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macrofossils, indicate higher sedimentation rates in com-
parison with the clastic situations.
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Introduction

Rudists are the most common macrofossils in Upper Cre-
taceous deposits of the Tethyan Realm. They lived as epi-
benthic suspension feeders (Skelton 1978) and sediment 
dwellers (Skelton et al. 1995) and could locally form vast 
biostromal congregations within subtidal environments 
(Moro et  al. 2002, 2008), with or without associated cor-
als (Moro et al. 2010). The former were termed coral-rud-
ist formations (Masse and Philip 1981; Ross and Skelton 
1993; Gili et  al. 1995) and they commonly formed bios-
tromes (Götz 2003). Mixed rudist-coral facies are charac-
teristic of the Internal Dinarides (Herak 1986, 1991), as 
well as Austro-Alpine shallow-water sediments (Turnšek 
1997).

Late Jurassic to Early Cretaceous tectonism and nappe 
stacking as a result of convergence between the SW Apulia 
and NW Tisza plates (Tari 2002) were followed by suba-
erial exposure of large parts of the orogenic belt (Ratsch-
bacher et al. 1989; Herak 1991; Schlagintweit et al. 2013) 
(Fig.  1). The NW exposed parts of the paleoland were 
transgressively overlain during the Upper Cretaceous 
(Herak 1991; Lužar Oberiter et al. 2012). Subaerial erosion 
produced truncation surfaces with differentiated relief cut 
locally into Triassic (Basch 1983) and Cretaceous carbon-
ates (Marinković and Ahac 1979) or Permo-Triassic clas-
tic rocks (Mioč and Žnidarčič 1976). From the Turonian to 

Abstract  At six localities in northern Croatia (Donje 
Orešje, Gornje Orešje), Slovenia (Stranice, Slovenj Gra-
dec), and Bosnia (Bešpelj and Kober), successions of 
shallow-water Campanian deposits transgressively covered 
a tectonically uplifted and eroded paleorelief. They consti-
tute different lateral parts of a transgressive subtidal envi-
ronment, where rudists and corals are typical macrofossils. 
At the investigated localities, two types of succession were 
distinguished: (a) clastic and (b) carbonate. Most localities 
are within the extended chronostratigraphic range of Calve-
ziconus cf. lecalvezae (80.5–79.03  Ma), which comprises 
the upper part of the Vaccinites alpinus interval zone (for 
Stranice and Slovenj Gradec localities) and beginning of 
the Pironaea polystyla interval zone (for Bešpelj and Kober 
localities). In clastic successions, corals are the most abun-
dant macrofossils, whereas rudists predominate within car-
bonate sections. The depositional setting of the investigated 
localities results from rapid relative sea-level rise with a 
tectonic overprint, which covered different types of paleo-
relief. In cases when the paleorelief is gentle, a transgres-
sive succession starts with clastic coral-rich sediments or 
carbonates with radiolitids. In areas of steeper paleorelief 
carbonate sediments were deposited with a mixed radi-
olitid-hippuritid community, and the rudists, as the major 
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Senonian times, in formerly exposed areas, a major marine 
transgression led to deposition of a thick Upper Cretaceous 
to Eocene succession. This began in depocenters that prob-
ably originated by extension and strike-slip fault movement 
(Sanders and Höfling 2000).

In this paper, data are presented from the transgressive 
sequences exposed at localities in northwestern Slovenia, 
Croatia, and Bosnia (Fig.  2): Stranice, Slovenj Gradec 
(Slovenia), Donje Orešje, Gornje Orešje (Croatia), and 
Kober and Bešpelj (Bosnia). These outcrops are distributed 
over an area of approximately 20,000  km2. The distances 
between the Croatian and Slovenian localities are 78  km 
(Stranice) and 104  km (Slovenj Gradec), and between 
Croatian and Bosnian sites, 186 km. Outcrops of the Upper 

Cretaceous Austro-Alpine, Internal Dinarides, and the mar-
ginal area of the Adriatic carbonate platform are mostly 
represented by deepwater sedimentation (Lužar Oberiter 
et  al. 2012) whereas shallow-water successions are rare, 
occurring in random roadcuts (Slovenj Gradec), stone 
(Donje Orešje, Gornje Orešje and Stranice) and bauxite 
(Bešpelj and Kober) quarries.

These six outcrops were chosen because they represent 
the only available remnants of the transgressive succes-
sions of different tectonic plates and units within the Late 
Cretaceous tectonically active orogenic system (Tari 2002; 
Schmid et  al. 2008; Lužar Oberiter et  al. 2012). Most of 
these transgressive successions are known for their richness 
and good preservation of macrofossils, which range from 

Fig. 1   Paleopositions of inves-
tigated localities (circles) in the 
Mediterranean Tethys, plotted 
on a map of the Dinaride-
Alpine-Pannonian region (after 
Lužar Oberiter et al. 2012). 
Internal Dinarides units: 1 Pre-
Karst and Bosnian Flysch Unit, 
2 The West Vardar Ophiolitic 
Unit, 3 Thrusted sheets com-
posed of partly metamorphosed 
post-Variscan basement units 
of the distal margin of Adria, 4 
The Sava Zone, 5 Position of 
the Adriatic carbonate platform 
(AdCP) after Vlahovic et al. 
(2005). ALCAPA–tectonic 
mega unit which includes the 
Austroalpine nappes and the 
Central and Inner West Car-
pathians. Investigated localities 
in dotted circles, localities after 
Moro et al. (2010) in stars
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pure coral through mixed coral-rudist towards complete 
rudist assemblages. These macrofossil communities occur 
within different lithologies (clastic and carbonate) and the 
interaction between community development and sediment 
type is explored in this study. In addition, these outcrops 
present a chronostratigraphic challenge since the biostratig-
raphy based on benthic foraminifera and rudists indicates 
a wide range (Santonian-Campanian). A subareal exposure 
surface of Campanian age can be correlated regionally with 
mid-Campanian emergence on the Adriatic Carbonate Plat-
form (Gušić and Jelaska 1990; Moro et al. 2002; Vlahovic 
et al. 2005; Steuber et al. 2005), and globally as a sequence 
boundary in the Boreal Realm of Europe (Niebuhr 1995), 

the southern Tethyan margin in Egypt (Lüning et al. 1998) 
and in North America (Miller et al. 2003).

The rudist-coral facies at the localities in northeastern 
Slovenia are of the Gosau-type and they transgressively 
overlie different levels of the Mesozoic, and locally Permo-
Triassic basement (Fig. 1). North Croatian localities show 
facies that belong to the Internal Dinarides (Herak 1991; 
Schmid et  al. 2008; Korbar 2009; Lužar Oberiter et  al. 
2012; Márton et  al. 2014). The localities in northwestern 
Bosnia show facies that represent the marginal area of the 
Adriatic carbonate platform (ADCP) (Vlahovic et al. 2005; 
Korbar 2009) or Pre-karst and Bosnian Flysch Unit of the 
Internal Dinarides (Schmid et  al. 2008; Lužar Oberiter 

Fig. 2   Location map with the 
positions of the investigated 
profiles. a Northwestern Croatia 
and Slovenia, b area north of 
Jajce, northwestern Bosnia. 
Localities marked with stars 
after Moro et al. (2010)

a

b
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et al. 2012) (Fig. 1). As a result of the location of the depo-
sitional area for the aforementioned Bosnian localities, 
shallow-water carbonate successions predominate at the 
beginning of transgressive successions. They were the 
result of the interaction of eustatic sea-level changes and 
increasing tectonic compression, which resulted in the final 
disintegration of the ADCP during the Late Cretaceous 
(Vlahovic et al. 2005).

The aims of this work are (1) to determine the microfos-
sil assemblage associated with the different rudist biozones 
(Steuber and Schüter 2012) which, with the strontium 
isotope stratigraphy (SIS) provide a chronostratigraphic 
framework for the investigated localities, (2) to corre-
late the chronostratigraphic data with sea-level changes 
deduced from the lithofacies succession, with a view to 
unraveling the nature of the transgression with regard to 
eustatic versus tectonic influences, and (3) to determine the 
paleoenvironmental and paleoecological characteristics of 
the rudist-coral communities and their interaction with sed-
iment type, particularly relative to carbonate production/
clastic sediment influx rate.

Geological background of the studied sites

All localities with transgressive Upper Cretaceous depos-
its, except Slovenj Gradec and Gornje Orešje, have been 
previously investigated by several authors, chiefly in view 
of the abundance of macrofossils. At the Stranice local-
ity, Pleničar (1971, 1993, 1994, 2005), Pleničar and Šribar 
(1992) and Chaffau (2002) determined rudists, and Turnšek 
(1978, 1994, 1997) identified corals in deposits which 
are now scarce or unavailable due to extensive quarry-
ing. According to the microfossil assemblage, Pleničar 
and Šribar (1992) determined the biostratigraphic age as 
Santonian–Campanian.

