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Abstract: Flysch deposits are associated with the Outer Dinaride nappe front. They overlie
Eocene platform carbonate to bathyal marl successions that subsequently cover Cretaceous plat-
form carbonates of Apulia and the Dinaride nappes. Planktonic foraminifer biostratigraphy indi-
cates Eocene age of flysch sedimentation. New calcareous nannofossil data reveal that several
assemblages are present; besides the dominant Mid-Eocene species, Cretaceous, Paleocene,
Oligocene and Miocene taxa were also identified throughout the entire flysch belt. Widespread
occurrence of nannofossil species of zone NN4-6 indicates that flysch deposition lasted up to at
least the Mid-Miocene. Ubiquitous occurrence of various pre-Miocene taxa demonstrates that
extensive, possibly submarine, sediment recycling has occurred in the Cenozoic. As flysch
remnants are typically sandwiched between thrust sheets, these new stratigraphic ages give a
lower bracket on deformation age of the coastal range. The data provide a link between Cretaceous

compression in the Bosnian Flysch and recent deformation in the Adriatic offshore area.

Cenozoic synorogenic clastic rocks overlie an
upward-deepening Eocene carbonate platform to
bathyal marl succession of the Apulian foreland and
of the outermost parts of the SW-vergent Outer Dinar-
ide thrust belt (Fig. 1). Established mostly on the basis
of planktonic foraminifera, and locally by calcareous
nannofossils, the stratigraphic age of the deposits has
been traditionally placed into the Mid- or Late Eocene
(Table 1). A SE-directed orogen-parallel younging of
Palacogene sedimentation has been inferred by
Piccoli & Proto Decima (1969).

Recent calcareous nannofossil studies indicate,
however, that at several locations in the central
and SE part of the basin system clastic deposition
lasted up to the Middle Miocene (review in de
Capoa & Radoic¢i¢ 2002). In addition, tectonic
slices of older flysch series dated or inferred to be
of Late Cretaceous and Palacogene age are found
in the inner part of the Dinaride imbricate thrust
belt occupying structurally higher positions.

These contradictory data pose a series of import-
ant questions that need to be addressed in detail:

(1) Can ages younger than Eocene be demon-
strated in the NW parts of the coastal flysch zone, too?

(2) Why do the age data from planktonic forami-
nifera and calcareous nannofossil studies seem to
mismatch?

(3) Where and when did flysch deposition start?
Are the deposits in the main belt and those pre-
served in narrow thrust slices related?

(4) Does revised biostratigraphy support the idea
of diachronic onset of deposition along the orogenic
front?

(5) What is the bearing of such young strati-
graphic ages on the understanding of the Outer
Dinaride geodynamic evolution?

In the present paper, new results of a calcareous
nannofossil study are reported, obtained from
several flysch localities throughout the Outer Dinar-
ide region. Areas of large-scale regional sampling
included the Trieste—Koper and Pazin Basins on
the Istrian Peninsula, the Northern Kvarner
Islands (Krk and Rab), Pag Island, Sopot section
near Benkovac in Northern Dalmatia, Central
Dalmatia, Southern Dalmatia, Montenegro coast
as well as the ‘Dalmatian-Herzegovinian Zone’ of
southern Bosnia-Herzegovina and Montenegro
inland (Fig. 1 and Appendix B).
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Carpathian System. Geological Society, London, Special Publications, 298, 335-363.
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Fig. 1. (a) Position of the Dinarides within the European Alpine chain. Dark grey: Alpine orogen; light grey:
post-orogenic basins. (b) Schematic geological setting of the Outer Dinarides with locations of the major sampling
areas. Light grey: substrate of the flysch—mainly Palaeozoic to Mesozoic formations, dominantly platform
carbonates. Dark grey: Cenozoic flysch and associated shallow marine sediments in the Outer Dinaride foreland basin
system. T, Trieste-Koper Basin; P, Pazin Basin; K, Krk Island; R, Rab Island; B, Benkovac town; H, Hvar Island;
U, Kuci Thrust; N, Nevesinjsko Polje. Position of thrusts after the Geological Map of Yugoslavia (F.G.I. 1970), Tari

(2002) and Schmid et al. (2006).

Geological setting and sedimentology

The Outer Dinarides and their foreland are domi-
nated by the thick deposits of the Adriatic Carbon-
ate Platform (AdCP — Vlahovi¢ et al. 2005) that
existed throughout the entire Mesozoic until its
final drowning in the Mid-Eocene. Structurally, it
consists of two parts: the lower plate corresponds
to autochthonous Apulia, while the upper plate
forms a broad, c¢. 100 km wide zone made up of
the Dinaride nappes and imbricate thrust sheets.
These units are built up mainly of Cretaceous rudis-
tid limestones and Eocene foraminiferal limestones
and marls, and are covered by Tertiary flysch that
interfingers with and underlies shallow marine to
continental clastic sediments. For extensive
reviews of the Cenozoic stratigraphy, the reader is
referred to Drobne (1977), Marjanac & Cosovié
(2000) and Cosovi¢ et al. (in press). The carbonate
nappes are thrust by the folded, Mesozoic units of
the Bosnian Flysch and its low-grade metamorphic,
Palaeozoic basement, the Bosnian Schist Mountains
(BSM). They underwent Early Cretaceous meta-
morphism and the BSM was exhumed during the
Eocene—Oligocene (Pamié et al. 2004; Petri 2007).

The Outer Dinaride flysch is part of the fill of a
large foreland basin system at the front of the thrust
wedges (Fig. 1). Sub-basins stretch from the
southern Alps along the Adriatic Sea coastline as
far to the SE as the Hellenides. Stratigraphic
position of the flysch is described in terms of a
Paleogene marine sequence overstepping the
Cretaceous platform. The underlying foraminiferal
ramp covers a regionally widespread unconformity

and started to develop in the Paleocene with
paralic deposits. Facies development indicates
transgression throughout the Early to Middle
Eocene but the sequence is punctuated with a
number of short-lived subaerial exposure events
probably due to the interplay of eustatic oscillations
in a shallow marine environment and the effects
of ongoing compressional tectonics affecting
the Adriatic area already since the Cretaceous
(Channell et al. 1979; Mindszenty et al. 1995;
Pamic¢ et al. 1998). The Eocene carbonate unit is
rarely thicker than 200 m and is overlain by the
‘Transitional Beds’—a deepening-upward shelf to
shallow bathyal sequence several tens of metres
thick, characterized by increasing amount of
pelagic biota, glauconite and silt upsection. Its
thin lower part is referred to as ‘Marl with crabs’,
passing upwards into the thick ‘Globigerina Marl’
(e.g. Juraci¢ 1979; Cosovic et al. 2004).

The flysch rests upon the ‘Globigerina Marl’.
Their contact is conformable at places but angular
or erosional unconformities have often been
reported (e.g. Marin¢ic 1981; Marjanac et al.
1998; Marjanac 2000). Due to repetitive thrusting,
flysch profiles are usually truncated and less than
100—400 m thick. The offshore succession resting
on the Apulian Plate is gently folded, reaches up
to the Neogene, and may exceed 1000 m in thick-
ness (e.g. Tari-Kovaci¢ 1998).

Turbidite beds are dominantly composed of
siliciclastics with variable (0—50%) amounts of
carbonate admixture. In the N part of the basin,
palaeocurrent data were interpreted as resulting
from largely SW-directed primary, and SE-directed



Table 1. Overview of published age data from the Outer Dinaride flysch. Offshore and sporadic mainland data are not included. Whenever available, standard
planktonic foraminifer or calcareous nannoplankton biozones are also indicated. Results yielding Neogene age are marked bold for clarity. Abbreviations:
np, nannofossils; pf, planktonic foraminifera; lf, larger foraminifera; po, palynomorphs; mo, mollusc macrofauna

Area Age Locality Source Age based on Biozone Notes
Istria Upper Oligocene Pican §parica et al. (2005) If, np, po
Priabonian Oprtalj Benic¢ (1991) np NP18
Upper Eocene/Lower Pazin, Motovun Marincié (1981) pf
Oligocene
Upper Eocene Pic¢an Drobne et al. (1979) pf, np 1
Middle Lutetian to Lower several localities, review Cosovié ef al. (in press) pf, np P11-P15
Priabonian
Bartonian Pricejak (Ucka) Benic (1991) np NP17
Bartonian Pican Benic¢ (1991) np NP17
Upper Lutatian-Bartonian Pican Hagn et al. (1979) np, If, pf NP16
Upper Middle Eocene several localities Kraseninnikov ef al. (1968) pf
Middle Eocene Vranja, Velanov brijeg Stradner (1962) np 2
Middle Lutetian Pican Pavlovec et al. (1991) pf, np 3
Middle Lutetian Buzet, Paz, Vranje, Muldini-Mamuzi¢ (1965) pf 4
Kotle, Dragué
Upper Lutatian-Bartonian 1zola, Piran Pavsic (1981) np NP16
Upper Lutatian-Bartonian Piran Pavsi¢ & Peckmann (1996) np NP16-NP17
Middle Eocene several localities Piccoli & Proto Decima (1969) pf
Middle Lutetian to Lower Pic¢an-Gracisce Zivkovi¢ & Babi¢ (2003) pf P11-P13
Bartonian .
Cuisian to Middle/Late several localities Zivkovi¢ (2004) pf
Lutetian
Northern Kvarner: Krk ~ Upper Mid-Eocene several localities Sikié (1963) mo
Upper Mid-Eocene Murvenica Schubert (1905) mo
Lower Eocene Omisalj, Baska, Dobrinj Piccoli & Proto Decima (1969) pf
Northern Kvarner: Rab ~ U. Mid-Eocene to U. Eocene Lopar Muldini-Mamuzi¢ (1962) pf
Pag Middle Lutetian-Bartonian Dinjiska Benié (1975) np NP15-17 5
Middle Eocene Gorica, Vr¢ici Piccoli & Proto Decima (1969) pf
(Continued)
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Table 1. Continued

