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Abstract

The Croatian Neogene and Quaternary depositional
sequences preserve a record of several different dep-
ositional environments with turbidite successions.
These are turbiditic systems developed during the Late
Miocene in the Croatian part of the Pannonian Basin
System and during the Pliocene and Pleistocene in the
northern Adriatic Sea. The shape, salinity and depths of
depositional areas were significantly different in these
two depressional areas, but both were fed mostly with
Alpine detritus. Neogene turbidites with lacustrine
pelitic sedimentation formed thick heterogeneous se-
quences of sandstones and marls (totalling several
hundreds to some thousands of metres in thickness in
different depressional parts) of Upper Miocene age in
Northern Croatia. By contrast, Pliocene and especially
Pleistocene turbidites of the northern Adriatic were de-
posited in a marine environment where the total thick-
ness of sand and clay sequences can reach up to several
thousand metres. In both cases, individual sandy or
sandstone turbiditic sequences (events) can reach sev-
eral tens of metres in thickness. These turbidite clastic
sediments are important hydrocarbon reservoirs.

Key words: siliciclastics, Pannonian Basin System, Po
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Izvlecek

Neogenska in kvartarna sedimentacijska zaporedja na
Hrvaskem vsebujejo zapis o nekolikih razli¢nih sedi-
mentacijskih okoljih s turbiditnim zaporedjem. Gre za
turbiditne sisteme, razvite za Casa poznega miocena v
celinskem hrvaskem delu, in v pliocenu in pleistoce-
nu na obmocju severnega Jadranskega morja. Oblika
sedimentacijskih prostorov, slanost in globine so se
bistveno razlikovali med tema dvema udorinskima ob-
mocjema, ki so se pa oboja zapolnjevala s pretezno alp-
skim drobirjem. Neogenski turbiditi jezerske pelitne
sedimentacije so tvorili debela heterogena zaporedja
pescenjakov in laporovcev (debeline nekaj sto do nekaj
tiso¢ metrov v razlicnih delkih udorine) zgornjemio-
censke starosti v severni Hrvaski. Nasprotno so bili pa
odloZeni pliocenski in zlasti pleistocenski turbiditi se-
vernega Jadrana v morskem okolju, v katerem skupne
debeline pescenih in glinenih zaporedij znajo doseci
nekaj tiso¢ metrov. V obeh primerih znasa debelina po-
sameznih turbiditnih dogodkov do nekaj deset metrov.
Ti turbiditni klasti¢ni sedimenti so pomembni rezervo-
arji ogljikovodikow.

Kljuéne besede: silikatne klasticne kamnine, sistem
Panonske kadunje, Padska udorina, zgornji Miocen,
Pliocen, Kvartar
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Introduction

Two regions in Croatia are the sites of signifi-
cantand economically important turbiditic sed-
imentation that occurred during the Neogene
and Quaternary. These are (a) the Croatian part
of the Po Depression in the northern Adriatic
Sea and (b) the Croatian part of the Pannonian
Basin System (CPBS), which approximately
covers the entire Northern Croatia (Figure 1).
As these turbiditic sediments and deposits are

Po Depression, which played the most crucial
role in defining their sealing properties as well
as structural forming. In both cases, turbidite
sequences reached tens of metres in thickness,
transporting detritus from the Alps. However,
depositional palaeogeography differed signifi-
cantly, strongly influencing the distribution of,
especially, sandy clastics. The principal pub-
lished findings are compiled in this review, and
the main similarities and differences between
these two areas are outlined.
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Figure 1: Areal extension of analysed turbiditic sequences in Croatia.

geologically relatively young (both were depos-
ited in the Late Cenozoic), the sedimentological
features and process are still clearly evident
and easily interpreted from well-preserved se-
quences, mostly in deep wells. These well-stud-
ied environments are described in numerous
published results, especially for the Croatian
part of the Pannonian Basin System. Numerous
hydrocarbon reserves have been discovered in
both turbiditic systems, and so a large database
of geophysical well logs, core and seismic data
are available for interpreting these turbidite
systems. Deposits are consolidated in the CPBS
and just very slightly or unconsolidated into the
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Geological setting in Northern
Croatia and the northern Adriatic

