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The Certovka landslide at Variov south of Usti nad Labem, Czech Republic, is developed in a steep slope of the Labe River
valley (LRV). A major episode of landsliding occurred in the first months of 1995, and the slope at Varov has been subjected
to geological and geomorphological investigation since then. This paper presents the structural setting of the Certovka land-
slide based on the latest geological survey, detailed geomorphological mapping, morphostructural analysis and results of
electrical resistivity tomography. The landslide was found to be initiated at the boundary between Late Eocene to Oligocene
basaltic lavas above and volcaniclastics below, with bedding dipping against the slope (anaclinal slope). The underlying
volcaniclastics show tendency to argillization and have a much lower rock strength, which acts as an important factor of
slope instability at the site. The Certovka landslide is a complex slope deformation consisting of several landslides and
flowslides, with boulder streams merging into a boulder accumulation further downslope. The headscarp area of the land-
slide developed at one of the structural levels built by basaltic lavas and forming step-like morphology of the valley slope. The
headscarp coincides with the course of a regional E-W-striking Vanov Fault that underwent multiple tectonic history and is
associated with a dense fracture system including smooth slickensides on the headscarp. Structural observations combined
with detailed knowledge of the anatomy of the landslide based on airborne data, surface data and geophysical data permitted
to conclude on structural controls of landsliding and to predict future evolution of the slope deformation. Future landsliding
will be initiated at structural levels of basaltic rocks, with the headscarps developed along fractures parallel to the Variov
Fault. The probable gradual retreat of headscarps at the individual structural levels along the slope profile denotes a retro-
gressive landslide style.
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INTRODUCTION slopes frequently exceeding the angle of 30°. These slopes are
formed by several superimposed volcanic bodies of different

lithologies: basaltic rocks, volcanic breccias and volcaniclastic

The central part of the Labe/Elbe River valley (LRV) in the
neovolcanic range of the Ceské stfedohofi Mts. in northwestern
Czech Republic is a deep erosional structure that evolved due
to consequent erosion of the Labe River into the uplifting terrain
of the range during the Late Cenozoic (Cajz and Valecka, 2010;
Raska, 2010). Tectonically induced erosion generated steep
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material. Underlying Cretaceous sediments of the Bfezno and
Merboltice formations (Coniacian to Santonian) are exposed in
some segments of the valley. This structural and topographic
setting results in a significant mass wasting. The predisposing
conditions and triggering factors of landslides have been stud-
ied from the viewpoint of landscape evolution research and
landslide susceptibility mapping (Sebesta, 1997, 2000; Rybar et
al., 2000a, b; Suchy, 2000; Kycl, 2003; Kycl et al., 2012).

The Certovka landslide, located at the southern limits of
Usti nad Labem in the quarter of Vafov (Fig. 1;
50°37’17.133" N, 14°3'16.057" E), ranks among the largest
landslides in the LRV, activated during the last two decades.
The Certovka landslide represents a complex slope deforma-
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Fig. 1. Location of the recent Certovka landslide

A — Ceské stfedohofi Mts. within the Czech Republic; B — study area within the Ceské stfedohofi Mts.; C — NE view
on the Certovka landslide; study area delimits wider surroundings of the landslide, which was subjected to the study
of structural setting

tion including the main landslide body and subsequent rockfall
accumulations below the headscarp and flowslides (cf. Cruden
and Varnes, 1996). In this paper, the slope deformation is re-
ferred to as a landslide. Regional historical archives do not pro-
vide any information about historical activity at the site, how-
ever, evidence of former activity exists for the neighbouring
parts of the study area (Raska et al., 2013). The landslide activ-
ity was first observed by local inhabitants in autumn 1994, and
the major movement was monitored during the first months of
1995 (Cajz et al., 1995). The landslide activity and its propaga-
tion towards the residential quarter of Vanov and towards the
transportation infrastructure resulted in a detailed monitoring of
the landslide (Kurka et al., 1995; Stemberk and Novotny, 1996)
and finally in the construction of a retaining wall. The main re-
sults of the above mentioned works are a geomorphological
map of the landslide and its near surroundings, monitoring of
the landslide activity and analyses of landslide-triggering fac-
tors (primarily precipitation). Monitoring of the landslide kine-
matics continued in the following years (Sedlak and Glisnikova,
2008). Although the mentioned works have pointed out some of

the structural controls, a detailed study of structural setting of
the landslide has not been conducted, and the structural back-
ground of the landslide remained unclear. Recently, a detailed
geological mapping of the landslide was performed by Kycl et
al. (2012), bringing new data on the lithological conditions at the
headscarp of the landslide.

In the report on the state of the landslide site, Stemberk and
Novotny (1996) concluded that the landslide might still be instable
and that there is a possibility of further propagation of the scarp
into the plateau above. Namely, the findings of these authors in-
cluded depressions near the rim of the plateau, which might be
considered a consequence of developing discontinuity planes par-
allel to the steep scarp under the Skaly point (448 m a.s.l.; some-
times called Skalky or Vanovska skala). These authors also rec-
ommended that the presence of these new potential discontinu-
ities is studied using geophysical methods.