8¢¢

Area Age Locality Source Age based on Biozone Notes
Northern Dalmatia Upper Eocene Sopot Kraseninnikov et al. (1968) pf
(Ravni-Kotari) Bartonian to Priabonian Sopot Drobne et al. (1991) pf P13-P16/17
Uppermost Lutetian to Sopot Benic (1983, fide Marjanac np NP16-17
Bartonian et al. 1998)
Middle Eocene Zadar, Zemunik Piccoli & Proto Decima (1969) pf
Central Dalmatia Lower Tortonian ‘Split E de Capoa et al. (1995) np NNO9
Middle Miocene Mravince de Capoa et al. (1995) np
Lower Aquitanian Hvar Island Puskaric¢ (1987) np NN1
Upper Oligocene to Lower Jadro quarry de Capoa et al. (1995) np NP25-NN2
Miocene
Upper Rupelian Gornje Sitno de Capoa et al. (1995) np NP23
Bartonian Hvar Island Puskaric (1987) np NP17
Upper Eocene/Lower Split-Omis Grubié¢ & Komatina (1963) pf =
Oligocene £
Upper Eocene/Lower Hvar Island Marincié¢ (1981) pf %
Oligocene n
Upper Eocene Marjan Peninsula in Split ~ Piccoli & Proto Decima (1969) pf 6 E
Priabonian Hvar Island KraSeninnikov et al. (1968) pf >
Upper Eocene Hvar Island Herak et al. (1976) pf =
Upper Priabonian Split Jerkovi¢ & Martini (1976) np NP19/20
Bartonian to Upper Hvar Island Marjanac et al. (1998) pf NP17-NP19
Priabonian
Bartonian Orebi¢ (Peljesac Benic (1983, fide Marjanac np NP17 7
Peninsula) et al. 1998)
Dalm.-Herz. Zone Lower Tortonian Vukov Klanac RadoiCi¢ et al. (1991) np NNO9
Lower Tortonian Badula Radoici¢ et al. (1991) np NNO9
Lower Tortonian Mosevici RadoiCi¢ et al. (1991) np NNO9
Lower Serravallian Zitomislici Radoi€ic et al. (1991) np NNS top
Lower Serravallian Gradniéi RadoiCi¢ et al. (1991) np
Lower Serravallian Dabarsko-Fatnic¢ko Polje Radoi€ic ef al. (1991) np NNS5
(?Upper Serravallian) (INN7)
Upper Burdigalian Glavatovici de Capoa & Radoici¢ (1994b) np NN4
Middle Eocene Ljubuski Kraseninnikov et al. (1968) pf
Middle Eocene Gornji Studenci Kraseninnikov et al. (1968) pf
Middle Eocene Lukavacko polje Kraseninnikov et al. (1968) pf



S-Adriatic Zone

Lower Tortonian

Upper Serravallian
(?Lower Tortonian)

Serravallian

Lower Serravallian
(?Upper Serravallian)

Lower Serravallian

Lower Serravallian

Lower Serravallian

Lower Serravallian

Lower Serravallian

Langhian

Miocene

Oligocene

Upper Bartonian to Lower
Oligocene

Upper Eocene to Oligocene

Middle to Upper Eocene

Bartonian

Mozura North
Mozura-Sasko Brdo

W of Grbalj
Konavle

Kotor-Trojica
Trojica-Grbalj
Tivat
Petrovac
Krusevica
Grbalj
Kotor-Vrmac
Ulcinj

Ulcinj
Cavtat

several localities
Izvor Cesma

de Capoa et al. (1995)
RadoiCi¢ et al. (1989)

de Capoa et al. (1995)
de Capoa et al. (1995)

de Capoa & Radoici¢ (1994a)
de Capoa & Radoici¢ (1994a)
de Capoa & Radoici¢ (1994a)
de Capoa & Radoici¢ (1994a)
de Capoa & Radoici¢ (1994a)
de Capoa et al. (1995)

de Capoa & RadoiCi¢ (1994a)
Canovi¢ & Dzodzo-Tomié

(1958)
Lukovi¢ & Petkovic (1952)

KraSeninnikov er al. (1968)
Pavi¢ (1970)
de Capoa & Radoici¢ (1994a)

np
np

np
np

np
np
np
np
np
np
np
pf

If

pf
pf, If
np

NN9b

NNS top

NNS5
NN5
NNS5
NN5

NP17

(1) Drobne et al. (1979) report Lower, Middle and Upper Lutetian as well as Upper Eocene planktonic foraminifera and Middle Lutetian nannoplankton from the Pican flysch. They conclude that age of the

strata is Middle Lutetian.

(2) Age younger than the LO of Discoaster lodoensis and D. kuepperi, but older than the FO of Isthmolithus recurvus and may correspond to the zones NP12-15 as re-interpreted by Jerkovi¢ & Martini (1976).

(3) Pelagic foraminifera with different biozonal ranges within Middle Lutetian.

(4) Flysch contains arenaceous species of Foraminifera, which markedly contrast the Globigerina in the ‘Transitional Beds’. The change appears just above the ‘Nummulite breccia’ and was observed at

several localities in Istria (Buzet, Kotle, Draguc).

(5) Summarizing description of 20 samples. Reworked Paleocene and Lower Eocene forms are also reported.

(6) Reworked Middle Eocene forms are also reported.
(7) ‘Similarly as in Split region’ (Marjanac et al. 1998).

HOSATA HATIVNIA Y4100 40 3OV ANIDOIN



340

deflected (longitudinal) flows (e.g. Magdaleni¢
1972; Babi¢ & Zupani¢ 1983; Orehek 1991).
Radial current directions are commonly found in
Central Dalmatia, resulting from complex basin
floor topography and multiple flow reflection (Mar-
janac 1990).

A clear NE-directed flow direction can be
observed in the N part of the basin on carbonate
debrites and calciturbidites that intercalate into the
siliciclastic succession (Engel 1974; Babi¢ &
Zupani¢ 1996). The coarser-grained debrites range
in composition from breccia consisting exclusively
of well-cemented Eocene foraminiferal limestone
lithoclasts, through mixed ones having much iso-
lated larger foraminifer tests and rhodoliths beside
the lithoclasts, to pure grain- or matrix-supported
debrites made up of Nummulites tests. Marl and
Upper Cretaceous limestone clasts are subordinate
(Skaberne 1987; Magdaleni¢ 1972; Hagn er al.
1979; Marjanac & Marjanac 1991; RadoiCic et al.
1991; Tunis & Venturini 1992; Babi¢ er al. 1995;
Marjanac 1996; Tomljenovi¢ 2000; Bergant et al.
2003; Pavlovec 2003).

Based on its narrow appearance in map view and
the—largely  scattered—uniform, longitudinal,
SE-directed palacoflow indicators, the flysch basin
has been interpreted as a single major elongated
trough (e.g. Marin¢i¢ 1981). However, flysch
deposits at places rapidly grade upsection into
thick sandstone beds deposited in shallow shelf
environments, pointing to a complex, dissected
basin floor topography with different subsidence
histories in the individual domains (Zupani¢ &
Babi¢ 1991; Babic et al. 1993; Babi¢ & Zupanic
1998). Rapid upward decrease of water depth in
the upper part of the thin flysch sequences has
also been observed in other localities at the Island
of Pag and in Northern Dalmatia (Lj. Babié, pers.
comm. 2005).

Present status of flysch biostratigraphy

Traditionally, Cenozoic clastic strata stretching
along the Adriatic coast have been regarded as
Middle to Late Eocene in age. Ages based on plank-
tonic foraminifera and partly on nannofossils range
from Early Eocene to Early Oligocene, mostly
Bartonian to Priabonian, as summarized in
Table 1. Piccoli & Proto Decima (1969) recognized
that the ages become progressively younger
towards the SE. Since then, deposition of the
flysch in the coastal zone has been commonly
explained in terms of a SE-directed diachroneity
(Marjanac & Cosovi¢ 2000; Cosovi¢ ef al. in
press, and references therein).

Upper Eocene to Lower Oligocene planktonic
foraminifera described from Pazin and Motovun
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localities in Istria and from Hvar Island by Marinci¢
(1981), and from sites near Split by Grubi¢ &
Komatina (1963), received little attention in sub-
sequent works. Recently, Sparica er al. (2005)
reported Upper Oligocene larger foraminiferal,
calcareous nannofossil and pollen assemblages
from the Pican profile in Istria.

The first notion of onshore Neogene is from
Puskari¢ (1987) who proved distinct biozones in
two nearby profiles on Hvar Island by means of cal-
careous nannofossils: NP17 (Bartonian) and NN1
(Uppermost Chattian to Lower Aquitanian). Nanno-
fossil studies of de Capoa revealed Early to Middle
Miocene ages up to Serravallian from a consider-
able number of localities in the central and SE
part of the flysch basin (RadoiCi¢ et al. 1989,
1991; de Capoa & Radoici¢ 1994a, b; de Capoa
et al. 1995; de Capoa & Radoici¢ 2002). Their
results are summarized in Table 1. Quantitative
test data from nannofossil counting by Radoici¢
et al. (1989) suggest that Miocene forms constitute
only a few percent of the dominantly reworked nan-
nofossil assemblage at any locality.

Methods

Pelitic rocks were collected for nannofossil analysis
throughout the flysch belt (Appendix B). This study
does not replace detailed sectionwise biostrati-
graphic work, yet it represents an exemplary
sampling of the most suitable outcrops in the
entire basin, performed as such for the first time.
Rocks were sampled in five various facies: (1) lami-
nated hemipelagic pelite, (2) pelite rip-up clasts
found within sandstone turbidite beds, as well as
(3) plastically deformed pelite fragments included
in clast-supported carbonate breccia, or in (4) Num-
mulites debrite, and finally (5) the pelite matrix of
matrix-supported debrites made up of limestone
clasts and Nummulites tests. The small sampled
volume of the clasts (a few mm?>) required extre-
mely clean conditions during preparation to
avoid contamination.

Standard smear slides were prepared from a total
of 69 crushed samples using no chemical treatment
or centrifugation. Slides were examined under the
microscope in normal and cross-polarized lights
at x1250 magnification.

Stratigraphic evaluation was performed for each
sample individually, since correlated or thick con-
tinuous profiles were not sampled. Evaluation was
based on stratigraphic ranges of the taxa alone
(from the first (FO) to the last (LO) occurrences,
see Appendix A), without using any additional geo-
logical information. Species older than the youngest
assemblage were also determined and registered, so
as to gain information on recycling. In flysch
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deposits where recycled forms are typically the
most abundant, species LO-s are only relevant to
the age of the ‘original’ assemblage in the sediment
they were eroded from. Sedimentation ages were
always established by forms having the youngest
FO. In cases where a narrow biozone was proven
(e.g. the most frequent NP16), it does not necess-
arily follow that a ‘peak sedimentation event’
occurred within that zone.

As many long-lived Cenozoic taxa reach into the
Neogene, the identified specimens could be either
autochthonous or allochthonous, but both types
may also occur together in the sample and cannot
be distinguished from each other. This is crucial
insofar as abundance of the youngest zonal
markers was often found to be extremely low.

Calcareous nannofossil classification in this
paper follows Bown & Young (1997) for the
Mesozoic and Young & Bown (1997) for the
Cenozoic. Ranges of Cretaceous species are from
Burnett (1998) and Perch-Nielsen (1985a), while
Palaeogene species ranges are from Perch-Nielsen
(1985b) and Baldi-Beke (1977, 1984). With
respect to the Neogene, the latest summary of
Young (1998) was used, a work that also took
results from the Mediterranean into consideration
(Fornaciari et al. 1996; Fornaciari & Rio 1996).
The applied nannoplankton zonation is from
Martini (1971).

The nannofossil assemblages examined are
mostly of poor preservation and allowed the
estimation of abundances only, without exact
counting. Our experience has shown that this
procedure is good enough for stratigraphic
evaluation if flysch samples are dealt with (e.g.
Nagymarosy & Baldi-Beke 1993). Species
abundances were variable but generally low,
which may depend on their preservation upon
long-lasting depositional, diagenetic and weather-
ing processes. Special care was taken to search
and identify forms smaller than 10 pm, too, as
most Neogene taxa occur in this size range.

Results of nannofossil analyses

A total of 69 samples were analysed along the Outer
Dinaride coastal range from various tectonostrati-
graphic units. Four of them were barren of calcar-
eous nannofossils. Estimated taxon abundances
are summarized in Table 2. Established strati-
graphic ranges for each sample are shown in Fig. 2.

