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Abstract: This study from the Sremski Karlovci clay pit in northern Serbia sheds new light on the physicoche-
mical conditions, ecology and evolution of the Paludina Lake — the Pliocene successor of the late Miocene giant
Lake Pannon hosted by the Pannonian Basin. The multidisciplinary study combines sedimentology, sequence
stratigraphy, biostratigraphy, palacontology, palacobotany, coal petrology, organic geochemistry and magnetic
mineralogy. The sedimentary succession studied represents the lake margin at the foot of the Fruska Gora ridge.
Sedimentary facies reveal minor and major lake-level changes, including a forced regression with fluvial valley
incision in the succession middle part and the ultimate emergence and covering of the lake floor by Pleistocene
loess. Mollusc and ostracod fauna indicates an oligohaline shallow cool-water environment, no deeper than 5-6 m,
with an active inflow of spring water. The lake local depth during transgression maxima did not exceed 20 m.
Palynological and geochemical analyses indicate a rich and diversified assemblage of gymnosperm plants with a
contribution of angiosperms, weeds and microbial biomass in the peat-forming suboxic to oxic coastal swamp
environment. Maceral analysis of organic matter shows a prevalence of huminite, accompanied richly by inertinite
in lignite and by liptinite in clay. The Pleistocene shift to terrestrial semiarid environment resulted in oxidizing
groundwater conditions, with the reddening of sediments around a fluctuating groundwater table and the diagene-
tic transformation of bacteria-derived greigite into magnetite. In regional stratigraphy, the occurrence of Viviparus
neumayri Brusina in the lower half of the succession indicates the Lower Paludina Beds of Dacian Stage (early
Zanclean age). Other gastropods and certain ostracodes indicate transition to the Middle Paludina Beds of lower
Romanian Stage (late Zanclean—early Piacenzian). The upper half of the succession lacks age-diagnostic fossils
and is considered to represent Middle Paludina Beds with a possible relic of Upper Paludina Beds at the top.

Key words: Flora, freshwater fauna, lacustrine palacoenvironment, lignite petrology, organic geochemistry,
sedimentary facies.
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INTRODUCTION
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The evolution and main geodynamic events of the Pan-
nonian Basin have been investigated extensively during the
last two centuries (e.g., see reviews by Balla, 1986; Fodor et
al., 1999). The research focused on the reconstruction of
changes in the palacogeographic and palacoecological con-
ditions controlled by the connectivity of the basin to the
world ocean during the Miocene. Less clear is the last stage
of the basin evolution, which involved development of a

lake system in the latest Miocene to early Pliocene (Magyar
etal., 1999; Ter Borgh et al., 2013). Disputed issues include
the exact stratigraphic position of these young Lake Pannon
deposits and the regional occurrence of Pontian Stage (i.e.,
the upper Pannonian Stage sensu lato) or its equivalents in
the Pannonian realm. Most researchers from countries in the
central and western parts of the Pannonian Plain deny pres-
ence of the Pontian sensu stricto (Sacchi and Horvath,
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Fig. 1.  Location of the study area. A. Satellite image of the Pannonian Basin and its surroundings (from Google Earth website) showing

the regional location of the present-study area. B. Satellite image of the study area (from Google Earth website) showing the Fruska Gora
mountain ridge, the Danube River and the localities referred to in the text, including the Sremski Karlovci (SK) clay pit. C. Simplified
geological map of the eastern part of the Fruika Gora mountain ridge (modified from Ci¢uli¢-Trifunovié and Rakié, 1971; and Toljié et
al., 2013) with the location of the studied outcrop section in the Sremski Karlovci clay pit. D. Outcrop photograph of a portion of the

Sremski Karlovci clay pit.

2002). Conversely, many stratigraphers from Serbia and
Romania consider the last connection between the Central
and Eastern Paratethys to correspond to the Pontiazn time
(Andreescu et al., 2013). To resolve this controversy, an in-
tegrated stratigraphic research is needed for the southern
part of the Pannonian Basin in Croatia, Bosnia and Serbia
(cf. Harzhauser and Mandic, 2008; Ter Borgh et al., 2013).

The Pannonian Basin developed as a large post-rift
thermal sag depression that underwent tectonic inversion in
the late Miocene to Quaternary (Fodor ef al., 1999; Tolji¢ et
al., 2013), which resulted in significant reduction of the
long-lived Lake Pannon (Magyar ef al., 1999; Bada et al.,
2007; Marovié et al., 2007). The small successor lake sys-
tem occupied the area of Croatia, Bosnia, Serbia and a small
western part of Romania (Magyar ef al., 1999; Mandic et
al., 2012). Since the second half of the 19th century, this

lake system has been called the Paludina Lake (Neumayr
and Paul, 1875), named after the endemic lake-swamp gas-
tropod genus Vivipara (= Paludina). Main pioneering
studies include Neumayr (1869, 1880), Brusina (1870, 1874,
1878, 1882, 1884, 1896, 1902), Herbich and Neumayr
(1875), Neumayr and Paul (1875) and Fontannes (1886). The
lake-fill sedimentary succession had come to be referred to
broadly as the Paludina Beds in the regional literature.

More than a century later, Harzhauser and Mandic
(2008) described 183 gastropod species within the 29 gen-
era that inhabited the lake, which they referred to as Lake
Slavonia. According to these latter authors, the dominant
fauna belonged to the families Melanopsidae (42 species),
Viviparidae (35 species), and Hydrobiidae (28 species). The
succession has been subdivided into the Lower, Middle and
Upper Paludina Beds. The Lower Paludina Beds are charac-
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terized by the smoothest forms of genus Vivipara, which are
stratigraphically succeeded by ribbed forms in the Middle
Paludina Beds and highly ornamented forms in the Upper
Paludina Beds (Posilovi¢ and Bajraktarevi¢, 2010 and refer-
ences therein). This stratigraphic trend reflects a continuous
development of shell ornamentation from ancestral V. neu-
mayri with a smooth shell to V. ornatus with a spiral ribbed
shell. Croatian, Bosnian and Serbian geologists have gener-
ally considered the Paludina Beds to be equivalent of the
early Pliocene Dacian Stage in the Eastern Paratethyan re-
gional stratigraphy (Andreescu ef al., 2013), corresponding
to the Zanclean Stage (5.3-3.7 Ma) in the Mediterranean
stratigraphy (Cohen et al., 2013). However, high-resolution
stratigraphy and geochronology of the Paludina Beds suc-
cession remained to be established.

The aim of the present multidisciplinary study is to clar-
ify the stratigraphic position of the Paludina Beds in the re-
gional development and general stratigraphy of the Panno-
nian Basin. The approach used here integrates sedimentolo-
gical, petrological, palacontological and palacomagnetic
methods. The study focuses on outcrop section in the Srem-
ski Karlovci clay pit to the south-east of Novi Sad in Serbia
(Fig. 1), and the results shed a new light on the evolution of
the ancient Paludina Lake in this southern part of the Pan-
nonian Basin.

GEOLOGICAL SETTING

The Pannonian Basin is a large intracratonic basin de-
veloped on the Carpathian-Pannonian microplate surroun-
ded by the Alpine orogenic belts of the Carpathians, Eastern
Alps and Dinarides (Fig. 1A). Miocene tectonic extension
of the hosting crustal plate in back-arc regime was followed
by its tectonic contraction in the Pliocene and Quaternary,
since ca. 20 Ma (Horvath et al., 2006; Schmid et al., 2008;
Ter Borgh et al., 2013). The Fruska Gora mountain belt
along the southern margin of the Pannonian Basin (Fig. 1B,
C) is the suture zone of the Pannonian and Dinaric crustal
blocks (Tolji¢ et al., 2013). This E-trending inselberg horst,
flanked by Miocene—Quaternary deposits, provides geolog-
ical evidence of a late Jurassic obduction of ophiolite-bear-
ing accretionary prism, further Cretaceous subduction and
an end-Cretaceous to Eocene collision of the crustal blocks,
followed by Miocene uplift and extension of the Pannonian
craton (Cloetingh ef al., 2006; Horvath et al., 2006; Tolji¢ et
al., 2013). The tectonic extension, accompanied by volca-
nism, was coeval with the uplift of the surrounding Alpine
orogenic belts, which largely separated the epicontinental
Paratethyan domain from the Mediterranean oceanic Te-
thyan domain (Rogl, ne1999; Schmid et al., 2008).