Neogene and Quaternary sediments in the CPBS
are grouped into three megacycles [1, 2], each
with its characteristic depositional lithofacies,
depositional environment and chronostrati-
graphic age. Generally, the total thicknesses of
the megacycles are in the range of 500-1,500 m
at the margins of depositional depressions, up
to 3,500 m in central areas of the Slavonia-
Srijem Depression, 5,500 m in the Sava and
Mura Depressions and approaching 7,000 m
in the Drava Depression [2]. The use of the
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term ‘depression’ here follows published Cro-
atian usage. ‘Depression’ generally describes
a regionally downwarped area with elongated
or irregular margins, whereas the term ‘basin’
is used for slightly elliposoidal or rhomboidal
shapes of such macrostructures. Each megacy-
cle comprises characteristic sediments of one
supercycle of relative sea-level change, charac-
terized by a gradual rise in sea level followed
by a relatively abrupt fall, connected with two
transtensional and transpressional phases in
the CPBS. Due to the similarity between the
depositional environments in the depositional
depressions throughout Croatia, the correla-
tion between megacycles and lithostratigraph-
ic units was relatively straightforward. The
first (oldest) megacycle [1] lasted for most of
the Badenian (3.4 Myrs), which can be extend-
ed to possible, local, non-marine sediments of
the Lower Miocene. It is characterized mostly
by coarse-grained clastics (breccia, conglom-
erates or sandstones) 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 chronostratigraphic younger areas; these
clastics are often source rocks [3]. The second
megacycle was deposited during the Panno-
nian and Pontian, with uniform, homogeneous
deposition of turbiditic sandstones or siltites
and hemipelagic marls over approximately
5.9 Myrs [1]. A brackish lacustric environment
existed throughout the Pannonian, becoming
a freshwater environment in the Pontian [2].
Lakes were up to 200 m deep [4], with approx-
imately equal rate of sedimentation and sub-
sidence. The third megacycle of the Pliocene
and Quaternary periods lasted approximately
5.6 Myrs [1]. Mostly, clayey limestones, fine-
grained sandstones and sands were deposited
as the oldest sediments and were overlain by
gravels, sands, silts clays and loess.

In the northern Adriatic, Neogene and Quater-
nary sediments have considerable thicknesses,
whereas the Pliocene and Pleistocene sequenc-
es can reach a thickness of 6,000 m. These were
deposited in numerous Miocene and Pliocene
Depressions in the Adriatic Basin, especially
in the largest Po Depression, which is today lo-
cated in the Italian offshore and onshore and
offshore Croatia. The entire depression is gen-
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erally characterised by hemipelagic Pliocene
and Pleistocene sequences of mud, clay, marls,
marly limestones and turbiditic sands and silts
deposited mostly by progradations of the Po
palaeodelta and sporadically by the Adige and
Piave Rivers. Turbidite deposition was high-
ly influenced by evolution of the Adriatic Sea
during the Miocene, Pliocene and Quaternary.
Depression was eventually formed in the Ho-
locene following the Flandrian transgression
[5-7]. However, the oldest rocks proven to be
present in the basements of the Adriatic Basin
were deposited within carbonate platform en-
vironments; there were different types of car-
bonate platforms located in different palaeo-
geographical settings. Carboniferous to Middle
Triassic mixed siliciclastic-carbonate deposits
were accumulated along the Gondwanian mar-
gin, on a spacious epeiric carbonate platform
[8]. In the Middle Triassic, a huge isolated car-
bonate Southern Tethyan Megaplatform (ab-
breviated as STM) was formed, with the area of
the future AACP located in its inner part, exist-
ing from the end of the Ladinian to late Early Ju-
rassic (Toarcian), when several carbonate plat-
forms (including the Adriatic, Apenninic and
Apulian) were created [8]. Later, they were sep-
arated by newly drowned deeper marine areas
(including the Adriatic Basin), and sedimenta-
ry succession was continued by sediments of
the Adriatic Carbonate Platform, which range
in age from Toarcian to uppermost Cretaceous
[8]. A transgression in the Early Palaeogene
reactivated marine sedimentation only locally,
but the uplift led to the onset of clastic sedi-
mentation, which persisted into the Miocene,
Pliocene, Pleistocene and Holocene, but with
different detritus sources. Sediments of Palae-
ocene to Miocene age can be found only local-
ly and mostly in deeper parts represented by
carbonates. In contrast to this, Pliocene, Pleis-
tocene and Holocene deposits cover the entire
Po Depression, reaching significant thicknesses
of up to 6,000 m [2, 9] in the Italian part of the
depression and consisting of marlstones, clay
(stones), silt (stones) and sand (stones) [10].

