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Abstract
The thick Lake Pannon sedimentary record provides insights into the downdip and lateral development of stratigraphic 
surfaces through the analysis of the basin-scale clinoform progradation. The clinoform architecture from the eastern part of 
the Drava Basin (Pannonian Basin System) was interpreted to reflect the base-level changes. A major downlap surface inter-
preted as a flooding event followed by rejuvenation of slope progradation was recognized on 2D seismic sections. Detailed 
3D seismic interpretation combined with well data revealed that the large sigmoidal and the overlying small oblique clino-
form sets that downlap the large one only apparently produce the geometry of a maximum flooding surface. Instead, the 3D 
mapping revealed the influence of two competing slope systems arriving from the north and northwest. Lateral switching 
of sediment input, similar to many recent deltaic systems. e.g., Danube and Po rivers led to the variability of stratigraphic 
surfaces, lithology, and thickness, which resulted in non-uniform shelf-edge migration. These observations were supported 
by forward stratigraphic modeling simulating different scenarios, which led to the generation of the depositional architecture 
with an apparent maximum flooding surface. This study also implies the potential pitfalls in basin analysis based only on 
scarce 2D seismic and emphasizes the role of lateral variations in sediment input controlling the depositional architecture.

Keywords  3D sedimentary architecture · Clinoforms · Stratigraphic surfaces · Forward stratigraphic modeling · Pannonian 
Basin System

Introduction

The building blocks and sedimentary archives of Earth’s past 
and present basin margins are clinothems, and their bounding 
surfaces termed clinoforms (Rich 1951). The high-resolution 
variability in clinoform geometry reveals the sedimentary 
processes and the base-level changes along the shelf, slope, 
and deep-water area (Posamentier and Allen 1999; Helland-
Hansen and Hampson 2009; Sztanó et al. 2013a; Jones et al. 

2015; Pellegrini et al. 2018; Magyar et al. 2019; Tesch et al. 
2019; Paumard et al. 2020; Zecchin and Catuneanu 2020). 
The factors controlling sedimentary dynamics and architec-
ture were extensively studied in marine settings, which led 
to the recognition of primary stratal geometries of system 
tracts and sequences. Several recent studies addressed the 
effect of along-strike variability in sedimentary systems and 
its control on system tracts and sequence development (e.g., 
Helland-Hansen and Hampson 2009; Catuneanu and Zec-
chin 2016; Madof et al. 2016; Tesch et al. 2019; Zecchin 
and Catuneanu 2020). The effect was also well addressed in 
studies dealing with stratigraphical numerical modeling of 
sedimentary systems and its application in sequence stra-
tigraphy in marine (e.g., Burgess and Prince 2015; Graham 
et al. 2015; Paumard et al. 2019) and enclosed lacustrine 
settings (Kovács et al. 2021). Thus, the lateral variability of 
sediment input represents a significant challenge in basin 
evolution studies, as it results in contrasting depositional 
architectures between parallel sections (Posamentier and 
Allen 1993; Madof et al. 2016). These differences in coeval 
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successions are easily visualized by seismic-scale clinoforms 
(Kovács et al. 2021).

The Late Neogene Lake Pannon sedimentary record in 
the Pannonian Basin System (PBS) is suitable for study-
ing the details of clinoform progradation (e.g., Vakarcs 
et al. 1994; Sacchi et al. 1999; Uhrin and Sztanó 2012; 
Magyar et al. 2013, 2019; Sztanó et al. 2013a). Several 
coeval sediment feeder systems filled the deep Lake Pan-
non, gradually accreting a large sedimentary prism, thus 
building a wide depositional shelf, and generated several 
hundred-meter-high shelf slopes prograding from 10 to 
4 Ma over 600 km (Fig. 1a and b). In addition to the loca-
tion of sediment feeder systems, the direction of slope 
progradation was driven by the deepest basin centers (cf. 
Törő et al. 2012). It is easy to find locations where the 

slopes prograding in different directions interacted, which 
may have influenced the depositional architecture (Fig. 1b; 
Magyar and Sztanó 2008). One such location could be the 
Drava Basin in the SW part of the PBS, where the Paleo-
Danube (PDu) shelf-slope prograded from the north and 
united with the Paleo-Drava (PDr) shelf-slope from the 
NW (Fig. 1b). 

To study the youngest Late Miocene to Pliocene clino-
forms in this part of Lake Pannon, 3D seismic reflection and 
well data were used, available due to extensive oil and gas 
exploration in the Drava Basin. Reinterpreting the vintage 
well data with the new (3D) seismic allows the identification 
of the co-existence and the related large-scale architecture 
of the two confluent, obtuse-angle slope systems. It also 

Fig. 1   a Location of the Pannonian Basin System and the surround-
ing orogens. b The extent of Lake Pannon and its progradational 
shelf migration overlain on the thickness map of the Neogene to 
Quaternary basin-fill. c The depth of the basal surface of the lacus-

trine basin-fill succession in the eastern part of the Drava Basin with 
reflection seismic grid and well data used (https://​www.​google.​com/​
intl/​hr/​earth/)

https://www.google.com/intl/hr/earth/
https://www.google.com/intl/hr/earth/
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facilitated numerical modeling to check different controls 
on the depositional architecture.

Seismostratigraphic interpretation revealed the existence 
of only one major stratigraphic surface with a downlapping 
geometry of a maximum flooding surface. This study aims 
to describe the sedimentary architecture of the shelf-margin 
slopes and illuminate the possible origin and actual nature 
of this surface. In addition to 3D seismic interpretation, for-
ward stratigraphic modeling was used to highlight the con-
straints on slope development. The results from this research 
can be relevant in lacustrine and marine shelf settings, pro-
viding a similar combination of the directionally different, 
coeval, avulsion-related feeder systems that influenced the 
progradation of basin margin slopes.