The early to middle Miocene pre- and syn-rift deposits
in the Pannonian Basin show a transition from continental
alluvial-lacustrine to fully marine environments (Ter Borgh
et al.,2013). The peak of extensional tectonics was reached
in the Badenian—Sarmatian rifting phase (ca. 15-11 Ma) at
the Great Hungarian Plain adjacent to the Fruska Gora
mountain range (Fodor et al., 1999). The long-lived Lake
Pannon formed at the middle/late Miocene boundary (ca.
11.6 Ma) as a consequence of the tectonic uplift of the Car-
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pathians that separated the basin from marine influences
(Magyar et al., 1999; Ter Borgh et al., 2013; Sztano ef al.,
2015). It took more than 7 Ma for the large Pannonian Basin
to be filled with lacustrine and fluvio-deltaic sediments de-
rived by erosion of the surrounding orogenic belts (Magyar
et al., 2013; Radivojevic¢ et al., 2014). At the beginning of
Pliocene, the semi-brackish giant Lake Pannon became re-
duced to the much smaller but freshwater Paludina Lake,
(Magyar et al., 1999; Harzhauser and Mandic, 2008; Sztano
et al., 2015). The Fruska Gora mountain ridge acted as an
elongate island, with lake-margin and swamp environments
formed along its shoreline. The Pliocene—Quaternary tec-
tonic compression reactivated some older faults (Fig. 1C),
whereby the Paludina Beds were differentially displaced and
lost lateral continuity (Tolji¢ et al., 2013). As a result, the
Paludina Beds are exposed at different altitudes on the north-
ern and southern flanks of the Fruska Gora horst structure.
The existing knowledge of the Paludina Beds derives
mainly from outcrop sections on the flanks of the Fruska
Gora mountain range, particularly its northern flank (Jan-
kovi¢, 1970, 1977, 1995; Ciculié-Trifunovié¢ and Rakic,
1971; Petkovié¢ et al., 1976; Krstic and Knezevi¢, 2003;
Rundi¢ et al., 2011). Best outcrops are in the local sand pits
and brick-factory clay pits along the right-hand bank of the
Danube River, including the vicinity of Sremski Karlovci
(Fig. 1B). In these outcrops, the Lower Paludina Beds —
identified by the presence of Viviparus neumayri Brusina —
are heterolithic deposits comprising sand intercalated with
mud, clay and thin lignite layers, although the succession at
some localities contains only sand (Rundi¢ et al., 2011). An
evidence of younger fossil assemblages, especially gastro-
pods and ostracods, in the uppermost part of these outcrops
indicates the presence of Middle Paludina Beds. The Upper
Paludina Beds have not been recognized in surface outcrops
and are considered as non-preserved (Krsti¢, 2006), but are
known from boreholes on the left-hand bank of the Danube
River and farther north in the Banat-Backa area of northern
Serbia, where they reach a thickness of more than 200 m
(Krsti¢, 2006). The upward transition of Pontian sands, the
youngest Miocene deposits in the area, to the muddy lacus-
trine facies of Paludina Beds is similarly known only from
boreholes near Beocin (Fig. 1C) (Petkovi¢ et al., 1976;
Krsti¢, 2006). The Paludina Beds in the whole area are
overlain unconformably by Quaternary deposits, typically
Pleistocene loess with palacosol horizons (Krsti¢, 2006).
The Sremski Karlovci clay pit (Fig. 1D; N 45°10'50", E
19°57'50") on the right-hand bank of the Danube River,
downstream of the town of Sremski Karlovci (Fig. 1B, C),
affords a relatively small but palacogeographically unique
outcrop of the Paludina Beds. This open-pit site is located at
the north-eastern extremity of the FruSka Gora foot-plain,
where the Pliocene lake-margin deposits are accessible in rel-
atively few isolated outcrops (Ci¢ulié-Trifunovi¢ and Raki¢,
1971; Tolji¢ et al., 2013). The lacustrine Paludina Beds at the
Sremski Karlovci pit are underlain by sands, probably a tran-
sition from the topmost Pontian sands known from nearby
boreholes (Krsti¢, 2006; Krsti¢ ef al., 2013), and are cov-
ered with Pleistocene loess (Fig. 1C). Coeval late Pontian
lacustrine muddy deposits with numerous pelecypods, in-
cluding Limnocardium zagrabiense Brusina, are known
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from outcrops at the Danube River bank near the railway
station of Sremski Karlovci and near the river bridge at
Beska (Fig. 1B) — both sites only a few more kilometres
away to the north and east, respectively, from the Fruska
Gora palaeo-island. The shoreline of Paludina Lake would
thus appear to have transgressively overstepped the late
Pontian shoreline of the old Lake Pannon.

MATERIAL AND METHODS

Lithostratigraphic logging and sampling of the sedi-
mentary succession in the Sremski Karlovci clay pit (Fig.
1D) was conducted, with a total of twenty-three samples
(ca. 500 g each) labelled SK-1 to SK-22 and PM-1 (Fig. 2).
All the samples were split in the laboratory for different
kinds of analysis.

Palaeontological analysis of 22 samples (SK-1 to SK-22)
was performed after their washing in warm water and subse-
quent sieving (meshes 0.6—-0.125 mm). Ostracodes appeared
to be well preserved and were picked up completely or par-
tially, depending on their abundance in a sample, as only a
few samples had high ostracode content with both adult and
juvenile forms. Molluscs were collected from several sam-
ples and — after a standard cleaning — some of the specimens
were further treated with a one-minute ultrasound bath. Mi-
crophotographs were obtained by using a JEOL JSM-
6610LV scanning electron microscope (SEM) at the Faculty
of Mining and Geology, University of Belgrade. Prior to
their SEM analysis, all specimens were gold-coated (film
thickness ca. 20 nm) in argon atmosphere using a Leica EM
SCDO005 sputter coater. Primary electron beam with Ib of
0.7 nA and acceleration voltage of 5 kV was used to obtain
SEM images in secondary electron mode. All of the fossil
specimens are stored in the Department of Regional Geol-
ogy, Faculty of Mining and Geology, University of Bel-
grade (collection code 20131GSK1-22).

For maceral analysis, the samples of lignite (SK-5 and
SK-11, Table 1) and coaly clay (SK-12 and SK-14) were
crushed to a maximum particle size of 1 mm, mounted in ep-
oxy resin and then polished (ISO, 2009a). Analysis was per-
formed on a Leitz DMLP microscope with monochromatic
and UV light illumination on 500 points (ISO, 2009b). The
maceral description follows the terminology developed by
the International Committee for Coal and Organic Petrology
for huminite (Sykorova et al., 2005), liptinite (Taylor et al.,
1998) and inertinite (ICCP, 2001).

Reflectance measurements were performed under a
monochromatic light of 546 nm using a Leitz DMRX mi-
croscope (Leica MPV) and optical standards with reflec-
tance values of 0.899% and 1.699% in oil, following the
procedures outlined by ISO (2009¢). The rank was deter-
mined by measuring the random reflectance on ulminite B.
The total organic carbon (TOC) content was determined
with a Vario EL III CHNS/O Elemental Analyzer of Ele-
mentar Analysensysteme GmbH on samples pre-treated
with hydrochloric acid (1:3, v/v).

For organic geochemical analyses, representative por-
tions of selected samples were extracted for ca. 1 hour by
using dichloromethane in a Dionex ASE 200 accelerated
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solvent extractor at 75 °C and 50 bars. After evaporation of
the solvent to 0.5 ml of total solution in a Zymark TurboVap
500 closed-cell concentrator, asphaltenes were precipitated
from an 80:1 hexane-dichloromethane solution and sepa-
rated using centrifugation. The hexane-soluble fractions
were separated into NSO compounds, saturated hydrocar-
bons and aromatic hydrocarbons using medium-pressure
liquid chromatography (MPLC) with a Kéhnen-Willsch in-
strument (Radke ef al., 1980).

The saturated and aromatic hydrocarbon fractions were
analysed on a gas chromatograph equipped with a 30-m
DB-5MS fused silica capillary column (inside diameter
0.25 mm, film thickness 0.25 um) and coupled to a Finnigan
MAT GCQ ion-trap mass spectrometer (GC-MS system).
The oven temperature was programmed to increase from
70 °C to 300 °C at 4 °C/min, followed by an isothermal pe-
riod of 15 minutes. Helium was used as the carrier gas. The
sample was injected splitless with the injector temperature
of 275 °C. The spectrometer was operated in the EI (elec-
tron ionization) mode over a scan m/z range from 50 to 650
(0.7 s total scan time). The data were processed with a Fin-
nigan data system. Individual compounds were identified
on the basis of retention time in the total ion current (TIC)
chromatogram and a comparison of the mass spectra with
published data. The relative percentages and absolute
concentrations of different compound groups in the saturated
and aromatic hydrocarbon fractions were calculated by using
peaks of the TIC chromatograms in relation to those of inter-
nal standards (deuterated n-tetracosane and 1.1’-binaphthyl,
respectively), or by an integration of peak areas in mass chro-
matograms with the response factor used to correct for the in-
tensities of fragment ion in quantification of the total ion
abundance. The concentrations were normalized to TOC.

For magnetic mineralogy measurements, fresh clay
samples were collected in two places directly above a lignite
layer (sample PM-1, Fig. 2). The samples were subjected to
magnetic experiments which included progressive acquisi-
tion of saturation isothermal remanent magnetization (IRM)
up to the maximum field of 2.94 T and a stepwise thermal
demagnetization of three-component IRM (Lowrie, 1990)
to identify the ferromagnetic mineral components. IRM
acquisition was conducted using an MMPM10 pulse magne-
tizer. Thermal demagnetization was performed in a MMTDS80
oven, and the direction and intensity of RM were measured by
using a JR-5 spinner magnetometer. The low-field magnetic
susceptibility was measured after each step of heating by using
a MFK1-A kappabridge.

RESEARCH RESULTS
Sedimentological analysis

The succession of Pliocene deposits exposed in the
Sremski Karlovci clay pit has a measured thickness of 34.3
m and is covered with a layer of Pleistocene loess (Fig. 2).
The succession has been divided into four main sedimentary
units, which differ markedly from one another and are re-
ferred to broadly as lithofacies A-D (Fig. 2). These four
successive lithofacies are described and interpreted in the
present section.
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Sedimentological log of the succession exposed in the Sremski Karlovci clay pit (Fig. 1), with a brief description of main

lithofacies, their outcrop photographs and environmental interpretation. Samples SK 1-22 were subject to a range of laboratory analyses;
sample PM-1 was subject to palacomagnetic investigation.
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Fig. 3.

