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Abstract. The catastrophic landslide at Eisenberg in North1 Introduction

Bohemia was reactivated during January 2011. This study

integrates a range of geoscientific evidence in order to con-

strain the spatial and temporal development of this reactiva- Ne catastrophic landslide at Eisenberg in North Bohemia
tion. It has investigated long-term geodetic measurements téFi9. 1a) was reactivated during January 2011, and it was the
assess the morphological development of the site over the ladrgest slope deformation to have occurred at the edge of the
two decades. There is evidence to suggest that, over this pd/ost Basin since 2005 (Rgband Novotry, 2005; Burda et
riod, the site had been subjected to progressive deformatiodl-» 2011; Fig. 1a), when the side slope of a nearby open-cast
caused by the collapse of an old mine gallery. However, cli-mine collapsed as a result of long-term rainfall accumulation
matic data show that the reactivation itself was triggered by(Rybar and Novotry, 2005; Burda and Vilnek, 2010). The

a dramatic rise in the water table induced by rapid snowmelJanuary 2011 landslide represents the reactivation of a large
during a period of winter warming. Furthermore, geomor- cpngplex slope deformation that has been recorded previously
phological mapping has been used to characterise the mofSPurek, 1974; RyBf, 1997). The headscarp and eastern ex-
phology of the reactivated landslide and geophysical prof”_tension of the reactivated landslide follow the headscarp of
ing has been used to analyse its internal structure. The resulf§€ earlier slope deformation from 1952.

show that fissures are continuing to develop above the reac- This slope deformation originally formed as a result of
tivated landslide scarp while highly saturated stiff-fissuredmining for brown coal in the Most Basin. The deep min-
claystones provide an incipient slide plane. The application"d began at the beginning of the 20th century. It first cre-
of laser scanning has shown minimal evidence for ongoing@ted depressions in the overlying sedimentary layers which
landslide activity. It is, however, clear that future landslide finally resulted in a catastrophic collapse during a landslide
events will occur here due to the favourable lithological, €vent that began in 1952 (R&ih 1997). This landslide led to
structural, and geotechnical conditions. Finally, we proposethe destruction and subsequent abandonment of the village of
that future landslide activity at the site may be predicted byEisenberg between 1952-1954. Thereafter, mining continued
the height of water table as this defines theoretical pore presh the form of open-cast exploitation which further reduced

sure at the depth of the shear plane. the stability of the adjacent slopes (Fig. 1b).
The investigated landslide developed outside the active

open-cast mining area. It occurred within a large and com-
plex landsliding area (Burda et al., 2011) and represents one
of the largest flow-like landslides in the Czech Republic (cf.
Klimes et al., 2009; Bnek et al., 2011). The toe of the accu-
mulation flows as far as the bottom of the coal mine pit. It
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Fig. 1. (A), location of the study sitg(B), three-dimensional view from SE towards structural slope of the&#rinory Mountains. and
anthropogenic relief of the Most Basin. From the 1980s until present, several slope deformations occurred within the side slope of near open-
cast mine (landslide situation, modified from Burda et al., 2011; DEM: Zabaged 2@)6)xn aerial overview of the landslide complex
situated at the edge of the open-cast mine — the position of the landslide during January 2011 is marked by the red line, while the positions
of the meteostation, observation well, and main morphological features are marked by the yellow line and arrows (foto: J. Burda, June
2009); (D), a detailed aerial view on the January 2011 landslide — the position of inclinometric boreholes is marked as well as significant
morphological features (foto: J. Burda, February 2011).

was, therefore, possible to include monitoring of the mine-analyse the internal structure of both the old and reactivated
cast slopes in this study. Despite the fact that landslide relandslides, and fifth, to apply laser scanning in order to de-
activation had been anticipated, which reduced damage ttermine whether the slope deformation is ongoing. It should
property, the cost of the mitigation works is still expected then be possible, with these data, to assess the probability of
to exceed 600 000 EUR. future landslide activity at the site and to suggest how this
This paper integrates a range of geoscientific evidence iractivity may be recognised.

order to constrain the spatial and temporal development of
this reactivation. The objectives are fivefold: first, to investi-
gate the geodetic measurements in order to assess the devél-

opme'nt Of. the S't(.e over last two dec_ades; se_:cond, 0 analys?he study area is situated along the boundary between the
the climatic data in order to constrain the trigger for the re- Krusré hory Mountains and the Most Basiél(vor 1975

activation; third, to undertake geomorphological mapping in . ;
order to characterise the morphology of the reactivated Iand!vI alkovsky, 1985) at the foot of a southeasterly facing slope

S ; L near the northern margin of an open-cast mine (Fig. 1).
slide; fourth, to undertake geophysical profiling in order to The Kriré hory Mountains comprise orthogneisses and

The geological and geomorphic settings
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various crystalline rocks, while the Most Basin comprises N
various Cenozoic sediments dominated by Miocene clay-

stones, a coal seam, sands, and clastic rocks (Fig. 2). Th 4
boundary, the Kréné hory piedmont, has a graben struc- - Gamice
ture (Varg, 1985) with major boundary faults and a compli- ’,:“SE
cated geological structure (Marek, 1983). The uplift of the & "M

