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Abstract The Mauensee section in the Molasse Basin
(North Alpine Foreland Basin) of central Switzerland rep-
resents one of the best continuously exposed outcrops of
the St. Gallen Formation of the Upper Marine Molasse. A
similarly well-exposed section is at Schmiedrued, situated
about 15 km to the north. Biostratigraphic analysis of mam-
mal and fish faunas shows that both sections are of Early
Karpatian age. Palaeoecological analysis of the biota indi-
cates an oligohaline intercalation within the marine part of
the sections. This is additionally confirmed by the oxygen
isotopic compositions of fish otoliths from the Mauensee
section. The overlying marine sequence may represent a
fourth cycle in the St. Gallen Formation that might perhaps
indicate a Karpatian transgression from the Mediterranean
Sea, which has not previously been recognized. Biostrati-
graphic comparison shows that the sedimentation of the
Upper Freshwater Molasse began at the base of the Karpa-
tian in southwest Germany and eastern Switzerland, and
in the Middle Karpatian in central Switzerland. The pres-
ence of a Karpatian marine sedimentation area in central
Switzerland may explain that the terrestrial sedimentation
of the Upper Freshwater Molasse began at such different
times.
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Introduction

The Molasse Basin is a part of the western Paratethys and
forms the main part of the northern foreland basin of the
Alps. It extends from near Lake Geneva in Switzerland,
through southern Germany, across into Lower Austria. The
Molasse Basin deposits include marine and non-marine
sediments; these range in age from Upper Eocene/Lower
Oligocene to Upper Miocene. The clastic input is derived
largely from the Alps, but partially also from the Bohemian
Massif and other sources in the north. The fill is up to
5000 m thick in the parts of the basin closest to the Alps. It
decreases towards the north and can be no more than a few
metres thick in the basin’s most north-westerly regions.

The stratigraphic succession in the Molasse Basin is con-
ventionally subdivided into two transgressive-regressive
megacycles. Each of these starts with marine deposits
and ends with freshwater deposits. The lithostratigraphic
units in the first megacycle are the Lower Marine Molasse
(Kiscellian), the Lower Brackish Molasse, and the Lower
Freshwater Molasse (Egerian). The lithostratigraphic units
in the second megacycle, to which the present study
refers, are the Upper Marine Molasse (Eggenburgian
to Early Karpatian), the Upper Brackish Molasse (Late
Ottnangian), and the Upper Freshwater Molasse (Karpatian
to Pannonian). The two megacycles cannot readily be
recognized in the eastern part of the Molasse Basin in
Germany (east of Munich) and in the Molasse Basin in
Austria. In these areas, marine conditions prevailed into
the Late Lower Miocene (e.g., Lemcke 1988; Bachmann
and Miiller 1991; Doppler et al. in press).

All of the major lithostratigraphic units in the Molasse
Basin are at least partially heterochronous, which makes a
basin-wide chronostratigraphy difficult. Recently, several
biostratigraphical, magnetostratigraphical and geochrono-
logical studies were carried out, mainly in the part of



the Molasse Basin in Switzerland (e.g., Schlunegger et al.
1996, 1997a, b, 2001; Kilin 1997; Kempf et al. 1997, 1999;
Kempf and Matter 1999; Kilin et al. 2001; Strunck and
Matter 2002; Kempf and Pross 2005). These studies have
strongly improved the time-resolution attainable in the suc-
cessions there, and have produced datasets that have been
used as the basis for recognizing relations between basin
development, sediment supply and the tectonic evolution of
the Alps (Schlunegger et al. 1997a, 2001; Kuhlemann and
Kempf 2002). The chronostratigraphical correlation be-
tween these Swiss Molasse successions and those in south-
ern Germany is nevertheless still in need of improvement.
The substantial uncertainties in basin-wide correlation have
led to considerable controversies, especially with regard to
the dynamics of the basin’s depositional history. Some au-
thors have argued, that the sedimentary history of the basin
was determined principally by Alpine tectonic processes
and resulting uplift (e.g., Schlunegger et al. 1997a; Kempf
et al. 1999; Kuhlemann 2000; Kuhlemann and Kempf
2002); other authors have argued that eustatic sea-level
changes were the principal controls (e.g., Lemcke 1988;
Jin 1995; Zweigel et al. 1998). It is remarkable that the tec-
tonic and eustatic events documented in the basin-fill seem
so commonly to have been contemporary, but this may be
due to the relative imprecision of the basin-wide chronos-
tratigraphic correlation as mentioned above (see also dis-
cussion in Sissingh 1997, 1998, 2001; Zweigel et al. 1998).

The aim of this present paper is to provide some new
data that lead to a better understanding of the sedimentary
history in the northern Alpine foreland basin during the Late
Lower Miocene. These data bear on a previously unknown
marine-oligohaline-marine sequence within the Karpatian
Upper Marine Molasse of the Mauensee and Schmiedrued
sections in central Switzerland (Fig. 1), both of which were
discovered by J.J.

