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Abstract

Paleogene karst bauxites in the northeastern Transdanubian Range and their cover sequences provide valuable sedimentary
archives, despite their weathered nature and vague paleontological records. U-Pb detrital zircon geochronology combined
with heavy mineral analysis indicates ‘local’ Alpine aeolian and fluvial sources and ‘distant’ aeolian sources connected to
the Bohemian Massif. Records of episodic Paleogene volcanic eruptions related to igneous complexes of the Adamello and
probably also the Bergell, Recsk and Balkan Peninsula, are reflected by euhedral zircon crystals. Their U-Pb geochronol-
ogy supplies age constraints for the phases of subaerial exposure of the karstic surface and the accumulation of bauxitic
protoliths and helps to improve the existing stratigraphic records and to define stages of denudation in the northeastern
Transdanubian Range. Distinct phases of subaerial exposure and accumulation of the bauxite's protoliths are identified as
ca. 42, 35 and 31 Ma; alternating with episodes of subsidence, represented by siliciclastic and carbonatic sequences at ca.
38, 32 and 31 Ma. Besides Paleogene volcanism, zircon dating also revealed contributions from the Middle Triassic tuffs
of the Transdanubian Range. Garnet, epidote, kyanite, staurolite, and xenotime/monazite crystals suggest fluvial drainage
of diverse metamorphic units of the Austroalpine basement from the Eastern- and Southern Alps, which also supplied most
of the pre-Mesozoic zircons. However, the unexpectedly high proportion of Variscan ages in the bauxites most likely relate
to igneous rocks of the Bohemian Massif, thus suggesting additional long-distance aeolian sources. The new data allow for
detailed reconstructions of the Paleogene evolution and palaeogeography of the northeastern Transdanubian range.
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Introduction

The reconstruction of Earth’s history intimately relies on

continuous and well-dated sedimentary archives. On uplifted

) . . terrestrial areas such archives are rather limited or com-
Department of Sedimentology and Environmental Geology, letel .. In th . idual sedi lik
Geoscience Center, University of Gottingen, Gottingen, P ete.y missing. In these settings, r.eSI ua .Se iments like
Germany bauxite, terra rossa, red clay or kaolin deposits, formed as a

result of discontinuous sediment accumulation and continen-

P< Péter Kelemen
kelemenpeter1991 @ gmail.com

Department of Petrology and Geochemistry, Institute

of Geography and Earth Sciences, E6tvos Lorand University,
Budapest, Hungary

Department of Geology, Institute of Geography and Earth
Sciences, E6tvos Lorand University, Budapest, Hungary

Institute for Geological and Geochemical Research, Research
Centre for Astronomy and Earth Sciences, Hungarian
Academy of Sciences, Budapest, Hungary

ELTE-MTA Geological, Geophysical and Space Science
Research Group at E6tvos Lorand University, Institute
of Geography and Earth Sciences, Budapest, Hungary

tal subaerial weathering. They represent important archives
that may reveal past climate conditions, the composition and
provenance of aeolian dust, volcanism, palaeorelief and local
as well as far-field tectonic processes (e.g., D’Argenio and
Mindszenty 1995; Wang et al. 2018; Marchand et al. 2021).
However, due to the lack of biostratigraphic data, age con-
straints are typically scarce due to the highly weathered
nature of these residual sediments. Moreover, the original
petrographical and geochemical characteristics of the source
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formations were transformed by intense weathering. Conse-
quently, the common rock-forming silicates broke down and
dissolved under subtropical to tropical wet climate condi-
tions during surface or near-surface bauxite formation pro-
cesses (e.g., Bardossy and Aleva 1990).

In such sediments and sedimentary rocks, the occur-
rence of ultrastable and datable detrital mineral grains—
most prominently zircon—practically offers the only way
to (i) date the source rocks and (ii) constrain the maximum
age of deposition (e.g., Comer et al. 1980a, b; Dunkl 1992;
Kelemen et al. 2017; Marchand et al. 2021). Zircons form
in a wide range of geological processes, but detrital zircons
mostly represent felsic to intermediate igneous sources in
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sedimentary rocks (Mange and Mauer 1992). Heavy min-
eral analysis provides an additional tool to unravel possible
igneous and metamorphic source components in bauxitic
sediments. The detection and quantification of occasionally
preserved heavy minerals such as tourmaline, garnet, Al-
silicates, epidote and amphibole allow for acquiring a more
complete picture of the source rocks and depositional setting
(e.g., Comer 1974; Dennen and Norton 1977; Mindszenty
et al. 1991; Wang et al. 2012; Kelemen et al. 2017, 2021).
The Transdanubian Range (TR) in western Hungary rep-
resents the structurally highest tectonic unit in the Eastern
Alps—Western Carpathians (Fig. 1; Tari 1994; Schmid et al.
2008; Tari and Horvath 2010). The Mesozoic and Paleogene
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Fig.1 Regional geological sketch map including the major occur-
rences of zircon-bearing Eocene—Oligocene intrusions and volcanic
complexes and their ages. AB=Bergell and Adamello (Villa and
von Blanckenburg 1991; Rosenberg 2004; Schaltegger et al. 2009;
Skopelitis et al. 2011; Bergomi et al. 2015; Samperton et al. 2015;
Ji et al. 2013, 2019; Tiepolo et al. 2014), BB=Boranja (Pamié¢ and
Balen 2001), EK=FEisenkappel (Scharbert 1975, Fodor 2008),
GMR =Giudicaria Meran-Mauls and Rensen (Barth et al. 1989;
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Pomella et al. 2011), KO =Kratovo-Osogovo (Boev and Yanev 2001),
KP =Kopaonik (Schefer et al. 2011), RE=Recsk (Araté et al. 2018),
RF =Reifnitz (Neubauer et al. 2018), RH=Rhodope (Marchev et al.
2004), RU=Rudnik Mts. (Cvetkovi¢ et al. 2016), VE = Velence Hills
(Gyalog and Horvath 2004), VR = Vedrette di Ries (Romer and Sieg-
fried Siegesmund, 2003), ZB =Zala Basin (Benedek 2002; Benedek
et al. 2004). Base map is after Schefer et al. (2011). Black box indi-
cates the position of the study area within the Transdanubian Range
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rocks of the TR, due to their tectonic position, were exposed
to terrestrial weathering and denudation several times (Kai-
ser 1997; Csillag and Sebe 2015). The reoccurring subaerial
exposure periods resulted in the widespread formation of
diverse weathering products, mainly not only bauxites, but
also red clays and kaolinitic clays (Taeger 1909; Nemecz and
Varju 1967; Kaiser 1997; Budai et al. 2008; Bardossy 2013).
Oxisols, the equivalents of bauxites in soil science, typically
require at least 1 Ma to develop (Birkeland 1984, Retallack
1990). Although, the actual time of development is strongly
controlled by geomorphological and climatic parameters.
The termination of the deposition of these bauxitic rest
sediments is mostly inferred from the ages of the overly-
ing strata. However, the precise stratigraphic position of the
typically fluvial or lacustrine cover sequences is often poorly
constrained. The existence of detrital zircon grains in the
bauxitic deposits has been known for a long time (e.g., Kiss
1955; Voros 1958; Mindszenty et al. 1991; Boni et al. 2012).
Paleogene fission-track ages of euhedral zircons from baux-
ite deposits (Dunkl 1992) demonstrated the potential to date
the sediment sources, but with significant uncertainty in the
single-grain ages (~3.5-5 Myr). Detrital zircon U-Pb geo-
chronology offers considerably better precision than fission-
track dating and has been successfully applied to karst-filling
ferallitic sediments (~ 0.5 Myr uncertainty for Miocene ages
in Kelemen et al. 2021).

