Fig. 1. a) Relief map of the Alps, Molasse Basin, and surrounding areas from the ETOPO1 Global Relief Model (Amante and Eakins, 2009), showing the locations of 
data and model results presented in this study. The red circles indicate the locations of 3D seismic volumes A and B, and the black lines are 2D seismic lines. The green 
line north of seismic volume B shows the location of the seismic line shown in Fig. A14. b) Tectonic map of the Alps and Molasse Basin, indicating the subdivision 
used in this study. Tectonic units in the Alps are modified from (Schmid et al., 2004b). The subdivision of the Alps is based on (Kuhlemann and Kempf, 2002), where 
the yellow dashed lines indicate the borders between different parts of the orogen. The subdivision of the Molasse Basin is based on differences in the tectonos
tratigraphic development of various parts of the basin (See Subsection 2.2.2 for details). AFT ¼ Alpine Frontal Thrust, GF = Giudicarie Fault, SF = Simplon Fault, 
PAF = Periadriatic Fault, IVF = Inntal Valley Fault, G = Geneva, K = Kaufbeuren, L = Linz, M = Munich, S = Salzburg, Z = Zürich. 
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further caused increased erosion rates between 30 and 20 Ma (Hurford, 
1986; Schmid et al., 1996; Schlunegger and Willett, 1999; Von Eynatten 
et al., 1999; Schlunegger and Kissling, 2015). Despite slab breakoff, the 
Alpine nappes continued to migrate northward, overthrusting the 
Infrahelvetic domain by the early Oligocene (including the para
utochthonous Cenozoic cover of the Aar Massif, consisting out of mid
dle- to late Eocene limestones and early Oligocene flysch, Pfiffner, 1986; 
Allen et al., 1991; Pfiffner, 1993; Schmid et al., 1996; Heyng, 2012; 
Zerlauth et al., 2014). Along the Central- and Eastern Alpine front, the 
basal Helvetic thrust remained active until at least the late Oligocene 
(Schmid et al., 1996; Zerlauth et al., 2014). The thrust front of the 

Eastern Alps continued to migrate northward during the Oligocene and 
early Miocene (Covault et al., 2009; Hinsch, 2013; Zerlauth et al., 2014). 

A second slab breakoff is suggested below the Eastern Alps during the 
early Miocene (20 Ma, Schmid et al., 2004a; Ustaszewski et al., 2008; 
Handy et al., 2015). Similar to the late Eocene to early Oligocene 
breakoff, this breakoff event correlates with increased exhumation rates 
(Fügenschuh et al., 1997; Fox et al., 2016) and increased sediment 
supply from the Eastern Alps (Kuhlemann, 2000), as well as a switch 
from in-sequence to out-of-sequence thrusting (Hurford et al., 1989; 
Covault et al., 2009; Hinsch, 2013; Von Hagke et al., 2014; Ortner et al., 
2015). However, continued indentation by the Adriatic plate resulted in 

Fig. 2. Stratigraphic column of the western and eastern German Molasse Basin (study area). Reflectors that indicate the same tectonic event or age are connected 
with red dashed lines. In seismic volume A, the ages of the surfaces are based on (Kuhlemann and Kempf, 2002; von Doppler et al., 2005; Heimann et al., 2009; 
Heckeberg et al., 2010; Shipilin et al., 2020). Ages from the surfaces in seismic volume B are based on (Jin et al., 1995; Zweigel et al., 1998). The ages of the 
stratigraphy in the parts of Molasse Basin covered by these seismic volumes are derived from biostratigraphy, which yields 1 to 2 Myrs of uncertainty. The strat
igraphic gap in the early Burdigalian is based on the time gap presented by the unconformity at the base of the Hall Formation in the Eastern German Molasse (BHU, 
Hülscher et al., 2019). 
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the eastward tectonic escape of the Eastern Alps rather than continued 
northward migration (Ratschbacher et al., 1991; Rosenberg et al., 2007; 
Favaro et al., 2015). This tectonic reorganisation was contemporary 
with the cessation of subsidence in the Eastern Molasse (20 to 18 Ma, 
Genser et al., 2007; Ortner et al., 2015; Schlunegger and Kissling, 2022). 
Only southeast of Munich did the subsidence continue after the early 
Burdigalian (Zweigel et al., 1998). Furthermore, the tectonic reorgan
isation in the Eastern Alps was coeval with the onset of southward in- 
sequence thrusting in the Southern Alps (Schönborn, 1999; Caputo 
et al., 2010). 

2.2. Stratigraphy of the foreland plate 

The following sections give a synoptic overview of the pre-flexural 
Mesozoic basement stratigraphy (Subsection 2.2.1) and syn-flexural 
basin fill of the Molasse Basin (Subsection 2.2.2). 

2.2.1. Paleozoic and Mesozoic basement 
The Variscan crystalline basement of the MB consists of gneisses and 

granites (Herrmann et al., 1985; Bachmann and Müller, 1991), locally 
cut by Carboniferous to Triassic grabens (Bachmann and Müller, 1991; 
Gautschi et al., 2008). This is overlain by Middle Triassic to Late 
Cretaceous passive margin sediments with a spatially variable thickness 
distribution (Frisch, 1979; Nachtmann and Wagner, 1987; Ziegler, 1990; 
Bachmann and Müller, 1991). From west to east, the Mesozoic subcrop 
of the foreland unconformity changes from Late Jurassic to Late Creta
ceous stratigraphy (Lemcke, 1988; Bachmann and Müller, 1991). 

2.2.2. Cenozoic syn-flexural fill of the Molasse Basin 
The oldest Cenozoic deposits of the Western Molasse are found in the 

parautochthonous cover of the Aar Massif (now part of the fold-and–
thrust-belt). Here, Infrahelvetic Lutetian (middle Eocene) littoral sands 
and limestones overlie the foreland unconformity (Allen et al., 1991; 
Menkveld-Gfeller, 1995; Menkveld-Gfeller, 1997; Sinclair, 1997b). 
These deposits are covered by turbiditic bathyal middle to late Eocene 
sediments (Globigerina marls and Taveyannaz Fm., Allen et al., 1991; 
Sinclair, 1997b; Sissingh, 1997; Burkhard and Sommaruga, 1998). In 
contrast, similar coeval deposits are either scarce or lacking in the 
autochthonous Western Molasse (up to 10 m thickness, Lemcke, 1988; 
Müller, 2011). The littoral platform limestones overlying the foreland 
unconformity represent the lower unit of the underfilled trinity (sensu 
Sinclair, 1997b, succession of littoral platform limestones overlain by 
hemipelagic marls and subsequently bathyal siliciclastic turbidites). 
This unit is interpreted to record a foreland basin’s initially slow and 
sediment-starved subsidence. Early Rupelian bathyal turbiditic condi
tions are recorded in the entire autochthonous Western Molasse (Elm 
and Matt Fms. of the parautochtonous cover of the Aar Massif, Deu
tenhausen Beds, and Rupelian fish Shale for the Western German Mo
lasse, Pfiffner, 1986; Allen et al., 1991; Sissingh, 1997; Maurer, 2006). 
By the late Rupelian, deposition shallowed to neritic conditions along 
the southern basin margin (Lower Marine Molasse for the Swiss Molasse 
and Rupelian Tonmergel/Zupfing Fm. for the Western German Molasse, 
Diem, 1986; Allen et al., 1991; Sissingh, 1997; Mraz et al., 2018). In the 
Western Molasse, this shallowing (i.e., the underfill- to overfill transi
tion) occurred between 31.5 and 30 Ma, reaching as far east as the 
Allgäu (Schlunegger et al., 1997b; Kempf et al., 1999; Kempf and Pross, 
2005). The shallowing was contemporaneous with the development of 
alluvial megafans along the Swiss Alpine front (Honegg-Napf, Rigi, and 
Speer fan systems, 31–30 Ma, Schlunegger et al., 1996; Kempf et al., 
1999). By the late Rupelian, littoral conditions in the Swiss Molasse 
(Horw Sandstones, Diem, 1986), transitioned into neritic conditions in 
the Western German Molasse (Rupelian Tonmergel, Zaugg and Löpfe, 
2011; Mraz et al., 2018). Littoral depositional conditions reached the 
Western German Molasse by the earliest Chattian (28 Ma onset of 
Baustein Beds deposition, Mraz et al., 2018). From the middle Chattian 
until the end of the Aquitanian, the Western Molasse developed as an 

eastward draining fluvial environment (26 to 20.5 Ma, Lower Fresh
water Molasse and Cyrena Beds, Matter, 1980; Platt, 1992; Platt and 
Keller, 1992; Kuhlemann and Kempf, 2002; Reichenbacher et al., 2004; 
Ziegler and Storch, 2008). Subsequently, this fluvial environment was 
flooded during the early Burdigalian Transgression, leading to the re- 
establishment of neritic depositional conditions between 20 and 17 
Ma (St. Gallen, Luzern and Baltringer Fms., Matter, 1980; Lemcke, 1988; 
Keller, 1989; Schlunegger et al., 1997a; Garefalakis and Schlunegger, 
2019). However, the depositional environment quickly shallowed back 
to terrestrial conditions during the middle to late Burdigalian (Matter, 
1980; Kuhlemann and Kempf, 2002). Furthermore, the drainage direc
tion switched from the east to the west (Kuhlemann and Kempf, 2002; 
Garefalakis and Schlunegger, 2019). 

