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Abstract
The stratigraphic architecture of the Swiss Molasse basin reveals crucial information about the basin’s geometry, its

evolution and the processes leading to the deposition of t@stic material. Nevertheless, the formation of the Upper Marine

Molasse (OMM) and the controls on the related Burdigaltan transgression are no@y understood yet. During =224 times,
S

from c. 20 to 17 Ma, the Swiss Molasse basin was partly flooded by a peri===4al shallow marine sea, striking SW\—mnE. We
proceeded=ugh detailed sedimentological and stratigraphig minatiofrsot several sites across the entire Swiss Molasse
basin i T

to deconvolverl‘g:stratigraphic signals related—surface and tectonic controls. Surface-related signals include

stratigra responses to cha in eustatic sea level and sediment quxes,@le the focus on crustal-scale processes@—' on

the uplift of the Aar-massif at c. 20 Ma.

Field examinatior=hor==that the evolution of the Burdigalian seaway was characterized by (i) shifts in the depositional

settings, (ii) cha inarscharge directions, epening and widening of the basin, and (iv) phases of erosion and non-
deposition. We relate these changes in the str:@aphic recorfl==t9 a combination of surface and tectonic controls at various
scales. In particular, roll-back subduction of the European tIe lithosphere, delamination of crustal material and the
associated rise of the Aar-massif most likely explain the widening of the basin particulp==4 distal sites. In addition, f==cyplift
of the Aar-massif was likely to have shifted the patterns of surface loads. These mec ms could have caused E ural

adjustment of the foreland plate unde===4th the Molasse basin, which we use as mechanism to explain the establishment of

distinct depositional environments ano—particularly the formation of subtidal-shoals where a L;il bulge is expected. In the

3

Alpine hinterland, these processes occurred simultaneously with a period of ectonic exharmration accomplished through

slip along the Simplon detachment fault, with the consequence that sedimentTrux to the basin decreased. It is possible that
this reduction in sediment supply contributed to the establishment of marine conditions in the Swiss Molasse basin and thus
amplified the effect related to the tectonically controlled widening of the basin. Because of the formation of shallow marine
conditions, subtle changes in r’i‘:ustatic sea level contributed to the occurrence several hiatus that chronicle periods of

erosion and non-sedimentatior'

@these mechanisms are capable of explaining the establishment of the Burdigalian
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seaway and the formation of distinct sedimentological niches in the Swiss Molasse basin, the drainage reversal during

OMM-times possibly requires a change in Q ctonic processes at the slab scale.

We conclude that sedimentological re tan be used to decipher surface controls and lithospheric-scale processes in

orogens from the stratigraphic record, provrded that a detailed sedimentological and chronological database is available.

1 Introduction

Foreland basins and their deposits have often been used for exploring the tectonic evolution of their hinterlands, mainly
because these basins are mechanically coupled with the adjacent mountain belts (Beaumont, 1981; Jordan, 1981; DeCelles,
2004). The formation of t basins occurs through the flexural bending of the underlying lithosphere, which creates
accommodation space (De(‘@s and Giles, 1996; Allen and Allen, 2005). The shape of the foreland trough depends on the
mechanical properties of the foreland plate (Sinclair et al., 1991; Flemings and Jordan, 1990; Jordan and Flemings, 1991),
the volume and thickness of the sedimentary fill (Flemings and Jordan, 1990; Jordan and Flemings, 1991) and particularly on
the tectonic and geodynamic processes leading to changes in late loading (Beaumont, 1981; Allen et al., 1991; DeCelles
and Gilles, 1996). In this context, the sedimentary fill, whi(@)mmonly record Flysch and Molasse phases (Sinclair and
Allen, 1992), reveal crucial information about the basin’s geometry and evolution. Within this context, the North Alpine
Foreland Basin (NAFB), or Molasse basin (Fig. 1), is probably one of the best-studied foreland basins and has been
examined in detail over the past decades (e.g. Matter et al., 1980; Homewood and Allen, 1981; Allen, 1984; Keller, 1989;
Schlunegger et al., 1996, 1997; Kempf et al., 1999; Kuhlemann and Kempf, 2002). The approximately 700 km long ENE —
WSW striking basin stretches from France to Austria, where it broade a maximum width of c¢. 150 km (Pfiffner, 1986;
Fig. 1). The NAFB is limited to the south by the Alpine fold-and thrus@, and to the north by the Jura Mountains and the
Black-Forest- and Bohemian-massifs (Homewood et al., 1986).

Here, we centre our work on the central part of the NAFB, commonly referred to as the Swiss Molasse basin (Fig. 1), which
stretches from Lake Geneva to Lake Constance over a total length of ¢. 270 km and a maximum width of c. 80 km (Fig. 2).
We particularly focus on the c. 20 Ma-old Burdigalian transgression and pay special attention on establishing the link

between the sedimentary processes recorded by the Upper Marine Molasse (OMM) deposits and the contemporaneous

geometrical changes of the basin. The extension and
authors (e.g. Allen, 1984; Allen et al. 1985; Homewuou et al. 1986; Matter, 1964; Burbank et al., 1992; Kempf, 1998;
Kempf et al., 1997; Keller, 1989; Strunck and Matter, 2002; Schlunegger, 1996, 1997; Kuhlemann and Kempf, 2002)

@mined paleo-discharge directions, sedimentary thicknesses, and depositional environments of the OMM. Furthermore,
e

1ension of the Burdigalian seaway are well known, and several

se authors wer 0 discussing possible controls leading to the marine ingression. Despite these efforts, the controls on

the Burdigalian transgression in this basin are noQ y understood yet. Previous authors (e.g. Allen et al., 1985; Homewood

et al., 1986; Keller, 1989; Strunck and Matter, 2 proposed a combination of a reduced sediment flux and a rise in global

sea level as possible mechanisms. However, the Burdigalian was also the time when the external massifs in the Alps
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experienced a period of plift (Boston et al., 2017; Herwegh et al., 2017), which could have contributed to the flexural
downwarping of the fore‘glplate and thus to the transgression of the peripheral sea (Sinclair et al., 1991). It appears that
these diverging views on the driving forces are mainly due to the rather regional focus of the aforementioned studies. In
particular, previous authors Qy focused either on the western (e.g. Strunck and Matter, 2001), the central (e.g. Sinclair et

’Tl;f); 1997) or the eastern part (e.g. Keller, 1989; Kempf et al., 1999) of the Swiss Molasse
basin. Here, we analysed outcrops and sections along the entire Swiss basin situated at both proximal and distal positions in

al., 1991; Schlunegger et al.,

relation to the Alpine front (Fig. 2) with a particular focus on the 20 Ma-old Burdigalian transgression. We aim to explain,
through a sedimentological and stratigraphic approach at the basin scale, the influence of possible controls on this
transgression including: (i) an eustatic rise in sea level, (ii) a reduction in sediment flux or (iii) an increase in tectonically

controlled accommodation space.

2 Setting

2.1 The Swiss Molasse Basin and the Central European Alps

The deposits of the Swiss Molasse basin record two large-scale transgressi gressive mega-sequences deposited between
c.32and 10-5 .g. Sinclair, 1997; Kempf et al., 1997, 1998; Kuhlermarm and Kempf, 2002; Cederbom et al., 2004;
2011). These two Srra

German abbreviations in this work (Matter et al., 1980). Prior to the first mega-cycle, from approximately 35 Ma to a,

owing-up mega-sequences consist of four lithostratigraphic groups, for which we employ the co@n

the North Helvetic Flysch (NHF, early Oligocene) was deposited during the underfilled Flysch basin stage (Sinclair and
Allen, 1992). The Flysch period was characterized by a deep marine trench close to the evolving Alps where turbidity
currents resulted in the accumulation of mud- and sandstone on submarine fans (Allen et al. 1991; Lu et al., 2018). This
stage was followed by a regressive sequence, the initial rise of the Alps c. 32 - 30 Ma ago (e.g., Garefalakis and
Schlunegger, 2018) was associ with fast erot@|

resulted in the deposition of th@

and large sediment fluxes to the Molasse basin (Sinclair, 1997). =~

ower Marine Molasse Group (UMM, Rupelian), cop==xjing of shallow-marine mud-

sandstones (Diem, 1986) and @ing the end of the underfilled stage. The first mega-sequence was fip=%y terminated by the

deposition of conglomerates, sandstones and mudstones of the terrestrial (overfilled basin) Lower Fresrwater Molasse Group

(USM; Platt and Keller, 1992) between the early Oligocene and the early Miocene (Rupelian to Aquitanian). The second

transgressive-regressive cycle started with the deposition of hallow-marine sand- and mudstones of the Upper Marine

Molasse Group (OMM) around 20 Ma (Burdigalian). This secornd mega-cycle ended with conglomerates and sandstones of
the regressive, terrestrial Upper Freshwater Molasse Group (OSM) during late Burdigalian to late Serravallian times.
Sedimentation in the Molasse basin continued up to c. 10 — 5 Ma, when a phase of uplift resulted in the erosion and the
recycling of previously deposited Molasse deposits (Mazurek et al., 2006: Cederbom et al., 2004; 2011).

The basin is bordered to the south by the doublgent Alpine orogen (Fig. 1b). It comprises a nappe stack with a
crystalline core that is exposed in the Lepc@'—r domeand the external massifs (e.g. Aar-massif; Spicher, 1980). The orogen

3
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is underlain by a thick crustal root made up of a stack of lower crustal material derived from the European continental plate
(Fry et al., 2010). At deeper levels, the c. 160 km-long (Lippitsch et al., 2003) slab of the European mantle lithosphere bends
the foreland plate towards the south-east, resulting in a downwarping of the European plate (Fig. 1b). The large-scale
deflection of the plate and the formation of accommodation space in the Molasse basin is thus the consequence of this
bending (Schlunegger and Kissling, 2015). In addition, the modern topography ormed in response to the isostatic
equilibrium between the buoyancy of the crustal root and the vertically directed slad forces (Kissling, 1993; Kissling
and Schlunegger, 2018).
The Alpine architecture is the consequence of the Late Cretaceous to present continent-continent collision between the
European and Adriatic plates, which resulted in the build up of the Alpine e(=<g (Schmid et al., 1996). At 20 Ma, the phase
lJ;:fpontine dome (Hurford, 1986) and the Aar-

massif (Herwegh et al., 2017). This was also the time, when the slip along the Simplon detachment fault occurred at the

of nappe stacking was superseded by a period of vertical extrusion of the

f@ rates, resulting in the fast exhumation of deeper crustal levels to the surface (Mancktelow, 1985; Mancktelow and
Grasemann, 1997; Boston et al., 2017).