Here we apply detrital zircon U-Pb geochronology and
heavy mineral analysis to Paleogene bauxite deposits and the
overlying cover formations of the Vértes Hills (VH), located
at the northeastern side of the TR. The aim of the study
was to identify potential source formations and constrain the
depositional age of individual bauxite occurrences and their
stratigraphic relations. Our results suggest that most of these
sedimentary units contain redeposited zircons, which help
to infer the Palaeozoic to Mesozoic source rocks exposed at
the time of deposition, including paleogeographic implica-
tions. On the other hand, all deposits contain volcanic zircon
crystals directly supplied by the contemporaneous Paleogene
volcanic edifices of the Alps (Fig. 1). The youngest age com-
ponents of these airborne contributions determine a maxi-
mum age of deposition of both the bauxitic deposits and the
so far undated sandstones of the fluvial cover sequences. The
zircon U-Pb age distributions could also reveal potential
resedimentation relationships between the studied bauxitic
deposits and their cover.

Geological setting

Since Late Palaeozoic times, the TR and the VH were part
of the Neotethys rifted margin, situated between the former
positions of the Northern Calcareous Alps and the South-
ern Alps (Kazmér and Kovacs 1985; Haas et al. 1995; Héja

et al. 2018). The TR became part of the uppermost Eastern
Alpine nappes during the late Early to Late Cretaceous. As
a topographically and structurally high unit, the TR under-
went modest Paleogene deformation related to subduction
below the Alps and Carpathians during the Eocene and
Oligocene tectonic phases (Tari et al. 1993; Kazmér et al.
2003). From the latest Oligocene, the TR became detached
from the Alpine realm along the Periadriatic Fault (Fig. 1.),
juxtaposed other tectonic blocks and finally formed a part
of the pre-rift basement of the Miocene Pannonian Basin
(Kazmér and Kovacs 1985; Csontos et al. 1992; Balazs et al.
2016; Tari et al 2021).

The basement of the TR is composed of Variscan low-
grade metamorphic rocks including granitoid bodies cov-
ered by Permian clastic deposits and lagoonal evaporites
(Budai et al. 1999). The main mass of the TR is composed
of 2-3 km-thick Middle to Upper Triassic platform lime-
stone and dolomite assemblage, overlying Lower Triassic
mixed siliciclastic ramp sediments and lower Middle Trias-
sic (Anisian) rift-related carbonates (Haas and Budai 1995;
Rostasi et al. 2011; Budai and Voros 2006; Fig. 2). Anisian-
Ladinian zircon-rich bentonites and volcaniclastics are often
referred to as “pietra verde” (Szab6 and Ravasz 1970; Budai
and Voros 2006; Kazmér and Kovacs 1985; Mundil et al.
1996; Palfy et al. 2003). However, ongoing volcanic activ-
ity is documented also for Carnian formations; subvolcanic
andesite dikes occasionally crosscut the Triassic suite proba-
bly have less relevance in terms of sediment provenance due
to their lower zircon content and restricted areal distribution
(Haas et al. 2017; Dunkl et al. 2019). During the Jurassic and
Early Cretaceous, the former Mesozoic carbonate platforms
became submerged, dismembered and a horst-and-graben
style submarine paleotopography has developed (Voros and
Galacz 1998).

The post-Barremian tectonic evolution of the TR is char-
acterized by several folding and thrusting phases, which
resulted in an alternation of subaerial denudation and marine
sedimentation periods (Haas 1991; Fodor 2008; Tari and
Horvath 2010; Csillag and Sebe 2015). Two distinct ter-
restrial to marine sedimentary cycles developed (Fig. 2b)
from middle Albian to Cenomanian (Csaszar 1986; Goc-
zan et al. 2002) and Santonian to Campanian (Haas 1983).
These cycles sealed the folded structures with occasional
Cretaceous bauxite deposits at their base (Fig. 2, Albian and
Santonian bauxites).

The early Paleogene is marked by moderate tectonic
activity in the TR, the ongoing minor shortening generated
uplift, which resulted in a subsequent period of subaerial
exposure of the entire TR from latest Cretaceous to Lutetian.
As a combination of the folding and denudation, enhanced
by the tropical warm-humid climate of the late Paleocene
Thermal Maximum, the Jurassic and Cretaceous strata were
significantly eroded and a karstic planation surface formed
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Fig.2 Simplified geology of the Vértes Hills (a) and general stra-
tigraphy of the Transdanubian Range and its forelands (b) (modified
after Benedek et al. 2002; Gyalog 2005; Budai et al. 2008). Double-

and culminated in karstification of the Triassic carbonates
(Szantner and Szab6 1969; Dudich and Komléssy 1969;
Csillag and Sebe 2015). Furthermore, an extensive baux-
itic blanket was developed, which generally covered the TR
(Mindszenty et al. 2000). These deposits are described as
Gant Bauxite Formation (Fig. 2b) characterized by the alter-
nation of pelitomorphic bauxite and bauxitic conglomerates
with an average thickness of 20-25 m, at places reaching
up to 60 m (Bernhardt 1990; Mindszenty 2000; Kercsmar
et al. 2008; Kercsmar 2018). The semi-quantitative heavy
mineral data of some Gant Bauxite occurrences led Mind-
szenty et al. (1991) to suggest an Alpine provenance from
metamorphic and igneous rocks exposed in the hinterland
of the bauxite deposits at the time of their sedimentation.
The ages of the volcanogenic source rocks were determined
by detrital zircon fission-track dating as Ypresian to Lute-
tian (Dunkl et al. 1992). The Géant Bauxite deposits became
covered by transgressive sequences in two steps during the
middle Eocene. First, as a result of rising groundwater table
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headed arrows with question marks represent the hitherto existing
uncertainty in the formation age of the bauxite deposits within the
hiatus

and dissected karst terrain, inland blue-holes formed with
sedimentary sequences indicating gradually increasing salin-
ity from freshwater to brackish to schizohaline, followed by
the marine transgression of the nummulitic Sz6c Limestone,
which covers the majority of the TR (Fig. 2b; Bignot et al.
1985; Kazmér et al. 2003; Carannante et al. 2004; Palfalvi
2007; Kercsmar et al. 2008; Bardossy 2010; Mindszenty
2010; Trabelsi et al. 2021).

The latest Eocene uplift of the VE caused partial ero-
sion of the Cretaceous to Eocene strata; the denudation
locally excavated the Eocene sediments, including baux-
ite deposits and reached even their Mesozoic substratum.
Telegdi-Roth (1927) identified this event as early Oligo-
cene erosion and referred to it as ‘infra-Oligocene denu-
dation’, which eroded most of the regressive sedimentary
units of the deep marine Eocene basins of the TR (Baldi
1986). The Oligocene Obarok Bauxite (Fig. 2b) is thought
to represent this denudation period; it is also considered
to be partly redeposited from the former Gint Bauxite
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deposits (Mindszenty 1969; Boroczky 1996; Selmeczi
2008). The age of these weathering products was indi-
rectly constrained by the overlying fluvial to marine clas-
tics as Oligocene based on molluscs, plant remnants and
an iron-mineralized (hematitic) tree trunk (Baldi 1986;
Mindszenty et al. 2002; Hably et al. 2015). Since early
Oligocene times, as a result of intense uplift and erosion in
the Alpine region, and concomitant subsidence in adjoin-
ing terranes, large parts of the TR were covered with the
up to 800 m-thick siliciclastic assemblage of the Csatka
Formation, deposited by a paleo-river system identified
as the precursor of the modern Drau River (Fig. 1; Kor-
pas 1981; Benedek et al. 2001; Danisik et al. 2015). The
river system supplied sediment into a co-existing brackish
to marine basin which resulted in the deposition of the
siliciclastic Many Member (Fig. 2b; Baldi-Beke and Baldi
1985; Selmeczi 2008).

