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Abstract: The paleoenvironmental and tectonic history at the southwestern end of the Malé Karpaty Mountains was  
reconstructed using sediment analysis, mineralogy, and dating. Numerical ages using 26Al/10Be burial age dating, 230Th/U 
ages and luminescence age dating are combined to infer the Pliocene and Pleistocene development of the Hainburg Hills 
region. This study investigates sediments from two caves separated by a height difference of 92 m as well as aeolian 
cover sands from a fissure. The cave deposits are very unlike as one is a carbonate precipitate and the other sediment 
infill, but both preserve information on the uplift/incision at the Alpine-Carpathian border. Emplacement of coarse-
grained fluvial deposits from the upper cave was dated to 4.1–4.6 Ma using terrestrial cosmogenic 26Al and 10Be in selected 
quartz cobbles. Calcite precipitates from the lower cave were 230Th/U dated on three morphologically slightly different 
cave rafts. Ages calculated from pristine calcite are least prone to alteration and give a time of formation at ~0.31–0.34 Ma. 
Vertical offset rates calculated from ages and positions above the recent streambed of the Danube vary between 36–42 m/Ma 
for the higher position and 162 m/Ma at maximum for the lower cave and point to increased uplift/incision that has  
been described from other areas in the Eastern Alps and the Pannonian Basin System. Deposition of aeolian sand cover 
was constrained to 13.6 –15.6 ka (pIRIR225 signal) and the presence of sand as opposed to its transport/erosion suggests 
a change in wind velocities at the Hainburg Gate. This can possibly be correlated to the termination of a cold phase with 
decreasing continentality accompanied by decreasing atmospheric pressure gradients. Minerals such as hematite and 
smectite as well as traces of poorly crystallized iron oxides found in the matrix of the upper (older) cave, were formed 
during warm and humid climate conditions facilitating lateritic soil formation. This is a remnant from the late Miocene 
or Early Pliocene soil that formed in a subtropical climate.

Keywords: burial age dating, 230Th/U dating, uplift, Danube, cave sediment, lateritic soil, cosmogenic nuclides, isochron, 
Hainburg Hills.

Introduction

Fluvial sediments at elevated positions may document uplift 
and/or incision of an area and, if the timing of deposition can 
be determined, can be used to calculate rates of vertical dis-
placement relative to the base level. Caves and their sediments 
are often related to the former base level and can conserve this 
information for long time spans. In caves, different numerical 
dating techniques that cover various time spans can be applied: 
most common is dating of speleothems using 230Th/U dating in 
the precipitated carbonate but this method reaches its limit at 
roughly 0.5 Ma (e.g. Scholz & Hoffmann 2008). This dating 
method will inherently provide a minimum age of cave forma-
tion, as speleothems form after speleogenesis and possibly 
after a substantial lag time. Another technique that has evolved 
in the last two decades is burial age dating using the cosmo-

genic nuclide pair 26Al and 10Be to determine the emplacement 
of quartz sediments in a cave (e.g. Granger et al. 2001;  
Haeuselmann et al. 2007; Bella et al. 2019). This method can 
resolve the time interval 0.2–5 Ma. Another way to assign  
a numerical age to sediment deposition is luminescence  
dating, which is suitable for fine-grained sediments and has  
a temporal resolution of tens of years to ~0.5 Ma. Lumines-
cence age dating determines the time when quartz or feldspar 
minerals were last exposed to daylight during sediment trans-
port and subsequently shielded from daylight after deposition 
(Preusser et al. 2008; Wintle 2008; Rhodes 2011). 

The Hainburg Hills form the southernmost part of the Malé 
Karpaty Mountains (Kleine Karpaten) located south of the 
present course of the Danube river. They are a prominent  
elevated range at the Austrian-Slovak border between the low-
lands of the Vienna Basin and the Little Hungarian Plain/
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Danube Lowland. So far, hints on the uplift history are given 
by the correlation of sediment terraces (Wessely 1961; 
Halouzka & Minaříková 1977) and by an intensively studied 
Pliocene and abundant Early Pleistocene fauna from different 
caves opened in a quarry (Frank & Rabeder 1997a). Up to date 
no attempts have been made to study the uplift of the Hainburg 
Hills using numerical methods. However, some attempts have 
been made to numerically date the incision of the Danube river 
and/or the mountain uplift at other locations at the Alpine-
Carpathian transition to study the movement within various 
blocks integrated over different timespans. Apatite fission 
track data in exhumed crystalline rocks in the Malé Karpaty 
Crystalline Unit (Danišík et al. 2004) as well as 26Al/10Be 
burial age dating of cave sediments within the Malé Karpaty 
(Šujan et al. 2017) were used to calculate uplift for the larger 
region.

In this study, we focus on two recently excavated karst cave 
chambers. One cave is located 150 m above the mean water 
level of the Danube and 168–175 m above the base of the 
Danube sediments. It is filled with bright red clay and quartz 
cobbles. The aim of this study is to determine the timing of 
gravel deposition and to calculate the vertical offset rate. We 
use burial age dating but due to little or unknown overburden 
we apply the isochron technique for age calculation on seven 
quartz cobbles (Balco & Rovey 2008). In addition, we use 
230Th/U-dating of cave rafts in a second cave located 92 m 
below the cave chamber filled with red matrix and quartz gra-
vel as a second tie point to determine vertical movement rela tive 
to the base level. Our results are compared with previously 
published uplift/incision rates and to age ranges of fossil fin-
dings from the closer vicinity and similar heights (Frank & 
Rabeder 1997a). A second issue is the investigation of paleocli-
matic conditions using matrix minerals. Numerical dating in 
com bination with paleoenvironmental evidence is used to estab-
lish a sequence of sediment accumulation events to reconstruct 
the Pliocene and Pleistocene history of the Hainburg Hills.

Study area

The Vienna Basin developed in the Neogene (predominantly 
Miocene) at the transition of the Eastern Alps and the Western 
Carpathians and is filled with mainly marine and to a lesser 
extent, lacustrine sediments (Strauss et al. 2006; Fig. 1). Its 
eastern border northeast of the Lower Austroalpine Leitha 
mountains is formed by the Malé Karpaty and the Hainburg 
Hills that consist of a Paleozoic magmatic and metamorphic 
basement and Mesozoic cover sediments. East of this dis-
sected hilly range, the Danube Basin (Kisalföld or Little 
Hungarian Plain) also formed during the Miocene (Sztanó et 
al. 2016). The Danube Basin is a part of the Pannonian Basin 
System and is separated from the Great Hungarian Plain by 
another uplifted basement high zone, the Transdanubian 
Range (Fig. 1a).

The Hainburg Hills form a 10 km-long E-W-oriented  
ridge and several smaller hills with the highest elevation at  

the Hundsheimer Berg (480 m; Fig. 2) and separate the Vienna 
Basin from the Danube Basin. As part of the Internal Western 
Carpathians they consist of (base to top) Variscan magmatic 
and metamorphic rocks (Bratislava granodiorite intrusion age: 
351–355 Ma, Uher et al. 2014) covered by Mesozoic sedi-
ments, mainly Middle Triassic carbonates (Wessely 1961). 
The Alpine orogeny led to a low-grade metamorphism and 
subsequent exhumation. During the Miocene, predominantly 
marine sediments were deposited. In the late Miocene 
(Pannonian) the environment shifted to lacustrine, deltaic, and 
fluvial conditions. Fluvial deposits that often contain coarse 
gravels dominate in the Plio- and Pleistocene. The paleo- 
Danube river had its main channel south of the Hainburg Hills 
and the change to its present (i.e. northern) position occurred 
presumably during the Middle Pleistocene (Wessely 1961; 
Zámolyi et al. 2017; Šujan et al. 2018).

