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The Drava Basin in the SW Pannonian Basin System (PBS) was initially formed by passive rifting with accom-
panying sedimentary infill. Although this has been the subject of much previous work, an account of tectonic
control has been lacking. Based on cores, wire logging, and seismic data, the tectonostratigraphic interpretation,
depositional systems, and control on depositional systems of the syn-rift infill of the eastern part of the Drava
Basin were studied. The rifting phase is characterised by the formation of half-grabens, grabens, a sag, and
supradetachment basin structures with structural ramp and structural highs. The syn-rift infill can be divided into
second-order tectonostratigraphic sequences corresponding to the early and late rift stages. The second-order
sequences are further subdivided into third-order tectonostratigraphic sequences formed in response to
higher-order tectonic events associated with local rift migration. In contrast to the early-stage structures, the late-
stage rift structures are primarily controlled by extensional detachments that represent parts of the Drava Rift
Fault System (DRFS). The early syn-rift is characterised by continental deposition through alluvial fans, fan
deltas, and lacustrine environments. The late syn-rift stage is characterised by marine deposition in shallow
water, fan deltas, and submarine slope-aprons, with deep marine sedimentation and intense volcanic activity.
The ramp, basin slopes, and fault scarp slopes represent the major sediment transport pathways involved in the
formation of alluvial fans, fan deltas, or submarine slope-aprons. Basinal sedimentation and major depocenters
are located within synforms formed by structural lows in the geometry of extensional detachments. This study
gives an example of syn-rift tectonic control for the SW part of the PBS and the influence of detachment geometry
on basin fill. We have presented an approach based on 3D seismostratigraphic interpretation of tectonostrati-
graphic sequences, and the correlation of seismic facies with depositional environments developed in a back-arc
setting.

1. Introduction

Tectonic activity plays a key role in the formation of sedimentary
successions in most active rift basins during their evolution (Ravnéas and
Steel, 1998). Sedimentary infill in such a basin records the events of fault
activation and changes in their offset rates that control the basin evo-
lution (Matenco and Haq, 2020). When the rate of tectonic subsidence
exceeds the cumulative rate of sediment supply and sea-level change,
tectonic succession can be observed (Matenco and Haq, 2020). The
evolution of sedimentary fill and the resulting basin architecture is
characterised by elements controlled by the basement. These include
extension magnitude, rift width, size of uplifted structures, erosion, and
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transition zones (Gibbs, 1987; Withjack et al., 2002; Hinsken et al.,
2007; Milia and Torrente, 2015), which are important for understanding
transport and depositional processes (Allen and Hovius, 1998; Andric¢
et al., 2017; Jia et al., 2019). Rift transport zones (Morley et al., 1990)
and fault scarps control the location of the sediment pathways/routing
from their sources to depocenters. The influence of tectonic elements on
the contained sedimentary systems and depocenters distribution re-
mains a subject of research (Khalil and Mcclay, 2009; Athmer and Luthi,
2011; Zhu et al., 2014; Jia et al., 2019; Muravchik et al., 2020). Struc-
tural transfer zones are common sediment-transport pathways (Morley,
1990; Withjack et al., 2002; Athmer and Luthi, 2011; Hou et al., 2012;
Zhu et al., 2014; Jia et al., 2019). The different geometry of these zones
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leads to changes in drainage and pathways. The slope angle of the relay
ramp can determine whether sediments are transported directly into the
basin or whether ramps can be areas of deposition too (Athmer et al.,
2011; Hemelsdael and Ford, 2016). Understanding of the evolution of
the drainage system is crucial for sandstone distribution prediction
(Gawthorpe and Leeder, 2000; Feng et al., 2016).

This study extends the knowledge of tectonic controls on basin-fill
architecture during passive rifting in border areas (areas where multi-
ple tectonic phases and subsurface deformation are visible due to
interaction between regional structural units), such as the Drava Basin in
the SW Pannonian Basin System (PBS) near the Dinarides (Figs. 1 and 2)
(Royden et al., 1983a, 1983b; Huismans et al., 2001). The Miocene
extension, generated by continental collision and subduction in the
Carpathian thrust belt, of Adria-Europe related blocks, led to formation
of the back-arc Pannonian Basin (Royden et al., 1983a; Windhoffer et al.,
2005; Horvath et al., 2006). The sedimentological and stratigraphic
records of the syn- and post-rift Lower and Middle Miocene formations
in the Croatian PBS have been studied previously (Fig. 3a) at the surface
(Pavelic et al., 1998; Paveli¢, 2001; Vrsaljko et al., 2005; Zecevic et al.,
2010; Sremac et al., 2016; Paveli¢ and Kovaci¢, 2018) and subsurface
(Simon, 1973; Paveli¢, 1987; Tisljar, 1993; Safti¢ et al., 2003). However,
none of these studies analysed the tectonic control on syn-rift basin
infill.

Our objectives were to determine the size and type of syn-rift
structures, to reconstruct theevolution of basin architecture from the
rift onset until the rift cessation, to show the tectonic control on syn-rift
deposition, and to define the main sedimentary entry points into the
depocenters. This is important for the understanding sandstone distri-
bution and reservoir exploration in the syn-rift infill of the SW part of the
PBS. To gain insight into the sedimentary response to the observed syn-
rift tectonics, the south-eastern part of the Drava Basin was studied
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(Fig. 3). Facies analysis was based on macroscopic, petrographic, and
biostratigraphic (planktonic foraminifera) analyses of cores. Tectonos-
tratigraphic interpretation relied primarily on 3D seismic data (Fig. 2),
the good quality of which allowed structural interpretation, mapping of
sequence boundaries and seismic facies distribution, and analysis of
seismic attributes. This allowed a detailed interpretation of the move-
ments in the extensional detachment hanging wall, so that different
stratigraphic surfaces of the defined rift sequences can be related to the
stages of the basin tectonic evolution. In addition, this study documents
extensional structures and differences in their geometry, kinematics,
and influence on depositional systems.

2. Geological setting

The Drava Basin is a Neogene-Quaternary sedimentary basin formed
in the Early Miocene, as part of the wider PBS that was initiated during
the Oligo-Miocene collision between the Adria Microplate and the Eu-
ropean foreland, causing a “back-arc” type extension (Royden et al.,
1983a; Ratschbacher et al., 1991; Briickl et al., 2010, and references
therein). This complex setting resulted in different phases and styles of
extension (Tari et al., 1992). The extension was accommodated by
low-angle detachment faults and planar normal faults, with different
extension rates accommodated by the strike-slip faults.

Structural analysis of Miocene half-grabens of the Great Hungarian
Plain (Balazs et al., 2016) have provided important information on rift
dynamics in the PBS. The mapped ages of the rift climax provide in-
formation on its spatial and temporal migration and the direction of
extensional transport direction. At the contact between the Dinarides
and PBS (where the Sava and Drava basins are located; Figs. 1 and 2), the
direction of the extension was NNE-SSW and was accommodated by
mostly asymmetric extensional mechanisms related to extensional
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detachment or low-angle faults, favoured by reactivation of inherited
low-angle Cretaceous thrust sheets. Exhumation of the footwall of
extensional detachments near the Dinarides boundary began in the
Oligocene and culminated in the Middle Miocene (Ustaszewski et al.,
2010; Stojadinovic et al., 2013). In contrast, older works explain the
formation of the Drava and Sava Basins by an overall dextral trans-
current displacement along the Drava and Sava faults (DF and SF on
Fig. 2.) and rotation of blocks (Jamici¢, 1995; Luci¢ et al., 2001). The
direction of tectonic movement has been interpreted as NE, with
remaining subsidence within pull-apart basins associated with sinistral
faults (Prelogovic et al., 1998).