In the Eastern Molasse, neritic Lutetian (middle Eocene) strata in the 
Helvetic nappes of the Eastern Alps were deposited in the Helvetic 
domain, grading southward into bathyal conditions (Adelholzener 
Schichten, Schwarzerzschichten, and Flöz-Nebengestein, Heyng, 2012). 
Subsequently, Priabonian (late Eocene) sediments record a deepening of 
the entire Helvetic domain to bathyal flysch conditions (Stockletten, 
Heyng, 2012). This was coeval with littoral deposition on top of the 
foreland unconformity in the autochthonous Eastern Molasse (Basal 
Sands and Lithothamnium Limestones, Sissingh, 1997; Wagner, 1998; 
Zweigel et al., 1998). Early Rupelian (34 to 31 Ma) deposition of bathyal 
marls and turbiditic sands evidence a subsequent rapid deepening to 
underfilled flysch conditions (Fish shales/Schöneck Fm. and Heller 
Mergelkalk/Dynow Fm., Bachmann and Müller, 1991; Jin et al., 1995; 
Sissingh, 1997; Wagner, 1998; Zweigel et al., 1998). By the late Rupe
lian (31 to 28 Ma), conditions shallowed from bathyal to neritic 
following the maximum flooding surface recorded within the Heller 
Mergelkalk (Bändermergel/Eggerding Fm., Tonmergel/Zupfing Fm., 
Deutenhausen Fm., Bachmann and Müller, 1991; Jin et al., 1995; Sis
singh, 1997; Wagner, 1998; Zweigel et al., 1998; Hülscher et al., 2019). 
This means the underfilled trinity is prevalent in both the Eastern Alpine 
nappe stack and the autochthonous Eastern Molasse. Continued shal
lowing led to the deposition of littoral sands (also considered as 
underfilled- to overfilled transition) in the Eastern German Molasse by 
the middle Chattian (26 Ma, Chattian Sands, Jin et al., 1995; Zweigel 
et al., 1998). However, bathyal conditions remained dominant in the 
Austrian Molasse throughout the Chattian and Aquitanian (Puchkirchen 
Fm. recording up to 1000–1500 m water depths, Rögl et al., 1979; 
Wagner, 1998; De Ruig and Hubbard, 2006; Hülscher et al., 2019). This 
juxtaposition of under- and overfilled conditions led to the development 
of the littoral to neritic eastward facing Bavarian Shelf (Jin et al., 1995; 
Zweigel et al., 1998). To the south, the Austrian Molasse was flanked by 
fluvio-deltaic wedge-top deposition (Augenstein Fm. on top of the future 
Northern Calcareous Alps and Inneralpine Molasse in the Lower Inn 
Valley, Frisch et al., 2001; Ortner and Stingl, 2001; Sharman et al., 2018; 
Hülscher et al., 2019). Apart from a short period of drowning during the 
late Chattian (24 Ma), the Bavarian shelf remained at a relatively sta
tionary position during the late Oligocene to early Miocene (Lemcke, 
1988; Jin et al., 1995; Zweigel et al., 1998). Like the Western Molasse, 
the early Burdigalian Transgression led to a re-establishment of neritic 
conditions in the Eastern German Molasse (Obing Fm., Lemcke, 1988; 
Jin et al., 1995; Zweigel et al., 1998) while bathyal deposition remained 
dominant in the Austrian Molasse (basal Hall Fm. overlying Base Hall 
Unconformity (BHU), De Ruig and Hubbard, 2006; Hülscher et al., 
2019). However, by the middle to late Burdigalian (18 to 17 Ma), 
terrestrial and neritic deposition was dominant in the Eastern German- 
and Austrian Molasse, respectively (Upper Freshwater Molasse, Neu
hofen Beds and Upper Hall Fm., Jin et al., 1995; Zweigel et al., 1998; De 
Ruig and Hubbard, 2006; Hülscher et al., 2019). This evidences a rapid 
transition from underfilled- to overfilled conditions in the Eastern Mo
lasse at 19–18 Ma (Hülscher et al., 2019). 
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3. Data and methods 

We constructed a 3D geological model from present-day sea level to 
8000 m depth to determine the influence of the European passive margin 
architecture on MB evolution (Subsection 3.1). In addition, 2D/3D 
reflection seismic data as interpreted using the Petrel software* to 
reconstruct the tectonostratigraphic evolution of the MB. These results 
are then compared with the tectonic evolution of the adjacent Alps to 
find spatiotemporal relationships between orogenic processes and basin 
response (Subsection 3.2). 

3.1. Depth grids and construction of 3D geological model 

The 3D geological model of the MB was generated using the 2015 
GeoMol subsurface models (GeoMol, 2015) of the Swiss, German, and 
Austrian Molasse (Fig. 1a for locations). The subsurface models are 
based on seismic interpretations, borehole data, and models from pre
vious studies (GeoMol, 2015). The stratigraphic surfaces used in each 
part of the model are given in Table 1. The structural modelling tool in 
Petrel* was used to combine the datasets to generate surfaces spanning 
the entire MB. This tool uses a volume-based implicit approach (see 
Mallet, 2004; Caumon and Mallet, 2006) to create a stratigraphic 
function based on the type of horizon (conformable, erosional, base, or 
discontinuous) and input surfaces. In interpolated areas, thickness 
trends from data-covered regions are preserved. Surfaces were gener
ated for the top crystalline basement, top Lower Jurassic, top Middle 
Jurassic, top Upper Jurassic, base Lower Marine Molasse (UMM), base 
Lower Freshwater Molasse (USM), base Upper Marine Molasse (OMM) 
and base Upper Freshwater Molasse (OSM) (sensu Matter, 1980). Eocene 
deposits are incorporated in the UMM deposits because of their minor 
thickness relative to the size of the model. For generated thickness maps, 
areas with <50 m thickness are removed to highlight areas of significant 
deposition during the respective time windows. The geological model 
does not extend below the thrust front, as the confidence of the input 
data is lower there. Subsequently we generated thickness distribution 
maps for the Middle Jurassic, Upper Jurassic, and Cretaceous using the 
model results. The thickness distributions provide insights into the 
paleogeography of the European shelf during the Jurassic and Creta
ceous and the basin floor architecture at the onset of flexural subsidence. 

3.2. Seismic data 

Seismic volumes A and B cover parts of the Western- and Eastern 
German Molasse, respectively (Fig. 1a for locations). Seismic volume A 

is an APSDM cube (anisotropic pre-stack depth migrated) in the depth 
domain and covers an area of 145 km2, imaging to depths of up to 2000 
m. Seismic volume B is a PreSTM (pre-stack time migrated) cube in the 
time domain located on the Bavarian Shelf, covering an area of 560 km2. 
The upper 2500 ms TWTT of this volume was of sufficient quality to 
interpret. Both volumes are displayed in reverse polarity (SEG conven
tion). This means that a downward increase in acoustic impedance is 
represented by a trough (Fig. 2; blue reflectors with negative ampli
tudes) and a decrease in acoustic impedance is reflected by a peak 
(Fig. 2; red reflectors with positive amplitudes). The seismic volumes are 
separated by a 100 km-wide gap covered by sparse 2D seismic data 
(Fig. 1a, Großmann et al., 2024). The structural smoothing attribute was 
applied to the input seismic data for conventional horizon tracing to 
increase the signal/noise ratio. Important stratigraphic surfaces and 
unconformities are identified for each seismic volume using borehole 
data. Eight different reflectors are mapped in seismic volume A, which 
are from top to bottom: Top Baltringer Fm., top USM, top Cyrena Beds, 
top Baustein Beds, top Malm, base karstified Malm, top Dogger and top 
Lias (Fig. 2). Eight seismic horizons were also mapped in seismic volume 
B, which are from top to bottom: top Hall Fm., Base Hall Unconformity 
(BHU, sensu De Ruig and Hubbard, 2006; Hülscher et al., 2019), top 
Chattian Sands, top Rupelian, top Eocene, base Eocene, top Turonian 
and base Mesozoic (Fig. 2). Faults cross-cutting the seismic-stratigraphic 
units were interpreted based on lateral reflector terminations. To 
enhance the confidence of the fault interpretation, the variance seismic 
attribute was applied to the input seismics (Subrahmanyam and Rao, 
2008; Koson et al., 2013). 

Active frontal thrusting drove the migration of the flexural forebulge 
around which the syn-flexural normal faults were active, thereby gov
erning the spatiotemporal location of the zone of extensional stresses 
(DeCelles and Giles, 1996; Supak et al., 2006; Langhi et al., 2011; 
DeCelles, 2012). As the forebulge migrated further cratonward, normal 
faults cut progressively younger stratigraphy. Therefore, normal faults 
further from the present-day thrust front cut younger stratigraphy 
compared to their counterparts closer to the thrust front (Fig. 3a). The 
spatiotemporal syn-flexural normal fault activity derived from growth 
strata (Fig. 3b) enabled inference of high and low intensities in frontal 
thrusting activity (Bry et al., 2004). This allowed reconstruction of 
spatiotemporal variations in hinterland tectonics from syn-flexural 
normal fault activity in the foreland basin. Furthermore, differences in 
cumulative Cenozoic offsets along the syn-flexural normal faults impli
cate a higher magnitude of flexural bending of the European plate. This 
may have resulted from variations in either 1) combined topographic- 
and slab loading (Flemings and Jordan, 1990; Sinclair, 1997a) and/or 2) 

Table 1 
Available surfaces in the various parts of the 2015 GeoMol model. Undefined stands for a lack of definition of whether the top of the Cretaceous consists of Lower, 
Middle, or Upper Cretaceous sediments. A dash implies a dataset does not contain the respective base or top.  

Units/Data source Swiss Molasse Basin 2015 
GeoMol 

Western German Molasse Basin 2015 
GeoMol 

Eastern German Molasse Basin 2015 
GeoMol 

Austrian Molasse Basin 2015 
GeoMol 

Crystalline basement  Top Top Top 
Permo‑carboniferous Base – – – 
Lower Triassic Base – – – 
Middle Triassic Top – – – 
Upper Triassic Top – – – 
Lower Jurassic Top Top – – 
Middle Jurassic Top Top – Base 
Upper Jurassic Top Top Base Base 
Lower Cretaceous – – – – 
Middle Cretaceous – – – – 
Upper Cretaceous Top (undefined) Top (undefined) Base (undefined) Base 
Late Eocene Base  Base Base 
Lower Marine Molasse Top Base Base Base 
Lower Freshwater 

Molasse 
Top Base Base Base 

Upper Marine Molasse Top Base Base Base 
Upper Freshwater 

Molasse 
– Base Base Base  
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strength variations of the European plate (Flemings and Jordan, 1989; 
Waschbusch and Royden, 1992). 

