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A B S T R A C T   

The Neogene Lake Pannon was the largest lake that ever existed in Europe. It attained its greatest extent during 
the Tortonian Thermal Maximum. For the first time, results from a detailed lake record documenting about 85 
kyr of Late Miocene time in a continuously recovered, 60-m-long, clay-rich core of Lake Pannon are reported. 
This record includes the transition from the lake’s maximum transgression into its highstand at around 10.4 Ma. 
The environmental development of Lake Pannon during its maximum extent is interpreted based on integrated 
paleontological, sedimentological, mineralogical and geochemical data. The maximum extent coincided with 
stable sedimentation of clay, little influx from the hinterland, low surface productivity and severe bottom-water 
anoxia. The clay mineralogy of the lower part of the core points to prevailing chemical weathering based on the 
illite/smectite ratios. Distinct Fe, Mn and Ba enrichments are interpreted to have formed close to sulfate-methane 
transition zones during the maximum flooding. The highstand phase was marked by rapid environmental shifts 
with frequent phases of well‑oxygenated bottom waters. These phases are reflected by rich benthic communities 
including stenohaline tunicates. The increased input of detritic kaolinite suggests a shift towards physical 
weathering and higher precipitation coinciding with a shift in the provenance of clay minerals. 

Increasing amounts of nutrients stimulated surface water productivity and nannoplankton blooms. Despite the 
offshore position of the core at ~8 km from the mountainous ranges of the Alps, strong fluvial input is reflected 
from 32.5 to 30.3 m by coarser sediment and the occurrence of terrestrial and freshwater molluscs. The Rhe
nodanubian Flysch Unit was the main source of the siliciclastics of the core and was drained by the Paleo-Wien 
river. Drainage from the Calcareous Alps was limited to an exceptionally strong fluvial event and related de
posits, which documents the presence of a second river in the southwest, which might represent the Paleo- 
Liesing. 

The dominance of smectite throughout the core suggests a temperate climate with distinct seasonality during 
the Tortonian Thermal Maximum. In view of the autochthonous ascidian sclerites in three samples, and assuming 
generally similar ecological requirements for both Pannonian and modern tunicates, we conclude a polyhaline 
salinity for Lake Pannon around 10.4 Ma.   

1. Introduction 

Lake Pannon formed within the Pannonian basins complex after a 
glacio-eustatic sea-level drop at 11.6 Ma, causing the final disintegration 

of the central and south-eastern European Paratethys Sea (Kováč et al., 
1998, 2017; Magyar et al., 1999; Harzhauser et al., 2004; Harzhauser 
and Mandic, 2008). Its evolution coincided with the Tortonian Thermal 
Maximum, which was a global warming event (Westerhold et al., 2020). 
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In a regional context, the Tortonian Thermal Maximum resulted in a 
phase of increased precipitation, termed “Late Miocene washhouse 
climate” by Böhme et al. (2008). The lake was outstanding in its size, 
being the largest that ever existed in Europe (Neubauer et al., 2016a). It 
attained its maximum extent between 10.5 and 10.0 Ma (Magyar et al., 
1999) and covered an area of c. 233,500 km2 (Neubauer et al., 2016a) 
(Fig. 1A). This size corresponds roughly to two thirds of the modern 
Caspian Sea (~371,000 km2) and represents more than half the size of 
the modern Black Sea (~435,000 km2). The time slice we focus on in this 
study represents this phase of maximum lake size. 

We analyzed a 60-m-long core, taken within the City of Vienna 
(Austria) (GBA-core). Using integrated paleontological, sedimentolog
ical, mineralogical and geochemical data, we interpret the environ
mental development of Lake Pannon during its maximum extent at 
~10.4 Ma and during the subsequent highstand. 

In coastal sublittoral regions, the bottom water of Lake Pannon was 
well oxygenized down to about 90 m water depth, which is even below 
storm wave base (Cziczer et al., 2009). Slightly deeper sublittoral re
gions, however, were characterized by low oxygen conditions, which 
were only periodically interrupted by increased bottom water oxygen
ation on centennial to millennial scales, as indicated by rapid but short- 
lived settlements by dreissenid bivalves (Harzhauser et al., 2013). In its 
central parts, Lake Pannon attained a water depth of several hundred 

meters, where euxinic conditions became established (Magyar et al., 
1999; Harzhauser and Mandic, 2008; Magyar, 2021). Severe anoxia 
below the sediment surface led to the formation of iron-sulfides, which 
partly can be linked to sulphate-driven anaerobic oxidation of methane 
(Harzhauser et al., 2018). The sharp chemocline is also reflected by a 
sudden impoverishment of the mollusc fauna with depth (Magyar, 1995, 
2021). 

Two major delta systems entered the Vienna Basin during the Late 
Miocene (Fig. 1B). The Paleo-Danube delta in the northern Vienna Basin 
at about 40 km distance to the GBA-core and the Paleo-Triesting in the 
southern Vienna Basin about 30 km from the GBA-core (Harzhauser 
et al., 2004; Wessely, 2006). Both delta bodies developed mainly during 
the early Pannonian (Borzi et al., 2022) and had retreated during the 
maximum transgression of Lake Pannon (Borzi et al., 2022; Harzhauser 
et al., 2022). Therefore, these deltas were rather distant and contributed 
only minimally to the deposition of material at the studied core-site. 

After about 10.0 Ma the lake shrank in size, especially due to the 
stepwise progradation of the Paleo-Danube delta from NW to SE 
(Magyar et al., 1999; Magyar et al., 2013; Sztanó et al., 2015; Magyar, 
2021). This phase is not covered by the investigated core. Finally, Lake 
Pannon vanished during the Pliocene after seven million years of exis
tence (Neubauer et al., 2016b; Magyar, 2021). 

