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Abstract. Rapid snow melting and intense precipitation trig- ized by average precipitation of 900—1000 mm per year and
gered and reactivated tens of mostly shallow landslides in thehe best-documented historical landslide acceleration took
eastern part of the Czech Republic at the turn of March andlace after the July 1997 floods, when an average of 257 mm
April 2006. This area is build up by highly fractured fly- of precipitation fell down during 5 days (Kirchner, 2001) in
sch rock units with variable content of sandstones and claythe eastern part of the Czech Republic. During this landslide
stones. The landslide complex at Hldiego(Brumov-Bylnice  event more than 1500 landslides of different types (e.g. soil
town) is composed of shallow translational (up to 10 m thick) slips, flows and translational landslides) originated causing
as well as deep-seated (up to 20 m thick) rotational land-extensive damage to buildings and infrastructure. Notable is
slides, which generated a catastrophic earthflow at their toethe fact that about 40% of the active landslides occurred in
This earthflow destroyed three buildings, the access road angklation to older, mainly deep-seated slope failures @ e
caused total loss of about 350 000 EUR. Detailed field in-al., 2002).

vestigation, review of the archive sources and interviewing At the beginning of April 2006, more than 80 of mostly
of local inhabitants allowed brief description of slope move- shallow landslides evolved during large landslide event in
ment history prior the catastrophic event as well as detailedhe mountainous eastern part of the Czech Republicafil
reconstruction of slope failure mechanisms during the mainMuller, 2008). During this period the landslide and earth-
movement activity (3—4 April 2006). This information, along flow complex Hlub@e was also triggered. It developed in
with the detailed description of the passive as well as activethe Bilé Karpaty Highlands in the vicinity of the Brumov-
causative factors (structural and morphologic settings) carBylnice town in the site called Hlulde, 3.5 km W from the
contribute towards better identification of potentially danger- state border with Slovakia (Fig. 1). It is the longest active
ous slope failures in the study region. landslide complex (Table 1) that has been observed in the
territory of the Czech Republic since the July 1997 event.
Fortunately the Hlub@e landslide complex did not develop
in densely inhabited area. However, it completely destroyed
three buildings, damaged unpaved road, electric power line

The entire region of the Outer Western Carpathians has inter@S Well as part of the forest. The local authorities estimated
sively experienced both, past and recent mass-wasting actijotal 10ss to about 350 000 Euro. _ _
ity. Such processes in the area of the flysch Carpathians are The paper presents results of field mapping, eyewitness

usually caused by heavy rainfalls. The region is character!€POrts, aerial photography interpretation and electrical resis-
tivity tomography (ERT) investigations revealing causes and

mechanisms of the origin and development of the landslide
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Bl Hiuboce slope failure Table 1. Morphometric characteristics of the Hlulm complex
_— landslide.
Characteristics Value
Hluboce slope failure MaXImum length 770 m
Maximum width 110m
; Length to width ration 7
Kaumberske formation
Surface 60000 #
Iy —— Maximum depth 10-20m
Volume* 40000-140 000 Fh
Movement velocit§* 0.6-0.8m/h
Maximum altitude at crown  605m
Minimum altitude at foot 419m
Difference of altitude 186m
Average slope gradient 14
geologically verified i )
—— faults * calculated volume using formulas in Malamud et al. (2004)
U ** measured on site during the landslide activity

Fig. 1. (A) — location of the study sit€B) — oblique aerial view of

the Hlubde landslide complex (to the NE, foto |. Bar®006),(C) .
_ topographic and geological overview. Platform, Rcha et al., 2004). Based on analysis of the SRTM