With this concept in mind, we apply the “original” backstripping 
method (Chapman and Meneilly, 1991; Petersen et al., 1992). Alterna
tive methods, such as the “modified” backstripping method (Rowan 
et al., 1998), could also be applied. However, the latter method assumes 
that a normal fault grows laterally according to the isolated fault model 
(e.g., Cartwright et al., 1996; Mansfield and Cartwright, 1996). Because 
of this assumption, we chose not to use this method. For the “original” 
backstripping method, throws of successively deeper interpreted re
flectors at the same position along the strike of a normal fault are sub
tracted from each other. This subtraction results in the syn-kinematic 
thickening of a seismic-stratigraphic unit between two different re
flectors across a normal fault. This can be plotted as a backstripped 
throw-length (T-x) profile showing spatiotemporal variations in the slip 
rate along a fault and lateral growth styles of normal faults (e.g., Jackson 
et al., 2017; Robson et al., 2017; Tvedt et al., 2013). Backstripped T-x 
profiles of the two faults that record the highest cumulative Cenozoic 
offset in each seismic volume (thought to reflect best the structural style 
in the respective parts of the German Molasse) are presented. Spatio
temporal development of the depositional environment in the German 
Molasse based on our seismic interpretations are compared to the 
spatiotemporal variations in flexural subsidence inferred from the T-x 
profiles to verify our results. 

4. Results 

First, we present the 3D geological model of the thickness distribu
tions of the different Mesozoic basement units and an orogen-parallel 
profile through the MB (Subsection 4.1). This is followed by the 
seismic data in both volumes to constrain the tectonostratigraphic 
evolution in different parts of the German Molasse (Subsection 4.2). 
Finally, syn-flexural normal fault kinematics are quantified to assess 

along-strike variations in the timing and magnitude of flexural subsi
dence in the German Molasse (Subsection 4.3). 

4.1. 3D basin model of the entire Molasse Basin 

The Mesozoic units start with the Middle Jurassic deposits, whose 
thickness decreases from ~450 m in the western Swiss Molasse to <100 
m in the German Molasse (Fig. 4a). The overlying Upper Jurassic reaches 
its highest thicknesses at the western (up to 1100 m, western Swiss 
Molasse) and eastern (~ 700 m south of Munich) basin margins, from 
which it thins to 250 m around Zürich (Fig. 4b). The Cretaceous stra
tigraphy is thickest southeast of Munich (~900 m), whereas in the other 
parts of the basin it is either absent or the thickness is <100 m (Fig. 4c). 

In the orogen-parallel direction, the top of the crystalline basement 
dips 0.3◦ eastwards from the Swiss- to German Molasse (between 100 
and 480 km in Fig. 5, for the location of the orogen-parallel cross-sec
tion, see Figs. 1a and 4). The crystalline basement in the Swiss- and 
German Molasse is locally cut by Permo-Carboniferous grabens, also 
imaged in our 3D seismic dataset (see Subsection 4.2, Figs. 5, 7, and A2). 
In the Austrian Molasse, the top of the crystalline basement has a 
westward tilt (around 500 km; Fig. 5). This likely represents the Central 
Swell (also observed by Ortner et al., 2023; their Fig. 5.2). Triassic to 
Middle Jurassic deposits in the eastern Swiss- and Western German 
Molasse thin from both the west- and east onto the crystalline basement 
located at a shallow depth around Zürich (between 100 and 300 km, 
Fig. 5). Between Zürich and the Bavarian Shelf, Upper Jurassic, and 
Cretaceous successions thicken to the east from ~700 to ~1600 m 
(Fig. 5). 

4.2. Seismic stratigraphy of seismic volumes A and B 

4.2.1. Mesozoic basement units 
In seismic volume A, the base of the seismically interpretable 

Fig. 3. a) Schematic illustration of normal faults cutting the crystalline basement, pre-flexural passive margin sediments, and syn-flexural fill of a foreland basin. 
Generally, normal faults located further away from the present-day thrust front are expected to cut younger syn-flexural fill compared to normal faults closer to the 
thrust front. This is due to the cratonward migration of the flexural forebulge (i.e., extensional stress field) as the thrust front propagates further onto the foreland 
plate. b) Schematic zoom-in showing how stratigraphic thickness changes caused by syn-flexural normal faulting can be used to infer the spatiotemporal activity of 
normal faults. Syn-flexural units 1 and 3 record thickness changes across the fault, whereas unit 2 does not record changes across the fault. This alternation in activity 
and inactivity of the normal faults in foreland basins can be used to infer periods where and when extensional stresses due to flexural subsidence were (not) affecting 
the foreland plate at the location of the seismic data. 
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Mesozoic sequence is defined by the top Lower Jurassic (Lias) reflector 
(Fig. 6). The overlying Middle Jurassic unit is characterised by SF-A1 
(Table 2, Fig. 6). The Upper Jurassic unit concordantly overlies the 
Middle Jurassic and is characterised by an internal stratigraphically 
upward transition from SF-A1 to SF-A2 (Table 2, Fig. 6). This reflects a 

shift from non-karstified to karstified limestones (also observed in 
borehole data, Lemcke, 1988; Meyer and Schmidt-Kaler, 1990). The 
distribution of amplitudes of the variance attribute of the Upper Jurassic 
unit (Fig. A3) indicates a high degree of karstification in the WNW, 
whereas in the ESE there is little- to no karstification. The top of the 

Fig. 4. Thickness distribution of the a) Middle Jurassic, b) Upper Jurassic, and c) Cretaceous deposits in the Molasse Basin resultant from the 3D model. Grey areas 
indicate where the thickness of the respective deposit is below 50 m and are not shown because this is below model resolution. K = Kaufbeuren, M = Munich, S = St. 
Gallen, Z = Zürich. 

Fig. 5. Along-strike profile through 3D geological model (for exact location see Fig. 1a). The position of the Permo-Carboniferous graben in Swiss Molasse is based on 
previous studies (Bachmann and Müller, 1991; Heuberger et al., 2016). Black dashed boxes give the locations of the Bavarian Shelf Eastern German Molasse. Apart 
from faults bounding Paleozoic graben structures in the Swiss Molasse and west of the Central Swell (Ortner et al., 2023), normal faults are not drawn in this section 
as they were not explicitly modelled as they have relatively small offsets for our model. 
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Jurassic is defined by a strong negative amplitude reflector against 
which both Upper Jurassic and late Chattian reflectors terminate (Fig. 6; 
white and green arrows). This characterises the foreland unconformity 
in seismic volume A. 

The Mesozoic sequence in seismic volume B consists of Jurassic and 
Cretaceous deposits, locally underlain by the Paleozoic-Triassic Giftthal 
Through (Figs. 7 and A1, Bachmann and Müller, 1991). The Mesozoic 
sequence below the top Turonian reflector does not show thickness 
changes across the normal faults that cut the syn-flexural Cenozoic 
stratigraphy (Fig. 7). The post-Turonian Late Cretaceous unit is char
acterised by SF-B1, which concordantly overlies the undefined portion 
of the Mesozoic sequence (Fig. 7). This unit records an eastward- 
directed thickening from 10 to over 250 m, unrelated to the syn- 
flexural normal faults (Fig. A4). Post-Turonian reflectors terminate 
against the Base Eocene (Fig. 7; white arrows), marking the foreland 
unconformity in seismic volume B. 

4.2.2. Late Eocene - Priabonian 
Late Eocene deposits are absent in seismic volume A. In contrast, 

they are represented in seismic volume B by SF-B2 (Fig. 7, Table 2), and 
interpreted as the Priabonian (Late Eocene) Basal Sands and Lith
othamnium Limestones (well data; Sissingh, 1997; Wagner, 1998; 
Zweigel et al., 1998). These deposits overlie the foreland unconformity 
and dip to the south (Fig. 7). At the top, they are conformably overlain 
by SF-B3 (Fig. 7, Table 3). 

4.2.3. Early Oligocene – Rupelian 
Rupelian deposits are absent in seismic volume A. In seismic volume 

B, the top of the Eocene is marked by a prominent negative amplitude 
reflector (Fig. 7). Based on well data and previous studies (Jin et al., 
1995; Zweigel et al., 1998), the overlying SF-B3 is interpreted as 
Rupelian bathyal to neritic marls and sands. This unit shows a west-to- 
east thinning from 350 m to 100 m (Fig. A5). Strikingly, this is the 
opposite of what is observed for the thickness distribution of the post- 
Turonian Mesozoic unit (Subsection 4.2.1). Southward thickening to
wards syn-flexural normal faults (Fig. A5) reveals the syn-kinematic 
nature of these sediments. While the lower part of the Rupelian suc
cession is defined by a homogeneous distribution of SF-B3 in the entire 

Fig. 6. The upper panels show uninterpreted examples of N-S and NW-SE seismic lines through seismic volume A. The bottom panels show the same lines with the 
seismic-stratigraphic bodies interpreted throughout the entire seismic volume. Red lines indicate normal faults and their respective kinematics, the yellow dashed 
reflectors marks the base of the karstified Upper Jurassic sequence, and the blue dashed line is the top Aquitanian reflector. White arrows mark terminating Upper 
Jurassic reflectors against the top Upper Jurassic, green arrows terminating early Chattian reflectors against the top Upper Jurassic, and black arrows terminating 
early Burdigalian reflectors against the top Aquitanian. 
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volume, it grades stratigraphically upward to SF-B4 to the NW (Fig. 7, 
Table 3). This means that while the NW bathyal conditions graded into 
neritic and littoral deposition, bathyal conditions remained dominant in 
the SE throughout the Rupelian. The top of the Rupelian seismic stra
tigraphy is characterised by a low negative amplitude reflector, cutting 
down into both SF-B3 and SF-B4 of the Rupelian unit (yellow arrows in 
Fig. 7, Fig. A6). Early Chattian reflectors onlap onto the top Rupelian 
towards the NW (Fig. 7; yellow arrows). 

4.2.4. Late Oligocene – Chattian 
The oldest Cenozoic deposits preserved in seismic volume A are the 

early Chattian Baustein Beds (based on well data). This unit is charac
terised by SF-A3 (Table 3) with reflectors at the base onlapping to the 
NNW onto the foreland unconformity (green arrows in Fig. 7). The 
observed patches of increased thicknesses of the early Chattian deposits 
(Fig. A7) suggest infilling of Upper Jurassic karst pockets. The sweetness 
attribute map of the early Chattian unit (Fig. A8) shows N-S striking 
bands of high values in the west, with the SE characterised by low 
values. This implies the development of an N-S striking coastline with 
sand-rich deposits in the west, grading into more shale-rich deposits in 

the east. Well data shows that the early Chattian stratigraphy contains 
cross-beds and is cemented at the top by freshwater, fossil-rich car
bonates, and coaly silts and marls. This suggests that the early Chattian 
deposition in seismic volume A are characterised by littoral deposition 
grading upward into freshwater conditions. 