Structural settings of landslides have been studied by vari-
ous approaches and techniques, including tectonic analyses
(Scheidegger, 1998), analyses of bedding planes also imple-
mented to regional models (Meentemeyer and Moody, 2000;
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Grelle et al., 2011), considerations on interactions between to-
pography and bedding planes (Roering et al., 2005), in situ
methods, such as Geological Strength Index (GSI; Marinos and
Hoek, 2000) and intact strength measurements (Borrelli et al.,
2006) as well as laboratory methods (ISRM, 1978; ASTM,
1987). In the Czech Republic, much of the research on struc-
tural setting of landslides and slope evolution has been carried
out in the border mountain ranges (e.g., Klimes, 2002;
Margielewski, 2006; Hartvich and Mentlik, 2010; Panek et al.,
2011), employing both lithological analyses and geophysical
surveys. Research within the LRV as yet focused on basic geo-
logical controls of various landslides (e.g., Suchy, 2000). A lim-
ited number of studies from the LRV have been, however, de-
voted to the implementation of new findings from geological
mapping and morphotectonic analyses (Cajz and Valecka,
2010) to the landslide studies. The local and regional structural
settings of individual landslides are, therefore, still subject to
lively debate.

In this paper, we present the results of research focused on
the structural setting of the Certovka landslide, performed dur-
ing the year 2012. The particular aim of the study is to evaluate
the controlling factors of the Certovka landslide based on inte-
gration of data from geological survey and morphotectonic
analysis with the results of field structural-geomorphological
analyses and geophysical sounding.

METHODS

GEOLOGICAL MAPPING AND MORPHOSTRUCTURAL ANALYSIS

Morphotectonic evaluation of the Certovka landslide em-
ployed the results of Duzar et al. (2012) who applied various
morphometric analyses in GIS (Geographic Information Sys-
tems) to assess the positions and activity of faults interpreted
from the observed distribution of lithostratigraphic units (Cajz
and Valecka, 2010).

The fundamental part of the morphostructural analysis was
the detailed geomorphological mapping of the landslide
(1:5000) and general geomorphological mapping of its sur-
roundings (1:10,000). The input data for field survey included
orthorectified aerial photos of the area with the maximum reso-
lution of up to 10 cm per pixel (year 2010) and a point cloud ele-
vation data from airborne laser scanning (ALS) with a density of
1 point per 5 m (data acquired from Czech Office of Surveying,
Mapping and Cadastre, Prague). The DTM (digital terrain
model) and maps of basic morphometric characteristics were
created from point cloud data in ArcGIS 10 (ESRI) as a basis for
field survey.

Following the geomorphological mapping, we performed
structural in situ measurements and analyses. Disintegration of
the rock and its possible relation to local and regional
lithological and tectonic conditions were studied by measure-
ments of orientations of joints and other planar features. Tec-
tonic measurements were taken using a Freiberg geological
compass. Fault-slip data were evaluated using the ROCK pro-
gram (Malek et al., 1991) and plotted in tectonic diagrams. Dif-
ferences in the susceptibility to rock weathering and disintegra-
tion of major lithologies of the landslide were measured as an
intact strength of the rock outcrops using a Schmidt hammer
(Goudie, 2006). Finally, the local tendency to surface rock disin-
tegration was evaluated by the Geological Strength Index (GSI;
Hoek and Brown, 1997; Marinos and Hoek, 2000), which estab-
lishes the degree of susceptibility to rock disintegration by as-
sessing its surface and structural conditions on a visual basis.

Although there exist more complex classifications of rock mass
strength (e.g., Selby, 1980; Synowiec, 1999; see Pantelidis,
2009 for review), their application under the local conditions of
the study area is limited by steep and inaccessible terrain that
does not enable to gain values for all parameters. Therefore, we
decided to use the GSI as a simple tool supplementing the
Schmidt hammer measurement, even though GSI is not pri-
marily designed for structurally controlled failures.

The above mentioned measurements were carried out both
at the Certovka landslide headscarp and at two comparative
landslide sites near the Certovka landslide (numbers 2 and 3 in
Figs. 2-4).

ELECTRICAL RESISTIVITY TOMOGRAPHY

Electrical resistivity tomography (ERT) is generally consid-
ered the most suitable geophysical technique for the studied
problem. It has been successfully applied in numerous land-
slide and structural studies (e.g., Apparao and Roy, 1973;
Schrott and Sass, 2008; Hartvich and Valenta, 2011; Panek et
al., 2011). As the most advanced among the DC (direct current)
resistivity methods, ERT enables a 2D mapping of resistivity in
cross-sections over 1 km long with a depth reach over 100 m.

In order to answer the questions raised by Stemberk and
Novotny (1996), concerning the depth of the sliding plane, tec-
tonic control of the landslide and its possible future propagation
further into the plateau, we measured two ERT profiles: one
along the slope deformation axis, and the other perpendicular to
the axis across the centre of the landslide body (Fig. 3B).

The longitudinal profile runs along the axis of the slope de-
formation, starting 160 m far on the plateau. This was neces-
sary to reach appropriate depth near the rim of the plateau. The
course of the profile followed extremely difficult field conditions,
as its central part descended by >100 m at a length of 100 m,
and it was necessary to use full rock-climbing equipment to set
up the ERT profile. A standard Wenner-Schlumberger array
was used, with an electrode step of 5 m, and the total number of
electrodes was 96. The Wenner-Schlumberger array was se-
lected as it yields generally balanced results depicting both hori-
zontal and vertical structures (Loke, 2010), which was needed
to observe the inner composition of the landslide body together
with the orientations and positions of volcanic bodies (Skace-
lova et al., 2010). Total surface length of the profile reached
475 m, the horizontal length was only 385 m (cf. Fig. 7). This
wide difference was due to the high altitude span of >200 m.