This Eocene to Oligocene sedimentation in the TR was
coeval with the Paleogene igneous activity of the Alpine-
Carpathian-Dinaric region lasting mostly from 44 to
26 Ma (Fig. 1). In the Pannonian Basin, the stratovolcanic
edifices are well preserved in the Zala Basin, Velence Hills
and Recsk (Figs. 1, 2b); however, the volcanic complexes
in the Alps are deeply eroded and thus, only, the intru-
sive roots are preserved. The traces of igneous activity are
present in the peri-Alpine, intra-Carpathian and Dinarid
basins in the form of ash layers, volcanoclastic layers,
volcanic pebbles, diagnostic heavy mineral assemblages
in siliciclastic sedimentary rocks and the characteristic
zircon U-Pb or mica K—Ar ages (e.g., Briigel et al. 2000;
Benedek et al. 2001; Lu et al. 2018; Di Capua et al. 2021).

Table 1 Sample locations and brief description

Materials

Altogether eight bulk rock samples were processed for heavy
mineral analysis and U-Pb zircon dating each with a starting
dry mass of ca. 1.5-3.5 kg. The locations and lithologies are
summarized in Table 1. Photo documentation of the out-
crops and samples are available in Supplementary Data S1.

The Gant bauxite

At the formerly excavated and well-exposed Géant bauxite
deposit sedimentological data suggest that a primarily devel-
oped bauxitic blanket underwent massive erosion and large-
scale resedimentation in a soft-sediment deformation style
caused by synsedimentary tectonic events (Mindszenty et al.
1989; Mindszenty 2010). Samples were collected to serve as
representatives of the Eocene-covered bauxites of the VH.
Sample Ga-Bx1 is a light grey, pelitomorphic bauxite col-
lected from the base of the Ujfeltérés deposit, close to the
underlying Upper Triassic carbonate (Fig. 2b). G4-Bx2 is
red pelitomorphic bauxite from the top of the Bagoly Hill
deposit, close to the middle Eocene cover sequence, while
sample G4-Bx3 is a yellow-red bauxite conglomerate with
up to 2 cm bauxitic pebbles (Fig. 2b).

The immediate freshwater limestone cover, which is
overlain by brackish to schizohaline sediments intercalated
with lignitiferous layers, contains Charophyte species rang-
ing from lower Lutetian to upper Bartonian (Trabelsi et al.
2021). The upsection following marly cover of the Gént
bauxite deposit (Fig. 2b) did not contain sufficient amounts
of diagnostic or datable heavy minerals.

Code Location Latitude Longitude Nomenclature Lithology Remarks
Ob-Ss  Obarok, NE Vértes Hills N47.50111 EI18.57750 Many Member Yellow fine to medium Immediate cover of bauxite
grained sandstone
Ob-Bx  Obarok, NE Vértes Hills N47.50083 E18.57416 Obarok Bauxite  Light red bauxite Close to bedrock
Or-Ss Orondpuszta, SW Vértes N47.33555 EI18.30368 Csatka Formation Light grey sandstone Cover of the bauxite above
Hills some 10 cm coal seams
(Fig. S1)
Or-Bx  Orondpuszta, SW Vértes N47.33555 E18.30368 Obarok Bauxite Yellow/red bauxite Multi layer
Hills
Cs-Ls Csakberény, SE Vértes Hills N47.35083 E18.32722 Szdc Limestone ‘White limestone Multi layer
Ga-Bx3 Bagoly Hill, Gant, S Vértes N47.36653 EI18.38300 Géant Bauxite Yellow/red bauxite Close to cover
Hills with <2 cm bx. pebbles
G4-Bx2 Bagoly Hill, Gant, S Vértes N47.36653 EI18.38300 Gant Bauxite Red pelitomorphic bauxite  Close to cover
Hills
Ga-Bx1 Ujfeltaras, Gant, S Vértes N47.38490 E18.39740 Gant Bauxite Grey bauxite Close to bedrock

Hills

The nomenclature is based on Budai and Fodor (2008)
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The Szoc limestone

The shallow marine Sz6c Limestone generally belongs to the
NP16 nannozone (late Lutetian to early Bartonian; Nagy-
marosy and Béldi-Beke 1988; Baldi-Beke 2003; Kollanyi
et al. 2003; Ozsvart 2003). The studied Sz6c Limestone karst
infill sample represents the topmost part of the Gant Bauxite
cover sequence, which was dated as uppermost Bartonian to
earliest Priabonian through Nummulites and nannoplankton
studies (Baldi-Beke 1984; Bernhard 1990; Palfalvi 2007,
Kercsmar et al. 2008). A late Eocene subaerial exposure of
the Sz6c Limestone is suggested by a 25-m siliciclastic inter-
calation overlain by a new series of late Eocene carbonatic
sequences found in the nearby Lb-II borehole (Kercsmar
et al. 2008).

We collected samples at Csakberény from the uppermost
part of the Sz6c Limestone Formation (Cs-Ls) that represent
the cover sequences of the Gant Bauxite (Fig. 2). The mate-
rial is loose calcareous sand dominated by the fragmented
local limestone with barely visible siliciclastic contribution,
trapped at the bottom of a collapsed karstic cavity.

The Obarok bauxite

The Obarok Bauxite is generally described as the Oligocene-
covered bauxite level in the TR (Selmeczi 2008). Bauxites
along with their immediately overlying siliciclastic sedi-
ments of the Many Member were sampled at the type local-
ity in the Obarok open-pit (Ob-bx) located at the northern
part of the Vértes Hills (Fig. 2a). The bauxite is red, pelito-
morphic and the sample represents the low-grade, argilla-
ceous base of the deposit, close to the underlying Triassic
carbonate. The immediate cover of the bauxite is a yellow,
medium- to coarse-grained sand of the Many Member (Ob-
Ss). At the Obarok site, the age of bauxite deposition was
roughly estimated by a hematitized trunk of a tree species
existing since the Oligocene that was found in the uppermost
2 m of the bauxite deposit (Mindszenty et al. 2002).

The southern occurrence of the Obarok Bauxite in the
VH is represented by yellow and red, pelitomorphic bauxites
collected in the Orondpuszta open-pit (Or-Bx). This baux-
ite locality forms shallow sinkholes with a maximum depth
of 5 m (Fig. 2a). The age of the bauxite at this location
was estimated as Oligocene by the gastropod fauna found
in the immediate cover of several 10 cm-thick coal seams
(Selmeczi 2008). The Csatka Formation, overlying the coal
seams, was sampled via a micaceous, siliciclastic, grey sand-
stone (Or-Ss) that accumulated in outcrop-sized half gra-
bens reflecting synsedimentary fault activity. The maximum
thickness of the sand exceeds 100 m (Supplementary Data
S1; Fodor 2008). Neither geochronological data nor heavy
mineral-based provenance information was hitherto avail-
able from the Obarok Bauxite.

@ Springer

Methods

The mineralogical composition of the whole rock sam-
ples was determined by X-ray powder diffraction analy-
sis (XRD) at the E6tvos Lorand University of Budapest,
Hungary and the Geoscience Center of Goéttingen Univer-
sity, Germany. Bauxite samples of 500-2000 g have been
crushed and sieved to 63—125 pm for optical heavy min-
eral analysis and LA-ICP-MS zircon U-Pb geochronology.
After 5% acetic acid treatment, the boehmitic-hematitic
aggregates have been disintegrated by a high-energy
ultrasonic homogenizer, which leaves the detrital heavy
mineral grains intact. Heavy mineral separation has been
performed by using 2.89-2.93 g/cm® Na-polytungstate
solution. Whenever it was possible, optical heavy mineral
identification was done using the Ribbon counting method
or randomly on ~ 200 detrital transparent and translucent,
non-micaceous grains per sample embedded in Meltmount
immersion medium of n=1.66 refractive index as pro-
posed by Mange and Mauer (1992).