KruSré hory Mountains in the Miocene—Pleistocene along
the Krusnohorsk Fault is expressed by the monoclonal
folding of basin sediments near the edge of the mountain:
(Malkovsky, 1977). Also as a result of uplift, the contact be-

tween these two physiographic provinces is characterised b rascozoic Cenozoic Faults

numerous slope failures from the Miocene, Pleistocene, an( B orthogneisses  [] fluvial deposi [ protuvial deposits  — verified

late Holocene (Zrtko, 1983). ] granites [ deluviofiuvi its (] Miocene sands  --- supposed
The overlying sedimentary complex comprises a group of T ¢teperphyy [ deluvialsecimens [ organic deposits

clays and sandy clays with variable carbonate occurrenct ] base dumps o iskm

above the coal seam (Malkovsk1985). The thickness of
this overlying complex attains up to ca. 175m (the maxi-
mum thickness of the entire sedimentary fill was proved at

231 m). Its upper 40-60 m have_ disintegrated mtq shard fragin the piedmont. This system is characterised by constancy
ments as a result of the regelation processes during the Pleis-.

tocene (Pichler, 1989). It is frequently difficult to locate the without seasonal fluctuationgigka and Haf, 2010).

. Periodic behaviour of water table fluctuations is observed
boundary between the sedimentary complex and the Qua- : ) . .
. -7 . . <. “only in one observation well, OW 212 (Fig. 1b), which
ternary sediments. This is especially the case in the vicin- ! .
, ) . is placed near up to 20m thick Quaternary accumulation
ity of the mountain slopes. The Quaternary sediments pre-

. . . éBurda, 2012). The seasonal water table amplitude is in the
dominately comprise coarse-grained gravels, sandy gravel

and clays with crystalline fragments. The thickness of Sed_range of 0.65-0.9m and reaches maximum in winter-spring

iments varies from 0.1 m to 40 m, with the greatest thick- anghrgmZg,l.fnrgr'nhilféurg\ggﬁr (i?r?niltu?alﬁci(()jlg).structural—
nesses found to be associated with the alluvial fans of former 9 pholog g . ' by
tributaries flowing down from the Kiré hory Mountains. geological conditions, fault tectonics, periglacial and anthro-

) X ; X pogenic processes. In addition it is also influenced by the
These alluvial fans contain mainly coarse-grained gravel, : = - ; .

. headward erosion of th8&ramnick Brook, which has in-
sands, loams, and crystalline fragments. The latter may b%ised a vallev to a deoth of 100m. The studv area is situ-
between 1 m and 5m in diameter. Near the 3¢&i hory y P ' y

) . . . ated in the mouth of this valley (Burda et al., 2011). In the
Mountains there are areas in which solitary boulders are o
- . : 1980s a deep cut-off wall and a new channel was built in

found within gravel debris (Marek, 1980a). These sediments X : .
) ; . order to provide hydrogeological protection for the open-

commonly form aquifers, and their saturation depends on

their thickness, grain size composition, and the content ofcaSt mine. The water was captured and diverted into the

clay components. The groundwater saturation of the QuaterrJeW channel (Marek, 1980b). The relief is anthropogenic

! . . . where the open-cast mine abuts the mountains. In this area
nary sediments varies accor_dlng to those factors listed. .T.he.\LS m high overburden benches pass seamlessly into the steep
?uravt(ca)lslég?nzﬂli;”?zli;ig Zﬁg'ﬂgp tzorgag\;e good permeab'“tystructural slope of the mountains. The inclination of this an-
F')I'he system of the roundwat’er flowi'n is based on thethropogenic slope is ca. 10<16inder the edge of open-cast

1€ SYS 9 9 . . mine (Fig. 2a), but in the mountains behind the margin of the
configuration of Quaternary and character of basin Sed'meméasin the original crystalline slope is 30-24The main mor-

and crystalline rocks. In general the Quaternary basemen . .
hological processes that have modelled the anthropogenic
descends from the north to the south or south-east, hen . .

. R Slope during last two decades are those of stream erosion and
the groundwater flows in this direction (see Burda et al.

2011). There are two inflow types in these aquifers, which 253 movements.

pass into each other and complement each other. The first in-

flow type brings water from the crystalline slopes above theg \aterial and methods

Most Basin outcrops. This type shows a direct dependence

on atmospheric precipitation and causes inter-annual wate3.1  Field mapping

table fluctuations up to 1m. The second type of inflow is

represented by permanent affluence of crystalline deep frackhe geomorphological and engineering geological mapping
ture system groundwater. Kaolinised granite rocks, whichof recent slope deformations has been undertaken along
are linked directly to the faults, create a nearly impermeablehe northwestern edge of the Most Basin since the 1960s
layer, and hence cause the formation of confined aquifer§vang, 1960Splirek, 1974; Marek, 1983; Ry, 1997). The