The transverse profile crossed the longitudinal one at sta-
tion 440 m, and was measured across the main landslide body
approximately 100 m from the scarp. The profile is 195 m long
(on the surface; its horizontal length is 190 m), and the studied
landslide is situated between stations 100 and 175 m, and
crosses the longitudinal profile at station 135 m. This profile was
also measured using the Wenner-Schlumberger array, and in-
cluded 40 electrodes with 5 m stepping.

The measured datasets were inverted using the Res2Dinv
software by Geotomo.

GEOLOGICAL SETTING

The Certovka landslide is located in the left slope of the
LRV, 5 km south of the centre of Usti nad Labem (Fig. 1). The
whole area belongs to the Ceské stfedohofi Mts. neovolcanic
range. The LRV represents a natural axis of this range. While
the general orientation of the valley is N-S, it is locally modified
by the presence of structurally predisposed meanders. The
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Fig. 2A — simplified geological map of the study area (after Sebesta, 1997, modified); B — left-bank slope of the Labe River val-
ley, dotted lines emphasize structural levels composed of olivine basalts, numbers in circles represent comparative sites of
older landslides; C — geological cross-section (for location see Fig. 2A)
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Fig. 3A — geomorphological sketch of the study area with the main structural features;
B - detailed geomorphological sketch of the Certovka landslide

a—gently inclined slope and denudation level, b — erosional slope, ¢ — steep erosional slope, d — terrace of fluvial deposits, e — landslide, f—
river channel, g — V-shaped valley and gully, h —cliff, i — landslide headscarp, j — landslide toe, k — main ridges, | — retaining wall; diagrams of
bedding planes (lower hemisphere projection, equal area) and orientation of main joints (10° classes) on the left refer to the numbers of local-
ities in the map (Fig. 2A); white lines indicate faults identified in previous studies; LP —longitudinal ERT profile, TP — transverse ERT profile
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Fig. 4A — panoramic view of the Certovka landslide and two comparative landslide sites
indicating headscarps and extent of landslide bodies; B — uppermost segment of the Certovka
landslide; C — lithological boundary between basalts and volcaniclastics at the headscarp; D —
results of in situ Schmidt hammer intact strength test at the headscarp of the Certovka landslide

and comparative site 2

headscarp of the recent landslide is located at the elevation of
355 m and its toe at ca. 180 m, which is approximately 40 m
above the LRV bottom. Above the landslide headscarp, the val-
ley slope continues upward to the elevation of 448 m, first as a
steep slope with inclination exceeding 30°, and later breaking
into a partly disintegrated cliff, 50 m high. The width of the land-
slide varies between 70 and 120 m. The length of the landslide
is 320 m and its toe reaches the uppermost parts of the residen-
tial quarter of Vanov.

The study site is situated in the Usti Formation (sensu Cajz,
2000) rocks, the lowermost part of the Ceské stredohofi Mts.
Volcanic Complex. These rocks belong to the group of olivine
basaltoids and vary from alkaline olivine basalt to olivine nephe-
linite, with a majority around the central member — nepheline
basanite. A broad range of consistencies is observed, from
fresh basalts to highly altered material, and from solid jointed
basalts to nearly loose volcaniclastics. These differences follow
from the variety of depositional conditions at the time of the Usti
Formation volcanic activity and the subsequent tectonic devel-
opment. The Usti Formation volcanic products filled mainly a
large depression situated in the central part of the present-day
mountain range as a part of the Ohfe/Eger Rift. This compli-
cated depression resulted from long-lasting tectonic activity and
subsided synchronously with volcanic activity. The faults in the
graben interior are organized into a tectonic plan of irregular

rhomboidal blocks (Cajz et al., 2004; Cajz and Valecka, 2010),
with high vertical tectonic differentiation between the blocks.
This depression was filled with water (lakes, peat-bogs, less
commonly streams). The contact of hot lava with water resulted
in the generation of a large volume of volcaniclastic material, al-
though the volcanic activity was prevalently effusive. Less fre-
quent explosive activity of phreatic/phreatomagmatic or
subaquatic type created pyroclastics, but they are hardly de-
tectable now due to the highly probable early postgenetic sedi-
mentary process in the aquatic environment. Clearly recogniz-
able are only pyroclastics of mostly magmatic type, which origi-
nated in subaerial conditions, either outside the sedimentary
basin or at emerged places mostly in the upper part of the Usti
Formation. The emergence of some parts inside the large de-
pression above the water level was caused by accumulation of
volcanic material near the vents, by a syngenetic tectonic uplift,
and by a combination of both. The vent responsible for the pro-
duction of majority of volcanic material at the study site can be
seen NW of Variov in the area of Vétruse—Ujezd—Hosto-
vice—Vrko€. Subaerial conditions of volcanic activity during the
formation of the upper preserved rocks — the emergence of vol-
canic material above the water reservoir and thus a transition
between the Surtseyan and Strombolian eruption type — are
known from pyroclastics documented during the last detailed
geological mapping near Vétruge (Cech, 1991). They were de-
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tected in the upper part of the Certovka headscarp as well (Kycl
et al.,, 2012).