Lithofacies A

Description: This lowest unit, with an exposed thick-
ness of 8.3 m (Fig. 2), is quite heterolithic, showing an alter-
nation of sand, silt, mud, clay and coaly clay, with three lig-
nite seams up to 0.8 m thick (Figs. 3 and 4). Sand has a
mean grain size in the range of 0.07-0.43 mm and domi-
nates in the basal part, showing moderate sorting and ripple
cross-lamination. Silt and mud layers are planar parallel
laminated, containing coalified plant remains and whole or
fragmented gastropod and mollusc shells. Ostracode re-
mains are visible on the surface of some samples (SK-2 and
SK-3, Fig. 2). The unit as a whole shows an overall upward
fining from sandy basal part to the silt-dominated middle
part and muddy upper part intercalated with lignite layers.

Interpretation: The heterolithic deposits of lithofacies
A, with lignite seams and carbonaceous mud/clay layers, in-
dicate a lake-margin environment hosting swamps. Phyto-
genic deposits indicate anoxic conditions (Ielpi, 2012),
which is supported by the occurrence of pyrite. The overall
upward fining and transition to the overlying muddy litho-f
acies B (Fig. 2) indicate a gradual lake expansion. The
transgression apparently transformed the lake margin from

Outcrop in the Sremski Karlovci clay pit showing the vertically superimposed deposits of lithofacies A, B and C (see log in
Fig. 2). The muddy lacustrine deposits of lithofacies B are here deeply incised by the fluvial lithofacies C and only ca. 4 m thick, but later-
ally reach a thickness of at least 12 m within the open-pit outcrop section.

an open shore with active fluvio-deltaic sand supply into a
fluctuating and increasingly muddy environment with epi-
sodic encroachment of swamp vegetation and anoxia.

Lithofacies B

Description: This next, higher unit (Figs 2, 3) is ca. 9 m
thick and consists of bluish-grey clay/mud, mainly massive,
passing upwards into a better laminated silty to sandy mud.
The lithologically monotonous unit contains isolated lentic-
ular aggregates of mollusc shells, particularly coquinas of
freshwater snails such as Melanopsis, Planorbis and Vivi-
parus. The fauna specimens are generally of small size (up
to 1 cm), except for a few viviparids that exceed slightly
2 cm in size. The index species Viviparus neumayri Brusina
was found at the base of the unit. There are also scattered
plant remains, fragments of freshwater unionid mussels and
rare ostracodes (Candona, Ilyocypris, Cypria). This litho-f
acies unit has a sharp, erosional contact with the overlying
coarse-grained lithofacies C.

Interpretation: The muddy lithofacies B indicates a
standing-water nearshore lake environment dominated by
hemipelagic suspension fallout, probably fluctuating due to
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the superficial boosting of water turbulence by storm waves.
Scattered plant detritus and the lack of significant sand sup-
ply suggest a vegetated swampy shoreline without an active
clastic beach zone or coastal fluvio-deltaic system. Deposi-
tion of massive mud is attributed to an intense sediment fall-
out by clay flocculation, rather than to bioturbation (Basi-
lici, 1997; Ielpi, 2012), taking into account that the burial
and compaction significantly obscure initial fabric (Allen,
1985). Laminated or thinly banded mud may indicate spas-
modic delivery of wind-blown silt, transient alongshore
drift of storm- or river-generated suspension plumes, and
possibly local pulsating underflows of fluid mud (Traykov-
ski et al., 2000; Cohen, 2003; Ichaso and Dalrymple, 2009;
Ielpi, 2012).

Lithofacies C

Description: This third sedimentary unit is ca. 10 m
thick, has a distinctly erosional base and consists of coarse-
grained clastic deposits (Figs 2, 3). The deposits form scour-
based fining-upwards packages, up to around 1 m thick, com-
posed of sandy pebble gravel or pebbly sand passing upwards
into coarse-grained to medium- or fine-grained sand (Fig. 5).
Each such package shows trough cross-stratification (Fig. 6),
locally overlain by ripple cross-lamination in fine sand. Sand
is fairly well sorted, with a mean grain size of 0.26—1.06 mm.
Some of the packages are draped with a thin relic mud layer.
Gravel is subrounded and polymictic, containing some calcar-
eous mud intraclasts. Fossil fauna is lacking.

e

Fig. 5.

Fig. 4.  Close-up outcrop detail of the lake-margin lithofacies A
(Fig. 2), showing: 1 — medium- to fine-grained sand with tiny car-
bonate concretions and carbonized flora; 2 — three lignite beds
interlayered with coaly clay; 3 — clay, partly coaly, rich in mollusc
moulds and carbonized swamp plant fragments; 4 — coaly clay
layer; and 5 — bluish-grey clay layer above.

Outcrop detail of the lower part of lithofacies C (Fig. 2), showing erosionally-stacked fining-upwards gravelly sand packages

with trough cross-stratification interpreted as fluvial braided channel-fill deposits. The gravel component is extraformational and

polymictic, but includes intraformational mud clasts.
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Fig. 6.

Interpretation: The coarse-grained lithofacies C signi-
fies a dramatic change of sedimentary environment. The
scour-based, cross-stratified sediment packages are chan-
nel-fill deposits. Their offset erosional stacking (Fig. 5) in-
dicates a system of laterally mobile braided-stream channels
ca. 1 mdeep (cf. Miall, 1996). Mounded packages of trough
cross-stratification (Fig. 6) indicate stacking of linguoid 3D
dunes as mid-channel or side bars (cf. Allen, 1983). Sparse
lenticular mud layers are relic slack-water deposits of chan-
nel abandonment phases. The basal erosional unconformity
separating lithofacies C from the underlying lacustrine
lithofacies B (Fig. 2) indicates a lake forced regression, with
the fluvial system cutting across an emerging lake margin
and probably forming an incised valley. An associated co-
eval lowstand delta (Catuneanu, 2006) must have formed at
the lake fallen shoreline to the north-east. The overall fin-
ing-upwards trend of lithofacies C and its upward transition
into lacustrine lithofacies D indicate a transgressive systems
tract (Catuneanu, 2006) signifying a new episode of the lake
relative level rise and expansion.

Lithofacies D

Description: This upper sedimentary unit is up to 7 m
thick (Fig. 2) and consists of variegated muddy deposits,
comprising thinly interlayered clay, silty to sandy mud and
subordinate fine-grained sand. Argillaceous layers are par-
allel-laminated to mottled and yellowish- to reddish-grey in
colour. Sandy layers have a stronger rusty-red hue. No fos-
sils have been found in this lithofacies unit. It is covered
with a palaeosol horizon and overlain by typical loess de-
posits, well known from the Pleistocene in the region.

Interpretation: The monotonous muddy deposits of
lithofacies D indicate an offshore lake environment with a
varying input of silt and fine sand, probably due to frequent
storm events. Lithofacies D overlies conformably the flu-
vial lithofacies C, which implies lake expansion and major

Close-up outcrop detail of lithofacies C (Fig. 2) showing trough cross-strata sets stacked into a mounded package interpreted as
a fluvial mid-channel braid bar.

regional transgression. Lake expansion would increase the
wave fetch and hence the impact of wind on the lake water
column. There is no evidence of anoxia, which supports the
notion of well-oxygenated lake bottom waters (Potter et al.,
2005; Ielpi, 2012). The lake area in this part of the region
was eventually emerged and vegetated before being covered
by Pleistocene loess, which implies a prolonged period of
terrestrial conditions. A fluctuating groundwater table dur-
ing this period might explain the reddening of sediment
(Walker, 1967, 1973, 1974; Walker and Honea, 1969) and
probable disappearance of fauna shells by dissolution (Cren-
shaw, 1980).

Fossil fauna and flora

For more than a century, the biostratigraphy of the Pa-
ludina Lake has been based on viviparid gastropods. A vi-
viparid phylogenetic tree was first described by Neumayr
and Paul (1875) from the Paludina Beds in Croatia’s Sla-
vonia on the basis of shell morphology and stratigraphic
distribution. These Pliocene freshwater sands and muds rep-
resent the final stages of lacustrine sedimentation in the
Pannonian Basin and bear a valuable record of viviparid
shell evolution, most notably the increasing shell ornamen-
tation and development of spiral rib forms (Posilovi¢ and
Bajraktarevic¢, 2010).

In the present case, abundant fossils occur in the lower
half of the sedimentary succession — in its lithofacies A and
B (samples SK-2, SK-3 and SK-13 to SK-15, Fig. 2). The
richest fossil assemblages are found in the bluish-grey mud
beds (e.g., sample SK-15), which contain imprints of poorly
preserved thin bivalves, moulds of gastropods, fragments of
freshwater unionid shells, ostracods, plant detritus and cha-
rophytes. The occurrence of index species Viviparus neu-
mayri Brusina indicates that the deposits represent the Lo-
wer Paludina Beds, which means the Dacian Stage (Zan-
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Fig. 7.