It is worth noting that the research outlined above not 
only profits from the opulence of the vintage data left from 
the decades of petroleum exploration but is greatly improved 
by more recently acquired 3D seismic blocks. It also can 
give practical results in a better definition of the subsurface 
geological elements essential for generating and accumulat-
ing oil and gas and other geoenergy resources. Such a mature 
petroleum province has been described in the review paper 
by Velić et al. (2012). The analysis of all the known reser-
voirs reveals that most of the large oil reservoirs and a good 
proportion of the gas and gas condensate reservoirs were dis-
covered in the Upper Miocene and Pliocene sandstones with 
intergranular porosity. The cumulative oil production from 
these fields (Velić et al. 2012) confirms that the so-called 
‘Upper Miocene play’ shall remain a valid exploration tar-
get. This was subsequently proven by modeling the remain-
ing hydrocarbon potential for the eastern part of the Drava 
Basin (Cvetković et al. 2018), East of the studied area, where 
there are clear indications that even the Pliocene part of the 
sedimentary sequence is a valid exploration play. Thus, the 
methodology and results explained in this paper can render 
applicative results because 3D seismic interpretation and 
seismic stratigraphy can help explorationist define new, 
untested prospects within an already proven hydrocarbon 
play. Nowadays, it is not only the oil and gas exploration that 
will be important but the future assessment of everything 
that is put under the common term ‘geoenergy’: geothermal 
potential, geological storage of carbon dioxide, as well as 
underground storage of hydrogen and underground storage 
of energy.

Geological setting

Drava Basin is situated in the SW part of the Pannonian 
Basin System (Fig. 1a), a large extensional back-arc basin 
between the Alpine, Carpathian, and Dinaride orogenic belts 
(Horváth et al. 2006, 2015; Balázs et al. 2016, 2017). Up to 
7 km of Neogene to Quaternary deposits were accumulated 

above the Palaeogene-Mesozoic basement (Pamić et al. 
1995; Horváth et al. 2006; GKRH 2009; Horvat et al. 2018; 
Cvetković et al. 2019). Extension in the SW part of PBS 
occurred mainly along extensional detachments (Prelogović 
et al. 1998; Pavelić 2001; Balázs et al. 2017; Fodor et al. 
2021; Nyíri et al. 2021). The formation of the Drava Basin 
was initiated in the Early Miocene in terrestrial to lacustrine 
settings (Harzhauser and Mandic 2008), while during the 
Early to Middle Miocene syn-rift phase, it became part of 
the Central Paratethys sea (Rögl et al. 1983; Tari and Pamić 
1998; Pavelić 2001; Saftić et al. 2003; Sant et al. 2017; 
Pavelić and Kovačić 2018; Brlek et al. 2020). The subse-
quent Upper Miocene and Pliocene post-rift sedimentary 
infill was deposited in the brackish Lake Pannon and the 
following alluvial environments (Figs. 2, 3; Magyar et al. 
1999, 2013; Pavelić and Kovačić 2018; Mandic et al. 2019; 
Sebe et al. 2020).

The turnover from the marine to the brackish lacustrine 
setting was associated with regional compressional events, 
uplifting the central part of the PB, coeval with the subsid-
ence of the marginal areas, as well as increasing uplift of the 
surrounding orogenic belts, leading to the development of 
a regional unconformity at the base of the lacustrine strata 
(Figs. 1c, 4.; e.g., Horváth 1995; Horváth et al. 2006; Balázs 
et al. 2016; Sebe 2021). Another pulse of tectonic inversion 
caused by the northward shift and rotation of the Adriatic 
microplate began concurrently in the western part of the 
PBS at about 8 Ma (Bada et al. 2007; Uhrin et al. 2009). 
Inversion-related phenomena propagated eastward, and the 
peak of compression commenced from the end of the Late 
Miocene onwards (Prelogović et al. 1998; Lučić et al. 2001; 
Tomljenović and Csontos 2001; Matoš et al. 2016; Balázs 
et al. 2016). Change in a stress regime caused reactivation of 
older normal faults as reverse, strike-slip faulting, block rota-
tion, and folding, which led to simultaneous uplifting and 
active subsidence of regional structural units (e.g., Márton 
et al. 2002; Jarosinski et al. 2011; Fodor et al. 2021). Due to 
compressional structural events, another basin-wide uncon-
formity potentially coinciding with the Miocene-Pliocene 
boundary was recognized on seismic profiles also in the W 
and NW part of the Drava Basin (Šimon 1973; Sacchi et al. 
1999; Saftić et al. 2003; Malvić and Cvetković 2013; Sebe 
et al. 2020). The correlative conformity can be followed in 
the Eastern Drava Basin study area as one of the topsets, 
finally continuing as a clinoform (Fig. 3; Sebe et al. 2020).

The history of the lacustrine sedimentary fill was recon-
structed based on both the surface (Vasiliev et al. 2007; 
Bakrač et al. 2012; Pavelić and Kovačić 2018 and references 
therein) and subsurface data (Saftić et al. 2003; Bigunac 
et al. 2012; Malvić and Cvetković 2013; Kamenski et al. 
2020; Sebe et al. 2020 and references therein). Late Middle 
Miocene to Late Miocene sedimentation might have been 
continuous in the main depocenters (Pavelić 2001; Kovačić 
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et al. 2017), while the basement highs and their environs 
were flooded by Lake Pannon only a few million years later 
(Magyar et al. 1999; Uhrin et al. 2009; Sztanó et al. 2013b; 
Sebe et al. 2020). Accommodation increased due to climati-
cally-induced lake-level rise coupled with basin subsidence, 
creating water depths up to 1300 m in the central part of 
the Drava Basin (Kovács et al. 2021). Calcareous marls are 
intercalated with locally derived coarse-grained gravity-flow 
deposits in deep central parts of such narrow basins (Figs. 3, 
4; Saftić et al. 2003; Sebe et al. 2020).

