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ABSTRACT

During the Eocene-Oligocene transition (EOT), a major palaeoenvironmental change took place in the Paratethys
Sea of central Eurasia. Restricted connectivity and increased stratification resulted in wide-spread deposition of
organic-rich sediments which nowadays make up important hydrocarbon source rocks. The North Alpine
Foreland Basin (NAFB) was a major gateway of the Paratethys Sea to the open ocean during the Eocene, but the
age of closure of this gateway is still uncertain.

The Ammer section in southern Germany documents the shallowing of this connection and subsequent dis-
appearance of marine environments in the NAFB, as reflected in its sedimentary succession of turbidites to marls
(Deutenhausen to Tonmergel beds), via coastal sediments (Baustein beds) to continental conglomerates
(Weiach beds). Here, we apply organic geochemistry and date the lithological transitions in the Ammer section
using integrated stratigraphy, including magnetostratigraphy and biostratigraphy. Nannoplankton and dinocyst
results can be reconciled when dinoflagellate species Wetzeliella symmetrica is of late Eocene age. Our magne-
tostratigraphy then records C13r-C13n-C12r and allows calculation of sediment accumulation rates and esti-
mation of ages of lithological transitions.

We show that the shallowing from turbiditic slope deposits (Deutenhausen beds) to shelf sediments
(Tonmergel beds) coincides with the Eocene-Oligocene boundary at 33.9 Ma. The transition to continental se-
diments is dated at ca. 33.15 Ma, significantly older than suggested by previous studies. We conclude that the
transition from marine to continental sediments drastically reduced the marine connection through the western
part of the NAFB and influenced the oxygen conditions of the Paratethys Sea.

1. Introduction

sediments are present onshore, increasing to up to 3 km offshore
(Hudson et al., 2008). These shales form a major source rock for hy-

During the early Oligocene, the epicontinental Paratethys Sea cov-
ered large areas of central Europe, southern Russia and central Asia
(Akhmet'ev, 2011; Rogl, 1998). The Oligocene deposits in the highly
restricted Paratethys basins represent a long-term phase of (episodi-
cally) oxygen-poor conditions that continued well into the Miocene for
the Eastern Paratethys. During this time, thick successions of organic-
rich shales (e.g. Maikop Series, Johnson et al., 2010; Popov et al., 2008)
were deposited in the Eastern Paratethys. For example, up to 2 kilo-
metres thick Maikop sediments can be found in the Western Black Sea
(Georgiev, 2012), while in Azerbaijan, 1.2 kilometres of Maikop

drocarbon exploitation in central Europe, the Black Sea and Caspian Sea
(e.g. Sachsenhofer and Schulz, 2006; Sachsenhofer et al., 2017). In the
Central Paratethys domain, a conspicuous change from Eocene carbo-
nates to Oligocene black shales is reported from the Austrian Molasse
Basin (Schulz et al., 2005). Connectivity between the Paratethys and
the open ocean must have been very limited and stable to allow for such
a long period (15-20 Myr; Hudson et al., 2008) of oxygen-poor condi-
tions in the Eastern Paratethys, which requires severe water mass
stratification to prevent mixing and ventilation of the bottom waters.
Inferred mechanisms for Paratethys sea retreat and consecutive
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basin restriction are large scale tectonic movements in the Alpine re-
gion (e.g. Rogl, 1998; Sissingh, 2006) and the Arabia-Eurasia con-
vergence zone (e.g. Cowgill et al., 2016), as well as climatically induced
eustatic sea-level changes (e.g. Schulz et al., 2005). Disentangling cli-
matic from tectonic forcing processes is a prerequisite for under-
standing the mechanisms driving widespread deposition of anoxic
shales in the Paratethys domain. This requires a robust time frame for
the Eocene-Oligocene deposits of the Paratethys, which is currently
lacking, because of generally poor stratigraphic constraints. The scar-
city of volcanic ash-layers and problems with biostratigraphic marker
species in these oxygen-poor environments further complicate the un-
derstanding of the mechanisms that drove the environmental changes
in the Paratethys. Magnetostratigraphy is a tool that can circumvent
these issues if a section is continuous, yields sufficient magnetic re-
versals and is characterised by relatively stable sediment accumulation
rates. Moreover, the original magnetic signal needs to be preserved
(Langereis et al., 2010). Long and complete sedimentary successions
that straddle the EOT are necessary to resolve the respective roles of
eustatic sea level changes and tectonics on Paratethys restriction, but
these sections are quite rare, as the Oligocene deposits of Paratethys are
often very soft and tectonically affected.

The North Alpine Foreland Basin (NAFB) was one of the few basins
that connected the Paratethys Sea to open marine waters. The western
part of the NAFB was part of the Western Paratethys domain and shows
a conspicuous change from late Eocene marine towards early Oligocene
continental deposits (Kempf and Pross, 2005). This region documents
the progressive closure of the marine Paratethys connection via the
NAFB, the Molasse Basin of Switzerland and the Rhone Basin of France
to the proto-Mediterranean. The marine-continental change in the
western NAFB corresponds to the transition from the Lower Marine
Molasse (Untere Meeresmolasse: UMM in German) to the Lower
Freshwater Molasse (Untere Siifwasser Molasse: USM in German). The
eastern part of the NAFB remained marine throughout the Oligocene
and there are no USM deposits found east of Munich (Doppler et al.,
2005). For practical reasons, this paper will follow the German termi-
nology.

In the western NAFB, an exceptionally long (> 1.5 km) continuous
succession of deposits that show a progression from a marine (UMM) to
continental (USM) depositional environment is located along the
Ammer River in southern Germany (47.66°N, 10.99°E; Fig. 1). The
Ammer section starts with the Deutenhausen beds, consisting mainly of
sandy turbidites (Fig. 2; Dohmann, 1991), which gradually merges into
the Tonmergel beds, a long sequence of primarily grey marls. These
marls are overlain by sandy deposits of the Baustein beds and
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continental conglomerates of the Weiach beds; the latter correspond
to the lowermost deposits of the USM.

In this paper, we use an integrated stratigraphic approach, com-
bining magnetostratigraphy with various biostratigraphic (dino-
flagellate cysts, calcareous nannofossils) proxies to date the onset and
termination of the marine deposits (Tonmergel marls) in the western
NAFB. Hence, we will develop a magneto-biostratigraphic time frame
for the upper part of the marine UMM (Deutenhausen, Tonmergel and
Baustein beds) and the transition to the continental USM (WeiRach
beds) in the Ammer section, and discuss the relation of the observed
lithological and palaeoenvironmental changes to global eustatic sea-
level changes and/or regional tectonic phases.

1.1. Geologic background

During the Eocene, central Eurasia was covered by the well-oxy-
genated and predominantly shallow marine peri-Tethys Sea, which had
open marine connections to the Tethys Ocean, the Arctic Sea and the
North Sea (see Fig. 1; Akhmetiev and Beniamovski, 2009; Popov et al.,
2004; Rogl, 1999). The peri-Tethys started to retreat from the Tarim
Basin of western China (e.g. Bosboom et al., 2014) in the early Barto-
nian (~41 Ma). The southern connections to the Tethys Ocean were
closed sometime around the late Eocene by plate tectonic convergence
in the Arabia-Iran-Eurasia zone and wide-spread volcanism in a large
belt from Turkey to SE Iran (van der Boon et al., 2015; Vincent et al.,
2005). The gateway between the West Siberian Sea and the Arctic
Ocean was already closed during the Bartonian-Priabonian (Akhmetiev
and Beniamovski, 2009). Late Eocene tectonic activity and climatic
changes terminated the open marine environments of the peri-Tethys.
This resulted in a highly restricted Paratethys Sea, which is marked by
the presence of endemic fauna throughout the Paratethys (Laskarev,
1924). During the Oligocene, the main remaining Paratethys gateways
were connections to the North Sea Basin through central Europe (Po-
land-Germany-Denmark connection) and via the North Alpine foreland
basin that connected to the North Sea via the Upper Rhine Graben and
the proto-Mediterranean via the Rhéne graben (e.g. Popov et al., 2004).
No connection to the eastern Mediterranean through the Bosporus is to
be expected, as the North Aegean Sea, through which the Sea of Mar-
mara connects to the Mediterranean Sea, was not yet fully developed in
the Oligocene. Only after a second extension phase during the Miocene
did the North Aegean Sea fully expand (Beniest et al., 2016). The
connection of the Paratethys to the Mediterranean southeast of the Alps
is most likely closed during the Rupelian, as Schmiedl et al. (2002)
report an isolation of the Paratethys from the open ocean for sediments
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(Modified after Hofle and Kuhnert, 1969.)

