GEOLOGICA CARPATHICA, AUGUST 2021, 72, 4, 315-332

https://doi.org/10.31577/GeolCarp.72.4.3

New biostratigraphic interpretation of the Middle Miocene
(Badenian) transgression in the southern margin
of the Pannonian Basin (Hrvacani, northern Bosnia,
Central Paratethys), based on the fossil assemblages

GORDANA JOVANOVIC!¥, DRAGANA DURIC!, SEJFUDIN VRABAC?, STJEPAN CORIC?,

JOVICA JOVANOVIC* and ZORAN BOJIC*

"Natural History Museum, Belgrade, Serbia; *gordana.j@nhmbeo.rs, djuric.dragana@nhmbeo.rs
University of Tuzla, Tuzla, Bosnia and Herzegovina; sejfudin.vrabac@untz.ba
3Geological Survey of Austria, Vienna, Austria; stjepan.coric@geologie.ac.at
‘Geological Survey of Serbia, Belgrade, Serbia; jovica.jovanovic@gzs.gov.rs, zoran.bojic@gzs.gov.rs

(Manuscript received December 14, 2020, accepted in revised form July 1, 2021; Associate Editor: Natdlia Hudackova)

Abstract: This paper focuses mainly on the representatives of calcareous nannofossils and invertebrates from
the Hrvacani section of the Middle Miocene (Badenian) (Prnjavor Basin, southern margin of Pannonian Basin), and it
defines the time of Badenian transgression in this area. Rich resources of fossil mollusk species, isolated parts of coral
colonies, and other invertebrate remains were found in the investigated section. Moreover, turtle remains from marine
sediments at the southern margin of Central Paratethys were recorded for the first time. Calcareous nannofossil
biostratigraphy has established an NN5 Zone by the presence of Sphenolithus heteromorphus and the absence of
Helicosphaera ampliaperta. The foraminifera associations from the analyzed sandstones belong to the Lower Badenian,
namely the older zones of Ammonia viennensis and Elphidium crispum (the equivalent of Lagenidae Zone of Vienna
Basin). The specimen of a turtle is currently attributed to order Testudines (suborder Pleurodira). From a stratigraphic and
paleoecological point of view, all the fossil assemblages showed similar patterns for the subject of study, reflecting
favorable conditions for developing a subtropical fauna in the open shallow marine environment. Consequently, by
combining nannofossils, foraminifers, corals, malacological, and herpetological data, we can conclude that the early
Middle Miocene (Badenian) in Hrvacani (Bosnia) corresponds to the Lagenidae Zone (NN5 Zone) and was characterized

by a relatively warm climate.
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Introduction

The village of Hrvacani is located in the central part of nor-
thern Bosnia. During the Miocene, this locality belonged to
the Prnjavor Basin, situated on the southern margin of Central
Paratethys. In this area, Badenian sediment contains numerous
fossils. The paleontological features of Badenian were investi-
gated by Eremija (1969, 1970, 1971); Mojicevic et al. (1976,
1977); Petrovi¢ & Atanackovi¢ (1976), and Atanackovi¢
(1984). In the area of Hrvacani, southwest of the Crkvena
River, in the form of erosion Rags, outcropping Badenian sedi-
ments are represented by clastics and limestones (Fig. 1C).
The outcrop located in the creek bed, about 1.5 km west of the
school in Hrvaéani, one of the richest macrofossil associations
on the southern margin of Central Paratethys were described
by Atanackovi¢ (1984, 1985). Among the mentioned fossil
associations by Atanackovi¢ (1984), 243 species and subspe-
cies of gastropods, 46 species, and subspecies of bivalves, as
well as numerous corals, annelids, bryozoa, brachiopods, echi-
noderms, and vertebrate remains collected from “coral reef”,
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and associated clastites (basal conglomerate, gravel, and sand
clays, of total thickness about 10 m) were determined. These
deposits are being attributed (Petrovi¢ & Atanackovi¢ 1976) to
the Upper Badenian (Rotalia beccarii Zone). Eremija (1970)
attributed the clastites of Rogi¢ Jaruga, which were lying
transgressively over the Jurassic diabase-chert Formation, to
the same Late Badenian age (issue No. 108). During oil pros-
pecting in Northern Bosnia in the seventies, considerable work
was undertaken by geologists on the boreholes. Calcareous
nannofossils and foraminifers were investigated for the strati-
graphical framework of this area. Much of this work is sum-
marized in Jerkovié & Cori¢ (2006); Corié¢ et al. (2009). In
October 2019, a new outcrop of Badenian deposits, situated
about 1.5 km east of the famous Badenian fossil site, depicted
by Atanackovi¢ (1984), was described and sampled (Fig. 1A,
B, C). In addition to highly diverse molluskan fauna, nanno-
fossils, serpulids, bryozoans, cirripedes, ostracods, foramini-
fera, corals, echinoid spines, fishes, and turtle remains occur
in this area. To establish the stratigraphic affiliation of these
deposits, we analyzed the collected fossil material.
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Fig. 1. A — Geographical position of the studied area in Pannonian Basin; B — Location of the studied area in Bosnia and Herzegovina;
C — Geological map of the Hrvacani area, after map of Bosnia and Herzegovina 1: 100,000, sheet Banjaluka (according to Moji¢evi¢ et al.

1976).

