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Abstract The Wilhelmine Alpe section near Immenstadt
(Allgäu, south Germany), which represents one of the
best continuously exposed outcrops within the northern
Alpine foreland basin, has been analyzed for magneto-
stratigraphic and palynostratigraphic signals. The sec-
tion comprises the marine-to-terrestrial transition from
Lower Marine (UMM) to Lower Freshwater Molasse
(USM) sediments. Based on the correlation of the local
magnetic pattern with the geomagnetic polarity time-
scale (GPTS) and palynostratigraphic data, an age of
about 31 Ma is suggested for the UMM–USM transi-
tion in the Wilhelmine Alpe section. A comparison with
coeval magnetostratigraphic sections from central and
eastern Switzerland indicates that the regression of the
UMM sea along the southern margin of the Molasse
basin occurred strongly heterochronously between 31.5
and 30 Ma. The heterochroneity is attributed to the
deposition of fan-delta and alluvial fan sediments which
document that the overall marine conditions during the
UMM were accompanied by strong clastic input derived
from the rising Alps. This clastic contribution had a
much stronger influence on the depositional pattern than
previously thought.
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Introduction

The northern Alpine foreland basin ranges among the
best-investigated foreland basins worldwide. Its deposi-
tional history begins with deep-marine Flysch sediments
of Early Tertiary (Paleocene to Early Oligocene) age,
followed by Mid-Oligocene to Miocene shallow-marine
and continental Molasse deposits (Matter et al. 1980;
Herb 1988; Sinclair et al. 1991).

For a long time, geological research has focussed on
their potential for hydrocarbon production (e.g. Lemcke
1967; Bachmann et al. 1982), but also on their relevance
for groundwater management in a relatively densely
populated area (Keller 1992). During the last decade,
northern Alpine foreland basin studies have increasingly
concentrated on elucidating the interaction of orogenic
processes with coeval stratigraphic foreland basin evo-
lution (Sinclair et al. 1991; Sinclair and Allen 1992). As a
prerequisite, these studies depend critically on a well-
established stratigraphic framework.

Radiometric data are scarce for the basin sediments
from the northern Alpine foreland. Radiometric ages,
derived from U–Pb dating of zircons, are only available
for three bentonite horizons in the youngest Molasse
deposits of the Zurich area (eastern Switzerland), rang-
ing between 15.3 and 14.2 Ma (Gubler et al. 1992).
Biostratigraphy, on the other hand, has been intensely
applied for regional correlation within the Molasse ba-
sin, and resulted in a regional biostratigraphic zonation
based on micro-mammal faunas (Engesser and Mayo
1987; Engesser 1990), on charophytes (Riveline et al.
1996; Berger 1999) and on otoliths (Reichenbacher
1999). However, especially for the Oligocene deposits,
these data are scattered throughout the basin and a
reliable correlation is often hindered by the poor pres-
ervation of these fossil remains in high-energy environ-
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ments of alluvial fans and river systems or deltaic and
coastal facies zones.

Palynological analyses using organic-walled dinofla-
gellate cysts (dinocysts), which have a high potential to
provide biostratigraphic control and palaeoenviron-
mental information on marginal marine settings from
the Late Triassic onwards (e.g. Stover et al. 1996; Pross
et al. 2004; Sluijs et al. 2004) have yet only scarcely been
carried out on sediments from the northern Alpine
foreland basin (Hochuli 1978; Köhler 1991; J. Pross,
unpublished data).

Similarly, it is only recently that palaeomagnetic
techniques have yielded a very refined temporal corre-
lation of different sections from that region (Burbank
et al. 1992; Schlunegger et al. 1996; Kempf et al. 1997,
1999; Kempf and Matter 1999; Strunck and Matter
2002). This led to a better understanding of the dynamic
stratigraphic evolution and the coupling of depositional
and tectonic processes during the Oligocene and Middle
Miocene (ca. 32–13 Ma; Schlunegger et al. 1997, 1998;
Kempf et al. 1999).

Of particular relevance for palaeogeographic recon-
structions is the evolution of the depositional pattern in
the Molasse basin in response to eustatic sea level fluc-
tuations and sediment supply. In the Molasse basin, two
shallowing-upward megasequences of marine to terres-
trial sedimentary environments are present. These mar-
ine-to-terrestrial environmental changes were classically
interpreted to have resulted from sea level fluctuations
(Lemcke 1984; Bachmann and Müller 1991, 1992).

