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Abstract Vrani�c site is a sand quarry that is located on the southern foothills of Papuk Mountain. From
bottom to top of the succession, three sedimentary units have been recognized as: Unit 1 containing massive
sand with scattered gravel-sized clasts, marl cobbles and boulders, and abundant marine mammal and fish
fossils; Unit 2 consisting of sand intercalated with silt, clay and gravel, which may be horizontally bedded; and
Unit 3, which is an erosionally-based lenticular matrix to clast-supported structureless gravel. The basal part
of Unit 1 shows numerous reworked skeletal remains of Miocene marine mammals. Cosmogenic radionuclides
constrain the age of burial of Unit 1 to 895 ± 211 ka, while the source area of Unit 1 had a quick denudation.

The massive sands deposited on the slopes of Papuk Mountain were vulnerable to erosion due to the absence
of clay. Heavy rainfall or water from snow melting created flash floods that infiltrated the sands, thereby
causing slope destabilization and deformation. This process led to slumps that were transformed into a sandy
debris flow. This sediment was probably deposited during the interglacial marine isotope age (MIS) 21 period
when the scarce vegetation and a warmer climate favored the melting of permafrost ice and consequently
triggered slope movements during MIS 22. The reworked skeletal material sampled at the Vrani�c site comprises
fossilized fish along with mammal bones and teeth. Thus, the Vrani�c site represents an important site for
cetacean fossil remains and serves as an important data source for marine life in the Central Paratethys.

Keywords Miocene marine mammals, Alluvial slope deposit, Pleistocene, Cosmogenic nuclides, Pannonian
Basin System
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1. Introduction
Vrani�c site is an abandoned sand pit located at the
southern foothills of central Papuk Mountain in the
North Croatian Basin, southwestern Pannonian Basin
System (Fig. 1A and B). Its sandy sediments are trans-
ported from surrounding mountains (Krkalo, 1998).
The sand deposition in the Pannonian Basin System
during the Miocene and Pliocene is induced by regional
tectonic events and repeated transgressions and re-
gressions accompanied by intense weathering of
exposed rocks in the source area (Paveli�c, 2001). Such
processes may cause downslope bulk movements of
rock, soil and debris (Cruden, 1991).

Slides, slumps, and debris flows are the three basic
types of subaerial mass movement processes. Land-
slides are caused by disturbances, such as seismic
shock, snow and glacier melt, rainfall, erosional un-
dercutting, major storms, and human activities; while
the debris flows may result from individual landslides,
but are also common on modern and ancient chan-
nelized alluvial fans at the adjoining area from
mountains to valleys. Besides alluvial fans, debris
flows also occur on non-channelized alluvial slopes
that develop on steeply inclined mountain flanks
(Hawley and Wilson, 1965; Smith, 2000; Kuhle and
Smith, 2001). The major characteristic of the debris
flow is unconsolidated slope material that is easily
erodible, such as loose sand. In Central Europe, loose
deposits affected by the mass movement have been
identified in the Alps (Wetzel et al., 2006), Vienna
Basin (�Sujan et al., 2022) and P�ecs-Danitzpuszta lo-
cality in the central Pannonian Basin System (Kaz�ar,
2005, 2006; Sebe et al., 2020; Botfalvai et al.,
2023). The latter location is a significant site
demonstrating rich associations of reworked Miocene
vertebrates related to mass movement processes.
These associations, discovered along with marine
mammal remains (whales and dolphins) at many lo-
calities in the Pannonian Basin System and the Vienna
Basin, prove the existence of marine connection of
the Central Paratethys with the World Ocean in the
Middle Miocene (Müller, 1855; Miku�z, 1999; Kaz�ar,
2006; Sabol et al., 2021; Botfalvai et al., 2023). The
Vrani�c site is the only locality in the central North
Croatian Basin from where the Middle Miocene fish
and marine mammal associations have been reported
and considered as allochthonous fossils due to their
scattering distribution in the sand deposit (Rhom-
boidea beds) (Jami�ci�c et al., 1987; Vrsaljko et al.,
2010; Banak et al., 2015).

This study has two principal aims: (1) to interpret
the depositional mechanisms and the sedimentary
environment, where the sand and reworked mammal
remains accumulated similarly to the analogous site at
Danitzpuszta in Hungary (Sebe et al., 2020; Botfalvai
et al., 2023); and (2) to present a detailed descrip-
tion of fossil association for a better correlation of
marine mammals with other similar finds in the Central
Paratethys. This study strives to provide guidelines for
finding undiscovered mammal fossil sites not only in
the Pannonian Basin System but also in other regions
with similar geological characteristics. Cosmogenic
26Al/10Be burial age dating has been performed to es-
timate the timing of sand deposition.
2. Geological setting
The deposition of the Pannonian Basin System
initiated from the Lower Miocene. The evolution of
this basin is characterized by a syn-rift phase of tec-
tonic thinning of the crust and subsidence, followed by
the successive Late Miocene post-rift phase marked by
subsidence due to cooling of the thinned lithosphere
(Royden, 1988; Horv�ath, 1995; Paveli�c, 2001; Kov�a�c
et al., 2017; �Sujan et al., 2021a). The post-rift phase
is followed by the neotectonic phase during the Plio-
cene up to the Quaternary. In this phase, thermal
subsidence stopped and the extension was replaced by
compressional to transtensional tectonics resulting in
basin inversion, which was expressed as large-scale
folding of the Pannonian lithosphere with the coexis-
tence of uplifting and subsiding areas (Fodor et al.,
2005; Bada et al., 2007). Palaeogeographically, the
Pannonian Basin System belongs to the Central Para-
tethys, which underwent Cenozoic evolution (periods
of isolation and semi-isolation from the ambient seas
during Miocene), utilizing the regional Neogene stages
(B�aldi, 1980; R€ogl and Steininger, 1981; Piller et al.,
2007; Kov�a�c et al., 2018; Paveli�c and Kova�ci�c, 2018).

In the North Croatian Basin, the syn-rift phase
lasted from the Early Miocene to the Middle Miocene
(i.e., end of the middle Badenian according to the
regional stages) and is characterized by a depositional
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Fig. 1 A) Position of the Vrani�c site in the Pannonian Basin System; B) Simplified geological map of the area around the study locality
(modified after CGS, 2009).
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succession showing a transition from continental to
fully marine, which is further controlled by extensional
tectonics, climatic changes, and volcanic activity
(Paveli�c et al., 1998, 2022). The Middle Miocene (i.e.
late Badenian) to the Late Miocene post-rift phase is
characterized by a quick and gradually ceasing
subsidence. It is expressed in the sedimentary record
by a transition from marine to continental deposition
when Lake Pannon was formed and consequently
terminated by a short inversion event (Jami�ci�c, 1995;
M�arton et al., 1999; Paveli�c, 2001; Tomljenovi�c and
Csontos, 2001; �Sujan et al., 2021b).
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The final isolation of the Pannonian Basin System
occurred at the start of the Late Miocene at 11.6 Ma
(i.e. Pannonian) during the formation of the brackish
Lake Pannon (Magyar, 1995; Piller et al., 2007; Bakra�c
et al., 2012; Magyar et al., 2013; Kov�a�c et al., 2017;
Paveli�c and Kova�ci�c, 2018; Sebe et al., 2020). In the
North Croatian Basin, Lake Pannon was gradually and
diachronously filled up mostly by sand and silt, which
were derived from the Eastern Alps and the Carpathians
by a delta system prograding from the northwest and
ending in the Early Pliocene (Safti�c et al., 2003; Kova�ci�c
and Grizelj, 2006; Sebe et al., 2020). The lacustrine to
deltaic deposits on Papuk Mountain are known as the
Upper MioceneeLower Pliocene Rhomboidea beds
(Fig. 1B, legend codes 46 and 48), which are overlain by
PlioceneeLower Pleistocene Viviparus beds of lacus-
trine to fluvial origin (Kure�ci�c et al., 2021).