Fig. 2. General topographic and geological overview.
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364 J. Burda et al.: Climate-induced landslide reactivation at the edge of the Most Basin

fundamental morphological characteristics of the study ares
were assessed during geomorphological mapping of wholg
landslide complex in 2009 and 2010 (Burda et al., 2011). Im-
mediately after the main movement activity in January 2011,
the main deformation features were mapped at a scale of 1
5000 using GPS. In addition, aerial stereoscopic orthopho
tographs (November 2010 and March 2011) and aerial pho
tographs (February 2011) were analysed in order to deter
mine the overall context of the landslide, survey those ac-
cumulation areas that were inaccessible, and to estimate th
total horizontal displacement. The field mapping was then
compared to older maps, technical reports, and research pul
lications Splirek, 1974; Ry&F, 1997; and the archive of the
Brown Coal Research Institute (BCRI)). This was done in
order to assess the relationship between the reactivated lani
slide and older slope failures, to analyse the inclinometric
records, and to assess anthropogenic influences.
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3.2 Geophysical profiling

The inner structure of the landslide and its vicinity was stud-
ied using the 2-D electrical resistivity tomography (ERT).
This is an elaborate method of resistivity profiling (cf. Loke,
1995; Hartvich and Valenta, 2011) that is particularly suit-
able for geomorphological studies as it gives insight into
the subsurface (Schrott and Sass, 2006). Two-dimension:
electrical resistivity tomography uses a high number of elec-
trodes placed along a profile, and an automatic measurin
unit that alternately switches the electrodes from current tc
potential (Loke and Barker, 1996; Dahlin, 2001). The num-
ber of electrodes, inter-electrode distances, and measureme 222 2 =
configuration determine the depth and resolution of acquirec 14

data (Dahlin and Zhou, 2004; Loke et al., 2010). Even if| %%/ 15
the resolution decreases exponentially with depth, reasor . _
ably detailed images are usually obtained to depths of severéa

tenths of a' metrg. ) . ) Fig. 3. A geomorphological sketch map of the area around the
The main objectives of this geophysical survey were t0jangsiide that occurred during January 2011 — (1) the landslide of
observe the depth, course, and geometry of the slidinganuary 2011; (2) older landslides within the landslide complex;
plane, the depth of the quaternary slope deposits, the wate(3) headscarps; (4) (a) tension cracks, (b) tension cracks with ver-
saturated zones within the sliding body, and to identify anytical offset; (5) accumulation toes; (6) earthflows; (7) landslide ac-
other significant phenomena. ERT was chosen as the mosumulation surfaces; (8) landslide blocks within the landslide com-
suitable geophysical technique, providing sufficient depthplex; (9) shallow colluvial depression; (10) (a) brooks and channels,
reach in contrast to other common geophysical methods sucfP) road; (11) spring; (12) dump; (13) (a) ERT profile, (b) longitudi-
as shallow seismic refraction or GPR, while maintaining high nal profile across the landslide; (14) (a) |r_1cI|n9metr|c borehole (b)
spatial resolution and sensitivity (Schrott and Sass, 2008). Structural testhole; (15) observed geodetic points (a) ATR — reflec-
. . tive prism, (b) precise niveling — bench marks.
Three profiles were measured using the Wenner-
Schlumberger array in July 2010, April 2011, and Octo-
ber 2011 (Fig. 3). The ARES (Automatic Resistivity System)
system (by GF Instruments Brno) was used for these profiles(A—A") was measured in October 2011. This profile followed
The first profile 4—A’) was measured before landslide re- the same course as the first profile, but with an increase in
activation in July 2010. The aim of this profile was to as- the downslope length and depth penetration. The aim of this
sess the depth and overall character of the slope deformaprofile was to compare the results with those derived from
tion (Burda et al., 2011). The profile was 186 m long with the first profile 4—A’), i.e. before and after the landslide.
an electrode span of 2m. It crossed the most active part oThe profile was 270 m long with an electrode span of 2m.
the slope deformation from N-S (195 The second profile  The third profile 8—B’) was measured in April 2011. This
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profile is approximately parallel (16Dto the firstand second and Vilimek, 2010). This eliminates the measurement error

profiles. It crossed a potentially active area next to the reactiof particular aiming, which is 0.02—-0.03 m (Hampacher et

vated landslide. The profile was 590 m long with an electrodeal., 2008). Three geodetic points (reflective prisms, Fig. 3)

span of 5m. situated within the landslide and its immediate vicinity were
The three profiles were taken along the slope dropline andised to describe the temporal development of movements

in the direction of movement of the slide. It was thus possiblewithin the slope deformation.

to assess the depth and geometry of the sliding plane and to

identify the vertical and horizontal anomalies in the resistiv- 3.4 Laser scanning

ity. Field data (apparent resistivities) were processed using a o . i

2-D inverse method implemented in the program Res2DInv-aser scanning is currently applied in many fields as a con-

(Loke and Barker, 1996). This resulted in a resistivity crosst@ctiess method for determining spatial coordinagtsoper
section that included topography. and Posjsil, 2008), including monitoring of geomorpholog-