Alternatively, focussing on the sediment supply from
the Alps into the northern foreland, quantitative at-
tempts were carried out by Kuhlemann (2000), Schlu-
negger and Hinderer (2001), Schlunegger et al. (2001) to
better understand the changing sediment transfer over
time. According to these papers, terrestrial sedimenta-
tion corresponds to strongly increased sediment input,
whereas marine sedimentation occurred when terrige-
nous input was low (Kuhlemann 2000). Thus, sediment
budget estimates favour sediment supply as preferred
control for the depositional pattern (Kuhlemann and
Kempf 2002). Hence, to provide valuable information
on the controls on sedimentation, high-resolution
chronostratigraphy is required for the marine-to-terres-
trial transition.

Based on data resulting from an integrated mag-
netostratigraphic and palynostratigraphic approach, this
paper aims to provide new insights into the age and
nature of the transition from marine to terrestrial con-
ditions in the older megasequence [Lower Marine and
Lower Freshwater Molasse (UMM, USM)] of the
northern Alpine foreland.

Geological framework and age control

The largely undeformed part of the north Alpine
foreland basin, the Molasse basin (Oligocene to Mio-
cene), stretches along the northern front of the Alpine

orogen from Geneva (Switzerland) in the southwest
across Switzerland and southern Germany to Vienna
(Austria) in the northeast over about 700 km. The
wedge-shaped basin fill is >4 km thick at the southern
basin margin and feathers out towards the north. A
narrow zone of deformed thrust sheets along the
southern basin margin formed partially during Molasse
deposition in the course of late Alpine convergence
during Late Oligocene to Middle Miocene times
(Matter et al. 1980).

In the western part of the Molasse basin, sediments
can be attributed to two shallowing-upward megase-
quences that are composed of four lithostratigraphic
groups (Fig. 1; Matter et al. 1980; Lemcke 1988). These
are the UMM and USM at the base and, following a
transgression, the Upper Marine and Upper Freshwater
Molasse (OMM, OSM). In the exclusively terrestrial
(‘‘freshwater’’) environments, alluvial fan deposits
formed along the southern basin margin, whereas fluvial
and lacustrine sediments were deposited in the more
central and external parts of the Molasse basin. The
marine units consist of mostly shallow marine silicic-
lastics deposited in tidal and storm-influenced environ-
ments. Near the Alpine front, alluvial fan and fan delta
deposits interfinger with the marine sediments. South of
Munich, a deltaic complex formed in the transitional
zone between the terrestrial USM in the west and the
marine deposits in the east during the Late Oligocene to
earliest Miocene, the Lower Brackish Molasse or Cyre-
na-Beds (Geissler 1975; Barthelt 1989). In the following,
we focus on the UMM of the western part of the basin
with emphasis on its transition to the USM.

A Rupelian age is generally assumed for the middle
and upper (younger) parts of the UMM (Frei 1979;
Habicht 1987), although a Chattian age cannot be ex-
cluded (Lemcke 1988). However, as lithostratigraphic
units are obviously facies-dependent, temporal varia-
tions in the age of the UMM/USM boundary due to
facies migration are very probable (Diem 1986a).

Biostratigraphic information derived from mammals,
charophytes and otoliths indicates a Chattian age for the
brackish Cyrena-Beds of the Bavarian Molasse basin
(Mammal Paleogene Zone MP 24; Uhlig et al. 2000)
corresponding to the UMM–USM transition in this part
of the Molasse basin. Only recently, the UMM–USM
transition in the Bavarian Molasse (Penzberg Syncline)
has been dated biostratigraphically to 28–29 Ma
(Reichenbacher et al. 2004).

Chronostratigraphic methods, in contrast, provide
facies-independent age information. For the Swiss Mo-
lasse basin, this has been demonstrated by magneto-
stratigraphic studies (Schlunegger et al. 1996; Kempf
and Matter 1999). Ages derived from the correlation of
magnetic sections with the global polarity time scale
(Cande and Kent 1992, 1995) were constrained by well-
defined micro-mammal faunas within the sections. This
resulted in a basin-wide applicable calibration chart
(Schlunegger et al. 1996; Kempf et al. 1997; Strunck and
Matter 2002). However, the calibration of mammal data
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is only available from ca. 28–13 Ma (USM–OSM).
Hence, older strata, such as those comprising the
UMM–USM transition, largely lack direct biostrati-
graphic constraints.

