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ABSTRACT

Early Badenian transgressions affected wide areas in the Central Paratethys and caused marine/brackish deposition even within
the Alps (Lavanttal Basin, Fohnsdorf Basin). Lithology, bulk geochemistry, and fossil content (foraminifera, calcareous nannoplank-
ton, ostracoda, otoliths) of the Muhldorf Formation were investigated to reconstruct environmental changes in the Lavanttal Basin
during Early Badenian times.

The Muhldorf Formation overlies fluvial deposits (Granitztal Formation) and consists of a lacustrine lower and a marine upper part.
The latter has been dated as late Early Badenian (uppermost M5b, lower part of NN5).

The lacustrine part (“fish shale”) records deposition in a quiet anoxic environment. High sulfur contents suggest a brackish in-
fluence. Organic carbon contents up to 10% result from algal blooms. Silty material with low organic matter contents and varying
amounts of land plant detritus was deposited during times of enhanced river runoff.

The marine part of the Muhldorf Formation contains tuff layers and displays an upward shallowing and coarsening trend. Accumu-
lation of the marine succession commenced in a relatively stable offshore zone (probably >100 m water depth). Suboxic/low oxic
conditions near the sediment/water interface resulted in poor living conditions for benthic foraminifera. Low organic matter produc-
tivity in the water column is indicated by very low numbers of planktonic foraminifera, low organic matter contents (<1% TOC), and
a dominance of land plant material. Two events with enhanced river runoff interrupted the stable environment and resulted in a
temporary subtle decrease in salinity, water column stratification, decrease in oxygen contents at the sediment/water interface, de-
crease in biodiversity, and enhanced organic matter preservation.

More frequent environmental changes occurred during deposition of the middle part of the marine Muhldorf Formation when wa-
ter depth decreased approx. to 50 to 100 m. Oxygenation levels near the sediment/water interface decreased further and reached
the suboxic/dysoxic boundary. Inflow of nutrient-rich cold freshwater resulted in a drastic increase in plankton productivity and, con-
sequently, in increased organic matter flux to the sediment surface promoting the growth of infauna. Thereafter, plankton producti-
vity decreased, followed by a decrease in abundance of infauna shortly afterwards. Calcareous nannoplankton dominated by small
reticulofenestrids and helicosphaerids is abundant in the fine-grained lower part.

The sandy upper part of the marine Muhldorf Formation records a change to a marginal marine, higher-energy environment (del-
taic-estuarine offshore transition, shoreface, and lagoon). Foraminiferal assemblages suggest suboxic conditions in the top layer of
fine-grained sediments, and oxic conditions in the water column. Total foraminiferal number dropped to a minimum and biodiversity
was relatively low. Nannoflora is rare in the uppermost part of the Mihldorf Formation. Non-marine sediments with sapropelic shale
near their base overlie the Muhldorf Formation.

Maximum water depth occurred during deposition of the lower part of the marine Muhldorf Formation. Probably, this part repre-
sents a maximum flooding surface (interval). The lower lacustrine part is interpreted as the Transgressive Systems Tract and the
upper part as the Highstand Systems Tract of a sequence, which is coeval with TB 2.4. Maximum flooding even influenced the
central part of the Alps and established brackish conditions in the nearby Fohnsdorf Basin.

Weite Bereiche der Zentralen Paratethys wurden wahrend des friihen Badeniums von Transgressionen erfasst. Diese erzeugten
inmitten der Alpen marin/brackische Bedingungen (Lavanttal Becken, Fohnsdorf Becken). In vorliegender Arbeit werden Lithologie,
Geochemie und Fossilfiihrung (Foraminiferen, kalkiges Nannoplankton, Ostrakoden, Otolithen) der Mihldorf-Formation untersucht.
Ziel der Arbeit ist es, Veranderungen des Ablagerungsraumes im Lavanttal wahrend des friihen Badenium zu rekonstruieren.

Die Muhldorf-Formation Uberlagert fluviatile Ablagerungen (Granitztal-Formation) und setzt sich aus einem liegenden lakustrinen und
einem hangenden marinen Teil zusammen. Letzterer wurde mit spatem friihen Badenium datiert (oberste M5b, unterer Teil der NN5).



Der lakustrine Teil (“Fischschiefer”) wurde in einem ruhigen, anoxischen Bereich abgelagert. Hohe Schwefelgehalte indizieren einen
brackischen Einfluss. Hohe Gehalte an organischem Material (bis 10% TOC) sind eine Folge von Algenbliiten. Siltige Gesteine mit gerin-
gen Gehalten an (Landpflanzen-dominiertem) organischem Material wurden wahrend Zeiten erhohten Flusswassereintrages abgelagert.

Der marine Teil der Muhldorf-Formation beinhaltet Tufflagen und zeigt einen Trend zur Verflachung und Kornvergroberung ins Han-
gende. Die Ablagerung begann in einem relativ stabilen Bereich mit vermutlich mehr als 100 m Wassertiefe. Suboxische/gering oxi-
sche Verhaltnisse an der Wasser/Sedimentgrenzflache bedingten schlechte Lebensbedingungen fir benthische Foraminiferen. Ge-
ringe Produktivitat in der Wassersaule wird durch eine geringe Anzahl planktischer Foraminiferen, geringe Gehalte an organischem
Kohlenstoff (<1%) und organischem, von Landpflanzen dominierendem Material angezeigt. Zwei Ereignisse mit verstarktem SiiRwas-
sereintrag unterbrachen die stabilen Verhaltnisse und fiihrten zu geringerer Salinitat, Stratifizierung des Wasserkorpers, Abnahme
des Sauerstoffgehaltes im Bodenwasser, Abnahme der Biodiversitat und verbesserter Erhaltung des organischen Materials.

Anderungen der Milieubedingungen waren wéhrend der Ablagerung des mittleren Teils der marinen Miihldorf-Formation haufiger.
Gleichzeitig nahm die Wassertiefe auf 50 bis 100 m ab. Der Sauerstoffgehalt an der Wasser/Sedimentgrenzflache sank weiter und
erreichte die Grenze zwischen suboxischem und dysoxischem Bereich. Der Eintrag nahrstoffreichen kalten StuRwassers bedingte
eine drastische Zunahme der Planktonproduktivitat und als Folge dessen einen vermehrten Fluss von organischem Material auf die
Sedimentoberflache. Dieser forderte das Gedeihen von Infauna. Spater nahmen zuerst die Planktonproduktivitat und danach die
Haufigkeit der Infauna wieder ab. Kalkiges Nannoplankton tritt im tieferen feinkérnigen Teil der marinen Mihldorf-Formation haufig
auf und wird durch kleine Reticulofenestriden und Helicosphaeriden dominiert.

Der sandige obere Teil der marinen Muhldorf-Formation zeigt den Wechsel zu einem randnahen, héherenergetischen Milieu an
(Delta-Astuar Ubergangsbereich, Strand, Lagune). Foraminiferengesellschaften indizieren suboxische Verhltnisse in den obersten
Schichten der feinkdrnigen Sedimente. Die Anzahl der Foraminiferen fiel auf ein Minimum und die Biodiversitat war relativ gering.
Im obersten Teil der Muhldorf-Formation ist Nannoflora selten. Die Muhldorf-Formation wird von SlRwasserablagerungen Uberla-
gert, die an ihrer Basis einen Sapropelithorizont aufweisen.

Die maximale Wassertiefe wurde wahrend der Ablagerung des tieferen Teils der marinen Mihldorf-Formation erreicht. Wahrschein-
lich reprasentiert dieser eine Maximum Flooding Surface (Interval). Der lakustrine Teil wird als Transgressive Systems Tract interpre-
tiert und der hangende Teil als Highstand Systems Tract einer Sequenz, die zeitlich mit der Sequenz TB 2.4 korreliert. Die maximale
Uberflutung erreichte sogar die Zentralalpen und filhrte zu brackischen Verhéltnissen im nahen Fohnsdorf Becken.
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FIGURE 1: Location map of the study area and geological map of the Lavanttal Basin.



1. INTRODUCTION

Extensive parts of the Central Paratethys were affected by
marine transgressions during the Early Badenian (Middle Mio-
cene). These transgressions caused brackish influence even
within the Central Alps (e.g. Fohnsdorf Basin; Sachsenhofer
et al., 2003). Most probably, the brackish influence of lacus-
trine systems in the Alps resulted from tectonic movements
along major strike-slip faults, which established a connection
with the Paratethys through the Lavanttal Basin (Strauss et
al., 2001; Fig. 1). Marine Lower Badenian sediments in the
latter basin (Mihldorf Formation; Fig. 2), therefore, are of
prime importance for the understanding of Badenian paleo-
geography in the Alpine realm.

Sediments of the Muhldorf Formation were drilled by the Ei-
senbahn-HL-AG within the frame of exploratory work for the
Koralm rail tunnel connecting the Styrian and Lavanttal basins.
For the present project a total of ten boreholes, up to 50 m
deep, were selected (see Fig. 3a for position of boreholes). It
was planned to investigate a continuous profile from the up-
permost Granitztal Formation underlying the Muhldorf Forma-
tion to non-marine rocks overlying them. However, during con-
struction of an exploratory tunnel, it became evident that some
intervals were missed by the boreholes (see Fig. 3b).

The aim of the study is to establish the stratigraphy and pa-
leoenvironment of the Lower Badenian in the Lavanttal Basin.
To reach this aim, we apply a multi-disciplinary approach in-
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FIGURE 2: Stratigraphy of the Neogene of the Lavanttal Basin
(modified from Beck-Mannagetta, 1952).

cluding core descriptions, determination of bulk organic (orga-
nic carbon, RockEval pyrolysis) and inorganic geochemical
parameters (inorganic carbon, sulphur), and of organic petro-
logical and paleontological data (foraminifera, ostracoda, cal-
careous nannoplankton, fish remains).

2. GEOLOGICAL SETTING

The evolution of the Eastern Alps in Early and Middle Mio-
cene times was controlled by large-scale extension and la-
teral tectonic extrusion (e.g. Ratschbacher et al., 1991; Frisch
et al., 2000). The sinistral northern border of the extruding
wedge was located in the Northern Calcareous Alps, whereas
the dextral Periadriatic Lineament acted as its southern bor-
der. The still active NW-SE trending Lavant fault system dex-
trally offsets the Periadriatic Lineament for 10 to 14 km (Vra-
bec et al., 2006). Several Miocene basins, including the main
Lavanttal Basin, formed along the Lavant fault system and
prove its activity during Miocene times.

The lithostratigraphic subdivision of the Lavanttal Basin is
based on Beck-Mannagetta (1952). The basin fill starts with
Lower Miocene (Karpatian) deposits overlying crystalline rocks
and Mesozoic sediments (Figs. 1, 2). These fluvial deposits
(Granitztal Formation; “Granitztal Beds” of Beck-Mannaget-
ta 1952, pp. 82-90; St. Margarethen Gravel) are overlain by
the Muhldorf Formation (“Muhldorf Beds” of Beck-Mannagetta
1952, pp. 44-48), which traditionally is subdivided into a lacus-
trine lower part (“fish shale”) and a marine upper part (Beck-
Mannagetta, 1952). Various macro- and microfossils including
plant fossils have been described from the Muhldorf Forma-
tion (e.g. Grill in Beck-Mannagetta, 1952; Weinfurter, 1952;
Berger, 1955; Kihn, 1963; Schmid, 1974). Coeval magmatic
activity is proven by tuffs in the Muhldorf Formation and by the
Kollnitz basalt (14.9 £+ 0.9 my; Lippolt et al., 1975). During
Middle Badenian time, the salinity decreased and freshwater
conditions prevailed during the Late Badenian. Fluvial gravels
of the Dachberg Formation (“Dachberg Gravel” of Beck-Man-
nagetta, 1952, pp. 48-51) were transported into the basin from
the south and from the northwest, whereas marls and thin co-
al seams were deposited in lacustrine settings.