2.2 The Upper Marine Molasse

The Upper Marine Molasse (OMM) deposits, which are the focus of this paper, mainly comprise a suite of sandstones and
mudstone interbeds. In the central basin, these sediments were deposited in a shallow marine, c. 70 — 80 km-wide seaway
during Burdigalian times between c¢. 20 — 17 Ma (Allen and Homewood, 1984; Allen et al., 1985; Keller, 1989). At the

proximal basin border, the OMM-successions are up to 900 m thick and thin to a few tens of meters towards the distal basin

margi@'ick conglomerate packages situated at the Alpine thrust front (Napf conglomerates) separgt=<he basin into @
d western segme Q ig. 3). East of the Napf conglomerates, in the followin@\oted as thewapf-units (Matter;
1964), the OMM has been grouped into the Lucern d the St. Gallen-Formations (KelTer, 1989), which are separated by a

easter

m-thick pala il. For simplicity purposes, we w fer to these units as the OMM-1 (Lucerne-Fm) and the OMM-II (St.

Gallen-Fm), Tespectively. In the distal basin, also east of the Napf-units, the OMM-I deposits comprise a suite of sandstone
beds at the base, followed by a succession of shelly-sandstones (“Muschelsandstein”; Jost et al., 2016) at the top. The
overlying OMM-II comprises conglomerates, sandstones and mudstones (Jost et al., 2016). West of the Napf-units, the
OMM has been grouped in three units (Fig. 3), which are from the base to the top: the Sense-beds (suite of sandstones with
mudstone interbeds), the Kalchstatten-Formation (alternation of sandstones and mudstones) and the Guggershorn-
Formation (succession of conglomerates with sandstone interbeds) (Strunck and Matter, 2002). As will be shown later, the
Sense-beds and Kalchstatten-Fm correspond to the OMM-I, the Guggershorn-Fm is a time-equivalent of the OMM-II.
Similar to the east, the western distal basin is made up of san\:]stgm!es at the base, and “Muschelsandstein” deposits at the top.
As outlined above, the Pliocene phase of uplift and erosion (Cederbom et al., 2004; 2011) resulted in the current exposure

pattern where OMM deposits are only fragment@eserved in the west (Fig. 2).
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3 Methods
3.1 Sedimentological investigations and study sites

We applied state@e-art sedimentological techniques to examine different sections through time. The research sites are

located at both proximal and distal positions within the basin. We exp]:;j these sections for environmental conditions, the

etween the sections haen accomplished by

using interpreted seismic data (Line 8307; Schlunegger et al., 1997) and through compilatio ages constrained by

relative palaeo-bathymetry and palaeo-discharge-directions. Correlati

magneto-polarity stratigral (Strunck and Matter, 2002; Schlunegger, 1996, 1997) and mam iostratigraphies (Keller,
1989; Engesser, 1990; Jost and Kempf, 2016). Non-dated sections have been correlated a sequence stratigraphic
approach.

We proceeded through detailed sedimentological investigations of key-sites (Fig. 2), which expose the OMM-I succession in
proximal (Entlen-section east of the Napf-units; Sense-section west of the Napf-units), central (St. Magdalena-site, Gurten
drill core) and in distal positions (Méagenwil-site). The key-sites have been analysed in the field and on digital photos at the
scale of 1:50. We categorized the sediments into lithofacies types (e.g. Schaad et al., 1992; Keller, 1989) based on the

en Qie of sedimentary characteristics including: grain size, thickness, lateral e@ if applicable, sedimentary structu;
| C

basarcontact, colour and fossil content. Additionally, the sediments ha pen analysed according their palaeo-bathymetri
conditions. Please refer to the Appendix for the details of the methoical approaches, the summary of the lithofacies
descriptid interpretation, and for the references to the related articles.

Finally, aepositional systems were de as an ensemble of distinct lithofacies types including the related palaeo-
bathymetric conditions. These depositilgrF systems have been mapped at the scale of 1: 0 at various sites where
suitable outcrops were present (see Fig. 2 for visited sites). Published information from deep—@

1) and seismo-stratigraphic data (Line 8307; Schlunegger et al., 1997, Line BEAGBE.N780025; Fig. B, Appendix)

completed the available database. Palaeo-current directions were measured from the occurr@ of imbricated clasts,

ings (Boswil 1; Hiinenberg

s@ks, parting-lineations, orientation of cross-beds and ripple-marks.

3.2 Reconstruction of the chronological framework

The chronological framework of the OMM-deposits in the region has been established by multiple authors through
palaeontological analyses of mammal fragments and teeth (Keller, 1989; Schlunegger, 1996; Kempf et al., 1999) and
87Sr/8%6Sr chemo-stratigraphies (Keller, 1989), yielding a numerical age between c. 18.5 and 17 Ma, particularly for the
OMM-II (St. Gallen-Fm). Subsequent magneto-polarity chronologies (Schlunegger et al., 1996; Strunck and Matter, 2002)
paired with further micro-mammal discoveries (Kélin and Kempf, 2009; Jost et al., 2016) allowed pdate the
chronological framework (Fig. 3) of Keller (1989) through correlations with the Magneto-PoIarity-Time-Sc@MPTS) of
Cande and Kent (1992, 1995) and the most recent astronomically tuned Neogene time-scale (ATNTS, Lourens et al., 2004).

The original correlations of the magneto-zones with the MPTS, or alternatively the ATNTS, were based on the inference that
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sedimentation occurred continuously (Schlunegger et al., 1996; Strunck and Matter, 2002). However, based on a

reassessment of the magneto-polarity stratigraphy of the Napf-section (Napf-units, Fig. 3) and further sections in the eastern

Swiss Molasse basin, Kélin and Kempf (2009) suggested that sedimentation was possibly interrupted by several hiat@
FinaQ hrough stratigraphic investigations of the seismic line 8307 (Fig. 2), Schlunegger et al. (1997) proposed that

erosional unconformity and thus a hiatus separates the OMM-I from the OMM-I1I. Unconformities separating lower- and
upper-OMM sequences have not been considered by those authors who established the original chronological framework for
the OMM sequences in the region (Keller, 1989; Schlunegger et al., 1996; Strunck and Matter, 2002). Consequently, we
reassessed the temporal framework through a compilation of the original and most recent information in the literature, and

through mapping and sedimentological investigations.

4 Results and Interpretation
4.1 Revised chronology of the Swiss Molasse sequences
4.1.1 Eastern Swiss Molasse b@

e eastern proximal basin border, marine sedimentation started with the OMM-1 (Lucerne-Fm, Fig. 3), which is best
presented by the c. 800 m-thick Entlen-section (Keller, 1989). There, the overlying OMM-II (St. Gallen-Fm) is only 50 m
thick, and sedimentation was superseded by the accumulation of fluvial conglomerates of the Napf-megafan (Napf-units),
which gradually replaces the marine strata of the OMM-I c. 20 km farther to the west (Haldemann et al., 1980) upon
approaching the Napf-megafan apex (Schlunegger and Kissling, 2015; Figs. 3 and 4). This het roneity of facies
relationships complicates any temporal reconstructions of the OMM sedimentation in the east. Nevert:lgs, the basal part of
the OMM-1 follows a sharp contact to the underlying USM deposits, as recorded by the Fischenbach-section along a
river-cut (47°00’14’@8°08’26” E; Schlunegger et al., ZOlGQhere, the topmost normal magnetozone of the USM @
considered to correlate with C6An1 of the MPTS or the ATNTS, respectively (Schlunegger et al., 1996). For the OMM-T, a

time interval from MN3a through MN3b (European Neogene mammal units; Mein, 1975; 1979; 1989) has been assigned by
Keller (1989) based on micro-mammal records within a section c. 20 km farther to the east (Fig. 3). However, more precise
age assignments for the base and the top of this unit are complicated because of a lack of magneto-polarity chronologies.
Here, we constrain the age of the basal transgression using two pi of evidence: First, the transgression post-dates the
deposition of the USM, which terminated at C6Anl at the enbach (Fig. 3). Second, based on stratigraphic

interpretations of palaeo-discharge direction data, Strunck and Matte 02) considered that the transgression of the OMM

progressed from the east towards the west, where the first marine searments have been dated with C6r in the Sense-section
(Fig. 3 and 4a; see next section). Accordingly, the onset of the OMM at ntlen predates the transgression at the Sense.
Based on these arguments, we propose an age of c. 20 Ma for the base MM-I in the eastern Swiss Molasse basin
(Figs. 3 and 4).
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An age for the top of the OMM-I (Lucerne-Fm) can be estimated by using the magneto-stratigraphy of the Napf-section
(Napf-units, Fig. 3) c. 10 km to the west of ntlen (Schlunegger et al., 1996). This section includes an alternation of 6
reversed- and 5 normal-polarized magnetozones. The lowermost, very long normally polarized interval (N1, Fig. 3 and 4a)
includes the mammal fossil site Hasenbach 1 recording an MN3b age (Schlunegger et al., 1996) or even a lower-MN3b age,
as a revision of the fossiliferous material has shown (Kalin and Kempf, 2009). This allows a correlation of the normally
polarized interval N1 with chron 5En of the MPTS (Cande and Kent, 1992, 1995) or the ATNTS (Lourens et al., 2004),
respectively (Fig. 3). Since the third reversed magnetozone of the Napf-units is very short (R2), and since the ATNTS chron
5D includes several 100 kyr and is thus quite long, it is most likely that a hiatus encloses C5Dr2 to C5Drl (Fig. 3). In
addition, because (i) the change from MN3b to MN4a has been calibrated with C5Dr2 (Jost et al., 2016), and since (ii) the
base of the overlying OMM-II (St. Gallen-Fm; Fig. 3 and 4a) has been dated with MN4 (Keller, 1989), we suggest that the
inferred hiatus fal@ 0 the boundary between the OMM-I and the OMM-II (Fig. 4). This age assignment is consistent with
stratigraphies in the eastern Swiss Molasse basin (Kempf and Matter, 1999). It is also ¢ nt with micro-

m% and MN4a

magneto-polarity
mammal investigations in the distal Molasse basin where Jost et al., (2016) found that deposits spanning
are missing. Based on these constraints, we suggest that the top of the OMM-I correlates with C5Dr of the MPTS or C5Dr2
of the ATNTS, respectively, followed by a c. 0.5 Ma-long hiatus (Fig. 3 and 4). The overlying magnetozones of the Napf-
units are correlated with the ATNTS following Sant et al. (2017).