A global sea level drop at the onset of the Chattian
causing an UMM regression towards the east has been
suggested by many authors (Lemcke 1988; Bachmann
and Müller 1992; Zweigel et al. 1998). This sea level drop
around 28.5 Ma (Haq et al. 1987; Abreu and Anderson
1998) is interpreted as one of the most drastic eustatic
events in earth history (Lemcke 1988; Harland et al.
1990).

The Wilhelmine Alpe section

The studied Wilhelmine Alpe section is located in the
folded Molasse (‘‘Faltenmolasse’’) of south Germany
(Allgäu). There, the UMM is subdivided into three units
indicating a shallowing-upward trend in the depositional
realm (Fig. 2; Lemcke and Vollmayr 1971; Diem 1986b;
Scholz 1999, 2000). The basal Deutenhausener beds,
composed of turbiditic flysch-like mud-, silt- and sand-
stones, grade upwards into shelfal mud- and siltstones of
the Tonmergel beds (Switzerland: Grisigen marls). The
marine series terminates with the Baustein beds, a
regressive coastal sequence that mostly consists of silt-
and sandstones (Switzerland: Horw sandstones). On top,
terrestrial conglomerates and marls (USM) follow.

The investigated section is located near the Lower
Wilhelmine Alpe, a mountain hut ca. 12 km SW of

Immenstadt/Allgäu (Sect. 3 on Fig. 1). The section is
located at the southern margin of the southernmost
thrust sheet (‘‘Steiglenbach Mulde’’) of the deformed
Molasse (‘‘Faltenmolasse’’) in the Allgäu region. To the
south, the deformed Molasse is bordered by Flysch and
Helvetic nappes (up to Eocene/earliest Oligocene in age;
Bayerisches Geologisches Landesamt 1996). The Mo-
lasse beds are tilted, dipping ca. 60–90� north or, if
slightly overturned, south. A detailed description of the
Wilhelmine Alpe section has been provided by Lemcke
and Vollmayr (1971).

The lithostratigraphic log (after Diem 1986b) com-
prises most of the UMM (base is tectonically confined)
and the lowermost USM (Fig. 2). An overall shallowing
trend towards the top of the succession is indicated by
an increase in grain size. The entire section is about
270 m thick, but due to outcrop conditions, only the
upper 200 m (including the Tonmergel and Baustein
beds of the UMM and the basal USM) were sampled for
magneto- and palynostratigraphy.

Materials and methods

Magnetostratigraphy

A total of 26 sites were sampled along a continuously
exposed section for palaeomagnetic analysis; 25 within
the UMM and one in the USM (Fig. 2). Samples are
predominantly from grey, laminated and massive
claystones and rarely from siltstones. Five individual

Fig. 1 Geological overview of
the western part of the Molasse
basin and location of
investigated and discussed
sections. Modified after Keller
et al. (1990)
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specimens were sampled at each site and oriented in the
field. Bedding was measured at each site. In a pilot study,
representative samples from different stratigraphic levels
were thermally demagnetised (Fig. 3). Temperature steps
were 50� until 550�C and 30� until 640�C. The samples
were analysed using a cryogenic magnetometer with a
noise level of 3·10�5 A/m for �3 cm3 samples. After
each temperature step, the magnetic low-field suscepti-
bility was measured to identify any change of magnetic
minerals during sample processing (Fig. 3a).

Measurements of the magnetic susceptibility revealed
a strong increase at 300–400�C for some specimens
(Fig. 3a). This indicates newly formed magnetic miner-
als probably due to oxidation of sulfides (Butler 1992),
which may have formed under reducing depositional
conditions (see also Schlunegger et al. 1996). All mag-
netic directions measured above 300�C were therefore
excluded from our reconstruction of the local magnetic
polarity stratigraphy (MPS). Most specimens showed a
slight, unstable overprint below 200�C (Fig. 3b), which
may be interpreted as caused by the present-day earth
magnetic field. Demagnetisation above 200�C (Fig. 3b)

shows an intensity decrease and a stable demagnetisa-
tion path towards the origin, with the associated mag-
netic direction remaining stable until at least 400�C,
suggesting a characteristic remanent magnetisation.
However, because of the susceptibility increase begin-
ning around 300�C, as discussed above, the temperature
window for the thermal demagnetisation of the
remaining samples (i.e. not demagnetised during the
pilot study) was between 200 and 300�C. Directions were
determined for each site using three specimens for a site
mean direction for all temperature steps between 200
and 300�C; the site mean directions chosen in Fig. 4
yielded the best statistical parameters within the tem-
perature window for each site.