Brackish sediments at the base of the Sarmatian succession
mark another transgression. In the central basin the brackish
sediments are overlain by freshwater deposits with three coal
seams, the lowermost “Totz Seam”, up to 1 m thick, the “Lower
Seam” (up to 2.9 m) and the “Upper Seam” (up to 3.3 m; Bech-
tel et al., 2007). Towards the south, the coal-bearing succes-
sion interfingers with the Dachberg Gravel. Sapropelic rocks, up
to 4 m thick, overlie the Upper Seam and grade upwards into
brackish sediments (80-190 m thick; Beck-Mannagetta, 1952).
Upper Sarmatian freshwater deposits of 30 m thickness follow
above an unconformity. The shaly-sandymarly rocks contain the
lower Kuchl seam at their base and the upper Kuchl seam at
their top.

A thick sandy succession with subordinate shales and gra-
vels was deposited during Late Miocene (?Pannonian) time
(Fig. 2). Fossils are missing. Coarse grained (?Pliocene) gra-



vels overlie the sandy succession.

3. SAMPLES AND ANALYTICAL METHODS

Ten boreholes (see Fig. 3 for position of boreholes) were
selected for the study and sampled using a high resolution
approach. Two additional samples were collected in an exca-
vation pit. Most of the samples are fine-grained, but some
fine- to medium-grained sandstones were also considered.

Portions of 153 shaly samples were powdered for analyses
of bulk geochemical parameters. Total carbon (TC) and sulfur

(S) contents were determined using a LECO 300 CS™ ana-
lyzer. The organic carbon (TOC) content was measured using
the same instrument on decarbonated samples. The differen-
ce between TC and TOC is the inorganic carbon (TIC) con-
tent. Calcite equivalent percentages have been calculated
using the formula TIC*8.34.

Rock Eval pyrolysis (Espitalié et al., 1977) was carried out
in duplicate using a RE I+ instrument. The amount of hydro-
carbons released from kerogen during gradual heating (S2 in
mgHC/g rock) has been normalized to TOC to give the Hydro-
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gen Index (HI). As a maturation indicator, the temperature of
maximum hydrocarbon generation (Tmax) was determined.

For maceral anaylsis polished blocks of 19 core samples
representing different facies zones within the Muhldorf For-
mation and their overburden were prepared. Depending on
the amount of organic matter, up to 3000 points were counted
in reflected white and fluorescent light using a Leitz micros-
cope (Taylor et al., 1998). Even so, in organic-poor sediments
(<1.5% TOC) the number of counted macerals has been less
than 50. The microscopic results of these rocks, therefore,
have to be regarded as semi-quantitative. Maceral percenta-
ges are given in vol.% normalized to 100% organic matter.

96 samples were selected for micropaleontological studies.
Samples were treated in saturated Na,SO, x 10 H,O until they
completely disintegrated and washed over sieves with 63 um,
125 pm, 250 ym and 500 ym meshes. The dried fractions
were weighed and checked for fossils. The 2125 pm fractions
of those samples that contain more than 300 foraminiferal
specimens were mixed and split into subsamples. About 300
specimens were counted on species level. Only samples ad-
jacent to a tuff level in borehole KB D02/01 contained fewer
specimens. For paleoenvironmental studies, total (TFN), ben-
thic (BFN), planktonic (PFN), epifauna (EPIFN) and infauna
(INFN) foraminiferal numbers have been determined in num-
ber of specimens per gram sediments. Vertical trends of these
numbers were interpreted as an indication of environmental
changes through time. However, limiting taphonomic factors
and sedimentation rate affect these indices. Whereas PFN
provides information on the upper water column (esp. biopro-
ductivity, water temperature), EPIFN and INFN provide insight
into environmental conditions (e.g. organic matter flux, oxyge-
nation, disturbance) at the sea floor. Thus, PFN, EPIFN and
INFN trends give information on the bentho-pelagic linkage.
However, one has to be aware that at the times of high food
availability some infauna becomes epifauna. Moreover, orga-
nic carbon flux to the sea floor is not reflected accurately in
dysoxic environments and on the continental margins (Naidu
and Malmgren, 1995; Schmiedl and Mackensen, 1997). Diver-
sity was measured using the Shannon H index (Buzas and
Gibson, 1969) and the dominance D (den Dulk, 2000). The
benthic foraminifera oxygen index (BFOI; Kaiho, 1994) was
calculated to estimate the oxygen levels for bottom water.
However, there is no straightforward relationship between the
benthic foraminifera assemblages of paleontological samples
and the oxygen level. BFOI calculated from paleontological
samples measures an average value of a mixture of different
paleomicroenvironments (Murray, 2001). Further information
on the paleoenvironment is derived from the proportion of fo-
raminifera with different wall structures and the first three do-
minant genera (TDG).

Samples used for analysis of bulk parameters were investi-
gated with some additional (sandy) samples for calcareous
nannoplankton. Standard smear slides were analysed using a
light microscope (1000x magnification) at normal and crossed
nicols. Abundance and preservation of nannoplankton assem-

blages, as well as abundances of detected taxa are descri-
bed semiquantitatively.

4. RESULTS

4.1 LITHOLOGY, BULK GEOCHEMICAL PARAME-
TERS AND ORGANIC PETROGRAPHY

A lithostratigraphic column from the upper part of the Gra-
nitztal Formation to the cap rocks of the Muhldorf Formation
is presented in Fig. 4. The sketch is based on data from bore-
holes and an exploratory tunnel (Fig 3b). Photographs of
some typical lithotypes are presented in Figs. 4a-k. Stratigra-
phic columns of the Miocene section in the studied boreholes
are shown in Fig. 5 together with bulk geochemical data. Note
that Quaternary rocks, up to 10 m thick, cover the Miocene
section in all boreholes, but are not shown in Fig. 5. Typical
macerals for different stratigraphic units are displayed in Fig.
6. Tmax values (423 + 6°C) and vitrinite reflectance (0.30-
0.32%Rr) show that the sediments are thermally immature.

Lithology and geochemical data are described from bottom
to top. This implies that the description starts with the south-
western borehole B05/05 (see Fig. 3).

4.1.1 UPPER PART OF THE GRANITZTAL FOR-
MATION

The upper part of the Granitztal Formation (boreholes B05/
05, B07/05, KB D21/01) displays a distinct fining upward
trend (Fig. 4). BO5/05 comprises mainly conglomerates (Fig.
4a), gravels and sandy layers. BO7/05 contains silt- and
mudstones with coarser grained layers (Fig. 4b). KB D21/01
is dominated by mud- and siltstones with frequent sandy
layers. The mud- and siltstones are largely carbonate-free
and contain very little organic matter (<0.35%TOC). A higher
TOC content in a single sample from borehole B07/05 results
from detrital land plants. Sulfur contents are generally low
(<0.2%), but vary between 15 and 20 m depth in KB D21/01,
where they reach a maximum of 1.7%. TOC/S ratios are ge-
nerally >2.8, but some samples from the depth interval be-
tween 10 and 20 m in borehole KB D21/01 are characterized
by values <2.8. The hydrogen index (HI) does not exceed
35 mgHC/gTOC.

4.1.2 LACUSTRINE PART OF THE MUHLDORF FOR-
MATION (“FISH SHALE")

The boundary between the Granitztal Formation and the
Muhldorf Formation has not been drilled. In the exploratory
tunnel the contact between the two units was faulted (R. Otto,
personal comm.). Although the contact is shown as an ero-
sional surface in Fig. 3b, a (rapid) gradual transition cannot
be excluded.

The “fish shale” was studied in boreholes KB D20/01 and IK
D02/01. Based on information from these boreholes and the
exploratory tunnel, a thickness of about 105 m is estimated.
However, because of frequent fault zones, the thickness might
be overestimated. The “fish shale” comprises laminated mud-
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Lithology of studied boreholes. Bulk geochemical data are shown for all boreholes. TOC — total organic carbon, S — total sulfur, HI —

FIGURE 5

hydrogen index.



stones and shaly marls with silty and fine-grained sandy lay-
ers (Fig. 4c-h). Small whitish nodules and crusts are abundant
in shaly lithologies and consist at least partly of Ca-phosphate
(Fig. 4d). Strongly inclined sediments were drilled in KB D20/
01 at 15 m depth (Fig. 4e). Probably the tilting of rocks in this
depth interval is due to faulting, but slumping cannot be exclu-
ded. Fish remains are common (e.g. Figs. 4c; 6d). In some
samples coal fragments and ostracods are present. Coalified
plant material is especially abundant in silty and fine-grained
sandy layers (Fig. 4f). Otoliths were found in a sample from
the lower part of borehole KB D20/01 (see section on otoliths).

Carbonate (0-60%) and TOC contents (0.2-10.1%) vary con-
siderably. Average values are 14.2% carbonate and 2.9% TOC.
Sulfur contents up to 5% result in low TOC/S ratios (<2.8). Or-
ganic matter contents in silty and sandy layers (KB D20/01: 41-
38 m; 15-10.5 m; IK D02/01: 37-32 m) are relatively low and
TOC/S ratios are high (>2.8). High TOC/S ratios also occur in
a thin shaly interval in IK D02/01 (25-24 m).

HI values in the lacustrine part of the Muhldorf Formation
typically vary between 250 and 600 mgHC/gTOC and range
from 400 and 600 mgHC/gTOC in organic-rich intervals. This
classifies the organic matter as kerogen type II.

Seven samples with TOC/S ratios <2.8, TOC contents ran-
ging from 2 to 10%, and HI values >400 mgHC/gTOC have
been studied microscopically. Their maceral composition is
dominated by liptinite (75-90%). Lamalginite, often enriched
in disctinct layers, is the most important liptinite maceral (60-
85%; Fig. 6a). Telalginite is rare (<3%), whereas the percen-
tage of landplant-derived liptinite (mainly sporinite) varies sig-
nificantly and can reach 20%. Vitrinite (10-25%) and inerti-
nite (£1%) macerals are rare. Lamalginite percentages are
positively correlated with TOC contents (correlation coefficient
r’=0.58).

Maceral percentages from a shaly and a silty sample with
TOC/S ratios >2.8 have been studied. These samples con-
tain 1.7 and 1.8% TOC, respectively. Their organic matter is
composed of similar percentages of liptinite and vitrinite ma-
cerals (Fig. 6b). Lamalginite is not as dominant as in sam-
ples with TOC/S ratios <2.8 (~20%). This maceral composi-
tion is reflected by relatively low HI values. This applies for
both, the shaly interval in IK D02/01 (~275 mgHC/gTOC) and
silty and sandy layers in boreholes KB D20/01 and IK D02/01
(~250 mgHC/gTOC). HI in silty layers near the base of the
“fish shale” is even <50 mgHC/gTOC.