The processed profiles were interpreted using informatior{c@! features (Rowlands et al., 2003). During the laser scan-

from nearby geological boreholes. In the 1980s and 1990s7Nd Process, a large number of points are measured within a

three inclinometric boreholes were drilled in the vicinity of Predefined grid covering the area of interest. It is, therefore,
the profile lines (IB 149, IB 190, and IB 156; Fig. 3). The last & particularly suitable method for generating digital terrain

measurements on these were taken in 2004. Borehole IB 158'0dels (Wack and Stelzel, 2005). _
was measured after the landslide in March 2011. Boreholes 1N€ laser scanning measurements of the reactivated land-

IB 238 and IB 239 were instrumented in September 2011 Slide were undertaken in March 2011, June 2011, and Au-
The data from the inclinometric observations were used indUSt 2011. These were used to generate high-resolution dig-

the interpretation of the profiles, particularly in the identifi- @l terrain models. During each campaign the landslide and
cation of the sliding plane depth. its immediate vicinity were scanned with a scanning reso-

lution of 20 mmx 20 mm at a distance of 10 m. Each point
cloud, representing the measurements taken during the in-
dividual months, consists of around 4.5 million points. The

Precise levelling became the foundation of long-term moni-measurements were all carried out in reference to a coordi-
toring in the area of landslide complex. The levelling mea- Nate system defined by five control points located outside the
surements have been taken as a part of detailed geodetllfn'ts of the reactivated landslide. The subsequent compar-

measurements of three special levelling circuits carried oufSON @nd analysis of the digital terrain models assessed the

on the slopes of the K&ré hory Mountains since the 1980s surface movements that occurred between the three months

(Kalvoda et al., 1990). These measurements are carried ot Which the laser scanning was undertaken. The measure-
twice every year, in spring and autumn, in accord with theMents were made using the Leica HDS3000 laser scanning

methods of previous levelling measurements in the regiorsyStem with & position accuracy of 5mm/100 m and an angu-

(Kalvoda et al., 1990). To verify the movement trends and!a" @ccuracy of 0.06 mrad.
to remove measurement noise, the measurements were u
dertaken quarterly during the first five years. Deep-stabilise

bench mark No. 124 (333.0934ma.s.|.) of the special levelrpg jnfluence of climatic factors on slope stability is gener-

ling circuit Z2b3 was chosen as the reference point for the 5y 4ccepted (Schuster and Wieczorek, 2002), and has been
surface measurements. The deeply stabilised point placed ig;nfirmed in the study area by specific case studies Ryb
hard rock of the exploration gallery face is the reference point, 4 Novot, 2005: Burda and Vimek, 2010). The data

for measurements within the gallery. According to Pichler ¢0, 4 meteostation, operated by the BCRI, situated near

and Mak (2009), standard deviation per kilometrg,J is  the |andslide have been analysed to investigate the possible
+£0.0002m and deviation between backsight and foresight,ses of reactivation (Fig. 3). These data comprise hourly
stations measuring.{ does not exceed 0.0013 m. , measurements of air temperature and precipitation. The snow
A geodetic network of reflective prisms was placed in the |5y er thickness was calculated from data recorded at four cli-
vicinity of the landslide in 2005. This could, therefore, have matological stations, at between 6km and 60km from the
been used in the continuous monitoring of the nearby open;eacivated landslide, by the Czech Hydrometeorological In-

cast mine (B&ha et al., 2006). This monitoring is undertaken git te (Table 1). The reference Quaternary observation well
with the Leica TCR 2003A total station and an automatic tar-ow 212 is located 450 m north-east of the reactivated land-

get recognition (ATR) system (Brown et al., 2007). The ATR g|ige (Fig. 1).
system automatically monitors the position of all the reflec-

tive prisms at an interval of one hour. The reflective prisms

are placed on 3.5m long standing pipes cemented to a depth

of 2m. The hourly measurements enable the precise calcula-

tion of daily accumulative and relative displacement (Burda

3.3 Geodetic measurements

5 Climatological analyses

www.nat-hazards-earth-syst-sci.net/13/361/2013/ Nat. Hazards Earth Syst. Sci., 13, 3824- 2013



366 J. Burda et al.: Climate-induced landslide reactivation at the edge of the Most Basin

Table 1.A comparison of the maximum recorded snow cover thick-  The landslide body has shifted horizontally, as determined
nesses at selected climatological stations with those recorded durinffom orthophotographic analysis. The upper part of rotated
the winter of 2010-2011 (Data source: Czech Hydrometeorologicablock, below the headscarp, has shifted by 12—-14 m, while

Institute). the middle part, including the road and artificial water chan-
nel, has shifted by 23-25m (Fig. 4b). The area of older head-
_ Elevation  Distance from thfcnk?]"é §§¥§rm> scarps in the lower part has shifted up to 26.4 m. At elevations
Meteostation (masl)  thelandslid _ of 250-265m a.s.l., the frontal part of the landslide body was
2010/2011 hist. .
max. max. thrust over the upper overburden bench which meant that the
- - material lost its cohesion and was subsequently deposited
Nova Ves v Hoéch* 725 6 km 810 810 th ded burd b h d old thil
Ust nad Labem 375 40km 310 310 upon the eroded overburden benches and older earthflows
MileSovka 836 30km 540 550 (Fig. 3). This accumulation lobe has a length of ca. 150 m
Karlovy Vary 606 57km 450 450 and the characteristics of an earthflow on both the western
* Identical orographic conditions as the Eisenberg watershed. and eastern sides where the material was fu”y saturated and
without cohesion.
4 Results 4.1.2 The internal structure of the landslide
4.1 The morphology and internal characteristics of The resistivities along profilda—A’ span from 5 to 80@m
the landslide (Fig. 5). The soil horizon is seen at depths ranging from 0.5

to 2.5m. Below this lie the non-conductive coarse gravel
slope deposits (in the borehole record these are described