Palynology

The seven samples that were taken near sites sampled for
palaeomagnetics were subjected to palynological analy-
sis. All samples are from grey, laminated, partially silty
UMM claystones. Between 10 and 20 g of sample

Fig. 2 Lithostratigraphic log,
sample positions, and
magnetostratigraphic results
from the Wilhelmine Alpe
section. Lithostratigraphy after
Diem (1986b)
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material was processed following standard palynological
techniques (e.g. Pross 2001a). Briefly, the processing
procedure included carbonate and silica digestion
through hydrochloric (HCl) and hydrofluoric (HF)
acids, respectively, with rinsing through a 10-lm nylon
mesh after each step. If necessary, the recovered residue
was then treated with nitric acid (HNO3) to partially
oxidise the organic matter and with potassium hydrox-
ide (KOH) solution to remove humic acids. A short
ultrasonic treatment (5–10 s) helped to disperse the
residue. After thorough mixing to obtain homogeneity,
the residues were mounted on glass slides using glycerine
jelly as a mounting medium. A minimum of two slides
was prepared and semiquantitatively evaluated with re-
gard to their content of dinocysts using the following
categories: A = abundant, C = common, F = few, and
R = rare. To facilitate a broad overall characterisation
of environmental conditions, other accompanying
marine (i.e. acritarchs, prasinophytes) and terrestrial
palynomorphs (i.e. pollen and spores, freshwater algae)
were also registered.

Absolute ages for first occurrence datums (FOs) and
last occurrence datums (LOs) of dinocyst taxa are after
Williams et al. 2004) and are based on interpolations
between age control points in sections with magneto-
stratigraphic and/or radiometric age control. Dinocyst
taxonomy is in accordance with that cited in Williams
et al. (1998). Slides are stored in the collection of
the Institute of Geosciences, Tübingen University,
Germany.

Results and interpretation

Magnetostratigraphy

Of the 26 sites analysed, 23 resulted in well-defined
magnetic directions, three sites gave no interpretable
magnetic signals (either due to ambiguous directions or
too-weak magnetic intensities); site spacing was less than
10 m on average (Fig. 2). The resulting magnetic direc-
tions (in situ) were corrected for bedding (tilt-corrected).

Fig. 3 Magnetic properties of
pilot samples during thermal
demagnetisation: a magnetic
susceptibility, b natural
remanent magnetisation
(NRM) after tilt-correction
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A polarity was defined using three individual specimens
at each site. Class-1 sites were defined by k‡10, class-2
were defined by k<10 or by two specimens with k‡10
and unambiguous polarity (Fig. 2). In addition, an a95
error envelope was calculated for each of the virtual
geomagnetic poles (VGP) (Fisher 1953).

Twenty sites were classified ‘‘class-1’’ (87%) and three
sites were classified ‘‘class-2’’ (13%). The resulting VGPs
were reversed except for the uppermost two sites, which
revealed normal polarity (Fig. 2). Statistical parameters
(Fisher 1953) deduced from the VGPs (only ‘‘class-1’’)
showed an improvement from in situ to tilt-corrected
data, despite the limited statistical significance for only
two normal polarity sites (Fig. 4). According to the
geocentric axial dipole model, reverse and normal
polarity directions should be antipodal, and their incli-
nations should be in agreement with the latitude during
the time of magnetisation. Our data show that declina-
tions of averaged reverse and normal site mean direc-
tions are nearly antipodal after correction for tilt (1.0
and 184.4�; Fig. 4). However, the inclinations differ
significantly (26.3 and �63.1�; Fig. 4). While the incli-
nation of the reverse site mean direction revealed a
reasonable value for the given paleo-latitude (Oligocene,
e.g. Besse and Courtillot 1991), the inclination of the
normal site mean direction is obviously too shallow. One
possible explanation may be the small amount of data
(only two normal sites). Another likely reason may be an
overprint caused by the present-day earth’s magnetic
field. At present, because of the ca. 90� tilt of the UMM
beds, the earth’s magnetic field adds a normal compo-
nent, which is ca. 90� rotated in comparison with the
sample directions. The resulting magnetic vector (pres-
ent-day plus Oligocene component) would result in a

decrease of the inclination angle. Hence, the observed
deviation from the expected inclination angle of the
normal polarity sites are likely to be caused by the
present-day earth’s magnetic field, suggesting that this
overprint was not fully removed during thermal de-
magnetisation. This overprint apparently did not affect
(or was removed from) the reverse polarity sites. Hence,
due to the presence of two clearly distinct normal and
reverse polarities and the statistical improvement of the
data after tilt correction, we infer that the resulting
polarities are significant and represent the characteristic
magnetic signal of the sampled sites.