4.1.3 MARINE PART OF THE MUHLDORF FORMA-
TION

The marine upper part of the Mihldorf Formation is about
165 m thick and is represented by boreholes IK D01/01, KB
D18/01, KB D02/01, and the sandstone package at the base
of KB D16/01. The lower boundary was not drilled, but expo-
sures in the exploratory tunnel suggest a conformable contact
between the lacustrine and the marine parts of the Muhldorf
Formation (R. Otto, personal comm.; Fig. 3b). The marine
rocks comprise grey mudstones and shaly marls, as well as

silty and sandy layers. Number and grain-size of sandstone
beds increase upwards defining a distinct coarsening upward
trend. Carbonate contents in fine-grained rocks are about 15
to 20%. A tuff layer, 20 cm thick, was drilled within the sandy
part in borehole KB D02/01, but tuffitic material can be ob-
served up to 4.8 m above this layer. Another tuff layer, about
2.5 m thick, has been exposed in an excavation pit and over-
lies silty mudstones (Fig. 4i). Its stratigraphic position between
boreholes IK D01/01 and KB D18/01 is shown in Figs. 3b and
4. Frequently present are macrofossils including sea urchins
and molluscs (Figs. 4j-k). Fish remains, otoliths and ostracods
occur in all three boreholes. Some bryozoan remains are pre-
sent in IK D01/01.

TOC contents are often between 0.6 and 0.8% and HI va-
lues typically range from 40 to 70 mgHC/gTOC. Terrestrial
macerals (vitrinite: ~60%; inertinite: ~15%) predominate in
these organic-poor rocks. Liptinite is generally rare (~25%),
but some dinoflagellate cysts (counted as telalginite) are pre-
sent (Fig. 6e).

Higher TOC contents up to 1.4% occur in KB D18/01 be-
tween 21 and 11 m depth. In this depth interval HI ranges up
to 150 mgHC/gTOC. Three samples from this depth interval
(1.10-1.37% TOC) have been studied petrographically and
yield similar maceral percentages than organic-poor rocks
(vitrinite: 50%, inertinite: 25%; liptinite: 25%). Foraminifera
tests are important constituents of this sample (Fig. 6g).

A single sample in borehole IK D01/01 (25.7 m) holds a sig-
nificantly higher TOC content of 2.2% and is characterized
by a HI value of 265 mgHC/gTOC. Maceral analysis reveals
a high percentage of terrestrial macerals (65% vitrinite, 20%
sporinite and cutinite). At least part of the vitrinite is phyllovi-
trinite indicating the presence of leaves (Fig. 6f). Apart from
the allochthonous, terrestrial macerals, telalginite (~5%) and
liptodetrinite (~10%) contribute to the organic matter of this
sample.

Sulfur contents range from 0.4 to 2.0%. A maximum is obser-
ved in borehole KB D18/01 at 11 m depth. Above the maxi-
mum, sulfur contents decrease upwards. TOC/S ratios are very
low (<1) in IK D01/01, and even lower in borehole KB D18/01.
The organic-rich sample in borehole IK D01/01 (25.7 m) is a
remarkable exception with a TOC/S ratio >2.8.

4.1.4 ROCKS OVERLYING THE MUHLDORF FOR-
MATION

The sandstone package at the base of borehole KB D16/01
forms the top of the Mihldorf Formation. The overburden suc-
cession, which has no lithostratigraphic designation yet, starts
with mudstone and siltstone. The colour of these fine-grained
rocks changes in an upward direction from dark brown to grey
and light blue. Coal fragments, some ostracods and few re-
mains of fishes and molluscs occur in KB D16/01. Borehole
KB D15/01 comprises blue coloured marls and pelitic marls,
as well as siltstone and sandstone. Carbonate contents in pe-
litic rocks from this borehole are significanlty higher (16-70%)
than in borehole KB D16/01 (1-14%).



TOC contents (1.5-6.0%) and HI values (120-430 mgHC/
gTOC) are high in the lower part of borehole KB D16/01 (23-
19 m depth). A single sample contains a very high sulfur con-
tent. Maceral composition (82% liptinite incl. 67% lamalginite;
18% vitrinite) of a sapropelic shale at 22 m depth (6%TOC;
430 mgHC/gTOC) is similar to that of the “fish shale” (Fig. 6h).
Significantly lower pyrite content is the main petrographic dif-
ference.

Above 19 m depth, TOC (<1.2%), HI (<100 mgHC/gTOC)
and sulfur values are low and decrease to even lower values
in KB D15/01. HI values reflect a change from kerogen type Il
to kerogen type llI-IV. This is supported by the maceral com-
position of a sample from KB D15/01 (16 m depth), which is
dominated by 75% vitrinite. TOC/S ratios are generally >2.8
indicating a non-marine environment.

4.2 FOSSIL CONTENT

4.2.1 FORAMINIFERA

Foraminifera were detected exclusively in the marine part
of the Muhldorf Formation (IK D01/01, KB D18/01, KB D02/
01). An alphabetical list of all detected foraminifera is given
in Table 1. The first three dominant genera are listed for each
sample in Table 2. Vertical trends of indices used for paleo-
environmental interpretations as well as the distribution of pa-
leoenvironmentally most indicative taxa (Oridorsalis umbona-
tus, Melonis pompilioides, Spirorutilus carinatus, Uvigerina
spp., Bolivina spp., Bulimina spp., Fursenkoina acuta, Nonion
communis, Ammonia viennensis, keeled Elphidium spp., As-
terigerinata planorbis) are presented in Fig. 7. The ecospace
preference of these taxa is summarized in the Appendix.

The total foraminiferal number (TFN) is moderate in IK D01/
01 and the lower half of KB D18/01 (c. 50 specimens per g)
and reaches a maximum in the upper part of KB D18/01 (c.
300 specimens per g). In contrast, foraminifera are rare in the
sandy rocks of borehole KB D02/01. In general, benthic fora-
minifera are more frequent than planktonic foraminifera, but
relatively high percentages of planktonic formanifera occur in
the upper portions of boreholes IK D01/01 and KB D18/01,
and the middle and upper part of borehole KB D02/01. The
maximum in numbers of planktonic formanifera (PFN) occurs
in borehole KB D18/01 at a depth of 12.0-11.9 m. Above this
horizon, the abundance of plankton decreases dramatically.

The abundance of infauna and epifauna is strongly varying,
but similar in the lower part of the marine Muhldorf Formation
(IK D01/01). Between the upper part of IK D01/01 and the top
of the marine Muhldorf Formation benthic foraminifera associ-
ations are dominated by infauna. In IK D01/01 the abundance
of infauna and epifauna covariate negatively except in the up-
permost sample where the absolute frequency starts to cova-
riate positively. This trend of positive covariation continues in
borehole KB D18/01, where the abundance of infauna (INFN)
reaches a maximum at 9.1-9.0 m depth (i.e. 1.9 m above the
PFN maximum). The change from negative to positive cova-
riation between infauna and epifauna coincides with the first

appearance of keeled Elphidium spp. (Fig. 7). Whereas the
abundance of epifauna shows a relatively smooth vertical
trend, the abundance of infauna varies considerably. Becau-
se of the dominance of infauna in borehole KB D18/01, the
benthos-plankton relationship is essentially an infauna-plank-
ton relationship in this borehole.

The Shannon diversity index H ranges from 1 to 3.2 and ex-
hibits an upward decreasing trend. In contrast, the dominance
D increases in the same direction.

The Benthic Foraminifera Oxygen Index (BFOI) varies be-
tween -40 (dysoxic/suboxic boundary) and 0 (suboxic/low oxic
boundary). Most values are slightly below 0. In borehole KB
D18/01 BFOI increases upwards from -30 to -5. This upward
increasing trend is disturbed only by a sample at 26.0-25.9 m
depth, which shows the most negative value (-40).

Variations in abundance of a few ecologically important taxa
are described in the following (see also Fig. 7). Oridorsalis
umbonatus is present in IK D01/01 in considerable amounts
and in the middle of KB D18/01 in negligible amounts. In IK
D01/01, its abundance correlates positively with that of epi-
fauna. Melonis pompilioides is present in borehole IK D01/01
in small amounts and in the upper part of borehole KB D18/
01, where PFN is the highest, in negligible quantity. Ammonia
viennensis appears at the bottom of borehole KB D18/01 and
is very rare until the upper part of the borehole. Its abundan-
ce increases significantly in the depth interval with a high
PFN and remains important throughout borehole KB D02/01.
Elphidium spp. appears first in negligible amounts in the up-
permost sample of borehole IK D01/01. It is absent in KB
D18/01 and reappears in the lowermost sample of borehole
KB D02/01, where its quantity increases upwards. Asterige-
rinata planorbis has its first appearance in the lowermost
sample of borehole KB D02/01, where it is present in most
samples.

4.2.2 NANNOPLANKTON

Abundances of calcareous nannoplankton are listed in Tab-
les 3 and 4. Selected representatives are displayed in Fig. 8.
As expected, samples from the Granitztal Formation (KB D21/
01) are barren with respect to calcareous nannoplankton.

Samples from the lacustrine part of the Muhldorf Formation
(“fish shale”; KB D20/01, IK D02/01) contain scarce, modera-
tely to well preserved assemblages with /solithus semenenko
and few forms, which belong to Genus /solithus.

In contrast, the marine part of the Mihldorf Formation is very
rich in well preserved calcareous nannoplankton. Assembla-ges
in boreholes IK D01/01, KB D18/01 and the lower part of KB
D02/01 (38-29 m) contain high percentages of Reticulofe-
nestra minuta and Helicosphaera carteri. These two forms do-
minate the nannoplankton associations with more than 80%.
Regularly occur: Braarudosphaera bigelowii, Coccolithus mio-
pelagicus, C. pelagicus, Cyclicargolithus floridanus, Ponto-
sphaera multipora, Sphenolithus heteromorphus, Umbilicospha-
era jafarii, Reticulofenestrids (Reticulofenestra gelida, R. haqii,
R. pseudoumbilica), Helicoliths (Helicosphaera walbersdor-
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fensis, H. wallichi, H. waltrans, H. wederii). Rare are: Corono-
cyclus nitescens, Discoaster variabilis, Holodiscolithus ma-

TABLE 1: List of recorded foraminifera.

