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Rare, slow but impressive: > 43 ka of rockslide  
in river canyon incising crystalline rocks 
of the eastern Bohemian Massif

Abstract Despite significant progress in understanding the sta-
bility of rock slopes, little is known about the time scales of the 
evolution of slow-moving rockslides. The Ledové sluje rockslide 
in the Thaya River canyon is a unique and infrequent slope failure 
developed in crystalline rocks of the Variscan orogen in Central 
Europe. Fresh topography with trenches, rock walls, slided blocks, 
scree slopes and crevice-type caves has attracted generations of 
geologists for more than a century, but questions of mechanism 
and age of the rockslide have remained unresolved. To address this 
question, we combined geomorphological research with detailed 
analysis of the geological structure, electrical resistivity profiling 
and terrestrial cosmogenic nuclide dating (TCN). Our data show 
that failure developed above the river undercut bank along a pla-
nar sliding surface predisposed by NW-oriented gently dipping 
metamorphic foliation intersected by steep fractures and faults. 
Although TCN dating does not allow determination of the entire 
life span of the rockslide, its scarp predisposed by NE- to ENE-
striking fault was largely exposed in the Last Glacial during marine 
isotope stages (MIS) 3 and 2 between ~ 43 and 23 ka, suggesting slow 
gradual or multievent movement of the rockslide slope rather than 
a single catastrophic event. We conclude that, although very rare in 
Central Europe, rockslides in the crystalline rocks of the Palaeozoic 
orogens may leave a much longer topographic footprint than in the 
adjacent Alpine mountain belts.

Keywords Crevice-type cave · Electrical resistivity tomography · 
Orthogneiss · Structural analysis · Terrestrial cosmogenic nuclide 
dating

Introduction
Rockslides developed in crystalline rocks are commonly described 
from world mountain belts such as the European Alps (Strauhal 
et al. 2017; Zangerl et al. 2010), Carpathians (Němčok 1972; Pánek 
et al. 2016, 2017) and High Asia (Schramm et al. 1998; Weidinger and 
Korup 2009), but they are less common in pre-Cenozoic orogens, 
except in areas where topography has been rejuvenated by Quater-
nary glaciations or river incision (Jarman 2006; Ballantyne et al. 
2014; Hilger et al. 2018; Böhme et al. 2019). In Europe, this is partly 
due to the lower topographic relief and less intensive rockslide trig-
gers (e.g. seismicity, river incision) offered by the Palaeozoic moun-
tain belts compared to the Cenozoic alpine ranges. The declining 
potential to produce large slope instabilities with mountain range 
lifetimes is termed “stress hardening” (Jarman 2006). This phenom-
enon is the result of long-term erosion, which gradually removes 
unstable volumes of rock, and the topography of the mountains 

is then more in equilibrium with the geological structure. In such 
areas, rockslides cluster mainly in rejuvenated, more recently cut 
river valleys or within the youngest glacial breaches (Jarman and 
Harrison 2019).

However, the interpretation of the origin of these rockslides 
in the context of landscape evolution has so far been hampered 
by minimal knowledge about their onset and lifespans. Only for a 
small number of slow-moving rockslides the length of their evolu-
tion has been estimated (Schwartz et al. 2017; Böhme et al. 2019; 
Hilger et al. 2021; Břežný et al. 2021), and no such data exist for Pal-
aeozoic highlands of Central and Western Europe situated outside 
the Pleistocene ice limits.

In the crystalline domains of the Bohemian Massif formed by 
plutonic and metamorphic rocks (Fig. 1), rockslides are extremely 
rare, in contrast to the sedimentary and volcanic parts of the area 
(Migoń et al. 2017; Raška et al. 2016). In the Czech part of the Bohe-
mian Massif, only single cases of rockslides in crystalline rocks have 
been inventoried, exclusively from mountains glaciated during the 
Last Glacial Maximum (Hartvich and Mentlík 2010), from tectoni-
cally more active parts of the area, such as the flanks of the Eger 
Rift (Burda et al. 2018), or from deeply incised river valleys (Zvelebil 
et al. 1996). The last group mainly includes river valleys incised to 
the eastern marginal slope of the Bohemian Massif at the contact 
with the Alpine–Carpathian foredeep. Although these valleys are 
only the first few hundred metres deep, they often have steep rock 
slopes and resemble canyons (Ivan and Kirchner 1994). Several 
rockslides from these valleys have been described by Hrádek (1998); 
however, information on their kinematics and chronological time 
frames is completely lacking.

The present study reveals the predispositions, structure, mecha-
nism and age of the Ledové sluje rockslide (LR), which is some of 
the most distinct rockslides originating within the nonglaciated 
Variscan orogenic belt in southeastern Czechia, Central Europe. 
The rockslide is unique with its remarkably well-preserved mor-
phology as well as accessible internal structure through distinctly 
developed crevice-type caves (CTCs). Although this rockslide has 
been studied for more than a century (Filek 1895), there are still 
controversies regarding its predisposition, triggers, mechanism of 
movement and especially its age (Špalek 1935; Demek 1996; Kopecký 
1996; Zvelebil et al. 1996).