(Shuttle Radar Topography Mission) digital terrain models
(NASA) and geological map (Kréj, 1992), the expected
2 General geological and morphological setting Ief_t-lateral fault systems havs mostly NE-SW Qnd N-S strike
(Fig. 1). The two faults (Kreji, 1992) of N-S direction are
The Hiubde landslide complex is situated on the south- cutting the.mountain ridge in the vicinity of the landslide
facing slope of the Tratitt Mt. (707 ma.s.l.) which has CcOmMPlex (Fig. 1c).
gradient between 10—2Qvith the maximum inclination of
~30 in the central part of the slope and with local relief up 3 \ethods
to 300 m. Upper part of the slope has broad concave horizon-
tal curvature with shallow dell-like depression in its lower The first observations and video recording of the Hitéo
part reaching the valley floor. landslide complex provided local inhabitants and forest
In general, the Flysch Belt of the Outer Western Carpathi-workers, who tried to protect buildings from moving trees.
ans comprises mainly of folded alternating claystone, shaleinterviewing of these people allowed detailed reconstruction
and sandstone beds of Mesozoic and Tertiary age. The Czeaif failure mechanism and its antecedent conditions.
part of the Flysch Belt is an allochthonous nappe system that Geomorphic field mapping, mineralogical analyses of the
was thrust over the West European Plate and part of its foresediments and ultra-light airplane observations (Batal.,
deep from the southeast during Paleogene and Early Neq2007) were used to complete necessary information about the
gene orogeny (kha et al., 2004). Host bedrock of the stud- landslide complex. Radiocarbon AMS dating of one sample
ied landslide complex consists of the Svodnice Formation oftaken from the older landslide body underlying contempo-
Magura Unit, with very abundant claystone and shale rocksrary Hluboe landslide complex was performed in the Radio-
which produced rather thick weathering mantle. Structuralcarbon Laboratory of the Institute of Physics, Silesian Uni-
and tectonic conditions of the study site remain largely un-versity of Technology (Gliwice, Poland, Fig. 2).
known due to critical lack of bedrock outcrops both within  The kinematics and spatial characteristic of the landslide
the landslide complex and its surrounding. The only struc-complex were studied on a set of aerial ortho-photographs
tural information can be approximated from the geological from 2003 and summer 2006 in ArcGIS 9.2 software (ESRI).
map at scale 1:50 000 which suggests that the bedding mayhe analysis enabled us to roughly summarize values and
be almost conform to the ground surface reaching the incli-vectors of the horizontal displacements of the objects recog-
nation between 20-8@o the S and SE (Kréj, 1992). nized on the both ortho-photographs. Analysing stereo-pairs
Despite of the lack of outcropping bedrock with measur- of historical aerial photographs as well as dendrochrono-
able tectonic features, thrust, normal and left-lateral faultslogic analysis allowed detailed reconstruction of activity of
should be expected here due to nappe structure and clogbhe studied landslide complex. Aerial photographs from
position of the collision zone of the Klippen Belt (oblique the years 1950, 1977, 1990, 2003 and 2006 were used for
collision between the Central Carpathians and the Europeathe stereoscopic analysis. Dendrochronologic research on
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ter rock/soil and water sampling they were filled with soil.
Moreover, four dynamic penetration tests DP-1, DP-2, DP-3
Fig. 2. Oblique aerial view of the studied landslide (foto J. Kine ~and DP-4 were situated along the landslide complex (Fig. 2).
2006) showing topographic as well as ERT profiles, 1-5m high The BORROS machine (DIN 4094 standard) with cone di-
scarp, 2 — artesian spring occurred during the landslide movement, ameter of 43.7 mm, apex cross sectional area of 1509 mm
— location of the third house destroyed by the earthflow, H1-H4 lo-and top angle of 90were used. The rammer weight was
cations of sediment samples for mineral analyses, P1-P4 are sites 0.0 kg and fall height 0.50m. Number of strokes per
dynamic penetration tests, V1-V2 are boreholes locations and H4 4 0o mm penetration was recorded. Geotechnical strength
is location of the sample taken for the radiocarbon AMS dating.  (asts of rock and soil samples were analysed in the laboratory
of S.G. — GEOTECHNIKA Ostrava, whereas water samples
eccentricity of annual tree-rings as a result of tree tilting were analysed in the laboratory of the UNIGEO Ostrava.
was done to proof mass-movement activity between 1937 Sediment mineralogy of clay size particles was acquired
and 2006. Dendrochronologic drilling cores as well as dig-for 4 colluvium samples (Fig. 2).
ital photographs of tree stumps were taken from all parts of
the landslide “B” (e.g. toe, flanks, block, crown). The cores
were measured by standard dendrochronologic method (opti4  Morphology and structure of the Hlubote landslide
cal microscope, “dendrochronological timetable”) while the  complex
digital images of tree rings of 7 stumps were analysed by
OSM 3 software (SCIEM). These images were taken 2 year§he active landslide complex is located within a large and
after the landslide event. The identified eccentricities weremuch older deep-seated slope failure, which occupies almost
weighted based on the Ei (eccentricity) value where Ei be-entire southern slope of the Trat#tuMt. (Fig. 3). The acti-
tween 0.1 and 0.5 received weight 1 and tree-rings with Eivated part is 770 m long (ground surface length), maximally
greater than 0.5 weight 2. 110 m wide with relative relief of 186 m. The total land-
Internal structure of the landslide complex was investi- slide area is about 60 000?rand volume calculated accord-
gated by electrical resistivity tomography (ERT) survey, coreing to Malamud et al. (2004) is estimated between 40 090 m
drillings and dynamic penetration testing. Three ERT pro-and 140000 The maximum depth of shear plane esti-
files lead along the longer axis of the both “A” and “B” land- mated from the ERT profiles is 20 m. The complex landslide
slides and perpendicularly to the “A” landslide (Fig. 2). The is composed of different slope failure types. In the upper
Schlumberger electrode array was chosen for the resistivityart, two active landslides “A” and “B” developed. The west-
measurements and the resulting apparent resistivity pseud@rn “A’ landslide is rather shallow translational one (up to
section was transformed into a model representing continu10 m thick), whilst the eastern “B” is rotational and more
ous distribution of calculated electrical resistivity in the sub- than 10 m thick. Their toes joined in the middle of the slope.
surface by RES2Dinv software. The rotational landslide transformed into an earthflow here
Two 6 m deep boreholes (V1 and V2), surveyed by the(Fig. 2). The western translational “A’ landslide is situ-
NordMayer Machine were situated above the “B” landslide ated on the pasture and it starts with 1.2 m high headscarp
and at a place of one of the destroyed buildings. Af-(at an elevation of 592 ma.s.l.) where only soil and highly