The Rhomboidea beds are characterized by
moderate- to well-sorted sands mostly composed of
quartz and feldspars, with a subordinate content of
muscovite and fragments of metamorphic, magmatic
and sedimentary rocks (Basch et al., 1995; Ivkovi�c
et al., 2000; Vrbanac, 2002; Kova�ci�c et al., 2004;
Kova�ci�c and Grizelj, 2006; Mato�sevi�c et al., 2023).
These petrographic properties are considered uniform
in the North Croatian Basin (Jami�ci�c et al., 1987). In the
Early Pliocene, the brackish Lake Pannon was locally
substituted by the freshwater Lake Slavonia, which
finally filled up during the Early Pleistocene (Mandic
et al., 2015; Paveli�c and Kova�ci�c, 2018; Kure�ci�c
et al., 2021). Deposits of Lake Slavonia locally overlie
the Rhomboidea beds in the Po�zega valley close to the
southern slopes of Papuk Mountain (Fig. 1B: legend code
52) (Jami�ci�c et al., 1987). In the PlioceneeQuaternary
neotectonic phase, the North Croatian Basin was
affected by a strong tectonic compression that gener-
ated basin inversion and structural block uplifting
(Jami�ci�c et al., 1987; Jami�ci�c, 1995; M�arton et al.,
1999; Paveli�c, 2001; Tomljenovi�c and Csontos, 2001),
thereby resulting in the uplift and exhumation of the
basement rocks of Papuk Mountain. The erosion of the
PaleozoiceMesozoic basement, syn-rift and post-rift
deposits led to their deposition in the foothills.
3. Methods
3.1. Fieldwork

The Vrani�c site (45�2504900N; 17�3101200E; base
elevation: 290 m a.s.l.; top elevation: 316 m a.s.l.) is
located at the southern foothills of the central Papuk
Mountain. The exposed wall of the sand pit is around
300 m long and 30 m thick. It strikes in the NEeSW
direction and is gently inclined towards the Po�zega
valley. The sections were measured along the wall.

Fieldwork included detailed facies analysis and
sampling for successive laboratory analyses. Three
depositional units (Units 1, 2 and 3) were recognized
and characterized by different sedimentary features,
and separated by distinct depositional boundaries. The
lithology, sedimentary structures, bed thickness and
nature of bedding planes were recorded for all the
lithounits. Grain size, mineralogical and petrographic
analyses were performed on individual beds to deter-
mine the composition and reconstruction of the prov-
enance of the clastic material.

Grain surface microtexture was classified by scan-
ning electron microscopy (SEM). Sand samples were
used for cosmogenic radionuclide (CRN) burial age
determination, a method which has not been used
before in the North Croatian Basin. Lastly, vertebrate
fossils were characterized along with their
stratigraphic, palaeoclimatic and palaeoecological
implications.

3.2. Grain size analysis

Grain size analysis was performed on 23 sediment
samples, while the sieving method was executed on 19
coarse-grained samples. A set of seven sieves (mesh
widths 2.8, 1.25, 0.9, 0.45, 0.25, 0.125 and 0.09 mm)
were used for the analyses, and grain size distributions
were classified based on the Wentworth scale
(Wentworth, 1922).

Grain size analysis of four fine-grained sediment
samples (VR14eVR17) was performed on bulk samples
using a Shimadzu Laser Diffraction Particle Size
Analyzer SALD-2300. Dried samples (0.1 g) were iso-
lated for analysis. The samples were treated with 4%
Na4P2O7$10H2O and deionized water against coagula-
tion and dispersed around 5 h on a shaker. Each mea-
surement was repeated three times with a pump speed
of 8 and a sonicator test (30 s). The average value of
particle diameters was used for the grain size
distribution.

3.3. Mineralogical analysis

The mineral composition of 16 samples from
different segments of Units 1 and 2 was determined by
polarized light microscopy analysis of heavy (HMF) and
light mineral fractions (LMF) at grain size fractions of
0.063e0.16 mm using sodium polytungstate (r = 2.8 g/
cm3). The ribbon counting method was used to deter-
mine the qualitative and quantitative composition of
HMF and LMF, as described by Mange and Maurer (1992)
on at least 300 grains per fraction.
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3.4. Thin-section petrography

Thin-section petrography was carried out on four
pebble samples of different lithologies (VR-B1, VR-B2,
VR-B3 and VR-B4) from Unit 3 of Section B3 (Fig. 2).
Canadian balsam was used as a binder and standard.

3.5. SEM

SEMwas used to examine four samples of sand-sized
particles (>63 mm) from Sections A and B1 of Unit 1. The
samples having a thickness of 15 nm were coated with
gold. More than 70 different grains were analyzed using
a JEOL JSM 35CF model with a magnification range of
180e860×. The quartz grain surface microtexture
classification method and terminology were followed
after Mahaney (2002) and Vos et al. (2014).
Fig. 2 A composite geological column combined from five laterally-co
characteristics and sampling positions in the Vrani�c site, southwestern Pan
CN1 to VR-CN3 (asterisks): Samples for CRN burial age dating; VR-M1 to VR
3.6. Burial age determination using CRN

3.6.1. Theory

Burial age determination using in situ produced
CRN considers the concentration and ratio of cosmo-
genic 26Al and 10Be in sedimentary quartz grains that
were initially exposed and dosed and then shielded
from cosmic radiation. The nuclide concentrations of
sediment at the time of burial are variable, and
depend on nuclide production rates and the denuda-
tion rate at the source area. However, the surface
26Al/10Be ratio is fairly constant (Granger, 2006;
Granger and Riebe, 2014). Upon burial, the sediments
are partly or completely shielded from cosmic rays.
Thus, 26Al and 10Be are no longer produced and the
26Al/10Be ratio starts to decrease. This change in the
rrelated sections (A, B1, B2, B3 and C), showing the sedimentary
nonian Basin System. VR1 to VR23: Samples for grain size analysis; VR-
-M3, VR-B1 to VR-B4, and VR-C1 to VR-C3: Samples for modal analysis.
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nuclide ratio allows the calculation of the burial
duration of the sediment. More detailed methodology,
constants and equations used for age calculations are
presented in Supplementary CRN-1.1.

3.6.2. Sample collection and laboratory procedures

The lower part of the massive sand of Unit 1 was
targeted for age determination of the deposition of
the Vrani�c site sediments (Figs. 3 and 4). In 2016, two
samples were taken for 26Al/10Be burial age determi-
nation (VR-CN1 and VR-CN2). These samples were
processed and analyzed in 2017, which provided
divergent results. An additional sample was collected
in 2018 (VR-CN3) and processed together with new
aliquots from previous samples. In 2020, measure-
ments by accelerator mass spectrometry (AMS) for this
sample batch were performed at sampling depths of
20.0 ± 0.5 m for VR-CN1, 19 ± 1.0 m for VR-CN2 and
15 ± 0.5 m for VR-CN3.