Fig. 1 Geographic location of
the Mauensee and Schmiedrued
sections in central Switzerland.
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Geological setting

The transgression of the sea into the Molasse Basin in
the Lower Miocene came from two directions: from the
Mediterranean in the southwest and from the Central
Paratethys in the east (e.g., Biichi and Schlanke 1977;
Berger 1985; Homewood et al. 1986; Rogl 1998; Sissingh
2001; Bieg et al. 2003, in press). The transgression started
during the Burdigalian (Eggenburgian) about 19-20 Ma
ago (e.g., Strunck 2001), and probably reflected the eu-
static rise of sea level at that time (Lemcke 1988; Sissingh
1997; Zweigel et al. 1998). The sea-level highstand oc-
curred during the Late Burdigalian (Ottnangian) (Buxtorf
1901; Gall 1975; Schwerd et al. 1996; Hug et al. 1997).

The mainly siliciclastic sediments of the Upper Marine
Molasse are up to several hundred metres in thickness.
Conventionally, the Upper Marine Molasse is subdivided
into two transgressive—regressive fining-upward cycles,
with a hiatus between. The hiatus is dated with reference
to the magnetostratigraphic charts (Berggren et al. 1995;
Cande and Kent 1995) as about 18.3-17.8 Ma in the
Molasse Basin of eastern Switzerland (Kempf et al.
1999) and as about 18.1-17.7 Ma in central Switzerland
(Schlunegger et al. 1997a, b). In Switzerland, the cycles
are composed respectively of the Luzern Formation and
the St. Gallen Formation; the former was correlated with
the Eggenburgian in age, the latter with the Ottnangian
to Early Karpatian (e.g., Keller 1989, 1990; Schlunegger
et al. 1997a, b). In southwestern Germany, the cycles are
composed of the so-called Heidenlocher Beds and “Sand
Shales”, and of the overlying Baltringen Beds and “Fine
Sand Series” (Lemcke et al. 1953; Hagn 1961; Wenger
1987). It must be noted that there is uncertainty in the
correlation of the cycles between Switzerland and South
Germany, especially for the Eggenburgian and Lower
Ottnangian (cf. Hagn 1961; Wenger 1987).
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During the Middle Ottnangian, the sea retreated from
the southwest German part of the Molasse Basin, but ma-
rine conditions prevailed longer (perhaps for some 100,000
years) in Switzerland and in the southeast German part of
the basin (most recently Schwerd et al. 1996; Schlunegger
et al. 1996; Kempf et al. 1997, 1999; Reichenbacher et al.
1998; Kilin et al. 2001). Since Kiderlen (1931), the regres-
sion from the southwest German Molasse Basin is com-
monly considered having been accompanied by the incision
of the channel-like “Graupensandrinne” along the northern
edge of the basin. Most authors consider the “Graupensan-
drinne” as the incision of a river that drained into the sea,
which still existed in the Swiss part of the Molasse Basin
(e.g., Reichenbacher et al. 1998). This river removed either
partly or completely the Upper Marine Molasse that had
existed beforehand in its valley. According to this opinion,
the “Graupensandrinne” initially was filled by fluvial to es-
tuarine gravels and sands (Grimmelfingen Beds) and later
by the brackish marls of the Kirchberg Formation, which
would reflect a last transgression of the Swiss Molasse Sea
during the Late Ottnangian (e.g., Kiderlen 1931; Schlickum
1963; Lemcke 1972, 1988; Doppler 1989; Reichenbacher
1989, 1993; Luterbacher et al. 1992; Asprion and Aigner
2000). The Late Ottnangian age for the Kirchberg Forma-
tion is supported by biostratigraphic data on mammals and
fish otoliths. However, according to Tipper et al. (2003),
there is no sedimentological or faunal evidence that the
erosion that produced the Graupensand channel actually
was fluvial. Tipper et al. (2003) propose as an alternative
explanation for the origin of the “Graupensandrinne” that it
was incised by submarine erosion. If that is correct, no hia-
tus need to be present between the top of the Upper Marine
Molasse and the bottom of the Brackish Molasse. However,
this interpretation makes it difficult to explain the records of
lacustrine carbonates, calcretes, clasts of “Albstein”, tuffs
and red marls at the basis of the Upper Brackish Molasse
and on the floor of the Graupensand channel (Lemcke et al.
1953; Hofmann 1967; Négele 1962; Zobelein 1985). They
would require that the submarine channel of the “Graupen-
sandrinne” was exposed terrestrially at some places along
its length.