The Drava Basin contains sediments of Neogene-Quaternary age
(Fig. 3a; Paveli¢ and Kovacic¢, 2018). The oldest Miocene sediments are
alluvial and Ottnangian in age (Mandic et al., 2012); they were depos-
ited on the pre-Neogene paleorelief of various Paleozoic and Mesozoic
rocks, commonly referred to as the Base Neogene (BNg) surface.
Continued rifting led to sedimentation and formation of hydrologically
open lake sediments (Paveli¢ and Kovaci¢, 2018). The transition from
lacustrine to marine deposits on Mt. Papuk (Corié et al., 2009) is
observed in the lower part of the Nannoplankton Zone NN5, indicating
continued sedimentation from the Early to Middle Badenian (Fig. 3a).
However, a stratigraphic discontinuity between continental and marine
sedimentation is observed at several locations in the Croatian part of the
PBS (Mandic et al., 2012). The first tectonostratigraphic study of
Miocene sediments in this area (Paveli¢, 2001) suggested an uncon-
formable syn-rift/post-rift boundary, the erosional surface formed by
the final uplift of footwall blocks. This is consistent with the interpreted
regional culmination of extension in the PBS (Horvath et al., 2006;
Balazs et al., 2016). The Middle Badenian rocks in that formed in marine
offshore environments are largely composed of marls with intercalations
of gravity-flow deposits and nearshore sediments represented by
shallow-water calcarenites and conglomerates (Paveli¢ et al., 1998;
Paveli¢ and Kovaci¢, 2018). Contemporaneous volcanic and pyroclastic
rock formations resulted from increased volcanic activity (Pavelic, 2001;

Paveli¢ and Kovacic, 2018) (Fig. 3a). Late Badenian and Sarmatian ages
were characterised by continued marine environments represented by
basal conglomerates above the syn-rift/post-rift boundary, algal and reef
limestones, biocalcarenites, and marls (Vrsaljko et al., 2005; Vrsaljko
et al., 2006; Pavelic and Kovacic, 2018). The total thickness of the Lower
and Middle Miocene sediments in the eastern part of the Drava Basin
locally exceeds 1 km (3 b) (Saftic et al., 2003).

Following the episodic Sarmatian compression event (e.g. Horvath,
1995), Late Miocene and Early Pliocene tectonics in the Drava Basin was
driven by extension associated with thermal subsidence, which was
replaced by regional Late Pliocene-Quaternary compression/tran-
spression with different stress orientations (e.g., Miiller et al., 1992;
Prelogovi¢ et al., 1998; Safti¢ et al., 2003; Bada et al., 2007; Matos,
2014; Ustaszewski et al., 2014; Paveli¢ and Kovacic, 2018). The latter
stresses were trigered by the northward movement of the Adria Micro-
plate during the Pliocene and Quaternary, which changed the regional
stress orientation, resulting in predominantly horizontal shortening
(Grenerczy et al., 2005, and references therein). As a result, the entire
PBS was reactivated with compressional-transpressional tectonic
inversion of inherited fault structures (Bada et al., 2007; Ustaszewski
et al., 2014, and references therein). Kilometre-scale folds and pop-up
structures (the Slavonian Mountains) were observed (Fig. 2) (e.g.
Tomljenovi¢ and Csontos, 2001; Bada et al., 2007; Matos, 2014). During
the Late Miocene, the Drava Basin was filled with sediments from Lake
Pannon (Saftic et al., 2003, and references therein). This sedimentation
was characterised by clastic successions (Pavelic and Kovaci¢, 2018)
that trended toward deltaic progradation (Fig. 3a) with sediment
transport from the Eastern Alps (Magyar et al., 1999). These Upper
Miocene rocks comprise most of the basin fill and reach up to 5 km in
thickness (Saftic et al., 2003). In the latest tectonic phase, Pliocene and
Quaternary sedimentation followed the above-mentioned basin inver-
sion (Velic¢ et al., 2011; Cvetkovi¢, 2013; Mandi¢ et al., 2015). These
depositional sequences are freshwater sediments of Lake Slavonia,
formed from the remains of the large brackish Lake Pannon (Harzhauser
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Cvetkovi¢ et al., 2019).
and Mandic, 2008).
3. Data and methods

Cores, well logs, and seismic data were used for the study. Tecto-
nostratigraphy was interpreted from 3D seismic data for an area of 538
km? near the Croatian-Hungarian border (Figs. 2 and 3b). The
Schlumberger Petrel E&P Software Platform was used for structural and
stratigraphic interpretation of the seismic and well data. Cores were
taken from the selected interval in eight of the 17 existing wells in the
area. Core samples were examined macroscopically and microscopically
(thin sections) to understand the lithology and sedimentary features.

Seismic reflection characteristics were used in combination with
borehole data to determine the relationship between seismic facies and
facies association (Figs. 4 and 5) and types of syn-rift structures (Figs. 6
and 7) and sequence boundaries. Sequence stratigraphical interpretation
was based on recognition of the sequence boundary characteristics, ac-
cording to Embry (1995). All boundaries are primarily delineated by
tectonic activity (Figs. 8-11). The higher-order cyclicity of the se-
quences visible in the seismic data is related to the activity of individual
faults and is interpreted in terms of transgressive-regressive cycles as
defined by Balazs et al. (2016) and Andric et al. (2017). Based on the
analysis of core samples, seismic facies, and seismic attributes in the
main depocenters (Figs. 12 and 13), different depositional environments
were determined (Fig. 5). Depositional features within the mapped

sequences were examined in detail using a multi-attribute analysis of
seismic volume (Root Mean Square amplitude and Variance) in the
western part of the study area, where the best 3D data set was available.
Tectonic control on the internal structure of the sequence was also
interpreted.

4. Results
4.1. Facies and seismic facies analysis

The observed thickness of the syn-rift infill varies in the study area,
reaching somewhere more than 1 km (Fig. 13). Based on scattered well
core data and publications conducted on outcrops, eight facies associ-
ations were defined (Table 1.) in sense of Feng (2022): Alluvial fan (A);
Fan delta (B); Lacustrine (C); Volcanic rocks facies association (D);
Shallow marine (E); Transitional Marine (F); Slope apron (G) and Marine
offshore (H).

Alluvial fan facies association (A) was defined in wells W-4, W-5, W-
6, and W-11 (Fig. 4a). It consists of two lithotypes: breccia and con-
glomerates, with predominantly carbonate clasts from the Neogene
basement that are either clast-supported or a matrix-supported by sand,
silt, or clay. Conglomerates are massively textured and poorly to
moderately sorted, indicating a proximal source. They represent debris
deposits (Table 1).

Fan delta facies association (B), defined in wells W-3, W-4, W-10, and
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Orbulina suturalis zone — Facies H; J-8 Praeorbulina glomerosa zone — Facies H); b) offshore debris conglomerates (J-6 — Facies G) and volcanic rocks interlayered with
offshore sediments (J-3 — Facies D; J-4 — Facies G); ¢) fan delta (J-3 — Facies B) and transition to marine offshore (J-1 and J-2 — Facies F).
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W-12 (Fig. 13b) consists of polymictic and monomictic conglomerates
and sandstones with sporadic siltstones (Fig. 4c). Clasts are angular to
subrounded and poorly sorted. They are derived from the carbonates
and crystalline rocks of the Neogene basement. The matrix in con-
glomerates is predominantly sandy, occasionally weathered/limoni-
tized, and clay-rich. Angular and coarse-to medium-grained matrix-
supported clasts in conglomerates and sandstones suggest a proximal
source (Table 1). Furthermore, occasional hematite in the matrix sug-
gests subaerial deposition. On cutting samples, sequences S and M are
mostly represented by this facies association in the form of thick
conglomerate intervals (up to 150 m).

Lacustrine facies association (C) is defined in well W-11 (Fig. 4a and
13a) and consists of siltstone and silty limestone with sericite and quartz
in the detritus. The fine-grained sediments of this facies can be inter-
layered with coarsegrained sediments of facies B of heterogeneous
composition (Fig. 4a and 13a). Lithology succession on Well W-11 in-
dicates that these facies occur in uppermost part of Early Miocene suc-
cession, on top of the facies associations A and B (Fig. 4a). Based on clast
size and lithology, facies association C is defined as prodelta or lake
(Table 1).

Volcanic rocks facies association (D) was defined in wells W-1, W-2,
W-14, W-15, and W-16 and contains basalts and andesites (Fig. 4b and
13b, and c¢). This facies is observed to be interlayered with marine
limestones of facies H or siltstones and sandstones of facies G (Fig. 4). In
well W-1 and W-2 they reach a thickness of more than 300 m.