Geological settings

During the Langhian (Early Badenian), the Central Para-
tethys Sea reached its maximal extent, and the (southern) mar-
gin in several sites was flooded. Previous research indicates
that the flooding had an impact on the Central Paratethys via
the Slovenian corridor, probably functioning as the connecting
sea strait (Bistri¢i¢ & Jenko 1985; Kovac et al. 2017a,b; Sant
et al. 2017). At this time, the investigated area was located at
the southern margin of the Prnjavor Basin, which represents
the southern edge of the Pannonian Basin and the Central
Paratethys Basin. Several basins with predominant shallow-
water sedimentation were formed in Bosnia. The village of
Hrvacani is situated in the central part of northern Bosnia, in
front of the Inner Dinaric Mountains. Middle Miocene (Bade-
nian) deposits lie transgressively over the Jurassic diabase-
chert Formation (Fig. 2B). Decades ago, several different
opinions were mentioned regarding age estimates of the first
Miocene marine transgression in this area. Recently, other
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authors proved that the Middle Miocene (Early Badenian NN5
Zone) (Corié et al. 2009; Pezelj et al. 2013) in Bosnia corres-
ponds to initial Badenian transgression. The Middle Miocene
(Badenian, NN5 Zone) deposits are marine and associated
with the extensive early Badenian transgression, which floo-
ded large areas of northern Bosnia. In contrast, the Early
Miocene and the oldest Lower Badenian sediments are prima-
rily terrestrial in origin. Based on calcareous nannoplankton,
the Badenian sediments from northern Bosnia were attributed
to the nannoplankton zones NN5 and NN6 (Jerkovié¢ & Cori¢
2006; Cori¢ et al. 2009) (Fig. 3A, B).

Material and methods

A described section of Hrvacani has been recorded and
subjected to detailed investigation and sampling. The outcrop
located in the creek about 1.5 km east of the famous Badenian
fossiliferous site was described by Atanackovi¢ (1984) on
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Fig. 2. A — The Lower Badenian sediments in Hrvacani: Bed 2; a — detail of the picture A; 2a — coral biostrome; b — detail of the picture
A, 2a— Tarbellastraea reussiana (Milne-Edwards & Haime, 1850); ¢ — contact between the Bed 1 and the Bed 2. B — Stratigraphic column
of the Lower Badenian deposits at Hrvacani section with the fossil content.
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Fig. 3. A, B— Middle Miocene (Badenian) calcareous nannoplankton (northern Bosnia), according (Corié et al. 2009; modified). Red star
shows the position of Hrvacani locality. Yellow stars and white circles display position of boreholes.

the right bank of the stream, exposing deposits of at least
4.5 m thickness, while the length of the section is about 25 m.
The Badenian sediments base is not exposed, but we can con-
clude that the Badenian deposits in this part of the terrain also
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lie transgressively over the Jurassic diabase-chert Formation
discovered on the left bank of the stream, across from the
exposed fossil layer. Described sediments declined by the fault
being thus brought into contact with Jurassic diabase-chert



MIDDLE MIOCENE TRANSGRESSION IN THE SOUTHERN MARGIN OF THE PANNONIAN BASIN (BOSNIA)

Formation. Based on field observations and lithology, two
beds can be distinguished (Fig. 2A). The falling angle of
the Miocene sediments is about 20° (Fig. 2A, ¢). The same
angle of decline for the Neogene sediments of the Prnjavor
Basin was noted by Mojicevic et al. (1977).

The thickness of visible beds was measured, and several
samples from different lithologies were chosen for paleonto-
logical analysis. Smear slides for calcareous nannoplankton
analysis were prepared using the standard procedures des-
cribed by (Perch-Nielsen 1985) and examined under Leica
DMLP light microscope (cross and parallel nicols) with 1000x
magnification. An amount of 100 specimens were counted and
inverted in percentages to show the composition of calcareous
nannofossil assemblages from the sample Hrvacani 2 (Fig. 4).
The foraminifera and other small specimens were recovered
from over a 0.1 mm fraction-sieve and picked under the micro-
scope. Eight samples were crushed and disaggregated by
hydrogen peroxide solution and washed through a 0.1 mm
sieve. The nannoplankton zonation of Martini (1971) was used
for the stratigraphical analyses, while the standard foramini-
feral zonation was used according to (Grill 1943). Particular
attention was paid to the coral specimens, as they are one of
the main groups in the collected material. One sediment sam-
ple with a turtle shell was subjected only to mechanical clea-
ning using various needles, brushes, and a microscope. In terms
of numbers, there is a particularly opulent presence of mol-
lusks, especially gastropods. Materials were prepared in the
laboratory of the Natural History Museum in Belgrade (mol-
lusks and turtle), University of Tuzla (foraminifers), Geolo-
gical Survey of Serbia (corals), Geological Survey of Austria,
Vienna (calcareous nannofossils). Several samples Cubito-
strea, Conus, Turritellidae, Cerithidae, and some corals col-
lected by Suzana Boji¢, have been investigated. The collected
material is stored in the collections of the Natural History
Museum in Belgrade (Serbia).

Results
Fossil content and biostratigraphy

Bed 1, approximately 0-0.5 m thick, visible on the surface
only in one part of the section (Fig. 2A — 1, ¢ — 1), exposes
streaked, medium-grained to fine-grained, silicate sandstone,
gray and yellowish. The angled, matte, and shiny grains of
quartz strongly dominate after being washed through a sieve.
Three samples were taken from Bed 1 and processed for nan-
noplankton, foraminiferal, and mollusks content, using the
microscope and other standard procedures but were barren.
Bed 2 (Fig. 2A, a) is built of gray, fine-grained aleurolithic
sandstone with abundant fossil remains. Quartz grains domi-
nate in the material washed through a sieve. Mollusks fauna
with aragonitic skeletons prevails, while biota with calcite
skeletons are rare. Five samples from Bed 2 were chosen
for nannoplankton, foraminiferal, and mollusks analyses.
A 3.5 m thick aleurolihic sandstone (Fig. 2A, a) contains fairly
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preserved nannofossil as well as highly species diverse fora-
miniferal and molluscan assemblages, corals fauna, bryozoa,
and others. Remains of the turtle were found in this part of
the profile. There is no clear internal stratification at this level.
However, their lowermost part includes gray sandstone with
remains of diverse fossils and the appearance of coral bio-
strome consisting of Tarbellastraea reussiana (Milne-Edwards
& Haime, 1850). The thickness of the exposed biostrome is
about 30 cm (Fig. 2A — 2a, b). In addition, Bed 2 is the richest
in fossils in its upper part. This lithological unit is overlain by
the Quaternary deposits. It can be concluded that the majority
of the identified mollusk shells from the private collection of
Suzana Boji¢ originate from debris or from the uppermost part
of the outcropped Miocene sediments.