SHE HHE

gla|a glaa

x[2]2 |22
Benthic foraminifera Benthic foraminifera
Adelosina longirostra (d Orbigny) X Lenticuling vortex (Fichtel & Moll) X X
Adelosina schreibersi (d’ Orbigny) X x  x ||Marginulina hirsuta d'Orbigny x X
| Alveophragmium obliquicameratum (Marks) X Martinottielia communis (d Orbigny) X
Ammodiscus sp. X \Martinottielia karren (Cushman) x x
| Ammonia viennensis (d"Orbigny) x  x ||Melonis pompilioides (Fichtel & Moll) X X X
Amphicoryna badenensis (d Orbigny) X Neoeponides schreibersi (d' Orbigny) X X X
Amphistegina mammilla (Fichtel & Moll) X x ||Nodosaria guttifera (d Orbigny) X
Angulogerina angulosa (Williamson) x x x ||Nodosaria ? hispida (Soldani) X
Astacolus crepidulus (Fichtel & Moll) X X Nonion commune (d" Orbigny) XX X
Asterigerinata planorbis (d Orbigny) x ||Nonionella turgida (Williamson) x
Astrononion stelligerum (d Orbigny) X X x | |Nummoloculina contrania (d"Qrbigny) x x
Bathysiphon filiformis Sars M. X Oridorsalis umbonatus (Reuss) XX
Bolivina antiqua d Orbigny X Pappina parken (Karrer) X x x
Bolivina digitalis (d Orbigny) X X x ||Pappina primiformis (Papp & Turmnovsky) x x
Bolivina dilatata Reuss X x  x ||Planviana dentata (Karrer) X
Bolivina hebes Macfadyen X X Planostegina costata (d Orbigny) X x
Bolivina plicatella Cushman X X Polymorphina compianata d"Orbigny X
Bolivina pokerny Cicha & Zapletalova X x Porosononion granosum (d Orbigny) X X
Bolivina sp. x ||Praeglobebulimina pupoides (4 Orbigny) x  x  x
Bucnerina sp. X Pseudogaudryina mayeriana (d Orbigny) x x
Budashevaella wilsoni (Smith) X x Pseudonodosaria brevis (d" Orbigny) X
Builimina elongata d Orbigny X Pseudotriloculina consobrina (d Orbigny) x x
Bufimina striata d Orbigny X X Pullenia bulloides (d"Orbigny) x x x
Bulimina subulata Cushman & Parker x X x ||Puilenia quinqueioba (Reuss) X
Cancris auriculus (Fichtel & Moll) X x | |Pyramidulina raphanistrum (Linné) X x
Cassidulina laevigata d Orbigny X Pyrgo lunula (d’ Orbigny) X
Ceratocancris haveri (d Orbigny) x X x ||Pyrgo simplex (d Orbigny) X X
Chilostormella ovoidea Reuss X Quinqueloculina spp. x
Cibicides sp. x | |Quinqueloculina akneriana d Orbigny x
Cibicidoides pachyderma (Rzehak) x X x ||Quinqueloculina buchiana d Orbigny X x X
Cibicidoides ungerianus (d Orbigny) X X Quinngueloculina haidingeri d Orbigny x X X
Comuspira angigyra (Reuss) X i ium cf. icum Cicha & Zapletalova | X
Cribrostomoides columbiensis moravica Cicha & Zaplet. | X Reussella spinulosa (Reuss) X x X
Crib, i bglob (C X X Riminopsis boueanus (d Orbigny) X X X
Cycloforina badenensis (d Orbigny) X x ||Rosalina obtusa d Orbigny x
Cycloforina boueana (d"Orbigny) X X Semivulvuiina deperdita (d"Orbigny) X X
Cycloforina contorta (d Orbigny) X Semivulvuiina pectinata (Reuss) x X
Dentalina acuta d’ Orbigny X x Sigmoilinita tenuis (Czjzek) X % X
Dimorphina akneriana (Neugeboren) X X Sigmoilopsis spp. X X X
Elphidiella minuta (Reuss) X x ||Sigmoailopsis coelata (Costa) X X X
Elphidium spp. x ||Sigmoitopsis foeda (Reuss) X X X
Elphidium cf. fichtelianum (d’ Orbigny) x Siphonina reticulata (Czjzek) x x x
Elphidium crispum (Linné) X || Spirolocuiina canaliculata d Orbigny x x
Elphidium reussi Marks X ||Spiroloculina excavata d"Orbigny x
Elphidium sp. X ||Spirorutilus cannatus (d Orbigny) X X X
Eponides sp. X Stilostomella adolphina (d Orbigny) x
Fursenkoina acuta (d"Orbigny) X X x || Textularia spp. x
Glandulina ovula d Orbigny X Textularia gramen d Orbigny x x X
Globocassidulina globosa (Hantken) X x || Textularia laevigata d’ Orbigny x  x X
Globocassidulina oblonga (Reuss) x X X || Textularia mariae d Orbigny x x
Globulina gibba d Orbigny x x  x ||Trilocuiina gibba d Orbigny X
Globuiina punctata d Orbigny X Tnfarina bradyi Cushman x
Globuiina spinosa d Orbigny X X Uvigerina spp. X
Gnigelis pyrula (d Orbigny) X X Uvigerina acuminata Hosius x
Guttulina communis (d Orbigny) X x x ||Uvigerina cf. bulbacea Galloway & Heminway x x X
Gyroidinoides umbonatus (Silvestri) X X Uvigerina pygmoides Papp & Tumovsky x x X
Hansenisca soldanii (d Orbigny) X X Vaivulineria complanata (d Orbigny) X X X
Hanzawaia boueana (d Orbigny) x x  x [[|Varidentella rotunda (Gherke) X X
Haplophragmoides spp. X X Virgulinella pertusa (Reuss) x
Haplophragmoides caninatus Cushman & Renz X X Virgulopsis tuberculatus (Egger) X X
Haplophragmoides vasiceki Cicha & Zapletalova x
Heterolepa spp. X X Planktonic foraminifera
Heterolepa dutemplei (d" Orbigny) X X X
Heterolepa praecincta Franzenau X X X ||Globigerina bulloides d Orbigny X
Hoeglundina elegans (d Orbigny) X Globigerina praebulioides Blow X
Laevidentalina elegans (d Orbigny) X X X [|Globigerina subcretacea Lomnicki X
Lagena haidingeri (Czjzek) X Globigerina tarchanensis Subbotina & Chutzieva X
Lapugyina schmidi Popescu X x x ||Globigerinelia regularis (d Orbigny) X
Lenticulina spp. X X x ||Globigerinoides bisphericus Todd X X X
Lenticulina austriaca (d" Orbigny) X Globigerinoides quadrilobatus (d’ Orbigny) X
Lenticulina calcar (Linné) X X X ||Globigeninoides cf. sacculifer (Brady) X
Lenticulina echinata (Soldani) x Globigerinoides trilobus (Reuss) X X
Lenticulina inomata (d"Orbigny) X X X ||Praeorbulina circularis (Blow) X X
Lenticulina orbicularis (d Orbigny) X Praeorbulina curva (Blow) X
Lenticulina reniformis (d" Orbigny) X Pracorbulina cf. sicana (De Stefani) X
Lenticulina similis (d Orbigny) X X Taxa present in splitted samples X

Taxa present in the whole sample X

croporus, Rhabdosphaera sicca, Sphenolithus moriformis,
Syracosphaera pulchra, Thoracosphaera saxea, Th. heimii.

In some samples (e.g. uppermost
sample in KB D18/01 at 6 m depth)
a higher percentage of discoaste-
rids was observed. The upper part
of KB D02/01 (28-10 m) is barren
or contains only very rare calcare-
ous nannoplankton. The lowermost
sample from borehole KB D16/01
(30 m) contains Sphenolithus he-
teromorphus in very low amounts.
The presence of this marker sug-
gests that the lowermost sandsto-
ne layer from KB D16/01 forms
part of the marine Muhldorf Forma-
tion. Slight reworking from Upper
Paleocene/Lower Eocene (Disco-
aster multiradiatus, D. lodoensis,
Sphenolithus radians etc.) and Cre-
taceous (Biscutum ellipticum, Cri-
brosphaerella ehrenbergii, Watz-
naueria barnesae etc.) horizons
were observed.

With the exception of the sample
at 30 m depth in borehole KB D16/
01, all samples from boreholes KB
D16/01 and KB D15/01 are bar-
ren, suggesting that they represent
rocks overlying the Muhldorf For-
mation.

4.2.3 OSTRACODA

Ostracods occur in the Muhldorf
Formation and in rocks overlying
them. Table 5 provides a list with
studied samples and detected taxa.

The ostracod fauna in the lacustri-
ne part of the Mihldorf Formation
(KB D20/01, IK D02/01) is impove-
rished and badly preserved. Only
Fabaeformiscandona pokornyi could
be identified with adult (female) and
juvenile valves at species level. De-
termination of two other taxa (cf.
Cypria sp., Herpetocypris? sp.) is
left in open nomenclature because
of scarce and fragmentary valves
(Fig. 9).

The ostracode faunas from the
lower part of the marine Mihldorf
Formation (IK D01/01) are strongly
dominated by Cytherellids (Cythe-
rella aff. compressa, Cytherella aff.
vandenboldi, Cytherelloidea sp.).



Other common species are Acanthocythereis hystrix, Buntonia
brunensis, Buntonia subulata, Bosquetina carinella, Henryho-
wella asperrima and Parakrithe dactylomorpha. Less frequent
taxa are Argilloecia sp., Carinovalva sp., Krithe sp., Occulto-
cythereis bituberculata, Paracypris polita, Paracytheridea tri-
quetra, Pterygocythereis calcarata. In contrast to IK D01/01,
Cytherellids do not dominate the associations in borehole
KB D18/01. In this borehole ostracod faunas from samples
29.2-29.1 to 14.1-14.0 are impoverished (common: Acantho-
cythereis hystrix, Buntonia subulata, Paracypris polita, subor-

dinate: Cytherelloidea sp., Cytheridea acuminata, Xestoleberis
ex gr. communis, Cytherella aff. compressa, Pterygocythereis
calcarata, Bosquetina carinella, Carinovalva sp., Henryhowel-
la asperrima, Parakrithe dactylomorpha). The depth interval
between 12 and 6 m yielded rather rich faunas with frequent
C. acuminata (esp. in 9.1-9.0, 7.1-7.0), X. ex gr. communis, A.
hystrix, B. subulata, P. polita, P. calcarata, B. carinella and P.
dactylomorpha.

In borehole KB D16/01 the sample 22.2-22.0 contains frag-
mented valves of juvenile Candona s.l. and a few specimens
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5 18.0-18.1 20-30 10-20 _ 10-20
o 19.0-19.1 5-10|10-20 30-40 7 ,
¥ 21.0-21.2 5-10 40-50 10-20
23.8-240 10-20/20-30 '
25.9-26.0 10-20/30-40 10-20
28.1-28.2 10-20 10-20 30-40
29.1-29.2 10-20 30-40 110-20
10.4-10.5 10-20 10-20 10-20
12.25-12.35 10-20/20-30 10-20
— 13.9-140 10-20 10-20 5-10 |
< 17.0-17.1 1020 10-20| 5-10
o 219220 ' 20-30 10-20 10-20
S 25.9-26.0 10-20 30-40 10-20
= 27.0-271 10-20 10-20 10-20
29.0-29.1 ' 10-20 10-20 5-10 |
30.1-30.2 10-20 10-20 5-10

TABLE 2: List of three dominant foraminiferal genera/species in the samples. Their ecology and paleocology (see Appendix) provide important in-

formation for paleoenvironmental considerations.