102



A. van der Boon et al.

Fluviatile - limnic

WeiBach beds |

Global and Planetary Change 162 (2018) 101-119

Brackish

Marine

|Baustein beds I

Lagoonal or alluvial zone
Depth

Coastal zone

| Tonmergel |

Deutenhausen beds
| I gFish shales

Oom

— 300m

—— 600m

Fig. 2. Diagram of depositional depth of different lithologic units along the Ammer river.
(After Dohmann, 1991.)

in the Slovenian Basin. After a period of relative tectonic quiescence,
deformation in the Alpine region became influenced by the late Eocene-
early Oligocene Pyrenean orogenic phase, after which a prolonged
period of basin subsidence and deposition followed (Sissingh, 2006).
The NAFB experienced flexural subsidence due to the north-advancing
Alpine nappes, and was gradually filled up by molasse deposits (Berger
et al., 2005b; Kuhlemann and Kempf, 2002; Reichenbacher et al.,
2004). The influence of the Alpine orogeny is not synchronous
throughout the whole NAFB, as the collision propagated westwards
towards the Western Alps and eastwards towards the Carpathians
(Sissingh, 2006). Although sedimentation in different parts of the Al-
pine foreland basin and the Upper Rhine Graben shows similar pro-
gressions from well-oxygenated foraminiferal marls to clays (e.g.
Sissingh, 1998, 2001), many different names for lithologic units are
used. We refer to the papers of Berger et al. (2005a, 2005b) for a de-
tailed description and discussion. The molasse deposits of the western
NAFB are made up of two transgressive-regressive megasequences,
which are mostly derived from the erosion of Alpine nappes (e.g. Diem,
1986). The oldest molasse deposits belong to the UMM, which is a
transgressive sequence. The UMM is followed by the regressive se-
quence of the USM (Diem, 1986), although in some areas a transitional
facies between the UMM and USM has been observed, known as the
Lower Brackish Molasse (UBM), or Cyrena beds (Kempf and Pross,
2005; Reichenbacher et al., 2004). A second transgressive-regressive
sequence contains the lower to middle Miocene Upper Marine Molasse
(Obere Meeresmolasse, OMM) and Upper Freshwater Molasse (Obere
Siiwasser Molasse, OSM) (Doppler et al., 2005; Kempf and Matter,
1999).

1.2. The UMM-USM transition in the Ammer section (Germany)

The section along the Ammer River in the North Alpine Foreland
Basin records the first transgressive-regressive sequence (UMM to
USM). Here, the Deutenhausen, Tonmergel and Baustein beds make up
the Lower Marine Molasse (UMM) sequence, while the USM is re-
presented by the Weiach beds (Diem, 1986) (Fig. 1). For detailed se-
dimentary descriptions and interpretations, we refer to the studies of
Diem (1986); Dohmann (1991); Hofle and Kuhnert (1969); and Maurer
et al. (2002).
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Deep sea floor

The Deutenhausen beds are reported to overlie the (Eocene)
Unternogg beds, which represents the uppermost unit of the flysch fill
of the NAFB (Hofle and Kuhnert, 1969). They consist of a well-bedded
intercalation of grey marls and fine to medium (often massive) sand-
stones with scour marks, bioturbation and organic material. Current
transport in the sandstones all point to a northward direction. The
deposits are interpreted as turbidite fans, as they show clear examples
of Bouma sequences (Diem, 1986). Towards the top of the unit, the
sandstone and marl layers become thicker. The Deutenhausen beds are
interpreted as a slope deposit (Fig. 2) (Dohmann, 1991). Although the
reported thickness in the area is ~600 m (Hofle and Kuhnert, 1969),
only the upper 245m of the Deutenhausen beds (47.654498° N,
10.995837° E) were sampled, as the lowermost part is not exposed
along the Ammer river.

The overlying Tonmergel beds are almost 850 m thick and consists
of grey to dark grey marls, with some sand layers in its lowermost part.
The Tonmergel is interpreted as a shelf deposit (Dohmann, 1991). At a
stratigraphic level of ~490 m, synsedimentary deformation has af-
fected the marls over a very short interval, and an intensely slumped
sand lens stands out in the middle of the river (around 47.659458°N,
10.996305°E). The top of the Tonmergel beds also shows synsedimen-
tary deformation expressed by small slumps (visible near the canal wall
at the hydroelectric power plant Kammerl). The uppermost part con-
tains many shells and shell fragments and the grainsize increases to silt
and eventually sand. The boundary between the Tonmergel and the
overlying Baustein beds are marked by the first thick sand bed (Hofle
and Kuhnert, 1969).

The Baustein beds are a transitional facies between the marine
Tonmergel and the continental Weiach beds, and consists mostly of
silts, sands and marls, increasing in grainsize to conglomerates. Some
parts could not be sampled, being on a steep cliff and/or covered by
trees and soil. The lower part of the Baustein beds contains marine
molluscs, while the upper part has brackish to continental mollusc
fauna (Hofle and Kuhnert, 1969). In the middle part of the Baustein,
cross-beds and wave ripples are observed, indicating a coastal deposi-
tional environment. The boundary with the overlying Wei8ach beds is
placed on the first prominent conglomerate bed (47.665341°N,
10.986776°E) (Hofle and Kuhnert, 1969).

The WeiBach beds consists of alternating marls, silts, sands and
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conglomerates, with some conglomerates showing reddish colours. The
beds are regarded as continental fan deposits and have a reported
thickness of around 1 km (Ho6fle and Kuhnert, 1969). Only the lower-
most 350 m were sampled for this study, but extension to younger
deposits is possible, as there is at least another few hundred metres of
outcrop accessible.

2. Methods
2.1. Palaeomagnetism

Samples were collected during two field campaigns in 2013 and
2015. Conventional palaeomagnetic cores (25 mm @) were collected
using a gasoline-powered motor drill and oriented using a magnetic
compass. Directions were corrected for a present day declination (IGRF)
of 2-3°. Samples were cut into specimens of approximately 22 mm
length. In total almost 570 specimens were subjected to thermal (195
specimens) and alternating field (AF) (373 specimens) demagnetisation.
Thermal demagnetisation was performed in a magnetically shielded
furnace to maximum temperatures of 400 °C, using temperature incre-
ments of 20-60 °C. Part of the samples that were treated with AF de-
magnetisation were heated to 150 °C to avoid alteration by a chemical
remanent magnetisation (cf. Van Velzen and Zijderveld, 1995), al-
though this did not result in difference in interpreted directions. AF
demagnetisation was performed with steps of 4-10 mT using an in-
house built robotized system (Mullender et al., 2016). After each de-
magnetisation step, the natural remanent magnetisation (NRM) was
measured on a 2G Enterprise horizontal cryogenic magnetometer
equipped with three DC SQUIDS (noise level 3 x 10~ 2 Am?). The ‘per
component’ protocol was used, in which demagnetisation using alter-
nating fields is applied per axis, after which the sample is measured.
This protocol is used to prevent gyroremanent magnetisation, which
can occur if greigite is present in samples.