The youngest nannofossil assemblages corre-
spond to the zones NN4-6, placing most of the
flysch into the Lower to Middle Miocene, most
probably the upper part of this interval, i.e.
Langhian to Early Serravallian. In addition, there
are many reworked specimens from the Upper

Cretaceous, and from the Middle and Upper
Eocene—many of them having non-overlapping
stratigraphic ranges. The obtained Miocene ages
of deposition are rather uniform throughout the
flysch zone.

Istrian Peninsula: Trieste—Koper
and Pazin Basins

Fourteen samples were analysed from the Istrian
Peninsula; seven each from the Trieste—Koper
Basin (localities Izola, Dekani, BabiCi and two
nearby sites each at Korte and Momjan) and from
the Pazin Basin (Baredine, Kascerga, Zlepcari,
Pican and Lukacici). Most of them are dominated
by Bartonian nannoflora.

At Dekani village (sample TD11), Pemma sp.
ind., Chiasmolithus cf. modestus and Sphenolithus
spiniger indicate Middle Eocene, whereas at the
coastal cliffs of Izola (TD13) the co-occurrence of
Chiasmolithus grandis and Reticulofenestra placo-
morpha corresponds to zones NP16-17, Uppermost
Lutetian to Bartonian. The same age was proven at
Lukaci¢i (TD171), together with a variable Middle
Eocene assemblage. At Pi¢an (PIC-2), a Bartonian
to Priabonian age can be established. Few older
Eocene species also occur whose ranges do not
reach into zone NP16 (Tribrachiatus orthostylus:
NP11-12, middle part of the Ypresian; Discoaster
septemradiatus: NP12-14, Upper Ypresian to Low-
ermost Lutetian). Scarce but ubiquitous reworked
Cretaceous forms include Lower and Upper Cretac-
eous markers as well.

In subordinate quantity, Miocene forms were
also discovered throughout Istria, in all but one
sample. The assemblage Calcidiscus leptoporus,
C. premacintyrei, Coccolithus miopelagicus, Reti-
culofenestra pseudoumbilicus (partly >7 pwm) and,
possibly also six-rayed Discoaster spp., hint at a
Miocene age. In the Pican (PIC-2), Korte (TDI15),
Babi¢i (TD16) and Bastini (TD178) localities,
specimens of Helicosphaera carteri were also
identified. Helicosphaera carteri has its FO at the
base of the Miocene worldwide and is a very
characteristic form (Photos 13-14 in Fig. 4).
Overall, the identified Neogene species define the
zones NN4-6 which correspond to Late Burdigalian
to Serravallian age. However, at Izola (TD13),
Korte (TD15, TD18), Momjan (TD22) and Babici
(TD16), Reticulofenestra pseudoumbilicus is domi-
nated by specimens larger than 7 pm, such as occur
first in the Langhian, close to base NN5. Neogene
nannofossils found near Dekani (TD11) are some-
what poorer than at Pican, indicating either
similar or slightly older Early Miocene age. At
Lukaci¢i (TD171), the Neogene is only represented
by few and small specimens of Reticulofenestra



Table 2. Distribution of calcareous nannofossils in the Outer Dinaride flysch. Abbreviations: N-Kv: Northern Kvarner area,
DHZ: Dalmatian-Herzegovinian zone. See table notes

. . N-Kv. N-Kv. . . . L
Areal Istrian Peninsula Krl: Ra’t:/ Pag Ravni-Kotari Central Dalmatia DHZ Southern Adriatic Zone

First
occurrence Sample #|
of taxon

MOM-3
BNE-1
TD249

— [TDI11
— [TD13
— [TD15
— [TD16
— [TD18
— [TD22
KSG-1
PIC-2
— [TD171
< [TD173
— [TD177
— [TD178
— |TD28
— [TD29
— [TD30
— [TD32
— [TD35
— [TD37
— [TD261
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— [TD269
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— [TD260
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— [TD229
— [TD232
= [TD233
= [TD234
— [TD236
— [TD240
— [TD246
= [TD248
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— [TD55
o |TD56
— [TD53
— [TD54
— [TD109
— [TD51
— [TD47
— [TD49
— [TD38
=~ [TD136
— [TD138
— [TD39
— [TD127
— [TD134
— [TD99
— [TD43
— [TD116
— [TD120
— [TD123
— [TD125
— [TD93
— [TD45

Sample type
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Fig. 2. Stratigraphic position of zonal marker nannoplankton species in the Outer Dinarides. Samples are
arranged in columns; bars in each column represent the ranges of zonal markers found in that single

sample. N.B.: only species with short zonal ranges are displayed; persistent species living through several epochs
are omitted. Black bars mark the youngest assemblages indicating the most probable age of sedimentation.
Narrow black lines: Neogene assemblages only comprising species that range beyond the Miocene. Grey bars
represent reworked nannoflora. Abbreviations: Ravni-K.: Northern Dalmatia (Ravni—Kotari area), DHZ:

Dalmatian-Herzegovinian Zone.

pseudoumbilicus. Of all, the most diverse Miocene
assemblage is identified in the Pian sample
(PIC-2), within a rather fresh pelite rip-up clast
from the base of a sandstone turbidite bed. Spheno-
lithus conicus, identified in Istria only in sample
MOM-3, ranges from NP25 to NN3 (Upper Chat-
tian to Middle Burdigalian) and is probably
reworked due to the presence of Coccolithus miope-
lagicus, Reticulofenestra haqii and R. pseudoumbi-
licus in MOM-3.

Northern Kvarner

Sampling sites are located on Krk and Rab Islands
and on the mainland near Crikvenica. Three out of
nine samples are barren of nannofossils, the rest
being rather poor. They always contain reworked
Cretaceous nannofloral elements.

On Krk, near Draga Bascanska (TD28), only a
poor assemblage was found with Arkhangelskiella
sp. and abundant Watznaueria barnesae suggesting
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a Late Cretaceous age, together with rare Eocene
forms. In the slide, only two specimens of Reticulo-
fenestra pseudoumbilicus >7 pm were found,
pointing to zone NN4 or younger, i.e. not older
than Burdigalian. A poorly preserved but rather
rich Middle Eocene assemblage is found near
Bribir (TD29). Although in this sample most
species range from Early to Middle Eocene and
Sphenolithus radians is rather rare from the NP17
upwards, the FO of the larger forms of Reticulofe-
nestra placomorpha is in NP16. The nannoflora of
Bribir likely indicates the zones NP15-17 of Mid-
Lutetian to Bartonian age. Another sample from
Stale near Bribir (TD30) also contains a very poor
assemblage, with the identified Upper Cretaceous,
Eocene and Miocene taxa being represented with
only one specimen each.

Three samples are from the clastic sediments of
Rab Island. Near the town of Rab (TD32), a scarce
but diverse Palacogene nannoflora was established.
The characteristic forms of Reticulofenestra placo-
morpha (FO in NP16), together with Sphenolithus
furcatolithoides (LO in NP16), indicate the zone
NP16, uppermost Lutetian to Bartonian. A single
specimen of Miocene Reticulofenestra pseudoum-
bilicus was also found here. Similarly, in a poor
nannoflora at the port of Lopar (TD35) which con-
tains mostly Senonian and Lower to Middle Eocene
nannofloral elements, only one specimen is encoun-
tered which resembles Reticulofenestra pseudoum-
bilicus. A likewise poor assemblage was obtained
from sample TD37 from Dumiéi, 1 km NW of
Supetarska Draga. Among its Eocene species,
Discoaster lodoensis has the shortest range, and
indicates Late Ypresian to Early Lutetian age
(NP12-14). Alternatively, based on Reticulofenes-
tra cf. placomorpha, the Dumici (TD37) assem-
blage can be evaluated as a younger one
(Bartonian), with Discoaster lodoensis then being
in reworked position.

Pag Island

Two profiles of the undisturbed, SW-dipping sub-
vertical flysch succession were sampled on Pag
Island. At Stara Vas, 10 km SE of Pag town, three
samples were taken 9, 45 and 92 m above the fora-
miniferal limestone (TD261, TD262 and TD265,
respectively). Two samples stem from the coastal
profile at Vlasiéi, collected 17 and 34 m above the
limestone top (TD269 and TD272, respectively).
In all samples, the nannoflora is very diverse,
and a particular abundance was observed in the
middle portion of the Stara Vas profile (TD262).
Overall, the observed Cretaceous elements are
rare, but indicate reworking of Upper Cretaceous
assemblages (Arkhangelskiella sp., Microrhabdulus
sp.). The majority of the nannofossils are Middle

345

Eocene and most probably belong to zones
NP16-17, i.e. Uppermost Lutetian to Bartonian. In
the upper sample from Vlasi¢i (TD272), the domi-
nant Middle Eocene assemblage and the isolated
Lower and Upper Cretaceous forms are
accompanied by single specimens of Heliolithus
kleinpelli from the Late Paleocene (NP6-9) and
Cyclicargolithus abisectus most probably from the
Chattian (NP24-NN1).

The Neogene part of the assemblages consists of
three to five species which are identical in all
samples throughout. Of these, Calcidiscus prema-
cintyrei is characterized by the shortest range, i.e.
Late Burdigalian and Early Serravallian (zones
NN4-6). The remaining Neogene species have
their FO mainly in the Early Miocene but FO of
Reticulofenestra pseudoumbilicus >7 pm is close
to the base of zone NNS, in the Langhian. Although
Neogene taxa make up only a very small part of the
whole of the assemblages, in sample TD262 they
appear to be more abundant than elsewhere in Pag
together with a similarly higher abundance of
Palacogene forms.

Northern Dalmatia (Ravni—Kotari)

The nearly complete profile exposed by the §opot
railway cut was sampled at four sites (28, 116,
130 and 383 m above the foraminiferal limestone)
and an additional sample is from a road cut of the
recently constructed Zagreb—Split motorway near
Islam Latinski, beneath the Suhovare bridge.
Except the section top, all Sopot samples were
extracted from fresh rip-up pelite clasts at the
base of graded turbidite beds.

The observed nannofossil assemblages bear
close resemblance to each other. Reworked Cretac-
eous coccoliths are rare compared to other parts of
the basin system, being represented by Watznaueria
barnesae. The Palacogene nannoflora is rather
diverse, yet uniform between samples. It is not
older than latest Lutetian (zone NP16), as proven
by samples bracketing the Sopot section at its
base and top (TD251, TD257) and by the Suhovare
outcrop (TD260). Although in none of the two inter-
mediate samples in the Sopot section can the
Eocene nannoflora be narrowed to NP16, a
younger Palacogene age for these assemblages
is unlikely.

Neogene species identified in this unit are
similar to those appearing in the Istrian Peninsula
and Pag Island. Calcidiscus premacintyrei, Cocco-
lithus miopelagicus and Reticulofenestra pseu-
doumbilicus occur in each sample in low yet
meaningful amounts. Six-rayed Discoaster spp.
occur in both profiles, while Calcidiscus leptoporus
and Helicosphaera carteri were identified in the
Sopot section only. The Neogene assemblage is
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assigned to the NN4-6 zones, indicating Late Burdi-
galian to Early Serravallian age.