Meanwhile, the uplift and erosion of the active orogens 
around Lake Pannon produced a large volume of sediments, 
which entered the basin via several river systems and filled 
the lake gradually with turbidites, slope, and deltaic depos-
its (Figs. 3, 4; e.g., Magyar et al. 1999; Lučić et al. 2001; 
Kovačić et al. 2004; Juhász et al. 2007; Vrbanac et al. 2010; 
Sztanó et al. 2013a, b; Bartha et al. 2022; Radivojević et al. 
2022). In the zones where the numerous fluvial feeder 
systems reached the lake, all along the periphery (Fig. 2; 

Sztanó et al. 2020), wide ‘morphological shelves’ accreted 
(cf. Porebski and Steel 2003), continuing in the shelf-slope 
down to the several hundred-meter-deep lake floors. These 
slopes were primarily constructed from mudstones, the sus-
pended load of the rivers. The sandy sediments were dis-
tributed between the shelf and the deep basin interiors. Sand 
accumulated in the progradational delta lobes on the shelf 
and was directly transported to the turbidite systems via the 
slope when deltas reached the shelf edge. These are today 
observed as the progradational to aggradational clinoform 
system, consisting of topsets, several hundred meters high 
foresets, and the bottomsets, similar to many marine systems 
(e.g., Vakarcs et al. 1994; Magyar et al. 2013; Sztanó et al. 
2013a, ter Borgh et al. 2014; Sztanó et al. 2016; Magyar 
2021; Radivojević et al. 2022). The climate-driven lake-level 
changes influenced the rate of aggradation to progradation, 
sand transport and storage, and types of transport processes 
both on the shelf and the slope (Uhrin and Sztanó 2012; 
Sztanó et al. 2013a; Gong et al. 2018; Kovács et al. 2021).

Fig. 2   Paleogeography of Lake 
Pannon and the sediment feeder 
river systems during the latest 
Miocene a and early Pliocene 
b (modified after Sztanó et al. 
2020)
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At about 8 Ma, the shelf edge fed by the paleo-Danube 
system approached the NW Drava Basin and turned towards 
the southeast (Sebe et al. 2020). This latter axial system is 
regarded as the paleo-Drava in this study (Figs. 1b, 2). Dur-
ing more than 3 Ma, the paleo-Danube continuously supplied 
sediments and built a slope from the north; thus, the junction 
zone gradually shifted to the east. The repeated confluence 
of slopes at about 5.3 Ma in the eastern part of the Drava 
Basin is the subject of this study. Ultimately, Lake Pannon 
was filled up in the Drava Basin during the Pliocene (Fig. 3; 
Sebe et al. 2020). The lacustrine environments were trans-
formed into alluvial plains, with relatively small fresh-water 
lakes to swamps in the southern marginal parts of the PBS 
(Mandic et al. 2015; Anđelković and Radivojević 2021).

Data and methods

3D and 2D seismic and well data were used to gain insight 
into the subsurface architecture and stratigraphy (Figs. 1, 3, 
4). The data were acquired during the hydrocarbon explora-
tion (https://​www.​azu.​hr/​en). Data integration and analysis 
were done using the Schlumberger Petrel E&P software plat-
form. Reflection seismic is displayed in SEG reverse polar-
ity, with red representing the positive polarity. For well-tie 

calibration, the checkshots from selected wells were used. 
Well-to-seismic ties and time-to-depth conversion were done 
using the three-layered velocity model. After that, original 
stratigraphic reports were digitized and harmonized to give 
geological meaning to the selected horizons (Fig. 4).

Main stratigraphic horizons and clinoforms were mapped 
in an area of more than 600 km2. The interpretation was 
made following the original concept of seismic stratigraphy 
(Vail et al. 1977) and shelf-edge trajectory mapping (Hel-
land-Hansen and Hampson 2009; Henriksen et al. 2011; 
Patruno and Helland-Hansen 2018). We interpreted several 
large- and small-scale clinoforms corresponding to the dif-
ferent stages of basin infill.

Since the succession was post-depositionally deformed 
and tilted, time-depth maps do not illustrate the contem-
porary geometry or dip direction of clinoforms. Because 
structural dip is usually less than 5–10° instead of back-
stripping, a less accurate but straightforward method was 
used to restore the clinoforms (cf. Sztanó et al. 2013a). The 
original slope surfaces were approximated by thickness 
maps generated between the clinoforms and the overlying 
paleo-horizontal, i.e., shelf or delta plain surfaces slightly 
younger than the clinoforms to be visualized. To follow 
slope progradation, thickness maps of successive clinothems 
were also generated. In both types of thickness maps, the 
different elements of clinoforms (e.g., top, shelf edge, slope, 
and bottom) were enhanced by contouring and coloring. The 
high-resolution shelf-edge geometry, slope surfaces, and tra-
jectory maps (Fig. 5b) were constructed in this way. RMS 
amplitude maps were also analyzed to visualize sedimentary 
bodies, e.g., distribution, shape, and orientation of sandy 
channels or lobes (Fig. 6). While doing so, the closest peak 
was searched above and below the surface in a window of 
40 ms.

The 46 km-long composite seismic section (Fig. 4), pri-
marily parallel with the axis of the Drava Basin, connects the 
key wells (Čđ-1, Mag-2, Sj-2) and provides information on 
the lithological composition using the spontaneous potential 
(SP) and resistivity (Ra) logs. Wherever possible, they were 
controlled by the available gamma-ray, neutron, sonic logs, 
and mud log data. The volume of the shale (Vsh log) was 
created using the SP logs as input. Higher values (up to 1) 
indicate more mud-prone intervals, while the lower (close to 
0) mean sand-prone intervals. The master section and well 
data reveal the local stratigraphic and structural features. 
The reflection terminations were also interpreted in terms of 
sequence stratigraphy to reveal controls on the depositional 
architecture.