A general mechanism of turbidites (gravity
flows) can be applied for the reconstruction of
analysed environments. Depositional process-
es in general [11-14] and in comparison with
other regions and models are especially well
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Figure 2: Miocene-Quaternary depressions in the Adriatic Basin (left) and analysed part of the Po Depression (right) in the
Croatian offshore (compiled after Prelogovi¢ and Kranjec [10]; Veli¢ and Malvi¢ [15]).

documented for the CPBS [15]. In [4, 16-18],
four characteristic turbidite facies of pure,
medium-grained sandstones (F,), laminated
sandstones, siltstones and marls (F,, F,) and
pure marls (F,) are clearly distinguished. Two
principal lithofacies have been defined for the
northern Adriatic, namely, pelitic (mud and
clay) and psammitic (silt and sand) [15]. These
two general lithofacies can be easily compared
with ‘classical’ turbidites deposited in distal
delta or prodelta settings from low-density
currents, containing fine-grained sediments of
the classic [19] sequence, including Tc, Td and
Te. These sediments are regularly interbed-
ded with interturbiditic, hemipelagic interval
Tf described by [20], deposited during peri-
ods of low or very low psammitic and overall
sediment supply caused by delta retrograda-
tion (allocyclic process) or lateral (autocyclic
process) movement due to sea-level rise. In
the Po Depression, turbiditic and hemipelagic
lithofacies are divided in a very detailed man-
ner into seven lithofacies [9] characteristic for
Croatian northern Adriatic. They are named as
mud conglomerates (MK), massive mudstones
(MS), sands with ‘rip-up’ clasts (KP), massive
sands (MP), thin-layered sands, silts and muds
(TPSM), muds and silty muds (SM) and hemi-
pelagic muds (HM).

Pliocene and Pleistocene turbidite
systems of the Croatian northern
Adriatic

Materials and methods

The Adriatic Basin is divided into sub-basins or,
as it is usually termed in the literature, depres-
sions of different ages. The Dugi Otok, South
Adriatic-Albania and Molise Depressions were
initiated in the Miocene, while the Venetto, Po,
Marche-Abruzzi, Middle Adriatic, Bradano and
Adriatic-lonian Depressions (Figure 2) devel-
oped from Pliocene times onwards [10]. Today,
the largest depressions are the Po and South
Adriatic-Albania. In the northern Adriatic, that
is, Croatian part of the Po Depression, deposi-
tion, especially from Pleistocene, is strongly
dominated by turbiditic events generated in
the Po prodelta, replacing mostly low-sediment
basinal supply during Pliocene.