Central Dalmatia

In Central Dalmatia, near the cities of Split and
Omis, 15 samples were analysed. The very scarce
reworked Cretaceous nannofossils are represented
mostly by Watznaueria barnesae, and Eocene nan-
nofossils constitute the vast majority of the diverse
and mostly rich assemblages.

Four sites near Mravince (TD227, TD232,
TD233 and TD234) reveal a rather similar Palaeco-
gene nannoflora, composed of very abundant but
poorly preserved uppermost Lutetian to Priabonian
forms. In addition, older index species also appear
in Mravince: Heliolithus kleinpelli (NP6-9, Upper
Paleocene) and Cyclagelosphaera reinhardtii,
Albian to Paleocene. In the marl quarry at Mravince
(TD229), recrystallized coccoliths dominate the
sample and indicate Middle to Late Eocene age
(NP16-21). The three most frequent species (Reti-
culofenestra bisecta, Coccolithus pelagicus and
Cyclococcolithus formosus) share a common size
and shape, strongly suggesting hydrodynamic
control on species composition. Only a few speci-
mens of Calcidiscus premacintyrei were found in
the sample from the Mravince quarry (TD229),
which may place the marl to the zones NN4-6.

We established Miocene ages with more confi-
dence only in a part of the localities. In Jadro
Valley, at Vrilo Jadro (TD240), besides Eocene
species which define only a broad range of zones
NP16-21 (Bartonian to Priabonian), five Neogene
taxa also occur. Of these, Calcidiscus premacintyrei
and Reticulofenestra pseudoumbilicus define the
zones NN4-6, placing the age of these beds
between Late Burdigalian and Early Serravallian.

Of the samples taken at Mravince, a pelite litho-
clast extracted from a grain-supported Nummulites
debrite (TD234) yielded comparatively abundant
Neogene nannoflora: Sphenolithus conicus (Upper
Chattian to Middle Burdigalian; probably
reworked), as well as Coccolithus miopelagicus,
Reticulofenestra haqii and R. pseudoumbilicus, cor-
responding to an age not older than Late Burdigalian.

Another pelite lithoclast (TD56) from a lime-
stone breccia exposed by the large abandoned
quarry of Omi$ also yielded rather diverse
Neogene nannofossils; Helicosphaera carteri,
Coccolithus miopelagicus, Reticulofenestra hagqii,
R. pseudoumbilicus and Umbilicosphaera rotula,
which suggest biozone NN5 or younger, i.e. at
least Langhian age.

In other Central Dalmatian localities examined,
either an abundant but monotonous and poorly pre-
served nannoflora occurs displaying Middle to Late
Eocene age (the larger pit of the Jadro quarry,

TD236), or solely a poor Eocene assemblage is
encountered. Such extremely scarce nannoflora
was found at several localities over larger along-
strike distances (80 km): in the town of Solin in
the Voljak Street section (TD248), a laminated
pelite sample in the large abandoned quarry of
Omis (TDS55), road cut at Porat near Zivogosce
(TD52) and in a metre-sized, grey, angular marl
block included in thick limestone debrite at
Gizdiéi near Klis (TD246).

Dalmatian-Herzegovinian Zone

In the densely imbricated thrust belt of the Dinaride
carbonate platform in Southern Herzegovina, a
single sample was analysed from Crnici village
near the Neretva valley (TD140). The diverse,
reworked Cretaceous nannofossil association hints
at an Upper Cretaceous source older than Maas-
trichtian. A scarce Lower to Middle Eocene nanno-
flora is also present. Indication for the Neogene age
of the rocks is provided by several specimens of
Calcidiscus leptoporus ranging from the Early
Miocene to recent (NN2-21).

Further to the SE, a narrow flysch zone is
exposed in front of the Kuci Thrust that streches
NW-SE from the Nevesinjsko Polje to Podgorica.
Two samples were taken close to Podgorica; from
a fault-bounded block standing out from the Zeta
Valley 3 km NW of Spuz village (TD100), and in
Medun village, 2 km ENE of Podgorica (TD109).

Both profiles contain reworked Upper Cretac-
eous taxa; age ranges can be probably narrowed to
Campanian—Maastrichtian at Spuz. Here the rela-
tively rich nannoflora is Lower to Middle Eocene
and consists of several taxa with overlapping strati-
graphic ranges (Table 2). Discoaster lodoensis and
D. septemradiatus are markers of zones NP12-14
indicating Late Ypresian to Early Lutetian age.
Important is a single specimen of Discoaster cf. sub-
lodoensis, which marks the base NP14, the base of
the Lutetian. The Ypresian Tribrachiatus orthosty-
lus (NP11-12) is also part of the assemblage. Such
a complexity is best explained by a multiple rework-
ing history and will be discussed later.

In Medun profile (TD109), the Palacogene
assemblage is scarce but Tribrachiatus orthostylus
occurs here as well, the Ypresian index species of
the zones NP11-12.

Southern Adriatic Zone

A common feature of the 17 flysch samples taken in
the Southern Adriatic Zone is their paucity of Cretac-
eous forms. In two samples, they are entirely absent
(Ulcinj, TD99; Stari Bar, TD116). Nevertheless,
reworked Upper Cretaceous index forms are ident-
ified in some cases and they preferentially occur in
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the southern part of the zone. Eiffellithus eximius and
Uniplanarius gothicus are characterized by the
shortest range of all, and indicate reworking
from Turonian—Campanian and Santonian—
Maastrichtian strata, respectively. Two samples
bear Nannoconus steinmanni, hinting at reworking
from Lower Cretaceous sediments (TD125, TD136).

In all samples, Eocene forms are predominant,
albeit different in origin. Often the zones NP16-17
were registered (Uppermost Lutetian and Barto-
nian) but in other cases merely a longer interval
could be given (NP16-20 or NP16-21).

Three, partly overlapping biozones can be
proven at the base of the Klezna profile (TD125)
from the Upper Paleocene to the Lutetian (range
of Discoaster multiradiatus is NP9-11, that of
Tribrachiatus orthostylus is NP11-12 and that of
Discoaster lodoensis and Discoaster septemradia-
tus is NP12-14). This peculiar overlap offers a
wide range of interpretations with respect to the
age and recycling history of the sediment and will
be discussed in the subsequent part.

A variety of reworked Palacogene zone markers
have been encountered throughout the Southern
Adriatic Zone. Specimens of Discoaster multiradia-
tus (NP9-11; Paleocene) occur in sample TD49
(Dubravka). The NP12-14 zones are proven from
the Zaljevo profile (TD43) corresponding to
Upper Ypresian and earliest Lutetian. In addition,
sample TD45 yielded Nannotetrina sp., a marker
for NP15 (Mid-Lutetian). In TDS51, an Upper
Eocene zonal marker was encountered, Chiasmo-
lithus oamaruensis (NP18-22). Oligocene marker
taxa are extremely rare in the entire flysch belt,
thus the finding of Reticulofenestra lockeri
(NP23-NN1; Middle Rupelian to Lower Aquita-
nian) in sample TD43 and Sphenolithus conicus
(NP25-NN3; Chattian to Middle Burdigalian) in
sample TD49 is of particular importance.

Thirteen out of 17 samples of Miocene forms are
sufficiently represented, whereas in TD93 they are
missing, in TD51 there is one specimen and in TD45
and TD136 there are two specimens. Miocene
species characteristic of zones NN4-6 indicate deposi-
tional ages not older than Late Burdigalian. In Zaljevo
(TD43), occurrence of two specimens of Helico-
sphaera ampliaperta (range NN2-4) is of particular
importance as together with other Neogene species
(Calcidiscus leptoporus, C. premacintyrei and possi-
bly also six-rayed Discoaster spp.) the stratigraphic
position can be ascertained to the zone NN4 (Upper
Burdigalian to Lower Langhian).

Nannofossil preservation

Our results reveal that the Neogene calcareous nan-
nofossil assemblages are surprisingly low, both in
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abundance and diversity. Accurate dating of the
Outer Dinaride Neogene successions awaits
further bio- and chronostratigraphic control.
Physical and chemical processes operating
during flysch formation and diagenesis influence
the composition of the nannoflora (disintegration,
dissolution,  recrystallization) and  probably
account for the observed overall scarcity of the nan-
noflora (e.g. Thierstein 1980; de Kaenel & Villa
1996). High degree of reworking of older species,
together with evidence for diagenetic processes as
indicated by carbonate-cemented turbidite beds,
carbonate veinlets dissecting the turbidites, bent
mica plates and severely etched surfaces of suscep-
tible heavy mineral grains (amphibole, staurolite,
garnet), are in accordance with the poor preser-
vation of the nannoflora. Indeed, samples from
pelite clasts, embedded in breccias or well-
cemented sandstones and presumably preserved
from corrosive solutions, proved to yield more
diverse Neogene assemblages than those found in
laminated pelites (e.g. samples MOM-3, KSG-1,
PIC-2, TD253, TD255, TD234, TD56; see Table 2).

Cretaceous to Palaeogene
nannofloral elements

Most nannofossil assemblages are mixed, with evi-
dence for recycling of specimens from pre-existing
sediments. Cretaceous forms commonly occur
together with the Cenozoic ones. Common long-
lived Cretaceous species, e.g. Watznaueria barne-
sae, are ubiquitous. Among the shorter-range taxa,
Nannoconus steinmanni indicates Lower Cretac-
eous, and several Upper Cretaceous markers occur
as well (Arkhangelskiella sp., Microrhabdulus sp.,
Eiffellithus turriseiffelit). A limited number of
characteristic taxa prove the availability of Lower
Palacogene sediments to erosion: Heliolithus
kleinpelli, Discoaster multiradiatus, Discoaster
lenticularis (Paleocene), Tribrachiatus orthostylus
(Lower Eocene) and Discoaster lodoensis
(Ypresian to lowermost Lutetian). All these
Lower Palacogene species are large in size and,
according to our experience, fairly resistant
against dissolution.

In spite of reworking, an attempt was made to
identify characteristic Palacogene assemblages pre-
served in the entire sample material. The most fre-
quent Middle Eocene forms can be placed into the
NP16 zone in several localities. Often, NP16 zone
was recognized using the FO of Reticulofenestra
placomorpha and the LO-s of Sphenolithus furcato-
lithoides and Chiasmolithus solitus. Whenever the
latter species were not registered, the possible age
of that assemblage could only be bracketed with
lower precision, which might then extend from
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the NP16 upward into NP17 or even longer to the
Late Eocene or Early Oligocene. We used the LO
of Chiasmolithus grandis for the end of NP17,
that of Discoaster saipanensis and/or Discoaster
barbadiensis for the NP20/NP21 boundary (close
to the Eocene/Oligocene boundary), and that of
Cyclococcolithus  formosus and Reticulofenestra
placomorpha for the end of NP 21 and NP 22
zones, respectively, in the Early Oligocene. As for
Late Eocene, a single, poorly preserved specimen
of Chiasmolithus oamaruensis occurred in the
entire studied material, as previously reported
from Oprtalj, Istria (Beni¢ 1991), Split (Jerkovi¢
& Martini 1976) and Hvar (Marinc¢i¢ 1981) in
Central Dalmatia, and the North Mozura section
in the Southern Adriatic Zone as well (de Capoa
et al. 1995). Isthmolithus recurvus (NP20-22),
which indicates Late Priabonian to Middle
Rupelian, was found at Omis (sample TD54).

