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Surviving from transgression to regression of Lake Pannon:

Fan deltas of the Nemc¢inany Fm. persisted across
the rifting until the post-rift stage of the Danube Basin,
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Abstract: Successions deposited under rifting and post-rift settings of an isolated epicontinental basin often exhibit
contrasting characteristics. Facies linked to transgression during basin rifting are typically locally sourced fan deltas
transporting coarse-grained sediment, whereas the post-rift setup generally involves a normal regression marked by more
extensive catchments, sediment sourced from greater distances, and an overall decrease in average grain size compared
to the transgressive facies. In this study, we present a specific scenario based on a sedimentological, stratigraphic, and
authigenic '°Be/’Be analysis of the Nem¢iany Formation, an Upper Miocene fan deltaic succession in the eastern
Danube Basin, Slovakia. Deposition of the Nemc¢inany Fm. was initiated shortly after ~11.6 Ma by the fourth rifting
phase of the Pannonian Basin System, triggering the transgression of Lake Pannon. The depositional system persisted
until ~9.6 Ma, likely balancing the increased accommodation rate with sediment supply in the shallow lake area situated
on a basement high. Subsequently, a relative decrease in the accommodation rate prompted the progradation of
shelf-slope scale clinoforms, originating from the Nemciniany depositional system, toward the center of the Komjatice
depression at ~9.4 Ma, resulting in a normal regression of Lake Pannon. The persistence of the Nemcinany fan delta
system, unlike common stratigraphic patterns, was associated to the high sediment supply yielded by the paleo-Hron
river, which entered the basin in the study area. These observations underscore the need for caution in predicting
provenance shifts during changes in geodynamic stages of a basin.
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supercritical flow bedforms

Introduction

Rifting of basins represents a fundamental process that
influences the geometry and composition of the continental
crust (Allen & Allen 2013; Cloetingh et al. 2015). The cycle of
basin formation and deformation plays a pivotal role in the
development of heavily populated lowlands, the genesis of
petroleum and geothermal resources, as well as in the emer-
gence of geohazards linked to seismic activity and land sub-
sidence (Cloetingh et al. 2023). Therefore, comprehending
the intricacies of rift formation process holds significant
importance for prediction of the distribution of resources and
assessment of geohazards.

A distinctive depositional architecture for the early stages of
rifting involves the creation of locally-sourced alluvial fan to
fan delta systems (Burns et al. 1997; Catuneanu 2006; Matenco
& Haq 2020). These systems are marked by substantial sedi-
ment influx originating from footwalls that become exposed
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due to fault activity associated with the rifting process (Postma
2009). The deposition of coarse-grained sediment commonly
seen in fan deltas, which characterizes transgressive system
tracts, is typically replaced in the post-rift stage by regressive
deltas with sediment sourced from much farther distances
(Balazs et al. 2016; Matenco & Haq 2020). This phenomenon
reflects the establishment of catchments at a regional scale due
to the waning of fault activity and the filling of basins.

Given that epicontinental rifted basins are frequently
isolated and detached from the global ocean, establishing
a chronostratigraphic framework for a rifting succession via
biostratigraphy is challenging (Kovac et al. 2018). The coarse-
grained nature and secondary alterations can impede the effec-
tive use of magnetostratigraphy, while volcanic layers suitable
for dating are inherently elusive (Langereis et al. 2010; Kelder
et al. 2018). When conventional geochronological methods
encounter difficulties, new techniques are on hand, such as
the authigenic '"Be/’Be dating method (Bourlés et al. 1989;
Lebatard et al. 2008).
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In this study, we focus on fan deltas deposited as a result of
the Late Miocene rifting of the Pannonian Basin System (PBS;
Fig. 1), which led to formation of the largest late Cenozoic
lake of Europe — Lake Pannon (Magyar et al. 1999; Harzhauser
& Mandic 2008; Magyar 2021). The aims of the study are to
promote understanding of the evolutionary process during this
phase of rifting by (1) a reevaluation of the Nem¢inany Fm.
coarse-grained deltaic facies in the eastern Danube Basin and
(2) resolving their age and stratigraphic position using authi-
genic '°Be/’Be geochronology. We employ facies analysis on
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two key outcrops, Tajna and Nemcinany sites. While the sites
were previously examined (Barath & Kovac 1995; Kovac et
al. 2008), recent advancements in the analysis of fan delta
depositional processes have imposed fresh demands on the
existing interpretations. Moreover, the Late Miocene period
was traditionally considered as a post-rift stage in evolution
of the PBS (e.g., Lankreijer et al. 1995), but a growing pile
of evidence including this study indicates the existence of
a rifting phase in the region after ~11.6 Ma (Balazs et al.
2017; Sujan et al. 2021b). The fan delta facies association
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Fig. 1. Location of the study area and its lithostratigraphy: A — Pannonian Basin System within Central Europe. B — Neogene basins in the
northern Pannonian domain and location of the Danube Basin, modified from Sujan et al. (2021b). Abbreviations: ESB — East Slovakian Basin.
C — Komjatice depression in the northeastern Danube Basin and studied sites. Miocene to Quaternary sediment thickness map Sztano et al.
(2016). D — Lithostratigraphy of the Komjatice depression, modified from Sarinova et al. (2018). Circles indicate the stratigraphic position
of the dated sites. Geodynamic phases according to Sujan et al. (2021b). Abbreviations: Langh. — Langhian, Serrav. — Serravallian,

Baden. — Badenian, Sarm. — Sarmatian, B.I. — basin inversion.
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determined on outcrops was correlated in the basin fill
using a set of borehole profiles. The chronostratigraphy of
the studied fan delta succession is established by new authi-
genic '"Be/’Be dating results supported by a review of the pre-
viously published ages (Sujan et al. 2016).