Shallow marine facies association (E) is defined solely in outcrop and
has been described in previous studies (Pavelic et al., 1998; Sremac
et al.,, 2016). It consists of bioclastic sediments, including bio-
calcarenites and biocalcirudites, with abundant corallinacea, bryozoa,
molluscs, urchins, benthic foraminifera detritus, and minor planktonic
foraminifera, but also silicate clasts. The clasts are cemented with calcite
cement. Sandstones can be characterised by normal gradation and
horizontal lamination to cross-bedding, whereas conglomerates have
structures with cross-bedding. The abundant marine shallow-water
fossils and sedimentary textures indicate a transitional environment
between marine reef slopes and shoreface (Table 1).

Transitional marine facies association (F) (Figs. 4c and 13b, and c),
determined in wells W-3 and W-13, consists mainly of marls interbedded
with arenites or rudites (biocalcarenites and biocalcirudites). The
sandstones are abundant with benthic foraminifera, fragments of bio-
clastic material, and minor siliceous material. The carbonate mudstone
contains mainly benthic and subordinate planktonic foraminifera. In
well W-3, it occurs on top of the facies B (Fig. 4c¢), or in outcrops on top
of the facies E, indicating deepening. Facies F is interpreted as transi-
tional to offshore marine environment based on the presence of benthic
and planktonic foraminifera and occasional material from shallow-
water environments (Table 1).

Slope apron facies association (G) (Fig. 4b and 13b, and c) is iden-
tified in wells W-1, W-8, W-10, and W-12. It contains mixed bioclastic-
siliclastic sediments of breccias, conglomerates, sandstones, siltstones,
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and micritic limestone (Fig. 4b). The coarse-grained sediments contain
angular or rounded metamorphic and carbonate clasts of Neogene
basement, in a muddy matrix with thin fining upward intervals. The
micritic limestone contains abundant planktonic foraminifera. Based on
the presence of planktonic fossils in the matrix and their alteration with
facies H, facies G is interpreted as a gravitational debris flow on the
basin slope in marine offshore environments (Table 1).

Marine offshore facies association (H) contains homogeneous
micritic limestones rich in planktonic foraminifera (Figs. 4 and 13b, and
¢). This facies was identified in wells W-1, W-2, W-7, W-9, W-10, W-11,
W-12, and W-13. Quartz and mica clasts are sporadically present as silty
detritus. These sediments were interpreted to be offshore in origin
(Table 1).

The spatial distribution of depositional environments in different
sequences and rift stages is examined based on the changes in seismic
facies and their position in relation to the interpreted syn-rift structures.

Seven seismic facies were defined based on seismic reflection amplitude,
frequency characteristics, and their spatial occurrence regarding to the
syn-rift structures. Two seismic facies (I and II) were characteristic of the
pre-Neogene basement, and five were defined as seismic depictions of
syn-rift infill (Fig. 5).

The seismic facies III is defined as hummocky to discontinuous re-
flections that occur as fan aprons in the hanging wall of normal faults.
Within this seismic facies, syn-rift infill is represented by facies associ-
ations A and B of alluvial fans and fan-deltas (Fig. 4c), and facies asso-
ciation G, which corresponds to sediments of the offshore slope apron
(Fig. 4b). The seismic facies IV has subparallel, continuous, and
discontinuous reflectors located within the syn-rift infill near the basin
margins. For the early rift sequences, it is correlated with the transitional
or fan delta facies association. In the late rift stage, it is associated with
nearshore deposits in marine environments and correlated with facies E.
Seismic facies V exhibits chaotic, hummocky to discontinuous
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reflections. Within this seismic facies, syn-rift rocks are represented by
basalts and andesites of facies association D, which are occasionally
interlayered by G facies (Fig. 4b). The seismic facies VI is defined as
proximal aprons with hummocky and discontinuous reflections that
occur on basin slopes and correlate with facies associations A and B of
alluvial fan and fan-delta sediments (Fig. 4c). The seismic facies VII is
characterised by oblique reflections occurring within syn-rift depo-
centers where facies associations C (prodelta or lake; Fig. 4a) and F and
H (transitional (Fig. 4c) and offshore marine (Fig. 4a)) occur.

4.2. Basin types and syn-rift structures

Two low-angle detachment faults and six syn-rift structures were
identified: half-graben, graben, basinal sag, basinal highs, structural
ramp, and supradetachment basin (Figs. 6 and 7). These syn-rift struc-
tures formed during different stages of extension. The onset of rifting
was identified by the formation of spatially confined structures that
included two grabens and linked sag and half-graben which constrained
syn-rift deposition (Fig. 7a). Continuation of rifting was characterised by
fault growth and further rift opening in such a way that existing rift
structures either emerged, became embedded in the newer ones, or

continued their existence by widening and linking with the others, while
most of the extension was accommodated by the Dravica detachment
(DD) and the Miholjacki Pore¢ detachment (MPD) (Fig. 7b).

4.2.1. Extensional detachments

Structural interpretation of 3D seismic revealed the presence of the
NW-SE striking DD and MPD faults rising toward the Hungarian-
Croatian border (Fig. 6a and see DD and MPD in Fig. 6b and c). In the
northeast of the study area, DD dips SSW and reaches >3500 ms of TWT
(Fig. 6a). The eastern part of the DD fault plane is curved and changes
orientation so that the southeastern part dips toward the NNW and forms
a synform in its hanging wall dipping westward (Fig. 6a and b). The
western section of the MPD dips southward from a depth of 1500-3400
ms, dying out on the Croatian side of the Drava Basin (Fig. 6¢). The
easternmost section, however, forms the Bizovac antiform (Fig. 6d).
Consequently, the southeastern part of the MPD is concave and forms an
SW-dipping synform (Fig. 6a). The longitudinal seismic section (Fig. 6d)
shows that the interpreted detachments are not structurally connected.
In addition, the western section of the MPD is shallower than the eastern
part of the DD (Fig. 6a and d). Both detachments are characterised by the
ramp-flat-ramp geometry (Fig. 6b and c), with dips ranging from
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on horizon Z.

horizontal up to approximately 25° at the ramp segment.

The seismic facies interpreted in the hanging wall is quite different
from that in the footwall of the detachments (Fig. 6a, b, c, and 9). The
hanging wall is characterised by chaotic discontinuous seismic facies I
and fairly continuous seismic facies II, especially in the northern part of
the study area, whereas the footwall contains only seismic facies I
(Fig. 6b). The observed complexity of the seismic facies results from the
highly variable lithology of the Neogene basement. The well data show
that the detachment footwall consists of metamorphic rocks (well W-12
in Fig. 11), whereas the Neogene basement in the hanging walls is
mainly composed of Mesozoic carbonate with a minor presence of
younger igneous rocks. The Mesozoic carbonates are predominantly
fractured carbonates (core J-8 in Fig. 4b). In addition, the morphology of
the detachment surfaces indicates the uplift of antiform structures of
varying sizes in their footwall. The southern flank of the Donji Miholjac

high in the MPD footwall extends into the smaller Stevkovica antiform
(Fig. 6a and c).

4.2.2. Half-graben structure

Initial rifting was controlled by the marginal normal fault F-1
(Fig. 7a) with three successive periods of extension, changing its
orientation. The half-graben structure formed in the hanging wall is ~5
km wide. During its formation, the dip of the F-1 fault changes from west
to southwest and finally to south (Fig. 7a). The half-graben tilted
westward in its final phase, changing its strike from N-S to E-W. This
early rift sedimentary infill is characterised by hummocky to discon-
tinuous seismic facies III (Figs. 9 and 10).

Extension during the final stage of rifting to the west controlled the
formation of the F-3 normal fault along with the narrow Noskovci half-
graben in its hanging wall (Fig.. 7b and 9). This narrow E-W striking
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rift). Note the retrogradation pattern of seismic facies within the third-order sequences CV in the hanging wall of faults F-1 and F-12. The seismic line is flattened on

horizon Rs7.

structure is > 10 km long and only 3 km wide. The sedimentary basin fill
is represented by the hummocky to discontinuous seismic facies III,
chaotic, discontinuous to hummocky seismic facies V, and the oblique
seismic facies VII (Figs. 9-11).