This correlation implies that sedimentation within the OMM-I was continuous, which we justify through the deepening- and
shallowing-upward sequence recorded in the Entlen-section (see 4.2.1). A maximum flooding-surface (MFS, Fig. 4a), which

we infer from the sedimentological analyses across the basin (see 4.2), allow{/=pubdivide the OMM-I into a lower and an

upper unit referred to as OMM-la and OMM-1b, respectively (Figs. 3 and 4). Q that it is possible that sedimentation was

interrupted between the OMM-II and the OSM by short intervals (Kalin and Kempf, 2009). The consequences of our refined
correlation are a constant sediment-accumulation rate of ¢. 400 m/Ma from the base to the top of the OMM-I, and the
occurrence of a ¢. 0.5 Ma-long hiatus between c. 18 and 17.5 Ma separating the OMM-1 from the OMM-II (Figs. 3 and 4).

In the distal eastern part of the basin, the stratigraphic architecture of the OMM is made of sandstones of the Lucerne-Fm at
the base, which is overlain by the “Muschelsandstein” unit (Fig. 4b; see 4.2.4) at the top (Jost et al., 2016). Mapping shows
that the “Muschelsandstein” near Magenwil (Fig. 2) is c. 5—10 m thick and thins towards the depocenter of the Napf-
megafan deposits to less than 1 m. Correlations of these deposits across the basin have been accomplished through a
seismostratigraphic analysis of the seismic line 8307 (Schlunegger et al., 1997; Fig.2). , the sediments of the OMM-I
(Lucerne-Fm) onlap onto USM strata and then overlap this unit (Fig. 4b). The overlapping sequence has been referred to as
Unit B in Schlunegger et al. (1997), which in turn corresponds to the top of OMM-la in our stratigraphic scheme. In
addition, our field investigations and micro-mammal correlations (Jost et al., 2016) reveal that the “Muschelsandstein”
follows on top of the OMM-Ila and most likely corresponds to the OMM-Ib. Based on these constraints, we suggest that the

deposition in the distal basin occurred between c¢. 19 and 18 Ma (Fig. 4b). However, as visible in line 8307 (Schlunegger et

7
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al., 1997), sedimentation was interrupted at c. 18 Ma by a c. 0.5 Ma-long or possibly longer hiatus. This time span has been
specified through new micro-mammal discoveries by Jost et al., (2016) who noted that rers of MN4a is missing and
that the base of the OMM-II (St. Gallen-Fm) hosts mammal fragments that correspond to MN4b. The interpretation of an

inferred unconformity is additionally supported through observations of vadose cements (Allen et al., 1985) within the

“Muschelsandstein”, and through evidence for a thick psoil separating OMM-I from OMM-II (Fig. 4), as Q apping

near the Entlen-section has shown. information Suggests that the uppermost beds of the OMM-Ib (incruding the
“Muschelsandstein”) were exposed to erosion after deposition (Allen et al., 1985; Jost et al., 2016). Because of post-
depositional erosion of the entire Molasse sequences since the Pliocene (Cederbom et al., 2004; 2011), the co@ation of

the sedimentary history cannot be constrained.

4.1.2 Western Swiss Molasse

At the proximal basin border in the west, Strunck and Matter (2002) placed the USM/OMM-boundary of the ¢. 650 m-thick
Sense-section within C6r of the MPTS (Cande and Kent, 1992; 1995), or alternatively of the ATNTS (Fig. 3; Lourens et al.,
2004). The subsequent alternation of normal and reverse magnetozones were correlated by these authors with chrons 6r
through 5Dn of Cande and Kent’s MPTS (1992; 1995), the latter of which corresponds to C5Dn1 of the ATNTS (Lourens et
al., 2004). Following Strunck and Matter (2002), a possible hiatus prior to ¢. 17.5 Ma (Figs. 3 and 4) is likely to be nC'D‘ red

also within the Sense-section (Fig. 5b). This implies that a hiatus separates the OMM-I from the OMM-II across theentire
basin (Figs. 3 and 4) and that ubsequent sedimentation (base of OMM-II) progressed from the west to the east. The
consequences of this chronolog@(ramework are a constant sediment-accumulation rate of c. 285 m/Ma during deposition
of the western OMM—I,@ever, sedimentation was possibly interrupted by a short hiatus at the top of the OMM-Ib (Fig. 3).

No micro-mammal sites have been reported so far for the OMM deposits in the western Molasse basin. Therefore, we cannot
provide further constraints on the history of sedimentation. However, mapping in the area of Lake Neuchatel (Fig. 2) shows a

sedimentary succession similar t Q east, where amalgamated sandstone beds are overlain by the “Muschelsandstein” unit.

Mapping also shows that these Ii rnes thin from c. 10 m in the Lake@chétel area to a few meters towards the distal

margin of the Napf-megafan (Alle al., 1985). Because of the architectural similarity to the east, we tentatively consider
that tposition of the “Musd=~pndstein” occurred synchronously across the entire Swiss Molasse basin. Similar to the
east, ost-depositional erosion during the Pliocoene (Cederbom et al., 2004; 2011) prevents us from presenting any

furtheraetails on the conti@ron of the sedimentary history.

4.2 Lithofacies, sedimentary processes and id@cation of depositional environments
4.2.1 Eastern proximal basin border: Beach sequences with a tidal influence recorded at the Entlen-section

Characterization
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We group the 800 m-thick suite of the OMM-I deposits at the Entlen (Lucerne-Fm) into the two subunits OMM-la and
OMM-Ib based on differences in the lithological architecture (Fig. 5). The lowermost c. 370 m-thick OMM-Ia is made up of
an amalgamation of c. 5 — 10 m-thick tabular sandstone packages with mm- to cm-thick mudstone interbeds. The overlying
c. 430 m-thick OMM-Ib seq@e comprises an alternation of 2 — 3 m-thick lenticular sandstone beds and dm-thick
mudstones layers (Fig. 5a).

The sedimentary suite of the OMM-Ia records a total of 14 lithofacies types (Table 1, Appendix). Fine- to medium-grained
sandstones occur as packages of cm- to dm-thick normally graded sees. These deposits either occur as several m-thick

tabular, parallel-laminated units (Sp) that laterally grade into <1 cm-t ross-beds (Sc), or as several dm-thick low angular

cross-bedded units with tangential lower boundaries (Sc). Parallel-laminated sandstone beds also display tr rrent

b

laminations (Sp). These lithofacies associations domf the OMM-la sequence with a relative contribution of >5u7o (Fig.

5a). Some sandstone beds contain gravels and pebbresin a few places (Sg), and shell fragments (Shf) are visible where
sandstone units have erosive bases. A few packages of cross-bedded sandstones (Sct,) contain current ripple-marks (Scr) at

their base, or they have a massive structure (Sm). Centimetre-oscillation—ripple marks (Sos-faceis), sof=times with

branching crests (Shr), En resent only in some places. The basarcontacts of this class of sandstone beds are 1 erosive
and planar (Fig. 5a). Sorreine-grained sand- and siltstone interbeds display water escape-structures such as flame-fabrics or

sand-volcanoes (Sv). Most of the siltstone beds occur as climbing-ripples (Mcl). The mudstone interbeds are present as mm-

to cm-thick parallel-laminated to massive layers (Mp, Mm). Thin my pes (Md), a few mm thick, mostly occur on top of

current ripple-marks (Scr). In places, root-casts are associated with yermow- to ocherish-mottled colours.

Estimates of palaeo-bathymetric conditions (se==2ppendix) reveal that the OMM-la sediments were deposited in water

depths <5 m (Fig. 5a). This is consistent with t ferred near-shore environment (see below; Short, 2012). Measurements
of bedform-orientations reveal di@ge directions between 315° NW and 60° NE, with a dominant NE-directed transport
(Fig. 5a).

The overlying OMM-Ib comprises a total of 9 lithofacies types (Table 1, Appendix). Fine- to medium-grained sandstone

packages occur as m-thick lenticular bodies that display several dm-thick Iqg gular trough (Sct;) or tabular cross-beds

(Scta). Sct-sandstones contain current-ripple marks (Scr) at their base, while larmmae-sets of Scta-sandstones are interbedded

with current-ripples (Scr), which record an opposite flow direction. At one site, dm-thick sandst with a planar base and a

wavy top and with wavelengths of several meters could be assigned to a ridge-and-swale (Srsystructure (Fig. 5a). These

lithofacies assemblages contribute to >50% of the sedimentary sequence of the OMM-Ib. Parallel-laminated sandstone beds

with tra rent laminations (Sp) are dm-thick and mainly found at the top of the OMM-Ib unit. In a few places, the

sandstonesalso occur as massive beds (Sm). Mudstone interbeds are dm thick and mostly occur as re==drapes (Md) on top

of current ripple-marks (Scr). (or lenticular-) and flaser-interbeds (Mle, Mfl) are dm thick and craracterized by current

ripple-marks with tryz=<jed crests. In the Entlen-section, the OMM-Ib ends with m-thick pa@soils, displaying yellow to
reddish mottling, roottasts and caliche nodules (Fi@).
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Palaeo-bathymetric conditions of the OMM-Ib reveal an increase of water depths to >15 m compared to the OMM-Ila unit
(Appendix). This dataset is corroborated with our inferred near-shore- to tran@ml-environment (see below). The OMM-Ib

shallows towards the top and is capped b Jick palaeo-soil. Di rge d ions measured from bed-form orientations

reveal the full range between 260° W and 70— (Fig. 5a), which isTuorisistent with the observed bjz==<gl sediment transport
rections of the OMM-

of the associated lithofacies types (see below: Sct,, Sct; and Scr). Inter gly, dominant discharge @

Ib sediments change towards the N and finally to the W.