0Om 740 m
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Near the place, where slip-surfaces of the both landslides
outcrop (below their junction), the slope failure starts to have
a character of the earthflow accompanied by 3m high lat-
eral levee. Thickness of the earthflow varies from 2.5m to
3.5m and its maximum width is 68 m. Toe moved through
a shallow, dell-like slope concavity before it reached the val-
ley bottom, where small brook was blocked. Dam was not
formed due to the high water content and small thickness of
the earthflow material.

Probable tectonic jointing was also observed in the ERT
record (Fig. 4). Such tectonic jointing has weakened the
bedrock strength properties, defined the principal unstable
blocks and enabled different bedrock water-saturation and
relatively deep weathering as visible in the ERT record. The
ground-plan shape of the both recent landslides “A” and “B”,
diagonal to the principal slope and orthogonal to each other,
as well as a shape of other old landslides in the surroundings
also evoke strong tectonic control of the landslide complex

e " ERT3 evolution.
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5 Hydrogeology and physical properties of the landslide
complex material

The selected mechanical and strength properties of collu-

vial sediments and deeply weathered flysch bedrock form-
Fig. 4. Electrical resistivity tomography (ERT) profiles which loca- INd the landslide complex body are in the Table 2. Major-
tion is depicted on Fig. 3. ity of the values are similar, though the value of oedomet-
ric deformation module is 10 times higher for the bedrock
than for the landslide material near the sliding surface. The
weathered colluvium outcrop. Surface of the landslide bodybedrock is also less permeable which is largely due to clays
has irregular hummocky shape with very sharp, linear sideformed during weathering of calystones which are predomi-
limits. Several other headscarps, trenches and counter-slopgnt component of the Svodnice Formation. Sandstones are
scarps are located in the middle part of the slope, where culthe strongest, least weathered element of the bedrock (mea-
minate by 5m high scarp at the elevation of 567 ma.s.l. (1sured strength in the simple compression is 137 MPa), but at
on Fig. 2) where also spring occurs. Bellow this scarp, thethe same time they are highly fractured enabling water per-
transport and accumulation part of the landslide “A” joints colation and accumulation. The landslide material near one
the accumulation of the landslide “B” (Fig. 2). A 27 m high of shear surfaces (dynamic penetration test site DP-3, Fig. 2)
scarp developed here subsequently. was characterized by residual values of angle of internal fric-
The eastern landslide “B” (Fig. 2) reaches horizontal tion and cohesion and also lowest value of the oedometric
length of 255 m, width of 50 m. It has 9 m high recent scarp deformation module showing the effects of shearing on the
situated at elevation of 605 ma.s.l. where also only soil andveathered colluvium.
highly weathered colluvium outcrop. However, an ancient Colluvial material covering the landslide complex is 2 to
head-scarp and several minor scarps were observed above tBen thick and is formed by poorly graded gravely clay or
current landslide limit and morphologically well pronounced clayey gravel colluvium with stiff matrix. The gravel frac-
ancient accumulation was recognised near the forest limition is made by angular, weathered sandstone rocks in aver-
(letter H4 on Fig. 2). These are evidences for previous acage 0.1 m in diameter. Its basic mechanical properties are in
tivity of this part of the landslide complex. Table 2. The colluvium is characterized by low to medium
Electrical resistivity tomography (ERT) profile through plasticity (I p=23%,w;=48%) and very low activity of clay
western “A’ landslide depicts 6-13m thick low-resistivity minerals @=0.45). This corresponds with results of the min-
(20—602m) water-saturated landslide mass (Fig. 4). The re-eralogical analysis which showed that the content of smectite
sistivity survey verified about 10 m thick slightly back-tilted (major swelling and shrinking clay mineral) in four studied
landslide block in the upper part of the eastern landslide “B” samples was negligible and reached maximally 8% (Table 3).
(Fig. 4). Dynamic penetration tests (DP-1, 2 and 3) showed impor-
tant interface characterized by abrupt change of the values of
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Table 2. Mechanical properties of landslide complex material and ropks @nit weight,¢. s — effective angle of internal frictior.; —
effective cohesionE yef,- o0edometric deformation module,— Poisson numbekf — infiltration coefficient)

