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Abstract 

Relict rock glaciers are well-preserved features of high-elevated valleys in the Western Tatra Mts., 
Western Carpathians, but their chronology remained poorly constrained with numerical dating 
methods. We present the first robust set of 10Be exposure ages for eight rock glaciers with front 
elevation of 1376–1819 m asl. The results suggest that the rock glaciers stabilized throughout the 
Weichselian Lateglacial from ~16.5 ka to 11 ka. This timing is consistent with the period of rock glacier 
stabilisation in European mountain regions but it extends the age span previously determined for rock 
glaciers in the Tatra Mts. There are differences between north- and south-facing valleys in the elevation 
and time of the stabilization of the rock glaciers, which were probably caused by contrasts in potential 
incoming solar radiation that affected the retreat of former glaciers and the subsequent formation of 
the rock glaciers. The initiation altitude of ~1610 and ~1830 m asl determined for the oldest and 
youngest dated rock glaciers is generally consistent with previous estimates of the glacier equilibrium 
line altitude during the Greenland Stadials 2.1 and 1, respectively. However, the lower limit of the rock 
glaciers is well above regional paleopermafrost features from the same periods, which suggests that 
rock glaciers may underestimate past permafrost extents and temperature declines disputing their 
regional validity for paleoenvironmental reconstructions. 
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1 Introduction 

Rock glaciers are thick lobate- or tongue-shaped masses of angular debris and ice that move slowly 
down high mountain slopes due to the deformation of the internal ice, which also causes the formation 
of a typical surface relief of rock glaciers consisting of transverse and longitudinal ridges and furrows 
(Barsch, 1996; French, 2017; Ballantyne, 2018). The source of the material is debris from adjacent talus 
slopes for so-called talus rock glaciers or moraine deposits covering valley floors for so-called debris rock 
glaciers (Barsch, 1996; Ballantyne, 2018). Active rock glaciers are supposed to form and move in regions 
with low precipitation and mean annual air temperature (MAAT) <−2 °C (Barsch, 1996; Humlum, 1998). 
At higher temperatures, topographic constraints or limited debris supply, their activity ceases and they 
turn into inactive rock glaciers, and if the ice core (~permafrost) melts completely they become relict 
rock glaciers (Barsch, 1996; Kääb, 2013). Consequently, the individual types of rock glaciers tend to be 
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located at elevation zones, which correspond to specific temperature conditions. Elevation of rock 
glacier fronts has thus been widely used as a proxy indicator for present and past lower limit of 
discontinuous permafrost or for past climatic conditions in which the rock glaciers formed and were 
active (Frauenfelder et al., 2001). Relict rock glaciers are valuable in that they can provide a proxy record 
of past environmental conditions where other natural archives, such as lake sediments, may be 
incomplete. Determining the age of relict rock glaciers is thus important for understanding the 
postglacial evolution of mountain relief, especially in the Tatra Mts., where this period of landscape 
development has not yet been sufficiently explored. 

The age of rock glaciers has formerly been determined using several methods of relative dating such as 
measuring the surface weathering of rock boulders with the Schmidt hammer (Frauenfelder et al., 2005; 
Kellerer-Pirklbauer, 2008a, 2008b; Kłapyta, 2011, 2013; Zasadni and Kłapyta, 2016, Zasadni et al., 2020), 
weathering rind thickness (Laustela et al., 2003), lichenometry (Haeberli et al., 1979; Hamilton and 
Whalley, 1995; Nicholas and Butler, 1996; Refsnider and Brugger, 2007) or alternatively by 
photogrammetric and geodetic measurements of the rock glacier flow (Kääb et al., 1998; Vespremeanu-
Stroe et al., 2012). However, recent decades have seen an expansion in numerical dating methods using 
radionuclides 14C preserved in organic remnants buried by rock glaciers (e.g. Scapozza et al., 2010; 
Krainer et al., 2015) and cosmogenic radionuclides 36Cl (e.g. Palacios et al., 2015; Moran et al., 2016; 
Fernandez-Fernandez et al., 2020) and 10Be (e.g. Ivy-Ochs et al., 2009; Steinemann et al., 2020; Zasadni 
et al., 2020) in surface boulders on rock glaciers. A combination of relative and numerical dating 
methods has also widely been used for so-called Schmidt hammer exposure-age dating (Rode and 
Kellerer-Pirklbauer, 2012; Matthews et al., 2013; Matthews and Winkler, 2022).  

Cosmogenic exposure dating of rock glaciers in Europe has so far been carried out in the Iberian 
Peninsula (Palacios et al., 2015, 2016; Rodriguez-Rodriguez et al., 2016, 2017; Andrés et al., 2018; 
Garcia-Ruiz et al., 2020; Santoz-Gonzales et al.,2022), the Alps (Ivy-Ochs et al., 2006, 2009; Hippolyte et 
al., 2009; Böhlert et al., 2011; Moran et al., 2016; Steinemann et al., 2020; Charton et al., 2021), 
Tröllaskagi Peninsula, Iceland (Fernandez-Fernandez et al., 2020; Palacios et al., 2021), Øyberget, 
Norway (Linge et al., 2020), Cairngorm Mts., Great Britain (Ballantyne et al., 2009), or the Romanian 
Carpathians (Vasile et al., 2022). Most authors attributed the exposure age of rock glaciers to a period of 
their stabilization, which started no earlier than in the Greenland Stadial 2.1a (GS-2.1a) (Rodriguez-
Rodriguez et al., 2016; Steinemann et al., 2020; Ballantyne et al., 2009) and continued until the mid-
Holocene at the latest (Palacios et al., 2016; Palacios et al., 2021). 

However, dating of rock glaciers in some other European regions, such as the Tatra Mts., Western 
Carpathians, has been limited. The age of rock glaciers in the Tatra Mts. was initially deduced based on 
paleoclimatic considerations and relative dating methods. Kotarba (1992) claimed based on 
paleoclimatic reconstructions that rock glaciers in the Tatra Mts. formed during the Greenland Stadial 1 
(GS-1) (~Younger Dryas). Several authors extended the age span of rock glaciers in the Tatra Mts. using 
the Schmidt hammer test to the entire Lateglacial (Kłapyta, 2011, 2013; Zasadni and Kłapyta 2016; 
Zasadni et al., 2020), but these estimates have not yet been fully confirmed by numerical dating. For the 
Western Tatra Mts., there is only one study providing exposure ages of ~13 and ~12 ka for the 
stabilization of rock glaciers (Engel et al., 2017). In the High Tatra Mts., Zasadni et al. (2020) dated the 
final phase of stabilization of the highest-elevated rock glaciers in cirques to the end of the GS-1 to early 
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Holocene. However, numerical ages for the stabilization of lower-elevated and probably older rock 
glaciers are still lacking.  