The Hainburg Hills mark the edge of two basins with diffe-
rent sediment accommodation spaces. Quaternary sediments 
to the west, in the central Vienna Basin directly south of  
the Danube are very thin with a maximum thickness of 10 m 
overlying late Miocene sediments (Fig. 1b). As summarized 
by Salcher et al. (2012) farther to the south, those sedi ments 
may reach up to 175 m (Mitterndorf Basin, MB, Fig. 1) or 
90 m (Lassee Depression, LD, Fig. 1), Obersiebenbrunn 
Depres  sion, Aderklaa Depression) north of the Danube.  
In com  parison, Quaternary sediments in the Danube Basin 
may reach over 400 m in its central part (e.g. Šujan et al. 
2018). In contrast to the Vienna Basin, Quaternary sediments 
east of the Hainburg Hills are little affected by tectonic 
displacement.

Bad Deutsch-Altenburg is a village at the western margin of 
the Hainburg Hills that is known for its thermal sulfuric spa 
since Roman times. The village is located at the Danube river 
with a present average water level at about 140 m a.s.l. and  
a water depth of 2 to 5 m. Sediment thickness upstream of  
the Hainburg Gate is estimated to 7–15 m a.s.l. (Zottl & Erber 
2003) and accordingly the base of the Danube sediments is 
estimated between 131 and 120 m a.s.l.

25 karst caves have been documented at the western and 
southern slope of the Hundsheimer Berg and Spitzerberg.  
All caves show signs of a hypogenic speleogenesis and almost 
all were discovered during quarrying (Plan & Spötl 2016; 
Spötl et al. 2017). The elevations of the caves range from 142 
to 310 m a.s.l. While most caves show signs of a hydrothermal 
origin, the morphology of the ones north of Bad Deutsch-
Altenburg reveal sulphuric acid speleogenesis (De Waele et al. 
2016). East of this village an impressive quarry covers an area 
of c. 0.5 km² and exposes rock from 190 m a.s.l. to the former 
summit of Pfaffenberg at 331 m a.s.l., that has been removed 
by open-pit mining. Mining activity in the Hollitzer quarry 
(named after its first owner) dates back to 1906. Extracted 
 lithologies are Middle Triassic dolomite and limestone as well 
as Jurassic carbonate breccia (Wessely 2006). Miocene Leitha 
limestones (Badenian Stage / Langhian to early Serravalian) as 
well as conglomerates, sandstones and marls (Sarmatian / late 
Serravalian) partly cover these rocks in the south and east.  
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At the top, fine-grained, loess-like aeolian sediments with  
a thickness of up to a few meters are cropping out.

In 1908, a first cave containing a rich fossil vertebrate fauna 
was discovered. Subsequently, a total of 51 smaller and larger 
fossil bearing karst cavities were opened during quarrying 
(Mais & Rabeder 1977; Frank & Rabeder 1997a and refe
rences therein). Most of the caves were sediment-filled and 

progressive mining revealed a connection between the caves 
in many cases. Most of the fauna is of Early Pleistocene age 
and was found in cavities between 233 and 312 m a.s.l. It com-
prises molluscs, amphibians, reptiles, aves, and mammals  
and is considered as important assemblage for this period for 
Central Europe (Maul & Markova 2007; Nadachowski et al. 
2011; GarciaIbaibarriaga et al. 2015). Middle Pleistocene 
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fossils – mainly large mammals – are 
restricted to one low- lying cave  
(205 m a.s.l., Frank & Rabeder 
1997a). Only some unroofed cavities 
(“Spalten” sensu Frank & Rabeder 
1997a) in the uppermost part (285 to 
312 m a.s.l.) contained fossils of the 
“Gilesian stage” – this corresponds to 
the late Pliocene (Piacenzian, 2.58 to 
3.60 Ma) according to the current 
stratigraphic table (Cohen et al. 2013) 
and middle Pliocene accor ding to the 
old one used by Frank & Rabeder 
(1997a). All of these Spalten were 
completely filled by a reddish soil 
(“terra rossa”) that partly contained 
gravels.  

During the last decade six caves 
were accessible in the Hollitzer quarry 
at elevations between 199 and 293 m 
a.s.l. (Plan 2019). The longest is 
Hollitzerhöhle III with a length of  
117 m. All caves have cupola mor-
phologies and other signs of a hydro-
thermal origin probably under 
phreatic conditions. Neither thick 
deposits of clastic sediments nor 
 fossil-bearing layers are present, but 
most of the caves contain cave pop-
corn and two of them cave rafts.  
The latter are thin flakes of carbo nate 
that form at the surface of cave pools 
due to evaporation (Hill & Forti 1997) 
and eventually sink to the ground when they become too heavy 
or are hit by dripping water. Due to the thermal gradient 
between water and cave air, they are abundant in hydrothermal 
caves (e.g. Szemlőhegyi and Józsefhegyi Caves in Budapest; 
Szanyi et al. 2012).

Field observations and sampling

In February 2015, the excavation of a large soft sediment 
outcrop that contained quartz pebbles was reported from the 
Hollitzer quarry. The quarry was successively visited during 
three stages of excavation. On 25/2/2015, a 15 to 20 m wide 
and at least 20 m high cave chamber, filled with large well-
rounded quartz cobbles in a flashy red matrix was exposed 
(Fig. 3a, c). The sedimentary fill was mostly matrix supported 
with no observable sorting or sedimentary structure. The cave 
ranged from quarry level 280 to 300 m a.s.l. (WGS84 
48.131101°N, 16.922994°E) and was open towards the upper 
level. The cave walls were exposed and showed undulating 
round and occasionally cupola-like corrosional morphologies. 
Some parts were coated by a millimeter-thick layer of flow-
stone. As the surface has spherical morphology similar to cave 

clouds, that form under phreatic conditions, it seems likely 
that this cave also formed under such conditions. Seven large 
quartz cobbles (HOL3) from the same height were sampled 
for 26Al/10Be burial age dating from the sediment of this cham-
ber at 290 m a.s.l. (Fig. 3f).

At the top of the quarry within pockets of the karstic bed-
rock surface (Fig. 4), cavities open to the surface were also 
filled with coarse cobbles. Only the uppermost cover of  
the void consisted of well-sorted fine sands. Based on lamina-
tion and uniform grain size, those sediments were identified  
as in-situ and most likely of aeolian origin. Wind transported 
sediments guarantee sufficient light exposure of mineral 
grains before deposition to fully reset the luminescence clock 
by optical bleaching and are particularly suitable for the appli-
cation of optical dating techniques. Two samples were taken 
from dif ferent pockets in light tight stainless-steel tubes (see 
Fig. 3d), with sample HOL1 at an altitude of c. 310 m a.s.l. 
and sample HOL2 in a position c. 5 m higher. Sediment in 
direct contact to each luminescence sampling spot was taken 
for determination of the natural background radiation using 
high resolution, low-level gamma spectrometry.