Geotechnical type p (KNm™3)  ¢,/(°) cor (kPA) Eget(MPa) 1 kp (m.st)
colluvial material within 19.5 25 10 10 035 18

the landslide body

material near sliding surface  19.5 20 5* 4 0.35 106
weathered flysh bedrock—  20.0 25 15 40 0.30 40

claystones with sand stones

* residual values

the SpeCI.fIC dynamic reS'St_?‘nce In de_pth b.etween 3.0t03.7 Mrable 3. Mineral content (% of volume) of the clay fraction of the
Above this depth the specific dynamic resistance reaches valyeathered bedrock (H1) and colluvium material from headscarps
ues mostly around 5MPa or lower, whereas bellow the val<H2, H3) and landslide accumulation (H4). Ch — chlorite, | — il-
ues always exceed 15MPa. The DP-4 located close to thgte, K — kaolinite, I-V — mixed structure illite-vermiculite, Sm —
destroyed houses and more aside from the main landslidemectite, Q — quartz, Plg — plagioclase, Ca — calcite
movement shows highly variable values of specific dynamic
resistance with no clear interface. Minerals (%)

Both colluvial sediments and weathered flysch bedrock
have very low permeability — relatively more permeable col-

Sample Ch | K -V Sm Q Plg Ca

. . . H1 2 21 1 4 8 45 4 15
luvial sediments are overlying less permeable flysch rocks Ho 7 27 12 3 7 32 5 7
(mostly formed by claystones) with highly variable fis- H3 13 22 10 6 6 35 3 5
sure permeability. This is typical hydrogeological setting H4 11 22 8 6 4 34 4 15

within the flysch region, where the colluvial mantle is being
partly saturating during high precipitation events (Mickk,
1986). Important, long term concentration of underground
water flow documents the spring located in the middle of theyy coyld result from first movements on the future shear
landslide complex (between sample locations H2 and H3gpjane several months prior the main activity phase. On the
Fig. 2) with verified yield of 11 per minute (August 2006). other hand, several springs occurred in a shallow dell-like
The spring water is slightly basic (pH=7.7) with high min- gepression below the mapped landslides just before the land-
eral content (hard water). slide activity. Moreover, more than 2 m high artesian spring
emerged at the central part of the earthflow directly above
the destroyed house during the 3 and 4 April 2006 (Fig. 2).
Also the antecedent activity of the landslide “A” was directly
According to the local residents and regional forestry work-0bserved by local farmers, who noticed occasional evolution
ers, the main phase of the sliding took place between the ®f tension cracks within the scarp area during past decades
and 4 Apr" 2006. The peop|e woke up Shortly after the mid- as well as during the autumn 2005. All these observations
night 2/3 April 2006 due to noise caused by the “B” land- indicated slow changes in ground-surface morphology and
slide, which was destroying the forest. Subsequently, toydrogeological regime which suggested the future landslide
of the earthflow buried two houses in the lower part of the activity several months before the main landsliding phase
slope at 01:00-02:00 p.m. The flow accumulation reachedBurkhardt et al., 1972; Crosta et al., 2004).

the valley floor on the 4 April 2006, approximately between
04:00-05:00 p.m. The landslide surface velocity measure
by forestry workers was 0.6-0.8 m per hour on the 4 April
2006. The major landslide activity stopped on the 4 April ypgerstanding its kinematics is one of the principal keys to
2006, but minor displacement continued up to the 19 April petter understand mechanism of the landslide-complex. As

2006. shown on the set of aerial photographs (Fig. 5), every part of

Some indications of the possible future activity of the {he source area of the earthflow performed different values
landslide complex occurred several months before the catasy,qg vectors of the horizontal displacements.

trophic event. Local farmers observed that water completely
disappeared from a spring, situated below the 5 m high scarp
of the western “A” landslide (Fig. 2) during the autumn 2005.