The main goal of this study was (i) to reveal the structural control 
of the rock massif through structural and geophysical data analyses, 
(ii) to assess the types of mass movements that formed the stud-
ied rockslide and (iii) to present the results of terrestrial cosmo-
genic nuclides dating outlining the minimum age of the rockslide. 
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Combining these approaches, we demonstrate for the first time the 
long-term evolution of rockslide in the Variscan part of Europe.

Regional settings
Corresponding to the front of the Variscan collisional belt, the east-
ern margin of the Bohemian Massif is composed of three main tec-
tonically stacked Precambrian and Palaeozoic crystalline complexes. 
In the W‒E direction, the Moldanubicum complex is thrust over 
Moravicum, and both complexes are jointly thrust over Brunovis-
tulicum (Dudek 1980; Schulmann et al. 1994). Devonian limestones 
sandwiched between the Brunovistulicum basement and Mora-
vicum complex indicate the Variscan tectonics of the area, more 
accurately a Lower Carboniferous age of the main tectonic phase 
(Dallmeyer et al. 1994). Within the Moravicum domain, two tectonic 
windows — the northern Schwarzawa window and the southern 
Dyje window — were formed (Suess 1912). In the latter, the Ledové 
sluje rockslide is located (Fig. 1). The Dyje window (dome), more 
precisely the tectonic half-window, consists of the lower inner 
phyllite unit (Suess 1912; Batík 1993) exposing mainly metapelites, 
gneiss, quartzites and marbles and the higher Bíteš gneiss nappe 
unit. It contains strongly deformed leucocratic orthogneiss with an 
expected Cadomian (Late Proterozoic–Cambrian) age, penetrat-
ing a varied metasedimentary succession of the outer phyllite unit 
(Schulmann et al. 1994).

LR is situated in the Znojmo Highland, i.e. a slightly undulating 
landscape of the Bohemian Massif on the border between Czechia 
and Austria (Kopecký 1996). Even though the mean altitude of 
the Znojmo Highland does not exceed 365 m, the southeastern 
marginal slope of the Bohemian Massif is deeply incised by the 

Thaya (Dyje Cze.) River and other rivers flowing into the adjacent 
Alpine–Carpathian foredeep. The resulting canyons with often 
rocky steep slopes reach depths greater than 200 m. Morphotec-
tonic evolution of the area was influenced by the proximity of the 
Diendorf-Čebín Fault Zone (DCFZ) (Roštínský et al. 2013) (Fig. 1). 
Manifesting as an ~ 200-km-long NE–SW-trending fault system 
of predominantly normal and strike-slip character, the DCFZ 
represents surface expression of the Variscan suture between the 
Moldanubicum and Brunovistulicum complexes with assumed tec-
tonic activity in the Quaternary (Špaček et al. 2017).

The LR site is situated in the western part of the Thaya River 
canyon, 40 km upstream from the outlet of the river into the 
Alpine–Carpathian foredeep. More specifically, it occupies the 
steep northwestern slope of the incised meander spur, which forms 
an ~ 800-m-long rocky promontory of the Větrník hill plateau 
at ~ 500 m a.s.l. (Fig. 2). The slope is composed of the Bíteš orthog-
neiss, formed by flaser, leucocratic two-mica gneiss (Ivan and 
Kirchner 1994). Metamorphic foliation dips 15–30° NW in general 
(Ivan and Kirchner 1994). The mean inclination of the failed slope 
oscillates at approximately 25° (Košťák 2001) but locally exceeds 
55° (Demek 1996). Joint systems strike in the NW–SE, WSW–ESE 
and NNE–SSW directions, which is also reflected by the shape of 
the river meanders (Zvelebil et al. 1996).

The LR is not the only slope failure described within the wider 
area (Hrádek 1998), but with its complexity, it remains unique. 
Except for typical gravitational features such as undulated terrain 
with rock scarps or scree slopes, it reveals distinct 100-m-long 
and 25-m-high fault-predisposed rock wall (locally named the 
Main Trench) in its upper portion, sagged and rotated rock blocks 

Fig. 1  Simplified geological map of the Alpine–Carpathian–Bohemian Massif junction area (based on Špaček et al. 2015) with the geological 
setting of the Dyje Window. LR, the Ledové sluje rockslide; DCFZ, Diendorf-Čebín Fault Zone
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(locally named Pillar I and Pillar II) and pseudokarst caves (both 
crevice and boulder types) (Figs. 3 and 4). Cave openings along 
the Main Trench as well as within the pillars and scree accumula-
tions have been described since the nineteenth century (Kopecký 
1996). Even though caves reveal complicated morphology, the main 
direction of their crevice-type corridors (NE–SW) is parallel to the 
main fault scarp strike. Other shorter cave corridors follow NW–SE 
or NNW–SSE directions (Kopecký 1996). Until 1996, speleologists 
documented 7 caves within Pillar I with cumulative length up to 
100 m and elevation change up to 20 m and 7 caves within Pillar II 
with the length more than 400 m and elevation change up to 30 m 
(Kopecký 1996) (Fig. 3). Wagner (2001) described 17 caves. He high-
lighted that some individual underground crevices are 10 m high.