Results were calculated using principal component analysis
(Kirschvink, 1980) on Zijderveld diagrams (Zijderveld, 1967), using the
interpretation portal of the paleomagnetism.org website (Koymans
et al., 2016). Declination and inclination angles were calculated for pre-
tilt (TC) and post-tilt (NOTC) signals. We determined planes (great
circles) for two components with overlapping blocking temperatures or
coercivity. Lines and planes were determined following an eigenvector
approach (Kirschvink, 1980). If we have both ChRM directions (‘set-
points’) and great circles, we use the method of (McFadden and
McElhinny, 1988) to determine great circle solutions. Mean directions
were calculated using Fisher statistics (Fisher, 1953). Statistical treat-
ment of data follows Deenen et al. (2011) and Tauxe et al. (2010).

Thermomagnetic runs were performed on powdered samples, using
a modified horizontal translation Curie balance with a cycling field,
usually 150-300 mT (Mullender et al., 1993). Six cycles of heating and
cooling were performed, up to a temperature of 700 °C.

Samples were measured at room temperature for magnetic sus-
ceptibility, using the AGICO KLY-3 Kappabridge. Susceptibility was
normalized for the mass of the samples. Variations in susceptibility can
be a measure for variations in climate, environment or detrital input
(Ellwood et al., 2000; Hay, 1996, 1998), as these variations can lead to
change in diagenetic conditions (e.g. Da Silva et al., 2012), reflected in
different lithologies in the section.

The section was logged on a scale of ~10 cm. A detailed log with all
the samples and sample levels is supplied in the Supplementary in-
formation (Fig. S1).

2.2. Biostratigraphy

2.2.1. Nannoplankton

Smear slides of fourteen samples of marls and claystones were stu-
died for nannoplankton biostratigraphy, following the standard tech-
niques described by Perch-Nielsen (1985a) and Bown and Young
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(1998). Slides were observed under an OLYMPUS BH2 light microscope
with cross polarised light and phase contrast illumination, at 900 X and
1800 x magnification. The standard scheme of Martini (1971) was
adopted for this study.

2.2.2. Coccolith limestones

Ten thin sections of laminated coccolith limestones were studied,
using a Zeiss Axioskop 50 (transmitted light) polarizing microscope,
equipped with a digital camera (Canon Power Shot A640). Three thin
sections were studied using the scanning electron microscope (SEM):
FEI Nova NanoSEM 200, at low vacuum, and voltage 15 to 20 kV on
non-coated samples. Various modes of observation were used: charge
contrast imaging (CCI) and back-scattered electrons (BSE). The SEM-
BSE mode allows determination of the chemical composition of com-
ponents. The SEM-CCI mode was used to study of the anatomical details
of calcareous nannofossils. More technical details are given in Ciurej
(2010). The samples are stored at the Institute of Geography, Pedago-
gical University of Cracow, Poland.

2.2.3. Dinoflagellate cysts

In total, 19 samples from the Ammer section were processed for
palynological purposes. Sample processing followed standard palyno-
logical techniques of the Laboratory for Palaeobotany and Palynology
(LPP), Utrecht University, The Netherlands (e.g. Brinkhuis et al., 2003).
In short, ~5-20 g of oven-dried (60 °C) material was crushed, weighed
and one tablet with a known amount of Lycopodium clavatum spores was
added for semi-quantitative estimates. The sediments were then treated
with HCI (30%) and HF (38%) to remove the carbonates and silicates,
respectively. The remaining solution was sieved using a 250 and 15 pm
sieve; the remaining fraction was mounted on a slide with glycerine
jelly. Palynological analyses were performed using a light microscope at
400 x magnification. Taxonomy follows that cited in Fensome (2004).

2.3. Organic geochemistry

Samples of the Deutenhausen, Tonmergel and Baustein beds were
analysed for organic geochemistry. These analyses were focused on the
most fine grained and organic rich (estimated based on dark colours)
deposits. As the Weiflach beds contains little fine grained clayey layers,
no samples of this beds were analysed. All samples were analysed in
duplicate for total sulphur (S), total carbon (TC), and total organic
carbon (TOC, after acidification of samples to remove carbonate) using
an Eltra Helios C/S analyser. TC and TOC contents were used to cal-
culate calcite equivalent percentages (Calc.qy, = [TC — TOC] * 8.333).
Pyrolysis measurements were performed using a “Rock-Eval 6” instru-
ment. S2 (mg HC/g rock) values were used to calculate the Hydrogen
index (HI = 100 x S2/TOC [mg HC/g TOC]; (Espitalié et al., 1977)).
The temperature of maximum generation of hydrocarbons during pyr-
olysis (Tmax) was recorded as a maturity parameter.

3. Results
3.1. Palaeomagnetism

Susceptibility of the samples is in the range of
3 x 10”7 °-5 x 10~ 7 m%/kg, and is lower and more variable in the top
of the Baustein beds and the Weilach beds, when compared to the
Deutenhausen and Tonmergel beds. Curie balance results (see Fig. 3)
show that magnetisation of all samples gradually decreases when
heating, with reversible behaviour up to ~400 °C. Each of the samples
shows a significant increase in total magnetisation from around 400 °C
to around 500 °C, after which the total magnetisation further decreases,
and is fully removed around 580 °C.

The decrease in magnetisation up to 400 °C is often indistinguish-
able from a paramagnetic curve according to Curie's law. However, in
some cases, the decrease shows a typical signature for the breakdown of
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iron sulphides. For example, sample AM65.4 shows irreversible beha-
viour before 400 °C and full decay around 350 °C, indicating the pre-
sence of greigite.

The increase in magnetisation above 400 °C is caused by the oxi-
dation of the non-magnetic iron sulphide pyrite (FeS,), which converts
to magnetite around this temperature. The magnetite is subsequently
fully demagnetised at 580 °C. The formation of magnetite above 400 °C
causes erratic behaviour in the thermal demagnetisations, so de-
magnetisation was performed up to this temperature.

Examples of representative Zijderveld diagrams are shown in Fig. 4.
Many samples show straightforward demagnetisation behaviour, with
samples showing a low temperature/low coercivity component up to
150 °C or 15 mT. A high temperature/high coercivity component is
generally isolated between ~200-340°C or 20-60 mT. However,
samples that have low intensities (less than ~100 pA/m) frequently
show erratic behaviour after 45mT with AF demagnetisation, and above
~360 °C with thermal demagnetisation. Most samples demagnetise
thermally up to temperatures of around 380 °C. Occasionally, samples
(mainly within the Tonmergel beds) show behaviour that is typical for
greigite, i.e. development of a gyroremanent magnetisation (GRM;
Dankers and Zijderveld, 1981) upon application of alternating fields
higher than 30-45 mT. These samples (e.g. AM50.1A; see Fig. 4 with
Zijderveld examples) acquire a random magnetisation component,
which grows above 45 mT. This is obvious from the intensity plot,
which shows increasing intensity at higher demagnetisation steps. Only
the steps below 40mT show normal or reversed polarities. Part of the
samples, mainly in the top of the section, shows an increase in intensity
and random behaviour from about 260 °C. These samples are inter-
preted using the demagnetisation steps from 200 to 260 °C.

Due to the near-vertical orientation of the beds, present day field
(PDF) overprints are easily distinguished from pre-tilt signals.

Based on the demagnetisation results, we assigned a quality factor

to the interpreted components. High quality samples in general show
relatively straight demagnetisation lines towards the origin, and plotted
vectors are anchored to the origin of the Zijderveld diagrams (Fig. 4).