At the end of Miocene (5-6 Ma ago), glaciation
in the Antarctic, when ice volumes increased
beyond those of the present day, was related
to ‘global climatic cooling, a rapid northward
movement of about 300 km of the Antarctic
Convergence, and a eustatic sea level drop that
may have been partly responsible for the isola-
tion of the Mediterranean basin’ [21, abstract
page]. The Northern Hemisphere, especially
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Figure 3: Adriatic Sea borders in Lower Pliocene (slightly modifi

the inland of North America [22], had been
subdued to glaciation(s) that caused a global
sea-level fall of several tens of metres. Conse-
quently, the connection through the Strait of
Gibraltar between the Atlantic and the Medi-
terranean was interrupted, and Mediterranean
shallow environments were filled by large
quantities of evaporites during this Messinian
salinity crisis, reducing marine areas to less
than half their previous extent. Veseli has de-
scribed the impact of the Messinian salinity cri-
sis in the Adriatic [23]. Connection between the
Mediterranean and the Atlantic was re-estab-
lished at the end of Messinian due to the Early
Pliocene global sea-level rise; marine environ-
ments then spread throughout the basin. This
overall flooding was reflected in the margins of
the palaeo Adriatic Sea (now the Adriatic Ba-
sin), which covered a larger area than the area
that is covered today, especially in the Alpine
region and around the Gargano Peninsula (Fig-
ure 3). As a result (Figure 2), a significant part
of the Po Depression is now located onshore,
between the Southern Alps and the Apennines,
while in the Pliocene this was below sea level.

Sediments of Pliocene (5.332-2.588 Ma) age in
the Croatian northern Adriatic are pelitic and

Regional turbidites and turbiditic environments developed during N

ed from Veli¢ and Malvi¢ [15]).

are characterized by numerous foraminifera
in the Lower Pliocene, which indicates a warm
climate and sedimentation in a relatively deep
and open sea outer shelf setting [24, 25]. Upper
Pliocene sediments show a decrease in diversi-
ty and quantity of planktonic foraminifera [26]
because of the moderately cold climate caused
by the first glaciation (Biber, about 2.5 Myrs).
Pliocene sediments are thicker (Figure 4.2 in
[9], modified from [27]) on the western side
(Italian off and onshore), due to rapid subsid-
ence in the Late Pliocene [28], deposition on
basin slopes, and proximity of terrigenous sed-
iment and terrestrial organic matter sources
from the inland.

The Quaternary (2.588 Ma to present), and no-
tably the Pleistocene epoch (2.588-0.0117 Ma),
was characterized by climate changes that
caused several changes of life evolution and in
palaeorelief. During the Pleistocene glacials,
the volume of the total world ice was signifi-
cantly larger than what it is today. Donn et al.
[29] have calculated that in the Last Glacial
Stage (abbr. LGS, i.e., Classical Wisconsin), the
global sea level was lower than what it is to-
day by about 105.5 m or 123.4 m (the precise
value being dependent on the world ice vol-
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ume); during the Third Glacial (Illinoian), the
sea level was even lower, at between 137.4 m
and 159.3 m below the present-day sea level.
Yokoyama et al. [30] stated that ice volumes in
the Last Glacial Maximum (LGM) exceed the
present-day volumes by 52.5 x 10¢ km3 and also
cited [31] conclusion, which is similar to [29],
that globally, the sea level at the LGM was about
130 lower than what it is today. Pleistocene
glaciations in the Alpine region were, of course,
directly reflected in the palaeogeography of the
Adriatic Sea. Land areas generally expanded in
glacial periods (Figure 4), and continental en-
vironments were directly reflected in drainage
areas and in the quantity of eroded detritus.
Consequently, the margins of the Adriatic Sea
were mostly influenced by Quaternary glacial
and interglacial periods. When glaciers formed
and advanced and sea level fell, many rivers,
especially the palaeo Po, extended their drain-
age areas and formed significantly larger del-
tas and prodeltas. For example, the last glacial
(Wiirm, 0.11-0.012 Ma) sea-level fall of up to
125 m meant that the northern Adriatic was
mostly an inland terrestrial drained by river
networks [5, 6, 9].

