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The Neogene and Quaternary depositional and structural characteristics of the southwestern Croatian Pannonian Basin System (CPBS) are
unique within the Pannonian Basin System. Due to its position at the basin margin, the area was covered by shallow and partially isolated
parts of the Pannonian Sea in the Badenian (Middle Miocene). Later, in the Pannonian and Pontian ages, the area contained several brackish
lakes, the largest being Sava Lake and Drava Lake. Tectonic events, sedimentation and depositional mechanisms occurring during the Neo-
gene in the CPBS have revealed that those areas can be considered as former shallow seas or lakes dominated by clastic sedimentation. Ma-
rine coarse-grained clastic sedimentation took place during the Badenian, with local sources of material and numerous alluvial fans
developed during the first transtensional phase. In the Pannonian and Pontian (Late Miocene), sediments were deposited by turbidity cur-
rents from a single, distal material source located in the Eastern Alps during the second transtensional tectonic phase.
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INTRODUCTION

Sedimentation in brackish lakes is complex, depending
mainly on the size and depth of the lakes, and the surrounding
topography. In this case, narrow marine inlets and brackish
palaeolakes in the Croatian region of the Pannonian Basin, as
relics of the Middle Miocene Pannonian Sea of the Paratethys,
defined the environments and transport directions.

The Croatian Pannonian Basin System (CPBS) within the
overall Pannonian Basin System (PBS; Fig. 1) is an example of
Neogene and Quaternary sedimentation and tectonics in a mar-
ginal basin contained within a larger basin system. Clastic sedi-
mentation continued throughout the transition from a marine to
a freshwater environment caused by a reduced depositional
area (e.g., Royden, 1988; Veli¢, 2007; Malvi¢ and Veli¢,
2011). Today the CPBS covers the entire southwestern-south-
ern part of the PBS and is characterized by many features that
can be recognized in other areas of the basin. Numerous hydro-
carbon reservoirs have been discovered in many of these se-
quences, making it possible to carry out quality measurements
of lithological and saturation properties (e.g., Veli¢ et al., 2002,

2008, 2010; Malvi¢, 2003; Veli¢, 2007). The southwestern
margin of the CPBS is characterized by a contact with the
Dinarides (Fig. 1). This contact is marked by the
Periadriatic—Vardar lineament and southern Sava Fault, a very
deep fault zone that represents a regional border for Neogene
sedimentation in the Pannonian Sea during the Badenian and
Sarmatian, and later in the Sava Lake from the Pannonian to the
end of the Pontian (Malvi¢ and Veli¢, 2011). Several partially
isolated Neogene depositional areas in the CPBS are sur-
rounded by numerous inland and highland areas (e.g., Vrbanac,
2002; Malvi¢, 2003; Veli¢, 2007; Vrbanac et al., 2010). In ad-
dition, the syn-sedimentary Drava Fault divides the CPBS from
the environments of the Zala Basin and the Great Hungarian
Plain in Hungary, such that the CPBS was relatively isolated in
the PBS. Moreover, almost all present-day mountains in con-
temporary Northern Croatia (e.g., Kalnik, Moslavacka gora,
Papuk, Psunj shown on Figs. 2 and 3) represented the charac-
teristic features of the CPBS during the Neogene. Those moun-
tains comprised uplifted palacorelief throughout the Neogene,
very often above sea or lake level, representing palaco-moun-
tains the positions of which defined the shapes of several elon-
gated depressions whose outlines are clearly parallel to the
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Fig. 1A — geotectonic units of the Pannonian Basin System in the Croatian and B — areas studied (modified after Royden, 1988)

southwestern margin of the PBS. According to Malvi¢ and
Veli¢ (2011) the development of the CPBS comprised two epi-
sodes of sedimentation over long periods in substantially dif-
ferent depositional environments. The first of these included a
set of small alluvial fans connected by local uplifts during the
Badenian; the second took place from the Late Pannonian to
the Early Pontian and was composed of numerous turbiditic ep-
isodes in lacustrine environments. The main properties of those
two environments into the CPBS can be presented as models of
sedimentation in the generally shallow sea or lake environ-
ments that were filled mostly by clastic deposits, as illustrated
here using examples of sedimentation during the Miocene in
Northern Croatia.