Low quality samples often do not decrease towards the origin, and
were interpreted without anchoring to the origin (Fig. 4). Although the
maximum angle of deviation (MAD) for low quality samples is generally
high, polarities could still be confidently assessed. Samples of which no
polarity could be assigned are included in the online Appendix (.dir
files), but are not plotted in the interpretation of the magnetostrati-
graphic pattern. Some samples show consistent normal directions be-
fore tectonic correction, and are clearly the result of overprinting by a
post-tilt signal.

Fig. 5 shows a simplified log of the section, together with the in-
terpreted directions after tilt correction (TC) of all samples with their
assigned quality. Clear overprints are visible mostly in the upper, san-
dier part of the section, and high quality directions are scarcer. The
bottom part of the section (0-490 m) shows reversed polarities, fol-
lowed by an interval (490-1260 m) of normal polarities. The top part of
the section (1260-1620 m) is again reversed. Occasionally, low quality
samples or great-circle solutions show opposing polarities from the
dominant polarity. These are not taken into account for establishing the
polarity pattern. At a few levels, also high quality samples show an
opposing polarity, but since they are usually close to, or within intervals
with low quality data, great-circles and overprints, we consider them
outliers. Moreover, thanks to the large amount of samples, we find
primarily consistent polarities with high quality data in these same
stratigraphic levels.

Characteristic magnetisation directions and associated VGPs for all
data, as well as only high quality data are shown in Fig. 6. The mean of
the high quality reversed directions (D = 10.2° = 3.0,
I = 58.8° + 3.3) is not antipodal to the mean of the high quality
normal directions (D = 19.5° * 3.0, I=54.4° * 2.5). The
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Fig. 4. Examples of different qualities of
Zijderveld diagrams and a decay curve for
sample AM50.1A, containing greigite. TC is tilt-
corrected. Closed (open) symbols denote pro-
jection on the horizontal (vertical) plane. Red
(green) lines indicate the projections of the
characteristic remanent magnetisation (ChRM)
directions on the vertical (horizontal) plane.
Decay curve shows an increase upon AF de-
magnetisation due to the presence of greigite.
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)
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is shown in the log. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

declinations significantly differ, by approximately 10°. The inclinations
are within error, although the normal inclination is slightly shallower.
Indeed, the coordinate bootstrap reversal test (Tauxe et al., 2010) is

negative.

3.2. Biostratigraphy

3.2.1. Nannoplankton

Calcareous nannoplankton was studied in 14 samples of the Ammer
profile, results of which are summarised in Table 1. Photographs of
nannoplankton are shown in Fig. 7. The majority of examined samples
contain abundant but inhomogeneous nannofossil assemblages. Nu-
merous coccoliths are reworked from older sediments, both from the
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Fig. 6. Characteristic remanent magnetization directions in equal
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Palaeogene (Palaeocene, lower and middle Eocene) and Upper Cretac-
eous. In some cases, they make up the bulk of coccoliths and outnumber
in-situ coccoliths, which is typical for flysch and molasse deposits.
Particularly rich reworked associations were noticed in the lower
(samples AMM 1.04 (at 40 m) to AMM 1.7 (at 186 m)) and in the

180°
m ADx
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uppermost parts of the section (samples AMM 1.20 (at 721 m) to AMM
1.34 (estimated at 1190 m; Table 1). Preservation of nannofossils varies
from poor to moderate. A good preservation is observed only in sample
1.04.

In the lower part of the section (samples AMM 1.04 to AMM 1.16,
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3 with two exceptions) both the diversity of nannofossil assemblages and
; 3 abundance of coccoliths is higher than in the upper part. The most
Zle| . . 3 o common species are: Coccolithus pelagicus (Wallich), Cyclicargolithus
- floridanus (Roth & Hay) and Dictyococcites bisectus (Hay, Mohler &
« Wade). They are accompanied by some representatives of the genus
s g Reticulofenestra. Stratigraphically significant species are: Isthmolithus
5: Z X X X % @ o recurvus Deflandre, Discoaster barbadiensis Tan, Discoaster saipanensis
d Bramlette & Riedel, Cribrocentrum reticulatum (Gartner & Smith) and
= Pemma basquense (Martini). Isthmolithus recurvus has its first occurrence
% é S a2 (FO) in the upper Priabonian and was accepted as the marker species
for the base of the NP19 Zone (Hay et al., 1966; emend. Martini, 1970).
§ The last occurrence (LO) of D. barbadiensis and/or D. saipanensis
= |9 documents the upper boundary of the NP20 Zone (Hay et al., 1966).
218« « « % @ o The boundary between NP19 and NP20 Zones was correlated with the
= FO of Sphenolithus pseudoradians Bramlette & Wilcoxon (Martini, 1970).
SIS . . s LS Sm Sphenolithus pseudoradians cannot be used as a marker species due to its
° similarity to the older S. radians Deflandre species, and a diachronous
= appearance in different basins (Perch-Nielsen, 1985b). The combined
§ S NP19/NP20 Zone is defined as the interval from the FO of L recurvus to
22| = P X xoxmo o the LO of D. barbadiensis/D.saipanensis (after Aubry, 1983). The lower
o part of the section (from sample AMM 1.02 to AMM1.6) is in this zone.
; « Beginning from the sample AMM1.10 up to the top of the section,
= | R o the taxonomical diversification of the assemblages gradually di-
< ™ » > » X M = O o . . . .
minishes. The most abundant species in this part of the section are:
E % Coccolithus formosus (Kamptner), Coccolithus pelagicus (Wallich),
é 2 E" Reticulofenestra hillae Bukry & Percival, Reticulofenestra umbilica (Levin)
= =35 [ as well as the small Reticulofenestra minuta Roth. In this part of the
~ section only some isolated findings of poorly preserved specimens of D.
; I barbadiensis or D. saipanensis accompanied by some Middle/Upper
= 3 v ox x «xm2y £ Eocene taxa were noticed, suggesting an allochtonous origin (re-
© deposition). In the uppermost part of the section, a second influx of
; © reworked Cretaceous coccolith taxa is observed. Species that are typical
E § v e LSO o for NP23 (FO Sphenolithus distentus) and NP24 (FO Sphenolithus ciper-
- oensis) are not found.
§ ~ - 3.2.2. Coccolith limestones
S E Eol Millimetres thick layers of laminated limestone were found in the
z Deutenhausen beds (around a stratigraphic height of 20 m). In total 20
§ bands were recognized, making up a total thickness of 7.7 cm, dis-
T 8 % mxx xxxx=23 tributed over an 8.5 m interval. The thickness of individual layers varies
8 between 0.1 and 1.75 cm (Fig. 8A). The layers are intercalated with
; _ mudstones, fine to medium grained sandstones, marls and shales. The
28| . . . wm o thin limestone layers consist of an alternation of light laminae (thick-
- ness 100-600 pm) and dark laminae (thickness 50-200, rarely 700 pm).
S g, © The light laminae form a so-called micronodula structure, formed by
§ - o = E g pellets packed within the light laminae. The pellets vary in size from 50
< oI * xO= = 2z@ to 500 pm in length and ~30-250 pum in width, rarely up to 500 pm in
width. Shapes are lenticular to oval (Fig. 8B). Composition, size and
2 E’ shape of pellets suggests that they could be fossil representatives of
% —E - fecal pellets produced by the present-day zooplankton Copepoda (e.g.
% % g Honjo and Roman, 1978). Dark laminae are generally composed of
2 8 8 detrital material, fine pyrite and organic matter. The light laminae are
2 % - § g almost entirely composed of coccoliths, which are usually well pre-
’g E § § E " served and often form coccospheres (Fig. 8C). Based on the SEM and
g Tés 2 §3 % 5~ ¥ § supported by an optical microscope analyses, low diversity in terms of
. & o 5 3 § 3 § & o % taxonomic groups is observed. The observed coccoliths are represented
g E’, % g ~BF %E _g o8 & primarily by Reticulofenestra minuta Roth and Reticulofenestra hillae
sl E| = SEEESTEyazg Bukry et Percival.
| 2| 2% S23E aSE5 ST g A . . .
£ 2 &F3 E g £E81: E g s The textures and structures in these limestones are similar to the
8| E ;f‘? % §§ |5 '§ §f: g% 8 ? § Oligocene thin laminated coccolith limestones (e.g. Tylawa, Jasto,
S g‘ g = g B gé "§ E "§ ‘S K § %’ % % Sokohska.hmestones) from the Quter Carpath%ans (e.g. Ciurej a'nd
E £le % ; % g g EAEE '; 5, = 2 = Haczewski, 2012, 2016). These limestones are interpreted as the in-
§| & '§ % 2588 "Fi é §* ?E BL£ES tensive coccolithophore blooms, occurring seasonally (likely annually)
- El B E § % % % g g é é g2 g §.§ in the Paratethyan domain (e.g. Ciurej and Haczewski, 2012 and re-
= gé g E § 5 5 S5EE E‘;g E E E ;Z’ ferences therein). The limestones from the Ammer section also likely
& represent seasonally or annually occurring coccolithophore blooms.
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C2