The Po River remains the major transporter
of detritus in the entire Adriatic Sea, reflecting
both the very low sediment supply from the
eastern Adriatic coast [32] and the substantial
volumes transported from the western coast.
Sediment supply from eastern Alpine rivers de-
livers 3 x 10 t/yr, the Po River 15 x 10° t/yr,
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and the eastern Apennine rivers north of the
Gargano promontory deliver 32.2 x 10° t/yr;
1.5 x 10° t/yr are delivered by rivers to the
south of that promontory [33-36]. As result of
glaciations, the eastern part of the Po delta and
the entire prodelta prograded about 200 km
and transported clastics into the present-day
Croatian offshore in the area south-west of Is-
tra Peninsula and the Kvarner islands. Conse-
quently, the pre-glaciations, that is, Pliocene,
which are turbiditic deposits in the Croatian
part are missing (or very rare in Upper Plio-
cene) and represented by basinal hemipelagic
clays and marlitic clays.

Pliocene and Pleistocene depositional
environments and processes

During the Pliocene and Pleistocene, sediments
in the Po Depression were mainly, as today,
transported by the Po River and its tributar-
ies, and partially by the Adige and Piave Rivers
(which mostly supplied sediment to the Ven-
etto Depression). Northern Adriatic Pliocene
turbidites are mostly recognised as siltstone
and sandstone sequences in the Italian part of
the Po Depression. In the Croatian part, similar
sediments are recognised only from the Pleis-
tocene when the margins of the northern Adri-
atic were narrower and migrated eastwards,
in response to glacial periods. Such prograda-
tion and retrogradation cycles of the palaeo Po
are probably the best studied in the youngest
Pleistocene and Holocene sediments due to the
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availability of sedimentary records [37]. These
sediments are also recognised in regional seis-
mic sections in Early Pleistocene deep water
environments in part of the Venetto and Po
Depressions and in the later north-east progra-
dation of the palaeo Po delta during the Middle
Pleistocene [38].

Pleistocene lithofacies are significantly differ-
ent from those of the Pliocene due to common
intervals of sands and silts. In the Croatian sec-
tor, permeable, turbiditic lithofacies are the
most commonly recognised and described in
cores from the reservoirs in the largest Ivana
gas field, where a proven sequence of Pleis-
tocene sediments, with a thickness between
900 m and 1,500 m, is present [39]. Towards
the deeper parts of the basin, thicknesses can
be up to 2,000 m (see Figure 5 here or Figure
4.2 from [9], as modified from [27]). Such val-
ues are generally characteristics for deep Pleis-
tocene turbiditic and deltaic complex in the
Croatian part of the Po Depression. Moreover,
Pleistocene deposits are divided into numerous
depositional sequences of 4th order. In the Ital-
ian part, 12 such intervals are recognised. How-
ever, in Croatia, 4 of them are outlined and they
are named as Q1, Q2, Q3 and Q4 (the youngest)
and all are of the Pleistocene age. The sandy
content, sedimentation rate and influence of
sea-level fluctuations are higher in the younger
part of the sequences. Compositional analyses
show that during the Q1 and Q2 depositional
and part of the Q3 interval, the source area(s)
of these units were dominantly carbonate
rocks, whereas the younger Q3 and Q4 units
are dominated by an Alpine mineralogical as-
sociation transported by the palaeo Po from
the Alps. The increase in sandy detritus in the
upper part of Q2 is correlated with the lower-
ing of the eustatic sea level [9]. Similarly, [40]
correlated seismically traceable border (and
also an event named as marine isotope stage
22, abbr. MIS 22) with an age of 0.87 Ma in the
Po Plain subsurface and described it as the first
prominent Pleistocene glacio-eustatic low-
stand, dated at the end of Middle Pleistocene.
This sequence border, seismically recognised,
is also climatologically conditioned and marks
the first Pleistocene glaciations in the Alps, that
is, with significant changes in palaeoecological
and climate depositional conditions.