The bulk sand samples were sieved, and the
0.5e1.0 mm grain size was processed at the Cosmo-
genic Nuclide Sample Preparation Laboratory of the
Institute for Geological and Geochemical Research
(Budapest, Hungary; http://www.geochem.hu/
kozmogen/Lab_en.html) following the procedures by
Brown et al. (1992), Merchel and Herpers (1999) and
Merchel et al. (2019) as described in Ruszkiczay-
Rüdiger et al. (2021). Stable 27Al determination was
performed by inductively coupled plasma-optical
emission spectrometry (ICP-OES; ICAP 6500 from
Thermo) at CEREGE, Aix-en-Provence, France (2017
sample batch) and microwave plasma atomic emission
spectrometry (Agilent 4100 MP-AES) at the Institute of
Nuclear Research, Debrecen, Hungary (2020 sample
batch). Purified BeO and Al2O3 were mixed with Nb
powder in a 1:4 ratio and with Ag powder in a 1:1 ratio,
respectively. The targets were prepared for AMS
measurement at the CEREGE, Aix-en-Provence, France
(ASTER; Arnold et al., 2010) (2017 sample batch) and
at the Vienna Environmental Research Accelerator,
Faculty of Physics, University of Vienna (VERA; Steier
et al., 2019) (2020 sample batch). The reported un-
certainties comprise the analytical uncertainties, the
uncertainty of the 10Be and 26Al half-lives, the spallo-
genic production rate of 10Be, the 26Al/10Be spallo-
genic production rate ratio and sediment density
(2.0 ± 0.2 g/cm3).

3.7. Micropaleontological analysis

Micropaleontological analysis was carried out on
three samples from the marl block (VR-M1, VR-M2
and VR-M3) in Unit 1 of Section A. Approximately
300 g of sediment per sample was disaggregated by
soaking in diluted H2O2 for 48 h, then washed
through sieves (0.25, 0.125, 0.09 and 0.063 mm) and
dried. Each dried residue was observed under a
binocular microscope. Fossil remains (e.g. forami-
nifera, ostracods, and bryozoans) were hand-picked
and determined.

3.8. Macropaleontological analysis

The sandy material from the base of Unit 1 was
sieved at the outcrop using a 1 × 1 m sieve with a 2-
mm mesh size. A total of 159 fossil individual bones
were collected and cleaned. The macrofossil mate-
rial was determined at the class level with special
emphasis on cetacean fossils, which comprise skull
bones, teeth, vertebrae, chevron bone and flipper
bones. The nomenclature and measurements were
done as per the methods of Kaz�ar and Venczel
(2003).
4. Results
4.1. Facies description

A composite log was made based on five individual
sections (Fig. 2). The deposits are lithologically het-
erogeneous and comprise gravel, sand, silt, and clay. It
is divided into three sedimentary units, i.e., Units 1, 2,
and 3, from bottom to top. The sediment grains are
distinctly fining upwards in Unit 1. Both Units 1 and 2
show poor sorting with the number and size of large
gravels decreasing upwards. They differ significantly in
silt fraction (averagely 1.07% in Unit 1 vs. 34.2% in Unit
2) and in gravel fraction (averagely 12.69% in Unit 1 vs.
2.9% in Unit 2). The sediment grain-size data are shown
in Supplementary Table S1.

Unit 1

The measured thickness of this unit is about 19 m
with its lower boundary unexposed. It comprises pale
brown to light grey, poorly-sorted, loose, massive
sands, scattered with pebble-, cobble- and boulder-
sized gravels from the pre-Miocene basement (e.g.,
metagabbro and gneiss) and Middle Miocene marls
(Table 1, Sm; Fig. 3D). It shows no stratification. The
gravels are angular to subrounded, mostly 0.5e1.5 cm
in size, occasionally reaching 2.5 cm, and mostly
accumulate at the lower part of the unit (Figs. 2 and
3B, C; Supplementary Table S1). Comparatively, the
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Fig. 3 Outcrop photographs showing the different facies in the Vrani�c site, southwestern Pannonian Basin System. A) The general overview of
Section A (Unit 1, Sm), where the two persons can be observed in the middle part of the section, collecting gravelly sand samples; B) Pebbly
sand in the upper part of Section A (Unit 1, Sm); C) Sand in the lower part of Section B1. It is gravelly and structureless (Unit 1, Sm); D) Marl
block from the middle part of Section A (Unit 1, Sm); E) Pebbly sand in Section B2 (Unit 1, Sm); F) Intercalation of horizontally laminated sand
with white clay in the lower part of Section B3 (Unit 2, Fl). The white rectangle shows the position of a detailed picture of layered sediment
(F × 5); G) Pebbly and massive sand in the lower part of Section B3 (Unit 2, Sh); H) Horizontal bedding is a characteristic of Section C (Unit 2,
Fsl). A thin grey clay bed is visible in the middle of the picture. Scale is 1 m; I) Upper part of Section B3 is characterized by a chaotic gravel
composed of pebbles, cobbles and boulders (Unit 3, Gmc). Scale is 40 cm. For the position and lithological characteristics of the sections, see
Figs. 1 and 2. The hammer in the pictures for scale is 33 cm long.
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Table 1 Facies description and interpretation of deposits from the Vrani�c site, southwestern Pannonian Basin System. Codes are modified
after Miall (1996).

Unit Facies or facies
association

Code Description Interpretation

1 Structureless sand Sm Nearly 19-m-thick, pale brown to light grey, poorly-
sorted sands, scattered with pebbles, cobbles, and
boulders up to 150 cm long. The clasts are angular
to subrounded, some containing a marine
microfossil assemblage (i.e., scattered fossilized
fish, and marine mammal bones and teeth) of
Middle Miocene. Stratification or any other internal
structure is absent. The Unit 1 contacts the Unit 2
with a transitional boundary.

Non-cohesive sandy debris flow

2 Intercalation of sand
with clay, silt and
gravel (i.e.,
intercalation forms
a 2.5e6.15-m thick
unit due to erosion
by overlying Unit 3)

Sh Horizontally bedded sand is coarse-grained and
poorly sorted. Beds tabular, 5e164-cm thick. Grey
to ochre or reddish. Bedding planes planar or
slightly erosional. Scattered rounded clasts 0.3
e0.6 cm in diameter. Normal or inverse grading.

Sandy sheet floods

Sm Structureless pebbly sand is fine- to coarse-grained
and poorly sorted. Beds 10e87 cm thick. Lower
bedding planes are irregular.

Non-cohesive sandy debris flow

Fl Interbedded sand, silt and clay form small units of 5
e25 cm thick. Well-developed horizontal
lamination. Silt and clay are grey or white in color.

Lower flow regime traction
currents and suspended-load
fallout from very weak currents

Gh Horizontally bedded gravel is clast- to matrix-
supported. Gravel clasts are subrounded, 1e5 cm in
diameter. Sandy matrix. Greyish to brownish. Two
tabular beds 5- and 32-cm thick.