The Variov Fault transects the Certovka landslide profile at,
and above, its headscarp. Its principal fault plane probably coin-
cides with the prominent scarp of Skaly (448 m a.s.l.). It was de-
fined by Cajz et al. (2004) based on field survey, borehole data
and fault-slip measurements, and later re-defined by Cajz and
Valecka (2010). It strikes ENE-WSW at Varnov but bends to-
wards the W, as indicated by a subtle step in topography south
of Podlesin (CUZK, 2013) and by its verified continuation at
Stadice in the Bilina River valley (Cajz and Valecka, 2010).
Steep northern dip of the principal fault plane can be inferred
from the measured orientations of minor faults.

A complex history of movements along the Vanov Fault can
be deduced from the stratigraphic units encountered in bore-
holes. An uplift of the N block by tens or a few hundreds of
metres must have occurred between the deposition of the
Merboltice Formation (Santonian, 85 Ma) and the onset of ba-
saltic tuff deposition (Usti Formation, 36 Ma), as indicated by
complete erosion of the Merboltice Formation sand-
stones/subarkoses in the north. This movement can be attrib-
uted to some of the compressional stress fields of phase a
(Adamovi¢ and Coubal, 1999; Ulrych et al., 2011).

A relative subsidence of the northern block by ca. 100 m after
the deposition of the basal members of the volcanic complex of
the Ceské stfedohoii Mts. is evidenced by the differences in the
elevations of the base of the volcanic complex at Varnov in the fol-
lowing boreholes: V (120.2 m a.s.l.), HB - 1 (116.6 m a.s.l.) and
J - 878513 (130.9 m as.l) in the north, and GU - 125
(205.5 m a.s.l.) in the south. Given the fault geometry, relation of
these movements with the Oligocene to Miocene tensional
stress fields within phase B seems probable (Adamovi¢ and
Coubal, 1999). A combination of fault movements in phases o
and [ resulted in the present-day contrasting position of Creta-
ceous rocks along the fault. In the south, the Merboltice Forma-
tion sandstones form outcrops in the lower levels of slopes on
both banks of the Labe River, while in the north, the top of the
Cretaceous sediments represented by the Bfezno Formation lies
below the Labe River channel, and the valley slopes are com-
posed of rocks of the volcanic complex of the Ceské stfedohofi
Mts. The latter setting applies to the site of the Certovka land-
slide.

Right-lateral strike-slip movements were previously ob-
served on minor N-dipping fault planes within the Variov Fault
Zone (Cajz et al., 2004), indicating a reactivation of the zone by
transcurrent movements tentatively attributed to Late Miocene
compressional phases 8 of Adamovic and Coubal (1999).

RESULTS

GEOLOGY AND GEOMORPHOLOGY OF THE SITE

The headscarp of the Certovka landslide is developed in
basaltic volcanics and volcaniclastics of the Usti Formation
sensu Cajz (2000), Figures 2A and 4C (see Kycl et al., 2012 for
details). The base of the volcanic complex at the Certovka land-
slide and two other comparative sites is situated approximately
20-30 m below the Labe River level. This fact, and the rock
cropping out at the headscarps (see Kycl et al., 2012 for de-
tails), proves that the initiation of the landslide occurred inside
the rocks of the volcanic complex themselves. It is different

from many other sites of landslides in the Ceské stfedohoii Mts.
(cf. Burda et al., 1998; Rybar et al., 2000b; and unpublished re-
ports of the ISPROFIN research), where the underlying Creta-
ceous rocks are involved. In the case of the three locations dis-
cussed in this paper, the reddish well-stratified body (see Figs.
2A and 4C) of volcaniclastics seems to be very important. This
is a volcanogenic sediment, originated by syngenetic re-wash-
ing of finest material produced during hyaloclastic disintegration
of subaquatic lavas. The material consists principally of clay-,
silt- and sand-sized particles. Anyway, larger clasts are very of-
ten totally argillized basaltic fragments, making the content of
clay minerals enormous in this rock type.

The left-bank area of the LRV is composed of two geneti-
cally different topographic units divided by a steep erosional
slope segment (Fig. 3A). The lowest area along the Labe River
is represented by flat surface of Late Pleistocene fluvial ter-
races, which are currently intensely transformed by residential
and technical infrastructure. The highest level preserved in the
SW part of the study area represents the relics of a denudation
surface that formed after the end of Neogene volcanic activity
(Kral, 1966). The 300 m elevation difference between these
two levels approximately indicates the depth of erosion of the
Labe River during the Pliocene—Pleistocene period (cf. Balatka
and Kalvoda, 1995); however, the area was affected by
post-volcanic differential tectonic movements (Cajz and
Valecka, 2010) and the above mentioned overall erosion of the
Labe River is to be considered rather indicative. The steep ero-
sional slope segment forms a continual strip at the elevation of
180—400 m. Its characteristic feature is step-like morphology
formed by alternating steep slopes and cliffs predisposed by the
presence of less resistant volcaniclastics and volcanic breccias,
and by outcrops of solid basaltic rocks, respectively (Fig. 2B).
We identified three preserved structural levels of basaltic rocks
forming the cliffs in different stages of disintegration. The conti-
nuity of structural levels is interrupted by headward erosion of
permanent and ephemeral streams forming V-shaped valleys
and gullies. The crossings of V-shaped valleys and gullies re-
sulted in the evolution of frequent lithologically predisposed
knickzones (Duzar et al., 2012).