Fig. 1. A. Maximum extent of Lake Pannon around 10.5–10.0 Ma (after Magyar et al., 1999; Harzhauser and Mandic, 2008). B. Outline of the Vienna Basin and 
position of two major delta complexes entering the basin during the late Miocene (Harzhauser et al., 2004; Wessely, 2006; Borzi et al., 2022). C. Position of the GBA- 
core within the City of Vienna (black outline) relative to the Alpine hinterland. Green: siliciclastic deposits of the Rhenodanubian Flysch Unit; purple: limestones and 
dolostones of the Calcareous Alps. Blue arrows: position of the hypothetical deltas of the Paleo-Wien and Paleo-Liesing rivers. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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1.1. Geographical setting and stratigraphy 

In 2019, an 80-m-deep well was drilled in the garden of the 
Geological Survey of Austria located in the 3rd district close to the city 
center of Vienna (48◦12′2.45”N, 16◦23′6.35′′E) as a geothermal and 
geophysical test site (Fig. 1C). Tectonically, the drilling site is located in 
the western part of the Vienna Basin. Beneath an Anthropocene layer 
(0–2.75 m), a Pleistocene succession follows down to 14.2 m, 
comprising loess and fluvial subangular gravel from the Rhenodanubian 
Flysch Unit (RFU) of the Vienna Woods, this is intercalated by alluvial 
redeposited loess and well-rounded gravels from the Danube River. This 
lithological succession is typical for the so-called ‘Stadtterrasse’ (Riss 
glaciation) (Küpper, 1965) corresponding to ‘Niveau 5′ of Grupe et al. 
(2021). This is followed downcore by blue-grey clays and silts of the 
middle Pannonian Bzenec Formation (= lower Tortonian) (Harzhauser 
et al., 2004), which were cored down to the final depth of 80 m. Within 
the GBA-core (GBA = Geologische Bundesanstalt) the upper part of the 
Pannonian strata down to 20 m is rich in carbonate and sandstone 
concretions, indicating strong alteration of the deposits by weathering 
and pedogenesis during Pleistocene times, when these deposits formed 
the landscape. Therefore, only the interval from 20 to 80 m is considered 
here (Fig. 2A). Coeval Pannonian deposits are widespread in the Vienna 
Basin and are exposed in the south of Vienna in a few partly abandoned 
clay pits (e.g., Hennersdorf in Kern et al., 2012, 2013). 

The mollusc assemblage of the GBA-core comprises the bio
stratigraphically significant bivalves Lymnocardium schedelianum 
(Fuchs, 1870) (29.75 m), Congeria subglobosa Partsch, 1835 (30.15 m) 
and Sinucongeria primiformis (Papp, 1951) (51.5 m) along with the 
gastropod Melanopsis vindobonensis Fuchs, 1870 (31.7 m). This 

assemblage is indicative of the Lymnocardium schedelianum Subzone of 
Magyar et al. (1999) and corresponds to the Pannonian Zone E of Papp 
(1951) (see Harzhauser and Mandic, 2004; Harzhauser et al., 2022). 
Based on the magnetostratigraphic correlation with the long normal 
chron C5n by Magyar et al. (1999) and astronomically tuned well-logs 
(Lirer et al., 2009), Harzhauser et al. (2004) and Kern et al. (2012) 
derived an absolute age of about 10.4 Ma for the deposits considered in 
this study. 

Kern et al. (2012) and Harzhauser et al. (2022) calculated sedi
mentation rates for the middle Pannonian of the Vienna Basin. The 
former authors used a correlation of a 6-m-long high-resolution set of 
geophysical data with high-frequency solar cycles. Alternatively, the 
latter autors correlated the entire Pannonian sediment stack with the 
astronomical tuning by Lirer et al. (2009). The resulting sedimentation 
rates for both are around 0.6–0.7 m/ka for the middle Pannonian. 
Applying this estimate sets a frame of ~100–85 ka for the deposition of 
the 60-m-thick GBA-core. 

2. Material and methods 

The well was fully cored down to 80 m and the core is referred to 
herein as GBA-core. The cores are stored in wooden boxes of 1 m length 
and are available for further sampling in the core shed of the Geological 
Survey of Austria at Erzberg (Styria). Analyses were performed at the 
Geological Survey Austria and the Natural History Museum Vienna. All 
samples were dried to constant weight in a drying cabinet. Mollusc shells 
and pyrite concretions were removed before analysis. Depending on the 
requirements, the samples were crushed (jaw crusher), sieved (me
chanical sieve tower) and ground to analytical fineness in a vibration 

Fig. 2. Log of the GBA-core indicating colour (A), sedimentology (B), ratio between clay-silt and sand (C), mineralogy (D), clay mineralogy (E), illite/smectite ratio 
(F) and oxides (G). 
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mill (grain size <60 μm). The used methods are according to Schroll 
(1974). The loss on drying and loss on ignition were determined ac
cording to ÖNORM L1062 (Österreichisches Normungsinstitut, 1988). 
The result is the mass of the inert sample, which enables drawing con
clusions about the water content and, in combination with the other 
analytical methods, about the composition of the sample. 

Grain size distribution was evaluated using a combination of wet 
sieving in ½ Phi steps and using a Sedigraph for grain sizes <0.032 mm. 
The sieve analysis data and the data generated from the Micromeritics 
SediGraph 5100 were subsequently calculated and displayed with the 
software program SedPakWin (Reitner et al., 2005). Samples were 
classified according to Füchtbauer (1959). 

Bulk mineralogy of the samples was determined by XRD. For bulk 
mineral analysis the dried samples were loaded into a sample holder as a 
randomly oriented powder. Diffraction data were collected with a 
PANalytical X’Pert Pro Powder Diffractometer (goniometer PW 3050/ 
60), Cu-Ka radiation (40 kV, 40 mA), and PIXel-detector (continuous 
scans, step size 0.013◦, measuring time 10 s/step). The samples were run 
from 2 to 65◦, 2Θ). The semiquantitative mineralogical composition was 
obtained by the computer program SEIFERT AutoQuan based on the 
Rietveld method (Taut et al., 1998). We distinguished between quartz, 
feldspar, calcite, dolomite and phyllosilicates, which together account 
for 100%. 

Clay mineralogy was analyzed by treating the samples with H2O2 to 
remove organic matter and with ultrasonics for further disaggregation. 
The <2 μm fractions were separated by centrifugation. The clay frac
tions were saturated with 1 N KCl-solutions and 1 N MgCl2-solutions by 
shaking for 24 h and subsequently washed in distilled water. Oriented 
preparations of the <2 μm fractions were achieved by suction of 25 mg 
clay in suspension on a porous ceramic plate and drying at room tem
perature. Oriented XRD mounts were then analyzed in the airdried state 
and exposed to ethylene glycol and dimethyle sulfoxide. The clay sam
ples were run from 2 to 50◦ 2Θ with the same step and counting time as 
the bulk samples. Clay minerals were identified according to Moore and 
Reynolds (1989). Note that values for clay mineralogy per sample refer 
to the % of phylloscilicates given in the bulk mineralogy. E.g., sample 
20.2 m contains 42% phyllosilicates (smectite 10.5%, illite 21.4%, 
kaolinite 3.4%, chlorite 6.7%). For a meaningful comparison, the total 
clay mineral content per sample was set to 100%. 

The elemental determination by XRF was realized with two different 
instruments and different methods: In the field, a Portable XRF: Thermo 
Scientific XL3t GOLDD+ XRF Analyser was used directly on freshly 
exposed sediment with the following specifications: The X-ray tube 
consists of an Au anode with 50 kV maximum power (at max. 200 μA). 
The measurement passes through three different filters (high, medium 
and low) to guarantee the best element-specific excitation energies of 
the atoms. Nominal Test time is 90 s. A high-resolution semiconductor 
ensures the detection. A Peltier element provides the cooling at a per
manent operating temperature of min. − 25 ◦C (Analyticon Instruments 
GmbH 2010). 140 samples were measured in the field. 