The Mauensee and Schmiedrued sections

The Mauensee and Schmiedrued sections are located west
and north of Lake Sempach (Fig. 1). Each section exposes
the upper part of the St. Gallen Formation (Upper Marine
Molasse), and one section (Mauensee) exposes also the
lower part of the Upper Freshwater Molasse. The exposures
are along the steep slopes of deeply incised, small creeks.
The Mauensee section was investigated during September
and October 2000, the Schmiedrued section during Febru-
ary 2004.

The Mauensee section represents a thickness of about
72 m of Molasse sediments (Fig. 2). A 7-m thick conglom-
erate bank forms the base of the section. Over this lie 32 m
of poorly fossiliferous sandstones. The few fossils occur-
ring in these sandstones are mainly plant fragments; there

are also some marine fossils, such as sharks teeth and bry-
ozoans in bed 24. The sandstone sequence is overlain by
a mudstone—limestone complex some 3.7 m thick, which
contains freshwater and terrestrial molluscs. Above this is
a thin conglomerate bed (bed 55), which is followed in turn
by a 24.5-m thick siliciclastic sequence. This sequence
includes sandstones with rare marine fossils; within the
sandstones there are intercalated thin layers of gravels and
boulders. The top of the Mauensee section is formed of
black marls, sandstones and mudstones, with freshwater
and terrestrial molluscs.

The Schmiedrued section is similar to the Mauensee sec-
tion because it is made up of sequences consisting of marine
siliciclastics as well, which are separated by a 4-m thick
mudstone—limestone complex containing freshwater and
terrestrial molluscs. In addition, the Schmiedrued section
shows that there is an erosive contact at the base of the
thin conglomerate layer overlying the mudstone—limestone
complex.

Materials and methods
Sample preparation

A total of 660 kg sediment was collected by J.J. from ten
beds of the Mauensee section (Table 1); of this material,
300 kg came from bed 52. About 100 kg sediment was
collected from the Schmiedrued section. The samples were
disaggregated first by being treated with gasoline. They
were then washed through 0.3, 0.4, 0.5 and 1.0 mm sieves,
and all microfossils recovered were picked out under a
stereomicroscope. With one exception, all of the size frac-
tions were picked for all of the samples; the exception was
the 0.3-0.4 mm fraction from bed 52, which was picked
only partly. The fossils recovered from the Mauensee sam-
ples included charophytes, seeds, bryozoans, bivalves, gas-
tropods, ostracods, fish remains (otoliths, teeth), the re-
mains of amphibians and reptiles, and mammal teeth. For
the purpose of the present paper, only fish remains and
mammal teeth have been studied in detail. The remain-
ing elements of the biota will be described in a separate

paper.

Biostratigraphy

The biostratigraphy of non-marine sections in the Molasse
Basin is based mainly on small mammals, charophytes
(e.g., Berger 1999), and fish otoliths. For the Mauensee
and Schmiedrued sections, the mammal and otolith
zonations were applied. Among the mammals, it is
mainly the rodents that are important; among the fishes,
the cyprinodontiform and perciform taxa are especially
useful. The mammal zonation is based generally on the
MN-biostratigraphy described by Mein (1975, 1989).
More detailed mammal zonations are also available for the
Swiss and Bavarian Molasse (Engesser and Modden 1997;
Kilin 1997; Heissig 1997), but only in Switzerland these



Fig. 2 The Mauensee section:
the sediments, fossils, and bed
numbers.
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zonations are supported by magnetostratigraphic data (e.g.,
Kempf et al. 1997). The otolith zonation was established
by Reichenbacher (1999) for non-marine aquatic deposits
in the western Paratethys, in which classical marine micro-
fossils are absent and terrestrial mammal fossils are rare.
This otolith zonation can be calibrated against the mammal
zonation, and it has been successfully applied by Modden
et al. (2000), Uhlig et al. (2000) and Reichenbacher et al.
(2004a, b).

Palaeoecology

The palacoecology of fossil mammals and fish species
can be reconstructed readily, provided that the assump-
tions involved in the actualistic method are valid: these are
that a fossil species required similar ecological conditions
to the nearest-related Recent species. The actualistic ap-
proach is especially well suited for Miocene and younger
palaeo-ecosystems, because close relationships exist be-
tween many fossil and Recent species.

Stable isotope analysis

Stable oxygen and carbon isotopic compositions of Gobius
otoliths were measured in order to try to get a better under-
standing of that genus’ palaeoecology (n=18; see Table 2).
The consistency in the composition of the aragonite of
the otoliths from the Mauensee section was demonstrated
using Fourier Transform Infrared spectroscopy (FTIR).
This enabled diagenetic alteration of those otoliths to be
ruled out. Each sample used for the stabile isotope study
was a single complete otolith weighing 0.15-0.3 mg. The
otolith was first washed in an ultrasonic bath with distilled
water, air-dried, and finally examined under a binocular
microscope to ensure that no sedimentary matrix has re-
mained. The isotopic measurements were carried out using
a THERMO/Finnigan MAT Delta-plus isotope ratio mass
spectrometer coupled to a THERMO/Finnigan Gasbench
II sample preparation unit. The isotope ratios are given
in the conventional delta notation (8'°C/8'30) relative to
VPDB (Vienna PeeDee Belemnite standard). The standard
deviation for repeated measurements of laboratory standard
material (limestone) is better than 0.10%o, for both stable
oxygen and carbon isotopes.