The concordantly overlying seismic-stratigraphic unit represents the 
middle to late Chattian Cyrena Beds (based on well data). This unit is 
characterised by a shift to SF-A4 (Fig. 7, Table 2). Thickness changes up 
to 100 m towards the syn-flexural normal faults (Fig. A9) reveal the syn- 
kinematic nature of this unit. A variance slice through this unit 
(Fig. A10) reveals the presence of meandering channels, suggesting 
freshwater conditions at the end of the early Chattian continued to 
develop into delta plain and fluvial conditions. 

The early Chattian reflectors overlying the Rupelian unit in seismic 
volume B characterise the Lower Chattian Marls (well data, Jin et al., 
1995; Zweigel et al., 1998). The seismic facies of this unit (SF-B4, 
Table 3) are similar to that of the underlying Rupelian in the WNW of the 
data volume, with clinoforms migrating to the ESE across the Bavarian 
Shelf (Fig. 7). Clinoforms are absent in the ESE of the volume for this 
unit, and SF-B3 remains dominant in the lower Chattian (Fig. 7). 

Table 2 
Seismic facies (SF) examples, descriptions, and interpretations of seismic volume A.  

Seismic 
facies 

Example Description Interpretation 

SF-A1 High frequency, high to medium amplitude reflections with good 
lateral continuity 

Alternation of marine limestones and marls. 

SF-A2 Low frequency, high to low amplitude reflections with poor lateral 
continuity. Overall chaotic seismic facies 

Heavily karstified platform limestones. 

SF-A3 High frequency, high to medium amplitude reflections with good 
lateral continuity. 

Littoral sands containing cross beds 

SF-A4 High frequency, low to medium amplitude reflections. Semi- 
continuous reflectors showing overall semi-chaotic seismic facies 

Heterolithic brackish deposits, transition 
between littoral and terrestrial depositional 
environments 

SF-A5 High frequency, low to high amplitude reflections with very poor 
lateral continuity. Overall chaotic seismic facies 

Littoral to terrestrial deposits; meandering 
channels and overbank deposits, and lakes 

SF-A6 Low frequency, low to medium amplitude reflections with medium to 
good lateral continuity. Upward in the facies the amplitude and 
lateral continuity increase 

Neritic deposits consisting of a mix of sands 
and shales  
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Stratigraphically upward this is followed by middle Chattian littoral 
Chattian Sands (well data; Jin et al., 1995; Zweigel et al., 1998) char
acterised by SF-B5 (Table 3) in the WNW of seismic volume B (Fig. 7). In 
contrast, the middle Chattian reflectors in the ESE of seismic volume B 
are characterised by SF-B3 (Fig. 7, Table 3). The sweetness attribute map 
of the middle Chattian unit (Fig. A11) reveals NE-SW striking bands of 
high values in the west of the seismic volume and low values in the east. 
These observations suggest a NE-SW striking coastline grading eastward 
from littoral/neritic to bathyal conditions. 

Middle Chattian reflectors terminate against the top Chattian Sands 
reflector in the WNW (Fig. 7, green arrows). To the ESE incision into the 
middle Chattian stratigraphy is observed (Fig. 7; green arrows). The 
overlying late Chattian unit is characterised by SF-B6 (Fig. 7, Table 3) 
and represents the neritic Upper Chattian Marls (well data; Jin et al., 
1995; Zweigel et al., 1998). Reflectors of this late Chattian unit onlap 
towards the NNW onto the top Chattian Sands reflector (Fig. 7; green 
arrows). 

4.2.5. Early Miocene – Aquitanian 
Early Aquitanian seismic stratigraphy in volume A has the same 

seismic facies as the underlying Cyrena Beds (Fig. 6, Subsection 4.2.4). 

This likely represents an upward continuation of the same depositional 
environment. The early to late Aquitanian seismic facies grades upward 
from SF-A4 to SF-A5 (Fig. 6, Table 2). A variance attribute map of the 
late Aquitanian reflectors (Fig. A12) reveals the continued development 
of meandering channels. 

In seismic volume B, the Aquitanian unit concordantly overlies the 
Chattian seismic-stratigraphy (Fig. 7) and represents the bathyal- to 
neritic Aquitanian Series (well data; Jin et al., 1995; Zweigel et al., 
1998). In the WNW of the seismic volume, a transition from SF-B4 to SF- 
B5 is observed at the Chattian-Aquitanian interface (Fig. 7, Table 3). In 
contrast, in the ESE of the seismic volume, this same change in seismic 
facies is observed within the Aquitanian unit (Fig. 7). The top of the 
Aquitanian unit is defined by the BHU against which Aquitanian re
flectors toplap (Fig. 7). An incision of Aquitanian deposits is observed in 
the SE of seismic volume B (Fig. A13, yellow arrows). 

4.2.6. Early Miocene – early Burdigalian 
The early Burdigalian reflectors in seismic volume A represent an 

undefined part of the neritic OMM and the Baltringer Fm. (based on well 
data). Reflectors of this unit onlap towards the NW onto the Aquitanian 
reflectors (Fig. 6; black arrows). This unit is characterised by SF-A6 

Fig. 7. The upper panels show uninterpreted examples of N-S and NW-SE seismic lines through seismic volume B. The bottom panels show the same lines with the 
seismic-stratigraphic bodies interpreted throughout the entire seismic volume. Red lines indicate normal faults and their respective kinematics. White arrows mark 
terminating late Cretaceous reflectors against the Base Eocene, yellow arrows late Rupelian and early Chattian reflector terminations against the top Rupelian, green 
arrows terminating Middle and early Chattian reflectors against the top Chattian Sands, and black arrows terminating early Burdigalian reflectors against the Base 
Hall Unconformity. 
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(Table 2), and the reflectors generally have a shallower southward dip 
compared to Aquitanian and older reflectors (Fig. 6). 

The Aquitanian-Burdigalian transition in seismic volume B is defined 
by the BHU throughout the entire seismic volume, marking a change 
from SF-B5 to SF-B4 (Fig. 7). Early Burdigalian reflectors onlap onto the 
BHU towards the NW and have a shallower SE-directed dip compared to 
underlying reflectors (Fig. 7; black arrows, Fig. A13; orange arrows). 

4.3. Magnitude and timing of syn-sedimentary flexural normal fault 
activity 

Quantifying throw distributions of different reflectors along syn- 

flexural normal faults constrains the timing and magnitude of flexural 
subsidence of the European plate (Fig. 3). In both seismic volumes, syn- 
flexural normal faults strike E-W (Fig. 8). The exception is F1-B striking 
NW-SE (Fig. 8). F1-B is a reactivated pre-flexural fault associated with 
the Permo-Triassic Gifthal Trough (Subsection 4.2.1) leading to its 
deviating strike. In volume A, syn-flexural faults dipping both to the 
north and south resulted in the formation of a graben-like structure 
(Figs. 6 and 8a). In seismic volume B, most faults dip northward 
(Fig. 8b). The syn-flexural normal faults cut the Mesozoic basement 
units. Structural maps of early Chattian and early Burdigalian reflectors 
reveal a reduction in the number of active faults for younger stratig
raphy in both seismic volumes (Fig. 8). This implies that as flexure 

Table 3 
Seismic facies (SF) examples, descriptions, and interpretations of seismic volume B.  

Seismic 
facies 

Example Description Interpretation 

SF-B1 Medium frequency, high to medium amplitude reflections 
with good lateral continuity. Lower reflectors are parallel 
with the upper set showing contrasting dips 

A mix of marine shales and sands. The lack of 
sedimentary structures suggests neritic to bathyal 
environment 

SF-B2 Low frequency, high amplitude pair of parallel reflectors 
with good continuity 

Littoral sands and limestones 

SF-B3 Low frequency, medium to high amplitude reflections with 
good lateral continuity. Reflectors are parallel 

Homogeneous bathyal flysch deposits mostly consisting 
out of shales 

SF-B4 High frequency, low to medium amplitude reflections with 
sigmoidal shapes. Reflectors show internal onlap, downlap 
and toplap 

Clinoforms prograding basinward. Bathyal to neritic 
transition at the base, neritic to littoral transition closer to 
the top 

SF-B5 High frequency, high to medium amplitude reflections 
which have varying lateral continuity. Reflector show 
internal onlap, downlap and toplap 

Littoral deposits consisting out of a mix of sands and 
shales. Channel geometries towards the top indicate 
shallowing towards terrestrial conditions 

SF-B6 Low frequency, low amplitude reflections with good lateral 
continuity. Reflectors are subparallel 

Neritic deposits consisting mostly out of shales 

SF-B7 High frequency, high amplitude reflections with good 
lateral continuity. Reflectors are subparallel 

High frequency, high amplitude reflections with good 
lateral continuity. Reflectors are subparallel  
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continued, the deformation became localised. 
The backstripped T-x profile of F1-A shows that fault activity was 

initiated during the early Chattian in seismic volume A (Fig. 9a). In 
contrast, in seismic volume B, normal fault activity was initiated in the 
late Eocene to Rupelian (F2–B, Fig. 9b). During the early to middle 
Chattian fault activity decreased in seismic volume B (Fig. 9b). How
ever, north of seismic volume B, early to middle Chattian stratigraphy 
records thickness changes across syn-flexural normal faults (Fig. A14). 
This suggests a northward migration of the extensional stress field in the 
Eastern German Molasse. The syn-flexural faults remained active in both 
study areas until the early Burdigalian (Fig. 9). Comparing the back
stripped T-x profiles of faults in seismic volumes A and B shows that fault 
F1-A records a lower cumulative Cenozoic offset (150 m; Fig. 9a) 

compared to F2–B (220 m; Fig. 9b). Furthermore, whereas the longest 
fault in seismic volume is 8400 m long (Fig. 8a; F2-A), the longest fault 
in seismic volume B is 25.000 m long (Fig. 8b; F2–B). This implies that 
the magnitude of syn-flexural normal faulting in volume B exceeded that 
of volume A. 

