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a b s t r a c t

The transition of post-obduction Neotethyan contraction to Eo-Alpine (“Austroalpine”) nappe stacking
that took place during the Early Cretaceous is an important event in the Cretaceous history of the Alpine-
Carpathian-Dinaridic orogenic system. The Transdanubian Range (TR) in Hungary has been shown to
have been impacted by both events. Dating of this transition has proved to be difficult; several in-
terpretations were published during the last decades. Uniquely exposed in and around the Gerecse
Mountains, the L�abatlan Sandstone Formation (LSF) and the V�ertessoml�o Aleurolite Formation (VAF)
bracket this time interval. The last phase of Neotethyan contraction occurred after the deposition of the
LSF, and the Eo-Alpine nappe stacking started during the deposition of the VAF. Earlier stratigraphical
studies provided valuable data for our understanding of geodynamics, but precise bio- and chro-
nostratigraphy e to constrain the interval of deformations e became possible only with systematic
correlation of macrofossil-poor outcrops to ammonite-rich series with the help of calcareous nannofossil
data. Here new nannofossil data, and whenever still available, a re-examination of the original smear
slides yields new constraints on the age of the younger part of the sequence. The nannofossil and
ammonite record is now combined to create a local chronostratigraphical correlation, with records tied
in to the integrated Tethyan nannofossil and ammonite biozonation, which, in turn, is numerically
calibrated by international zonal standards and radiometric ages. Our study demonstrates that the
youngest part of the sandstone-dominated LSF is in nannozone NC7B of late Aptian age. The overlying
K€osz€or}uk}ob�anya Conglomerate Member has a closely similar age in NC7A/B, noticeably older than
previously suggested. On the other hand, the VAF clearly is of early Albian age (NC8). This latter unit is
not represented in the inner Gerecse Mountains, in contrast to what has been suggested in previous
studies. The observed earlier two sub-phases of Neotethyan compression with NeS to ENEeWSW
shortening possibly are latest Aptian in age and are within nannofossil subzone NC7C, while the
following Eo-Alpine deformation has an early Albian age (NC8) and is marked by WeE to NWeSE
compression. The Aptian/Albian boundary (around 113 Ma) may indicate the switch of the TR from
lower to upper position with respect to Neotethyan subduction to “Austroalpine” nappe stacking. Our
data on deformational ages may support the idea that the onset of “Austroalpine” transpressional
deformation at c. 114e112 myr ago could be related to the start of Penninic subduction, or, alternatively,
to the onset of intra-oceanic subduction within the Austroalpine realm.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction
Calcareous nannoplankton and ammonites are common and
well-preserved fossils in Lower Cretaceous sedimentary units of the
Transdanubian Range (TR). Since Hantken (1868), deposits of the

mailto:sziveso@nhmus.hu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cretres.2018.06.005&domain=pdf
www.sciencedirect.com/science/journal/01956671
http://www.elsevier.com/locate/CretRes
https://doi.org/10.1016/j.cretres.2018.06.005
https://doi.org/10.1016/j.cretres.2018.06.005
https://doi.org/10.1016/j.cretres.2018.06.005


O. Szives et al. / Cretaceous Research 91 (2018) 229e250230
Gerecse and the northernmost V�ertes Mountains of the TR have
been interpreted to have fundamentally different origins (Haas and
Cs�asz�ar, 1987; K�azm�er, 1988). In view of their unique nature, the
exposed siliciclastic Cretaceous sediments of the Gerecse Moun-
tains, and their subsurface continuations in the northwestern
V�ertes foreland, have always been in the focus of Hungarian stra-
tigraphy and palaeontology (Somogyi, 1914; Fül€op, 1958, 1997;
B�aldi-Beke, 1963; Cs�asz�ar, 1986, 1995; K�azm�er, 1987; �Argyel�an,
1989, 1996; Sztan�o, 1990; Bodrogi, 1992; Fogarasi, 1995, 2001;
Bodrogi and Fogarasi, 2002; Sasv�ari, 2009; F}ozy et al., 2013).
Following earlier geodynamic models and advances in stratigraphy,
intensive field work in the Gerecse Mountains during the last 25
years has provided new information on structural evolution (Bada
et al., 1996; Csontos et al., 2005; Sasv�ari, 2008, 2009; Fodor and
F}ozy, 2013; Fodor et al., 2017, 2018). However, in order to draw
geodynamic conclusions from these data sets more precise bio-
stratigraphical knowledge of the Gerecse clastics sequence would
be needed, particularly for its late stage.

From a structural point of view, the TR represents a particular
unit within the Alpine-Carpathian-Dinaridic orogen, while its
tectono-sedimentary evolution includes processes related to both
Dinaric and Austroalpine domains (Tari, 1994; Schmid et al., 2008)
(Fig. 1A). Mesozoic palaeotectonic reconstructions suggest that the
TR was situated between two major oceanic domains, the Middle
TriassiceLate Jurassic Neotethyan Meliata-Vardar and the
JurassicePaleogene Piemont-Ligurian (South Penninic or Alpine
Tethys) oceans (Fig. 1B, C) (Csontos and V€or€os, 2004; Schmid et al.,
2008; Handy et al., 2010). At present, the TR is surrounded by
tectonic units derived from these oceans and their passive margins
(Fig. 1A). However, its tectonic boundaries formed during consec-
utive deformation phases from the Late Jurassic to Early Miocene.

In consequence of its transitional Mesozoic palaeogeographical
position, the tectonic evolution and related basin formation were
controlled by both oceanic domains. This is particularly clear in
Cretaceous basin evolution and connected deformation phases.
During the Early Cretaceous, a clastic sedimentary basin evolved in
the northern part of the TR, which represents a flexural basin
(Cs�asz�ar and �Argyel�an, 1994; Tari, 1994, 1995; Mindszenty et al.,
1994, 2001). The loading nappe stack was derived from the
obducted Neotethyan oceanic lithosphere and its imbricated pas-
sive margin (Fig. 1C). In this way, the TR shares a common geo-
dynamic link with Dinaridic units located along its southeastern
boundary (Fig. 1A).

On the other hand, the Late Cretaceous tectonic evolution of the
TR is linked to the Austroalpine nappe system. This stack of nappes
was essentially formed during the Late Cretaceous, and at present is
situated to the north and west of the TR (Pla�sienka, 2003; Schmid
et al., 2004) (Fig. 1C). Nappe stacking is part of the Eo-Alpine
orogeny, which has an indirect geodynamical link with the sub-
duction of the Piemont-Ligurian (Penninic) ocean (Fig. 1C) (Handy
et al., 2010). Thus, the TR changed its position with respect to the
subducting oceanic lithospheres. This fairly important switch in
tectonic connections occurred during the mid-Cretaceous, during
the final phase, or right after the Early Cretaceous foreland basin
evolution of the northeastern TR. One important goal of the present
paper is to provide precise biostratigraphy-based age constraints for
this change, dating formations in relationwith deformation phases.

On the basis of nannofossils - combined with ammonite data -
the main purpose of the present work is threefold. Firstly, to
identify the age of certain sedimentary units represented by surface
outcrops or wells with no available macrofossil record, which have
not been precisely dated so far. Secondly, to update previously
unpublished nannofossil biostratigraphical work for the area
(Fogarasi, 2001), and lastly, to provide a more precise time frame
for structural deformation phases of the clastic basin. Analysis on
foraminifer and ostracod assemblages are also on the way, and a
detailed ammonite stratigraphy for the area and its sedimentary
units were provided previously by F}ozy et al. (2002) and Szives
(1999, 2002) and Szives et al. (2007).

The present paper holds the novelty of a revised subdivision of
structural phases with respect to the combined nanno- and
ammonite zones. These zones are calibrated to absolute time scales
(Ogg et al., 2016), thus the suggested extent of deformation phases
can be expressed inmillions of years, whichmakes it comparable to
other types of sources for deformation phases derived from
neighbouring Alpine-Carpathian areas.

2. Nannofossil research in the area

The historyof nannoplankton research of the Lower Cretaceous of
Hungary is rather brief. The most influential Hungarian nannofossil
micropalaeontologist has been M�aria B�aldi-Beke (1963, 1965; B�aldi-
Beke in Fül€op, 1964, 1976; B�aldi-Beke in Cs�asz�ar, 1986; Sztan�o and
B�aldi-Beke, 1992). Later, F�elegyh�azy (F�elegyh�azy and Nagymarosy,
1991, 1992) and Fogarasi (Fogarasi, 2001; F}ozy et al., 2002) started
towork on the topic. Since then nonannofossil researchwas done on
Lower Cretaceous sedimentary rocks in the TR.

3. Geological setting

3.1. General background

The Mesozoic sedimentary sequences of the TR reflect complex
sedimentary and tectonic processes that occurred in the neigh-
bouring Vardar-Meliata branch of the Neotethys Ocean and also in
the Piemont-Ligurian Ocean (Cs�asz�ar and �Argyel�an, 1994; Tari,
1994; Csontos and V€or€os, 2004; Fodor and F}ozy, 2013). Exten-
sional tectonic movements connected to the Neotethyan breakup
started in the Middle Triassic. Convergent tectonics became
dominant from the late Middle Jurassic, related to intra-oceanic
subduction and subsequent obduction of the Vardar ophiolites
onto the passive Adriatic margin, possibly from the Middle Jurassic
onwards (Schmid et al., 2008; Handy et al., 2010) (Fig. 1B, C).

Reflecting these processes, two different subbasins developed in
the TR during the Early Cretaceous; the northeastern Gerecse sili-
ciclastic basin and the southwestern maiolica carbonate basin
(Fig. 1A) (Haas and Cs�asz�ar, 1987; K�azm�er, 1988; Cs�asz�ar, 2002).
These two subbasins were separated by an elevated high. The sili-
ciclastic sedimentary units of the Gerecse Mountains represent the
depocentre of the northeasterly subbasin, while the high to the
southwest corresponds to the forebulge of a typical flexural foreland
basin (Cs�asz�ar and �Argyel�an, 1994; Tari, 1994; Mindszenty et al.,
1994, 2001). The load for flexural deformation was the overriding
Neotethyan Vardar ophiolites, although the distance between the
obducted ophiolites and the TRwas considerable. Petrographicwork
has demonstrated that such ophiolites represented a part of the
source for the clastic input (�Argyel�an, 1989, 1996; Vask�o-D�avid,
1991; Cs�asz�ar et al., 2008). Sedimentological research has deter-
mined sediment transport directions mainly from the northeast,
subordinately from the east (Sztan�o, 1990; Fogarasi, 1995). These
directions are in agreement with the foreland basin model that
postulated the source east or northeast of the TR, where ophiolites
could have been present (see position of TR in Fig. 1A and C).