45

Lithostratigraphy nomenclature in the
northern Adriatic
Numerous new works and published results
on Pliocene and Pleistocene deposition in the
Croatian northern Adriatic have demonstrated
the need to correct (1) the existing Croatian
lithostratigraphic nomenclature and/or (2) the
incorrect application to the Croatian northern
Adriatic of Italian nomenclature developed for
the Po Depression. The need for the first cor-
rection arises from using only one formation
for the entire Cenozoic era, which is obvious-
ly an extreme simplification. The second issue
reflects the different depositional conditions,
especially during the Pliocene, in the Italian
and Croatian sectors. For example, in the Cro-
atian northern Adriatic, only the Pleistocene
period is characterised by recognisable turbid-
ite sequences. Indeed (and this is not a litho-
stratigraphic criterion), the distribution of such
units often follows state borders, changing
their names.

The differences in Pliocene and Pleistocene

lithofacies and thicknesses in the Croatian off-

shore have been the basis for improvements
in Croatian lithostratigraphic nomenclature in
the northern Adriatic [15] (Figure 5). These
formations are recognised in the Po Depression
and can be compared with the marginal parts
of the Dugi Otok Depression or even with thin
sequences deposited on the exposed Mesozoic

Adriatic Carbonate Platform. Revisions of the

Pleistocene of the Croatian northern Adriatic

by [9] have defined three additional members:

an ‘A’ Member that is correlated with the dep-

ositional sequences Q1, Q2 and part of Q3; a

‘B’ Member correlating with the upper Q3 se-

quence; and a ‘C’ Member correlating with Q4.

Later, this nomenclature is eventually fully de-

veloped for all rocks and deposits developed

from pre-platform, the Adriatic Carbonate Plat-
form, post-platform and clastic dominated dep-

ositional systems as follows [41]:

— A pre-Adriatic Carbonate Platform succes-
sion ranging in age from Late Carboniferous
(Middle Pennsylvanian: Moscovian) to Early
Jurassic (Early Toarcian) as the BruSane and
Baske Ostarije Formations;

— An Early Jurassic to Late Cretaceous platform
megasequence as the Mali Alan Formation;
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— A Paleogene to Neogene post-platform me-
gasequence as the Rasa Formation;

— A Neogene to Quaternary (Pliocene to Holo-
cene) megasequence as the Istra and Ivana
formations.

Units listed as (i)-(iii) are valid for the entire

Croatian part of the Adriatic Basin. The units

listed as (iv) are local, valid in the Croatian

northern Adriatic and could be partially cor-
related with other Pliocene and Pleistocene lo-
cal clastic depositional environments along the

Croatian offshore [32].

Upper Miocene turbidite systems
of the Croatian part of the
Pannonian Basin System

The Croatian part of the Pannonian Basin Sys-
tem (CPBS) approximately covers the north-
ern part of Croatia (Figure 1) over an area of
about 20,000 square km. It is divided into four
Neogene-Quaternary depressions, namely, the
Drava, Sava, Mura and Slavonija-Srijem (Fig-
ure 6). The very NW area, the Hrvatsko zagorje
Subdepression (Figure 6), is an area of smaller
depressions (sub-basins). However, it is con-

sidered tectonically either to be a border zone
between the Alps, the Dinarides and the Pan-
nonian Basin System [42] or to be solely part
of Northern Croatia with Egerian and other
Lower Miocene sediments [43], which are not
characteristic of the CPBS.

Upper Miocene depositional environments
and processes

In the Late Pannonian and Early Pontian (9.3-
5.6 Ma), and locally even from the Early Pan-
nonian, depressions in the CPBS (Figure 6)
were elongated brackish lakes [44], sporadi-
cally connected by narrow tranches. Such de-
pressions had been derived from Lake Pannon
[45], which existed as an extensive lacustrine
environment after the closure of the Central
Paratethys [2, 44, 46], transforming, in the Late
Miocene, into an open lake system with active
in-flows and out-flows of fresh water [47].
Sedimentation in Croatian brackish lakes was
mostly described by simple heterogeneous
deposition of two major lithofacies, which was
supported with the Eastern Alps as the main
psammitic detritus source. The continuous
basin, hemipelagic (pelitic) deposition (cal-
cite muds and clays), had been interrupted by
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Figure 7: Schematic review of depositional environments, recent sediments and palaeo-directions of turbidites during Upper