During a second visit (21/11/2016) this chamber and its fill 
had been largely removed. We estimate from field observation 
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that the chamber covered an area of  
c. 20 ×  >10 m and was more than 20 m 
high with a volume of  > 4000 m³. 
During this visit, sediments with simi-
lar sedi mentary facies (i.e. red matrix 
and large quartz cobbles) were 
exposed at 280 and 300 m a.s.l. and 
were sampled for granulometry and 
minera logical inves tigation (samples 
HOL16/3A, 16/3B, 16/3C, 16/3D, 
16/5A and 16/6A, see Fig. 4). At the 
top level of the quarry the gravel 
formed a body with concave erosional 
contact to the Neogene rock below 
(Fig. 3c) and contained – apart from 
abundant quartz – few clasts of 
intensely weathe red magmatic and 
metamorphic rocks that disintegrated 
on touch. The cobbles long axes were 
dipping towards south with foresets  
in the same direction (Fig 3a). Within 
the sediment body one sand lens was 
exposed and sampled for mine ralogy 
and heavy mineral analysis (sample 
HOL16/3B, Table 1).

On 9/8/2017, an impressive fault 
with partly polished slicken sides was 
exposed with at least 50 m length and 
15 m height above the 280 m a.s.l. 
quarry level. It was located 50 m ENE 
(hill-wards) from the former sediment 
filled cave (WGS84 48.131269°N, 
16.923672°E). The fault plane was 
dipping west (267/45) and another 
possibly first generation of lineation 
with wide and deep scratches was dipping 325/55 with  
a dextral/normal shear sense. A less prominent probably 
younger lineation showed a pure dip slip normal direction. 
The fault cut through Miocene (probably Sarmatian) con-
glomerates. 

In the uppermost part of the quarry (c. 310 m a.s.l.),  
where vegetation was freshly removed, a network of at least  
3 m-deep and 0.5 to 1 m-wide vertical fissures was exposed 
(Fig. 3e, f). They were filled with quartz cobbles in a red 
matrix similar to the previously found cave sediment.  
The walls of the conglomerate towers in between showed  
a striking corrosive morphology with abundant decime-
ter-wide pockets. The pockets resembled dissolved clasts and 
some of them showed lithophaga-endocasts that projected into 
the holes. 

During that visit, cave rafts were collected from an ascen-
ding gallery in Hollitzerhöhle III at 198 m a.s.l. (Fig. 3g). Most 
cave rafts were coated by younger coralloid calcite layers, but 
in one small, tube-shaped niche we found thin, sharp edged, 
and uncoated cave rafts (HH3-2). Samples from another niche 
close by to the left were slightly more overgrown (HH3-3) and 

a third sample from an inclined wall had a significant amount 
of coating (HH3-1).

 Methods

Granulometry

Prior to grain size analysis, the samples were treated with 
15 % hydrogen peroxide to remove organic matter and later 
disintegrated by treatment with a 400 W ultrasonic probe for  
3 min. A sandy sample (HOL16/3B) was wet-sieved (sieve 
mesh sizes: 2; 1; 0.5; 0.25; 0.125; 0.063 mm) and the fraction 
< 63 µm to 0.2 µm was analyzed using a SediGraph 5100 
(Micromeritics) together with two red, fine-grained samples 
(HOL16/5A and HOL16/6A).

Pebble counting, bulk- and clay mineralogy

The gravel sample HOL16/3A was dry-sieved using mesh 
sizes of 64, 32, 16 and 8 mm. The components were washed 
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and the lithology of the different size fractions was deter-
mined. Mineralogical composition of the finer samples was 
established using X-ray diffraction (XRD) with a Panalytical 
X’Pert PRO diffractometer (Cu Kα radiation, 40 kV, 40 mA, 
step size 0.0167, 5 s per step) at the Department of Geology, 
University of Vienna. The samples were loaded in sample 
holders as oriented powder. X-ray diffraction patterns were 
interpreted using the Panalytical software “X´Pert High score 
plus”. The bulk mineralogy of samples HOL16/3C, 16/3D, 
16/5A, 16/6A was determined. Additionally, the clay fraction 
of samples HOL16/3B, 16/5A and 16/6A was separated and 
analyzed.

For clay mineral analysis, the samples were first disaggre-
gated with diluted hydrogen peroxide to remove the organic 
matter and subsequently treated with a 400 W ultrasonic  
probe for 3 min. The < 2 µmfraction was separated in an 
Atterberg cylinder, where the suspension was drained after a 
settling time of 24 h 33 min (formula after Stokes, from Köster 
1964) and dried at 60 °C. Oriented clay samples were prepared 
by pipetting the suspensions (10 mg sample in 1 ml of distilled 
water) onto glass slides and air dried. Oriented XRD mounts 
were analyzed saturated with Mg and K ions, and after satu-
ration with ethylene glycol and glycerol at 60 °C for 12 h.  
The saturation with ethylene glycol and glycerol was carried 

out to identify expandable clay minerals like smectite and ver-
miculite (Moore & Reynolds 1997). Additionally, the samples 
were heated to 550 °C to destroy kaolinite and expandable 
clay minerals (Moore & Reynolds 1997). The relative amount 
of clay minerals in the clay fraction was quantified using cor-
rection factors of Schultz (1964).

Simultaneous thermal analysis

Simultaneous thermal analysis (STA) uses weight loss of 
endothermic and exothermic reactions to identify mineral 
phases, organic carbon, and amorphous phases. 50 mg of sam-
ple was heated to 1000 °C in a Netzsch STA 409PC LUXX® 
with gas control PU1.851.06 using a 50 ml/min air and 15 ml/
min N2 gas flux rate and a temperature increase of 10 °C/min. 
Results were quantified according to different reaction tem-
peratures using the built-in software at the Institute of Applied 
Geology (BOKU University, Vienna). 

Infrared spectroscopy

To identify amorphous constituents, we used the Bruker 
Tensor 27 IR Spectrometer at the Clay Mineralogy Laboratory 
of the Institute of Applied Geology (BOKU University, 

sample location sample description analyses  results
     grain size XRD clay mineralogy IR+STA

HOL1  level 310 unconsolidated sandy 
sediment

luminescence age 
dating x    

HOL2  level 310 unconsolidated sandy 
sediment

luminescence age 
dating x    

HOL16/3

A

level 300

gravel/red matrix pebble counting: 
quartz, quartzite x    

B sand lens heavy mineral 
analysis x  

illite, kaolinite, 
smectite, traces of 
mixed layer clay 

minerals, natrojarosite, 
natroalunite, birnessite 

 

C matrix of A  x

quartz, 
microcline, 
muscovite, 

chlorite, 
hematite

 
iron oxides, 

traces 
smectite

D weathered component 
in A   

quartz, 
microcline, 
muscovite, 
kaolinite

  

HOL3 1 to 7 wall at c. 293 m 7 quartz cobbles burial age dating     

HOL16/5A  Above level 280 brown matrix  x

quartz, 
microcline, 
muscovite, 
smectite, 
kaolinite, 
goethite

53 % smectite, 
33 % illlite, 

14 % kaolinite
 

HOL16/6A  Above level 280 redish brown matrix  x

quartz, 
microcline, 
muscovite, 
smectite, 
kaolinite

58 % smectite,
25 % illlite,

16 % kaolinite
 

HH 3  1 to 3 level 198 3 cave rafts 230Th/U age dating     

Table 1: Sample locations within the quarry, analyses and results of X-ray diffraction (XRD) and clay mineral analysis.
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Vienna). Powdered samples were dried (80 °C) overnight and 
cooled in a desiccator to remove interference by adsorbed 
water. 1 mg of dried powder mixed with KBr was pressed  
(15 Kbar) for measurement.