Fig. 7. Photographs of calcareous nannofossils, A1-K1, crossed nicols; A2-K2, normal light. Scale = 5 um. A - Dictyococcites bisectus (Hay, Mohler et Wade), sample AMM1.23; B —
Dictyococcites bisectus (Hay, Mohler et Wade), sample AMM1.34; C — Coccolithus pelagicus (Wallich) sample AMM1.23; D - Cyclocargolithus floridanus (Roth et Hay), sample AMM1.23; E -
Cyclocargolithus floridanus (Roth et Hay), sample AMM1.34; F, G — Lanternithus minutus Stradner, sample AMM1.23; H - Lanternithus minutus Stradner, sample AMM1.34; I - Reticulofenestra

hillae Bukry et Percival, sample AMM1.34; J — Reticulofenestra umbilica (Levin), sample AMM1.23; K — Zygrhabilithus bijugatus Deflandre, sample AMM1.23.

>
s
<
=%

e

Fig. 8. A. Field view of the thin layers of laminated limestone, with the position of some
samples. B. Optical microscope image showing the thick light laminae (L) composed of
coccolithophores (panel C) separated by thinner dark laminae (D), composed of detrital
material. The laminae are more or less laterally continuous with varying thickness, and
undulated boundaries. Pelletal structures (p), composed of coccolithophores, are present
in all light laminae (AMM 0.6). C. SEM images of the thin section, showing coccolitho-
phore remains packed within pellets in the light laminae; note the numerous of intact
well-preserved coccospheres (some indicated by arrows) (AMM 0.6). D. Dinoflagellate
species Wetzeliella symmetrica in sample AM54.

Regionally extensive coccolith blooms occurred in the Paratethys in
NP23, NP24 and NP25 (ca. 32 Ma-25 Ma) (e.g. Ciurej and Haczewski,
2016). The occurrence of Reticulofenestra hillae Bukry et Percival (ran-
ging from NP17 to NP22) suggests that the coccolith blooms of the
Ammer section are older, as the uppermost occurrence of this nanno-
plankton species is in NP22 (Bown and Dunkley Jones, 2012). In
combination with the presence of I recurvus (NP19/20-NP22) in the
same interval, this limits the lower part of the section to NP19/20-
NP22. This fits well with the previous study of Dohmann (1991), which
places the Deutenhausen beds in NP21 or NP22.

3.2.3. Dinoflagellate cysts

For palynological purposes, we studied 19 samples from the
Deutenhausen and Tonmergel beds, results of which are summarised in
Table 2. Qualitative analyses were performed if preservation state al-
lowed. In general, many of the recovered palynological assemblages
yield reworked material of the Cretaceous and Palaeogene; e.g. Apec-
todinium spp. and Dinogymnium spp. In addition, some levels contain
high amounts of amorphous organic matter. The observed dinocyst
assemblages are generally not very diverse and are often dominated by
a few species only.

Age control for the studied samples can be obtained by comparing
our dinocyst record to the well-established dinocyst record in the
Mediterranean and Atlantic region (e.g. Brinkhuis, 1994; Egger et al.,
2016; Powell, 1992; Pross et al., 2010; Williams et al., 2004). Given the
reworking, which is often a dominant component in molasse deposits,
we favour age-assignments based on ‘First Occurrences’ (FO) rather
than Last Occurrences (LO). Many of the well-established late Eoce-
ne—early Oligocene index taxa were not observed in the Ammer section.
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Specimens and parts of Areosphaeridium diktyoplokum were observed,
but these are likely reworked given that often only parts (viz. processes)
a or poorly preserved specimens were encountered. Enneadocysta pecti-
niformis, which has a stratigraphic range from ca. 36.5-29.3 Ma
(Williams et al., 2004), is recorded in most levels within the Deu-
tenhausen beds and the Tonmergel beds (Table 2). Another strati-
graphically important recorded taxon, Wetzeliella symmetrica, is en-
countered at ca. 68 m (AM14.3) and 470 m (AM55) within the lower
part of the Tonmergel beds. This species is generally regarded as “ty-
pical” Oligocene, more specifically it is considered to have its FO in
+ NP22 (magnetochron C12r) (Van Simaeys et al., 2005). However, this
species was recently recorded in low numbers in the uppermost Eocene
(Magnetochron C13r, NP 21) of the western North Atlantic in the
magnetostratigraphically calibrated record of Newfoundland, before it
occurs in higher numbers during the Oligocene (Egger et al., 2016).

AM 78 AM 95.2
802.5

685.0

470.4  478.7
+
“Cooked”

446.0

436.5

a 3.3. Bulk geochemical parameters

Geochemical data of the Deutenhausen, Tonmergel and Baustein
beds are shown in Fig. 9. Carbonate contents range from 27 to 67 wt%.
Within the Deutenhausen beds carbonate content increases upwards
from 27 to 50 wt%. The average carbonate content in the Tonmergel
beds is around 40 wt%. A significant increase in carbonate is observed
between 888 and 925 m, in the top of the Tonmergel beds. In general,
organic matter contents are low in the entire succession. The average
TOC content in the Deutenhausen and Tonmergel beds is 0.3 and 0.5 wt
%, respectively. A single sample near the base of the Tonmergel beds (at
308 m) contains > 1.0 wt% TOC. The hydrogen Index (HI) classifies
the organic matter as kerogen type III (or IV). Only the organic matter
rich sample contains organic matter with a moderately high HI
(~250 mgHC/gTOC) indicating a mixture of prevailing kerogen type III
with type IL

TOC/S ratios exceed 2.8, which is considered typical for brackish
and non-marine sediments (Berner, 1984). This corresponds well with
previous studies on the Deutenhausen beds and Tonmergel that report
brackish conditions from time to time (Diem, 1986; Dohmann, 1991;
Maurer et al., 2002). Apart from some single samples, intervals with
TOC/S ratios below 2.8, considered as indicative for anoxic environ-
ments, prevail only in the lower (275-430 m) and middle part of the
Tonmergel beds (660-695 m). However, as both, TOC and sulphur
contents are low, the significance of TOC/S ratios should not be over-
estimated. Moreover TOC/S ratios may be increased in the presence of
refractory type III(to IV) kerogen. Nevertheless, the clear trend between
660 and 790 m with TOC/S ratios increasing upwards from 1 to 30,
which is a result of strongly decreasing sulphur contents and indicates
increasing sulphur limitation.