Overall, the caves reveal the typical morphology described ear-
lier by Lenart (2015) and Margielewski and Urban (2017) from the 
Outer Western Carpathians. Individual caves are interconnected 
through widened joints by visible connection or at least by air draft. 
Rock surfaces within the caves are covered or impregnated by opal, 
silicate, phosphate or gypsum coatings (Cílek 1993). Some of the 
caves are iced during the cold season, which further supports high 
vertical disruption of the rockslide structure. It is symptomatic that 
the icing of the caves gave the name of the whole rockslide (Ledové 
sluje (Cze.) = ice caves). From time to time, rock falls are observed 
(Košťák 2001), both on the surface and inside caves.

Methods

Geomorphic mapping
Geomorphic mapping was focused on landforms related to slope 
failures, and it was conducted by surface GNSS mapping and spe-
leological surveys inside the crevice-type caves. Geomorphologi-
cal interpretation was based on the high-resolution LiDAR-derived 
digital terrain model of the Czech Republic provided by the State 
Administration of Land Surveying and Cadastre (DMR5G) with a 
spatial resolution of 1 m and the maximum error in altitude reach-
ing 0.3 m in forested areas. A detailed topographic map at a scale 
of 1:5 000 was used as the main source for surface mapping, which 

helped to delimit slope failure and reveal distinct landslide features 
in the study area. The existing results of geomorphological map-
ping, research and inventories by Ivan and Kirchner (1994) and 
Demek and Kopecký (1996), were also considered. Detailed geo-
morphological maps at scales of 1:5 000 (Demek and Kopecký 1999) 
and 1:200 (Počta and Schönbeková 1991) served as basic sources for 
a better understanding of the wider spatial context of the rockslide 
area. Cave maps obtained earlier by speleologists were used for ori-
entation in CTCs. Within them, we used tape for the identification 
of vertical shifts indicating sagging of blocks.

Structural analysis and movement mechanism

The rock surfaces exposed mainly within the CTCs were investigated 
by structural analysis. The methodology by Margielewski and Urban 
(2003) was used to determine the mass movement types that formed 
the rockslide. This method relies on the fact that changes in the dip and 
direction of discontinuities between in situ rock masses and gravita-
tionally shifted blocks reveal the type of local gravitational movement, 
i.e. translation, toppling or horizontal and vertical rotations of rock 
packets (sensu Dikau et al. 1996). This assumption is valid only in spa-
tially limited slope sections (~  101 m) and for rock masses not affected 
by folding. Measured in dip direction/dip angle format for planes and 
trend/plunge format for lines, structural data of faults, fractures and 
foliation planes have been visualized as contour diagrams in the lower 
hemisphere of the Lambert equal area projection.

Electrical resistivity tomography

The geoelectrical properties of the rock massif were examined by 
means of a multielectrode resistivity measurement technique, i.e. 
electrical resistivity tomography (ERT). The survey was conducted 
to reveal the internal structure of the main scarp area of the stud-
ied rockslide. Measurements are based on direct current passing 
through a pair of electrodes grounded to the subsurface and on 
measured potentials on a pair of potential electrodes (Milsom and 
Eriksen 2011). According to Ohm’s law and the geometric factor 

Fig. 2  The Ledové sluje rockslide (delimited by orange arrows) and the Thaya River canyon. Visualization is based on the DMR5G digital ele-
vation model (ČÚZK) with 1-m resolution. Pillars I and II are shown in more detail in Fig. 3
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(k coefficient), the apparent resistivity (ρa) is then calculated and 
further recalculated into real resistivity (ρ) by means of an inver-
sion procedure in Res2Dinv software (Loke and Barker 1996). The 
resulting inverted models are depicted as resistivity sections.

Two ERT sections were measured using a multielectrode sys-
tem ARES (GF Instruments, Czechia). Both profiles were con-
ducted in a Wenner-Schlumberger array with a 5-m electrode 
spacing. Section P1 was 165 m long, and Section P2 was 185 m long.

Surface exposure dating

Terrestrial cosmogenic nuclide (TCN) dating using 10Be was used 
to determine the minimum age of the main 15-m-high scarp of 
the rockslide. The method is based on a concentration measure-
ment of in situ produced cosmogenic nuclides that builds up in 
the mineral’s lattice from interactions occurring between the target 
mineral and particles arising from secondary cosmic ray flux (for 

Fig. 3  Detailed geomorphology of the most distinct portion of the Ledové sluje rockslide (after Počta and Schönbeková 1991) with caves, 
cross-sections (after Zvelebil et al. 1996) and ERT Section P1 with stationing. 10Be, position of TCN dating profile; TM, positions of extensomet-
ric measurements (Košťák 2001)
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further details, see, e.g. Ivy-Ochs and Kober 2008). Recently, dated 
landslide scarps testified to the usefulness of this dating strategy 
for determining the timing of scarp exposure (e.g. Le Roux et al. 
2009; Zerathe et al. 2014; Schwartz et al. 2017).