A series of numerical experiments have been conducted 
to better understand the origin of the observed stratal stack-
ing pattern. Forward stratigraphic modeling is an excellent 
tool for constraining subsurface data interpretation and 
testing the interaction of different controlling factors. For 

Fig. 3   The lithostratigraphy of lacustrine strata in the Drava Basin 
with the main tectonostratigraphic events (after Saftić et  al. 2003; 
Balázs et al. 2016; Sebe et al. 2020). This study is focused on depos-
its marked with the blue rectangle

https://www.azu.hr/en
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this purpose, we used a diffusion-based numerical forward 
modeling software called Dionisos (Granjeon and Joseph 
1999; Granjeon 2014). The software solves different dif-
fusion equations to simulate the stratigraphic evolution of 
sedimentary basins over geological time. It considers struc-
tural movements, water-level changes, variations in sediment 

supply, compaction, and erosion (Granjeon and Joseph 1999; 
Granjeon 2014).

A 40 × 30 km model domain with a 500 m cell size was 
created to accommodate the complex geology of the studied 
part of the Drava Basin. Our main aim was to study the sedi-
mentary response to alternating sediment input directions, 
variations in water discharge of the source(s), and enable 

Fig. 4   The uninterpreted a and interpreted b composite seismic sec-
tion shows the stratal architecture of the basin fill succession in the 
Eastern Drava Basin. The large clinoform sets (0–3) are overlain by 
downlapping small ones (4–6), which were followed by large ones 
again (7–10). The origin of horizon 3 (solid blue line) is the focus of 
this study (yellow area, clinoforms in focus). The estimated age data 

is based on biochronostratigraphic interpretation (solid lines, Sebe 
et  al. 2020). Clinoforms are visualized with dashed lines. Vshale is 
the volume of shale log, wide yellow parts are for sand-prone, and 
narrow brown parts are for mud-prone lithofacies, respectively. BC 
base, TC top of clinoform package. For the location, see Fig. 1c
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simulating the switching of the separate active deltaic feeder 
systems at different time steps.

Results and interpretation

Seismic facies

Six seismic stratigraphic units have been distinguished in 
the Upper Miocene to Quaternary sedimentary succession 
(Fig. 4, Table 1). The first two ‘seismic facies units’ (SFU1-
SFU2) represent the deep-water Lake Pannon deposits, 
attaining an overall thickness of 1700 m (in Čđ-1 well). This 
study focuses on the overlying up to 500 m thick series of 
clinoforms (SFU3 and 4). SFU 5–6 reflect the shallow-water 
deltaic to alluvial successions, which are 700–1300 m thick 
in this part of the Drava Basin.

The SFU1 involves reflectors at the bottom of the Upper 
Miocene lacustrine succession, onlapping on the inverted 
Middle Miocene or the basement. It is a thin seismic pack-
age of subparallel, discontinuous low to high-amplitude 
reflectors. They represent the calcareous marls sporadically 
intercalated with coarse-grained clastics (in Mag-1 well). 
The next unit comprises SFU2, alternation of subparallel, 
continuous to discontinuous, hummocky and lenticular, 
low to moderate amplitude reflectors parallel to subparal-
lel, generally continuous, high amplitude reflectors. These 
units consist of a sequence of clay marls and interfingering 
sandstones of turbidite systems.

The sigmoidal and oblique reflectors correspond to the 
clinoforms and are divided into two units: SFU3 and 4. 
The fairly continuous, sigmoidal, and locally hummocky, 
medium amplitude reflectors are part of the SFU3. The 
oblique discontinuous, low amplitude reflectors comprise 

Table 1   Description of seismic facies units used in seismo-stratigraphic interpretation

Seismic 
facies 
unit

Example from 3D data Interpretation Reflection characteristics General lithology

SFU6

  

Parallel discontinuous, low to high-
amplitude reflectors

Sands, gravels, clays, coal, peat

SFU5

  

Parallel, relatively continuous, 
high-amplitude reflectors

Heterolithic facies, silts, sands, clay, 
coal

SFU4

  

Oblique discontinuous, low ampli-
tude reflectors

No well data

SFU3

  

Fairly continuous, sigmoidal, and 
locally hummocky, medium 
amplitude reflectors

Mostly clay marls, siltsone, silts, 
alternation of clays and sandstones, 
sporadically coal fragments and 
rarely gravels

SFU2

  

Alternation of subparallel, continu-
ous to discontinuous, hummocky 
and lenticular, low to moderate 
amplitude reflectors with the 
parallel to subparallel, gener-
ally continuous, high amplitude 
reflectors

Clay marls, marls, and interfingering 
sandstones of turbidite systems

SFU1

 

 

Subparallel, discontinuous low to 
high amplitude reflectors

Calcareous marls sporadically inter-
calated with coarse-grained clastics
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SFU4. The topsets represent the shelf, the foresets the shelf-
margin slope, and the bottomsets the turbidite lobes near the 
slope. Clinoform 2 is an onlap surface, while clinoform 3 is 
a low-angle downlap surface overlain by small-scale., i.e., 
50–100 m high clinoforms (4–6).

The parallel, relatively continuous, high amplitude reflec-
tors, described as SFU5, correspond to the progressing delta 
lobes, though their clinoforms are too small to be shown at 
this resolution. Due to repeated floodings of the shelf, these 
can be stacked up to 150 m. The subsequent parallel discon-
tinuous, low to high amplitude reflectors represent alluvial 
plains with fluvial channels of SFU6.

Clinoform progradation in sequence stratigraphic 
context

Upper Miocene to Pliocene slope progradation can be 
followed by the clinoform stacking pattern displayed on 
regional seismic sections through the Drava Basin (Figs. 4, 
5, 6; cf. Sebe et al. 2020; Kovács et al. 2021). In addition 
to clinoforms, and 1–10 surfaces, two horizons marked 
BC at 1740 m and TC at 1227 m depth of Čđ-1 well were 
also mapped, as two roughly parallel reflectors below and 
above the clinothems (Figs. 4 and 5). BC is the basin floor 
continuation of a clinoform far to the west, while TC fol-
lows a reflection in the deltaic deposits, which was used as 