Results and interpretation
Biostratigraphy

Detailed mammal-based zonation of the Miocene is
generally best carried out using the extinct rodent
group eomyids, especially the genera Ligerimys and
Keramidomys. However, representatives of this group are
not found in the Mauensee section. Age control can be
obtained instead by using the size-evolution of the hamster
Megacricetodon. The First Appearance Datum (FAD)

of Megacricetodon collongensis falls in mammal zone
MN4b, thus the presence of this species in the Mauensee
section shows that the section is not older than MN4b.
The M. collongensis—M. lappi lineage (which is based
on rapid size-evolution with distinctly enlarged molars)
can be used for more detailed age control (Fig. 3). The
M. collongensis specimens from the Mauensee section are
smaller than those from the Hirschthal locality in Aargau
in central Switzerland (Hiirzeler 1932); consequently
they can be taken to be slightly older than those from
Hirschthal. It is in Hirschthal that the so-far biggest (and
therefore youngest) specimens of the eomyid Ligerimys
florancei have been found (Engesser 1990). This species is
an index species for MN4, therefore Hirschthal represents
the so-far youngest part of MN4b. This suggests that the
Mauensee section is also of Late MN4b age, although—as
mentioned—it is slightly older than Hirschthal.

According to lithostratigraphic, biostratigraphic and
magnetostratigraphic data, mammal zone MN4b ranges
from the Late Ottnangian up into the Early Karpatian (e.g.,
Steininger 1999). The otolith zonation allows paperthe
separation of the Ottnangian part of MN4b from the Karpa-
tian part of MN4b. The index fish fossil for the Ottnangian
is the glassfish Dapalis formosus; its FAD and LAD define
the Ottnangian otolith zone OT-M4 (Reichenbacher 1999).
The Karpatian is characterized by the otolith zone OT-M5
(older part), which includes the FAD of Gobius latiformis
and the co-occurrence of G. latiformis and Hemitrichas
martinii; this latter species dies out during the Early
Karpatian (Reichenbacher et al. 2004a). G. latiformis
and H. martinii are present in both the Mauensee and
Schmiedrued sections, but there are no species of Dapalis
there (Table 1; Fig. 4). Consequently, the oligohaline
intercalations in the Mauensee and Schmiedrued sections
belong to the otolith zone OT-MS5 (older part), which
correlates with the Early Karpatian. It should be stressed
that the absence of Dapalis is not due to specific ecological
conditions, because the ecology of the Mauensee fish
fauna (without Dapalis) and that from the Upper Brackish
Molasse (with Dapalis) can be considered as very similar
due to the accompanying fauna and flora (Reichenbacher
1989, 1993). Moreover, the occurrence of the carp species
Palaeocarassius mydlovariensis supports a Karpatian
age for the Mauensee and Schmiedrued sections because
this species is restricted to the Karpatian (Bohme and
Reichenbacher 2003).

Palaeoecology of the mammals and the fishes

The mammal fauna found in beds 46 and 52 in the
Mauensee section includes just nine species; it is therefore
of low diversity. The most abundant species is the ham-
ster Megacricetodon collongensis. Other species include
the glirid Miodyromys aff. aegercii and the lagomorph Pro-
lagus oeningensis. The remaining taxa are rare: Galerix sp.,
Soricidae indet., Talpidae indet., Insectivora indet., another
indeterminate cricetid, and Heteroxerus. Mammal faunas of
the same age are known from several localities in the Upper



Table 1 The fish fauna from the Mauensee section. Species that
also are present in Schmiedrued are marked with *. N, number
of specimens; x, some hundred specimens of pharyngeal teeth; cf.,
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determination on the species-level questionable. OSM, Upper Fresh-
water Molasse (“Obere Siilwassermolasse”).

Upper Marine Molasse (OMM) OSM
marine| lacustrine-oligohaline ?2 | marine lac.-oligoh.
Number of layer 24 46 47 49 52 54 56-58 63 80 82
Amount of sample (kg) (50) | (70) | (80) | (10) | (300) | (10) | (70) (30) | (20) | (20)
Dasyatlis sp. 1
Dasyatis cf. rugosa | | ' 2 |
Rhinobatos sp. _ 2
Scyliorhinus sp. 1 ‘ ‘ ‘
Synodontaspis acutissima 1
Synodontaspis sp. ‘ ‘ 1 ‘
Carcharhinidae indet. 1 2
Selachier indet. A | e |
Palaeocarass. mydlovariensis X cf. X _ cf.
Palaeoleuciscus sp. ‘ X X ‘ X ; X ‘ X
Leuciscinae indet. X
* Cyprinidae indet. (Lapilli) | 33 | 100 | 2 | 1050 1 |
Mugil sp. 2
* Hemitrichas martinii | 13 | 40 | 4 | 1800 | 2cf. | 6
* Prolebias weileri 10 16 1 680 _ 8 6
* Aphanolebias konradi | 7 | 19 | 680 | 15 | 20
* Gobius latiformis /div. spec. 71 270 17 | 10700 27 39
* Channa elliptica / sp. juv. | 112 | 2127 | I
Channa n.sp. 2 5 2

