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In order to identify the causes of landslide development in the area of Roznéw Lake (Outer Carpathians — southern Poland) in
the last decade, Differential Digital Terrain Models (DDM) were used. These were made on the basis of Airborne Laser Scan-
ning (ALS) data from four flights. The first ALS data are from 2010, before the event in Poland known as the “landslide catas-
trophe”. Comparing digital terrain models from different years tracking of changes in landslide activity relative to the intensity
of precipitation. The article presents a method of investigating landslides with the use of DDM. This analysis allowed calcula-
tion of the displacement lithological index and of landslide susceptibility, based only on landslides that have become active in
the last decade. The areas with the highest susceptibility to landslides are regions of Hieroglyphic Beds occurrence and of
tectonic overthrusts. An important role in the development of landslides in the area of Roznéw Lake is also played by the
thick-bedded Ciezkowice sandstones (usually associated with low susceptibility to landslides). After the “landslide catastro-
phe”, itis precisely in these formations that the greatest displacements and more frequent widening of the landslide bound-
aries were recorded, though they are generally stable during smaller rainfall.

Key words: landslides, mass movements, Differential Digital Terrain Models, geohazards, Roznéw Dam-Lake region, Outer

Carpathians.

INTRODUCTION

Prolonged rainfall in late May and early June 2010 led to the
activation of many landslides in the Polish Carpathians. This
event is known in Poland as a “landslide catastrophe”. At that
time, in the area of Lake Roznéw, much infrastructure was dam-
aged. In extreme cases, such as in Kilodne (Limanowa bor-
ough), the destruction affected several dozen buildings within
one landslide (Wojcik et al., 2012; Perski et al., 2014). Between
May 15 and June 4, 2010, according to date of the Institute of
Meteorology and Water Management, from the nearest mea-
surement station in Limanowa, 381 mm of rain fell; at the begin-
ning of June, rainfall remained intense and with daily totals ex-
ceeding 64 mm. In addition, the annual rainfall at the measuring
station in Nowy Sgcz was the highest in 130 years. Many land-
slides have not reached a new equilibrium state to this day and
are still active.

The occurrence of landslides and their activity are condi-
tioned by a set of factors that affect slope stability (Bober, 1984;
Dikau et al., 1996; Zabuski et al., 1999; Pradhan et al., 2010b;
Lee etal., 2017). These are passive factors such as geological
structure, slope morphology, land use or distance from the river
network, and active factors such as precipitation, seismic
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shocks, river erosion and anthropopressure. In Poland, the
most common cause of the activation of landslides is long-term
rainfall (Zietara, 1974; Starkel, 1996; Gil, 1997).

With the advent of Airborne Laser Scanning (ALS) data, it
became possible to create high-resolution Digital Terrain Mod-
els (DTM). These models are generated from huge point
clouds, which, after appropriate classification, provide informa-
tion about the land surface, separate from data on its cover
(buildings, vegetation; Glenn et al., 2006).

Repeated aerial surveys of the same area allow the calcula-
tion of Differential Digital Terrain Models (DDM). These illus-
trate altitudinal differences between DTMs that may have
arisen between the flights (Borkowski et al., 2012). By this
means, it is possible to constrain the activity of landslides and to
track changes in the dynamics of displacements, making it pos-
sible to confirm or reject the often subjective field assessments
of landslide activity.

The present research was carried out to determine the
causes of the activation of landslides in 2010 and later in the
area of Roznow Lake, based on the analysis of differential mod-
els obtained from the ALS data.

GEOLOGICAL AND GEOMORPHOLOGICAL
SETTING

The research was conducted within the Quter Carpathians
(Zytko et al., 1989; Slgczka et al., 2006) between Czchéw and
Nowy Sacz (Fig. 1). The area analysed covers 128 km?; not



2 Marcin Wédka / Geological Quarterly, 2022, 66: 4

L ..“ -
Gk ol e

N ]
o 0y = -
A -k
o —-{:;—«m (B

s g gl )

i~

study area

place names

forest areas

crops, meadows, |f
thickets

building

T

1 2 kml|

]

Fig. 1. Location of the study area (arrow on the map of Poland shows the study area)

counting the flat bottom of the Dunajec valley (not affected by
landslide processes), is 112 km?.