6 Eyewitness account

d7 Landslide-complex kinematics
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9 Previous landslide activity

Age of the entire deep-seated slope failure was not radio-
metrically established so far. However, several ancient earth-
flow lobes (situated downstream from the studied landslide
complex, Fig. 3) document activity of similar slope failures,
which were also fed by material from deep-seated slope fail-
ures in the past. Previous major landslide activity in the site
of HluboCe landslide complex is evidenced by soil buried by
older landslide accumulation, nowadays exposed in one of
the headscarps of landslide “B” (letter H4 on Fig. 2). Buried
soil reveals AMS age 143530'“C BP (calibrated age with
probability 95.4% is 571 AD—656 AD) and gives maximum
thophoto from 2006 (2) shows original (blue) and displaced (red) . . . .

positions of selected objects for which the displacement vectoréand'use changes since 1950s is possible by analysing stereo-

(yellow arrows) and horizontal displacement in meters (yellow P&irs of historical aerial photographs. Stereo-pairs from Au-
numbers) were identified. gust 1950 clearly show the existence of a dormant slope fail-

ure in the place of the present landslide “A’. An approxi-
mately 4 m deep and 30 m wide dell-like depression existed
The translational landslide “A1” had the lowest horizontal in the zone of the initial part of the earthflow. Photographs
displacement between 0.5 to 3.5 m. Mean displacement vedrom September 1977 indicate activity within the landslide
tor of this area was towards S. Rather rotational part “A2" area “A’. Moreover, an approximately 1 m high headscarp, a
moved in the same direction, but the displacement valuehummocky relief and bare surfaces are evident on the future
reached up to 36 m. The highest displacement occurred iandslide tension zone in the middle part of the slope. Sliding
lower (accumulation) part of the rotational landslide “B2”, activity was not apparent in the landslide “B” due to dense
where the spruce-forest margin moved about 60 m toward$orest. Based on the stereo-pairs from July 1990, both land-
SW. Such high values of the displacement resulted probablglides (“A” and “B”) seem to be inactive, but western land-
from subsequent liquefaction and flowing rather than fromslide “A’, situated on the meadow, can be morphologically
rotational sliding. The flow originated in this part of the recognized. Also the aerial photography from 2003 clearly
landslide complex moved 350 m until it reached the valley depicts outline of the contemporary uppermost 1.2m high
bottom. headscarp of the western landslide ,,A“ and small swamp-
spring in the place of recent 5 m high scarp (Fig. 2).
The landslide “B” had already existed before the 2006 ac-
tivation as evidenced by the headscarp and identified older

The immediate triggering factor of the April 2006 Hluboe accumulatlon_ hear th? forest limit. Moreover., .the den-
drochronologic analysis proved movement activity of the

landslide complex was water saturation of its material due to ey :
mutual effect of snow melt water and high cumulative pre- landslide "B between years 1937 and 2006. Growth dis-

cipitations at the last days of March and beginning of April :_Lljtr_banges (teccentricity of annLtJaI rings (_:guste_:;_j l()jydsuqlder:r:_ree
2006 (Fig. 6, Bl and Muller, 2008). Abnormally cold win- lling due to mass movements) were identified during this

ter 2005/2006 was characterised by very thick, Iong—lastingpe”.Od (F|g._ 7.)' The studied trees were t||tgd in different di-
snow cover, which abruptly melted after sudden warmingrecuo.ns' Tilting upw ard thg slope was typ|califor the trees
at the turn of March and April 2006 (Fig. 6). Maximal growing on the main landslide block (B2 on Fig. 5). Trees

daily temperature varied between 14.4-28.6hrough 28 growing in the_ compression part OT the Ian(_jslid_e “B”_above
March and 2 April 2006. Additionally, total precipitation the toe were tilted in all modes. This behaviour is typical for