Zircon grains for U-Pb dating were randomly selected
and embedded into epoxy mounts. In-situ U-Pb dating was
carried out at the GOochron Laboratories of the Geosci-
ence Center Gottingen, using a Resonetics excimer laser
ablation system coupled to an Element2 sector field ICP-
MS following the techniques described by Frei and Gerdes
(2009). Further details about the U-Pb analytical technique
can be found in Kelemen et al. (2017) and Sliwinski et al.
(2017). The precision and accuracy of the zircon U-Pb ages
can be estimated by the compilation of 121 measurements
performed on 16 age reference materials (secondary stand-
ards; see Supplementary Data S2). The age components
were identified and Kernel Density Estimation plots were
generated by the DensityPlotter software (Vermeesch 2012).

Results
X-ray powder diffraction data

Table 2 summarizes semiquantitative proportions of the
mineral phases of the samples. The corresponding XRD
diffractograms are presented in Supplementary Data S3.
The bauxites from Gant have mainly boehmitic and kaoli-
nitic compositions. Ti-carrying phases appear as anatase in
the Bagoly Hill samples (G4-Bx3, Ga-Bx2). Chlorite was
detectable at both the Ujfeltaras and Bagoly Hill locations.
The Ujfeltaras bauxite (G4-Bx1) contains gypsum, while
traces of dolomite are present in sample G4-Bx2.

The bauxites from the Obarok and Orondpuszta loca-
tions contain kaolinite and hematite alike; however, strong
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Table 2 Mineralogy of whole-rock samples, according to XRD analyses

Code G4-Bx1 G4-Bx2 G4-Bx3 Ob-Bx  Ob-Ss Or-Bx Or-Ss Cs-Ls
Sample Grey pel. bauxite  Red pel. bauxite ~ Pebbly bauxite Bauxite  Sandstone  Bauxite Sandstone Limestone
Location Ujfeltérés, Gént Bagoly H., Gant  Bagoly H., Gant Obarok  Obarok Orondpuszta  Orondpuszta  Csakberény
Calcite + ++ +++
Dolomite + +++ ++

Quartz + +++

Gypsum ++

Muscovite (+) + +

Chlorite + + + (+) +

Kaolinite +++ +++ + +++ ++ ++

Boehmite +++ +++ +++

Gibbsite +++

Hematite + +

Goethite ++ +

Rutile +

Anatase + + + ++

Brookite +

Evaluated diffractograms are attached in Supplementary Data S3
+-++ Most intense peaks

++Moderately intense peaks

+Detectable phases

and characteristic gibbsite peaks were acquired from the
bauxite collected at Orondpuszta. The main iron-bearing
phase at Orondpuszta is hematite, while at Obarok goethite
is more dominant. The two bauxite samples show differ-
ences in TiO, phases. While the bauxite from Obarok con-
tains brookite, the Orondpuszta bauxite contains anatase.
The covering siliciclastic sequences of the Many Member
and Csatka Formation (Fig. 2b) are dominated by dolo-
mite, quartz and kaolinite, while calcite, muscovite and
goethite were also detected in their samples.

Heavy mineral spectra

The detailed data are presented in Supplementary Data S4.
Sample G4-Bx1 from ﬁjfeltérés shows a high amount of
authigenic grains (composites of pm-sized particles, mainly
Al-Fe—Ti oxides-hydroxides). The majority of the translu-
cent detrital heavy minerals is zircon, which is mostly euhe-
dral (~68% of zircon crystals). Besides zircon, the Ga-Bx1
sample also revealed garnet, TiO,-minerals, epidote-group
minerals and xenotime-monazite grains. Minor amounts of
tourmaline and sphene were also identified (Fig. 4). Sample
G4-Bx3 from Bagoly Hill contains euhedral ilmenite crys-
tals and their brownish pseudomorphs, while the translucent
detrital heavy minerals are dominated by zircons which are
mostly euhedral (~76% of zircon crystals, Figs. 3 and 4).
Besides zircon, garnet is present as well along with minor

amount of TiO,-minerals, tourmaline, epidote-group miner-
als, pyroxene and apatite (Fig. 4).

The heavy mineral suite of the arenaceous sample of
Sz6c Limestone (Cs-Ls) is mostly composed of non-altered
opaque minerals. Euhedral ilmenite and magnetite crystals
are frequently observed (Fig. 3). The detrital, translucent,
non-micaceous heavy mineral grains are dominated by gar-
net and zircon (~77% of them are euhedral). Significant
amounts of epidote-group minerals have been revealed,
as well and minor amounts of TiO,-minerals, tourmaline,
sphene and staurolite (Fig. 4).

The heavy mineral suite of the Orondpuszta bauxite
(Or-Bx) is mostly composed of zircons (72% are euhedral).
TiO,-minerals, tourmaline, kyanite, staurolite, pyroxene
and amphibole grains are present in minor amounts as well
(Fig. 4). The heavy mineral suite of the cover sand at Orond-
puszta (Or-Ss) is mostly composed of garnets and epidote-
group minerals. Besides, zircons (29% euhedral), staurolite,
pyroxenes, TiO,-minerals, tourmaline, sphene, kyanite and
sillimanite have been detected (Fig. 4).

The heavy mineral suite of the Obarok bauxite (Ob-Bx)
is dominated by zircons (~71% euhedral). Garnet, epidote-
group minerals, TiO,-minerals, staurolite and tourmaline are
present, too (Fig. 4). The heavy mineral suite of the cover
sand (Ob-Ss) contains a high amount of sometimes euhedral
but mostly irregular or strongly transformed opaque crystals,
while the translucent spectrum is again dominated by zircons
(71% euhedral; Fig. 3) and TiO,-minerals.
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Fig.3 Scanning electron microscopic images of euhedral zircon crys-
tals from the Gant Bauxite (a) and from the Obarok sandstone (b).
White bars represent 100 um. Remarkable that the bauxite-hosted
crystals do not show chemical corrosion features, the crystal edges
and faces are fully preserved. Reworked zircon crystals with abraded
edges from the Orondpuszta bauxite (¢). d Scanning electron micro-
scopic image of some characteristic, euhedral and slightly resorbed
ilmenite crystals from the Sz6c Limestone (Cs-Ls). Similar crystals
occur actually in all samples where the Paleogene zircons are present
and are especially abundant in the Obarok cover sandstone (Ob-Ss).
The diameter of the crystals is ca. 150 um

Zircon U-Pb ages

The raw U-Pb data are documented in Supplementary Data
S5. Out of 729 total single grain shots, 636 are concordant
between 90 and 110%; these single-grain ages were used
for further evaluations and interpretations. The 245 con-
cordant ages from the Gant Bauxite Formation contain a
relatively high proportion of Paleogene ages (29% to 65%)
in a relatively narrow range of 45.7+1.0 to 40.7+ 1.1 Ma
(Fig. 5). Besides these Paleogene ages, Archean to older
Neoproterozoic (> 700 Ma), Late Neoproterozoic to Cam-
brian and Devonian to Carboniferous ages are also present.
A remarkable feature of all three Gant Bauxite samples is the
relatively high proportion (~ 13% to 30%) of Middle to early
Late Triassic zircons (Fig. 5). The dissolution residue of the
Sz6c Limestone from Csakberény (Cs-Ls) contains almost
exclusively Paleogene zircon crystals, 42 out of the total 43
concordant ages, with a tight distribution between 41.5+0.6
and 36.4 + 1.1 Ma. The Orondpuszta bauxite (Or-Bx) and
the overlying sandstone (Or-Ss) reveals also Paleogene ages
(~97 and 93%; Fig. 5). Paleogene ages dominate the Obarok
bauxite sample (Ob—BX) as well, with values ranging from
41.6+0.9 to 30.9+ 0.7 Ma. However, the cover sand of the
Obarok bauxite (()b—Ss) contains some Archean to older
Neoproterozoic and Late Neoproterozoic to Carboniferous
zircon ages, similar to the pre-Cenozoic age components of
the Gant Bauxite samples except for the complete lack of
Anisian—Carnian ages (Fig. 5).