3.2. The Early Cretaceous sedimentary cycle in the area

The evolution of the Gerecse and V�ertes foreland basins started
during the earliest Cretaceous (Berriasian), when deposition of
widespreadmaiolica limestones ceased. The earliest sign of a clastic
source came with the deposition of the Fels}ovad�acs Conglomerate
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Member of the Bersek Marl Formation which contains basic mag-
matite and chert pebbles (Fül€op, 1958) and abundant chrome-
spinell among heavy minerals. The source of the clasts was inter-
preted to have been the obducting Neotethyan oceanic lithosphere
(�Argyel�an, 1996; Cs�asz�ar and �Argyel�an, 1994).

The 50e150-m-thick Bersek Marl Formation is predominantly a
marly sequence with thin sandstone intercalations, which was
deposited during theValanginian-Hauterivian time interval. From the
Barremian onwards, sandy input became dominant and led to depo-
sition of the L�abatlan Sandstone Formation. The stratigraphy,
geochemistry and fossils of the two units were intensively studied by
Fül€op (1958,1997), F}ozy and Fogarasi (2002), F}ozy and Janssen (2009)
andBajnaiet al. (2017). Inan isolatedoutcrop the lithostratigraphically
different K€osz€or}uk}ob�anya ConglomerateMember (KbC) on top of the
formation is exposed. The L�abatlan Lt-36 borehole drilled in this
outcrop (named K€osz€or}uk}ob�anya) has revealed the connection of the
KbC with the underlying L�abatlan Sandstone Formation. The KbC
member is composed of sandstones and conglomerates and is inter-
preted as a high-densitygravityflow thatfilled channels of a deep-sea
fan (Sztan�o, 1990; Cs�asz�ar et al., 2012; Sztan�o et al., 2018). This event
represents the end of foreland basin evolution in the eastern Gerecse
Mountains. Its late Aptianeearly Albian age (Sztan�o and B�aldi-Beke,
1992) has been debated; it is here considerably revised.

Along the western margin of the Gerecse Mountains, the
Aptianelowermost Albian Tata Limestone Formationwas laid down
onto erosional surfaces. Occasionally, at the base of this crinoidal
limestone hardground-related pockets can be found that contain a
diverse, albeit highly condensed fossil assemblage of late early
Aptian to earliest Albian date (Szives, 1999; Szives et al., 2007),
interpreted as intermittent sediments of a submarine environment
(G€or€og, 1995; Szives, 2002) in contrast to the terrestrial hiatus
stressed by Fül€op (1976).

In the early Albian, due to slow subsidence and transgression,
deeper offshore sedimentation started in a small basin located in the
western part of the Gerecse Mountains and in the V�ertes foreland,
which led to formation of the V�ertessoml�o Aleurolite unit, a dark
siltstone (Figs 10e11). This formation is a continuation of the un-
derlying Tata Limestone Formation by an increase in the amount of
silt. Its heteropic facies in the V�ertes foreland basin is a pachyodont-
bearing limestone, the K€ornye Limestone Formation, which was
interpreted as a shallow-marine reef sediment (Cs�asz�ar, 1986;
Czabalay, 1995). The typical succession of the V�ertessoml�o Aleur-
olite Formationwas penetrated in the V�ertessoml�o Vst-8, Tatab�anya
Ta-1462, Oroszl�any O-1881 and Agosty�an Agt-2 boreholes. Due to
new clastic input, the growth of the early Albian reef complex was
terminated and the variable, clastic to carbonate T�es Claymarl For-
mation was laid downin terrestrial to brackish environments on top
of the K€ornye Limestone and the westerly V�ertessoml�o Aleurolite
Formation and extended further to the southwest (Figs. 10e11)
(Cs�asz�ar,1978,1995). A decrease in clastic sedimentary influx during
the early late Albian, combined with a sea level rise, resulted in the
formation of the rudist platform Zirc Limestone Formation of
20e200 metres in thickness (Cs�asz�ar, 2002). The presence of
planktic foraminifera in its upper part indicates deepening, when a
sea level rise together with an increased amount of terrigenous
input, drowned the carbonate platform. From the late Albian to the
Cenomanian an important, locally 500 metres thick sequence of the
ammonitiferous P�enzeskút Marl Formation deposited (Fig. 11). Its
fossil content indicates a deep, hemi-pelagic, open-marine envi-
ronment (Scholz, 1979; Cs�asz�ar, 1986; Szives et al., 2007).

3.3. Early Cretaceous structural evolution of the Gerecse Mountains

Analysis of the Early Cretaceous structural evolution of the
Gerecse is rather difficult because of poor outcrop conditions and
the presence of several structural phases. Following early structural
works by Bada et al. (1996), more recently, Sasv�ari (2008, 2009) and
Fodor (2010) suggested that there were three contractional defor-
mation phases to have occurred during the Aptian to Albian, during
and after clastic foreland sedimentation (Fig. 2). Fodor et al. (2018)
subdivided the evolution into three tectonic phases with six sub-
phases, which can be compared to that outlined in earlier works,
but they refined the subdivision of tectonic evolutionwill be shown
later on Fig. 12.

Although there are slight deviations in shortening directions
(compression), the main difference is in timing with respect to the
termination of clastic sedimentation. Sasv�ari (2008, 2009) sug-
gested that part of the deformation, namely his first phase,
occurred during the early(?) Aptian Fig. 2.

He postulated a hiatus or a very low deposition rate within the
Lt-36 borehole, prior to deposition of the KbC. He attributed an
Aptian date to the missing interval that might correspond to a
structural deformation phase. In contrast, Fodor et al. (2018) sug-
gested continuous sedimentation up to the KbC. The onset of the
oldest Cretaceous deformation (D2b and D2c subphases) took place
after clastic deposition ended in the Gerecse clastic basin. Following
stratigraphic concepts, he attributed an earliest Albian date to the
D2b-c subphases. In both concepts, this early deformation was
connected to foreland basin evolution and also to formation of the
forebulge and southwestern maiolica basin (Fig. 1) (Tari, 1994;
Sasv�ari, 2009). The direction of compression could have been be-
tween the NeS to the ENEeWSW.

The second deformation phase (R1 of Sasv�ari, 2008; D3a-b of
and Fodor et al., 2018), shown in Fig. 12, was a shortening with
folding, the compressional axes of which ranged from EeW to
NWeSE and geodynamic connections strongly varying according to
authors. The middle or late Albian to Cenomanian third phase with
a NWeSE to NNWeSSE shortening (R3 of Sasv�ari, 2008; D3c of
Fodor et al., 2018) undoubtedly marks the Late Cretaceous Eo-
Alpine orogeny (Tari, 1994; Sasv�ari, 2008). According to several
authors (e.g., Haas and Cs�asz�ar, 1987; Tari, 1994; Sasv�ari, 2008) the
typical folded character of the central and southern TR is only due
to the third phase (Fig. 12; marked R3, D3c). On the other hand,
Fodor (2010) considered the second phase to mark the onset of
regional folding in the TR (D3ab), while the third phase indicated
additional shortening only. Thus, knowledge of the age of the first
and second phase constrains the age of the foreland-related and
subsequent Eoalpine deformations and also the change between
the two major geodynamic events.

4. Localities and general remarks

Irt�asd}ul}o e This outcrop lies in the western Gerecse (co-ordi-
nates: 18� 230 01.94" E, 47� 410 46.59.6200 N). The fine-grained marly
sequence lies above the bulk of a sandstone unit, although a few
metres of sandstone cover the marlstone. The site was earlier
interpreted to represent the V�ertessoml�o Aleurolite Formation.

Iv�an hal�alae This outcrop (co-ordinates: 18� 230 33.1900 E, 47� 420

53.7000 N) exposes sandstone, but geophysical data seem to indicate
intercalation with fine-grained strata (Zalai et al., 2015).

DSZM-046 outcrop (co-ordinates: 18� 250 58.1400 E, 47� 430 51.3900

N) e samples (numbered DSZM-046/1e2) were taken from a small
valley in the northern Gerecse from a grey, silty claymarl which was
expected to represent the V�ertessoml�o Aleurolite Formation on the
basis of dip data and geophysical measurements (Zalai et al., 2015),
but present nannofossil investigations refute this option and date
these rocks as Aptian.

Sz�el-hegy e these outcrops expose a fine-grained siltstone just
above some sandstone layers of the L�abatlan Formation (numbered
as 2014-02-18 and 2014-03-04; co-ordinates: 18� 270 30.1700 E 47�



Fig. 1. A. Tectonic sketch of the Transdanubian Range (TR) and its surroundings (after Schmid et al., 2008; modified by Fodor et al., 2017). Locations of Early Cretaceous clastics after
Faupl and Wagreich (1992), Gori�can et al. (2012) and Lu�zar-Oberiter et al. (2012); the AlbianeCenomanian Tannheim-Losenstein Basin after Wagreich (2001, 2003). Note that the
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400 15.7200 N and 18� 270 33.5200 E, 47� 400 19.1100 N). These rocks
were literally attributed to the early Albian V�ertessoml�o Aleurolite
Formation (Sztan�o et al., 2018) on the basis of lithological aspects,
but without any palaeontological evidence.

Haj�os-�aroke this outcrop (co-ordinates: 18� 280 37.8700 E, 47� 420

24.8200 N) exposes sandstones with calcareous intercalations; these
were assigned to the L�abatlan Sandstone Formation by Fül€op
(1958). Sedimentological characters have recently been revised by
Sztan�o et al. (2018). In the uppermost part of the outcrop,
conglomerate intercalations can be observed; these may appear
similar to the K€osz€or}uk}ob�anya Conglomerate Member of the
L�abatlan Sandstone Formation.