In conclusion, a reversed polarity can be seen in the
fine-grained deposits of the Tonmergel and most of the
Baustein beds (Fig. 2). The polarity change from re-
versed to normal occurs within the upper part of the
Baustein beds. The following terrestrial deposits show
normal polarity. The polarity change from reversed to
normal occurs therefore at the end of (but still within)
the UMM, shortly before the turn from marine (UMM)
to terrestrial (USM) sedimentation.

A robust correlation of the Wilhelmine Alpe section
with the GPTS based solely on magnetostratigraphic
data is problematic due to the occurrence of only one
polarity change and the section’s relatively short thick-
ness of about 200 m. Hence, a correlation based on the
reversal only is impossible. However, assuming reason-
able sedimentation rates for the UMM depositional
environment, and considering plausible age brackets for
the UMM deposits between the underlying Flysch and
overlying USM, three plausible correlations can be de-
duced for the investigated magnetic polarity stratigraphy
of the Wilhelmine Alpe section (Fig. 5). The correlation
of the reversed-to-normal polarity change is possible

Fig. 4 NRM statistical
parameters before (in situ) and
after correction for post-
depositional tilting (horizontal
fold axes)
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around 31 Ma (chrons 12r-12n), around 30 Ma (chrons
11r-11n.2n) and around 28.75 Ma (chrons 10r-10n.2n;
close to the early Chattian global sea level drop) (Cande
and Kent 1992, 1995; Berggren et al. 1995).

Palynologically deduced palaeoenvironmental signals
and palynostratigraphy

All processed samples contain both marine and ter-
restrial palynomorphs in good to moderate preserva-
tion (see Table 1 for an overview of results). The high
amount of palynoclasts (predominantly dark brown
and black wood particles) and the abundant to com-
mon occurrence of sporomorphs (predominantly
bisaccate pollen and trilete spores) in all samples indi-
cate a strong terrestrial influence on the depositional
environment throughout the section. The abundance of
terrigenous components in the palynological assem-
blages increases upsection, thus supporting the sedi-
mentologically derived observation of increasing
proximity of the depositional environment at Wilhel-
mine Alpe (cf. Chap. 3).

Dinocysts are present in all samples investigated
(Table 1). The number of taxa is highest in the samples
from the lowest part of the section. Its decrease upsec-
tion indicates a trend towards more marginal marine
conditions (if representing a primary signal), and/or
increasingly unfavourable depositional conditions for

organic-walled microfossils (if representing a secondary
signal). However, the presence of Impagidinium spp., a
genus indicative of open-marine environments (e.g.
Brinkhuis 1994) in samples Wil-1 and Wil-2 in combi-
nation with its absence in samples upsection supports
the view of increasingly marginal marine conditions
upsection.

Biostratigraphically, the samples investigated contain
dinocyst associations indicating an Early Oligocene
(Rupelian) age. A list of identified dinocyst taxa is given
in Table 1.