Geological setting

The Pannonian Basin System is a back-arc superbasin
formed during the Miocene in the region between the Eastern
Alps, Carpathian Mts. Arc, and the Dinarides (Horvath 1993;
Horvath et al. 2015; Kovac et al. 2017; Tari et al. 2023;
Fig. 1A, B). Rifting of the basin resulted in general from sub-
duction pull of the North European plate below the Carpathian
orogenic wedge and extrusion of the ALCAPA microplate
towards the northeast. Diapiric upwelling of asthenospheric
mantle led to crustal thinning and weakening. This process
was stepwise, varied temporally and spatially, and hence
the depositional record of specific sub-basins differs in num-
ber of events and character of preserved rifting phases (Baldzs
et al. 2016; Kovag et al. 2017; Sujan et al. 2021b).

The relative wealth of stratigraphic and geochronological
data made it possible to distinguish four separate rifting
phases in the Danube Basin, the northeasternmost subbasin of
the PBS (Sujan et al. 2021b; Fig. 1B). As a transition towards
the basin-and-range structure formed within the Western
Carpathians, fingerlike depressions with prevailing NW-SE
orientation were created in the Danube Basin during the rifting
(Nemcok & Lexa 1990; Kovac & Hok 1993). This study focu-
ses on the Komjatice depression, a northeastern fingerlike
embayment situated between the Tribe¢ Mts. (Fig. 1C), com-
posed of pre-Cenozoic rocks, and the Kozmalovce High
consisting of Middle Miocene volcanites and volcaniclastics.
The depression experienced significant subsidence during the
2" and 3" rifting phases (~13.8-12.6 Ma; ~12.6-11.6 Ma),
associated with marine, coastal and terrestrial environments of
the Zlaté Moravce and Vrable—Pozba fms. (Sarinova et al.
2018; Fig. 1D).

The transition of the Middle and Late Miocene is marked
by a base level fall and isolation of the PBS from neighboring
marine basins, which gave birth to Lake Pannon (Magyar et al.
1999; Harzhauser & Mandic 2008). Apart from possible gla-
cioeustatic forcing (Harzhauser et al. 2004; Lirer et al. 2009),
uplift of the Eastern Carpathians clearly played an important
role in this process (Vasiliev et al. 2010; ter Borgh et al. 2013).
A compressional event marked the transition by an angular
unconformity, visible in seismic lines across the PBS and also
in the Danube Basin (Horvath & Cloetingh 1996; Balazs et al.
2016; Sujan et al. 2021b). The following Late Miocene rifting,
constrained to ~11.6-9.5 Ma, is traceable as offset of up to
500 m on some major faults in the basin fill (Sujan et al.
2021b). The resulting differentiation of the Lake Pannon
bottom formed a complex framework of deep basin depo-
centers across the PBS, divided by submerged highs and
horsts exposed subaerially as islands (Balazs et al. 2018).
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The rifting of the Danube Basin was replaced by a post-rift

stage after ~9.5 Ma (Sujan et al. 2021b), marked by a general

vanishing of fault-controlled subsidence and prevailing ther-
mal subsidence as a result of relaxation, cooling and contrac-
tion of the lithosphere (Allen & Allen 2013; Cloetingh et al.

2015; Fig. 1D).

The Pannonian rifting induced the accumulation of the
Nemcinany Fm., which represents an alluvial fan to fan delta
succession deposited during the transgression of Lake Pannon
(Sztand et al. 2016), and is the subject of this study. The cor-
responding strata were previously classified to the Pliocene
age (Priechodska & Harcar 1988; Vass et al. 1990; Barath &
Kovac 1995; Kovac et al. 2006, 2008), based on:

* the usage of the stages Pontian, Dacian and Romanian in the
Central Paratethys stratigraphy — a recently abandoned prac-
tice (Sztané et al. 2016; Magyar 2021; Sujan et al. 2021b),
since the stages were defined using paleobiological and
stratigraphic events in the Eastern Paratethys (Stoica
et al. 2013; Van Baak et al. 2015), which was at that time
isolated from the Central Paratethys;

* the incorrect assignment of the corresponding deposits to
the younger Volkovce Fm. (Priechodskd & Harcar 1988;
Barath & Kovac 1995), which constitutes the uppermost
part of the Upper Miocene sequence, reinterpreted as
alluvial in the current lithostratigraphy (Sztan¢ et al. 2016);
the alluvial terrestrial origin of the Volkovce Fm. and
lateral transition of the Nemciflany Fm. with brackish
open lacustrine facies excludes affinity of these two
formations;

* the assumption of deposition of the fan delta deposits as
a regressive system tract of Lake Pannon (Kova¢ et al.
2006), despite this process of regression was temporarily
not well constrained at that time due to the absence of
a sequence-stratigraphic model supported by geochrono-
logical data.

The transgression of Lake Pannon led to the spatially exten-
sive deposition of open lacustrine shallow to deep water
Ivanka Fm., which was later replaced by the regressive deltaic
Beladice Fm. The process of normal regression was diachro-
nous due to the shelf-slope progradation across the Danube
Basin between ~10.0-8.7 Ma (Magyar et al. 2013; Sztan6 et
al. 2016; Fig. 1D).

Both studied outcrops are situated at the southeastern
margin of the Komjatice depression, where denudation related
to the Pliocene basin inversion caused the exposure of this
lowermost Upper Miocene stratigraphic member at the sur-
face. The Tajnd outcrop was the place of drilling for the
SVM-1 Tajna fully cored well, elaborated by Kovaé et al.
(2006, 2008). The correlation of the Tajna site towards the
basin fill is performed using a seismic line between the SVM-1
Tajna and Vrable-1 (Vr-1) wells. The authigenic '°Be/’Be
dating was applied by Sujan et al. (2016) to the samples from
the Nemcihany outcrop and the SVM-1 Tajna well (both
Nemcinany Fm.) and to the cores from the Vrable-1 well
(Beladice Fm.; Fig. 1C,D), which are included in the discus-
sion of this paper.
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Methods
Sedimentology and stratigraphy