Morphologically notable landslides on the left-bank slopes
of the LRV are located in the lower part of the steep erosional
slope (Fig. 4A), with the headscarps evolved at the lower pre-
served structural levels. The only exception is the largest and,
according to old maps (dating has not been performed yet), also
the oldest landslide (comparative site 3 in Figs. 2 and 4) with the
headscarp spread across two structural levels and partly reach-
ing the third one. The base of the headscarp of the Certovka
landslide is situated at the contact zone between solid basalts
and volcanic breccias and volcaniclastics (Fig. 4C), which is
similar to comparative site 2. The performed intact strength
measurements using the Schmidt hammer (Fig. 4D) confirm
significant differences between rock strength of the two
lithological units. The measurement indicates, however, that
the intact strength of the solid basalts decreases significantly at
older landslides (comparative site 2).

The topography of the Certovka landslide can be divided
into three segments (Fig. 3B):

— in the uppermost segment, the landslide body below the
main headscarp is formed by thick accumulation of ba-
saltic blocks. The end of the accumulation is inclined
against the slope forming a shallow trench, and then
continues with a scarp to the middle landslide segment
(Fig. 4B);
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— the middle segment has a step-like morphology formed
by scarps of younger landslides and flowslides. Boulder
streams below scarps of these landslides and flowslides
pass into a complex accumulation of basaltic boulders
and disintegrated volcaniclastics and breccia infills in
their transportation segment. The NW side of the land-
slide segment is represented by a boulder stream con-
tinuing from the uppermost landslide segment. In this re-
spect, the Certovka landslide represents a complex
slope deformation rather than an individual landslide;

— the terminal segment of the Certovka landslide has a
slightly inclined, uniform morphology formed by the ac-
cumulation surface of the toe of younger landslides. The
major landslide toe is transformed by a counter-slope re-
taining wall, which modified its former morphology (cf.
Stemberk and Novotny, 1996). The margins of the land-
slide are characterized by lateral levees. The NW mar-
gin of the landslide toe is exposed up to the height of 4 m
by an erosional gully.

TECTONIC MEASUREMENTS

The dominant joint strike at the Certovka headscarp is
NNW-SSE. Bedding planes are inclined gently against the
slope (20-25°), forming an anaclinal slope. Secondary planes,
representing the sliding surface, dip steeply (generally 60-85°)
to the N. The headscarp of comparative landslide site 2 is less
disintegrated and enabled only the measurement in its lowest
part. The prevailing joint strike is W—E. The character of the
headscarp did not enable to clearly identify the bedding planes.
The planar features at the headscarp, representing the sliding
surface, dip E at medium angles (max. 40°), but the dip angle is
much steeper in the upper parts of the headscarp according to
remote observation. The headscarp of comparative landslide
site 3 was more complex in respect of its extent and lithological
conditions than the two previous sites. The joint orientation indi-
cates prevailing NNE-SSW strikes, and the bedding planes dip
anaclinally SW and NW at an angle of 10-30°. The reliability of
the dataset from comparative site 3 is limited, however, be-

cause the representativeness of measurements is low due to
difficult access to higher structural levels of the headscarp.

The headscarp of the Certovka landslide is represented by
a fault plane with two generations of striae. Fractures of the
main system dip N (rarely SW) at steep angles of 76-87°. They
host an older generation of fine striae plunging NW at angles of
65-76° with an indeterminable sense of movement (Fig. 5A).
The striae are developed in mylonitized volcanic rocks or in
Fe-oxyhydroxide fillings of fractures. Splay fractures to the main
system dip steeply ENE, and are of transtensional character,
with less distinct striae but with fills consisting of sand-sized ma-
terial and volcanic rock fragments.

Besides steep fine striae, fractures of the main system host
a younger generation of coarse striae developed on slicken-
sides of a white non-carbonate mineral, probably quartz
(Fig. 5B). This set of striae is best developed on fractures dip-
ping N to NW at angles of 78-85°, and clearly differs from the
older set in its subhorizontal plunges (<13° to the ENE or
WSW). These striae show a right-lateral movement of blocks
and clearly overprint the steep older-generation striae. Tectonic
diagrams showing planes with the two generations of striae are
shown in Figure 6.

INTERNAL STRUCTURE OF LANDSLIDE

Longitudinal profile. Despite the terrain difficulty and initial
problems with the electrode grounding, the longitudinal profile
yielded valuable data. Figure 7 shows the 5th iteration of the
dataset. Flat surface of the plateau (first 150 m) is formed by
rather compact basaltic rock (high resistivity around
4000-8000 ©m), overlain by weathered rock and soil, max. 5 m
thick (around 100 QOm). The most interesting feature on the pla-
teau is a sharply limited zone of very low resistivity (around
10 Qm), parallel to the slope and situated approximately
15-20 m from the plateau rim. It seems to continue parallel to
the surface along the steep cliff (150-175 m). Approximately
70 m long less-inclined middle section of the slope is still within
the basaltic layer according to the resistivity values.