Interpretation

The OMM-Ia sedin of the Entlen-section are assigned to a near-shore environment, which comprises the lower and

upper shoreface where—wave activities shape the coastal morphology of a beach (Fig. 5a). Related processes are inferred
from the occurrence of tabular, parallel-laminated (Sp) sandstones, which are interpreted to represent sediments of the surf-
and-swash zone near the wet beach. Alternatively, this lithofacies association can be placed in the wave-transformation zone
where the waves brake. This is particularly the case where these beds laterally grade into <1 cm-thick cross-bedded ripples

(Scr) and where normal grading is clearly visible. Low angular cross-beds (Sc) are interpreted to represent savl;;refs, where

pebbly-lags (Sg) and shell fragments (Shf) record the occurrence of storm-events. Oscillating-ripple m (Sos) are

presumably formed in the lower shoreface and are evidence for wave-az=<(ties (Fig. 5a). Furthermore, these Gp- and Cs-

facies are often visible at the base of rip current channels. Water escape-structures, sand-volcanoes (Sv) and climbing-ripples

(Mcl), are distinct recorders of edimentation from sediment-saturated water within a wave-dominated beach. In places,

the presence of backshore chan (Sc) and floodplains with splays (Sc- and Sm-facies) are inferred where root-casts and
incipient pedogenesis are observed (Mp, Mm). Accordingly, these deposits are interpreted to have been deposited in

backshore ponds. Con ;rvise, tidal processes ar

ted to cross-bedded sandstones (Sct,) with mud-drapes (Md) on top of

the current ripples-mat cr). These Md- and Scr=reies, if associated to the Sct,-sandstones, are distinct features of a slack

water stage due to a possible tidal-influence. Alternatively, they might regz=<y the occurrence of standing water in a wave-

protected area. @—cast are visible in parallel-laminated (Sp) and massive-nedded (Sm) sandstones and mudstones (Mp,
Mm).

The OMM-Ib sediments of the Entlen-section are assigned to a near-shore to transitional environment, shaped by the
combined effect of wave- and tidal-activities (Fig. 5a). We infer the occurrence of tidal processes by the observation that
current ripple-marks (Scr), which are situated on top of lamina sets of tabular- (Scty) and trough-cross-beds (Sct/), point
towards an opposite flow direction than the cross-beds themselves (Fig. 5a). In addition, the size of these facies assemblages
forming m-scale lenticular shaped sandbodies requires an accommodation space, which is consistent with a lower near-shore
setting. In such an environment mud-drapes (Md) on top of the ripple marks are recorders of slack water phases. Finally,

lens- (or lenticular-) and flaser-interbeds (Mle, Mfl), both dm thick, are assigned to a similar setting. In contrast, sediment

transport by waves is recorded by parallel-laminated sandstones (Sp) with*==3scurrent laminations, which mark the presence

of a surf-and-swash zone. In this context, sandstone beds referred to a e-and-swale (Srs) structures could record the

10
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occurrence of high-en ic waves. Furthermore, massive sandstones (Sm) and palaeo-soils with mottled colours, root casts

and caliche nodules, nrarkthe presence of a back-shore, possibly terrestrial environment.

In summary, the change of the sedimentary environment within the OMM-I at the Entlen, from a near-shore, wave-
5 dominated setting to an environment with tidal ref;==5, was associated with a shift towards deeper bathymetric conditions
(Fig. 5a). In this context, the deepest inferred bathry at the base of the OMM-Ib is assigned to the maximum-flooding
surface (MFS) within the OMM-I sequence, which separates the transgressive OMM-la from the regressive OMM-I1b (Fig.

I

6a). This deepening-and-shallowing upward trend is associated with a ~90°-westward rotation of the di ge directions,

from an originally unidirectional NE- to an axial NE-SW-directed (MFS) and finally to a transverse N-oriermed transport.
10

2_[.;.2 Western proximal basin border: Estuarian sequences recording tidal processes at the Sense-section

Characterization

We group the c. 650 m-thick Sense-section (Figs. 5b and 3), which comprise OMM-I and OMM-II deposits, into three

packages based on distinct facies associations. OMM-la deposits are ¢. 200 m thick and comprise the lower Sense-beds. The
15 superseding OMM-1b sediments are encountered in the upper Sense-beds (c. 125 m thick) and the Kalchstatten-Fm (c. 275 m

thick). The Sense-section ends with the Guggershorn-Fm, which is ¢. 50 m thick. Based on our refined chronology (see 5.1

and Fig. 3), we assign this ¢. 50 m-thick uppermost sequence to the OMM-II.

Within the Sense-section, the OMM-Ia@resent as 13 lithofacies types (Table 1, Appendix). M

to coarse-grained

sandstone beds are up to 2 —3 m thick massive bedded (Sm). Individual sandstone beds are pararlel-laminated (Sp).

20 They also occur as m-scale tabular cross-beds (Sct,) with v;;risible top- and bottom-sets and as seq es of cross-bedded

troughs (Sct;). Meter-scale tabular cross-beds (Sc) with sig al geometries contain pebbly lags (Sg)acthe bottom-sets and
are well exposed along a nearby road-cut (46°49°27” N / 7°18°42” E). Some of these cross-beds contain current-ripple marks
(Scr) at the base of Sct,-sandstones, often draped with a muddy layer (Md). Ripple marks also b p tabular sandstone
bodies. In this case the ripples are either asymmetric or symmetric (Sos), and in some cases the c@are branching (Sbr).

25 Mudstone interbeds are 10 — 20 cm thick, massive- (Mm) to parallel-laminated (Mp) and strongly bioturbated (Mf).
Estimates of bathymetric conditions reveal water depths of up to 10 m (Fig. 5b and Appendix). This is consistent with the

@inferred tidal-dominated environment within an intertidal bathymetry (see below). Measurements of discharge directions

reveal a dominant NE-directed sediment transport, which covers the range between c. 0° N and 90° E (Fig. 5b).

30 The basal part of the OMM-Ib sequence (upper Sense-beds, Fig. 3 and Fig. 5b) displays a similar larg le architecture as

the OMM-la unit. However, it comprises 4 additional lithofacies types and di es subtle differences. 1) up to 5 - 10 m-

thick sandstone beds are normally graded, w upon an erosive base and arspray epsilon cross-beds (Sce); (ii) m-scale

cross-bedded sandstones (Sct,) are several S and tens of meters wide. Current ripple-marks (Scr), which occur on

11
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b

top of individual laminae, are draped with mud (Md) and have orientations that imply an op e flow direction; (iii)

medium-grained sandstones show ridge-aQ ale structures (Srs) with a small amplitude or—a—few dm and a large

wavelength of several m; they are additionammy covered with pebbles (Sg); and (iv) Srs-structures are sometimes also covered
with osci g-ripple marks. This 125 m-thick sequence ends with a ¢. 20 m-thick succession of mudstones and a ¢. 15 m-
thic algar‘;ation of sandstone beds. Mudstones are massive bedded (Mm), contain ex>=xjias (Mf) and are arranged as

;" I;ks (Scr) and bioturbation (Sf)

indi al dm-thick packages. Sandstones display massive beds (Sm), with current ripple=

in places.

Water depth estimptiaqs return values of up to 30 m at the base of the OMM-Ib, which shallow to <5 m further upsection

(Fig. 5b). This deepermng-and-shallowing trend is consistent with thred subtidal environment at the base and higher up

in the section (see below). Orientation of discharge directions show a

axial, SW-NE-directed transport Wherg reach the
deepest bathymetrical conditions. Sediment transport changes towards a transverse N-directed discharge at end of the

sequence.

The c. 300 m-thick upper part of the OMM-Ib (Kalchstétten-Fm) (Figs. 3 and 5b; Strunck and Matter, 2002) displays two
major diﬁlglces (Table 1, Appendix): (i) dm-thick mudstone interbeds appear more frequently; and (ii) aQations of
e_

mudstone-beds are interfint:g with m-thick massive- to cross-bedded conglomerates (Grm—Gc). The

sandston

sedimentary suite thus starts with 5—10 m- sandstone beds, which are massive (Sm), tabular cross-bedded (Scts) and
trough cross-bedded (Sct;). Sandstones also display tabular geometries and contain bioturbation in places (Sf). Occasionally,
current-ripple marks (Scr) are draped with mud (Md). Up to m-thick, massive-bedded conglomerates (Gm), sometimes only
visible as dm-thin pebbly-lags interbedded in sandstone beds (Sg), appear approximately in the first quarter of this sequence
and are embedded in massive-bedded mudstones (Mm) and dstones (Sm). The conglomerates then change towards
several m-thick, massive- (Gm) and cross-bedded geometries tds the top of the section (c. 50 m-thick OMM-II).