Fossil fauna in the lower half of the Sremski Karlovci outcrop section (Fig. 2). A. Small gastropods dominated by specimens of

Melanopsis sp. up to ca. 2 cm in size, from sample SK-15. B. Planorbis sp. C. Theodoxus cf. slavonicus Brusina, with the largest specimen

less than 1 cm in size. D. Viviparus neumayri Brusina.

clean) of the lower Pliocene (Jankovié, 1977, 1995; Krstic,
2006). The fossil molluscs are dominated by the following
forms (Figs 7 and 8): V. neumayri Brusina, V. cf. suessi
Neumayr, Lithoglyphus acutus decipiens Brusina, Melano-
psis recurens Neumayr, M. lanceolata Neumayr, M. cf. sla-
vonica Brusina, M. cf. friedeli Brusina, Hydrobia longaeva
Neumayr, Gyraulus sp., Planorbis sp., Theodoxus semipli-
catus Neumayr, T. cf. rumanus Sabba, T. cf. slavonicus
Brusina., Dreissena polymorpha Pallas, Valvata sp., Bithy-
nia sp., Anisus sp., Carychium sp. and fragments of unionid
Psilunio sp.

The gastropod families Melanopsidae and Planorbidae
dominate, making up more than 75% of total molluscs. Pre-
dominant are Melanopsidae, mostly small forms up to 1-2 cm
in size (Fig. 7A), although sample SK-15 appeared to contain
also numerous poorly preserved specimens of larger (3 cm)
species from family Planorbidae (Fig. 7B). The Planorbidae
have thin brittle shells and hence occur mainly as coquinas.
Other gastropods, such as Bithynia and Theodoxus, are even
smaller, less than 0.5 cm in size (Fig. 7C). Only two species
of viviparids have been found, but one is the index species
V. neumayri Brusina (Fig. 7D) (Jankovi¢, 1977, 1995; Po-
silovi¢ and Bajraktarevi¢, 2010). In addition to the typical
lacustrine and swamp/marsh gastropod species, such as Vi-
viparus and Melanopsis, some aquatic (Gyraulus sp., Pla-
norbis sp.) and terrestrial pulmonates (Carychium sp.) were
found (Krsti¢, 2006). Except for the widespread and well-
preserved Theodoxus, gastropod species are scarce in the
samples.

Scarce also, relative to molluscs, are ostracodes, al-
though some samples (SK-2, SK-14 and SK-15, Fig. 2) ap-
peared to contain abundant assemblages of lacustrine and
freshwater ostracod species (see also Gagi¢ and Sokac,
1972; Krsti¢, 2006). Best represented in all samples are gen-
era Candona and Ilyocypris, whereas other species (Cando-
nopsis, Cyclocypris, Cypria, Cypridopsis, Darwinula) are
relatively rare. The following ostracods have been identi-
fied (Figs 9, 10): Candona cf. neglecta Sars [?Candona
(Neglecandona) paludinica Krsti¢], C. angulata O.W.
Mueller, Darwinula stevensoni (Brady et Robertson), /lyo-
cypris gibba (Ramdohr), 1. n bradyi Sars, Cyclocypris sp.
[cf. C. laevis (Mueller)], Prionocypris zenkeri (Chyzer et
Toth), Metacypris ctf. cordata (Brady et Robertson), Cypri-
dopsis cf. vidua (O.W. Mueller), Plesiocypridopsis sp., Ty-
phlocypris sp., Xestoleberis sp., Cypria sp., Potamocypris
sp., Candonopsis sp. and ?Paralimnocythere sp. The ostra-
code valves and carapaces are well preserved (Fig. 10), and
it is possible to identify many of their internal (muscle scar
pattern, marginal pore system) and external features (sculp-
ture type, nodosity and spines). The specimens are mainly
adult forms, whereas juvenile forms (e.g., Candona) are
scarce.

However, the exact biostratigraphic significance of
these ostracod assemblages is unclear. According to the pre-
vious studies (Gagi¢ and Sokac, 1972; Krsti¢, 2006; Krsti¢
et al., 2013), the ostracods in these deposits indicate a tran-
sition from the Lower to Middle Paludina Beds, which
would mean a slightly younger age than indicated by the
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Fig. 8. Small gastropods and charophyte gyrogonites from the lower half of the Sremski Karlovci outcrop section (Fig. 2). A-E.
Carychium sp. from sample SK-2. F-H. Bithynia sp. (operculum). I, J. Gyraulus sp. from sample SK-15. K. ?Bithynia sp. from sample
SK-15. L, M. Lymnaeidae sp. indet. from sample SK-15. N. Anisus sp. from sample SK-15. O. Gyraulus sp. from sample SK-15. P.
Lymnaeidae sp. indet. from sample SK-15. Q. freshwater gastropoda (indet.) from sample SK-2. R, S. Lithoglyphus sp. from sample
SK-15. T. Melanopsis sp. from sample SK-15. U-X. Chara sp. (oogonium) from sample SK-3. Y, Z. Terrestrial gastropod (indet.) from
sample SK-15. The scale bar is 200 um in cases B, F and G; 100 pm in cases V-X and Z; and 500 um in all other cases.

molluscs alone. On the other hand, several taxonomic as-  half of the sedimentary succession in the present case (Fig. 2)
pects of the subfamily Candoninae (neglecta group) remain  represents the early Pliocene Dacian Stage.
to be disputed (Meisch and Wouters, 2004; Krsti¢, 2006). In addition to the above-mentioned fossil fauna, some

The ostracodes would then seem to indicate that the lower of the samples (SK-2, SK-3, SK-8, SK-13 and SK-15, Fig. 2)
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Fig. 9.  Ostracods from the lower half of the Sremski Karlovci outcrop section (Fig. 2). A—C. Candona neglecta Sars, 1887, from sam-
ple SK-2: A —right valve, external view, male, length 1.21 mm, height 0.69 mm; B — same specimen, detail of valve ornamentation with
pore system; C — right valve, external view, female, length 1.16 mm, height 0.62 mm. D. Potamocypris cf. vilosa (Jurine, 1820), right
valve, external view, sample SK-2. E. Herpetocypris cf. chevreuxi (Sars, 1896), left valve, external view, sample SK-2. F. Candona sp.,
left valve, internal view, sample SK-2. G. Cypria sp., left valve, external view, sample SK-2. H-Q. Candona ct. neglecta Sars, 1887, from
samples SK-2 and SK-3: H — left valve, external view, female, SK-2; I — left valve, internal view, female, SK-2; J — right valve, external
view, female, SK-2; K —right valve, internal view, SK-2; L — same specimen, posteroventral margin; M. Left valve, internal view, female,
SK-2; N —left valve, external view, SK-3; O —right valve, external view, SK-3; P — left valve, external view, SK-3; Q —right valve, exter-
nal view, SK-3. R. Candonopsis sp., left valve, external view, SK-2. S. Cypridopsis cf. vidua (O.W. Mueller), left valve, external view,
SK-2. T. ?Cryptocandona sp., right valve, external view, SK-15. The scale bar is 100 pm, but is 10 pm in case B and 50 pm in case L.
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Fig. 10. Other ostracods from the lower half of the Sremski Karlovci outcrop section (Fig. 2). A—G. Ilyocypris gibba (Ramdohr, 1808)
from sample SK-15: A —right valve, internal view; B — carapace, dorsal view; C — carapace, dorsal view, central tubercle; D — left valve,
external view; E — right valve, external view; F — same valve, detail of sculpture with pore system; G — same valve, anterodorsal margin
with small tubercle. H. Metacypris cf. cordata Brady et Robertson, 1870, from sample SK-14; right valve, external view. I. Same valve,
detail of sculpture. J—L. Ilyocypris bradyi Sars, 1890, from sample SK-3: J — right valve, external view; K — left valve, external view; L —
same valve, detail of anterior part. M. I/lyocypris sp. from sample SK-3; right valve, external view. N. Same valve, central part with two
main tubercles. O. Ilyocypris gibba (Ramdohr, 1808) from sample SK-15; left valve, dorsal view. P. Same valve, the main tubercle. Q.
Darwinula stevensoni (Brady et Robertson, 1870) from sample SK-15; carapace, external view. R. Cypridopsis sp. from sample SK-2;
right valve, external view. S. ?Paralimnocythere sp. from sample SK-2; right valve, external view. T. Prionocypris zenkeri (Chyzer et
Toth, 1858) from sample SK-15; right valve, external view. The scale bar is 100 pm, but is 10 pm in cases F and I; 20 pm in cases C and P;
and 50 um in case G.
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Table 1

Maceral composition (vol.%) and huminite reflectance of
sediments samples from the Sremski Karlovci clay pit
(sample numbers as in the outcrop log in Fig. 2)

Sample .SK-.S SKI 1 SK-12 SK-14
(lignite) (lignite) (clay) (clay)
Textinite 5.1 4.7 7.8 6.6
Ulminite 10.8 10.0 4.4 9.1
Attrinite 12.1 5.7 0.5 9.0
Densinite 20.0 274 53 12.2
Gelinite 4.9 2.1 0.1 1.1
Corpohuminite 2.6 1.4 0.4 0.8
Total Huminite 55.5 51.3 18.5 38.7
Sporinite 6.5 9.0 11.1 1.1
Cutinite 2.8 0.7 7.1 0.5
Resinite 0.5 0.2 0.2 0.2
Suberinite 0.2 0.2 0.0 0.0
Alginite 0.3 0.5 0.0 0.2
Liptodetrinite 6.1 1.1 6.3 4.3
Fluorinite 0.5 0.7 0.0 0.0
Total Liptinite 16.9 12.3 24.6 6.2
Fusinite 1.2 8.9 0.2 0.0
Semifusinite 2.5 3.0 0.0 0.0
Macrinite 0.2 0.9 0.0 0.0
Funginite 1.8 6.1 0.0 0.3
Inertodetrinite 7.1 9.8 0.3 0.8
Total Inertinite 12.7 28.8 0.5 1.1
Total Mineral 14.9 7.5 56.4 53.9
‘;V;:;ga‘;f;‘g,‘/l';“e 0.340.03 | 0.32+0.03 | 0.29+0.03 | 0.33+0.03

appeared to contain fairly abundant gyrogonites of the algae
Chara and ?Rhizosolenia, fish bones, swamp plant remains
including fruits and seeds, and a carbonized and/or limoni-
tized plant detritus. Carbonized plant fragments from the
families Taxodiaceae and Cupressaceae were found within
and near the lignite coal seams, but too poorly preserved to
be identified at a genus and species level.