This study provides sedimentological analysis of two
sites. The Tajna site is an abandoned quarry ca. 10 m in height
and 75 m in width exposing a single wall (48.2576°N,
18.3811°E; Suppl. Fig. S1). A detailed logging was performed
together with a scheme of facies distribution at the Tajna
site. The Nemcinany quarry (48.3046°N, 18.4551°E) consists
of three levels (Suppl. Fig. S1), the second of which serves
for occasional present-day excavation of gravel. The up to
15 m high and ca. 200 m wide fresh outcrop was a subject
of drawing of facies distribution schemes. Only a generalized
log of the Nemcinany site was created due to the problematic
accessibility of the vertical wall and is included in the
Supplementary material. The high spatial variability and
considerable size of the observed facies favor sedimento-
logical scheme as a better tool for depiction of the stratal
patterns and facies distribution. The facies analysis was
performed according to Stow (2005) considering up-to-date
sedimentological knowledge for upper-flow regime bed-
forms provided by Cartigny et al. (2014), Postma & Cartigny
(2014) and Slootman et al. (2021). Orientation of 61 foreset
beds was measured using a geological compass at the
Nemcinany site.

The fan delta facies association, established on outcrops,
was correlated using lithological profiles of 27 boreholes,
summarized in Suppl. Table S1. The two north-south oriented
geological sections were constructed using the borehole pro-
files, in order to represent the occurrence of the Nemcinany
Fm. These data were obtained from manuscripts located in
the Geofond archive of the State Geological Survey of Dionyz
Stir and are listed in Suppl. Table S1. The lithology was uni-
fied using a code of 9 lithological classes, including a distinc-
tion between subaerial and subaquatic muddy lithotypes (e.g.,
Aslan & Autin 1999; Campo et al. 2016). Units up to a thick-
ness of 0.5 m could be occasionally distinguished in the litho-
logical log descriptions. However, the wells were mostly
drilled for hydrogeological exploration, therefore the litho-
logical descriptions are frequently very general and with
a depth resolution to 2—5 m thick units. The coarse-grained
Nemcinany Fm. and muddy Ivanka Fm. are repeatedly alter-
nating laterally and vertically, what is the reason for their
depiction as a single horizon in the geological sections.
The area is characteristic by a cyclic alteration of the Nemci-
flany and Ivanka fms. in a vertical section, both are therefore
shown as a single horizon.

Authigenic ’Be/’Be dating

The application of the authigenic '°Be/’Be dating method
enables the determination of the depositional age of a sedi-
mentary layer up to 14 Ma, given that specific conditions are
met (Bourlés et al. 1989; Lebatard et al. 2008; Sujan et al.
2016). The method is based on the radioactive decay of
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atmospheric cosmogenic radionuclide '°Be with a half-life of
1.387+0.01 Ma (Chmeleff et al. 2010; Korschinek et al. 2010).
1'Be is produced in the atmosphere by interaction of cosmic
rays with N and '°O and rapidly transferred to the hydro-
sphere, where it mixes with the isotope *Be (Raisbeck et al.
1981; Measures & Edmond 1983; Brown et al. 1992).
Be originates from weathering of rocks and is used for nor-
malization of '°Be concentration (Wittmann et al. 2012). Both
isotopes are incorporated under oxic conditions in oxyhydro-
xides forming the authigenic rims around sedimentary parti-
cles, which are transported in a water column (Willenbring &
von Blanckenburg 2010; Singleton et al. 2017; Wittmann et
al. 2017). The authigenic '"Be/’Be ratio changes proportio-
nally with depositional age after sedimentation if the system
remains chemically closed.

The distinct origins of the two beryllium isotopes pose
challenges in employing the method, as the initial ratio is
specific to each site, influenced by the varying chemical
compositions and °Be content in weathered rocks on the
Earth’s surface (Willenbring & von Blanckenburg 2010).
The delivery of °Be into an offshore sedimentary environment
is driven by the proximity of a terrestrial source (Wittmann
et al. 2017; Kong et al. 2021), while the sedimentation rate
and pace of burial play a significant role in penecontem-
poraneous '°Be enrichment (Aherwar et al. 2021). The rede-
position of older mud with preserved authigenic rims can
lead to apparent older ages in both alluvial and deep basin
settings (Sujan et al. 2023a,b). Two initial authigenic
'Be/’Be ratios were established for the Danube Basin,
one for lacustrine offshore environments and the latter for
delta top to alluvial facies (Sujan et al. 2016). The research
conducted in the basin suggests that despite the recognized
potential complications associated with application of the
method, the initial ratios for the mentioned environments
remained stable during the time period of ~11.6-6.0 Ma
(§ujan et al. 2016, 2020; Joniak et al. 2020), unless affected
by redeposition.

This study provides radiometric ages of five new samples
taken from the Tajna site. The samples originate from muddy
overbank deposits. Dried and crushed mud of the weight of
~2.25 g per sample underwent leaching of the authigenic
phase using a solution of acetic acid, hydroxylamonium
hydrochloride (NH,OH-HCl) and demineralized water.
An aliquot was taken from the resulting solution for ICP-MS
measurements of total beryllium concentration. The LGC
commercial ICP-MS beryllium standard with the isotopic
ratio ~3-4x107"5 was added to the main fraction of the
solution as a carrier. Column chromatography according to
Merchel & Herpers (1999) was applied to separate beryllium
from other elements. The purified samples were oxidized in
an oven, mixed with niobium powder and filled to copper
cathodes for accelerator mass spectrometer (AMS) measure-
ments on the French national AMS facility ASTER at
CEREGE (Aix-en-Provence, France) (Arnold et al. 2010).
For a detailed description of the sample processing, the reader
is asked to see the Supplementary material.
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Results
Sedimentology

Properties and interpreted depositional processes of all docu-
mented lithofacies are summarized in Table 1. The orientation
of analyzed outcrop walls is depicted in Suppl. Fig. S1.