The studied landslide constitutes the reactivated compof?‘S bouldery gneiss proluvium). The base of these deposits

nent of a large complex slope deformation initiated in 1952'S S€€en at depths ranging from 8 m to 13 m. The substratum

(épﬁrek 1974; RyH, 1987). The geomorphological map- comprises the markedly conductive stiff-fissured Miocene
) ! ' ' j . . clays (an assumed water-bearing shear plane; Fig. 6), but
ping reveals a 1.5m high headscarp and a series of tenSIO\E/;]vith more sandy facies between stations 46 and 56. The Ter-

cracks together with sagging of the landslide mass in the. ) . .
scarp area of the developing landslide. This disturbed aregary sedimentary fill of the Most Basin has the character of

reflects the surface outcrop of a developing shear plane thaef quasi—homogengous discontinuous envjronment where the
has been described previoEst by rawsfw?. Itis tth))ught anisotropy is applied (Ry#, 1978). The Miocene clays are

that the origin of this shear plane dates back to the 1990s. Thgharacterlsed by a dense system of fault planes and joints as

reactivated landslide can be described as a complex Iandslidvé/eII as the original bedding planes. In addition to the highly

(Dikau, 2004) as it was characterised by a change in mo_variable primary and secondary fissure permeability, infiltra-

tion mechanics from sliding to flowing (Figs. 1 and 3). The tio_n is also influenced by the fracturing cau;ed by regglation
body of the reactivated landslide consists of a rotated block" 0" to the Holocene. The headscarp area is characterised by

with a length of ca. 150 m and a width of ca. 120 m togethera sub-vertical conductive zone disrupting the high resistiv-
with a long frontal accumulation lobe that has flowed over ity layer betwgen sthons 64 a‘?d /5. The depth of the shear
the scarps of older earthflows. plane from this profile was estimated to be 15m (Burda et

The headscarp is located at an elevation of ca. 295m a.s.ﬂl" 2011). Boreholes IB 149 and IB 190 were sheared by the

It has a typical amphitheatral shape with a width of 102 mmovement_ of the landslide at depths of 12—/14m (F'g'. 7.)'
and a height of up to 13m. In the outcrop of the head- The main structures found on profik-A" are all visi-

; _AM i . P _
scarp it is possible to see the soil, bouldery gneiss pro-ble on profile A-A" (cf. Fig. 5: middle and bottom). Pro

luvium, weathered claystones, and interbedded overlyin file A—A" clearly shows that the landslide body predomi-

sands. Fragments, mainly ruined building foundations, fromgna'[ely comprises coarse, gravelly slope deposits. The shear

the former village of Eisenberg were found in the eastern parP lane, however, passes through the stiff-fissured claystones

of the headscarp (Fig. 1). The remains of a sewer pipe wer trc(lj?rp])thts ?:I:I 15 _hz 0 mé(;rohés 'fﬁha zzor;]e 0]; \s/e?5|lt|\\/§ rclaiyfi,vac-
also found, from which water was still being discharged onel0rding to Fietic] o ( )- The zone of very low resistiv-
week after the landslide at roughly 1-5t's The main scarp ity between stations 230 and 280 reflects a water-saturated

continues to the northeast in the form of a significant tensionaccumu"’jltlon lobe formed by a mixture of Quaternary and

crack that runs for 200m. This probably defines the unsta.Veathered Miocene sediments. These sediments have been

ble part of the reactivated landslide. On the western side éjgposned on the eroded overburden benches of the open-cast

smooth shear plane is exposed with an inclination of up tomine (Fig. 6). This accumulation has the characteristics of an

30°. On the eastern side a minor scarp with a height of 5-7 mearthﬂow and cannot be distinguished on the profile from the

; S . . underlying conductive claystones.
defines the limit of the reactivated landslide body. Prof)iqe %—B/ (Fig. 5) st{arts in clearly identifiable crys-

talline bedrock (paragneisses according to the geological

4.1.1 Description of the landslide morphology

Nat. Hazards Earth Syst. Sci., 13, 361374, 2013 www.nat-hazards-earth-syst-sci.net/13/361/2013/
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Fig. 4. Left: the orthophotos from 2010 and 2011 with the contours of the landslide body (dashed yellowAjnehe situation before

the landslide. In(B) the orthophoto from 2011 shows the original (blue) and displaced (red) positions of selected objects for which the
displacement vectors (yellow arrows) and horizontal displacement in metres (yellow numbers) were identified. Point 23 represents a key
geodetic marker as its position was measured both before and after the main period of landslide activity. Right: the differential models that
show the relative displacement within the body of the landslide in 2@)Ipresents the difference between the 1st and 2nd stage, ([Dhile
presents the difference between the 2nd and 3rd stage.