Fig. 5   Progradation of clinoforms in cross-section (a) and map view 
(b). a Clinoforms 1–7, reflection terminations, and sequence strati-
graphic interpretation of the section. SB sequence boundary, MFS 
maximum flooding surface, HST highstand system tract, TST trans-
gressive system tract (thickness is bellow seismic resolution, so rep-
resented only by the downlap surface of the MFS). b High-resolution 

map of fore- and locally backstepping shelf-edges of clinoforms 
younging from 1 to 10. Note complex geometry that indicates the 
variability of transport directions. The smaller set, starting with clino-
form 4. is shown in grey, from the oldest dark grey to the youngest 
light grey clinoform shelf-edge 10
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a paleohorizontal proxy. The two generations of clinoforms 
also give insight into the base-level changes via analysis of 
the shelf-edge trajectories and reflection terminations (cf. 
Helland-Hansen and Hampson 2009). The large (0–2) and 
the small sets (4–7) are separated by clinoform 3. Both clin-
oform 2 and particularly clinoform 3 show an apparent low 
dip angle because the cross-section is not in the dip direction 
of the slope (Figs. 4 and 5.). The reflection terminations 
highlight their main difference: clinoform 2 is an onlap sur-
face, while clinoform 3 is a downlap surface (Fig. 5a).

The shelf-edge trajectory of clinoforms 1 to 2 is ascend-
ing to flat. Above clinoform 3, a forestepping and ris-
ing trajectory from 4 to 7 occurs. The clinoform height is 
gradually increasing to the East from 7 to 10. Finally, they 
take the sigmoidal geometry and height, similar to the first 
ones (Fig. 4). According to the succession in the Čđ-1 well, 
below clinoform 0, the thick graded turbidite sandstones 
and clay marls alternate. These are overlain by a 60 m thick 

interval of clay marl, pointing to a longer pause in sedi-
ment input, so this interval is interpreted as TST topped with 
a maximum flooding surface at clinoform 1 (Fig. 5). The 
clinoforms from 1 to 2 are characterized by downlapping 
terminations and ascending to flat shelf-margin trajectory. 
The interval of slope deposits in the Čđ-1 well (1550 to 
1330 m) reveals sandy slope turbidites. It starts with thin 
sandstone layers, fragments of coal registered on the mud 
log, overlain by thick sandstones intercalated with clay 
marls. Sporadic interlayers of gravel also occur. Coarsening 
upward units are followed by fining upward ones, with thick-
nesses from 10 to 25 m, indicating switching of slope lobes. 
From clinoform 2–3, slope progradation continued south 
of well Čđ-1 and further to the NE, south of well MOP-1, 
but slope progradation was nearly negligible between these 
locations. Though amplitudes are very low in this area, and 
the reflections are discontinuous, subhorizontal onlapping 
terminations are noticed above clinoform 2 (Fig. 5a). The 

Fig. 6   The two sections illustrate the along-the-strike variability of 
sedimentary stacking patterns, lithofacies associations, and shelf-edge 
trajectories of the clinoforms 1–6. MFS maximum flooding surface, 
HST highstand system tract, TST transgressive system tract (bellow 
seismic resolution), LST lowstand system tract, Vshale the volume of 
shale. Figures a and b reveal different system tracts along the strike of 
the shelf edge 1, 2, and 3. For example, a small clinoform set (1–2) 

is interpreted to be developed in HST, with forestepping in the D-E 
section (a), while the same strata in the F-G section (b) have slight 
backstepping nature. Specifically, clinoform 3 seems to be slightly 
backstepping in the area of the Čđ-1 well (D-E), while it has a strong 
forestepping, progradational character in the MOP-1 well area (F-G 
section)
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well Čđ-1 penetrates thick sandstones in the topset of the 
corresponding clinothem. These are likely deposits of shelf-
edge deltas and mark the end of maximum regression. By 
combining it with the onlaps, clinoform 2 can be interpreted 
as an SB and the following clinothem as an LST wedge. 
At a depth of 1250 m, 10 m thick clay marls overlying the 
thick sandstones are interpreted as the product of signifi-
cant flooding, but unfortunately, the seismic resolution does 
not distinguish MRS/FS at its base, and MFS at its top as 
separate surfaces. Thus clinoform 3 could be interpreted as 
an MFS (Figs. 5a, 6a), which is further justified by down-
laps of the small clinoform set (4–6 in Figs. 4 and 6). The 

toplap and offlap terminations below the TC surface are also 
visible. The trajectory is flat to rising. The clay marls are 
overlain by sandstone, with intercalation of gravels at the 
top; the Vshale log shows a coarsening upward trend (at 
1230 m depth of Čđ-1 on Fig. 5). The following succession, 
up to 900 m of depth in Čđ-1, is composed of an alternation 
of sands, sandstones, and clayey marls, with interlayers of 
gravels and coal beds, representing repeated flooding of the 
shelf and reappearance of delta lobes at several times. Clay 
marls, sands, gravels, and lignites with fining upward sand 
bodies are interpreted as fluvial deposits (above 800 m in 
Čđ-1 well, Figs. 4 and 5a).

Fig. 7   The RMS maps of clinoforms 1–7 and the position of the 
related shelf edge. The clinoform 4 was omitted due to too small a 
surface area. The yellow color indicates more sand-prone, while blue 
indicates mud-prone lithofacies, thus revealing the geometry of sedi-

mentary bodies. RMS maps show changing sediment dispersal pat-
terns and transport direction across the shelf and basin. These pat-
terns have a different orientation in large clinoforms 1, 2, and 3 (from 
N–S, NW–SE) and small clinoforms 5–7 (W–E, N–S, NW–SE)
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Clinothems 4–6 represent the HST. The western part of 
clinothem 7 shows offlaps followed by flat to rising clino-
forms towards SE. Thus, it may represent a minor base level 
fall to rise, i.e., falling stage system tract and lowstand sys-
tem tract (FSST + LST).