amount (75 mm) of March 2006 was 67% higher than thecompression and.rather plastic mass_deformation ([Beto
long-term average (45 mm). These climatic conditions pro-al" 20.04)' T.hg highest tree growth disturbances caused by
duced exceptionally high values of total cumulative precipi- landslide activity were detected at the end of 1950s (1957
tation (143 mm at the nearest meteorological station) durin91958)’ beginning and end of 1960s (1961, 1962, 1967) and
the 2006 snow thaw period {(Band Miiller, 2008) which was at the end of 1990s (1997). S

responsible for widespread occurrence of landslides. Ac- Land use changes detected on the aerial pictures represent

cording to local residents, the sliding activity itself started m'ostly reforestation without dl'rect conneqUon to the land-
5 to 6 h after the main precipitation event. slide complex. The reforestation started in the most cases

between 1950 and 1970. Only the narrow forest stripe uphill
of the study site was probably clear-cut and reforested during

Fig. 5. Orthophoto from 2004 (1) shows contours of individual

8 Landslide-complex triggers
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Fig. 6. Rapid thawing of the thick snow cover and increasing cumulative rai(fllalong with above long-term average (1961-1990)
monthly precipitationgB) were main triggering factors of the landslide complex (data provided by Czech Hydrometeorological Institute and
modified from Bl and Muller, 2008).

the period 1977-1990. This is the only land-use changesessment has not been successful due to paucity of bedrock
which may possibly affect the landslide complex hydrologi- outcrops and high local variability caused by detailed fault-
cal conditions. ing (Klimes, 2005) of the flysch region. Nevertheless, the
structural information contained in the 1:50 000 geological
) ) maps can be, with some caution, used as a proxy of local
10 Discussion structural settings and if favorable conditions for landslid-

The results of the Hlulkie landslide complex investigations ing (€.9. presence of faults, conform beddln_g plane_ dip with
- ! slope), coincide with presence of old landslide bodies, more
are useful for susceptibility analyses as well as landslide haz-

- L . o attention should be paid to such areas.
ard prediction. Efficiency of their application largely de- . .
pends on availability of the detailed and relevant landslide 1he research aiso proved that long recognized indicators
and geological information on regional scale. From this point©f future landslide activity (e.g. creep movement, opening
of view, the presence of morphologically well pronounced cracks on the surface and abrupt hydrological changes) as

older landslide bodies has the highest applicability for iden-Well @S evidences of major past activations (e.g. buried soil
tification of potentially dangerous landslide locations. It is horizons within the landslide body) should be considered se-
because the experiences from the flysch region have demofiously for prediction of future landslide hazard in the fly-

strated that more than 40% of newly occurred Iandslides_SCh regions. Nevgrtheless, these indicators should be always
evolve within the older landslide bodies (Kiegt al., 2002; judged carefully in a broader context of the selected study

Rybé, 1999) which also confirmed the Hiube landslide _sitg considering Fhat addi_tional_triggering factc_)r (e.g. precip-
complex. This finding was accented during landslide inven-Itations) of certain magnitude is needed to trigger the land-

tory mapping at the scale 1:10 000, where also old, inactive>'de:

landslides are shown. This mapping covers the majority of The chronic nature of the Hlua landslide complex ac-
the Outer Western Carpathians on the territory of the CzecHivity with repeating phases of major activations during long
Republic (Krefi et al., 2002). Its results show that in average time range was proved by buried soil horizon. The soil
3% of the mapped flysch region in the Czech Republic is cov-Was buried by old deep-seated landslide preceding the recent
ered by landslides (Klime 2007). Nevertheless, some areas !andslide activity. Minimum age of the soil horizon indicat-
can be covered with landslides from more than 10% and ining the major landslide activity acquired by AMSC dating

the case of the Hluli® watershed, the coverage reaches up's between 571 AD-656 AD. It corresponds to the extremely
to 38%! humid phase of the Subatlantic chronozone with numerous