4.2.3. Graben structure

Two 5-10 km long graben structures, bounded by the E-W striking
normal faults, developed during the onset of rifting south of the Donji
Miholjac high (Fig. 7a and b). The Magadenovac graben lies between the
F-20 and F-28 normal faults, while the Marjanci graben lies between the
MPD and F-31 normal faults. The sedimentary basin fill of these depo-
sitional basins is characterised by hummocky to discontinuous seismic
facies III in the direct hanging wall of the normal faults and oblique

seismic facies VI on the basin slopes in the early rift stage (Figs. 11 and
13a) and appearance of seismic facies VII in late rift stage (Figs. 11 and
13b and c). Development of the Marjanci graben development due to
tectonic subsidence along the F-31 and MPD continued in the late rift
stage (Fig. 7 b), linking it to the Magadenovac supradetachment over the
submerged high (Fig. 7a and b).

4.2.4. Basinal sag

The Kréenik sag lies to the west of the Cret Viljevski half-graben
(Fig. 7a and b). During the early rifting stage, it extended for ~10 km
E-W and was ~5 km wide. Continued subsidence during the syn-rift
phase extended this structure further westward by the end of the rift
phase (Fig. 7a and b). It forms a synform with the DD (Figs. 6 and 7). The
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Fig. 11. Cross section D-D’ (location in Figs. 7 and 13; S, MP-2, and MP-2 on the interpreted section refer to top of the sequence) in the eastern part of the study area.
Note the retrogradation pattern of seismic facies within third-order sequences in the hanging wall of the F-31 fault, indicating that sedimentation is out of pace

with subsidence.

400 m thick sedimentary infill is characterised by the seismic facies IV to
the east and VII to the west (Fig. 9).

4.2.5. Supradetachment basin

Subsidence of the hanging wall of the late rift strata observed north
of the Podravska Moslavina structural high (Fig. 6b) indicates the for-
mation of the Zalata supradetachment above the DD fault. This E-W
striking basin is interpreted to be 20 km long and up to 5 km wide
(Fig. 7), with seismic facies III observed on the southern basin slope,
while the northern part is not covered with seismic.

The Magadenovac graben formed in the early rift stage became a part
of the wider supradetachment basin due to the propagation of the MPD,
which then became a low-angle normal fault (Fig. 6b and 7b). The
connection between the Krcenik and Magadenovac depocenters in the
late rift phase is not proven due to the lack of seismic data (Fig. 7b). The
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transition of seismic facies IV to seismic facies VI was observed in both
supradetachment structures from the margins to the central part of the
depocenters (Fig. 9).

4.2.6. Relay ramp

The observed ramp formed between faults F-1 and DD as a result of
their interaction. The F-1 fault formed during the early rift and is
associated with the syntectonic sediments of the CV sequence (Fig. 9).
The DD fault continued its activity and propagation in the late rift stage,
causing tilting of the CV sequence, and interacting with the F-1 fault
forming a ramp structure. Consequently, during the late rift stage, the
ramp served as the main sediment transport zone from the uplifted
footwall of the DD into the Krcenik sag (Fig. 7b). The sedimentary infill
of this structure is characterised by the seismic facies IV and VII
(Fig. 10).
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sediment transport pathways in the western part of the study area with the best 3D dataset: a) sequence CV-3 and b) sequence D-2.

4.2.7. Structural high

The structural highs formed in both the early and late rift stages.
Early rift highs formed between separate depocenters such as between
the Marjanci and Magadenovac grabens (Fig. 7). In the late rift stage,
highs formed in the hanging walls of newly formed normal faults such as
Podravska Moslavina, Stevkovica, and Bizovac or faulted palaeorelief
such as the Beni¢anici and Starin highs. The uplift of the Kapelna high
can be correlated with the boundary between the early and late rift
stages (Fig. 6b) and mapped F-15 thrust fault (Fig. 7b).

4.3. Rift tectonostratigraphic sequences and depositional distribution

4.3.1. Sequence hierarchy and stratigraphic position

The syn-rift represents a single first-order sequence between the BNg
and post-rift boundaries. In the Croatian section of the PBS, the BNg
horizon contains two regional unconformities: the boundary between i)
the Neogene succession and older, mostly Mesozoic rocks and subordi-
nately Palaeozoic rocks, and ii) the Neogene succession and crystalline
rocks. We interpret the entire BNg horizon as the base of the syn-rift. The
post-rift boundary separates the syn-rift infill from the post-rift Neogene
basin infill and generally coincides with the Rs7 horizon, which is the
regional stratigraphic boundary between Lower or Middle Miocene and
Upper Miocene rocks, as indicated by well logs (Malvic¢ and Cvetkovic,
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2013).

The two syn-rift stages are divided into second-order tectonostrati-
graphic sequences named after the major active faults that contributed
to their development. In the early syn-rift, the Cret Viljevski (CV),
Malinovac (M), and Stevkovica (S) sequences were deposited in conti-
nental environments and controlled by faults: F-1 (Cret Viljevski fault);
F-28 (Malinovac fault); and F-31 (Stevkovica fault) (Fig.. 7a, 9 and 10,
and 11). In the late syn-rift, the Dravica (D) and Miholjacki Pore¢ (MP)
sequences were deposited in marine environments, predominantly
controlled by the activity of the DD and MPD faults (Figs. 9-11). Third-
order sequences were interpreted within the CV sequence in the early
rift stage, and within the D and MP sequences in the late rift stage. The
sequence CV is subdivided into three third-order sequences: CV-1, CV-2,
and CV-3 (Figs. 9 and 10). In the western part of the study area, sequence
D was further subdivided into D-1 and D-2 (Figs. 8-10). In the east, in
the hanging wall of the MPD, the sequence MP was subdivided into MP-1
and MP-2 (Fig. 7a and 11).

Biostratigraphic analysis of planktonic foraminifera from the core
samples showed that sequences D-1 and MP-1 contain Praeorbulina
glomerosa (Fig. 4a), Trilobatus trilobus, Cassigerinella chipolensis, Globi-
gerinoides bisphericus, Praeorbulina curva, and Trilobatus sicanus. The
presence of Praeorbulina glomerosa and Trilobatus trilobus indicates the
biostratigraphic zone M5 (Hohenegger et al., 2014).



D. Rukavina et al.

Marine and Petroleum Geology 152 (2023) 106235

Sequence CV-3
W-3

eD-2

Sequenc:
0 5

Sequence D-2
0

10 k

Sequence CV-3

Sequence M

yce St

|XXXX

\

D- Andesite, basalt rocks

lﬁl C- Lacustrine/

A- Alluvail fan

(@]
(O]
(@]

Transitional/
shallow marine

complex
F- Marine transitional (slope) rodelta Slope appron E‘ Schematic
P Sandy bodies debris body
(@] o ren (] e :
- Fan-delta G- Marine slope apron ) axe Senematic I:I i
fsp offshore channel Extrapolation

Offshore

Volcano-sedim.

g Fan delta

E Normal f. Reverse f.

Assumptive f. position

Well

Pinch out

Sequence CV-2 Sequence CV-1

Sequence CV-3

o W-5
Sequence M

Sequence S

Thickness (m)
600
500
400
300
200
100

0

Legend:
Normal fault Reverse fault
Pinch out/ Well
tuncation

Fig. 13. The 3D seismic based tectonostratigraphic analysis of syn-rift sequences: a) CV-3, M, and S (early rift stage); b) D-1 and MP-1 (late rift stage); c) D-2 and MP-
2, (late rift stage). Seismic facies distribution correlated with facies associations in wells (1); distribution of depositional systems of sequences (2); thickness maps of

sequences (3); Dravica extensional detachment (DD); Miholjacki Pore¢ extensional detachment (MPD).

