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Late Miocene fluvial distributary system in the northern Danube Basin

(Pannonian Basin System): depositional processes, stratigraphic architecture

and controlling factors of the Piestany Member (Volkovce Formation)
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Aim of the study was to investigate the detailed stratigraphic architecture of the alluvial Volkovce Formation, which was
deposited in the northern Danube Basin during the interval between 10 and 6 Ma. Two type locality exposures were subject
to facies analysis and interpretation of depositional processes and >500 boreholes served for correlation of spatial variability
in the character of the formation. The study was focused on the northern Blatné and western RiSnovce depressions, which
are partly separated by the Povazsky Inovec Mountains horst. It was revealed, that a mostly gravelly fluvial distributary sys-
tem of the PieStany Member was deposited in the northern Blatné depression, partly confined by the exposed horst and by
incised palaeotopography. The sequence is composed of amalgamated braided river channel bodies with no overbank
strata, in response to high sediment supply and low accommodation. The palaeo-stream then crossed the horst in its south-
ern part towards the RiSnovce depression, where there was four times more accommodation. The submerged horst acted as
a boundary, where the depositional processes changed to a meandering river and significant overbank deposits started to be
preserved. Only small streams were present in the northern RiShovce depression, which led to very low sediment supply
compared to the high accommodation there. The depositional system was affected mainly by the incised palaeotopography,
by the location of sediment input together with spatial differences in accommodation rate caused by the activity of the
Ripriany Fault on the southeastern side of the Povazsky Inovec Mts.

Key words: fluvial distributary system, facies analysis, sediment supply, accommodation, Pannonian Basin System, late
Miocene.

INTRODUCTION between accommodation rate and sediment supply (e.g.,
MacCarthy, 1990; Blair and McPherson, 1994; Harvey et al.,
2005; Hickson et al., 2005; Pope and Wilkinson, 2005; Nichols

and Fisher, 2007; Blair and McPherson, 2009; Straub and

environments that form in areas where a rapid change in a river
transport capacity occurs. The distributary pattern results from
continuous radial reallocation of channels and their branching,
which leads to decrease of channel depth and of water dis-
charge (e.g., Nichols and Fisher, 2007). FDS typically consist of
a range of sedimentary environments the character of which
strongly depends on climate and tectonic setting. The morphol-
ogy of FDS results from pre-existing topography and interplay
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Esposito, 2013; Straub and Wang, 2013). An analysis of evolu-
tion of such a depositional system needs a detailed approach
with consideration of variable input data. In this study, we pres-
ent an analysis of the depositional processes, spatial geometry
and factors affecting the Tortonian—Messinian FDS in the north-
ern part of the Pannonian Basin System (PBS).

Important advances were achieved recently in basin scale
stratigraphy of the PBS regarding genetic definition of the late
Miocene formations (e.g., Magyar et al., 2007, 2013; Kovac et
al., 2011). The timing of the heterochronous progradation of
depositional systems across the individual basins due to filling
of deep basin depocenters is now well-constrained (e.g., Mag-
yar et al., 2013; Sztané et al., 2016; Sujan et al., 2016). How-
ever, detailed studies of the internal architecture of upper Mio-
cene alluvial formations of the PBS are still rare. This is true es-
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subbasins: 1 — Blatné depression,
2 —Risnovce d., 3 — Komjatice d.,
4 — Zeliezovce d., 5 — Gab¢ikovo-Gyér d.,
6 — Csapod trough, 7 — Kenyeri d.

mountains: MK — Malé Karpaty Mts.,
BK — Biele Karpaty Mts., Pl — Povazsky
Inovec Mts., T — Tribe¢ Mts.,

TR - Transdanubian Range Mts.
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Fig. 1. Location of the study area

A — approximate location of the Danube Basin in Central Europe; B — location of the study areas within the Danube Basin;
names of depressions according to Vass et al. (1988), Kovac et al. (2011) and Mattick et al. (1996);
position of the Lake Pannon shelf edges according to Magyar et al. (2013)

pecially for the northern Danube Basin. The aim of this study
was to identify the stratigraphic architecture of the upper Mio-
cene alluvial Volkovce Formation and its component Piestany
Member (which represent an example of ancient FDS). More
than 500 boreholes were analysed for this purpose together
with facies analysis of two key outcrop localities.

Besides analysis of facies distribution, the controlling fac-
tors influencing deposition of the alluvial sequence were investi-
gated by examining the spatial variability of the alluvial deposits
and the morphology of stratigraphic surfaces. The research
was focused on factors affecting the variability of accommoda-
tion rate and sediment supply, such as tectonic activity, initial
topography and compaction of the whole basin fill. Depositional
conditions were specific because of the presence of a mountain
horst, which partly separated the two depressions studied. Inte-
gration of genetic criteria to the stratigraphy of the northern part
of the Danube Basin allowed us to characterize the palaeo-river
network during an interval of 4 My, between 10 and 6 Ma. The
framework described comprises a first attempt of detailed strati-
graphic architecture analysis of the upper Miocene alluvial se-
quence in the Danube Basin.

GEOLOGICAL SETTING

The Danube Basin, a sub-basin of the Pannonian Basin
System, is located between the mountain ranges of the Eastern
Alps, Western Carpathians and the Transdanubian Range
(Fig. 1). Its northern part is represented by separate depres-
sions/embayments between the mountain ranges of the Malé

Karpaty, Povazsky Inovec and Tribe¢ Mountains. These are
from north-west to south-east: the Blatné, RiSfiovce, Komjatice
and Zeliezovce depressions. The central part of the basin is
called the Gabc&ikovo—Gydr depression (Vass et al., 1988;
Kovacetal., 2011). The Csapod trough and Kenyeri depression
are situated to the south-east of the central depocenter (Fig. 1B;
Mattick et al., 1996).

The basin subsidence and accumulation history consists of
three main stages: (1) an early Miocene piggy-back (wedge top)
phase in which mostly marine deposits were preserved mainly
in the northern embayments, (2) a middle Miocene phase with
accumulation of high volumes of mostly marine and deltaic se-
quences deposited during the basin syn-rift subsidence, which
was associated with voluminous volcanic activity, and (3) a late
Miocene to Pliocene phase with prevailing brackish to freshwa-
ter sedimentation of Lake Pannon followed by terrestrial sedi-
mentation in the phase of thermal subsidence (Kovac, 2000;
Kovac et al., 2011).

The study area, represented by the northern Blatné depres-
sion and western part of the RiSfiovce depression, is characteri-
zed by moderately low to hilly terrain. The Neogene basin is
bordered by morphostructures comprising the pre-Cenozoic
complexes of the Tatric, Fatric and Hronic superunits: the Malé
Karpaty Mts. to the north-west, the Povazsky Inovec Mts. partly
separating the two studied depressions and the Tribe¢ Mts. to
the south-east (Fig. 1B). The same rock complexes of Paleo-
zoic and Mesozoic age form the basement of the part of the
Danube Basin studied. Locally, Paleogene strata underlie the
Neogene sequences (Maglay et al., 2011).
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Fig. 2. Lithostratigraphy of the Neogene and Quaternary deposits in the Blatné and RiSfiovce depressions

Lithostratigraphy is based on Kovac et al. (2011), Sujan et al. (2016) and Sztané et al. (2016); standard Neogene stages
sensu Cohen et al. (2013) and Central Paratethys stratigraphy sensu Kovac et al. (2011); MN and MQ — mammal biozone
stages sensu Steininger (1999); numbers in brackets represent thicknesses typical for each lithostratigraphic unit

These northernmost depocenters of the Danube Basin were
subject to the most significant subsidence during the middle Mio-
cene with a sediment thickness of >3000 m (Fig. 1B; Rybaret al.,
2015, 2016). After intense rifting during the Langhian (lower
Badenian), the rate of subsidence gradually decreased. The late
Serravallian (Sarmatian) sequence reflects brackish regressive
sedimentation, which continued to the beginning of the late Mio-
cene (11.6 Ma; Kovac et al., 2011). After isolation of the
Pannonian Basin System from the Mediterranean and Eastern
Paratethys, Lake Pannon gradually flooded the surrounding ar-
eas until it reached its highest extent at ~10.5-10.0 Ma (e.g.,
Magyar et al., 1999; Harzhauser et al., 2008). Progradation of the
shelf margin that was fed by deltaic systems of the palaeo-Dan-
ube and rivers draining the Western Carpathians led to a gradual
retreat of the Lake Pannon shoreline to the south-east (Fig. 1B;
Magyar et al., 2013). The main water body was characterized by
brackish salinity for most of its existence (Uhrin, 2011). The filling
of the northern Danube Basin started in the north-west ~10.5 Ma
and prograded across the basin towards the south-east up to
~8.7 Ma (Magyar et al., 2013; Sztané et al., 2016; Sujan et al.,

2016). Predominantly terrestrial sedimentation prevailed in the
whole northern Danube Basin after 8.9-8.7 Ma (Kovac et al,,
2011; Sujan et al., 2016).

Concerning the upper Miocene stratigraphy of the northern
Blatné depression, the Ivanka Fm. started to accumulate in a
shallow brackish lacustrine environment probably from
11.6-11.4 Ma (Fig. 2; Kovac et al., 2006; Rybar et al., 2016). The
shallow lacustrine deposition was followed by deposition of the
deltaic Beladice Formation that includes prodelta, delta front and
shoreface, delta plain and lagoonal facies. The Beladice Forma-
tion typically contains a mixture of brackish and freshwater
molluscs and ostracods (Barath et al., 1999; Rybar et al., 2016).
Precise timing of the final Lake Pannon shoreline regression in
the Blatné depression was proposed to be ~10.0 Ma (Sztano et
al., 2016; éujan et al., 2016). Normal regression of Lake Pannon
coincided with the start of deposition of the alluvial Volkovce For-
mation, which is the subject of this study. The Volkovce Forma-
tion is discordantly overlain by the Late Pliocene coarse-grained
alluvial Kolarovo Fm. and Quaternary deposits of alluvial and ae-
olian origin (Fig. 2; Rybar et al., 2016).
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The RiSfovce depression was characterized by a higher
rate of late Miocene subsidence and the forming of a deep ba-
sin depocenter, which was filled by a turbidite-shelf slope-
deltaic depositional system in the time span 11.0-10.6 Ma
(Fig. 2; Sztano6 et al., 2016; éujan etal., 2016). The alluvial envi-
ronment of the Volkovce Fm. started to dominate after this pe-
riod. In the area of the western RiSriovce depression, the
Volkovce Formation is overlain by a relatively thin loess cover
and locally by small remnants of terraces of the Early Pleisto-
cene coarse-grained alluvial Luk&Covce Member (Fig. 2;
Sarinova and Maglay, 2002).