Additionally, 49 samples were selected for preparation (drying, 
grinding) and laboratory analysis. XRF elemental analysis was carried 
out on an Epsilon 5 Panalytical spectrometer. Powdered samples (4 g) 
were processed into press tablets using Hoechst wax C micro powder 
(0.9 g per tablet) at a pressure of ten bar (Schramm, 2012). These press 
tablets were subsequently analyzed in the spectrometer. A gadolinium 
X-ray tube serves as the primary source of radiation. Light-intensive 
Bragg and Barkla polarizers serve as filters. This enables the detector 
system to process more fluorescence radiation from the sample elements 
under investigation. The typical measurement time varied between 100 
and 300 s per sample and target. The detection limit is 1 ppm. 

Sample resolution: the average XRF sampling distance is 0.43 m (n =
140) for the in-field measurements and 1.2 m for the laboratory analysis. 
The average sampled interval was around 3 cm; the sample frequency 
for mineralogical and sedimentological analyses ranged around 0.91 m 
from 20 to 50 m (n = 33) and increased to 3.1 m in the lower part from 

55 to 80 m (n = 9). 
Calcareous Nannoplankton: 47 samples were analyzed for Calcareous 

Nannoplankton. All samples were treated for a few seconds in an ul
trasonic bath. Afterwards smear slides were made by drying a few drops 
of suspension on the object glass and fixed using Canada balsam. All 
smear slides were investigated with a Leica microscope with 1000-fold 
magnification. 

Ascidians: tunicate spicules were counted during analysis of nanno
fossil samples. 

Plant debris: presence/absence of plant debris is based on analysis of 
nannofossil samples. 

Mollusca: shells of molluscs were documented and collected during 
the drilling campaign. 

Ostracoda: 47 samples were analyzed for ostracods (100 g). All 
samples were treated with diluted H2O2 (12%) and sieved with tap water 
through a standard set of sieves (500, 250, 125 and 63 μm) and later 
oven dried at 40 ◦C. All valves were picked from the residue for quan
titative comparisons. 

Statistical analyses: to reveal positive or negative correlations be
tween data, we calculated Pearson’s correlation coefficient (PCC) with 
the software PAST version 4.0 (Hammer et al., 2001). A PCC of 1 and − 1 
represents full positive or negative correlations, and a value around 
0 indicates no correlation at all (Hammer, 2021). 

See Supplementary Table 1 for full dataset. 

3. Results 

3.1. Grain size, sedimentology, mineralogy and clay minerals 

Forty-three samples were sedimentologically analyzed (Supplemen
tary Table 1). 76% of the samples represent clay (silt/clay ratio = 2.0, σ 
= 0.5) followed by 11.6% of clayey silt (silt/clay ratio = 3.6, σ = 1.0). 
Only four samples contained sandy silt, and a single sample at 32.5 m 
comprised sandy fine gravel. Thus, the GBA-core is generally charac
terized by a monotonous succession of massive dark grey and greyish 
blue-green claysilt with subordinate clayey silt (Figs. 2A–G). The upper 
part of the core displays a slight coarsening trend, indicated by 
increasing contributions by sand within the clayey matrix, culminating 
in interval 32.5 to 30.3 m. Mineralogically, the samples consist of 47.9% 
phyllosilicates (σ = 8.9), 26.2% quartz (σ = 5.9), 14.4% feldspar (σ =
2.9) and 11.0% carbonate (σ = 4.8) (Fig. 2D). Overall, the composition 
displays little variation except for a distinct carbonate peak at 32.5 m. 
Carbonate is represented by dolomite and calcite. The dolomite content 
ranges around a mean of 7.5% without trends or marked peaks (not 
plotted). The calcite content of the samples ranges around 3.3% with a 
distinct peak of 31% at 32.5 m. Calcite and dolomite are not significantly 
correlated (PCC = -0.37, p = 0.03). 

No lamination is developed, and bedding planes are mainly indicated 
by rare mollusc coquinas. Bioturbation is rare except for the interval 
from 50 to 55 m. Scattered pyrite concretions of few mm diameter occur 
throughout the succession but were removed before analysis. 

Forty-three samples were analyzed for clay mineral content. Herein, 
we evaluated the relative weight percentage of smectite, illite, kaolinite 
and chlorite. In some samples, vermiculite is also present in traces but is 
not further discussed herein. On average, the samples contain ~47.1% 
smectite (σ = 10.1), 30.4% illite (σ = 6.9), 13.2% chlorite (σ = 4.4) and 
9.4% kaolinite (σ = 2.2) (Fig. 2E). The clay mineral composition is 
rather constant in the lower and middle parts of the core from 80 m to 
30.6 m. Within this interval, the chlorite/kaolinite ratio ranges around 
1.2 (σ = 0.25). Starting from 30.6 m upwards, the compositions changes, 
being expressed by a strong positive trend in the illite/smectite ratio and 
a strong positive shift of the chlorite/kaolinite ratio. No correlation is 
evident between clay mineral content and clay-silt grain sizes (PCC =
-0.2–0.2). A negative correlation, however, is evident for sand and 
smectite (PCC = -0.6), whereas sand and illite are positively correlated 
(PCC = 0.5). Consequently, the positive trend in the illite/smectite and 
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the chlorite/kaolinite ratios is paralleled by a negative trend in the clay- 
silt/sand ratio (Fig. 2C). 

3.2. The fossil record 

Autochthonous Calcareous Nannoplankton: The endemic Noe
laerhabdus bozinovicae is the only autochthonous Pannonian nanno
plankton species (Marunteanu, 1997) found in the GBA-core. It was 
detected in samples 27.3 m, 28.3 m, 29.2 m, 30.3 m, 37.3 m, 37.8 m and 
42.3 m (Fig. 3C). 

Allochthonous nannofossils: All samples up to 43.3 m are largely 
barren, followed by an interval from 42.3 m to 37.3 m with frequent 
nannofossils and a nearly barren interval from 36.8 to 34.8 m (Fig. 3B, 
Supplementary Table 1). A second peak of nannofossil abundance ap
pears in the interval 30.3 to 27.3 m, followed by moderate abundances 

above. The nannofossil assemblages are dominated by reworked species 
from Cretaceous to Eocene formations of the Rhenodanubian Flysch Unit 
(RFU) containing species such as Coccolithus formosus, Reticulofenestra 
umbilicus, Arkhangelskiella cymbiformis, Broinsonia parca, Micula staur
ophora and Watznaueria barnesiae. Few samples also contain rare 
Miocene species, which were reworked from the surrounding Lower and 
Middle Miocene deposits, including Coccolithus miopelagicus and Retic
ulofenestra pseudoumbilicus. 