Unconfined gravelly sheet floods

Fsl Intercalation of clay/silty clay. Two horizontally
bedded and laminated layers 4e6 cm thick, grey.
Lower bedding planes are flat, and upper bedding
planes are sharp and erosional.

Suspended-load fallout from weak
currents

3 Structureless gravel Gmc Poorly sorted matrix to clast-supported lenticular
gravel. Composed of rounded pebbles and cobbles
and subangular to angular boulders up to 100 cm
long. Matrix is poorly sorted mixture of sand, silt,
clay and soil. The maximum thickness of the lens is
200 cm.

Sediment-gravity deposits
(colluvium)
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upper part of the unit is mostly made of coarse sands
(0.2e0.5 mm in size; Fig. 3E). Marl clasts and blocks
are frequent with variable dimensions, where the
largest ones are 150 cm long (Figs. 2 and 3D) and were
found at the 6 m level in Section A. The marl clasts
contain a marine Middle Miocene (Badenian) micro-
fossil assemblage, numerous single scattered fossilized
fish and marine mammal bones, teeth and bone frag-
ments (Fig. 2). The grain size analysis (Supplementary
Table S1) shows a marked dominance of sand-sized
fraction (average 86.23%) in the Unit 1, compared to
the gravel content (average 12.69%) and the silt-sized
fraction (average 1.07%). Clay fraction is absent in
this unit.
Interpretation

Unit 1 is interpreted to be deposited from non-
cohesive sandy debris flow, as indicated by the sand-
dominated composition, lack of any regular internal
structures (Table 1, Sm), low content or lack of fine-
grained material, poor to very poor sorting, and scat-
tered pebble- and boulder-sized clasts up to 150 cm
long (Dott Jr, 1963; Nemec and Steel, 1984; Miall,
1996; Shanmugam, 1996). The 19-m-thick unit in-
dicates that the debris flow was probably generated by
subaerial gravitational mass movements, i.e. land-
slides on the sand-rich hill slope. The heavy mineral
composition of this unit indicates a local source of
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sediments, such as the Paleozoic metamorphic rocks
and the Middle Miocene marine deposits (Fig. 1B). The
mammalian fossils found as isolated fragments in the
sand without their original coating of Middle Miocene
marl, suggest a period of reworking before being
incorporated into the debris flow.

Unit 2

Unit 2 is lithologically heterogeneous. It mainly
comprises sands, intercalated with clays, silts and
gravels. Horizontal beddings and laminations are
developed, some of which pinch out laterally (Fig. 3F,
F × 5). Five facies have been distinguished: horizon-
tally bedded sand (Table 1, Sh), structureless pebbly
sand (Table 1, Sm), interbedded sand and silt (Table 1,
Fl), horizontally bedded gravel (Table 1, Gh) and two
horizontally bedded layers of grey clay/silty clay
(Table 1, Fsl). Horizontally bedded, mostly coarse-
grained, poorly sorted sand prevails throughout the
unit (Fig. 3H). Beds are tabular and 5e164 cm thick,
where thick and very thick beds comprise amalgam-
ated layers. The colors of the beds vary from grey to
ochre or red. The bedding planes are planar or slightly
erosional. Rounded pre-Miocene basement clasts of
0.3e0.6 cm in diameter are scattered through the
deposits. Some beds show normal or inverse grading.
Pebbly sand occurs at the lower and middle parts of the
unit as 10e87 cm thick brownish beds. The sands are
fine-to coarse-grained and poorly sorted. The lower
bedding planes are irregular. Intercalations of sand,
silt and clay in the form of tabular beds occur
throughout the unit with varying thicknesses of
5e25 cm (Fig. 3F). The intercalations show well-
developed horizontal lamination up to a few millime-
ters thick. Silt and clay are grey or white.

Horizontally bedded gravel is represented in the
middle and upper parts of the unit by two single
tabular beds with the thickness of 5 cm and 32 cm,
respectively. They have irregular lower bedding
planes. The gravel is clast-to matrix-supported with a
sandy matrix and vary in the shades of grey to brown
(Fig. 3G). Gravel clasts are subrounded and comprise
the pre-Miocene basement, mainly 1e1.5 cm in
diameter. Two distinct horizontally laminated layers of
clay/silty clay are present at the lower and upper parts
of Section C (Fig. 3H). Both layers are grey and 4e6 cm
thick and consist of flat lower bedding planes and sharp
erosional upper contacts.

The thickness of this unit varies laterally from
2.5 m to 6.15 m. The results of the grain size analysis
(Supplementary Table S1) reveal that sand dominates
in Unit 2 (50.1%), however not as notable as in Unit 1,
and this unit has significant silt (34.2%). The average
clay content is 12.8%, and the gravel fraction has an
average of 2.9%. The lower boundary of Unit 2 is
transitional, whilst the upper boundary is reflecting
the erosional base of overlying Unit 3.

Interpretation

Horizontally bedded sand beds (Table 1, Sh) are
interpreted as deposited from rapidly running water in
the upper flow regime, such as sandy sheet floods
occurring within alluvial environments (Smoot, 1983;
Blair, 1999; Nemec and Kazanci, 1999), as indicated by
the tabular geometry of beds, erosional lower bound-
aries, medium-to good-sorting and scattered pebbles.
The sheet floods represent discharge probably due to
strong rainfall or snow melting combined with the
absence of channelized drainage. Normal grading is
probably a result of waning floods, whereas inverse
grading can be interpreted as a consequence of a
gradual increase in flow velocity due to heavy rainfall.
Amalgamated units can be related to prolonged or
repetitive periods of run-off. The ochre and reddish
colors of the sand probably reflect pedogenetic pro-
cesses. The pebbly sand beds (Table 1, Sm) that are
similar to deposits of Unit 1 are likewise interpreted as
deposited from non-cohesive sandy debris flows.

The horizontally laminated sand intercalated with
clay and silt (Table 1, Fl) represents lower flow regime
subaqueous traction deposits. On the other hand, the
clay and silty clay (Table 1, Fsl) reflect suspended-load
fallout from very weak currents in ephemeral ponds,
which formed on the slope-toe (Smoot, 1983; Platt and
Keller, 1992; Miall, 1996). Pedogenesis probably
resulted in the brownish-to-ochre color of the lami-
nated sand. The tabular geometry of the horizontally
bedded gravel beds (Table 1, Gh), their clast to matrix
support, pebbles up to 5 cm diameter, and lack of basal
erosion exhibit deposition generated by laterally
expanded unconfined gravelly sheet floods resulting
from rapid drainage of a large volume of water on the
hill slope after heavy rainfall (Bull, 1972; Galloway and
Hobday, 1996; Mutti et al., 1996). Poor sorting infers
deposition fairly close to the source area (Lewis and
McConchie, 2012).

Unit 3

Unit 3 comprises a lenticular matrix to clast-
supported, structureless gravel (Table 1, Gmc). The
clasts are very poorly sorted and include pebbles,
cobbles and boulders (Fig. 3I). Light brown, beige and
grey are the predominant shades of color of the sedi-
ments in this unit. Unit 3 forms the top of the suc-
cession with the maximum thickness of 200 cm. The
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pebbles are rounded, mostly 5e20 cm in diameter,
whilst the boulders are subangular to angular and up to
100 cm long. The gravel is polymict, which is repre-
sented by different bedrock lithologies derived from
the pre-Miocene basement and Middle Miocene marine
deposits. The matrix is a very poorly sorted mixture of
sand, silt, clay and soil. The boundary to underlying
Unit 2 is erosional.