The Povazsky Inovec Mountains separate the two depres-
sions and formed a subaerially exposed swell during the depo-
sition of the Volkovce Formation. This is documented by the po-
sition of the PieStany Member above the pre-Cenozoic com-
plexes, without the presence of older formations (Fig. 2). There-
fore, the specific role of the Povazsky Inovec Mountains in the
evolution of these sequences is investigated by this study.

The PieStany Member is considered in this study as a mem-
ber of the alluvial Volkovce Formation (Fig. 2). This several tens
of metres thick sandy-gravelly succession crops out in the vicin-
ity of the town of PieStany in the western foothills of the
Povazsky Inovec Mountains. Small exposures rim the margin
of the morphostructure towards the south (Fig. 3; Sliva et al.,
2007). The exposures around Piestany provided an excellent
opportunity to determine depositional processes through facies
analysis. Authigenic '’Be/’Be dating (five ages published in
Sujan et al., 2016; location of samples in Fig. 3) provided an
age of ~9.0 Ma for the start of the sandy-gravelly sedimentation
of the PieStany Member and constrained its upper age limit to
~6.0 Ma (Fig. 2). This upper age limit is supported by the occur-
rence of a skull of Deinotherium proavum (Musil, 1959); than re-
interpreted by (Toth, 2010). The skull came from 19 m below
ground in a construction pit close to the well Bu-114 (Fig. 3),
and is representative of the MN12 mammal biozone with age
range 7.5 to 6.8 Ma (Agusti et al., 2001). Dating of the
Hlohovec—Pastuchov exposure, located on the southern mar-
gin of the PovaZsky Inovec Mts. (Fig. 3), has constrained its
depositional age to 6.5-6.0 Ma (two ages published in Sujan et
al., 2016). This enabled its interpretation as a lateral equivalent
of the younger part of the PieStany Member and it was the sec-
ond subject of a facies analysis.

The Hlavina Member, which is important for age determina-
tion of the succession studied, is according to Fordinal and
Nagy (1997) formed of freshwater carbonates that accumulated
along tectonic lines bounding the marginal mountains of the
northern Danube Basin, such as the Povazsky Inovec Moun-
tains. These deposits were dated to ~8.0 Ma using small mam-
mal biostratigraphy and molluscs (Fordinal and Nagy, 1997;
Kovac et al., 2010, 2011). Their accumulation is considered to
have been a result of tectonic activity. Hlavina Member deposits
crop out along both margins of the Povazsky Inovec Mountains
and could be found together with the PieStany Member near
Ratnovce (Fig. 3). They consist of sandstone clasts of the
PieStany Member (Maglay et al., 2011), indicating that at least
the lower part of the member had accumulated before 8.0 Ma.
The Hlavina Member was considered by Kovac et al. (2011) as
a marginal facies of the Volkovce Formation (Fig. 2).

The Volkovce Formation represents a succession of alluvial
deposits distributed across the Danube Basin with time span of
sedimentation ranging across 10.0-6.0 Ma. Its thickness in the
Blatné depression reaches 50—200 m and in the Risriovce de-
pression it is 100-600 m. The internal architecture of the forma-

tion has not been previously described, representing a gap in the
knowledge of the depositional, tectonic and climatic evolution of
the basin. This study intends to provide this missing information.

METHODS

The study is based on a detailed analysis of borehole strati-
graphic and geophysical logs (present in the archives of Slovak
Geological Survey and of Nafta, a.s. company) and on facies
analysis of two exposures, to determine the spatial variability of
the internal stratigraphy of the alluvial Volkovce Formation in
the northern Blatné depression and western RiSfiovce depres-
sion of the Danube Basin.

Despite the poor exposure of the upper Miocene se-
quences, two representative outcrops situated along the
Povazsky Inovec Mountains provided us with a window into the
detailed lithofacies composition of the alluvial sequence stud-
ied. These represent (1) a coarse-grained proximal sequence
of the type PieStany Member and (2) a distal sandy to
fine-grained Hlohovec—Pastuchov facies. A log of the
PieStany—Banka locality was composed from several expo-
sures located close to each other. Several outcrops of the
Volkovce Formation with comparable lithologies were docu-
mented in the western RiSfovce depression. The Hloho-
vec—Pastuchov locality was selected for detailed research as
the most representative one. The lithofacies were defined,
depositional processes were determined and finally facies as-
sociations were interpreted according to Miall (2000, 2006).
Palaeocurrent directions were determined by field measure-
ment of dip direction of planar or trough cross-stratified strata.
25 measurements for the PieStany—Banka locality and 27 mea-
surements for the Hlohovec—Pastuchov locality were per-
formed. Similarly, the direction of migration of lateral accretion
at the Hlohovec—Pastuchov locality was determined by dip di-
rection of accretion surfaces based on 13 measurements.

Surface exposures of of this succession in the Blatné de-
pression are rare because of the gentle surface morphology
and thick blanket of the Pliocene—Quaternary deposits. It is
therefore possible to study their detailed composition and spa-
tial lithological trends only using borehole data and geophysical
records. For the purposes of this study, a number of boreholes
were obtained from the Geofond archive of the Slovak Geologi-
cal Survey. The main dataset is based on 372 counter-flush
boreholes (CF), comprising the Bucany borehole series with
depth of up to 600 m (129 boreholes) and the PieStany and
Spacince borehole series both with depths of up to 300 m (243
boreholes). These boreholes were drilled during the 1960’s in a
dense grid (distances 500—1000 m) for the purpose of hydro-
carbon prospection (Fig. 3). The original lithological descrip-
tions of the borehole profiles, which were used in this study, are
provided in manuscript reports accessible in the Slovak Geo-
logical Survey (Hromec, 1961; Lunga, 1963, 1964a, b, 1965,
1966; Cermak, 1969). Depending on the drilling method, the
profiles were inferred from continuous small diameter cores.
The grid of these boreholes was supplemented by lithological
profiles of 120 hydrogeological wells.

A well-log electrofacies study of the spontaneous potential
and resistivity record from 41 deep structural boreholes from
the northern Blatné depression provided a control for the
lithostratigraphic architecture of the upper Miocene alluvial suc-
cession especially for trends of lithological changes between
the sedimentary units. The electrofacies are interpreted accord-
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ing to principles summarized by Catuneanu (2006), and ac-
cording to existing applications of Juhasz et al. (2004), Nador
and Sztano (2011) and Lopez and Steel (2015). The spatial dis-
tribution of all the boreholes acquired from the northern Blatné
depression is shown in Figure 3.

The western RiSfiovce depression was not drilled as exten-
sively. 65 lithological profiles of water exploration wells were col-
lected. The lithological profiles of all hydrogeological wells stud-
ied were originally based on cuttings or counter-flush (CF) cores,
depending on the drilling method used. These wells were sup-
ported by six CF boreholes of the Velké Zaluzie series with
depths of up to 600 m, which penetrated the whole VVolkovce Fm.

The lithologies of the borehole profiles were digitized using
the following code: (1) clays and silts, (2) sandy clays and sandy
silts/clayey or silty sands, (3) sands, (4) gravelly sands, (5)
gravels and (6) coal layers and coaly clays. The lithotype of
clays and silts was divided into two portions according to its ori-
gin sensu McCarthy et al. (1998) using the following features:
(a) massive, often variegated, greenish to brownish, containing
reddish ferric mottles, calcareous nodules and pedogenic hori-
zons, with a terrestrial or no mollusc fauna, considered as ter-
restrial and floodplain, and (b) occasionally laminated, with grey
to blue colours, containing a freshwater and terrestrial mollusc
fauna, and lacking indications of subaerial weathering inter-
preted as pond, oxbow lake or lacustrine in origin. The charac-
teristics of the facies studied are summarized in Figure 4. Apart
from these facies there are Quaternary loess and loess loams,
which could be clearly recognized in the logs. However, they
were not the object of the study and were thus attributed to ter-
restrial clays and silts. The facies identified were interpreted ac-
cording to their origin and grouped into facies associations
based on Miall (2006), Amorosi et al. (2008) and Campo et al.

Lithotype

symbol Category Features mentioned in original description
variable grain size, mostly medium
and fine gravel, mainly quartzite and quartz,
occasionally granite, grey and yellow colours
gravel

Kolarovo Fm. differences — occurrence of boulders,
variable petrography (quartz, sandstone, granite,
carbonates, chert), reddish and yellowish

coarse to fine sand with occurrence of pebbles,

or less frequent clays and silts with considerable
amount of gravel admixture, in lower layers frequent
admixture of coal detritus

lower Volkovce Fm. differences — reddish
sandy-clayey matrix

light grey to yelow, fine to coarse

gravelly sand

sand Kolarovo Fm. differences — varied, reddish
to brownish, often coarse and angular
clay or silt with considerable sandy admixture,
sandy clay, up to very clayey or silty sand, clay or silt with
sandy silt frequent sandy laminae, varied and brownish,

with ferric mottles

varied, greenish to brownish, containing reddish ferric
mottles, calcareous nodules and pedogenic horizons,
minor fine to medium sand admixture common,

with terrestrial or no mollusc fauna

grey, green and blue, containing freshwater

or brackish mollusc fauna, calcareous and marly,

no subaerial weathering marks

floodpain clay
and silt

pond or lacustrine
clay and silt

coal, coaly clay,
plant redeposits

coaly layer, lignite, coaly clay,
redeposited coal or plant detritus

Fig. 4. Lithotypes of the alluvial strata defined in this study for
digitization of counter-flush well profiles Lithological charac-
teristics, which were found distinctive for individual
lithostratigraphic units during reinterpretation of this study,
are mentioned when recognized

(2016). The genetic interpretation of the stratigraphic units is
based mainly on depositional processes identified by facies
analysis of correlative exposures.

Control factors on the spatial variation in the evolution of the
alluvial sequence studied were investigated in the northern
Blatné depression by construction of four surfaces: (1) pre-Ce-
nozoic basement map, (2) base of the upper Miocene deposits,
(3) base of the coarse-grained Piestany Member and (4) base
of the Pliocene—Quaternary deposits, which overlie the
Piestany Member discordantly. All four maps were constructed
by the ordinary kriging method in the area of the polygon, which
limits the distribution of the CF boreholes (Fig. 3). The surfaces
of the upper Miocene base and pre-Cenozoic base were faulted
in the interpolation, considering faults interpreted from seismic
sections and well correlations by oil surveys (Vasek et al., 1961;
Pavelka et al., 1963; Vejrostova and Adam, 1964; Pagac, 1965;
Lunga, 1968; Beinhauerova et al., 1969). Since the sequence
studied appears in depths above the reach of the seismic sur-
veys, they were not used in the detailed study. It was not possi-
ble to construct comparable structural maps in the western
RiSnovce depression due to the low spatial density of borehole
data and because only a few boreholes reached the base of the
alluvial sequence. The lateral change of facies in the alluvial se-
guence was investigated in the northern Blatné depression us-
ing an interpolated map of percentage distribution of the
coarse-grained lithotypes (gravels, sands with gravels, sands)
in borehole profiles.