Samples for 10Be dating were taken from the nearly vertical main 
scarp with minimal evidence of secondary rockfalls, subsequent 
weathering and postfailure erosion in general. For assessment of 
different phases of possible slowly moving rockslide, a total of four 
rock samples placed one above the other along the transect on the 
subvertical scarp surface were obtained (Fig. 4a).

All samples were crushed, sieved and cleaned with a mixture 
of HCl and  H2SiF6. The extraction method (Braucher et al. 2000; 
Merchel and Bremser 2004) for 10Be involves isolation and purifica-
tion of quartz and elimination of atmospheric 10Be. Exactly 150 µl 
of a (3025 ± 9) ppm 9Be solution was added to the decontaminated 
quartz. Beryllium was subsequently separated from the solution 
by successive anionic and cationic resin extractions (DOWEX 1X8 
then 50WX8) and precipitations. The final precipitates were dried 
and heated at 800 °C to obtain BeO and finally mixed with nio-
bium powder prior to measurements, which were performed at 
the French AMS National Facility, ASTER, located at CEREGE in 
Aix-en-Provence. Beryllium data were calibrated directly against 
the STD11 standard (Braucher et al. 2015) with a 10Be/9Be ratio 
of (1.191 ± 0.013) ×  10−11. Analytical uncertainties (reported as 1σ) 
include uncertainties associated with AMS counting statistics, AMS 
external error (0.5% for 10Be) and chemical blank measurement.

A sea-level high-latitude spallation production rate of 4.02 ± 0.32 
at.  g–1  a–1 (Borchers et al. 2016) was used and scaled using Stone 
(2000) polynomials.

The general equation used to model 10Be concentrations consid-
ering the three types of particles involved is given by Eq. 1:

where Pn., Pstop. and Pfast are the production of neutrons, stop-
ping and fast muons, respectively; ρ is the material density; ε is 
the denudation rate; t is time; and Λneut and Λstop. and Λfast are 
the attenuation lengths of neutrons (150 g/cm2), stopping (1500 g/
cm2) and fast muons (4320 g/cm2), respectively. λ is the radioactive 
decay constant (λ = ln2/half-life). x is the depth before the sliding 
event (after the sliding event, samples are exposed at the surface). 
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Fig. 4  Morphology of the most distinct portion of the Ledové sluje rockslide. a The main scarp with positions of rock sampling for TCN dat-
ing; b the main scarp above the Main Trench filled with blocks; c the highly disrupted front of Pillar II with the entry into the Brněnská crevice-
type cave; d the interior of the Brněnská crevice-type cave with typical rectangular corridors filled with wedged blocks; e narrow crevice in 
Brněnská cave with apparent vertical shift of the opposite blocks indicating sagging. See Fig. 3 for the TCN dating profile position and names 
of individual caves
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The muon contribution scheme follows Braucher et al. (2011). Topo-
graphic shielding was determined using Dunne et al. (1999).

The term N(x, �,∞) is the inheritance coming from a previous 
exposure at depth and assuming steady state (T = infinite) and with 
a denudation ε. This denudation ε is a local long-term denudation 
rate determined using the top reference samples not affected by the 
sliding event. The age calculation was therefore a three-step cal-
culation: (i) determination of the long-term denudation rate with 
the top sample (LS0); (ii) estimation of the inheritance at depth 
of samples below LS0 assuming the denudation rate determined 
above; and (iii) determination of the exposure ages after the sliding 
event considering inheritance determined in step 2.

Results

Geomorphology and structural setting of the rockslide
The LR occupies an area of ~ 0.1  km2, with a topographic relief 
of ~ 150 m. It reveals fresh topography. The upper easternmost 
portion reveals a typical scarp with a linear and transversely 
asymmetrical shallow depression/graben separating the rockslide 
from Větrník Hill (Fig. 2). The northern branch of the failure is 
topographically rather indistinct, except for Pillar I, revealing rock 
walls and rock towers highly disrupted by a system of open fissures 
and CTCs (Fig. 3). There, the original rock structure is strongly 
overprinted by varied secondary failures — rock falls, slides and 
rotations. Below Pillar I, the slope is covered by scree accumulation.

The southern branch of the LR is very distinct. From the Ledové 
sluje ridge, Pillar II is separated by the gravitational trench (the 
Main Trench) bounded by vertical rock walls or steeply declining 
scree piles (Fig. 3). Downslope, NE–SW elongated deep opened 
fissures and CTCs separate blocks of the failed rock mass. Pil-
lar I culminates with a highly disrupted northwestern rock face 
with the entrances into the largest CTC — the Brněnská cave 
(length ~ 400 m). The lower part of the slope is covered by scree 
cover. Overall, the foot of the LR lacks a distinct toe due to the ero-
sion of the Thaya River that shaped the formerly incised meander 
(Fig. 2).