Marine Molasse, e.g., from Tégernaustrasse, Hiienerbach,
Hubertingen, and Hirschthal (Bolliger 1992; Kilin 1997).
These faunas have a much higher diversity, however, and
thus special environmental conditions for the Mauensee
mammals must be postulated.

Mammal faunas of similar composition and similarly
low diversity are known from the Upper Badenian lake
sediments of Le Locle (Kilin et al. 2001). In these fau-
nas the dominant taxa also include one hamster species
(Megacricetodon minor), one glirid (Miodyromys aegercii)
and one lagomorph (Prolagus). At Le Locle—just as in
the Mauensee section—rodent groups that are supposed
to have lived in forests are either completely missing (the
eomyids) or are rare (the sciurids and glirids). Moreover,
the mammal-bearing sediments of Le Locle are very sim-
ilar in their lithofacies to those of the Mauensee section.
Kilin et al. (2001) postulated for Le Locle a large lake in a
savanna-like landscape. Therefore, we assume that a large
lake may also have existed in the Mauensee area in a more
or less similar environment. Nevertheless, the question re-
mains of how the mammal fossils were transported into the
lake sediments. It may be that the mammals lived on islands
in the lake, or it may be that they were the food remains of
predators such as of crocodiles or birds.

The fish fauna found in the Mauensee section (Table 1)
can be regarded as autochthonous because (a) delicate shark
teeth and aragonitic fish otoliths are mainly well preserved,
and (b) there is no evidence of size-sorting. Teeth of sharks
and rays were recovered from the sandstone beds 24, 56
to 58, and 63. The occurrence of these fossils indicates a
marine environment during the deposition of these beds, a
conclusion which is supported by the presence of bryozoans
and barnacles. Other fish remains, especially otoliths, are
missing in these beds. This, however, is probably a re-
sult of taphonomic processes, because in siliciclastic sedi-
ments, aragonitic otoliths are often destroyed by corrosion.
Otoliths are abundant in the marls of the beds 4652 that
have yielded the mammals, and also in the marls at the
top of the Mauensee section (Table 1). The bulk of these
otoliths belong to small fishes like the gobies Gobius dopp-
leri, G. gregori, G. latiformis, G. aff. multipinnatus, the
atherinid Hemitrichas martinii, and the tooth-carps Pro-
lebias weileri, Aphanolebias konradi and A. gubleri. Fur-
thermore, three species of carps could be recognized based
on pharyngeal teeth and otoliths: these are Palaeocarassius
mydlovariensis, Palaeoleuciscus sp., and Leuciscinae. Big
predatory fish species like the snakehead (Channa) and the
grey mullet (Mugil) are rare.
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Fig. 3 Size increase of the first
lower molar (m;) within the

lineage Magacricetodon 1.0 5
collongensis (Mein 1958) — M. 1
bavaricus Fahlbusch, 1964 — M. -
aff. bavaricus — M. lappi (Mein 1.40 7
1958). The oldest member M. ] 0
collongensis develops into the 1
distinctly larger M. bavaricus 1.30 ] m 1
(Lower MNS5), and subsequently . ’ j
into M. lappi (terminal MNS). ]
(L, length; W, width). 1.20 —: MN 5 (upper) A@ t\ } 4
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110 3 MN 5 (middle) N e Va2
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. auensee
0.80 -
: 1 mm
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@ Vieux-Collonges* MN 5 (uppermost’) M. lappi n= 100
A Ramisgraben MN 5 (upper) n= 20
® Vermes 2 MN 5 (upper) n= 1
* Vermes 1 MN 5 (middle) M. aff. bavaricus n= 18
® Tobelholz MN 5 (middle) n= 5
N Hullistein MN 5 (middle) n= 24
A Oberkulm-Samlen MN 5 (lower) n= 19
® | angenmoosen* MN 5 (lower) M. bavaricus n= 34
O Buchberg MN 5 (lower) n= 24
4 Hirschthal MN 4b n= 7
® Mauensee MN 4b M. collongensis n= 6
O Huenerbach MN 4b n= 5
< Hubertingen MN 4b n= 8

* typ localities:

Vieux-Collonges, Megacricetodon lappi
Vieux-Collonges, Megacricetodon collongensis
Langenmoosen, Megacricetodon bavaricus

! karstic fissure filling with both MN 4 and MN 5 (uppermost) age.