Rudists and corals from Santonian to Lower Campa-
nian strata at Donje Orešje were described by Turnšek and 
Polšak (1978) and Polšak (1979). According to the micro-
fossils from the overlying pelagic limestones, and nanno-
fossils from marly sediments (Polšak et al. 1978), Korolija 
et al. (1995) distinguished an Early to Late Campanian age 
for the transgressive succession. They also reported a lateral 
transition between clastic and carbonate sediments. Accord-
ing to the strontium isotope stratigraphy of the rudist associ-
ation, Moro et al. (2010) determined the chronostratigraphic 
age as the upper part of the Early Campanian.

In NW Bosnia at the localities of Bešpelj and Kober, 
Devidé-Neděla and Polšak (1961) and Polšak (1964) iden-
tified rudists and a microfossil assemblage of benthic and 
pelagic foraminifers from overlying turbidites as being 
Maastrichtian in age. Tomić (1985) recognized a peri-
reefal lithofacies of Santonian-Lower Maastrichtian age, 

while Polšak et  al. (1982) and Dragičević (1987) defined 
the paleogeography of Bešpelj and the surrounding area as 
the marginal zone of the ADCP. It is worth mentioning here 
that the listed rudist species (Table 1) determined by Polšak 
(1979) and Pleničar (1971, 1993, 1994) are correct accord-
ing to Steuber (1999, 2002), Moro et al. (2010) and Steuber 
and Schüter (2012) for synonyms, notably Vaccinites bra-
ciensis and Pironaea praeslavonica.

Methods

For biostromes composed predominately of corals, the 
descriptive classification according to Insalaco (1998) was 
utilized. Determination of chronostratigraphic age is based 
on SIS data obtained from rudist shells and correlated with 
the rudist biozones of Steuber and Schüter (2012). Also, 
for biostratigraphic purposes, the subdivision of the Upper 
Cretaceous of the Adriatic-Dinaric carbonate platform is 
based on the ranges of benthic foraminifers (Velić 2007) 
and larger foraminifera from southern Italy (Frijia et  al. 
2015), following the classification of foraminifera by Loe-
blich and Tappan (1988).

Strontium isotope ratios of samples are adjusted to a 
ratio of 0.710247 of standard NBS 987 to derive numeric 
ages from the “Look-Up” table (Version 4: 08/03) provided 
by Horwath and McArthur (1997) and McArthur et  al. 
(2001). The other sample splits were analyzed by AAS for 
elemental composition using the procedure suggested by 
Steuber and Rauch (2005), using a Perkin-Elmer Analyst 
700, at the Croatian Geological Survey, Zagreb.

Granulometric analysis of clastic sediments from the 
Strance locality were undertaken at the Faculty for Biotech-
nology, University of Ljubljana, and adjusted to Trefethen 
(1950). XRD analysis of clastic sediments from Gornje 
Orešje were completed at the Mineralogical and Petrologi-
cal Laboratory, Faculty of Science, University of Zagreb.

Lithology and biostratigraphy of the transgressive 
successions

At all the studied localities, Upper Cretaceous successions 
represent transgressive deposits over highly eroded Permo-
Triassic (Stranice) and Triassic (Donje Orešje) or Upper 
Cretaceous (Bešpelj and Kober) sedimentary rocks. The 
basal surface of the sections at Slovenj Gradec and Gornje 
Orešje successions are tectonic contacts (Fig. 3).

The Slovenj Gradec locality, Slovenia

The Slovenj Gradec succession is 24  m thick and com-
posed entirely of carbonates with bed thicknesses from 30 
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to 120 cm. Beds show similar textures and an absence of 
structures throughout the outcrop, which laterally ranges 
from 1 to 5  m. The lower boundary of the succession is 
marked by a fault with Miocene marly sediments (Mioč and 
Žnidarčič 1976). The carbonate facies are packstone–grain-
stone and floatstone-rudstone, with both lithotypes dis-
tributed randomly throughout the succession. Completely 
preserved macrofossils are rare and consist of small radi-
olitid individuals up to 4 cm high and 0.8 cm in diameter in 
the lower part of the succession (Fig. 4a). Thin-sections of 
packstone–grainstone (Fig.  4b) reveal shallow-water non-
skeletal and skeletal particles including peloids, benthic 
foraminifers and rare, small fragments of macrofossils.

The fossil assemblage comprises the following aggluti-
nated and porcellaneous foraminiferal species (Fig. 5a–e): 
Accordiella conica Farinacci, Calveziconus cf. lecalvezae 
Caus & Cornella, Scandonea samnitica De Castro, Dicy-
clina schlumbergeri Munier-Chalmas, Dictyopsella kiliani 
Munier-Chalmas, Cuneolina pavonia D’orbigny and Peu-
docyclammina sphaeroidea Gendrot. The benthic foramini-
fers determined in the Slovenj Gradec succession indicate 
the Calveziconus cf. lecalvezae subzone (Frijia et al. 2015) 
in the upper part of the Lower Campanian to lowermost 
Middle Campanian. According to the benthic fossil com-
munity and textures, the depositional environment can be 
interpreted as shallow subtidal with moderate water energy.

Table 1   List of determined rudists from the investigated localities

Species Locality

Hippuritidae

 Hippuritella castroi (Vidal, 1874) S, Ko

 Ha. lapeirousei (Goldfuss 1840) S, Ko

 Ha. sulcatissima (Douvillé 1894) DO

 Ha. toucasi (d’Orbigny 1847) DO

 Ha. variabilis (Munier-Chalmas, in Gaudry 1867) S, DO, GO, Ko

 Hippurites colliciatus (Woodward, 1855) S

 H. canaliculatus (Rolan du Roquan 1841) DO

 H. cornucopiae Defrance 1821 Ko

 H. heritschi Pejović and Kühn 1960 S

 H. lamarcki (Douviillé 1893) Ko

 H. matheroni (Douvillé 1893) DO

 H. nabrasiensis Futterer 1893 DO, Ko

 H. radiosus Des Moulins, 1826 S

 H. socialis irregularis (Toucas 1903) DO

 H. striatus (Defrance 1821) DO

 H. sulcatoides Douvillé 1892 DO

 H. vidali Matheron 1878–81 DO

Pironaea polystyla Pirona 1868 Ko

 V. archiaci (Douvillé 1892) S, DO, GO

 Vaccinites chaperi (Douvillé 1879) S, DO

 V. oppeli (Douvillé 1892) S, DO, GO

 V. oppeli santoniensis (Kühn 1948) DO

 V. plenicari Polšak and Sliskovic 1989 DO

 V. robustus (Toucas 1904) S

 V. sulcatus (Defrance 1821) S, DO

 V. ultimus (Milovanović, 1935) S, DO

 V. vesiculosus (Woodward, 1855) S, DO, GO, Ko

 V. vredenburgi (Kühn 1933) DO

Radiolitidae

 Biradiolites bipriminter Astre 1954 S

 B. leychertensis Toucas 1908 S

 Bystrickya sp. S

 Bournonia excavata (d’Orbigny 1842) S

 B. retrolata (Astre, 1929) Be

 Durania martelli Parona 1911 DO

 Gorjanovicia endrissi (Boehm 1927) Be

 Joufia reticulata Boehm 1879 Ko

 Lapeirouseia jouanneti (Des Moulins 1826) S

 L. laskarevi Milovanović 1938 S

 L. pervinquièrei (Toucas 1908) S

 L. plana Milovanović 1937 S

 L. zitteli Douvillé 1913 S

 Praelapeirouseia bjelusensis Slišković 1984 S

 P. kossmati Wiontzek, 1934 S

 P. pajtleri Pleničar 1993 S

 P. wiontzeki Slišković 1975 S

 Praeradiolites sinuatus (d’Orbigny 1850) Be

 Pseudosabinia sp. GO

Table 1   continued

Species Locality

 Radiolites sp. Ko

 R. angeoides (Lapeirouse 1781) S

 R. aurigerensis Toucas 1908 S

 R. galloprovincialis Mathron 1842 Be

 R. mammillaris Matheron 1842 DO

 Sauvagesia meneghiniana (Pirona 1869) S, DO

 S. slovenica Pleničar 1973 S

 Sauvagesia sp. S

 Sphaerulites sp. Ko

 Pseudopolyconites sp. GO, Ko

 Plagioptychidae

 Mitrocaprina bayani (Douvillé 1888) Be

 Plagioptychus sp. DO, GO

 P. paradoxus Matheron 1842 DO

 Trechmannellidae

 Dictyoptycus morgani (Douvillé 1904) S

GO-Gornje Orešje, DO-Donje Orešje, S-Stranice, Ko-Kober, Be–
Bešpelj. After Pleničar (1971, 1993, 1994, 2005), Chaffau (2002), 
Turnšek and Polšak (1978), Polšak (1979) and Polšak et  al. (1982) 
except for Gornje Orešje. Corrected for higher taxa after Skelton 
(2011) and for synonyms according to Bilotte (1985), Laviano and 
Gallo Maresca (1992), Vicens (1992) (after Steuber 2002)
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The Stranice locality, Slovenia