5. Discussion 

Results from the 3D geological model (Figs. 4 and 5) constrain the 
pre-flexural architecture of the European margin from the Middle 
Jurassic until the late Eocene onset of flexure. Furthermore, interpreted 
3D seismic data (Figs. 6 to 9) highlight late Eocene to early Miocene 
spatiotemporal variations in depositional environments and syn-flexural 

Fig. 8. Depth-structure maps showing the present-day distribution of the normal faults and their dip direction (red lines with blocks indicating the dip direction) in 
seismic volumes A and B. Surfaces of reflectors of approximately the same age are placed next to each other. The figure below gives the approximate locations of 
seismic volumes A and B. a) top Baustein Beds (i.e., Early Chattian) b) top Rupelian Marls and Sands (i.e., early Chattian) c) top Baltringer Fm. (i.e., early Burdigalian) 
d) Base Hall Formation (i.e., early Burdigalian). Yellow lines indicate the locations of cross sections shown in Figs. 6, 7, and A13. 
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normal faulting in the German Molasse. From this, and previous studies, 
we constrain the late Eocene basin architecture and the Oligocene to 
early Miocene eastward diachronous underfilled- to overfilled transition 
of the MB. Here, we discuss the implications of our seismic in
terpretations and 3D geological model for the German Molasse (Sub
section 5.1). Following this, we discuss the development of the entire MB 
(Subsection 5.2) and possible mechanisms that drove the diachronous 
underfill to overfill transition in the MB (Subsection 5.3). 

5.1. Tectonostratigraphic evolution of the German Molasse: along-strike 
variations in syn-flexural normal faulting and depositional environments 

Analysis of the 3D geological model combined with seismic data 
volumes A and B revealed lateral heterogeneities in the basement 
composition underlying the German Molasse (Figs. 5, 6, and 7). The 
subcrop of the foreland unconformity in the Western German Molasse is 
characterised by Late Jurassic karstified limestones (Figs. 5 and 6). In 
contrast, it is characterised by Late Cretaceous deposits in the Eastern 
German Molasse (Figs. 5 and 7). These results agree with previous 
studies (Lemcke, 1988; Bachmann and Müller, 1991; von Hartmann 
et al., 2016; Mraz et al., 2018; Shipilin et al., 2020). Furthermore, the 
deep-reaching (up to 400 m) karstification of Jurassic deposits in the 
Western German Molasse (Fig. 6), also observed in the Swiss Molasse 
(Herb, 1988), implies long-lasting subaerial exposure of the basement 
pre-dating flexural subsidence. In contrast, karstification of the Upper 
Jurassic occurs only in the top 5 m in the Eastern Molasse (Köwing et al., 
1968), suggesting significantly shorter subaerial exposure. Furthermore, 
we observed an eastward thickening of Late Cretaceous deposits in 
seismic volume B (Figs. 7 and A4). These lateral heterogeneities in the 
Mesozoic basement architecture could imply either; 

1. The European margin of the future Western German Molasse expe
rienced more intense Late Cretaceous to Eocene Alpine uplift and 
erosion compared to the European margin at the present-day Eastern 
German Molasse, or,  

2. The architecture of the European margin was comprised of a paleo- 
high and paleo-depocenter, respectively, where the latter was 
buried below Cretaceous deposits after exposure to subaerial 
conditions. 

As the Triassic to Middle Jurassic deposits are unaffected by the 
foreland unconformity (Fig. 5), their distribution can be used to 
constrain these two interpretations. Thickening of the Triassic to Middle 
Jurassic sediments away from a crystalline high in the Western German 
and eastern Swiss Molasse (Fig. 5, between 100 and 300 km) implies that 
this structural high existed during the earlier Mesozoic epochs. 
Furthermore, the Cretaceous southeast of Munich (Fig. 4c) depocenter 
and the paleohigh to the west can be interpreted as the Wasserburger 
Trog and Rhenish Shield (Fig. 10a, Lemcke, 1988). The pre-Mesozoic 
graben identified in our seismic dataset likely represents the Permo- 
Triassic Giftthal trough (Fig. 7, Bachmann and Müller, 1991). It is 
orientated NW-SE to the Alpine front and limited by the Landshut- 
Neuoetting High to the north (Bachmann and Müller, 1991). This zone 
of weakness partly underlies the Wasserburger Trog in the Eastern 
German Molasse (Fig. 10a). Therefore, we favour the 2nd hypothesis. 

Pre-existing structural fabrics (e.g., horst and grabens) have been 
shown to lead to variations in crustal rigidity (Angrand et al., 2018). 
This eastward change from horst to graben-dominated domains in the 
pre-flexural architecture of the European margin likely caused the 
eastward decrease in plate strength (Andeweg and Cloetingh, 1998). 
Furthermore, the pre-flexural architecture of the European plate seems 
to have affected the Late Eocene sediment distribution in the German 
Molasse. This is observed as an eastward thickening of the basal neritic 

Fig. 9. Throw-length profiles of faults F1-A and F2–B. Smaller values along the vertical axis for F2–B are used because the graph would be too small otherwise. a) 
Backstripped throw-length profile for F1-A (location see Fig. 9) showing the kinematic evolution of the fault. b) Backstripped throw-length profile for F2–B (location 
see Fig. 9) showing the kinematic evolution of the fault. 
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limestones corresponding to the pre-flexural horst and graben locations 
(Fig. 10a). 

The subsequent deposition of the Rupelian Fish shales, Mergelkalk, 
and Bändermergel along the entire strike of the German Molasse (Fig. 7, 
this study, Müller, 2011; Mraz et al., 2018; Shipilin et al., 2020) records 
the transition towards bathyal turbiditic conditions. This means that the 
influence of the inherited passive margin architecture on the 

architecture of the MB had been smoothened out. The intra-Rupelian 
transition from bathyal to neritic deposition in the German Molasse 
records a decrease in relative sea level. Truncations of Rupelian re
flectors against the top Rupelian (Fig. 7) suggest an association with an 
erosive event. This erosion coincides with both tectonic oversteepening 
of the distal margin observed in the Austrian Molasse (De Ruig and 
Hubbard, 2006; Masalimova et al., 2015; Hülscher et al., 2019) and a 

Fig. 10. a) Location of Permo-Triassic and Cretaceous depocenters underlying the foreland unconformity, the Rhenish Shield, and the northern pinchout of late 
Eocene sediments characterising the lowest unit of the underfilled trinity in the German Molasse. The thickness of the late Eocene littoral limestones increases from 
the Western German- to the Eastern German Molasse. Based on data from Bachmann and Müller (1991), Lemcke (1984), Müller (2011), and data presented in this 
study. b) Faults in the Molasse Basin, where for the syn-flexural normal faults the timing of their activity is given. Data outside the seismic volumes presented in this 
study is taken from (Bachmann and Müller, 1991; Mraz et al., 2018; Hülscher et al., 2019; Shipilin et al., 2020). Faults closer to the present-day orogenic front are 
active until the Rupelian and Chattian, whereas faults further north are sealed by active until the Aquitanian to early Burdigalian. The cumulative Cenozoic throw 
value increases from west to east. 
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100–150 m eustatic sea level fall at the end of the Rupelian (Haq et al., 
1987). Continued progradational deposition during the early Chattian 
(ESE-orientated clinoforms, Figs. 7 and A6) argues against deepening 
due to slope oversteepening. From this, we interpret the observed inci
sion as submarine erosion due to eustatic sea level fall at the end of the 
Rupelian, as suggested by Diem (1986). 

During the early to middle Chattian (28 to 26 Ma), the syn-flexural 
normal faults in seismic volume B were mostly inactive (Fig. 9). The 
continued northward migration of the Alps at this time (Hinsch, 2013; 
Ortner et al., 2015) may have resulted in a northward migration of the 
forebulge and the extensional stress field around it (e.g., Supak et al., 
2006; Langhi et al., 2011). This interpretation is consistent with early to 
middle Chattian fault activity north of seismic volume B (Fig. A14) while 
faults closer to the thrust front were sealed (Fig. 10b). This means the 
area of seismic volume B was incorporated into the axial part of the 
foredeep, which likely resulted in higher subsidence rates (e.g., Zweigel 
et al., 1998; Sinclair and Naylor, 2012). However, shallowing from 
neritic- to littoral conditions at this time (Chattian Sands, Fig. 7 this 
study, Jin et al., 1995; Zweigel et al., 1998) suggests a decrease in 
relative sea level. This likely occurred in response to eustatic sea level 
fall at the end of the Rupelian (Haq et al., 1987) combined with an in
crease in axially transported sediment supply derived from the Western/ 
Central Alps (Kuhlemann, 2000) outpacing the increased flexural 
subsidence. 

Middle Chattian juxtaposition of littoral conditions in the Eastern 
German Molasse (this study, Jin et al., 1995; Zweigel et al., 1998) and 
bathyal conditions in the Austrian Molasse (Lower Puchkirchen Fm., 
Wagner, 1998; De Ruig and Hubbard, 2006; Hülscher et al., 2019) led to 
development of the eastward facing Bavarian Shelf. Late Chattian (~ 25 
Ma) NNW-directed onlap of neritic deposits onto the littoral Chattian 
Sands (Fig. 7) evidences a subsequent transgression of the Bavarian 
Shelf. Jin et al. (1995) and Zweigel et al. (1998) also observed this to the 
west and south of our study area. These authors attributed this flooding 
to a 100 m eustatic sea level rise (Haq et al., 1987). However, toplaps 
against the top Chattian Sands reflector (Fig. 7) spatiotemporally 
correlate with renewed late Chattian thrust activity observed in our 
study area as syn-flexural normal fault activity (Fig. 9b). Therefore, this 
relative sea-level rise also had a tectonic component. However, lagoonal 
and delta plain conditions continued to develop in the Western German 
Molasse (seen in seismic volume A, Figs. A10 and A13). Therefore, the 
westward extent of this flooding cannot exceed 100 km (distance be
tween seismic volumes A and B). During the Aquitanian, littoral con
ditions migrated back to the middle Chattian position (Fig. 7). This was 
also observed in the study areas of Jin et al. (1995) and Zweigel et al. 
(1998). Taken together, this means the Bavarian Shelf remained at a 
relatively stable position during the late Oligocene to early Miocene (26 
to 20 Ma), in accordance with Kuhlemann and Kempf (2002). 

