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Abstract: Here, we report on the first radiometric dating of pre-Quaternary sinters covering the ENE–WSW striking 
vertical faults filled with Upper Badenian sands (neptunian dykes) in Mesozoic carbonates of the Devín quarry in  
the Malé Karpaty Mountains. The 238U/206Pb age of 13.98±0.56 Ma fits well with the former age prediction based on 
biostratigraphic evidence. Our results provide fault opening age, refine the age of sediments and fossils preserved in  
the neptunian dykes, and constrain the onset of Badenian sea transgression. 
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Introduction

Neptunian dykes with calcareous sinter crusts (flowstones, 
speleothems respectively) of assumed Badenian age in the 
Malé Karpaty Mts. were comprehensively described by Mišík 
(1980) and the Badenian  paleokarst of Devín castle hill was 
further studied by Lehotský (1994, 2012). Within the Meso-
zoic carbonates of the Devín quarry (Fig. 1), Upper Badenian 
sands form neptunian dykes – vertical, approximately E–W 
striking, tensional open faults. The fault walls are covered by 
up to 1 m thick sinter (flowstone) crust with a stromatolite-like 
laminated structure (Figs. 2a, b; 3) composed of intercalations 
of thin carbonate layers deposited during the fault opening. 
Mišík (l.c.) sugges ted a Badenian age of these speleothems 
based on observations of sinter crusts affected by boring 
 marine organism Lithophaga indet. (Mišík 1976, 1980) and 
the occurrence of Badenian sinter pebbles in transgressive 
sandy gravels. Badenian sands also fill neptunian dykes in  
the middle open parts of fractures and the age of these sands  
is also biostra tigraphically well-constrained (Švagrovský in 
Papp et. al. 1978). In the lower parts of the neptunian dykes, 
loamy infil lings with an Upper Karpatian–Lower Badenian 
vertebrate fauna were observed (Fejfar 1974; Papp et al. 
1978). All this evidence suggests an Upper Badenian age of 
the neptunian dykes. However, the bottom part of the dykes 
also contains an Upper Karpatian–Lower Badenian fauna.  

As a result, it is suggested that the age of the fracture should  
be older than  Upper Karpatian, if the fauna is not redeposited. 
The lowermost theoretical age limit corresponds to that of the 
Triassic host rock. The age of faults is recorded in calcareous 
sinter crusts covering the fault walls, which grew simulta-
neously with the fault opening. Mišík (1980) estimated the age 
of this fossil sinter crust to ~14–15 Ma (Upper Badenian), but 
recommended isotopic dating. 

To resolve the question of the exact age of neptunian 
dyke-bearing faults, we dated sinter crust from a fault in  
the Devín quarry. To test the possible Quaternary rejuvenation, 
we initially employed the 230Th/U method sensitive for the last 
500,000 years (e.g. Scholz & Hoffman 2008) with negative 
result. Hence, we conducted a 238U/206Pb dating and obtained 
reliable and precise numerical age.

Geological setting 

The research area is situated in the Inner Western Carpa-
thians (IWC) terrane at the eastern periphery of the Vienna 
Basin (Fig. 1). The Western Carpathian structure is a result of 
Neo-Alpine tectogenesis and is composed of Outer and Inner 
Carpathians (sensu Biely 1989; Bezák et al. 2004). Both 
super units have been formed due to an oblique continent– 
continent Neo-Alpine collision and extrusion and are juxta-
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posed along the Pieniny Klippen Belt zone of extreme 
shortening and wrenching during Miocene. Hence, the Outer 
Carpathians represent a Miocene accretionary prism com-
posed of flysch nappes overlain by the Neogene foredeep 
molasse basin. The Inner Western Carpathians (IWC) repre-
sent a rigid crustal segment (microplate) consolidated during 
Paleo-Alpine orogeny. The IWC consist of Palaeozoic crystal-
line basement and sedimentary cover exhumed in horsts 
uplifted during Neogene. Most of the terrane is covered by  
the Mesozoic cover and Paleo-Alpine nappe units of Creta-
ceous accretionary wedge. Paleogene and Neogene sedimen-
tary basins with Cenozoic volcanic products are the youngest 
superposed units. The IWC crustal segment is affected by 
Neogene faults, reflecting paleostress conditions and dyna-
mics during the Neo-Alpine evolution. In this study, infillings 
of representative E–W striking faults exhumed at the margin 
of the Vienna Basin in the Devín quarry near Bratislava are 
described.