Calcareous nannofossils

Sediment from Bed 1 is barren of calcareous nannofossils.
Overlaying sediments (Sample 2) contain well-preserved, rare
nannofossil assemblage (Fig. 4). This assemblage is domi-
nated by Sphenolithus heteromorphus, Coccolithus pelagicus
and reticulofenestrids (Reticulofenestra perplexa, R. hagqii,
R. minuta and R. pseudoumbilicus). Long-range species
Sphenolithus moriformis and Triquetrorhabdulus milowii
were observed too.

Reworking from the uppermost Maastrichtian was docu-
mented by the presence of Micula prinsii occurring together
with Arkhangelskiella cymbiformis and Watznaueria barne-
siae. Besides nannofossils, common didemnid ascidian spi-
cules occur too (Fig. 4 — 28).

Foraminifera

Foraminifers are rare, being presented exclusively by
benthic forms: Ammonia viennensis, Elphidium crispum,
Biasterigerina planorbis, Nonion commune, Pseudotriloculina
consobrina, Cibicidoides ungerianus ungerianus, Plano-
stegina costata, Triloculina gibba and at the southern part of
Central Paratethys by rare alveolinoid Borelis melo subsp.
curdica (Fig. 5). Only rare juvenile planktic forms were
observed (Fig. 4 —29). Large foraminifer Borelis melo subsp.
curdica has been found for the first time in the area of the
Prnjavor Basin (Fig. 6).

Corals

The investigated section contains isolated parts of colonial
corals (Figs. 7, 8) found in a sandstone bed (Bed 2). The sedi-
ment, laterally and above the biostrome coral, contains nume-
rous mollusk shells and other invertebrates of different ages,
ranging from juveniles to adults. A new fossil corals fauna
comprises the following taxa: Tarbellastraea reussiana,
Stylophora calcinata, Stylophora depauperata, Heliastraea
defrancei, Favites neglecta, Favites neugeboreni, Plesiastraea
(Paleoplesiastraea) cf. tazarinensis, Porites maigensis, Pori-
tes sp., ?Favites sp., Siderastrea sp., ?Scleractinia (indet.).
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Fig. 4. Association of calcareous nannoplankton species from Hrvacani section: 1-3 — Sphenolithus heteromorphus Deflandre 1953;
4 — Reticulofenestra minuta Roth, 1970; 5 — Sphenolithus moriformis (Bronnimann & Stradner, 1960) Bramlette & Wilcoxon, 1967;
6, 7 — Coccolithus pelagicus (Wallich, 1877) Schiller, 1930; 8, 9 — Reticulofenestra pseudoumbilicus (Gartner, 1967) Gartner, 1969M;
10 — Reticulofenestra perplexa (Burns, 1975) Wise, 1983; 11, 12 — Umbilicosphaera rotula (Kamptner, 1956) Varol, 1982; 13 — Cyclicar-
golithus floridanus (Roth & Hay, in Hay et al., 1967) Bukry, 1971; 14 — Umbilicosphaera jafari Muller, 1974; 15 — Helicosphaera carteri
(Wallich, 1877) Kamptner, 1954; 16 — Helicosphaera cf. waltrans Theodoridis, 1984; 17, 18 — Helicosphaera walbersdorfensis Muller,
1974; 19 — Micrantholithus vesper Deflandre 1950; 20 — Discoaster adamanteus Bramlette & Wilcoxon 1967; 21 — Pontosphaera discopora
Schiller, 1925; 22 — Pontosphaera multipora (Kamptner, 1948 ex Deflandre in Deflandre & Fert, 1954) Roth, 1970; 23 — Micula prinsii
Perch-Nielsen, 1979; 24 — Braarudosphaera bigelowii (Gran & Braarud, 1935) Deflandre, 1947; 25 — Triquetrorhabdulus milowii Bukry,
1971; 26, 27 — Micrantholithus cf. flos Deflandre in Deflandre & Fert, 1954; 28 — Didemnid ascidian spicules; 29 — juvenile planktonic
foraminifera; 30 — Composition of calcareous nannofossil assemblage from Sample Hrvacani.
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Massive colonies of Tarbellastraea reussiana prevail. The Tar- Mollusks
bellastraea biostrome appears at the base of Bed 2 and seems
to consist almost exclusively of Tarbellastraea sp. (Fig. 2A — The locality described here contains a large number of mol-

2a, b). A specimen of Tarbellastraea sp. inhabits Cirripedia  lusk taxa reported by Atanackovi¢ (1984, 1985). However, it
(Fig. 7 — 8). Cirripedia represent mandatory symbionts of is unfortunate that the original locality of her collection is not
scleractinian and fire corals. Some corals appear recrystallized available today. From the sediments of here presented locality,
or preserved as moulds (Fig. 7-5, 6; Fig. 8 — 1, 11, 12). Only  gastropods are predominant. We were able to identify several
small colonies of Porites coral are preserved. A turtle shell’s  distinct taxa (Figs. 9, 10): Amalda glandiformis, Monoplex
plastron is covered by the evolved colony of small encrusting  corrugatus, Thetystrombus sp., Ocinebrina cf. coellata, Genota
thin branched Porites corals. As for Favites sp. and ?Scle- ramosa, Perrona taurienensis, Perrona sp., Projenneria
ractinia indet., belonging to the collection of Suzana Boji¢, we  lapugyensis, Phasmoconus fuscocingulatus, Monteiroconus

can say they are probably of sub-autochthonous origin. mojsvari, Kalloconus tschermaki, Lautoconus cf. bitorosus,
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Fig. 5. Stratigraphic distribution of the calcareous nannofossils and foraminifera on the Hrvacani section (northern Bosnia) and correlation of
the investigated area with the global 3" order sequences. Foraminiferal biozonation in the Central Paratethys (Grill 1943). Stratigraphic corre-
lation table and global chronostratigraphy after Hilgen et al. (2009); Gradstein et al. (2012), NN zone after Lourens et al. (2004); Hohenegger
etal. (2014).
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Fig. 6. Association of foraminifera from Hrvacani: 1, 2 — Ammonia
viennensis (d’Orbigny, 1846); 3 — Pseudotriloculina consobrina
(d’Orbigny, 1846); 4 — Borelis melo subsp. curdica (Reichel, 1937);
S — Triloculina gibba (d’Orbigny, 1846), 6 — Cibicidoides unge-
rianus ungerianus (d’Orbigny, 1846); 7 — Biasterigerina planor-
bis (d’Orbigny, 1846); 8 — Nonion commune (d’Orbigny, 1846);
9 — Planostegina costata (d’Orbigny, 1846); 10 — Elphidium cris-
pum (Linnaeus, 1758).