Marine conditions were re-established in the German Molasse during 
an early Burdigalian (~ 20–18 Ma) WNW-directed transgression (Figs. 6 
and 7). This finding is consistent with results from previous authors in 
different parts of the MB (Strunck and Matter, 2002; Garefalakis and 
Schlunegger, 2019; Hülscher et al., 2019). The combination of a eustatic 
sea level rise (Haq et al., 1987) and a decrease in sediment supply from 
the hinterland (Kuhlemann, 2000) facilitated this drowning, as sug
gested by previous studies (Kuhlemann and Kempf, 2002; Bieg et al., 
2008; Garefalakis and Schlunegger, 2019). However, early Burdigalian 
incision of Aquitanian sediments on the Bavarian Shelf (up to 200 m, 
Fig. A13), also observed in the Swiss Molasse (Schlunegger et al., 1997a; 
Schlunegger et al., 1997c), were likely not caused by the aforemen
tioned decrease in sediment supply or increase in eustatic sea level. 
Instead, this suggests erosion due to the steepening of the distal margin 
of the Eastern German Molasse. Previous authors interpreted this as the 
result of hinterland-directed migration of the forebulge due to visco- 
elastic relaxation of the European plate (Zweigel et al., 1998; Hülscher 

et al., 2019; Borzi et al., 2022). However, early Burdigalian syn-flexural 
normal fault activity in the Eastern German Molasse (Fig. 9b) suggests 
ongoing flexure of the European plate. This agrees with the early Bur
digalian subsidence in the Western German Molasse observed by Ortner 
et al. (2023). Therefore, results from this study do not support the 
occurrence of visco-elastic relaxation of the European plate during the 
early Burdigalian. An alternative explanation is given in Subsection 5.3. 

The syn-flexural normal faults in the German Molasse were sealed by 
the middle Burdigalian (Fig. 9), meaning flexure ceased at that time. 
Higher cumulative Cenozoic offsets in the Eastern German Molasse 
compared to the Western German Molasse (Fig. 9) suggest an eastward 
increase in the curvature of bending of the European plate. 

5.2. Spatiotemporal variations in the onset of flexural subsidence and 
underfilled- to overfilled transition in the Molasse Basin 

The obliquity between the northern pinch-out of late Eocene lime
stones (lower unit of underfilled trinity sensu Sinclair et al., 1991) and 
the present-day Alpine front was interpreted as resulting from along- 
strike variations in subsidence, controlled by the architecture of the 
European margin (Subsection 5.1). Considering the entire MB, the 
lowest unit of the underfilled trinity in the Western Molasse is only 
preserved in the fold and thrust belt (Helvetic nappes and the para
utochtonous cover of the Aar Massif) and sparsely in the autochthonous 
foreland (Subsection 2.2.2 for details). This implies the autochthonous 
Western Molasse did not subside below sea level by the late Eocene 
(Fig. 11a). In contrast, in the Eastern Molasse, this unit is up to 140 m 
thick in the autochthonous Eastern Molasse (Fig. 7, Lemcke, 1984; Sis
singh, 1997; Wagner, 1998; Zweigel et al., 1998) and is observed in the 
Helvetic nappes of the Eastern Alps (Heyng, 2012; Hinsch, 2013). This 
suggests, unlike the autochthonous Western Molasse, the autochthonous 
Eastern Molasse was already drowned by the late Eocene, in agreement 
with previous studies (Sissingh, 1997; Ziegler and Dèzes, 2007). These 
along-strike variations in the flexural subsidence of the European plate 
correspond to the locations of the pre-flexural horst and graben struc
tures (Rhenish Shield and Giftthal Trough/Wasserburger Trog, respec
tively, Subsection 5.1). We suggest the pre-flexural architecture of the 
European margin had an important influence on the late Eocene archi
tecture of the Molasse Basin. A similar along-strike change in the early 
architecture of the foreland basin due to margin architecture is also 
observed in the Western Taiwan Foreland Basin (Chang et al., 2012), 
Pyrenean foreland basin (Ford et al., 2016), and Andean retro-forelands 
(Horton, 2018). In addition, recent work indicates that variations in 
passive margin architecture can also affect the underfill-to-overfill 
transition (Gérard et al., 2023). Certainly, post-Early Miocene along- 
strike variations in frontal thrusting may have added to the observed 
obliquity between the late Eocene deposits and the present-day Alpine 
thrust front, as suggested by Ortner et al. (2015). 

The Rupelian stratigraphy records bathyal to neritic deposition along 
the entire Alpine thrust front (Figs 11b and c). However, depositional 
environments shallowed towards neritic and littoral conditions in the 
Western Molasse up to the Allgäu (31.5 to 30 Ma, Fig. 11c, Schlunegger 
et al., 1996; Kempf et al., 1999). This was coeval with a 200 m eustatic 
sea level fall (Haq et al., 1987) and the formation of alluvial megafans 
along the southern basin margin (Honegg-Napf, Rigi, and Speer fan 
systems, 31 to 30 Ma, Fig. 11c, Schlunegger et al., 1996; Kempf et al., 
1999). The development of these alluvial megafans evidences topo
graphic surface uplift in the Western/Central Alps (Kuhlemann et al., 
2002), translated as increased sediment supply from this area (Kuhle
mann, 2000). Together, this tectonically driven increase in sediment 
supply and eustatic sea level fall allowed the Western Molasse to tran
sition from underfilled- to overfilled conditions, as suggested by previ
ous authors (Sinclair, 1997a; Garefalakis and Schlunegger, 2018). This 
means the underfilled- to overfilled transition was diachronous in the 
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Molasse Basin. Late Rupelian juxtaposition of littoral and neritic con
ditions in the Swiss- and Western German Molasse (Horw Sands and 
Rupelian Tonmergel respectively, Diem, 1986; Mraz et al., 2018) led to 
the development of an eastward-directed transitional zone in the Allgäu 
(observed as brackish deposits in Swiss Subalpine Molasse, Zaugg and 
Löpfe, 2011). However, axial transport of sediment derived from the 
Western/Central Alps allowed for the eastward migration of littoral 
conditions to the Bavarian Shelf by the middle Chattian (Subsection 
5.1). Subsequently, the Bavarian Shelf remained relatively stable from 
the late Oligocene to the earliest Miocene (Subsection 5.1). This suggests 
that the eastward axial sediment supply was not high enough to outpace 

the generation of accommodation space in the Eastern Molasse. This 
agrees with previous work suggesting the Bavarian Shelf was an area of 
sediment storage (Hülscher et al., 2021). 

The MB significantly narrowed during the early Burdigalian (20 to 
19 Ma, Fig. 11h). The incision of Aquitanian sediments on the Bavarian 
Shelf (Fig. A13) suggests that this narrowing was accompanied by 
erosion on the distal margin. This narrowing likely reflects hinterland- 
directed migration of the forebulge, as suggested by previous authors 
(Zweigel et al., 1998; Kuhlemann and Kempf, 2002). Furthermore, the 
shortening of the wavelength of flexure resulted in a deepening of the 
foreland basin close to the thrust front (Zweigel et al., 1998). Combined 

Fig. 11. Schematic paleogeographic maps of the Molasse Basin during the late Eocene, Oligocene, and early Miocene, highlighting the diachronous migration of 
underfill to overfill deposition and transition to homogeneous development. Black arrows indicate the direction of dominant sediment transport, a lack of arrows 
implies no preferred drainage direction. a) Priabonian (~ 35 Ma). The location and shape distributions of the Inneralpine Molasse during the Priabonian are poorly 
constrained and have, therefore, been made transparent. b) Early Rupelian (~ 33 Ma). c) Late Rupelian (~ 29 Ma). d) Early Chattian (~ 27 Ma). e) Middle Chattian 
(~ 25 Ma). f) Late Chattian (~ 24 Ma). g) Aquitanian (~ 21 Ma). h) Early Burdigalian (~ 19 Ma). i) Middle Burdigalian (~ 17 Ma). Our data was complemented with 
that of previous contributions (Jin et al., 1995; Sissingh, 1997; Zweigel et al., 1998; Ortner and Stingl, 2001; Kuhlemann and Kempf, 2002; Kempf and Pfiffner, 2004; 
Zaugg and Löpfe, 2011; Garefalakis and Schlunegger, 2019; Hülscher et al., 2019). H = Honegg-Napf fan system, R ¼ Rigi fan system, S = Speer fan system, N ¼
Nesselburg fans, C ¼ Chiemgau Fan, AGF ¼ Augenstein Formation, IAM = Inneralpine Molasse, Z ¼ Zürich, M ¼ Munich, S ¼ Salzburg, G = Geneva. 
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with a rise in eustatic sea level (Haq et al., 1987) and a decrease in 
sediment supply from the Alpine hinterland (Kuhlemann, 2000), these 
processes led to a WNW-directed transgression (Fig. 6, this study, 
Strunck and Matter, 2002; Garefalakis and Schlunegger, 2019). Whereas 
neritic conditions were re-established in the Swiss and German Molasse 
(up to 50 m water depth, Keller, 1989; Heckeberg et al., 2010; Pippèrr, 
2011), bathyal conditions remained dominant in the Austrian Molasse 
(Fig. 11h, e.g. Lemcke, 1988; De Ruig and Hubbard, 2006; Hülscher 
et al., 2019). 

By the late Burdigalian, the entire MB was dominated by terrestrial 
deposition (17 Ma, Fig. 11j). This underfill-to-overfill transition was 
facilitated by increased sediment supply through the uplift of the Eastern 
Alps and redeposition of the Augenstein Fm. (Frisch et al., 2001; Kuh
lemann, 2007; Hülscher et al., 2019) coeval with the cessation of flex
ural subsidence (Genser et al., 2007; Ortner et al., 2015; Schlunegger 
and Kissling, 2022). As such, the underfill- to overfill transition in the 
Eastern Molasse occurred ~12 to 13.5 My later than in the Western 
Molasse, in rough agreement with Schlunegger and Kissling (2022). This 
diachronous transition was stepwise rather than continuous. The first 
step occurred during the late Rupelian to middle Chattian and reached 
as far as Munich (Figs. 11c to 11g, Kempf and Pross, 2005 and references 
therein). The second step occurred in the Eastern Molasse during the 
Burdigalian (Figs. 11h to 11j, Hülscher et al., 2019). 