The main objective of this study is to determine the chronology of the stabilization of rock glaciers in the 
Western Tatra Mts. using 10Be exposure dating. We hypothesize that the lowest-lying rock glaciers at 
~1400 m asl could represent the period of early deglaciation after the local last glacial maximum (LGM) 
and those in high-lying cirques at ~1800 m asl could be from the beginning of the Holocene. We also 
compare the rock glacier chronology with similar investigations on rock glaciers as well as with other 
local and regional paleoenvironmental records. 

 

2 Study area 

The Western Tatra Mts. (the highest peak Bystrá at 2248 m asl) together with the High Tatra Mts. (2654 
m asl) and the Belianske Tatra Mts. (2152 m asl) represent the northernmost part of the Carpathian 
arch, situated on the Slovak-Polish border (Fig. 1). The main ridge of the Western Tatra Mts. stretches in 
a roughly west-east direction for 42 km (the entire mountain chain is ~70 km long), while the maximum 
width of the mountain range is 16 km. 
The Western Tatra Mts. are mainly composed of crystalline rocks of the Paleozoic age (State Geological 
Institute of Dionýz Štúr, 2013). Most of the mountain range consists of igneous rocks (granitoids), but 
the southern and northern parts are built of metamorphic rocks (micaschists, gneisses). In the outer 
areas of the mountain range, especially in the north, the crystalline rocks are overlain by Mesozoic 
sedimentary rocks (limestones, sandstones) (State Geological Institute of Dionýz Štúr, 2013; Králíková et 
al., 2014). The Western Tatra Mts. are bounded in the south by the sub-Tatra fault, along which the 
southern crests were uplifted to slightly higher elevations than the northern ones. The largest uplift 
accelerated from the end of the Late Miocene to the Pleistocene (Baumgart-Kotarba and Kráľ, 2002; 
Králíková et al., 2014; Jacko et al., 2021; Vitovič et al., 2021) and has continued into the postglacial 
period as documented by post-LGM fault scarps (Pánek et al., 2020). The Western Tatra Mts. are ~300 m 
lower compared to the High Tatra Mts., which is due to the asymmetrical rise of the individual blocks of 
the mountain range in the west-east direction (Baumgart-Kotarba and Kráľ, 2002; Jurewicz, 2007; 
Králíková et al., 2014).  
The Tatra Mts. were glaciated several times during the cold phases of the Pleistocene as indicate 
sequences of glacial and glaciofluvial sediments in front of the mountains (Lindner et al., 2003). The last 
glacial episode culminated during the local LGM, which terminated before ~18 ka in the Western Tatra 
Mts. (Engel et al., 2017). During the subsequent Lateglacial period, at least two still-stands or re-
advances occurred in north-facing valleys (Makos et al., 2016; Engel et al., 2017). Nowadays, glaciers are 
no longer present (Gądek, 2014), as the climatic snowline is estimated at 2500–2600 m asl on the 
northern slopes and at 2700–2800 m asl on the southern ones (Zasadni and Kłapyta, 2009); only firn-ice 
patches or perennial snowfields persist (Gądek, 2014). The lower limit of discontinuous permafrost is 
estimated at 1930 ± 150 m asl, depending on the local relief (Dobiński, 2005). 
The Western Tatra Mts. represent a significant barrier to the air masses flowing from the northwest to 
the southeast, causing climatic differences between the northern and southern slopes (Niedzwiedz, 
1992). The MAAT in the northern and southern foothills was approximately 6 °C and 8 °C in 1991–2010, 
respectively (Niedzwiedz et al., 2015; Żmudzka et al., 2015). The ridge part experienced the MAAT of 
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approximately −2 °C to 0 °C in the same period (Żmudzka et al., 2015), and the mean annual 
precipitation was >1800 mm in 1981–2010 (Ustrnul et al., 2015). 
The study area is situated in the central part of the Western Tatra Mts. on the northern and southern 
slope of the main ridge (Figs. 1 and 2). The ridge area is built mainly of biotite granodiorite-tonalite to 
muscovite-biotite granodiorite (High Tatra Type) but porphyritic granitoid and leucogranite prevail 
around the Volovec and Rákoň peaks (Nemčok et al., 1994). The bedrock is overlain by extensive talus 
cones on the lower parts of the slopes and foothills, which are dissected by numerous debris flows 
(Kłapyta, 2015; Dlabáčková and Engel, 2022). The valley floors are filled with rock glaciers or glacigenic 
sediments (Kłapyta, 2009, 2011, 2013, 2015; Engel et al., 2017; Uxa and Mida, 2017, Zasadni et al., 
2022). The Smutna and Spálena valleys on the north side of the main ridge are among the best 
developed glacial landscapes within the Western Tatra Mts. (Engel et al., 2017). However, deeply incised 
cirques also form the upper part of the Žiarska and Jamnícka valleys (Fig. 2). 

  
Fig. 1. Location of (A) the Tatra Mts. within the Carpathians and (B) the study area in the Tatra Mts. 
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Fig. 2. Rock glaciers selected for exposure dating in the Spálena (A) upper, (B) middle, and (C) lower 
valley; (D) Smutna valley; (E) Roháčska valley; (F) Žiarska valley; Jamnícka (G) north and (H) south valley. 
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3 Methods 

3.1 Rock glacier selection and characteristics 

Eight rock glaciers spanning from low-lying valley bottoms to high-lying cirques oriented north and south 
of the main ridge of the Western Tatra Mts. were selected for exposure dating. The diagnostic features 
used to identify the rock glaciers were their distinctive morphology with steep fronts, transverse and 
longitudinal ridges and furrows, which indicate former downslope movement of the debris material 
(Barsch, 1996; RGIK, 2022). 