Tajna outcrop — fan delta topset facies

Description:

All gravel clasts present at the site are rounded to well
rounded (Table 1). The lower and middle part of the outcrop
consists mainly of lenticular units of the lithofacies Gt with
a concave erosional base, made up of clast-supported gravel
arranged into a few centimeters thick trough cross-stratified
beds (Figs. 2, 3). Intraclasts of mud with up to few decimeters
in diameter are present commonly. The beds onlap on the basal
surface and may form a partly convex shape in a section
oriented more oblique to the axis of a channel-shaped base
(Fig. 2). The sections perpendicular to a channel-shaped unit
axis are ~10-15 m wide, thickness of an individual unit
reaches ~0.5-2.0 m and amalgamation is a common feature
(Figs. 2,3A).

The Gt units are locally separated by intercalations of few
decimeters thick tabular bodies consisting of massive clast- to
matrix-supported rounded gravel with a common normal gra-
dation (Gmm), or by massive clast-supported gravel forming
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~0.5-1.0 m thick tabular or lenticular units (Gmk; Fig. 3F).
The lithofacies Gt is frequently incised into Gmm and Gmk
and erodes them (Fig. 2).

The amalgamated Gt units are separated in the middle part
of the outcrop by a horizon consisting of medium-grained
planar cross-stratified sand (Sp) and ripple-cross stratified
fine-grained sand (Sr; Fig. 3E).

The northern (left) part of the outcrop wall exposes a muddy
horizon, which is discontinuous, likely due to erosion (Fig. 2).
It consists of alteration of light brown to reddish subhorizon-
tally laminated mud (F1) and of light grey massive mud (Fm),
sometimes with the presence of a few millimeters thick sandy
laminae (FSm; Fig. 3C,D). Seven centimeters thick ripple
cross-stratified fine-grained sandy layer also appears.

The upper portion of the outcrop is sandier and gravel con-
tent decreases (Figs. 2,3A). Planar cross-stratified sands (Sp),
locally with granules, and planar cross-stratified gravels (Gp)
are more common. Cross-stratified units ~1-2 m thick appear
(Stb), composed of foresets with various grain size, sandy and
less gravelly, and with internal angular contacts. Gt units are
less frequent in the upper part of the outcrop and reach a thick-
ness of ~0.3—0.5 m. Tabular beds of massive matrix-supported
gravel (Gmm) are seldom.

Interpretation:

The Gt units could be considered as channels gradually
filled by bedload-dominated traction currents, accumulating
downstream-accreted bars (Boothroyd & Ashley 1975; Gobo
et al. 2015; Martini et al. 2017). The channels were subject to

Table 1: List of lithofacies documented on the Tajna and Nemcinany outcrops, their properties and interpreted depositional processes.

Code Lithology, structure, texture and geometry Depositional processes
massive clast- to matrix-supported rounded gravel, commonly normally graded, sandy . .
Gmm matrix, granules to pebbles, less boulders, forming decimeters thick horizontal tabular gtyg]e r;gg(c);:ntrated flow (Pierson & Costa 1987; Brenna
bodies '
massive clast-supported rounded gravel, moderately to well sorted, granules and
Gkm pebbles, forming ~0.5-1.0 m thick amalgamated tabular and lenticular bodies, debris flood (Church & Jakob 2020; Brenna et al. 2020)
frequently amalgamated, infrequent muddy-sandy intraclasts
clast-supported gravel arranged into trough-cross stratiﬁed bt?ds a few centimetelfs thick, channelized traction current. aceretion of a channel-fill
rounded granules to pebbles, moderately to well sorted in a single bed, arranged into g . .
Gt - . . . . bar (Boothroyd & Ashley 1975; Gobo et al. 2015; Martini
lenticular bodies up to a few meters thick with concave erosional base, frequent large etal. 2017)
intraclasts at the base and within the body )
G clast-supported gravel arranged into planar cross-stratified beds, rounded granules to traction current forming gravelly dunes (Allen 1982;
P pebbles, subangular to rounded, forming decimeters thick horizontal tabular bodies Leclair & Bridge 2001)
clast- to matrix-supported gravel arranged into lenticular units few meters thick and up r B .
Gep to 10 m wide, with concave bedding at the base changing upwards to a convex shape, upper ﬂ?W regime bedform — chute-and-pool (Cartigny et
b - al. 2014; Slootman et al. 2021)
ounded by erosional surfaces, rounded pebbles
clast- to matrix-supported gravel forming backsets climbing upwards a foreset slope, . -~ . .
Ges massive to tabular, units a few meters thick, with sharp erosional undulated base, 1218113?) flow regime bedform — cyclic steps (Cartigny et al.
frequent soft-sediment deformations at the base
sand and less gravel arranged in planar inclined beds, with various grain sizes, forming
Stb 1-2 m thick and ca. 10 m wide lenticular bodies, with reactivation surfaces marked by | unit-bar in a channel (Reesink et al. 2018)
angular contacts
S planar cross-stratified medium- to fine-grained sand in a few decimeters thick tabular traction current forming 2D dunes (Allen 1982; Leclair &
P bodies Bridge 2001)
S . . slow traction current (Allen 1982; Robert & Uhlman
Sr unidirectional ripple-cross stratified fine sand to muddy sand 2001; Yawar & Schicber 2017)
FSm deposition from suspension of a high mud- concentrated
Fm ? light grey massive mud with sandy laminae, or massive light grey mud waning flow in an oxbow lake, on proximal floodplain or
on a marsch (Toonen et al. 2011; Baas et al. 2016)
deposition from a slow traction current or from
Fl subhorizontally laminated light brown to reddish mud suspension in a proximal floodplain or on a marsch
(Aslan & Autin 1999; Yawar & Schieber 2017)
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clast-supported stratified gravel,
lenticular bodies, channel-fill bars

I:l clast and matrix-supported gravel,
tabular bodies, gravity current deposits

I:l cross-stratified sand and gravelly sand,
tabular and lenticular bodies, subaquatic dunes

I:l planar cross-stratified and ripple cross-stratified sand,
tabular and lenticular bodies, subaquatic dunes and ripples

laminated and massive mud,
- less sandy strata, tabular bodies,
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@ muddy authigenic “Be/’Be
inraclasts dating samples

Fig. 2. A scheme of facies distribution in the Tajna site outcrop wall, showing a fan delta topset facies association. The geometry of boundaries
in the upper portion is slightly deformed by the wide-angle panoramic photograph. Suppl. Fig. S1 shows the morphology of the quarry and

location of the depicted outcrop wall. Site location in Fig. 1C.

debris floods with high bedload transport, causing that almost
all grain sizes were transported and deposited as bedload-
carpet accretion of the lithofacies Gmk (Manville & White
2003; Brenna et al. 2020; Church & Jakob 2020). The traction
currents confined in channels were alternated by event-like
unconfined subaerial hyperconcentrated flows (Gmm; Pierson
& Costa 1987; Brenna et al. 2020).