Heavy mineral analysis

Heavy minerals from one sand lens (HOL16/3B) were  
separated from the fractions 125–250 µm and 63–125 µm 
using LST Fastfloat at a density of 2.95 g/cm³. The heavy  
fraction was embedded in Canada balsam and inspected using 
polarized light.

26Al/10Be burial age dating

The radioactive decay of in-situ (in quartz) produced cos-
mogenic 10Be and 26Al is used to calculate the duration of 
shielding from cosmic radiation and hence to determine  
the time of sediment burial. A typical example is exposed sedi-
ment washed into a cave where it is completely shielded from 
cosmic radiation (Granger & Fabel 2019). In this buried sam-
ple, the initial ratio of 26Al to 10Be equals the surface produc-
tion rate ratio P26 / P10 (6.8 ± 0.5; Zhao et al. 2016) that decreases 
with increasing burial duration according to the half-life of 
each nuclide. 

Sediments affected by more complex burial and exposure 
histories may bring decreased initial ratios to their current 
position. One way to exclude those problematic samples is  
the isochron method (Balco & Rovey 2008). It is applied to 
samples that share the last depositional event and post-burial 
history but have different nuclide concentrations due to diffe-
rent production- and denudation rates in their individual 
source areas. In addition, using the isochron method, post-
burial nuclide production due to shallow burial depth can be 
neglected, as it is constant for all samples taken from the same 
burial depth. The samples fulfilling the above presumption 
plot along a line in an 26Al vs. 10Be diagram. Samples that do 
not follow a linear trend can be identified and must be excluded 
because they contain a burial signal, which is not consistent 
with the rest of the samples, i.e. the signal does not reflect  
the last, shared burial event. 

At our study site the overburden is missing today. Com-
parison with old maps indicates 15 to 20 m cover thickness 
prior to quarrying, which is a relevant depth for post-burial 
production, especially in old sediments (Braucher et al. 2013; 
Granger 2014). Therefore, we use the isochron method for 
numerical age calculation. 

Cosmogenic 10Be and 26Al nuclides of seven clasts sampled 
at the same depth and thus subject to the same post-burial 
 history were extracted using the procedure developed at 
PRIME Lab (Purdue University, USA, Granger et al. 2001; 
Gibbon et al. 2009; Zhao et al. 2016) at the Geochemistry 
Department of the Austrian Geological Survey (Vienna) and  
at the Laboratory for Cosmogenic Nuclide Extraction at  
the Institute of Applied Geology (BOKU University, Vienna). 
Aluminum and beryllium oxides were analyzed at the VERA 

facility (Isotope Research, University of Vienna) (Steier et al. 
2019) and calibrated using secondary standards. For Aluminum 
measurements, two reference materials were used: “Purdue-2” 
with an 26Al/27Al ratio of 2.71 ± 0.02−12 and “Purdue-3” with  
a ratio of 3.55 ± 0.05−12 (Wallner et al. 2000). For Beryllium,  
we used the secondary standard SMD-Be-12 (calibrated to 
NIST 4325) with a 10Be/9Be ratio of 1.704 ± 0.03−12 (Akhma-
daliev et al. 2013). ICP-OES (Perklin Optima 8300, at the 
Institute of Forest Ecology, BOKU University, Vienna) was 
used to determine total Aluminum in sample aliquots. Total 
uncertainties on 10Be and 26Al concentrations are combined 
AMS measurement error, uncertainties on the nuclides’ pro-
duction rate ratio, uncertainties on the nuclides half-lives  
and ICP-OES errors for Aluminum calculated by error 
propagation.

Samples for 10Be and 26Al analysis were prepared in three 
batches (b6, b8, b9; Tables 2 and 3). A blank correction of 
subtracting the blank ratio from the ratios of the samples was 
performed for all 26Al measurements and for batches b6 and  
b8 for 10Be. The samples and the blank for 10Be of batch b9 
gave particularly low and unstable currents that resulted in 
large uncertainties. The count rate on the blank of this batch 
was rather high. For batch b9 the blank count rate (3 events per 
minute) was subtracted from the samples’ count rates (3–10 
events per minute).

The age was computed using a MATLAB script (Granger 
2014) described by Braumann et al. (2019). The parameters 
and used constants are summarized in Table 4. To quantify  
age uncertainties, a Monte-Carlo simulation with 10,000  
runs based on recursive fits of 26Al and 10Be data was per-
formed assuming an initial ratio of 26Al/10Be = 6.8. To account 
for the variability in the initial ratio of 26Al/10Be the end-
members (6.3/7.3, Table 1) were also used in additional runs. 
At the beginning of each run, random 26Al and 10Be values 
within the measured error bars were picked based on  
a Gaussian fit. The original script was updated regarding  
the random selection of errors for 26Al and 10Be values to 
ensure a complete coverage of the measurement error 
interval. 

230Th/U dating of cave rafts

Sample preparation and analysis were performed at the  
Max Planck Institute for Chemistry, Mainz, Germany, using  
a Nu Plasma MC-ICPMS. The samples were weighed, dis-
solved in 7N HNO3, and spiked with a mixed 229Th–233U–236U-
solution. Details on the calibration of the spike are given in 
Gibert et al. (2016). The samples were then evaporated and 
treated with a mixture of concentrated HNO3, HCl and H2O2  
to destroy potential organic material. Then, the samples  
were dried, re-dissolved in 6N HCl, and U and Th were  
separated using ion exchange columns (see Yang et al. 2015 
for details). A detailed description of the MC-ICPMS proce-
dures is given by Obert et al. (2016). All activity ratios were 
calculated using the decay constants of Cheng et al. (2000) 
and corrected for detrital Th assuming a bulk Earth 232Th/238U 
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weight ratio of 3.8 ± 1.9 for detritus and 230Th, 234U and 238U  
in secular equilibrium. All errors are given at the 2σ-level  
and include analytical uncertainties (i.e., counting statistics 
and mass spectrometric corrections, such as tailing, mass  
fractionation and ion-counter-to-Faraday cup amplification) 

as well as uncertainties in the spike calibration, the contri-
bution of natural isotopes from the spike and the detrital  
correction (50 %). For a more detailed description of the cal-
culation of the uncertainties, we refer the reader to Obert  
et al. (2018).

sample # quartz mass 9Be from carrier 10Be/9Be 10Be/9Be err. 10Be err 10Be

  batch [g] [mg] [-] [%] [atoms/g Q] [%]

HOL3-1 b9 30.15 0.1683 8.80E−13 40.9 328,199 42.4
HOL3-2 b9 64.72 0.1526 7.50E−13 13.3 118,204 17.4
HOL3-3 b6 70.42 0.2737 9.55E−14 3.5 24,821 11.7
HOL3-4 b9 20.41 0.1443 2.00E−14 100.0 9,447 100.6
HOL3-5 b8 50.29 0.3435 1.18E−13 3.6 53,600 11.8
HOL3-6 b9 27.09 0.1720 8.00E−14 87.5 33,931 88.2
HOL3-7 b9 50.95 0.1523 1.50E−13 6.7 29,970 13.0
blank b6 b6 n.a. 0.2637 3.80E−15 15.79 n.a. 19.34
blank b8 b8 n.a. 0.4422 3.27E−15 23.86 n.a. 26.35

blank b9 b9 n.a. 0.1557 The blank gave very low currents and a count rate of c. 1 event in 20 seconds.  
This rate was subtracted from the samples' count rates as blank correction.