K�alv�aria-domb or Tata (co-ordinates: 18� 190 03.5600 E, 47� 380

21.7400 N) is a classic locality of Hungarian geology (Fül€op, 1976;
Haas and H�amor, 2001), at which the crinoidal Tata Limestone
Formation overlies the JurassiceLower Cretaceous maiolica lime-
stone. In between these units submarine hardground-related
pockets were found, infilled with a huge amount of glauconitised
or phosphatised macrofossil internal moulds. Ammonites from the
Epicheloniceras martini to Hypacanthoplites jacobi standard Medi-
terranean Ammonite Zones (SMAZ), of early late Aptian to earliest
Albian age (sensu Kennedy et al., 2000) have been described
(Szives, 2002; Szives et al., 2007).
original Cretaceous position of Fatra-Klappe units was more to the south (Pla�sienka, 2003).
slices (Handy et al., 2010), which may correspond to the D2a and D2b-c subphases of the G
green patches refer to Early Cretaceous clastic basin remnants and for the possible extent o
K€osz€or}uk}ob�anya e at this outcrop (co-ordinates: 18� 300 19.3800 E,
47� 440 40.6700 N), rocks represent the top part of the L�abatlan
Sandstone Formation; in other words, the youngest exposed part of
the Lower Cretaceous clastic sequence in the Gerecse Mountains
(Figs. 3, 10, 11). The K€osz€or}uk}ob�anya Conglomerate (KbC) Member is
part of a coarsening-upward clastic sequence of the L�abatlan Sand-
stone Formationand isunderlainbysandstones andsiltstones,which
has been determined in the L�abatlan Lt-36 well which was drilled
here. The KbC conglomeratewas interpreted as a submarine channel
of a deep-sea fan and, on the basis of nannofossils, it was assigned an
early Albian (NC8 zone) date (Sztan�o and B�aldi-Beke,1992). Fogarasi
(2001) had no smear slides from this outcrop available; he used data
supplied by B�aldi-Beke (Sztan�o and B�aldi-Beke, 1992).

L�abatlan Lt-36 borehole (co-ordinates: 18� 300 24.8700 E, 47� 440

36.5700 N) e this was sunk at the locality of K€osz€or}uk}ob�anya. In its
uppermost part, a c. 30-m-thick, fine-grained deposit of silty
sandstone and siltstone of the L�abatlan Sandstone Formation was
penetrated.

Neszm�ely N-4 borehole (co-ordinates: 18� 230 54.1500 E, 47� 440

19.8200 N) e this penetrated the L�abatlan Sandstone Formation
down to a depth of 421 metres. Between 156.0 and 351.0 metres, a
rich ammonite assemblage was found (Horv�ath, 1978a, b).

Tatab�anya Ta-1462 borehole (co-ordinates: 18� 380 45.2400 E, 47�

570 9.2300 N) e this borehole was drilled in 1962 and penetrated the
V�ertessoml�o Aleurolite Formation to a depth of 382.2 metres in the
town of Tatab�anya.

V�ertessoml�o Vst-8 borehole (co-ordinates: 18� 220 46.1900 E, 47�

300 27.4300 N) e this was sunk in the northern part of the V�ertes
Mountains (Cs�asz�ar, 1995, 2002). The sequence starts with the
crinoidal Tata Limestone Formation, then grading upwards into a
fine-grained sequence classically attributed to the early Albian
V�ertessoml�o Aleurolite Formation (Cs�asz�ar, 1996) with intercala-
tion of the pachyodont-bearing K€ornye Limestone Formation.
Albian rocks were overthrust by the Tata Limestone Formation.

Agosty�an Agt-2 borehole (co-ordinates: 18� 210 44.0100 E, 47� 390

59.9300 N) e this penetrated a massive thickness of 400 metres of
V�ertessoml�o Formation (Cs�asz�ar, 1985). Its importance is the huge
thickness of the same sedimentary formation, representing a
relatively short time period.

Oroszl�any O-1881 borehole (co-ordinates: 18� 200 55.2300 E, 47�

300 9.4400 N) e this also penetrated the V�ertessoml�o Formation and
contains a fragment of the ammonite zonal index, Douvilleiceras
mammillatum, at a depth of 338.4 metres, as published by Szives
et al. (2007, p. 78, pl. 25, fig. 3). Thus, this unit can be placed in
the Douvilleiceras mammillatum SMAZ. Preparation of smear slides
was not deemed necessary, because on the basis of this ammonite
its age could be determined precisely.

The Bersek Hill sections (F}ozy, 1995; Bajnai et al., 2017) are
beyond the scope of the present study for two reasons: they are
older, i.e., up to the Toxancyloceras vandenheckii SMAZ, in contrast
to younger sections investigated for the present study the age of
which correspond to theMartellites sarasini SMAZ. Besides, detailed
integrated ammonite, nannofossil and belemnite data of Bersek Hill
were previously published by F}ozy and Fogarasi (2002) and F}ozy
and Janssen (2009).

5. Material and methods

We sampled outcrops and borehole intervals where the presence
of the upper part of the clastic Lower Cretaceous sequence, the upper
BeC. Palaeogeographical sketches of the Alpine-Carpathian-Dinaridic area in two time
erecse Mountains. Note the position of the TR within the green ellipse. Red labels and
f the foreland basin. Medvednica (M) was located below the ophiolite sheet.
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Fig. 4. Calcareous nannofossils from the Neszm�ely N-4 borehole, northwest Hungary. Pictures are from younger (top) to older rocks (bottom) in this borehole. All images were taken
at a magnification of 1250�; scale bar equals 1 mm 1. Retecapsa angustiforata, 158.0 m; 2. Helenea chiastia, 158.0 m; 3. Watznaueria barnesiae, 158.0 m; 4e5. Diazomatolithus leh-
mannii, 158.0 m; 6. Braarudosphaera sp., 158.0 m; 7. Micrantholithus stellatus, 158.0 m; 8. Nannoconus sp., 158.0 m; 9. Assipetra terebrodentarius, 158.0 m; 10. Watznaueria bayackii,
169.0 m; 11. Percivalia fenestrata, 169.0 m; 12. Micratholithus obtusus, 169.0 m; 13. Percivalia fenestrata, 198.0 m; 14. Retecapsa surirella, 198.0 m; 15. Helenea chiastia, 198.0 m; 16.
Repagulum parvidentatum, 198.0 m; 17. Nannoconus sp., 198.0 m; 18. nannofossil fragment of uncertain identity, 198.0 m; 19. Hayesites irregularis, 198.0 m; 20. Percivalia fenestrata,
219.0 m; 21. Diazomatolithus lehmannii, 219.0 m; 22. Braarudosphaera pseudobatilliformis, 219.0 m; 23. Braarudosphaera regularis, 219.0 m; 24. Assipetra terebrodentarius, 219.0 m; 25.
Nannoconus steinmannii, 351.0 m; 26. Nannoconus inornatus, 351.0 m; 27. Micrantholithus obtusus, 351.0 m; 28. Micrantholithus sp., 351.0 m; 29. ?Braarudosphaera sp., 351.0 m; 30.
Assipetra terebrodentarius, 351.0 m.
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partof the L�abatlanSandstone Formation, could bepostulated (i.e., N-
4 borehole, Iv�anhal�ala, Haj�os-�arok andK€osz€or}uk}ob�anya outcrops). In
addition, the previously assumed occurrences of the early Albian
V�ertessoml�o Aleurolite Formation (Irt�asd}ul}o, DSZM-46, Sz�el-hegy)
are also investigatedhere for thefirst time in order to determine their
exact age. The boreholes Vst-8, Ta-1462 andO-1881were re-sampled
(Fig. 3) and available ammonite data are combinedwithnannofossils.
Analyses of ammonite faunas were carried out previously for bore-
holes that penetrated the deeply buried V�ertessoml�o Aleurolite For-
mation (Szives et al., 2007, pp. 34e42) and the underlying crinoidal
limestone unit (Tata Limestone Formation) at various localities in the
northwestern V�ertes foreland (Szives et al., 2007, p. 78).

New smear slides were prepared for Irt�asd}ul}o (1), Iv�an hal�ala
(1), the outcrop DSZM-46 (5), Sz�el-hegy (4), core material of
boreholes Lt-36 (1), N-4 (9), Vst-8 (10) and Agt-2 (1), following the
smear slide technique described by Bown and Young (1998). The
original smear slides of B�aldi-Beke (Sztan�o and B�aldi-Beke, 1992)
from KbC (6) and of Fogarasi (Fogarasi, 2001; F}ozy et al., 2002) from
borehole Lt-36 (12) were also re-examined. Smear slides (34) of the
Vst-8 borehole and the Haj�os-�arok (8) and Tata K�alv�aria-domb (5)
localities investigated by Fogarasi (2001) must be considered lost.

A quantitative nannofossil analysis is beyond the scope of the
present paper, although, based on work by Herrle and Mutterlose
(2003), three basic quantitative classes were used to measure nan-
nofossil abundances, as follows: common: more than 1 specimen per
field of view (FOV), frequent: 1 specimen per 2e10 FOV, rare: 1
specimen per 11 FOV. Data sheet of nannofossil abundances
including all localities is attached as a Supplementary Appendix 1.
Ammonite and nannofossil taxa cited in the text are listed in the
Supplementary Appendix 2 in order of classification (Bown and



Fig. 5. Calcareous nannofossils from Sz�elhegy, northwest Hungary. All images were taken at a magnification of 1250�; scale bar equals 1 mm. From sample Sz�elhegy 02-18: 1.
Staurolithites crux; 2. Zeugrhabdotus diplogrammus; 3. Zeugrhabdotus embergeri; 4. Zeugrhabdotus noeliae; 5. Zeugrhabdotus ?bicrescenticus; 6. Rhagodiscus asper; 7. Retecapsa sur-
irella; 8. Diazomatolithus lehmannii; 9. Watznaueria barnesiae; 10. Watznaueria sp.; 11. Watznaueria bayackii; 12. Micrantholithus obtusus; 13. Micrantholithus hoschulzii; 14.
Micrantholithus ?obtusus; 15. Nannoconus sp.; 16. Nannoconus sp.; 17. Nannoconus kamptneri; 18. Nannoconus kamptneri; 19. Nannoconus steinmannii; 20. Eprolithus floralis; 21.
Assipetra terebrodentarius; 22. Hayesites irregularis. From sample Sz�elhegy 03-04: 23. Tegumentum stradneri; 24. Zeugrhabdotus diplogrammus; 25. Zeugrhabdotus embergeri; 26.
Retecapsa surirella; 27. Flabellites oblongus; 28. Helenea chiastia; 29. Rhagodiscus infinitus; 30. Nannoconus ?inornatus; 31. Nannoconus ?inornatus; 32. Micrantholithus obtusus; 33.
Micrantholithus obtusus; 34. Micrantholithus obtusus; 35. Micrantholithus hoschulzii; 36. Assipetra terebrodentarius.
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Young 1997); ammonite nomenclature follows Wright et al. (1996),
while the taxonomy of nannofossil taxa is adopted from the Nan-
notax3 website (Young et al., 2014).