No quantitative data are available to define bathymetric conditions. (Nevertheless, sandstones at the base of this unit display.
similarities to the sedimentary architecture of the subtid oals at St. Magdalena, where water depths of ¢. 5 m
estimated (see below). us suggest subtidal conditions%he base of this unit. A shallower bathymetry is inferred fr@|
the occurrence of con erates in the OMM-II suite, possibly deposited within coarse-grained rivers in a backshore
environment at the top where conglomerates start to dominate the sedimentary suite: Measurements of palaeo-currents from

»

own observation, covering the full range between 230° S\wv-and 330° NW.

imbricated clasts (Strunck and Matter, 2002) reveal a tra rse to W-directed sediment discharge, which is consistent with

Interpretation
We assign the OMM-la (lower Sense beds) to an intertidal environment bordered by deltas, estuaries and tidal-flats (Fig. 5b).
This is inferred from the occurrence of sigmoidal cross-bedded sandstones (Sc) with distinct top-, fore- and bottom-sets,

which also contain pebbly-lags (Sg) at their base. These facies assemblages are characteristic for deposits of a G@t—Delt&

12
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(e.g. Bates, 1953). In this context trough cross-bedded sandstones (Sct;) and possibly massive bedded (Sm) units can be
assigned to mouth-bar deposits where estuaries end, or alternatively to tidal inlets. The presence of current-ripple marks
(Scr) with mud-drapes (Md) at the base of tabular cross-beds (Scts) can be assigned to an intertidal setting, where ripple-
marks record the activity of tidal-currents, while mud-drapes form during slack phases. Additionally, ripple-marks (Sos) with
branching crests (Sbr) and parallel-laminated sandstones (Sp) were most likely formed in shallow water conditions, possibly
under the influence of waves. The massive-bedded (Mm), parallel-laminated (Mp) and strongly bioturbated (Mf) mudstone
interbeds are assigned to a tidal flat
The sandstones with cross-beds ;\encountered at the base of the OMM-Ib (upper Sense-beds) are assigned to tidal

channels, where epsilon cross-beds (Sce) are records of slip faces of meanders. In support of the inferred recorders of tides,

meters-high cross-bedded sandstones (Scts) with draped (Md) current-ripple marks (Scr) on top of sandstone laminae are
distinct characteristics for tidal sandwaves. In this context, the several tens of m-wide sandwaves are possibly formed in a
subtidal environment. In contrast, the occurrence of wave activities is inferred from m-scale ridge-and-swale (Srs) structures
and oscillating-ripple marks (Sos). Likewise, pebbly layers (Sg) among the Srs-sandstones are evidence for high-energetic
storms. These two latter lithofacies (Scta, Srs) record the deepest bathymetrical point of the Sense section. Massive bedded
(Mm) mudstones and sandstones (Sm) with bioturbation (Mf, Sf), which are encountered at the end of the lower part of the
OMM-Ib, are assigned to a tidal mud- and sand-flat environment.

The upper part of the OMM-Ib (Kalchstétten-Fm) is assigned to a regressive, shallow marine sequence. Similar to the
OMM-Ia unit, we assign the OMM-Ib deposits to an environment with estuaries bordered by subtidal shoals and possibly
tidal-flats. The occurrence of estuaries is inferred from cross-bedded sandstones (Scts) superimposed with current-ripple
marks (Scr) and mud-drapes (Md). In such an environment, cross-bedded troughs (Sct;) with massive-bedded sandstones
(Sm) could represent mouth-bar deposits at the end of estuaries or tidal inlets, which laterally grade into subtidal shoals
(Scty). Bioturbated sandstones (Sf) could either be assigned to a tidal sand-flat environment or are records of organisms
within subtidal conditions. Massive- and cross-bedded, a few m-thick conglomerates (Gm, Gc), which are embedded within
massive-bedded mudstones and sandstones (Mm, Sm), are assigned to distal recorders of floods, where gravels were
supplied by a stream with sources in the Alps. In this context, conglomerates are also only visible as a dm-thin layer among
sandstones (Sg). Up-section, the conglomerate beds become more frequent and more continuous and display several m-thick
beds, with massive- to cross-bedded geometries (Gm, Gc). These deposits are assigned to coarse-grained rivers

interfingering with the Burdigalian sea (Strunck and Matter, 2002) and finally correspond to the OMM-II and its terrestrial
equivalent (Guggershorn-Fm). @

In summary, the Sense-section (OMM-I and OMM-II) records a distinct change of "—yedimentary environment and@

bathymetrical conditions. The deposits of the OMM-la show a transition from an es arT- towards a subtidal-environm

Lar===4 water depths are inferred from deposits at the base of the OMM-Ib, which i s likely to represent the maximum-

»

flo stage (@) of the OMM-I. The sediments encountered towards the top of the OMM-Ib are assigned to water
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depths within a subtidal-to intertidal bathymetry. Measurements of discharge directions in this large-scale deepening-and-
shallowing upward cycle reveal a shift from a transverse NE-directed sediment transport to an axial SW-NE-directed
transport (MFS) and finally to a N-directed discharge at the top of the OMM-I.

The overlying conglomerates, deposited within fluvial streams forming a deltaic environment (OMM-II and then OSM),
record a shallowing-upward sequence, evolving towards a braidplain towards the top. There, measurements of palaeo-
currents reveal a W-directed discharge direction (Strunck and Matter, 2002), which is associated with a ~90°-westward

rotation in comparison to the OMM-Ib.

el

4.2.3 Central proximal basin border (Napf-units): Alluvial megafan deposits

Characterization

The Napf-section, which is a terrestrial equivalent of the OMM (=P (Figs. 3 and 4; Schlunegger et al., 1997), is c. 1550 m

thick and includes a succession of conglomerates, sandstones anamudstone interbeds (Matter, 1964), which are categorized

into 5 lithofacies types (Table 1, Appendix). Individual conglomerate se@ces are up to 10 m thick and display stacks of
€

2 — 3 m-thick beds with massive (Gm) to cross-bedded (Gc) geometries. sandstone beds occur as massive bedded (Sm)

and cross-bedded (Sc) units. 'Qinterbedded mudstones display a tabular (M:=<fabric and have a yellowish-reddish

mottling, caliche nodules and root cg=tPalaeo-flow measurements based on oriertamons of sqi=<rks imply a NE-directed
€

transport during USM-times (Schlun
to a NW-direction between OMM-I- and @-times.

r et al., 1997). measurements of imbricated clastsTeveal a change from a NE-

Interpretation

We interpret the association of massive (Gm) to cross-bedded (Gc) conglomerates and massive- to cross-bedded sandstones
(Sm, Sc) as deposits within a braided river system (Table 1, Appendix). In such an environment, conglomerates are common
recorders of active channels. Massive- (Sm) to cross-bedded (Sc) sandstones alternating with mottled mudstones were most
likely formed during bursts of channel belts, thereby forming crevas==splay deposits (Platt and Keller, 1992). Mudstone
interbeds (Mp) with evidence for palaeo-soil genesis formed when E el belts shifted away from the axis of the section

(Platt and Keller, 1992) is facies-association was mapped over tens of kilometres, both across and along strike of the

basin orientation. It is th signed to an alluvial megafan (Schlunegger and Kissling, 2015).

®

4.2.@tral basin (St. Magdalena, Gurten): Subtidal shoal deposits

Characterization
Outcrops within a cave-system near Fribourg (St. Magdalena; Fig. 2) reveal 3D-insights into several m-thick sandstones

with cm-thick mudstone interbeds. The sandstones are medium- to coarse -grained and display an amalgamation of 1 — 3 m-
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wide, cross-bedded troughs (Sct;) with current-ripple marks (Scr) at their base that are ed by mud-drapes (Md). The

amplitude of the troughs is in the range of several dm, while the cross-sectional widths Sparr several d’l-n:;letres to meters.

The sandstones also occur as massive-bedded units (Sm). They are occasionally interbedded with currerr=ripple marks (Scr)
draped with mud layers (Md). Basal contacts are mostly erosive. In the nearby c. 260 m-thick Gurten (Fig. 2) drill core (Fig.
C, Appendix), related deposits occur as cross-bedded sandstones (Sc) topped with mud-drapes (Md). These lithofacies
associations (Table 1, Appendix) are most abundant within the drill core and make up ¢. 200 m of the log. However, because
drill cores offer limited information about the dimensions of the encountered sediments, we were not able to determine if
cross-beds can be assigned to tabular-beds (Sct,) or to troughs (Sct;).

Measurements of morphometris===operties (St. Magdalena; Fig. 2) allow an estimation of water depth in the range between
c.3and 5m (Table 2, Appen

directions measured at St. Magdalena reveal a WSW-ESE-dominated sediment transport. However, we were not able to

which is consistent with erred subtidal-shoal environment (see below). Discharge

carry out quantitative measurements for the Gurten (Fig. 2) drill core, neither for bathymetrical conditions, nor for discharge

directions for the reasons mentioned above.

Interpretation

The several m-thick outcrops near Fribourg are interpreted as sedi s of subtidal shoals. The m-scale cross-bedded
troughs (Sct;) with current-ripple marks (Scr) at their base record the rence of currents within a subtidal environment
and are interpreted as sand-dunes or megaripples. Alternatively, sandstone troughs (Sct;) could be assigned to a mouth-bar
environment, where massive-bedded sandstones (Sm) would represent recorders of fast sedimentation. Truncated crests of
current ripple-marks (Scr) record the erosion through strong currents. In contrast, mud-drapes (Md) on top of the ripple-
marks formed during low-energy tides, or possibly during slack stages. Similar deposits (Sct;, or possibly Sct,) within the
Gurten drill core could also be interpreted as sediments of subtidal shoals, however, due to limited exposure, interpretations

are non-conclusive. @\

Water depth estin 1S (see Appendix) reveal shallow bathymetrical conditions (3 —5m) within a subtidal-shoal

environment. Discharge directions are assigned to an axial, WSW-ESE-directed transport, which is consistent with a ti@

dominated environment where bi@FaI sediment transport occurs.

4.2.4 Western and eastern distal basin border (Lake Neuchatel and Wohlen area): Coarse-grained shelly sandstones
and coarse-grained sandstone sequences

Characterization

Large-scalgirse-grained sandstones where individual grains might be larger than 2 mm are found along strike in the distal

part of theasin between the Lake Neuchéatel and around the Wohlen area (Fig. 2). These deposits are either calcareous-

sandstones with shelly-fragments (Scc) @Iso called the “Muschelsandstein” of the OMM-Ib (Allen et al., 1985: Fig. 4b).
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Alternatively, they are referred to the coarse-grained sandstones with large litho-clasts (Slc), also called the “Grobsandstein”
(Jost et al., 2016), where coquinas and shell-fragments are missing.