Based on the presence of Enneadocysta pectiniformis,
samples Wil-1, Wil-4, and Wil-7 are assigned an age of
36.5–29.3 Ma following the absolute ages given by
Williams et al. 2004. Additional age information is
available for Sample Wil-2; based on the FO of Retic-
ulatosphaera actinocoronata and the LO of E. pectini-
formis as given by Williams et al. 2004, this sample can
be dated at 35.1–29.3 Ma. Sample Wil-3 yields the most
detailed age data of all samples investigated based on the
presence of Areoligera semicirculata, which has a FO at
33.7 Ma and a LO at 30.2 Ma according to Williams
et al. 2004. Sample Wil-5 contains only long-ranging
dinocysts of little age-diagnostic value. Besides E. pec-
tiniformis, Sample Wil-6 has yielded findings of Wetz-
eliella gochtii. This taxon is widely considered as one of
the biostratigraphically most significant members of
Oligocene dinocyst assemblages, with an FO of 32.8 and
an LO of 26.6 Ma in mid-northern latitudes (see Pross
2001b, for a more detailed discussion and additional
references). Utilizing these data, sample Wil-6 can be
assigned an age between 32.8 and 29.3 Ma. However,
the LOs of W. gochtii in Europe are latitudinally
strongly diachronous, with earlier LOs in more southern
localities of Central and Western Europe and later LOs
in more northern localities. This extinction pattern can
possibly be explained by northward-directed palaeoce-
anographic changes in the gateway connecting the
Northwest European Tertiary Basin and the Tethyan
realm via the Rhône and Rhine grabens (Pross 2001b).
For the southern Rhine Graben, which is located ca.
200 km west of the Wilhelmine Alpe section and was
directly connected with the UMM sea (Kuhlemann et al.
1999), the LO of W. gochtii is estimated at around
31.2 Ma (Pross 2001b). This datum is based on a cali-
bration of the dinocyst data of Rauscher & Weiler
(1988) and Schuler (1990) to the nannoplankton zona-
tion age control available for the respective sections.
Based on the close vicinity of the Wilhelmine Alpe sec-
tion to the southern Rhine Graben, it seems reasonable
to assume a very similar LO of W. gochtii at both
sections. This would suggest an age of around
32.8–31.2 Ma for sample Wil-6.

Summarizing, the biostratigraphic results from sam-
ples Wil-1–Wil-7 are internally consistent and suggest an
age between 36.5 and 29.3 Ma. Samples Wil-3 and Wil-6
allow to further narrow down the time of deposition,
with Sample Wil-3 yielding 33.7–30.2 Ma and sample
Wil-6 (tentatively) yielding 32.8–31.2 Ma.

Fig. 5 Possible correlations of the magnetostratigraphic data from
the Wilhelmine Alpe section to the geomagnetic polarity timescale.
(Cande and Kent 1992, 1995). See text for discussion
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Timing of the UMM–USM transition in the Molasse
basin: a discussion

UMM–USM transition in the Wilhelmine Alpe section
(central Molasse basin)

The combination of magneto- and palynostratigraphic
data from the Wilhelmine Alpe section of the central
Molasse basin allows correlating the magnetic reversal
to the GPTS with great confidence. This, in turn, allows
dating the UMM–USM transition in this part of the
Molasse basin.

The palynomorphs of the samples Wil-1–Wil-7 con-
sistently indicate a Rupelian age. Based on the age
assignment for sample Wil-3 (33.7–30.2 Ma), we can
exclude solution ‘‘A’’ (polarity change at ca. 29 Ma; see
Fig. 5) because this correlation is too young. Solution
‘‘B’’ (polarity change at ca. 30 Ma) is possible, however
unlikely, since the biostratigraphic results for sample
Wil-6 suggest an older age. The most likely correlation is
therefore given by solution ‘‘C’’ (polarity change at
31 Ma) matching the chrons 12r and 12n (Fig. 5). Thus,
we suggest that the UMM–USM transition of the
Wilhelmine Alpe section occurred around 31 Ma.

UMM–USM transition in the western Molasse basin
(Switzerland)

At present, four magnetostratigraphic sections have
yielded the UMM–USM transition in the Swiss (i.e.
western) part of the Molasse basin (Fig. 1; Fig. 6). As
all these sections are part of the Subalpine Molasse,
they document the situation at the southern basin
margin. Two of the sections are located in central
Switzerland (Marbach and Emme sections; Schlunegger
et al. 1996; Mägert 1998) and two of them in eastern
Switzerland (Steintal and Thur sections; Kempf et al.
1999). All sections were analysed magnetostratigraphi-
cally according to the protocol outlined above and they
revealed magnetic signals at similar temperature
windows as the material from the Wilhelmine Alpe
section (for details see Schlunegger et al. 1996; Kempf
et al. 1999).

Marbach and Emme sections (central Switzerland)

The Marbach and Emme sections are part of the same
tectonic unit (Beichlen-Farneren thrust sheet; Gasser
1966) and laterally ca. 12 km apart. The UMM–USM
transition in the Marbach section occurs during normal
polarity correlated to chron 11n.2n of Cande and Kent
(1992, 1995); it has thus an age of ca. 30 Ma (Schlu-
negger et al. 1996). Alternative correlations can be ruled
out based on micro-mammal data from two sites in a
nearby section (Schlunegger et al. 1996).