Calcareous nannofossils are rare to common and moderately to
well preserved in the smear slides studied. Photographs were taken
with a Nikon Eclipse 50iPol microscope at a magnification of�1250
and a MediaCybernetics Evolution MP Colour digital microscope
camera.

The smear slide collections of both B�aldi-Beke and Fogarasi are
housed in the Micropalaeontological Collections of the Hungarian
Natural History Museum (HNHM, Budapest). Here, the newly pre-
pared ones are also deposited.



Fig. 6. Calcareous nannofossils from the DSZM-046 locality, northwest Hungary. All images were taken at a magnification of 1250�; scale bar equals 1 mm. From sample DSZM-046/
1: 1. Staurolithites sp.; 2. Zeugrhabdotus embergeri; 3. Zeugrhabdotus noeliae; 4. Rhagodiscus angustus; 5. Rhagodiscus asper; 6. Rhagodiscus asper; 7. Nannoconus inornatus; 8.
Nannoconus inornatus; 9. Nannoconus sp.; 10. Nannoconus circularis; 11. Nannoconus sp.; 12. Micrantholithus sp.; 13. Braarudosphaera pseudobatilliformis; 14. Braarudosphaera reg-
ularis; 15. Braarudosphaera regularis; 16. Assipetra terebrodentarius; 17. Hayesites irregularis. From sample DSZM-046/2: 18. ?Staurolithites sp.; 19. Zeugrhabdotus bicrescenticus; 20.
Watznaueria bayackii; 21. Watznaueria okadai; 22. Retecapsa angustiforata; 23. Eiffelithus striatus; 24. Nannoconus minutus; 25. Nannoconus kamptneri; 26. Nannoconus truittii; 27.
Micrantholithus obtusus; 28. Micrantholithus hoschulzii; 29. Micrantholithus hoschulzii; 30. Micrantholithus hoschulzii.
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5.1. Comments on nannofossil and ammonite biostratigraphy

5.1.1. Nannofossil zonation
Due to the former low-latitude geographical position of the sedi-

mentarysequences of theTRexamined (Csontos andV€or€os, 2004),we
here use Tethyan zonations which follow Bown et al. (1998) and the
Geological Time Scale (GTS; Ogg et al., 2016). The latter is a compila-
tion of several sources, including Roth (1978), Bralower et al. (1995)
and Bown in Kennedy et al. (2000, 2017). The GTS also provides an
integrated chart of biozonations, together with magnetostratigraphy.
In addition, Mahanipour et al. (2011, fig. 7) summarised Barremiane
Aptian nannofossil zonations currently in use.
5.1.2. Ammonite zonation
Standard Mediterranean Ammonite Zones (SMAZ) are used here

(compare Reboulet et al., 2014, 2018), with the exception of the
upper Aptian Hypacanthoplites jacobi Zone (sensu lato), which is
based on Kennedy in Kennedy et al. (2000, p. 601) and has been
adopted by the latest version of the GTS. The Barremian/Aptian
boundary still is problematic on the basis of ammonites due to
taxonomic debates (Frau et al., 2017; Reboulet et al., 2018).
5.1.3. The Aptian/Albian boundary (AAB) problem
During the past two decades intensive integrated research on

the Aptian/Albian boundary (AAB) has been carried out (Hart et al.,
1996; Kennedy et al., 2000, 2014; Hancock, 2001; Owen, 2002;
Petrizzo et al., 2012). Recently, Kennedy et al. (2014) have sum-
marised the results and remaining problems. In 2016, the GSSP of
the AAB was ratified (Kennedy et al., 2017).

According to Kennedy et al. (2000), the upper Aptian H. jacobi
SMAZ extends to above the AAB, which means that the top of the
H. jacobi SMAZ does not correspond either to the base of the Albian,



Fig. 7. Calcareous nannofossils from the localities Irt�asd}ul}o and Iv�an hal�ala, northwest Hungary. All images were taken at a magnification of 1250�; scale bar equals 1 mm. From
Irt�asd}ul}o: 1. Percivalia fenestrata; 2. Helenea chiastia; 3. Nannoconus steinmannii. From Iv�an hal�ala: 4. Staurolithites crux; 5. Owenia hillii; 6. Rhagodiscus angustus; 7. Rhagodiscus asper;
8. Helenea chiastia; 9. Watznaueria barnesiae; 10. Owenia dispar; 11. Owenia partitum; 12. Nannoconus cf. circularis; 13. Nannoconus cf. circularis; 14. Nannoconus bucheri; 15.
Braarudosphaera sp.; 16. Braarudosphaera batilliformis; 17. Micrantholithus obtusus; 18. Eprolithus floralis.
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nor the base of nannofossil zone NC8. An integrated zonation of
relevant sections in the Vocontian Basin, as published by Herrle and
Mutterlose (2003), also supports this view. According to Bown (in
Kennedy et al., 2000, fig. 29), the first occurrence (FO) of Predis-
cosphaera columnata (circular) postdates the last occurrence (LO) of
Leymeriella tardefurcata, which fact was not adopted in the GTS.

In addition, the most recent geomagnetic data (Ogg et al., 2016)
define the base of M0R as the base of the Aptian at 126.3 Ma, which
is 3 myr older than in the previous versions of the time scale.

On the basis of nannofossils, Bown (in Kennedy et al., 2000, p.
617e621) summarised his opinion as follows, ‘The FO of the genus
of Prediscosphaera (P. spinosa) lies somewhere in the upper Lower
Aptian (Neohibolites ewaldi belemnite Zone) and thus cannot be
used to solve the Aptian/Albian boundary problem’. Bown dis-
cussed the evolutionary lineage and FO of Prediscosphaera spp. in
detail and concluded that, ‘P. columnata sensu stricto (with circular
rim) can remain as a proxy as the boundary marker itself’, which
idea was later retained by Kennedy et al. (2014), but with lesser
confidence. Besides, as Bown (in Kennedy et al. 2000, p. 619)
emphasised: ‘ … I am confident the lowest P. columnata at Pr�e-
Guittard is low in the jacobi ammonite Zone in the upper Upper
Aptian’. For this reason, the base of nannozone NC8 does not
correspond to the AAB.

The position of the boundary is of special interest in the Vst-8
and Ta-1462 boreholes, as well as at the outcrops of Tata
K�alv�aria-domb and K€osz€or}uk}ob�anya.
6. Results

Our aim was to calibrate the best possible age of the rocks
sampled so as to clarify certain sedimentary units and the timing of
tectonic movements and structural deformations. However,
palaeobiogeographical and palaeoecological implications, as based
on nannofossils, are beyond the scope of the present paper. Every
locality or borehole is described according to zone or subzone that
either represents the longest, or the more likely time interval of the
sequence sampled.

6.1. Biostratigraphy

Unless indicated otherwise, data from Young et al. (2014) are
used here for the first (FO) and last occurrences (LO) of taxa.

6.1.1. Flabellites oblongus Zone (NC5), upper Hauterivianeupper
Barremian

This zone is defined as the interval between the FO of Cru-
ciellipsis cuvillieri and the FO of Hayesites irregularis.

6.1.1.1. Subzone NC5E. This subzone is defined as the interval be-
tween the FOs of Flabellites oblongus and Hayesites irregularis.

6.1.1.1.1. Neszm�ely N-4 borehole. In this borehole a siliciclastic
sedimentary unit was penetrated between depths of 421 to 156
metres. In a sample from a depth of 351.0 m, Micrantholithus
obtusus, Micrantholithus hoschulzii, Nannoconus steinmanni, ?
Braarudosphaera sp. and Assipetra terebrodentariuswere found. The
284.0 m sample was barren, while the one from 219.0 m contained
a very poor nannoflora, with some rare examples of species of
Watznaueria inclusive of Watznaueria bayackii, plus M. hoschulzii,
Braarudosphaera regularis, B. pseudobatilliformis, Diazomalithus
lehmannii and Retecapsa surirella. The smear slide from 198.0 m
contains a distinctly early Aptian nannoflora, with rare presence of
the zonal index Hayesites irregularis, Helenea chiastia, R. surirella
and W. bayackii. Only species of Watznaueria are very abundant,
other forms are rare. The sample from 189.0 m contains a poor
nannoflora in a moderate state of preservation with frequent
nannoconids and species of Watznaueria. A smear slide from a
depth of 169.7 m yielded Retecapsa crenulata, W. bayackii and
B. regularis. In the upper levels of the borehole, at a depth of



Fig. 8. Calcareous nannofossils from K€osz€or}uk}ob�anya; original samples of M. B�aldi-Beke. All images were taken at a magnification of 1250�; scale bar equals 1 mm. From sample 5:
1. Zeugrhabdotus embergeri; 2. Rhagodiscus asper; 3. Watznaueria ovata; 4. Diazomatolithus lehmannii; 5. Assipetra terebrodentarius; 6. ?Radiolithus planus; 7. ?Lithraphidites sp. From
sample 21, layered: 8. Tegumentum stradneri; 9. Staurolithites crux; 10. Staurolithites sp.; 11. Helenea chiastia; 12. Rotelapillus crenulatus; 13. Retecapsa surirella; 14. Flabellites oblongus;
15. Watznaueria britannica; 16. Laguncula dorotheae; 17. Tubodiscus burnettiae; 18. Braarudosphaera regularis; 19. Micrantholithus obtusus; 20. Micrantholithus hoschulzii; 21.
Micrantholithus hoschulzii; 22. Nannoconus circularis; 23. Eprolithus floralis; 24. ?Hayesites irregularis; 25. Lithraphidites carniolensis. From sample 21, marly: 26. Staurolithites crux; 27.
Laguncula dorotheae; 28. Nannoconus kamptneri; 29. Micrantholithus hoschulzii; 30. Micrantholithus hoschulzii; 31. Micrantholithus hoschulzii; 32. Eprolithus floralis; 33. Assipetra
terebrodentarius.
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158.0 m, the rock colour changes from grey to purplish grey. A
smear slide prepared from this depth yielded a single Micrantholi-
thus stellatus, and rare specimens of R. crenulata, A. terebrodentarius,
Cyclogelosphaera margerellii, B. regularis, D. lehmannii and
H. chiastia.
On the basis of ammonites, Horv�ath (1978a, b) placed the Bar-
remian/Aptian boundary at 187 m. A late Barremian-early Aptian
ammonite fauna, with records of Toxancyloceras vandenhecki at
351 m, Macroscaphites (Costidiscus) microcostatus and Barremites
difficilis are at 187m. The ammonite fauna is now being revised, but
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a comprehensive age assignment is already available. At 158 m a
specimen of Cheloniceras was found, at 156 m one of Deshayesites,
both genera being exclusive to the lower Aptian. Full list of
ammonite taxa identified by Horv�ath (1978a, b) with her original
identifications (which is not have been revised yet) is listed in the
Supplementary Appendix 1.