Viewed from the caves, we found that the orthogneiss rock 
mass was highly heterogenous. In addition to joints and faults, we 
detected subvertical mineral veins (~  101 cm thickness) and sub-
horizontal intercalations (~  101 cm). Additionally, weak, weathered 
and eroded layers (~ 5–13 cm thick) permeating the massif equate 
to biotitic paragneiss inclined 2–4° within the overdip slope (sensu 
Meentemeyer and Moody 2000), earlier described by Košťák (2001). 
Tectonic features such as Riedel shears, plumose structures, tec-
tonic mirrors and striations were observed on rock walls.

The main structural control of the rock massif (Fig. 5) corre-
sponds mainly to NE- to ENE-striking steep fractures and faults, 
predominantly facing the SE (contour maximum density 145/83). 
Metamorphic foliation gently dips towards the NW (maximum 
300/5). Identified mainly on the basis of striation surfaces and tec-
tonic mirrors, faults are characterized primarily by ENE-striking 
(maximum 334/83) and secondarily also WNW-striking (197/86) 
structures with SW-oriented striations with dip range 30–80° 
(maximum 240/63).

The eight CTCs (the Ananas, Grotte 1, Grotte 2, Netopýří, Sintrová, 
Pod schodištěm, Nová and Brněnská Caves) and the Main Trench 
were analysed based on changes in the anisotropy of upslope and 

downslope rock blocks. The structural assessment avoided sites 
with locally folded orthogneisses since their anisotropy is attrib-
uted to continuous tectonic strain in rocks, not to rigid deformation 
formed by slope failure.

The extensive structural analysis of upslope and downslope 
blocks enabled the identification of translated and rotated blocks 
within the rockslide body. The structural sketch showing the folia-
tion within all analysed sites is shown in Fig. 6. Recalculated into 
apparent dips, the representative foliation planes are also depicted 
in the NW–SE-directed pseudosection (Fig. 6). The translated 
blocks exert identical fabric with foliation planes dipping gently to 
the NW (300/5). The rotated structures are characterized mainly as 
back-rotated, with foliation dipping SE up to 11° (except the Grotte 
1 Cave), while toppled blocks dip to NW up to 16–22° (the Nová, 
Ananas, Brněnská Caves).

Resistivity imaging

Figure 7 shows the measured ERT profiles and their locations 
within the LR area. Absolute values of resistivity of both sections 
were strongly influenced by highly resistive orthogneiss.

The P1 section oriented in the NW–SE direction was measured 
across the main ridge above the Main Trench downwards behind 
the lowermost known crevices of the Brněnská Cave. The most 
striking feature of the P1 section is represented by the high resis-
tivity domain at stationing ca. 70–100 m, exceeding 10,000 Ω·m. It 
is interpreted as a relatively fresh compact rock mass exposed by 
the main scarp of the rockslide with a near-surface zone of distinct 
resistivity variations. From SE at stationing ca. 90 m, it is bordered 
by a sharp resistive transition steeply dipping towards the SE, which 
is interpreted as a fault structure predisposing the Main Trench. 
Down the slope, up to ~ 12-m-thick surface domain of relatively 
low resistivity (< 3000 Ω·m) may be tracked at stationing 25–65 m, 
acting as a relaxed part of the rock massif with slided blocks sepa-
rated by crevices.

Oriented SW–NE, the P2 section runs parallel to the Main 
Trench and further upwards through the N–S-directed shallow 
trench. The profile clearly captured its subsurface structure and 
documents gravitational breakup of the highest portion of the 
rockslide. The subhorizontal zone of reduced resistivities (< 600 
Ω·m) is well pronounced at stationing from ca. 65 m onwards with 
a base situated 15 m deep. This domain propagates up to the surface 
at stationing 80–100 m, corresponding with the expressive topo-
graphic response of the gravitational trench.

Dating

All dated samples from the 15-m-high rock wall of the main rock 
scarp show Late Pleistocene exposure ages, specifically falling in 
the younger half of the Last Glacial period (Tables 1 and 2). The 
uppermost sample LS1 yields an age of 42.6 ± 4.4 ka, the middle 
sample LS2 yields an age of 26.6 ± 3 ka, and the lowermost sample 
LS3 reveals an age of 23.4 ± 2.7 ka. As the ages decrease from the top 
to the bottom, the rockslide formed due to slow gradual or mul-
tievent displacement over tens of thousands of years rather than 
during a single catastrophic event.



1711

1711Landslides 20 • (2023)

Discussion

Causes and triggers of the rockslide
The Ledové sluje rockslide belongs to the most explored slope fail-
ures in Central Europe with a long tradition of investigation. The 
authors of the first descriptive studies outlined the crucial trig-
gering role of the Thaya River undercutting the slope (Filek 1895; 
Špalek 1935). As summarized by Demek (1996), various authors also 
mentioned the crucial role of weak biotitic paragneiss intercala-
tions and Pleistocene frost weathering as predisposing and pre-
paratory factors. Kopecký (1996) underlined the influence of local 
folding and jointing.

Our investigation also revealed other potential geological pre-
dispositions of slope instability — subvertical mineral veins.