Kalloconus sp., Oligodia bicarinata, Archimediella carpa-
thica, Terebra acuminata, Sandbergeria perpusilla, naticids
Neverita josephinia, Polinices redemptus, Cypraea ovulinae,
Xenophora sp., Tritia sp., Europhos hoernesi, Paroxystele
orientalis, Seila turritissima, Petaloconchus intortus, Cylichna
clathrata, Roxania utriculus, Alvania miocenica, Hipponix
(Sabia) phlepsi, Thala obsolete, ?Conomitra sp., ?Mitromorpha
sp., Caecum trachea, Pyrunculus elongatus. Among bivalves,
the following are present: Psammobia uniradiata, Aequipecten
malvinae, Chama gryphoides, Anadara fichtelli, Flabellipecten
besseri, Corbula carinata, Tellina sp., Anadara turonica,
Venus nux, Clausinella basteroti, Microloripes dentatus, Cubi-
tostrea digitalina, etc. Our research also shows the predomi-
nance of thermophilic elements in the section of Hrvacani
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(Petaloconchus, Genota, Xenophora, Amalda, and several
genera of Conidae, Veneridae, Turritellidae, etc.). Almost all
specimens are well preserved. In contrast, the fragmented
shell of Xenophora may have been transported from the adja-
cent coastal area. Agglutinate taxon Xenophora can cement
foreign objects (gastropod and bivalve shells, pebbles) to
the dorsal surface of their shell (Fig. 9 — 5, 6).

Turtle

The occurrence of fossil turtles at the Central Paratethys
margin of Bosnia is unknown. The described specimen was
embedded in a sandstone matrix containing small shells of
marine gastropods. The colonial corals, small gastropods, and
sediments associated with the remains of the turtle are utilized
to infer its stratigraphic provenience and the depositional con-
ditions in which it was preserved. The investigated material
is presented by the right parts of small-bodied turtle, several
(4) cm long, clearly visible of a carapace with several scutes
and a part of the plastron, as well as one marginal scute
(Fig. 11 — 1). The size of the shell indicates that it may be
a juvenile specimen. Both the carapace and plastron are thick
bony structures that seemed to be hooked to each other.
The plastron is visible only on the lateral margin because
the ventral surface is overgrown with colonial Porites coral
and immersed in sediment (Fig. 11 — 1, 2). Some features as
pelvic elements, shell shape, etc., indicate that the specimen
could belong to the order Testudines, suborder Pleurodira. It is
known that the pelvic elements of Pleurodira turtles are exten-
sively sutured to both the carapace and plastron, whereas
the pelvic elements of cryptodire are not (Williams & Stayton
2019). These distinctive features in Pleurodira probably con-
tributed to the preservation of both carapace and plastron in
our specimen. Pleurodira of carapace shells is also generally
flatter than those of cryptodires (Fig. 11 — 2, 3). Similar form
in most podocnemidids (Pleurodira) is mentioned by Cadena
et al. (2010). In addition, on the anterior margin of the plas-
tron, two triangular fragments of scutes in the gular region are
preserved (Fig. 11 —4).

Paleoenvironmental—climatic interpretation

All the fossil assemblages showed similar patterns for the
Hrvacani site, reflecting favorable conditions in the open shal-
low marine environment with normal salinity and influx from
the Indo—Pacific bioprovince during early Badenian. Fossil
remains from the Hrvacani locality indicate the influence of
this warm period that is probably related to the Middle
Miocene Climate Optimum, evidenced in the whole Paratethys.
The upper sediment bed (Bed 2) from the Hrvacani locality
contains taxa typical of early Badenian successions. The fossil
assemblages characterized by abundant and diverse thermo-
philic mollusks fauna (4malda, Genota, Clavatula, Xenophora,
and several genera of Conidae, Turritelidae, etc.) indicated
shallow water and favorable conditions. Representatives of
recent genera gastropod Genota of West African genus are not
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found further north from Western Sahara (Ardovini & then benthic foraminifera (Cibicidoides ungerianus ungeria-
Cossignani 2004). Some species as well as Vaginella austriaca  nus, Borelis melo, Borelis melo subsp. curdica), gastropods
and rare finds of Costellamussiopecten shells (Eremija 1970),  (Archimediella carpathica, Amalda glandiformis), bivalvia

Fig. 7. Detailed view to corals assemblages, scale bar 1 cm: 1 — Porites maigensis Kithn, 1925; 2 — Porites sp.; 3, 4 — Stylophora depau-
perata (Reuss, 1867); 5, 6 — Siderastrea sp.; 7 — Stylophora calcinata (Mayer, 1864); 8 — symbiotic association of a Cirripedia with corals
Tarbellastraea sp.; 9 10 — Heliastraea defrancei (Milne-Edwards & Haime, 1850); 11 — Stylophora sp.

GEOLOGICA CARPATHICA, 2021, 72, 4, 315-332
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Fig. 8. Detailed view to corals assemblages, scale bar 1 cm: 1 — mould of Scleractinia indet.; 2, 3 — Favites neugeboreni (Reuss, 1871);
4, 5 — Favites neglecta (Michelotti in d’Achiardi, 1868); 6, 7 — ?Heliastraea sp.; 8, 9 — Tarbellastraea sp.; 10 — Plesiastraea
(Paleoplesiastraea) cf. tazarinensis (Chevalier, 1962); 11, 12 — ?Favites sp.