Pontian in the CPBS (slightly modified from Vrbanac et al. [4]).

medium and fine sands deposited by turbidity
currents [4, 48, 49]. In general, most turbidites
were deposited within particular ‘strike-slip’
structures that opened along the depression
bottom. Reconstruction of the Neogene and
Quaternary geological evolution of one such
typical structure (the Klostar Field) has been
palinspastically mapped and explained by [50],
and geological evolution during Neogene and
Quaternary has been mapped onto a scale of
entire (sub)depression [51-53]. Downwarped
structures were depositional centres for the
medium- and fine-grained sandy fraction in tur-
bidity currents. Obviously, distally in the east
as well as on the margins of ‘strike-slips’, trans-
port energy was low and finer lithofacies were
deposited, mostly consisting of silty sand, silt
and clayey silt. This arrangement means that
each depocentre is characterised by lithofacies
that grade from medium-grained sandstones to
marginal (i.e., basinal) marlstones [49, 54]. The
Late Miocene also corresponds to the second

RMZ - M&G | 2016 | Vol.63 | pp. 39-054

depositional megacycle [1], when sandy, silty,
calcitic and clayey detritus was deposited over
a period of approximately 5.9 Myrs. This mega-
cycle reaches a thickness in excess of 4,000 m
in the deepest part of the Drava Depression.
The surrounding uplifted topography, mostly
formed during Alpine orogenesis, often with
horst elements, consisted of a relatively small
inland area of several tens of square kilometres
and was exposed to weathering. The restrict-
ed areal extent of this uplifted topography ex-
plains why it played a minor role [55] as the
source of only small quantities of sands trans-
ported by alluvial fans into large brackish lakes,
where deep turbidity currents deposited most
detritus along the basin bottom.

The presence of type III kerogens and fossil
sporomorphs is strongly indicative of the ex-
istence of a shallow environment by the Late
Pannonian. Lakes were mostly up to 200 m
deep with approximately equal rates of sedi-
mentation and subsidence [4] (Figure 7). This
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Figure 8: Lithostratigraphic nomenclature in the CPBS (from Malvi¢ and Cvetkovic [56]).

period also coincided with the second transten-
sional phase in the CPBS [44], generally begin-
ning in the Late Pannonian (9.3-7.1 Ma) and
continuing throughout the Early Pontian (7.1-
5.6 Ma). Successive turbidity current events
were the main depositional mechanisms in the
Late Miocene [4, 17, 18, 44], when clastics were
transported from the Eastern Alps to the CPBS
by turbidity currents initiated by gravitational
instability (sometimes accompanied by fault-
ing) caused by extremely large detritus masses
along structural ramps. Such macrostructures
are still located mostly along depressional mar-
gins. Each depositional episode transported
clastics over tens of kilometres to deposit them
into structurally determined depositional cen-
tres in the Mura, Sava, Drava and Slavonia-Sri-
jem depressions. Each period of turbidite ac-
tivity was followed by pelitic sedimentation in
lacustrine environments, resulting in a regular
alternating sequence of sandstone and marl-
stone lithofacies (Figures 7 and 8). The even-

tually shallow lake environments in the Late
Pontian changed to fresh water [2, 4, 44].

Lithostratigraphy nomenclature in the CPBS
Generally, clastic and biogenic sediments filled
all CPBS depressions from the Badenian to
the Quaternary, reaching a total thickness of
7,000 m or more in the central part of the Drava
Depression [2]. Middle Miocene volcanic rocks
and fluvial and lacustrine sediments of Lower
Miocene age are sporadically present. In the
basement of the CPBS are rocks of significant-
ly different lithology and chronostratigraphy.
These are mostly carbonates (limestone and
dolomite), metamorphites (amphibolite, schist
and gneiss) and magmatites (granite, gabbro)
from Mesozoic and Palaeozoic eras.