The muddy horizon in the interval 4.8-5.9 m (Fig. 3A)
exhibits features of alteration of deposition from very slow
traction currents to suspension settling from a standing water
column (FI; Aslan & Autin 1999; Yawar & Schieber 2017),
and of rapid sedimentation from suspension by high muddy
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sediment-concentrated flow (Fm, FSm; Toonen et al. 2012;
Baas et al. 2016).

The planar cross-stratified sand and gravel (Sp, Gp) is
a result of migration of subaquatic 2D dunes (Allen 1982;
Leclair & Bridge 2001) and ripple cross-stratified sand
(Sr) represents unidirectional flow ripples (Allen 1982;
Robert & Uhlman 2001; Yawar & Schieber 2017). The mostly
sandy body of Stb exhibit irregular changes in lithology
from foreset to foreset, different from a typical dune cross-
stratification, and internal angular contacts appear, what indi-
cates deposition of Stb as a unit-bar in a channel (Reesink
2018).
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The described association of processes of the lower and
middle part of the outcrop implies its deposition by a braided
network of channels with dominant in-channel sedimentation
and a high sediment supply to accommodation ratio (Bridge
& Lunt 2006). The appearance of event-like high sediment-
concentrated flows (Gmm, Gmk) is associated with seasonal
floods (Brenna et al. 2020). The overbank deposition of flood-
plain facies (Fl, Fm, FSm, Sr) was limited, causing low
strength of the riverbanks and a braiding pattern. The upper
portion of the outcrop mirrors a decrease of the sediment

supply to accommodation ratio, expressed as a lower content
of gravel and facies indicating lower transport capacity, with
a more common deposition of dunes.

The observed vertical change in facies association could
be a result of autogenic migration of the deepest channel axis,
and deposition in shallower, more peripheral channels in the
case of the upper portion of the outcrop (Postma 2014; Lojka
et al. 2016). Since the gravelly-sandy succession alternates
with open lacustrine muds at the site (Kovac et al. 2008),
it represents a braidplain topset of a fan delta (Postma 2009).
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This is expressed in the relatively low dimensions of the
channels, with depths of ~0.5-2.0 m. Considering a typical
cyclic alteration of the delta progradation and flooding,
the observed vertical change of the facies associations at
the Tajna site is likely associated with a delta lobe avulsion
(Van Dijk et al. 2009).

Nemcinany outcrop — fan delta forest facies

Description:

The outcrop walls are dominated by two types of units
(Suppl. Fig. S2). The first type is indicated as Gep and com-
prises lenticular units few meters thick and ~10 m wide
(Fig. 4A,B, Table 1). The internal structure shows concave
clast- to matrix-supported gravelly beds changing upwards
into convex-shaped beds. The individual beds are few centi-
meters to 15 cm thick. The contacts of individual Gep bodies
are erosive and the units are amalgamated.

The second type of units are gravelly to gravelly-sandy
tabular beds of Gcs forming extensive foresets with a dip
of 7-20° (Fig. 4A,B, Table 1). The continuous horizons are
traceable across the ~35 m high quarry without a topset or
bottomset transition. The beds form subsets few meters thick
with erosional contacts. The tabular beds are generally inclined
towards the west (Suppl. Fig. S2). A closer look into these
subsets reveal the presence of backsets with an opposite dip
in comparison to the main foresets (Fig. 4D), usually with
an erosional base and the lowermost portion composed of
massive gravel underlined by liquefaction deformations (Ta;
Fig. 5A). The overlying tabular subsets show smooth normal
and reverse grain size grading without erosional contacts
(Tb, ,,; Fig.5C), changing upwards into a bedding with
upward coarsening trends bounded by erosional contacts
(Tb,,; Fig. 5B, C) and caped by increasingly pronounced bed-
ding with spacing of few centimeters (Tb,; Fig. 5D). The Gces
and Gcep units appear separately as multiple one-type facies
groups (Fig. 4A,B) or are alternating each other randomly
(Suppl. Fig. S3).

Interpretation:

The concave to convex geometry of the lithofacies Gcep
implies a deposition of gravel and sand from suspension as
an upper flow regime bedform (Cartigny et al. 2014). The len-
ticular shape and internal bedding pattern corresponds to
the definition of chute-and-pools according to Slootman et al.
(2021) (Fig. 4C). The backset geometry of the facies Gcs is
also a typical feature for deposition in the upper flow regime
(Slootman & Cartigny 2020). The several meters thick and
~10 m wide backsets could be associated with the division
of facies in a vertical succession, typical for cyclic steps as
defined by Postma & Cartigny (2014) (Fig. 4E):

» Ta as massive gravel deposited by a hydraulic jump (transi-
tion from supercritical to subcritical flow) over an erosional
base and above liquified sediment;

« crudely bedded backsets of Tb, , accumulated in a regime
of subcritical flow, mirroring variations in the flow velocity
without erosion;
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» Tb,, representing a subcritical flow with intervals of
increasing velocity up to a change from accumulation to
erosion;

* Tb, showing stratification with a decreasing spacing
between bedding planes upwards, as the flow becomes
supercritical and erosive with increasing velocity.