Calcareous, shelly-sandstones (Scc) occur at distal sites in the western and eastern Molasse basin and are an assemblage of
various lithofacies (Table 1, Appendix). This Scc-facies association is made up of 5 — 10 m-thick, coarse-grained sandstone

Q with Iow—ang;;‘cross-beds (Sc). They contain coquinas and shell-fragments (Shf) and pebbles (Sg) in places.

I edded fine-graimeu-sandstones contain current-ripple marks (Scr) recording nposite flow direction ation to the

cross-beds (Sc). Mapping shows that in the west (near Lake Neuchatel, Fig. 2); e Scc-“Muschelsandstenm—deposits are

c. 5 m thick and record NE- to NE-directed sediment transport. Foreset ts of these deposits thin to <1 m towards the

front of the Napf-megaram, where herringbone cross-beds impl Q' rected, bi-modal sediment transport. Farther to
the NE, Scc-“Muschelsandstein” deposits grade into Slc-“Groosandstein” units (Jost et al., 2016), which show m-?‘\:gn-)g
tabular cross-beds (Scta) or dm-high trough cross-beds (Sct;) with m-wide @eters. Measurements of palaeoflow directi

reveal a SW- and SE-directed transport. These deposits are either time-equivalents of the Scc-“Muschelsandstein” and thus

constitute e OMM-Ib sequence,@)wn observation impl;@ternatively, they also mark the base of the OMM-II

sequence (@;t al., 2016).

“Muschelsandstein” deposits are also found in the eastern distal basin near the Wohlen area, where foresets of cross-beds are

6t08 nd in some locations up to 10 m (Allen et al., 1985). In contrast to the deposits near the Lake Neuchatel,
@L\/ covering the range between 230° and 250° and striking parallel to the

discha irections are oriented towards the

topographic axis. Estips=tpns of water-depths of the Scc-“Muschelsandstein” reveal palaco-bathymetric conditions (Table 2,

Appendix) between 6 100 m, consistent with calculations by Allen et al. (1985).

Interpretation
The Scc-“Muschelsandstein” sediments are rela tidal deposits along the northern margin of the Burdigalian seaway
(Allen et al., 1985, Jost et al., 2016). Cross-be

These deposits are thus assigned to offshore sand-waves dominated by strong tides, where sediment transport was NNE-

cty) reveal deposition under strong tidal currents (Allen et al., 1985).

(Lake Neuchatel) or SSW-directed (Wohlen area, Fig. 2). In places, pebbly-lags (Sg) are interpreted as flood-related s

of gravels into the offshore-environment. Cont ise, the coarse-grained sandstones (Slc-“Grobsandstein” sedinterts)
reveal similarities to the subtidal-shoal deposits encountered at Fribourg where trough cross-bedded sandstones (Sct;) and
tabular cross-beds (Scta,) dominate the facies assemblages. However, the deposits in the Wohlen area are coarser-grained, and
cross-beds have larger diameters, but similar thicknesses. We relate the coarse-grained nature of the deposits to the
proximity of the Napf-megafan in the SW. The cross-beds with larger wavelengths and similar amplitudes possibly imply

stronger currents compared to the subtidal shoal-deposits near St. Magdalena.

®
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5 Evolution of depositional environments

As outlined in the previous sections, the Iithofacies- encountered in the key sections can be assembled, and thus
grouped, into 7 depositional environments includin restrial environments and megafans, beaches and estuaries,
nearshore to shoreface environments, offshore conditions and subtidal shoals: These depositional environments were mapped
within the central Swiss Molasse (see Fig. 2 for sites) according to the criteria outlined above. This section presents the resu@

in the form of four paleogeographic maps (Figs. 6a to d).

5.1 USM

During USM-times, prior to the Burdigalian transgression, the basin was occupied by alluvial megafans at the proximal

basin border, which gave way to an axi@jrected me r-belt environment in the distal basin (Fig. 6a). Palaeo-discharge
c

measurements of s Q rks (Schlunegg al., 1996, th1s work) and analysis of heavy-mineral assemblages (Fiichtbauer,

1964) revealed a NE=T ed material transport (Fig. 3) towards Munich (Fig. 1). T, the Molasse streams ended in a

peripheral sea where nerrac- to open-marine environmen;witions prevailed (Kuhlermrann and Kempf, 2002). A possible
en et al., 1991; Strunck and Matter, 2002), which may have

drainage divide was situated somewhere SW of Geneva

separated a southward-oriented di e to the Tethys in the S, from a northward-directed trg===prt to the Paratethys in the

NE (Allen et al., 1985). However, tne details on the drainagem at that time are not clear, icularly for the region SW
of Geneva (Fig. 6a).

5.2 OMM-la

The palaeogeographic situation at ¢. 20 — 19 Ma is shown in Fig. 6b. It illustrates that the central part of the Molasse basin

changed to a periz=jal sea, which was c. 40 km wide. Palao-bathymetrical conditions revealed water depths that correspond

to a subtidal- to nearshore-environment (see Appendix). Nearshore to possibly offshore bathymetrical conditions (30 — 50 m)

are recorded by subtidal mega-sandwaves (Allen and Bass, 1993) south of Lake Geneva and by the prede=2nant occurrence

of sandstone-mudstone-alternations within the Wohlen area in the NE (Fig. 2), where OMM-la deposits—were encountered

through drilling (Schlunegger et al., 1997). Farther to the NE, palaeogeographic reconstructions by Kuhlemann and Kempf

(2002) imply that @earshore to possibly offshore conditions at the Wohlen area changed to an open, possibly deep-marine
u

environment near Munich. Subtidal shoals, up to 5 m occupied the western part of the central Swiss Molasse (Fig. 6b).

These deposits separated Q eeper nearshore environmernts on both sides, and thus acted as a divide within this peripheral

sea. The inferred divide is 1Qcorroborated by data about drainage directions (Allen and Bass, 1993; this work; Fig. 6b).
Measurements of sediment transport directions from the shoal deposits themselves (cross-beds) reveal modal, SW-NE-
directed transport, with a dominant NE-orientation at the proximal basin border where deltaic foresets accumulated within an

estu environment. Mapping allowe‘gtrace the shoal deposits towards the northern tip of the Napf-megafan, from

whereTne shoals narrow from c. 20 km toc. 10 km over a 70 km-long distance along strike. It thus appears that the shoals
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were deflected to the proximal southern basin border and thus towards the topographic axis through a dominant NE-directed

material transport (Fig. 6b). This statement is supported by measurements of transport directi Q the Napf-megafan (i.e.

clast imbrications) and the coastal deposits at the Entlen (i.e. parting-lineation, cross-beds) ing aterial transport

towards the NE (Figs. 3 and 6b). At the distal margin of the basin, beach sandstones gave way to subtidar-snoal deposits up-
section. South of Lake Geneva, sediment discharge was oriented towards the SW (i.e. foresets from subtidal sandwaves and
trough cross-beds; Allen and Bass, 1993; Fig. 6b). It appears, that the central Swiss Molasse was a region of sediment

export, which was accomplished through strong tidal currents (Bieg et al., 2008).

5.3 OMM-Ib

The situation during c. 19 — 18 Ma includes gmaximum-flooding p=—=] (MFS). This time was characterized by a
deepening and widening of the basin to depths >

n and widths up to 80 (Fig. 6¢). In comparison to the OMM-Ila prior
to the maximum-flooding cons, the alluvial megafans at the proximal basin margin experienced a backstepping. This is
inferred from the bi-modal E=vv-orientation of material transport measured from the nearshore sand-waves at the Entlen
section, which imply a free-passage for tidal currents along the basin margin (Fig. 6¢). Additionally, a deepening of the basin
is inferred from the absence of subtidal shoal deposits, or at least from the shifting of this depositional system to the close
proximity of the Napf-megafan. Also in contrast to the OMM-Ia, the topographic axis shifted towards the distal basin margin
where offshore conditions prevailed (Fig. 6¢). There, measurements of sediment discharge in the distal east (Wohlen area)
reveal a SW-directed transport, while sediment transport in the distal west (Lake Neuchatel area) was directed towards the
NE. Both point towards a possible depocenter at the northern tip of the Napf-megafan (see also Allen et al., 1985). Farther to
the east in the Munich area, the offshore marine environment changed to shallow marine conditions (Kuhlemann and Kempf,
2002).

5.4 OMM-I1 to OSM

The palaeogeographic situation shown in Fig. 6d comprises the time-span between c. 18 and c. 14 Ma and displays the
evolution from the OMM-II to the OSM. The OMM-II period followed a period of erosion and non-sedimentation
across the entire basin (see also Figs. 3 and 4). This is inferred from a hia:@wcountered within the Napf-units (this work,
Kuhlemann and Kempf, 2009), seismic lines in the Wohlen area (Schlunegger et al., 1997), vadose cements found in the
“Muschelsandstein” (Allen et al., 1985) and the best-fit correlation of the magnetopolarity stratigraphy in the proximal west
(Figs. 3 and 4). In addition, measurements of discharge directio| eal -oriented sediment transport at proximal
positions. This also implies that a possible drainage divid‘?rad 0 shift lgvm/\r/d
this f

somewhere near Munich or possibly farther east. We infer

s the NE and could have been situated
rom the supply of material with sources in the Hercynian
basement north of Munich (Fig. 1) or the Bohemian massif (“Graupensandrinne”; Allen et al., 1985; Berger et al., 2005),
which implies a Wed orientation of the basin axis. This is consistent with the orientation of the (palaeo-)
“Glimmersandrinne” (Berger, 1996) pointing towards the SW (Fig. 6d). This period ended with the progradation of the
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alluvial megafans during the time of the OSM, measurements of discharge directions reveal a NW-oriented transport

(Schlunegger et al., 1997; Kuhlemann and Kempf;Z002; Strunck and Matter, 2002; this work).