Most of the research area consists of narrow hills
350—450 m a.s.l. cut by the Dunajec valley and its tributaries.
These cuts are up to 100-150 m deep. The elongated ridges
have convex-concave slopes, most typically of 6—18° and mod-
eled by water erosion and mass movements (Zietara, 1974).
Slopes that are SW (25%), NE (24%), NW (22%) and SE (19%)
facing predominate.

In the southwestern part of the research area, Chetm Hill
has the highest elevation in the area analysed (789 m a.s.l.). It
is a clearly marked, isolated feature with steep northern slopes
(20—24° slope) and gentler, longer southern slopes (12° slope).

Along the Dunajec valley there is a system of Pleistocene
and Holocene river terraces of various ages (Zuchiewicz,
1990). In this valley, just next to the northern border of the study
area, there is the lowest point of the area analysed
(221 mas.l.).

The study area is underlain by flysch rocks of Cretaceous
and Paleogene age (Burtan and Skoczylas-Ciszewska, 1964;
Cieszkowski et al., 1987; Burtan et al., 1991; Paul, 1997).

The predominant northern and central part of the area be-
longs to the Silesian Nappe (Fig. 2). The southwestern part of
the area is made up of sedimentary rocks of the Magura Nappe
and the Michalczowa Nappe (Cieszkowski, 1992). A small,
southern part of the area belongs to the Grybow Nappe (Fig. 2).

In the study area, Quaternary deposits of various origins are
exposed in the bottom of the valleys and in the lower sections of
the slopes. These comprise fluvial, organogenic, loess, land-
slide, deluvial and weathered deposits.

The Roznoéw—Ciezkowice anticline runs through the central
part of the research area, in the core of which the oldest rocks in
this area are exposed: sandstones of the Godula Beds. There
are extensive outcrops of sandstones and conglomerates of the
Lower Istebna Beds, sandstones and shales of the Hieroglyphic
Beds, and sandstones and shales of the Krosno Beds. The
highest peaks are located in the southwestern part of the area
and are built of thick-bedded Magura sandstones. Significant
geological structures include faults and overthusts (Fig. 2).

The area around Roznéw Lake has a considerable surface
landslide cover, of 17.2%; excluding the flat Dunajec valley from
the calculations, nearly 1/5 of the study area is covered by land-
slides. Based mainly on the archival materials available in the
database (SOPO) of the Polish Geological Institute, 1275 land-
slides have been recorded here. The dominant type of mass
movement comprises complex slides (cf. Varnes, 1978; Cruden
and Varnes, 1996; Dikau et al., 1996; Zabuski et al., 1999), with
a predominance of rotational displacements. Rather fewer land-
slides were classified as translational slides. These are usually
shallower structural landslides, the movement of which is con-
sistent with the structure of the rock layers, e.g. the Przydonica
landslide.
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Landslides where only rotational displacements can be dis-
tinguished are few. These are limited to small forms (<1 ha) de-
veloped in flysch with a large predominance of shales. Usually
their main scarps have a semicircular shape (vide
Margielewski, 2004). The are also a few landslides developed
in the form of earthflows or debris flows. Movements of this type
are developed mainly on the slopes descending directly to-
wards Roznoéw Lake.

Least developed are rockfalls, recorded only in a few land-
slides developed in the Cigzkowice sandstones and in the area
of the “Roznéw Rocks”, built of Lower Istebna sandstones.

STUDIES OF LANDSLIDES USING ALS DATA

ALS data has been used to study landslides for nearly 20
years. One of the first attempts to analyse landslides based on
DTMs generated from ALS data was by Carter et al. (2001),
who, in addition to recording sinkholes in Florida, designated
landslides and the places of their potential occurrence. The fol-
lowing years saw further such publications (e.g., McKean and
Roering, 2004; Schulz, 2004; Ardizzone et al., 2007; Van den
Eeckhaut et al., 2007; Razak et al., 2011; Jaboyedoff et al.,
2012; Sutinen et al., 2014; Chiu et al., 2015; Petschko et al.,
2016; Brezny and Panek, 2017).

Successive ALS flights have been undertaken to monitor
the activity of landslides and to track surface deformation based
on differential analyses of terrain models. Such analyses have
been carried out in many parts of the world (e.g., Burns et al.,
2010; Mickelson, 2011; Daehne and Corsini, 2012; Ventura et
al., 2013; Lato et al., 2014; Verbovsek et al., 2017; Mora et al.,
2018).