5.3. Mechanisms behind diachronous underfilled- to overfilled transition 

Here we provide a chronology of the Alpine orogen and associated 
Molasse Basin evolution with attention to driving mechanisms. This is 
followed by an evaluation of the two hypotheses outlined in Section 1 in 
the context of the along-strike diachronous transition from underfilled- 
to overfilled conditions. 

The pre-convergence European margin irregularity was charac
terised by the continental Brianconnais terrane in front of the future 
Western/Central Alps tapering out towards the future Eastern Alps 
(Trümpy, 1960; Faupl and Wagreich, 2000; Stampfli et al., 2002; Handy 
et al., 2010). Late Cretaceous to early Paleocene Alpine oceanic sub
duction was likely homogeneous along the entire trench (Fig. 12a and 
b). However, Eocene incorporation of the Brianconnais terrane into the 
Western/Central Alpine wedge- and slab was coeval with ongoing 
oceanic subduction in the Eastern Alps (Fig. 12c). Following previous 
results from geodynamical models of continental terrane subduction 
(Tetreault and Buiter, 2012; Vogt and Gerya, 2012; Li et al., 2013; 
Duretz et al., 2014), it is likely that the Brianconnais terrane impeded 
subduction along the Western/Central Alps and caused topographic 
uplift (Figs. 12c and 12d). Furthermore, this may have led to trench- 
parallel variations in convergence velocities promoting slab breakoff 
and tearing (Li et al., 2013; Duretz et al., 2014; Menant et al., 2016; 
Andrić-Tomašević et al., 2023). Therefore, the subduction- and collision 
of the irregular European margin likely promoted late Eocene to early 
Rupelian slab breakoff below the Western/Central Alps (35 Ma, von 
Blanckenburg and Davies, 1995; Schmid et al., 1996; Handy et al., 2015; 
Schlunegger and Kissling, 2022). This led to uplift of the Western/ 
Central Alps, translated into enhanced sediment supply (Hurford, 1986; 
Sinclair, 1997a; Schlunegger and Willett, 1999; Von Eynatten et al., 
1999; Kuhlemann, 2000; Kuhlemann, 2007; Garefalakis and Schluneg
ger, 2018; Schlunegger and Kissling, 2022) which forced the transition 
from underfilled- to overfilled conditions in the adjacent Western Mo
lasse by the late Rupelian (Fig. 11c, Subsection 5.2). In contrast, sedi
ment supply from the Eastern Alps remained low at the same time due to 
subdued topography there (Kuhlemann, 2000; Frisch et al., 2001). This 
promoted protracted underfilled conditions in the Eastern Molasse 
(Figs. 11c to 11g). The subdued topography may be explained by the 
Oligocene to early Miocene subduction of transitional/thinned crust 
(also highlighted in Le Breton et al., 2021) rather than continental 

collision due to the irregularity of the European margin. It is expected 
that once the Eastern Alpine thrust wedge encroached onto the Euro
pean plate with a “normal” thickness (~30–40 km thick), surface uplift 
and exhumation were enhanced. This is supported by previous analogue 
and numerical model results (Luth et al., 2013; Andrić et al., 2018; Vogt 
et al., 2018). 

Late Aquitanian to early Burdigalian (20 Ma) rapid exhumation is 
recorded in the Eastern Alps (Fügenschuh et al., 1997; Fox et al., 2016) 
contemporaneous with an increase in sediment supply (Kuhlemann, 
2000). Subsequently, enhanced sediment supply triggered the under
filled- to overfilled transition of the Eastern Molasse by 19 to 18 Ma 
(Hülscher et al., 2019; Schlunegger and Kissling, 2022). Several authors 
attributed these observations to a second slab breakoff (Schmid et al., 
2004a; Handy et al., 2015; Schlunegger and Kissling, 2022). However, if 
magmatism is a fingerprint of this process (von Blanckenburg and 
Davies, 1995), then the absence of intrusions younger than 20 Ma would 
imply that the slab breakoff did not occur below the Eastern Alps at this 
time. 

Looking at the mechanisms initiating the process of slab tearing (e.g., 
Rosenbaum et al., 2008; van Hunen and Allen, 2011; Andrić-Tomašević 
et al., 2023), the hypotheses tested in this paper (i.e., collision along the 
irregular margin and slab breakoff- and tearing) are linked and represent 
a cause-and-effect relationship. However, we question whether lateral 
slab breakoff- and tearing alone could cause the diachronous underfill- 
to overfilled transition in the Molasse Basin between ~30 and ~ 20 Ma. 
If west-to-east slab tearing occurred between 30 Ma and 20 Ma, it would 
be followed by a parallel younging trend in magmatism (Rosenbaum 
et al., 2008; Ferrari et al., 2012). However, the magmatic products in the 
Alps cover a time frame between 43 and 28 Ma without any orogen- 
parallel spatiotemporal trend (Kästle et al., 2020, their Fig. 1). The 
age constraints of magmatic products suggest that if slab tearing 
occurred, it was probably fast (a few thousand/millions of years, also 
suggested by Schlunegger and Kissling, 2022, their Fig. 11b). Further
more, lateral slab tearing would lead to eastward younging of surface 
uplift and a gradual shallowing of the foreland basin along the strike as 
proposed by Meulenkamp et al. (1996) and Van der Meulen et al. 
(1998). Instead, the stepwise diachronous underfill-to-overfill transition 
in the Molasse Basin (Subsection 5.2) argues against continuous and 
slow lateral slab tearing between ~30 and 20 Ma. 

The Eastern Alpine wedge overthrusting of the Bohemian Spur 
(acting as a buttress) was coeval with the onset of out-of-sequence 
thrusting (Covault et al., 2009; Hinsch, 2013; Ortner et al., 2015), sur
face uplift in the hinterland (Beidinger and Decker, 2014; Heberer et al., 
2023a; Heberer et al., 2023b), and cessation of subsidence in the Eastern 
Molasse after 20 Ma (Genser et al., 2007; Schlunegger and Kissling, 
2022). A stepping back of deformation led to uplift- and erosion of the 
Augenstein Fm. (Frisch et al., 2001; Hülscher et al., 2021). With frontal 
thrusting “locked”, continued indentation of the Adriatic plate led to 
internal Eastern Alpine thickening (observed as the rapid early Miocene 
exhumation of the Tauern Window, Fügenschuh et al., 1997; Scharf 
et al., 2013; Favaro et al., 2015; Fox et al., 2016). This tectonically- 
driven uplift led to increased sediment supply from the Eastern Alps 
(Kuhlemann, 2000), which subsequently forced the underfilled- to 
overfilled transition in the Eastern Molasse by 19–18 Ma (Hülscher et al., 
2019). Furthermore, the southward shift of the topographic loading due 
to internal thickening led to hinterland-directed migration of the fore
bulge, causing early Burdigalian incision of the northern basin margin 
(Fig. A13). Uplift of the Molasse Basin above the Bohemian Spur 
(Heberer et al., 2023a; Heberer et al., 2023b) coeval with ongoing 
subsidence of the German- and Swiss Molasse (which we observe as 
ongoing normal fault activity, Schlunegger and Kissling, 2022; Ortner 
et al., 2023) caused a reversal in the drainage direction (Kuhlemann and 
Kempf, 2002; Garefalakis and Schlunegger, 2019). This highlights slab 
breakoff- and tearing are not necessary to explain the evolution of the 
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Fig. 12. Paleogeographic reconstructions and respective cross sections of the convergent tectonics between the late Cretaceous and late Eocene, based on paleo
geographic reconstructions from previous authors (Stampfli et al., 2002; Handy et al., 2010; Handy et al., 2015). a) In the late Cretaceous, the subduction of the 
Piemont Ocean under Austroalpine nappes starts. These nappes were located on the northern margin of the Adriatic plate. b) In the early Paleocene, subduction of the 
Piemont Ocean under the Adriatic plate continues along-strike the entire trench. This resulted in a homogeneous European slab. c) By the Middle Eocene, the 
continental Brianconnais terrane was subducted below and incorporated into the future Western/Central Alpine thrust wedge. To the east, oceanic subduction was 
uninterrupted. d) During the late Eocene, continental collision between the Adriatic and European plates occurred. Like the Middle Eocene, along-strike variations in 
the architecture of the European slab still existed. The segmentation of the Western/Central Alpine slab into oceanic and continental fragments may have promoted 
late Eocene to early Oligocene slab breakoff- and tearing. 
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Eastern Alps- and Molasse during the early Miocene. However, we admit 
that with available data, this model cannot explain the Southern Alps 
changing from retro-wedge to pro-wedge deformation after 20 Ma 
through a subduction polarity reversal associated with European slab 
breakoff at ~20 Ma (Handy et al., 2015; Eizenhöfer et al., 2023). Further 
investigations into this topic are needed. 

The above discussion highlights how subduction- and collision of the 
irregular European margin could have induced the diachronous flysch to 
molasse transition in the Molasse Basin. However, these models have not 
incorporated the effects of both the global Eocene-Oligocene and 
Oligocene-Miocene cooling events (Miller et al., 1991; Liu et al., 2009) 
on the erosion- and sediment supply. The transitions from underfilled- to 
overfilled conditions in both the Western and Eastern Molasse tempo
rally correspond to these global cooling events. Moreover, such global 
cooling events have been shown to enhance erosion in mountainous 
areas (e.g., Herman et al., 2013). Therefore, we suggest that for future 
research climatic effects on denudation rates should be considered. 

6. Conclusions 

This study analysed along-strike variations in the Mesozoic base
ment, sedimentary fill, and syn-flexural normal fault kinematics of the 
MB. Our analysis provides insight into the lithospheric- and crustal-scale 
processes responsible for the diachronous underfilled- to overfilled 
transition during the Oligocene to early Miocene. The main conclusions 
include:  

• The German Molasse was partitioned into a structural high and a 
depocenter in the west and east, respectively. Both these features 
existed since the Mesozoic and influenced the late Eocene basin ar
chitecture. By the Rupelian, this effect was smoothened out as 
recorded by homogeneous depositional environments along-strike 
the entire Molasse Basin.  