Interpretation

The chaotic internal texture of the gravel (Table 1,
Gmc), very poor sorting and erosional and outsized
boulders reveal that the facies represents a clastic
slope waste material deposited by sediment-gravity
processes in the lower part of the hill, i.e. colluvium
(Holmes, 1965; Blikra and Nemec, 1998; �Sujan et al.,
2019). The polymictic clast composition and small
sand content show that the main source was the pre-
Miocene basement and Middle Miocene marine de-
posits. This abrupt change in provenance probably in-
dicates a new sedimentary cycle that is not genetically
related to Units 1 and 2. This might also indicate a much
longer age gap between Units 2 and 3 than between
Units 1 and 2.

4.2. Mineralogical composition

The mineral composition of sand is very similar
throughout the entire succession. The LMF is dominated
by quartz (61%e85%) and feldspars (8%e27%) with
scarce rock fragments (1%e12%). Angular quartz grains
with undulose extinction predominate, whilst those
with uniformity are rarer. K-feldspar is more common
than plagioclase (Supplementary Table S2). Among the
K-feldspar grains, microcline can be recognized by the
typical cross-hatched twinning. The grains are mostly
fresh and angular, but also altered grains are kaolinized
and sericitized. Schists with a low degree of meta-
morphism and quartzite-type particles are the most
common rock fragments, whereas chert is rarer
(Supplementary Table S2). Muscovite is present
sporadically (Supplementary Table S2). In HMF, trans-
lucent minerals are dominant (56%e78%). Opaque
minerals are moderately present (22%e36%), while
chlorite rarely occurs.

Among the opaque minerals, ilmenite pre-
dominates. The most abundant translucent heavy min-
erals in all samples are epidote, zoisite-clinozoisite and
garnet (Supplementary Table S2). Tourmaline, rutile
zircon, apatite, amphibole and staurolite are less
abundant or in trace amounts in the analyzed samples.
Pyroxenes and kyanite are present only in few samples.
Within almost all these different types of minerals,
corroded, irregularly broken, rounded and euhedral
grains are also present (Fig. 4). Epidotes are yellow
green to pale green in color (Fig. 4AeF). Garnets are
transparent or pale pink. Unweathered, euhedral and
subhedral grains are common, whereas rounded grains
occur rarely (Fig. 4GeI). Zircon exhibits three
morphological types: rounded (Fig. 4J), subhedral
(Fig. 4K) and euhedral forms (Fig. 4L and M). Rutile is
reddish or orange in color and commonly of subhedral
morphology (Fig. 4NeP). Staurolite is yellow to pale
yellow and has distinctive slightly corroded grains
(Fig. 4R and S). Sphene grains are mostly corroded
(Fig. 4T). Tourmaline is light brown to dark brown,
showing characteristic pleochroism. Euhedral grains are
common (Fig. 4U), although irregular, corroded grains
also occur. Kyanites are characterized by subhedral
grains (Fig. 4V). Apatite is characterized by weakly
rounded subhedral grains (Fig. 4W). Amphiboles are
typical light green to brownish corroded grains
(Fig. 4Z).

4.3. Petrography of pebbles, cobbles and
boulders

Clasts from Unit 3 (Fig. 2) VR-B1 and VR-B2 consist
of retrograde-metamorphosed gneissephyllonite
(Fig. 5A and B). VR-B3 is a Badenian biocalcarenite as
shown by the fossil association; prevailing red algae
[Lithothamnium sp.], nonionids [Cibicides sp.],
planktonic foraminifera and echinoid spines (Fig. 5C).
Terrigenous, angular and subangular quartz grains are
rarely present. The matrix is microsparite (Fig. 5). VR-
B4 is metagabbro (Fig. 5D).

Cobbles of Badenian biocalcarenites and Pannonian
clayey limestones predominate, along with the cob-
bles of retrograde metamorphism, namely phyllonite
and metagabbro. Metamorphic cobbles belong to the
Papuk metamorphic complex of pre-Variscan and early
Variscan orogeny (Jami�ci�c, 1983).

4.4. SEM results

SEM was used to analyze four sand-sized samples
from Unit 1 (Sections A and B1), viz., VR-2, VR-6, VR-
10 and VR-12 (Fig. 2). More than 80% of all grains from
all four samples are angular or subangular (Fig. 6),
whilst a small percentage of grains (>5%) are very
angular. The rest are subrounded. Almost all grains
have multiple fracture faces separated with sharp
edges (Fig. 6). More than 50% of the grains display
conchoidal fractures, while approximately 30% of the
grains have subparallel linear fractures on their
surfaces (Fig. 6). Linear and arc-shaped steps
are detected on grain surfaces in all the samples, but



Fig. 4 Photomicrographs showing morphologies and corrosion of the studied minerals. AeD) Early to slightly corroded epidote; E) Euhedral
epidote; F) Slightly corroded epidote; G) Unweathered garnet; H) Rounded garnet; I) Euhedral garnet; J) Rounded zircon; K) Subhedral zircon;
L, M) Euhedral zircon; NeP) Subhedral rutile; R) Unweathered, slightly corroded staurolite; S) Corroded staurolite; T) Corroded sphene; U)
Euhedral tourmaline; V) Subhedral kyanite; W) Subhedral apatite; Z) Corroded amphibole. All scale bar length = 50 mm.
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Fig. 5 A) Photomicrographs showing phyllonite (retrograde-metamorphosed gneiss) from VR-B1. N +; B) Phyllonite from VR-B2. N +; C)
Biocalcarenites of Badenian age from VR-B3, with fossil fragments of red algae (Lithothamnium sp.; red arrows), echinoid spine (white
arrow), benthic foraminifera (probably nonionids, Cibicides sp.; orange arrows), and planktonic foraminifera (yellow arrows). N +; D) Met-
agabbro from VR-B4. N +. All scale bar length = 0.2 mm.
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they are visible on approximately 20% of the
scanned grains. Medium-to high-relief grains domi-
nate in all samples, with scarcity of the low relief
ones. Most of the grains are elongated. Adhering
particles are visible on almost all the grains (Fig. 6)
and are probably an effect of drainage in porous,
sandy sediment.

4.5. Cosmogenic nuclide dating

4.5.1. Measurement results

Supplementary Table S3 lists the laboratory pa-
rameters and measurement results for each sample.

The measured isotope ratios of both nuclides (26Al
and 10Be) were very low in all samples (10Be/9Be:
between 1.9 × 10−14 and 3.5 × 10−14; 26Al/27Al: be-
tween 1.3 × 10−14 and 3.2 × 10−14). In the 2016 batch
(processed in 2017), the uncertainties of the 26Al
concentrations are high (20%e30%). Due to the low
nuclide ratios, the blank correction for 10Be was also
high (19%e31%) but that for 26Al was lower (2%e6%).
The 10Be/9Be ratios of the process blank for the 2017
and 2020 sample batches were (4.39 ± 0.67) × 10−15

and (6.31 ± 0.85) × 10−15, respectively. The 26Al/27Al
ratios of the blanks for the 2017 and 2020 sample
batches were (4.62 ± 3.28) × 10−16 (machine blank)
and (1.70 ± 0.72) × 10−15 (process blank),
respectively.