14



D. Rukavina et al.

Marine and Petroleum Geology 152 (2023) 106235

Table 1
Characteristics and interpretation of facies.
Facies Well Lithology Sediment structure Fossils Transport Depositional
association and texture mechanism environment
A W-4 - breccia and -massive - - rockfall/debris -alluvial fan
conglomerate flow
B W-3, W-11 - polymictic breccia- - massive, graded - - debris flow -fan-delta
conglomerate bedding
- sandstone
- siltstone and mudstone
C W-11 - silty limestone - - ? -prodelta/lake
- siltstone
D W-1, W-2 - andesite - - -
- basalt
E Defined in outcrops -reef limestones -normal graded -benthic foram., - flow regime, -shoreface
- biocalcarenites and bedding - fragments of Corallinaceae, - subaquatus
biocalcirudites - horizontal bryozoans and pelecypods, dunes
lamination, - less planktonic foram.
- cross-bedding
F W-3, W-13, W-14 - sandstone, -horizontal -benthic foram -suspension, - lower shoreface
- conglomerate lamination, - planktonic foram., - turbidity - offshore
- biocalcirudites, - gradation, - fragments of Corallinaceae, currents
- biocalcarenites - massive bryozoans and pelecypods
- marl
G W-1, W-8, W-12 -breccia, - massive, -planktonic foram. -turbidity -slope (fault) apron
- conglomerate, - gradation - subordinately benthic foram. currents
- sandstone,
- siltstone,
-limestone
H W-1, W-2, W-9, W-10,  -micritic and silty -massive -planktonic foram. -suspension - offshore
W-11, W-12 limestone

Sequences D-2 and MP-2 contain abundant Orbulina suturalis
(Fig. 4a), Orbulina universa, Trilobatus trilobus, Globigerina diplostoma,
Tenuitella angustiumbilicata, Globorotalia mayeri, Globorotalia scitula, and
Globigerina bulloides, indicating the continuation of marine offshore
environments in the central part of the depocentre. However, the
abundance of Orbulina suturalis and Orbulina universa, and absence of the
Trilobatus bisphericus indicate the younger biostratigraphic zone M6
(Hohenegger et al., 2014).

4.3.2. Seismic sedimentary characteristics of the early rift stage (sequences
CV, M, and S)

Three spatially separated basins developed during the early rift stage
in continental sedimentary environments. The second-order CV
sequence was deposited in the Cret Viljevski half-graben and in the
Krcenik sag (Fig. 7a). The second-order M and S sequences were
deposited in the eastern area in the Magadenovac and Marjanci grabens
(Fig. 7a). The activity of the F-1 fault subdivided the CV sequence into
three third-order sequences, each of which is genetically related to one
of the phases of F-1 activity. The superposition of the third-order
sequence CV-1 indicates that it was formed at the beginning of the rift
stage. This sequence is presented with the hummocky to discontinuous
seismic facies III downlapping on the BNg surface and interpreted as
alluvial fan deposits (Fig. 10). Progressive rifting during the develop-
ment of the CV-2 sequence is characterised by fault back-stepping
(Fig. 10), caused by the propagation of the F-1 fault, which became a
major active fault in the western part of the study area. Seismic facies III
was observed in the fault area, facies IV on the slope between the fault
scarp and the Krcenik sag (Figs. 9 and 10), while seismic facies IV was
observed westward, and interpreted solely in the Kréenik sag (Figs. 9
and 10). The change of seismic facies III to VI indicates the more
developed alluvial system from gravity flows to fluid flow sediments.

The seismic appearance of the CV-3 sequence is similar to that of the
CV-2 sequence. This unit is formed by continuous extension along the F-
1 fault and is therefore characterised by hummocky to discontinuous
seismic facies III in the immediate hanging wall attributed to gravity
flow sediments (Figs. 10 and 13a). The seismic facies VI was observed on
the basin slopes, while the subparallel to parallel seismic facies IV and
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subordinate VII are found in the central part of the Krcenik sag. This
indicates further development of the alluvial system toward the sag
structure, where the alluvial gravity flow transitions to the fluvial flow
and eventually to the prodelta or more likely a lake environment
(Fig. 13a). Seismic attributes show channel shapes branching toward the
Kréenik sag as visible ‘sandy’ bodies on the attribute map (Fig. 12a). In
addition, after the extension along the F-1, a northward migration of the
depocenter is observed (Figs. 10 and 13a).

In contrast to the CV sequence, the M sequence showed no higher-
order internal subdivisions. It lies between normal faults F-20 and F-
28 (Fig. 7a) and shows downlapping seismic facies III in the hanging
wall (Fig. 13a). Away from the interpreted normal faults, the basin
slopes are characterised by oblique hummocky seismic facies VI
(Fig. 13a). The seismic appearance of sequence S is similar to that of
sequence M. A hummocky to discontinuous seismic facies III was
observed in the hanging walls of normal faults F-31 and MPD
(Figs. 11and 1laa). Oblique to hummocky seismic facies VI was observed
on basin slopes away from these normal faults (Fig. 1a). The appearance
of the seismic facies III is interpreted here as deposits of rock fall and
alluvial fan (gravity flows), whereas VI is interpreted as an alluvial fan
(fluid flows) sediment that transition to prodelta or lake deposits in the
uppermost part of these sequences (Fig. 13a).

4.3.3. Seismic sedimentary characteristics of the late rift stage (sequences D
and MP)

During the late rift stage two second-order sequences were deposited
in marine sedimentary environments. Each of these sequences is sub-
divided into two third-order sequences. Sequence D-1 can be mapped in
the western part of the study area and pinches out toward the east.
Seismic facies III was observed in the hanging wall of the F-3 fault as
slope apron facies, while seismic facies VII was observed westward
within the half-graben and sag infill indicating offshore conditions
(Figs. 9 and 13b). The southern margins of the Noskovci half-graben and
the Krcenik sag are covered with seismic facies VI (Fig. 13b), while the
eastern part of the Krcenik sag is filled with seismic facies IV (Figs. 9 and
13b), which are correlated with transitional environments, i.e., fan delta
deposits. Above this interval, seismic facies VII and V may occur (Fig. 4b,



D. Rukavina et al.

9 and 13b), indicating further offshore transgression and volcanic rocks
presence. The visible Neogene succession in the Zalata basin (Fig. 4c)
starts with the steeply dipping reflectors of seismic facies VI from the
northern slope of the Podravska Moslavina high indicating fan delta
deposition (Fig. 4c and 13b). This sequence is characterised by a marine
offshore environment in the western part of the Krcenik sag and in the
Noskovci half-graben (Fig. 13b). The main sediment source was located
east of the Podravska Moslavina high, with a sediment entry point along
the relay ramp northeast of the Krcenik sag, which is presented with
seismic facies IV (Fig. 7b and 13b). To the east, the MP-1 sequence is
characterised by a complex distribution of seismic facies due to several
active faults. The western part of the sequence is represented mainly by
the seismic facies VI, with a local occurrence of the seismic facies IV
around well W-5 (Figs. 11 and 13b). This is related to sediment supply by
fan deltas at the basin margins. The central part is dominated by seismic
facies VII which indicates offshore conditions, while seismic facies III
occurs in the hanging walls of active normal faults in the form of slope
aprons (Fig. 13b). In addition, the Stevkovica structural high and the
easternmost area at the Bizovac structure are characterised by the
occurrence of seismic facies V (Fig. 13b). Offshore conditions are
interpreted in the Marjanci graben and the Magadenovac supradetach-
ment basin (Fig. 7b). Because both depocenters are only 5-10 km wide,
mass-waste sedimentation (of slope aprons) in the hanging walls of the
normal faults (Fig. 13b) has a strong influence on the seismic signal
presented with seismic facies III. Seismic facies and well data indicate
that eroded material from the Donji Miholjac high was deposited in the
Magadenovac depocenter through the fan delta systems in the western
part of the sequence (Fig. 13b).