Ascidians: three samples contained spicules of the didemnid tunicate 
Perforocalcinella fusiformis Bona, 1964. Ascidians are rare in samples 
29.2 m and 30.3 m but abundant in sample 35.8 m (Fig. 3D). 

Plant debris: indeterminable plant debris was detected during the 
analysis of nannofossil-samples. Plant debris is abundant in all samples 
from base to sample 41.8 m and in the intervals from 36.3 to 34.8 m and 
26.3–24.3 m. Intervals without detectable plant debris occur from 41.3 

Fig. 3. Log of the GBA-core indicating position of mollusc coquinas (A), amount of allochthonous (B) and autochthonous (C) nannofossils, presence/absence of 
ascidians (D), plant debris (E) and number of ostracods (F). 
Black dots: analyzed samples. 
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to 37.3 m and from 34.3 to 27.3 m (Fig. 3E). 
Mollusca: are generally rare in the core. Layers with increased 

amounts of shell fragments occur from 28.0 to 25.6 m and from 50.0 to 

47.5 m. Thin pavements of the dreissenid bivalves Sinucongeria pri
miformis and Coelogonia czjzeki were detected at 51.5, 50.5 and 50.2 m 
(Fig. 3A). At 30.7 m, a coquina was detected containing a rich fauna with 

Fig. 4. Zr/Ti and K/Ti ratios. Orange intervals represent phases of increased input of coarse sediment. Samples in red rectangles are influenced by analytical artifacts 
due to dilution by dominant other phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Mg/Al and Ca/Al ratios. Shaded area: PAAS values for Al-silicates after Taylor and McLennan (1985). Red lines: intervals with reduced input of calcite. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Fe/Al, Si/Al and Ti/Al ratios (Fe/Al: samples 59.75 (=1.77) and 59.90 (=2.14) not shown). Shaded areas: respective PAAS values for Al-silicates after Taylor 
and McLennan (1985). Red lines: intervals with reduced input of quartz. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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the gastropods Melanopsis vindobonensis, Melanopsis pygmaea, Melanopsis 
rarispina, Goniochilus haidingeri and Pseudochloritis sp. and the bivalves 
Unio atavus, Lymnocardium brunnense, Lymnocardium cf. carnuntinum, 
Lymnocardium boeckhi, Monodonta cf. voesendorfensis, Parvidacna tin
nyeana and Parvidacna laevicostata. In addition, a Sinucongeria pri
miformis pavement is intercalated as well. A further coquina at 30.15 m 
is characterized by in-situ shells of Congeria subglobosa along with Par
vidacna tinnyeana and Parvidacna laevicostata. The uppermost mollusc 
assemblage was detected at 29.75 m with in-situ occurrences of the 
cardiid Lymnocardium schedelianum. 

Ostracoda: The assemblages comprise mainly species of Cyprideis, 
Hemicytheria, Lineocypris/Caspiolla, Amplocypris and Loxoconcha and are 
similar in composition to coeval assemblages described by Harzhauser 
et al. (2008) from Hennersdorf (Austria). Herein, all species are pooled 
per sample to achieve the total amount of specimens. The abundance 
data display considerable variation, ranging from samples without os
tracods to peaks of around 450 valves/sample (Fig. 3F). Interval 
46.8–34.3 m was sampled in a regular distance of 0.5 m and suggests a 
succession of intervals with few ostracods (mean = 30 valves/sample) 
from 46.8 to 42.8 m, passing into an interval with high ostracod fre
quencies (mean = 175 valves/sample) from 42.5 to 37.3 m, followed 
from 37.8 to 34.3 m again by an interval of low abundance (mean = 13 
valves/sample). 

3.3. XRF-data 

Two XRF-data sets are available, namely from the field and labora
tory measurements. Both data sets are analyzed herein because of the 
higher resolution of the in-field measurements and the availability of Al 
and Si from the laboratory set. Although all elements display variations 
in concentration across the core, the general relation between the ele
ments is fairly constant. Thus, the most abundant elements are Si 
(~25.0%), Al (~8.4%), Mg (~3.4%), Ca (~3.1%), Fe (~2.8%), K 
(~1.9%) and Ti (~0.6%) followed with large distance by Mn (~0.05%), 
Ba (~0.05%) and S (~0.04%) (see Supplementary Table for full data). 
The element data were normalized with Al and Ti and compared with 
respective PAAS (Post-Archean Australian Shales) values from Taylor 
and McLennan, 1985 (Figs. 4–8). Sample 32.5 represents an outlier with 
very high Ca values of >20%, which is also expressed as a peak in the 
Ca/Al ratio (Fig. 5). Fe shows a phase of increased values from 61.2 m to 
55.8 m with strong peaks at 59. 9 m, 59.75 m and 55.8 m. K displays a 
phase of higher amplitude fluctuations from 61.2 m to 55.8 m and an 
interval of low values from 27.6 m to 32.5 m. The Ti-record displays a 
negative aberration at 32.5 m and a positive peak at 24.5 m (Fig. 4). The 
negative peaks in Ti and K coincide with the Fe and Ca peaks and are 
therefore a matter of relative dilution. Sulfur displays strong fluctuations 
with phases ranging below detection limit alternating with intervals 
with moderately high concentrations from 65.3 m to 79.8 m, 55.15 m to 

Fig. 7. Ba/Al and Mn/Al ratios. Shaded areas: respective PAAS values for Al-silicates after Taylor and McLennan (1985).  

Fig. 8. S/Al and S/Ti ratios. Shaded areas: intervals of initially dysoxic/anoxic conditions.  
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41.7 m and from 33.3 m to 20.8 m. 
Samples 59.75 and 59.9 m are outliers due to their high FeO and CO2 

contents. X-ray Diffraction (XRD) documented the presence of siderite in 
these samples. Sample 59.75 m contains 14.6% FeO and 11.2% CO2 – 
equivalent to 23.5% FeCO3 and about 2.3% CO2 – which is bound in 
other carbonates such as dolomite. Sample 59.9 m has even higher FeO 
values of 19.1% and 15.1% CO2, which equals 30.8% FeCO3 with 3.4% 
of CO2 bound in other carbonates. Siderite was also detected as an 
accessory mineral in sample 23.6 m and is absent in other samples. Note 
that dilution by a dominant phase (e.g. Ca in 32.5 m and Fe at ~59.9, 
59.75 m) is reflected by negative peaks in some other elements (see 
Supplementary Fig. 1). 