The maximum total thickness of the studied profile at 
Stranice is 15.80 m (Figs. 3, 6). Bed thickness ranges from 
10 to 220 cm. The succession can be divided into a lower 
13.60-m-thick clastic section with intercalations of car-
bonate sediment, and an upper 2.20 m of carbonate. Beds 
have similar textural features throughout the outcrop with 
an absence of sedimentary structures. Clastic sediments are 
clayely silt in the lower part and sandy/clayely silt to sandy 
silt towards the top. Laterally within the clastic sediments, 
a rich coral community is present (Turnšek 1994; Pleničar 
and Šribar 1992), forming a mixstone (Turnšek 1994, 1997; 
sensu Insalaco 1998), where encrusting-bulbous Columac-
tinastraea and cylindrical Dimorphastraea prevail (Turnšek 
1994) (Table 2). Coral growth forms are 2–9 cm high and 
3.5–6 cm wide (Turnšek 1994, 1997) (Fig. 7). The carbon-
ates are bioclastic floatstone-rudstone (Fig.  4c) to pack-
stone-grainstone (Fig.  4d), depending on the proportion 
of macrofossil fragments. Grains include peloids, benthic 

foraminifers and small bioclasts. Above the described lime-
stones, Pleničar (1971, 1994) recorded a rich rudist com-
munity with Vaccinites, Hippurites, and Hippuritella, and 
above the clastic sediments radiolitids and rare Dictyopty-
cus individuals (Table 1), but these deposits have since been 
removed as a result of quarrying. Dimensions of Vaccinites 

Fig. 3   Biostratigraphy and lithology with microfossil communities 
of the investigated sections.  1 Classification according to deposi-
tional texture and Insalaco (1998) coral description: W wackestone, 
P packstone, G grainstone, F floatstone, R rudstone, Pl pillarstone, 2 

Conglomerates, 3 Shallow-water carbonates, 4 Pelagic carbonates, 5 
Clastic (a) mud and (b) sandy mud, 6 Rudist shells and fragments, 7 
Corals, whole and fragments, 8 Lithoclasts, 9 Transgression, 10 Tec-
tonic contact (fault)

Fig. 4   Photographs of thin-sections from carbonate (a–f, j–o) and 
clastic (g–i) sediments. Localities a, b Slovenj Gradec, c, d Stran-
ice, e, f Donje Orešje, g–k Gornje Orešje, l, m Bešpelj, n, o Kober. 
a Small radiolitid within floatstone, b Packstone–grainstone with 
small fragments of macrofossils, c Floatstone-rudstone with frag-
ments of macrofossils, d Packstone (left) and packstone-grainstone 
(right), e Bioclastic floatstone, f Wackestone with pelagic particles 
g Clay with bioeroded fragments of coral, h Clay with peloids and 
bioeroded coral fragments, i Lithoclastic-bioclastic sandy mud with 
a bioeroded fragment of coral, j floatstone with fragment of coral and 
rudist, k Packstone-grainstone with Dicyclina schlumbergeri Munier-
Chalmas, l floatstone-rudstone with fragments of macrofossils and 
radiolitids, m. Packstone-grainstone with small fragments of macro-
fossils, peloids and benthic foraminifers, n Packstone-grainstone with 
Calveziconus cf. lecalvezae Caus & Cornella, o Bioclastic-lithoclastic 
floatstone-rudstone with Orbitoides sp. and Siderolites sp.

▸
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individuals range in diameter from 8 to 9 cm, rarely 16 cm, 
and in height from 16 to 30 cm. Hippurites specimens are 
2–8 cm wide and 12 cm high, and those of Hippuritella are 
from 1 to 4.5 cm in diameter. Radiolitids are 2–6 cm long 
and 1–6 cm in diameter, and dictyoptichids are 12 cm long 
and 13  cm in diameter (Pleničar 1971, 2005). Vaccinitids 
occurring within carbonates are the tallest (Fig. 7), which 
is similar to their appearance at Donje Orešje and Gornje 
Orešje localities where they also outpace in height the 
branched corals.

The microfossil assemblage comprises both aggluti-
nated and porcellaneous foraminiferal species (Fig. 5f–h): 
Accordiella conica Farinacci, Calveziconus cf. lecalvezae 
Caus & Cornella, Scandonea samnitica De Castro, Dicy-
clina schlumbergeri Munier-Chalmas, Cuneolina pavonia 
d’Orbigny. Macrofossils within floatstone-rudstone form 
a rich community of elevator radiolitids and rare hippu-
ritids in toppled positions. The identified benthic fora-
minifers (Pleničar and Šribar 1992; Velić 2007; Frijia et al. 
2015), rudists (Pleničar 2005; Steuber and Schüter 2012) 
and corals (Turnšek 1997) indicate the upper part of the 
Lower Campanian to the lowermost Middle Campanian. 
The facies indicate a shallow-marine, moderate-energy 
environment.

The Donje Orešje locality, Croatia

The Donje Orešje section is 14.75 m thick with bed thick-
ness ranging from 55 to 155  cm. There are two types of 
carbonate: floatstone–rudstone in the lower 10  m of the 
succession, and mudstone-wackestone in the upper 4  m. 
A single marly bed can be observed at about 10 m above 
the base. Beds have similar textural features through-
out the outcrop. Sedimentary structures are absent. In the 
floatstone-rudstone, the most common grains are densely 
packed bioclasts in a muddy matrix (Fig.  4e). Microfos-
sils include miliolids and calcispheres in the upper pelagic 
mudstone-wackestone (Fig. 4f). Within the marly bed, nan-
nofossils are common (Polšak et al. 1978).

There is no biostratigraphically significant microfos-
sil assemblage present as it consists of miliolids. Hippu-
ritid and vaccinitid rudists (Polšak 1979; Moro et al. 2010) 
occur in floatstone–rudstone with rare fragments of coral 
(Table  1; Fig.  4e) in the lower part. Determined dimen-
sions of rudist individuals are mostly their diameters due to 
sampling from the hard rock. Rare specimens of Hippurites 
are up to 7.5 cm high, and those of Vaccinites range from 
16 to 23 cm. Specimen diameter ranges are 3.7–8.8 cm for 
Vaccinites, 1.9–4.6 for Hippurites, and 1.3–4.5 for Hippu-
ritellas. In laterally equivalent clastic sediments close by, 
Polšak (1979) and Turnšek and Polšak (1978) described a 
coral community (Table 2) in a mixstone with bulbous coral 
growth forms of different coral taxa (Turnšek and Polšak 
1978). Bulbous and cylindrical coral growth forms are 
3–9 cm high and 2.5–6 cm wide. An exception is a branch-
ing Actinastraea ramosa with 16  cm height and 12  cm 
width (Turnšek and Polšak 1978), which is still lower in 
comparison with vaccinitids from carbonates (Fig. 7). The 
corals (Turnšek 1997), rudists, and SIS data (Moro et  al. 
2010; Steuber and Schüter 2012), nannofossils (Polšak 
1979) and pelagic foraminifers (Korolija et al. 1995), indi-
cate the upper part of the Lower Campanian. The facies 
suggest a moderate-energy shallow-marine environment in 
the lower part of the succession and a deeper-water setting 
for the upper part (Fig. 3).