The identification of the rock glaciers was based on LiDAR digital elevation model (DEM) with a 
horizontal resolution of 1 m (The Geodesy, Cartography and Cadastre Authority of the Slovak Republic) 
as well as orthophotos with a resolution of 0.2 m (Geodetic and Cartographic Institute Bratislava, 
National Forest Centre). All the delineated rock glaciers were checked and modified by field mapping in 
2019−2021, the existing inventory of rock glaciers of the Tatra Mts. (Uxa and Mida, 2017) and previous 
studies from the study area (Nemčok and Mahr, 1974; Kłapyta, 2009, 2011, 2013, 2015; Engel et al., 
2017). For each delineated rock glacier, elevation, flowline length and orientation, width, area, surface 
slope, front height and slope, and potential incoming solar radiation were determined from the DEM in 
accordance with conventional procedures (e.g. Barsch, 1996; Kellerer-Pirklbauer et al., 2012; Colucci et 
al., 2016). The rock glaciers were classified based on length-to-width ratio as lobate- (<1) and tongue-
shaped (>1; Barsch, 1996). Their activity was assessed based on the presence of vegetation and soil 
cover (Barsch, 1996; Kääb, 2013) and the mean slope of the front (≤35° for relict rock glaciers; Haeberli, 
1985; Barsch, 1996; Ballantyne, 2018). 

The MAAT at the front of the rock glaciers was derived using a multiple linear regression based on the 
data collected during the period 1951–1970 at twenty weather stations (703–2635 m asl) in the Tatra 
Mts. (Niedzwiedz, 1992) as follows: 

MAAT = 𝛽! + 𝛽"𝑥 + 𝛽#𝑦 + 𝛽$𝑧, (1) 

where x (°) is the longitude, y (°) is the latitude, z (m) is the elevation, β0 (47.3913 °C) is the regression 
intercept, and β1 (0.8751 °C·°lon−1), β2 (−1.1335 °C·°lat−1) and β3 (−0.0047 °C·m−1) is the longitudinal, 
latitudinal, and elevational air temperature gradient, respectively. The regression relationship explains 
95 % of the variability in MAAT and yields a mean absolute error of 0.44 °C. Additionally, it perfectly fits 
MAAT from the period 1981–2010 at the Kasprowy Wierch (1991 m asl), which is the closest high-
elevated weather station with recent air temperature records available. 

Since rock glaciers actively form at MAAT <−2 °C (Barsch, 1996; Kääb, 2013), the difference between this 
temperature threshold and the present MAAT at the front of the rock glaciers was used to estimate the 
minimum temperature decline when the rock glaciers stabilized (Frauenfelder et al., 2001). The 
corresponding minimum decrease of the lower limit of discontinuous permafrost was estimated from 
the elevation difference between the front of the rock glaciers and the present level of the −2 °C mean 
annual isotherm (~present lower limit of discontinuous permafrost) derived from Eq. (1) rearranged as 
follows: 



 

7 
 

𝑧%&&'()#	°,	 =
%&&')-!)-".)-#/

-$
, (2) 

which yields the present lower limit of discontinuous permafrost at ~2320 m asl. 

 

3.2 Rock glacier boulder sampling 

A total of 34 rock samples were collected for exposure dating of the eight rock glaciers. Three to six 
boulders were sampled at each rock glacier to minimize the impact of choosing a boulder with a 
complex exposure history (Denn et al., 2018). We selected only flat-topped boulders higher than 1 m 
with no signs of erosion that were located on low-angled transverse ridges near the front of the rock 
glaciers. Samples were collected from the top surface of the boulders with a hammer and chisel. Sample 
locations and elevations were recorded using a handheld GPS receiver with ~2 m horizontal accuracy. 
The locations are shown in Fig. 3 and description of the sampled boulders is given in Table A.1. 

 

3.3 Sample treatment and 10Be age calculations 

The samples were crushed, sieved and cleaned with a mixture of HCl and H2SiF6. The extraction method 
for 10Be (T1/2 = 1.387 ± 0.017 Ma; Chmeleff et al., 2010; Korschinek et al., 2010) involves isolation and 
purification of quartz and elimination of atmospheric 10Be. A weighed amount (~0.1 g) of a 3025 ppm 
solution of 9Be was added to the decontaminated quartz. Beryllium was subsequently separated from 
the solution by successive anionic and cationic resin extraction and precipitation. The final precipitates 
were dried and heated at 800 °C to obtain BeO, and finally mixed with niobium powder prior to the 
measurements, which were performed at the French Accelerator Mass Spectrometry (AMS) National 
Facility ASTER (CEREGE, Aix-en-Provence). 

The beryllium data were calibrated directly against the STD-11 beryllium standard using a 10Be/9Be ratio 
of 1.191 ± 0.013·10−11 (Braucher et al., 2015). Age uncertainties include an external AMS uncertainty of 
0.5 %, blank correction and 1σ uncertainties (Arnold et al., 2010). The 10Be/9Be measured blank ratio 
associated with the samples is 3.618·10−15. A density of 2.5 g·cm-3 was used for all samples. A sea-level, 
high-latitude spallation production of 4.01 ± 0.18 at g–1·a–1 (Borchers et al., 2016) was used and scaled 
for latitude and elevation using Stone (2000) scaling scheme. The surface production rates were also 
corrected for the local slope and topographic shielding due to the surrounding terrain (Dunne et al., 
1999). Shielding from snow was estimated according to Gosse and Phillips (2001) using an average snow 
density of 0.3 g·cm–3 and an estimated mean thickness and duration of snow cover at the sample sites. 
These values were determined based on the data collected during the period 1960/61–1989/90 at nine 
weather stations (725−1991 m asl) in the Tatra Mts. (Kočický, 1996). 

10Be concentrations were modelled using the equation: 
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(2) 

where C(x, ε, t) is the nuclide concentration as a function of depth x (g·cm–2), the denudation rate ε (g·cm–

2·a–1), and the exposure time t (a). Pspall and Pµ (at·g–1·a–1) are the relative production rates due to 
neutrons and muons, respectively. Λn and Λμ (g·cm–2) are the effective apparent attenuation lengths for 
neutrons and muons, respectively, and λ (a–1) is the radioactive decay constant. The muon scheme 
follows Braucher et al. (2011). 

Individual ages are reported with an external error of 1σ, which accounts for both measurement 
uncertainties, including uncertainties associated with AMS counting statistics, chemical blank 
measurements and AMS internal error (0.5 %), as well as uncertainties in the reference nuclide 
production rate for spallation and the nuclide production rate by muons (Balco et al., 2008). At each 
site, a weighted mean exposure age was calculated and reported with a weighted mean standard 
deviation. 