The seismic facies distribution of the D-2 sequence is similar to that
of the D-1 sequence. In the hanging wall of the F-3 normal fault, the
seismic facies III was observed as slope apron sediments (Figs. 9 and
13c). Seismic facies VII and V are distributed in the Noskovci half-graben
and in the western part of the Krcenik sag indicating offshore conditions
and volcanic activity (Fig. 13c). The eastern part of the Krcenik sag is
covered with seismic facies IV as well as relay ramp where delta-like
features are observed on the seismic attribute map (Fig. 12b and 13b).
The slopes of the structural highs away from the fault slopes are covered
by the seismic facies VI. Most of the sequence around wells W-1 and W-2
is marked with seismic facies V (Figs. 9 and 13c). The succession above
seismic facies VI in Zalata supradetachment basin is interpreted as
seismic facies VII, which is defined as the transition of a fan delta into
marine offshore sediments (Fig. 13c). Sequence D-2 is characterised by
marine offshore sedimentation which prevailed in the half-graben and
western part of the sag (Fig. 13c), while the ramp structure still served as
the main sediment entry (Fig. 13c). In the same phase, the Zalata
supradetachment basin is characterised by overall transgression.
Another third-order sequence MP-2 developed in the hanging wall of the
MPD (Fig. 11), which is characterised by further marine transgression on
structural highs due to MPD propagation (Fig. 13c). The Marjanci
graben is characterised by the spatial occurrence of the seismic facies
VII, which indicates offshore conditions (Fig. 13c). The seismic facies III
is interpreted as slope apron fill in the hanging wall of the MPD
(Fig. 13c). The structural high to the southeast continued to show vol-
canic activity (Fig. 13c). Three-dimensional seismic data are not avail-
able for the NE portion of the sequence therefore, interpretation is based
on the available 2D seismic data. The MPD shows slight variations in dip
direction and dip angle along strike, which affects changes in the
depositional environment (Fig. 13c).

5. Discussion

The study of the syn-rift rock infill in the eastern part of the Drava
Basin has revealed the formation of six types of syn-rift structures and
two extensional detachments characteristic of continental rifting
(Friedmann and Burbank, 1995; Peacock et al., 2000). Half-graben,
graben, and sag structures in the early rift and their further
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development in the late rift stage with the development of new struc-
tures such as ramps and supradetachment structures, separated by
structural highs. This led to the evolution of continental alluvial and
lacustrine environments in the early rift into the marine environments
with coeval and spatially differentiated depositional systems (Figs. 7 and
13). The basin infill consists of several tectonostratigraphic units of a
different order (Figs. 9-11). Seismic features correlated with well data
define the style of extension and spatial distribution of depositional
environments that contributed to the tectonostratigraphic reconstruc-
tion. This reconstruction can be used to predict the distribution of pro-
spective sites for hydrocarbon exploration, deep aquifers, and geological
storage of CO,. Understanding the nature of sand body occurrence is
crucial for reservoir exploration (Richards and Bowman, 1998; Tan
et al., 2017). Coarse-grained sediments of the syn-rift infill have always
been reservoir rocks of interest in the SW part of the PBS, as hydrocarbon
accumulations are also found in them (Lucic et al., 2001; Saftic et al.,
2003), with marls and clay-marls of the post-rift deep Lake Pannon (Sebe
et al., 2020) directly above them as regional seals (Dolton, 2006). For
these reservoirs, the novel palaeogeographic and paleostructural re-
constructions and understanding of depositional constraints on reservoir
conditions in the Croatian part of the PBS were lacking (Lucic et al.,
2001; Paveli¢, 2001; Saftic et al., 2003; Zecevic et al., 2010). Moreover,
this is the first case of tectonic control of syn-rift infill observed from
subsurface data in the SW part of the PBS.

5.1. Sequence architecture evolution

Complex tectonic activity manifested in episodic tectonic move-
ments, lateral tilting, and migration of depocenters, characteristic of
continental rift basins (Wu et al., 2019), is evident in the studied syn-rift
infill. These packages are genetically linked to tectonic control of the
depositional system. Based on the differences in depositional environ-
ment, processes of fault growth, and rift opening, we observe the two
stages of rift evolution in the Drava Basin. During the early rift stage,
continental synsedimentary deposition was controlled by a spatially
confined fault system (Fig. 13a). Sedimentation started in small graben
and half-graben structures, but also sag structure is observed. Extension
during the late rift stage resulted in marine deposition controlled by
subsidence along low-angle normal faults (i.e. extensional detachments;
Fig. 13b and c), as indicated by the formation of supradetachment ba-
sins. Therefore, the tectonically driven sedimentary record of the syn-rift
depocenters cannot be correlated with Miocene transgressive events;
this is also supported by stratigraphic and thermomechanical/numerical
modelling in the PBS (Balazs et al., 2021). The characteristic feature of
the entire syn-rift phase was the formation of relatively small but diverse
types of extensional structures, from half-grabens to supradetachment
basins (Fig. 15).

5.1.1. Early rift stage

During the early syn-rift stage, the CV, M, and S sequences developed
in small separate depositional basins filled with alluvial fans, fan deltas,
and presumably lacustrine deposits. Alluvial fans were deposited along
the fault scarp slope, while fan-deltas were deposited on the fault scarp
and basin slope (Fig. 13a and 15). Prodelta or lake sediments were
deposited either in the central part of the interpreted grabens or in the
sag depocenter (Figs. 7 and 13a).

The succession of the Lower Miocene consists of second-order se-
quences CV, M, and S. The second-order sequence CV was deposited in
the hanging wall of the F-1 fault and within the sag structure (compare
Fig. 7a with 13a). Other second-order sequences were deposited in the
eastern part of the study area: the M sequence in the hanging wall of the
F-28 and F-29 faults and the S sequence in the hanging wall of the F-31
and MPD faults (Fig. 7a and 13a). In contrast to the M and S sequences,
the CV sequence contains multiple third-order sequence boundaries
(Figs. 9 and 10). The unconformable portion of these boundaries can be
identified by the erosion of the footwall, which was observed as coeval
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deposition in the adjacent hanging wall of the major F-1 normal fault
(Fig. 10). The interpreted sequences defined by these stratigraphic
boundaries are relatively thin and show constant migration of depo-
centers (Fig, 13a).

All sequences show a retrograding pattern (Figs. 10 and 11), likely
due to a higher rate of ongoing tectonic subsidence compared to the rate
of sediment supply during most of the early rift. This may be due to
cyclic subsidence caused by fault prolongation and dip change, which
resulted in migration of depocenters (Figs. 7, 10 and 11). The upper
boundary of the early rift stage in the western part (CV-3; Fig. 9) is
unconformable and shows deformation and erosion of these sequences
due to tilting of the low-angle DD fault hanging wall. This could lead to a
hiatus between the continental and marine (or Early and Middle
Miocene) sediments, as observed at several outcrops of the SW part of
the PBS (Csontos et al., 2002; Mandic et al., 2012).

5.1.2. Late (climax) rift stage

Tectonostratigraphic observations indicate that the Middle Miocene
syn-rift succession is bounded by a second-order sequence boundary.
The D sequence developed in the western part of the study area is
controlled by the activity of DD, whereas the MP sequence in the east is
controlled by the MPD activity (Fig. 13b, and c). Both sequences contain
third-order sequence boundaries indicative of higher-order tectonic
cycles. The D-1 sequence exhibits a retrogradational pattern indicating
strong tectonic subsidence that exceeded sediment supply (Fig. 9). It is
characterised by the formation of depocenters in the western part within
the half-graben and sag structures separated from the supradetachment
basin by the structural high (Fig. 7b and 13b). Sequences D-1 and MP-1
were separated by the Kapelna high (Fig. 7b and 13b). The uplift of the
Kapelna high (Fig. 6b) can be explained by local uplift of the tectonic
block between DD and MPD (Fig. 7). Another explanation is the possible
short inversion associated with a hiatus at the transition from conti-
nental/fluviolacustrine to marine sedimentation observed elsewhere in
the SW part of the PBS (Mandic et al., 2012). The sequence MP-1 shows a
retrogradational pattern (Fig. 11), indicating a strong tectonic subsi-
dence that exceeded the sediment supply in the depocenters in the
eastern part. Planktonic foraminifera was abundant suggesting the
Badenian stratigraphic zone M5 (Cicha et al., 1998; Hohenegger et al.,

Marine and Petroleum Geology 152 (2023) 106235

2014) (Fig. 14).