GEOLOGICA CARPATHICA, 2021, 72, 4, 315-332
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Fig. 9. Detailed view to mollusks assemblages, scale bar 1 cm: 1, 2 — Phasmoconus fuscocingulatus (Hoernes, 1851); 3 — Chama gryphoides
Linnaeus, 1758; 4 — Cubitostrea digitalina (Dubois, 1831); 5, 6 — Xenophora sp.; 7, 8 — Kalloconus sp.; 9, 10 — Lautoconus cf. bitorosus
(Fontannes, 1880); 11, 12 — Amalda glandiformis Lamarck, 1810; 13, 14 — Monteiroconus mojsvari (Hoernes & Auinger, 1879); 15, 16 — Aequi-

pecten malvinae (Dubois, 1831); 17, 18 — ?Conomitra sp.

(Flabellipecten besseri, Aequipecten malvinae), etc. suggest
the Prnjavor Basin being well-connected to open sea. Shallow
water forms predominated. Rare small colonies of coral
Porites indicate slightly deeper water. Migrations and extinc-
tions of thermophilic taxa such as mollusks (Harzhauser et al.

2003), then corals fauna, and thermophilic ectothermic verte-
brates (turtles), have been documented in Central Europe as
a result of the events after the Middle Miocene Climate
Optimum (MMCO). Langhian expansion of the tropics during
the Middle Miocene Climate Optimum (MMCO) enabled

GEOLOGICA CARPATHICA, 2021, 72, 4, 315-332
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Fig. 10. Detailed view to mollusks assemblages, scale bar 1 cm: 1, 2 — Monoplex corrugatus (Lamarck, 1816); 3, 4 — Thetystrombus sp.;
5 — Terebra acuminata Borson, 1820; 6, 7— Perrona sp.; 9, 10 — Ocinebrina cf coellata (Dujardin, 1837); 8 — Archimediella carpathica
Harzhauser & Landau, 2019; 11, 12 — Neverita josefinia Risso, 1826; 13, 14 — Projenneria lapugyensis (Sacco, 1894); 15 — Flabellipecten
besseri (Andrzejowski, 1830); 18, 19 — Genota ramosa (Basterot, 1825); 20, 21 — Europhos hoernesi (Semper, 1861); scale bar 0.5 cm:

16, 17 — ?Mitromorpha sp.

<

<

the distribution of corals (Riegl & Piller 2000; Perrin &
Bosellini 2012; Wiedl et al. 2013; Sremac et al. 2016; Chaix
et al. 2018). In this respect, the Prnjavor Basin situated at
the southern edge of the Central Paratethys preserves a rela-
tively rich coral fauna. Atanackovi¢ (1984) recorded an occur-
rence of corals in the Badenian of the Hrvacani though he used
the term “coral reef”. The reef is 5 m thick and inserted into
arenaceous and gravel clays. The well-preserved coral colo-
nies were noticed: Favia, Helliastraea, Lithophyllia, Prio-
nastraea, Solenastraea. Besides corals, the reef contains
hydrozoans, bryozoans, and sponges mentioned (Krumpholz
1916; Atanackovi¢ 1984, 1985; Sokli¢ 2001).

Biostratigraphic interpretation

Calcareous nannofossil biostratigraphy has established
NNS5 Zone by the presence of Sphenolithus heteromorphus
Deflandre, 1953 and the absence of Helicosphaera amplia-
perta Bramlette & Wilcoxon, 1967. The presence of Ponto-
sphaera desuetoidea described from NN5 (3" order cycles

TB 2.4) Zone from Mura Depression (Slovenia) by Bartol
(2010) supports this biostratigraphic attribution. A common
occurrence of S. heteromorphus (35 %) within the investigated
assemblage from Hrvacani allows the correlation with
Sphenolithus heteromorphus Partial-range Zone (MNNS) of
Mediterranean nannofossil zonation described by Fornaciari
et al. (1996). The occurrence of H. cf. waltrans points to
the lower part of NN5 Zone that can be correlated with the
lower Lagenidae Zone (Hohenegger et al. 2014) (Fig. 5).

The record of some foraminiferal species suggests their bio-
stratigraphic and paleoecological usefulness; namely, they
belong to the Lower Badenian, the older zone of Ammonia
viennensis and Elphidium crispum (the equivalent of Lage-
nidae Zone of Vienna Basin) (Jovanovi¢ et al. 2020). This
includes Ammonia viennensis, Borelis melo subsp. curdica
etc.

Based on available data, a difference in the richness of
the major testudinate clades through time is noticed. The Euro-
pean records had a mixture of both cryptodires and pleuro-
dires, yet cryptodires were predominant (Cleary et al. 2020).

Fig. 11. Detailed view to shell turtle, scale bar 1 cm (figs. 1, 2) and 0.5 cm (4): 1 — part of carapace of shell in dorsal views. The white arrow
(left) shows the plates; the white arrow (right) shows the rim of the plastron; 2 — carapace of shell in lateral view; 3 — X-ray photography of
shell in lateral view; 4 — parts of plastron in gular region (the white arrows).
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The Eocene was a particularly favorable time for the develop-
ment of littoral turtles in Europe, while there is only one fin-
ding in Miocene presently (Georgalis et al. 2013). Extant
pleurodires live in relatively warm regions. Pleurodira is less
rich in species and confined to freshwater in the southern
hemisphere today, while cryptodires contribute most of the
richness record to non-marine turtles. These generally cold-
intolerant turtles (Bourque 2016) are indicators that paleocli-
mate in the southern margin of Central Paratethys was warm
enough during the Middle Miocene, as pointed out by Eremija
(1970). The colonial corals and sediments associated with
the remains of a turtle are utilized to infer its stratigraphic pro-
venience and the depositional conditions in which it has been
preserved. The accompanying fossil assemblages include nan-
noplankton, foraminifera, juvenile and adult stenohaline, and
thermophilic mollusks. The new turtle is therefore confidently
interpreted as originating from shallow water with normal
salinity. As the only specimen found in the marine sediments
of Bosnia, the rest of the turtle needs to be studied in more
detail due to the possibility that it represents a new taxon.
A detailed description of these remains of a turtle shell will be
the subject of another paper.