One of the first published studies involving ALS data in the
area of Roznéw Dam-Lake was by Borkowski et al. (2011). ALS
data applied to a landslide in Zbyszyce was also described by
Wojciechowski et al. (2012). Differential models of landslides in
Wola Kurowska and landslides on the Just Hill in Tegoborze
were included in an atlas of landslides in the Matopolskie
Voivodeship (Chowaniec et al., 2012). LIDAR was also used to
study landslide dynamics in Ktodne (Perski et al., 2014). Based
on the data obtained from DTMs, the susceptibility to landslides
was calculated in the area of Grédek nad Dunajcem
(Wojciechowski and Pyrc, 2016) and in the area between
tososina Dolna and Roznéw (Pawiuszek and Borkowski,
2017a). ALS data was also used to attempt to automatate land-
slide detection in the area of Roznéw Lake by means of super-
vised classification, with so-called support vectors (Pawtuszek
and Borkowski, 2017b, 2020; Pawiuszek-Filipiak and
Borkowski, 2020).

DATA AND METHODS

The research methodology is shown in Figure 3. The first
stage of the work was to recognize all landslides in the research
area. Many methods of cataloguing landslide forms have been
described (e.g., van Westenet al., 2008; Galli et al., 2008;
Guzzetti et al., 2012). Determination of the extent of landslides
is based on field observations and identification of land relief el-
ements characteristic of landslides. It is usually preceded by
analyses of topographic contours, aerial photos (ortho-
photomaps), high-resolution DTMs and all archival materials,
including maps of landslides at 1: 10,000 scale (Jodtowski et al.,
2010; Wieczorek et al., 2010; Jurys et al., 2011; Bak et al,,
2011; Koluch and Nowicka, 2012; Wojcik et al., 2015). On the
basis of orthophotomaps, DTM analyses and fieldwork, the ex-
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Fig. 3. Diagram of activities involved in the research

tents of previously identified landslides have been clarified and
nearly 200 new examples have been documented.

DIFFERENTIAL ANALYSIS OF DTMs

The research was based on DTMs generated from point
clouds obtained by Airborne Laser Scanning. The research
used:

— a DTM with a resolution of 1x1 created from ALS data
from April 1, 2010, commissioned by the Wroctaw Uni-
versity of Environmental and Life Sciences (Borkowski
etal., 2011; Wojciechowski et al., 2012) with an average
density of 7 laser points/m®. The flights covered the
southeastern part of the research area (Fig. 4);

— a DTM with a resolution of 1x1 made for the IT System
of Country Protection project (ISOK), using data from
2011 (northern part of the research area) and 2013
(southern part of the research area) with an average
density of 4 points/m?, although in the area of some land-
slides, the point density was up to 9 points/m? (e.g., the
landslide area in Zbyszyce). The flights covered the en-
tire research area (Fig. 4);

— a DTM with a resolution of 1x1 commissioned by the
Polish Geological Institute — National Research Institute
(PGI-NRI) from the 2018 and 2019 flights. Scanning was
performed with an average resolution of 8 points/m? and
7 points/m?, respectively. The flights covered ~70% of
the research area (Fig. 4).

LasTools and GlobalMapper software were used to classify
the point cloud, using the automatic classification functions and
manual correction of selected points, so that the DTMs were
burdened with the fewest errors and visually as close to each
other as possible. Filtered points were interpolated in the shape
of triangles (TIN).
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An important element was the determination of landslide ac-
tivity in the last decade. DDMs served this purpose. They were
obtained by comparing data from at least two ALS flights carried
out over the same site, at different times. The DDM is the result
of subtracting the new DTM altitude value from that of gener-
ated on the basis of the older flight data, in the same data
georeference (Borkowski et al, 2012). The “Com-
bine/CompareTerrainLayers” function in the Global Mapper 21
software was used to generate differential images of the study
area.

After obtaining the differential models, a displacement anal-
ysis was performed for each of the landslides, eliminating
changes that occurred as a result of anthropogenic activity,
river erosion and accumulation, or are the result of differences
in the quality of ALS data or data filtering errors. DTMs from a
given period, historical aerial photos available in Google Earth
Pro and information contained in landslide registration cards
were used to analyse the changes. The filtered differential mod-
els were compared with the results of instrumental monitoring of
selected landslides conducted by the PGI-NRI, which allowed
determination of their accuracy at ~25-30 cm. The determina-
tion of unambiguously active zones was of significant impor-
tance at further stages of the work and allowed assigning of

higher landslide-forming values to environmental factors occur-
ring in these areas.