Petrology and geochemistry of organic matter

Maceral composition

The results of huminite reflectance measurements show
that the organic matter in the studied sedimentary succes-
sion is in the lignitic state of coalification, with a mean
random reflectance between 0.29 £ 0.03 to 0.34 £+ 0.03 (Ta-
ble 1; see ISO, 2005).

Huminite is the prevailing maceral group in the lignite
samples (up to 50 vol.% in SK-5 and SK-11, Table 1) and in
one of the coaly clay samples (38.7 vol.% in SK-14, Table 1).
The most abundant macerals are densinite (5.3—27.4 vol.%)
and ulminite (4.4-10.8 vol.%), with variable amounts of
attrinite (0.5—12.1 vol.%) and textinite (4.7-7.8 vol.%). The
contents of gelinite and corpohuminite are low (vol.%).
Liptinite content is high (12.3-16.9 vol.%) in the lignite
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Table 2

Organic carbon content and group geochemical parameters
of organic matter in sediment samples from the Sremski
Karlovci clay pit (sample numbers as in Fig. 2 and Table 1)

db db Extract | Asphal- Aroma- NSO
Sample (wtw‘"g/) (wst“/) yield tenes A(:L]l(ta;e)s tics ((:)(1)11;:1(;5

70 [WE) (mg/e Corg) | (wt.%) | V57 | (wt.%) f(’wt.%)
SK-5 37.05 | 3.22 8.74 46.95 8.05 1.40 | 43.60
SK-11 | 55.34 | 1.49 13.86 59.97 | 2.98 2.16 | 34.89
SK-12 | 2.32 | 0.05 42.25 12.56 | 10.23 1.32 75.89
SK-14 | 6.74 | 0.34 9.02 2893 | 16.86 | 5.79 | 48.43

db . e b
C,,, — organic carbon content, dry basis; S* — Total sulphur content, dry

basis

samples and even higher (24.6 vol.%) in one of the coaly
clay samples (Table 1). Its most abundant macerals are spo-
rinite (1.1-11.1 vol.%), liptodetrinite (1.1-6.3 vol.%) and
cutinite (0.7-7.1 vol.%). Suberinite, alginite, resinite and
fluorinite are present in low amounts in all samples. Iner-
tinite content is low in coaly clay samples, but high in the
lignite samples (12.7-28.8 vol.%), with inertodetrinite,
fusinite, funginite and semifusinite as the main macerals.
Macrinite is present in small amounts in all samples.

The content of mineral matter ranges from less than 15
vol.% in lignite to more than 50 vol.% in coaly clay samples
(Table 1). Clay and pyrite are the most abundant minerals in
lignite samples, and are accompanied by carbonates in coaly
clay samples.

Group organic geochemical parameters

Organic carbon content (Corgdb) varies from 2.32% in
coaly clay to 55.34% in lignite samples (Table 2). The total
sulphur content (S?°) in lignite is the range of 0.05-3.22
wt.% (Table 2). The soluble organic matter (bitumen) ex-
tract yield ranges from 8.74 to 42.25 mg/g Corg (Table 2),
which can be attributed to the varied proportion of biogenic
and diagenetic compounds. Lignite samples show a low
content of saturated hydrocarbons (2.98-8.05 wt.%) and
aromatics (1.40-2.16 wt.%), but a high content of asphal-
tenes (46.95-59.97 wt.%) and NSO compounds (34.89-
43.60 wt.%), as expected for an immature terrestrial organic
matter (Table 2). Coaly clay samples have a higher content
of saturated hydrocarbons and a relatively high content of
NSO compounds, but low content of asphaltenes (Table 2).

Molecular composition of organic matter

The main constituents of the saturated fraction in all
samples are n-alkanes, with a variable amount of diterpe-
noids and hopanoids (Table 3, Fig. 11). Non-hopanoid tri-
terpenoids, sesquiterpenoids and steroids occur in small
amounts. The main components of the aromatic fraction in
samples are diterpenoids and non-hopanoid triterpenoids
(Table 4). Other components (e.g., sesquiterpenoids, pery-
lene and phenanthrene) are minor.

The n-alkanes show high total ion current (TIC) of the
saturated hydrocarbon fraction (Fig. 11) and are identified
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Table 3

Concentrations and concentration ratios of compounds and compound groups in the sauturated hydrocarbon fraction
of sediment samples from the Sremski Karlovci clay pit (sample numbers as in Fig. 2 and Table 1

Cso

Sample |n-Alkanes | Steroids |Hopanoids tesr;zggii:is terp]ejlil-oi ds terpl;i(-)i ds CpI* I;rﬁ;t;r;z/ Ster/Hopb Hog—;;ne/ C(%%EEZE)%O (DBri{“ri)

Hopane® sat®

(ng/g Corg)

SK-5 57.48 0.03 5.18 N.D.f 19.54 1.70 2.72 1.07 0.005 1.35 0.05 0.92
SK-11 62.53 0.29 4.71 N.D.f 0.52 5.12 2.90 1.37 0.061 1.52 0.08 0.09
SK-12 410.61 0.73 21.66 N.D.f 22.29 4.42 1.86 0.66 0.034 2.47 0.54 0.83
SK-14 24331 0.51 9.43 2.301 32.38 1.29 422 0.83 0.054 42.73 0.31 0.96

% CPI - Carbon Preference Index determined for full distribution of n-alkanes C»3-C33, CPI1 = 1/2 [Zodd(n-C»s - n-Cs3)/Zeven(n-Cs, - n-Cs,) + Zodd(n-Cos -
n-Cs3)/Zeven(n-Cyy - n-C34)] (Bray and Evans, 1961);

b Ster/Hop = Steroids/ Hopanoids = [Z(C,7-Cyo)(A% + A* + A%)-Sterenes]/[Z(Cag-C30) 1 70((H)21B(H)- + Z(Cao-Cs1)17B(H)2 1o(H)- + Z(Cro-Cs1)1 7B(H)21B(H)- +
Cy7170(H)- + Cy717B(H)- Hopanes + X(Cy9-C3;) Hop-17(21)-enes + C,7-Hop-17(21)-ene +C,7-hop-13(18)-ene] (Peters et al., 2005);

¢ C39 Hop-ene/C30 Hopane = C3, Hop-17(21)-ene/Cs o-Hopane;

4 C30BP/ Cso(BB+0uB) = C3017 (H)21B(H)-Hopane/(C5017B(H)21B(H)-Hopane + C3y170(H)21B(H)-Hopane) (Mackenzie ef al., 1981);

¢ Di/(Di+Tri)sat = ZDiterpenoids/(ZDiterpenoids + ZTriterpenoids), calculated from the TIC of saturated fraction, XDiterpenoids = (160/(H)-Phyllocladane
+ Pimarane + [sopimarane + Norpimarane + Norisopimarane + 160/(H)-Kaurane + 16f3(H)-Phyllocladane + Norabietane + Isopimaradiene + Pimaradiene),
ZTriterpenoids = (Olean-12-ene + Olean-13(18)-ene + Des-A-olean-12-ene + Des-A-olean-13(18)-ene + Des-A-olean-18-ene + Des-A-urs-13(18)-ene +
Des-A-urs-12-ene + Des-A-lupane);

fN.D. — not determined.