The studied interval, which displays several 100 ka-long 
history of slope progradation, comprises two 4th-order dep-
ositional sequences (cf. Vakarcs et al. 1994; Sztanó et al. 
2013b; Kovács et al. 2021). It shows a slow but continuous, 
moderate amplitude base-level rise balanced by sediment 
input, leading to long-term normal regression. Elsewhere in 
the basin, the 4th-order sequences are manifested as aggra-
dational to progradational shelf-slope cycles (Sztanó et al. 
2013a), without seismically mappable fall of base level (e.g., 
offlaps or onlaps) or sudden change of clinoform height. 
Other features were detected: a low-angle onlap surface (i.e., 
an SB overlain by an LST wedge) and a composite downlap 

surface overlain by small to growing clinoforms of the fol-
lowing HST. The thickness of TST clays is below seismic 
resolution.

High‑resolution shelf‑edge trajectory map and RMS 
maps

The complex geometries from the oldest clinoform 1 to the 
youngest 10 are visible on the shelf-edge trajectory map 
(Figs. 5b and 7). Shelf edges of clinoforms 1–3 and 6–10 
were mapped across the 3D volumes up to a distance of 
46 km. Spatially uneven shelf-edge geometries characterize 
both sets of the clinoforms. Some of the long shelf edges 
show simultaneous forestepping (NW–SE) and backstep-
ping (NW to SE) segments (Fig. 5b). While progradation 
attains up to 5 km locally, backstepping is only a few hun-
dred meters (1–2, Fig. 5). The sediment transport directions 

Fig. 8   Testing simplified conceptual models as the origin of the 
observed stratal stacking pattern. In model A, ‘eustatic’ i.e., water-
level variations, are the foundation of the variability. In model B, the 

water discharge of a single source varied over time, while in model C, 
multiple sources with different directions were imposed
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are indicated not only with the shift of shelf edges but also 
by the general change in orientation of shelf-edge delta lobes 
and distributary channels from NW towards SE, as illus-
trated on RMS maps (Figs. 5b and 7).

The shelf edge of small clinoform 4 is 5 km long, local-
ized only in front of the N-S segment of edge 3 with a for-
estepping of 3 km towards E. The direction of sediment 
transport from the western edge segment 1–4 changed by 
approximately 80°. Shelf edge 5 covers a greater length. It 
consists of the N-S segment prograding 3 km, while simul-
taneously, its NE part remained steady with a minor local 
backstepping behind the shelf edge of clinoform 3. The edge 
of clinoform 6 shows a markedly different orientation: its 
eastern segment continued migration towards SE. In con-
trast, an 11 km long W-E trending segment stepped over all 
the others with a southward transport direction (all in Fig. 7, 
small inserted maps are marked with numbers that corre-
spond to the described clinoforms and their shelf edges).

Unfortunately, the mapping of shelf edges was some-
what limited at the junction of the two 3D seismic volumes. 
The next shelf-edge 7 advanced more than 20 km to the SE 
and showed a highly arcuate shape of approx. 10 km wide 
and 7 km long. Edge 8 continued forestepping to the East, 
roughly 3 km, with a similar lobate shape. The shelf edges 
9 and 10 advanced and rotated approximately 45° in the SE 
direction (SW of Sj-2 in Fig. 5b).

Forward stratigraphic modeling: tests of climate 
change, sedimentation rate, and sediment source 
directions

The observed clinoform stacking pattern (Figs. 5a, 6) in the 
2D view leaves room for alternative interpretations. We pre-
sent three model scenarios in Fig. 8 where similar geome-
tries formed due to strikingly different geological processes. 
The first 300 kyr is identical in every model during which 
the slope system progrades at a 50 km/Myr rate with a dip 
angle of 6–9° (Fig. 8). This is comparable to the observed 
slope angles and progradation rates in the Drava Basin and 
other subbasins in western parts of the PBS (Magyar et al. 
2013; Balázs et al. 2018).

Eustatic variations produced the stratal stacking pattern in 
Model A with constant sediment supply and input directions. 
During model time 300–450 kyr, a gradual lake-level drop of 
100 m (Fig. 8) resulted in offlaps and a low-angle composite 
surface of the shelf. The subsequent base-level rise at 450 
kyr with a rate of 100 m/100 kyr resulted in the downlap-
ping small clinoform package deposition on top of the shelf.

Model B also has only a single (Western) source. Between 
300 and 450 kyr, the water discharge of the external source 
increased drastically (from 200 to 1000 m3/s) in the model. 
Compared to the present-day water discharge of the Drava 
River (500–600 m3/s) (Bonacci and Oskoruš 2010), these 

values are reasonable. Since in Dionisos, the transport 
capacity of the water flow is proportional to the local slope 
and water discharge (Gvirtzman et al. 2014), increasing the 
water discharge results in a lower angle local slope. From 
450 kyr onward, the water discharge reverts to the original 
value, creating the downlapping clinoform package on top 
of the gently dipping strata.

In model C, between 300 and 450 kyr, a 90° switch of 
the sediment source direction occurred: the West to East 
system stops, while a North to South sediment source is 
activated. Section C (Fig. 8) is parallel with the dip of the 
old slope but displays the new slope in the strike direction. 
The sudden change is depicted by a series of gently dip-
ping slope surfaces (2–3°) onlapping on the old slope. At 
450 kyr, the western source becomes active again, result-
ing in the deposition of a smaller downlapping clinoform 
package gradually increasing in size to the East.

Discussion

Our experimental models provide possible explanations 
for forming the observed stratal architecture. In model A, 
if the subsequent base-level rise from 450 to 700 kyr has a 
slow pace relative to the sediment input, it results only in 
onlaps above the shelf, with progradational to aggradational 
clinoforms of the LST. If a rapid, high amplitude base-level 
rise occurs, like in our case (Fig. 8), onlaps are shifted far 
towards the source area, and without the development of an 
LST wedge, small downlapping clinoforms mark the TST 
above the composite offlap surface. However, this simple 
scenario does not reproduce the observed low-angle surface 
with the downlapping clinoforms.