The fish fauna from beds 46 to 52 does not contain
any stenohaline marine species, as even the grey mullet is
known to migrate occasionally from the sea into rivers and
other freshwater habitats. In contrast, so-called freshwater
fish are abundant in the fauna, such as the carp species
and the snakehead (cf. Gaudant et al. 2002; Sach et al.
2003; Bohme 2004). However, the co-occurrence of gob-
ies, atherinids, and tooth-carps is indicative for an oligoha-

line environment (see Reichenbacher 1993) with a salinity
of about 0.5-3.0 g 17!, It is known from recent habitats
that many so-called freshwater molluscs and fish are able
to survive also in oligohaline waters (Remane 1958). Thus
it can be assumed that the “freshwater”’-fish and the other
“freshwater” biota from the Mauensee and Schmiedrued
sections could also thrive in an oligohaline water
body.



Fig. 4 The biostratigraphically most important fish species Gobius
latiformis (1-2) and Hemitrichas martinii (3—4) from the oligoha-
line intercalations in the Mauensee and Schmiedrued sections. SEM-
pictures of a left sagitta (3) and three right sagittae.

The fish assemblage from the overlying Upper Fresh-
water Molasse is almost identical with that from beds 46
to 52. The lowest Upper Freshwater Molasse therefore
corresponds again to an oligohaline habitat, despite the
appearance of the “freshwater” biota. Similar oligohaline
conditions have been described for the lowermost Upper
Freshwater Molasse near Lake Constance (Reichenbacher
1993).

Four pieces of evidence suggest that the environment
in which the sediments of the Mauensee section were
laid down was a large lake: (1) the high diversity of the
fish fauna from beds 46 to 52, (2) the presence of several
sympatric benthic Gobius species, (3) the abundance of
different pelagic fishes (three species of tooth carp, one
atherinid), (4) the occurrence of three top predators (two
Channa species and the grey mullet). The Mauensee fish
fauna is much more diverse and complex than that from
the lake at Le Locle. There are no small pelagic fishes
at Le Locle, and among the benthic species only Gobius
latiformis has been found (Reichenbacher and Weidmann
1992). The Mauensee lake obviously was larger and
deeper than the Le Locle lake, and thus was capable
of supporting many more habitats and complex food
chains.

In summary, the fish and mammal faunas from beds 46
to 52 evidence a change from a marine environment to
an oligohaline lake within the Karpatian Upper Marine
Molasse. The connection to the open sea obviously was
interrupted, and the remaining water body freshened
rapidly due to precipitation and river inflow. The fact
that the oligohaline deposits are thin suggests that this
event probably was short. Subsequently, there occurred
a flooding from the sea, and the oligohaline lake became
again marine (beds 56-70).
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Stable isotope data

For stable isotope investigation exclusively diagenetically
unaltered otoliths were used (see methods).

Saccular otoliths (also termed sagittae) grow incre-
mentally within the auditory system of teleost fish, and
they display daily and yearly bands (e.g., Woydack and
Morales-Nin 2001). Thus they preserve a record of the
fish’s growth rate, environmental parameters such as
temperature and salinity, and metabolic state (e.g., Wurster
and Patterson 2001). Kalish (1991a, b), Patterson et al.
(1993), and Thorrold et al. (1997) have demonstrated that
the 8!80-values of saccular otoliths are closely comparable
to the 3'®O-values of the ambient water body. In contrast,
the 3'*C-values of saccular otoliths are not only controlled
by the ambient water body, but also by metabolic effects
and somatic growth of the fish and also by the otolith
precipitation rate (Kalish 1991a, b; Gauldie 1996; Thorrold
et al. 1997).

The saccular otoliths of gobies are well suited for oxygen
isotope studies in Molasse deposits, for two reasons. First,
gobies are benthic fishes and do not migrate much; thus
the 8'30-values of goby otoliths reflect the salinity and
temperature of a water body well. Second, goby otoliths
are the most abundant otoliths in the Miocene Molasse,
which makes possible the collection of sufficient numbers
of otoliths that enable statistical analysis of isotopic data.

Table 2 summarizes the results of the stable isotope anal-
ysis. The mean §'80-values of the goby otoliths from beds
47 and 52 are about —2.0%cand the mean §'*C-values are
about —7%o. The standard deviations are comparable with
those found in a similar study of otoliths from an Eocene
lake (Grimes et al. 2003).