The resulting stratigraphic model of the Volkovce Formation
allowed interpretations in terms of interplay between sediment
supply and accommodation rate (e.g., Heller and Paola, 1996;
Hickson et al., 2005; Nador and Sztand, 2011). This was per-
formed according to sequence stratigraphic principles in
intracontinental alluvial sequences (e.g., Martinsen et al., 1999;
PUspoki et al., 2013).

The geochronology of the upper Miocene succession is in-
ferred mostly from authigenic '°Be/°Be dating. This dating
method was developed by Bourles et al. (1989) and Lebatard et
al. (2008), and a full description of the methodology used in the
northern Danube Basin is given in Sujan et al. (2016). The loca-
tion of the published dating results is indicated in Figure 3, to-
gether with one new unpublished result. Since the dating
method is restricted to deposits containing clay particles, the
new sample was taken from beneath the succession of the
PieStany—Banka outcrops, i.e. from the fine-grained part of the
lower Volkovce Formation (Figs. 2, 3 and 5).

RESULTS

The resulting stratigraphic model consists of four separated
parts. Lateral transition in facies associations of the Volkovce
Formation at two representative localities situated along the
foothills of the Povazsky Inovec Mountains is stated in the first
part of the analysis. The second and third parts comprise bore-
hole study of spatial changes in the alluvial sequence, which is
analysed separately for the northern Blatné and western
Risrnovce depressions. The fourth part is focused on the mor-
phology of stratigraphic surfaces in the northern Blatné depres-
sion (cf. Fig. 1B).

The Volkovce Formation was deposited in the areas of the
exposures studied, directly above the pre-Cenozoic complexes
of the Povazsky Inovec Mountains (Fig. 2). Conversely, the
basement of the sequence examined in both the depressions
comprises the Beladice Fm., which could be distinguished in
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(GSp), bounded by a sharp erosive base; B —transition from bars of lithofacies SGh to SGp with grain size gradation; C — bars GSp with grain
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lamination (Si); lithofacies codes are explained in Table 1; the age 10.54 + 1.43 Ma was obtained by the authigenic '°Be/°Be dating
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Table 1

Summary of lithofacies description and interpretation from the PieStany-Banka and Hlohovec—Pastuchov localities

(see Figs. 5 and 6)

Facies association

Litho-
facies
code

Lithofacies description

Lithofacies geometry

Depositional process

Sedimentary environment

Amalgamated
channels of a braided
river in the proximal
zone of the fluvial
distributary system

SGp

imbricated clast sup-
ported medium gravels,
passing upward into
planar cross-stratified
matrix supported me-
dium- to fine-grained
gravels, with coarse
sandy matrix, and
caped by uppermost
planar cross-stratified
coarse- to me-
dium-grained sand

lenticular inclined
body with sharp pla-
nar scoured base and
top, with thickness
50-80 cm

transition fromc?ravelly
to sandy bedload
channelized traction
current

downstream migrating
channel bar deposited in
main part of a braided
river channel

GSp

imbricated clast sup-
ported medium gravels,
passing upward into
planar cross-stratified
matrix supported me-
dium- to fine-grained
gravels, with coarse
sandy matrix

lenticular inclined

body with sharp
scoured strongly ero-
sive base and planar

scoured top, with
thickness 50—-150 cm

channelized traction
current with dominance
of gravelly bedload de-
posited by peak flow in
thalweg

downstream migrating
channel bar deposited in
the deepest part of a river
channel

SGh

horizontally arranged
clast supported fine
gravels, passing up-
ward into massive me-
dium- to
coarse-grained sand

lenticular inclined
body with sharp pla-
nar base and top,
with thickness
~20 cm

transition from gravelly

to sandy bedload shal-

low channelized trac-
tion current

downstream migrating
channel bar deposited In
shallow, almost filled
channel

River channel
deposits without
specifying

St

trough cross-stratified
medium to coarse

sand, locally with fine
gravel at the base

lenticular body with
sharp concave up-
wards base an
sharp upper bound-
aries, 25-35 cm thick

sandly bedload
channelized traction
current

3D dunes mlgf;rating in
shallow parts of a channel
and across the bars

Si

medium-grained sand
with low angle inclined
lamination

planar strata few cm
thick with fluent
boundaries

shallow unchannelized
traction current

overbank deposition

Froxi-
mal to a channe

Meandering river
channel belt

in the distal zone of
the fluvial distributary

system

St

trough cross-stratified
coarse sand, occasion-
ally with muddy
intraclasts

lenticular body with
sharp concave base
and sharp upper
boundaries

sandly bedload
channelized traction
current

3D dunes deposited in
thalweg of a laterally mi-
grating channel — sandy
bed macroform

Sr, SFf

ripple cross-stratified
medium- to
fine-grained sand, with
varying proportlon of
mud drapes of flaser

edding

continuous planar ho-
rizon with slightly
sharp transition from
underlying St and flu-
ent transition to over-
lying co-sgt_ of Fi and
i

traction current with
transition from sandy
bedload to suspended
load

lower part of the inclined
heterolithic stratification
on transition from thalweg
deposition of migrating rip-
ples to lateral accretion of
a point bar in a river
channel

Fi

silt to fine-grained silty
sand with low angle in-
clined lamination

inclined planar strata
with sharp scoured
erosive upper and
lower boundaries, al-
ternated with Si

suspended load trac-
tion current

Si, Sr

fine- to me-
dium-grained sand with
low angle inclined lami-
nation, locally with
small ri;y)les and mud
rapes

inclined planar strata
with sharp scoured
erosive upper and
lower boundaries, al-
ternated with Fi

sandy bedload traction
current

inclined heterolithic strati-
fication (IHS) representing
laterally migrating point
bar in a river channel with
cil]clic variation of high dis-
charge in a perennial river

Fm, Fh

massive or very weakly
stratified clays and
silts, with reddish mot-
tles, calcretes calcare-
ous incrustations and

rootlets

horizon continuous in
lateral dimension

deposition mainly from
suspension, then af-
fected by pedogenesis
with appearance of
vegetation

overbank deposition in
floodplain environment
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the boreholes from the overlying alluvial sequence by the pres-
ence of mixed brackish and freshwater molluscs and ostracods,
a high content of blue and green clays without weathering
traces (subaquatic facies) and a much higher content of sandy
and gravelly facies comparing with the overlying lower part of
the Volkovce Formation (Rybar et al., 2016). The Volkovce For-
mation is overlain in the Blatné depression by the 20—40 m thick
Pliocene—Quaternary Kolarovo Formation, which is composed
mostly of fluvial gravels and gravelly sands (Fig. 2). This locally
leads to problems in distinguishing from the underlying
PieStany Member in the northernmost part of the depression,
but the boundary could be mostly correlated between boreholes
using differences in petrography and colour (Fig. 4). The cover
of the Volkovce Formation comprises, in the RiSfovce depres-
sion, only a thin Quaternary fluvial and aeolian succession.

FACIES ANALYSIS OF THE VOLKOVCE
FORMATION OUTCROPS ALONG
THE POVAZSKY INOVEC MOUNTAINS

The proximal facies at the PieStany—Banka locality
(PieStany Member). The PieStany Member appears on the
surface in several 3-5 m high exposures in the foothills of the
Povazsky Inovec Mountains between PieStany and Banka
(Fig. 3). A composite lithofacies log almost 20 m long was con-
structed from these outcrops. It represents a typical record of
the proximal FDS (Fig. 5). The strata are strongly lithified by
secondary cementation, probably associated with springs —
feeders of the freshwater carbonate sedimentation of the
Hlavina Member (cf. Fig. 2).

The lowermost part of the exposures studied were sampled
for authigenic '°Be/’Be dating. The new sample was taken from
clays below the coarse sandy-gravelly succession of the
PieStany Member (Fig. 5), which correlates with the lower part
of the Volkovce Formation described in the Blatné depression
infill. The sample has an age of 10.54 + 1.43 Ma, in agreement
within uncertainty with the expected time span of the lower part
of the formation ranging 10.0-9.0 Ma (cf. Fig. 2).

Description.— The exposures consist of 2.5t0 4 m
thick cycles, bounded by significantly erosive, horizontally ori-
ented surfaces with obvious scours and an angular contact with
underlying units (Fig. 5A). All observed lithofacies are summa-
rized in Table 1. Most of the exposures are built of three types of
gravely to sandy upward fining lithofacies:

1. Imbricated clast-supported medium gravels, passing
upwards into planar cross-stratified matrix-supported
medium to fine-grained gravels and terminating with pla-
nar cross-stratified coarse to medium-grained sand
(lithofacies SGp; Fig. 5B). A gradual upward fining in-
side each unit is obvious. The thickness of the units is
between 50 and 80 cm and they commonly reduce in
thickness upwards within a cycle. The basal surface is
rarely erosive. The thickest units contain angular sand-
stone intraclasts near their base (position in log 189.5 m
and 190.5 m a.s.l.). The units dip parallel with the
palaeoflow direction and have an inclination of ~15°
(Fig. 5A). Unfortunately, the quality of outcrop allows an
observation of their lenticular nature only locally.

2. Imbricated clast-supported medium gravels, passing
upwards into planar cross-stratified matrix-supported
medium to fine gravels, with no sandy termination
(lithofacies GSp; Fig. 5C). An upward fining of the lithol-
ogy in a single unit is also obvious. These units are usu-
ally situated in the lower part of the cycles just above the

bounding erosive surface and may reach a thickness of
1.5 m. This second type of upward fining lithofacies GSp
usually passes up into first type of upward fining
lithofacies SGp. The erosive base of unit is more com-
mon than in the first type. The inclination and lenticular
nature of the units is similar to that of lithofacies SGp.

3. Horizontally arranged clast-supported fine gravel, pass-

ing into massive sandstone (lithofacies SGh; Fig. 5B).
This type of upward fining lithofacies is thin (~20 cm)
and occurs less frequently in comparison with the previ-
ous two types. The gradation is more abrupt and its
lower boundary is not erosive.

Gravels are rounded to well-rounded in all the described
lithofacies, with the exception of sandstone intraclasts in the
lithofacies SGp. The petrological composition is characteristic,
with a predominance of quartz and a minor proportion of car-
bonates and cherts. Quartzite and granite occur locally (Maglay
et al.,, 2011).