Using the Global Mapper software, the volume between the
surfaces of individual DTMs within the landslides was calcu-
lated, excluding the anthropogenically modified areas. The val-
ues obtained values did not define the volume of the landslide
colluvium, but indicated the scale of changes that occurred at
the ground surface as a result of mass movements. In order to
determine the susceptibility to mass movements of individual
lithological units, a displacement lithological index was calcu-
lated, defined for the purposes of this study as the ratio of the
volume of surface deformation in landslides in a given
lithological unit to the surface of a given lithological unit accord-

ing to the formula:
V. [md
"o {m}

where: V, — the sum of the volume of surface deformation within the
landslides in a given lithological unit (both depression and uplift); P—
the surface of a given lithological unit covered by the ALS data, ex-
cluding the anthropogenically transformed sites and the lake area.
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LIST OF PASSIVE FACTORS

The source of data on passive factors was the DTM, De-
tailed Geological Maps of Poland 1:50,000 (SMGP)
(Cieszkowski et al., 1987; Burtan et al., 1991), Database of
General Geographical Objects (BDOO) from the Polish Geo-
detic and Cartographic Resource and my own field observa-
tions. Data were compiled in a GIS in the form of thematic lay-
ers, characterized by common georeferencing (Polish Geodetic
System 1992).

For the purposes of the research, a map of lithological units
was made, including tectonic dislocations. For this purpose, all
overthrusts and faults determined on the SMGP maps as well
as dislocations marked and interpreted during DTM analyses
were used. Then, a map of the distance to faults and
overthrusts shown in specific intervals was created, limiting the
distance of impact on the activity of landslides to 500 m and a
map of the occurrence of boundaries of lithological units with a
100-metre-buffer.

With the use of Global Mapper 21 and llwis 3.4 software,
based on the DTMs, morphometric features of the slopes were
determined and maps of slopes, slope exposures and of abso-
lute altitude were prepared. The continuous data obtained were
classified into appropriate ranges. The next layer for the calcu-
lations, based on the DTM, was the watercourse distance map.
The last compiled layer was the land cover map, which was pre-
pared on the basis of the BDOO.

CALCULATIONS OF LANDSLIDE SUSCEPTIBILITY

Landslide susceptibility is the possibility of a landslide oc-
curring in a given area due to the environmental conditions ex-
isting there (Brabb, 1984; Varnes, 1984). Extensive reviews of
the methods used to assess landslide susceptibility are pro-
vided by van Westen et al. (1999), Carrara et al. (1999) and van
Westen et al. (2008). In determining vulnerability, an accurate
inventory of landslides along with the determination of their ex-
tent is important (Glade and Crozier, 2005; Galli et al., 2008).
Comparing maps of passive factors and landslide maps allows
for a statistical determination of the importance of a given factor
in the development of mass movements.

To calculate the landslide susceptibility of the slopes in the
Roznéw Lake area, it was decided to use the Weight of Evi-
dence method (WoE), which has been successfully used for
other regions of the Carpathians, e.g. for the Szymbark region
(Mrozek, 2013), in the Sudetes (Sikora and Wojciechowski,
2019) as well as for the urban areas of the Polish coast (Matka,
2021) and for the whole of Poland (\Wojciechowski, 2019). This
method is also used worldwide (Van Westen et al., 2003; Lee
and Choi, 2004; Pradhan et al., 2010a; Liu and Duan, 2018).
The statistical two-dimensional WoE method is based on Bayes
probabilities (Bonham-Carter et al., 1989; Bonham-Carter,
1994). Significant indicators in the calculations are the ratio of
the landslide area to the area of the entire study area and the
ratio of the landslide area to the area of a given class of the pas-
sive factor. llwis 3.4 software was used to calculate the suscep-
tibility.

Thanks to earlier DDM analyses, it was possible to use for
calculations only those landslides that were active in the period
between 2010 and 2019, which increased the reliability of the
results.