The chi-squared (χ2) test was used to examine the distribution of exposure ages at each site (Ward and 
Wilson, 1978). The 95% critical value for χ2 with n–1 degrees of freedom was calculated for each site and 
compared with the theoretical value given by a χ2 table. If the calculated value was less than the 
theoretical value, all ages were used to calculate the mean exposure age. However, if the site did not 
pass this test, the ages with the largest calculated χ2 value were successively excluded until the 
distribution passed the χ2 test (Dunai, 2010). Additionally, the reduced χ2 statistic (𝜒0#) and the standard 
deviation to arithmetic mean exposure age ratio was used to approximate the scatter in the data and 
classify the age groups as well-, moderately- or poorly-clustered (class A, B, and C, respectively) 
following Blomdin et al. (2016). 

 

4 Results 

4.1 Distribution and morphology of rock glaciers 

The eight dated rock glaciers occur at an elevation of 1376−1893 m asl (mean 1693 m asl) and their 
fronts extend to 1376−1819 m asl (mean 1613 m asl) where the present-day MAAT attains 0.2–2.4 °C 
(mean 1.2 °C, Table 1). Their average length is 591 m, while the average width is 188 m and they occupy 
an average area of 0.1 km2. The mean height of the rock glacier fronts is 21 m. Most of the rock glaciers 
are oriented to the east (four) and northeast (two). The lowermost rock glaciers have predominantly a 
northeast and northwest orientation. On the contrary, the highest-elevated rock glaciers face east and 
south. All the rock glaciers are tongue-shaped because the length-to-width ratio is 1.2 (northern 
Jamnícka valley) to 8.6 (middle Spálena valley, Table 1). Similarly, all the rock glaciers are considered 
relict because they are prominently covered with vegetation and the mean slope of the fronts ranges 
between 28° (Roháčska valley) and 33° (Smutna valley). 
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Table 1. Morphometric and climate characteristics of the dated rock glaciers in the Western Tatra Mts. 

Rock glacier Aspect 
Minimum 
elevation 
(m asl) 

Maximum 
elevation 
(m asl) 

Mean 
elevation 
(m asl) 

Length of 
the 
flowline 
(m) 

Mean 
width (m) 

Area 
(km2) 

Mean 
slope (°) 

Mean 
slope of 
the front 
(°) 

Mean 
height of 
the front 
(m) 

Potential 
incoming 
solar 
radiation 
(W·m−2) 

MAAT 
at the 
front 
(°C) 

Jamnícka-North E 1745 1845 1798 448 360 0.13 17 32 26 155 0.6 
Jamnícka-South E 1632 1839 1757 852 129 0.11 17 31 20 147 1.2 
Roháčska NW 1376 1429 1404 240 192 0.03 18 28 9 129 2.4 
Smutna E 1564 1824 1713 1106 169 0.16 18 33 20 132 1.5 
Spálena-Lower NE 1465 1568 1513 366 255 0.09 17 32 18 130 1.9 
Spálena-Middle NE 1594 1824 1728 1032 120 0.11 19 31 24 135 1.3 
Spálena-Upper E 1819 1893 1856 192 128 0.02 24 30 22 138 0.2 
Žiarska S 1706 1855 1778 493 154 0.08 21 32 32 167 0.8 
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4.2 10Be exposure ages 

The 10Be exposure ages obtained for the collected samples are given in Table 2 and Fig. 3. Five out of 34 
exposure ages are identified as outliers and excluded from the dataset based on the results of the χ2 test 
(Table 3). Two outlier ages obtained for the samples SPA-4 and SPA-6 are excluded from the dataset 
obtained in the lower part of the Spálena valley. The remaining four exposure ages range from 17.8 ± 
0.7 ka to 14.5 ± 1.2 ka and yield a weighted mean exposure age of 16.6 ± 0.6 ka. At the Spálena valley 
head closure, the sample SPA-9 with an exposure age of 20.9 ± 1.3 ka is identified as an outlier and 
excluded from the mean exposure age calculation for the site. The remaining two samples yield a 
weighted mean exposure age of 13.6 ± 0.7 ka. Apparently young age of 12.4 ± 0.4 ka was obtained for 
the sample ZIA-2 collected in the Žiarska valley where four other exposure ages give a weighted mean 
exposure age of 14.9 ± 0.4 ka. The last outlier age of the sample JAM-9 is identified in the set of samples 
from the southern rock glacier in the Jamnícka valley. The remaining three exposure ages range from 
11.1 ± 0.6 ka to 13.0 ± 0.6 ka and give a weighted mean exposure age of 12.2 ± 0.5 ka. 

Table 2. 10Be surface exposure ages for the samples collected at the rock glaciers in the Western Tatra 
Mts. Samples with outlier exposure ages are shown in italics. 

Rock 
glacier 

Sample Latitude 
(°N) 

Longitude 
(°W) 

Elevation 
(m asl) 

Thickness 
(cm) 

Shielding 
correctio
n 

Production 
rate (at·g-

1·a-1) 

10Be 
concentration 
(at·g-1) 

10Be age (ka) 