The Devín quarry is situated at the southern edge of the 
Malé Karpaty horst controlled by NW–SE boundary faults  
of the Hainburg gate followed by the Danube river bed, and by 
an NNW–SSE fault system controlling the Morava river flow 
(Fig. 1). Massive Triassic (Anisian–Ladinian) dolomites and 
dolomite breccias of the Mesozoic cover unit are exposed in 
the quarry (Vaškovský et al. 1988; Polák et al. 2011). Several 
sub-vertical open faults with sinter crusts are exposed at the 
N–S striking, ca. 6–12 m high, quarry face. Some of the faults 
are sealed by Upper Badenian sands filling the middle parts of 

open gashes as neptunian dykes. The faults are almost vertical, 
with ENE–WSW strike (average attitude 340o / 90o). Width of 
the fault zones is in the range from 10 cm to 1 m. The faults are 
overlain by well-stratified Upper Badenian marine littoral 
 sediments of the Studienka Formation of the Sandberg 
Member (Polák et al. 2011). This unconformity of the Upper 
Badenian transgression described by Andrusov (1969) is 
well-recognized in the quarry (Fig. 2). The Devín quarry was 
abandoned many years ago and is recently inactive.

Samples and methods

The Devín quarry is located within Little Carpathians 
Protected Landscape Area, where the sampling is prohibited 
due to environmental restrictions. For this reason, we extracted 
the sinter crust from a loose dolomite block at the quarry floor 
just below the mining face (Fig. 2a). Although this block is not 
in situ, it is clearly derived from the filling of the ENE–WSW 
faults, where thick sinter crusts are present. In contrast, the 
N–S faults also exposed in the quarry are only covered by up 
to a few cm thick, non-laminated speleothems and calcite 
crystals. 

The dated sinter was extracted from basal part of ca. 10 cm 
thick flowstone in the basal part of a 60 cm thick sinter crust 
composed of recurrent thin, colour-contrasting (brown and 
pale) laminas covering the fault wall surface (Fig. 3). As such, 
the obtained datum provides an early age limit (oldest age)  
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for the sinter origin if the fault infill is syntaxial, i. e. growing 
from the wall towards the centre. The late age limit (youngest 
age) recorded in the sinter crust in the central part of the fault 
zone depends upon the rate of the sinter growth and the crust 
thickness.

230Th/U-dating was performed by multi-collector induc-
tively coupled plasma mass spectrometry (MC-ICPMS) at  
the Institute for Geosciences, University of Mainz, Germany. 
For a detailed description of the analytical procedures, sample 
preparation and the calibration of the mixed 229Th–233U–236U 
spike, the reader is referred to Obert et al. (2016), Yang et al. 
(2015), and Gibert et al. (2016).

U–Pb dating methods using MC-ICPMS at the School of 
Geography, Atmospheric and Earth Sciences, University of 
Melbourne followed procedures described in Woodhead et al. 
(2006), Woodhead & Petrus (2019), with enhanced chemical 
separation procedures described in Engel (2020). Analytical 
accuracy was monitored for each mass spectrometry session 
using synthetic zircon solutions provided by the EarthTime 
initiative.

Results and discussion

The 230Th/U-dating was applied to seven sub-samples of  
the flowstone. The (230Th/238U) and (234U/238U) activity ratios 
of all aliquots were very close to secular equilibrium. The cor-
responding ages were >500 ka and thus at the limit of or 
beyond the dating range of the 230Th/U-method. This suggests 
that the flowstone is older than 500 ka and did not grow during 
the Quaternary.

The U–Pb dating method, however, yielded a radiometric 
age of 13.98±0.56 Ma (Fig. 4, Table 1). The sample aliquots 
are relatively non-radiogenic and the high MSWD suggests 
some variation in the initial (common) Pb composition. Never-
theless, given the wide spread of multiple samples projecting 
along an isochron, we believe that this result provides the 
 reliable age estimate within the specified uncertainty limits.

The calcareous sinters covering fault walls are interpreted as 
speleothems originated by the precipitation of calcite from 
phreatic freshwater leaking through beds capping cavities and 
formed when the cavity, in our case the open fault, was air-
filled (Scholz & Hoffman 2008). Alternatively, the sinters 
could precipitate from hydrothermal solutions. If the sinters 
are products of freshwater leaking, the Malé Karpaty 

Mountains must have been above the sea level and deeply 
eroded already in the Upper Badenian, ~14 Ma ago, before  
the sea transgression, because the Upper Badenian marine 
 sediments, younger than the fault sinter dated, overlie the 
exhumed faults.

Fig. 3. Cross-sections of dated sinter crust from the Devín quarry with 
distinct growth layering.

Fig. 4. 238U/206Pb –207Pb/206Pb isochron plot for sinter crust covering 
ENE–WSW fault walls in the Devín quarry.

Table 1: Measured values of uranium and lead concentrations from six subsamples.