Measured Tmax values range between 420 and 434 °C (average
426 °C) indicating that the thermal overprint is mild and that, therefore,
the organic matter is thermally immature (Espitalié et al., 1977). No
depth trend is visible in the studied succession, which is > 1000 m
thick. The low maturity is also supported by vitrinite reflectance values
(~0.4%Rr) measured on drift wood in the lower part of the Weifach
beds (Stauner et al., 2015).
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4. Discussion
4.1. Palaeomagnetism

The palaeomagnetic results show a clear magnetostratigraphic
pattern with three polarity zones (R-N-R). Although several single levels
show an opposite polarity, we do not consider these representative of
short magnetozones. Our magnetostratigraphy does not show enough
reversals to correlate to the geomagnetic polarity time scale based so-
lely on matching polarity patterns. We therefore require additional age
constraints, in casu the biostratigraphy.

The mean of the high quality reversed directions (D = 10.2° + 3.0,

abundant, p = present, vfd = very few dinocysts.

Stratigraphic level (m)
Amorphous material

Dinoflagellate cysts
Other remarks

Wetzellioid indet.

Wetzeliella spp.
Reworking

Acritarchs
Foram linings

Table 2 (continued)
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Fig. 9. Log of the section with bulk magnetic susceptibility and bulk geochemical data.

I = 58.8° 3.3) is within error of the expected directions
(D =75 3.5, I = 60.8° = 2.5) for the Eurasian plate at 34 Ma
(GAPWaP; Torsvik et al., 2012). The mean of the high quality normal
directions (D = 19.5° = 3.0, I = 54.4° = 2.5) shows a significantly
shallower inclination than predicted by the GAPWaP, while the decli-
nation shows a clockwise deviation of > 10°. The difference between
the normal and reversed directions might be caused by the fact that the
reversed polarities are mostly recorded in the coarser lithologies of the
Deutenhausen and Weiflach beds and implies that these lithologies do
not show shallowing of the inclination due to compaction. The shallow
normal inclinations are recorded mostly in the Tonmergel beds, sug-
gesting that the Tonmergel beds was affected by compaction. If we
apply the E/I inclination shallowing correction (Tauxe and Kent, 2004)
the mean normal inclination does not become significantly steeper
(55.6° with a 95% confidence interval ranging 54-64°). Possibly, the
difference between normal and reversed directions may partially result
from an unremoved normal overprint which is more difficult to re-
cognise in normal polarity samples, and partially from differences in
lithology.

Although the normal and reversed distributions have a negative
reversal test, combining both datasets could average out the unremoved
component. The combined dataset has a mean declination of
16.7° = 2.6. This implies a clockwise rotation of ~10°, with respect to
the expected Eocene direction. This declination is also found in studies
from the Swiss part of the NAFB, which reports declinations of 16-17°
(Kempf et al., 1998). We hesitate however to conclude that the NAFB
has rotated with respect to Eurasia, considering the fact that the re-
versed directions are within error identical to the expected Eocene di-
rection, and may more reliably have recorded the geomagnetic field
direction.

=+
=+

4.2. Biostratigraphy

4.2.1. Nannoplankton zonation

According to the standard nannoplankton zonation of Martini
(1970), the top of NP20 corresponds to the Eocene-Oligocene (E-O)
boundary. The lower part of NP21 was included into the Oligocene,
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based on the study of the Priabonian stratotype section (Verhallen and
Romein, 1983). The E-O boundary stratotype is defined in the Mas-
signano section near Ancona, Italy (Premoli Silva and Jenkins, 1993),
with the boundary placed on the extinction of planktonic foraminifer
genera Hantkenina and Cribrohantkenina. The calcareous nannofossil
zones NP21 of Martini (1971) and CP16a of Okada and Bukry (1980)
contain the E-O boundary in the Italian sections (Coccioni et al., 1988).
Within the North Sea basin, the E-O boundary in NP21 is further spe-
cified by the LO of Pemma basquense (Martini) and/or Pemma papillatum
Martini (Varol, 1999), although these species are rare, which impedes
correlation to other basins. Only few specimens as well as some isolated
plates belonging to the genus Pemma were observed in samples
AMM1.1 and AMML1.3. In sample AMML1.7 only Pemma rotundum
Klumpp was identified, which is known from upper Eocene deposits in
Germany (Varol, 1999). Cribrocentrum reticulatum (Gartner & Smith)
has its LO in the lower part of NP21, just below the LO of Pemma
basquense/Pemma papilatum. Within the studied section abundant and
continuous representation of C. reticulatum was observed from the base
of the section up until sample AMM1.7. Above this level, only few
slightly damaged specimens are found, which are likely reworked.
Lanternithus minutus Stradner was common in sample AMMI1.10.
Abundant presence of L. minutus in the lowermost Oligocene was re-
ported in the North Sea Basin (Varol, 1999). Also “cold water” species L.
recurvus is more abundant in sample AMM1.16 which could reflect a
decrease of surface water temperature caused by the climatic cooling
around the Eocene-Oligocene transition. Thus, the upper part of the
section is supposed to represent the lowermost Oligocene (Lower Ru-
pelian, previously Latdorfian). It corresponds to zone NP21 because of
the occurrence of C. formosus. The LO of this species indicates the upper
boundary of NP21 (Martini, 1970; Perch-Nielsen, 1985b; Varol, 1999).
Based on nannoplankton biostratigraphy, we conclude that the E-O
boundary is located between sample AMMI1.7 and AMMI1.10
(186-276.1 m).

4.3. Magneto-biostratigraphic time frame for the Ammer section

The sampled part of the Ammer section consists of three polarity
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Fig. 10. Possible correlations of the Ammer section to the geologic time scale (TSCreator), with calculated sediment accumulation rates and resulting ages for the lower and upper

boundaries of the section.

zones, starting with a reversed polarity interval from the bottom of the
section up to 490 m (Fig. 6). Then there is a normal polarity interval of
770 m, from 490 up to 1260 m. The top part of the section shows a
reversed polarity again up to the top at 1620 m. The observed nanno-
plankton assemblages and coccolith blooms limit the section to the time
interval from NP19/20 (FO of Isthmolithus recurvus) to NP22 (LO of
Reticulofenestra hillae Bukry et Percival, which occurs in blooms in the
Deutenhausen beds). Traditionally, dinoflagellate cyst Wetzeliella sym-
metrica occurs from NP22 (e.g. Van Simaeys et al., 2005). As these
nannofossil and dinocyst constraints are not compatible, we discuss two
options (Fig. 10) for correlation of the Ammer section to the Geologic
Time Scale (Gradstein et al., 2012). We correlate the section based on
the magnetostratigraphic pattern and the biostratigraphic constraints,
realizing that the boundary between nannoplankton zones NP19-20
and NP21, as well as the boundary between NP22 and NP23, is not
firmly defined. Hiatuses are likely present in the WeiBach beds, but
since we have not observed major hiatuses in the Deutenhausen, Ton-
mergel and Baustein units, we assume that we have sampled a con-
tinuous succession.

4.3.1. Option 1

Considering the FO of Wetzeliella symmetrica to occur in magneto-
chron C12r implies that the normal polarity interval of the Ammer
section corresponds to C12n. This correlation furthermore indicates
that the entire UMM in the Ammer section is positioned in NP23, while
this nannofossil zone has not been observed in the entire western NAFB.
The blooms of the coccolithophore Reticulofenestra hillae Bukry et
Percival at 20 m in the Deutenhausen beds are then positioned either in
the top of NP 21 or in NP22 (thus older than ~32 Ma; see Fig. 10).
Consequently, the sediment accumulation rate for the lower (reversed)
part of the Tonmergel succession must be much (~6 times) lower
(~250m in ~1 Myr) than for the upper (normal) part (~500 m in

300 kyr). As the lower part of the section shows a shallowing from the
turbiditic sands of the Deutenhausen beds to shelf deposits of the
Tonmergel beds, this seems unlikely. Alternatively, the position of the
NP22-23 boundary is incorrect in the GTS and should be placed at a
much younger level. Another possibility is that there are gaps in the
stratigraphic record of the Ammer section, for which we find no in-
dications. Assuming constant sediment accumulation rates for the
normal polarity zone in the Ammer section, we interpolate the ages of
the minimum and maximum ages of the section. The duration of C12n
is 440 kyr (Gradstein et al., 2012), leading to a sediment accumulation
rate of 175 cm/kyr. Extrapolating this sediment accumulation rate, the
bottom of the section then ends up at an age of 31.31 Ma, and the top at
30.38 Ma (see Fig. 10).