The age distributions obtained in the samples were com-
pared by the Kolmogorov—Smirnov test (Press et al. 1986;
Guynn and Gehrels 2010). The test was performed both on
the entire age range and on the Paleogene ages only (Fig. 6).
A part of the Gant bauxite shows similarities and also the
youngest Ob and Or samples yield P values above 0.05,
which level is considered as the threshold for similarity.
Remarkably none of the sample pairs that were deposited
below and above the Sz&c Limestone show similarities with
a probability higher than 0.1%.

Fig.4 Translucent 100 - - —
heavy mineral data of 00 | OOb-Ss sandstone, Obarok (n=196, 71% ZiEu)
the analysed samples g0 1N 0 Ob-Bx bauxite, Obarok (n=175, 71% ZiEu)
.(TIOZ =rutile + ana.tase '.'-brOOk' - B Or-Ss sandstone, Orondpuszta (n=211, 29% ZiEu)
ite, Ky =kyanite, Sil=sil- 70
limanite. Px =pyroxene 60 OO0r-Bx bauxite, Orondpuszta (n=106, 73% ZiEu)
Am=amphibole, Phos- 5 B Cs-Ls limestone, Csakberény (n=203, 77% ZiEu)

hate = apatite + mona- |
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Fig.6 Results of Kolmogorov—Smirnov test for the detrital zircon
U-Pb age distributions of the Vértes Hill samples. The table includes
probability (P) values calculated by the “K-S Test” Excel macro
(Guynn and Gehrels 2010). Grey fields indicate P values>0.05

The age component analysis presents a highly consistent
pattern, which shows strong similarity for all Gant Bauxite
samples (Fig. 7). This similarity is further enhanced by the
general presence of the Anisian—Carnian and Variscan age
components (Table 3). The fairly distinctive 38.3 Ma compo-
nent of the karst infill in the Sz6c Limestone seems to appear
consequently with similar age components (37.4-38.4 Ma)
in all of the Obarok and Orondpuszta samples, bauxites and
sandstones alike, while the Pre-Cenozoic age components
are either underrepresented (Ob-Ss) or missing (Fig. 5;
Table 3). Moreover, three out of four Obarok and Orond-
puszta samples share similar younger age components at
35.1-35.5 Ma and 31.2-32.4 Ma, respectively (Table 3).

To summarize, the U-Pb age components of the Gant
bauxites are markedly different from the Orondpuszta and
Obarok bauxites. The Cenozoic zircons from Gant are
restricted to the late Lutetian, while such ages are subor-
dinate at Orondpuszta and Obarok. In contrast, the latter
localities show distinct Bartonian to Rupelian age compo-
nents. A further striking difference is the high percentage
of Pre-Cenozoic ages in the Gént bauxites, which have only

40 42 44 46 100 200 300 400 500 600 700
Zircon U-Pb age [Ma]

implying that the respective zircon age distributions are not signifi-
cantly different. The line separates the K-S tests performed on the
entire range of obtained ages (lower triangle) and on the Paleogene
ages only (upper triangle)

a minor share or are completely missing in the two other
bauxite deposits (Table 3).

Discussion

Major sources of the bauxites and their cover
sequences

The heavy mineral composition and the detrital zircon age
spectra allow for identifying well distinguishable sources
of the bauxite and the cover deposits. We present the major
sources according to their characteristic zircon U-Pb ages.

Coeval Paleogene felsic-intermediate volcanism

The Paleogene zircons form the youngest age components
and these crystals carry the most important stratigraphic
information. The dominantly euhedral zircons together with
the presumably co-genetic amphibole, pyroxene and euhe-
dral ilmenite grains derive from the Alpine, Pannonian or
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Fig.7 Age spectra and age components of the Paleogene detrital zir-
con U-Pb ages obtained in the bauxite horizons and their cover for-
mations. The components—represented by triangles—are identified
by DensityPlotter software (Vermeesch 2012). The continuous curve
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represents kernel density estimation (bandwidth determined automati-
cally) and the dashed curve represents probability density distribution

(PDP; bin width of the bar plot is 0.5 Myr)
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Table 3 Age components of
the detrital zircon U-Pb data

Cenozoic age components [Ma]

Pre-Cenozoic age components [Ma]

identified by the DensityPlotter Ol Ru Eo Pr Eo Pr-Ba Eo Lu Eo Lu T2 Var Ord N-Prot P-Prot N-Arch
software (Vermeesch 2012) -

Ob-Ss 31.1 374

Ob-Bx 311 352 384

Or-Ss 324 355  38.1

Or-Bx 35.1 37.8 41.6

Cs-Ls 38.3

Ga-Bx3 41.8 43.9 238 354

Ga-Bx2 41.6 43.8 238 357 520

Ga-Bx1 42.1 44.0 242 326 487

All samples  30.8 35.1 37.9 41.8 43.8 238 336 465 605 2016 2586

Ol_Ru Oligocene, Rupelian, Eo_Pr Eocene, Priabonian, Eo_Pr-Ba Eocene, Priabonian-Bartonian, Eo_Lu
Eocene, Lutetian, 72 Middle Triassic, Var Variscan, N-Prot Neoproterozoic, P-Prot Paleoproterozoic,

N-Arch Neoarchean

Dinarid Paleogene volcanic complexes (Fig. 1), most likely
by aeolian transport. Using the component identification
method of Vermeesch (2012) five major Cenozoic eruption
events can be documented in the studied formations, ranging
from Lutetian to Rupelian times (~44 to~31 Ma; Table 3).
Figure 8 shows the comparison of the five age components
identified in the Paleogene data from the VH to the major
activity intervals of the zircon-dated volcanic complexes
of the region. The latter is derived from the zircon data
obtained from the Paleogene peri-Alpine basin deposits (i.e.,
Como Conglomerate, early Glarus, Ponte Pia Formation) as
compiled by Lu et al. (2018). The ca. 44-41 Ma age range is
underrepresented in the northern and southern peri-Alpine

deposits, while they are well recorded in the VH bauxites
and their covers. The source is identified exclusively as the
Adamello complex (Fig. 1; Skopelitis et al. 2011; Ji et al.
2013; Tiepolo et al. 2014). The major, ca. 39-34 Ma age
range corresponds to the source of the northern peri-Alpine
deposits and is most probably also sourced by the Adamello
complex, the most voluminous Paleogene igneous massif
of the Alps (e.g., Pfiftner 2014). The amphibole, pyroxene
and titanite crystals found in the bauxite and sandstone sam-
ples match well with the composition of the characteristic
rocks of the Adamello complex and the subvolcanic dykes
emplaced around it (Bergomi et al. 2015; Schaltegger et al.
2009). The 35-Ma age components might correspond to an
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initial volcanic phase in the Velence complex (Danisik et al.
2015). The youngest, small, but highly diagnostic age com-
ponent (ca. 32-30 Ma) can derive from several sources. In
this case, beyond the Alpine Bergell complex, some igneous
centres in the Balkan peninsula or the Recsk and Velence
complexes (situated within the Pannonian Basin) could be
the source of these zircon crystals (Figs. 1 and 8).