S L S0 0 [ oy 0z 0 08 o 0 ¥ z 05 14 0 opk 02 0 0§ 14 0zk 09 0 0F 0z 0 0S 52
rbroads~oN—§ [ByoedstoN—§ [DyoadsToN—§ [ByoadsToN—A .Q.umaw-.oﬁ : :
H —4
: B dds euusBinn—T 1 m
l, -dds g l T ﬁ
“dds eu ! LIS BUIWING (=]
N 1 N S
- - + -4 J s O_. m
1 : 7 8 ] %
A‘ dds euusbinn e ,_. v. 40!
_— w 4/-« af\ < ejebuoje. =uwing ,&
. dds euinjog T— — ™~
L R A | = 8
B i ~ i g
‘dds eujwiing JH /_ ey _:H_Vw m:_E__DmD EJE|NGNS m:_%
_ A |_elzreond A“ M S
‘sagay —=— m
enbpue g o
ds g - 9 Q
BoadsoN Auosod g - m
k\ Ejele|p ‘g —— K
v - J ¢ [sEbpg . 4
g 0 § 0 0¢ Sl 0 08 or 0 or [ir4 0S 0 S 00§ sz 0 ovk 0L 0 0§ sz 00z 09 0 ov 4 0 08 4 0 E:E%
9- siqioueid Y- (PBJ@dY) Y- SISUBUUBIA Y- BUNLUILIOD %= Bjnoe % Byoads "oN % B-0ads "oN % B/-oads ‘oN ey
ejeuusbusisy "dds wnipiyd)3  euowwy uojuoN euloquasing  euuabian ‘euialog ‘euning euinjog eulaljog euwiing eujuing
Byoads "oN B/0ads oN B/oads "oN By oads "'oN
4 m 0 0g 02O 0 € g L 02 8 ¥ 000 0 G- € Z L 000 0§ 0 00E 004 000L 0§ 0 00€ 00 0 00 002 0
* = t 3 3o 3 | Eeroe
% ‘m.\..um‘nw.nz % ) 4 " . |- : M Hz”z -
& Broadsoy T z o = ] = 5 . * rﬂbﬂ: 0z w
Breteon ‘ T IRERCE 3 o I
. k o & m = - & ,,.. \W A* H;\”z Q
. . °3 L7 . . Ll g, X
7 1t D T0¢
L M . nr .r . -
"
- s 2 o & |o % s L m
Y LY [F: ¢ : ¥ {¢ a
=, . s IR R e ~
[ T | B i | Do . " o &= % % m
L] ] | L] N
[ | ] [ - M o\ n b O\H Q\AV. /
-
g b ] ) _ 1
m “u _ m 4 g
g @ L —s —— " 0€ m
58 § , S
2L © 3 H 4
2383 , : Yy Bl | P, Pird ] oz O
0 s« 3 -5 S &% Ep) 2 Z 2 02 m
¢ G O G 2 5" g " £ 5 5 X
B o o o 5 £ = & @ - &
8 £ £ & 2 5 m ] L ; )
£ 3 3 3 on L] - = -
6 @29 ¢ ¢ [ o occozo 09 v ¢ 0 & § ¢ olfgl ¢ ¢ L 000 05 0 00E  0Sb 000L 0% 0 00¢ 0S4 0 00V 002 0 En_
2g g9 9 % % 9% 2 ol 9, B/08ds ‘oN 9 B/0ads "oN B/0ads ‘oN (w) wpdag
% % % % ‘dds snjeuLied saproyidwiod  snjeuoquin B_mw @eoueuiwoq  euneyds eunepds  ‘weiod ‘PUeld ‘Weio4 ‘Pueld EISjuIWEeI0
eulisbinn snjpniolids siuojspy SifesiopliQ H uouueys [euneju| feuneju) foylusg Jalyueg |eloL

Vertical variation of foraminifera-based indices used for paleoenvironmental interpretations and of the abundance of paleoenvironmen-

tally most indicative taxa. BFOI-Benthic Foraminifera Oxygen Index.

FIGURE 7



of broken Pseudocandona sp. shells.

4.2.4 OTOLITHS

(Few) otoliths occur in most samples from the upper part of
the Muhldorf Formation, but only in a single sample from its
lower part. Eight sagittae of adult or subadult specimens from
this sample (KB D20/01: 38.8-38.7 m) were identified (Fig. 10).

Order Perciformes
Family Gobiidae Bonaparte 1832
Genus Gobius Linnaeus 1758
Gobius (n.) sp.

Five juvenile sagittae from the same sample probably also
belong to Gobius (n.) sp. The investigated otoliths (length
1.12-1.80 mm, height 0.97-1.50 mm) differ from Gobius mul-
tipinnatus (H. von Mayer 1852) and “Gobius praetiosus” (Pro-
chazka 1893) due to their more rectangular and symmetrical
shape, the higher anterior rim and the presence of a well
developed anterodorsal edge. They resemble Gobius aff.
multipinnatus, which is known from the Ottnangian and Early
Karpatian of the Western Paratethys (Reichenbacher et al.,
2004), but differ from it because of their relatively longer form
(length/height index of 1.2 versus 1.0-1.1 in G. aff. multipinna-
tus) and the asymmetrically curving outer face.

Weinfurter (1952) described from the locality Weinzettel
near Ober-Aigen, which is also situated in the Lavanttal, the
new species Gobius noricus and Gobius carinthiacus. How-
ever, Gobius carinthiacus, which has a length of not more
than 0.65 mm, probably is the juvenile morphotype of Gobius
noricus. According to Weinfurter (1952), the otoliths-bearing
sediments from Weinzettel can be dated as Sarmatian. G.
noricus and ,G. carinthiacus® differ from the herein described
Gobius (n.) sp. because of their higher general shape (length/
height index about 1.0 or less) and the absence of a postero-

dorsal projection.

5. DiscussiaN

5.1 BIOSTRATIGRAPHY AND DATING

5.1.1 LACUSTRINE PART OF THE MUHLDORF FOR-
MATION (“FISH SHALE”’)

Although it is difficult to date lacustrine sediments, otoliths
and ostracods provide some age information on the lower part
of the Mihldorf Formation.

An endemic Gobius speciation happened during the Karpa-
tian in the Western Paratethys, when the marine-brackish
conditions changed to freshwater. Similarities between the
otoliths of Gobius multipinnatus, Gobius aff. multipinnatus and
Gobius latiformis (Reichenbacher, 1993) indicate that the lat-
ter two species have evolved gradually from Gobius multipin-
natus (see Reichenbacher, 1993). The intermediate position
of Gobius (n.) sp. with regard to G. multipinnatus and G. aff.
multipinnatus from the Western Paratethys may point to a
Late Ottnangian or Early Karpatian age of the sediments.

However, one should take into consideration that the speci-
ation of G. multipinnatus into new forms may have happened
independently in the Styrian Basin and the Lavanttal area.
Consequently, the age of Gobius (n.) sp. cannot be stated
with certainty.

Ostracod species left in open nomenclature (cf. Cypria sp.
and Herpetocypris? sp.) cannot be used for biostratigraphical
dating. Fabaeformiscandona pokornyi, which occurs in the
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TABLE 3: Abundance of calcareous nannofossils in the lacustrine
Mihldorf Formation (A= abundant, dominant species with more than
50% of an assemblage; C=common, 10-50%; F=few, <10% of an as-
semblage; R=rare, only a few specimens were found; B=barren. The
preservation of the calcareous nannoplankton assemblage is characte-
rized by the following terms: G=good, no evidence of etching or over-
growth; M=moderate; P=poor, significant etching or overgrowth.



lower part of the Muhldorf Formation, is known from Lower
Miocene to Pleistocene deposits of Switzerland, S-Germany,
the Czech Republic and Turkey; maybe from S-France (Witt,
1998, cum lit.). Because F. pokornyi is noticed especially from
the Karpatian and Badenian in the Central Paratethys (see
Witt, 1998, 2000), it gives hints to these stages.

An attribution to the (Karpatian or) Lower Badenian is there-
fore most likely and is also supported by the superposition of
evidently Lower Badenian sediments (see next section).

Calcareous nannoplankton assemblages contain /solithus
semenenko and Isolithus spp. Isolithus semenenko was origi-
nally described from Upper Miocene sediments of the Eastern
Paratethys. It also occurs in Pannonian brackish sediments
from Croatia (Corié, 2004). If the attribution of the sediments
to the Middle Miocene is correct, this implies that Isolithus
semenenko is a good facies, but
not a good time indicator.

5.1.2 MARINE PART OF THE
MUHLDORF FORMATION
Foraminifera: In the assembla-ges
of boreholes IK D01/01 and KB
D18/01, the planktonic chrono-

stratigraphic marker Praeorbulina
cf. sicana, Praeorbulina curva and
Praeorbulina circularis were found
(Fig. 7), whereas Orbulina sutura-
lis is missing. This finding supports
the result of Rogl et al. (2002) and
shows that the marine part of the
Muhldorf Formation falls within the
upper part of the biozone M5b (Fig.
11).

Calcareous nannoplankton: Se-
diments of the marine part of the
Muhldorf Formation contain the zo-
nal marker Sphenolithus heteromor-
phus. This form has a stratigraphi-
cal range from NN2 to NN5. lIts last
occurrence (LO) defines the Nn5/
NN6 boundary.

Helicosphaera waltrans is pre-
sent in most samples. This short-
range form, described by Theodo-
ridis (1984) from Gozo (ltaly), is
used for the subdivision of the Mid-
dle Miocene in the Mediterranean
(Theodoridis, 1984, Fornaciari et
al.,, 1996) and Paratethyan biopro-
vinces. Occurrences of this stra-
tigraphically important form were
described from the Austrian and
Czech parts of the Alpine-Carpa-
thian Foredeep (Cori¢ and Régl,
2004: Cori¢ and Svabenicka, 2004:

Svabenicka, 2002), and the Styrian Basin (Rdgl et al., 2002).
Recently, the stratigraphic range of H. waltrans (upper part of
NN4 and lower part of NN5) has been defined from 15.476
Ma (first common occurrence; FCO) to 14.357 Ma (last com-
mom occurrence; LCO) by Di Stefano et al. (subm.) and Ab-
dul Aziz et al. (in press).

Helicosphaera ampliaperta is largely absent. The LO of this
zonal marker defines the NN4/NN5 boundary. (Very sporadic
occurrences at 14 and 29 m depth in IK D01/01 result from
reworking of older strata).

Therefore, based on the co-occurrence of S. heteromorphus

and H. waltrans and the absence of H. ampliaperta, sediments
from IK D01/01, KB D18/01, KB D02/01, and the lowermost
sample from KB D16/01 (30 m) can be attributed to the lower
part of nannoplankton zone NN5 (Sphenolithus heteromorphus



Zone, Martini, 1971). Rich nannoplankton assemblages with
Reticulofenestrids (Reticulofenestra gelida, R. minuta, R. hagqii,
R. pseudoumbilica), Helicoliths (Helicosphaera carteri, H. wal-
bersdorfensis, H. wallichi etc.), Discoasterids (Discoaster ada-
manteus, D. musicus, D. exilis, D. variabilis etc.) confirm this
stratigraphic attribution.

Ostracoda: Buntonia subulata, Costa punctatissima, Henry-
howella asperrima, Olimfalunia plicatula, Paracytheridea tri-
quetra, Parakrithe dactylomorpha, Pterygocythereis calcarata
in boreholes IK D01/01 and KB D18/01 are recorded from
Badenian and older (mainly Karpatian) sediments in the Cen-
tral Paratethys. Biostratigraphically not indicative are Argill-
oecia sp., Carinovalva sp., Cytherelloidea sp., Krithe sp.,
Loxo-concha sp., Xestoleberis ex gr. communis. Restricted to
the Badenian of the Central Paratethys are: Acanthocythereis
hystrix, Bosquetina carinella, Buntonia brunensis, Cytheridea
acuminata, Occultocythereis bituberculata, Paracypris polita
and questionably Cytherella aff. compressa, Cytherella ex gr.
postdenticulata, Cytherella aff. vandenboldi (cf. Brestenska
and Jiricek, 1978; Zorn, 2004; Gross, 2006). Although A. hys-
trix is scarcely reported from the Middle and Upper Badenian
(Szczechura, 1987; Paruch-Kulczycka and Szczechura, 1996),
it is one of the best ostracodologic markers for the Lower Ba-
denian (see Jiricek and Riha, 1991). This species is found
from the base to the top of boreholes IK D01/01 and KB D18/
01. For this reason both rock columns are attributed to the
ostracod zone NO7 sensu Jiricek and Riha (1991), which is
correlated to the Lagenidae Zone of the Lower Badenian.