Based on the analysis of nearly 3000 structural measurements, 
we determined the overall pattern of steep NE- to ENE-striked 
fractures and faults protruding into a highly incoherent rock 
massif. A similar structural pattern was previously described 

by Zvelebil et al. (1996), who also pointed out the significance 
of NW- and NNE-trending fracture sets. NE-striking structures 
are developed longitudinally with respect to the strike of gently 
dipping foliation planes. Pospíšil and Pazdírek (1998) highlighted 
the importance of NW-trending fractures and faults, which was 
also supported by the study of regional fracture pattern (Pospíšil 
et al. 1997). They found the transverse NW-directed fabric to be 
the main predisposition that enabled the development of longitu-
dinal fissures and therefore the subsequent evolution of the rock-
slide. Such a structural setting of the rock massif, together with 
the position of the rockslide predominantly on a NW-oriented 
overdip slope (sensu Meentemeyer and Moody 2000), defines 
the main predisposing factors for the development of LR and 
respective CTCs.

As summarized by Ivan and Kirchner (1994), undercutting 
caused by the former Thaya River course remains the suspicious 
triggering factor. As a result of the DEM visualization (Fig. 2), the 
foot of the LR is obviously eroded, and the accumulation part is 

Fig. 5  The results of structural analysis reveal mutual relations between upslope (black diagrams) and downslope (red diagrams) rock blocks, 
predisposition and types of slope movement, number of measured faults and striations (n), fractures (nf) and foliation planes (nb)
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apparently missing. Based on ground penetrating radar profiles, 
Hubatka (2001) revealed a former channel within the incised mean-
der buried beneath a 20–30-m-thick cover of colluvial deposits at 
the foot of the rockslide.

In contrast, Zvelebil et al. (1996) assumed tectonic impulse for 
at least the initial evolution stages of the LR. Pospíšil and Pazdírek 
(1998) also mentioned the importance of a seismic factor, although 
without providing any clear evidence. The proximity of the DCFZ 
has often been argued to support the hypothesis of a seismic trig-
ger. The southern section of the DCFZ near Krems and Melk in Aus-
tria is characterized by weak recent seismicity with an estimated 
maximum magnitude  Mw ~ 3.5 (Lenhardt et al. 2007; Špaček 2021). 
The Ried am Riederberg earthquake in 1590, known as the strong-
est historical earthquake in Austria with an estimated magnitude 
 Mw ~ 5.8 and an epicentral intensity of 9° EMS-98 (Hammerl and 
Lenhardt 2013; Hammerl 2017), is located ~ 70 km from the LR site. 
A few instrumentally or macroseismically recorded earthquakes are 
also known from less distant areas (< 30 km from the LR site), e.g. 
from Hostěradice  (ML = 2.5; years 2000 and 2014), Božice  (ML = 1.4; 
year 2006) or Ctidružice  (ML = 0.9; year 2018; ~ 10 km from the LR 
site; Špaček 2021). However, these earthquakes appear to be too 
weak to trigger a coherent deep-seated rockslide, generally requir-
ing M > 4.5–5 (Murphy 2015).

Subsurface structure of the rockslide

Joint interpretation of outcrop and geophysical data can signifi-
cantly improve the understanding of the internal structure of the 
rock mass (Place et al. 2016; Lesage et al. 2019; Müller et al. 2020). 
Likewise, structural analysis can enhance the interpretation of geo-
physical data characterizing mass movement features (Břežný et al. 
2018; Chalupa et al. 2018; Tábořík et al. 2017), even much better if 
performed in CTCs. However, due to the rare occurrence of accessible 
CTCs in landslide terrains, such studies are sparse (Pánek et al. 2010).

The studied rockslide is characterized by a series of disrupted 
slided blocks separated from each other by fractures and crevices 
or within its upper part by topographically distinctive gravitational 
trenches, which clearly correlate with relatively low-resistivity or 
high-gradient domains of the resistivity sections (Fig. 7). However, 
high resistivity values represent a coherent rock massif without 
fracturing that was exposed by the main scarp of the rockslide. The 
contrasting resistivity response resembles the geophysical image 
described by Heincke et al. (2010) from similar conditions of the 
Åknes rockslide developed in gneissic rocks in Norway. Based on 
an integrated 3D geophysical survey, the authors have shown that 
similar high resistivity zones (> 17,500 Ω·m) can be assigned to 
intact and unfractured rock masses with low water content.

Fig. 6  Top, structural map revealing the geometry of translated (black marks) and rotated (red marks) rock blocks within the rockslide body; 
bottom, NW–SE-oriented reference pseudosection indicating the clustering of the rotated blocks with respect to the translated blocks. See 
the reference section above
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Neither of the two P1 and P2 profiles revealed a distinct sliding 
surface (Fig. 7). However, the topmost sliding surface is expected to 
occur at depths of 12–15 m based on the interpretation of resistivity 
Section P1. Within the P2 section, the sliding surface that probably 

enabled the evolution of the distinct N–S trending trench could be 
20 m deep. The previous geoelectric surveys conducted by Pospíšil 
and Pazdírek (1998) and Hubatka (2001) indicated the disruption 
of the rock massif to depths over 35 m and the occurrence of the 