In the Emme section, the UMM–USM transition is
present as a fan delta complex and not as a regressive

coastal sequence as in the Marbach section. The tran-
sition is correlated to chron 12r (reverse polarity) around
31.5–31 Ma (Mägert 1998). Alternative correlations are
unlikely since they would have to explain strongly fluc-
tuating sedimentation rates. Moreover, a diachroneity of
the UMM–USM transition is also evident from tracing
lithostratigraphic marker beds in the field (Mägert
1998).

Thur and Steintal sections (eastern Switzerland)

An reverse polarity marks the UMM–USM transition in
the Thur section, which is correlated to chron 12r rep-
resenting an age of around 31.5 Ma (Kempf et al. 1999).
There is no plausible alternative correlation due to a
regional correlation of three different magnetostrati-
graphic sections that are additionally based on petro-
graphic data (Kempf et al. 1999).

In contrast, the UMM–USM transition at the
Steintal section matches the polarity change from re-
verse to normal of chrons 12r and 12n (Kempf et al.
1999) and hence occurs at around 31 Ma.

The eastern Swiss sections are part of the same
depositional system and laterally only 5 km apart
(Kempf et al. 1999). They are, however, located in dif-
ferent thrust sheets (Habicht 1945). The structurally
higher Speer thrust sheet (including the Thur section)
was originally located somewhat further south than the
Schorhüttenbach thrust sheet (containing the Steintal
section). Both sections exhibit a similar facies for the
UMM–USM transition, i.e. regressive coastal se-
quences. Hence, the combined data from the Thur and
Steintal sections notify a seaward (i.e. northward) pro-
grading coastline from south to north between 31.5 and
31 Ma (Kempf et al. 1999).

UMM–USM transition in the eastern Molasse basin
(Bavaria)

Uhlig et al. (2000) and Reichenbacher and Uhlig (2002)
correlated two sites of a brackish unit above the UMM
(‘‘Untere Cyrenen-Schichten’’) to a Chattian age (the
Murnau syncline comprises MP 24 and the Marienstein-
Hausham syncline, ca. 20 km further East, MP 25)
based on micro-mammal and fish faunas. Both sites are
situated in the folded Molasse at the southern basin
margin ca. 100–120 km east of the Wilhelmine Alpe
section. There, the terrestrial deposits of the USM merge
into brackish and marine deposits to the east. The
Rupelian-Chattian boundary is located below the
brackish unit within the upper part of the Baustein beds
of the UMM (Reichenbacher and Uhlig 2002). These
biostratigraphic data indicating earliest Chattian ages
are in favour of an assumed UMM-regression around
28.5 Ma (Haq et al. 1987; Abreu and Anderson 1998).
Moreover, they are consistent with an eastward-directed
regression.
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The data from the Wilhelmine Alpe section and from
sections located further west show that the UMM–USM
transition occurred strongly diachronously between
31.5–30 Ma along the southern basin margin (Fig. 6).
Thus, the transition took place well before the Rupelian-
Chattian boundary at 28.5 Ma. Indications for a
regression, which conforms with the global sea level
drop at 28.5 Ma, are only inferred from the eastern
Molasse basin.

The consistency of the age determination derived
from combined bio- and magnetostratigraphy can also
be seen in the sedimentation rate estimates deduced from
the sections mentioned above. The calculation of mini-

mum sedimentation rates, i.e. the compacted strati-
graphic thickness divided by the available time derived
from the GPTS and the reversal pattern of each section,
reveals similar values for all sections. Minimum sedi-
mentation rates for the UMM (Tonmergel beds/ Grisi-
gen marls and Baustein beds/Horw sandstones) are
30 mm/ka (60 m/2.1 Ma) for the Emme and Thur sec-
tions, 50 mm/ka (110 m/2.1 Ma) for the Steintal section,
and 150 mm/ka (50 m/0.33 Ma) for the Marbach sec-
tion. The Wilhelmine Alpe section yields 85 mm/ka
(180 m/2.1 Ma). Hence, calculated minimum sedimen-
tation rates in that part of the basin are consistently
150 mm/ka or less.