Summarizing the results of all fossil groups and considering
the latest chronostratigraphic table (Rogl et al., 2007; Fig. 11),
a late Early Badenian age (14.91-14.74 Ma) results for the
marine part of the Miuhldorf Formation. The marine part of the
Muhldorf Formation is thus tentatively correlatable with the

FIGURE 8: Light microscope photographs of calcareous nannofossils.
1. Rhabdosphara sicca Stradner 1963 (KB D18/01: 29 m).
2. Rhabdosphaera clavigera Murray & Blackman 1898 (IK D01/01: 22 m).

3-4. Coccolithus pelagicus (Wallich 1871) Schiller 1930 (KB D18/01: 29 m).

5-6. Coccolithus sp. (KB D18/01: 29 m).

7-8. Helicosphaera carteri (Wallich 1877) Kamptner 1954 (KB D18/01: 29 m).
9-12. Helicosphaera carteri (Wallich 1877) Kamptner 1954, Early growth stage (KB D18/01: 29 m).

13. Helicosphaera waltrans Theodoridis 1984 (IK D01/01: 22 m).

14. Cyclicargolithus floridanus (Roth & Hay 1967) Bukry 1971 (IK D01/01: 22 m).
15. Reticulofenestra pseudoumbilica (Gartner 1967) Gartner 1969 (IK D01/01: 22 m).
16. Holodiscolithus macroporus (Deflandre 1954) Roth 1970 (KB D18/01: 7 m).

17-18. Sphenolithus heteromorphus Deflandre 1953 (IK D01/01: 22 m).
19. Lithostromation perdurum Deflandre 1942 (IK D01/01: 18 m).

uppermost part (sandstone layers with mollusc casts overlain
discordantly by corallinacean limestone) of the lithological sec-
tion exposed in the Wagna quarry in the Styrian Basin (Rogl
et al. 2002, 2005; see Fig. 1 for location of Wagna). However,
because marly layers in the corallinacean limestone contain
Orbulina suturalis beside Praeorbulina circularis, the limestone
should be slightly younger than the Muhldorf Formation and a
correlation between its marine part with the sandstone beds
seems most likely. Coeval stratigraphic successions in the
neighbouring Mura-Zala Basin in Slovenia comprise from bot-
tom to top of silty marlstone, coarse clastics, and corallinace-
an limestone (Znidarcic and Mioc, 1987). The first occurren-
ces of Orbulina suturalis and accompanying Praeorbulina cir-
cularis is in the corallinacean limestone (Rifelj, unpubl.). So
far, in the silty marlstone only Early Badenian marker species
Uvigerina macrocarinata has been found (Régl and Rifelj, un-
publ.). These data suggest a correlation of the marine part of
the Muhldorf Beds with the silty marlstone. A poorly known
stratigraphy of the Slovenj Gradec Basin along the Lavanttal
Fault in Slovenia prevents biostratigraphic correlation between
the two.

5.2 PALEDENVIRONMENT

5.2.1 UPPER PART OF THE GRANITZTAL FORMA-
TION

Boreholes B 05/07, B 07/07 and KB D21/01 (Figs. 4, 5) re-
present the uppermost part of the Granitztal Formation. Co-
arse- to fine-grained, fluvial sediments occur in these bore-
holes. A general upward fining trend indicates decreasing
energy levels. Moderately high sulfur contents and low TOC/S
ratios in KB D21/01 might inidicate stagnant conditions. No
fossil remains were found in the studied part of the Granitz-

tal Formation.

5.2.2 LACUSTRINE MUHL-
DORF FORMATION (“FISH
SHALE”)

Laminated mudstones and peli-
tic marls with frequent fish remains
follow above the Granitztal Forma-
tion in boreholes KB D20/01 and IK
D02/01. Strictly anoxic conditions
during deposition of the main part
of this unit are proven by a lack of
bioturbation and TOC/S ratios sig-

20. Braarudosphaera bigelowii (Gran & Braarud 1935) Deflandre 1947 (IK D01/01: 14 m).

21-22. Sphenolithus heteromorphus Deflandre 1953 (KB D18/01: 28 m).

23. Coronosphera mediterranea (Lohmann 1902) Gaarder 1977 (KB D18/01: 16 m).

24-25. Calcidiscus tropicus Kamptner 1956 (KB D18/01: 22 m).
26-27. Calcidiscus premacintyrei Theodoridis 1984 (KB D18/01: 22 m).
28-29. Geminilithella rotula Kamptner 1956 (KB D18/01: 22 m).

30-31. Ascidian spicule - Perforocalcinella fusiformis Bona 1964 (KB D18/01: 7 m).

32. Triquetrorhabdulus milowii Bukry 1971 (KB D18/01: 9 m).

33. Discoaster adamanteus Bramlette & Wilcoxon 1967 (KB D18/01: 11 m).

34. Isolithus semenenko Ljuljeva 1989 (KB D20/01: 21.3 m).
35. Isolithus sp. 1 (KB D20/01: 21.3 m).
36. Isolithus sp. 2 (KB D20/01: 21.3 m).

nificantly below 2.8. Very high sul-
fur contents suggest a brackish in-
fluence. In contrast, low sulfur con-
tents and high TOC/S ratios (>2.8)
mainly in silty/sandy intervals (KB
D20/01: 41.6-38.9 m and 14.7-
10.1 m; IK D02/ 01: 36.9-32.5 m;
25-24 m) suggest short events with
freshwater influx due to enhanced



fluvial activity.

Ostracods and nannoplankton provide additional evidence
for paleosalinity. The ostracod fauna is dominated by Fabae-
formiscandona pokornyi, which is close to the living fresh-
water ostracod F. balatonica (Daday 1894). This recent taxon
prefers shallow pools and the swampy shore-zone of lakes
that can dry up in the summer. But it is also recorded from
the littoral of lakes and from rivers. Probably oligohaline wa-
ters are tolerated (see Meisch, 2000; Gross, 2004). Cypria is
a frequent limnic ostracod, which can occur in oligo- to me-
sohaline settings too (see van Morkhoven, 1963; Hartmann,
1989). Recent species of Herpetocypris prefer shallow, often
rich vegetated freshwater environments, but can tolerate oli-
gohaline conditions (see Meisch, 2000). All three taxa are
thin-shelled. From F. pokornyi, that is recorded from all stu-
died samples, different life stages are found. At least, if not
all, the latter species is considered to be an autochthonous
element, which indicates shallow, quiet, freshwater environ-
ments (pools, shore-zone of lakes, slow running rivers). Slight-
ly oligohaline (<5 %o) waters cannot be excluded, as these
taxa are able to tolerate such conditions. A low salinity paleo-
environment is also supported by monospecific assemblages
of calcareous nannofossils with /solithus semenenko and Iso-
lithus spp.

High amounts of organic matter (up to 10%TOC) were de-
posited in the shallow, oxygen-depleted lake. The positive cor-
relation between lamalginite and TOC percentages implies
that variations in organic matter are mainly a result of varia-
tion in lamalginite abundance. The enrichment of lamalginite
in layers suggests that high TOC contents are due to algal
blooms. HI classifies the organic matter as type Il kerogen.

Intervals with silty/sandy rocks contain relatively little orga-
nic matter with reduced HI values (type Il (-1l) kerogen). The
latter results from a predominance of vitrinite, which indicates,
together with the coarser grain-size, enhanced terrestrial in-
put. Probably, also the conditions for production and preser-
vation of aquatic organic matter became worse during periods
with enhanced fluvial activity.

5.2.3 MARINE MUHLDORF FORMATION

The marine upper part of the Mihldorf Formation consists
of a fine-grained lower part (IK D01/01, KB D18/01) and a
coarse-grained upper part (KB D02/01, base of KB D16/01).
Magmatic activity is evidenced by tuff layers. The most de-
tailed information on paleoenvironment is provided by forami-
nifers and geochemical proxies.

Fine-grained part: Borehole IK D01/01 represents the lower
part of the marine Muhldorf Formation. Offshore conditions
are suggested by the presence of Oridorsalis umbonatus (Fig.
7), indicative for outer shelf to lower bathyal environments
(Murray, 1991). The presence of Bathysiphon filiformis, Pul-
lenia bulloides, Melonis pompilioides, Spirorutilus carinatus,
Adelosina scheibersi, Cancris auriculus, Lenticulina and Uvi-
gerina fauna indicate mid to outer shelf water depth. Further
evidence for offshore conditions is provided by the ternary

foraminifera diagram based on Murray (1973) and Armstrong
and Brasier (2005; Fig. 12). Most samples from IK D01/01
plot into the offshore field, although some samples plot close
to the marginal, brackish field (Fig. 12). In IK D01/01 the
Shannon diversity index H shows the highest and the domi-
nance index D the lowest values (Fig. 7). This is an additional
argument for offshore conditions characterized by a relatively
stable ecospace.

Most BFOI values are slightly below the 0 value, which is
the boundary between low oxic and suboxic conditions. Oxy-
gen-depleted conditions are also indicated by TOC/S ratios
significantly below 2.8 (Fig. 5). Nevertheless, TOC contents
(0.6-0.75%) and HI values (40-70 mgHC/gTOC) are low. In
view of the oxygen-depleted environment, the low TOC con-
tent results rather from low organic matter production, than
from poor preservation. HI values and maceral composition
indicate a dominance of allochthonous landplants. Dinoflagel-
late cysts are a minor, but significant contributor to the orga-
nic matter.

Compared with higher intervals within the marine Muhldorf
Formation, and in agreement with the postulated stable off-
shore environment, vertical variations of inorganic and orga-
nic carbon, sulfur and foraminifera-based indices are minor
(Figs. 5, 7). Nonetheless, two events with environmental
stress are recorded by disturbances of the vertical trends:
1) BFOI reaches a minimum in the lower part of the borehole

(26.0-25.9 m depth) indicating enhanced oxygen deficien-
cy. A coeval significant increase in TOC/S ratio suggests a
decrease in salinity due to freshwater influx. Thus, the de-
crease in oxygenation is probably associated with stronger
water column stratification. Enhanced river runoff is also
indicated by a (subtle) increase in grain size and the pre-
dominance of terrestrial macerals (85%). Diversity indices
H, D as well as distribution trends of Bolivina spp., Spiro-
rutilus carinatus, Fursenkoina acuta, Nonion commune,
and Oridorsalis umbonatus are affected by the decrease

FIGURE 9: Ostracoda (I = length, h = height, w = width)

1-10. Fabaeformiscandona pokornyi (Kheil 1964); Lavanttal, KB-
D20/01 (44.90-45.00 m).