TRANSPRESSIONAL AND TRANSTENSIONAL
EVENTS IN THE CPBS

The oldest tectonic displacements have been dated to the
Paleozoic and Mesozoic orogenies (Malvi¢ and Veli¢, 2010);
however, large volumes of Mesozoic rocks were eroded in the
Paleogene during uplift of the Adriatic Carbonate Platform to
the south (Royden, 1988; Yilmaz et al., 1996). As a result, dur-
ing the Early Neogene most of the CPBS was part of the Euro-

pean plate, which subsequently began to spread due to in-
creased heat flux from the Earth’s mantle. Royden (1988) and
Rogl (1996, 1998) documented the ages of different Miocene
episodes in the Pannonian and established a scale for categoriz-
ing tectonic and sedimentation cycles, describing the
Badenian—Pliocene interval as the time of greatest sediment de-
position. Deposits older than Badenian are found only sporadi-
cally, and have fluvial or lacustrine origin. The Pliocene and
Quaternary are mostly characterized by inland and restricted
freshwater deposits, influenced by tectonic inversion (e.g.,
Veli¢, 2007; Malvi¢ and Veli¢, 2010, 2011).

The main extension and marine transgression in the CPBS
(Corié et al., 2009) commenced and peaked in the Badenian
(16.4-13.0 Ma: time span according to Haq and Eysinga,
1998), with regional extensional tectonic activity across the en-
tire PBS causing uplift of the Apennines and the Dinarides
(e.g., Royden, 1988; Yilmaz et al., 1996). In the CPBS this is
termed the first transtensional phase (Malvi¢ and Veli¢, 2011)
in which strike-slip tectonics was the main mechanism of struc-
tural development forming several large mountain islands
(Vrbanac, 2002). The sources of clastic sediments during the
Badenian and Sarmatian were either siliciclastic basement
rocks or Badenian carbonates from corallinaceaen and bryo-
zoan reefs (Malvi¢, 1998, 2003), and were mainly deposited as
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alluvial fans. Most

fine-grained sandstones, siltstones and limestones overlain by

calcitic marlstones (e.g., Paveli¢, 2002), indicating reduced sa-

linity and depth. The

Eysinga, 1998) was the interval of the first transpressional
phase (Malvi¢ and Veli¢, 2011), which was accompanied by
overall regression typical of the Central Paratethys (e.g., Rogl

and Steininger, 1984;

Vrsaljko et al., 2006). The prominence of alluvial fans signifi-
cantly decreased, and a fall in sea level and reduced salinity
created a brackish environment with dominant pelitic sedimen-
tation (e.g., Malvi¢, 2006). These conditions continued virtu-
ally unchanged until the Early Pannonian (11.5-9.3 Ma: Haq
and Eysinga, 1998), which marks the transition between the
initial transpression and subsequent transtension (e.g., Malvi¢
and Veli¢, 2011). The Central Paratethys disintegrated into

smaller brackish basins

idence of the transpression and later transtension can be ob-
served on thickness maps of the Bjelovar Subdepression (Figs.
2 and 3). The Badenian and Sarmatian map (Fig. 3; Malvi¢,
2011) nicely shows a large regional unconformity along the
castern border, Psunj Mountain (the direct result of

Fig. 2. Thickness map of Early Pannonian strata in the Bjelovar Subdepression
(modified from Malvi¢, 2011)

Upper Badenian strata consist of  transpressional uplifting), due to the Sarmatian or first

transpression and consequently considerable erosion in the
east. By contrast, deposits dating from the Early Pannonian

Sarmatian (13.0-11.5 Ma: Haq and  (Fig. 2; Malvi¢, 2011) cover the entire subdepression and also

show a maximum thickness more than twice that of the
Badenian—Sarmatian interval (>1200 m vs. 500 m, Fig. 2 vs.
Fig. 3). The areas with maximum Badenian—Sarmatian thick-

Kova¢ et al, 1997, Paveli¢, 2001;  ness were not eroded as in the eastern part (Fig. 3). The signifi-

cant volumes of total strata shown in Figure 2 clearly indicated
that the Lower Pannonian thickness maps also show the inter-
val when the second transtensional phase started. This is also
earlier than across most of the CPBS, where the lithologies and
thickness belonging to the second transtensional phase can be
clearly observed even in the Upper Pannonian.