Trough cross-stratified coarse- to medium-grained sand-
stone, locally with fine-grained gravel at its base, forms most of
the lower sandy part of the outcrop log (St; Fig. 5D—F). Trough
cross-stratification reaches a thickness of 25-35 cm and is typi-
cal with a concave upwards erosive base. Medium-grained
sandstone with low-angle inclined lamination was observed be-
low the trough cross-stratified sands. Lithofacies Si forms a set of
layers at least 60 cm thick with an inclination of <15° (Fig. 5G).

Interpretation.-The gravelly-sandy upward fining
lithofacies represents bar units formed by a channelized trac-
tion current, which is indicated by the thickness of the individual
fining-upwards units (Table 1). SGp was deposited during the
change from gravel bedload transport to sandy bedload, while
the GSp was formed by gravel bedload passing into grav-
elly-sandy bedload transport. The gravel bedload transport pre-
vails in the deeper part of a channel fill cycle with thalweg depo-
sition. Thin units of SGh were probably deposited by traction
current in the shallowest part of a channel, where 3D sandy
dunes of trough-cross stratification (St) also formed (e.g.,
Bridge and Lunt, 2006; Kostic and Aigner, 2007).

The thickness of bar units and gravel content reflects vari-
ance of flow strength and depth in different parts of a channel.
The orientation of the palaeoflow direction is of low variability,
predominantly to the south (Fig. 5). This is indicative of a down-
stream accretion macroform according to Miall (2006).
Palaeoflow depth should be comparable with the thickness of a
single channel-fill cycle bounded by erosive surfaces with angu-
lar terminations of bar units (Bridge and Tye, 2000). Since the
cross-stratified units SGp and GSp are not considered as
dunes, thickness of individual units could not be used for flow
depth calculation. These units are of inclined lenticular shape,
forming integrated upward fining cycles bounded by erosive
boundaries, which are considered as single channel fill bodies.
Strongly erosive contacts indicate that the upper parts of the
channel fills are probably missing. The thickness of single up-
ward fining cycles reaches 4 m and palaeoflow depth may
therefore be estimated to have been at least 4 m.

The stacked pattern of the channel-fill facies and high de-
gree of erosion, together with the occurrence of downstream
accretion units and no preservation of overbank strata, sug-
gests deposition by a braided river. The amalgamation of river
channel bodies may indicate a low accommodation rate com-
pared to sediment supply (e.g., McLaurin and Steel, 2007;
Lépez and Steel, 2015).

The lower part of the succession contains a considerably
higher sand proportion, which might have been deposited in a
minor channel of a braided stream. The low-angle inclined and
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laminated sands (Si) may represent a levee or a point-bar fa-
cies, characteristic of a meandering river. However, there is not
enough information for the proper interpretation of the
lithofacies Si (cf. Fig. 5D, F, G).

Several interpretations of the lithostratigraphic position of
the PieStany Member have been previously made. Most re-
cently, Sliva et al. (2007) considered this member as a basal
transgressive deposit of the lacustrine lvanka Formation. Sev-
eral authors described freshwater and terrestrial molluscs, but
no brackish species was identified in situ from the PieStany
Member (Horusitzky, 1911; Ctyroky, 1959; Brestenska et al.,
1961). Basal transgressive facies are very rare in the lvanka
Formation (Rybar et al., 2016), and in Lake Pannon usually
reach only several metres of thickness (Csillag et al., 2010).
Considering these facts and the fluvial origin of the exposures
examined, the PieStany Member is clearly a part of the
Volkovce Formation (cf. Fig. 2).

The distal facies at the Hlohovec—Pastuchov locality.
The succession observed at the Hlohovec—Pastuchov outcrop
represents the youngest part of the Volkovce Formation, de-
posited at ~6.5-6.0 Ma according to authigenic '°Be/°Be dating
(Sujan et al., 2016; dating results are shown in Figs. 3 and 6).
The facies is similar to that seen in several other sandpits,
which appear in the vicinity of the southern margin of the
Povazsky Inovec Mountains. The face of the exposure is up to
7 m high and 150 m wide. The main part of the outcrop is de-
picted in Figure 6 and the lithofacies described are summarized
in Table 1.

Description.—The exposure shows three major allu-
vial units with different associations of lithofacies:

1. A unit of coarse sandy trough cross-stratified sets, situ-
ated in the lower part of the succession. The trough
cross-stratified lenticular strata with concave-upwards
bases (St) are 25-60 cm thick, with a mean value of
40 cm (Fig. 6A, G). Mud intraclasts lining the
cross-stratification are common in the upper part of the
trough cross-stratified unit (Fig. 6B). The base of the
unit is not exposed and therefore its thickness could not
be determined. The orientation of the trough cross-strat-
ification varies along the exposure face from SSW to W
(Fig. 6).

2. A unit of inclined heterolithic stratification (IHS) is situ-
ated in the middle part of the succession. The unit be-
gins with a ripple cross-stratified unit of medium to fine
sand ~50 cm thick, with a varying proportion of mud
drapes forming flaser bedding (SFf; Fig. 6B, C, E1). The
contact with the underlying trough cross-stratified hori-
zon is apparently not erosive.

The proportion of siltincreases upwards. There are sep-
arate silty to fine-grained sandy layers that alternate with
fine- to medium-grained sandy layers (Fig. 6D, E). This
combination is designated as inclined heterolithic strati-
fication (IHS) according to Thomas et al. (1987). The
silts to fine-grained sands are laminated with low-angle
inclination (Fi), while the fine- to medium-grained sandy
layers are laminated with low-angle inclination (Si) to rip-

ple cross-stratified (Sr) or flaser bedded sands with an
admixture of fines (SFf). The thickness of the fine to me-
dium sandy layers decreases upwards (from 40 to
20 cm) and the silty to fine sandy layers thicken upwards
(from 10 to 35 cm), leading to an overall fining-upwards
trend (see logs in Fig. 6). Contacts between individual
layers are erosive and small scours may be observed
(Fig. 6D, E). The lamination in the overlying layers usu-
ally follows the morphology of the erosive surface situ-
ated below. There are well-developed fossil roots in the
lower part of IHS (Fig. 6F). These roots were developed
on a silty to fine sandy surface and penetrate into the un-
derlying medium sandy deposits. The palaeosurface on
which they formed is highlighted by calcification features
of an initial pedogenic horizon. The thickness of IHS var-
ies from 2.0 to 3.0 m with an inclination of ~25° towards
the E to SSE along the exposure face. Concave curved
heterolithic layers are present in the upper part of IHS in
the left part of the outcrop, forming a depression ~6 m
wide (Fig. 6).

3. Aunit of massive or very weakly stratified clays and silts
at the top of the succession consists of variegated mas-
sive clays with reddish mottles, calcretes, calcareous
incrustations and rootlets (Fig. 6H). The horizon has a
uniform thickness of ~1.5 m. The succession is overlain
by a loess sequence of variable thickness (Fig. 6).

The petrography of the deposits was studied at a nearby
outcrop. The composition of the sands examined consist pre-
dominantly of quartz with variable amounts of altered feldspars
and rare muscovite. Heavy minerals include almandine, zircon
and tourmaline (Sarinova and Slemensky, 2009).

Interpretation. — The lower unit may be consid-
ered as a set of 3D dunes, forming a thalweg deposit that accu-
mulated from traction currents — a sandy bed macroform (SB;
Miall, 2006). The IHS horizon is interpreted as a laterally
accreted point bar in a meandering stream as described by
Thomas et al. (1987). This is supported by the dip orientation of
the lamination, in which that of IHS is perpendicular to that of the
dunes that are situated below. The variation in lithology (finer
and coarser fraction) indicates cyclicity in the river flow regime,
with alternating sedimentation from traction currents and from
suspension. Some erosive surfaces regularly bound finer as
well as coarser layers. Their presence shows an increase in
stream dynamics before the deposition of each layer. By con-
trast, the occurrence of fossil roots in the lower part of IHS re-
flects very low discharge and dynamics of the stream. There
frequently is a gradual increase in the volume of the silty fraction
through flaser bedding between the layers, indicating a gradual
decrease in the flow’s transport capacity. An upwards increase
in the thickness of the fine-grained layers within IHS is common
due to shallowing in the upper parts of the point bar resulting in
a lower transport capacity there. A convex pattern in IHS in the
upper left part of the outcrop (Fig. 6) is interpreted as a chute
channel formed in the upper part of the point bar, similar to the
one described by Ghazi and Mountney (2009). The uppermost
massive to weakly stratified clays and silts were deposited from

»
»

Fig. 6. Lithology of the Hlohovec—Pastuchov exposure with extent of macroforms, sedimentological logs, codes of lithofacies
and palaeoflow orientation

A —trough cross-stratified sands; B — transition from trough cross-stratified sands to ripple cross-stratified sands and to flaser bedding, note
muddy intraclast a few cm in diameter marked in lithofacies St; C —ripple cross-stratified sands; D — detail of inclined heterolithic stratification
(IHS), note the changing lithology and erosive contacts; E — detail of IHS with occurrence of ripples and flaser bedding, for more details see
Figure E1; F — lower part of IHS consisting of fossil roots, which are formed in a silty layer together with an initial pedogenic horizon; G —
trough cross-stratified sands; H — floodplain fines overlain by a Quaternary loess sequence; lithofacies codes are explained in Table 1; dating

results are according to Sujan et al. (2016)
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suspension in an unchannelized overbank environment, then
modified by pedogenic and oxidation processes that are, inter
alia, indicative of a floodplain origin (McCarthy et al., 1998;
Campo et al., 2016).

The complete alluvial succession at the outcrop, together
with the overlying overbank fines, constitutes an upwards fining
cycle, typical of a meandering channel belt. The thickness of
the laterally accreted point bar indicates a flow depth of at least
3 m (Bridge and Tye, 2000). Taking into account several pub-
lished approaches of palaeoflow depth calculation based on
mean thickness of the trough cross-stratified sets, the estimate
ranges from 3.5 m (Allen, 1968; Bridge and Tye, 2000) to 5 m,
when considering erosion of a dune before deposition of a new
cross-set (Leclair and Bridge, 2001). However, the degree of
preservation of a dune during forming of a cross-set is hard to
estimate. The general palaeoflow direction was towards the SW
and migration of the channel was towards the SE.