5.5 Evolution from USM to OSM

In summary, the establishment of the Burdigalian seaway was accompanied by a change in discharge directions, from an
originally NE- (USM- and OMM-la-times; Figs. 6a and b) to a N- to NW-directed transport with a strong b | (SW-NE)
tidal contribution (OMM-Ib- and OMM-II-times (Fig. 6¢), and finally to a NW-oriented discharge (OSM@S; Fig. 6d).
Additionally, the Burdigalian transgression is re'tho a deepening and widening of the basin, including a northward shift

of the topographic axis to the distal basin margin, where offshore marine conditions ests ed. This shift towards marine
conditions was also associated with a change from an overfilled (USM) to an underfilled M) basin. Furthermore, during
OMM-I-times, the central Swiss Molasse acted as a final sedimentary sink situated in front of the Napf-megafan. This
situation changed during the subsequent OMM-I11- and particularly during OSM-times, when the basin became overfilled. At
that time, a large fraction of the supplied material became exported towards the SW. These observations point to an incipient
tilt of the orientation of the basin axis from the NE to the SW between the OMM-I and the OMM-II. In support of this
interpretation, OMM-I sedimentation started slightly earlier in the east than in the west, implying a westward-transgression
at 20 Ma (see also seismic line BEAGBE.N780025 in the Appendix, Fig. B), while the opposite occurred after ¢. 18 Ma
during the transgression of the OMM-I1 when the @rogressed from the west to the east.

6 Discussion

The Burdigalian transgression of the OM Id be explained by a surface control, where a reduction @f supplied sediment
volumes (Schlunegger, 1999; Kuhlemanr’l\@i, 2001, 2002; Willet, 2010) in combination with an eustatic rise of the sea
level (Keller, 2012; Reichenbacher et al., 2013; Pippérr and Reichenbacher, 2017; Miller et al., 1998; Zachos, 200 ve
been proposed as plausible mechanisms for an ingression of the peripheral sea to the Swiss part of the Molasse basin (Allen
et al;; 1985). As will be discussed below, we consider that a reduction of sediment supply rates paired with eustatic
variations of the sea level could have contributed to the shift towards an underfilled stage of the basin and the formation of
several hiat n addition, we will argue that plift of the Aar-massif and elated subduction processes of the

H—( J;ggt been linked with the@ges@
Swiss Molasse basin. However, these controls are not capable of explaining reversals of discharge directions from the NE to

European slan (Herwegh et al., 2017) have most e basin geometry at the scale of the

the SW at the scale of the entire basin at leag=<tween Munich and Geneva and beyond (Kuhlemann and Kempf, 2002),
which ask tectonic control situated at aeeper crustal levels. Pfiffner et al. (2002) explored these mechanisms and

ropose at the drainage direction reversst=yccurred in response to a tilt orientation of European foreland plate cause
proposed th d ge direct @ d p to a tilt tat f European foreland plat d by

shifts in the tectonic loading at the crustal scarejwhichrisipresentedrin'the'next'section: @
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6.2 Stratigraphic signals related to lithospheric-scale processes: The reversal of the drainage direction

An interpretation of the drainage reversal requires an overview of the history of the NAFB at a larger spatial and temporal
scale. This is presented in this section, but we acknowledge that further research is needed to fully support the interpretation
of a possible lithospheric control.

Between 33 and 30 beneath the Central Alps of Switzerland, the continental lithosphere of the European plate entered
the subduction char@underne&th the Adriatic continental plate (Schmid et al., 1996; Kissling and Schlunegger, 2018),
while subduction of the European oceanic lithosphere continued beneath the eastern Alps, as palinspastic restorations
reveals=fHandy et al., 2015). Strong tension forces started to operate at the stretched margin of the European continental
crust cularly beneath the Central Alps (Schlunegger and Kissling, 2015) with the result that the subducted oceanic
lithosphere of the European plate broke off (Davies and von Blanckenburg, 1995). The consequence was a rebound of the
European plate, a rise of the Swiss Alps and an increase in sediment flu 0 the Swiss Molasse basin (Sinclair, 1997;
Kuhlemann et al., 2001; Willett, 2010; Garefalakis and Schlunegger, 201@mich finally became overfilled at c. 30 Ma
(Sinclar and Allen, 1992; Sinclair, 1997). East of Munich, however the basin was still underfilled as teg=<d by deep marine
sedimentation, where debris flows and proximal turbidites accumulated within the basin axis (Fertig ;;‘ 1991; Malzer et
al., 1993; Lu et al.,, 2018). We use these observations to propose that verticiz=yected slab-load forces were still
downwarping the foreland plate beneath the eastern margin of the Eastern Alps. @

most likely resulted in a stronger

deflection of the European plate beneath the Eastern Alps compared to the Central Alps, which could explain l:;east-

directed sediment transport prior to ¢. 20 Ma (Fig. 6a). Between c. 20 — 17 Ma, i.e. during OMM-times, a rg==xkablecmange

was recorded in the Molasse basin. The eastern Molasse basin experienced a change from deep to shallow rfrarme conditions

(Kuhlemann and Kempf, 2002), while the Swiss Molasse basin recorded a reversal of the drainage direction from the E to

the W, and ma:=l with an eastern provenance signal was supplied to the Swiss Molasse basin through the
“Graup@ndrin 1© (Kuhlemann and Kempf, 2002). We relate these observations to changes in the slab-load forces along

strike. Particularly, in the eastern Molasse basin, the change from deep to shallow marine conditions could reflect the
occurrence of slab unloading (Ustaszewki et al., 2008), while slab downwarping beneath the Central Alps of Switzerland
continued (Kissling and Schlunegger, 2018), and was possibly accelerated, as will be outlined in the next section. We
suggest that the inferred along-strike differences in the slab geometry resulted in a tilt of the basin axis towards the west,
which is s@n the reversal of the drainage direction between 20 and 18 Ma.

6.3 Stratigraphic signals related to crustal-scale processes: The uplift of the Aar massif and the widening of the Swiss
Molasse basin

During the Burdigalian, a short phase of fast exhumation (Boston et al., 2017; Schlunegger and Willet, 1999), which
occurred in the Lepontine area situated in the central Alps of Switzerland (Spicher, 1980), was associated withranuplift pulse@
of the Aar-massif situated farther (Herwegh et al., 2017; Fig. 2). Kissling and Schlunegger (2018) proposed a

mechanism referred to as roll-back duction as an explanation for these observations. According to these authors,
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delamination of crustal material from the European mantle lithosphere along the Moho resulted in a stacking of buoyant

lower crustal rocks beneath the Lepontine dome and the Aar-massif forming the crustal root (Fry et al., 2010; Fig. 1b). These

processes are considered to have maintained isostatic equilibrium between the crust and the subducted lithospheric
mantle and thus the elev% of the topographytschlunegger and Kissling, 2015@ they most likely balanced, through
the stacking of the crusta

(Fry et al., 2010, Fig. 1b), the fast removal of upper crust material in the Lepontine area at that
time (Schlunegger and Willet, 1999; Boston et al:; 2017): Delamination of crustal material was also invoked to explain the
rapid exhumation and northward thrusting of the Aar-massif along steeply dipping thrusts at ¢. 20 Ma (Herwegh et al., 2017).
This process was most likely accompanied by a short period of fast roll-back subduction of the European mantle lithosphere,
which was recorded in the Swiss Molasse basin by a 20 — 40 km northward shift of the distal basin border (Schlunegger and
Kissling, 2015; Fig. 1b). We use these mechanisms to explain the widening and a deepening of the basin in the central Swiss
Molasse, giving way to the deposition of the offshore “Muschelsandstein” (Figs. 6b and 6c¢) particularly during OMM-Ib
times. Interestingly, this lithofacies association has been mapped along the distal basin border adjacent to the external
massifs only.

In the Aar-massif, structural mapping (Wehrens et al., 2015; 2017@/ealed that this crustal block was rising along steeply
SE-dipping thrust faults (Fig. 1b). Accordingly, the delamination and the rise of the Aar-massif (Herwegh et al., 2017) also
resulted in the build-up of topographic loads and the subsequent re-routing of the drainage systems (Kihni and Pfiffner,
2001) within the Central Alps. We suggest that the effects related to the rise of the Aar-massif are also rez==red in the basin
sedimentology at a smaller scale through subtle d>=s. Sinclair et al. (1991; 1996; 1997) explored

responses through the application of a linear elasticj;;J

ese stratigraphic

te model where thrusting and erosion are dynamically coupled. In
their model, the distance between the location of thrusting (Aar-massif) and the site in the basin where a signal is expected
depends primarily on the mechanical strength of the foreland plate (Sinclair, 1996). The flexural rigidity of the plate
underlying the Swiss Molasse basin has been quantified with an elastic thickness ranging between 10 — 30 km based on the
curvature of the foreland plate beneath the Swiss Molasse basin (Sinclair et al., 1991; Pfiffner et al., 2002). For a foreland

plate with these properties, shifts in surface loads through the km-thick stacking of additional material (Aar-massif) is likely

t ult in the formation of several tens of meters of supp ntary accommodation space at the proximal basin border. As a
r@ut, depocenters are predicted to backstep to proximal;;‘itions, which is consistent with our observations. In addition,
according to Sinclair (1996), upward-directed bulging of a few tens of meters is expected at the distal (forebulge) and at the
lateral margins of the load (lateral bulge). The spacing between an expected lateral bulge and the location of the surface
forcing ranges between 50 — 100 km, which is consistent with the distance between the Aar-massif and the inferred subtidal-
shoals in the western Swiss Molasse basin (near Fribourg; Figs. 2 and 6b). Because the plate had an eastward tilt at that
time, as inferred from palaeo-flow directions, such a flexural signal could possibly not be recorded to the east of the Aar-
massif as arine conditions were too deep (Figs. 6b and 6¢). We also use these mechanisms to explain the establishment
of differerlltgei;ositional environments at the proximal basin border of the Swiss Molasse Basin. East of the Napf-megafan a

relatively Ia@ubsidence (rate of c. 400 m/Ma) most likely resulted in a steeper submarine gradient compared to the west,
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where the inferred bulging lowered and subdued the submarine slopes (subsidence rate of ¢. 285 m/Ma). This could explain

why the operation of waves@redominantly recorded along the eastern proximal steeper basin margin. Indeed, inveg;=<tes

on modern coasts have shown that steeper coasts tend to promote the formation of larger waves (Flemming, 20IT)In
contrast, in the western Swiss Molasse, estuaries and tidal-channels could establish as the wave energy decreased in the
subdued coastal landscape. Note, we cannot fully exclude that basement uplift, which causes modern irregularities in the
contour lines of the Molasse base in western Switzerland (Spicher, 1980), was shifting the peripheral sea to shallower
bathymetries eg‘C—_DFuring OMM-times. If such a mechanism did occur, then it could have amplified the effects related to

flexural bulging:
In summary, we suggest that elamination of the Aar-massif and the associated roll-back subduction of the European
=

mantle lithosphere had two su posed effects: It resulted in a widening and deepening of the basin particularly at distal

»

de onal sink situated to the north of the Aar-massif (Fig. 6c). However,gso resultean a buckling of the foreland
plate through shifts in the surface loading, thereby amplifying the subsidence

sitee==tving way to an offshore seaway where the “Muschelsandstein” accumulated and rg in the establishment of a

proximal basin border, but subduing the
submarine topography through the formation of a lateral bulge where subtidal shoals could est@.