Cs�asz�ar (1995) reported that the upper 70.2 metres of the core
(i.e., between 158 and 87.8 m) were of late Aptian age. Unfortu-
nately, this part of the core seems to be lost and because of the lack
of fossil evidence we cannot be certain of this late Aptian date for
this missing core interval.

In summary, we can place the Barremian/Aptian boundary (i.e.,
base of NC6) at the first certain occurrence of Braarudospera regu-
laris and B. pseudobatilliformis at a depth of 219 m. Although these
are not zonal indexes, species of Braarudosphaera have no certain
records below the Aptian (P. Bown, pers. comm., November, 2017).
The FO of H. irregularis is at a depth of 198 m undoubtedly docu-
ments an Aptian time interval. Below 219.0 m zone NC5, above the
presence of zone NC6 is assumed. In view of the absence of Epro-
lithus floralis, which would mark the base of zone NC7, the presence
of this zone cannot be verified over the entire length of the core.
This nannofossil zonation is in slight contradiction with the
ammonite record, which placed the Barremian/Aptian boundary at
187 m.
Fig. 9. Calcareous nannofossils from the V�ertessoml�o Vst-8 borehole. All images were taken
112.0 m; 3. Zeugrhabdotus embergeri, 112.0 m; 4. ?Clausicoccus subdistichus, 112.0 m; 5. Cretar
Prediscosphaera sp., 112.0 m; 9. Prediscosphaera, spine top, 112.0 m; 10. Nannoconus truittii
brodentarius, 112.0 m; 13. Zeugrhabdotus sp., 117.9 m; 14. Zeugrhabdotus diplogrammus, 117.9 m
Zeugrhabdotus diplogrammus, 122.9 m; 19. Nannoconus truittii, 122.9 m; 20. Nannoconus sp
noconus sp., 169.0 m; 24. Hayesites irregularis, 169.0 m.
6.1.1.1.2. Irt�asd}ul}o outcrop. Nannofossils are very rare in this
sample and poorly preserved, being mostly eroded and/or dis-
solved. Watznaueria is the sole fairly common taxon. Single speci-
mens of Nannoconus steinmannii, Percivalia fenestrata and
H. chiastia were noted. Nannoconus steinmannii has its last occur-
rence in the earliest Aptian (P. Bown, pers. comm., November,
2017). Watznaueria bayackii is also frequent. The presence of
N. steinmannii and the absence ofH. irregularis and Braarudosphaera
lead us to conclude that the age is latest Barremian (subzone NC5E).
Nannofossils from this outcrop are illustrated in Fig. 7.

6.1.1.1.3. Sz�el-hegy outcrops. Nannoflora of sample 2013-02-18
comprises very abundant Watznaueria and common nannoconids,
N. kamptneri being commoner than N. steinmannii. One specimen of
H. irregularis was also found, together with rare M. hoschulzii and
M. obtusus. A form ofMicrantholithus ?obtusus (Fig. 5/14) resembles
the early Valanginian boreal zonal index form, Micrantholithus ?
speetonensis. We conclude that the age of this sample is early Aptian
(subzone NC6A), on the basis of the co-occurrence of the zonal
index and N. steinmannii. The nannoflora of sample 2013-03-04
comprises one specimen of F. oblongus, rare M. obtusus, rare
W. bayackii, Rhagodiscus amplus, Rhagodiscus infinitus and Rhago-
discus asper. Nannoconids are relatively frequent, with Nannoconus
?inornatus and N. kamptneri. The absence of H. irregularis, and the
presence of F. oblongus and N. ? inornatus supports subzone NC5E
at a magnification of 1250�; scale bar equals 1 mm 1, 2. ?Arkhangelskiella cymbiformis,
habdus inaequalis, 112.0 m; 6. ?Cretarhabdus sp.; 7.Watznaueria cf. britannica, 112.0 m; 8.
rectangularis, 112,0 m; 11. Nannoconus truittii rectangularis, 112.0 m; 12. Assipetra tere-
; 15.Watznaueria sp., 117.9 m; 16. Nannoconus truittii, 117.9 m; 17. inorganic crystal; 18.

., 122.9; 21. Assipetra terebrodentarius, 122.9 m; 22. Nannoconus sp., 169.0 m; 23. Nan-



Fig. 10. Biostratigraphical results of the sites studied and revised age of clastic sequences of the northeastern Transdanubian Range. Note that investigated zones are scaled. From left to right: age and timing follows Ogg et al. (2016),
SMAZ are after Reboulet et al. (2014), with the exception of the upper Aptian jacobi Zone sensu lato, which is after Kennedy in Kennedy et al. (2000, 2016). Nannofossil zonation with asterisk is after Bown et al. (1998); the uppermost
Aptian to lowermost Albian follows Bown in Kennedy et al. (2000, 2016). Nannofossil zonation and supraregional events are from Ogg et al. (2016), which is based on a "compilation of several sources", including Roth (1978), Bralower
et al. (1995) and Bown in Kennedy et al. (2000, 2016). Formations after (1): Cs�asz�ar (1995) and (2): Sztan�o et al. (2018) are compared to the present study. KLF: K€ornye Limestone Formation; TLF: Tata Limestone Formation; LSF: L�abatlan
Sandstone Formation; KbC: K€osz€or}uk}ob�anya Conglomerate Member of L�abatlan Sandstone Formation; VAF: V�ertessoml�o Aleurolite Formation. Kb: K€osz€or}uk}ob�anya. Nannoconid crises I (NCI) and II (NCII) are indicated as light grey
shaded areas, also as the Nannoconus truittii acme, on the basis of Erba (1994) and Herrle and Mutterlose (2003).
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Fig. 11. New lithostratigraphical chart of Lower Cretaceous clastic formations of the northeastern Transdanubian Range, showing the positions of sites sampled [modified after
Cs�asz�ar (1995, 1996) and Sztan�o et al. (2018)]. Note that the zones studied are scaled. Abbreviation: Mb: member. Columns on the left are the same as in Fig. 10. The Aptian/Albian
boundary is marked with a dashed line on the right. Two ammonite zones, of Deshayesites oglanensis (1) and Deshayesites forbesi (2), are both below the D. deshayesi Zone.
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for this sample, which presumably makes it older than the previous
sample from Sz�el-hegy. In summary, we can point out that samples
from Sz�el-hegy are not of an Albian date, contrary to previous as-
sumptions. (See Fig. 5).

6.1.2. Chiastozygus litterarius Zone (NC6), lower Aptian
This is an interval zone between the FOs of Hayesites irregularis

and Eprolithus floralis.
It has been determined at Haj�os-�arok, which is discussed below

under subzone NC7B.

6.1.2.1. Subzone NC6A. This subzone is defined as the interval be-
tween the FO of Hayesites irregularis and the LO of Conusphaera
rothii. The presence of this subzone has been noted in the upper
part of the core of the Neszm�ely N-4 borehole, Sz�el-hegy (both
discussed above, under subzone NC5E), also at Haj�os-�arok and in
the L�abatlan Lt-36 borehole (both discussed below under subzone
NC7A).

6.1.2.2. Subzone NC6B. This interval is defined as the interval be-
tween the LO of Conusphaera rothii and the FO of Eprolithus floralis.
This subzone could be proved in the L�abatlan Lt-36 borehole below
54.8m, on the basis of the FO ofH. irregularis. Nannofossil taxa from
this borehole are discussed below, under subzone NC7A.

6.1.3. Rhagodiscus angustus Zone (NC7), upper Aptian
This zone is defined as the interval between the FOs of Eprolithus

floralis and circular Prediscosphaera columnata.



Fig. 12. Comparison of age, duration and shortening (stress) axes of Cretaceous deformation phases in the Gerecse and surroundings. Note that the timing of the phases in earlier
works is approximate. Columns show concepts by Tari (1994) and Tari and Horv�ath (2010), Sasv�ari (2008, 2009), Fodor (2010), Fodor et al. (2018) and the present study. Columns on
the left are the same as in Fig. 10 and 11.
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6.1.3.1. DSZM-046 outcrop. Sample DSZM-046/1 contains a diverse
nannoflora, with rare occurrences of M. hoschulzii, R. asper, R.
angustus, Staurolithites sp., Zeugrhabdotus embergeri, Zeugrhabdo-
tus noeliae and W. bayackii, co-occurring with frequent
W. barnesiae and B. regularis. A single H. irregularis has also been
documented, together with nannoconids: N. inornatus,
N. circularis and Nannoconus sp. On the basis of the zonal index
and frequent species of Braarudosphaera, as well as the decrease in
numbers of Micrantholithus, we date this sample as zone NC6 or
zone NC7.

Sample DSZM-046/2 has a diverse nannoflora consisting of
frequent W. bayackii and M. hoschulzii, and rare occurrences of
Eiffelithus striatus, Staurolithites sp., N. kamptneri, Nannoconus
minutus and Nannoconus truittii. A single specimen of Zeugrhab-
dotus ?bicrescenticus has also been noted. Age-diagnostic forms are
absent from this sample, but on the basis of the co-occurrence of
M. hoschulzii and N. truittii, its age can be can be estimated as zone
NC7. More precise subzonal identification was not possible due to a
lack of subzonal indexes for both samples. In summary, we can
remark that samples from outcrop DSZM-046 obviously are not
Albian in age. (See Fig. 6)
6.1.3.2. Iv�an hal�ala outcrop. The nannoflora from this locality con-
tains a few specimens of Staurolithites crux, Owenia partitum,
Owenia dispar, R. angustus, R. asper, H. chiastia, N. circularis,
B. batilliformis, M. obtusus and E. floralis. A single specimen of
Nannoconus bucheri has also been found, as well as a surprisingly
young ?Owenia hillii. The FO of E. floralis marks the base of zone
NC7. On the basis of the co-occurrence ofM. obtusus, N. bucheri and
N. circularis we place this sample in subzone NC7A. Species of
Owenia indicate a slightly younger (subzone NC7B) age, which is
why we cannot rule out this option either. In summary, we
conclude that this sample is not of Albian age, butmost likely can be
placed in zones NC7A/B.

6.1.3.3. Subzone NC7A. This subzone is defined as the interval be-
tween the FO of Eprolithus floralis and the LO ofMicrantholithus spp.