Hence, the observed deposits of the Nemcinany site were
accumulated in the upper flow regime, most likely from
high-density turbidite flows with supercritical basal layer
(Postma & Cartigny 2014). The preservation of convex lami-
nation in chute-and-pool lenses is also characteristic for sub-
aquatic density flows (Slootman et al. 2021). It is worth
nothing that the cyclic steps and chute-and-pools dominate
the exposed succession and lithofacies representing other
depositional processes are minor. The facies association could
be classified as a foreset of a high-density turbidity flow-
dominated fan delta (Postma 2009).

The good sorting and rounding of the clasts, low variability
of upper-flow regime depositional processes, the scale of
supercritical-flow bedforms and the foreset height exceeding
35 mindicate a steady depositional system of a relatively large
fan delta (Nemec & Steel 1988; Longhitano 2008; Postma
2009). The water column entered by the fan delta had to reach
a depth of at least 35 m, and the bedforms with a correspon-
ding order of wavelength were observed on the slopes rea-
ching a height of 80-200 meters (Casalbore et al. 2011;
Fricke et al. 2015; Normandeau et al. 2016; Hage et al. 2018;
Vendettuoli et al. 2019; Postma et al. 2021). The height is in
the mentioned works established mostly based on the vertical
distance between topsets and foresets, either observed in
depositional record or in recent deltaic examples.

Stratigraphy based on borehole profiles

The analysis of facies at the Tajna and Nemcinany sites has
enabled the attribution of fan deltaic origin to the gravelly—
sandy units, alternating with subaquatic lacustrine muds at
the eastern flank of the Komjatice depression. The geological
sections in Fig. 6 illustrate the frequent alternation of the
Nemcinany Fm. with the open lacustrine Ivanka Formation,
characterized by a chaotic distribution pattern. The units
demonstrate coarsening upwards trend of a fan delta lobe pro-
gradation in a rare case when the precision of the lithological
descriptions allowed to distinguish a vertical grain size change.
The fan delta units are commonly overlain by variegated muds
of subaerial origin, which represent overbank deposition on
a braidplain. The thickness of a single fan delta unit mostly
ranges from 20 to 35 m, occasionally reaching up to 60 m.
However, the amalgamation of several units may not always
be identifiable. The intervals of open lacustrine deposition
between the fan delta units typically reach 10-40 m, with
occurrences exceeding 50 m being rare.

The base of the merged Nemcinlany and Ivanka fms. was
mostly not reached by the boreholes. Despite its course is not
revealed in detail, the outline of a syncline was discernible to
the north of the Tajna site and the Kozmalovce High (Fig. 6C)
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since the Middle Miocene successions are present on both
sides. The Upper Miocene lacustrine—fan deltaic succession
attains a thickness of up to 330 m in Fig. 6A and up to 140 m
in Fig. 6B.

Authigenic ’Be/’Be dating

Five samples were analyzed from the overbank facies Fl and
Fm (Figs. 2, 3). The obtained natural authigenic '°Be/’Be
isotopic ratios show low variability in the range of 2.62 to
4.41x107'" (Table 2). The analytical uncertainty reaches
3.5-4.0 %. The ages were calculated employing the flood-
plain initial ratio of 4.14+0.17x10° (Sujan et al. 2016),
corresponding to the depositional environment of the strata.
The dating yielded ages in the range of 9.09-10.13 Ma.
The dating uncertainty is 0.51-0.59 Ma (5.4-5.8 %),
the ages overlap, forming a single population (Fig. 7). Hence,
the weighted mean age of 9.60+0.26 Ma was calculated for
the Tajna site using the KDX software by Spencer et al. (2017).
Moreover, the weighted mean ages were calculated for the
samples published in Sujan et al. (2016), taken at the Nem-
Citany site and from the cores of the SVM-1 Tajna and
Vrable-1 wells (Fig. 7). Suppl. Figure S4 illustrates the sam-
pling positions at the Nemcinany site. The original values are
included in Suppl. Table S2. All sites appear as single popula-
tions , although SVM-1 exhibits two peaks in the age probabi-
lity. The obtained values generally fall within the expected age
range, roughly confined by the existence of Lake Pannon in
the Komjatice depression of the Danube Basin between
~11.6-9.3 Ma (Sztané et al. 2016; Sujan et al. 2016).

Discussion

A typical syn-rift to post-rift succession in the Pannonian
Basin System

Distinct differences in lithology and depositional processes
characterize transgressive and normal regressive deltaic sys-
tems within isolated epicontinental extensional basins. The for-
mer are typically locally-sourced fan deltas containing coarse
sediment and associated with the rifting stage, while the latter
consist of more remotely-sourced systems with extensive
catchments and finer sediment grain size, often occurring in
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the post-rift stage (Evans 1988; Frostick & Reid 1989; Scholz
etal. 1990; Allen & Allen 2013; Gobo et al. 2015; Matenco &
Haq 2020; Fu et al. 2021; Song et al. 2022). Petrographic stu-
dies use changes in sediment provenance to establish the syn-
and post-rift sequence boundaries, relying on the marked
differences in sediment routing (Song et al. 2022; Wang et al.
2023).

Such a switch in the depositional settings is a characteristic
feature in the Pannonian Basin System (Balazs et al. 2016,
2017). The basal Pannonian sandy-gravelly fan deltaic depo-
sits are exposed at the Piusz Puszta site in Sopron—Eisenstadt
Basin (Rosta 1993), whereas the Upper Miocene regressive
deltaic clinoforms beneath the nearby Neusiedlersee exhibit
a distinctly fine-grained lithology (Loisl et al. 2017). Similarly,
in the Transdanubian Range area, the gravelly-sandy fan
deltaic deposits of the Kalla Fm. are replaced by the normal
regressive Ujfalu Fm., which contains fine- to medium-grained
sands sourced from the paleo-Danube (Csillag et al. 2010;
Sztand et al. 2013a). Analogously, variations between trans-
gressive and normal regressive deltaic systems have been
observed at the western tip of the Malé Karpaty Mts. between
the Vienna and Danube basins by Sujan et al. (2021a),
at the Mecsek Mts. in the central PBS by Budai et al. (2019)
and also north of the Apuseni Mts. in the eastern PBS by
Bartha et al. (2022). While not genetically a part of the PBS,
the Vienna Basin demonstrates a similar pattern, with coarse-
grained Hollabrun—Mistelbach Fm. underlying offshore
Pannonian muds, all subsequently overlain by finer-grained
deposits of the regressive paleo-Danube delta (Harzhauser et
al. 2003, 2004; Nehyba & Roetzel 2004).