Fig. 7  ERT sections P1 and P2 and their locations within the rockslide

Table 1  Measured sample properties. The depth is the vertical distance from the sample to the top of the scarp. The shielding is the actual 
topographic shielding. See Fig. 4 for the locations of the samples

Sample Depth (cm) Shielding Mass quartz 9Be added 10Be/9Be Uncertainty 10Be (at/g) 10Be uncertainty 
(at/g)

LS0 0 0.709 15.5213 3.137E + 19 8.59300E-14 8.1200 169 381 13 754

LS1 500 0.487 19.8964 3.248E + 19 5.67016E-14 6.4000 89 099 5 702

LS2 950 0.487 22.5354 3.135E + 19 5.00084E-14 7.7011 66 612 5 130

LS3 1450 0.452 24.9253 3.234E + 19 4.42379E-14 7.9844 54 640 4 363

Blank - - - 3.153E + 19 2.12776E-15 17.4937 - -
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main sliding surface at depths of 18–20 m. This is in accordance 
with the maximal depth of the explored CTCs, which reaches 30 m 
(Kopecký 1996).

Mechanism of the movement

The mechanism of rock slope failure was previously interpreted as a 
large rock fall (e.g. Filek 1895; Koutek 1934 and others) or gravitational 
spreading (Kirchner and Ivan 1994). Based on measurement by a tape 
extensometer, Zvelebil et al. (1996) speculated about deep-seated 
gravitational movement, manifested by up to 3 mm of cumulative 
shift during 3 years of investigation. They concluded that the initial 
failure may be of catastrophic origin. Demek (1996) proposed the sce-
nario of slope failure development as follows: (i) incision of the Thaya 
River, (ii) stress release and formation of joints parallel to slope, (iii) 
deep-seated sliding surface development and gravitational widening 
of tension cracks, including the influence of frost weathering and (iv) 
subsequent slow-moving rockslide and rock falls.

Our structural analysis revealed a clear pattern of identically ori-
ented slided rock blocks repeating over the rockslide. These blocks 
with NW-oriented gently inclined foliation (300/5) are regarded as 
translated. Along the displayed reference section (Fig. 6), they alter-
nate with rotated blocks as well. This slope structure is interpreted to 
be formed during the release of horizontal stress caused probably by 
the incision of the river canyon (Stead and Eberhardt 2013; de Blasio 
2011). Identically oriented translated blocks indicate that deformation 
occurred along the planar sliding surface. The rotated blocks seem to 
be a result of spatially constrained back-rotation movements within 
the rockslide. However, the peripheral rock blocks outside the refer-
ence line tend to be toppled rather than back-rotated.

The mechanism of rock slope movement could be refined in the 
future using slope stability modelling (Stead and Eberhardt 2013; 
Azarafza et al. 2021), namely, by combining simple kinematic analysis 
(Brideau et al. 2009) and more advanced discontinuum modelling (He 
et al. 2022). Time-dependent modelling (e.g. Riva et al. 2018) can help 
to understand the long-term progressive evolution of the rockslide 
from its nucleation to the evolution of the sliding surface in relation to 
the history of river valley incision and lateral shifts of the Thaya River.

Chronological context of the rockslide

Very few landslides have been dated in the pre-Cenozoic mountains, 
and the LR represents the first 10Be dated rockslide in the Variscan 
orogenic belt of Europe (Pánek 2019). Since we do not know the rate 
of erosion of the rock face and are unable to determine the exposure 
time of the upper 5 m of the scarp, the obtained age of the rockslide 

should be considered the minimum (Lang et al. 1999). If we sim-
ply extrapolate towards the top edge of the scarp the exposure time 
between the uppermost samples LS1 and LS2, we obtain an initia-
tion of rockslide between ~ 48 and 73 ka. However, this extrapolation 
must be taken with caution because the exposure of the scarp was 
not linear according to the observed age of the samples. Using the 
central ages, the average slip rate between LS1 and LS2 was 0.28 mm/
year, while between LS2 and LS3, it was 1.56 mm/year. However, the 
uncertainty margins of the ages for the lower samples overlap, so 
it cannot be ruled out that the lower 5 m of the scarp was exposed 
instantaneously.

Due to the lack of rock surfaces in the northern portion of LR, the 
TCN dating does not allow determination of the entire life span of the 
rockslide. In any case, the majority (~ 10 m) of the dated scarp was 
exposed in the Last Glacial during marine isotope stages (MIS) 3 and 
2, between ~ 43 and 23 ka. Such an old age is rather exceptional for 
landslides with a recent morphological fingerprint, as > 95% of the 
global set of dated landslides show a younger age (Pánek 2019). This 
may be because most landslides to date have been dated in higher, 
tectonically mobile mountain ranges with high erosion rates (Korup 
et al. 2007). In contrast to the LR, which has a distinct morphology, 
landslides dated to the Late Pleistocene in the surrounding areas built 
by sedimentary rocks have been identified only from sedimentary 
records and are no longer morphologically apparent (Pánek et al. 
2014; Špaček et al. 2017; Jankovská et al. 2018). We explain this by the 
higher rock mass strength of the orthogneiss, which allows longer 
topographic survival of the rockslide.