• Increased sediment supply from the Western/Central Alps at the end 
of the Rupelian (31.5 to 30 Ma) allowed the underfilled- to overfilled 
transition to occur in the Western Molasse. However, low sediment 
supply from the Eastern Alps and eastward axial transport of sedi
ments derived from the Western/Central Alps, respectively, was 
insufficient to force the underfilled- to overfilled transition in the 
Eastern Molasse. 

• The Bavarian Shelf remained at a relatively stationary position be
tween the Middle Chattian (26 Ma) and the end of the Aquitanian 
(20.5 Ma).  

• A west-to-east increase in cumulative Cenozoic offsets along syn- 
flexural normal faults suggests a higher Cenozoic curvature of 
bending of the European plate in the Eastern German Molasse 
compared to the Western German Molasse. 

• Subduction- and collision of the irregular European margin pro
moted late Eocene to early Oligocene slab breakoff, leading to an 
increase in surface uplift of the Western/Central Alps but not the 
Eastern Alps. Consequentially, the enhanced sediment supply from 
this uplift led to an overfilling of the Western Molasse, whereas 
underfilled conditions remained dominant in the Eastern Molasse. By 
the early Miocene, deformation may have been forced back into the 
core of the Eastern Alps because of the architecture of the European 
margin. This led to an enhanced sediment supply from the Eastern 
Alps, causing an overfilling of the Eastern Molasse. 
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Appendix A

Fig. A1. 3D view of the low-resolution geological model of the entire Molasse Basin.  

Fig. A2. Uninterpreted and interpreted N-S seismic lines through seismic volume B. Interpreted line highlights the presence of a fault-bounded Permo-Triassic graben 
in the study area. This line is given in the time domain, as the depth conversion below the late Cretaceous is inaccurate.  
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Fig. A3. Variance attribute map of the Upper Jurassic seismic-stratigraphic body in seismic volume A with a thickness of 20 m. The WNW shows a chaotic dis
tribution of high variance values, which is characteristic of heavily karstified limestones. To the ESE, a patch of dominantly low variance values indicates that the 
Upper Malm is not (as heavily) karstified here. 

Fig. A4. Thickness distribution of the post-Turonian late Cretaceous seismic-stratigraphic body in seismic volume B.   
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Fig. A5. Thickness distribution of the Rupelian seismic-stratigraphic body in seismic volume B. White arrows indicate the thickening of the Rupelian towards the 
faults, and purple arrows indicate locations of thickness artefacts when creating isopachs. 

Fig. A6. SE dipping Clinoforms (black solid lines) in the Upper Rupelian and Lower Chattian seismic stratigraphy in volume B. Arrows indicate reflector 
terminations. 

Fig. A7. Thickness distribution of the Early Chattian seismic-stratigraphic body in seismic volume A. White arrow highlights the local increase in thickness related to 
karstification of underlying Upper Jurassic limestones.  
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Fig. A8. Sweetness map of the Early Chattian seismic stratigraphic unit in volume A. High amplitudes indicate more sandy areas, and low amplitudes indicate more 
muddy areas. As such, the N-S bands of high and low sweetness values are interpreted to highlight the orientation of a N-S directed coastline. The western side was a 
more shallow and sandy area. In contrast, the eastern side is more mud-rich and was likely located in a deeper water depositional environment. Red arrows indicate 
the direction of onlap. 

Fig. A9. Thickness distribution of the Cyrena Beds in seismic volume A. White arrows indicate thickening towards the faults, and purple arrows indicate locations of 
thickness artefacts when creating isopachs.  
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Fig. A10. Variance attribute map of the Cyrena Beds in seismic volume A with a thickness of 10 m. Red arrows highlight curving bands of high variance values 
indicate meandering channels. 

Fig. A11. Sweetness map of the Middle Chattian seismic stratigraphic unit in volume B. High amplitudes indicate more sandy areas, low amplitudes indicate more 
muddy areas. As such, the NE-SW bands of high and low sweetness values are interpreted to highlight the orientation of an NE-SW directed coastline. The western 
side was a more shallow and sandy area. In contrast, the eastern side is more mud-rich and was likely located in a deeper water depositional environment. Red arrows 
indicate the direction of onlap.  
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Fig. A12. Variance attribute map of the late Aquitanian reflectors in seismic volume A with a thickness of 10 m. Red arrows highlight curving bands of high variance 
values highlighting the positions of meandering channels. 

Fig. A13. Uninterpreted and interpreted parts of an NW-SE trending seismic line in seismic volume B at the western edge of the Austrian Molasse. Yellow arrows 
mark terminating Aquitanian reflectors, the red dashed line the BHU, and orange arrows onlapping Early Burdigalian reflectors. For location see Fig. 7. 

Fig. A14. Interpreted section flattened on the top Chattian Sands reflector. Red lines indicate syn-flexural normal faults. Thickness changes of the early to Middle 
Chattian stratigraphy indicate these normal faults were active during the deposition of this unit. For location see Fig. 1a.  

A.1. Time to depth conversion of seismic volume B 

The seismic data in volume B is in the time domain, which does not give true geometries and, thus, not true fault throws. To produce a time-depth 
conversion, reflectors were picked in the time domain using welltops where checkshots are available. Based on borehole data, the depth of the 
stratigraphic surfaces is locally known. Where interpreted time surfaces intersect with wells that drill the corresponding surface, it is possible to 
calculate average seismic velocities from the surface to the reflector of interest (Table A1). Based on the average velocities of the separate horizons, an 
overall average velocity of 2678 m/s was calculated from the surface until the top Turonian reflector. 
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Table A1 
Average velocities from the surface to interpreted seismic horizon.  

Stratigraphic surface Average velocity (m/s) Number of wells 

Base Hall Unconformity 2709 93 
Top Chattian Sands 2516 91 
Base Eocene 2729 63 
Top Turonian 2739 10  

This velocity was used to convert the seismic data from the time to the depth domain. Reflectors and faults were then picked on the depth- 
converted seismics. These interpretations were used to calculate T-x profiles for seismic volume B. 
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Martinez, J., Naar, J., Peñas, R., 1995. Basin development and tectonic history of the 
Llanos Basin, Eastern Cordillera, and middle Magdalena Valley, Colombia. AAPG 
Bull. 79 (10), 1421–1442. 

Covault, J.A., Hubbard, S.M., Graham, S.A., Hinsch, R., Linzer, H.-G., 2009. Turbidite- 
reservoir architecture in complex foredeep-margin and wedge-top depocenters, 
Tertiary Molasse foreland basin system, Austria. Mar. Pet. Geol. 26 (3), 379–396. 

Dal-Piaz, G.V., Del-Moro, A., Martin, S., Venturelli, G., 1988. Post-collisional magmatism 
in the Ortler-Cevedale massif (Northern Italy). Jahrb. Geol. Bundesanst. 131 (4), 
533–551. 

De Ruig, M.J., Hubbard, S.M., 2006. Seismic facies and reservoir characteristics of a 
deep-marine channel belt in the Molasse foreland basin, Puchkirchen Formation, 
Austria. AAPG Bull. 90 (5), 735–752. 

DeCelles, P.G., 2012. Foreland basin systems revisited: Variations in response to tectonic 
settings. In: Tectonics of Sedimentary Basins: Recent Advances, pp. 405–426. 

DeCelles, P.G., Giles, K.A., 1996. Foreland basin systems. Basin Res. 8 (2), 105–123. 
DeCelles, P.G., Mitra, G., 1995. History of the Sevier orogenic wedge in terms of critical 

taper models, Northeast Utah and Southwest Wyoming. Geol. Soc. Am. Bull. 107 (4), 
454–462. 

Dewey, J., Kidd, W., 1974. Continental collisions in the Appalachian-Caledonian 
orogenic belt: Variations related to complete and incomplete suturing. Geology 2 
(11), 543–546. 

Diem, B., 1986. Die Untere Meeresmolasse zwischen der Saane (Westschweiz) und der 
Ammer (Oberbayern). Eclogae Geol. Helv. 79 (2), 493–559. 

von Doppler, G., Heissig, K., Reichenbacher, B., 2005. Die Gliederung des Tertiärs im 
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Köwing, K., Kraus, L., Rückert, G., 1968. Erläuterungen zur Geologischen Karte von 
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Magnetostratigraphic calibration of the Oligocene to Middle Miocene (30-15 Ma) 
mammal biozones and depositional sequences of the Swiss Molasse Basin. Eclogae 
Geol. Helv. 89 (2), 753–788. 

Schlunegger, F., Leu, W., Matter, A., 1997a. Sedimentary sequences, seismic facies, 
subsidence analysis, and evolution of the Burdigalian Upper Marine Molasse Group, 
Central Switzerland. AAPG Bull. 81 (7), 1185–1207. 

Schlunegger, F., Matter, A., Burbank, D., Klaper, E., 1997b. Magnetostratigraphic 
constraints on relationships between evolution of the central Swiss Molasse basin 
and Alpine orogenic events. Geol. Soc. Am. Bull. 109 (2), 225–241. 

Schlunegger, F., Matter, A., Burbank, D., Leu, W., Mange, M., Matyas, J., 1997c. 
Sedimentary sequences, seismofacies and evolution of depositional systems of the 

Oligo/Miocene lower Freshwater Molasse Group, Switzerland. Basin Res. 9 (1), 
1–26. 

Schmid, S.M., Pfiffner, O.-A., Froitzheim, N., Schönborn, G., Kissling, E., 1996. 
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Ziegler, P., Dèzes, P., 2007. Cenozoic uplift of Variscan Massifs in the Alpine foreland: 
timing and controlling mechanisms. Glob. Planet. Chang. 58 (1–4), 237–269. 

Ziegler, R., Storch, G., 2008. Mammals from the Cyrena Beds of Offenbach (Hesse)- 
Biostratigraphic correlation. Neues Jahrbuch Geol. Palaontol.-Abhandlungen 248 
(3), 267–278. 
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