In addition to the evident lithological and provenance
changes in the upward transition from syn-rift to post-rift
succession, the described Pannonian syn-rift systems share
a common feature in their relatively brief depositional period,
typically lasting less than 1 Myr. Shortly after their initiation,
the local sediment supply was outpaced by an increased
accommodation rate, triggered by a relative rise in water level
of Lake Pannon.

Nemcdiiiany Fm. — rifting to post-rift fan delta deposition
induced by the paleo-Hron sediment supply

The authigenic '"“Be/’Be dating age difference between
the Nemcinany and Tajna sites implies that the Nemcinany
Fm. depositional system persisted for at least 2 Myr.

Table 2: Concentrations of °Be and '°Be, '°Be/Be ratios and calculated ages for the analysed samples. Uncertainties are 16. Concentrations of
1'Be are corrected for the '"Be/’Be ratio of a single processing blank with the value of 3.88x 1071,

D ‘Be )Ealt(;:og*l) Alvg ;‘?zlfBe Be )Ealt‘;; g Natu(n;(al1 (‘)"_llzle)e/"Be Age (Ma) Weightig/[ :;ean age
Tajna-1 7.519 +£0.150 7.840 +0.239 2.265 +0.070 3.012+0.111 9.851 +0.549

Tajna-2 7.996 = 0.160 11.245 £ 0.346 3.300+0.102 4.127+0.152 9.221+0.514

Tajna-3 16.458 +0.329 16.281 + 0.465 4.838 +0.139 2.940 +0.103 9.900 + 0.539 9.600 + 0.240
Tajna-4 9.746 + 0.195 14.517 £ 0.452 4.296 + 0.135 4.407 +0.164 9.090 + 0.508

Tajna-5 18.458 + 0.369 16.263 + 0.564 4.836 +0.168 2.620 +0.105 10.130 = 0.586
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The Nemcinany site exposes fan delta foresets that entered
the early Lake Pannon, as indicated by the presence of
brackish-water mollusks Congeria subglobosa and Congeria
partschi (Brestenska 1958). The formation shows a relatively
homogeneous distribution of gravelly-sandy units of progra-
ding fan delta lobes within the mud-dominated lacustrine
Ivanka Fm. (Fig. 6), which implies a balanced accommodation
to sediment supply ratio. The chaotic distribution of the fan-
delta units likely mirrors stochastic character of autogenic
delta lobe progradation (Van Dijk et al. 2009; Hajek & Straub
2017). The thickness of the muddy intervals that separate
the fan delta units, reaching less than 50 meters, indicates
a prevailing shallow lacustrine to sublittoral environment
with a water depth of less than 100 meters, comparable to
the Szék Fm. in the Transdanubian Range area (Cziczer et al.
2009).

The sedimentological interpretation of the Nemc¢inany For-
mation presented in this study generally aligns with the
assumptions made by Barath & Kovac (1995). However, these
authors did not fully comprehend the scale of the fan delta
lobes, which most likely did not exceed a height of approxi-
mately 50 meters. Therefore, individual lobes had to reach
spatial dimensions only a few hundred meters in size, much
smaller in comparison with the published paleogeographic
scenario. The model proposed by Barath & Kovaé (1995)
incorporates a spatially fixed depositional system. However,
the depositional record indicates repeated progradation of
multiple small deltaic lobes, alternating with shallow lacus-
trine muds. On the other hand, the newly recognized upper

flow regime bedforms have significantly enhanced the under-
standing of complex stratal geometries observed in the foreset
facies association. Only delta foreset facies were observed
at the Nemcinany site, contrary to Barath & Kovac¢ (1995).
The area of the Tajn4 site was considered as an anticlinal struc-
ture according to the interpretations of vintage reflection seis-
mics (Holzbauer et al. 1969), in agreement with the geometry
observed using the correlation of borehole profiles (Fig. 6).
The thickness of the Upper Miocene succession increases
towards the north from the Tajn4 site, perhaps indicating the
existence of a syncline, where the major volume of the Nem-
¢inany Fm. accommodated. The open lacustrine Ivanka Fm.,
present below the Neméiftany Fm. in the SVM-1 Tajna well,
includes according to Kovac et al. (2008) fossils of the nanno-
plankton Praenoelaerhabdus banatensis with a biostrati-
graphic age range of ~11.3-10.7 Ma and a fossil mollusk
Lymnocardium schedelianum having the biostratigraphic age
constraints of ~11.0-10.3 Ma (Sztan¢ et al. 2016). It can be
assumed that the fan delta depositional system prevailed in the
northwestern part of the embayment shortly after the rifting,
and later at ~10.5 Ma advanced towards the Tajné anticline,
as evidenced by the Nemcinany Fm. age of 10.21+0.39 Ma in
the SVM-1 Tajna well.

The age of the Nemcinany Fm. braidplain at the Tajna
site reached 9.60+£0.24 Ma and is very close to the age
9.41+0.33 Ma of the normal regressive deltaic Beladice Fm.
in the Vrable-1 well (Fig. 7). A set of correlative Upper
Miocene clinoforms appears between these sites (Fig. 8)
(Sarinové et al. 2018; Rybar & Kotulova 2023), which reach
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a thickness of >100 ms (two-way travel time) and could be
considered as shelf-slopes (Patruno & Helland-Hansen 2018).
Hence, the dated stratigraphic intervals at the Tajna site and
Vrable-1 well represent a single depositional system, sourced
from the Tajna braidplain towards the basin floor in the central
Komjatice depression.