The Gornje Orešje locality, Croatia

The maximum thickness exposed at Gornje Orešje is 
22.80 m (Figs. 3, 8) with bed thickness ranging from 10 to 
500 cm and similar textural characteristics throughout the 
outcrop. The succession consists of a lower part with clas-
tic sediment and an upper part of carbonate. The begin-
ning of the clastic succession is characterized by an up to 
5-m-thick bed of pebble conglomerate. Matrix in the first 
2 m is a carbonate lithoclastic floatstone and in the upper 
3 m, a clastic sandy mud (Fig. 9). There is no sharp tran-
sition that could be taken as a bedding plane. The well-
rounded clasts, up to 9  cm long and 4  cm wide, are of 
serpentine. They are derived from the peridotite basement 
and show various degrees of alteration. The clasts show 
a generally preferred orientation parallel to the bedding. 
Conglomerates are followed by a 9.5-m-thick succes-
sion of mudstone (Fig. 4g, h) rich in corals (Fig. 10), with 
rare rudists, both mostly toppled. Corals form a muddy 
pillarstone (Insalaco 1998) with predominantly toppled 
branched Columactinastraea, Astraraea, Actinastraea, and 
Actinacis (Fig.  10c, h–k, m) and subordinate cylindrical, 
bulbous and solitary growth forms (Fig. 10a, b, d–g, n–o), 
represented by six specimens. Dimensions of coral growth 
forms range from 5 to 11.5  cm in height and 4–7  cm in 
width. Branched growth forms, mostly toppled and 

Fig. 5   Microfossils from the investigated localities used in biostrati-
graphic analysis Localities a–e Slovenj Gradec, f–h Stranice, i–r 
Bešpelj, s–u Kober. a Dictyopsella kiliani Munier-Chalmas, b Pseu-
docyclammina sphaeroidea Gendrot, c Calveziconus cf. lecalvezae 
Caus & Cornella, d Scandonea samnitica De Castro, e Accordiella 
conica Farinacci, f Calveziconus cf. lecalvezae Caus & Cornella, g 
Accordiella conica Farinacci, h Scandonea samnitica De Castro, 
i Keramosphaerina tergestina Stache, j Dicyclina schlumbergeri 
Munier-Chalmas, k Scandonea samnitica De Castro, l Peudocyclam-
mina sphaeroidea Gendrot, m Moncharmontia appeninica (De Cas-
tro), n Accordiella conica Farinacci and Dicyclina schlumbergeri 
Munier-Chalmas, o, p Calveziconus cf. lecalvezae Caus & Cornella, 
q Dictyopsella kiliani Munier-Chalmas, r Murgella lata (Luperto 
Sini), s Lepidorbitides sp. t Calveziconus cf. lecalvezae Caus & Cor-
nella and Dicyclina schlumbergeri Munier-Chalmas, u Calveziconus 
cf. lecalvezae Caus & Cornella

◂
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fragmented due to bioerosion, are from 7.5 (Fig.  10c) to 
22 cm high and up to 16 cm wide. The density of branched 
corals is from 4000 to 5400 branches/m2. Macroborings 
present in branched corals are the result of annelids and 
lithophagids (Fig. 10g, h). Thickness of pillarstones ranges 
from 35 to 55  cm. Rudists are rare with a few individu-
als of hippuritid 2.5  cm in diameter and plagioptychids 
(10.5  cm high and 6.5  cm in diameter, Figs.  10c1, 11b, 
f), which thrived within branches of coral (Fig. 10c1, c2). 
From 14.5 to 16.30 m, the clastic succession is lithoclastic-
bioclastic sandy mudstone (Fig. 4i) with toppled and frag-
mented, mostly branched rarely bulbous and cylindrical 
corals, common low domal individuals of Pseudopolyco-
nites (up to 21 cm high and 22 cm in diameter, Figs. 11a, c, 
12d), rare vaccinitids represented by two specimens (up to 
28 cm high and 9.5 in diameter, Figs. 11e, 12a, c) and one 
individual of Pseudosabinia (7 cm in diameter, Fig. 12b). 
Rare vaccinitid shells could be macrobored by lithophagid 
and clinoid sponge. Similar to Donje Orešje, vaccinitids 
here towards the top of the clastic part, are higher in com-
parison with branched corals (Fig. 7).

The carbonates are shallow-water floatstone-rudstone 
(Fig.  4j) and packstone-grainstone (Fig.  4k), with benthic 
foraminifers, bioclasts, peloids, as well as rare small litho-
clasts (Fig. 4k). Fragments of coral occur in the lower part 
of the section and rudists are present throughout, with rare 
individuals of vaccinitids (Fig. 11d). In both clastic and car-
bonate parts, there is an absence of sedimentary structures.

The microfossil assemblage is sparse with the rare 
occurrence of miliolids and Dicyclina schlumbergeri 
Munier-Chalmas (Fig.  4k). The Gornje Orešje succession 
belongs to the upper part of the Lower Campanian accord-
ing to the microfossil assemblage (Velić 2007) and the 
rudist community (Steuber and Schüter 2012). The above-
described facies characteristics correspond to a low-energy 

shallow-marine environment in the lower clastic part of 
succession, and a shallow-water, moderate energy subtidal 
setting for the upper carbonate part.

The Bešpelj profile, Bosnia

The total thickness of the studied profile at Bešpelj is 8 m 
(Fig.  3) with bed thickness ranging from 70 to 100  cm. 
The succession consists of shallow-marine packstone-
grainstone and floatstone–rudstone. Radiolitids are mostly 
toppled or form rare congregations up to 2–3 m wide and 
60 cm high in the upper part of thicker beds (90–100 cm). 
Sedimentary structures are absent. The floatstone–rud-
stone (Fig. 4l) consists mostly of bioclasts, lithoclasts and 
peloids, and shallow-water microfossils. Packstone–grain-
stone (Fig.  4m) contains peloids, bioclasts and benthic 
foraminifers. The rich microfossil assemblage is com-
posed of agglutinated-porcellaneous benthic foraminifers 
(Fig.  5i–r): Accordiella conica Farinacci, Calveziconus 
cf. lecalvezae Caus & Cornella, Scandonea samnitica De 
Castro, Moncharmontia appeninica (De Castro), Dicy-
clina schlumbergeri Munier-Chalmas, Dictyopsella kiliani 
Munier-Chalmas, Cuneolina pavonia d’Orbigny, Peudo-
cyclammina sphaeroidea Gendrot, Murgella lata (Luperto 
Sini) and Keramosphaerina tergestina Stache. The alga 
Thaumatoporella parvovesiculifera (Raineri) is also pre-
sent. Macrofossils include Radiolitidae (Table  1), mostly 
toppled, within the floatstone-rudstone. Radiolitid individu-
als are 4–7 cm high and 1–2 cm in diameter. From the ben-
thic foraminiferal assemblage the Bešpelj succession cor-
responds to the Calveziconus cf. lecalvezae subzone (Frijia 
et al. 2015) of the upper part of the Lower Campanian to 
the lowermost Middle Campanian. The textural features 
and fossil community indicate a shallow-water, moderate-
energy environment.

Fig. 6   Field photograph of the Stranice locality. Beginning of transgressive succession marked with arrows
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Table 2   List of coral species, their growth form and polyparia arrangement from Stranice (S), Donje Orešje (DO) [after Tunšek (1978, 1994, 
1997)] and Turnšek and Polšak (1978) and Gornje Orešje (GO)

Species, solitary or colonial Form Polyparia arrangement Locality

Actinacis martiniana d’Orbigny, 1850 Encrusting Plocoid S, DO, GO

A. reussi Oppenheim, 1930 Encrusting, branching Plocoid S, GO

Actinastraea elongata Alloiteau, 1954 Bulbous Cerioid GO

A. octolamellosa (Michelin, 1846) Branching, bulbous Cerioid S, DO

A. ramosa (Michelin, 1847) Branching Cerioid, ramose S, DO, GO

Acrosmilia conica d’Orbigny, 1850 Solitary Flabellate S

Acrosmilia sp. Solitary Flabellate GO

Astraraea media (Sowerby, 1832) Massive, bulbous Thamnasteroid DO

Astraraea sp. Branching Thamnasteroid GO

Aulosmilia aspera (Sowerby, 1831) Solitary Flabellate S

A. cuneiformis (Milne Edwards and Haime, 1849) Solitary Flabellate, compressed S

Columactinastraea pygmaea (Felix, 1903) Bulbous, branching, encrusting Cerioid S, DO, GO

Columnastrarea formosa (Goldfuss, 1826) Bulbous, cylindrical Plocoid DO

C. striata (Goldfuss, 1826) Bulbous, encrusting Plocoid DO

Conicosmilotrochus dentatus Turnšek, 1978 Solitary Ceroid S

C. stranicesis Turnšek, 1978 Solitary Ceroid S

C. strictus Turnšek, 1978 Solitary Ceroid, compressed S

Cunnolites (Cunnolites) reussi (Fromentel, 1870) Solitary Discoidal S

C. (Cunnolites) stellata (Quenstedt, 1880) Solitary Discoidal S

C. (Paracunnolites) scutellum (Reuss, 1854) Solitary Discoidal S

C. (Pleisocunnolites) cycloides (Felix, 1903) Solitary Discoidal S

C. (Pleisocunnolites) depresa (Reuss, 1854) Solitary Discoidal S

C. Pleisocunnolites) dispar (Quenstdt, 1880) Solitary Discoidal S

C. (Pleisocunnolites) faecata (Stoliczka, 1873) Solitary Discoidal S

C. (Pleisocunnolites) gosavicus (Oppenheim, 1930) Solitary Discoidal S

C. (Plesiocunnolites) orbigny (Fromentel, 1864) Solitary Discoidal S

C. (Pleisocunnolites) undulata (Goldfuss, 1826) Solitary Discoidal S

C. (Plesiocunnolitopsis) robusta (Quenstedt, 1880) Solitary Discoidal S

Cunnolites sp. Solitary Discoidal GO

Dasmiopsis lamellicostatus (Reuss, 1854) Solitary Trochoid S

Dermosmiliopsis orbigny Alloiteau, 1957 Rounded Phaceloid DO

D. tenuicosta (Reuss, 1854) Rounded Phaceloid DO, GO

Dimorphastraea composite (Sowerby, 1835) Cylindrical, bulbous, fungiform Thamnasteroid S