STRATIGRAPHIC ARCHITECTURE
OF THE VOLKOVCE FORMATION
IN THE NORTHERN BLATNE DEPRESSION
INFERRED FROM BOREHOLES

The characteristic facies and well log patterns of the alluvial
sequence studied are depicted in Figure 7. The Volkovce For-

mation consists of two distinct superposed units in the northern
Blatné depression. The lower Volkovce Formation with a ratio
between sandy-gravelly deposits and clays/silts ranging usually
from 0.1 to 0.25 across the depression, consists only of the
fine-grained alluvial succession (Fig. 7C). The upper Volkovce
Formation, spatially heterogeneous with three laterally transi-
tional zones, may be observed on geological sections and on
maps of facies distribution that are included below. The docu-
mented transition forms a dominantly gravelly succession on
the north (considered as an equivalent of the PieStany Member;
Fig. 7A), through a transitional succession (Fig. 7B), to the
prevailingly clayey succession with low frequency of sandy bod-
ies to the south (Fig. 7C). The bounding surface between these
two units is an easily correlatable stratigraphical boundary in the
northern Blatné depression.

LOWER VOLKOVCE FORMATION

Description.—Thelower unitof the Volkovce Forma-
tion is generally of very fine-grained composition, but locally
contains up to 50% of gravelly layers and is spatially heteroge-
neous. It mainly consists of light brown and variegated clays
with calcareous nodules, pedogenic features and reddish mot-
tles, while laminated clays of grey, green to blue colours are
less frequent, forming only several metre-thick intervals. Clays
contain commonly freshwater (e.g., Brotia escheri, Bythinia sp.,

Lithostrati- Facies Interpretation SP & resistivity Description )
graphy & FA code of facies association well-log and FA code of pattern Interpretation of FA
. [A[Proximal zone of FDS Res) IR S" medium to high amplitude amalgamated channel
; upward thinning (bell shaped) in one dep. cycle (ACH)
crevasse splay (S
> amalgamated channels (ACH) bell shaped pattern play (S)
z thick (>15 m) upward _amalgamated_channels
p thinning (bell shaped) in one depostional
W pond (P) cycle (ACH)
c ’g thick (>15 m) upward amalgamated channels
o 2 amalgamated channels (ACH) thinning (bell shaped) in one dep. cycle (ACH)
- — D_ .
"('U' floodplain (F) low amplitude serrated (jagged)  floodplain (F)
= Medial zone of FDS Res2 i SP ‘
- 2 channel (CH) upward thinning (bell shaped) meandering channel (CH)
© floodplain (F), oxbow lake or pond (P) low amplitude serrated (jagged)  floodplain (F)
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) channel (CH) blocky pattern aggrading channel (CH)
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crevasse splay (S) minor deflection crevasse splay (S)
floodplain (F) . . :
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Fig. 7. Definition of zones of the fluvial distributary system in the Volkovce Formation

Definition is based on their characteristic facies associations inferred from distribution of lithotypes in well profiles, together with well log re-
sponses and their interpretation typical for each facies association; FDS —fluvial distributary system; FA —facies association; SP — spontane-

ous potential well-log; Res — resistivity well-log
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Note the lateral lithological transition in the upper Volkovce Formation — PieStany Member; for location see Figure 3

Planorbis sp., Unio sp.) and terrestrial mollusc species (e.g.,
Carychium sp., Isognomostoma sp.). Coal layers and coaly
clays occur rarely. Sandy-gravelly bodies are usually 7 to 15 m
thick (Figs. 8-10). Sandy gravels frequently have a reddish
sandy-clayey matrix.

An increase in the amount of sandy and gravelly lithotypes
can be observed in the northern part of the depression (Fig. 9;
boreholes Pie-22, Pie-40, Pie-39, Pie-37, Bu-144) and in its
eastern part (Fig. 10; boreholes Bu-110, Bu-115, Pie-15,
Pie-14, Pie-13). The thickness of the unit is uniform (~40 m;
Fig. 8) and (40-60 m; Fig. 10), while it increases to 100 m to-
wards the central part of the Blatné depression (Fig. 9).

The well-log pattern of the sequence is mostly serrated with
low amplitude, with only minor deflections (e.g., Rat-1, Mad-7;
Fig. 11). Upwards fining bell-shaped trends can be observed in
boreholes Mad-4, Mad-1 and Mad-5; however, a 35 m thick up-
wards fining pattern appears in borehole Mad-6 (Fig. 11).

Interpretation.— Four facies associations accord-
ing to Miall (2006) and Campo et al. (2016) were distinguished
in this contribution (Fig. 7). The dominant facies in the lower
Volkovce Formation comprises terrestrial clays and silts, de-
posited from suspension on a floodplain facies association (F).
Subaquatic clays of grey to blue colours are minor, indicating
the occasional presence of oxbow lakes or ponds (P) preserv-
ing plant detritus, considered as coal layers. The sandy and

gravelly bodies could be interpreted as channel belts (CH).
Sandy units a few metres thick are considered as crevasse
splay deposits (S). From the proportion of in-channel and
overbank deposits, the sequence described probably repre-
sents a meandering river environment (Bridge and Diemer,
1983). The upward fining trends in well logs indicate point bar
deposits of the channels. The meandering river environment is
suggested also by a good lateral continuity of channel bodies
between boreholes, which commonly exceeds 2.5 km. The av-
erage width/thickness ratio >200 reveals a high degree of the
lateral migration of a river channel (Gibling, 2006). However,
there are no correlative exposures for proving the depositional
processes by facies analysis. The distribution of coarse depos-
its in the northern and eastern parts of the area implies a possi-
ble main course of the distributaries.

UPPER VOLKOVCE FORMATION — FLUVIAL DISTRIBUTARY SYSTEM

Description.—The facies assemblage of the N and
NE zone (the proximal zone) is characterized by a continuous
succession of gravels and/or sandy gravels, only occasionally
supplemented by sands and rare variegated and brown clays
(Fig. 7). Its content of coarse lithotypes varies between 100 and
60%, and usually is ~90% (Fig. 12). The thickness of the upper
Volkovce Formation in this zone attains 80—100 m. The proxi-
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Fig. 9. Geological section oriented in a NE-SW direction

Note the lateral lithological transition in the upper Volkovce Formation — Piestany Member and erosional features at the base of the upper Volkovce Formation; for explanations see Figure 8;

for location see Figure 3
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Fig. 12. Map of percentual proportion of coarse-grained
lithotypes (gravels, sands with gravels, sands) in the fluvial
distributary system (upper Volkovce Formation) in the Blatné
depression

Zonation of FDS is defined by distribution of different associations
of lithofacies; other explanations as in Figure 3

mal zone reaches a width of at least 13 km in the study area, but
probably extends farther to the north.

The proximal zone passes into a relatively narrow medial
zone of tangential shape, the width of which does not exceed
6 km (Fig. 12). This zone typically has a 60-20% content of
coarse lithotype layers in its succession with several local ex-
ceptions (Figs. 8—10). The zone consists of gravelly and sandy
bodies 5-10 m thick. Thin (a few metres) layers of coarse de-
posits are not common in this zone. Fine-grained lithotypes
comprise dominantly brown and variegated clays/silts, while
grey to blue clays/silts are rare. The medial zone attains a thick-
ness of 40 to 100 m and it frequently occurs in areas of lesser
thickness of the upper Volkovce Formation (cf. Figs. 8—10).

The SW part of the study area is occupied by the distal
zone, which typically has no more than 20% of coarse layers
(Figs. 8-10). The main part of the succession is represented
dominantly by brown, variegated and less common grey to blue
clays/silts. Sandy and gravelly layers are rare (cf. Fig. 7). The
distal zone reaches a thickness of 80-100 m. Terrestrial and
freshwater molluscs are occasionally reported in this zone
(Lunga, 1964a, 1966).

The well-log record of the electrofacies for the proximal
zone in the NE area is mainly represented by upwards fining cy-
cles and blocky patterns, while the serrated pattern forms <35%
(Fig. 11; between boreholes Mad-4 and Mad-5). The thickness
in the range of 20-30 m of each individual sedimentation cycle
was determined based on the observed pattern of the signal.
The medial zone is represented by boreholes Rat-1 and Tra-11
(Fig. 11). In the distal zone there is noticed an increase in the
serrated pattern and symmetrical to bell-shaped trends. Thus,
the lateral transition of the upper Volkovce Formation was doc-
umented as well. The upwards fining trend of the SP curve in
borehole Tra-12 at a depth of 50—-80 m is considered as unreli-
able due to a discrepancy with the lithology of neighbouring
boreholes (Fig. 11).

Interpretation. — It was demonstrated by facies
analysis of the succession that in-channel deposition of stacked
braided river channels dominated in the proximal zone, while
meandering channels and floodplain deposition is attributed to
the distal zone. The lateral transition of facies composition in the
borehole record corresponds well to the transition in alluvial
depositional features inferred from the outcrops. Five facies as-
sociations were distinguished in the upper Volkovce Formation,
including the amalgamated channels (ACH), beside the four
ones mentioned above (CH, S, F, P).

The change from the almost 100% gravelly and sandy-grav-
elly proximal zone to the distal zone with 10-15% sandy and
gravelly layers on average among predominant floodplain facies
implies a strong decrease in the transport capacity of the
palaeo-stream. A radial character of this transition and increase
in proportion of overbank facies in the distal zone suggest that
the upper Volkovce Formation was deposited by a fluvial
distributary system (FDS; Nichols and Fisher, 2007). The
palaeomargin of the basin, where the apex of the distributary sys-
tem was situated, is hard to locate due to a lack of sufficient data
and because the succession was partially eroded towards the
north of the study area during the Pliocene and/or Quaternary.

Although the sedimentary sequence in the proximal zone is
usually homogeneous lithologically in boreholes, well log pat-
terns imply the presence of individual 20-30 m thick units,
which are considered to represent amalgamated channel cy-
cles. Floodplain facies are more common in the uppermost part
of the proximal zone, indicating some upward decrease of
coarse sediment supply. The low width of the medial zone indi-
cates a rapid decrease in transport capacity or change in orien-
tation of distributaries. Significantly, this lateral transition is ver-
tically stacked in the same place during deposition of the
Piestany Member. Sheetflood sandy and gravelly deposits of
debris flows, which are expected to occur in the medial to distal
zones of FDS (Nichols and Fisher, 2007), are not a common el-
ement and coarse-grained lithotypes are limited to the channel
belts. Overbank fines (brown and variegated with calcareous
nodules and ferric mottles) dominate in the composition of
fine-grained lithotypes of the medial and distal zones, while
pond or oxbow deposits (grey to blue fines) are rare.

The facies associations of the distal zone, representing a
meandering river, are very similar to those of the underlying
lower Volkovce Formation. Therefore, the position of the
boundary between the successions is, at the southern margin of
study area, locally questionable.