Moreover, the calculated 10Be and 26Al concentra-
tions were very low, and the derived 26Al/10Be ratios
showed a diverse picture, from 2.79 ± 0.31 to
5.47 ± 1.76 (Supplementary Table S4). Both the highest
and lowest values belonged to the measurements of
VR-CN1 (coded as VR-CN1/17 and VR-CN1/20). Addi-
tionally, the uncertainty of the 26Al concentration of
VR-CN1/17 was unusually high (32%) (Fig. 7, therefore
was considered as outliers and not used for further
modelling. The results of the two measurements of the
VR-CN2 sample were in agreement; thus, the weighted
average 10Be and 26Al concentrations were calculated
and used for the age modeling (VR-CN2/m;
Supplementary Table S4). The VR-CN3 sample provided
similar results to VR-CN2 within uncertainties
(Supplementary Tables S3 and S4; Fig. 7).

4.5.2. Burial age calculations

The source rocks of the sediment deposited at
Vrani�c site are Middle Miocene shallow marine



Fig. 6 SEM images of quartz and sand grains extracted from samples within Sections A and B1 of Unit 1. Typical microtextures and features:
1: Fracture faces; 2: Conchoidal fractures; 3: Subparallel linear fractures; 4: Linear steps; 5: Arc-shaped steps. A) Angular grain with sharp
edges and medium relief. Fracture faces and conchoidal fracture are visible; B) Angular grain with sharp edges, fracture faces, conchoidal
fracture and subparallel linear fractures; C) Subangular grain with fracture faces; D) Grain with sharp edges and medium to low relief.
Magnification of the grain surface marked with a white rectangle; E) Subparallel linear fractures and linear steps visible on the enlarged
surface of the grain; F) Subangular grain with sharp edges, fracture faces, conchoidal fractures and arc-shaped steps.
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deposits. Because of the old age (>>9 Ma) of the sedi-
ment source, any CRN from the time before its sedi-
mentation has decayed, thus the inherited CRN
inventory (N0, see eq (1) in Supplementary CNR-1.1)
has been neglected during the burial age calculation.

The burial durations and pre- and post-burial
denudation rates were calculated using constants
and equation (1) described in Supplementary CRN-1.1.
Age calculation was performed using inverse modelling
by solving equation (1) for burial age together with
pre- and post-burial denudation rates simultaneously.
Iterations by Chi2 minimization were repeated until
the best model fit to the data was found. The resulting
uncertainties included the analytical uncertainties as
well as the uncertainties of the production rates and
production rate ratios, 10Be and 26Al half-lives, sedi-
ment density and 10% uncertainty due to the uncertain
subsurface depth of the samples.

The burial durations of VR-CN2/m and VR-CN3 were
calculated at first, assuming complete burial, to be
1.05 ± 0.22 and 1.25 ± 0.20 Ma, respectively. Next,
using the measured sample depth, the burial ages were
calculated to be 0.60 ± 0.14 and 1.38 ± 0.34 Ma,
respectively (Supplementary Table S4). The results are
sensitive to the sample depth, and the estimate is not
in agreement. The assumption of complete burial ig-
nores the fact that at 15e20 m depth, the muogenic
CRN production might be considerable. The calcula-
tion with the current sample depth did not consider
the recent surface truncation above the quarry, which
was suggested by field evidence and by the divergent
burial ages of the two samples at the measured sample
depth.

Lastly, inverse modelling was performed, with the
same age and denudation rate for both samples. To find
the most probable thickness of removed material, the
depth of recent truncation was increased from 0 m
(measured sample depth) to 5 m in 1 m steps. The best
model fit was achieved at 3 m recent surface trunca-
tion, with a burial duration of 895 ± 211 ka, a pre-
burial denudation rate of 518 ± 122 m/Ma and a post-
burial denudation rate of 113 ± 27 m/Ma
(Supplementary Table S4). This burial age is considered
the most probable age of the deposition of the Vrani�c
sedimentary body, being the oldest dated Quaternary
deposit in the southwestern Pannonian Basin System.
The CRN burial age of ~900 ka documents a much
younger depositional age of the Unit 1 sands than



Fig. 7 Exposureeburial diagram of the measured nuclide concentrations (scenario of the complete burial). Note that all the samples are on
the left side of the plot, in the range of fast pre-burial denudation rate (thin, dashed grey curves) and between 0.5 Ma and 2 Ma burial
durations (thin, grey curves parallel with the uppermost, bold line of steady-state erosion at the surface (zero burial age). Both VR-CN1
samples were treated as outliers and excluded from further data interpretation.
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previously considered (the latest Miocene age -
Rhomboidea beds; Jami�ci�c et al., 1987; Vrsaljko et al.,
2010; Banak et al., 2015).

4.6. Paleontology

The microfossil assemblage is different for each
fraction. The large fraction (125 mm sieve) contains
lenticulinids (Lenticulina orbicularis, L. calcar, L.
austriaca and L. inornata), Planularia moravica, Vag-
inulina legumen, Siphonodosaria consobrina, Laevi-
dentalina elegans, Nonion commune and Melonis
pompilioides. The middle fraction (90 mm sieve) con-
tains the aforementioned species along with Elphidium
macellum, Orthomorphina sp., Globobulimina pyrula,
Amphicoryna hispida, Sphaeroidina bulloides,
Bulimina buchiana, Cibicidoides ungerianus, Uvigerina
semiornata, Islandiella punctata, Bolivina scalprata
var. retiformis and Grigelis pyrula. Badenian plank-
tonic foraminifera includes Globigerina bulloides, G.
praebulloides, G. diplostoma, Trilobatus trilobus,
Orbulina suturalis and Globoturborotalia bykovae.
Other fossils include spine fragments from echinoderm
spines, Bolboforma sp., ostracods, fish skeleton and
bryozoan fragments.

The osteological material consists of 159 fossils.
Based on gross morphological characteristics, 78
fossilized bones and teeth, along with 81 fossilized
bone fragments were identified. Fossilized bones and
teeth came from fishes and mammals; out of these, 14
bones and 1 tooth belong to the order of whales
(Fig. 8). The cetacean bones were represented by 5



Fig. 8 Cetacean fossils sifted from the sand. AeE) Humerus; F, I, J) Ulna; G) Phalanx; H) Tooth; K) Radius; L) Petrous; M) Tympanic and part of
the temporal bone; N, O) Vertebra.
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humeri, 1 radius, 3 ulnas, 1 phalanx, 2 vertebrae, 1
tympanic part of the temporal bone and 1 petrous part
of the temporal bone (Fig. 8). According to gross
morphology and size, these remains possibly origi-
nated from the toothed whale (suborder Odontoceti)
of the polyphyletic assemblage Kentriodontidae (Marx
et al., 2016).
5. Discussion
5.1. Provenance and causes of mass
movements and sediment-gravity processes

The debris flows, sheetflood and pond deposits
reflect the evolution of a relatively short-lived sandy
terrestrial environment, where deposits of Units 1 and
2 accumulated (Fig. 9). The low CRN concentrations
with the estimated high pre-burial denudation rates
infer rapid erosion of the source area. This deposi-
tional association is characteristic of an alluvial fan
environment that usually forms along the margins of
uplifted structural blocks bounded by faults with sig-
nificant dip-slip. Different processes may trigger
various depositional mechanisms, e.g., sediment-
gravity flows, tractional currents and suspended-load
fallout (Hooke, 1967; Heward, 1978; Nemec and
Steel, 1984; DeCelles et al., 1991; Nemec and
Postma, 1993). Since the presence of a distinctive al-
luvial fan or channelizing in the Vrani�c site has not
been reported in the literature yet, the depositional
environment is interpreted as an alluvial slope at the
foot of a steeply inclined mountain (cf. Hawley and
Wilson, 1965; Smith, 2000; Kuhle and Smith, 2001).