By increasing the water discharge due to high precipita-
tion events or the sudden increase in the catchment area, we 
could reproduce a geometry similar to the observations in 
model B. The onlapping low-angle surface is the new stable 
slope profile. However, from a geological perspective, the 
dip angle of the slope is mainly controlled by other fac-
tors, such as the lithology and grain size distribution along 
with the sediment influx (e.g., Gvirtzman et al. 2014). Such 
change would only be plausible if tectonic movements in 
the catchment area caused drastic changes. In the case of 
the Drava Basin, a regional unconformity is known in the 
northwest part of the Drava Basin (Saftić et al. 2003; Sacchi 
et al. 1999; Sebe et al. 2020). This tectonic event in the hin-
terland can roughly be coeval with the lobe switching events 
described in this study. Seismic resolution and correlation 
allow the assumption that clinoform 3 corresponds to cor-
relative conformity described in Sebe et al. (2020). The ini-
tial uplift and erosion of former basin-fill successions might 
have contributed to the variation of sediment input and trig-
gered the avulsion of the northern delta system. It also could 
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Fig. 9   The conceptual cartoon shows the evolution of fluvial to del-
taic feeders and the related slopes. The numbering of snapshots cor-
responds to the clinoforms 1–7 and their subsequent development: 
large sigmoidal clinoforms (1–3) with two segments, as the Paleo-
Danube prograded from the N to S and the Paleo-Drava from NW to 

SE. The small oblique clinoform (4) indicates the infill of the embay-
ment between the two major systems. Development of 5 and 6 marks 
activity of both the northerly and westerly feeder systems. Finally, the 
large clinoform (7) continues to prograde towards SE in the eastern 
part of the study area. To be compared with Figs. 5 and 7
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have contributed to its eastward shift. However, a change 
in subsidence rates on a 5 km scale is not likely. Also, we 
would expect a gradual transition in the slope angles marked 
by the erosion of the old slopes. These events would also 
have other effects, such as a lake-level rise marked by coeval 
aggradation, which we do not see in the study area. There-
fore, model B cannot geologically explain the formation of 
the aforementioned low-angle surface.

The temporal change in the deltaic feeder system direc-
tions in model C is in concordance with the results of the 
mapped shelf-edge trajectory (Fig. 5), which suggest non-
uniform shelf-edge migration (cf. Helland-Hansen and 
Hampson 2009). Both simultaneous backstepping, steady 
state, and different rate forestepping of shelf-edges occurred 
(Fig.  5). Possible sequence of events/palaeogeographic 
changes is illustrated in Fig. 9. For instance, migration from 
clinoform 1–2 occurred basinward up to 5 km distance at 
the western part (lobes I and II), with a coeval retreat in the 
area of MOP-1 well (Figs. 5 and 7). This backstepping did 
not mean the destruction of the shelf edge, as it was accom-
panied by the minor rise of the trajectory (Fig. 6), i.e., of 
the base level rise of the HST. Therefore, both the prograda-
tion and the retrogradation occurred when accommodation 
increased; the western segment was overwhelmed by sedi-
ment input. Meanwhile, sediment input did not keep up with 
the rise to the east. Probably an avulsion of the deltaic feeder 
system (II) occurred, and the channels of the area became 
inactive. With this, approx. 5 × 5 km large embayment of the 
shelf-slope developed. The situation from clinoform 2 to 3 
was even more complicated. Lake level rose (approx. 30 m, 
measured without decompaction), and two different input 
systems can be recognized at the SW and NE corners of the 
study area. The southwestern one (I) gradually produced 
less progradation towards Čđ-1, with stagnation NE from 
Čđ-1 (Fig. 5b). Thus, minor revitalization of the abandoned 
northerly feeder system (II) occurred. However, the major 
input shifted to lobes III and IV further East (approx. 10 km 
long). The lobe II was not active, while the most eastern seg-
ments, lobes III and IV, had enough sediment supply for pro-
gradation. It reflects along-strike variability of the sediment 
input rates on a 5 km scale, illustrating the model example 
of Kovács et al. 2021 (compare Figs. 7 and 9).

The clinoform 4 marks a short time interval when the 
only active lobe in the 3D seismic area was the western 
source (I, Fig. 9). The western system prograded up to 3 km 
into the basin, filling the accommodation above surface 3 
during the HST, perpendicular to the previous pattern during 
the deposition of clinothems 2–3. According to the seismic 
data, an avulsion of northern systems II, III, and IV hap-
pened again, perhaps switching further to the E. In addition, 
clinoform 4 shows a character of delta to slope transition (cf. 
Sztanó et al. 2015). The northern system II was reactivated 
again from clinothems 4 to 5, resulting in simultaneous 

progradation and further filling of the embayment (also in 
Fig. 5b). Both the western and northern feeder systems pro-
graded further to the SE from clinothems 5–6. The embay-
ment in the mapped seismic area was filled with lobes I and 
II and reactivated lobe III on the scale of 10 km. Particularly, 
lobe I rotated more to the S, filling the W-E segment of the 
shelf-edge, while lobes II and III prograded towards the SE 
(Fig. 5b). The following clinoform 7 marks the period of 
lake level fall of approx. 60 m (FSST + LST). The western 
feeder system prograded 20 km to the SE. At the same time, 
there is no sign of lobes of the northern feeder system in the 
seismic area (Figs. 5b, 7). The RMS pattern in Fig. 7 leaves 
a possibility to speculate if, again, an avulsion and migration 
of the northern system caused the creation of a new embay-
ment to the north of the lobe I and Mag-1 well area (Fig. 5). 
The hydrographic reorganization could be directed by the 
morphology of the basin depocenter. However, this cannot 
be validated without the data on the syn-sedimentation basin 
morphology, which was outside the scope of this research.