4. Discussion 

4.1. Lake ecology and the biotic signal 

The fossils of the GBA-core indicate two different phases of devel
opment. The lower part of the core from 80 to 44.8 m is characterized by 
a lack of ascidians and molluscs and rare or absent ostracods. Simulta
neously, the samples are rich in plant debris. Oxygen-depleted bottom 
water prevailed during deposition of this part of the core. Molluscs 
appear only in the upper part of this interval, where Sinugongeria/Coe
logonia pavements at 51.5, 50.5, 50.2, 31.7 and 29.75 m represent 
autochthonous ‘boom-and-bust’ populations that developed during 
short time windows of a few months during increased bottom-water 
oxygenation (Harzhauser and Mandic, 2004; Harzhauser et al., 2013). 
Pyrite within the articulated shells indicates that the specimens died off 
during re-establishment of anoxic conditions followed immediately by 
microbially mediated pyrite formation (Thiel et al., 2019; Duverger 
et al., 2020). 

The upper part of the core displays a much richer fossil content. 
Blooms of autochthonous calcareous nannofossils appear in three in
tervals in the upper core. Endemic Noelaerhabdaceae were frequently 
described from Pannonian deposits (Ćorić et al., 2017; Ćorić, 2021). 
Ćorić (2021) discussed a relation between a high abundance of Pan
nonian nannoplankton and a lake level rise. We do not see any evidence 
for a lake level rise in this part of the GBA-core and we therefore we 
assume that the occurrence of Pannonian nannoplankton is related 
rather to increased surface water productivity due to increased nutrient 
availability (Peleo-Alampay et al., 1999; Ćorić and Hohenegger, 2008; 
Auer et al., 2015)). 

Fluvial influx becomes evident at 30.7 m by the occurrence of Mel
anopsis vindobonensis, which inhabited deltaic-coastal environments 
(Neubauer et al., 2013), and by the occurrence of the riverine freshwater 
mussel Unio atavus and the terrestrial gastropod Pseudochloritis. After 
this phase, low oxygen levels developed again, reflected by in-situ oc
currences of Congeria subglobosa at 30.15 m. This dreissenid species 
could thrive even in dysoxic conditions due to its assumed chemo
symbiosis with sulfur bacteria (Harzhauser and Mandic, 2004). 
Oxygenated bottom-water conditions became restored around 29.75 m, 
enabling the establishment of large cardiids. 

Blooms of the endemic Paratethyan tunicate Perforocalcinella fusi
formis have been variously reported from Sarmatian and Pannonian 
deposits (Schütz et al., 2007; Botka et al., 2019). Tunicates are sessile 
filter-feeders (Varol and Houghton, 1996). Thus, on the muddy bottom 
of Lake Pannon, the tunicates might have been attached to bivalve 
shells, which occur in the same samples. Settlement by ascidians re
quires abundant oxygen in the water because the animals cannot 
tolerate hypoxia (Pool et al., 2013). Moreover, ascidians are stenohaline 
and cannot survive in brackish water conditions (Lambert, 2005). A few 
species can adapt to lowered salinities below 25 psu (practical salinity 
unit) but the lethal boundary for extant tunicates seems to range around 
22 psu (Vázquez and Young, 1996, 2000; Shenkar and Swalla, 2022). 

High-frequency oscillations between ostracod-rich and layers 
without ostracods are typical for Lake Pannon (Harzhauser et al., 2008; 

Gross et al., 2011; Kern et al., 2013). These cycles reflect changes in 
oxygen availability on the lake bottom, and barren samples reflect se
vere anoxia. Similarly, the presence or absence of plant debris is linked 
to the availability of oxygen in the sediment. Under oxic conditions, 
bacterial activity degrades organic material, whereas dysoxic conditions 
favor preservation of plant tissue (Locatelli, 2014; Hernes et al., 2020). 

Thus, the biotic data indicate predominantly hostile conditions with 
dysoxic oxygen levels at the lake bottom during deposition of the lower 
part of the core up to 44.8 m, interrupted by short phases of increased 
bottom-water ventilation between 51.5 and 50.2 m. This is indicated by 
the high abundance of plant debris, the low number of ostracod speci
mens and the near absence of molluscs. In the upper part of the core, 
bottom-water oxygenation increased especially in the interval from 42.5 
to 37.3 m, which is reflected by the full degradation of plant debris and 
the high frequency of ostracods. Nonetheless, conditions were too harsh 
for settlement by bivalves within this interval. The uppermost part of the 
core above 37.3 m is characterized by fluctuating bottom-water condi
tions. Short phases of full oxygenation are reflected by bivalve pave
ments and the occurrence of tunicates. At that time, surface water 
productivity was stimulated by increased nutrient input, reflected by 
blooms of endemic Pannonian nannoplankton. Polyhaline salinity above 
22 psu is suggested by the ascidians, which is distinctly higher than the 
15 psu estimates in the literature (see Harzhauser et al., 2007a, 2007b). 

4.2. Climate-related shifts in grain size and clay mineral composition 

The sediment of the GBA-core was mainly derived from the hilly- 
mountainous Alpine regions, where siliciclastics of the RFU cropped 
out. Consequently, the RFU was the main source of sediment input 
during position of the GBA-core. This is especially evident for the upper 
part of the core, which is rich in reworked Cretaceous-Eocene nanno
fossils from flysch deposits. An exception is the carbonate gravel at 32.5 
m (as revealed by mineralogical analysis). This event documents a short 
phase of drainage from the Calcareous Alps. The respective river might 
be some kind of precursor of the modern Liesing river (Paleo-Liesing in 
Fig. 1C). 

Due to the large distance from the shore (about 8 km), increased 
terrigenous input is reflected mainly by higher contributions of coarse 
silt. Overall, the lower part of the core up to about 60 m is dominated by 
clay and silty clay coinciding with a high number of fine phyllosilicates. 
We interpret this interval as a phase of maximum flooding, which 
effectively reduced input from the hinterland. In offshore wells of the 
Vienna Basin (e.g., Eichhorn 1, Aderklaa 40, Fig. 1B), this phase corre
sponds to the major maximum flooding surface of the middle Pannonian, 
separating a transgressive fining upwards sequence from the coarsening 
upwards of the subsequent highstand (Harzhauser et al., 2004, 2022). In 
these wells, the transgressive part attains about 40 m in thickness 
(Harzhauser et al., 2004, Fig. 3a). Thus, the interval from 60 to 80 m in 
the GBA-core covers about half of this transgressive phase. 