In contrast, the calculation of sedimentation rates
based on magnetostratigraphic correlations according to
solutions ‘‘A’’ and ‘‘B’’ (Fig. 5) reveal strongly increased
values. Minimum sedimentation rates for the UMM of
the Wilhelmine Alpe section would be 530 mm/ka (given

Table 1 Dinoflagellate cysts identified in the investigated samples. A = abundant, C = common, F = few, R = rare. For stratigraphic positions of samples

Sample
no.

Strat.
pos.
(m)

Dinoflagellate cysts

Cleistosph-
aeridium
diversis-
pinosum

Lejeune-
cysta
hyalina

Pentadi-
nium
laticinc-
tum

Hystricho-
kolpoma
rigaudiae

Impagidi-
nium
spp.

Achomos-
phaera
alcicornu

Areoli-
gera
spp.

Deflandrea
phosphori-
tica

Enneado-
cysta
pectini-
formis

Homot-
ryblium
floripes

H. tenuis-
pinosum

Spinife-
rites
ramosus

Reticulat-
osphaera
actino-
coronata

Wil-7 224 R R R F F C

Wil-6 196 F R R R A

Wil-5 154 F R R C

Wil-4 114 F R F R R A

Wil-3 108 F R F R A

Wil-2 97 F F R F F R R A R

Wil-1 77 R R F R F F R F R R R A

Fig. 6 Regional magnetostratigraphic setting of the UMM–USM
transition from central Switzerland to southern Germany. Strati-
graphic chart is from Cande and Kent (1992, 1995) and Berggren
et al. (1995). See text for discussion
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a correlation of the reversal at 30 Ma), and 300 mm/ka
(if a correlation of the reversal is assumed at 29 Ma).
However, sedimentation rates of 300 or even >500 mm/
ka were recognised only in alluvial fans and proximal
fluvial facies during USM and OSM deposition (Kempf
et al. 1999).

At present, no conclusions can be drawn for the
UMM–USM transition in the seaward part of the
Molasse basin, away from the basin margin, due to
the lack of stratigraphic data.

Conclusions

In this study we present a unique combination of mag-
netostratigraphic and palynostratigraphic analyses to
achieve a reliable age determination for foreland basin
deposits. Our approach yielded unequivocal results in a
marginal marine depositional environment where clas-
sical biostratigraphic methods, such as micropalaeon-
tology or mammal biostratigraphy, are deficient. The
presented methodological combination of magnetostra-
tigraphy and palynostratigraphy bears a great potential
for age determination of other sections in the circum-
alpine region.

Our integrated magneto- and palynostratigraphic
approach has yielded the first chronostratigraphic cali-
bration of the UMM–USM transition in the German
part of the northern Alpine foreland basin. At the Wil-
helmine Alpe section, this transition occurred during the
middle Rupelian (middle Early Oligocene) at ca. 31 Ma.

The comparison with other chronostratigraphically
calibrated sections from Switzerland shows that the
onset of terrestrial sedimentation in the central and
western part of Molasse basin occurred (1) before the
major global regression presumably at 28.5 Ma, at the
turn of the Early/Late Oligocene (Haq et al. 1987; Abreu
and Anderson 1998) and (2) strongly diachronously
during ca. 31.5–30 Ma.

Data indicating that the UMM regression took place
during the major global regression at 28.5 Ma only exist
for the eastern part of the basin, south of Munich.

Furthermore, the chronostratigraphic data clearly
show that the UMM–USM transition at the southern
basin margin neither followed any spatial trend, e.g.
from west to east, nor any temporal tendency, e.g. earlier
in the west, later in the east, but took place individually
at each of the locations studied in the central and wes-
tern Molasse basin. Hence, the onset of terrestrial
deposition occurred within 1.5 Myr and over a lateral
distance of about 200 km at the southern Molasse basin
margin.

The UMM–USM transition occurred earlier at places
where sediment supply from the Alps was provided. It is
therefore very likely that the UMM–USM transition
was rather the result of (locally different) increased
sediment supply due to enhanced uplift of the Alpine
orogen than a consequence of eustatic sea level-fall.

The results of our study support the outcome of
quantitative sediment budget studies (Kuhlemann 2000;
Schlunegger and Hinderer 2001; Schlunegger et al.
2001), which emphasises the major role of sediment
supply for the transition of marine to terrestrial sedi-
mentation in the northern Alpine foreland basin.
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Neues Jahrb Geol Paläont Abh 214:415–432
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Schlunegger F, Burbank DW, Matter A, Engesser B, Mödden C
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