When comparing the §!80-values from the Mauensee
section with data from other Molasse sections, it is impor-
tant to keep in mind that the oxygen isotopic composition
depends both on salinity and on water temperature. Salinity
effects can be seen by comparing the 3'80-values from the
Mauensee section (oligohaline) with those from the time-
equivalent Bodman section (freshwater) in the southwest
German Molasse Basin (Reichenbacher et al. 2004a). The
goby otoliths from Mauensee are about 1%cenriched in'30
compared to those at Bodman (Table 2), which could re-
sult from a warmer water body and/or a higher salinity at
Mauensee. However, it can be assumed that the water body
at Mauensee was not warmer (compared with Bodman)
because the climatic conditions and the air and water tem-
peratures should have been similar at both places referring
to their geological situation, similar lake environment and
water depth and time equivalence. Instead, the enriched'*O-
values at Mauensee should reflect the higher (oligohaline)
salinity there, as indicated by the palaecoecological inter-
pretation of the fish fauna.

The §'3C-values of the goby otoliths from Mauensee are
about 3%olighter than those from Bodman, and they are
also lighter than those from Illerkirchberg (Table 2), a lo-
cality for which water of the same salinity can be assumed.
It has been hypothesized that §!3C-values of otoliths
are strongly influenced by the trophic structure of the
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Table 2 Stable isotope analyses: mean values and standard devia-
tions for the measured samples from the Mauensee section (beds 47
and 53) and from sections in the southwest German Molasse Basin

(Reichenbacher et al. 2004a). OMM, Upper Marine Molasse; OSM,
Upper Freshwater Molasse; OBM, Upper Brackish Molasse.

This study Samples (n = number of otoliths) 3130 (in %0) 813C (in %o)
OMM Mauensee, bed 47: Gobius sp. (n=5) —1.81+0.83 —6.75+2.53
OMM Mauensee, bed 52: Gobius sp. (n=13) —2.09+0.73 —7.85+1.22
Data from Reichenbacher (2004a)

OBM Illerkirchberg: Gobius sp. (n=3) —0.75£1.90 —4.440.80

OSM Bodman: Gobius sp. (n=5) —2.84+1.40 —4.0£1.20

ambient water body (e.g., Kalish 1991a, b; Reichenbacher
et al. 2004a). Moreover, there has been found a positive
correlation between 8'3C-values in biogene carbonates
and productivity (e.g., Mutti and Hallock 2003). Therefore
the low 8!'3C-values of the Mauensee goby otoliths may
indicate an oligotrophic structure for the Mauensee lake.

Discussion and conclusion

The biostratigraphic analysis of mammal and fish faunas in-
dicates an Early Karpatian age for both the Mauensee and

Age and lithostratigraphy in central
Switzerland, MN-units and Swiss
reference faunas (Kalin 1997)

Mammal and otolith-
bearing sites in Switzerland

the Schmiedrued sections. Palaeoecological study of the
mammals and the fish points to a thin but significant oligo-
haline intercalation within the marine sediments in both of
the sections; this is additionally confirmed by analysis of
the oxygen isotope composition of the fish otoliths from
the Mauensee section. Thus it is obvious that the marine
connection to the open sea was interrupted during the time
of this oligohaline intercalation, leaving behind an isolated
lake.

Two different events could be responsible for the change
from marine to oligohaline and again to marine conditions:
(1) a sedimentological “event” or (2) a sea-level change due

Age, lithostratigraphy, otolith-zonation
and mammal and otolith-bearing sites
in southern Germany (Reichenbacher et al. 2004a)
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Fig.5 Age, lithostratigraphy, biostratigraphy and correlation of the Late Ottnangian and Karpatian Molasse deposits from central Switzerland
to southern Germany. Note the diachronous beginning of the Upper Freshwater Molasse.



to eustatics or tectonics. A sedimentological event might
have happened if some large near-coastal water body had
become isolated as a result of coastal sedimentation pro-
cesses (e.g., storms). In that case, the change back to marine
conditions was due to the re-opening of the connection be-
tween this bay (now a lake) and the sea. On the first glance,
this explanation seems reasonable because the sections rep-
resent a near-shore environment at the eastern margin of the
Napf fan-delta, where high sediment supply might have cre-
ated a restricted lagoonal environment that developed into
an oligohaline lake. In this case, no tectonic or eustatic event
would be involved and the marine-oligohaline-marine se-
quences of the Mauensee and Schmiedrued sections would
not be correlative with any other event in the Molasse Basin.
However, the fish assemblages in the oligohaline sedi-
ments do not support a locally restricted, near-shore lagoon,
because in such an environment also stenohaline-marine
fishes and a variety of marine-euryhaline species would
be expected. Instead, a diverse oligohaline to freshwater
fish fauna is present in Mauensee and Schmiedrued. It con-
tains freshwater taxa (e.g., Palaeocarassius mydlovarien-
sis, Aphanius konradi, A. gubleri) that are widespread from
southwest Germany to central Switzerland (Reichenbacher
1993; Reichenbacher et al. 2004a). Such a fish fauna in-
dicates an extended inland water system, and some dis-
tance from the coast. Consequently, it seems to be a more
probable explanation that the marine-oligohaline-marine
sequence was due to a sea-level change, which caused a
vast regression in central Switzerland, and which was fol-
lowed by a recurrent transgression. In that case, a correla-
tion with other sections in Switzerland and probably also
in the southwest German part of the Molasse Basin should
be expected, which will be discussed in the following.