1. left valve, female, lateral view: | >1.13 mm, h = 0.52 mm

2. right valve, female, lateral view: | >1.11 mm, h = 0.51 mm

3. left valve, female, internal view: | >0.98 mm, h = 0.50 mm

4. left valve, juvenile, dorsal view: | = 0.67 mm, w = 0.15 mm

5. right valve, juvenile, dorsal view: | = 0.70 mm, w = 0.13 mm

6 = 3. left valve, female, dorsal view: | >0.98 mm, w >0.25 mm

7 = 2. right valve, female, dorsal view: | >1.11 mm, w = 0.20 mm
8: right valve, juvenile, lateral view: | = 0.69 mm, h = 0.32 mm

9. right valve, juvenile, lateral view: | = 0.63 mm, h = 0.29 mm

10 = 8. right valve, internal view: | = 0.69 mm, h = 0.32 mm

11. cf. Cypria sp.; Lavanttal, KB-D20/01 (44.90-45.00 m). Carapace,
left valve, lateral view: | = 0.53 mm, h = 0.36 mm.

12-15. Herpetocypris? sp.; Lavanttal, KB-D20/01 (44.90—45.00 m).
12. left valve, lateral view: | >0.99 mm, h >0.50 mm

13. right valve, lateral view: | >0.87 mm, h >0.45 mm

14. left valve, internal view: | >0.85 mm, h >0.42 mm

15 = 14. left valve, dorsal view: | >0.85 mm, w >0.15 mm

16 = 13. right valve, internal view: | >0.87 mm, h >0.45 m
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Eiffellithus gorkae

Micula decusata
Prediscosphaera cretacea
Retecapsa crenulata
Watznaueria barnesae

Zeugrhabdotus diplogramus
TABLE 4: Abundance of calcareous nannofossils in the marine Mihldorf Formation and in borehole KB D16/01 (A= abundant, dominant species
with more than 50% of an assemblage; C=common, 10-50%; F=few, <10% of an assemblage; R=rare, only a few specimens were found; B=barren.
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The preservation of the calcareous nannoplankton assemblage is characterized by the following terms: G=good, no evidence of etching or overgrowth;
M=moderate; P=poor, significant etching or overgrowth.
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in oxygen level. High organic matter content (2.2%TOC)
results mainly from allochthonous plant material, but also
from autochthonous organic matter production (15% telal-
ginite + liptodetrinite). The relatively high HI value (265
mgHC/gTOC) indicates enhanced organic matter preser-
vation. Furthermore, the freshwater influx resulted in a de-
crease in carbonate content.

N
—

INFN, EPIFN, Oridorsalis umbonatus, Melonis pompilioi-
des, Bulimina spp., Fursenkoina acuta and Elphidium spp.
indicate another change in environmental factors in the up-
per part of IK D01/01 (10.5-10.4 m depth; just below the
boundary between siltstone and fine-grained sandstone).
We speculate that this is also a result of enhanced fresh-
water inflow. However, geochemical and petrographic data
are not available from this horizon.

Calcareous nannoplankton provides information on the con-
ditions within the photic zone. Generally, coccolithophores
flourish in warm, stratified, oligotrophic ocean environments.
Calcareous nannoplankton in borehole IK D01/01 is abundant
and well preserved. Dominating forms are small reticulofenes-
trids (R. minuta and R. haqii) and Helicosphaera carteri. The
bloom of small reticulofenestrids, which characterizes Baden-
ian sediments in the Styrian, Vienna and Molasse Basins,
points to a well stratified, oligotrophic water column. Common
occurrences of Helicosphaera are typical for hemipelagic sedi-
ments deposited at shorter distances from landmasses (Perch-
Nielsen, 1985). Scarce presence of discoasterids, forms typi-
cal for warm open ocean paleoenvironments, and common
helicosphaerids point to a near shore environment. Regular,
but low presence of B. bigelowii is a signal for a weak fresh-
water input (Perch-Nielsen, 1985).

The ostracod faunas of borehole IK D01/01 are dominated
by Cytherellids. These are eurybathic filter feeders with some
preference for the circalittoral, which are able to survive areas/
periods with reduced dissolved oxygen (see Boomer and

FIGURE 1 O: Otoliths (sagittae) of Gobius (n). sp., KB D20/01 (38.8-
38.7 m); a-c = left sagittae; d = right sagitta, Scale bar = 1 mm.

Whatley, 1992). Other common and less frequent species
point to an inner-/middle circalittoral, fully marine setting. The
lack of epineritic forms (e.g. Hemicytherids are completely
missing) shows bathyneritc facies (see Liebau, 1980). Loxo-
concha sp. and Xestoleberis ex gr. communis maybe tolerate
these conditions or are allochthonous elements. A. hystrix and
O. bituberculata refer to warm waters (see Montenegro et al.,
1998). Subsuming these data, a warm-temperate, sometimes
oxygen-depleted sea with depths ranging from 50-150 m (most
probably around 100 m) is signalized by ostracods.

In borehole KB D18/01 from the uppermost 25 m of the fine-
grained part of the marine Mihldorf Formation, most indices
exhibit more prominent and more frequent fluctuations than in
IK D01/01 (Fig. 7). This indicates an environmental shift from
borehole IK D01/01 to borehole KB D18/01. We associate it
with more frequent inflows of continental water. This is sup-
ported by a shift of data points in the wall structures diagram
towards the brackish field (Fig. 12), a well developed Ammo-
nia-Nonion association (Fig. 7) and an increase in grain size
(Fig. 5). The increase in grain size and in Ammonia viennen-
sis are positively related (comp. Figs. 5, 7).

Low BFOI values, reduced biodiversity (i.e. low H and high
D values), a clear dominance of infauna over epifauna, and
an increase in the abundance of Bulimina spp., Bolivina spp.
and Fursenkoina acuta (Fig. 7), which are characteristic low
oxygen tolerant infaunal dwellers, point to significant environ-
mental stress due to low oxygen contents at the sediment/
water interface. Strong oxygen depletion is also supported by
very low TOC/S ratios (0.5-0.9), which are even lower than in
IK D01/01.

A drastic increase in PFN above 20 m depth (Fig. 7) sug-
gests higher plankton productivity. High productivity in the
upper water column is further supported by abundant telal-
ginite. Since PFN as well as INFN and TOC increase above
20 m depth, it is concluded that the drastic increase in plank-
ton production resulted in an increase in organic matter (i.e.
food) supply into the sediment (Figs. 5, 7). Maxima in Bolivi-
na spp.-Bulimina spp. abundance and a decrease in EPIFN
prove oxygen-depleted conditions in the uppermost sediment
layer and the bottom water. The increase in plankton produc-
tivity may result from mixing of warm marine and cold nutrient-
rich continental waters. Thus, we presume that freshwater in-
flux influenced the geochemistry at the sediment/water inter-
face by establishing density stratification in the water column
and by higher organic matter export. Both of them result in a
reduction of oxygen levels in the sediment and in the bottom
water.

PFN decreases abruptly above the PFN maximum (12.0-
11.9 m). This shows that during deposition of the uppermost
part of borehole KB D18/01 environmental factors must have
reached a critical threshold for plankton to survive. The de-
crease in plankton productivity is also reflected by a decrease
in TOC between 11 and 9 m depth from 1.37 to 0.88%.

The INFN maximum (9.1-9.0 m) postdates the PFN maxi-
mum (Fig. 7). In sample 9.1-9.0 m the abundant Bolivina



Bulimina infauna is replaced for the first time by a Nonion-
Ammonia infauna (Fig. 7, Table 2), which also depends on a
rather organic-rich, suboxic ecospace, but can tolerate salinity
fluctuations. Between 9 and 6 m depth, a drastic decrease
in infauna follows the decrease in plankton productivity (Fig. 7).
Relatively high BFOI values in samples at 7 and 6 m depth
show that this decrease is associated with an increase in the
oxygenation level.

The changes recorded by foraminifera and geochemical pro-
xies are not visible in the calcareous nannoplankton. Sediments
from borehole KB D18/01 contain a similar rich nannoflora (with
dominance of small reticulofenestrids and helicosphaerids) like
samples from IK D01/01. The up-
permost samples (7-6 m) from KB

and Asterigerinata planorbis (Fig. 7, Table 2). The abundance
of Fursenkoina acuta is negatively correlated with BFOI and
disappears when BFOI is close to 0. Spirorutilus carinatus
shows a similar relation, whereas the oxic taxa keeled Elphi-
dium spp. and Asterigerinata planorbis are abundant when
BFOI is close to 0.

Unstable paleoenvironmental conditions created nannoplank-
ton assemblages with different abundance, but generally well
preserved nannoplankton in the lower part of borehole KB
D02/01 (38-23 m). In contrast only samples from 16 and 19 m
depth contain rare well preserved nannoflora in its upper part.
Normal marine conditions in the lowermost part of borehole
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FIGURE 1 1: Stratigraphy of the late Lower Miocene and Middle Miocene. Standard geologic time

Muhldorf Formation is nearly 80 m
thick. Borehole KB D02/01 repre-
sents its lower part; the lowermost
sandstone layer in borehole KB
D16/01 represents its top. The li-
thology suggests a marginal ma-
rine setting with a higher energy level. This interpretation is
supported by the position of samples from borehole KB D02/
01 in the wall structure diagram (Fig 12). In this environment
suboxic conditions persist in the top layer of fine-grained se-
diments, whereas oxic conditions prevail in the water column
(compare abundance of Nonion-Ammonia infauna with abun-
dance of Elphidum spp. and Asterigerinata planorbis; Fig. 7;
Table 2).

The BFOI is in the same value range as in borehole IK D01/
01 (Fig. 7), but biodiversity is lower (i.e. low H, high D) than
in the fine-grained part of the marine Mihldorf Formation (Fig.
7). Furthermore, the TFN drops to a minimum (Fig. 7).

Foraminifera associations are dominated by Fursenkoina
acuta, Nonion commune, Ammonia viennensis, Elphidium spp.

scale, Central Paratethyan stages, nannoplankton zonations, and global 3™ order sequences follow
Régl et al. (2007). An additional 3" order sequence in the Vienna Basin (Strauss et al., 2006), which
has been re-dated by Rdgl et al. (2007: 14.2-13.65), is indicated by a solid line. Planktonic foramini-
feral zonations follow Lourens et al. (2004). Ostracod zonations follow Jiricek and Riha (1991). The
established time span of the marine part of the Mihldorf Formation is indicated.

KB D16/01 at 30 m depth are proven by (very rare) S. hetero-
morphus.

5.2.4 ROCKS OVERLYING THE MUHLDORF FOR-
MATION

Sediments overlying the basal sandstone in borehole KB
D16/01 are barren of nannofossils. With the exception of a
single sample, TOC/S ratios are >2.8 suggesting a freshwater
environment. This is supported by the presence of Candona
s.l. and Pseudocandona sp. at 22.2-22.0 m depth. A saprope-
lic shale was deposited near the base of the non-marine se-
quence. Its organic matter (kerogen type Il) is similar to that
of the lacustrine part of the Muhldorf Formation (“fish shale”),
but its sulfur content is significantly lower. The easternmost



borehole KB D15/01 comprises organic-poor, fossil-free, peli-
tic rocks, which are interpreted as sediments of a well-oxyge-
nated freshwater lake.

5.3. SEQUENCE STRATIGRAPHY AND CORRELA-
TION

The evolution of the fill in sedimentary basins is controlled
by various factors including tectonic activity creating accom-
modation space and by global sea level variations. It is likely
that the Lavanttal Fault has been active during Early Badeni-
an times (e.g. Strauss et al., 2001). Nevertheless, the Lower
Badenian succession might record an Early Badenian eustatic
cycle.