Jamnícka-
North 

JAM-1 49.195247 19.757970 1779 4 0.87821 16.151 237 398 ± 7280 14.504 ± 0.451 

JAM-2 49.195336 19.758028 1789 2 0.87412 14.542 188 788 ± 8328 15.583 ± 0.521 

JAM-3 49.195574 19.757766 1791 4 0.86828 14.667 188 000 ± 10 620 13.199 ± 0.409 

JAM-4 49.195509 19.757790 1785 3 0.86535 14.616 162 611 ± 9220 13.548 ± 0.418 

JAM-5 49.194880 19.756940 1793 2 0.86777 14.626 230 485 ± 9388 14.676 ± 0.450 

Jamnícka-
South 

JAM-6 49.191861 19.763420 1659 3 0.87835 12.159 198 833 ± 7044 12.952 ± 0.571 

JAM-7 49.191783 19.763369 1680 4 0.87662 12.097 192 945 ± 10 085 12.787 ± 0.722 

JAM-8 49.191676 19.763368 1680 4 0.87674 12.070 217 075 ± 15 633 11.094 ± 0.629 

JAM-9 49.192111 19.763369 1677 2 0.86417 11.879 178 379 ± 10 843 15.732 ± 0.641 

Roháčska 

ROH-1 49.211154 19.749687 1418 3 0.89488 15.637 203 643 ± 6779 16.318 ± 0.578 

ROH-2 49.211242 19.749856 1414 5 0.89314 15.566 177 125 ± 5734 15.910 ± 0.832 

ROH-3 49.211612 19.749911 1412 4 0.89581 15.983 193 222 ± 6376 18.233 ± 1.313 

ROH-4 49.211602 19.749830 1409 6 0.89470 16.010 181 683 ± 5805 15.454 ± 0.939 

Smutna 

SMU-1 49.200121 19.741379 1724 4 0.86548 15.741 240 364 ± 7635 12.997 ± 0.433 

SMU-2 49.200201 19.741316 1738 5 0.87012 18.163 224 922 ± 6970 11.351 ± 0.367 

SMU-3 49.200249 19.740301 1752 4 0.85715 15.554 210 529 ± 6489 12.063 ± 0.398 

SMU-4 49.200228 19.740171 1756 5 0.86625 15.731 233 125 ± 8078 11.321 ± 0.362 
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Spálena-
Lower 

SPA-1 49.207499 19.725761 1495 3 0.91427 13.982 219 421 ± 9441 16.038 ± 0.690 

SPA-2 49.207453 19.726210 1519 5 0.91246 14.228 239 711 ± 9068 17.496 ± 0.662 

SPA-3 49.207574 19.725881 1530 4 0.91069 14.334 202 145 ± 16 491 14.520 ± 1.185 

SPA-4 49.209057 19.728034 1488 4 0.91526 13.922 9 556 ± 1294 0.704 ± 0.095 

SPA-5 49.209283 19.727911 1487 4 0.91646 13.930 240 855 ± 9728 17.817 ± 0.720 

SPA-6 49.209300 19.727963 1490 4 0.91646 13.962 149 855 ± 8403 11.041 ± 0.619 

Spálena-
Middle 

SPA-10 49.203861 19.714079 1753 5 0.89513 16.680 287 144 ± 16 600 17.888 ± 1.034 

SPA-11 49.203905 19.714053 1752 3 0.89513 16.667 337 747 ± 23 703 20.747 ± 1.456 

SPA-12 49.204510 19.715366 1730 5 0.89806 16.436 260 480 ± 9998 16.461 ± 0.632 

Spálena-
Upper 

SPA-7 49.202105 19.708552 1867 3 0.88088 18.090 244 564 ± 9158 13.820 ± 0.518 

SPA-8 49.202283 19.708459 1870 3 0.87811 17.909 233 403 ± 9086 13.320 ± 0.519 

SPA-9 49.202324 19.708682 1865 4 0.88008 17.884 361 949 ± 22 357 20.887 ± 1.290 

Žiarska 

ZlA-1 49.192925 19.735390 1778 6 0.86864 15.587 258 651 ± 8015 15.247 ± 0.484 

ZlA-2 49.192764 19.735595 1779 5 0.88302 16.072 233 477 ± 7263 12.365 ± 0.383 

ZlA-3 49.192787 19.736714 1775 4 0.88102 16.155 252 077 ± 8434 13.508 ± 0.416 

ZlA-4 49.192514 19.736823 1776 7 0.87666 16.099 212 898 ± 6604 14.795 ± 0.513 

ZlA-5 49.192598 19.736127 1774 7 0.88071 16.101 218 539 ± 6740 16.573 ± 0.514 

 

Table 3. 10Be surface exposure ages for the sampled rock glaciers in the Western Tatra Mts. 

Rock glacier 
Number of samples / 
sample code 

Theor
etical 
χ2 

χ 2 𝜒0# 

SD to 
arithmetic 
mean 
exposure 
age (%) 

Age 
clustering 
(class)* 

Uncertainty
-weighted 
Mean Age ± 
Uncertainty 
(ka) 

Arithmetic 
Mean Age ± 
Uncertainty 
(ka) 

Jamnícka-North 5/ JAM-1 to JAM-5 9.49 5.02 1.3 7 A 14.19 ± 0.38 14.30 ± 0.43 
Jamnícka-South 3/ JAM-6 to JAM-8 5.99 2.88 1.4 8 A 12.22 ± 0.51 12.28 ± 0.59 
Roháčska 4/ ROH-1 to ROH -4 7.81 2.18 0.7 7 A 16.27 ± 0.60 16.48 ± 0.61 
Smutna 4/ SMU-1 to SMU-4 7.81 3.46 1.2 7 A 11.85 ± 0.35 11.93 ± 0.39 
Spálena-Lower 4/ SPA-1 to SPA-3, SPA-5 7.81 3.67 1.2 9 A 16.58 ± 0.64 16.47 ± 0.76 
Spálena-Middle 3/ SPA-10 to SPA-12 5.99 4.29 2.1 12 B 17.71 ± 0.83 18.37 ± 1.26 
Spálena-Upper 2/ SPA-7 to SPA-8 3.84 0.13 0.1 3 A 13.56 ± 0.68 13.57 ± 0.25 
Žiarska 4/ ZIA-1, ZIA-3 to ZIA-5 7.81 6.89 2.3 8 B 14.87 ± 0.44 15.03 ± 0.63 
* The degree of scatter in ages according to the method of Blomdin et al. (2016) 

The dispersion of the exposure ages is rather limited for the rock glaciers in the Roháčska and Smutna 
valleys (Fig. 3). The four ages obtained in the Roháčska valley are well-clustered between 18.2 ± 1.3 ka 
and 15.5 ± 0.9 ka, yielding a weighted mean age of 16.3 ± 0.6 ka. Similarly, ages obtained for four 
samples collected in the Smutna valley are well-clustered between 13.0 ± 0.4 ka and 11.3 ± 0.4 ka, giving 
a weighted mean age of 11.9 ± 0.4 ka. Well-clustered exposure ages were also obtained for five samples 
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collected from the northern rock glacier in the Jamnícka valley. These ages range from 15.6 ± 0.5 ka to 
13.2 ± 0.4 ka and give a weighted mean exposure age of 14.2 ± 0.4 ka. The three exposure ages obtained 
for the rock glacier in the middle part of the Spálena valley are moderately-clustered between 20.8 ± 1.5 
ka and 16.5 ± 0.6 ka, with a weighted mean age of 17.7 ± 0.8 ka. 