Middle Triassic volcanic formations of the Transdanubian
range

The Triassic zircon age components (242-238 Ma, Table 3)
identified in the bauxite samples from the Gant localities can
be well associated with the Anisian—Lanidian volcanic for-
mations that are widespread in the TR but also in the entire
Southern Alpine—Dinaridic realm (e.g., Szab6 and Ravasz
1970; Palfy et al. 2003; Mundil et al. 1996; Olsavsky 2001;
Beltran-Trivifio et al. 2016; Haas et al. 2017; Kovér et al.
2018; Smircié et al. 2018; Storck et al. 2019). Similar Tri-
assic fission-track ages were already documented on detri-
tal zircon crystals in the Gant site deposits and some other
Paleogene bauxite occurrences of the southern TR (Dunkl
1992). These zircons accumulated on the karstified surfaces
and experienced only local transport towards the dolinas of
the Gant Bauxite deposits. A contribution of the dissolu-
tion residues of Triassic carbonates to the material of the
bauxites in the TR has already been conceptually proposed
by Komléssy (1967).

The U-Pb age distributions in the Gant Bauxite sam-
ple indicate perfect matching with the Anisian-Lanidian
“pietra verde” tuff (Fig. 9). A few younger ages probably
derive from Carnian igneous rocks. This distribution fits
well with the abundance and zircon fertility of the two Tri-
assic magmatic formations in the TR because the “pietra
verde” is widespread in the intra-platform Triassic basins,
and these tuff layers are rich in zircon crystals, while the
younger, mostly intrusive andesitic formations have much
smaller extent and they are relatively poor in zircons (Dunkl
et al. 2019). Some of the euhedral ilmenite crystals might be
assigned also to the Anisian-Lanidian tuffs.

Permian felsic formations

Figure 10 shows the comparison of the pre-Mesozoic zircon
ages from the VH and the compilation of ages from the two
most reliable source terranes. From the bauxites of the VH
only six U-Pb data falls in the Permian period. The nearest
and highly reliable sources of them could be the Permian
felsic formations within the TR (Szemerédi et al. 2020) as
in some areas of the TR the Palaeozoic formations were
exposed to denudation in the Eocene (Kékay 1989).
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Fig.9 Comparison of the Triassic zircon U-Pb ages detected in the
Gant Bauxite samples, the “pietra verde” tuff layers and the andesitic
dikes plus the epiclastic sediments of the Transdanubian Range. The
majority of the Triassic ages detected in the bauxite samples show
perfect overlap with the “pietra verde” age data

Metamorphic formations with pre-Permian protoliths

The detected garnet, epidote, and the scarce appearance of
kyanite, staurolite, xenotime and monazite indicate the expo-
sure of amphibolite-facies metamorphic rocks in the source
areas of the bauxite deposits and their cover strata. The clos-
est outcrops of the metamorphic basement are located in the
Velence Hills about 15 km from the Gant locality (Fig. 1).
However, the Variscan basement of the TR is composed of
very low- and low-grade early Palaeozoic slate and phyllite.
These formations are below the garnet, epidote and stauro-
lite isograds and they are typically poor in zircon crystals
(Lelkes-Felvari et al. 1994). Thus, for the detritus derived
from metamorphic rocks, we have to consider more distant
sources than the TR.

In the adjacent Eastern Alps, the Austroalpine metamor-
phic basement was exposed at a significantly larger area
and the contemporaneous relief was probably more rugged
than that of the TR (Dunkl et al. 2005). Thus, we consider
the (proto-)Eastern Alps as a potential source of Paleogene
clastic sediments of the TR. Another potential source area
is the Bohemian Massif which is composed of igneous and
metamorphic rocks and was exposed to erosion during the
Eocene (Ziegler 1990). Figure 10 contains a compilation of
zircon U-Pb ages that aims to describe the characteristic
age signatures of the southern Eastern Alps and the south-
ern Bohemian Massif. The composition of these data sets is
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described in Supplementary Data S6. In the case of the Alps,
we should keep in mind that the Penninic basement forma-
tions were not yet exposed to the surface implying that the
proportion of the Variscan felsic formations was subordinate
(<5% of the zircon ages) compared to the schists containing
mostly pre-Variscan zircons (Mandl et al. 2018; Haas et al.
2020; Siegesmund et al. 2021). That is the reason for the sig-
nificant contrast to the age pattern from the Bohemian Mas-
sif (approx. 30% Variscan ages; Fig. 10), which at the time
already exposes giant Variscan granitoid complexes besides
the metamorphic rocks of pre-Carboniferous protoliths.

While the bauxite samples reveal pronounced matching
with the southern Bohemian Massif, the sandstones from
VH show less Variscan ages but a well-developed Ordovi-
cian age component appears (Fig. 10). This indicates more
similarity to the Alpine age pattern, especially when con-
sidering that in the Southern Alps the Ordovician porphyry
bodies were probably exposed already in Eocene time, which
have relatively high zircon fertility (Sollner et al. 1997).
Therefore, we suggest that the metamorphic-intrusive rocks
of the south-eastern part of the Eastern Alps (and partly the
Southern Alps) supplied the majority of the metamorphic
detritus as well as most of the pre-Mesozoic zircons into
the VH sandstones.

Stratigraphic implications of the new Paleogene U-
Pb data

The new zircon U-Pb data allow to improve the chron-
ostratigraphic constraints on the studied lacustrine-fluvial-
lagoonal-marine assemblages and it is now possible to
describe the evolution of the VH in more detail (Fig. 11).
The age component analysis yields highly consistent
results for the Gant Bauxite samples as follows: in all three
samples, two age components appear at ~44 and 42 Ma.
The similar age components indicate homogenous admix-
ture within the sampled deposits of the Gant area (Figs. 6

U-Pb age [Ma]

and 7). The U-Pb ages indicate that the Gant Formation
and thus the cover sequences are younger than previously
estimated (Dunkl 1992; Kercsmar et al. 2008). However,
a possible late Lutetian to early Bartonian formation age
of the bauxite was already postulated based on biostrati-
graphic data of the cover (Kecskeméti 1998).

During the ~44-42 Ma period, the whole area was sub-
ject to denudation, which could represent a subtropical
etchplain (Kaiser 1997). However, the U-Pb zircon age
spectrum suggests that not all investigated karstic sink-
holes were open and bauxite accumulation could happen
only in a few depressions (i.e., at Gant; Fig. 11a). Dur-
ing the Lutetian/Bartonian transition at ~41 Ma, just after
the Gant Bauxite deposition has ended, the Vértes Ridge
could start to form and separate the NW and SE areas,
which both were subjected to terrestrial to lagoonal clastic
sedimentation with coal seams (Fig. 11b). New biostrati-
graphic data from Charophytes (Trabelsi et al. 2021) sug-
gest a long period of deposition of the cover sequence
over the whole of the Lutetian implying that the Gant
Bauxite might be as old as the earliest Lutetian. However,
the precise U-Pb zircon ages of the Gant Bauxite nar-
rowed down the formation of the cover sequence to the late
Lutetian (~42 Ma) to late Bartonian (~38 Ma) period. A
major marine transgression within the Bartonian caused
the almost complete flooding of the VH; along the high-
est paleotopography (the Vértes Ridge) platform carbon-
ates formed while a shallow bathyal basin developed in
the NW, and a shallower, mixed siliciclastic to carbonatic
basin in the SE (Fig. 11c; Palfalvi et al. 2006; Kercsmér
et al. 2008). The new, independent geochronological data
suggest that the uppermost strata of the Sz6c Limestone
were still deposited in the latest Bartonian, which is in
agreement with former paleontological studies (Kollanyi
et al. 2003; Ozsvart 2003) and recent Charophyte stud-
ies (Trabelsi et al. 2021). During this flooding, almost
the complete area was covered by sediments, while some
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Fig. 11 Reconstruction of the palacogeographic evolution of the
Vértes Hills in six time slices between middle Eocene and early Oli-
gocene. The present-day contour of the Mesozoic outcrops and the
fault pattern can be used for orientation (see more details in Fig. 2a).

locally uplifted blocks witnessed ongoing bauxite sedi-
mentation, i.e., Orondonpuszta on the SW and Obarok on
the NE (Fig. 11c¢).