U ppm Pb ppm 238U/206Pb 2 sigma % 207Pb/206Pb 2 sigma % error correlation
0.38 0.022 54.36 0.57 0.73287 0.12 −0.34
0.39 0.011 104.96 0.74 0.65713 0.22 −0.60
0.46 0.033 43.67 0.58 0.76377 0.11 −0.26
0.41 0.027 47.76 0.86 0.75109 0.11 −0.25
0.34 0.003 242.51 1.38 0.41938 1.50 −0.93
0.39 0.009 119.03 1.16 0.62521 0.34 −0.64
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The hydrothermal origin of the dated sinters cannot be defi-
nitely ruled out. Drusy cavities with well-developed calcite 
crystals occur within E–W faults together with traces of corro-
sion (sponge-like porous textures) preserved on fault walls 
(Fig. 2b). These phenomena and emplacement of sinters in 
open vertical, probably deep range faults are arguments for 
their hypogene origin (Bella 2016). The calcite sinter crusts 
from the Devín quarry very probably precipitated from warm 
hydrothermal, deeply circulating aqueous fluids. Nevertheless, 
further research based on crystal chemistry, fluid inclusion 
microthermometry, and stable isotopes is needed to confirm 
this hypothesis. Recent works described the hypogeneous 
karst in the Malé Karpaty Mts., particularly in its fault-con-
trolled peripheries (Bella & Bosák 2012; Bella & Gaál 2017; 
Bella et al. 2019a, b). The Devín quarry within the Devínska 
Kobyla karst area (Stankoviansky 1982) is also situated nearby 
the horst-controlled boundary faults and in the vicinity of 
probably hypogene cave in the Štokerauská Vápenka quarry 
(Magdolen 2021), as well as hypogene caves of Hainburg hills 
(Neuhuber et al. 2021). Regarding these facts, the ENE–WSW-
trending faults in the Devín quarry seem to serve as conduits 
for hydrothermal fluids, which karstified limestones in the 
southern part of the Malé Karpaty Mts. 

The determined age of the ENE–WSW faults has several 
important tectonic implications. Mišík (1980) attributed the 
origin of the Devín faults and neptunian dykes to the forma-
tion of the Lamač fault-controlled graben  – a NNW–SSE 
striking transversal depression crosscutting the Malé Karpaty 
horst. The ENE–WSW faults filled with sinter crusts are per-
pendicular to the Lamač graben, so that the origin of these 
extensional dislocations can rather be connected with east-
ward extrusion of the IWC crustal segment rimmed by the 
ENE–WSW shear zone of the Carpathian Shear Corridor  
and the E–W-trending Hurbanovo-Diósjenő boundary fault 
(Marko et al. 2017). Both boundaries operated as strike-slip 
interfaces to the extruding IWC segment. The boundary fault 
geometry and the IWC movement vectors were suitable for 
the generation of transtensional regime along boundary faults 
some 15–13.5 Ma ago (Marko, in prep.). The origin of ENE–
WSW-trending fractures and the opening recorded by the 
growth of sinter crusts is most probably related to this event. 

Conclusions

In the Western Carpathian caves, only Quaternary flow-
stones have thus far been dated using radiometric methods 
(e.g., Hercman et al. 1997, 2008,  2020; Bosák et al. 2002; 
Gradziński et al. 2007; Benson et al. 2018; Bella et al. 2019c, 
2021; Neuhuber et al. 2021). Generaly, carbonates U/Pb  dating 
is very rare as well in the Western Carpathians. However, 
lately Majzlan et al. (2021) dated by U/Pb method approxi-
mately 24 Ma old vein carbonates from the Nízke Tatry Mts. 
These are record of Meso-Alpine (Paleogene), while Devín 
sinter dated herein is record of Neo-Alpine (Neogene) tecto-
nothermal evolution of the Western Carpathians.

In this study, we provide the first isotopic U/Pb dating of 
pre-Quaternary sinters (flowstones) covering walls of Upper 
Badenian neptunian dykes in the Devín quarry situated in  
the Malé Karpaty horst. These flowstones were originally 
described by Mišík (1980), who estimated their age using 
biostratigraphic evidence to approximately 15 Ma and recom-
mended radionuclide dating. To address this issue, here we 
determine the radiometric age of this sinter crust at 13.98± 
0.56 Ma, which defines the age of the ENE–WSW fault sys-
tem opening. The determined age of fault opening has conse-
quences for the interpretation of sediments and fossils filling 
and overlying the fault zone, and also for the timing of the 
Upper Badenian marine transgression, which must have 
started just after the fault sinter deposition. Owing to the 
Upper Badenian age of faults, the Upper Karpatian–Lower 
Badenian fossil fauna reported from the base of the neptunian 
dykes has to be redeposited.
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