D. leptophyllia (Felix, 1903) Fungiform to cylindrical Thamnasteroid S, GO

Elasmophyllia deformis (Reuss, 1854) Rounded Phaceloid S, DO

Ellipsosmilia sp. Solitary Trochoid DO

Enallocoenia salisburgensis Beauvis, 1982 Bulbous Subcerioid S

Hydnopora ataciana d’Orbigny, 1850 Cylindrical Hydnoporoid S

H. multilamellosa Reuss, 1854 Cylindrical Hydnoporoid S, GO

Mycetophylliopsos antiqua (Reuss, 1854) Massive Meandroid DO

Neocaeniopsis corollaris (Reuss, 1854) Bulbous Plocoid S

N. excelsa (Fromentel, 1867) Massive, digitate Plocoid S, GO

Neocoenia lepida (Reuss, 1854) Massive Plocoid DO

Orbignygyra daedalea (Reuss, 1854) Massive Meandroid S

Phragmosmilia sp. Solitary Trochoid S

Phyllocoeniopsis pediculate (Deshayes, 1831) Massive Plocoid DO

Phyllocoeniopsis sp. Massive Plocoid DO

Phyllosmilia sp. Solitary Trochoid, compressed S
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Table 2   continued

Species, solitary or colonial Form Polyparia arrangement Locality

Placosmilia gracilis (Felix, 1903) Uniserial Meandroid S

Pleurocora crassa (Reuss, 1854) Branched Dendroid DO

P. haueri Milne-Edwards and Haime, 1848 Branched Dendroid DO

Polytremacis sp. Encrusting Plocoid S

Procadocora simonyi (Reuss, 1854) Branched round Phaceloid-dendroid S, DO

P. tenuis (Reuss, 1854) Branched round Phaceloid-dendroid S, DO

Rennensismilia chondrophora (Felix, 1903) Solitary Flabellate S, DO

R. complanata (Goldfuss, 1826) Solitary Flabellate, compressed S, DO

R. subinduta (Reuss, 1854) Solitary Urbinate S, DO

Stephanosmilia polydectes Kolosváry, 1954 Solitary Urbinate S

Synastraea procera (Reuss, 1854) Encrusting Thamnasteroid S, DO

Thamnoseris hoernesi (Reuss, 1854) Bulbous, massive, encrusting Cerioid DO

Fig. 7   Distribution of measured heights for corals and rudists. 1 Cor-
als (cylindrical, bulbous, branching), 2 Dictyoptychids, 3 Hippuritids, 
4 Radiolitids, 5 Vaccinitids, 6 Pseudopolyconitids, 7 Plagoiptychids. 

Only rudist and coral specimens with measurable heights of pre-
served shells and coral growth forms are presented. Horizontal axis 
generalized vertical succession from left to right

Fig. 8   Panoramic field photograph of Gornje Orešje locality. Tectonic beginning of succession marked with arrows
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The Kober profile, Bosnia

The Kober succession is 5.5 m thick and consists of float-
stone-rudstone and packstone-grainstone, with a bed thick-
ness ranging from 50 to 100 cm (Fig. 3). Beds show simi-
lar textural characteristics and an absence of sedimentary 
structures throughout the outcrop. The packstone–grain-
stone (Fig. 4n) consists of peloids, benthic foraminifers and 
rare small bioclasts. Floatstone–rudstone (Fig. 4o) is simi-
lar but with larger macrofossils and lithoclasts. The fossil 
assemblage comprises agglutinated-hyaline foraminiferal 
species (Figs.  4n, o, 5s–u): Calveziconus cf. lecalvezae 
Caus & Cornella, Accordiella conica Farinacci, Scando-
nea samnitica De Castro, Dicyclina schlumbergeri Munier-
Chalmas, Orbitoides sp., Siderolites sp., Lepidorbitoides 
sp. as well as fragments of red algae. Within the packstone-
grainstone are rare toppled individuals of Radiolitidae and 
Hippuritidae (Fig.  12e–g). One specimen of Vaccinites 
vesiculosus is 7.6  cm in diameter (Fig.  12e). Hippurites 
specimens are 3–4.5 cm in diameter, and those of Hippu-
ritella 2.5–4 cm (Devidé-Neděla and Polšak 1961). Chron-
ostratigraphically, the benthic foraminiferal assemblage 
of the Calveziconus cf. lecalvezae subzone (Frijia et  al. 
2015) and rudists of the Pironaea polystyla rudist biozone 
(Steuber and Schüter 2012) indicate the lower part of the 
Middle Campanian. With the presence of hyaline benthic 

foraminifers, the environment may well have been rela-
tively deeper-water, moderate energy, subtidal.

Chronostratigraphy

Two splits of samples of the outer shell layer of the hip-
puritid rudists were taken for geochemical and strontium 
isotope analysis. At each locality, three to four samples, 
(depending on the available number of hippuritid shells), 
were submitted for elemental composition and strontium 
isotope analysis. Almost all analyzed specimens show rela-
tively poor preservation potential for calculation of mean 
87Sr/86Sr (Steuber 2003a) because the Fe and Mn concen-
trations are too high.

Only sample 2 from Stranice with a numerical age of 
80.50–80.55  Ma, has an acceptable elemental composi-
tion with concentrations of Sr 1320, Mg 2835, Fe 77 and 
Mn 13 mg/kg and mean 87Sr/86Sr value of 0.707518. These 
data fit well with the microfossil chronostratigraphic range 
from the upper part of the Lower Campanian to the lower-
most part of the Middle Campanian age. According to the 
rudist biozone determinations (Steuber and Schüter 2012), 
this locality corresponds to the upper part of the Lower 
Campanian Vaccinites alpinus interval zone with a chron-
ostratigraphic range of 84.12–79.03 Ma. Most probably the 

Fig. 9   Basal conglomerates from Gornje Orešje locality. Lower carbonate (c–e) and upper clastic (a–c) part. From left to right field photo (a, d), 
polished slabs (b, e) and thin-sections (c, f)
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nearby Slovenj Gradec section has the same chronostrati-
graphic age since rudist taxa typical of the V. alpinus inter-
val zone are present (Pleničar 2005).

For the Gornje Orešje, there are Sr-isotope data from 
nearby Donje Orešje (Moro et  al. 2010; Steuber and 
Schüter 2012). The numerical age (81.19 Ma, Fig. 13) cor-
responds to the upper part of the Lower Campanian Vac-
cinites alpinus interval zone with a chronostratigraphic 
range of 84.12–79.03  Ma. These data fit well with the 
determined rudist community. Both Bosnian localities, 
Kober and Bešpelj, according to the Calveziconus cf. 
lecalvezae biostratigraphical range, correspond to the upper 
part of the Lower Campanian to the lowermost part of the 
Middle Campanian (Steuber et al. 2005; Frijia et al. 2015). 
Also, the Kober rudist community corresponds chron-
ostratigraphically to the P. polystyla rudist biozone with a 
chronostratigraphic age range of 79.03–75.27 Ma (Steuber 
and Schüter 2012). Calveziconus cf. lecalvezae appears on 
the Adriatic carbonate platform within a slightly deeper 
subtidal facies, which lacks shallowing-upward cycles, 
with a mixed radiolitid-hippuritid community (Gušić and 
Jelaska 1990; Moro et al. 2002; Steuber et al. 2005). This 
facies is quite rare and is restricted to a short interval of 
the Campanian after a renewed flooding of the Adriatic 
platform (Gušić and Jelaska 1990; Moro et al. 2002; Steu-
ber et al. 2005), or, as in the Bosnian localities, a time of 
relatively rapid deepening with deposition of carbonate to 
carbonate-clastic turbidites (Tomić 1985; Dragičević 1987; 
Polšak et al. 1982); the latter is not typical during a phase 
of deepening (Haq 2014). Thus, most probably the sec-
tions in the two Bosnian outcrops were deposited at the 
beginning of the P. polystyla biozone. This implies that 
the biostratigraphical range of Calveziconus cf. lecalvezae 
could be extended to the beginning of the P. polystyla rud-
ist biozone (79.03  Ma). As for the biostratigraphic range 
of M. lata, recent investigations in the Central Apennines 
(Frijia et  al. 2015) reported the occurrence of M. lata up 

to the uppermost part of the Lower Campanian. Here, M. 
lata appears together with C. cf. lecalvezae, indicating a 
wider range which extended into the lower part of the Mid-
dle Campanian.