The ~35 Ma age of bauxite formation at Orondpuszta
points to a well-defined Priabonian bauxite accumulation
event so far undetected in the s. s. TR (Fig. 11d). The results
from this site underline the importance of detrital U-Pb zir-
con geochronology in establishing chronostratigraphic rela-
tions when paleontological data are not available or of poor
resolution. Bauxite deposition happened in the SE when the
carbonate platform of the Vértes Ridge prograded north-
westward and the NW basin part could be still open. Local
deformation events probably uplifted locally some areas
along faults and controlled the local exposure and karstifi-
cation of the Triassic rocks (e. g., Obarok and Orondpuszta;
Fig. 11d).

After uplift and regional denudation in the earliest Oli-
gocene ('infra-Oligocene denudation' sensu Telegdi Roth
1927), the periphery of the VH subsided slowly and was
covered by the fluvial Csatka Formation (Fig. 11e; Korpas
1981). The early Oligocene age of the Csatka Formation

@ Springer

For the reconstruction, the new age constraints were combined with
the stratigraphic record revealed by the latest re-mapping of the area
(Budai et al. 2008)

(the cover sand at Orondpuszta site) is now well defined
(Fig. 12), with more reliability than the paleomagnetic
or structural data used before (Fodor 2008; Sipos-Benkd
et al. 2014) and is somewhat older than the estimated age
of ~30 Ma in a nearby borehole (Danisik et al. 2015). During
this time the Obarok karstic dolines were open and accumu-
lated weathering products (Fig. 11e).

The age of the bauxite formation at Obarok was debated
ever since the Oligocene tree trunk was recovered from the
uppermost 2 m and used to estimate its stratigraphic posi-
tion (Mindszenty et al. 2002). This is because the trunk
might have been resedimented after the main bauxitic
weathering event as a result of erosion of plant remnants
from the surrounding karst terrain. The stratigraphic range
of the trunk is also questionable. However, the new zircon
U-Pb age data prove independently the early Oligocene
bauxite formation event since the zircons were acquired
from samples collected from the basal part of the Obarok
Bauxite. The new U-Pb age data of the Many Member
cover sand at Obarok are in good agreement with the zir-
con distributions of the underlying bauxite and suggests
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Fig. 12 Modified stratigraphy
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relatively continuous sedimentation (Figs. 5, 7, 12). The
formation of the cover sequence can be correlated to the
ongoing subsidence which was relatively fast during the
middle part of the Oligocene, from ca. 31-28 Ma (Baldi
1986; Tari et al. 1993). The sedimentation of the VH
remained dominantly fluvial but brackish intercalations
occurred both in the NW (Tari et al. 1993) and in the east-
ern surroundings (Fig. 11f).

Timing of Paleogene ferrallitic weathering
and denudation phases in Vértes Hills

Beyond the stratigraphic implications, the Paleogene zircon
ages obtained from the VH samples allow the subdivision
of alternating weathering-denudation and sedimentation
phases recorded in the bauxitic sediments and the clastic
and carbonate cover sequences, respectively, which could
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be extrapolated to the entire TR or even to the Carpathian
and the Eastern Alpine region. The ~44 and ~42 Ma age
components detected in the Gant Bauxite deposits indicate
that the volcanogenic material could completely transform
to bauxite in a relatively short time, until the development
of the lacustrine cover. Thus, these ages mark the first well-
dated Paleogene ferrallitic weathering period in the VH,
which corresponds to the Middle Eocene Climatic Optimum
peaking at 42-40 Ma (MECO; Zachos et al. 2008; Boscolo
Galazzo et al. 2014; Westerhold et al. 2020). However,
the onset of this first Paleogene bauxite formation period
remains an open question due to the lack of Cretaceous to
early Eocene volcanogenic zircon supply (Fig. 1).

The ~38 Ma age components in the Bartonian Cs-Ls sam-
ple define the maximum sedimentation age of the upper-
most part of the Sz6c Limestone and thus mark the oldest
possible onset of the second Paleogene bauxitic weathering
period. The local exposure of the Middle Eocene marine
strata already in early Priabonian time is deduced from the
presence of a~20 m-thick sand layer in the Lb-II drillcore
to the east of the VH deposited between middle and upper
Eocene marine sequences (Kercsmaér et al. 2008) (Fig. 10c).
The U-Pb ages of the Orondpuszta bauxite assign this yet
unknown bauxite formation period to the late Priabonian
(maximum age of ~35 Ma), which corresponds to the last
warm period before an eventual climate deterioration related
to the early Oligocene glaciation around 33.5 Ma (e.g.,
Zachos et al. 2008; Westerhold et al. 2020). The ~35 Ma age
can also be considered as the first geochronological evidence
regarding the beginning of the so-called 'infra-Oligocene
denudation'. Our data suggest that the denudation started
already in the latest Eocene, instead of the early Oligocene
as proposed by Telegdi-Roth (1927). The intense erosion,
which resulted in the massive siliciclastic sediment transport
from the Alps reached the VH no later than the earliest Oli-
gocene as recorded in the ~32 Ma cover sediments (Csatka
Formation) at the Orondpuszta site, which was affected
by subsidence and basin formation during that time. This
age also marks the end of the 'infra-Oligocene denudation',
which now can be constrained between ~35 and ~ 32 Ma as
suggested by our data (between the steps shown on Fig. 11d
and e). At first, the denudation was restricted to locally
elevated blocks, i.e., the bauxite deposits at Orondpuszta
(~35 Ma), but became regional by the earliest Oligocene.
The ~32 Ma maximum age of the Csatka Formation is coe-
val with the general increase of the sedimentation rate in
the peri-Alpine basins (Kuhlemann et al. 2001). Since the
Csatka Formation at Orondpuszta accumulated along a syn-
sedimentary fault system, the ~32 Ma age also dates tectonic
activity within the area. Seismic data indicate a strong con-
nection to the possibly coeval Mor Fault at the SW boundary
of the VH (Fig. 2a, N of the Orondpuszta site) along which
the up to 800 m-thick Csatka Formation of Alpine origin
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accumulated (Fodor 2008; Selmeczi 2008). The apparent
maximum age gap of ~3 Myr between the Orondpuszta
bauxite and its siliciclastic cover sediments can correspond
to the time span of the ‘infra-Oligocene denudation’, or
might be represented, at least partially, by the coal seams
present between the two formations.

The U-Pb ages of the Obarok bauxite define the third
intense, subaerial weathering period of the VH with a max.
age of ~31 Ma, which may be related to a small warming
interlude within the early Oligocene glaciation (e.g., Zachos
et al. 2008). Afterall, since ferallitic weathering requires a
hot humid climate, conditions must have been sufficiently
warm and humid for an early Oligocene bauxite formation
sustaining a subtropical flora (Mindszenty et al. 2002; Kocsis
et al. 2014). Even though the two dated Priabonian and early
Oligocene bauxite formation periods seem well separated in
time, it is hard to rule out the possibility of several episodes
of bauxite formation during the latest Eocene to early Oli-
gocene time span. This could take place preferentially on
elevated blocks (isolated from the coarse clastic supply of
the Csatka Formation) over the entire period but the bauxites
are only occasionally preserved (Fig. 12). Nevertheless, the
Obarok bauxite most likely represents the youngest ferallitic
weathering period in the region, which continued at least
until middle Rupelian time, i.e., beyond the onset of global
cooling at the Eocene—Oligocene transition.

Implications for the late Eocene—early Oligocene
palaeogeography (ca. 41-32 Ma)

Considering the new data, the original stratigraphical col-
umn (Fig. 2b) can be modified including the major elements
of the provenance pattern (Fig. 12). Three modes of sedi-
ment transport are distinguished and allow for a detailed
palaecogeographic reconstruction for the late Eocene to early
Oligocene (Fig. 13).