The D-2 and D-1 sequences were separated in the western part of the
study area by a third-order boundary (Fig. 9), showing transgression on
the basin slopes of structural highs (Fig. 13c), as indicated by the ret-
rogradational stacking patterns (Fig. 9). The D-2 sequence was further
separated from the depositional area of the MP-2 sequence by the
Kapelna high (Fig. 13c), although connections between them probably
existed to the south. Within the MP-2 sequence, a retrogradational
stacking pattern was observed in the graben structure in the eastern part
(Fig. 11). This sequence is characterised by mild northward migration of
the depocenter, following MPD propagation (Fig. 13 b and c). The
presence of planktonic foraminifera indicates the younger biostrati-
graphic zone M6 (Hohenegger et al., 2014) (Fig. 14).

5.2. Style of extension and tectonic controls on syn-rift sequences in the
study area

The syn-rift tectonostratigraphic sequences are the result of the
migration of fault activity, but were also influenced by rift setting
(Figs. 6 and 8). Migration of depocenters can be correlated with the
observed relationship between rift architecture and lithospheric
strength (Pérez-Gussinyé et al., 2020). The presence of extensional de-
tachments and metamorphic rocks forming highs in their basement
supports core-complex-type extensions in the study area during syn-rift
phase. Such a style of extension has been observed thought PBS (Tari
etal., 1992; Horvath, 2012; Balazs et al., 2016) and in other continental
rift settings (e.g. Lister and Davis, 1989; Ritts et al., 2010), but is con-
trary to the previously interpreted extension driven by dextral trans-
current displacement along NW-striking faults in the southern PBS
(Jamicic, 1995; Lucic et al., 2001). The general southward movement of
tectonic blocks (Figs. 7, 8, 10, and 11) is consistent with observations in
the Hungarian part of the PBS (Balazs et al., 2016). We conclude that
extension in the studied part of the Drava Basin was accommodated by
extensional detachments that developed along inherited weak zones
characteristic of the back-arc setting of the PBS (Fodor et al., 2021).
These zones were previously formed during Cretaceous-Paleogene
collision between the Adria Microplate and the European foreland
along regional reverse faults or nappe systems (Balazs et al., 2016),
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Fig. 14. Syn-rift architecture on a generalized section of the eastern part of the Drava Basin. For the location and type of structures see Fig. 7.
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Fig. 15. Sediment transport zones and their control on the distribution of depositional environments in the study area in continental environments (not to scale): a)
fault scarps in confined depositional system, b) wider depositional system of linked sag and half-graben structures, c) fault scarps in graben structure, d) fault scarps
in supradetachment structure e) structural ramp, and f) a retreating detachment hanging wall.

similar to the Sava suture area on the Motajica Mt. (Ustaszewski et al.,
2010). Both interpreted detachment surfaces (DD and MPD) are dipping
to SSW. Their continuation in the western part of the Drava Basin (Fig. 2)
could be either by S or SW dipping normal faults forming a fault zone
with continuous orientation, or by NE dipping normal faults indicating a
rift system composed of accommodation zones (Rosendahl, 1987). In
this sense, further study of the Drava Basin is needed to obtain a
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complete model of the crustal extension during the opening of the PBS.
We define the observed detachment faults as part of the Drava Rift Fault
System (DRFS) to distinguish it from the Drava Fault Zone (DF), which
has been characterised by reverse and dextral faulting since the Plio-
cene. The extensional detachments are characterised by ramp-flat-ramp
geometry that contributed to the overall distribution of the syn-rift infill.
Inherited drainage systems may influence the syn-rift facies distribution
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(Ford et al., 2017; Leppard and Gawthorpe, 2006). The sediment
transport directions observed from the attribute maps (Fig. 12) are
oblique to the orientations of the interpreted extensional detachments,
but parallel to the Late Cretaceous trust sheets (Fig. 2). This leads to the
observation that the main sediment pathways in Drava Basin may
resemble antecedent drainage affecting facies distribution through the
syn-rift.

5.2.1. Tectonic control in continental environments

Three mappable isolated fluvial-lacustrine basins, characteristic of
the early syn-rift stage, (Fig. 7a and 13a) (Gawthorpe and Leeder, 2000;
Santos et al., 2014; Ford et al., 2017; Jia et al., 2019) are delineated. This
is in accordance with defined continental environment (freshwater and
lacustrine depositional environments) prevailed during the Early
Miocene (Paveli¢ and Kovaci¢, 2018). Infill of these basins is largely
presented by the downlapping chaotic seismic facies III on fault-related
slopes correlated with alluvial fan facies association, suggesting these
sediments prevailed during the early rift. Alluvial fans were directed
towards the centre of the depocenters on opposing fault slopes of
interpreted graben structures in the eastern part (13a, 15a). In the
western part, the same facies developed in the half-graben, but are also
characterised by the change to the continuous, high amplitude subpar-
allel seismic facies IV. This indicates the transition from the alluvial fan
to the fan-delta and prodelta facies towards (Figs. 12 and 13a) the sag
basin. A similar seismic feature has been demonstrated in other tectonic
active basins (Zhu et al., 2014), reflecting the distribution of conglom-
erate lithofacies, with more distal areas of strong and continuous seismic
reflection having better reservoir characteristics. (Tan et al., 2017).

5.2.1.1. Confined continental depositional system controlled by single rift
structure. Sequences M and S are characterised by confined and isolated
alluvial-lacustrine basins that developed in small graben structures in
the eastern part (Figs. 11, 13a and 15a). Alluvial fans were initially
deposited in the prodeltaic plain and later within the enclosed lake
directly from steep fault slopes (Fig. 13a). Sandy limestone without
marine fossils was deposited in the uppermost part of this succession,
suggesting lacustrine sedimentation (Fig. 4a). These confined sedimen-
tary basins developed within one syn-rift structure and were most likely
surrounded by the high-relief Mesozoic carbonate massifs (Tisljar,
1993), which yielded a variety of coarse clastic sediments.

5.2.1.2. Wider continental depositional system controlled by the multiple
rift structures. In contrast to the depocenters developed in the graben
structures in the eastern part, in the western part of the study area a
depositional system is characterised by episodic tectonic activity and
successive subsidence that developed in the connected half-graben and
sag structures (Fig. 13a and 15b). Here, the alluvial fan and fan delta
sedimentation was observed in the direction of the sag structure
(Fig. 13a and 15b). The sand bodies between the channel features
(Fig. 12a) may show vertical and lateral changes in fan delta lithology.
These sediments correlate with (sub) parallel to discontinuous seismic
facies IV in the lower part and the seismic facies VI in the upper part
(Fig. 9). Alow-angle seismic reflection indicates a shallow-water delta of
the Hjulstrom type (Postma, 1988). Subsidence and development of the
sag suggest that DD fault playes role (Fig. 15b). This resulted in episodic
development and spreading of the depositional systems. In contrast to
the confined depositional system, controlled by a single observed
structure, the wider deposition developed through the linking of more
than one syn-rift structure — Kréenik sag and Cret Viljevski half-graben.
We argue that simply by linking more rift structures enough depositional
space was developed to accommodate a wider water body (lake) and a
fan-delta system.

5.2.1.3. Allwial fans on fault scarp. Alluvial sediments deposited in
continental environments are characterised by predominantly coarse-
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grained sediments with rapid vertical and lateral changes (Pavelic and
Kovacic, 2018). These changes can be shown on seismic attribute maps
(Fig. 12a) as channels branching off the F-1 fault (Fig. 13a). Well data
from the grabens in the eastern part (Fig. 4a) indicate alluvial fan
sedimentation in the Lower Miocene. The fault slopes in these structures
were steeper than those of the coeval half-graben structure in the
western part, where the main normal fault is interpreted as a reactivated
pre-rift discontinuity (Figs. 9 and 15b). These alluvial fan deposits are
represented in the seismic data by wedge-shaped progradation re-
flections of hummocky to discontinuous seismic facies (Fig. 10). Braided
alluvial fans caused by successive normal faulting (Paveli¢ and Kovacic,
1999) can be correlated with interpreted alluvial deposits in the early
rift, which is also characterised by the backstepping propagation of the
main fault.