Fossil remains from Hrvacani locality indicate the influence
of the warm period that is probably related to the Middle
Miocene Climate Optimum evidenced in the whole Paratethys,
as pointed (Eremija 1970). All the fossil assemblages showed
similar patterns for the described site, reflecting favorable
conditions in the open shallow marine environment influenced
by normal salinity. Therefore, our age estimate differs from
other authors, and we propose Middle Miocene (early
Badenian) age (NN5 Zone) TB 2.4, cycles for the Hrvacani
deposits.

Discussion

At the southern margin of the Pannonian Basin (Croatia,
Bosnia, and Serbia), after the continental sedimentation phase,
the Badenian transgressive phase is easily recognized by
the abundance of marine fossils such as calcareous nannofos-
sils, foraminifera, and mollusks. However, this area has a very
complex geological past that is largely still unclear. In addition
to the specific geographical and geotectonic position, unclear
connections with other basins, the misinterpretation of the
stratigraphic affiliation of the microfauna (e.g., foraminifera)
present additional problems.

During the Langhian (Early Badenian, 15.97-13.8 Ma
according to Gradstein et al. 2012), the Central Paratethys Sea
reached its maximal extent, and their southern margin in
several sites was flooded. The onset of the widespread open
marine ‘“Badenian Sea” is recognized in western and eastern
terrains of Northern Bosnia nannofossils of the NN5 (Martini
1971) biozone (Cori¢ et al. 2009) (Fig. 3), while in all pre-
viously investigated localities of the central part of northern
Bosnia (Prnjavor Basin, etc.) nannofossils of the NN6 (Martini
1971) biozone are recognized (Jerkovi¢ & Cori¢ 2006).
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Changes in the layout and characteristics of these sedimentary
basins, situated in front of the Dinaric Mountains, reflect
the local and regional tectonic and paleogeographic settings
(Cori¢ et al. 2009). According to our results, during this period,
there were no drastic climate changes on the southern margin
of Central Paratethys. Still, there were obvious changes in
the composition of the communities associated with different
facies and local paleogeography. Therefore, biostratigraphic
correlations within this region remain unclear. The middle
Miocene experienced two climate periods known as the Middle
Miocene Climate Optimum (MMCO) and Middle Miocene
Climate Transition (MMCT), linked to highly enigmatic pro-
cesses such as sea-level change, and ocean currents, etc.
(Flower & Kennett 1994; Zachos et al. 2001). The Middle
Miocene (Badenian) period was marked in Central Paratethys
by developing thermophilic stenohaline species and invasion
of Mediterranean fauna (Harzhauser et al. 2003). In addition,
rich fauna that prefers warm water and many marine mollusks
display a peak in diversity during the warm Lower Badenian.
The recognition of an understanding of these events in the
geological past is of general interest to understanding the evo-
lution and distribution of biota over time, as well as biostrati-
graphic and biogeographic correlations (Harzhauser & Piller
2007; Kovac et al. 2017 b), paleogeographic reconstruction, as
well as the definition of regional time scale (Kovac et al.
2018).

The nannoplankton assemblages enabled the biostratigra-
phic correlation of the investigated section with other fossili-
ferous sites in the region. Hrvacani is situated in the central
part of northern Bosnia (Fig. 2). The age of these deposits
corresponds to the zone of calcareous nannoplankton NNS,
first reported in this part of Bosnia. Our research and marker
fossils prove the early Badenian age in the Hrvacani site for
the first time when the climate in the Central Paratethys was
mainly subtropical (Kovac et al. 2007, 2017a). The similar
Badenian nannoplankton bioevents at the southern margin of
Central Paratethys (Tuzla Basin in Bosnia, then Sumijevac
stream near Koceljeva and Rakovica stream near Belgrade (in
Serbia) were established by Vrabac et al. 2007; Jovanovi¢ et
al. 2019, 2020.

Benthic foraminifera of the Hrvacani section comprise taxa
that are important biostratigraphical markers, particularly at
the southern boundary of the Central Paratethys. Correlations
with other localities such as Sumijevac stream near Koceljeva
and Rakovica stream near Belgrade (in Serbia) (Jovanovic et
al. 2020) are possible. Borelis melo range at least throughout
the Miocene while B. melo subsp. curidica is restricted to
the late Early to the Middle Miocene (Jones et al. 2000).
Borelis melo and B. melo subsp. curdica bear a very important
stratigraphic value and can be used for the correlation with
the Mediterranean Sea, as well as paleoecological information
(Gagi¢ 1984; Barjaktarevi¢ 1986; Jones et al. 2006; Bassi et al.
2019). In addition, the authors reported on paleobiogeogra-
phical significance of Borelis melo and B. melo subsp. curdica
as well as their paleobathymetry in both the Indo—Pacific
and Mediterranean. B. melo subsp. curdica, which occur in
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shallow water tropical, carbonate coral reef related settings
and indicate shallow water with a depth of up to 35 m and
temperature around 30 °C (Bignot & Guernet 1976; Barjak-
tarevi¢ 1986). During the Miocene, the “Trans-Tethyan Trench
Corridor” via Slovenia was open and connected the Medi-
terranean Sea with the Pannonian Basin (Rogl 1998, 1999).
The foraminifera associations from the analyzed sandstones of
Hrvacani belong to the Lower Badenian, namely the older
zone of Ammonia viennensis and Elphidium crispum (the equi-
valent of Lagenidae Zone of Vienna Basin). The occurrence of
Planostegina costata allows correlation with the “Moravian
Substage” (NN5 Zone) of the Badenian (Grill 1943).