Information abut structural and tectonic conditions as well dated landslides identified both in the Czech and Polish parts
as about thickness of colluvial mantle could further improve Of the Western Carpathians (Margielewski, 2006n&k et
the prediction of spatial landslide hazard, since these condial-, 2009). The time range 500-800 AD, during which the
tions proved to be important causative factors for landslidelandslide activity occurred, is also characterized by several
occurrence within the studied f|ysch rock environment. Un- palaeoﬂoods documented in floodplains facies of rivers in the
likely the information about old landslide bodies, the detailed Polish part of flysch Carpathians (Starkel et al., 1996).
and reliable structural information is available only for some Detailed investigations of the physical properties of the
case study sites. More over landslide susceptibility modeldandslide complex material revealed important and suffi-
using information about structural conditions for regional as-ciently detailed information about the studied site. The use
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of this information for assessment of landslide susceptibilityalso in areas with similar low values of infiltration coeffi-
on similar setting or on regional scale is questionable for va-cient (e.g. Cardinali et al., 1999; Klirde 2008). Initially
riety of reasons. The conducted research, as well as the mosgte also thought that swelling/shrinking activity of particu-
other similar studies, does not describe the same soil and rodar clay minerals may enhance water infiltration effects on
properties outside the landslide area, thus the acquired physhe landslide stability, but the analysed soil samples from the
ical properties can not be used to distinguish possibly unstanear surface zones contained only negligible portion of these
ble slopes from those with more stable conditions. Moreoveminerals.

our experience suggests that even if such data would be avail- 11,0 liquefaction effect and development of rather shal-

able, they may fail contribute to better identification of more |, secondary landslides at the frontal parts of deep-seated
susceptible sites due to highly overlapping physical properyqational slope failures in the Flysch Belt of Outer West
ties or rocks outside and inside the landslide areas. The COltarpathians similar to the Hiube earthflow were noted by
ducted dynamic penetration (DP) tests are probably detecting, 5 et al, (2004). These shallow landslides are usually
active shearing surface in the depth between 3.0 and 3.7 f,ch more rapid and destructive than their deep-seated pre-
with reworked landslide material above it. We think it is one ,rsors as shows also the Hldeolandslide complex where

of the more shallow shearing surfaces, which have not beeg,q horizontal displacement vectors can be used as proxy of
detected by the ERT measurements due to coarser spatial regie movement velocities (Fig. 5). The factors causing de-
olution of the measurements than in case of penetration tes%lopment of such shallow secondary landslides and earth-
(vertical resolution of 0.1 m). The DP-4 site describes theq s siill remain a subject of discussion. Nevertheless, it
less disturbed material close to west landslide complex limitgaams that they mostly originate due to local bulkage, up-

whereas the other DP test sites detect highly reworked landjiging or tension of the material due to activity of the deep-
slide material in the centre of the landslide. These dlfference%eated slope failures.

can be also contributed to different horizontal displacement . . )
rates (Fig. 5) and the fact, that the previous landslide activity 1€ dendrochronologic analyses of the studied site well
probably did not extensively affect the DP-4 site where lesscorrelate with reported landslide actlvat!ons as well as
disturbed colluvium and bedrock are preserved. records from comparable slope deformations. The ascer-
tain activity of the landslide “B” in 1967 (Fig. 7) well cor-
The low permeability of colluvium and flysch bedrock relate with landslide activation in adjacent area recorded by
suggests the importance of preferential water flow paths foép}rek (1972). Similarly, 1957-1958, 1962 and 1997 acti-
water infiltration Sanda, 1998). These flow paths evolve duevations very well correlate with results of dendrochronologic
to heterogenity in colluvial material as well as highly vari- analysis of the Pustevny landslide (J. Burda, personal com-
able, locally intense fracturing of the bedrock enabling watermunication, 2008), which is situated about 50 km NNE from
infiltration and its accumulation above less permeable lay-the Hlubc&e landslide complex. Moreover, the year 1997
ers of clay material. Occurrence of large number of land-showing important eccentric tree-ring grow, was character-
slides due to superficial water infiltration is well described ized by exceptional precipitations (July) causing large floods
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and triggering hundreds of landslides within the Outer West-11 Conclusions
ern Carpathians region (Ki@jet al., 2002).