This stable depositional environment was disturbed by a major 
runoff event at 32.5 m which marks the onset of a coarsening trend 
(Figs. 2B–C). The coarsening is mainly linked to input of feldspar 
(Fig. 2D) and suggests increased fluvial input of silt and sand into the 
lake. The maximum input was reached in interval 32.5 to 30.3 m, 
coinciding with the occurrence of sandy gravel. Subsequently, a fining 
upward trend from 30 to 25 m documents a gradual decrease of coarse 
input and the re-establishment of calm offshore conditions, although 
grain size and sedimentology indicate a higher variability, which is also 
expressed in fluctuating occurrences of detritic dolomite. Therefore, the 
interval above 32.5 m indicates the beginning retrogradation of the lake 
due to gradual shoreline progradation during the late lake highstand and 
the increased influence of the delta of the Paleo-Wien at the GBA-core. 

A similar shift is evident in the composition of clay minerals. Clay 
minerals are derived from weathering of parent rocks from the Rheno
danubian Flysch Unit and/or from paleosols. Their relative abundance 
in the sediment is strongly related to climatic factors and, therefore, clay 
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minerals are frequently used as proxies for paleoclimatic interpretations 
(Singer, 1984; Thiry, 2000). Smectite, which is the dominant clay 
mineral in the GBA-core, is formed by chemical weathering of volcanic 
rocks and by neoformation during pedogenesis in soils (Wilson, 1999). 
In addition, smectite indicates paleoclimates with pronounced season
ality (Singer, 1984). Smectite predominates in sediments if chemical 
weathering was the dominant clay-producing process in the source area 
(Singer, 1984). Similarly, kaolinite formation is triggered by chemical 
weathering of crystalline rocks (Gao et al., 2020). In contrast to smectite, 
however, kaolinite forms under warm humid climatic conditions with 
minimum temperatures of ~15 ◦C (Chamley, 1997; Thiry, 2000). Illite 
and chlorite are less effected by pedogenesis (Wilson, 1999) and form by 
physical weathering of crystalline rocks (Chamley, 1989). Accordingly, 
a high amount of illite and chlorite in the sediments points to temperate 
to cool and less humid environments, with physical weathering as the 
dominant weathering type (Singer, 1984; Thiry, 2000). Weathering of 
volcanic rocks is an unlikely source for the GBA-core because the rare 
and thin tuffs that are recorded from the surroundings of the Vienna 
Basin (e.g., Rybár et al., 2019; Sant et al., 2020) would not suffice for the 
constant and high supply of smectite over the long time span docu
mented from the core. We therefore assume that the smectite is mainly 
derived from regional soils. The ratio between smectite and kaolinite 
versus illite and chlorite is thus a proxy for the relation between 
chemical and physical weathering. The dominance of smectite and the 
relatively low contribution by kaolinite suggest a temperate climate 
with distinct seasonality (Singer, 1984). This clay-minerals-based 
interpretation is corroborated by palynological data by Kern et al. 
(2013), who analyzed a coeval, 6-m-long core from Hennersdorf, about 
11 km south of the GBA-core (Fig. 1B). Kern et al. (2013) deduced a 
distinct seasonality in temperature with 24.7–27.9 ◦C during the warm 
season and 5.0–13.3 ◦C during the cold season. Mean annual precipi
tation was high, varying from 823 to 1529 mm but displayed a clear 
seasonality as well, with a wet season receiving 204–236 mm and a dry 
season ranging around 9–24 mm. Highest precipitation occurred during 
the warm season under a warm-temperate climate (Kern et al., 2013). A 
generally humid climate for the late Miocene was also described by 
Böhme et al. (2008). This climate state clearly explains the dominance of 
smectite over kaolinite. 

The fairly constant clay mineral composition of the core interval 
from 80 to 35 m suggests rather stable climatic conditions during 
deposition of that interval. Starting from 35 m, however, a clear positive 
shift occurs in the illite/smectite and the chlorite/kaolinite ratios 
(Fig. 2F). We interpret the trend as a transition from a dominantly 
chemical weathering system to predominant physical weathering. 
Intuitively, one might explain this shift to drier conditions as resulting in 
stronger physical weathering (e.g., Gao et al., 2020). The positive shift in 
the illite/smectite and chlorite/kaolinite ratios, however, coincides with 
a decrease of the clay-silt/sand ratio due to increasing contributions of 
sand. Therefore, the increasing amounts of illite and chlorite are linked 
to increasing input of sand by fluvial transport. Consequently, we link 
the increased contribution by chlorite and illite to increased input from 
the hinterland as result of increased precipitation. This in turn dilutes 
the local, parautochthonous smectite record. The source of these clay 
minerals is the chlorite- and illite-rich Paleogene and Early Miocene 
paleosols of the Alpine catchment area (Kuhlemann et al., 2008). This 
increase of input from the hinterland is also expressed by the occurrence 
of reworked nannofossils, which are absent in the lower part of the core 
up to 44.8 m but become frequent thereafter. 

4.3. Element distribution – primary signal and secondary dissolution 

The sum of the most abundant elements (Ca, Fe, K, Ti, Mn) remains 
rather constant throughout the core, which is linked to the background 
sedimentation. The catchment area of the GBA-core was dominated by 
siliciclastic deposits of the RFU (Fig. 1). Thus, the baseline of the 
observed elemental contents is largely explained by their incorporation 

in the predominant phyllosilicates and feldspars derived from the RFU. 

4.3.1. Shifts in input from the hinterland 
Ti and Al are stable lithogenic elements, which are little effected by 

lake chemistry and postsedimentary and biologically processes (Koinig 
et al., 2003). These elements are generally interpreted as detrital inputs 
into the lake (Kylander et al., 2011; Boës et al., 2011; Davies et al., 
2015). Due to their geochemical stability and unambiguous terrigenous 
origin, they are frequently used to normalize more mobile elements 
(Clift et al., 2008; Boës et al., 2011; Kylander et al., 2013; Matys Grygar 
et al., 2019). 

The Zr/Ti ratio is a proxy for grain size, with lower values correlating 
with fine-grained sediment and higher values reflecting the contribution 
by coarse-grained particles because Zr tends to accumulate in coarser 
fractions (Dypvik and Harris, 2001; Kylander et al., 2011; Davies et al., 
2015). In the GBA-core, Zr is significantly correlated with the occur
rence of quartz (PCC = 0.86) and is bound to the coarse fraction of the 
sediment. The Zr/Ti ratio (Fig. 4) shows moderate fluctuations corre
sponding to the generally clay-rich composition of the sediment. An 
abrupt increase of the Zr/Ti ratio around 33 m is followed by a rapid 
decrease, which culminates in very low values around 25 m. Thus, that 
ratio documents a short shift in grain size due to increased fluvial input 
in the upper part of the core, followed by re-established calm offshore 
conditions with clay sedimentation. The correlation between K/Ti and 
Zr/Ti is generally good, but deviations occur in several intervals (e.g., 
80–77 m, 71–68, 32–28 m) (note the inverted scale for K/Ti in Fig. 4). 
These phases of enhanced Zr/Ti and reduced K/Ti suggest increasing 
input of coarse sediment. The K/Ti ratio plots nearly constantly within 
the field expected for Al-silicates (relative to PAAS-values after Taylor 
and McLennan, 1985), except for samples 61.4–59.75 m, 56.0–55.8 m 
and around 32.5 m with enhanced K/Ti values. Of these, sample 32.5 m 
coincides with limestone gravel with low Ti content, thus differing 
distinctly from the surrounding Al-silicates. The other peaks, indicated is 
red squares in Fig. 4, are interpreted as analytical artifacts due to dilu
tion effects by dominant phases such as high Fe (see Supplementary 
Fig. 1). 