map and borehole documentation). The bedrock loses somigody of the nearby landslide. Underlying the high resistiv-
of its compactness towards station 100, as reflected by dety surface layer is a zone of very low resistivity and highly
creasing resistivity. The zone of very low resistivity between variable thickness (15-50 m). This zone most likely reflects
stations 100-150 is interpreted as the $trahorsi Fault.  wet clays, which are also observed below 15 m in boreholes
Itis one of the most prominent and active faults along whichIB 190 and STH 44. It is probable that any future extension
the tectonic basin has descended. The fault is steeply inclinedf the landslide would be activated along this slide plane.
towards the basin at 75-80ts presence is corroborated by Here, two incipient scarps were observed (at station 185 and
two of the borehole records which penetrated the rock mas275 — see also on Fig. 3), as well as a verified shallow aquifer.
sif to depths of 90m and 117 m (STH 111 and STH 6; not The varying resistivities probably reflect the varying physical
shown on Fig. 5). A high resistivity surface layer is seen properties of the clay. The higher resistivities may be associ-
along the top of the profile at depths of between 10-15 m, al-ated with dryer and more compact claystones, possibly with
though in places it reaches depths of 20-25m (e.g. betweea greater sand content. In some places these dry claystones
stations 325-375) and it is virtually absent between stationseparate water saturated clays (e.g. station 330).

115-150. The thickness of 15m at station 390 corresponds

well to that found in the nearby borehole STH 44. This is

again the coarse gravel slope deposits, which also form the
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Fig. 5. The ERT profiles taken across the landslide (locations depicted on Fig. 2). STH: structural test hole; IB: inclinometric borehole; OW:
observation well; vSA: verified shallow aquifer; aSA: assumed shallow aquifer.
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Fig. 6. A generalised longitudinal profile taken across the landslide during January 2011. The profile is based on geomorphological field
mapping, ERT interpretation, and the analysis of 1B 149, IB 238, and IB 239. Its location is shown in Fig. 2 (Q: Quaternary sediments;
MSFC: Miocene stiff-fissured claystones; MCS: Miocene claystones (solid)).
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Fig. 7. Selected inclinometric boreholes — cumulative displacement. IB 149 was placed within the landslide body; the initial shear failure is
obvious at the depth of 12 m — last measurement was in December 2004. Two zones of possible shear failure are visible in IB 156 placed neal
the January 2012 landslide. The main landslide activity was reflected also in this borehole when the shift of 60 mm was found in the upper
shear zone.

4.2 The development of the landslide since the 1990s Between 9 and 14 January 2011, the daily rate of move-
ment increased steadily to 20 mm ddy On 15 January at
The development of the landslide since 1990 can be investi8:01 p.m., reflective prism No. 178 was measured for the last
gated using the results of the precise levelling of benchmarksime, with a total accumulative displacement of 777 mm. The
N1-N4. The measured accumulative displacement values ar&TR system, assuming that it had not been completely de-
shown on Fig. 8. It is clear that significant movements havestroyed, would be able to find the reflective prism if it was
been recorded at all four measuring sites. The mean ratgithin 5.5m of its previous position (Bha et al., 2006). It
of movements at N1 and N2 was linear from 1993-2010is thought, therefore, that the final movements were sudden
(6.4mmyr! and 9.4mmyr?, respectively). However, at and relatively fast (mht), with the point destroyed shortly
N3 and N4 the mean rate of movements accelerated signifafter reactivation of the landslide.
icantly after 2008 (from 19.5 mmyt to 31.5mmyr! and
from 22 mmyr?! to 55.5mmyr?, respectively). The long- 4.3 The development of the reactivated landslide
term development of the landslide was also reflected by all since 2011
five points located within the exploration gallery. The verti- . )
cal shift was between 1.2—4.2 mnmyrduring the 1990s and The laser scanning data were processeq in stages, and.the
has been between 1.6-2.4 mm¥ifor the past 11yr. These Primary qutput from each was a three-dimensional terrain
movements were accompanied by crack extension at betwedRodel (Fig. 4c and d). It is clear that a problem occurs
61.5-85.6 m from the entrance to the gallery. The extensiorfluring the generation of these models that stems from the
is characterised by acceleration in the spring and decelefPresence of vegetation within the area of interest. The prob-
ation in the winter, as previously described by Kalvoda etlem may result from trges within the landslide and the long
al. (1990) and Ryé& (1997). grasses that grew during the summer moqths, and aIthpugh
The reactivated landslide activity was well documented bySPecial software was used to filter these points, the quality of
N1 (—20.5mm) and N337.3mm) (Fig. 8). N4, situated the measured data was significantly affected. The generated
in the scarp area, was destroyed with the vertical drop caldigital terrain models were then used to create hypsomet-
culated from the stereoscopic orthophotographs, thought téic models that characterised the differgnces in terrain form
be ca. 5m. Furthermore, detailed information about develophat have developed between the individual stages. These
ment of the landslide in 2010 was recorded by the automatidh@y not be wholly accurate where the measured data have
target recognition monitoring of reflective prism No. 178. beéen compromised by the occurrence of vegetation, i.e. in
This was placed in the landslide in June 2009. This pointthe lower part of the landslide where movements of 100 mm
showed linear deformation during the first year of monitor- have been recorded between ipdividual stages. In contrast in
ing as well as the first period of acceleration in spring 2010those places where no vegetation has regenerated, such as in
and subsequent deceleration during summer 2010. The maiffe headscarp, the differential models accurately reflect the
movement occurred in January 2011, but the movement vechanges that have occurred between individual stages.
locity started to increase during December 2010 (Fig. 8).
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Fig. 8. (A), a cumulative three-dimensional displacement and snow melting (at NV station) versus time diagram showing the development
of the landslide in the two years prior to January 2011. It is clear that there are two cycles of acceleration: the first in March 2010 and the
second in December 201(B), a cumulative vertical displacement versus time diagram measured on four niveling bench marks since the
1990s.