Beside these characteristics, an obvious asymmetry of the
FDS body studied could be observed (Fig. 12). The shape of
FDS indicates that sedimentation occurred also on recently up-
lifted flanks of the Povazsky Inovec Mountains. This is sup-
ported by appearance of the PieStany Member at the surface
and directly above the pre-Cenozoic complexes (cf. Fig. 3). The
uplift of the Povazsky Inovec Mountains to their recent position
took place mainly during the Late Pliocene and Quaternary
(Kovag et al., 2001; Sliva et al., 2002).

STRATIGRAPHIC ARCHITECTURE
OF THE VOLKOVCE FORMATION
IN THE WESTERN RISNOVCE DEPRESSION
INFERRED FROM BOREHOLES

The asymmetric shape of the FDS structure in the northern
Blatné depression and its position above the pre-Cenozoic of
the Povazsky Inovec Mountains together with palaeoflow direc-
tions in the PieStany—Banka outcrops indicate that the general
direction of palaeotransport might have been confined by the el-
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evated northern portion of the Povazsky Inovec Mountains. Af-
ter the flow passed along the horst, the main sediment transport
may have been diverted to the SE in the direction of the
RiSfnovce depression.

In order to investigate whether the main direction of transport
of FDS in the northern Blatné depression was towards the SE
and crossed over the gentle basement uplift of the Povazsky
Inovec Mountains, 65 lithological logs of water exploration wells
and six CF boreholes were obtained from the western RiSfiovce
depression (Fig. 13). The proportion of coarse lithotypes (grav-
els, sands with gravels, sands) was calculated for each well
which penetrated the Volkovce Formation (Fig. 13A).

Description.—The thickness of the Volkovce Forma-
tion is 180 m in the area of Hlohovec, where it is situated above
pre-Cenozoic granites (Fig. 13B; well HGH-2), and reaches up
to 550 m in the CF boreholes of the Velké Zaluzie succession
located near the village of Lukacovce (cf. Figs. 13 and 14). A
lithological zonation in the boreholes examined could be de-
duced based on the proportion of sandy/gravelly units in alluvial
sequence.

The area to the NE of the village of Dolné Trhoviste is char-
acterized by a small proportion of coarse lithotypes (0-20%, ex-
ceptionally 20-30%). The boreholes with the lowest proportion
are situated near surface outcrops of the Hlavina Member in the
foothills of the Povazsky Inovec Mountains. The coarse
lithotypes are represented mainly by sands forming 4 to 8 m
thick bodies, while gravels are not common. Most of the
lithological profiles are composed of variegated and light brown
clays/silts with calcareous nodules and ferric mottles (Fig. 13B).

The proportion of coarse-grained lithologies in the Volkovce
Formation reaches 30 to 50% and up to 70% locally in the SW
area. Gravelly layers are common in this territory and may form
continuous successions that are several tens of metres thick
(well HVH-1; Fig. 13B). Thick sandy bodies appear also in the
boreholes examined. The lower part of well HGH-2, ~80 m
thick, has a predominantly fine-grained composition. The upper
part of the well shows a considerable increase in the coarse
lithotypes with presence of gravels (Fig. 13B).

The SE area differs from previously investigated by a con-
siderable thickness of the Volkovce Formation. The alluvial suc-
cession could be divided into two units based on the Velké
Zaluzie CF boreholes (Fig. 14). The lowermost 125-175 m thick
unit is finer-grained with ~15% of sandy units, from which only
few exceed 10 m in thickness. Subaquatic clays are common
and together with variegated and brownish clays form most of
the succession. The upper unit, up to 375 m thick, is generally of
upwards fining cycles beginning with a common medium to
coarse sandy bodies. These sandy units form ~30% of the
lithological profile and are 5-10 m, locally up to 15 m, thick.
Gravels as well as subaqueous pond clays are rare. Fine sands
form units mostly 2—-3 m thick. The transition from the deltaic
Beladice Formation to the alluvial Volkovce Formation is
marked here by the disappearance of brackish fauna and lig-
nites as well as by a significant decrease in the proportion of
sandy-gravelly strata (Fig. 14).

Interpretation.—The Volkovce Formation is consid-
erably thicker in the western RiSfiovce depression than in the
northern Blatné depression, which suggests a higher late Mio-
cene accommodation rate. A superposition of two units with dif-
ferent proportions of sands and gravels could be correlated with
the lower and upper parts of the Volkovce Formation, as in the
northern Blatné depression. Regarding the composition of the
upper Volkovce Formation shown in Figure 13B, the 5-10 m
thick sandy/gravelly units represent channel fills (CH), in accor-
dance with depositional processes documented from exposures
(cf. Fig. 6). However, a significant proportion of amalgamated
sandy-gravelly channels (ACH) several tens of metres thick were

observed close to the western margin of the RiSfiovce depres-
sion (Fig. 13B). Farther to the south (Fig. 14), the size and per-
centage of the channel deposits is reduced, but there is still an in-
crease in their presence at the boundary of the two alluvial units.
The significant decrease of pond facies (P) from the lower to up-
per Volkovce Formation may indicate a change from a poorly
drained to a well drained floodplain connected with increased
sediment input (Fig. 14; Amorosi et al., 2016).

The borehole data described reveal that the main alluvial
input of coarse sediments into the western part of the RiSfiovce
depression could not have come from areas located to the
north, where channel-fill lithotypes form only a minor part of the
succession. More likely, the stream transporting coarse sedi-
ments to FDS in the northern Blatné depression continued near
the margin of the Povazsky Inovec morphostructure towards
the SE and deposited a sandy-gravelly alluvial succession in
the SW RiShovce depression. This palaeogeographic scenario
might also explain the narrow character of the medial FDS zone
in the northern Blatné depression and the relatively sharp tran-
sition to fine-grained sedimentation towards the south (Fig. 12).

The Volkovce Formation palaeotransport direction varied
towards SW and SE in the RiSfiovce depression (Torokova,
1999; Kovac et al, 2001, 2006; Sliva et al, 2002).
Sedimentological logs of the exposures show that cross-stratifi-
cation does not reach a thickness >30 cm, and usually vary be-
tween 10 to 20 cm (Torokova, 1999). The expected palaeoflow
depth therefore reached no more than 1.8 m (Leclair and
Bridge, 2001). There is furthermore only <20% proportion of
channel lithofacies in the lithological profile of the northern part
of the RiShovce depression. These observations suggest that
there were only small river streams with a low supply of sedi-
ment in this area between ~10.0-6.5 Ma. They merged with the
sediment-laden streams flowing from the Blatné depression in
the area between Hlohovec and Klacany (Fig. 13A).

GEOMETRY OF THE FDS STRUCTURE
AND MORPHOLOGY OF THE STRATIGRAPHIC
SURFACES

There are a number of factors that may influence the mor-
phology of a stratigraphic surface in alluvial deposits: the initial
topography of the substrate connected with possible base-level
fall and development of incision features during deposition, dif-
ferential sediment loading, differential compaction of the underly-
ing strata, tectonic subsidence and faulting after deposition (e.g.,
Miall, 2000; Catuneanu, 2006). To investigate the influence of
these factors, four contour maps of the northern Blatné depres-
sion were constructed (Fig. 15). These maps show the following
stratigraphic boundaries of erosive origin: the base of the Ceno-
zoic (Fig. 15A), the basal surface of the upper Miocene
(Fig. 15B), the basal surface of the studied FDS of the PieStany
Member (Fig. 15C), and the basal surface of the Pliocene—Qua-
ternary sequence, which overlies the studied FDS (Fig. 15D).
The first surface was constructed using deep borehole data ob-
tained from Biela (1978) and archive data of seismic reflection
(Vasek et al., 1961; Pavelka et al., 1963; Vejrostova and Adam,
1964; Beinhauerova et al., 1969). The next three surfaces are
based on CF borehole data. A fault pattern disrupting the base of
the upper Miocene is inferred from structural maps of oil surveys
(Pavelka et al., 1963; Vejrostova and Adam, 1964; Pagac, 1965;
Lunga, 1968; Beinhauerova et al., 1969).

The base of the Cenozoic is disrupted by faults oriented in a
NE-SW direction (Fig. 15A). They are probably connected to an
important transtensional fault system, the activity of which led to
accumulation of a middle Miocene succession up to 3 km thick
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upper Miocene
upper Volkovce Fm., PieStany Mb. — fluvial distributary system
distal zone; low content of channel bodies (~30%),
C dominantly floodplain facies)
lower Volkovce Fm. — meandering river unit
dominantly floodplain and pond facies,
very low content of channel bodies (<20%)
Beladice Fm. — deltaic deposits of Lake Pannon

clays, sands and gravels
with frequent brackish mollusc fauna

Quaternary
loess, river terraces

during the syn-rift subsidence in this part of the basin (Kovac,
2000; Rybar et al., 2015, 2016). The base of the Cenozoic is
asymmetrical with a more elevated NE margin. The main
depocenter is situated in the SE part of the study area. The altitude
differences between the margins of the study area and the central
depocenter reach >3000 m, while offsets on faults increase from
300-500 m in the NE to 1000 m in the SW (Fig. 15A).

The base of the upper Miocene was disrupted by a fault sys-
tem, which had already been identified by Pagac (1965), Lunga
(1968) and Beinhauerova et al. (1969; Fig. 15B). The identifica-
tion of faults was based on seismic surveys and correlation of
counter-flush and deep structural boreholes. The dominant ori-
entation of the corresponding faults is NE-SW and N-S. These
structures are probably connected to transtensional faults,
which caused the middle Miocene subsidence. The offsets of
these faults reach 30 to 60 min the central partand up to 130 m
in case of faults which bound the NW margin (Fig. 15B). The
shape of the surface is asymmetrical with a more elevated NW
margin. It differs from the pre-Cenozoic base and is similar to
the overlying base of FDS (cf. Fig. 15C). The SE margin of the
accommodation space is also clearly identifiable. A depression
may be observed in the northern part of the area. The shape of
the main depression is elongated in a NE-SW direction. The
declination of the upper Miocene base is oriented towards the
SW, where is situated the maximum of the thickness of the up-
per Miocene sequence in the Blatné depression (Fig. 15B).