6.1.3.3.1. L�abatlan Lt-36 borehole. For a detailed nannofossil
biostratigraphy of this core reference is made to Fogarasi (2001)
and, in the framework of an integrated ammonite-nannofossil
study, to F}ozy et al. (2002).

Fogarasi examined 12 samples from between depths of 3.3
and 98 metres, and presented a range chart of the nannoflora
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recognised, summarising his opinion (in F}ozy et al., 2002, Ta-
ble 1, Fig. 1.) as follows, ‘ …. the age of the whole core can be
placed between late Barremian to Aptian.’. In more detail, ’On
the basis of our nannoplankton studies, we can identify forms
of the NC6-NC7 zones. At 28.2 m the co-occurrence of E. floralis
and R. angustus can be recognized, which marks the base of
NC7A zone. … Samples above this have not yielded bio-
stratigraphically significant nannoflora, but more likely are
younger in age.’

Nannoconids are missing totally between 54.8 and 28.2 m,
which can be interpreted as a nannoconid crisis more likely to be
NCI, considering the ammonite macrofauna that clearly represents
a maximum earliest Aptian date (F}ozy et al., 2002). In smear slides
prepared from samples above 33.3 m, the return of nannoconids
and the presence of Micrantholithus is remarkable, which does not
really support subzone NC7B or 7C ages, as previously suggested by
Fogarasi. The negative correlation between nannoconids and
A. infracretacea and A. terebrodentarius as documented by Herrle
and Mutterlose (2003) could be observed in these samples. In
addition to the nannoconid crisis (NCI) around the boundary of
subzones NC6B/7A, first pointed out by Erba (1994), Herrle and
Mutterlose (2003) detected a younger nannoconid crisis around
the boundary between subzones NC7B/7C, which they named
nannoconid crisis II (NCII). They also correlated these crises with
major carbonate platform-drowning events.

In the Lt-36 borehole, species of Micrantholithus occur also
above the crisis. Young et al. (2014) placed the LO ofM. hoschulzii in
the late Aptian substage, as Erba (1996) had done at the top of
subzone NC7C. Bralower et al. (1995) positioned the top of subzone
NC7A on the basis of the LO ofM. hoschulzii; the 2016 version of the
GTS also shows the last Micrantholithus spp. to mark the top of
subzone NC7A.

In summary, below 54.8 m, the presence of subzone NC6A is
documented on the basis of the FO of H. irregularis, in accordance
with ammonite data (F}ozy et al., 2002). Between 54.8 and 28.2 m,
subzone NC6B has been determined. The zonal index R. angustus,
together with E. floralis, appears at 28.2 m, which may mark the
base of subzone NC7A. In contrast to the original concept by
Fogarasi, we have found no evidence for a younger (subzones NC7B
or NC7C) age of the upper part of the Lt-36 core, not among nan-
nofossil taxa, nor among ammonites.

6.1.3.3.2. Haj�os-�arok. Nannofossils of this locality were exam-
ined by Fogarasi (2001), but his original eight smear slides are lost.
He described 42 species and assigned the nannoflora to subzones
NC6A to NC7B, on the basis of the presence of H. irregularis, E.
floralis and Braarudosphaera hockwoldensis. The NCI was also
documented within this section on the basis of an acme of
A. infracretacea and A. terebrodentarius, as well as an acme of
N. truittii (Erba, 1994), (Herrle and Mutterlose, 2003) in the highest
samples. Bodrogi (1999) also concluded that the age of the upper
beds was late Aptian. The upper part of the section at Haj�os-�arok
has several distinctive conglomerate levels which possibly could be
coeval with the conglomerates at K€osz€or}uk}ob�anya, but needs
further micropaleontologic investigations.

6.1.3.4. Subzone NC7B. This subzone is defined as the interval be-
tween the LO of Micrantholithus hoschulzii and the FO of Rhago-
discus achlyostaurion.

6.1.3.4.1. K€osz€or}uk}ob�anya. This locality exposes the youngest
sedimentary unit of the entire Cretaceous clastic succession for
which the most widely divergent age assignments have been sug-
gested, varying between Aptian/Albian (Sztan�o and B�aldi-Beke,
1992) and Cenomanian (F�elegyh�azy and Nagymarosi, 1991, 1992).
None of these authors provided clear, identifiable images of age-
indicative forms.
We re-examined the original smear slides of B�aldi-Beke (see
Sztan�o and B�aldi-Beke, 1992). Of the six smear slides, three were
empty, but others contain an abundant nannoflora of moderate to
good preservation. The nannoflora from this locality is described in
more detail in view of the conflicting age interpretations of previ-
ous authors.

In sample ‘5’ the following forms were found: Z. embergeri, Rh.
asper,W. ovata, D. lehmannii, A. terebrodentarius, ?Radiolithus planus
and ?Lithraphidites sp. Sample ‘21. layered’ yielded Tegumentum
stradneri, Staurolithites crux, Staurolithites sp., H. chiastia, Rotela-
pillus crenulatus, R. surirella, F. oblongus, Watznaueria britannica,
Laguncula dorotheae, Tubodiscus burnettiae, B. regularis, M. obtusus,
M. hoschulzii, N. circularis, E. floralis, H. irregularis and Lithraphidites
carniolensis. From sample ‘21. marly’, we documented S. crux, L.
dorotheae, N. kamptneri, M. hoschulzii, E. floralis and
A. terebrodentarius., while B�aldi-Beke mentioned but did not
photograph (Sztan�o and B�aldi-Beke, 1992) from the same sample,
Prediscosphaera sp. indet. Despite detailed search, we did not find
any specimen that could be assigned to that genus.

Micrantholithus declined and disappeared across the late
Barremian-early Aptian interval and Braarudosphaera appeared in
the early Aptian according to P. Bown (pers. comm., 11.2017), which
implies that these samples certainly cannot be of Albian age. The LO
of M. hoschulzii marks the lower boundary of subzone NC7B (Bown
et al., 1998). In contrast, Young et al. (2014) extended the range of
this species to the top of the Aptian subzone NC7C, as Erba (1996)
had done earlier. Herrle and Mutterlose (2003, fig. 5) reported
the FO of Prediscosphaera sp. from the basal part of subzone NC7B,
while, according to Bralower et al. (1994, 1995) and Bown et al.
(1998), the FO of subcircular columnata is around the middle of
subzone NC7C and close to the base of the Nolaniceras nolani SMAZ.
Browning and Watkins (2008) published a biostratigraphical chart
on some age-diagnostic taxa from the ODP Site 1049C and came to
the same conclusion as far as Prediscosphaera is concerned as Bown
(in Kennedy et al., 2000). According to Erba (1996), M. hoschulzii,
M. floralis and the first species of Braarudosphaera (B. africana) can
appear together without species of Prediscosphaera over the entire
NC7 zone (of Rhagodiscus angustus) in the Tethyan realm.

Based on the above considerations, we here conclude that the
age of the KbC samples falls with zone NC7 on the basis of the co-
occurrence ofM. hoschulzii, E. floralis and B. regularis. Most likely are
subzone NC7A or, maximum, subzone 7B on account of the relative
abundance of the genus Micrantholithus. We must strongly discard
its possible extension into zone NC8 or higher on account of the
complete lack of any zonal or subzonal index taxa, including sub-
circular or circular P. columnata. We cannot discard the option of
resedimentation on the basis of the preservation. Based on
geological mapping, and noted already by Fül€op (1958), similar
conglomeratic layers are intercalated in the upper part of the Haj�os-
�arok sequence. This NC7A/B zonal age is in concordance with the
one suggested by redeposited orbitolinids and other large forami-
nifera, which indicated a late Aptian (Schlagintweit, 1990) or
‘younger than mid-Aptian age’ (G€or€og, 1995) or ‘clearly mid-Aptian
age’ (G€or€og, 1996). This time interval equates with the top of the
Epicheloniceras martini to lower Parahoplites melchioris SMAZs.
6.1.3.5. Subzone NC7C. This subzone is defined as the interval be-
tween the FOs of Rhagodiscus achlyostaurion and Prediscosphaera
columnata. This subzone cannot be determined on the basis of the
material examined herein.
6.1.4. Zone NC8, uppermost Aptian-lowermost Albian
This zone represents the interval between the FOs of Predis-

cosphaera columnata and Axopodorhabdus albianus.
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6.1.4.1. Subzone NC8A. This subzone is defined as the interval be-
tween the FOs of Prediscosphaera columnata and Hayesites albiensis.

6.1.4.1.1. Tata, K�alv�aria-domb. At this locality, nannoconid data
are contradictory. Fogarasi (2001, p. 58) prepared samples from the
basal layers of the Tata Limestone Formation (TLF) and his assem-
blage suggests zone NC7, but without a more precise subzonal
interpretation. In contrast, according to B�aldi-Beke (in Cs�asz�ar,
1989), among other non-age-significant forms, several Predis-
cosphaera cretacea have been reported which suggested to her a
latest Aptian and earliest Albian age (subzone NC8A).

Both nannofossil data are in absolute accordance with the work
of Szives (1999, 2002) and Szives et al. (2007), who interpreted the
ammonite fauna of the basal lenses to reflect a heavily condensed
rock unit of intermittent marine sedimentation during the interval
between the late early Aptian to earliest Albian, i.e., between the
Epicheloniceras martini and Hypacanthoplites jacobi SMAZs. Repre-
sentatives of age-significant genera for the lower Aptian, such as
Deshayesites or Dufrenoyia, had not been found. Note that an
extension of the H. jacobi Zone into the lowermost Albian was
pointed out by Kennedy in Kennedy et al. (2000). Data on forami-
nifera by Sid�o (1975) also support (sub)zones NC7C/NC8 for the
basal TMF at K�alv�aria-domb.

Here we accept a NC7A to basal NC8A subzonal age for the basal
layers of TLF; obviously, the overlying crinoidal limestone itself has
to be younger. Note that this locality is named ’Tata’ in Fig. 10.

6.1.4.1.2. Ta-1462 borehole. This borehole penetrated the deeply
buried V�ertessoml�o Aleurolite Formation. On the basis of dinocyst
investigations, Leereveld (1992) dated this unit as late Aptian-early
Albian. From a depth of 210 metres, there is a specimen of Bran-
coceras sp., which substantiates an early Albian date, most likely
coeval with subzone NC8A (Szives et al., 2007, pl. 13, fig. 1).

6.1.4.2. Subzone NC8B. This subzone is defined as the interval be-
tween the FOs of Hayesites albiensis and Tranolithus orionatus.