 

Fig. 3. 10Be exposure ages for the sampled boulders and weighted mean exposure ages (bold) for the 
dated rock glaciers in the Western Tatra Mts. Italics indicates exposure ages removed from the dataset 
based on the χ2 test. Asterisks represent dates published by Engel et al. (2017). 

 

5 Discussion 

5.1 Age of rock glaciers 

The dated rock glaciers in cirques, middle sections of troughs, and their lower portions above the 
transition to main valleys represent a complete set of locations where these landforms were found in 
the Western Tatra Mts. (Uxa and Mida, 2017). The mean elevation of their fronts is only ~30 m lower 
compared to that reported for all rock glaciers in the Western Tatra Mts. and the dated rock glacier in 



 

13 
 

the Roháčska valley belongs to the lowermost in the mountain range (Uxa and Mida, 2017). 
Consequently, we believe that the dated rock glaciers are representative of the whole Western Tatra 
Mts. 

 

The cosmogenic nuclide ages imply that rock glaciers in the Western Tatra Mts. started to form after the 
retreat of local glaciers from their LGM positions. The absence of outlier ages in the sample set from the 
oldest dated rock glacier in the middle Spálena valley suggests that this feature formed after ~18 ka. 
However, moderately clustered ages indicate movements of individual sampled boulders implying that 
this rock glacier was ice-cored and active until ~16.5 ka. At that time, glaciers in cirques and tributary 
valleys were separated from the glacier in the main trough as evidenced by exposure ages reported for 
the Roháčské lakes area (Engel et al., 2017). The coincident uncertainty-weighted mean ages obtained 
for the rock glaciers in the lower Spálena (16.6 ± 0.6 ka) and Roháčska (16.3 ± 0.6 ka) valleys suggest that 
these forms probably evolved from the material of retreating glaciers during the GS-2.1a (17.5 to 14.7 
ka; Rasmussen et al., 2014). Later rock glacier stabilization cannot be excluded at the lower Spálena site 
based on the presence of younger ages in the dataset. 

The mean ages calculated for the rock glaciers in the Žiarska, northern Jamnícka, and upper Spálena 
valleys fall in the Lateglacial interstadial GI-1 (14.7 to 12.9 ka; Rasmussen et al., 2014). 
Paleoenvironmental proxies in peat and lake sediments indicate continental climate throughout this 
period with relatively warm summer months until 12.9 ka (Obidowicz, 1996; Rybníčková and Rybníček, 
2006). Older mean ages (14.9 ± 0.4 and 14.2 ± 0.4 ka) obtained for the rock glaciers in the southern 
mountain flank may be attributed to earlier glacier retreat due to the higher potential incoming solar 
radiation and temperature compared to the upper Spálena rock glacier (13.6 ± 0.7 ka) at higher-elevated 
site with NE aspect (Table 1). The youngest exposure ages obtained for these rock glaciers indicate their 
final stabilization within relatively short period (13.5 to 13.2 ka) at the end of the interstadial.  

The dated rock glaciers in the southern Jamnícka and Smutna valleys have an eastern orientation 
similarly to the northern Jamnícka rock glacier, but their surface is shaded by the adjacent mountain 
ridges as evidenced by the lower beam radiation (Table 1). As a result, glacier snouts melted slowly, and 
the successive rock glaciers formed as late as in the GS-1 (12.2 ± 0.5 and 11.9 ± 0.4 ka). The youngest 
exposure ages retrieved for the southern Jamnícka site, as well as a pair of almost identical youngest 
ages collected in the Smutna valley (Fig. 3) suggest that the rock glaciers at these sites became inactive 
around 11.3 ± 0.4 ka. This timing coincides with the mean exposure age of 11.1 ± 0.9 ka retrieved for 
high-elevated rock glaciers in the SW part of the High Tatra Mts. but predates the final stabilization of 
these landforms around 10.4 ka (Zasadni et al., 2020). 
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Fig. 4. Timing of rock glacier stabilization in the Western Tatra Mts. The probability density plot (purple 
shading) and Kernel Density Estimation (in cyan) of 10Be exposure ages (n=39) obtained in this study and 
reported for rock glaciers in the Roháčska and Salatínska valleys by Engel et al. (2017). Vertical lines 
indicate mean ages with proportions for the modelled peaks and open circles show individual exposure 
ages (Vermeesch, 2012). 

 

The timing of the rock glacier activity in the Western Tatra Mts. between ~18 and 11 ka (Fig. 4) is 
consistent with the major period of development of these landforms in other European mountain 
ranges. In accordance with local glaciation chronologies, the rock glacier stabilization in the Western 
Tatra Mts. (16.5 to 11 ka) took place around the same time as in the mountain ranges on the Iberian 
Peninsula (15.7 to 11.5 ka) but earlier than in the Alps (12.4 to 9.6 ka). The main phase of rock glacier 
stabilization overlaps with the GS-1 period, similarly as in the High Tatra Mts. (Zasadni et al., 2020), Alps 
(Moran et al., 2016; Charton et al., 2021), or Sierra Nevada (Palacios et al., 2016). The stabilization of 
rock glaciers in the mainland Europe terminated during the onset of the Holocene in the Tatra Mts. 
(Zasadni et al., 2020) and Alps (Ivy-Ochs and Schaller, 2009; Charton et al., 2021), while lasted until the 
mid-Holocene period in the Pyrenes (Andrés et al., 2018), Sierra Nevada (Palacios et al., 2016) and 
Tröllaskagi Peninsula, Iceland (Palacios et al., 2021). 