Hippurites nabrasiensis is of dubious taxonomic status 
(Steuber and Schüter 2012), and has often been confused or 
considered as a synonym of either Hippuritella lapeirousei 
(Pleničar 1994, 2005; Polšak et al. 1982; Moro et al. 2010) 
or Hippurites heritschi (Chaffau and Pleničar 1995; Steu-
ber 2001, 2003a, b; Pons and Vicens 2002). The taxonomic 
concept used here refers to morphological and chron-
ostratigraphic features as described by Steuber and Schüter 
(2012), that thick-shelled individuals with broad pillars, 
occurring throughout the Vaccinites chaperi, V. alpinus and 
Pironaea polystyla rudist zones, could be considered as 
Hippurites nabrasiensis or H. heritschi (Table 1).

Sea‑level change and depositional environments

The deposits described above from the various localities 
constitute the different lateral parts of a shallow-marine, 
subtidal transgressive system where rudists and corals were 
the dominant macrofossils. For the investigated profiles, 
two successions can be distinguished: (a) clastic mudstone 
to sandy mudstone and (b) carbonate. The characteristics of 
the investigated successions are described below within a 
framework of sea-level change, and an ideal transgressive 
vertical succession.

Generally, the successions of the V. alpinus biozone 
occur during the regressive (Donje Orešje and Gornje 
Orešje localities), lowstand (Brašljevica and Sv. Martin 
localities) and transgressive (Stranice locality) parts of a 
short-term sea-level curve (see Fig.  13 after Haq 2014). 
The apparent broad stratigraphic range of the beginning 
of the transgression within the V. alpinus biozone (81.19–
79.8  Ma), which occurs around the major cycle bound-
ary at 80 Ma could be related to the poor biostratigraphic 
control of the Late Cretaceous successions, as well as the 
effect of local tectonics in this active continental margin 
setting (Steuber and Schüter 2012) resulting in a more 
or less pronounced paleorelief. At Donje Orešje a short 
period of shallow-water deposition is sharply replaced by 
pelagic limestone (Polšak 1979) or, as is the case at other 
localities in the Internal Dinarides, with marly sediment 
(Moro et  al. 2010; Lužar Oberiter et  al. 2012). Although 
regionally there is a continuous distribution of rudist com-
munities (Steuber and Schüter 2012), deepening of the 
depositional environment during the upper part of the V. 
alpinus biozone represents a tectonic overprint of sea-
level change. The transgression at the Kober and Bešpelj 
localities occurs at the beginning of the Pironaea polystyla 
biozone. It coincides with the highstand of a short-term 

Fig. 10   Corals from Gornje Orešje: cylindrical (a, b), solitary (d), 
branching (c, h–j, m), rounded (e), bulbous (f, g, o) and encrusting 
(n) growth forms with plocoid (i, n, o), thamnasteroid (l) and ceri-
oid (h, j, k, m) polyparia arrangement. a Hydnophora multilamel-
losa Reuss, b Dimorphastraea leptophyllia (Felix), c1,2. Astraraea 
sp. with hippuritid (lower left), transversal (1) and longitudinal (2) 
section, d Acrosmilia sp., e Actinastraea elongate Alloiteau, f Der-
mosmiliopsis tenuicosta (Reuss), g Neocoeniopsis excelsa (Fromen-
tel), h Actinastraea ramosa Michelin, i Actinacis reussi Oppenheim, 
j Astraraea sp., k Actinastraea elongate Alloiteau, l Dimorphastraea 
leptophyllia (Felix), m Columactinastraea pygmaea (Felix), n Acti-
nacis martiniana d’Orbigny, o Neocoeniopsis excelsa (Fromentel), p 
Subvertical beds of pillarstone with toppled predominately branched 
corals within mud matrix. On left, detail from middle bed. Succession 
from left to right, q A detail from pillarstone with toppled branched 
corals within sandy mud. Succession from left to right

◂
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Fig. 11   Rudist species form Gornje Orešje locality. a1–a3 Pseudopolyconites sp., b Hippuritella variabilis (Munier-Chalmas, in Gaudry 1867), 
c Pseudopolyconites sp, d Vaccinites archiaci (Douvillé), e Vaccinites vesiculosus (Woodward), f Plagioptychus sp.



Facies  (2016) 62:19 	

1 3

Page 17 of 25   19 

sea-level curve of Haq (2014) (Fig. 13). The result was a 
rapid deepening of the environment with a short period 
of subtidal sedimentation with a radiolitid or mixed radi-
olitid-hippuritid rudist community. Although a gap in the 
regional distribution of rudist communities at the begin-
ning of the P. polystyla biozone (Steuber and Schüter 
2012) coincides with a third-order sequence boundary (at 
78.4  Ma), the absence of rudists as a result of the depo-
sition of turbidites at the Bosnian localities (Tomić 1985) 
suggests a tectonic overprint of sea-level change. Tectonic 
influence, together with sea-level change (Moro et  al. 
2002; Steuber et  al. 2005) resulted in regional develop-
ment of an palaeogeographically extensive subtidal envi-
ronment, without shallowing-upward cycles, which pre-
ceded emergence (Gušić and Jelaska 1990; Moro et  al. 
2002; Steuber et  al. 2005) or developed at the beginning 
of transgression, as is case with the investigated localities. 
This resulted in the presence of rudist species and genera 
of V. alpinus and P. polystyla biozones within this part of 
the central-eastern Mediterranean.

During the Campanian there was a constant sea-level 
rise (Haq 2014) although there were also short-term falls 
(Fig. 13). All the transgressive successions of investigated 
localities were deposited relatively rapid (Fig.  13) with-
out the repetition of lithofacies or cyclicity, similar to the 
transgressive successions of the Lower Gosau supergroup 
in Austria (Sanders and Pons 1999).

The depositional environment of the clastic-dominated 
transgressive facies consists of beach conglomerates 
which pass up into shallow subtidal mudstone with cor-
als and rare rudists and mudstone/sandy mudstone facies 
with corals (Fig.  14). Towards the top of the succession, 
the depositional environment became gradually deeper 
and more open-marine with lithoclastic-bioclastic sandy 
mudstone and carbonate interbeds. At the top of the clas-
tic succession there are limestones with a vertical alter-
nation of packstone-grainstone and floatstone-rudstone. 
The foraminiferal community within the limestones, with 
agglutinated and porcellaneous tests, together with hippu-
ritids and radiolitids, indicates that the paleoenvironment 
was still relatively shallow, with the absence of shallowing-
upward cycles (Moro et al. 2002) probably due to the rela-
tively rapid sea-level rise over a gently inclined paleorelief. 
Also, the clastic succession could equate laterally with the 
carbonates at Donje Orešje-Gornje Orešje, presumably as a 
result of the more inclined part of palaeorelief with carbon-
ate sedimentation. A similar facies architecture is observed 
in the Lower Gosau Subgroup in Austria where transgres-
sive successions depended on the combined effect of differ-
entiated relief of a narrow shelf with an overall high silici-
clastic input (Sanders and Höfling 2000).

Within the transgressive carbonate successions, as well 
as carbonates overlying clastic sediments (Figs. 3, 14) with 

similar packstone-grainstone to floatstone-rudstone litho-
facies, it is possible to distinguish (1) a shallow subtidal 
facies with agglutinated-porcellaneous foraminifers and a 
rudist community which ranges from radiolitid (Bešpelj, 
Slovenj Gradec) to mixed radiolitid-hippuritid (Stranice, 
Donje Orešje, Gornje Orešje), and (2) a relatively deeper 
and more open subtidal facies, with agglutinated-porcel-
laneous-hyaline foraminifers and hippuritids with rare 
radiolitids at Kober in Bosnia. Corals are either absent or 
only present as rare fragments in the early part of the sec-
tion, when clastic sediment was being deposited, as is case 
at Donje Orešje (Polšak 1979; Korolija et al. 1995) or the 
lower part of the Gornje Orešje succession. The absence 
of shallowing-upward cycles within the carbonate succes-
sions, together with the above-mentioned features of the 
fossil communities, particularly for localities which were 
likely the result of the same transgression (Bešpelj and 
Kober sections, Fig. 3) are probably a result of a relatively 
rapid sea-level rise (Fig. 13) over a laterally more (Kober) 
or less (Slovenj Gradec and Bešpelj) pronounced paleore-
lief (Fig. 14).