A question rises, why the Nemcinany Fm. depositional
system persisted for such long period. It occurred from
the Late Miocene rifting until the post-rift stage and supplied
the regressive progradational facies stacking pattern, despite
this scenario was not observed elsewhere in the PBS.
The explanation is provided by the character of the river,
which deposited the formation. The petrographic composition
of the gravel from the Nemcinany and Tajna sites show gene-
rally a quarter formed by andesites and more than a half
consisting of quartzite and less quartz according to Vostiarova
(2013; Fig. 9A). The latter components include a variable frac-
tion of carbonates (2—11 %), changing proportion of metamor-
phic rocks (9-17 %) and 0-5 % of granitoids. The Quaternary
river terraces of the Hron river differ in the presence of
rhyolite, which is absent in the Upper Miocene strata, and
by a higher proportion of granitoids (Minafikovd 1967,
Vaskovsky et al. 1979; Fig. 9B, C). Considering ca. 9 Myr of

SUJAN, AHERWAR, CHYBA, ROZSOVA, BRAUCHER, SUJAN, SIPKA and ASTER TEAM

incision of the river network and denudation of rock com-
plexes in the Western Carpathians, which separate the com-
pared Upper Miocene and Quaternary sites, the representation
of petrographic groups generally matches well. These obser-
vations support the previously published paleogeographic
view of the paleo-Hron river supplying the Nemcinany Fm.
(Priechodska & Harcar 1988; Barath & Kovac 1995; Kovaé
et al. 2006). The orientation of fan delta foreset progradation
toward the west at the Nemcinany site (Suppl. Fig. S2) further
substantiates its connection to the paleo-Hron river as the
source. The present-day Hron river represents a major stream
of the Western Carpathians, draining almost 5500 km? of
mountainous landscape, and entering the Danube Basin just
on the margin of the study area (Fig. 10). The increased
accommodation rate during the Lake Pannon flooding was
therefore likely compensated by the high sediment supply of
the paleo-Hron river delta, which continuously occupied the
eastern flank of the Komjatice depression (Fig. 10A, B).

On the other hand, the shelf-slope progradation patterns in
the Danube Basin do not include aggradational clinothem sets
(Kovac et al. 2011; Sztand et al. 2016; Magyar et al. 2020),
which points to the lack of an increase in water level during
normal regression (Sztano et al. 2013b). Hence, the restricted
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accommodation during the post-rift stage allowed the paleo-
Hron deltaic system to form shelf-slopes and prograde across
the Komjatice depression with a relatively unchanged sedi-
ment supply (Fig. 10C). The boreholes on the northwestern
flank of the Komjatice depression (Mojmirovce well series;
Fig. 10) indicate a minimal presence of gravels only at the
base of the lacustrine Ivanka Formation (Cermak 1971, 1972).
Consequently, the fan deltas sourced locally were oversha-
dowed by the increased accommodation shortly after the onset
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Fig.9. A comparison of the petrographic composition of the
Nemcinany Fm. and the Quaternary deposits of the Hron River in
the area of Hron Upland: A — Petrographic composition of gravel
at the Nemcinany and Tajna sites according to Vostiarova (2013).
B — Petrographic composition of river terrace gravel at the Middle
Pleistocene Nyrovce site according to Vaskovsky et al. (1979).
C — Petrographic composition of river terrace gravel at the
Weicheslian-Holocene Stiirovo site according to Minatikova (1967).
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of the Lake Pannon transgression. Only the wells located at
the northeastern tip, near the Zlaté Moravce-1 well (ZM-1),
show a more frequent occurrence of sandy-gravelly layers
within the lacustrine succession. These layers likely represent
the marginal part of the Nemcinany depositional system
(Fig. 10C). The paleo-Hron delta plain merged with the paleo-
Danube system, which appeared in the area at ~9.3 Ma
(Magyar et al. 2013).

The documented scenario has important implications for
the analysis of the past evolution of basins, particularly when
the preservation of a depositional record is scarce, and the
temporal and spatial relationships of depositional systems are
unclear. A general assumption of a change in depositional sys-
tems and sediment provenance is often used to trace the tran-
sition from syn-rift to post-rift (e.g., Barham & Kirkland 2020;
He et al. 2020; Wang et al. 2023). However, our study demon-
strates that the specific settings of a basin margin along
exposed mountains may lead to persistent depositional system
characteristics without significant change, even as geody-
namic stages shift.

Conclusions

This study presents a sedimentological and stratigraphic
analysis of the Nemcinany Formation, integrated with the
authigenic '°Be/’Be dating, aiming to provide a detailed recon-
struction of the temporal and spatial evolution of the Late
Miocene fan deltaic depositional system in the eastern Danube
Basin. The Nemcifiany outcrop reveals a fan delta foreset
facies association, which includes upper flow regime bed-
forms deposited at ~11.5 Ma. At the Tajna site, a delta topset
braidplain facies association was interpreted, dating back to
~9.6 Ma. Consequently, it is demonstrated that the Nemcinany
Formation fan deltas accumulated during the syn-rift stage
and persisted in a steady sediment supply to accommodation
rate settings until the post-rift stage of the Danube Basin.
The long-living nature of the fan deltaic depositional system,
a phenomenon uncommon in the Pannonian Basin System, is
attributed to the substantial sediment influx from the paleo-
Hron River, one of the major streams of the Western Carpa-
thians. A relative decrease in accommodation rates during
the post-rift stage caused progradation of the Nemcinany fan
deltas across the deep-water depocenter between ~9.6-9.4 Ma,
forming shelf-slope clinoforms. Consequently, integration
with the paleo-Danube depositional system appeared. The sta-
ble sedimentary environment and provenance settings defy
the conventional understanding of the depositional record
during the syn-rift to post-rift transition and the associated
transgressive to regressive successions in isolated epiconti-
nental basins.
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