 

5.2 Paleoclimatic and paleopermafrost implications 
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A minimum temperature declines relative to the present MAAT derived for the three oldest rock glaciers 
from the GS-2.1 is −3.9 °C and their fronts at ~1480 m asl are ~840 m lower compared to the present 
lower limit of discontinuous permafrost. These changes are close to the MAAT and elevation decrease of 
−3.7 to −3 °C and ~630−770 m, respectively, reported for the GS-2.1 rock glaciers in the High Tatra Mts. 
(Zasadni et al., 2020). On the other hand, these MAAT declines are much smaller than −10 to −9 °C 
derived for the GS-2.1 based on glacier modelling in the High Tatra Mts. (Makos et al., 2013, 2018). 
Similarly, the relevance of the GS-2.1 rock glaciers for the lower limit of discontinuous permafrost is also 
unclear because it is inconsistent with other local and regional paleopermafrost features (Fig. 5). 
Cryogenic-carbonate deposits found in caves in the High and Low Tatra Mts. indicate the presence of 
permafrost at ~670 m asl between ~17.1 ± 0.1 ka and ~15.2 ± 0.6 ka (Žák et al., 2012; Orvošová et al., 
2014). Besides that, there is extensive evidence for at least discontinuous permafrost in the nearby 
Central European lowlands <~250 m asl as far south as 48°N between 18.1 ± 0.4 ka and 14.8 ± 0.1 ka 
based on the occurrence of relict frost wedges (Kovács et al., 2007; Fiedorczuk et al., 2007; Fábián et al., 
2014; Ewertowski et al., 2017) and pingo scars (Hošek et al., 2020). This implies that permafrost was 
ubiquitous in the GS-2.1 and not limited to mountain areas. Considering the elevation of the lowermost 
GS-2.1 permafrost features in the Tatra Mts. and the nearby Central European lowlands of ~670 and 
~60 m asl, respectively (Fig. 5), the MAAT decline in the GS-2.1 attains −7.7 °C and −10.5 °C, respectively. 
This is much closer to the MAAT decline reported by Makos et al. (2013, 2018) for the High Tatra Mts., 
as well as to the temperature decline of <−11 °C indicated by the lowland permafrost features (sensu 
Huijzer and Isarin, 1997; Huijzer and Vandenberghe, 1998). The plausibility of the larger MAAT decline 
also reflects the maximum elevation of the GS-2.1 rock glaciers (~rock glacier initiation altitude) of 
~1610 m asl that fits the paleo-equilibrium line altitude at 1600–1700 m asl modelled in the High Tatra 
Mts. (Makos et al., 2013, 2018), as these two elevation indices are generally assumed to closely 
correspond (Humlum, 1998). 

 

Fig. 5. Timing of rock glaciers and other paleopermafrost features around the Tatra Mts. Exposure ages 
for rock glaciers after Engel et al. (2017), Zasadni et al. (2020), and this study. Cryogenic cave carbonates 
(Žák et al., 2012; Orvošová et al., 2014), rock slope failures (Pánek et al., 2016), frost wedges (Kovács et 
al., 2007; Fiedorczuk et al., 2007; Fábián et al., 2014; Ewertowski et al., 2017), pingo scar (Hošek et al., 
2020), and thermokarst features (Błaszkiewicz, 2011; Błaszkiewicz et al., 2015; Hošek et al., 2019) 
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constrain the timing of permafrost conditions or permafrost degradation. The arithmetic means and 
standard errors for individual locations are reported. Vertical bars show the elevation of rock glacier 
fronts, entrance of caves, and the lowest detachment zone for rock slope failures. The temperature 
offset (grey dashed line) relative to the present (Kindler et al., 2014), δ18O data (grey solid line), and 
INTIMATE event stratigraphy (Rasmussen et al., 2014) are derived from the NGRIP ice core on the 
GICC05modelext time scale.  

 

The three rock glaciers attributed to the GI-1 indicate a minimum MAAT decline of −2.5 °C and their 
fronts at ~1760 m asl suggest a decrease of the lower limit of discontinuous permafrost by ~560 m 
relative to the present. Engel et al. (2017) dated other two GI-1 rock glaciers in the study area at 
~1440 m, which correspond to a MAAT decline of −4.1 °C and a decrease of the lower limit of 
discontinuous permafrost by ~880 m. These values seem reasonable because no other paleopermafrost 
features are present at lower elevations (Fig. 5) and there was a rapid climate warming at the onset of 
the GI-1 (Kindler et al., 2014), which prompted the thermokarst development in the nearby Central 
European lowlands between ~14.0 ± 0.7 cal. ka and ~13.8 ± 0.7 cal. ka (Błaszkiewicz, 2011; Błaszkiewicz 
et al., 2015; Hošek et al., 2019). Permafrost degradation may also have triggered a rock slope failure 
that initiated >1350 m asl at 14.4 ± 0.3 ka in the Western Tatra Mts. (Pánek et al., 2016). As rock glaciers 
tend to move faster with higher permafrost temperatures (Kääb et al., 2007), the warmer climate of the 
GI-1 may have enhanced the rock glaciers activity (Fig. 4), which could have been further promoted by a 
possible higher debris supply from collapsing slopes. 

The two GS-1 rock glaciers suggest a MAAT decline of −3.4 °C and their fronts at ~1600 m asl correspond 
to a decrease of the lower limit of discontinuous permafrost by ~720 m. These indices differ from the 
values of −1.6 °C, ~2030 m asl, and ~335 m, respectively, reported by Zasadni et al. (2020) for rock 
glaciers in the High Tatra Mts. Nevertheless, there is another GS-1 rock glacier in the study area at 
~1470 m asl (Engel et al., 2017) and a cryogenic-carbonate deposit in the Low Tatra Mts. further 
suggests that permafrost descended to at least ~1210 m asl 12.1 ± 0.2 ka (Fig. 5) (Orvošová et al., 2014), 
which implies a MAAT decline of at least −5.2 °C. This is plausible because the maximum elevation of the 
GS-1 rock glaciers of ~1830 m asl is just below the paleo-equilibrium line altitude at 1900 m asl modelled 
for the MAAT decline of −7 to −6 °C in the High Tatra Mts. (Makos et al., 2013, 2018). At the same time, 
it is consistent with the assumptions that only seasonally frozen ground existed in the nearby Central 
European lowlands south of 50°N in the GS-1 (Isarin, 1997), and isolated islands of permafrost occurred 
only in high mountain areas. The aforementioned discrepancies between the lower limit of the rock 
glaciers and other paleopermafrost features (Fig. 5) may result from topographic constraints, limited 
debris supply, unfavourable climatic conditions and/or insufficient time for development of the rock 
glaciers (Barsch, 1996; Kääb, 2013). Whatever the reason, the rock glaciers in the Western Tatra Mts. 
seem to underestimate past permafrost extents and temperature declines and should be used 
cautiously as paleoenvironmental proxies. 