According to Malvi¢ and Veli¢ (2011) the second
transtensional phase began in the Late Pannonian (9.3-7.1 Ma:

and depressions (e.g., Rogl, 1998). Ev-  Haq and Eysinga, 1998) and continued throughout the Early

Pontian (7.1-5.6 Ma: Haq and Eysinga, 1998). Successive
turbidite events were the main depositional mechanisms in the
Late Miocene (Vrbanac, 2002; Vrbanac ef al., 2010; Malvi¢
and Veli¢, 2011), when clastics were transported from the East-
emn Alps to the CPBS by turbidity currents initiated by
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Fig. 3. Thickness map of Badenian and Sarmatian strata in the Bjelovar Subdepression
(modified from Malvi¢é, 2011)

Other explanations as in Figure 2

ramp-faulting activity. Each depositional episode moved
clastics over tens of kilometres to deposit them adjacent to the
next tectonic ramp and carried sediments to structurally deter-
mined deposition centres in the Mura, Sava, Drava and
Slavonia—Srijem depressions (Fig. 1). Each period of turbidite
activity was followed by pelitic sedimentation in lacustrine en-
vironments, resulting in a regular alternating sequence of sand-
stone and marlstone lithofacies through most of the Pannonian
and Pontian (e.g., Vrbanac ef al., 2010).

The Late Pontian, Pliocene (5.6-2.6 Ma: time span accord-
ing Malvi¢ and Veli¢, 2011) and Quaternary (2.6-0.0 Ma:
Malvi¢ and Veli¢, 2011) were intervals of the second
transpressional phase, during which the most of negative
(mainly flower) structures were uplifted, in many cases form-
ing anticlinal hydrocarbon traps. The subaqueous environment
was greatly reduced, being only sporadically lacustrine and
evolving into Quaternary marshes, river alluvia and predomi-
nantly continental loess. The overall durations of the regional
transtensional and transpressional phases in the CPBS are
given in Figure 4.

DEPOSITIONAL MEGACYCLES AND LITHOFACIES
IN THE MARINE AND LAKE ENVIRONMENTS
ANALYSED (CPBS)

Neogene and Quaternary deposits in the CPBS are grouped
into three megacycles (Veli¢ et al. 2002; Veli¢, 2007), each with
its characteristic depositional lithofacies, environment and
chronostratigraphic age, mainly defined from borehole cores in
hydrocarbon exploration and production areas. The rock proper-
ties in each megacycle are recognizable in seismic sections, well
cores, logs and outcrops (Blaskovi¢ et al., 1984). Generally, the
total thicknesses of the megacycles are 500—1500 m at the mar-
gins of depressions, up to 3500 m in central areas of the
Slavonia—Srijem Depression, 5500 m in the Sava and Mura de-
pressions, and approaching 7000 m in the Drava Depression
(Veli¢, 2007). Each megacycle comprises the rocks deposited
during one supercycle of relative sea level change, characterized
by a gradual rise in sea level followed by a relatively abrupt fall.
All megacycles are lithologically different, a result of different
transtensional and transpressional phases (Fig. 4) accompanied
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Fig. 4. Time-scales of the main tectonic and depositional events in the Neogene and Quaternary in the CPBS (from Malvié¢ and Veli¢, 2011)

by deposition onto different basin topographies at times of dif-
ferent eustatic levels. Due to the similarity between the
depositional environments in depressions throughout Croatia,
correlation between megacycles (Veli¢ ef al., 2002) and system-
atically dated lithostratigraphic units (e.g., Malvi¢, 2003) can be
established, as shown for the Drava Depression (Fig. 5).