Table 2: Analytical Be data; the samples were processed in three different batches (b6, b8, b9), the associated process blanks are given at  
the base of this table; all 10Be concentrations are corrected for process blanks. A home-made carrier following Stone (1998) from a deeply 
mined beryl was used with 9Be = 6,645 ± 133 mg/kg and 10Be/9Be = 0.93 ± 0.3 · 10−15.

sample # quartz mass 27Al  
from carrier

27Al total  
(ICP- OES)

27Al err 
(ICP-OES)

26Al/27Al 26Al/27Al err 26Al 26Al/10Be err26Al/10Be

  batch [g] [mg] [mg] [%] [-] [%] [atoms/g Q] [-] [%]
HOL3-1 b9 30.15 1.2768 1.71 0.03 1.53E−13 5.2 190,917 0.582 41.3
HOL3-2 b9 64.72 0.8767 2.02 0.02 2.550E−13 4.7 176,473 1.493 11.1
HOL3-3 b6 70.42 1.2379 1.99 0.00 1.650E−13 20.0 99,800 4.021 20.3
HOL3-4 b9 20.41 1.8409 5.20 0.01 1.700E−14 11.8 92,235 9.763 100.7
HOL3-5 b8 50.29 1.4557 2.17 5.00 1.310E−13 16.6 126,162 2.354 17.7
HOL3-6 b9 27.09 1.0165 1.59 0.02 6.100E−14 6.6 76,476 2.254 88.2
HOL3-7 b9 50.95 1.8045 2.52 0.03 7.600E−14 9.2 82,166 2.742 16.9
blank b6 b6 n.a. 1.7321 1.81 0.02 7.600E−15 73.68 n.a. n.a. n.a.
blank b8 b8 n.a. 1.9069 1.94 0.00 0.000E+00 100.00 n.a. n.a. n.a.
blank b9 b9 n.a. 2.0149 2.04 0.01 2.000E−15 50.00 n.a. n.a. n.a

Table 3: Analytical Al data; the samples were processed in three different batches (b6, b8, b9), the associated process blanks are given at  
the base of this table; all 26Al concentrations are corrected for process blanks. A Merck certipur carrier was used with 27Al = 984 ± 5 mg/kg 
(derived from NIST SRM 3101a). 

constant/formula reference
10Be production rate SLHL 4.01 ± 0.33 atoms/g qtz/a Borchers et al. 2016

scaling Stone 2000
10Be meanlife (τ10)
10Be half-life

2,001,018 a 
1,387,000 ± 12,000 a Korschinek et al. 2010; Chmeleff et al. 2010

26Al mean-life (τ26)
26Al half-life

1,017,100 a
705,000 ± 17,000 a Nishiizumi 2004

effective burial mean-life 1/(1/τ26−1/τ10)
2,068,501 a Granger 2014, Equ. 17; Erlanger et al. 2012, Equ. 4

production rate ratio
26Al/10Be 6.8 ± 0.5 Nishizumii 1989; Zhao et al. 2016

Table 4: Constants for age calculation (qtz: quartz; SLHL: sea level high latitude). 
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Luminescence dating

Samples were processed at the Vienna Laboratory for 
Luminescence dating (VLL). Samples for radionuclide mea-
surement were first dried, aggregates were gently crushed by 
hand, and the bulk sample material was sealed in Marinelli 
beakers (500 ml, about 900 g dry weight). The beakers were 
stored for at least four weeks to establish secondary secular 
radon equilibrium. Luminescence samples were prepared 
under subdued red-light conditions. Those samples were 
opened and the outer few centimeters of material, which were 
exposed to daylight during sampling, were removed. The inner 
parts of the cores were removed from the tubes and used for  
all subsequent preparation steps. Separates of potassium-rich 
feldspar (150–200 µm) were extracted by standard laboratory 
techniques, including drying of the sediment at 50 °C, dry 
sieving, leaching of carbonates (10 % HCl) and organics 
(10 % H2O2), dispersion of aggregates and clay coatings 
(Na2C2O4, 0.01 N), and density separation (LST Fastfloat at 
2.58 g/cm3, details in Lüthgens et al. 2017). 

Quartz from the Vienna Basin area and the Eastern Alpine 
Foreland has repeatedly shown challenging properties for 
luminescence dating such as contribution of medium signal 
components to the bulk luminescence signal, low sensitivity, 
and feldspar contamination (e.g. Bickel et al. 2015a, b; Rades 
et al. 2018). We did not expect incomplete resetting of the 
luminescence signal before deposition due to the aeolian 
 depositional environment and therefore used potassium-rich 
feldspar for all luminescence measurements, although it is 
bleached slower in nature compared to quartz. A post Infrared, 
Infrared stimulated SAR (single aliquot regenerative) protocol 
was applied, using stimulation temperatures of 50 °C and 
225 °C, recording both the low temperature (IR50) and ele-
vated temperature (pIRIR225) feldspar signals for subsequent 
equivalent dose determination (Buylaert et al. 2009, 2012; 
Bickel et al. 2015a, b; Lüthgens et al. 2017; Rades et al. 2018). 
Aliquots with a diameter of 1 mm (about 20 grains per aliquot) 
were prepared on stainless steel discs using silicone oil as 
adhesive. Samples were measured using a Risø DA-20 lumi-
nescence reader system (Bøtter-Jensen et al. 2000, 2003) using 
infrared (IR, 875 nm) LEDs for stimulation of the feldspar 
luminescence signal. The luminescence signal was recorded 
through a LOT/Oriel D410/30 optical interference filter, 
selecting the K-feldspar emission at 410 nm (Krbetschek et  
al. 1997). For laboratory irradiation, the luminescence reader 
delivers a doserate of approximately 0.1 Gy/s via a 90Sr/90Y 
beta source. Signals were integrated over the first second of 
the 100 s stimulation and the last 10 s were subtracted as back-
ground. Dose recovery experiments for each sample show 
good dose recovery within 5 % of unity, low recuperation  
(<5 % of the natural signal for IR50, <10 % for pIRIR225 
indicating that no significant charge was carried over through-
out SAR cycles), and good recycling within 5 % from unity 
for both signals. Fading (athermal signal loss over time, Wintle 
1973) experiments were conducted using the approach of 
Auclair et al. (2003) but modified to also record the pIRIR225 

signal. All tests verified that the applied pIRIR225 SAR pro-
tocol is suitable for the determination of the equivalent dose.