5.2.2. Tectonic control in marine environments

In the Middle Miocene, marine transgression occurred through the
spreading of the ‘Badenian Sea’ (Sant et al., 2017). The exact timing of
this transition is not defined in the Croatian part of the PBS. According to
the dating results, the initial marine flooding events are in the Early to
Middle Badenian (Cori¢ et al., 2009; Markovi¢, 2017; Brlek et al., 2020).
Sequences D-1 and D-2 consist of thick volcanic rocks occasionally
interlayered by marine marls in the western part of the study area
(Figs. 9 and 4b). The presence of volcanic rocks of Middle Miocene can
be correlated with the intense Badenian volcanic activity in the Drava
Basin (Pamic et al., 1995), i.e., with the climax of the syn-rift stage
(Pavelic, 2001). In the hanging walls of normal faults, a retrogradational
stacking pattern was observed in most sequences (Figs. 9 and 11),
inferring that the sediment supply rate was lower than the accommo-
dation rate, which is characteristic of the rift climax (Prosser, 1993). The
characteristic feature of the entire syn-rift phase was the formation of
relatively small but diverse types of extensional structures, from
half-grabens to supradetachment basins (Fig. 15). During the late rift
stage sequences D and MP developed corresponding to different syn-rift
structural units, resulting in a diverse palaecomorphology (Fig. 7b and
13b, and c). Sediments were deposited simultaneously in fan-delta, slope
aprons, and shallow to offshore marine environments in relatively small
and fragmented basins. We suggest that the reason for this was the
formation of multiple syn-rift structures, within a relatively short dis-
tance. In addition, two low-angle faults were active, with a possible
change in extension accommodated in the transfer zone (relay ramp),
while in their hanging wall a number of high-angle faults fragmented the
mostly Mesozoic carbonate rocks in the basement.

5.2.2.1. Offshore depositional system in synforms of extensional detach-
ment. The combination of well data, seismic sections, and attribute
maps (Fig. 12b) led to the conclusion that the eastern part of the Krcenik
sag and the Noskovci half-graben were represented by basinal sedi-
mentation mixed with basalt and andesite volcanism (Fig. 13b and c).
Offshore sedimentation was also confirmed by planktonic foraminifera
in these structures and in the depocenters in the eastern part (Fig. 4a and
13b, and c). The location of these main depocenters can be correlated
with the sites where changes in the extensional detachment morphology
resulted in synform structures (Figs. 6, 9 and 11). The synforms and
ridge between them formed in DD and MPD low-angle detachment
hanging wall can be compared with structures from other extensional
settings (Gibbs, 1983; Withjack and Schlische, 2017; Coleman et al.,
2018). Various models have been placed on their formation (McDonnell
etal., 2010). We suggest that in the Drava Basin, the inherited structural
setting (Balazs et al., 2016), combined with possible differential sedi-
mentary loading, played an important role.

5.2.2.2. Fan-delta controlled by relay ramp. The relay ramp is a type of
transfer zones that develop between normal faults that connect their
footwall to the corresponding hanging wall (Athmer and Luthi, 2011).
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They are usually zones of transfer of sediments into the depocenters
(Young et al., 2000; Commins and Cartwright, 2005; Hemelsdaél and
Ford, 2016), but sometimes they can serve as sites of deposition (Giba
et al., 2012; Hemelsdaél and Ford, 2016). The interpreted relay ramp is
located in the western part od the study area, is gently dipping basin
slope between the faults F-1 and DD (Fig. 7). Channel features and
amplitude distributions on the attribute map in the D sequence
(Fig. 12b) indicate that the main sediment source area was in the foot-
wall of the detachment fault system draining into the ramp and Krc¢enik
sag (Fig. 13b and c). The sedimentary infill is characterised by (sub)
parallel to discontinuous seismic facies IV with gently dipping re-
flections (Fig. 9). Subsidence of the sag structure continued from the
early to the late rift phase due to extension along the DD fault, providing
accommodation space (Fig. 6b) for sediments eroded from the hinter-
land. The difference between the two rift stages in this area is that
deposition was initially controlled by normal F-1 fault and later by the
ramp. The ramp served as a depositional area that allowed the pro-
gradation of the fan-delta sediments into the sag throughout the late rift
stage (Fig. 13 b and c). The relay ramp developed as part of the late rift
stage, even though its formation is associated with the onset of fault
linkage in the early rift (Athmer and Luthi, 2011). We suggest that this
may be the case because of the temporal difference in temporal activity
of the two bounding faults. Extension along the DD low-angle detach-
ment enabled subsidence of the ramp in its hanging wall, as well as the
formation of the low dip angle of the ramp slope. This allowed the
deposition of probably coarse-grained sediments, as shown by the
seismic facies observation (Fig. 13b and c).

5.2.2.3. Submarine fan on fault scarp. The fault scarps of the F-31 and
MPD faults in the Marjanci graben (Figs. 11 and 15c) were identified as
sediment transport zones. The subsidence centres were located near the
boundary faults that controlled offshore sedimentation in a large ac-
commodation space, of approximately 10 km wide graben. Sediments
from the eroded footwall were deposited directly into the basin as fan-
deltas or slope aprons, that appear in the seismic data as wedge-
shaped reflections of hummocky to discontinuous seismic facies III
(Figs. 4a and 11). The geometry of the seismic facies indicates that the
fault-bounded clastic wedges consisted of coarse-grained sediment
supplied transversely to the basin. The facies association G with breccias
and conglomerates to siltstones, observed in wells intervals within these
wedges indicates the variety of gravity flow deposits. Such a succession
can be compared to other coarse-grained clastic wedges of the marine
syn-rift successions (Wilson et al., 2001; Henstra et al., 2016; Ribes et al.,
2019).

5.2.2.4. Fan-delta on tilted fault block. Apart from the fault scarps and
structural ramp, the fan-delta deposition was also been interpreted on
steep basin slopes. Such fan-deltas were documented on the southern
slopes of the Zalata supradetachment basin and in the western part of the
Marjanci graben (Fig. 13b and c). They developed on the dip slopes of
eroded tilted fault blocks above the extensional detachment with sedi-
mentation toward the detachment tip (Fig. 15d and f). Seismic data
showed steep, downlapping reflectors of seismic facies VI (Fig. 4c). The
geometry of the seismic reflectors suggests the formation of a Gilbert-
type deep-water delta (Postma, 1988).

6. Conclusions

This study provides insight into the tectonostratigraphic evolution
and basin architecture of the syn-rift phase in the Drava Basin, the
largest basin in the SW part of the Pannonian Basin System. This study
shed light on the influence of inherited structures and detachment ge-
ometry on the distribution of the main depocenters. The interpreted
extensional detachments are defined as part of the Drava Rift Fault
System — the system that enabled the extension, while the rest of the
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system remains to be investigated. The following conclusions are
derived.

The rifting phase is characterised by the formation of half-graben,
graben, sag, and supradetachment basin-type structures, with relay
ramp and structural highs

The entire syn-rift infill was divided into second-order sequences
corresponding to two rift stages, early and late. These second-order
sequences were further subdivided into third-order sequences cor-
responding to higher-order tectonic cycles within a syn-rift stage and
are the result of local rift migration

o In contrast to the early rift stage, the final rift structures were defined
by extension along extensional detachments, which represent the
main syn-rift normal fault system in the area. The observed exten-
sional detachments and their metamorphic basements indicate
extension of the core-complex-type

The early rift stage is characterised by continental deposition in al-
luvial fans, fan deltas, and lacustrine environments. The final rift
stage is characterised by marine deposition. Following deposits are
determined: shallow-water fan deltas, subaqueous aprons, deep-
marine sedimentation, and volcanic activity

Throughout the syn-rift stage, tectonism was the major factor influ-
encing sediment deposition. The rift climax is characterised by
several coeval palaeomorphological features resulting from complex
structural relationships between faults. Relay ramp, basin slopes of
tilted fault blocks, and fault-scarp were the main sediment transport
zones for deposition of alluvial fans, fan deltas, and subaqueous
aprons sediments. The main depocenters were within synforms
formed by changes in the geometry of extensional detachments and
were the main sites of tectonic subsidence.
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