The first (oldest) megacycle lasted for most of the Badenian
(3.4 Ma), which can extended when local, non-marine deposits
of the Lower Miocene are included. It is characterized by
mostly coarse-grained clastics (breccia, conglomerates or sand-
stones) in the older parts, and fine-grained and pelitic clastics
(clays, marls, calcitic marls, sandy and clayey marls with tuff
intercalations) or limestones (Lithothamnium) in chrono-
stratigraphically younger areas. The thickness of such deposits
changes dramatically over short distances: for example, in the
Sava and Drava depressions it differs by more than 2000 m
within three or four kilometres. The pelitic deposits have very
often proven to be hydrocarbon source rocks rich in organic
matter (e.g., Troskot-Corbié et al., 2009).

The second megacycle was deposited during the Pannonian
and Pontian, when sandstones, siltstones and marls were de-
posited over a period of approximately 5.9 Ma (Veli¢ et al.,
2002). A brackish lacustrine environment existed throughout
the Pannonian, becoming a freshwater environment in the
Pontian (e.g., Veli¢, 2007). Lakes were mostly up to 200 m
deep (Vrbanac et al., 2010), with approximately equal rates of
sedimentation and subsidence. The present-day total thickness
of Late Miocene deposits is more than 4000 m in the deepest
parts of the Drava Depression (Veli¢ ef al., 2002).

The youngest is the third megacycle of the Pliocene and
Quaternary, which lasted approximately 5.6 Ma (Veli¢ et al.,
2002). It consists of alternating poorly consolidated sandstones
and soft clays, locally containing lignite. Clayey limestones,
marls and fine-grained sandstones were succeded by gravels,
loess and silts. The deposits are more than 1500 m thick in the
Sava Depression and 2200 m in the Drava Depression (Veli¢ et
al., 2002), and are mainly of continental facies.

DEPOSITIONAL MECHANISMS IN THE MARINE
AND LAKE ENVIRONMENTS ANALYSED (CPBS)

The depositional systems inferred throughout the analysed
CPBS were produced by two main mechanisms, which to-

gether transported the bulk of the clastic materials and formed
different lithofacies. The age and style of such mechanisms can
be deduced from, for example, cross-sections of the Klostar
Field, which is one of the best explored structures in the Sava
Depression (Veli¢ ef al., 2011). The first depositional mecha-
nism was active in the Badenian and can be correlated with the
first transtensional phase (i.e. third megacycle). The second
mechanism was active from the Late Pannonian to the Early
Pontian and can be correlated with the second transtensional
phase and second megacycle.

ALLUVIAL FAN-DOMINATED DEPOSITIONAL MECHANISM
IN THE BADENIAN

Badenian strata are commonly observed in the CPBS to be
medium- to coarse-grained rocks, often with proven hydro-
carbon reservoirs having high average primary porosities
(more than 10%). These were deposited during the first Neo-
gene transtensional phase in the Badenian when all of North-
ern Croatia was a marine environment (e.g., Vrbanac, 1996;
Rogl, 1996, 1998; Cori¢ et al., 2009; Malvié and Veli¢, 2011).
However, the faulted and weathered palacorelief of the Paleo-
zoic and Mesozoic basement resulted in significantly different
depths (e.g., Malvié, 2003, 2011). Present-day Neogene out-
crops on mountains such as the Papuk or Psunj Mts. show that
large parts of what are now mountains in northern Croatia
were islands in the Badenian and therefore sources of inland
weathering through alluvial fans and short-transport debris
flows. Also, sub-sea palacorelief (especially the so-called
“buried hills”) was faulted and cataclased (as in the Molve
structure; Malvi¢ and Veli¢, 2010), resulted in deposited of
breccias and conglomerates. Such breccias, derived from
pre-Badenian palacorelief and Badenian carbonates, can lo-
cally reach thicknesses of tens of metres, as in the Beni¢anci
structure in the eastern Drava Depression (Tisljar, 1993).
Badenian carbonate coarse-grained detritus was derived from
erosion of numerous reef colonies of Corallinaceaec and
Bryozoa in shallow Central Paratethys.