The natural radionuclide content of the samples was mea-
sured using a Canberra high resolution, low-level gamma 
spectrometer (high purity Ge detector, n-type, with an effi-
ciency of 40 %) and a measurement time of at least 24 hours to 
gain an excellent signal to noise ratio. The overall doserate and 
ages were calculated using the software ADELE (Kulig 2005), 
with the cosmic doserate calculated according to Prescott & 
Stephan (1982) and Prescott & Hutton (1994) using conver-
sion factors of Adamiec & Aitken (1998) and βattenuation 
factors of Mejdahl (1979) for calculation of the external  
doserate. A low water content value of 10 ± 5 %, was included 
in the calculations, because higher water content values seem 
unlikely to occur in a karstic drainage system. A potassium 
content of 12.5 ± 0.5 % (Huntley & Baril 1997) and an avalue 
of 0.07 ± 0.02 (Bickel et al. 2015a, b) were used for the calcu-
lation of the internal doserate.

Results

Sediment analysis

Granulometry of the cave sediment shows a wide size spec-
trum between > 64 mm and 0.2 µm with a bimodal distribu-
tion. The pebble components (diameter > 6.3 cm) consist 
mainly of quartz (97 %) and rarely quartzite (3 %). Matrix 
minerals are quartz, K-feldspar (microcline), muscovite, 
 chlorite, clay minerals, and iron oxides (mainly hematite  
and amorphous iron oxides identified by STA). The clay frac-
tion of samples HOL16/5A and 6A contain smectite, kaolinite 
and illite (Fig. 5). Smectite is identified by a broad peak at 
14.3 Å with Mg saturation which shifts to 18.1 Å with Mg + 
glycerol saturation. Saturation with K leads to a reduction  
of the interlayer spacing to 11.7 Å. After heating to 550 °C, 
smectite collapses to 9.9 Å. Illite is identified by the peaks  
at 9.9, 4.95, and 3.3 Å which do not shift during treatment. 
Kaolinite peaks at 7.13 and 3.57 Å disappear after heating  
to 550 °C. The clay mineral content is very similar for both 
samples and consists of 53–59 % smectite 25–33 % illite  
and 14–16 % kaolinite.

In contrast, the clay fraction from a sand lens (HOL16/3B) 
within a gravel body (see Fig. 4 and Table 1) contains jarosite 
and alunite in addition to illite, kaolinite, and smectite.  
The heavy mineral assemblage from this sand lens contains in 
the coarser fraction abundant tourmaline, kyanite, staurolite, 
epidote, sillimanite, less andalusite and rutile. The finer frac-
tion additionally contains zircon and clinozoisite but no anda-
lusite. No fossils were found during sample processing.

Burial age dating

Results from AMS measurements and calculation of nuclide 
concen trations of each sample are listed in Tables 3 and 4. 
Analogue to Brau mann et al. (2019), the Peirce criterion 
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(Peirce 1852; Ross 2003) was applied 
to identify outliers. In that process, 
samples HOL3-6 and HOL3-7 were 
selected and excluded. As samples 
with a high measurement uncertainty 
such as samples HOL3-1, HOL3-4 
and HOL3-6 are less robust, we exclu-
ded a total of 4 samples from age 
calculation. 

The remaining data were used for 
isochron burial age calculation. A Monte 
Carlo simulation including the three 
remaining data points is shown in  
Fig. 6a and b, resulting in a mean age 
of 4.3 ± 0.2 Ma based on 10,000 itera-
tions from points randomly selected 
from within the measurement error. 
We note that within the large uncer-
tainties, samples HOL3-4 would still 
plot on the isochron. To include poten-
tial variation in the production rate 
ratio in the source area (between 6.3 
and 7.3, s. Table 1, adopted from Zhao 
et al. 2016) we additionally calculated ages using the highest 
and lowest starting ratio. The uncertainty of this range lies 
between 4.1 and 4.6 Ma and is therefore higher than the error 
of the original age calculated from a starting ratio of 6.8.

230Th/U-dating

Three cave raft samples were dated by the 230Th/Umethod; 
the results are presented in Table 5. The thin, sharp-edged, and 
uncoated cave raft (HH3-2) gave the youngest age of 322.7 
+16/−14 ka. Samples from another niche to the left were 
slightly more overgrown (HH33, age 382.6 +41/−29) and 
samples from the inclined wall had quite a lot of coating 
(HH31, age 437.3 +39/−29).

Luminescence dating

All equivalent dose calculations, as well as fading correc-
tion used the R-luminescene package by Kreutzer et al. (2012). 
As expected from the results of the quality tests and the aeo-
lian depositional environment, the equivalent dose measure-
ments of both samples were highly reproducible, which is 
expressed in low overdispersion values of >7 % for all sam-
ples. Average equivalent doses were calculated for the IR50 
and the pIRIR225 signal using the CAM (central age model, 
Galbraith et al. 1999). The results from gamma spectrometry 
did not show any indication of radionuclide disequilibria,  
and doserate calculations yielded similar overall doserates of 
c. 2.5 Gy/ka for both samples (Table 6). Fading tests yielded  
g values in the range of previous studies (Bickel et al. 2015a, b; 
Rades et al. 2018), averaging c. 2.8 for the IR50 signal and  
c. 1.2 for the pIRIR225 signal. The ages were fading corrected 
using the method of Huntley and Lamothe (2001). The fading 

corrected ages all agree within error (both, comparing indivi-
dual samples and average ages of different luminescence sig-
nals), which proves the complete resetting of the luminescence 
signal. Incomplete resetting would result in a significant offset 
between IR50 ages and pIRIR225 ages, caused by the diffe-
rence in bleachability of both signals (Murray et al. 2012).  
In summary, the luminescence ages reliably date the aeolian 
cover sediments to 14.6 ± 1.0 ka (mean age ± standard devia-
tion) and the identical results for IR50 and pIRIR225 ages 
confirm an aeolian transport.

Interpretation and discussion

Depositional setting

Field observations during several stages of quarrying gave  
a detailed three-dimensional picture of sediment bodies and 
their depositional environment to reconstruct the Plio- and 
Pleistocene geomorphological history of the Hainburg Hills 
area:
• Formation of the chamber: the sediment-filled cave cham-

ber is significantly larger compared to other accessible caves 
in the Hollitzer quarry but its wall morphology is similar. 
Therefore, we assume that it formed hydrothermally under 
phreatic conditions (i.e. below the level of the Danube river). 
As this type of speleogenesis needs a thermal gradient it can 
be assumed that it occurred relatively close to the surface.

• Paleoenvironmental conditions during the late Miocene: 
A period of extensive soil formation under warm and humid 
conditions is documented by the presence of smectite, small 
amounts of mixed layer clays and hematite in the matrix. 
Those minerals precipitate authigenetically in the B-horizon 
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during pedogenesis as very fine-grained 
minerals (e.g. Churchman & Lowe 2012). 
This type of soil formation is also indi-
cated by small grain sizes of < 0.2 µm in 
matrix sample HOL16/3C. In addition, 
acidic soil conditions typical for (sub-) 
tropical soils are indicated by the pre-
sence of alunite and birnessite. Warm and 
humid climate results in a high rate of 
chemical weathering affecting unstable 
lithologies first and is inferred by the 
abun dance of quartz clasts. In the field we 
observed weathered granite components 
that disintegrated during sieving. Lastly, 
the abundance of iron oxides, that are 
 particularly enriched during lateritic soil 
genesis are typical for humid and warm 
climate typical for the late Miocene of  
the Pannonian Basin System (e.g. 
Utescher et al. 2017) and for the humid 
and warm conditions during the Early 
Pliocene (Böhme et al. 2011; Kovács et 
al. 2015). 