The dominant surface features on all grains are
fracture faces, as shown in the SEM images of sand
grains from Unit 1 (Fig. 6). This feature is typical of
grains originating from mass wasting deposits resulting
from slope movements (Mahaney et al., 1991;
Mahaney, 2002). Additionally, the absence of V-shaped
percussion marks and microfeatures characteristic of
fluvial transport (Mahaney, 2002), excludes the possi-
bility of longer fluvial transport. Colluvial gravels of
Unit 3 reflecting a new depositional cycle, indicate
additional exhumation and strong erosion of the
bedrock and steepening of the mountain slope where
sediment-gravity processes operated. There are
different ways to trigger sediment-gravity flow



Fig. 9 Block diagram showing the depositional model of Units 1 and 2. After the mass movement that generated the debris flow (Unit 1), the
sand-rich alluvial slope was stabilized and a pond was formed (Unit 2). Cambrian metamorphic rocks partly overlain by Middle Miocene
deposits including marine mammal and fish fragments represented uplifting bedrock and were the source of coarse-grained material.
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processes affecting the alluvial slope. Sands from Units
1 and 2 are mostly coarse-grained and usually have no
fine-grained matrix. Pronounced angularity, sharp
edges and non-weathered fractures of the analyzed
grains from Unit 1 evidence short-distance trans-
portation (Fig. 6). The origin of the sand is predomi-
nantly related to the pre-Miocene metamorphic
basement. Moreover, the mineral composition of the
sand indicates that only a limited part of the grains are
of igneous and sedimentary origin (Fig. 4).

A metamorphic origin is distinctly indicated by
quartz grains with undulose extinction and rock frag-
ments (schists and quartzites) in LMF, along with
epidote mineral group, garnet, amphibole, and stau-
rolite and kyanite in HMF. The Paleozoic complex of
metamorphic rocks is located in the basement of the
Neogene and Quaternary deposits of Papuk Mountain
(Figs. 1 and 5) as well as in the immediate hinterland of
the Vrani�c site (Jami�ci�c et al., 1987; CGS, 2009). The
mineral composition of the sand also reveals a smaller
part of the grains to be of igneous and sedimentary
origin. Therefore, euhedral zircons indicate an origin
from igneous rocks, probably from the granitoids of the
Papuk Mountain (Jami�ci�c et al., 1987). However, the
rounded grains of ultra-stable minerals such as zircon,
tourmaline and rutile (ZTR) indicate a sedimentary
origin of a smaller part of detrital material. In general,
these sands contain a small amount of ultra-stable ZTR
minerals (Supplementary Table S2), while there are
significantly prevalent unstable minerals, such as
amphibole, and moderately stable minerals, such as
the epidote group and garnet. The weak chemical
weathering of the detritus is indicated by the presence
of weakly resistant minerals, such as amphibole and
apatite, and by significant amounts of feldspars and
prevailing angular grains, suggesting that the sands are
mineralogically and structurally immature, indicative
of short transport. The beds are homogeneous and
consist mostly of sand with subordinate contents of
gravel, silt and clay. Smaller amounts of sandy sedi-
ment could also originate from the Rhomboidea beds.
The erosion probably caused the recycling of these
deposits that resulted in an admixture of sand with a
higher quartz content and better sorting than the sand
of metamorphic origin. The combination of surface
features detected on the sand grains, viz., conchoidal
fractures, linear steps and arc-shaped steps, supports
the interpretation of a multi-phased transport mech-
anism during several cycles of deposition terminating
as gravitational transport as the final step in sedi-
mentological evolution (Fig. 6). Also, recycling
affected the Middle Miocene marine deposits (exposed
at the surface), which are present in the form of big
marl blocks in Unit 1.

The erosion of these marl blocks caused the sepa-
ration of fish and marine mammal fossil fragments and
whole fossil bones by the bedrock. Based on the pre-
sent foraminifera index fossils Vaginulina legumen,
Bolivina scalprata subsp. muscosa, B. scalprata var.
retiformis and planktonic foraminifera Orbulina
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suturalis, the marl samples from Unit 1 can be strati-
graphically attributed to the lower Badenian (Cicha
et al., 1998). This determines the age of fossil re-
mains and suggests a correlation between the source
of the sediments with the Middle Miocene (lower
Badenian) marine deposits in the North Croatian Basin.

The first mechanism to cause sediment formation
in Units 1 and 2 is the uplift related to compressional
tectonics affecting the North Croatian Basin in the
Quaternary (Jami�ci�c et al., 1987; Jami�ci�c, 1995;
M�arton et al., 1999; Paveli�c, 2001; Tomljenovi�c and
Csontos, 2001). The uplift of Papuk Mountain and the
structural blocks bounded by steeply dipping faults,
resulted in slopes mantled by thick sand accumula-
tions. These tectonic processes triggered fault reac-
tivation and associated seismic shocks integrated with
the slope instability assisted by the changing climate,
caused deformation and recycling of the Miocene de-
posits (Horv�ath, 1995; Paveli�c, 2001; Tomljenovi�c and
Csontos, 2001; �Sujan et al., 2019).

Sands on the uplifted slope of Papuk Mountain were
more vulnerable to erosion due to the lack of cohesive
bonding between grains. Floods transporting these
sediments indicate the existence of a large amount of
water, with climate as a second mechanism respon-
sible for the sediment formation in Units 1 and 2.
Heavy rainfall and/or water produced by snow and
permafrost melting could create flash floods that
crossed and infiltrated into the sands, causing slope
destabilization and deformation. This phenomenon led
to the slumps, which were transformed into sandy
debris flow due to liquefaction or dilatancy on the al-
luvial slope (Ellen and Fleming, 1987; McKenna et al.,
2012). The incision of the ephemeral or permanent
water flow in the neighboring Po�zega valley could also
have played a significant role in the destabilization of
slopes mostly comprising loose sand, causing mass
movements and deposition of Unit 1. Indeed, the mass
movement might be generated by a combination of
synsedimentary tectonics and humid climate, which
generated the water and slope destabilization.

5.2. Depositional age

The burial age of 895 ± 211 ka of Unit 1 by model-
ling provides the most probable time of the deposition
of the Vrani�c sediments. The low measured cosmo-
genic 26Al and 10Be concentrations coupled with
26Al/10Be ratios around 4 are also indicative of rapid
erosion of the source area before sediment burial of
Unit 1 (Fig. 7; Supplementary Tables S3 and S4).