Simon proposed lithostratigraphic division into
formations and members for the Neogene-Qua-
ternary interval, initially for hydrocarbon ex-
ploration and subsequently in his dissertation
[48]. The most comprehensive review of the
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Croatian lithostratigraphic nomenclature in the
CPBS is given by [2].

The lithostratigraphy of the largest parts of
the CPBS can be easily correlated in all depres-
sions. However, the eastern part of the Drava
Depression is interesting as an area where Cro-
atian and Hungarian units are correlated based
on data from [2, 57, 58] and published in [56].
The time scale follows [44, 59]. Lithostrati-
graphic interpretation indicates that this zone
is transitional between turbidite-dominated
sedimentation in the Croatian sector and delta/
prodelta-dominated deposition in the Hungar-
ian part. These interpretations imply that the
lithostratigraphy of the CPBS almost strictly can
be correlated with chronostratigraphic stages
and sub-stages in that area (Figure 8). On the
contrary, in the Hungarian part, the lithostrati-
graphic borders of Neogene and Quaternary
formations cannot vary in space and time, that
is, they are asynchronous in terms of location.
It is a direct consequence of what happened in
Hungary depositions in delta and prodelta en-
vironments (Figure 8).

Conclusion

Turbidites are recognized in the clastics depos-
ited in the Croatian part of the Po Depression
as well as in the Croatian part of the Pannonian
Basin System. Both these sedimentary systems
belong to the Neogene and Quaternary peri-
ods and both have their main detritus sources
in the Alps. Moreover, the north Adriatic and
north Croatian turbidites dominantly consist
of medium- to fine-grained sandstones. In both
areas, particular turbidite sequences (events)
usually reach several tens of metres in thick-
ness. The next similarity is that all turbiditic ac-
tivities and reflections in lithologies determine
lithostratigraphic units in order of formations
and members. In addition, such units are well
correlated with chronostratigraphic periods
(northern Adriatic) and sub-stages (Pannonian
Basin System).

Differences also result from different environ-
ments (marine in the Adriatic vs. lacustrine
in the Pannonian) and palaeogeography. The
northern Adriatic represents a significantly
wider area, where differences between axes

(of the order of a hundred kilometres) were
not so significant. This means that deltas were
able to migrate through space and time, later-
ally as well as in the direction of progradation/
retrogradation. Consequently, in the northern
Adriatic, different sequences can be followed,
describing the migration of distal delta and
prodelta environments, especially during the
Late Pleistocene. By contrast, in the CPBS, depo-
sition was active in long, narrow depressions
(with width in the range of tens and length of
hundred kilometres), where delta and prodel-
ta systems could not develop. Turbidites were
carried by pure gravitational flow and detritus
was deposited in palaeogeographic (mostly
tectonically-determined) structural lows. Con-
sequently, the distribution of lithofacies is more
complex, because each of such ‘lows’ is charac-
terised by lateral transition from sandstone to
marl lithofacies.

Moreover, the locations of delta and prodelta
during the Pleistocene in the northern Adriat-
ic were largely determined by glacial periods,
when the Po River Basin was a periglacial ba-
sin. Conversely, during the Pliocene, tectonics
and the development of the Apennine foreland
played the main role in shaping deep water Ear-
ly Pleistocene depositional environments with
thick turbidite successions in the Italian part.
The source areas for both regions were the
Alps. However, Pliocene and Pleistocene detri-
tus in the northern Adriatic was derived from
the Southern Alps and partially from the Apen-
nines and transported by the Po, Adige, and
Piave Rivers, as well as by other smaller flows
into marine environments along basin slope to-
wards S and SE. On the contrary, turbidites in
Northern Croatia were formed from detritus
brought from the Eastern Alps and transported
along structural ramps due to tectonic events
and gravitational instabilities several tens of ki-
lometres long.
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