6.4 Stratigraphic signals related to surface controls: Eustatic and sediment flux changes recorded by several hi
and changes to marine conditions

\/\@tectonic processes are registered in the arrangement==qf depositional systems in the entire Swiss Molasse basin,
signals related to @ustatic changes of the sea level are recorued r Qy by several hj (Figs. 4a and 7). In this context,
5'80-values measured on benthic foraminifera have been used as proxyTor establishing

erns of sea level changes (Miller,
1998). In particular, a shift to more positive values of the stable oxygen isotope 6'20 implies a growth of polar ice sheets,
where lighter oxygen isotopes (6'°0) are preferentially stored (Zachos, 2001).@ consequence, @Flobal sea level most
likely decreased during shifts towards heavier (and thus positive) isotopic records in planktonic organisms (Miller et al.,
1998). These patterns have been reconstructed by Miller et al. (1996; 1998) at a high resolution. Interestingly, shifts towards
larger 6180 values generally coincide with times when hiai e registered in the Molasse basin (Fig. 7; see also Pippérr and
Reichenbacher, 2017; Sant et al., 2017). We thus suggegat even small d in global sea level initiated a phase of
erosion and recycling of previously deposited sediments because of the proxi@ of the Swiss Molasse to the peripheral
seas. As a more prominent signal, it is possible that a reduction in the supply rates of sediment to the Swiss Molasse basin
contributed to the shift towards marine conditions (Fig. 7). Kuhlemann et al. (2002) quantified volumes of sediments
preserved in the circum Alpine basin (with subsequent modifications by Willett, 2010) and identified the fluxes of material
with sources in the Alps. According to the sediment budgets of these authors, the Burdigalian transgression at ¢. 20 Ma was
associated with a ¢. 30 — 40 % reduction of the supply rates of sediment from the Central Alps to the Swiss Molasse basin,
from 25@; kmS3/Ma prior to c. 20 Ma to c. 1 Q km3/Ma thereafter (Fig. 7). The mechanisms leading to this reduction in

surface

s fluxes are not fully understooa—wuhlemann et al., 2002), and multiple hypotheses have been proposed
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including: (i) shifts towards a dryer climate paired with a widespread exhumation of crystalline rocks and a reorganisation of
the drainage network in the Central Alps (Schlunegger et al., 2001), (ii) tectonic extension along the Simplon detachment
fault which could have lowered the surface topography in the Swiss Alps (Kuhlemann et al., 2001), and (iii) changes in the
tectonic forcing where the uplift of the Aar-massif resulted in a rerouting of the Alpine streams and a reduction in their
erosive power (Kihni and Pfiffner, 2001). Irrespective of the proposed mechanisms, the reduction of the supply rates of
sediment most likely contributed to the establishment of marine conditions in Switzerland. In this context, an increase in
sediment fluxes after c. 17 Ma (Kuhlemann et al., 2002) could have resulted in the shift from marine to continental

sedimentation giving way the OSM.

7 Summary and Conclusion

In summary, we suggest that the Burdigalian transgression was (controlled through the@bination of a deepening and
widening of the basin and a reduction of the supply rates of sediments, which we ultimately relate to tectonic processes in the
Alpine hinterland. In this context, roll-back subduction of the European mantle lithosphere, delamination of crustal material
and the associated rise of the Aar-massif (Herwegh et al., 2017) most likely responsible for the widening of the basin in
the foreland (Schlunegger and Kissling, 2015). In the Alpine hinterrand, these processes occurred simultaneously with a slip
along the Simplon detachment fault and thus with a change in the configuration of exposed lithologies (Schlunegger et al.,
2001; Kuhni and Pfiffner, 2001), with the consequence that the sgz=jent fluxes to the basin decreased. In addition, shifts in
surface loads caused by thrusting of the Aar-massif resulted iural adjustments in the Molasse basi =ty could

@ ;;llge is

explain the establishment of distinct depositional environments and the formation of subtidal-shoals where a Tater

expg=2=y. Because of the formation of shallow marine conditions, subtle changes in @ustatic sea level contributed to the
occurrerice of several hiat@ant et al., 2017). While these mechanisms are capable™©
ormation of distinct sedimentological niches in Switzerland, the drainage reversal during

explaining the establishment of the
Burdigalian seaway and
OMM-times possibly requires a change in the tectonic processes at the slab scale. This study thus shows that tectonic and
surface signals can be extracted from the stratigraphic record provided that a detailed sedimentological and chronological

database is available.
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Figure 3: Composite stratigraphies illustrating the sedimentary architecture at the proximal basin border in the western Molasse
basin (proximal west) in the central part of the Molasse basin (Napf units) and in the eastern basin (proximal east). A composite
section for the proximal west has been drawn based on data from the Mt. Vully- and Heitenried-sections, drillings, and from
surface information from the Sense-section (Sense beds and Kalchstatten-Fm) (Strunck and Matter, 2002). The composite section
representative for the sequence at the Napf is mainly based on the sedimentary log by Schlunegger et al. (1996; see their
Schwéndigraben- and Fontannen-sections) complemented with information from the geological map of the region (Schlunegger et
al., 2016). Please note that Kalin and Kempf (2009) proposed the occurrence of a very short hiatus recorded by magnetozone R3
within the Napf-units which we do not discuss in detail for simplicity purposes. The composite section illustrating the situation at
the proximal basin border east of the Napf represents the sedimentary architecture as far east as of Lake Zurich (Fig. 2). It is
based on data from Keller (1989, see his Rumlig-, Ranggloch- and Lucerne-sections) and data from Schlunegger et al., (1996, see
their Fischenbach-section) and geological maps of the region (Wolhusen; Isler and Murer, 2019). Please note that the Entlen-
section is situated immediately east of the Napf (Fig. 4a) where the basal part (Lucerne-Fm) can be characterized by the composite
section of the proximal east, while the topmost part is made up of the conglomerates of the Napf-units. Detailed sedimentological
data of the Sense-beds and the Lucerne-Fm can be found in Fig. 5. Note, that the Molasse units written in capitals (i.e. USM, OMM

and OSM) are based on the lithological architecture and thus on the facies associations identified in the field.
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Figure 4: a) Chronological (Wheeler) diagram of the Molasse deposit at the proximal basin border between Fribourg and Lucerne
(Fig. 2). The following magnetostratigraphic data has been used: Mt. Vully, Heitenried and Sense (Strunck and Matter, 2002), and
Napf and Fischenbach (Schlunegger et al., 1996). Palaeo-discharge directions from Heitenried and the upper part of the Sense-
section are taken from Strunck and Matter (2002). Note, that the Entlen-section is not calibrated with magnetostratigraphic data
but has been adjusted using regional information (see text for further details and Fig. 3 for synthetic sections of the region).
MFS = Maximum flooding stage. Note that the Pliocene phase of erosion removed most of the OMM Il records in western
Switzerland. We infer marine conditions in the western Swiss Molasse basin during OMM 11 times because (i) marine conditions
were present east of the Napf-units, and (ii) material transport occurred towards the west, which implies that marine conditions
were also present west of the Napf megafan at that time, as confirmed by mapping (e.g., Wanner et al., 2019).
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Figure 5 (a and b): Sedimentological log of the a) Entlen- and b) Sense-section. See Fig. 2 for location of sections, Fig. 4 for
chronological framework of the deposits and Table 1 (Appendix) for further sedimentological details and abbreviations of the
lithofacies. The block-diagrams illustrate the palaeo-geographical conditions from a conceptual point of view. Please note that the
palaeo-bathymetry values are minimum estimates, and that the mean water depths have been inferred from the assignments of the
lithofacies to the depositional environment. This might explain why the numerical values for water-depths based on cross-bed

thicknesses and our inferred mean water-depth estimates deviate, in particular between c. 200 m and 250 m of the Sense-section.
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Figure 6 (a to d): Palaeo-geographical situation of the Molasse basin at a) c. 22 Ma, b) c. 20 Ma, c) c. 19 Ma and d) c. 18 Ma

modified after Kuhlemann and Kempf (2002). Please note that all maps also show the present-day lithotectonic units within the

5  Alps and the Jura mountains for orientation purposes (dashed lines and grey coloured lines). We acknowledge, that the position of

these and the surface patterns (such as lakes) were certainly different during deposition of the Molasse deposits. The location of

the palaeo-thrust fronts (thick line) have been adapted from Kuhlemann and Kempf (2002). Black dots mark study sites for

orientation purposes. Please refer to Fig. 1 for the complete legend.
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Figure 7: Molasse stages with mean discharge directions with hiatus plotted against stable oxygen isotope stages (Miller et al.,
1996) and sediment flux (Willet, 2010). Red triangle marks the onset of delamination and fast exhumation of the Aar-massif
(Herwegh et al., 2017). Grey arrows mark drops in sea level and sediment flux possibly contributing to the related hiatus.

5 MFS = Maximum flooding stage.
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