The K/Ti and Zr/Ti ratios both display considerable variation from 
32.5 m onwards, which differs from the more stable patterns in the core- 
interval below. 

The Mg/Al ratio (Fig. 5) is above the background Al-silicate level of 
0.13 expected from PAAS values of Taylor and McLennan (1985). This 
suggests an additional Mg source, such as more Mg-rich Al-silicate 
minerals along with dolomite. Exceptions are the intervals around 24.8, 
23.6 and 20.2 m in the uppermost core, with reduced input of dolomite. 
The Ca/Al record of the intervals 60.9–60.2 m, 49.3–43.3 m and 
35.4–33.1 m plot close to the PAAS values of 0.18 (Fi. 5) and, therefore, 
Ca is bound here mainly to Al-silicates. This is supported by the bulk 
mineralogy, which failed to detect calcite in these samples. Conse
quently, positive excursions in the Ca/Al ratio are influenced by the 
input of calcite in carbonate. In sample 32.5 m, Ca and calcite are linked 
to input of fine carbonate gravel, as proven by sedimentological anal
ysis. The Ca/Al and Mg/Al records are not correlated and the variability 
of the Mg/Al ratio (σ = 0.02) is much lower than that of the Ca/Al ratio 
(σ = 0.17, excluding sample 32.5 m). Therefore, dolomite and calcite 
had different sources with a comparatively more constant but smaller 
input of dolomite. 

The Si/Al ratio (Fig. 6) of the GBA-core strongly overlaps with ex
pected Si/Al values of Al-silicates based on PAAS data by Taylor and 
McLennan (1985). This indicates that most of the Si is represented by Al- 
silicates, which is unsurprising given that clay characterizes the core 
sediments. Samples plotting distinctly above this ‘silicate-line’ of 2.93% 
suggest an additional source for Si, which was identified mineralogically 
to be quartz. Thus, the Si/Al ratio indicates phases of increased quartz 
input (e.g., 43.3–27.6 m) alternating with phases of reduced input (e.g., 
57.3–45.6 m). The Si/Al and Ti/Al records display rather stable values 
with moderate variability for the lower part of the core up to 32.5 m. An 
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exception is a negative peak at 59.9 m, which reflects relative dilution 
due to high Fe values (Fig. 6). The input of sand at 31.4 m is reflected by 
a strong peak in both ratios. A shift towards lower values occurs in both 
ratios from 26.8 to 20.8 m. For the Ti/Al ratio this may indicate a change 
of clay mineral composition due to changes in provenance. The same 
mechanism may explain the reduced input of quartz as shown by the low 
Si/Al ratio. 

4.3.2. In-lake processes 
The Fe/Al ratio (Fig. 6) documents that most of the Fe is associated 

with clay minerals and is consistent with PAAS values of Taylor and 
McLennan (1985). A few samples, however, plot clearly above the ex
pected Fe/Al values of 0.5 for Al-silicates (64.8, 59.9, 59.75, 57.3, 55.5, 
47.4, 46.65, 38.6 m), suggesting an additional source for Fe. Similarly, 
the Ba/Al and Mn/Al ratios (Fig. 7) indicate that most of the Ba and Mn 
is associated with clay minerals except for the prominent peaks in 
samples 59.9 and 59.75 (a third peak in the Mn/Al ratio at 32.5 m is 
related to the presence of limestone gravel, which has much lower Al 
than the surrounding Al-silicates). 

Paleontological data, such as the lack of molluscs and ostracods and 
the high amount of plant debris, suggest originally dysoxic or anoxic 
conditions during the formation of the sample intervals with the marked 
Fe, Mn and Ba accumulations. In such environments, Fe concentrations 
are frequently caused by authigenic formation of greigite and/or pyrite 
due to sulfate reduction by anaerobic sulfur bacteria and by magneto
tactic sulfur bacteria along sulfate-methane transition zones (SMTZ) 

(Watanabe et al., 2004; Demory et al., 2005; Vasiliev et al., 2008). 
Sulfide-formation-driven Fe accumulations in Holocene deposits of the 
Black Sea were explained by Lyons and Severmann (2006) and Dekov 
et al. (2020) by the so-called “benthic Fe redox shuttle”. In this scenario, 
Fe-oxides are dissolved under suboxic conditions on the shelf and the 
produced Fe2+ becomes mobilized. It then becomes transported to 
deeper euxinic parts of the basin where it reacts with H2S to form iron 
sulfides. Given that Lake Pannon was a huge euxinic basin with poly
haline salinity, the presence of mechanisms known from Black Sea en
vironments would be consistent. Thus, the Fe/Al-peaks might 
correspond to the formation of iron sulfides in former sulfate-methane 
transition zones (SMTZ) as also described by Harzhauser et al. (2018) 
from Lake Pannon deposits of the Vienna Basin. Similarly, Ba2+ is 
released to the pore water in anoxic sediments in which sulfate reduc
tion dominates (Liguori et al., 2016). The released Ba will diffuse up
ward and will precipitate as barium sulfate above the SMTZ, forming a 
Barium front (Dickens, 2001). Alternatively, it will be associated with 
Fe–Mn oxides (Carter et al., 2020). This process typically occurs closely 
above the SMTZ, and barium fronts in sediments are often interpreted as 
former SMTZs (Torres et al., 1996; Dickens, 2001; Riedinger et al., 
2006). Mn-enrichment in marine and lacustrine sediments is explained 
by diffusion of reduced Mn2+ from deeper, anoxic sediments into the 
overlying water, where Mn becomes trapped in oxides at the sediment 
surface at the presence of slightly oxic bottom waters (Reitz et al., 2006). 
Especially in mesotrophic, deep lakes with anoxic sediment overlain by 
an oxic water-column, Mn will concentrate at the sediment surface by 

Fig. 9. Major environmental changes in the GBA-core as revealed by paleontological, mineralogical, sedimentological and geochemical proxies.  
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geochemical focusing (Schaller and Wehrli, 1997; Naeher et al., 2013). 
Such buried zones of Fe and Mn enrichments correspond to phases of 
low sedimentation (Granina et al., 2003). 