• Transport and deposition: A large river 
transported and deposited gravel together 
with fine-grained soil-derived sediments 
above a Miocene rocky and karstified 
landscape. The dominance of quartz or 
quartzite in the gravel indicates intense 
chemical weathering of lithic compo-
nents. In contrast, a sand lens (Fig. 3a) 
within the fluvial gravel contains heavy 
minerals that are easily dissolved during 
transport and weathering such as amphi-
bole and tourmaline. This indicates short 
transport and exposure and has to be 
 reconciled to the evidence from lithology 
of the coarse fraction. A plausible expla-
nation could be that the coarse-grained 
stable lithologies (quartz and quartzite) 
and soil-derived fines were remobilized 
during floods where material is eroded 
and the river bank is affected by scouring. 
The fresh rock material from the sand 
lens most likely represents periods of 
average regimen.

Table 5: Results of 230Th/U-dating.

sample
238U

[µg/g] ±
232Th
[ng/g] ± (234U/238U) ± (230Th/238U) ± age uncorr.

[ka] ± age corrected
[ka] ±

HH3-1 1.1439 0.0068 14.27 0.15 1.0400 0.0017 1.0360 0.0057 437.6 +37 / −28 437.3 +39 / −29

HH3-2 1.4435 0.0088 7.441 0.094 1.0283 0.0017 0.9836 0.0073 322.8 +16 / −14 322.7 +16 / −14

HH3-3 1.2910 0.0086 28.86 0.39 1.0545 0.0030 1.0417 0.0098 383.2 +40 / −30 382.6 +41 / −29
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• Cave fill: Shortly after deposition (in the order of a few 
thousand years), the fluvial gravels and soil-derived matrix 
were redeposited into the cave chamber when it was opened 
possibly by fluvial erosion or became unstable due to sedi-
ment overburden. The collapse is documented by the matrix 
support of the sediments in the cave and by the randomly 
oriented long axes of the cobbles. Thus, the numerical age 
calculated using the isochron method gives the timing of 
fluvial deposition at Danube’s former base level (i.e. at  
the surface above the cave) and not the time of redeposition 
of the sediments into the cave. 

• Uplift: Ongoing uplift/base level drop of the area of the 
Hainburg Hills lifted the gravel-filled cave chamber and 
sediments from fluvial influence and the lower HH3 cave 
reached a zone where cave rafts could form at the surface of 
the water.

• Aeolian cover: Deposition of fine aeolian sands in shallow 
karstic depressions and on the bedrock surface.

Dating and limits / uncertainties

For isochron dating four of seven clasts were excluded. One 
reason is analytical: batch 9 is problematic due to largely low 
currents resulting in high measurement uncertainty. This is 
caused by the small amount of carrier (equivalent to a mass of 
c. 150 µg Be) added to this batch and resulted in the exclusion 
of samples HOL3-1, HOL3-4 and HOL3-6. In comparison, 
samples from preceding batches 6 and 8 have a lower mea-
surement uncertainty (Table 2). 

Sample HOL3-7 does not follow a linear trend on the 10Be 
versus 26Al diagram, most likely due to inherited 10Be (Fig. 6a). 
Outlier samples in isochron plots are to be expected, in parti-
cular in settings with multiple burial events previous to the last 
deposition. In samples with a long burial time in their previous 
deposit 26Al is absent due to its faster decay and only 10Be 
remains. When this clast re-enters the zone of nuclide produc-
tion it still contains old (inherited) 10Be and thus the 26Al/10Be 
ratio will be lower and plot under the isochron on the 10Be vs 
26Al plot. These samples need to be excluded from age calcu-
lation. The remaining three samples form a linear regression 
of 10Be versus 26Al, that is used to calculate a central age  
of sediment deposition and burial at 4.3 Ma with an uncer-
tainty of 0.2 Ma. As stated before, we note that sample  
HOL3-4 was excluded due to its large measurement error  
but it plots on the isochron-line. Monte Carlo runs of potential 
regression lines for this dataset are stronger influenced by  
the error of Al due to the flat slope of the regression line  
(s. Fig. 6b). Consequently, the overall error on the age is  
comparatively low. In summary, the uncertainty of this age 
inclu ding variation of the initial 26Al/10Be ratio (6.3–7.3, Zhao 
et al. 2016) lies between 4.1 and 4.6 Ma and agrees with results 
of the age range of 4.1–4.5 calculated from a starting ratio of 
6.8. Uplift rates including the dating error as well as uncer-
tainty in elevation of 10 m results in 36–42 m/Ma. 

230Th/U ages of the cave rafts from Hollitzerhöhle III (HH3, 
Fig. 7) are an order of magnitude younger than the burial ages sa
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of the sediments and are located 58 m 
above the present Danube level, and 
112 m below the posi tion of the sedi-
ment dated by 26Al/10Be (165–175 m 
above the base of recent Danube sedi-
ments). Even though the rafts were 
collected from the same spot, one over-
grown sample (HH3-1) is c. 100 ka 
older compared to pristine sample  
HH3-2. Therefore, the age calculated 
from the HH3-2 pristine raft most 
accurately represents the time of for-
mation. Cave rafts form at the water 
surface, but their position in relation to 
the base level is unclear. Either they 
were formed in a hydrothermal karst 
aquifer at base level or at a local pool 
above the base level. Only in the first 
case, the age can be converted into  
an uplift/incision rate. In the second 
case, the age repre sents the time of local 
dry falling, and the computed uplift/
incision rate calculated from the pris-
tine sample HH3-2 of 150–162 m/Ma 
can only be consi dered as a maximum 
uplift rate. 

Comparison of uplift / incision rates in 
the larger area 

First, we compare the calculated 
ages and rates of base level drop to 
other studied sites in the region east of the Vienna Basin.  
Two more caves 1.4 km to the southeast of the study site  
(Fig. 2) provide minimum ages. Knochenspalte at 138 m 
above the Danube (270 m a.s.l.) is an unroofed cave that was 
completely filled with sediments and a rich fossil fauna from 
the early Middle Pleistocene onward (0.7 Ma; Frank & 
Rabeder 1997b). As the deposition of the sediment and  
bones is not fluvial, it occurred upslope of the base level and 
therefore gives a minimum age of uplift/base level drop.  
At the adjacent inactive hydrothermal cave “Güntherhöhle”  
a flowstone from the upper part 145 m above the Danube  
(277 m a.s.l.) was beyond the limit of the 230Th/U method  
(at that time) and only a minimum age of 400 ka could be 
calculated (Spötl et al. 2007). 

Data inferred from the crystalline basement north of the 
Hainburg Hills close to Devín (Danišík et al. 2004, their sam-
ple MK-16, s. Fig. 2) provide a long-term uplift rate of  
c. 30–70 m/Ma averaged for the last 20 Ma using apatite  
fission track dating. When comparing this number to the 
Hainburg Hills, it should be considered that this dataset inte-
grates a five times longer timespan. Thus, a broad range  
is to be expected, however, the rate is in the same mag nitude 
compared to the uplift/incision rate calculated for the Hainburg 
Hills. 

The Stará Garda cave located in the Malé Karpaty Mts. 
north of the Danube and 22 km NE of the study area (Fig. 1) 
was investigated by 26Al/10Be burial age dating. Here, fine-
grained quartz-rich sediments in the cave gave a minimum age 
of 1.72 Ma (Šujan et al. 2017). Fluvial transport today is 
influen ced by a local creek c. 260 m above the Danube and 
hence the corresponding uplift rate is 26 m/Ma. 