Along-strike irregular systems of lacustrine and marine 
deposits can be explained by changing locations of sediment 
input (e.g., Kovács et al. 2021) and with ‘hinge’ models 
(Madof et al. 2016). The hinge point is where ‘retrograda-
tional and progradational successions’ are separated (Zec-
chin and Catuneanu 2020). Both studies above (Madof et al. 
2016; Zecchin and Catuneanu 2020 and references therein) 
corroborate the conceptual models of the along-strike vari-
ability and laterally discontinuous bounding sequence strati-
graphic surfaces. Madof et al. (2016) proposed a: (i) fixed 
(accommodation space related to tectonic tilting, shallow 
faulting, and differential compaction on a scale of 30 km) 
and (ii) moving hinge models (10 km scale, lateral accom-
modation space related to the shift of hinterland uplift, along 
strike relative sea level and water depth variability). The 
latter model is more prone to record the along-strike vari-
ability (Madof et al. 2016). Moreover, in a review article by 
Zecchin and Catuneanu (2020), the authors relate the origin 
of the ‘stratigraphic hinge’ to numerous processes which 
could apply to our study area, such as the high frequency 
of base-level changes, variability of sediment supply and 
budget, local tectonism, and physiography. The avulsion of 
sediment input, i.e., the activation of different lobes (I–IV) 
within the western and northern feeder systems, could be 
explained by any of the above-forcing factors.

For instance, climate-induced high-frequency lake-
level changes can lead to lateral depositional variability 
(cf. Kovács et al. 2021). The Lake Pannon water-level 
fluctuation depended on relatively dry and humid climatic 
variations (Uhrin and Sztanó 2012) or, in other words, on 
the humid and less humid periods (Gong et al. 2018). Sedi-
ment dispersal patterns and bypassing in the deep basin 
were related to the hyperpycnal flows occurring during the 
lake level rise in more humid periods (Gong et al. 2018). 
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Thus, the variable sediment entry points and coeval retro-
gradation and progradation seen in our data can be related 
to high-frequency changes in lake level.

The analyzed clinoform stacking and reflection termi-
nations could give insights into the architecture of fourth-
order sequences (cf. Vakarcs al. 1994; Sztanó et al. 2013a). 
Depending on the lateral extent, the high-frequency auto 
cycles could also contribute to the generation of continu-
ous or discontinuous stratigraphic surfaces (Zecchin and 
Catuneanu 2020). In that instance, the top of the aban-
doned lobes can be an apparent MFS (Catuneanu et al. 
2009). It is plausible that this is the origin of the wide 
clinoform 3 (MFS/MRS) since the interplay of active 
and inactive individual lobes (I–IV, Fig. 9) visible in the 
seismic can produce local downlapping stacking patterns. 
Thus, we hypothesize strictly local sequence stratigraphic 
implications of the clinoform 2 and 3 (Fig. 7).

Non-uniform shelf-edge migration is the most spec-
tacular feature at the turn of the Miocene to Pliocene in 
the Drava Basin. At least two different scale mechanisms 
could trigger the variability of sediment input. The first is 
an avulsion of major deltaic distributaries and lateral lobe 
switching related to a single (i.e., Paleo-Danube) feeder 
system. Irregular migration of the shelf-slope observed 
in the NW Drava Basin and elsewhere in the PBS was 
explained this way (Mattick et al. 1985; Uhrin et al. 2009; 
Sztanó et al. 2020; Fig. 9). Recent examples of depocenter 
switching (up to 200 km due to the frequently changing 
base level, high sedimentation, and subsidence rate) in 
similar systems are reported at the Volga delta in the Cas-
pian Sea (Overeem et al. 2003; Kroonenberg et al. 2005). 
Among many other examples, delta lobe switching is doc-
umented at the Po delta in the Adriatic Sea (Correggiari 
et al. 2005) and the Danube delta in the Black Sea (Giosan 
et al. 2005). These results complement the high-frequency 
water-level oscillations caused by variations between the 
warm, humid, and arid periods in Lake Pannon (Utescher 
et al. 2017; Joniak et al. 2020; Baranyi et al. 2021; Šujan 
et al. 2020 and references therein).

Another possible explanation for non-uniform migra-
tion may be the merge of slopes fed by the two different 
river systems, i.e., the Paleo-Drava and the Paleo-Danube 
rivers (Magyar et al. 2013; Sztanó et al. 2020). A some-
what similar dynamic was observed in the eastern part 
of the PBS, where the slopes of the Paleo-Danube and 
Paleo-Tisza shelves united (Magyar and Sztanó 2008; Vági 
et al. 2019), although the direction of sediment transport in 
those cases was almost the opposing one. The distinction 
of profoundly different feeder systems can be helped by 
provenance studies of core data in wells from the Drava 
Basin (cf. Kovačić et al. 2011; Grizelj et al. 2016).

Conclusions

•	 The enclosed lacustrine systems of Lake Pannon in the 
Drava Basin are an excellent example of non-uniform 
shelf-edge migration on a few km to tens of km scale.

•	 The geometry of progradational shelf-edges and related 
clinoforms determined by fluvial to deltaic sediment 
input can be very complex. Avulsions of delta lobes 
cause along-strike variation in sediment input rates. 
Thus, shelf slope progradation, stagnation, and retrogra-
dation occur coevally on a scale of km to tens of km.

•	 Clinoforms reflecting progradational slopes commonly 
cover other stagnant, oblique slope segments by onlaps, 
resembling the geometry of sequence boundaries.

•	 Progradation over stagnant slope surfaces can also pro-
duce downlaps, interpreted as apparent MFS.

•	 The origin of the above stratal architecture was tested 
with stratigraphic forward modeling. It shows that similar 
onlap and downlap surfaces can be generated by sudden 
base-level, sediment, and water discharge changes and 
along-strike alternation of the two sediment input sys-
tems.

•	 If 2D data is available only, it is impossible to determine 
which control is of prime importance. 3D data is nec-
essary to detect along-strike variability of the sediment 
input.

•	 Autocyclic processes like avulsion and lobe switching 
controlled complex infilling processes in the enclosed 
Lake Pannon. High-frequency lake level changes prob-
ably enhanced these.

•	 Shelf-edge trajectory analyses plausibly explain the his-
tory of base-level changes. However, the bounding sur-
faces of onlaps and downlaps can lead to misinterpreta-
tion.

•	 The practical application of this model is of great impor-
tance since understanding the role of strike variability 
promotes the correlation of reservoirs or muddy caprocks 
at a much more detailed scale.
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