These carbonate successions could pass laterally into 
pelagic deposits basinwards (Polšak 1979, 1981; Tomić 
1985) with no evidence of the movement of a barrier-shoal, 
with or without rudists or corals; this situation is similar to 
those in the External Dinarides where gradual deepening of 
the subtidal zone ended with foundered platform deposits 
(Gušić and Jelaska 1990; Moro 1997; Moro and Ćosović 
2000; Moro et al. 2002, 2008; Vlahovic et al. 2005; Korbar 
et al. 2010).

Although the presence or absence of clastic sedimenta-
tion at the studied localities is generally dependent upon 
the nature of the basement being transgressed and the sur-
rounding area (Mioč and Žnidarčič 1976; Marinković and 
Ahac 1979; Šimunić et al. 1983; Basch 1983) (Figs. 1, 3), 
especially for Bosnian localities, carbonate sedimentation 
always followed clastics which wedge out and gradually 
pass up into carbonates. The clastic sediments would have 
been derived through erosion, and then deposition within 
the flatter parts of an irregular transgressive surface. They 
represent the shallowest facies, similar to that of the shal-
low embayments of the transgressive sequence in the Oman 
Mountains of the Maastrichtian age (Skelton et  al. 1990) 
and siliciclastic successions of the Northern Calcareous 
Alps, Austria (Sanders and Pons 1999), with the carbonates 
deposited in somewhat deeper subtidal areas during the 
Turonian-Lower Campanian.

The differentiation of the depositional setting for the 
investigated localities with respect to sea-level change may 
be considered to result from the relatively rapid transgres-
sion which covered the paleorelief. In cases where the 
clastic or carbonate paleorelief was gentle, the transgres-
sive succession starts with clastic coral-rich sediments or 
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carbonates with radiolitids, and where the paleorelief was 
steeper, carbonate sediments were deposited with a mixed 
radiolitid-hippuritid community (Fig. 14).

Paleoecology of the rudist‑coral transgressive 
successions

From the features of the studied successions, a general 
model can be constructed for the paleoenvironmental over-
lap of rudists and corals within the Campanian transgres-
sion. Relative changes in rates of carbonate production/
sediment influx are analyzed through changes in the rudist 
communities and predominance of different coral growth 
forms. In the carbonate facies, corals are completely absent, 
and rudists are represented by a mixed radiolitid-hippuritid 
community. For rudists, with a constratal colonization 

strategy (Gili et al. 1995; Götz 2003) of elevator morpho-
types, which could thrive as sediment dwellers in densely 
packed congregations (Gili et al. 1995), carbonate produc-
tion rates were probably more favorable. By way of con-
trast, in clastic sediments, conditions were less favorable 
for both corals and rudists with respect to sediment influx 
rate of mud and sandy mud. Although the predominance 
of clay-silt sized sediment may have raised water turbidity 
(Roy and Smith 1971), the presence of sand-sized grains at 
the Strance locality with smaller branched corals in com-
parison with the mud-dominated sediment of Gornje Orešje 
where branched corals are higher (Fig. 7) excludes the pos-
sible influence of grain-size to coral growth.

Corals as reef-builders (Gili et  al. 1995), with their 
superstratal growth, are dependent on higher water energy 
(Götz 2003) and a low sediment influx rate. At Stran-
ice, the sandy mud succession is dominated by bulbous, 
low cylindrical growth forms, and subordinate Actinacis 
and Actinastraea which have highly adaptive skeletons, 
with high sediment tolerances (Sanders and Baron-Szabo 
2005), and a complete absence of rudists. In cases when 
the muddy succession is dominated by branching growth 
forms, where corals kept up with sedimentation (Sanders 
and Baron-Szabo 2005), as in the case of Gornje Orešje, 

Fig. 13   Stratigraphic distribution of localities in northwestern Croa-
tia, Slovenia, and Bosnia. Brašljevica and Sv. Martin locality after 
Moro et al. (2010). Sea-level events (sequence boundaries), long-term 
and short-term sea-level curves after Haq (2014) tied to the geologi-
cal time-scale after Gradstein et al. (2012). Rudist zones after Steu-
ber and Schüter (2012). 1 Carbonate, 2 Rudists and corals, 3 Pelagic 

limestone, 4 Pebbles, 5 Marly sediment with nannofossils, 6 Clas-
tic sediment, 7 Transgression, 8 Fault. 9 Downwards: Major cycle 
boundary, medium or minor cycle boundary, potential global cycle 
boundary, UJ Upper Jurassic, UT Upper Triassic, MT Middle Trias-
sic, UC Upper Cretaceous

Fig. 12   Rudist species from Gornje Orešje (a–d) and Kober (e–g) 
localities. a Vaccinites oppeli (Douvillé), b Pseudosabinia sp. with 
detail of outer and inner shell layer (b2), c Vaccinires archaici (Dou-
villé). Oblique (c1) and transverse (c2) section of the same specimen. 
d Pseudopolyconites sp. with enlarged ligamental ridge (d2), e Vac-
cinites vesiculosus (Woodward), f, g Pseudopolyconites sp.

◂
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sediment influx rates were relatively high, in comparison 
with the bulbous, low cylindrical growth form dominated 
succession of Stranice. The absence of encrusters and rela-
tively rare lithophagid and annelid borings within dendroid 
corals at Gornje Orešje also indicates relatively higher 
sediment influx rates (Sanders and Baron-Szabo 2005). 
Macroborings are absent on the rare small and low cylin-
drical and bulbous growth forms of Gornje Orešje, which 
were rapidly buried through (for them) the relatively higher 
sediment influx rate. Rudists are present as rare individuals 
of hippuritids (Fig.  10c) and plagyoptichids which occur 
within coral branches surrounded by sediment as constratal 
sediment dwellers keeping pace with deposition (Gili 
et  al. 1995). Corals were dominated by thamnasteroid-
cerioid-hydnophoroid polyp integration and this is gener-
ally indicative of biostromes formed in conditions of low 
to moderate turbidity and sedimentation rate (Sanders and 
Baron-Szabo 2005). While relatively low sediment influx 
rates promote a bulbous-cylindrical coral community but 
completely exclude rudists, a relatively higher sediment 
influx gives rise to a more branching coral growth form and 
the possibility for rare constratal, sediment-dwelling rudists 
to thrive together with corals.

Besides sediment influx, salinity, turbidity, and nutrient 
supply are possible controlling factors for organisms. For 
investigated localities, deposited during subtropical condi-
tions (Camoin et al. 1993; Wilson and Lokier 2002), there 
is a complete absence of macrofossils at the beginning of 

clastic sedimentation (Gornje Orešje). One possible expla-
nation is a decrease in salinity which is often associated 
with clastic influx (Woolfe and Larcombe 1999; Wilson 
and Lokier 2002). Transgression within pure carbonate 
sediments on the Adriatic carbonate platform (Moro et al. 
2002; Vlahovic et al. 2005; Steuber et al. 2005), as well as 
at investigated localities (Donje Orešje, Bešpelj, Kober), 
is characterized by the presence of stenohaline macrofos-
sils from the beginning of deposition. Therefore, reduced 
salinity because of more or less persistent freshwater input 
appears improbable. Clastic shallow-water environments 
with ramose-colonial and branched low integrated (den-
droid, phaceloid) coral taxa (Sanders and Baron-Szabo 
2005), as is the case for the Gornje Orešje succession, are 
characterized by low turbidity waters of shallow depths 
(Tudhope and Scoffin 1994; Sanders and Baron-Szabo 
2005). Also the presence of rudists, which mostly thrive 
in more muddy matrices on carbonate platforms and are 
adapted to more turbid waters than corals (Gili et al. 1995) 
makes turbidity improbable as a controlling factor for them 
in clastic sediment. Although turbidity within carbonate 
successions could be a limiting factor for corals, the moder-
ate energy of the packstone-grainstone environment, makes 
turbidity less likely as a controlling factor for them in car-
bonates. Carbonate producers, such are rudist and corals, 
are generally associated with oligotrophic or nutrient-poor 
conditions (Hallock and Schlager 1986; Wilson and Lokier 
2002). The presence of both in the investigated localities, 

Fig. 14   Reconstruction of an idealized depositional palaeoenvironment for the investigated localities. 1 Corals, 2 Hippuritids, 3 Radiolitids, 4 
Plagioptychids, 5 Pseudopolyconitids, 6 Clastic sediment, 7 Carbonate, 8 Pelagic carbonate, 9 Deep water marly sediment
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although corals predominate in clastics and rudist in car-
bonates, excludes nutrition as a controlling factor in their 
distribution.