4.3.2. Option 2

Nannoplankton assemblages indicate that the section corresponds to
NP19/20-NP21. The only normal polarity interval from the top of
NP19/20 to NP21 is C13n. In this case, the finding of W. symmetrica
within the magnetochron C13r is older than its generally assumed FO,
but might correspond to the observation of some specimens in Chron
C13r in the north-Atlantic that are grouped as “W. symmetrica-W.
gochtii” (Egger et al., 2016). The duration of C13n is 548 kyr (Gradstein
et al., 2012), which leads to an average sediment accumulation rate of
140.5 cm/kyr. Extrapolation of this rate gives ages for the bottom of the
section of 34.05 Ma and the top of 32.90 Ma.

We prefer option 2 for the correlation, since this agrees with the
observed nannoplankton assemblages, other reported nannoplankton
and foraminiferal assemblages from the Deutenhausen and Tonmergel
beds (Dohmann, 1991) and the observation of Wetzeliella symmetrica in
C13r (latest Eocene) as reported by Egger et al. (2016). Furthermore, no
nannoplankton assemblages that are typical for NP23 were found in the
Ammer section, consistent with the absence of NP23 markers in all



A. van der Boon et al.

other sections of the Deutenhausen and Tonmergel beds (Dohmann,
1991). The study of Dohmann (1991) shows results of biostratigraphic
analyses of 53 sections of Deutenhausen, Fischschiefer and equivalent
sediments (Supplementary information, Table S2). Nannoplankton
analyses are often complicated by reworking and poor preservation, as
is also the case for our nannoplankton biostratigraphy in the Ammer.
However, Dohmann (1991) also performs biostratigraphy on planktonic
foraminifera, which show good preservation in the Galon graben, near
Ampfing and near Hohenlinden. In these sections and cores, the Eocene-
Oligocene transition is pinpointed using foraminifera. In most sections,
nannoplankton assemblages yield ages from NP19/20 to NP22. In only
three sections, an age of NP23 is inferred, of which two are based on a
complete absence of nannoplankton and not on findings of biostrati-
graphic markers for NP23. Biostratigraphy of the Ammer section results
in an age of NP21/NP22 for the Deutenhausen beds (Dohmann, 1991).
As no distinction could be made between NP21 and NP22 in the study
of Dohmann (1991), his interpretation fits with our nannoplankton
findings of NP19/20-NP21.

Assuming a constant sediment accumulation rate and using the
palaeomagnetic reversals as tie-points, we estimated the ages of litho-
logical transitions in the Ammer section. This results in an age of
33.88 Ma for the Deutenhausen-Tonmergel boundary and 33.27 Ma for
the Tonmergel-Baustein boundary. The marine-continental transition at
the Baustein — Weiach boundary occurred at 33.15 Ma. Assuming
constant sediment accumulation rates for the Tonmergel succession is
reasonable as there are no significant changes in lithology. However,
we also realize that the major change to Baustein beds may be ac-
companied to changes in accumulation rates. Taking the other extreme,
that there is “no time” in the Baustein deposition, the calculated age for
the marine continental transition remains around the age of 33.15 Ma,
as this transition is dated by the top of chron C13n (Fig. 10). The
coccolith blooms of R. hillae within the Deutenhausen beds in the
Ammer section are then late Eocene in age, which is older than the
coccolith blooms in the top of the Schoneck Formation (NP22; Schulz
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et al., 2005).

Fig. 11 shows our preferred correlation of the Ammer section to the
Geologic Time Scale (Gradstein et al., 2012), with the oxygen isotope
record of Coxall et al. (2005). The Eocene-Oligocene transition is
characterised by two pronounced sea-level drops (Houben et al., 2012).
The oldest of these (the EOT-1 event) is interpreted as a sea-level drop
of around 20 m, and occurs just below the Eocene-Oligocene boundary
in C13r. The Tonmergel-Deutenhausen transition effectively corre-
sponds to the Eocene-Oligocene boundary, so this sea-level drop could
have caused a transition from the slope facies of the Deutenhausen beds
to the shallower shelf facies of the Tonmergel beds (see Fig. 2). The
younger sea-level drop, Oi-1, is larger, an estimated 50-60 m (Houben
et al., 2012), but this event occurs in the bottom of C13n, which cor-
responds to a stratigraphic height of around 490 m in the Ammer sec-
tion. Although no major sedimentological changes are observed, there
is a conspicuous sand lens around this level, which shows intense
slumping in the otherwise homogeneous Tonmergel beds (see detailed
log, Fig. S1, Supplementary information).

4.4. Ammer section in Paratethys context

During the middle to late Eocene, the peri-Tethys region was al-
ready sensitive to periodical restriction, characterised by dysoxic to
anoxic deposits (e.g. Beniamovski et al., 2003). After the Paratethys
formed in the early Oligocene, this basin recorded oxygen-poor condi-
tions until the middle Miocene, leading to deposition of black shales in
the Eastern Paratethys for millions of years (e.g. Popov et al., 2008).
The Paratethys had brackish episodes, with endemic fauna (e.g. Popov
and Studencka, 2015; Vasiliev et al., 2004; Wessely, 1987), indicating a
severe restriction from the global ocean.

The Deutenhausen and Tonmergel beds in the Ammer section are
argued to be time-equivalents of the fish shales of the Schoéneck
Formation, deposited in deeper parts of the NAFB (Dohmann, 1991).
Schulz et al. (2002) subdivided the Schoneck Formation into a marly
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Fig. 11. Correlation of the Ammer section to the geologic time scale (TSCreator), and the sea-level curve around the Eocene-Oligocene transition of Coxall et al., 2005.

(Modified after Miller et al., 2009.)
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lower part (their units “a/b”; ~10 m thick), and a shaly upper part
(their unit “c”), which typically attains a thickness of a few metres.
Comparing the Schoneck and Tonmergel beds, differences in thickness
and organic matter richness are most striking. The huge thickness of the
Tonmergel beds reflects its proximal depositional environment and
high detrital influx from the southern margin of the NAFB. The low TOC
content of the Tonmergel beds (average 0.5 wt%) compared to that in
units “a/b” of the Schoneck Formation (average 2.2 wt%) may be the
combined effect of organic matter dilution by detrital material and the
shallow depositional environment, which impaired organic matter
preservation.

According to Schulz et al. (2002), units “a/b” represent nanno-
plankton zones NP19-20 to NP21. Since diagnostic nannoplankton
species are missing in the carbonate-free rocks of unit “c”, no zonation
could be established, although the top of NP21, or NP22 is estimated for
the lower part of this unit. The lack of detailed time constraints inhibits
a direct correlation of the Schoneck Formation to the Ammer section.

Nonetheless, we hypothesize that the marine-continental transition
in the Ammer section coincides with the boundary between units “a/b”
and “c”. This boundary represents a change from dysoxic to anoxic
conditions (Schulz et al., 2002), suggesting that the cut-off of the NAFB
gateway as documented in the Ammer section has profound implica-
tions for the rest of the basin.