RESULTS OF ANALYSIS OF DIFFERENTIAL
DIGITAL TERRAIN MODELS AND
INTERPRETATION

LANDSLIDES ON DDM FROM 2010-2011/2013

After the “landslide catastrophe”, >62% of all currently re-
corded landslides became active in the south-eastern part of
the research area. Landslides with the largest displacements lie
in the belt between Znamirowice, Grédek nad Dunajcem and
Przydonica (Fig. 5). The geological structure of the substrate is
dominated by thin-bedded flysch of the Silesian unit — mainly
the Hieroglyphic Beds, Variegated Shales and Menilite Shales
(Fig. 2). The Przydonica overthrust is also present in this area.
Along this local structure, in 2010, numerous landslides were
activated (Wodka, 2020), including in Przydonica (Figs. 6
and 7).

The second area with large areas where the displacements
took place is marked in the area of Zbyszyce. It is an area lo-
cated in the overthrust zone of three units — the Grybdw Nappe,
Silesian Nappe and Magura Nappe (Burtan and Skoczylas-
Ciszewska, 1964; Burtan et al., 1991). Large parts of landslides
became active in highly tectonized zones within the Inoceramus
and Variegated Shales of the Magura Nappe, as well as me-
dium and thin-bedded sandstones and shales of the Krosno
Beds of the Grybéw Nappe.

Based on the DDM analyses, it was found that out of 256
landslides occurring in the area coinciding with the 2010 flights,
159 were activated. The greatest vertical displacements result-
ing from the activation of these landslides reached 9 m for the
ground depressions and 7.5 m for the elevations in the area.
Among the landslides activated in the period 2010-2013, most
recorded displacements were in the range of -1 m to +1 m.
These displacements on the DDM covered nearly 6.6 km? of
the land surface, which constitutes 98% of all registered dis-
placements. A significant area was also covered by displace-
ments in the range -3 to —1 and +1 to +3 m.

Significant changes in the boundaries of landslides after the
heavy rains of 2010 were recorded in 5.5% of cases, of which
new landslide forms were found only in 1.6% of cases. Most of
these are located in highly tectonized zones (faults, overthusts).
These landslides developed both in the thin flysch deposits and
in the thick-bedded sandstones.

Out of 19 landslides which increased their areas after 2010,
5 developed in the thick-bedded sandstones and shales of the
Krosno Beds, 5 within the Ciezkowice sandstone outcrops, 3
within the Hieroglyphic shales, 2 within the thin-bedded sand-
stones and the shales of the Krosno Beds, one within the shale
of the Krosno Beds, one within the Menilite shale and one in the
surface dposits, namely loess. At least 8 of these landslides de-
veloped in fault zones, and 2 in an overthrust zone.

The Differential Digital Terrain Model made it possible to
calculate the volume of soils (i.e. rock masses) that were low-
ered or uplifted in individual lithological units and to determine
the displacement index (Wp) for individual lithological units. The
value of Wp for individual units is shown in Table 1.

In the period 2010-2011/2013, the surface displacements
in the study area encompassed 903,811 m* of soil and rocks.
The results of the calculations indicated that the highest dis-
placement coefficient occurred in the thin-bedded flysch depos-
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Fig. 7. A part of the rectilinear main scarp of the landslide in Przydonica, formed after 2010

Table 1

The volume of surface deformation for individual lithological units in 2010-2011/2013

; Sum of the volumes of : :
Ranking Lithological unit UlefErXQ]Iume Decrea[?T(]ea]volume surface Ejeg?rmation Dlsplaf:rﬁg;r%g]t index
m
sandstones and shales —
1 Hieroglyphic Beds (S) 155,234 164,205 319,439 0.072
2 upper Istebna shales (S) 7,498 8,013 15,512 0.057
3 Ciezkowice sandstones (S) 60,885 85,204 146,090 0.055
sandstones and shales —
4 Inoceramus Beds (M) 44,110 39,964 39,964 0.048
shales, sandstones, cherts —
5 Meniliite Beds (S) 22,067 16,413 38,480 0.046
sandstones and shales —
6 Krosno Beds (G) 47,604 50,903 98,507 0.042
7 variegated shales (S) 13,636 7,820 21,458 0.034
8 variegated shales (M) 4,748 8,186 12,934 0.025
9 upper Istebna sandstones (S) 2,677 3,211 5,888 0.017
sandstones and shales —
9 Krosno Beds (S) 100,450 48,600 149,050 0.017
shales, cherts, sandstones —
11 Grybow Beds (G) 1,560 1,085 2,645 0.013
shales and sandstones —
12 Krosno Beds (S) 2,334 7,321 9,655 0.009
13 Cergowa sandstones (G) 55 24 79 <0.001