Since the beginning of the Holocene, climate warmed and permafrost degraded, which resulted in the 
final stabilization of the youngest rock glaciers at 1564–1632 m asl around 11.3 ± 0.4 ka. The increasing 
ground temperatures conditioned slope instability initiating rock slope failures >1850 m asl in the 
Western Tatra Mts. 10.2 ± 0.4 ka and 10.1 ± 0.3 ka (Pánek et al., 2016). The timing of the rapid 
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permafrost degradation is consistent with the peak of the thermokarst activity in northern Poland at 
~10.8 ± 0.3 cal. ka (Błaszkiewicz, 2011; Błaszkiewicz et al., 2015). 

 

6 Conclusions  

The dataset of 10Be exposure ages obtained for rock glaciers in the Western Tatra Mts., Western 
Carpathians, documents their activity between ~18 and 11 ka. This activity is attributed to three main 
phases: (1) 17.7 ± 0.8 to 16.3 ± 0.6 ka, (2) 14.9 ± 0.4 to 13.6 ± 0.7 ka, and (3) 12.2 ± 0.5 to 11.9 ± 0.4 ka. 
The oldest dated rock glaciers with front elevation of 1376–1594 m asl started to form during the 
Greenland Stadial 2.1 following the retreat of glaciers from their LGM positions. The middle phase of 
activity reflects warm conditions during the Greenland Interstadial 1 and the youngest landforms 
coincide with the Greenland Stadial 1 (~Younger Dryas). The final stabilization of the youngest rock 
glaciers with fronts located at an elevation of 1564–1632 m asl probably lasted until the beginning of the 
Holocene as indicate exposure ages of 11.3 ± 0.4 and 11.1 ± 0.6 ka obtained for boulders at the northern 
foot of the main mountain ridge. 

The initiation altitude of ~1610 and 1830 m determined for the rock glaciers from the Greenland Stadials 
2.1 and 1, respectively, is consistent with estimates of the paleo-equilibrium line altitude reported for 
these periods. However, the lower limit of the rock glaciers is well above other regional paleopermafrost 
features from the same periods. This suggests that elevation indices derived for the rock glaciers in the 
Western Tatra Mts. underestimate past permafrost extents and temperature declines raising questions 
about their validity for paleoenvironmental reconstructions. 
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Table A.1. Location and site characteristics of the sampled boulders. 

Rock 
glacier 

Sample Latitude 
(°N) 

Longitude 
(°W) 

Elevation 
(m asl) 

Length/width
/height (m) 

Surface 
aspect/dip 
(°) 

Topographic 
shielding 
factor 

Snow cover 
depth/duration 
(cm/month) 

Jamnícka
-North 

JAM-1 49.195247 19.757970 1779 5.5/1.4/1.7 105/9 0.97361 55/7 

JAM-2 49.195336 19.758028 1789 1.8/1.7/1.6 265/3 0.95823 49/6 

JAM-3 49.195574 19.757766 1791 2.1/2.0/1.8 75/4 0.95362 50/6 

JAM-4 49.195509 19.757790 1785 3.2/2.5/1.4 270/3 0.95040 50/6 

JAM-5 49.194880 19.756940 1793 2.7/0.9/1.9 horizontal 0.95306 50/6 

Jamnícka
-South 

JAM-6 49.191861 19.763420 1659 3.1/2.4/2.8 horizontal 0.94499 39/6 

JAM-7 49.191783 19.763369 1680 1.6/1.5/1.3 135/12 0.94312 39/6 

JAM-8 49.191676 19.763368 1680 3.4/2.6/1.9 horizontal 0.94325 39/6 

JAM-9 49.192111 19.763369 1677 3.2/2.9/2.7 horizontal 0.92974 39/6 

Roháčska 

ROH-1 49.211154 19.749687 1418 2.0/1.4/0.8 178/16 0.98653 52/7 

ROH-2 49.211242 19.749856 1414 2.0/1.5/0.9 105/25 0.98646 53/7 

ROH-3 49.211612 19.749911 1412 1.9/1.4/0.6 120/15 0.98941 53/7 

ROH-4 49.211602 19.749830 1409 1.9/1.2/0.8 310/12 0.98818 53/7 

Smutna 

SMU-1 49.200121 19.741379 1724 2.0/1.4/0.8 205/8 0.95770 54/7 

SMU-2 49.200201 19.741316 1738 2.6/2.0/1.1 25/12 0.96283 54/7 

SMU-3 49.200249 19.740301 1752 1.9/3.0/1.0 150/4 0.94848 54/7 

SMU-4 49.200228 19.740171 1756 2.7/1.9/1.9 15/19 0.95856 54/7 

Spálena-
Lower 

SPA-1 49.207499 19.725761 1495 4.9/4.2/1.5 195/11 0.98918 42/6 

SPA-2 49.207453 19.726210 1519 4.3/2.9/1.6 190/2 0.98907 43/6 

SPA-3 49.207574 19.725881 1530 7.1/4.3/2.8 225/9 0.98900 44/6 

SPA-4 49.209057 19.728034 1488 6.9/6.3/3.3 80/11 0.99025 42/6 

SPA-5 49.209283 19.727911 1487 1.9/1.3/1.0 250/7 0.99155 42/6 

SPA-6 49.209300 19.727963 1490 2.2/1.8/1.3 180/23 0.99155 42/6 

Spálena-
Middle 

SPA-10 49.203861 19.714079 1753 7.9/5.7/4.0 270/7 0.98865 53/7 

SPA-11 49.203905 19.714053 1752 6.7/4.6/2.2 25/6 0.98865 53/7 

SPA-12 49.204510 19.715366 1730 8.7/6.3/4.7 285/8 0.99004 52/7 

Spálena-
Upper 

SPA-7 49.202105 19.708552 1867 4.7/3.3/1.5 60/16 0.98208 58/7 

SPA-8 49.202283 19.708459 1870 3.8/2.6/1.8 185/5 0.97899 58/7 

SPA-9 49.202324 19.708682 1865 3.0/2.8/1.5 horizontal 0.98119 58/7 

Žiarska 

ZlA-1 49.192925 19.735390 1778 1.9/1.8/1.3 215/6 0.96119 54/7 

ZlA-2 49.192764 19.735595 1779 3.3/2.4/1.5 95/7 0.97711 54/7 

ZlA-3 49.192787 19.736714 1775 2.2/2.2/1.7 145/17 0.97672 55/7 
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ZlA-4 49.192514 19.736823 1776 4.7/2.3/1.6 310/7 0.97189 55/7 

ZlA-5 49.192598 19.736127 1774 4.5/3.8/3.7 150/5 0.97455 54/7 

 