Fig. 5A - the older generation of fine striae on steep N-dipping fractures, WNW on the right;
B - the younger generation of coarse, subhorizontal striae in slickensides of a white mineral
on steep N-dipping fractures, WNW on the right

Lens cover for a scale — ca. 5 cm
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A . B i

Fig. 6. Tectonic diagrams of striated fault planes measured on the headscarp of the Certovka
landslide (lower hemisphere projection)

A — planes with the older generation of fine striae; B — planes with the younger generation of coarse,
subhorizontal striae; o1 — maximum compressive stress vector, 63 — minimum compressive stress vector
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compare the original geological interpretation with the geological setting described in this study
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The main scarp of the Certovka landslide, 30 m high, lies at
230 m of the profile. There is clear indication of a low-resistivity
(20—100 ©m) zone continuing along the scarp and further into
the bedrock. Similar features are typical for crossing a sub-ver-
tical tectonic line, usually a fault (Burda et al., 2013; Hartvich
and Valenta, 2013).

The body of the landslide (230-375 m) is clearly observable
in the profile. Blocks of basaltic rock of various sizes are on the
surface, and the sliding plane can be identified as a lower-resis-
tivity zone at a depth of approximately 20 m.

The underlying volcanic products (probably volcaniclastics
or altered basaltic lavas), inclined at a moderate angle against
the slope, can be observed in the lowermost part of the profile.
These rocks show lower resistivity values (20—150 Qm) due to
the presence of clay.

Transverse profile. The transverse profile, which reached a
lower depth (approx. 40 m), clearly features several phenomena:

— three shallower lobes of a distal part of flow-like land-
slide, which correspond to the youngest reactivations of
the landslide movements (Fig. 7), max. 15 m deep.
These are formed by low-resistivity (10-100 Qm)
volcaniclastic material,

— large blocks of rotated volcanic blocks, forming “islands”
between the flow Iobes, with resistivities of
1200-10,000 ©@m. Even higher resistivity values can be
attributed to open crevasses between blocks;

— underlying volcanic products, more prominent in the
northern end of the profile, with low resistivities of
20-150 Om.

DISCUSSION
STRUCTURAL SETTING OF THE CERTOVKA LANDSLIDE

Lithological control of the Certovka landslide has been sup-
posed to be related to contact zones between lithological units
of different strengths. Older regional geological maps and pre-
vious geotechnical reports about the landslide erroneously indi-
cated that the sliding surface has probably evolved at the con-
tact zone between solid basalts of the Usti Formation and
Santonian sediments of the Merboltice Formation (Kurka et al.,
1997). This misinterpretation (also contained in the first report
about the Certovka landslide — Cajz et al., 1995) resulted from
inaccurate geological maps available at that time, showing the
base of volcanic complex several tens of metres higher. The ini-
tiation of the landslide was considered to be caused by disinte-
gration of the basalt cliffs, resulting in rockfalls and increasing
loading of the underlying less resistant sediments (Kurka et al.,
1997), and by increasing water capacity in the underlying sedi-
ments due to high precipitation in 1993 (Stemberk and
Novotny, 1996). Possible location of the sliding surface at the
contact inside the volcanic complex was also discussed
(Stemberk and Novotny, 1996). Kycl et al. (2012) studied the
geological setting at the landslide headscarp in detail and newly
concluded that the sliding surface developed inside the volcanic
complex. In this respect, the Certovka landslide parallels the
nearby large Martinska sténa landslide at Cefeniété, which was
also founded along sliding surfaces within the volcanic com-
plex, possibly along clay-rich volcanosedimentary intercala-
tions (Cilek et al., 2000; Rybar et al., 2000b).

According to our results of field mapping and ERT profiling,
the sliding surface in the headscarp area and upper segment of
the landslide formed at the contact zone between solid basalts

with their hyaloclastic breccias and clayey volcaniclastics with
anaclinal bedding (redeposited fine material produced during a
subaquatic effusion). Continuation of the sliding surface in the
transportation and accumulation segment of the landslide is de-
veloped still inside volcanic rocks. Their lithology is not clear
enough, due to the cover of sliding material. No borehole docu-
mentation is available. Volcaniclastics are highly probable but
altered basaltic lavas cannot be excluded. The ERT also seems
to confirm the backwards sloping layering of the underlying vol-
canic products. Lithological setting at the contact between solid
basalts and volcanic breccias and volcaniclastics was also typi-
cal of comparative site 2. Topography at the base of the
headscarp of comparative site 3 did not permit to identify out-
crops of volcanic breccias and volcaniclastics; however, their
local outcrops were found at the SW and S margin of the land-
slide. The results of intact strength measurements of volcanic
breccias and solid basalts of the Usti Formation indicate that
the differences in strength of these lithological units are signifi-
cant. This was also shown by the evaluation of the GSI
(Marinos and Hoek, 2000) illustrated in Figure 8. Furthermore,
both the intact strength measurement and GSI evaluation indi-
cated that the basalts at the landslide headscarps are subject to
intense disintegration after their exposure. The rapid disintegra-
tion of the headscarp and weathering of its surface in the period
after the initiation of the landslide show a nonlinear progress of
rock weathering (cf. Viles et al., 2007; Klimes, 2009). The rapid
disintegration and weathering of the headscarp results in fre-
quent rockfalls at all studied landslide sites.