Species of even longer ranges spanning from the
Middle Eocene to various levels in the Miocene
include the ubiquitous and highly abundant Cycli-
cargolithus floridanus and Coccolithus pelagicus.
Also  Sphenolithus  moriformis, Helicosphaera
euphratis, H. intermedia, Discolithina div. sp.,
and Transversopontis sp. appear in a number of
samples. It is evident that among them there may
exist specimens indistinguishably that lived in a
given part of the Eocene, Oligocene or Miocene.

In the Oligocene nannofossil zonation, there are
only a few markers to appear, due to the global
cooling trend following the terminal Eocene
events (e.g. Pomerol 1985). These few FOs are typi-
cally represented by the low-latitude forms of Sphe-
nolithus. Of them, Sphenolithus conicus, ranging
from NP25 to NN3, has been found in Istria,
Central Dalmatia and the Southern Adriatic Zone.
Further short-range index species include Cyclicar-
golithus abisectus and Reticulofenestra lockeri, and
in this study both species have been encountered on
Pag Island and in the Southern Adriatic Zone.

The scarcity of Paleocene nannofloral elements
is probably due to the unavailability of Paleocene
sediments for the reworking processes. Normally,
both the diversity of Paleocene zonal markers and
their resistance would permit them to be well-
represented in Cenozoic flysch sediments.

Distribution of nannofossil age ranges
and sediment recycling

Apart from significant Upper Cretaceous and
Middle Eocene nannofloral components, and the
presence of Lower to Middle Miocene nannoflora,
there are index species of Paleocene, Lower and
Upper Eocene and Oligocene present, too (Fig. 3).
Unusual composition of some assemblages depicts

characteristic age distribution patterns, whether or
not Neogene forms are recognized in that sample
(Fig. 2). We can discern two types.

(1) Joint occurrence of Palaeogene species with
no overlapping age ranges. We observe this in Istria
(TD11, TD171), Northern Kvarner area (TD37),
Pag Island (TD272) at Mravince in Central Dalma-
tia (TD227), and in the Southern Adriatic Zone
(TD38, TD43, TD45).

(2) A blurred, consecutive overlap pattern of
several index species: Discoaster multiradiatus
(NP9-11), Tribrachiatus orthostylus (NP11-12),
Discoaster lodoensis and D. septemradiatus
(NP12-14) and Discoaster cf. sublodoensis
(NP14-15) occur together, in addition to Lower
and Upper Cretaceous markers. Such mixed
assemblages were encountered both in the Zeta
Valley in the Dalmatian—Herzegovinian Zone
(TD100) and in the Southern Adriatic Zone
(TD125). Evidently, the partly overlapping
ranges of these species can be combined to a
number of species coexistence patterns, but recy-
cling remains necessary to explain overall
species composition. The resulting maximum
time span for the Early Palaeogene ‘cascade’
alone may cover c. 9 Ma, but presence of
further non-overlapping taxa suggests a more or
less continuous and by all means cannibalistic
sedimentation. Both types of age distribution
provide an insight into the progressive Cretac-
eous to Cenozoic sediment reworking history.
Actual sedimentation ages of the flysch probably
become younger towards the foreland, along
with the increasing number of reworked ‘fossil’
biozones. During thrusting, the deposited flysch
was off-scraped and reworked, its material
acting as a source for the yet younger
flysch deposits.

We need to stress that the few, comparatively
thick flysch profiles available (e.g. Brkini, Sopot,
Skradin, Split, Petrovac) all display a limited
thickness (c¢. 300—500 m), which is not enough
to accommodate the time represented by the
full nannofossil age spectrum assuming typical
flysch sedimentation rates (50-2000 m/Ma;
Einsele 1992, p. 389). De Capoa et al. (1995)
documented the nannofossils of the 140 m thick
Petrovac profile in the Southern Adriatic. With
nearly equidistant sampling, they obtained suc-
cessively younger assemblages upsection from
the Upper Thanetian to the Langhian, which
spans c. 40 Ma implying a sedimentation rate
of only ¢. 3.5 m/Ma, which is not realistic for
submarine fan depositional setting. Judging
from their data, at Petrovac there are either
undiscovered, short-lived unconformities or,
more likely, most of the older ages come from
reworked nannofossils due to extensive dilution.
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Fig. 3. Cretaceous (1-9), Paleocene (10—12), Lower Eocene (13—15) and diverse Palacogene (15—53) nannoplankton in
the Outer Dinaride flysch. Abbreviations refer to light types used: PP, plane-polarized; SX, slightly cross-polarized;

XP: cross-polarized. 1, Nannoconus steinmanni (Sample TD43, SX); 2—3, Zeugrhabdotus embergeri (2: TD16, XP; 3:
TDI123, XP); 4—5, Watznaueria barnesae (4: TD16, XP; 5: TD262, XP); 6, Cribrosphaerella ehrenbergii (TD123, SX); 7,
Eiffellithus turriseiffelii (TD43, XP); 8, Microrhabdulus sp. (TD18, XP); 9, Micula sp. (TD123, XP); 10-11,

Discoaster multiradiatus (10: TD262, PP; 11: TD123, PP); 12, D. lenticularis (TD43, PP); 13, Tribrachiatus orthostylus
(TD262, PP); 14—15, Discoaster lodoensis (14: TD16, PP; 15: TD43, PP); 16, Helicosphaera compacta (TD43, XP); 1718,
Discolithina plana (17: TD261, XP; 18: TD16, XP); 19, Transversopontis pulcher (TD262, XP); 20, Transversopontis
sp. (TD15, XP); 21, Lophodolithus nascens (TD262, XP); 22, Neococcolithes dubius (TD253, PP); 23, Blackites sp. (TD123,
PP); 24, Reticulofenestra bisecta (PIC-2, XP); 25-26, R. placomorpha (25: TD16, XP; 26: TD18, XP); 27-30,
Chiasmolithus grandis (27: TD16, XP; 28: TD16, XP; 29: TD15, XP; 30: TD262, SX); 31, Chiasmolithus sp. (TD43, XP);
32-35, Cyclococcolithus formosus (32—33: TD43, PP and XP resp.; 34—35, TD16, PP and XP resp.); 36—39, Sphenolithus
radians (36: TD123, XP; 37: TD123, XP; 38: TD16, XP; 39: TD16, XP); 40, S. furcatolithoides (TD16, XP); 41-42,
Zygrhablithus bijugatus (41: TD261, XP; 42: TD16, XP); 43—44, Discoaster barbadiensis (43: TD262, PP; 44: TD262, PP);
45, D. mirus (TD262, PP); 46, D. saipanensis (TD262, PP); 47 and 49, D. deflandrei (both TD262, PP); 48 and 50-51,
D. tanii (48: TD123, PP; 50: TD123, PP; 51: TD123, PP); 5253, D. nodifer (52: TD262, PP; 53: TD18, PP).
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Miocene nannofossils

The majority of samples contains nannofossils,
suggesting Miocene age. In the NW portion of the
Dinaride foreland basin, this paper reports such
fossils for the first time from onshore outcrops.
Unfortunately, these crucial forms are small, very
rare, often poorly preserved and tend to comprise
morphologically variable species.

In our experience however, most standard flysch
nannofossil stratigraphic studies typically ignore or
overlook such ‘inconvenient’-forms. As they have
outstanding importance in Dinaride flysch stratigra-
phy, they have to be discussed in more detail.

The most common placolith species encountered
in the Outer Dinarides are species of the Calcidiscus
group, Reticulofenestra pseudoumbilicus, R. hagqii
and Coccolithus miopelagicus. As demonstrated
by Young (1998), however, these often exhibit a
wide variety in shape and size, hampering exact
taxonomic identification. In fact, morphologically
related forms do occur in the Palaeogene, albeit a
very rare phenomenon, e.g. Reticulofenestra dic-
tyoda (Deflandre in Deflandre & Fert) Stradner in
Stradner & Edwards (see Varol 1998). The com-
paratively high frequency of this type of placolith
met in the Dinaride samples strongly argues for
their Miocene rather than Eocene age. Among
these species, Reticulofenestra pseudoumbilicus
>7 pm is the most common one. Regarding the
Calcidiscus species, C. leptoporus and C. macin-
tyrei are of very low frequency, and only a few
specimens were found in the entire material. On
the contrary, C. premacintyrei has often been
registered, even though it occurs in its less typical
varieties. The occurrence of Coccolithus miope-
lagicus is well demonstrated (Fig. 4).

The genus Helicosphaera is represented by
several species, and two of them have a Miocene
FO—Helicosphaera carteri and H ampliaperta.
Unfortunately, Helicosphaera is just moderately
resistant to dissolution and overcalcification, result-
ing in poor preservation. This makes H. carteri dif-
ficult to identify, but the flange and the central area
with the two pores are visible (Fig. 4). A third
species of Helicosphaera is characterized by promi-
nent central openings and a conjunct central bar
which suggests Neogene age despite the poorly
preserved flange at the rim of the coccolith (Photo
12 in Fig. 4).

Among the Discoaster species, a rather frequent
type occurs with five or six narrow rays. Their pres-
ervation is always very poor, with heavily overcal-
cified specimens, and ends of their arms mostly
broken off. Although this type exists also in the
Eocene, Discoaster tanii and similar forms are
generally very rare. In fact, in the Miocene the
most frequent Discoaster spp. are 5- or 6-rayed

with bifurcations at the end of their arms,
represented by a wide variety of species. Among
them the Discoaster exilis group is the most prob-
able candidate (e.g. with D. aulakos Gartner 1967
in Young 1998, p. 257), but they bear close resem-
blance to D. variabilis Martini & Bramlette 1963 as
well. If bifurcation is not visible, it is either broken
off or it is a primary characteristic (e.g. such as that
of D. bellus Bukry & Percival 1971). With respect
to decisive specific characteristics, the central area
(with or without knob), the inter-ray area (rounded
or rather V-shaped), the arms (with the sides taper-
ing, parallel or curving) and the ending of the arms
(bifurcating or not) were considered. In spite of
poor preservation of the Discoaster spp. under dis-
cussion, their characteristics suggest Miocene age.

Overall, the identified Miocene nannofossil
species correspond to the zones NN4-6 (based on
Calcidiscus premacintyrei), but they are probably
not older than NNS as Reticulofenestra pseudoum-
bilicus >7 pm occurs first in this zone. Conse-
quently, whenever Neogene taxa are present, the
age of clastic sedimentation in the Adriatic
onshore area is probably not older than Langhian.

As a result of the surprisingly rare occurrence
and poor preservation of the nannofossils and
occasionally wide specific morphological variabil-
ity, the Neogene age of deposition cannot be unam-
biguously confirmed. Noticeably, the observed
problematic forms are unknown in the Bakony
Eocene Basin in Hungary although it exhibits
rather comparable Middle Eocene nannofossil
assemblages to those in the Outer Dinarides (Baldi-
Beke 1984; Baldi-Beke & Baldi 1991).

Research is in progress to address this
stratigraphic problem further: to look at whether
the roles of hydraulic, diagenetic and weathering
processes exert a fundamental control on the
assemblage compositions.