Land use changes do not give reasonable explanation fofhe Hlubde landslide case study shows that even in the mid-
landslide reactivation at the studied site. The historical aeriamountain conditions of the Flysch Belt of the Outer Western
photo interpretation showed that reforestation was the mairCarpathians, large flow-like landslides can originate under
land use change detected throughout the last 50 years. Ospecific geological and morphological settings with consid-
the other hand, some other field data from the broader are@rable destructive capability even though under slower move-
(Baran et al., 2007) shows that majority of the mostly shal- ment rate. The April 2006 Hluboe landslide complex was
low landslides from the spring 2006 landslide event occurredriggered by the rapid snowmelt and intensive rainfall mobi-
on grassland or cropland suggesting that the land-use playelzing gravitationally and tectonically disrupted and deeply
important role in their spatial distribution. It may be due Weathered flysch bedrock and colluvium. The catastrophic
to faster melting outside the forest due to direct insolation,activity occurred after several decades of slope movement
different snow cover thickness distribution within the forest rates ranging from creep to sliding and/or flowing. Evidences
and reinforcement effects of the tree roots. This observedf the landslide activity were found on aerial pictures (only
spatial distribution of 2006 landslides contrasts with the dis-for areas outside the forest) and confirmed by interviewing of
tribution of landslides caused by heavy precipitation in Julylocal inhabitants and interpreting dendrochronological anal-
1997 which occurred with equal probability within as well as yses. The research suggests at ledsb ka of landslide ac-
outside forested areas (Kligg2007). tivity. The recent acceleration was not considerably affected

Finally we tried asses the Hlube landslide complex haz- by human intervention and resulted from internal dynamic
ard, considering probability of occurrence of its triggering of the studied landslide complex and extreme meteorological
event, which was described by total cumulative precipitationconditions.

(TCP) value of the sudden snow melt and precipitations. We Despite of evacuation of significant portion of the land-
used the probability of getting the equal or higher TCP valueslide mass in the form of the earthflow, considerable amount
from the spring 2006 (143 mm at the nearest meteorologicabf unstable landslide material still remains thus increasing
station) calculated byiBand Muller (2008) to 104 (0.12%).  potential hazard for future development of the area.
It is worth to note that 10% of the landslides from the spring  This research shows how important are information about
2006 occurred under or at 100 mm of TCRI(&nd Muller, presence of antecedent landslide bodies and recognition of
2008), thus the given probability should be considered agheir ongoing movement activity for proper landslide hazard
more conservative one. Its reliability is affected by short pe-assessment. It also illustrates limitations of aerial photo in-
riod of meteorological records available for its calculation terpretation which is not always capable to correctly detect
(20 years) and the fact that no effort has been done to includéhese forms and indicators of their activity suggesting that
the influence of possible climatic changes on the future TCPfield work is under presented natural conditions inevitable
values. We determined the landslide hazard as the product dbr accurate and reliable landslide information collection.
its magnitude and TCP yearly occurrence probability. The The application of lessons learned during the conducted
landslide magnitude is a measure of the expected damageavestigation to improve spatial as well as temporal landslide
caused to people or infrastructure in front as well as on tophazard prediction limits small availability of sufficiently de-
of the landslide. Several landslide characteristics (e.g. veloctailed and relevant data on regional scale. Therefore it can
ity, area, volume, kinetic energy and potential energy) can banainly help to improve landslide hazard assessment for sin-
used to assess the landslide magnitude. Relating these valugke case studies where such data are more likely to be acces-
to the property damage, the magnitude for the Higbland-  sible.
slide complex is always 1, since the total property damage Finally we tried asses the Hlube landslide complex haz-
occurred under observed landslide characteristics. It gives uard considering probability of occurrence of its triggering
the resulting hazard and specific risk to property loss equal tevent represented by the total cumulative precipitation (TCP)
the TCP yearly occurrence probability which is£0 This value of sudden snow melt and precipitations. We suggest
value can be considered as low risk. Nevertheless it mayhat the probability of getting the equal or higher TCP value
not be acceptable from the point of view of local inhabitants from the spring 2006 (143 mm at the nearest meteorologi-
since this low risk event was responsible for the total damageeal station) should be used. This probability was calculated
of their properties. On the other hand, the local authoritiesby Bil and Miller (2008) to 104 (0.12%). We determined
may perceive it as an acceptable risk level when comparinghe landslide hazard as the product of its magnitude and
expenses of on site landslide mitigation measures and relayearly occurrence probability of its triggering mechanism.
cation of the residents to community houses. The magnitude of the Hluboe landslide complex is always 1,
since it caused total property damage. It gives us the result-
ing hazard to property loss of 1@ which can be considered
as low. The landslide hazard calculated for the Hiéland-
slide complex can be applied to other sites only if they hold

www.nat-hazards-earth-syst-sci.net/9/119/2009/ Nat. Hazards Earth Syst. Sci., 228 2909



128 J. KIime& et al.: Recent landslide and earthflow complex investigation

similar properties including presence of previous landslideCrosta, G. B., Chen, H., and Lee, C. F.: Replay of the 1987 Val Pola
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