Table 4

Concentrations and concentration ratios of compounds and compound groups in the aromatic hydrocarbon fraction
of sediment samples from the Sremski Karlovci clay pit (sample numbers as in Fig. 2 and Table 1)

Samples Sesqui-terpenoids| Di-terpenoids Tri-terpenoids ‘ Perylene ‘ Phenantrene Di/(Di+Tri) Di/(Di+Tri)sat +
(1g/2 Corg) arom® arom
SK-5 0.06 2.16 433 0.11 0.08 0.33 0.98
SK-11 0.08 1.36 5.38 0.13 0.13 0.20 0.87
SK-12 0.79 1.71 3.64 0.17 1.44 0.32 0.99
SK-14 4.86 180.57 8.61 1.35 0.76 0.95 0.94

2 Di/(Di + Tri) arom = XAromatic diterpenoids/(XAromatic diterpenoids + ZAromatic triterpenoids), (Haberer et al., 2006; Nakamura et al., 2010), calcu-
lated from the TIC of aromatic fraction, ZAromatic diterpenoids = (18-Norabieta-6,8,11,13-tetraene + 19-Norabieta-8,11,13-triene + 18-Norabieta-8,11,13-
triene + 2-Methyl, 1-(4'-methylpentyl), 6-isopropylnaphthalene + Dehydroabietane + Simonellite + Retene + Sempervirane + Totarane + Hibaene +
Ferruginol + 6,7-Dehydroferruginol + 2-Methylretene + 1,2,3,4-Tetrahydroretene), ZAromatic triterpenoids = (24,25-Dinoroleana-1,3,5(10),12-tetraene +
24,25-Dinoroleana-1,3,5(10),12,14-pentaene + 24,25-Dinorursa-1,3,5(10),12-tetraene + 24,25-Dinorlupa-1,3,5(10)-triene + Pentamethyldecahydro- chry-
sene + 3,4,7,12a-Tetramethyl-1,2,3,4,4a,11,12,12a-octahydrochrysene + 3,3,7,12a-Tetramethyl-1,2,3,4,4a,11,12,12a-octahydrochrysene + 3,4,7-Trime-
thyl-1,2,3,4-tetrahydrochrysene + 3,3,7-Trimethyl-1,2,3,4-tetrahydrochrysene + 1,2,4a,9-Tetramethyl-1,2,3,4,4a,5,6,14b-octahydropicene + 2,2,4a,9-
Tetramethyl-1,2,3,4,4a,5,6,14b-octahydropicene + 1,2,9-Trimethyl-1,2,3,4-tetrahydropicene + 2,2,9-Trimethyl-1,2,3,4-tetrahydropicene + 1,2,9-Trime-
thyl-1,2-dihydropicene + Triaromatic des-A-lupane);

b Di/(Di + Tri) sat + arom = ZDiterpenoids + ZAromatic diterpenoids/(= ZDiterpenoids + ZAromatic diterpenoids + ZTriterpenoids + ZAromatic triterpe-
noids), (Bechtel et al., 2002, 2003)

to be in the range of C;3 to C35. The n-alkane pattern in all ~ samples (Fig. 11A). The relatively high content of C23 and
samples is dominated by long-chain homologues (C27—C35)  Cps n-alkane homologues implies a contribution of aquatic
with a maximum at 7-Cp9 and a marked predominance of =~ macrophytes to the organic matter. Short-chain n-alkanes
odd over even lengths, indicating a significant contribution  (n-Cpp), found mostly in algae and microorganisms, are
of epicuticular waxes. The high content of n-alkanes may be ~ present in low quantities in all samples.

related to the high content of liptinite macerals, especially The values of CPI (Carbon Preference Index) range
sporinite, cutinite and resinite. Mid-chain n-alkanes (n-Cp1— from 1.86 to 4.22 (Table 3), which is consistent with the low
C»s), originating from vascular plants, microalgae, cyano-  rank of the organic matter. Isoprenoids pristane (Pr) and
bacteria, Sphagnum spp. and aquatic macrophytes (Matsu-  phytane (Ph) occur in a low amount in lignite and a higher
moto et al., 1990; Ficken et al., 2000; Nott et al., 2000), oc- amount in coaly clay. Low concentration of pristane and

cur in higher amounts in coaly clay (Fig. 11B) than in lignite ~ phytane is typical for immature organic matter (e.g., Dzou et
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GC-MS mass chromatograms of TIC (Total Ion Current) of the saturated hydrocarbon fraction of lignite (A), coaly clay (B) and

hopanoids, m/z 191 (C). Peak assignments: n-alkanes are labelled according to their carbon number.

al., 1995; Hughes et al., 1995; Vu et al., 2009). The Pr/Ph
ratio is widely used as an indicator for the redox conditions
in the depositional environment (Didyk et al., 1978), al-
though this parameter is also known to be affected by matu-
ration (Tissot and Welte, 1984) and by differences in the
precursors for acyclic isoprenoids of bacterial origin (Goo-
ssens et al., 1984; Volkman and Maxwell, 1986; Ten Haven

et al., 1987). The influence of maturity on the Pr/Ph ratios
can be ruled out in the present case. The Pr/Ph ratios be-
tween 0.66 and 1.37 (Table 4) thus seem to indicate a
change in redox conditions from anoxic during clay deposi-
tion to slightly oxic (Pr/Phl) during peat accumulation (cf.
Didyk et al., 1978). The high inertinite content in lignite
samples is consistent with this interpretation.
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Fig. 12. GC-MS mass chromatograms of TIC (Total lon Current) of the aromatic hydrocarbon fraction of lignite (A) and coaly clay (B).

Diterpenoids are present in both saturated and aromatic
hydrocarbon fractions, indicating a contribution of gymno-
sperms to the organic matter. Pimarane and particularly
16a(H)-phyllocladane (Fig. 11A) are the main diterpenoid
biomarkers in the saturated fraction. Other diterpenoid con-
stituents of saturated fraction are norabictane, beyerane and
isophyllocladane. The presence of 160/(H)-phyllocladane
indicates that the peat-forming plants belonged to the coni-
fer families Taxodiaceae, Podocarpaceae, Cupressaceae,
Araucariaceae and/or Phyllocladaceae; the occurrence of
pimarane indicates Pinaceae, Taxodiaceae and/or Cupres-
saceae (cf. Otto et al., 1997; Otto and Wilde, 2001; Stefa-
nova et al., 2002, 2005).

The aromatic diterpenoids consist of abieta-6,8,11,13-
tetraenes, dehydroabietane, simonellite, retene, totarane and
2-methylretene (Fig. 12). Dehydroabietane is the dominant
aromatic diterpenoid, except for one lignite sample (SK-5)
where simonellite is most prominent (Fig. 12A). Almost all
aromatic diterpenoids are nonspecific conifer markers, be-
cause they are the diagenetic products of a great variety of
abietane-type precursors that are common constituents of all
conifers except Phyllocladaceae (Otto et al., 1997; Otto and
Simoneit, 2001; Stefanova et al., 2005). The presence of cu-

parene and totarane in the aromatic fraction of both lignite
and clay extracts indicates a contribution of Cupressaceae,
Taxodiaceae, Podocarpaceae and Araucariaceae in the
biomass (Otto and Wilde, 2001).

The non-hopanoid triterpenoids are present in relatively
low amounts in the saturated fraction and include olean-
13(18)-ene and des-A-lupane. The related compounds, rep-
resented by tetramethylocta and trimethyltetra hydrochry-
senes and hydropicenes, are slightly more abundant in the
aromatic fraction (Table 4). This evidence indicates that
also angiosperms contributed to the organic matter. The
higher abundance of aromatized, relative to non-aromati-
zed, angiosperm triterpenoids indicates their aromatization
during diagenesis. Aliphatic angiosperm-derived triterpe-
noids are more readily altered into aromatic derivatives,
compared to gymnosperm-derived diterpenoids, which re-
sults in a selective loss of such aliphatic compounds (Cha-
ffee et al., 1986; Kalkreuth et al., 1998; Nakamura et al.,
2010). The degradation of triterpenoid A-ring followed by
intense aromatization suggests microbial activity, consistent
with the abundance of hopanoids.

The analysis of aliphatic fraction reveals an extremely
low content of steroids (Table 4). Steroid biomarkers con-
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sist of C29 A3- and Ad-sterenes, indicating peat formation
from terrigenous plants. The steroids/hopanoids ratio is
very low (0.061, Table 3), which implies a bacteria-altered
organic matter and suggests a significant role of microor-
ganisms in plant tissue degradation.

Polycyclic alkanes of the triterpane type (m/z 191) are
important constituents of alkane fractions. The organic mat-
ter in lignite and clay is characterized by the occurrence of
BB-, Bo- and of-type hopanes from Cp7 to C31, but without
Cpg. The dominant hopane in all samples is Ca717B(H)-
22,29,30-trisnorhopane (Fig. 11C). Other constituents are
C2917B(H)210u(H)-norhopane, Ca9170u(H)21B(H)-norhopane,
C2917B(H)21B(H)-norhopane, Cszphop-17(21)-ene, C30l173
(H)210u(H)-hopane, and C3017 (H)21B(H)-hopane. The ratio
of C3017B(H)21B(H)-hopane to the sum of (C30l7f (H)21
B(H)-hopane and C3ol70u(H)21B(H))-hopane (Table 4) is
within the range generally reported from lignites (Mackenzie
etal., 1981). Hopane biomarkers originate from various pre-
cursors, such as plants, algae, bacteria and fungi (Peters et
al.,2005). The type and abundance of hopanes indicates or-
ganic matter degradation by aerobic bacteria. The relatively
high content of Csphop-17(21)-ene in clay samples, ex-
pressed as the ratio of Czphop-17(21)-ene to Czphopane
(Table 4), suggests microbial origin from iron-reducing an-
aerobic bacteria (Wolff ez al., 1992).

The occurrence of a D-ring monoaromatic hopane,
7-methyl, 3’-ethyl, 1,2-cyclopentanochrysene, 4-methyl,
24-ethyl and 19-norcholesta-1,3,5(10)-triene (Philp, 1985)
in the aromatic fraction of all samples (Fig. 12) suggests
partial aromatization of hopanoids and steroids during
diagenesis. This evidence is consistent with the notion of
pronounced microbial activity and peatification in a suboxic
to oxic environment.

Sesquiterpenoids occur in both saturated and aromatic
fractions. In the saturated fraction, they are present in a very
low amount in one of the clay samples (SK-14, Table 3). The
presence of cadinene and cedrene indicates a contribution of
Cupressaceae conifers and dammar resin as precursors to or-
ganic matter. Aromatic sesquiterpenoids occur in low quanti-
ties in all samples (Table 4). Cadalene predominates over
calamenene and cuparene. Sesquiterpenoids are considered
to be markers of higher land plants, because they occur in
their resinous matter. Cuparene indicates contribution of co-
nifers from the family Cupressaceae, particularly its genera
Cupressus, Thuja and Juniperus, as precursors to organic
matter (Otto and Wilde, 2001; Haberer et al., 2006), which is
consistent with the evidence from palynological data.