Implications for palaeoenvironment

Pelagic environment with neritic influence

Despite sediment mixing and reworking, it is
evident that the most frequent forms pertain to a
Middle Eocene assemblage. The species compo-
sition is rather complex and exhibits common
placoliths. Some species possess a specific habitat
and are thus of ecological importance, such as the
nearshore taxa Neococcolithes dubius, Pemma sp.,
Discolithina, Transversopontis and holococcoliths,
e.g. Zygrhablithus bijugatus (e.g. Perch-Nielsen
1985b). Although abundance of these nearshore
taxa is low in all samples, as many of them are at
the same time particularly susceptible to dissol-
ution, it can be assumed that their initial abundance



MIOCENE AGE OF OUTER DINARIDE FLYSCH 351

Fig. 4. Palacogene to Neogene (1-11) and Neogene (12—46) nannoplankton of the Outer Dinaride flysch.
Designations as in Fig. 3. 1-2, Helicosphaera euphratis (1: Sample TD43, XP; 2: Sample TD262, XP); 3-4,
H. intermedia (3: TD127, XP; 4: TD43, XP); 5-7, Cyclicargolithus floridanus (5—6: PIC-2, XP; 7:

TD261, XP); 8-9, Coccolithus pelagicus (8: TD261, XP; 9: TD262, SX); 10, Braarudosphaera bigelowi (TD127,
XP); 11, Coronocyclus nitescens (TD262, SX); 12, Helicosphaera sp. (flange poorly preserved but note
prominent central openings and the conjunct central bar, TD127, XP); 13-14, H. carteri (13: TD15, PP; 14:
TD15, XP); 15-16, Coccolithus miopelagicus (15: TD262, PP; 16: TD16, XP); 17, Reticulofenestra
pseudoumbilicus >7 pm (above; together with the Palacogene R. placomorpha, below, TD15, XP); 18-20,
Helicosphaera carteri (18: TD16, XP; 19: TD262, PP; 20: TD262, XP); 21, H. obliqua (TD262, SX); 22-26,
Reticulofenestra hagii (22: TD16, XP; 23: TD18, XP; 24: TD262, XP; 25: TD123, XP; 26: TD43, XP, 2
specimens); 27-32, R. pseudoumbilicus >7 pm (27: TD261, XP; 28: TD261, XP; 29: TD261, XP; 30:
TD251, XP; 31: TD16, XP; 32: TDI15, XP); 33-34, Coccolithus miopelagicus (33: TD16, SX; 34: TD16, SX);
35-37, Calcidiscus premacintyrei (35: TD261, XP; 36: TD262, XP; 37: TD261, XP); 38-39, Calcidiscus

sp. (38: TD1S5, XP; 39: TD261, XP); 40—44 and 48-49, Discoaster spp. 6-ray (40: PIC-2, PP; 41: TD15, PP; 42:
TD18, PP; 43: TD123, PP; 44: TD253, PP; 48 and 49: TD18, PP); 45—-46, Discoaster spp. S-ray (45:

TD15, PP; 46: TD123, PP); 47, Discoaster sp. 7 pm, 6-ray (TD261, PP).
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was higher in the sediment, which in turn calls for a
remarkable neritic influence on sedimentation in the
Eocene. The scarce Neogene assemblage does not
provide useful environmental information.

Neogene: absence of planktonic
foraminifera, presence of nannofossils

Preliminary examination of our samples containing
Miocene nannofossils did not yield any planktonic
foraminifera younger than Middle Eocene in Istria
and Kvarner or younger than Early Oligocene in
the Southern Adriatic (V. Cosovié, pers. comm.
2006; F. Rogl, pers. comm. 2007). To our knowl-
edge, no such data have been published from
onshore localities, either (Table 1).

The characteristic depth habitat of several plank-
tonic foraminifer species can preclude their survival
in relatively shallow waters. Most species require
oceanic salinities near 35-36%o0, and a few of
them can tolerate salinities down to 30.5%o, and
can thus only penetrate coastal waters if they are
sufficiently clear and lacking in turbidity (Haynes
1981, p. 330). Nannoplankton, in contrast, tolerate
reduced salinity although diversity can be reduced
in brackish water under elevated freshwater
input (e.g. Olszewska & Garecka 1996; Schulz
et al. 2005).

In places, the Outer Dinaride flysch deposits
rapidly grade into shallow marine deposits.
Sand-rich shallow shelf environments influenced
by nearby river mouths have been described from
the Islands of Rab and Pag and from Northern
Dalmatia (Zupani¢ & Babi¢ 1991; Babi¢ et al.
1993; Babi¢ & Zupani¢ 1998). Facies architecture
of clastic deposits in Northern and Central Dalmatia
is also well documented (e.g. Postma et al. 1988;
Mrinjek 1993; Marjanac 1996), and show fan
deltas prograding on the flysch succession. The
increasing proximity of the alluvial environments
implies significant freshwater input which could
have a profound effect on salinity and thus
adversely influenced foraminifer distribution.

Heterochronous redeposition

As a prominent feature, debrites of several metres of
thickness that intercalate the turbiditic flysch suc-
cessions of the Outer Dinarides often contain iso-
lated tests of Eocene larger foraminifera. In spite
of attempts to date the depositional age by means
of such fossils (Pavi¢ 1970), they are evidently
allochtonous in a submarine fan setting. Pavlovec
(2003) noted that Nummulites assemblages found
in flysch deposits Dinarides-wide were in fact no
true biocoenoses but rather mixed in composition
with unusual species proportion as compared to
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those in the limestones. Indeed, derived fossils
may occur in a state of preservation as good as or
better than that of the original rock, and the
reworked fauna may be more diverse and contain
a much higher proportion of planktonics than that
of the source rock (Curry 1982).

Ample examples from the Outer Dinarides and
from comparable settings in the surrounding areas
show that larger, smaller and also pelagic forami-
nifer tests can survive diagenesis in unconsolidated
sediment and be reworked into younger strata:
(i) Lower Eocene (Upper ‘Cuisian’) flysch of
Trnovo, SW Slovenia contains Lower to Middle
Cuisian larger foraminifera: Nummulites subdi-
stans (Pavlovec 2006); (ii) planktonic foraminifera
in the flysch of Pican are uniformly Middle Lute-
tian in age but if examined in detail, they belong
to various biozones (Pavlovec et al. 1991); (iii)
Lower Oligocene (NP21-22) calcareous turbidites
in Budapest, Hungary, contain Upper Eocene
(Priabonian) larger foraminifera: Chapmanina
gassinensis and Nummulites fabianii (Varga
1982, 1985; Nagymarosy 1987); (iv) Lower Oligo-
cene flysch in the Carpathians yielded Eocene
Nummulites (Kulka 1985); (v) the Frazzano
Flysch of the Calabria—Peloritani arc previously
dated by Upper Eocene foraminifera yielded
Upper Oligocene calcareous nannofossils (de
Capoa et al. 1997); (vi) similarly, flysch of the
Sicilian Maghrebids containing Lower Oligocene
planktonic foraminifera were dated by means of
calcareous nannofossils to be at least Aquitanian
(de Capoa et al. 2000); (vii) microfossils of
Lower Miocene strata of the Zawada Formation
in the Carpathians are dominated by reworked
Middle Eocene planktonic foraminifera and calcar-
eous nannoplankton (Oszczypko et al. 1999); and
(viii) flysch of the Ionian Zone in the Hellenides,
to the SE of the Outer Dinaride flysch basins, is
Early Miocene in age and contains abundant
reworked Cretaceous and Eocene nannofossils
(Piper et al. 1978; Bellas 1997). Evidence for a
considerable time gap between foraminifer and
nannofossil ages arises also from our new results.
For instance, isolated Lower to Middle Eocene
Nummulites tests from various biozones occur
together with older, massive Palaeogene and Cre-
taceous carbonate lithoclasts (Hagn er al. 1979)
as well as with Middle to Upper Eocene planktonic
foraminifera and Cretaceous to Palacogene nanno-
fossils from a number of biozones (Drobne er al.
1979) and with Upper Oligocene palynomorphs,
nannofossils and larger foraminifera (Sparica
et al. 2005) in the Pican flysch profile on Istria.
These strata have been dated herein to be not
older than Late Burdigalian. Table 1 and Fig. 2
illustrate the contradiction of microfossil age data
from the entire Outer Dinaride flysch.
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Weak early-stage diagenesis

Redeposition of micro- and macrofossils such as
larger, smaller and planktonic foraminifera without
intense signal of wearing or abrasion can be attribu-
ted to subaqueous mud volcanoes linked to dewater-
ing, in what might be a dynamic, accretionary
wedge-type environment (e.g. Kohl & Roberts
1994). Probably, high water content of sediment pre-
vented diagenesis initially, and allowed easy
removal of carbonate particles from the siliciclastic
matrix downslope of the submarine fans, over a
longer time span. Such a mechanism for a continuous
redeposition and accumulation of Eocene foramini-
fera until at least the Middle Miocene is very likely
to have taken place in the imbricated frontal thrust
belt of the Dinarides, interpreted as an accretionary
wedge (Tari-Kovaci¢ 1998).

Implications for palaeogeography

We have demonstrated that our new calcareous
nannofossil data from the Outer Dinaride Cenozoic
prove the presence of a wide range of Lower
Cretaceous, Upper Cretaceous, Paleocene, several
non-overlapping Eocene, Oligocene and Miocene
species in these strata.

The significance of our results is twofold. On the
one hand, they indicate that the Cretaceous platform
carbonate nappes have been covered by pelitic sedi-
ments, connected with progressive sediment rework-
ing during the Cenozoic. Itis essential to assume that
before, during, and after the deposition of the Eocene
foraminiferal limestones in the present-day Outer
Dinaride coastal range, there existed widespread
marine environments, covering the Cretaceous plat-
form carbonates in the inner imbricate belt, where
the nannofossils can be derived from.

On the other hand, the data strongly suggest a
considerably younger, at least Burdigalian sedimen-
tation age throughout the onshore flysch deposits,
with clear implications on Outer Dinaride tectonics.
Overall, this picture is best explained by a series of
wedge-top basins (see DeCelles & Giles 1996) pro-
gressively migrating towards the Apulian foreland.

The flysch develops from the underlying ‘Globi-
gerina Marl” (Marjanac & Cosovi¢ 2000). These
shelf to shallow bathyal deposits are dated by
means of micro- and macrofauna and by calcareous
nannofossils (Muldini-Mamuzi¢ 1965; Beni¢ 1991;
Drobne & Pavlovec 1991; Pavsi¢ & Premec-Fucek
2000; Schweitzer et al. 2005) ranging in age from
Paleocene in the NW to Upper Eocene in the SE.