Thus, the tight correlation of Fe, Ba and Mn during the peaks around 
60 m results from closely related biogeochemical processes that occur at 
the anoxic/oxic interface, leading to enrichment of these elements at the 
sediment surface under low sedimentation. Within the GBA-core we 
interpret this phase as the maximum flooding of Lake Pannon when 
input from the hinterland was minimal and anoxic conditions of a SMTZ 
became established in the sediment. 

This interpretation seemingly contradicts the S/Al and S/Ti ratios, 
which display two intervals at 64.8–56.2 m and 41.8–33.8 with very low 
values due to the near absence of S (Fig. 8). The upper low-S interval 
coincides with the presence of rich benthic faunas, documenting origi
nally oxidized bottom conditions. The lower low-S interval, however, 
covers the samples, which are interpreted above as indicative for dys
oxic or anoxic environments. An explanation for this apparent deviation 
would be that, during subsequent oxidation of the pyrite, Fe-oxides and 
sulphate formed. The latter is likely to have diffused out of the zone of 
formation or was removed by groundwater. The iron oxides remained as 
limonite and goethite (Rösler, 1987). We do not know when this pyrite 
oxidation occurred. 

The presence of siderite in samples 59.75 and 59.9 is also evidence 

for an anoxic depositional environment. This ferrous carbonate needs 
oxygen-free environments and high alkalinity in the form of high DIC 
(Lin et al., 2019; Koo and Kim, 2020). It precipitates as one of the earliest 
minerals in the sediment by bacterial methanogenesis (Curtis et al., 
1986; Hałas and Chlebowski, 2004), but will not form in presence of 
hydrogen sulfide because this would lead to iron sulfide formation (Lin 
et al., 2019). Thus, this short interval around 60 m indicates anoxic 
conditions and high organic matter degradation rates. 

5. Conclusions 

The GBA-core covers a timespan when Lake Pannon was fully 
established and covered the entire Pannonian basins system (Magyar, 
2021). At that time the global Tortonian Thermal Maximum was in full 
swing (Westerhold et al., 2020) and precipitation increased distinctly 
(Böhme et al., 2008), providing an ample supply of water for a rise of the 
lake level. So far, however, no geological record has described the 
environmental feed-backs during this last Miocene thermal optimum in 
detail. Our proxy data document a cascade of environmental shifts 
within the lake and in the hinterland (Fig. 9). The lower part of the core 
captures the terminal transgressive phase and the maximum extend of 
Lake Pannon, when hostile environments became established on the lake 
bottom. No benthic organisms could settle offshore environments, and 

Fig. 10. Idealized paleoenvironmental reconstructions of 
Lake Pannon along the western margin of the Vienna Basin. A. 
maximum extent of Lake Pannon, with widespread bottom- 
water anoxia, reduced terrestrial input and low surface pro
ductivity (based on lower part of the GBA-core, 80–44.8 m). B. 
Early highstand of Lake Pannon; increased nutrient input 
causes nannoplankton blooms. Short phases of lake bottom 
oxidation stimulate settlement by benthic organisms (based on 
upper part of the GBA-core, 44.8–20 m).   
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plant debris became incorporated in the sediment (Fig. 10A). Iron sul
fide formation was common during this phase, but the original pyrite is 
now largely degraded into iron oxides, which led to a loss of S. 

The maximum flooding of the lake is indicated in the GBA-core 
around 60 m by marked peaks in Fe, Ba and Mn, which point to the 
establishment of several SMTZs (Fig. 9). The Zr/Ti, K/Ti and Rb/Ti ra
tios document that this phase coincided with strongly reduced input of 
coarse sediment and deposition of fine clay, which would be expected 
during a maximum flooding. Siderite points to the originally anoxic 
conditions and formed during a short interval in which no hydrogen 
sulfide was present. Surface water productivity was low and no nan
noplankton blooms occurred during this phase. The sediment and clay 
mineralogy document stable and calm conditions with reduced terrig
enous input and predominantly chemical weathering in the hinterland 
(Fig. 10A). 

During the transition into the lake highstand, short phases of bottom- 
water oxidation enabled the development of a few, short-lived bivalve 
pavements around 50.2 to 50.5 m and are reflected by rare bioturbation. 
The input from the hinterland, however, did not change and there are no 
signs for elevated surface water productivity. Starting around 45 m, 
reworked Cretaceous nannoplankton indicates increased input of nan
nofossils from the RFU (Fig. 9). The coincident increased input of nu
trients triggered blooms of autochthonous nannoplankton (Fig. 10B). 
Starting from about 35 m, the change in the clay-silt/sand ratio and the 
shift in the illite/smectite ratio indicate a coarsening of the sediment and 
a change of the prevailing weathering regime, which is most likely 
related to increased precipitation. Physical weathering increased and 
stronger precipitation mobilized detritic kaolinite from the hinterland. 
The positive illite/smectite trend continued throughout the upper core, 
whereas the fluvial influx ceased rapidly and clay sedimentation pre
vailed again. Therefore, the shift in clay mineral composition is not 
explained by the single fluvial event but reflects a constant climatic 
signal. The coincident negative shift in the K/Ti ratio might indicate an 
increased contribution of chemically leached material from the hinter
land, which became mobilized by stronger precipitation. Input of fine 
limestone gravel at 32.5 m indicates a short-lived source from the 
Calcareous Alps, which might be represented by the Paleo-Liesing river 
(Fig. 1C). At 30.7 m, enhanced input of coarser siliciclastics set in, which 
were derived again from the RFU. Deltaic, riverine, and terrestrial 
molluscs were washed into the lake, most probably by the Paleo-Wien 
river. This fluvial episode ceased soon, and offshore conditions were 
re-established at 30.15 m. Subsequently, a rapid alternation of oxic and 
dysoxic conditions characterized the lake bottom up to the top of the 
core (Fig. 9). Shifts in the Ti/Al, Ti/Al and Si/Al ratios, which are all 
based on terrigenous elements, hint at a change of provenance of clay 
minerals in the upper part of the core above 27.6 m. 

The prevailing dysoxic bottom conditions became frequently 
replaced in the upper part of the core by fully oxygenated environments, 
which stimulated settlement by benthos such as bivalves, ostracods and 
tunicates, and caused full degradation of plant debris. The presence of 
stenohaline tunicates indicates that the increased precipitation did not 
cause a decrease in salinity, at least in deeper offshore environments. 
Based on the ecological requirements of modern tunicates, we assume a 
polyhaline water salinity of about 20 psu for this phase of Lake Pannon 
around 10.4 Ma. This is substantially higher than the 15 psu discussed in 
the literature thus far, and forms an intriguing topic for future studies. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2022.111332. 
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