In eastern Switzerland, the St. Gallen Formation (this
includes the younger part of the Upper Marine Molasse)
consists of three small cycles, each of them starting with
coarse conglomerate flows and ending with a regressive
sequence of fine-grained clastics and a subsequent hiatus
(Keller 1989; Schlunegger et al. 1997b). For the present
study, the second and third of these small cycles are the
most interesting ones. Conglomerate beds, derived from
the Napf and Hornli fans, characterize the beginning of
the second small cycle. Such conglomerates appear also
within the Baltringen Beds in southwest Germany, and
on this basis it has been suggested that the second small
cycle of the St. Gallen Formation correlates with the
Baltringen Beds and the overlying “Fine Sand Series”
(Hofmann 1967; Biichi and Schlanke 1977; Lemcke
1985). The subsequent hiatus may then correspond to
the terrestrial period in southwest Germany during which
the “Graupensandrinne” was incised (Schreiner 1966;
Hofmann 1967). The third of the St. Gallen Formation
small cycles starts with the coarse conglomeratic flows
of the so-called “Grenznagelfluh” (e.g., Biichi 1955). The
pebbles and boulders in these flows derive mainly from
the Napf fan, and they are widely distributed; for instance,
they are found near Lake Constance, where they outcrop
at the base of the Kirchberg Formation of the Upper
Brackish Molasse (e.g., Werner 1975; Schreiner 1976).
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Consequently, the Kirchberg Formation of the Upper
Brackish Molasse has been correlated with the third St.
Gallen Formation small cycle (Biichi and Schlanke 1977;
Reichenbacher 1993). Recent bio- and chronostratigraphic
data additionally support this correlation, as the third
St. Gallen Formation small cycle has been dated as
Late Ottnangian to Early Karpatian (Schlunegger et al.
1997a), and the Kirchberg Formation as Late Ottnangian
(Reichenbacher et al. 1998). Up to date, the third St.
Gallen Formation small cycle was not known from the
Molasse Basin of central Switzerland, probably due to the
lack of biostratigraphically dated sections. It should be
added that Gall (1975) had proposed the occurrence of
a third small cycle in southwest Germany and along the
southern border of the Suebian Alb. However, this small
cycle, which appears according to Gall (1975) within the
“Fine Sand Series”, has never been studied with regard to
its biostratigraphy or basin-wide correlation. At present, it
can only be speculated if it is a lateral facies equivalent of
the Kirchberg Formation of the Upper Brackish Molasse or
if the Kirchberg Formation is then a younger, fourth cyle.

As the Mauensee and Schmiedrued sections are evidently
of Early Karpatian age (on the basis of their mammal and
fish faunas), they seem correlatable with the third small
cycle of the St. Gallen Formation in eastern Switzerland
(on the basis of the litho-, bio- and chronostratigraphy
discussed earlier). Consequently, the oligohaline interca-
lations in the Mauensee and Schmiedrued sections can
be interpreted as belonging to the regressive phase of the
third St. Gallen Formation small cycle.

The fish fauna from the oligohaline strata at Mauensee
and Schmiedrued is of the same age as the fish fauna from
the lowermost Upper Freshwater Molasse in southwest
Germany (Reichenbacher et al. 2004a: Bodman locality).
Thus it can be assumed that the regressive phase of the
third St. Gallen Formation small cycle may have caused the
beginning of the lowermost Upper Freshwater Molasse sed-
imentation in eastern Switzerland and southwest Germany
(Fig. 5). The marine sequence above the oligohaline strata
at the Mauensee and Schmiedrued sections apparently rep-
resents a previously unknown fourth St. Gallen Formation
cycle, which took place during the Karpatian. According
to Hardenbol et al. (1998), these third and fourth St. Gallen
Formation cycles happened during globally transgressive
times. The fourth cycle might perhaps indicate a Karpatian
transgression from the Mediterranean Sea, which has not
previously been recognized. As no equivalent marine sed-
iments are known from eastern Switzerland and southern
Germany, this Karpatian transgression would evidently
have reached only into the area of central Switzerland.
This stopping of the transgression there would possibly
have been due to the palacotopography; tectonic activity
is unlikely to have been responsible, because it was low
at that time (Kempf and Matter 1999; Schlunegger et al.
2001; Hay et al. 2002). It may be the presence of a marine
area in central Switzerland in the Karpatian that explains
why the terrestrial sedimentation of the Upper Freshwater
Molasse began at different times in southwest Germany
and eastern Switzerland and in central Switzerland.
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