Our new results from the Ammer section show that in the NAFB a
shallowing of the connection of the Paratethys to the open ocean oc-
curred around the EOT. We date the final closure of this gateway (at the
Baustein-Weiach boundary) at 33.15Ma. This fundamentally im-
proves our understanding of the timing of restriction of the Paratethys,
since the NAFB was one of its few gateways.

Reichenbacher et al. (2004) report an age for the marine-con-
tinental transition around the Rupelian-Chattian boundary (~ 28 Ma),
based on otolith and charophyte zonations of the Cyrena beds (transi-
tional, brackish facies between the UMM and USM) that overlie the
Baustein beds. Kempf and Pross (2005) have studied the transition of
the UMM to USM in the Wilhelmine Alpe section, which is almost
70 km west of the Ammer section, and correlate their results to several
studies in the Swiss part of the NAFB. The Wilhelmine Alpe section
consists of ~50 m of Deutenhausen beds and ~175 m of Tonmergel
beds, which is significantly less than the 850 m of Tonmergel along the
Ammer river. The study of Kempf and Pross (2005) finds the transition
from Tonmergel to Baustein beds in a reversed interval, which they
correlate to C12r, at an age of ~31 Ma, while the transition to normal
polarity takes place in the middle of the Baustein beds. Contrarily, in
the Ammer section, the lower part of the Baustein beds is in a normal
polarity interval. The top of the Baustein shows a transition to reversed
polarities, indicating that the Baustein beds are diachronous throughout
the NAFB.

The palaeomagnetic correlation of the Wilhelmine Alpe section to
C12 by Kempf and Pross (2005) is mostly based on the occurrence of the
dinocysts Areoligera semicirculata, Wetzeliella symmetrica and Wetzeliella
gochtii, which are regarded as typical Oligocene taxa. A recent study by
Egger et al. (2016), however, reported the presence of W. symmetrica
and W. gochtii already in C13r, which matches our results of the Ammer
section if we follow the age-constraints provided by the nannoplankton.
The older occurrence of W. symmetrica and W. gochttii allows for an
alternative correlation of the magnetostratigraphy of the Wilhelmine
Alpe section to the C13r-C13n reversal at 33.7 Ma. This alternative
correlation is ~2 million years older than the currently accepted age,
but is somewhat closer to the Baustein-Weiach transition in the
Ammer section at 33.27 Ma.

Since the Tonmergel beds are very thick in the Ammer section, the
accommodation space must have been large and fairly equal to the
input of sediments, to sustain deposition of 850 m of monotonous
clayey marls. Sediment accumulation rates are very high when com-
pared to the Wilhelmine Alpe section (140.5 cm/kyr for the Ammer
section versus 8.6 cm/kyr for the Wilhelmine Alpe section). Creation of
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accommodation space was recently linked to rollback of a slab under-
neath the Alps (Schlunegger and Kissling, 2015). The sedimentation
rate of 140.5 cm/kyr that results when choosing option 2 is rather high,
but not unheard of. High sedimentation rates frequently occur in basins
that are located near rising mountains, for example in the South Cas-
pian basin, where sedimentation rates reach 130-140 cm/kyr (Lerche
et al., 1997; Nadirov et al., 1997; Tagiyev et al., 1997). In addition, the
Ammer sediments are interpreted as the transition from flysch to mo-
lasse for which similar (or even higher) sedimentation rates are to be
expected. An example is the Karamanmaras basin in Turkey (Hiising
et al., 2009). Turbiditic sediments in Corfu have sedimentation rates
of > 125 cm/kyr (van Hinsbergen, 2004), comparable to ours and in
the Carpathian foredeep sedimentation rates of up to 150 cm/kyr have
been estimated (Vasiliev et al., 2004).

Because the Tonmergel is thickest in the Ammer section, we argue
that the marine-continental transition would have occurred latest there.
More proximal settings, which contain less Tonmergel, would see an
earlier transition to continental conditions. A pre-32 Ma transition to
continental deposits agrees with the absence of nannoplankton of zone
NP23 in most parts of the NAFB (Dohmann, 1991). Furthermore,
Sachsenhofer et al. (2017) suggest that the Polbian bed (early NP23) in
the Belaya River section in Russia represents a Paratethys-wide brackish
event, caused by a temporary isolation from the open ocean.

However, the Swiss sections to which Kempf and Pross (2005)
correlate the Wilhelmine Alpe section show a marine-continental
transition that is a few million years younger than in the Ammer sec-
tion. We hypothesize that these sections retained a connection to the
Mediterranean through the Rhone graben, or to the North Sea through
the Upper Rhine Graben, while the connection to the Paratethys
through the NAFB was closed at 33.15 Ma.

In summary, our results provide an older age for the marine-con-
tinental transition in the NAFB than previously suggested. Our new age
precludes a link to a major regression around the Rupelian-Chattian
boundary as earlier suggested (e.g. Andeweg and Cloetingh, 1998;
Doppler et al., 2005; Lemcke, 1983; Reichenbacher et al., 2004) Hence,
this transition seems not so much bound to a major eustatic sea-level
change, but rather to a different mechanism, like erosion and basin
infill through tectonic processes, for example as suggested by
Schlunegger et al. (2007). Since foreland basin sedimentation is sy-
norogenic, changes in tectonic processes and associated variations in
the supply of sediment to the basin have a major impact on regression
and transgression cycles, particularly for the central section of the
Molasse basin (see summary by Schlunegger and Castelltort, 2016).

5. Conclusions

An exceptionally long section of the Lower Marine Molasse to the
Lower Freshwater Molasse is exposed along the Ammer river in
southern Germany. We dated this transition using magnetostratigraphy
combined with biostratigraphy of nannoplankton and dinoflagellate
cysts. We correlate the normal polarity interval in the section to C13n,
and use this correlation to calculate sediment accumulation rates,
which we subsequently use to estimate ages for lithological transitions
in the section.

The transition from the Deutenhausen beds to Tonmergel beds
(33.88 Ma) essentially coincides with the Eocene-Oligocene boundary
(33.9 Ma). The large eustatic Oi-1 sea-level drop is not related to any
major facies shift in our section, although at this level we find an in-
tensely slumped sand layer in the otherwise homogeneous clayey marls
of the Tonmergel. A shift to the shallower, coastal facies of the Baustein
beds is observed (33.27 Ma). The establishment of continental condi-
tions in this basin is represented by red conglomerates of the Weillach
beds, and reflects closure of this gateway of the Paratethys Sea at
33.15 Ma. Our older age for the marine-continental transition precludes
a link to a eustatic sea-level drop at the Rupelian-Chattian boundary.
The closure of this NAFB connection to the open ocean promoted a long
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period of dominantly oxygen-poor conditions in the Eastern Paratethys,
facilitating the deposition of organic-rich shales.

We provide a detailed log (10 cm scale) with all sampled levels, Fig.
S1. All interpreted directions of palaeomagnetic samples can be viewed
in the web portal http://paleomagnetism.org/ through import of the
Directions.dir file in the interpretation portal. Interpreted vectors are
also supplied in Table S1. Statistical data can be viewed through import
of the Ammer.pmag file in the statistics portal. Results of the study of
Dohmann (1991) are given in Table S2. Supplementary data associated
with this article can be found in the online version, at https://doi.org/
10.1016/j.gloplacha.2017.12.009.

We provide a detailed log (10 cm scale) with all sampled levels, Fig.
S1. All interpreted directions of palaeomagnetic samples can be viewed
in the web portal http://paleomagnetism.org/ through import of the
Directions.dir file in the interpretation portal. Interpreted vectors are
also supplied in Table S1. Statistical data can be viewed through import
of the Ammer.pmag file in the statistics portal. Results of the study of
Dohmann (1991) are given in Table S2. Supplementary data associated
with this article can be found in the online version, at https://doi.org/
10.1016/j.gloplacha.2017.12.009.
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