It may be concluded that the base of the fluvial distributary
system of the PieStany Member is a highly asymmetrical sur-
face, with an elevated NW margin, where FDS sequence thins
out (cf. Figs. 10 and 15C). The asymmetry is comparable to that
of the base of the upper Miocene (cf. Fig. 15B). In contrast to
the upper Miocene base, there is no evidence of a slope along
the SE margin of the surface situated directly along the
Povazsky Inovec Mountains. As previously mentioned, this in-
dicates that the pre-Cenozoic morphostructure of the Povazsky
Inovec Mountains was a part of the accommodation space of
FDS, in accordance with the geometry of the FDS zones (cf.
Fig. 12). Furthermore, the basal surface of the FDS succession
has two linear depressions generally oriented NNW-SSE, with
a 50 to 70 m altitude difference with respect to the surrounding
areas (Fig. 15C). These depressions have a gradually deepen-
ing morphology. Their orientation is perpendicular to the faults
affecting the base of the upper Miocene. The base of FDS de-
clines overall towards the southern margin of the area studied.
This is in contrast with the shape of the main depocenters of the
upper Miocene base and the Cenozoic base (cf. Fig. 15A-C).

The greatest similarity between the two depressions (lo-
cated in the middle and NE areas) is clearly visible when com-
paring the palaeosurfaces of FDS base with the Pliocene—Qua-
ternary one (Fig. 15C, D). These depressions, although of
much lower altitude difference, are located in very similar posi-
tions. They are oriented in a NW-SE direction and they are sep-
arated by a broad flat area trending from NE to SW. It is bound
by a linear depression from the SW and then comes from the
NW as a flat area, representing a river terrace. By analogy with
the base of FDS, the Pliocene—Quaternary base is asymmetri-
cal with an elevated NW margin and a declination towards the
SE (Fig. 15D).

<
<

Fig. 14. Geological section located in the central part of the
RiSnovce depression

Note the large thickness of the Volkovce Formation; the boundary
between the Beladice Formation and the Volkovce Formation is in-
ferred from facies change, disappearance of brackish mollusc fauna
and of coal (lignite) layers, while the transition between the lower
and upper Volkovce Formation is based on increase in channel FA
frequency and the occasional presence of amalgamated channels
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Fig. 15. Structural maps of selected stratigraphic surfaces in the northern Blatné depression

A — basal surface of the Cenozoic basin fill; contour interval 100 m; B — basal surface of the late Miocene succession, with faults interpreted
according to correlation of wells and structural maps of Pagac (1965), Lunga (1968) and Beinhauerova et al. (1969); contour interval 10 m;
C — basal surface of the FDS succession; contour interval 5 m; D — basal surface of the Late Pliocene and Quaternary braided river grav-

elly-sandy unit; contour interval 5 m

INTERPRETATION OF FACTORS CONTROLLING
THE VOLKOVCE FORMATION DEVELOPMENT

DEPOSITIONAL ENVIRONMENT OF THE VOLKOVCE FORMATION
AND PALAEOCLIMATE

Climate affects the river regime directly through precipita-
tion intensity and its distribution throughout the year, by temper-
ature regime, which is connected with erosion intensity and
sediment supply, and indirectly through the density of vegeta-
tion, which affects both sediment supply and intensity of lateral
channel migration (Miall, 1983). Therefore, climate is a major
driving factor of depositional processes.

A continuously channelized braided river environment with
no sheetflood facies was determined for the proximal zone of

FDS in the PieStany Member during its deposition ~9-8 Ma. Itis
interpreted as a perennial flow regime, which indicates a stable
discharge in relatively humid climate. A sedimentary succes-
sion of age 6.5-6.0 Ma was described in distal zone of FDS as a
meandering river channel belt. Fossil roots were documented in
the outcrop in the lower part of the inclined heterolithic stratifica-
tion — IHS (cf. Fig. 6). This indicates a permanently high
ground-water level, probably associated with a humid climate
and high accommodation rate (McCarthy et al., 1998;
Retallack, 2001). The record of cyclic sedimentation in IHS unit
with frequent erosional surfaces implies high discharge typical
of perennial rivers in a humid climate (Thomas et al., 1987).
Some decrease in river discharge could be inferred from
more frequent floodplain strata in the uppermost part of the proxi-
mal and medial FDS zones (cf. Figs. 8 and 9). Generally, it can
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be concluded that the depositional environment studied lasted in
humid conditions until the early Messinian, i.e. ~6.0 Ma.

SEDIMENT SUPPLY — ACCOMMODATION RATE INTERACTION

The stratigraphic model of depositional environments inter-
preted for the Volkovce Formation at ~8 Ma is shown in Fig-
ure 16A. A strong spatial variation in thickness of the Volkovce
Formation and variation in distribution of channel deposits was
also demonstrated. Generally, the northern Blatné depression
shows four times lower accommodation than the western
RiSfovce depression (Fig. 16B, C). However, the main source
of sediment supply was located to the N of the northern Blatné
depression and only amalgamated channel fills were preserved
there because of low accommodation rate. The palaeotransport
was affected by a topographic barrier formed by the pre-Ceno-
zoic rocks of the northern Povazsky Inovec Mountains
(Fig. 16B). The northern Povazsky Inovec Mountains were ex-
posed only as a low topography elevation, which restricted sig-
nificant input of sediments (Fig. 16A). The southern part of the
mountains was slowly subsiding, which allowed FDS to cross
the barrier between the two depressions towards the area of
much higher subsidence (Fig. 16C). The difference in subsi-
dence had to be high enough to form a topographic gradient
(Hickson et al., 2005). The submerged part of the Povazsky
Inovec Mountains acted as a boundary between areas with low
and high accommodation rates and therefore a transition be-
tween braided and meandering river environments took place
there. Rapid subsidence was compensated by intense sedi-
ment supply in the RiSriovce depression, which led to preserva-
tion of both the thick overbank and channel belt deposits
(Fig. 16C).

BASE LEVEL FALL, TECTONIC MOVEMENTS
AND CAUSES OF DIFFERENTIAL SUBSIDENCE

The orientation of the two linear depressions at the base of
FDS is perpendicular to the faults described for the bases of the
Cenozoic and upper Miocene (Fig. 15A, B). However, there is
no significant correlation between these depressions and the
morphology of the late Miocene base. This means that these
depressions were not formed by normal fault activity.

These linear depressions are parallel to the inferred
palaeotransport direction towards the RiSfiovce depression.
Hence, it is expected that the depressions were formed during
an erosional phase, which generated slightly incised valleys.
The incised topography led to confinement of the fluvial
distributary system. On the other hand, the correlative strati-
graphic boundary is not of erosive origin in the RiSfovce de-
pression. Hence, it appears probably as a correlative conformity
caused by more rapid subsidence (Fig. 16C).

The erosional phase resulted from base level fall. However,
the water level drop of Lake Pannon could not be the main rea-
son, because this lake was too far distant at the time ~9 Ma (cf.
Fig. 1B; Magyar et al., 2013; Sujan et al., 2016). Differential
subsidence along the stream documented between the Blatné
and Ri$fiovce depressions is a prominent candidate as a driv-
ing factor. Uplift of the northern Blatné depression may also
have been responsible for this incision. Tectonic activity during
9-8 Ma is indicated by the deposition of the freshwater carbon-
ates of the Hlavina Member along marginal faults of the
Povazsky Inovec Mountains.

This spatial variability in subsidence could have been gen-
erated not just by tectonics but also by differential compaction of
the underlying deposits. A varied thickness of progressively

compacting sequences exerts a first-order control on recent
subsidence, for example, in the coastal area of the Netherlands
(Kooi, 2000), as well as on the development of the Late Ceno-
zoic Niger delta (Fazli Khani and Back, 2015). Gvirtzman
(2001) determined a dependence between spatial variability of
sediment thickness and associated difference in amount of
compaction-related subsidence. In the case of the middle Mio-
cene sequence, which is ~3 km thick in the central part of the
Blatné depression and only a few hundred metres thick at its
margin (Fig. 15C), compaction should produce two to three
times higher subsidence in the central part of the depression
during the late Miocene.

However, FDS sequence thickens towards the SE, i.e. in
the direction in which the basin fill abruptly thins (Figs. 10 and
15C). It is important to consider the erosion phase, which is ex-
pected to have occurred at the middle—late Miocene boundary
(Horvath et al., 2006). The Sarmatian (late Serravallian) depos-
its were completely removed from several parts of the area
studied during this interval. This means that there was exhuma-
tion and subsequent reburial during the late Miocene. There-
fore, the basin fill may have been over-compacted, depending
on the unknown thickness of the eroded sequence (Gvirtzman,
2001), and consequently compaction did not contribute to the
late Miocene subsidence rate.

The Pliocene—Quaternary base is characterized by the
presence of depressions situated at the base of FDS (Fig. 15C,
D). Gravelly strata have a relatively low compaction potential by
comparison with clays and a significantly higher density than
uncompacted clays (Garga and Madureira, 1985; Riicknagel et
al., 2013). Therefore, it may be expected that the mostly grav-
elly body load of FDS in the northern Blatné depression was an
influence on the compaction of the underlying upper Miocene
strata. This continued to a slight extent after deposition of the
Pliocene—Quaternary sequence. Thus, this process was a mi-
nor driving factor of the present stratigraphic architecture.

Generally, normal fault movement of the Ripnany Fault,
bounding the western margin of the RiSfiovce depression, is
identified as the main factor causing the spatial variability of sub-
sidence (Fig. 16B, C; Bielik et al., 2002). Despite faulting in the
Blatné depression being negligible, differential vertical tectonic
movements caused river incision at ~9 Ma as well as the creation
of sandy-gravelly channel belts in the Tortonian—Messinian allu-
vial sequence studied (cf. Figs. 2 and 16).

DISCUSSION
GENETIC ZONATION OF THE FLUVIAL DISTRIBUTARY SYSTEM

Despite the presence of simplistic classifications of fluvial
distributary systems (e.g., Stanistreet and McCarthy, 1993), itis
widely accepted that depositional processes may vary signifi-
cantly across FDS (Nichols and Fisher, 2007). A number of
studies have shown a transition of depositional processes com-
parable to the stratigraphic architecture described herein. Ev-
ans (1991) reported a humid tropical FDS consisting of gravelly
bedload river deposits in a proximal zone, which pass into
sandy bedload and mixed load deposits in the distal zone as
well as a low content of unconfined gravity flow deposits. Humid
conditions on the Po Plain led to development of FDS with a
braided pattern in the proximal zone and meandering river de-
posits in the distal zone during the Quaternary (Ori, 1982). Sev-
eral recent FDSs of Alaska display a pattern of stacked chan-
nels transporting coarse gravel that pass into meandering
channels with a high amount of overbank deposits covered by
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Palaeogeography at ~8 Ma
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Fig. 16. Interpretation of the spatial variability of the Volkovce Formation in response to palaeotopography, sediment supply,
accommodation rate and fault activity

A — palaeogeographic scheme of the study area for the time period around 8 Ma; B — schematic section oriented perpendicular
to the palaeotransport direction and to the Povazsky Inovec horst; C — schematic section oriented parallel to the palaeotransport
direction; note that schematic sections are highly exaggerated vertically
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dense vegetation (Boothroyd and Nummedal, 1978). A mean-
dering river regime is furthermore an important feature of the
Late Pleistocene—Holocene Maros fluvial distributary system in
Hungary (Kiss et al., 2014).