The Badenian palaco-sea depths in the CPBS have been ap-
proximated from fossils collected from numerous borehole
cores. A large fossil database from the Bjelovar Subdepression
had been published by Malvi¢ (2003). The species listed are
generally found in the CPBS as a whole. The predominantly
shallow marine environments in the CPBS during the Badenian
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are documented by the presence of fossil benthic foraminifera
and species of red and green algae . Also, deep marine areas are
indicated by the presence of plankton foraminifera (Table 1).
A reconstruction of the Badenian depositional environ-
ment, indirectly using maps of average porosity for lithological
description, is shown in Figure 6. Typical alluvial environ-
ments were distributed over relatively small distances of a few
kilometres (e.g., Malvi¢, 1998), and migrated across space over
time. The coarsest sediments (breccias, conglomerates and
sandstones) were deposited in the upper fan, often rich in car-
bonate detritus derived from weathered and cataclased reefs.
Carbonate clasts are mostly found in the upper fan, mixed with
siliciclastic detritus from the hinterland, because those were
shallow, littoral, shore-line zones, with abundant carbonate
reefs. The middle fan mainly comprised medium-grained sand-
stones. The lower fan consisted mainly of fine-grained sand-
stones and siltstones deposited in depths of up to 100 m.

The coarse-grained alluvial fan deposits have significant
primary porosity (regularly more than 10%), whereas the po-
rosity of distal facies is usually less than 3% (Fig. 6C). Gener-
ally, throughout the CPBS, these strata, characteristic of the
Lower and Middle Badenian, are overlain by calcite-rich pelitic
(marine) deposits of the Upper Badenian.

TURBIDITIC DEPOSITIONAL MECHANISMS
IN THE PANNONIAN AND EARLY PONTIAN

In the Late Pannonian and Early Pontian (9.3-5.6 Ma),
and even locally in the Early Pannonian, depressions in the
CPBS were elongated brackish lakes filled with turbidites that
interrupted basin pelitic sedimentation (Malvi¢ and Veli¢,
2011). In fact, during the Late Miocene the entire PBS was an
open lake system, with active inflows and outflows (e.g.,
Bérezi et al., 1988).
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Table 1

Characteristic fossil content for Badenian shallow and deep marine environments in the Bjelovar Subdepression
(data are taken from Malvi¢, 2003)

Badenian

Shallow marine environment

Deep marine (few hundred metres)

Benthic foraminifera species

Plankton foraminifera species

Amphistegina spp. — e.g., A. lesonii (d‘Orb.); Bolivina spp.; Cibicides
spp. — e.g., C. uvigerianus (d°Orb.); Elphidium spp. — e.g., E. crispum
(Linné), E. macellum (Fichtel and Moll); Gypsina spp.; Heterolepa
horidiugeri (Brady); Heterostegina spp.; Lenticulina spp. —e.g.,

L. cultrata (Montfort); Melania spp. — e.g., M. soldani (d°Orb.);
Miliolidae spp.; Uvigerina spp. and Textularia spp.

Red algae species

Rhodophyta, fam. Corallinaceae, Lithothamnion spp.
and Lithophyllum spp.

Green algae species

Botrycoccus braunii (Kitzing)

Globigerina spp. — e.g., G. bulloides (d’Orb.), G. concina (Reuss),
G. nephenthes (Todd), G. praebulloides (Blow); Globigerinoides
trilobus (Reuss), G. irregularis (LeRoy), G. bisphaerium (Todd);

Globorotalia obesa (Bolli); Orbulina universa (d’Orb.), O. bilobata

(d’Orb.); Praeorbulina transitoria (Blow) and P. glomerosa (Blow)

Specific characteristics of the CPBS were (1) the main
clastic source areas located to the distant north-east, (2) a
turbiditic transport mechanism along the deepest lake floor,
and (3) an absence of delta and prodelta environments (e.g.,
Vrbanac et al., 2010; Malvi¢ and Veli¢, 2011). Some new work
(e.g., Novak Zelenika et al., 2010; Novak Zelenika and Malvié,
2011) reconstructed the activity of smaller alluvial fans on the
margins (hinterlands) of Pannonian and Pontian lakes into the
CPBS. However, this source of clastic detritus, was of much
smaller volume than those brought by turbidites. That Late
Miocene lacustrine phase of the CPBS was the result of the di-
vision of a previously single Badenian and Sarmatian marine
depositional area into several large lakes. The Late Miocene
Sava Lake, for example, measured about 100 x 25 km.