Biostratigraphic results obtained in our study for
Central Dalmatia and the Southern Adriatic Zone
agree well with the findings of Puskari¢ (1987),
Radoicic ef al. (1989, 1991), de Capoa et al. (1995),

and de Capoa & RadoiCic¢ (1994a, b, 2002) who first
demonstrated Neogene nannofossil age in a number
of flysch localities of the SE part of the basin system.
Further to the SE, flysch in the Ionian Zone in the Hel-
lenides is likewise dated to be Lower Miocene (Piper
et al. 1978; Bellas 1997). Our new data, however,
lead us to extend the Miocene sedimentation ages to
other portions of the coastal onshore localities as
well, from Northern Dalmatia through Pag Island
untill the Istrian Peninsula. As a consequence, propos-
ing SE-directed diachroneity along the Outer Dinaride
front (Piccoli & Proto Decima 1969) is no longer
reasonable. Furthermore, superposition of Neogene
flysch onto the Eocene ‘Marl with crabs’ or Globiger-
ina marl implies a widespread, basin-scale regional
unconformity, but hitherto this issue has not received
much attention. In fact, the thickness of the Globiger-
ina marl varies extremely from 10 to 150 m (Marjanac
& Cosovic¢ 2000), and contacts with angular (Marjanac
2000) or erosional (Marjanac et al. 1998) unconfor-
mity to the overlying flysch both exist. Siki¢ (1963,
1968) also argued that deposition of both the units
was interrupted by a deformational event and
suggested the existence of a basin-wide unconformity.
An abrupt change in the composition of the planktonic
foraminifer fauna above a carbonate debrite horizon
separating the Globigerina marl and the flysch was
noted by Muldini-Mamuzi¢ (1965). De Capoa et al.
(1995) noted that a hardground is developed on top
of the ‘Marl with crabs’, directly overlain by flysch.
All these data suggest a break in sedimentation and
possibly slight submarine erosion as well, in spite of
the classical view dealing with the progressive tran-
sition of the Globigerina marl to the flysch (see
review in Marjanac & Cosovi¢ 2000). Although rem-
nants of Palaeogene flysch can exist in the coastal
range, our data clearly imply that, at most localities
in the basin, the flysch is of Neogene age and separated
from the Globigerina marl or from older flysch strata
by unconformity (Fig. 5).

The heavy mineral composition of the flysch
(Magdaleni¢ 1972; Mikes et al. 2004, 2005) and
especially the nannofossil ‘age spectra’ both exhibit
a remarkable degree of basinwide homogenization.
In the course of wedge-top deposition, a series of
small, relatively shallow basins could have been deve-
loped on and in front of the advancing thrust sheets.
The ‘smoothing’ is interpreted as a result of multiple
reworking from the precursor flysch slices and sedi-
ment dispersal that occurred within the westward-
propagating, complex thrust wedge (Fig. 6).

Implications for Cenozoic
deformation history

Flysch remnants are typically sandwiched between
thrust sheets, and occur in different structural
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Fig. 5. Schematic stratigraphic setting of the Outer Dinaride flysch in the coastal range according to the new
nannofossil age data. As it directly overlies well-dated Eocene Globigerina marls, their relationship requires the
presence of a major, basin-wide unconformity separating them. At places however, small erosional remnants

of older, Palacogene flysch may also still exist in the same orogenic strike.

position in the Outer Dinaride nappe pile. The
Bosnian Flysch is in uppermost position, and
ranges in age up to Turonian to Paleocene
(Dimitrijevi¢ 1997 p. 38, Hrvatovi¢ 1999; Christ
2007). Turbiditic sequences of comparable age are
found in the same structural position along orogenic
strike in isolated outcrops near Zagreb, Bosanski
Novi and Bihaé (Jelaska er al. 1969; Babi¢ 1974;
Babi¢ & Zupani¢ 1976; Crnjakovi¢ 1981) and in
the Slovenian Trough (e.g. Buser 1987). These
units are thrust on the AdCP, an imbricated pile of
Mesozoic carbonates, the detachment surfaces
being marked by a series of extremely narrow
slices of Cenozoic flysch. Here, limited evidence
suggests Early Eocene age of deposition (samples
TD100 and TD109; planktonic foraminifer data of
Kraseninnikov er al. 1968). In the thrust slices
below, available biostratigraphic and sedimento-
logical data suggest a foreland-directed migration of
clastic facies zones in the Palacogene (e.g. Bignot
1972; Engel 1974; Chorowicz 1977; Drobne 1977;
Cadet 1978; Marinci¢ 1981; Kosir 1997).

Our new biostratigraphic data imply post-
mid-Miocene deformation in the Outer Dinaride
coastal range. Older thrusting events to the NE are

recorded by the Lower and Upper Cretaceous
units of the folded Bosnian Flysch (Dimitrijevic
1997, Hrvatovi¢ 1999; Christ 2007; Petri 2007)
and by Lower Eocene flysch slices thrust by Meso-
zoic carbonates (KraSeninnikov et al. 1968). On the
other hand, to the SW of our sample sites, deformed
Pliocene sediments and GPS measurements indicate
ongoing shortening along the coastal range (Tari-
Kovaci¢ 1998; Pribicevi¢ et al. 2002; Picha 2002;
Tari 2002; Prelogovi¢ et al. 2003; Altiner et al.
2006; Mantovani et al. 2006; Vrabec & Fodor
2006). Therefore, the new Miocene nannofossil
depositional age of most flysch units and their struc-
tural position indicate that both sedimentation and
deformation have been a long-lived continuous
process in the Dinarides. The formation, subsidence
and inversion of the sub-basins and thus sediment
cannibalization are well-documented by the high
proportion of recycled nannofossils.

Conclusions

Sixty-nine samples taken along the 700 km onshore
sector of the Outer Dinaride flysch belt were analysed
for calcareous nannofossils. Most of them yielded
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Fig. 6. Schematic sketch showing the implications of biostratigraphic data. With progressive nappe propagation
towards Apulia, shallow foredeeps develop at the actual nappe front. Continuous thrusting and associated

sediment off-scraping result in consecutive reworking of planktonic fossils into younger strata. Flysch remnants
preserved at the base of thrust sheets become progressively younger towards Apulia. This process lasted until at least
the late Early Miocene in the present-day Outer Dinaride coastal range, as indicated by deformed flysch sediments
yielding Neogene calcareous nannoplankton. In the offshore Adriatic basin, clastic sedimentation has lasted until
recent time. Age of the Bosnian Flysch taken from Hrvatovi¢ (1999) and Christ (2007). In the upper nappe unit of the
Bosnian Flysch, an Albian deformation phase is also supposed (Petri 2007). Thermal history of the Bosnian Schist

Mountains after Pami¢ et al. (2004).

mixed nannoflora with Cretaceous, Palacogene and
Neogene species. In the light of the new nannofossil
data presented herein, we suggest that the
flysch sedimentation lasted at least up to the Mid-
Miocene all along the Dinaride coastal range.
In spite of disagreement with existing planktonic
foraminifer biostratigraphic data, our results
are well in line with recently published nannofossil
data from a number of localities within the
flysch basin.

A majority of the nannoflora consists of Middle
Eocene taxa, together with less abundant Cretaceous,
Paleocene and Oligocene nannofossils. Wherever
Neogene species have been discovered, all these
older floras are implied to be recycled from older
flysch units of the Outer Dinaride accretionary
wedge. Cretaceous platform carbonate nappes of the
Outer Dinarides were extensively covered by Ceno-
zoic marine sediments. Remnants are preserved at
the base of thrust sheets while the reworked microfos-
sils also testify to the existence of Cenozoic basins on
top of the accretionary wedge.

The stratigraphic relation of well-dated Eocene
Globigerina marls lacking evidence for reworked
fossil content and the Neogene flysch allows us to
propose a working hypothesis on a major,

widespread, hitherto largely ignored unconformity
along the entire Dinaride coastal range, which
requires further field evidence.

The Miocene onshore Outer Dinaride flysch suf-
fered severe compressional deformation and is typi-
cally preserved below the imbricate thrust sheets of
the Dinaride carbonate platform. Along the coastal
zone, the deformation post-dates Middle Miocene.
This compressional phase provides evidence for the
continuity of deformational events between the
more internal, older Late Cretaceous to Palacogene
compressional phases and the ongoing thrusting at
the Adriatic front.
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Appendix A. List of all taxa cited in the text and figures

Arkhangelskiella cymbiformis Vekshina 1959

Arkhangelskiella sp.

Blackites creber (Deflandre 1954) Roth 1970

Blackites sp.

Braarudosphaera bigelowi (Gran & Braarud 1935) Deflandre
1947

Braarudosphaera sp.

Broinsonia sp.

Calcidiscus leptoporus (Murray & Blackman 1898) Loeblich
& Tappan 1978

Calcidiscus macintyrei (Bukry & Bramlette 1969) Loeblich &
Tappan 1978

Calcidiscus premacintyrei Theodoridis 1984

Calcidiscus tropicus Kamptner 1956 sensu Gartner 1992

Chiasmolithus grandis (Bramlette & Riedel 1954) Radomski
1968

Chiasmolithus modestus Perch-Nielsen 1971

Chiasmolithus oamaruensis (Deflandre 1954) Hay, Mohler &
Wade 1966

Chiasmolithus solitus (Bramlette & Sullivan 1961) Locker
1968

Chiasmolithus sp.

Chiastozygus sp.

Clausiococcus fenestratus (Deflandre & Fert 1954) Prins 1979

Coccolithus eopelagicus (Bramlette & Riedel, 1954)
Bramlette & Sullivan 1961

Coccolithus miopelagicus Bukry 1971

Coccolithus pelagicus (Wallich 1871) Schiller 1930

Coronocyclus nitescens (Kamptner 1963) Bramlette &
Wicoxon 1967

Cribrocentrum reticulatum (Gartner & Smith 1967)
Perch-Nielsen 1971

Cribrosphaerella ehrenbergii (Arkhangelsky 1912) Deflandre
in Piveteau 1952

Cyclagelosphaera reinhardtii (Perch-Nielsen 1968) Romein
1977

Cyclicargolithus abisectus (Miiller 1970) Wise 1973

Cyclicargolithus floridanus (Roth & Hay in Hay et al. 1967)
Bukry 1971

Cyclicargolithus luminis (Sullivan 1965) Bukry 1971

Cyclicargolithus sp.

Cyclococcolithus formosus Kamptner 1963

Discoaster aster Bramlette & Riedel 1954

Discoaster barbadiensis Tan 1927

Discoaster binodosus Martini 1958

Discoaster deflandrei Bramlette & Riedel 1954

Discoaster distinctus Martini 1958

Discoaster exilis Martini & Bramlette 1963

Discoaster lenticularis Bramlette & Sullivan 1961

Discoaster lodoensis Bramlette & Riedel 1954

Discoaster mirus Deflandre in Deflandre & Fert 1954

Discoaster multiradiatus Bramlette & Riedel 1954

Discoaster nodifer (Bramlette & Riedel, 1954) Bukry 1973

Discoaster saipanensis Bramlette & Riedel 1954

Discoaster septemradiatus (Klumpp 1953) Martini 1958

Discoaster sublodoensis Bramlette & Sullivan 1961

Discoaster tanii Bramlette & Riedel 1954

Discoaster sp.

Discolithina multipora (Kamptner 1948) Martini, 1965

Discolithina plana (Bramlette & Sullivan, 1961)
Perch-Nielsen 1971

Discolithina sp.