Due to an intense aromatization of angiosperm-derived
triterpenoids, the ratio of diterpenoids to triterpenoids in
saturated fraction, expressed as Di/(Di+Tri)sat in Table 3, is
high (>0.80) in three samples, indicating an organic matter
composed almost exclusively of conifers. Therefore, to esti-
mate the contribution of gymnosperm and angiosperm veg-
etation in the peat bogs, this study has used the ratio of di-
terpenoid and angiosperm-derived triterpenoid aromatic
biomarkers (Haberer et al., 2006; Nakamura et al., 2010),
given as Di/(Di+Tri)arom in Table 4, and the ratio of total
diterpenoids and total non-hopanoid triterpenoids (Bechtel et
al., 2002, 2003), given as Di/(Di+Tri)sat+arom in Table 4.
The lowest value of this latter parameter in the stratigra-

201

phically higher lignite sample (SK-11, Fig. 2 and Table 4)
may indicate a temporal increase of angiosperms in the
peat-forming vegetation and a dryer and more oxic environ-
ment. The lake transgression recorded by lithofacies B
(Fig. 2) might then be preceded by a normal highstand re-
gression (Catuneanu, 2006) and coastal swamp expansion —
an episode otherwise unrecognizable from lithofacies A in
macroscopic terms.

Magnetic mineralogy

Magnetic mineralogy experiments have been conducted
on samples of bluish-grey clay from the top of lithofacies B
(PM-1, Fig. 2). The IRM acquisition curves (Fig. 13A, B)
have a shallow slope for the low strengths of applied mag-
netic field. With an increase of the applied field, the IRM in-
tensity gradually increases and reaches saturation for a field
strength of 300 mT. The curve then assumes a shallow slope
at higher applied fields, where most particles are magneti-
cally saturated. This shape of the IRM curves indicates a
magnetic fabric of single-domain grains (Roberts et al.,
2011). The three component IRM curves (Fig. 13C, D) de-
cline quickly with an increasing temperature and show de-
magnetization in the temperature range of 375-400 °C,
which indicates greigite (cf. Reynolds et al., 1994, 1999;
Dekkers et al., 2000).

Greigite is an iron sulfide (Skinner et al., 1964) — a sul-
furic equivalent of the iron oxide magnetite — known to be
formed in lacustrine deposits by magnetotactic and sul-
fate-reducing bacteria, possibly as a result of seasonal varia-
tion in the composition and physical conditions of lake wa-
ters (Anthony et al., 1990; Sagnotti et al., 2010). The sus-
ceptibility curves (Fig. 13E, F) show a marked decrease of
intensity for temperatures up to 375 °C and further rapid in-
crease. This pattern most probably indicates formation of
magnetite by a diagenetic degradation of greigite (Krs e al.,
1992) in oxidizing groundwater conditions.

DISCUSSION
Palaeoenvironment and ecological conditions

Most authors in the regional literature agree that the
Pliocene Paludina Lake was a freshwater successor to the
late Miocene giant Lake Pannon. During the seven million
years of its existence (ca. 11.6 to 4.5 Ma), the Lake Pannon
was gradually filled with clastic sediments and developed a
caspibrackish fauna (Magyar et al., 1999, 2013; Sztand et
al., 2013, 2015). In the early Pliocene, the Lake Pannon be-
came a freshwater lake limited to the topographically lowest
area of the Pannonian Basin, attracting fluvial drainage
brought about by a humid regional ‘washhouse’ climate
(Bohme et al., 2008). The ancestral caspibrackish fauna be-
came replaced by a new freshwater fauna, which explains
the moderately high endemicity of Paludina Lake (Magyar
et al., 1999). According to Harzhauser and Mandic (2008),
the endemism in the Paludina Lake (also known as Lake
Slavonia) reaches 63%, with 28 species deriving from the
ancestral Lake Pannon and with the high diversity being due
to heritage rather than to autochthonous endemic evolution.
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tization.

The sedimentary succession in the Sremski Karlovci
clay pit (Fig. 2) indicates a lake-margin palacoenvironment
subject to major temporal changes, which are discussed
here in terms of the modern concepts of sequence stratigra-
phy (Catuneanu, 2006; Helland-Hansen, 2009). Lithofacies
A in the lowest part of the succession (Fig. 2) indicates an
expansion of lake-margin muddy deposits and peat-forming
mires over sandy deposits, nearshore/deltaic or possibly ter-
restrial, which suggests a lacustrine transgressive systems
tract. The alternation of clay, mud, silt, fine-grained sand
and lignite layers in lithofacies A indicates fluctuating phys-
ical conditions, probably due to short-term lake level chan-

ges, shoreline oscillations and stepwise increases in accom-
modation (cf. Morozova and Smith, 2003; Ielpi, 2012; An-
dreescu et al., 2013). Palaecobotanical evidence from the up-
per part of lithofacies A indicates an increased terrestriali-
zation, which may imply a cryptic normal-regressive high-
stand systems tract — unrecognizable from the sedimentary
facies alone.

The thick overlying unit of muddy lithofacies B (Fig. 2)
indicates drowning of the coastal zone, which means lake
major expansion and a transgressive systems tract. The ero-
sional base of coarse-grained lithofacies C (Fig. 2) clearly
indicates a forced regression due to the lake level dramatic
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fall, with the incision of a fluvial valley ca. 10 m deep and
the formation of an inferred delta at the lake lowstand shore-
line. The fining-upwards fluvial gravelly sands of lithofa-
cies C are aggradational deposits of incised valley-fill repre-
senting a transgressive systems tract. The lake transgression
culminated in the deposition of muddy lithofacies D (Fig. 2).
The increase in sand content towards its top may be a signa-
ture of the transgressive systems tract turning into a nor-
mal-regressive highstand tract.

The lake floor in the study area was subsequently emer-
ged, denudated and vegetated, before being covered with
Pleistocene loess deposits (Fig. 2). The regional shift to ter-
restrial environment and semiarid climate apparently chan-
ged the groundwater pH into highly oxidizing, which
caused the reddening of sediments around a fluctuating
groundwater table and the diagenetic transformation of
greigite into magnetite at deeper levels.

The diversity and composition of fauna assemblages in
the Sremski Karlovci section are comparable to those re-
ported by Harzhauser and Mandic (2008) from the
Slavonian part of the palaeolake. There is a notable similar-
ity in the abundance of viviparids, including Viviparus
neumayri, and many other gastropods, particularly from the
genus Melanopsis. Species such as Melanopsis recurens, M.
lanceolata, M. cf. slavonica and M. cf. friedeli are endemic
organisms stemming from the original Lake Pannon. Soli-
tary shells and opercula of the genus Bithynia were also
found (Fig. 8). Representatives of the pulmonate freshwater
gastropod genera Gyraulus and Planorbis are fairly abun-
dant, but less diversified. Their relative abundance in cer-
tain isolated mud layers (samples SK-2 and SK-15, Fig. 2)
indicates that these organisms apparently thrived in a spe-
cific narrow range of lake physicochemical conditions (cf.
Ielpi, 2012). A brief occurrence of specific environmental
conditions, such as a storm wave impact on coastal swamps,
may also explain the episodic appearance of terrestrial pul-
monate Carychium in the lake-margin deposits. The occur-
rence of numerous small forms of Theodoxus in lithofacies
A supports the notion of freshwater conditions and frequent
lake-level changes. Theodoxus lives on a coarse-grained
substrate to acquire nutrient, but favours a water depth of at
least 5-6 m (Anadon ef al., 2002). Such specific conditions
in a shallow lake occur episodically only during the lake
rapid transgression.

Ostracodes in the Sremski Karlovci outcrop section of
the Paludina Lake represent a relatively diversified freshwa-
ter lacustrine/swamp assemblage, which can be interpreted
through a comparison with modern ostracode fauna. The
most abundant species in the palacolake sedimentary suc-
cession are Candona cf. neglecta, Ilyocypris gibba and 1.
bradyi. C. neglecta has a wide global spread today and is
known to prefer relatively cool shallow waters, 5-20 m
deep, but can survive for short periods in water tempera-
tures above 20 °C (Meisch, 2000; Wilkinson et al., 2005).
This species has been reported also to tolerate low oxygen
levels and a salinity range of 0.5-16%o (Danielopol et al.,
1993; Wilkinson ef al., 2005; Li et al., 2010). The two spe-
cies of Ilyocypris most common in the present case, .
bradyi and I. gibba, are similarly known from freshwater
streams, ponds and shallow lakes, with a preference for
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spring-supplied water (Meisch, 2000; Wilkinson et al.,
2005). Although 1. bradyi is generally associated with wa-
ters of a very low salinity (oligohaline water, mean salinity
3.24 %o), it has been also recognized to tolerate water salin-
ity of up to 14%o (Li et al., 2010). I. gibba lives in a wider
range of temperatures in oligohaline stagnant or flowing
water environments (Meisch, 2000; Wilkinson et al., 2005;
Lietal,2010).