Local sources

The erosional products derived from the TR experienced
only short transport, most likely by minor, episodic and/or
seasonally active creeks on the karstic surface. The most
prominent local contribution to the bauxites is Middle Trias-
sic zircons from the “pietra verde” tuffs. Moreover, reworked
rare Permian zircons may derive from the post-Variscan fel-
sic formations of the TR and a minor proportion of the older
zircon grains may derive from the Palaeozoic formations
exposed close to the VH.

Fluvial transport from the eastern Alps

The palinspastic reconstructions suggest that the TR occu-
pied a more western position in Paleogene time, closer to the
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Fig. 13 Paleogeographic sketch-map of the Alpine-Carpathian-Pan-
nonian region in late Eocene—early Oligocene. Grey dotted lines are
the contours of the palinspastically restored Eastern Alps, Transdanu-
bian Range and Western Carpathians from Frisch et al. (1998) and
Kazmér et al. (2003). Positions of the Adamello and the Northern
and Southern Alpine flysch deposits are taken from Lu et al. (2018).
Arrows indicate the major radial river systems draining the exhum-
ing and uplifting Alps (I and II) and the axial ‘paleo-Drau River’ that
delivered volcanoclastic detritus to the Transdanubian Range (III).
The vertical and horizontal patterns distinguish volcanoclastic materi-
als that experienced fluvial transport as siliciclastic detritus or aeolian
transport as volcanic ash, respectively. A significant contribution of
Variscan zircons most likely arrived at the Transdanubian Range via
aeolian transport from the Bohemian Massif, widely exposed during
the Eocene as part of the European Platform (Kovac et al 2016). RBH
Rhenish-Bohemian Highlands, CA Central Alps, EAB Eastern Alpine
Basement, NCA Northern Calcareous Alps, PB Pannonian Basin, SA
Southern Alps, 77 Tisza Unit, TR Transdanubian Range, VH Vértes
Hills, WA Western Alps, WC Western Carpathians. a Taveyannaz fly-
sch basin, b Trentino basin (Lu et al. 2018), ¢ siliciclastic Oligocene
in the Transdanubian Range (Benedek et al. 2001), d Paleogene tuff
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fine-grained successions (Baldi 1984; Dunkl 1992, this study), e, f
tuff layers in the Central-Carpathian Basin and in the Magura nappe
(Soték 2010; Van Couvering et al. 1981)

present-day Eastern Alps (e.g., Kazmér and Kovacs 1985;
Schmid et al. 2008; Héja et al. 2018). For the origin and
provenance of the high amount of Oligocene siliciclastic
sediments of the TR Korpas (1981) proposed an eastward
flowing palaeoriver system originating in the Eastern Alps,
which is underlined by the petrographical, mineralogical,
geochemical and thermochronological data of Benedek et al.
(2001). The pre-Mesozoic U-Pb ages of the VH sandstone
samples further support such provenance (Fig. 10; for an
explanation of the higher proportion of Ordovician ages see
Sect. “Metamorphic formations with pre-Permian proto-
liths™). The eastward transport of Paleogene volcanoclastic
material and detritus from the Eastern Alpine metamorphic
basement is assigned to the “palaeo-Drau” river system.
Placing the VH data in a wider context allows for
depicting the late Eocene to early Oligocene denuda-
tion pattern of the proto-Alps, and to distinguish the

volcanoclastic-bearing formations by their mode of trans-
port (Fig. 13). Beyond the radial river systems that trans-
ported the eroded sediment from the emerging Alps to
the northern- and southern Alpine foreland basins, the
tectonically already active Periadriatic Fault (Figs. 1 and
13) generated a weak zone giving way to the palaco-Drau
River that fed the basins in the TR. In our reconstruction,
the airborne tuff and volcaniclastic layers in fluvial and
marine deposits of these basins are distinguished from
the airborne, but later bauxitized sediments in the karstic
depressions (Fig. 13).

Aeolian transport from the Bohemian Massif and the coeval
volcanoes

The scarce rounded ultrastable heavy minerals and pre-
Eocene zircons in the bauxite deposits indicate the lack of
massive contributions by fluvial transport from exposed
basement areas. It also implies that the karstic surfaces with
bauxite formation in Paleogene time in the VH constituted
elevated positions above the surrounding basins filled by
rivers or by marine sedimentation. It is thus highly plau-
sible that the major mass of the primary sediment of the
bauxite arrived at the karstic dolines by aeolian transport.
This kind of transport is obvious in the case of the Paleo-
gene mainly euhedral zircons from synsedimentary volcanic
eruptions and proven by the intact tuff layers preserved in
fine-grained sediments of the marine sequences of the region
(Béldi 1984).

To identify the potential sources of the pre-Mesozoic
zircons of the bauxites, a comparison of the zircon ages
obtained from the sandstone and bauxite samples is cru-
cial (Fig. 10). The Alpine source for the bauxitic sediments,
as proposed for the Oligocene sandstones, is contradicted
by their high proportion of Variscan zircon content. The
Bohemian Massif represents the present-day exposed part
of the Rhenish-Bohemian Highlands that emerged along the
southern margin of the European continent in Eocene time
(Kovac et al. 2016). The abundance of Variscan felsic igne-
ous formations and amphibolite facies metamorphic rocks
with early Palaeozoic and even older protoliths within the
Bohemian Massif matches well to the zircon age spectra
obtained in the bauxites (Fig. 10). The derivation of detri-
tus from the European continent by fluvial transport was
impossible, as the Alpine-Carpathian-Pannonian micro-con-
tinent assemblage, including the VH, was separated from
the Rhenish-Bohemian Highlands by a marine domain, the
Alpine-Carpathian foreland system (e.g., Kovac et al. 2016)
(Fig. 13). Thus, we propose that beyond the volcanic ashes,
also pre-Permian (especially Variscan) igneous-metamor-
phic material from the Bohemian Massif reached the karstic
areas by aeolian transport.
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Conclusions

— According to the detrital zircon U-Pb age spectra and
the heavy mineral content the precursor material of the
bauxite deposits of the Vértes Hills and their siliciclas-
tic covers have the following four major sources: (i) the
Middle Triassic “pietra verde” bentonitic tuff and minor
subvolcanic bodies that are a part of the underlying car-
bonate sequence, (ii) metamorphic detritus from the East-
ern Alps, (iii) metamorphic and Variscan igneous rocks
from the Bohemian Massif or other parts of the currently
covered European Rhenish-Bohemian Highlands and (iv)
from the coeval Paleogene volcanism in the Alps and
probably also from volcanoes of the Balkan peninsula
and the Pannonian Basin. Palacozoic formations of the
Transdanubian Range, i.e., the Permian felsic igneous
rocks, might supplied some minor amount of siliciclastic
material.

— While the subsequently bauxitized magmatic and meta-
morphic materials reached the emerged karstic plateaus
mostly by aeolian transport, the components of the Oli-
gocene sandstone cover layers were transported by riv-
ers during the initial subsidence of the formerly elevated
plateaus.

— The new provenance indicators allow for refining the
late Eocene—early Oligocene paleogeographic recon-
struction of the Alpine-Pannonian region and empha-
size the significance of east-directed sediment transport.
Moreover, we outline a new scheme for the distinction
of airborne tuff layers, bauxitic sediment, and fluvially
transported volcanoclastic sequences.

— U-Pb age components of the zircon crystals from Paleo-
gene ashfall events preserved in the bauxitic sequences
constrain the timing of deposition and the periods of
intense ferallitic weathering. The Paleogene palacogeo-
graphic evolution of the Vértes Hills can be described in
six detailed time slices from 44 to 31 Ma.

— The humid tropical to subtropical conditions required for
the formation of bauxitic deposits must have prevailed
in the studied area until at least 31 Ma, i.e., beyond the
onset of global cooling at the Eocene-Oligocene transi-
tion.
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