Eiffellithus eximius (Sover 1966) Perch-Nielsen 1968

Campanian—Maastrichtian
Upper Cretaceous
Eocene

Cretaceous—recent

Albian—Maastrichtian
NN2-21

NN7-19

NN4-6
NN4-10
NP11-17

NP16
NP18-22

NP10-16

Palacogene—NN1
Eocene

7NNS5-8
Eocene—Recent
Eocene—Miocene

NP16-20
Albian—Maastrichtian
Cretaceous—Paleocene

NP24-NN1
Middle Eocene—NN7

Middle Eocene—Oligocene

Eocene—NP21
Miocene

NP10-20

Lower to Middle Eocene
Eocene—Oligocene
NP12-14

NN4-9

NP9-10

NP12-14
INP13-14

NP9-11

NP15-22

NP15-20

NP12-14

NP14-15

NP16-22

Eocene—Miocene
7Palaeogene

Turonian—Campanian

(Continued)



MIOCENE AGE OF OUTER DINARIDE FLYSCH 357

Appendix A. Continued

Eiffellithus sp.

Eiffellithus turriseiffelii (Deflandre in Deflandre & Fert 1954)

Reinhardt 1965
Helicosphaera ampliaperta Bramlette & Wilcoxon 1967
Helicosphaera carteri (Wallich 1877) Kamptner 1954
Helicosphaera compacta Bramlette & Wicoxon 1967
Helicosphaera euphratis Haq 1966
Helicosphaera intermedia Martini 1965
Helicosphaera obliqgua Bramlette & Wilcoxon 1967
Helicosphaera seminulum Bramlette & Sullivan 1961
Heliolithus kleinpelli Sullivan 1964
Isthmolithus recurvus (Deflandre in Deflandre & Fert 1954)

Lanternithus minutus Stradner 1962

Lophodolithus nascens Bramlette & Sullivan 1961

Markalius inversus (Deflandre in Deflandre & Fert 1954)
Bramlette & Martini 1964

Marthasterites sp.

Micrantholithus vesper Deflandre 1954

Microrhabdulus sp.

Micula sp.

Nannoconus steinmanni Kamptner 1931

Nannotetrina sp.

Neococcolithes dubius (Deflandre in Deflandre & Fert 1954)
Black 1967

Pemma papillatum Martini 1959

Pemma rotundum Klumpp 1953

Pemma sp.

Reticulofenestra bisecta (Hay, Mohler & Wade 1966) Roth
1970

Reticulofenestra haqii Backman 1978

Reticulofenestra lockeri Miiller 1970

Reticulofenestra placomorpha (Kamptner 1948) Stradner in
Stradner & Edwards 1968 [actual valid synonym:
R. umbilica (Levin 1965) Martini & Ritzkowski 1968)]

Reticulofenestra pseudoumbilicus (Gartner 1967) Gartner
1969

Rhabdolithus sp.

Sphenolithus conicus Bukry 1971

Sphenolithus furcatolithoides Locker 1967

Sphenolithus moriformis (Bronnimamm & Stradner 1960)
Bramlette & Wilcoxon 1967

Sphenolithus radians Deflandre in Deflandre & Fert 1954

Sphenolithus sp.

Sphenolithus sp. (?calyculus: Bukry 1985)

Sphenolithus spiniger Bukry 1971

Transversopontis pulcher (Deflandre in Deflandre & Fert
1954) Hay, Mohler & Wade 1966

Transversopontis sp.

Tribrachiatus orthostylus Shamrai 1963

Umbilicosphaera rotula (Kamptner 1956) Varol 1982

Uniplanarius gothicus (Deflandre 1959) Hattner & Wise,
1980

Watznaueria barnesae (Black 1959) Perch-Nielsen 1968

Zeugrhabdotus embergeri (Noél 1958) Perch-Nielsen 1984

Zeugrhabdotus sp.

Zygrhablithus bijugatus (Deflandre in Deflandre & Fert 1954)

Deflandre 1959

Upper Albian—Maastrichtian

NN2-4

NNI1-recent

Middle Eocene—NP24

Middle Eocene—Miocene

Middle Eocene—Miocene

NP24-NN6

Lower—Middle Eocene

NP6-9

NP 20-22 (marker of base NP20;
Martini 1971)

NP16-22

NP9-15

Cretaceous—Eocene

Upper Cretaceous

Eocene—Miocene

Cenomanian—Maastrichtian

Coniacian—Maastrichtian

Uppermost Jurassic—Lower
Cretaceous

NP15

NP13-16 (?17-18)

Middle Eocene
Middle Eocene
Middle Eocene
NP16-25 (or NN1)

NN2-15
NP23 rare, NP24—-7NN1
NP16-22

NN4-15 (<7 pwm occurs from NN5 in
the Mediterranean)

NP25-NN3
NP15-16
Lower Eocene—Miocene

Lower to Middle Eocene (rare in
Upper Eocene)

S. calyculus: Palacogene—NNI1
Middle Eocene
Eocene—Oligocene

NP11-12 (?13-14)
NN2-16
Santonian—Maastrichtian

Bajocian—Masstrichtian
Tithonian—Maastrichtian

Eocene—NP25

Note: Stratigraphic ranges of species taken from the following sources. Cretaceous: Burnett (1998) and Perch-Nielsen (1985a);
Palacogene: Perch-Nielsen (1985b) and Baldi-Beke (1977, 1984); Neogene: Fornaciari et al. (1996), Fornaciari & Rio (1996) and

Young (1998).
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Appendix B. Geographic position of sampling localities

Area Sample Locality Latitude (N) Longitude (E)
Istria TD11 Dekani 45° 33" 4.3" 13° 48" 25.0”
TD13 Izola 45° 31’ 58.5" 13° 38’ 24.2"
TD15 Korte 45° 29" 14.7" 13° 40 14.7"
TD16 Babici 45° 30’ 55.0” 13° 46’ 55.0"
TDI18 Korte 45°29' 35.3" 13° 40’ 35.3"
MOM-3 Momjan 45°26' 3.2" 13° 42" 18.5"
TD22 Momjan 45° 25 8.0 13° 42’ 8.0"
BNE-1 Zrenj-Baredine 45°25' 14.6" 13° 53" 32.3"
KSG-1 KasCerga 45° 18’ 38.9” 13° 54" 46.2"
PIC-2 Pican 45° 12 16.2” 14° 2" 46.2"
TDI171 Lukacici 45° 10’ 53.5” 14° 0/ 25.9”
TD173 Skrbani 45° 10 17.8" 14° 0’ 54.7"
TD177 Bastini near Dragué 45°20' 16.2" 14°0' 18.2"
TD178 Bastini near Dragué 45°20' 16.2" 14°0' 18.2"
Northern Kvarner: TD28 Draga Basc¢anska 44° 59’ 34.0” 14°430.7"
Krk Island + nearby TD29 Bribir (road crossing Grizane/ 45° 13 8.8" 14° 41" 31.1”
mainland areas Selce)
TD30 Bribir (Stale) 45°9'59.9” 14° 45 11.9”
Northern Kvarner: TD32 Rab 44° 46/ 11.9” 14° 45’ 21.1”
Rab Island TD35 Lopar 44° 50/ 23.8" 14° 43 10.9”
TD37 Dumici 44° 48 12.9” 14° 42" 29.9"
Pag Island TD261 Stara Vas, 10 km SE of Pag town 44° 22’ 53.5" 15°9" 12.1”
TD262 Stara Vas, 10 km SE of Pag town 44° 22’ 53.5" 15°9 12.1”
TD265 Stara Vas, 10 km SE of Pag town 44° 22" 51.2" 15° 9" 8.0”
TD269 coastal cliffs at the SE tip of Pag  44° 19’ 5.1” 15° 13" 39.7”
Island, near Vlasiéi
TD272 coastal cliffs at the SE tip of Pag  44° 19" 4.8" 15° 13" 38.8"
Island, near Vlasiéi
Northern Dalmatia TD251 Sopot railway cut near Benkovac ~ 44° 1’ 24.1” 15° 35 36.5"
(Ravni-Kotari) TD253 Sopot railway cut near Benkovac ~ 44° 1’ 25.5” 15° 35" 42.5"
TD255 Sopot railway cut near Benkovac ~ 44° 1’ 25.5” 15° 35" 43.2"
TD257 Sopot railway cut near Benkovac ~ 44° 1’ 27.1” 15° 35" 50.6”
TD260 Zagreb—Split motorway, 3 km 44° 10 21.2" 15° 25" 33.5"
SSW of Islam Latinski exit
Central Dalmatia TD227 Mravince, 200 m E of the 43°32/9.3" 16° 30" 41.5”
limestone olistolith
TD229 Mravince, marl quarry 43° 32 16.0” 16° 31" 3.9”
TD232 Mravince abandoned quarry near — 43° 32’ 7.3 16° 31" 26.8"
police
TD233 Mravince abandoned quarry near  43° 32’ 3.6 16° 31" 23.0”
police
TD234 Mravince abandoned quarry near ~ 43° 32’ 3.6 16° 31" 23.0”
police
TD236 Jadro creek right side, larger one  43° 32’ 34.9” 16° 31" 17.0”
out of two quarries
TD240 Jadro valley, Vrilo Jadro 43° 32/ 393" 16° 31’ 31.6"
TD246 Gizdici near Klis 43° 33 27.1" 16° 30" 14.5"
TD248 Solin, Voljak Street 43° 33 14.9” 16° 29" 26.6"
TD249 Solin, Voljak Street 43° 33’ 14.9” 16° 29" 26.6"
TD52 Zivogosce 43° 11 15.6” 17°9 43.8"
TD55 Omis quarry, E wall 43° 25 33.8" 16° 42" 53.0”
TD56 Omis quarry, E wall 43° 25 33.8" 16° 42" 53.0”
TDS53 Medici near Omis 43° 24’ 19.9” 16° 48’ 20.4"
TD54 Mala Luka near Omi$§ 43° 25" 10.0” 16° 42’ 59.6"

(Continued)
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Dalm.-Herz. Zone TD100 Spuz 42° 31’ 31.3" 19° 11" 2.0”
TD109 Medun 42028 16.1” 19° 21" 51.7"
TD140 Crnici 43°7 34.1" 17° 51" 32.3"

S-Adriatic Zone TD51 Konavle hills 42° 33/ 44.9” 18° 18 28.5"
TD47 Dubravka 42° 31" 1.4" 18° 25 17.1”
TD49 Dubravka 42° 31’ 57.8" 18° 24" 56.9"
TD38 Sutorina 42° 28 34.1” 18° 28" 45.2"
TD136 Sutorina 42° 28 20.0” 18° 25" 36.9”
TD138 Sutorina 42° 28 20.0” 18° 25’ 36.9”
TD39 Tivat 42° 24" 54.6" 18° 43 6.6
TD127 Radanovici 42° 200 45.3" 18° 30’ 37.9”
TD134 Radanovici 42° 20/ 50.1” 18° 30" 43.7"
TD99 Stari Bar 42° 5" 19.5" 19° 8 34.3"
TD43 Zaljevo 42° 4/ 23.0" 19° 7 58.7"
TDI116 Ulcinj 41° 40’ 51.4" 19° 0/ 52.0”
TD120 Donja Klezna - Gornja Klezna 41° 40’ 46.3" 19° 0 19.6”
TD123 Donja Klezna - Gornja Klezna 41° 40" 46.3" 19° 0’ 19.6”
TDI125 Donja Klezna - Gornja Klezna 41° 40’ 42.2" 19° 0 18.8"
TD93 Kravari 42° 3 51.9” 19° 21" 34.4"
TD45 Vladimir 42° 0 39.1” 19° 17" 15.8"
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