Zámolyi et al. (2017) dated terrace sediments from 20 km 
SSE of Hollitzer at the southern end of Parndorf Plateau to 
older than 0.3 Ma (Nickelsdorf, Fig. 1, their sample NIC 1). 
This can be converted into a change in base level of max.  
60 m/Ma. 

In the Vienna Basin, areas of sediment accumulation and 
uplift are juxtaposed and few data on terrace ages may be  
converted into uplift/incision rates. The Schlosshof terrace  
is located at the eastern border of the Vienna Basin close to  
the VBTFS and 12 km north of the Hollitzer quarry (Fig. 2). 
Here, the terrace age was constrained to 0.34 ± 0.17 Ma at  
a height of 25–30 m above the base of the recent Danube 
 channel. This can be converted into an uplift/incision rate of 
80 ±31 m/Ma (Braumann et al. 2019). In comparison, the base 
of Gänserndorf Terrace 5–6 m above the Danube (Fig. 1) 
recorded gravel deposition at 0.24 ± 0.05 Ma (Braumann et al. 
2019) and documents an uplift/incision rate of 25 ±8 m/Ma.

Fig. 7. Compilation of numerical uplift rates at the Alpine-Carpathian border. Shaded rectangles 
indicate a minimum age or maximum elevation (in the case of the calcite rafts) and might 
extend further in time / elevation. 
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At the eastern border of the Danube Basin, c. 100 km from 
the investigated location (Fig. 1) Ruszkiczay-Rüdiger et al. 
(2016, 2018, 2020) numerically dated the terrace record pre-
served in the eastern Danube Basin and western Transdanubian 
Range. In this area the average uplift/incision rate was gra-
dually increasing from west to east, culminating in the Trans-
danubian Range between 50 and 70 m/Ma during the last 
~3 Ma, integrated over a total of nine numerically dated ter-
race levels. However, this rate is slightly biased by the short-
term fast incision during the last ~140 ka (207 ±1 m/Ma).  
The longterm uplift rate is suggested to be 51 ±5 m/Ma,  
a value derived from the terrace chronological data between 
~3–0.3 Ma)

Comparing these rates to the wider area such as the Bohemian 
Massif or the Koralpe – both areas were unglaciated during  
the last ice ages – result in similar rates. For example, numeri-
cally undated Pleistocene fluvial gravels assigned to “Jüngere 
Deckenschotter” (Schnabel 2002) corresponding to Mindel  
(c. 0.4–0.5 Ma; van Husen & Reitner 2011) directly overlay 
crystalline Variscan rock at the southern edge of the Bohemian 
Massif. Their position tentatively documents uplift rates in  
the order of c. 50 m/Ma. At Koralple, basin wide denudation 
rates using 10Be indicate an increase of erosion rates from  
~40 m/Ma to ~140 m/Ma c. 4 ±1 Ma ago (Legrain et al. 2015). 

In summary, uplift/incision rates calculated for the closer 
and larger unglaciated vicinity of the Hainburg Hills over the 
last 4.5 Ma range between a maximum of c. 150 m/Ma and  
a minimum of 20–25 m/Ma. The over-regional similarity of 
the uplift rates might point toward a thermal adjustment in the 
upper mantle or lower crust (Balázs et al. 2017; Ruzskiczay
Rüdiger 2020). In addition, increased erosion during the Pleis-
to cene cooling period can influence the unroofing and enhance 
uplift (Kuhlemann et al. 2006). The interplay of deep litho-
spheric processes and erosion could be resolved in future geo-
physical models where the Hainburg Hills record contributes  
a boundary condition for the southernmost end of the Malé 
Karpaty Mts.

The average luminescence age of the cover sands of 14.6 ± 
1.0 ka reveals two important features of landscape develop-
ment in the research area. First, the cover sediments dating to 
the late MIS2 directly overlie gravels infilling the caves, 
which were dated to 4.1–4.6 Ma. This implies that erosional 
processes repeatedly removed any covering sediments depo-
sited on top of the karstified bedrock surface, resulting in a gap 
in the stratigraphic record. In addition, the aeolian sediments 
are primarily preserved in depressions within the bedrock sur-
face, which functioned as sediment traps. The luminescence 
age of the trapped sediments represents change of aeolian 
activity when sand transport and reworking stopped. The age 
of 14.6 ± 1.0 ka for the termination of this phase may be cor-
related to other locations with aeolian deposits throughout 
Western and Central Europe documented around that time 
(e.g. Kasse 2002; Kasse et al. 2007; Vandenberghe et al. 2013).  
The ages also fall into the same age range determined for aeo-
lian deposits in the Vienna Basin area (Schiefer et al. 2018), 
and for cover sediments from the eastern Danube Basin 

(Ruszkiczay-Rüdiger et al. 2016 – sample Ács-A1, Ács) and 
Transdanubian Range (Ruszkiczay-Rüdiger et al. 2018 – sam-
ple LUM 2283, Kender Hill).

Conclusion

Field evidence from the Hainburg Hills suggests the depo-
sition of fluvial gravel from a large river – most likely the 
paleo-Danube – on top of a Paleozoic to Neogene succession. 
The gravel was mixed with red matrix containing smectite and 
alunite, minerals that indicate soil formation in a warm and 
humid climate. The sediments were trapped in near-surface 
cavities of Mesozoic limestones, which were karstified by 
hydrothermal waters and later opened towards the surface 
most probably by erosion and collapse. Fluvial sediments are 
in part covered by aeolian sands. The sediments record the 
ongoing uplift of the region as well as paleoclimatic change.

The timing of sediment deposition 165–175 m above the 
recent base of the Danube sediments was constrained to  
4.1–4.6 Ma using 26Al/10Be isochron burial dating. The resul-
ting change in base level over time corresponds to an uplift 
rate of 40 ± 3 m/Ma and lies in a comparable range to rates 
reported for a similar timespan from unglaciated areas of  
the Eastern Alps and to the comprehensive terrace record at 
the Gerecse Hills of the Transdanubian Range.

Numerical ages from a pristine 230Th/U cave raft 92 m below 
the sediment filled cave dated by 26Al/10Be document their  
formation ~0.33–0.16 Ma ago and record an increased rate of 
base level drop of 150–160 m/Ma for the time period between 
0.3 Ma and today. Such an acceleration in uplift/ incision  
has also been recorded for this time interval – roughly starting 
from the Middle Pleistocene – in sedimentary records from  
the Vienna Basin (Braumann et al. 2019) and the eastern 
Transdanubian Range (Ruszkiczay-Rüdiger et al. 2016, 2018). 
The joint geochronological and structural geological study in 
the latter setting revealed that the gradual acceleration of  
the incision rate during the Middle Pleistocene is most proba-
bly an artefact caused by integration over a short period of fast 
incision restricted to the last ~140 ka (Ruszkiczay-Rüdiger et 
al. 2020) and could be considered also for the situation pre-
sented in this study.

The aeolian cover deposits give an age of 14.6 ± 1 ka and 
document a change in wind velocities at this time and an asso-
ciated change to deposition of aeolian sediment most likely 
related to changes in the atmospheric circulation following  
the Last Glacial Maximum.
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