6.1.4.2.1. V�ertessoml�o Vst-8 borehole. Fogarasi (2001) reported
several, non-age-significant taxa, in addition to the first specimen
of P. columnata at 222 m, the sole M. hoschulzii at 200.6 m, and the
only Rh. angustus at 168 m. Several other P. columnata were
described from 122 m. There is no mention of any nannofossil re-
cord above 97.7 m. On the basis on the FO of P. columnata he placed
the base of NC8 at a depth of 222 m.

The main problem is that Fogarasi (2001) did not mention if he
had the subcircular or circular form of P. columnata, nor can this be
determined from the photograph he provided, but this has strong
chronostratigraphical consequences. According to the recent liter-
ature (Bown in Kennedy et al., 2000; Young et al., 2014),
M. hoschulzii and P. columnata may co-occur just in the uppermost
Aptian. The LO of M. hoschulzii is at a depth of 200.6 m. Fogarasi
reported R. angustus from 168 m; N. truittii occurs at 222, 146 and
132 m, which may reflect the acme (Erba, 1994), (Herrle and
Mutterlose, 2003) if we accept the NC7B subzonal age for this
depth interval. The first occurrence of P. columnata, without
M. hoschulzii, is at 122 m.

Fortunately, we were able to examine the nannoflora by
obtaining 12 rock samples from the original core for smear slide
preparation. The following forms were documented from 112.0 m:
Z. embergeri, T. burnettiae, W. britannica, Axopodorhabdus die-
tzmanni, Prediscosphaera sp. circular form, a Prediscosphaera spine
top, Nannoconus truittii rectangularis and A. terebrodentarius. The
appearance of ?Arkhangelskiella cymbiformis (FO in the early Con-
iacian) and ?Clausicoccus subdistichus (FO in the Early Eocene) is
very surprising, although Burnett (in Gale et al., 1996) also reported
Arkhangelskiella? sp. from the Albian/Cenomanian boundary de-
posits of Mt. Risou, France. At a depth of 117.9 m we identified
Zeugrhabdotus sp., Z. diplogrammus, N. truittii, H. chiastia and an
inorganic crystal first misinterpreted as Haqius circumradiatus,
while the sample from 122.9 m yielded Z. diplogrammus, N. truittii,
Nannoconus sp., A. terebrodentarius and that from 169.0 m Nanno-
conus sp. and a single specimen of H. irregularis. (See Fig. 9)

Within the framework of these novel nannofossil data we can
assume a NC7C/8A subzonal age, due to the complete absence of
H. albiensis and T. orionatus. Here we place the AAB at 112.0 m. If we
accept data supplied by Fogarasi as mentioned above, the base of
subzone NC7C can be placed at 222 m, where the first Predis-
cosphaera sp. co-occurs with Micrantholithus sp. Foraminifera also
show document an early Albian date (G€or€og, 1995; Szinger, 2008).
Despite several citations in the literature, we did not find any pa-
pers on studies of dinocysts from Vst-8. In unpublished manu-
scripts, Leereveld (1992) recorded dinocysts of the V�ertessoml�o
Aleurolite Formation only from Ta-1462; these document a late
Aptianeearly Albian date.

6.1.4.2.2. Oroszl�any O-1881 borehole. The O-1881 borehole rep-
resents a convincing example in which the age of the thick, fine-
grained unit can be determined without doubt as the Albian
V�ertessoml�o Aleurolite Formation. In conclusion, the presence of
Douvilleiceras mammillatum at depths of 338.8 and 292 m, together
with the presence of Cleoniceras cf. cleon at 321.4 m suggest a late
early Albian age (Douvilleiceras mammillatum SMAZ), which is
almost matches the entire NC8B nannofossil zone.

6.1.4.2.3. Agosty�an Agt-2 borehole. This core also penetrated the
Albian V�ertessoml�o Aleurolite Formation over an extensive (400m)
thickness. Here we summarise the former Geological Institute data
base records, where Bodrogi (1985 in Cs�asz�ar, 1985, as an attach-
ment, p. 1e7) subdivided the succession into three parts on the
basis of foraminifera: ‘Ticinella bejaouensis-Hedbergella gorbachikae,
Hedbergella planispira-Hedbergella retroflexa and Ticinella primula
interval zones can be distinguished along the core, younger or older
Cretaceous sedimentary sequence has not been detected’. The first
two foraminifer zones can be equated with the upper H. jacobi, the
third one with the Leymeriella tardefurcata SMAZ. Sporomorphs
(Juh�asz, 1983; Juh�asz, 1985 in; Cs�asz�ar, 1985) hinted at an early
Albian date. On the basis of nannofossils, a slightly younger, middle
Albian to possibly early Cenomanian age, was determined (Ga�al,
1982 in; Cs�asz�ar, 1985). Unfortunately, neither rock, nor nanno-
fossil sample were available from the core material. In summary, on
the basis of the available fossil record of contemporaneous bore-
hole data listed above, we accept an early Albian (zone NC8) age for
the aleurolite.

7. Discussion

7.1. Revised stratigraphy of the Gerecse clastic sequence

Both nannofossils and ammonites demonstrate that the depo-
sition of L�abatlan Sandstone Formation in the clastic sequence of
the Gerecse Mountains continued until the early Aptian (N-4, Lt-36
borehole, Iv�an hal�ala outcrop). On the other hand, the sandstones
exposed in Haj�os-�arok outcrop are not younger than nannofossil
subzone NC7B. This means that sandstone deposition possibly
came to a halt during the middle late Aptian, as is shown on Fig. 10.

Already during the early Aptian, fine-grained sediments (silt-
stones) could intercalate into the sandstone-dominated formation
(Sz�el-hegy, Irt�asd}ul}o). Outcrops suggest that the fine-grained units
are the highest element in the vicinity, but a return of sandstone on
a regional scale (e.g., projected from the Haj�os-�arok section) cannot
be ruled out. The thickness of one fine-grained part can be judged
from the DSZM-046 outcrop and nearby geophysical measure-
ments (Zalai et al., 2015), where at least several dozens of metres of
fine-grained rocks occur above the sandstone unit. At present the
data are not precise enough to determine if these fine-grained parts
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refer to a single event, or represent several intercalationswithin the
sandstone. However, when comparing the slightly different ages
from Irt�asd}ul}o, DSZM-046, Sz�el-hegy and Lt-36, we would favour
the latter interpretation, as here shown in Fig. 11.

These rocks of early Aptian age are clearly older than the early
Albian V�ertessoml�o Formation, to which they were previously
assigned. Although the classification of these fine-grained in-
tercalations was logical on the basis of lithology (Sztan�o et al.,
2018), a summary of the available biostratigraphical records,
complemented with new data, appears to exclude the presence of
Albian formations in the internal part of the Gerecse Mountains.
However, the early Albian age of a thick sequence along thewestern
margin of the Gerecse (e.g., Agt-2 borehole) and in the north-
western foreland of the V�ertes Mountains (Vst-8 borehole) is still
valid (Cs�asz�ar, 1995; present study, Figs. 10e11).

Our new biostratigraphical data suggest that the coarse-grained
K€osz€or}uk}ob�anya Conglomerate (KbC) unit is older than previously
assumed by Sztan�o and B�aldi-Beke (1992), because there was no
nannofossil evidence to as certain the previously published early
Albian age. Instead, nannofossils indicate amaximum age of middle
late Aptian (subzone NC7B) (see Figs. 8, 10, 11). This newly
confirmed data is in accordance with the dinoflagellate and fora-
miniferal data for redeposited carbonate clast components of the
unit, which also indicate a middle Aptian (‘Gargasian’) to early
Albian date (Schlagintweit, 1990; G€or€og, 1995, 1996). The question
is whether the coarser grain size of this unit, in comparison with
the underlying ones, would represent a renewal of deformation,
reorganisation of the drainage system in the hinterland of the
gravity flows, or just an autocyclic change of sediment transport
routes via migrating submarine canyons (Sztan�o et al., 2018).

The new data allow us to link the KbC conglomerate and
conglomerate intercalations that crop out in the upper part of the
section of Haj�os-�arok, as both are of subzone NC7B age (Figs. 10, 11).
Although suggested by Fül€op (1958), a formal attribution of the
Haj�os-�arok conglomerates to the KbC Member is premature, and
could be ruled out on the basis of absence or presence of an un-
derlying siltstone unit in the Haj�os-�arok and Lt-36 borehole,
respectively. However, the close temporal relationship of con-
glomerates and sandstones may indicate a coarsening-upward
tendency, at least for the highest clastic units.

7.2. Consequences for structural geological evolution

Our new biostratigraphical data adapt the age of the Kb
Conglomerate and (re)define the questionable ages of some out-
crops. Our revision suggests a continuous sedimentation with the
KbC as the uppermost unit; the youngest known deposition took
place during the middle part of the late Aptian. In consequence, the
hiatus (slow down of sedimentation rate), postulated within or just
above the Lt-36 borehole (Sasv�ari, 2008), seems to loose its
stratigraphical basis.

Thus, we conclude that the bulk of the first major Cretaceous
deformation phase could have occurred after the deposition of the
preserved clastic sequence, i.e., the L�abatlan Formation and KbC.
Theoretically, synsedimentary, contractional deformation during
the late part of the clastic sequence, during the early to middle late
Aptian (subzones NC7A, B) cannot be excluded (Sasv�ari, 2009), but
this needs additional supporting data. The few structural data
available mostly indicate sedimentary deformation (sliding, slump
folding; Balkay, 1955; Fogarasi, 1995; Cs�asz�ar et al., 2012) and the
presence of veryminor extensional structures (D2a event in Fig.12),
instead of true shortening during the Barremian to early Aptian
(Fodor et al., 2013; Fodor et al., 2018). While arguments for syn-
sedimentary contraction are lacking, we suggest that the defor-
mation front reached the Gerecse just after the deposition of
presently known sedimentary units, during the latest Aptian. This
deformationwas an NeS to NEeSW shortening (NEeSW in Sasv�ari,
2008, 2009), which resulted in gentle folding (D2b subphase; see
Fig. 12) (Fodor et al., 2018). The newly obtained age of the KbC
brackets this D2b event to the late Aptian, probably during subzone
NC7C, between ~117 and 113 Ma (Fig. 12). Another subphase, D2c,
including folds and strike-slip faults with a roughly ENEeWSW
shortening, may also be of the same age. Clear temporal separa-
tion, and a relative chronology of the D2b and D2c subphases, have
not yet been determined beyond doubt (Fodor et al., 2018), which is
why we put them in the same time interval here (Fig. 12).