The first differential model, between the 1st and 2nd not drop below GC. The average daily temperature reached
stages, shows the separation of a large block from the head?°C on the 14th and BC on the 15th. The maximum temper-
scarp (block diameter: ca. 5m). The total movement at thisature recorded during this period was 10C7on the 16th. In
location was 960 mm. The toe of the landslide, as a result otentral Europe this type of December—January warming may
soil slip, moved by up to 450 mm. However, it is also clear occur on isolated days (R&@h 2001). The protracted nature
from the first differential model that on the rest of the area isof this warming event makes it unique, at least for the me-
associated with no or very small shifts of less than 100 mmteostation JeZe It lead to rapid melting of the record snow
(Fig. 4c and d (blue)). The second differential model, be-cover with an estimated snow water equivalent of ca. 200 mm
tween the 2nd and 3rd stages, shows a number of Iocalisecf:ekal et al., 2011) and an immediate rise in the water ta-
movements of the soil at the edge of the landslide (Fig. 4cble (Fig. 9e). The total precipitation measured at tezas
and d (light yellow and light blue)). These movements attain7 mm (13-15 January). The records of other meteorological
maximum distances of 180 mm. It appears that the base oftations demonstrate that this rapid thaw occurred through-
the landslide has moved by up to 500 mm. However, this areaut the Krisré hory Mountains, which was immediately fol-
was covered with tall grass, the occurrence of which greatlyilowed by the landslide mobilisation (Fig. 8).
influenced the measured data and its quality. It is, therefore, However, the final movement acceleration occurred at the
not possible to say with certainty whether these movementdeginning of December 2010 when a separate warming event

are real or apparent. on 11 December led to partial melting of snow and subse-
quent rising of water table. On 11 December the average
4.4 The trigger for landslide reactivation temperature was 2°&€ and the daily maximum was 4.€,

while there was also 7 mm of rainfall (Fig. 9). The subse-
uent saturation of the material led to the mobilisation of the

The winter of 20102011 was characterised by a greater tha Ider earthflow masses. This mobilisation destroyed geode-

celecied meteorological stations, e measured snow covi POMS 20 and 15 (Fi. 3) on 13 December (ie. with a
was the highest ever recorded, while it was only slightly less wo-day lag following the temperature peak).
than the highest ever recorded at the fourth station (Table 1).

In addition the progressive development of the winter snows Discussion

cover was unusual when set against previous years. In 2010—-

2011 the peak snow cover at all stations was recorded in th&he original 1950s slope deformation occurred as a result of
second half of December, whereas in recent years it has nosurface subsidence due to the collapse of parts of the gallery
mally occurred in the second half of January or in Februaryat Korév Mine (Splirek, 1974). It deformed the entire mass
(Fig. 9a—d). The rapid cooling in late November and early of overlying rocks and, at least in part, contributed to the
December was followed by considerable warming that be-development of deep-seated fault planes. These subsidence-
gan on 7 January. From 7 to 16 January, the temperature dishduced fault planes enable water from the permanent and
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Fig. 9. The main triggering factors of the landslide reactivation (15 January 2011) were rapid melting of snow cover in the beginning of
December 2010 and January 2Qa%+d) and a sudden increase in the water table in OW @).2These factors resulted from the increase

in average temperature (Jézmeteostation) during Januaffy (Data sources: Czech Hydrometeorological Institute; the meteostatiail Jeze
operated by BCRI; Cin et al., 2011).