The occurrence of Chara indicates a water depth of no
more than 5-6 m, and the notion of shallow water is sup-
ported further by the presence of such species as Herpeto-
cypris cf. chevreuxi, tolerating salinity up to 4%o, and Dar-
winula stevensoni (Wilkinson et al., 2005). The presence of
Prionocypris zenkeri in association with . bradyi implies
slow-flowing streams and may indicate spring-water sour-
ces near the lake (Li ef al, 2010). This inference is sup-
ported by the lack of juvenile instars (cf. Steenbrink et al.,
2000).

Plant remains and geochemical analysis of organic mat-
ter indicate a wetland coast inhabited by peat-forming plants
from the gymnosperm families Taxodiaceae, Podocarpaceae,
Cupressaceae, Araucariaceae, Phyllocladaceae and/or Pina-
ceae. The partial aromatization of hopanoids and steroids
during lignite diagenesis indicates pronounced microbial
activity and a peatification in suboxic to oxic conditions.
The peatification of plant detritus in clay involved anaero-
bic, iron-reducing bacteria. The relatively high amount of
charophyte gyrogonites in some clay layers (sample SK-15,
Fig. 8) indicates episodic development of Chara meadows
in the lake nearshore zone. Chara meadows in modern lakes
are found in oligotrophic to eutrophic/mesotrophic, alkaline
waters no deeper than 10 m (Anadon et al., 2002). In the
Paludina Lake, Chara meadows formed in oligohaline
(7%0) waters no deeper than 5—6 m (Krsti¢, 2006). The or-
ganic content of lake mud and the absence of borrowing tes-
tify to a perennial water stratification and strongly anoxic
bottom waters (Cohen, 2003).

The palacomagnetic (NRM) study has shed additional
light on the diagenetic environment of the lake muddy de-
posits. The results confirm that the NRM resides in greigite
(Lesi¢ et al., 2007), as has been reported also from the muds
of Lake Pannon (Babinszki et al., 2007; Marton et al., 2012)
and from other Pliocene lacustrine deposits in the Carpa-
thian foredeep (Vasiliev, 2007) and the Mediterranean re-
gion (Sagnotti et al., 2010). Greigite is an intermediate fer-
romagnetic mineral that forms in sulphate-reducing pore-
water environments as a precursor to pyrite (Roberts and
Turner, 1993). The evidence of greigite diagenetic alterna-
tion into magnetite supports the notion of a change to oxi-
dizing groundwater conditions after the lake-floor emer-
gence, when also the reddening of sands occurred due to
formation of hematite pigment by intrastratal weathering of
iron-bearing detrital grains (cf. Walker, 1967, 1973).

The timing of Paludina Lake

The lower half of the studied lacustrine succession
(lithofacies A and B, Fig. 2) contains relatively rich fossil
fauna, and the presence of smooth-shelled Viviparus species
(V. neumayri) indicates the Lower Paludina Beds of Dacian
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age (Fig. 14). Species with a wider stratigraphic range, such
as Melanopsis recurens and certain ostracodes, suggest a
younger part of the Lower Paludina Beds and probable tran-
sition to the Middle Paludina Beds (Fig. 14). The gravelly
sands of lithofacies C are practically devoid of fossil fauna,
and also the overlying lithofacies D (Fig. 2) contains only
sporadic planorbid shells and no age-diagnostic fossils. The
stratigraphic age of these deposits is thus difficult to deter-
mine. It is likely that the upper half of the lacustrine sedi-
mentary succession, overlain by palaeosol and a regional
blanket of Pleistocene loess, represents the Middle Paludina
Beds and possibly includes also a relic lowest part of the
Upper Paludina Beds (Fig. 14).

The presence of Romanian Stage (Fig. 14) is supported
by evidence from nearby outcrops on the other bank of the
Danube River and from boreholes near the Freedom Bridge
in Sremska Kamenica (Fig. 1B; see Krsti¢, 2006). For ex-
ample, the core log from borehole BP-2 (Fig. 1B) shows a
loess-covered Pliocene succession ca. 30 m thick which

bears a close lithological similarity to that in the Sremski
Karlovci clay pit. The Pliocene fauna found in the core at
depth 65-67 m includes gastropods dominated by the orna-
mented forms of Viviparus stricturatus Neumayr and indi-
cates Middle Paludina Beds.

The Upper Paludina Beds have not as yet been identi-
fied in the Fruska Gora foot-plain on the right-hand side of
the Danube River, but have been recognized in outcrops
near the Zeelj Bridge in Novi Sad on the river left-hand
bank (Fig. 1B). They consist of interlayered grey to green-
ish-grey clay and silt, similar to lithofacies D in Sremski
Karlovei (Fig. 2), with a fauna including heavily orna-
mented viviparid shells such as Viviparus sturi Neumayr.
These deposits are of a latest Romanian or possibly earliest
Pleistocene age, preserved beneath the local Quaternary al-
luvium on a down-thrown fault block. It is uncertain if their
relic equivalents are also locally preserved on the uplifted
Fruska Gora horst block.
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CONCLUSIONS

1. This case study from the Sremski Karlovci clay pit
in northern Serbia has contributed to the existing knowl-
edge on the Paludina Lake — the Pliocene freshwater succes-
sor of the late Miocene giant caspibrackish Lake Pannon
hosted by the Pannonian Basin. The multidisciplinary study
has integrated sedimentary facies analysis, sequence stratig-
raphy, biostratigraphy, palaeontology, palacobotany, coal
petrology, organic geochemistry and magnetic mineralogy
to shed new light on the Paludina Lake physicochemical
conditions and evolution at its margin in the foot-plain zone
of Fruska Gora mountain ridge.

2. The sedimentary succession studied comprises four
main lithofacies units. The lowest unit indicates an expan-
sion of alternating muddy lacustrine environment and peat-
forming mires over a sandy lake-margin zone, recording a
transgressive systems tract with lake-level fluctuations. An
increased terrestrialization of plants at the top suggests a
poorly recognizable normal-regressive highstand tract. The
overlying thick unit of muddy lacustrine deposits indicates
coastal drowning by lake major expansion and a transgre-
ssive systems tract. The erosional subsequent unit of fluvial
gravelly sands is an incised valley-fill indicating forced re-
gression followed by a transgressive systems tract. The lake
transgression culminated in the upper muddy unit, whose
upward increase in sand content suggests a normal-regres-
sive highstand tract. The lake floor was subsequently emer-
ged, denudated and vegetated, before being covered with
Pleistocene loess deposits.

3. The Pleistocene regional shift to terrestrial condi-
tions and semiarid climate apparently changed the ground-
water environment into oxidizing, which caused the redden-
ing of sediments around a fluctuating groundwater table and
the diagenetic transformation of primary greigite into mag-
netite at deeper levels — as indicated by magnetic mineralog-
ical analysis. Greigite was formed by magnetotactic and sul-
fate-reducing bacteria, possibly as a result of seasonal varia-
tion in the physicochemical conditions of lake waters.

4. Interpretation of the lake palaeoecological condi-
tions was based mainly on the mollusc and ostracod assem-
blages. Genus Melanopsis dominates among the gastro-
pods, and several of its species (Melanopsis recurens, M.
lanceolata, M. spirum, M. cf. friedeli, M. cf. herpula) derive
from the pre-existing Lake Pannon. Pulmonate freshwater
gastropod genera Gyraulus and Planorbis form a marsh—
lake assemblage indicating quiet lake-margin conditions
subject to water-level fluctuations. An oligohaline shallow
cool-water environment, no deeper than 5—6 m, is also indi-
cated by the abundance of certain ostracodes, gastropod
Theodoxus and Chara-meadow mats. Ostracod assem-
blages with Prionocypris zenkeri and Ilyocypris bradyi in-
dicate an active inflow of spring water. The local water
depth during lake transgression maxima was probably no
more than 20 m.

5. Palynological analysis indicates abundant weeds and
a rich assemblage of swamp plants including Taxodiaceae,
Podocarpaceae and Cupressaceae. Maceral analysis of or-
ganic matter shows prevalence of huminite, accompanied by
rich inertinite in lignite and liptinite in clay. The huminite
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group is dominated by densinite and ulminite, the liptinite
group by sporinite, liptodetrinite and cutinite, and the iner-
tinite group by inertodetrinite, fusinite, funginite and semi-
fusinite. The main sources of organic matter were gymno-
sperms (conifers) and microbial biomass, with a contribu-
tion of angiosperms. The composition of saturated and aro-
matic diterpenoid hydrocarbons indicates a predominance
of the gymnosperm families Taxodiaceae, Podocarpaceae,
Cupressaceae, Araucariaceae, Phyllocladaceae and/or Pina-
ceae in the peat-forming vegetation. The evidence of a
diagenetic partial aromatization of hopanoids and steroids in
lignite confirms pronounced microbial activity in the peati-
fication process in a humid suboxic to oxic environment.

6. In terms of regional stratigraphy, the occurrence of
biostratigraphically significant index species Viviparus neu-
mayri Brusina in the lower half of the lacustrine succession
indicates the Lower Paludina Beds of Dacian Stage (early
Zanclean age). Other gastropods and certain ostracodes in-
dicate transition to the Middle Paludina Beds of the lower
Romanian Stage (late Zanclean—early Piacenzian age). The
upper half of the succession lacks age-diagnostic fossils and
is considered to represent the Middle Paludina Beds, possi-
bly with an erosional relic of Upper Paludina Beds at the top
— below the Pleistocene loess cover.
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