The relocation of the sediment source to the Eastern Alps in
the distant north-east altered the transport mechanism drasti-
cally from local alluvial fans to a regional turbidite mechanism
with relocation of detritus on a scale of several hundred kilo-
metres. Such turbidites were continually redeposited in the
Mura Depression in the far north-west of the CPBS, and were
the main source of medium-grained sandstones and silts
(Bouma intervals Tb—Td) deposited farther to the east into
other CPBS depressions. The turbiditic sandstone/siltstone se-
quences from one depositional phase may be up to several hun-
dred metres in thickness (e.g., Malvi¢ et al., 2005). In the
“calm”, non-turbidite periods, background basin sedimentation
of silts and dominantly muds took place.

Turbiditic deposits are distinguished by the presence of
several lithofacies recognized from e-logs and drill cores, as
described by Vrbanac et al. (2010). Selection of those
lithofacies was based on works of Bouma (1962, 1972), classi-
cal concept of palacofans presented by Mutti and Ricci Lucchi
(1972), and characteristic associations of turbidite facies, re-
sulting from the turbiditic mechanism of deposition, that are
widely used to interpret environment of deposition in ancient
submarine settings (e.g., Mutti and Ricci Lucchi, 1972;
Walker, 1978; Shanmugam and Moiola, 1985). However, as
Shanmugam et al. (1985) wrote, this is valid assumption only
assuming that “... (1) each specific subenvironment of a subma-
rine fan is always associated with the same characteristic

depositional processes, (2) these depositional processes remain
constant through time in this subenvironment, and (3) all sub-
marine fans develop identical facies in identical
subenvironments within each fan”. Also, they emphasised one
important characteristic of the pelitic lithofacies. Such
hemipelagic sediments, dominantly mud, can be also created in
ancient submarine fan channels and surrounding plains by
turbidites. These may be difficult distinguish from
lithologically same hemipelagic sediments deposited the over
basin plain.

The classification of Vrbanac et al. (2010) is here considered
as the most appropriate for the CPBS. It included four
lithofacies. The first, with the greatest hydrocarbon reservoir po-
tential, is the turbidite channel-fill facies association, consisting
of mostly thickly bedded sandstones deposited along the channel
axis. The number of marl layers increases toward the channel
margins, where the basin plain sandstones are thinner and con-
tain more fine-grained content. The next lithofacies is the
turbiditic overbank-levee association, where the lower part is
composed of laminated sandstones, siltstones and marls overlain
by sandstone layers. Deposition occurred outside the distributary
channels where the turbidity currents were significantly weaker,
producing overbank-levee, fringe and channel bank deposits.
Then, towards the basin plain the lateral or distal turbidite facies
association occurs, consisting of a regular alternation of very thin
(laminated), thin and medium-thick sandstone beds that make a
transition into siltstones and marls; in this association, erosion on
bedding planes is almost completely absent. The last lithofacies
is a massive marl facies association, dominated by massive marls
with rare intercalations of siltstone or sandstone laminae. This
lithofacies was continually deposited in marginal areas or areas
outside the range of turbidites.

The greatest gross thickness and lithofacies diversity is ob-
served in the central regions of depressions where the largest
accommodation space was available. Most of the siliciclastic
detritus reflects Alpine mineral associations (S¢avniéar, 1979).
This was transported from time to time over an interval on the
scale of 10°-10° years, during which several redeposition
events occurred, along with the deposition of coarser detritus in
the deepest locations (e.g., Malvi¢ and Veli¢, 2011). From the
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A — typical uplifted Paleozoic or Mesozoic basement structure; B — schematic section along alluvial fan formed at A;
reconstruction is based on results obtained mostly on the Stari Gradac-Barcs Nyugat structure within this depression (after
Malvi¢, 1998, 2003, 2006; Malvi¢ and Veli¢, 2011); C — distribution of porosity in typical alluvial fan environment of
Badenian age in the Drava Depression
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Vrbanac et al., 2010; Malvié and Velié, 2011)