Taking into account the above mentioned results, the for-
merly considered initiation of the Certovka landslide due to
loading of the underlying material that was affected by precipita-
tion may be still valid, even though the location of the sliding sur-
face would be within the volcanic complex.

The lithostructural setting of the Certovka landslide is sche-
matically shown in Figure 9. The landslide evolved at the inter-
section of the Variov Fault with structures striking NNW-SSE.
The effect of these structures was confirmed by morphotectonic
analysis (Duzar et al., 2012). The influence of the Varov Faultis
represented by the orientation of the major headscarp of the
Certovka landslide in the E-W direction and by the prevailing
steep dip of the fractures at the headscarp and of the sliding
surface to the N. The joint orientation at the headscarp with pre-
vailing NNW-SSE strikes corresponds to the LRV segment to
the N of the landslide, being possibly influenced by the course
of the Labe Fault (Cajz et al., 2004; Cajz and Valecka, 2010).
Joints striking NW-SE should be interpreted rather as Riedel
shears to the Vanov Fault structures generated by their
right-lateral strike-slip activation. Intense disintegration and
loosening of the basalt rock cliff has been accelerated by activa-
tion of the joints perpendicular to the headscarp direction. Seg-
mentation of the rock massif along subhorizontal planes was
rendered by bedding planes and stratigraphic boundaries within
the volcanosedimentary complex. Structural controls at the
comparative sites 2 and 3 are different. While the joint orienta-
tion at the headscarp of comparative site 2 reflects the strike of
the Variov Fault, the measurements of joint orientations at com-
parative site 3 yielded results which are not statistically signifi-
cant.

The two generations of striae identified at the headscarp of
the landslide are clearly of tectonic origin, and not generated by
the mass movement, as suggested by their plunge angles differ-
ent from vertical. They document tectonic movements on minor
faults subsidiary to the principal fault plane of the Varov Fault,
which probably runs further upslope. Kinematics of the tectonic
movements corresponds well with the geological assumptions.
In this respect, the older-generation striae (although of indefinite
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GEOLOGICAL STRENGTH INDEX
FOR JOINTED ROCKS

From the lithology, structure and surface
conditions of the discontinuities, estimate the
average value of GSI. Do not try to be too
precise. Quoting a range from 33 to 37 is more
realistic than stating that GSI = 35. Note that the
table does not apply to structurally controlled
failures. Where weak planar structural planes are
present in an unfavourable orientation with
respect to the excavation face, these will
dominate the rock mass behaviour. The shear
strength of surfaces in rocks that are prone to
deterioration as a result of changes in moisture
content will be reduced if water is present. When
working with rocks in the fair to very poor
categories, a shift to the right may be made for
wet conditions. Water pressure is dealt with by
effective stress analysis.

STRUCTURE
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intersecting discontinuity sets
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7 VERY BLOCKY - Interlocked, partially
disturbed mass with multi-faceted
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Fig. 8. Geological Strength Index (GSI) for the lithological units at the Certovka landslide and comparative
sites (the GSI sheet after Marinos and Hoek, 2000)

Numbers stand for the study sites (Fig. 2); note to the study site 1: a — solid basalt, b — disintegrated basalt,
¢ — volcanic breccia (see Fig. 4B, C); N/A — not analysed
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Fig. 9. General lithostructural setting of the Certovka landslide headscarp

sense of movement) probably reflect the subsidence of the
northern block after the deposition of the basal members of the
volcanic complex of the Ceské stfedohofi Mts. They suggest that
the dip-slip component on N-dipping faults was accompanied by
a subordinate left-lateral strike-slip component, indicating a
NW-SE extension. Although the origin of these striae under a
compressional stress cannot be excluded, it seems to be contra-
dicted by the tensional character of splay structures. The stress
field responsible for these striae can be therefore tentatively at-
tributed to phase 8 of Adamovi¢ and Coubal (1999), specifically
to its culmination by NW-SE extension at 24—16 Ma. The origin
of younger-generation striae is compatible with a NW-SE com-
pression within phase & in the Late Miocene to ?Pliocene at
10-5 Ma (Adamovic and Coubal, 1999).

Weakening of the rock massif by the identified deformations
along the Vanov Fault Zone together with disintegration of the
massif along the joints perpendicular to the Variov Fault are the
main pre-requisite for mass movements at the Certovka site.
The favourable factors for gravitational disintegration include:
(1) the high density of fractures resulting from repeated fault ac-
tivation, (2) the favourable orientations of fractures thus formed,
(3) a decrease in shear friction on the fault planes caused par-
ticularly by their smoothing by strike-slip movements and
slickenside formation.

FUTURE ACTIVITY OF THE CERTOVKA LANDSLIDE
AND EVOLUTION OF THE SITE

The slope profile at the Certovka landslide site has two ma-
jor structural levels composed of solid basalts interspersed with
volcaniclastic material and forming a cliff at the top of the slope
and the headscarp of the Certovka landslide in the central seg-
ment of the slope profile. In agreement with Stemberk and
Novotny (1996), our results indicate that the reconstruction of
slope dynamics and evaluation of its future development re-

quires accentuating the interaction between these two struc-
tural levels. The longitudinal ERT profile brought crucial infor-
mation on the inner structure of the slope. It indicated rather
clearly the position of the potential plane of discontinuity, which
was predicted by Stemberk and Novotny (1996). In their study,
the possible discontinuity plane was deduced from a shallow
depression in the plateau above the higher situated cliff. The
ERT profiles showed two such inhomogeneities, which are ob-
servable as far as 30 m into the plateau, forming two approxi-
mately parallel planes. These discontinuities are parallel to the
Certovka landslide headscarp. Both these discontinuities and
the fractures at the headscarp are predisposed by the Varnov
Fault (Fig. 10A, B) and its kinematics. At the same time, the
rock massif was disintegrated due to jointing parallel to the Labe
River. Rockfalls of basaltic blocks are controlled by intersec-
tions of faults and fractures parallel to the Vanov Fault and joints
parallel to the Labe River direction.