*M — Magura Nappe; S — Silesian Nappe; G — Grybéw Nappe

its, mainly shale-sandstone. Of note is the high index of the
thick-bedded Ciezkowice sandstones, which due to their mas-
sive nature are generally associated with low landslide suscep-
tibility. Additionally, it was in the Ciezkowice sandstones that the
greatest amount of landslide deformation, reaching —7 m, were
recorded (Fig. 8). The reason for this may lie in the geological
conditions, to explain the high landslide susceptibility of the
Ciezkowice sandstones. Medium and coarse-grained sand-
stones with lenses of conglomerate are relatively porous and
permeable. The factor here may be both the larger grain size
and the less compact structure of the rock compared to, for ex-
ample, the Magura sandstones. Additionally, in the area of Lake

Roznoéw, the Cigzkowice sandstones form two levels between
the variegated shales (Fig. 9). The loading of the sandstones by
the infiltrating water causes the launch of the chutes developed
on the variegated shales underlying them, which, due to the
massive structure of the sandstones, leads to large-scale defor-
mation.

The results of DDM analyses were compared with field as-
sessment of the landslide activity. This was possible because,
in the period between the flights, for part of the research area,
field mapping of landslides was performed. The agreement of
the field activity assessment with the results of DMT analyses
was estimated at 67%. This indicates a high degree of subjec-
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Fig. 8. The largest decrease recorded on a DDM resulting from the formation of a landslide slope

in the Ciezkowice sandstones
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Fig. 9. Generalized lithological profile of the Silesian Nappe deposits in the
research area (based on Burtan and Skoczylas-Ciszewska, 1964; Burtan et al.,
1991; Cieszkowski, 1992a, b; Leszczynski et al., 1994; Paul, 1997)

Colour of lithological units as in Figure 2
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tivism in the field of activity assessment. On the other hand, in a
few cases landslide activity was found in the field based on the
presence of small fractures in the ground that were not visible
on the DDM, indicating drawbacks of the differential models.

LANDSLIDES ON DDM 2011/2013-2018

Other ALS flights, covering a large part of the research
area, were made in 2018 (Fig. 4). The model obtained was
compared with the DTM made as part of the ISOK project (data
from 2011 for the northern part of the research area and from
2013 for the southern part).

In total, 1,006 landslide forms were included in the scope of
ALS in 2018. On the basis of the differential model, activations
were found in 128 of them (Fig. 10). Thus, in the period between
measurements, ~13% of landslides were active. As a rule,
these were displacements covering small (up to 3%) parts of
the landslides. In a few cases, larger areas were activated, cov-
ering a maximum of 45% of the landslide surface. In the period
2011-2018, significantly lower displacement values were ob-
served than immediately after the “landslide disaster”. The
maximum uplift of the area was 5.5 m with depressions of 3 m.
Analyses of the DDM did not reveal the formation of new land-

slides. Activations occurred within the old landslide forms. Only
in 5 cases was there a slightincrease in landslide area (Fig. 11).

Most of the activated landslides developed in the thin-bed-
ded flysch formations, and more than half of them are located in
zones of tectonic dislocation. A significant number of the land-
slides occurs in the area of Grodek nad Dunajcem, within the
outcrops of the Hieroglyphic Beds of the Silesian Nappe
(Fig. 10) and in the area of Zbyszyce, within the Inoceramus
Beds of the Magura Nappe (Fig. 10). A large proportion of the
activated landslides is also located within the outcrops of the
lower Istebna Beds, represented by thick-bedded sandstones
and conglomerates; however, in these landslides, only slight
displacements occurred, usually involving surface loess-like
and weathered deposits.

In some cases, although usually in landslides covering
small areas, the terrain was completely leveled and the land-
slide relief was obliterated, making it impossible to efficiently
identify the landslide and to delineate its boundaries. Such com-
plete blurring of the landslide relief can be observed on the DTM
from the area of Bilsko (Fig. 12A) and Ragbkowo (Fig. 12B). In-
accurate interpretation of the DDM in these cases could lead to
erroneous assessment of these landslides as active.