Corals lived in larger or smaller colonies. Although corals
were exposed to diverse influences depending on the type of
sedimentation, location, distance from shore and proximity
to river mouths, different geochemical properties, etc., many
species indicate favorable conditions for the development of
a subtropical fauna, such as the hermatypic corals (Chaix &
Saint Martin 2008; Duckworth et al. 2017; Chaix et al. 2018)
and are represented in the Central Paratethys during the Lower
Badenian (Saint Martin et al. 2007). The taxa identified here
are common in the Miocene deposits of the Central Paratethys
(e.g., Reuss 1871; Oosterbaan 1990; Rus & Popa 2008; Chaix
et al. 2018; Kleprlikova 2018) or the Mediterranean realm
(e.g., Chaix & Saint Martin 2008) etc. Some species such as
Favites neglecta and Tarbellastraea reussiana were recorded
previously from the early Middle Miocene (Badenian) sites
from Serbia, Romania, Hungary, then from the Miocene
deposits of Portugal, Spain, Greece, France, Egypt, Iran, Saudi
Arabia (El-Sorogy et al. 2020). Compared to some Late
Badenian localities, the coral community is quite diverse in
species, but compared to the Transylvanian Basin (Romania)
(Rus & Popa 2008; Chaix et al. 2018) and Styrian Basin
(Austria) Riegl & Piller (2000) studied coral fauna is poor.
The low diversity of the scleractinian corals may be inter-
preted as the influence of diverse paleoecological and paleo-
geographical conditions in the Prnjavor Basin surrounded by
several mountains. Due to living conditions that remained
fairly favorable to them, the late Badenian coral fauna has
a relatively low diversity, comprised of only several genera,
in which the Tarbellastraea and Porites predominate (Gorka
2018). As mentioned earlier, the coral fauna of Hrvacéani con-
sists primarily of massive Tarbellastraea reussiana and Favi-
tes sp. and several specimens of smaller colonies Scleractinia
indet. The amount of terrigenous input and inhabiting
Cirripedia affected the growth of some coral morphology.
Although Porites are resistant to sediment, only small colo-
nies of coral are preserved. Isolated parts of colonies or bio-
stromes may be found occasionally in Badenian deposits in
Vojilovo (surroundings of Golubac, Serbia), as well as in
Badenian sediments of Rakovica near Belgrade and Negotin
(eastern Serbia, Dacian Basin) (Pavlovi¢ 1908; Jovanovi¢ et
al. 2020). According to the previous data, it may be concluded
that the Badenian sediments in the vicinity of Negotin in
Serbia (Pavlovi¢ 1908; Jovanovi¢ 2011) and Hrvacani in
Bosnia were the richest sediments with corals fauna of Middle
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Miocene in the southern margin of Central Paratethys. From
a stratigraphic perspective, fossiliferous sediments from
Negotin have been classically attributed to the Middle Miocene
(Lower Badenian) (Stevanovi¢ 1977). From a stratigraphic
and paleoecological point of view, many species indicate
favorable conditions for developing subtropical fauna such as
the hermatypic corals (Chaix et al. 2018).

Abundant and diversified mollusks fauna has been recorded
from the investigated outcrop. A paleontological data suggest
that the Middle Miocene Climatic Optimum was reflected in
mollusks abundance and distribution, not only in Central
Paratethys (Sacco 1897-1901; Malatesta 1974; Studencka
1986, etc.). Many species are well represented in tropical and
subtropical water during the lower Miocene or Middle
Miocene period. Numerous widespread species have hither
been known in the Lower Badenian localities of Central
Paratethys. Mollusks assemblages are very similar to those
found in Rakovica and Golubac sites in Serbia as well and
other coeval localities of the Central Paratethys (Korytnica
Basin, Faget Basin, Vienna Basin) (Baluk 1975, 2003, 2006;
Studencka 1986; Studencka et al. 1998; Landau et al. 2013;
Popa et al. 2014; Jovanovi¢ et al. 2020). Similar or identical
fossil mollusks occur in the Hrvacani site described by
Atanackovi¢ (1984, 1985), pointing out that the Badenian
mollusks from Hrvaéani correlate most to fauna from the
Transylvanian Basin (Romania). Interestingly, the assemblage
contains very rare Projenneria lapugyensis that occurs only in
the Lower Badenian of Romania (Popa et al. 2014) and
Bulgaria (Dacian Basin), according to Kojumdgieva &
Strachimirov (1960).

Conclusion

This paper is based on lithostratigraphic and biostratigra-
phic data derived from investigations of Middle Miocene
(Badenian) strata at Hrvacani (Northern Bosnia). Their sys-
tematic excavation started in 2019. Our biostratigraphy infe-
rences are based on the analyses of calcareous nannofossil,
foraminifers, and mollusks assemblages. Additionally, we also
investigated other fossils sampled from the Hrvacani site.
Calcareous nannofossil biostratigraphy has established an NN5
Zone based on the presence of Sphenolithus heteromorphus
and the absence of Helicosphaera ampliaperta. Except for
rare juvenile planktic forms, microfossils in these samples are
represented by benthic foraminifera. The foraminifera asso-
ciations belong to the Lower Badenian, zone of Ammonia
viennensis and Elphidium crispum (the equivalent of Lage-
nidae Zone of Vienna Basin). Lower Badenian age is sup-
ported by the presence of B. melo subsp. curidica, which is
restricted to the late Early to the Middle Miocene (Jones et al.
2006). The fossil assemblages are characterized by diverse
thermophilic corals (Plesiastraea, Favites, Stylophora), and
abundant mollusks fauna (Amalda, Clavatula, Petalocochnus,
Genota, Xenophora, several genera of Conidae, Turritellidae,
etc.) indicate shallow water and favorable conditions.
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The fossil of a small-bodied turtle from Hrvacani improves
our knowledge of fossil turtle paleobiodiversity, being the first
record of a fossil turtle in the Bosnian and neighboring regions.
This fossil find shows the high potential that the southern
margin middle Miocene (Badenian) outcrop of Central Para-
tethys has in order to explore paleobiogeography distribution
of numerous fossils assemblages, including littoral turtles cur-
rently attributed to Testudines (Pleurodira).