Mura Depression in the west (Fig. 1), sediment that had accu-
mulated on regional structural ramps was relocated by recur-
rent regional faulting events (Malvi¢ and Veli¢, 2011) and
transported to the Drava and Sava depressions (Fig. 7) as well
as the Slavonia—Srijem Depression. Turbidite directions in par-
ticular depressions can be recognized from the geometry of the
sandstone bodies (e.g., Novak Zelenika and Malvi¢, 2011).
Generally, turbidity currents approached depositional areas
from the north-west. However, locally, as in the Sava Depres-
sion, especially in the Early Pontian, currents also entered from
the north (Vrbanac et al., 2010) or even the north-east (Hernitz
and Jurak, 1973) as a result of luplifted palacorelief. During a
period of turbidite inactivity, “normal” pelitic basin sedimenta-
tion resulted in the deposition of lacustrine marls.

The Sava Depression, which defines the southwestern
boundary of the entire PBS, striking between the Psunj and
Prosara Mountains (Blaskovi¢, 1982), was the pinching-out
zone for all turbidites. Generally, Late Pannonian and Early
Pontian sedimentation resulted in regularly alternating sand-
stones and marls in depocentres, with predominantly marlitic
and sandy marlitic lithofacies at the margins (e.g., Veli¢, 2007;
Vrbanac et al., 2010).

The shallow lake environment in the Pannonian and
Pontian stages (e.g., Veli¢, 2007; Vrbanac et al., 2010) was
changing from brackish to fresh water (e.g., Malvi¢ and Veli¢,
2011). In the Late Pannonian, fossil sporomorphs (although
rarely found due to turbiditic erosion of basal sediments) and
the presence of type III kerogens (Luci¢ et al, 1995) are
strongly indicative of a shallow environment.

The final structural event (giving rise mostly to anticlines
and anticlinoriums) occurred during the second transpressional
phase (Table 1), i.e. from the Late Pontian to the Quaternary.
Such examples have been described, e.g., for the Molve
(Malvi¢ and Veli¢, 2010) and Klostar (Veli¢ et al., 2010) struc-
tures. The most prominent result of the second transpressional
phase was the uplift of Bilogora Mountain, which divided the
Drava Depression and the Bjelovar Subdepression (Fig. 7) into
two regional geotectonic units.

CONCLUSIONS

The depositional and structural evolution of Neogene and
Quaternary deposits in the CPBS encompassed two
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transpressional and two transtensional regional phases. In the
Badenian and Sarmatian, the CPBS was part of the Pannonian
Sea. Later, in the Pannonian and Pontian, the sea transformed
into a series of lakes, of which Sava and Drava lakes were the
largest. However, for the entire Neogene, it was a shallow wa-
ter environment where the depth was rarely deeper than 200
metres, as shown from fossil content, kerogen type and
palacogeographic maps.

The Badenian (Middle Miocene) was characterized by lo-
cal detritus sources eroded from palaco-mountains in the CPBS
above sea level, which was transported to form alluvial fans
comprising mainly coarse-grained detritus along the shoreline,
especially in the shallow strike-slip structures. The detritus was
both siliciclastic and carbonate. Strike-slip structures were also
filled with tectonic breccia as a consequence of strong
Badenian transtensional tectonic activity along entire CPBS.

The Pannonian and Early Pontian had been characterised
by lithofacies resulted from numerous turbidity currents, which
brought detritus from as far as Eastern Alps, re-deposited sev-
eral times before it reached depositional centres in the form of
depressions of the CPBS. The main detritus was sand- and silt-

sized, and depositional events interrupted deposition of basinal
(generally hemipelagic) muds.

The two depositional mechanisms (Badenian during the
first transtensional phase and Pannonian—Early Pontian during
the second one) are also correlated with depositional megacy-
cles previously defined in the CPBS. Badenian clastic, coarse-
and medium-grained, marine strata correspond to the first
megacycle. Upper Miocene lacustrine deposits, mostly me-
dium- and fine-grained sandstones and marls, can be correlated
with the second depositional megacycle.
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