Considering the local tectonic deformations predisposing the
rock massif disintegration and the lithological setting at the con-
tact between basalts, breccias and volcaniclastics as the main
controlling factors for the sliding surface initiation, we may sug-
gest a hypothetical future evolution of the slope, which is de-
scribed schematically in Figure 10. Structural features indicated
by dashed lines in the figure are based upon the results of ERT
profiling, field survey and structural measurements. In the first
stage (Fig. 10C), the cliff in the upper part of the slope and the
headscarp of the Certovka landslide in the middle segment are
apparent. The red arrows indicate the movement predisposed by
discontinuities in the cliff as identified by ERT profile. Meanwhile,
the headscarp of the Certovka is subject to rapid disintegration
predisposed by jointing and surface weathering as shown by GSI
and intact strength measurement. In Figure 10D, the landslide
predisposed by discontinuities in the rock massif caused the re-
treat of the cliff (a new headscarp) and the accumulation part of
the landslide increased the loading above the headscarp of the
original Certovka landslide. Loading of the disintegrated massif,
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Fig. 10. Reconstructed evolution of the Certovka landslide (A and B) and a hypothetical model of future evolution (C, D and E),
indicating a slope retreat through retrogressive evolution of the headscarp

underlain by volcanic breccias and volcaniclastics, results in the
reactivation of the Certovka landslide and further retreat of its
headscarp (Fig. 10E). Through this sequence of processes, the
two structural levels gradually retreat in a retrogressive style also
known from localities of different lithological settings (Pyszkova,
2012; Travelletti et al., 2013).

CONCLUSIONS

Based on new geological, geomorphological and geophysi-
cal data, structural setting of the Certovka landslide can be de-
scribed in detail, and factors controlling the mass movement
can be specified.

The Certovka landslide should be viewed as a complex
slope deformation. Its upper segment with accumulated blocks
is inclined against the slope, forming a shallow trench. The mid-
dle segment is characterized by step-like morphology formed
by scarps of younger landslides and flowslides, with boulder
streams merged into a boulder accumulation. The sliding plane
was identified at a depth of approx. 20 m on ERT profiles. The
terminal segment of the landslide is a complex of landslide toes
modified by the retaining wall.

Geological survey and borehole re-evaluation revealed that
the initiation of the landslide occurred fully within the volcanic
and volcaniclastic rocks of the Usti Formation. The surface of
Cretaceous sediments lies below the level of the Labe River,
which excludes the involvement of these rocks in the sliding
mechanism. The former diagnosis that the landslide was initi-
ated by loading of the underlying material affected by heavy
precipitation may be, however, still valid: the headscarp area
and the upper tract of the landslide lie at the contact between
solid basalts above and argillized volcaniclastics below. The lat-
ter lithology is also revealed by reduced bedrock resistivity val-
ues in the lower part of the longitudinal ERT profile. Low values
of intact strength of the volcaniclastics were proved by Schmidt
hammer readings.

A significant role in the landslide activation was undoubtedly
played by subvertical discontinuities in the rock massif. Most of

them can be related to the generally E-W-striking Variov Fault,
and the headscarp of the Certovka landslide itself probably rep-
resents the principal fault of the fault zone, as indicated by the
presence of a low-resistivity zone at this point in the longitudinal
ERT profile. Two generations of tectonic striae were identified
at fractures dipping steeply N to NW in the headscarp area;
palaeostress analysis suggests their pertinence to the Early
Miocene tensional stress field (older generation) and the Late
Miocene to Pliocene compressional stress field (younger gen-
eration). Other discontinuities identified in the headscarp area
are NNW-SSE joints possibly pertaining to the Labe Fault, and
gently south-dipping bedding planes. The complex faulting his-
tory and the presence of fractures of favourable orientation
smoothed by tectonic slip are the main structural factors sup-
porting gravitational sliding at the present relief configuration.

Along with the subvertical discontinuities in the rock massif,
the fundamental precondition for landslide initiation is the
step-like slope profile in the study area. The slope consists of
three preserved structural levels composed of basaltic rocks in
different stages of disintegration, which represent the potential
source zones of landslides. While the Certovka landslide
evolved in the lower preserved structural level, future sliding ac-
tivity at the landslide site will be probably connected with sliding
along steep discontinuities identified by the ERT profile on the
top plateau and reaching the upper structural level of the slope,
up to 30 m from the present plateau edge. These strike parallel
to the Varov Fault and to the present headscarp. Creation of a
new headscarp upslope will increase loading of the Certovka
landslide and induce its reactivation. The subsequent sliding
activity at the lower and upper structural level of the slope will
thus result in a gradual slope retreat, indicating a retrogressive
style.
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