The origin of most landslides in central Europe is related to the 
wetter climatic phases of the Holocene or Late Glacial (Starkel et al. 
2013). Correlations with palaeoclimatic proxy data are more difficult 
for the Last Glacial because only a few landslides were dated to this 
period. However, only three dated pre-Last Glacial Maximum (LGM) 
landslides from the eastern part of Czechia formed at approximately 
50 ka in warmer and more humid interpleniglacial conditions of 
MIS3 (Pánek et al. 2014; Špaček et al. 2017; Jankovská et al. 2018). 
Although the onset of the Ledové sluje rockslide falls within the same 
period, its climatic trigger is questionable because its movement 
continued into the LGM, which was characterized by a dry and cool 
climate in this region (Antoine et al. 2013). Although the rockslide 
may have been initiated by higher pore pressures or greater erosive 
power of the Thaya River during MIS 3, its development continued 
later, apparently independent of climate, and was more likely dictated 
by shifts in the river channel and related lateral erosion (Fig. 2).

Additionally, the LR still reveals recent activity. Between 1992 and 
2001, Košťák (2001) recorded recent movements within open fissures 
and CTCs using the optical–mechanical crack gauge TM-71, which 

Table 2  Exposure ages and inheritance of scarp samples. See Fig. 4 for the locations of the samples

Sample Shielding at 
depth

Long-term denudation rate Inheritance (At/g) Exposure age 
(ka)

LS0 0.709

17.0 ± 1.4 m/Ma

169 381 Reference

LS1 0.709 22 793 42.6 ± 4.4

LS2 0.709 16 994 26.6 ± 3

LS3 0.709 12 460 23.4 ± 2.7
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enables measurements in three axis directions (Klimeš et al. 2012). 
The positions of the extensometric measurements are marked in 
Fig. 3. The TM1 station detected an overall 0.4 mm subsidence of the 
downslope situated block. The TM2 station revealed rather complex 
development. In the period up to the 1997 flood in the study area 
(Kundzewicz 2007), the rock wall of the upper block dropped by 
0.4 mm. After this year, both opposite walls settled around zero 
again, and the lower block subsided 0.4 mm and slightly shifted 
horizontally, together with the slight widening of the crevice. The 
TM3 station revealed an overall subsidence of the upslope rock wall 
of 1.2 mm. However, it should be assumed that both opposite walls 
subsided, as proven by our tape measurement. The same station 
measured slight widening of the crevice and horizontal shift of 
the lower situated block. In the same period, Zvelebil et al. (1997) 
summarized the results of precise tape extensometry conducted 
within the superficial zone of the LR. It showed a movement rate 
close to 1 mm/year.

Košťák (2001) concluded that the whole-rock block structure is 
in permanent slow movement and speculated about the influence 
of active tectonics. Zvelebil et al. (1997) noted that the observed 
recent movements are surprisingly low in a rockslide with such an 
apparently fresh topography.

Although LR does not recently represent a major hazard due 
to its slow movement and remote location, its acceleration in the 
future cannot be ruled out in the context of the tendency of increas-
ing flood discharges in Central European rivers (Blöschl et al. 2019). 
Although the Thaya River discharges are regulated by a reservoir 
located upstream, even relatively small changes in the channel 
towards the LR could increase the shear stress in the rock slope 
and cause its possible failure.

Conclusion
The Ledové sluje rockslide is a unique and infrequent slope failure 
developed in the crystalline Variscan orogen. It manifests fresh topog-
raphy with rocky trenches, rock walls, slided blocks, scree slopes and 
crevice-type caves. The rockslide is predisposed chiefly by NE- to ENE-
trending steep fractures and faults and NW-oriented gently dipping 
foliation planes. Our structural measurements show that gravitational 
deformation of the rock mass occurred along a planar sliding sur-
face, although back rotations and topples occurred locally. Terrestrial 
cosmogenic nuclide dating of the main rock scarp revealed that the 
majority of the scarp was exposed in the Last Glacial during Marine 
Isotope Stages (MIS) 3 and 2 between ~ 43 and 23 ka, which indicates 
slow gradual or multievent movement of the rockslide rather than a 
single catastrophic event. However, the onset of rockslide and whether 
it developed episodically or as a rock mass creep remains uncertain. In 
any case, the minimum age of LR shows that topographic fingerprints 
of rockslides developed in crystalline Palaeozoic uplands may preserve 
an order of magnitude longer than that in the Alpine environment or in 
landscapes developed in sedimentary rocks. Similar rockslides devel-
oped in European Palaeozoic orogens evolved exclusively in areas with 
rejuvenated topography. This is also a case of the Ledové sluje rockslide, 
where rejuvenation is driven by the incision of the Thaya River canyon 
and changes in its former river channel.

Recent slow mass movements may indicate that the original trig-
ger for the rockslide, which was undercutting the slope, is no longer 
active because the river has already abandoned its original meander 
loop. A better understanding of the chronology of the Thaya River 

channel and the use of time-dependent rock slope modelling could 
in the future help to better understand the evolution of the rockslide 
in relation to river valley incision and past lateral channel migration.
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