The fluvial Granitztal Formation is interpreted as sediments of
a Lowstand Systems Tract. The lacustrine (brackish) part and
the lowermost marine part include sediments of the Trans-
gressive Systems Tract. Foraminiferal assemblages suggest
that maximum water depth occurred during deposition of the
lower part of the marine Muhldorf Formation (IK D01/01). There-
fore, we speculate that this interval corresponds to a maximum
flooding surface. The shallowing and coarsening upward trend
above borehole IK D01/01 (KB D18/01; KB D02/01) is inter-
preted as the Highstand Systems Tract.

We suspect that the investigated interval is a representative
of the global 3™ order sequence TB 2.4 of Haq et al. (1988)
and Hardenbol et al. (1998; see Fig. 11).

Although the sedimentary sequence in the neighboring Fohns-
dorf Basin is clearly controlled by variable subsidence rates in
a pull-apart (Sachsenhofer et al., 2003), its basin fill is influ-
enced by the Early Badenian sea level rise. Whereas the rise
in level established fully marine environments in the Lavanttal
Basin, it caused a brackish environment in the Fohnsdorf Ba-
sin. A tuff layer, which was deposited in the Fohnsdorf Basin
during the vanishing stages of the brackish influence, was

Porcellaneous

KB D18/01 KB D02/01

Porcellaneous

dated at 14.9 + 0.8 Ma. (Ebner et al., 2002). The maximum
flooding event, therefore, should be slightly older. Despite of
all uncertainties related to biostratigraphy and absolute age
dating, the age estimate for the maximum flooding surface in
both basins agree reasonable well.

Remarkably, the age of the tuff in the Fohnsdorf Basin is
identical with that of the Kollnitz volcano in the Lavanttal Ba-
sin (14.9 £ 0.9 my; Lippolt et al., 1975). Unfortunately the tuff
in the Mihldorf Formation has not yet been dated.

6. CONCLUSIONS

The marine part of the Mlhldorf Formation is dated with
planktonic foraminifera Praeorbulina cf. sicana, P. curva and P.
circularis into the upper part of biozone M5b. Nannoplankton
assemblages with Sphenolithus heteromorphus and Helico-
sphaera waltrans, but without H. ampliaperta enable an attribu-
tion to the lower part of nannoplankton zone NN5. The pre-
sence of Acanthocythereis hystrix argues for the ostracod
zone NO7. This proves a late Early Badenian age (14.91-
14.74 Ma). No reliable age data exist for the lacustrine part of
the Muhldorf Formation, but a (Karpatian to) Early Badenian
age is most likely.

The Muhldorf Formation overlies fluvial deposits of the Gra-
nitztal Formation. The lower part of the Mihldorf Formation
has been deposited in a shallow, quiet lake with prevailing
anoxic conditions. High sulfur contents suggest a brackish in-
fluence. Organic carbon contents up to 10% result from algal
blooms. Silty material with low organic matter contents and
varying amounts of detrital landplants was deposited during
times of enhaced river runoff.

The marine part of the Muhldorf Formation shows an upward
shallowing and coarsening trend. Oxygen contents in the bot-
tom water varied, but suboxic conditions prevailed during de-
position. Calcareous nannoplankton and ostracods indicate
warm-(temperate) conditions. In
contrast, small planktonic forami-
nifera, and benthic foramini-fera
Oridorsalis umbonatus, Bathysifon
filiformis, Pullenia bulloides may in-
dicate colder surface and bottom

waters.
Accumulation of the marine suc-

cession started in an offshore set-

VAHVARVARVERN V. /
90 80 70 60 50 40 30 20 10

Hyaline Agglutinated  Hyaline

Porcellaneous

hypersaline lagoons

IK D01/01

normal marine lagoons and
carbonate platforms /]

80 ‘?D 60 ‘50 40 30 20 10

Miliolina

Agglutinated ting characterized by a relatively
stable mid to outer shelf setting.
Water depth probably exceeded
100 m. Despite of oxygen-depleted
conditions, TOC contents are low
et ahelfsan (<1%) and organic matter is domi-
nated by land plants. This indicates
low organic matter productivity in

the water column. Two events in-

90 80 70 60 S50 40 30 20 10

. . . - \brackish-la joons ..
Hyaline Agglutinated  Rotaliina and estuares Textulariina

FIGURE 1 2: Ternary plot of agglutinated, porcellaneous and hyaline foraminifera. The relation
with water depth and salinity is shown after Armstrong and Brasier (2005; cum lit).

terrupting the stable environment
are recorded in the lower part of
the marine succession (IK D01/01).



These events are attributed to enhanced river runoffs, which
resulted in a slight and temporary decrease in salinity, water
column stratification, decrease in oxygenation level at the se-
diment/water interface and in the top layer of the sediment,
decrease in biodiversity, and enhanced organic matter pre-
servation.

Environmental factors changed more frequently during de-
position of the middle part of the marine Muhldorf Formation
(KB D18/01) and oxygen contents at the sediment/water inter-
face decreased to a minimum (reaching the suboxic/ dysoxic
boundary). Foraminiferal and ostracod assemblages indicate
a decrease in water depth (approx.

50-100 m). Plankton productivity in-

(38-23 m). In contrast, only few samples contain rare well pre-
served nannoflora in its upper part. Tuff layers in the fine-grai-
ned part and in the sandy part of the marine Muhldorf Forma-
tion record magmatic events. Nonmarine sediments, which
comprise sapropelic shale near their base, follow above the
Muhldorf Formation.

Maximum water depth occurred during deposition of the lo-
wer part of the marine Mihldorf Formation. We speculate that
this part represents a maximum flooding surface (interval).
The lower lacustrine part is interpreted as the Transgressive
Systems Tract and the upper part as the Highstand Systems
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o
ber of foraminifera living within the )
sediment slightly later. An increase = 22002220[x] [ [ X[ [ [ T T [ T[] [ ] [ [T |
in the abundance of discoasterids (<]
in the uppermost part of KB D18/01 6.00-6.10 X|x X|x| |x|x X X
o ] ) 7.00-7.10 X XX X X X X XX | x| x| x| X X | X
indicates a short increase in water 9.00-9.10 X X x| X X X x| x| x M
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the change to a marginal marine, 23.80-24.00 X
higher-energy environment (deltaic- 25.90-26.00 X X
. N 28.10-28.20 x| |[x x| |x
estuarine offshore transition, shore- 29.10-29.20 X X
face, and lagoon). Foraminiferal as- 10.40-10.50 X X TX T x XXX X X X X X
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the water column. Faunal diversity =157 00-27 10 X Txx X X = ™
during deposition of the upper part 29.00-29.10 X X[ X| x| x X X X[ X|[x|x|x
of the Miihldorf Formation was re- L 30.10-30.20 X X|x|X X X| |X
latively low. Furthermore, the total %
foraminiferal number dropped to a 7701780 [ [x[ [ [ [ [ [ [ [ [ [ ] | | [ [ [] |
minimum. Unstable paleoenviron- [X ]
mental conditions created nanno- % 11.35-11.45 X
plankton assemblages with diffe- ] 38.70-38.80 XX
rent abundance, but generally well E 44.90-45.90 XX

preserved nannoplankton in the

lower part of borehole KB D02/01 ferences.

TABLE 5: Distribution of ostracods in the investigated samples and proposed paleoecological pre-



Tract of a sequence, which corresponds to TB 2.4 of Haq et
al. (1988) and Hardenbol et al. (1998). Maximum flooding du-
ring TB 2.4 even influenced the central part of the Alps and
established brackish conditions in the Fohnsdorf Basin.
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APPENDIX: ECOLOGY AND PALEOECOLOGY OF SE-
LECTED TAXA

Ammonia viennensis (Ammonia beccarii group): Infauna, in-
ner shelf (Murray, 1991, 2006), most abundant between 0-50
m, wide tolerance to salinity fluctuations (brackish to hyperha-
line) in river inlets and lagoons.

Asterigerinata planorbis: Epifauna, epiphytic — prefer algal
covered bottom, 0-100 m, normal marine to increased salinity
(Murray, 1991, 2006; Van der Zwan, 1982).

Bolivina species: Mainly infauna, rarely epifauna, inner shelf
to bathyal (Murray, 1991, 2006), some species tolerant to high
oxygen depletion (Murray, 2006), dysoxic (Kaiho, 1994).

Bolivina dilatata: inner shelf to bathyal, abundant between 50-
200 m water depth (Murray, 1971; Van der Zwan, 1982 cum
lit.), tolerant for oxygen depletion, maximum abundance coin-
cides with maximum concentration of organic matter (Murray,
1991; Van der Zwan, 1982).

Bulimina striata: Infauna, outer shelf to bathyal (Murray, 1991),
from 30 m to 800 m (Jones, Brady B. H. and Natural History
Museum, 1994), suboxic (Kaiho, 1994), oxygen-depleted and
organic matter rich ecospaces (Van der Zwan, 1982; Murray,
1991).

Bulimina elongata: Infauna, inner to outer shelf (Murray,
1991), abundant above 100 m in river mouths (Murray, 1971),
high organic matter flux, low oxygen ecospaces (Van der
Zwan, 1982), associated with laminated sediments (Van der
Zwan, 1982; cum lit.).

Bulimina subulata: Infauna, inner shelf to bathyal (Murray,
1991; 2006), tolerant to high oxygen depletion, associated
with laminated sediments (Van der Zwan, 1982; cum lit.).

Elphidium spp., keeled: Epifauna, 0-50 m (Murray, 1991,
2006), wide tolerance to salinity fluctuations (brackish to hy-
perhaline), oxic, preference to coarser-grained sediments.

Fursenkoina acuta: Infauna, inner shelf to upper bathyal (Mur-
ray, 1991, 2006), prefer 0-100 m, great survivor and opportu-
nist in perturbative environments (Murray, 2001), tolerate sali-
nity fluctuation 30-35 %o (Murray, 1991), tolerate oxygen level
down to anoxia and excess of organic matter flux.

Melonis species: Infauna, shelf to bathyal (Murray, 1991,
2006), some species tolerate dysoxia (Murray, 2006), suboxic
(Kaiho, 1994).

Melonis pompilioides: outer shelf to middle bathyal (van Mor-
khoven et al., 1986), preference to higher organic mater flux
(Loubere and Fariduddin, 1999).

Nonion commune: Infauna to epifauna, 0-100 m (Murray,
1991), tolerate salinity fluctuation 30-35 %o, suboxic (Kaiho,
1994).

Oridorsalis umbonatus: Epifauna, outer shelf to lower bathyal
(>100 m water depth) (Murray, 1991), 50-1000 m (Jones, Bra-
dy B. H. and Natural History Museum, 1994), without tolerance
to oxygen deficience (Van der Zwaan, 1982), suboxic (Kaiho,
1994), preference to low organic matter content (Murray, 2006).

Spirorutilus carinatus: Infauna (Scherbacher et al., 2001; cum.
lit.), middle shelf to bathyal (Murray, 1991), slight increase of
organic matter flux and seasonally slightly oxygen-depleted

bottom waters (Scherbacher et al., 2001).

Uvigerina species: Mainly shallow infauna rarely epifauna,
shelf to abyssal (Murray, 2006), suboxic (Kaiho, 1994), prefer
high organic matter flux (Murray, 1991).