The late Aptian timing of the D2 phase is not in contradiction
with, but lends more precision to, earlier views expressed by Tari
(1994, 1995 in Hortv�ath et al. 1995) and Tari and Horv�ath (2010),
who suggested Aptian thrusting with a southwesterly to westerly
vergency. Late Aptian timing is also in agreement with the sug-
gestionmade by Pocsai and Csontos (2006) about a synsedimentary
contractional Aptian deformation, although their conclusions were
not supported by field structural data.

On the other hand, the geodynamic scenario is uniform in pre-
vious interpretations (Balla, 1981; Cs�asz�ar and �Argyel�an, 1994;
Mindszenty et al., 1994, 2001; Csontos et al., 2005; Sasv�ari, 2009;
Fodor and F}ozy, 2013); the deformation was related to Neo-
tethyan obduction and additional contraction along the Adriatic
margin.

In awiderAlpine-Dinaridic perspective, similar clastic sequences
and deformations can be found (Fig. 1B, C). In the Northern Calcar-
eous Alps, the Rossfeld Formation is lithologically similar to and has
a comparable age as the Gerecse clastics (Fig. 1) (Decker et al., 1987;
�Argyel�an, 1996). Lower Cretaceous strata of the clastic O�strc For-
mation occur in the Ivan�s�cica Mountains (Fig. 1A, B) (Babi�c and
Zupani�c, 1973; �Argyel�an, 1996; Babi�c et al., 2002; Lu�zar-Oberiter
et al., 2012). Further west of the Ivan�s�cica Mountains, in the Julian
Alps Cretaceous, clastic sediments were described (Cousin, 1981;
Gori�can et al., 2012) (Fig. 1A), while further to the southwest in
the Dinarides, Lower Cretaceous (Aptian) foreland sedimentary
rocks constitute the Vranduk Formation (Mikes et al., 2008).

All these foreland basinal parts seem to surround the obducted
Vardar ophiolite at its northwesterly termination; in palaeogeo-
graphical position they form a belt from the Rossfeld area to the
Vranduk flysch basin (Fig. 1B). While obduction is Late Jurassic in
age (Schmid et al., 2008) Early Cretaceous deformation imbricated
the Adriatic (Neotethyan) passive margin (Csontos and V€or€os,
2004). We have only limited knowledge of the amount of synse-
dimentary shortening of the preserved strata but it can be corre-
lated to the D2a subphase in the Gerecse Mountains (Fig. 12). Post-
sedimentary imbrication and underthrusting is more pronounced
and resulted in the westward migration of the thrust front (Fig. 1B,
C). Although the age of this post-depositional deformation is poorly
constrained, it is here tentatively connected to the D2b-c phase of
the Gerecse. The D2 deformation of the Gerecse may also be similar
to that observed in theMedvednicaMountains, a part of the passive
Adriatic margin that crops out from below the ophiolite (Fig. 1B, C).
Tomljenovi�c et al. (2008) and Van Gelder et al. (2016) documented
ductile deformation and low-grade metamorphism. Variable ther-
mochronometric data indicate a time span between 135 and 110Ma
for the deformation, possibly culminating around 113e110 Ma
(Judik et al., 2006, 2008; Van Gelder et al., 2016). A tectono-
metamorphic event around 120 Ma was reported from other
parts of the Dinaridic nappe stack (see summary in Csontos and
V€or€os, 2004).

The newly suggested age for the D2 deformation would also
imply constraints to the next D3 deformation phase of the Gerecse
Mountains. The D3a-b subphases incorporate modest folds and
strike-slip faults, while the compressional axes range from EeW to
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NWeSE (Fig. 12). An early Albian age (113e108.5 Ma) can be put
forward for these subphases (Fig. 12). This time frame would be the
same as the age of the V�ertessoml�o Formation; a future task would
be to determine whether the deposition of this unit would have
been syn-tectonic in origin or not. The continuation of the D3
phase, the largely post-folding D3c subphase could have extended
for a longer period, from the middle Albian to the Coniacian
(~108e84 Ma), up to the deposition of the Upper Cretaceous
(“Senonian”) cover.

Although in the Gerecse Mountains the D3a-b subphases have
smaller amplitude, they do represent a spatial continuation of
major folding in the central and southern parts of the TR, generally
referred to as the “formation of the TR syncline” (Fig. 1A) (Haas and
Cs�asz�ar, 1987; Kiss and Fodor, 2003). For the age of these subphases
Fodor (1998, 2010) emphasised the presence of an erosional surface
which truncates folds and thrusts; these are covered by middle to
upper Albian sedimentary rocks (T�es Claymarl and Zirc Limestone
formations). This geometry was documented already by M�esz�aros
(1968, 1979), Szab�o (1985) and Albert (2000).

The D3a-b subphases of the present study may correspond to
the second phase of Sasv�ari (2008, 2009) (R1 in Fig. 12). However,
he still regarded this event as a continuation of the flexural basin
evolution (Fig. 12) and put the onset of major Transdanubian
folding only in the middle or late Albian (Fig. 12). Tari (1994) and
Tari and Horv�ath (2010) formulated an idea that can be considered
“intermediate” between ours and that of Sasv�ari (2008); they
suggested that the flexural deformation of the Gerecse clastic basin
continued during the early Albian but, overall, a NWeSE shortening
(D3 phase) was already active in other parts of the TR (Fig. 12).

The geodynamic significance of the D3 phase is clearly estab-
lished, while this indicates the onset of Eo-Alpine deformation
(Austroalpine phase) in the TR. The difference between authors
(Sasv�ari, 2008; Tari, 1994 and Tari and Horv�ath, 2010 vs Fodor et al.,
2013; present study) is that the onset of the contraction is at the
lower boundary or largely within the Albian, respectively (Fig. 12).
An earliest Albian onset of Eoalpine contraction within the Eastern
Alps is supported by data from the northern edge of the Northern
Calcareous Alps. Wagreich (2001, 2003) pointed out that during the
Albian to Cenomanian a long transpressional basin (Tannheim-
Losenstein) existed which indicated the onset of “Austroalpine”
transpressional deformation (Fig. 1A, C). In his concept this was
related to the beginning of the Penninic subduction, although new
models relate this deformation to intracontinental subduction
(Handy et al., 2010; Stüwe and Schuster, 2010). The onset of this
deformation (c. 114e112 Ma) shows a remarkable similarity to our
own findings. This is younger than suggested for Austroalpine
thrusting by Csontos and V€or€os (2004).

The slightly younger, middle to late Albian deformation (D3c
subphase of this study) can also be correlated with deformations in
the Western Carpathians, where syn-tectonic sedimentation of
basins in the Fatra-Klape domains started during the Albian
(Pla�sienka, 1997, 2003) (Fig. 1A). In the Eastern Alps, contraction is
well described both in the crystalline nappe units (Frank, 1987;
Neubauer et al., 2000; Schmid et al., 2004) and in sedimentary
rocks of the Northern Calcareous Alps (Linzer et al., 1995;Wagreich,
2001; Ortner, 2003). The major part of the deformation in the
northern Eastern Alps is sealed by Upper Cretaceous (Turonian and
younger) Gosau rocks of 90e80 Ma (Wagreich, 1993).

In palaeogeographical and tectonic reconstructions, the TR
occupied a hanging wall position during the Eo-Alpine orogeny
(Tari, 1994, 1995; Tari and Horv�ath, 2010), largely above the Eo-
Alpine high-pressure belt (Schmid et al., 2008; Handy et al., 2010)
(Fig. 1AeC) as supported by structural analysis) (Fodor et al. 2003).
This reconstruction thus invokes a fundamental change of the TR
from a position on the lower, subducting plate during the Early
Cretaceous (D2 phase of the present study), to the highest nappe
during the Eolapine orogeny, from the Albian onwards. This change
is due to a reorganisation of plates and oceanic domains. The
openingof theValais Oceanmay trigger theAustroalpine orogenesis
(Handy et al., 2010) (Alcapa; Fig. 1C). Because the TR became
dominated by the Eoalpine orogenesis, the still ongoing subduction
of the Neotethys lost its influence. If our chronostratigraphical
determination is correct, the change from Neotethyan- to Eo-
Alpine-dominated deformations occurred near the AptianeAlbian
boundary, around 113 Ma (Fig. 12). As pointed out by Wagreich
(2001, 2003), the onset of “Austroalpine” transpressional deforma-
tion c. 114e112 myr ago is related to the beginning of the Penninic
subduction and this deformation age shows a remarkable similarity
to our own findings.

8. Conclusions

New and revised nannofossil data, in combination with
ammonite records, lead us to offermore accurate constraints for the
youngest members of the Cretaceous clastic sequences of the
Gerecse Mountains, the northern Transdanubian Range (TR) in
Hungary. The age of the L�abatlan Sandstone Formation (LSF) can be
extended to early late Aptian, of a maximum up to nannozone
NC7B. In its Aptian part, the sandstone-dominated sequence con-
tains fine-grained siltstone or silty marl intercalations, which, in a
lithology similar to, but in age distinct from the V�ertessoml�o
Aleurolite Formation. The K€osz€or}uk}ob�anya Conglomerate Member
of LSF was deposited during the middle late Aptian, corresponding
to subzones NC7A/B, i.e., definitely older than the previously sug-
gested early Albian age. On the other hand, the early Albian age of
the V�ertessoml�o Aleurolite Formation has now been confirmed by
nannofossils. The Tata Limestone Formation might have been laid
down during the late Aptian to earliest Albian, although its highly
condensed marly basal bed (preserved merely in two restricted
areas) supposedly accumulated during a long time interval with an
intermittent underwater sedimentation on the basis of integrated
micropalaeontological and ammonite data. Deposition of the crin-
oidal Tata Limestone Formation can be interpreted as a source of
bioclasts that were resedimented into the siliciclastic basin.

The new biostratigraphical framework permits a better timing
of the major Cretaceous deformation phases of the Gerecse
Mountains. Namely, the deformation related to the Neotethyan
obduction and post-obductional shortening could have lasted up to
the late Aptian (subzone NC7C) and could have incorporated largely
post-sedimentary structures (folds, strike-slip faults) in the
northeastern TR. The subsequent D3a-b subphases could be of early
Albian age and incorporated folding and strike-slip faulting. Thus,
the change from “Neotethyan” to the Eo-Alpine (“Austroalpine”)
deformation occurred around the Aptian/Albian boundary around
113 Ma, similar to the onset of deformation in the Eastern Alps.
During these phases the TR changed its structural position from the
lowermost to the uppermost, while the shortening direction
changed from roughly NEeSW to ~NWeSE.
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