LATE MIOCENE PALAEOCLIMATE IN THE CENTRAL EUROPE
IN THE CONTEXT OF THE ALLUVIAL SEQUENCE STUDIED

The palaeoclimate varied significantly in the study region dur-
ing the Tortonian—Messinian interval. A “washhouse” event with
mean annual precipitation (MAP) ranging from 1000 to 1500 mm
was documented for the Paratethys realm ~10.0 Ma, based on
the ecophysiological structure of herpetological assemblages
(Bohme et al., 2008, 2011). Comparable values were docu-
mented by a wide variety of proxies (Bruch et al., 2006, 2007; van
Dam, 2006; Erdei et al., 2007; Kern et al., 2012, 2013). During
the following interval between 10.0 and 8.0 Ma, MAP in the re-
gion decreased to values between 500-1000 mm, and after
8.0 Ma the climate became more arid by comparison with the
present day, with a MAP of ~400 mm (Bohme et al., 2011). Van
Dam (2006) deduced a decrease in MAP from ~800 mm at
around 8.0 Ma to ~600 mm at around 6.0 Ma, based on small
mammal associations. Comparable decrease in MAP was docu-
mented in the northeastern Carpathians (Syabryaj et al., 2007).
However, Utescher et al. (2017) argue that the MAP inferred for
the central Pannonian Basin System from fossil macroflora point
to almost no decrease between 8.0 to 6.5 Ma with values ranging
from 850 to 1300 mm. The climate in the region became more
humid during the Pliocene with a MAP between 700 and 1400
mm (Kovacs et al., 2015). Mean annual temperature (MAT) for
the Tortonian age was suggested to be in the range 15-17°C
(Prista et al., 2015). By comparison, recent MAP in the region
ranges usually between 500 and 600 mm and MAT reaches
9-11°C (Melo et al., 2007, 2013).

Depositional settings documented in our study indicate hu-
mid conditions for time interval 9-6 Ma, with no evidence for de-
crease of precipitation. Inconsistency with data published by
Bohme et al. (2011) and van Dam (2006) may be connected
with their spatial distribution of studied localities with no informa-
tion about the Danube Basin. Its microclimate might have had
different MAP during early Messinian, still affected by the water
body of Lake Pannon and comparable to the data of Utescher et
al. (2017). Lower but notable variability of recent microclimate is
still present in the region (e.g., Niedzwiedz et al., 2009; Anders
et al., 2014). This points to a careful consideration of published
general palaeoclimate models for local studies.

REGIONAL LATE MIOCENE PALAEO-RIVER NETWORK
AND TECTONIC DEVELOPMENT

The relatively high sediment supply of the fluvial distributary
system studied (PieStany Member) reaching the northern
Blatné depression was derived from the uplifting Western
Carpathians. The uplift of this mountain belt during the middle to
late Miocene was deduced using thermochronology (Kovac et
al., 1994; DaniSik et al., 2004; Kralikova et al., 2016), but no sig-
nificant uplift event was described that might have caused the
large increase in sediment supply at ~9 Ma. We suggest that
this increase in sediment supply was a result of both the higher
mean precipitation at ~10 Ma (e.g., Béhme et al., 2008), which
would have increased erosion rates, and a major change in
river basin pattern in the western part of the Western
Carpathians that was probably a result of stream capture.

The palaeo-stream, which deposited the studied FDS, repre-
sented one of the main distributaries of sandy deposits that came

into the central part of the Danube Basin, despite its restricted
scale of bankfull depth of up to 4 m. The alluvial Volkovce Forma-
tion is strongly dominated by floodplain facies across the basin,
which is caused by accommodation rate of much higher intensity
compared to sediment supply (Sujan et al., 2016). This highlights
that no significant source area appeared uplifted directly at the
Danube Basin margin. The palaeo-stream was a tributary to a
larger river basin of the palaeo-Danube. This watershed cov-
ered, during the late Miocene, an area from the Eastern Alps,
through the Molasse Basin, Vienna Basin, Danube Basin to-
wards to the central Pannonian Basin in the south, where the
coast of Lake Pannon was present during that time (Frisch et al.,
1998; Magyar et al., 2013).

On the other side, several comparable fluvial distributary sys-
tems existed during the same time on the foothills of the Eastern
Alps, when the Hausruck and Kobernaussen Gravel in the Aus-
trian Molasse Basin (Brigel, 1998; Kovar-Eder and Wojcicki,
2001; Daxner-Hock et al., 2016), and the Rohrbach Conglomer-
ate in the Vienna Basin were deposited (\Wagreich et al., 2009).
Exhumation of the Eastern Alps is thought to have continued
steadily during the late Miocene (Kuhlemann et al., 2006). Depo-
sition of these FDS structures, however, resulted from increased
sediment supply, which was probably related to increased verti-
cal tectonic movements similarly to our study area.

The stratigraphic model of the Volkovce Formation offers
insight into the late Miocene fault activity in a marginal part of
the Danube Basin. The “Wide rifting” sensu Lankreijer et al.
(1995) mediated by activity of NNE-SSW to NE-SW-striking
faults generated a deep basin with a very large availability of
accommodation space in the central Gab&ikovo—Gy&r depres-
sion in the early Tortonian (Marko et al., 1995; Fodor et al.,
1999; Kovac et al., 2011). The subsequent phase of thermal
subsidence from ~9 Ma to the Pliocene (Kovac et al., 2011),
was characterized by little fault activity and large-scale flexural
deformation of strata across the basin documented by seismic
stratigraphy (e.g., Horvath, 1993; Lankreijer et al., 1999). Ac-
cording to the evidence presented in our study, the fault activity
was negligible in the period 9.0-6.0 Ma in the Blatné depres-
sion. However, the considerable difference in accommodation
rate between the Blatné and RiSfhovce depressions at that time
points to significant activity of the Ripriany Fault system, which
limits the Povazsky Inovec Mountains. from the south-east
(e.g., Bielik et al., 2002). The normal fault throw might have
reached up to 400 m. We have to conclude that the proposed
models, describing a decrease in fault activity after
~10.0-9.0 Ma, are valid only locally and significant exceptions
occur on the northern margins of the Danube Basin.

CONCLUSIONS

The study presented demonstrates the stratigraphic archi-
tecture of the alluvial Volkovce Formation of late Miocene age
in the northern Danube Basin, with special emphasis on the
PieStany Member forming a fluvial distributary system. The
study is based on facies analysis of two key localities and on the
sedimentary record of >500 boreholes. Our attention was fo-
cused on the northern Blatné and western RiSfiovce depres-
sions, recently separated by the pre-Cenozoic Povazsky
Inovec Mountains. The Volkovce Formation was deposited
there after regression of Lake Pannon in the time period be-
tween 10.0 and 6.0 Ma (Sujan et al., 2016).

In both depressions, the lower Volkovce Formation com-
prises a meandering river succession, in which floodplain fines
(clays and silts) dominate and channel bodies are distributed ir-
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regularly. This thin sedimentary succession was deposited be-
tween 10.0 and 9.0 Ma.

A significant spatial variation of the sediment supply and ac-
commodation rate was documented in the upper Volkovce For-
mation (ranging from 9.0-6.0 Ma) across the study area. A flu-
vial distributary system (FDS) of the PieStany Member accumu-
lated in the northern Blatné depression. Its proximal facies as-
sociation is composed of cross-stratified gravelly to sandy
braided river bars with a normal gradation, indicating a
channelized depositional environment with a channel depth
reaching up to 4 m. The distal succession of FDS was depos-
ited in a meandering river environment, according to facies
analysis of a type outcrop. Trough cross-stratified strata of a
sandy bedform pass upwards into inclined heterolithic stratifica-
tion (IHS) deposited through lateral accretion and are capped
by floodplain fines. The palaeochannel depth is inferred to have
been up to 3.5 m.

Tracking lateral changes of facies associations in boreholes
allowed us to delimit three zones of fluvial distributary system in
the northern Blatné depression: the proximal zone on the north
with mostly amalgamated gravelly and sandy-gravelly river
channels, the relatively narrow medial zone with a balanced ra-
tio of channel and floodplain deposits, and the distal zone on
the south-west and south with a channel facies content of
<20%. A high proportion of channel bodies in the proximal zone
indicates high sediment supply and low accommodation rate.
The spatial distribution of these zones is radial and asymmetri-
cal, indicating that part of the system was deposited above the
recently uplifted Povazsky Inovec Mountains. The transport of
sandy/gravelly material was traced in wells towards the
RiSfovce depression. It was observed that the alluvial se-
quence shows only a low content of small river channel bodies
in the northern part of the RiShovce depression, indicating very
low sediment supply and a high accommodation rate. The ratio
of sandy-gravelly bodies content reaches 50% in the south-
western part above the submerged Povazsky Inovec horst, with
notable sediment supply comparing to the accommodation
rate. We concluded that FDS of the PieStany Member was con-
fined by the horst in its northern part and crossed the southern
part of the horst from the Blatné depression towards the
RiSfnovce depression. The change in palaeotransport direction
was caused by a more than four times higher accommodation

rate. The proportion of sandy channel bodies decreases to-
wards the southern RiSfiovce depression to 30% within an allu-
vial sequence reaching a thickness of up to 550 m. This shows
a high accommodation rate, which exceeded the moderate sed-
iment supply. Comparable conditions are characteristic of the
whole Danube Basin with the upper Miocene alluvial sequence,
represented by overbank deposits in its main part, being
>1500 m thick.

The deposition in FDS was preceded by a base level fall as-
sociated with incision of the river channels. Then, two linear
NW-SE elongated depressions were formed in the northern
Blatné depression, emphasizing the direction of palaeo-
transport across the recently uplifted southern Povazsky Inovec
Mountains. No significant fault activity disrupted the alluvial se-
quence studied in the Blatné depression. However, the notice-
able difference in accommodation rate between the two depres-
sions implies normal fault vertical displacements of up to 400 m
on the Ripfany Fault system, i.e. on the SE margin of the
Povazsky Inovec Mountains. A facies inventory indicates a pe-
rennial river environment existing in a humid climate for the pe-
riod 9.0-6.0 Ma, which is not consistent with published
palaeoclimate data. Our observations point to the possibility of
a high spatial variability of local climate in the region during the
early Messinian.
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