\ fault

. areas with the greatest displacements
in the period 2011/2013—-2018

rr overthust f—

N,

border of the main tectonic units e active landslides in the period of

N,
- »
N,
N
£

/
v

0 1 2 km
—_—

2011/2013-2018

areas of air laser scanning in 2018

Fig. 10. Location of landslides activated in the period 2011-2018 against the background
of the geological map

Colour of lithological units as in Figure 2
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Fig. 11. DDM (2018-2013) of the landslide in Lyczanka (the red dashed line indicates the extent
of the landslide in 2013)

Fig. 12. Differential Digital Terrain Model of landslides in Bilsko (A) and Rabkowa (B) resulting from anthropogenic blurring
of the landslide relief in the period 2013-2018
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In the period between 2011/2013 and 2018, 1,058,460 m®
of soil and rock were displaced over an area of ~93 km?. As in
the previous years, the highest displacement rates were ob-
served within the thin-bedded flysch, mainly of shale and sand-
stone (Table 2). The Hieroglyphic Beds were in the highest po-
sition, within which the surface deformation, despite the
eight-fold longer duration, was less than half the amount seen
after the 2010 landslide disaster. The Ciezkowice Sandstones
is the much lower position in the ranking. The reason for this
may be the lack of long-term rainfall to sufficiently load and re-
duce the stability of the slopes built of these deposits. During
this period, the Ciezkowice Sandstones, like other thick-bedded
formations, were characterized by a much lower displacement
index.

LANDSLIDES ON DDM FROM 2018 TO 2019

The analyses showed displacements within 39 landslides
(Fig. 13), i.e. <4% of the forms that were covered by the flights.
These were usually small displacements, usually ranging from
—0.6 to 0.6 m, and included small parts of the landslide area
(from 1 to 10%; Fig. 14). In the period 2018-2019, no new land-
slides were recorded. By contrast with the DTM analyses from

previous years, no significant changes in the extent of previ-
ously existing landslides were observed.

The distribution of the activated landslides is irregular and
scattered throughout the study area (Fig. 13), but most of them
developed within the thin-bedded flysch: Hieroglyphic Beds of
the Silesian and Magura Nappes, Inoceramus Beds of the
Magura Nappe, variegated shales of the Silesian Nappe and
upper or lower shales of the Istebna Beds of the Silesian
Nappe. Several landslides became active on the sandstone
and shale outcrops of the lower Istebna Beds. Twenty-five of
the activated landslides are located in tectonic dislocation
zones.

The displacement index for individual lithological units in the
period 2018-2019 is shown in Table 3.

DDM analyses from 2010-2019 showed a total of 246 land-
slide activations, of which 55 were activated at least twice
(Fig. 15). During this period, 23 landslide forms were found in
the study area which developed on slopes previously not af-
fected by mass movements or covered such slopes as a result
of increasing their area (Fig. 15). New landslides were found
only after the 2010 “landslide catastrophe”.

The results of the analysis of DDMs in the area of Roznéw
Lake indicate that in the period 2010—-2019 most landslides were

Table 2

The volume of surface deformation for individual lithological units in 2011/2013-2018

. Sum of the volumes of ; :
Ranking Lithological unit Upl|f}n\49]|ume Decrea[%es]volume surface d[%f%rmations Dlsplaﬁﬁgr}gg]t index
1 Saﬂgig%qgghﬁg%ggg'?ss)‘ 75,351 76,060 151,411 0.036
2 upper Istebna shales (S) 43,119 40,293 83,412 0.031
3 variegated shales (S) 9,070 8,448 17,518 0.026
4 shales, sandstones, (CS'")G”S - 10,530 9,139 19,669 0.025
5 S"‘Iﬂggggﬁugné’eﬂ‘sa('ﬁﬂs) - 12,654 11,025 23,679 0.02
shales and sandstones —