intermittent aquifers to infiltrate more easily into the under- lower than the fully softened shear strength and is approach-
lying claystones and to thereby become a significant mecharning the residual value in these stiff-fissured claystones (Stark
ical discontinuity surface. and Eid, 1997). Hence, the value of safety factor (SF) well
The system of fractures and fissures further accelerates theeflects the interannual fluctuations of water table respective
flow of water through the colluvial mantle as well as acceler- of pore water pressure, and the landslide activity followed
ating groundwater flow in the claystones (fons™1). The  changes in dry/wet periods of the year.
results of Pleticho& (2006) and the electrical resistivity to-  The landslide reactivation was the culmination of a pro-
mography support this hypothesis by showing three very lowgressive development which has been caused by the ongoing
resistivity zones (less than{@m) — these represent aquifers weakening of resisting forces. Since 1990 the movement has
in the stiff-fissured claystones. The high-resistivity body of been characterised by linear creep. Then, in 2008, it was de-
the landslide, formed by permeable slope deposits, overliesided that water captured by the cut-off wall should no longer
this water-saturated zone. The bases of the profiles are aldoe pumped away. The intercepted waters reached the top of
associated with high resistivity zones that most likely reflectthe cut-off wall and, subsequently, soaked into surrounding
impermeable €10~ ms~1) dry compact claystones. These sediments and penetrated into the landslide area (Burda et al.,
sensitive stiff-fissured claystones hold water in the aquifer2011). This lead to the sudden movement acceleration out-
and thereby create an ideal sliding plane for the landsliddined above. The water flowed through the permeable mantle
(also confirmed by the inclinometric boreholes). They areand into stiff-fissured claystones, while the solid crystalline
characterised by a liquid limit of ca. 73% and a plasticity basement rocks prevented deeper water penetration. Func-
index of ca. 23 % (Pichler, 1989), while exhibiting a large tion of the cut-off wall was restored by the mining company
difference between the fully softened and residual frictionat the end of 2011 on the basis of research and recommenda-
angles (mainly in the upper 30—40 m with low diagenetic tions (Pichler et al., 2011; Burda et al., 2011). Therefore an
hardening). It is thought that the mobilised shear strength igmprovement in the stability is expected for the time being,
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but further geotechnical and hydrogeological monitoring is — The climatic data have shown that the reactivation itself
necessary because the average slope gradient still exceeds was triggered by a dramatic rise in the water table (and
. subsequent pore water pressure increase up to 68 kPa)
This study and that of Burda et al. (2011) show that finding induced by rapid snowmelt during a period of winter
these zones through the application of electrical resistivity warming.
tomography is essential to estimation of minimum depth and
geometry of the shear plane. This method, combined with
detailed field mapping, improves our ability to predict the
depth and extent of future landslide activity. It is seen that
profiles A—A’, A—A”, and B—B’ all have analogous zones
of low resistivities (ca. %m). Profile B—B’ was taken out-
side the area affected by the reactivated landslide. However, — The laser scanning shows that there is little evidence for
the geotechnical conditions along that profile suggest that fu- ongoing landslide activity.
ture landslide activity should also be expected here. In addi-

tion the influence of the January landslide was also observed N€ landslide will continue to develop in the future due to
in the inclinometer borehole IB 156, which is placed out of the favourable lithological, structural, and geotechnical con-

the main landslide but near the profi-B’ (Fig. 7). The ditions. It is thought the endangered area may extend as far

main landslide activity was reflected by the shift of 26 mm to @S the Krénohorsk Fault. It is proposed that future land-
the south (azimuth 183 and of 48 mm to the west (azimuth SIide activity at the site may be predicted by the height of
273) in the depth of 23-35m. It s also known that the clay- Watgr_ table as this d_eflnes a_theorencal pore pressure causing
stones forming anthropogenic slopes are unstable over prd"—,‘ critical decreg_se in effective stress and therefore a reduc-
tracted periods if the mean slope gradient is greater than 9 tion of the mo.b|I|sed shear strength. In September 2012 four
Further research must focus on developing a systemati@€W observation wells were placed near the headscarp of the
monitoring system. In this region the majority of landslide landslide complex in order to improve water table monitoring

early warning systems are based only on geodetic methodgnd gccurate description of the displacement mechanisms in
(Blaha et al., 2006). However, a seven year observation of th&€/ation to the pore water pressures.

water table at OW 212 (Burda and Wiiek, 2010; Chn et al.,

2011) has shown that this may also provide a suitable basisacknowledgementsThe research was funded by the grant
The movement accelerations always occurred when the watgmoject “GA UK 155610”, project CzechGeo/EPOS (proj. No.
table rose above 10.25 m, which corresponds to a theoreti- LM2010008) and by the grant project “SVV 265-212".

cal pore pressure of 68 kPa at the depth of the shear planghe authors would also like to acknowledge the help of their col-
This can be understood as a threshold value above whickeagues Jan Klinig J¥i Dohnal and Toré& Nydl for their assistance
landsliding may be initiated (as happened in 2005, 2006 during field research and geophysical profiling.

2007, 2008, 2009, 2010, and 2011). It seems this pore Wathe authors would also like to thank Matthew Rowberry for
ter pressure~68 kPa) lead to a reduction of the mobilised language editing and for his advice that helped to improve the
shear strength which is approaching the residual value angdaper.

is the prime cause of landslide reactivations. This hypothesis

does, however, need further investigation in order to bettefEdited by: A. Ginther

understand the influence of other factors such as rainfall anér€viewed by: two anonymous referees

show water equivalent.

— The geomorphological mapping and geophysical profil-
ing have shown that fissures are continuing to develop
above the reactivated landslide scarp, while highly satu-
rated stiff-fissured claystones provide an incipient slide
plane.
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