Rudists predominate, together with mostly branching 
corals, towards the end of clastic sedimentation, giving rise 
to a rich community of loosely packed thick-shelled, wide 
conically shaped Pseudopolyconites individuals (Fig.  7). 
This presumably indicates that sediment influx rates were 
close to those of carbonate production, but still not suffi-
cient for the prevalence of cylindrical rudist growth forms 
which dominate in marine environments with positive sedi-
mentation rates and an absence of corals (Gili et al. 1995). 
This is also indicated by macroborings of rare vaccinitid 
shells and their absence in pseudopolyconitid shells. Cylin-
drical vaccinitids probably protruded above the sediment 
surface in comparison with wide conical, completely emer-
gent pseudopolyconitids.

The co-occurrence of non-competitive corals and rud-
ists within a relatively low-energy clastic environment for 
both, most probably close to their ecological limits (Gӧtz 
2003) with respect to the sediment influx rate (Fig.  15), 
resulted in most of them being toppled over. Corals were 
likely toppled due to slower growth and their inability to 
make a superstratal framework, which forced them to attain 
maximum horizontal coverage within biostromes (Gӧtz 
2003). Constratal elevator rudists, which thrive mostly 
within muddy matrices (Ross and Skelton 1993; Gili et al. 
1995; Moro et al. 2002), grew relatively faster than corals; 
they were frequently toppled as a result of their inability 

to attain vertical growth in a situation of insufficient sedi-
ment influx. Also, the toppled position of closed hippuritid 
shells within relatively low-energy clastic environments in 
the Guinea Corn Formation of Jamaica (Mitchell 2002), 
could indicate that rudists were forced into partial super-
stratal growth due to an unfavorable sediment influx rate. 
The toppled position of both rudists and corals indicates 
that the sediment influx rate was too high for corals and too 
low for rudists within the low energy clastic environment of 
the investigated localities.

Laterally within outcrops of the Stranice and Gornje 
Orešje localities, there is a complete absence of corals and 
rudists within the clastic sediments. For rudists, it is known 
that their patchy distribution is dependent upon suitable 
attachment surfaces, and their larvae having settling prefer-
ences within the subtidal environment (Skelton 1979; Skel-
ton et al. 1995; Skelton and Gili 2002; Moro et al. 2002). 
Here, in addition to the aforementioned factors, the clastic 
sediment influx rate was most probably too low for their 
sediment-dwelling mode of life (Gili et  al. 1995; Skelton 
1979; Steuber et al. 1998; Moro et al. 2002) and therefore 
they were completely excluded from the bulbous-cylin-
drical coral community or their presence is subordinate in 
comparison with the corals, as is also the case for branch-
ing coral growth forms. Corals, on the other hand, could be 
absent as a result of the increased clastic sediment influx 
rates being close to those for carbonates. One of the possi-
ble reasons for the absence of both corals and rudists could 
be a too high sediment influx as result of a paleoland flood. 

Fig. 15   Environmental overlap of Campanian rudists and corals for 
the investigated deposits according to relative depth, sediment type, 
rate of sedimentation and water energy (modified after Götz 2003) 1 
vaccinitids, 2 hippuritids, 3 radiolitids, 4 pseudopolyconitids, 5 plagi-

optychids, 6 corals. As clastic sedimentation with corals declined, the 
transition line between clastics and carbonates will move right and at 
the end became horizontal, exclusively with rudists
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This possibility is observable in both clastic successions, at 
Stranice, where relatively positive clastic influx rates could 
resulted in the lateral absence of corals (Turnšek 1978, 
1994, 1997), and at Gornje Orešje with the vertical alterna-
tion of clastic mud beds with and without corals and rare 
rudists (Figs.  3, 14). Similar textural features throughout 
both clastic successions and the above mentioned charac-
teristic of lateral patchy distribution of rudists make that 
process less likely. Therefore, the presence or absence of 
corals within the same type of clastic sediment could be 
considered as a result of lateral variations of more or less 
favorable (for them) sediment influx rates. This is similar 
to the observations for mixed coral-rudist associations from 
the Northern Alpine Gosau in Austria, where co-existing 
corals and rudists are either present or absent, where there 
is adequate sediment input, because they provide hard sub-
strates for settlement for each other (Sanders and Baron-
Szabo 1997).

The co-occurrence of corals and rudists within the Late 
Cretaceous deposits and the same bioconstructions as a 
result of environmental overlap is described and confirmed 
by several authors (Scott 1988, 1995; Baron Szabo 1997; 
Sanders and Baron-Szabo 1997, 2005; Skelton et al. 1997; 
Sanders and Pons 1999; Götz 2003). At investigated locali-
ties clastic successions characterize gently inclined subtidal 
environments. Bulbous-cylindrical corals without rudists 
occur in environments of relatively lower sediment influx 
in comparison with dendroid assemblages which co-occur 
with rare rudists within relatively higher sediment influx 
rate environments. Relatively higher sedimentation rates 
are more adequate for 2–4 cm/year fast-growing vaccinitid 
rudists (Steuber 1996, Steuber et al. 1998, Götz 2003), in 
comparison with 0.3–0.6  cm/year slow growing branched 
phaceloid corals (Kružic and Požar-Domac 2002; Kružić 
and Benković 2008).

Both pass vertically into relatively shallow-water car-
bonates with a mixed radiolitid-hippuritid community. In 
cases when transgressive successions are carbonate corals 
are completely absent; in areas of gently inclined paleo-
relief radiolitids are present, and more inclined paleore-
lief characterize a mixed radiolitid-hippuritid community 
(Figs.  14, 15). The rate of carbonate mud production is 
presumably relatively high, and therefore more suitable for 
sediment-dwelling, relatively fast-growing (Steuber 1996; 
Steuber et  al. 1998; Götz 2003) elevator rudists, whereas 
the probably lower input of clastic sediments is gener-
ally more adequate for corals (Fig. 15). Also, with incom-
ing carbonate sedimentation there is an increase in water 
energy. Rudists, more tolerant to settings with restricted 
water circulation (Gili et  al. 1995), at investigated locali-
ties also thrive in moderate energy, more open packstone-
grainstone environments. Despite the relatively higher 
energy of carbonate environments, corals with superstratal 

organic growth fabric and functional resistance to wave/
current action (Gili et  al. 1995), are completely absent. 
Therefore, difference in sediment influx/carbonate produc-
tion rate could be one of the main reasons why corals are 
mainly absent in areas of pure carbonate sedimentation, as 
it is case on the ADCP (Moro et al. 2002).

Conclusions

It is possible to draw the following conclusions from the 
sedimentological, paleontological, and paleoenvironmen-
tal analysis of the Upper Cretaceous transgressive deposits 
of Slovenj Gradec, Stranice, Donje Orešje, Gornje Orešje, 
Bešpelj and Kober:

1.	 On the basis of the chronostratigraphy of benthic fos-
sil remains, rudist communities and the SIS dating of 
rudist shells, deposition of the transgressive succession 
started during the upper part of the Vaccinites alpinus 
interval zone at Donje Orešje, Gornje Orešje, Slovenj 
Gradec and the Stranice locality, and beginning of the 
Pironaea polystyla Interval zone at Bešpelj and Kober 
locality. Most localities are within the extended chron-
ostratigraphic range of Calveziconus cf. lecalvezae 
(80.5–79.03 Ma).

2.	 Shallow-water, transgressive sediments are stacked in 
two different successions: clastics with a coral/coral-
rudist fossil assemblage, and a pure carbonate succes-
sion with rudists. Corals and rudists thrived together 
within the low-energy clastic succession, both close to 
the limits of their ecological tolerance with respect to 
clastic sediment influx. Coral biostromes range from 
mixstone with prevailing bulbous-cylindrical forms 
where rudists are completely absent, to pillarstone with 
a prevailing dendroid coral growth form. Rare rudists 
thrive in the latter due to a relatively higher sediment 
influx rate in comparison with the former. Elevator rud-
ists thrived in the moderate-energy carbonate facies 
in a relatively shallow-water radiolitid to mixed radi-
olitid-hippuritid community and in a relatively deeper-
water environment with rare hippuritid individuals. 
Higher carbonate production rates were more suitable 
for them as sediment dwellers. Despite a relatively 
higher energy in the carbonate environment, corals 
were completely absent. Therefore, differences in sedi-
ment influx and carbonate production rate could be one 
of the main reasons why corals are mainly absent in 
areas of pure carbonate sedimentation.

3.	 The depositional setting of the investigated localities 
may be considered as a result of a relatively rapid sea-
level rise and a tectonic influence. The result was short 
periods of shallow-water sedimentation during a time 
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of rapid deepening. Transgression generally extended 
towards the southeast and covered different types 
of technically uplifted and eroded paleorelief, rang-
ing from predominantly carbonate to clastic. In cases 
where the paleorelief was gentle, the transgressive 
succession starts with clastic coral-rich sediments or 
carbonates with radiolitids. Where the paleorelief was 
steeper, the transgressive succession is characterized 
by carbonate sedimentation with a mixed radiolitid-
hippuritid community.
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