The study revealed a hiatus between Units 2 and 3.
Thedepositional age anddurationof the hiatus aswell as
the thickness of the sedimentarypile removedbyerosion
from the top of Unit 2 before the deposition of Unit 3 are
unknown. This introduces an unambiguity in the sub-
surface depth of the samples,whichmeans an additional
uncertainty in the modelled CRN age and denudation
rates.Theburial agesweremodelledusing themeasured
sample depth, considering the recent surface truncation
with a stepwise increase of the truncation depth up to
the best model fit (described in Section 4.5). This was
achieved in the scenario of the recent removal of 3 m of
sediment with a calculated burial duration of 895 ± 211
ka, coupledwith a valid approximation of the CRN burial
age relevant for Unit 1. No further erosion events were
taken into consideration for age calculation, as the
above-listed unknowns for any additional scenarios
introduced in our model would have added compara-
tively much larger uncertainty to the results than the
present simplistic interpretation.

5.3. Early Pleistocene climate

ThedepositionofUnit 1at895±211kacoincideswith
the Middle Pleistocene Transition (MPT; 1.25e0.7 Ma;
Clark et al., 2006). It is characterized by the prolonga-
tion and intensification of glacialeinterglacial climate
cycles that intensified ~900 ka years ago (Maslin and
Brierley, 2015). Elderfield et al. (2012) have considered
this event to represent a global reorganization of the
climate system. MIS 22 was the first long-term Pleisto-
cene glaciation (Ehlers and Gibbard, 2007; Hern�andez-
Almeida et al., 2012).

Thick sandy loess deposits, represented as loess L9
in northern Eurasia, occurred during the MIS 24eMIS 22
transition (Dodonov, 2005), whilst in the Italian Alps,
valley glaciers reached their earliest Pleistocene
maximum southwards expansion during MIS 22 (Muttoni
et al., 2007). The synchronous occurrence of the least
weathered thick loess unit L9 (corresponding to MIS
24eMIS 22) in Serbia and China suggests that climate
change triggered the depositional event recorded by
theVrani�c sediments during theMPT thatwas a common
feature in the Northern Hemisphere (Song et al., 2018).

Precise determination of whether the deposition of
sediments from Unit 1 occurred under interglacial or
glacial climate conditions is impossible. Hence, inter-
preting the climatic conditions prevailing during the
slope movement is difficult. The fact that the massive
sand from Unit 1 contains numerous fragments of fos-
sils and marl blocks (all Badenian age) indicates strong
erosion just before deposition. Therefore, it is
assumed that sediment deposition occurred under
interglacial climate, possibly during the transition
from MIS 22 to MIS 21, when a warm climate favored
melting of ground ice accumulated during the first
major glacial event.
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5.4. Significance of marine mammal fossils

Complete, eroded and fragmented bones and teeth
are the fossils found at Vrani�c site, which were derived
from the marine fauna of the Central Paratethys
(Fig. 8). Different whale species have been abundant
and widely spread in the Central Paratethys, but the
taxonomic gaps of ancient whales inhabiting this sea
still remains unresolved. The remnant of both baleen
whales (suborder Mysticeti) and toothed whales (sub-
order Odontoceti) have been identified by previous
researchers. A preliminary study has shown that Vrani�c
site represents a remarkable source of fossils with an
estimated number of 20 fossils per 1 m3 (Vrsaljko
et al., 2010), with 9.4% (N = 15) out of the sampled
fossils (N = 159) representing cetacean remains.

If bone fragments that cannot be determined to the
order level are excluded, the ratio of cetacean fossils is
even higher, representing 19.2% of all sampled fossils
(N = 78). In this study, all cetacean fossils sampled in
Vrani�c site originated from odontocetes, probably the
kentriodontid taxa. Kentriodontidae is a summary term
for a probable polyphyletic assemblage of generally
small, Late Oligocene to Late Miocene dolphins not
clearly assignable to any of the established delphinidian
families. Many kentriodontids are likely members of the
superfamily Delphinoidea (Marx et al., 2016).

The fossil remains of Odontoceti from the Middle
Miocene of the Central Paratethys have been found in
T�aşad, Romania (Kaz�ar and Venczel, 2003; Kaz�ar, 2006),
Domaşnea, Romania (Codrea and Seretan, 2004), Cluj-
Napoca, Romania (Kaz�ar, 2006), Com�aneşti, Romania
(Grigorescu and Kaz�ar, 2006; Kaz�ar, 2006), Rohrbach,
St. Margarethen, Kaisersteinbruch, Loretto, Bruck
Neudorf and Vienna, Austria (Kaz�ar, 2006),
Kov�acssz�en�aja and Danitzpuszta, Hungary (Kaz�ar, 2005)
and Vrani�c site (Vrsaljko et al., 2010) and Na�sice,
Croatia (Japund�zi�c et al., 2017). The Croatian Natural
History Museum in Zagreb, Croatia (Sanja Japund�zi�c,
Croatian Natural History Museum, Zagreb, pers. comm.
2022) hosts 137 cetacean fossils from Vrani�c site, whilst
the Department of Anatomy, Histology and Embryology
at the Faculty of Veterinary Medicine, University of
Zagreb, Zagreb, Croatia, hosts another 78 cetacean
fossils. Over the past decades, Vrsaljko et al. (2010) has
reported the collection of more than 500 cetacean
fossils at Vrani�c site.
6. Conclusions
The sands of Units 1 and 2 at the Vrani�c site are
mineralogically and structurally immature sediments,
originating from local rocks, which were mainly low-
grade metamorphic rocks, and in lesser quantity gran-
itoids from Papuk Mountain. The increased relief caused
by the uplift, which was triggered by compressional
tectonics combined with fault reactivation. The seismic
activity played an important role in the enhanced
erosion and sediment remobilization on the flanks of the
Papuk Mountain, along with heavy rainfall, and/or
permafrost, and snow melting resulting in slope desta-
bilization andflashfloods, all ofwhich resulted in slumps
and sandy debris flows. This led to slope undercutting by
the incising streams, further favoring slope destabiliza-
tion and resulting in mass movements.

Numerous fragments of Badenian fossils and marl
blocks were contained in the massive sands of Unit 1,
indicating strong erosion before deposition. From the
results of CRN data, this erosion occurred around the
Early to Middle Pleistocene boundary. This climate-
induced mechanism occurred at the beginning of an
interglacial stage, possibly MIS 21. Therefore, tec-
tonics and climate change simultaneously created the
slope upliftment and accommodation space for the
eroded sands. These driving forces also caused excess
humidity and scarcity of vegetation, thereby triggering
debris flows, which resulted in deposition of the sands
of Units 1 and 2. In Unit 3, the disorganized, poorly
sorted, erosionally based gravel with outsized boulders
indicated clastic slope waste material or colluvium.
The polymict clast composition and poor sand content
indicated that the main source was a pre-Miocene
basement belonging to the Papuk Mountain meta-
morphic complex of pre-Variscan and early Variscan
orogeny, along with the Middle Miocene marine de-
posits. An abrupt change in provenance recorded by
Unit 3 reflects a new depositional cycle, indicating
additional exhumation and strong erosion of bedrock in
the source area, and steepening of the mountain slope
where sediment-gravity processes occurred. Investi-
gation of the fossil remains from Vrani�c site led to the
conclusion that all cetacean fossils sampled in Unit 1
originated from odontocetes, probably kentriodontids.
Henceforth, this study shows that Vrani�c site is an
important source of fossils for reconstructing the Par-
atethys cetofauna and marine life in Central Para-
tethys during the Middle Miocene.
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