The discovery of Lower Badenian deposits in Hrvacani pro-
vides new insights into our knowledge of the paleogeographic
situation of Bosnia. Our own and the private fossil collections
presented here give a more detailed picture of the Badenian
fauna diversity and paleoenvironment in the southern margin
of the Pannonian Basin. It can be concluded by combining
data of nannoplankton, foraminifers, corals, malacological,
and herpetological remains that the early Middle Miocene
(Badenian) in Hrvacéani (Bosnia) corresponds to Lagenidae
Zone (NNS5 Zone) and indicate the warm period related to
the Middle Miocene Climate Optimum, known from the entire
Paratethys. Therefore, as our age estimate diverges markedly
from other authors, we propose Middle Miocene Badenian
age, calcareous nannofossil Lagenidae zone (NNS5 Zone) for
the Hrvacani deposits.
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Supplement

Table S1: List of the all taxa cited in the text and figures.

Badenian taxa

Reworked taxa from a Cretaceous deposits

Calcareous nannoplankton

Sphenolithus heteromorphus Deflandre, 1953
Sphenolithus moriformis (Bronnimann & Stradner, 1960) Bramlette & Wilcoxon, 1967
Coccolithus pelagicus (Wallich, 1877) Schiller, 1930
Reticulofenestra perplexa (Burns, 1975) Wise, 1983
R. haqii Backman, 1978
R. minuta Roth, 1970
R. pseudoumbilicus (Gartner, 1967) Gartner, 1969)
Helicosphaera carteri (Wallich, 1877) Kamptner, 1954
H. walbersdorfensis Muller, 1974
H. cf. waltrans Theodoridis, 1984
Coronocyclus nitescens (Kamptner, 1963) Bramlette & Wilcoxon 1967
Cyclicargolithus floridanus (Roth & Hay, in Hay et al. 1967) Bukry, 1971
Umbilicosphaera jafari Muller, 1974
U. rotula (Kamptner, 1956) Varol, 1982
Pontosphaera desuetoidea Bartol, 2010
P. discopora Schiller, 1925
P. multipora (Kamptner, 1948 ex Deflandre in Deflandre & Ferth, 1954) Roth, 1970
Braarudosphaera bigelowii (Gran & Braarud, 1935) Deflandre, 1947
Micrantholithus vesper Deflandre, 1950
M. cf. flos Deflandre in Deflandre & Fert, 1954
Discoaster adamanteus Bramlette & Wilcoxon, 1967
Triquetrorhabdulus milowii Bukry, 1971

Micula prinsii Perch-Nielsen, 1979
Arkhangelskiella cymbiformis Vekshina, 1959
Watznaueria barnesiae (Black in Black &
Barnes, 1959) Perch-Nielsen, 1968

Foraminiera

Ammonia viennensis (d’Orbigny, 1846)
Elphidium crispum (Linnaeus, 1758)
Biasterigerina planorbis (d’Orbigny, 1846)
Nonion commune (d’Orbigny, 1846)
Pseudotriloculina consobrina (d’Orbigny, 1846)
Cibicidoides ungerianus ungerianus (d’Orbigny, 1846)
Planostegina costata (d’Orbigny, 1846)
Triloculina gibba (d’Orbigny, 1846)

Borelis melo subsp. curdica (Reichel, 1937)
Planktic form

Cirripedia

Indet.

Spongia

Didemnid ascidian spicules

Corals

Tarbellastraea reussiana (Milne-Edwards & Haime, 1850)
Stylophora calcinata (Mayer, 1864)
Stylophora depauperata (Reuss, 1867)
Heliastraea defrancei (Milne-Edwards & Haime, 1850)
Favites neglecta (Michelotti in d”Achiardi, 1868)
Favites neugeboreni (Reuss, 1871)

?Favites sp.

Plesiastraea (Paleoplesiastraea) cf. tazarinensis (Chevalier, 1962)
Porites maigensis Kiihn, 1925
Porites sp.

Siderastrea sp.

?Scleractinia (indet.)

Gastropoda

Amalda glandiformis (Lamarck, 1810)
Monoplex corrugatus (Lamarck, 1816)
Thetystrombus sp.

Ocinebrina cf. coellata (Dujardin, 1837)
Genota ramosa (Basterot, 1825)

Perrona taurienensis (Bellardi, 1877)
Perrona sp.

Projenneria lapugyensis (Sacco, 1894)
Phasmoconus fuscocingulatus (Hoernes 1851)
Monteiroconus mojsvari (Hoernes & Auinger, 1879)
Kalloconus tschermaki (Hoernes & Auinger, 1879)
Kalloconus sp.;

Lautoconus cf. bitorosus (Fontannes, 1880)
Oligodia bicarinata (Eichwald, 1830)
Archimediella carpathica Harzhauser & Landau, 2019
Terebra acuminata Borson, 1820
Sandbergeria perpusilla (Grateloup, 1827)
Neverita josephinia Risso, 1826
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Badenian taxa

Reworked taxa from a Cretaceous deposits

Gastropoda

Polinices redemptus (Michelotti, 1847)
Cypraea ovulinae Schilder, 1925
Europhos hoernesi (Semper, 1861)
Paroxystele orientalis (Cossmann & Peyrot, 1917)
Seila turritissima Sacco, 1895
Petaloconchus intortus (Lamarck, 1818)
Cylichna clathrata (Defrance, 1825)
Roxania utriculus (Brocchi, 1814)
Alvania miocenica Sacco, 1895
Hipponix (Sabia) phlepsi (Boettger, 1896)
Thala obsoleta (Brocchi, 1814)
Caecum trachea (Montagu, 1803)
Pyrunculus elongatus (Eichwald, 1830
Xenophora sp.

Tritia sp.

Conomitra sp.
?Mitromorpha sp.

Bivalvia

Cubitostrea digitalina (Eichwald, 1830)
Psammobia uniradiata (Brocchi, 1814)
Aequipecten malvinae (Dubois, 1831)
Chama gryphoides Linnaeus, 1758
Anadara fichtelli (Deshayes, 1850)
Anadara turonica (Dujardin, 1837)
Flabellipecten besseri Andrzejowski, 1830
Corbula carinata Dujardin, 1837
Venus nux Gmelin, 1791
Clausinella basteroti (Deshayes, 1850)
Microloripes dentatus (Defrance, 1823)
Tellina sp

Turtles

Testudines Batsch 1788
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