5 Keroqhyphe Bade (M) 17,071 21,337 38,408 0.2

5 Sha'zees;nrg‘razg',%esggggt(",\ﬂfs - 9,305 15,571 24,876 0.2

5 sandstones gg‘éssr(‘g')es - 17,600 17,066 34,666 0.2

9 Ciezkowice sandstones (S) 25,324 36,422 61,746 0.019
10 sandstones %’;%g?g‘fs - 37,484 39,916 77,401 0.018
1| e b Badn 1) ©° ™ | 104,869 176,581 281,450 0.015
12 {j"‘)’{)‘gr'lsstg%”nzsé‘:é?(g) 33,205 33,949 67,154 0.014
13 upper Istebna sandstones (S) 23,571 25,285 48,856 0.010

sandstones and shales — 17,004

13 ot Bads (M 14,768 31,772 0.010
13 Cergowa sandstones (G) 515 546 1,061 0.010
16 e e B e 557 506 1,063 0.005
17 S e By~ 14,398 12,608 27,006 0.004
17 variegated shales (M) 5,391 7,251 12,642 0.004
19 Magura sandstones (M) 22,909 12,980 35,889 0.003
20 shales — Cergowa Beds (Mi) 5,299 2,338 7,637 0.002
21 S e Bods (ar® 1,884 2,690 4,574 <0.001

Table sorted by the highest displacement rate; Mi — Michalczowa Nappe; other explanations as in Table 1
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\ fault rr overthrust y— border of the main tectonic units e active landslides in the period of
2018-2019
. areas with the greatest displacements ,n\,/:\
in the period 2018-2019 ,\’ ’/ areas of air laser scanning in 2019
/

Fig 13. Location of landslides with the largest surface changes as a result of mass
movements in 2018-2019 shown on the geological map

Colour of lithological units as in Figure 2

Fig. 14. DDM of landslides where the largest displacements were recorded in 2018-2019

A — landslide in Ktodno; B — landslide in Zbyszyce
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Table 3

The volume of surface deformation for individual lithological units in 2018-2019

. Sum of the volumes of : :
Ranking Lithological unit Upllf%g)]lume Decrea[?neslvolume surface cEﬁ:‘%rmations D'Splaﬁﬁ?;r%rz‘]t index
1 Saﬁ%ﬁ%ﬂ?ghﬁ‘g%ggg'g)‘ 26,764 34,940 61,704 0.015
2 S"’mggggﬁfugngeﬂ;a('ﬁﬂs) - 5,616 21,857 27,473 0.014
3 upper Istebna shales (S) 16,614 17,960 34,574 0.013
3 S e Bods s 4,420 15,587 20,008 0.013
5 variegated shales (S) 3,178 4,229 7,407 0.012
lower Istebna shales —

6 Cpper lstabna Beds () 16,384 15,774 32,158 0.01

6 S oure Bags S 3,336 17,860 21,196 0.01

8 Ciezkowice sandstones (S) 15,747 20,796 36,543 0.009
8 Sha'eség/g%cfbseac‘gd(%‘)’”es - 99 1,743 1,842 0.009
10 shales — Cergowa Beds (Mi) 2,499 8,145 10,644 0.008

shales and sandstones —

10 Hioroglyohie Bads (M) 6,860 12,961 19,821 0.008
12 Cergowa sandstones (G) 364 354 718 0.007
13 sandstones and con é%"g?rs"’;tes - 74,236 67,605 141,841 0.006
14 upper Istebna sandstones (S) 7,359 8,709 16,068 0.005
14 Sa”ggtrggsvsaaé‘gdssh(?\'ﬂ?)s - 6,041 10,597 16,639 0.005
16 S ones B arS 5,990 14,745 20,735 0.003
16 Sha'ﬁggﬁosggggt&”)es - 551 2,327 2,879 0.003
16 variegated shales (M) 2,288 8,684 10,972 0.003
19 Magura sandstones (M) 5,781 13,066 18,847 0.002
20 Shale saiite Bade (&)1 2,358 3,291 5,649 0.001
21 sandstones %%%g?g‘f’s - 11,707 9,421 22,86 <0.001

Table sorted by the highest displacement rate; explanations as in Tables 1 and 2

Table 4
Development of landslides in the area of Roznéw Lake in 2010-2019
2010-2011/2013 2011/2013-2018 2018-2019
The number of landslides for which the DDM was made 256 1006 1006
Erl:)r;])grtion of landslides within which activation was 62.6% 12.7% 4.1%
Proportion of landslides that widened the borders 5.5% 0.5% 0%
Proportion of newly formed landslides 1.6% 0% 0%
Proportion of activated landslides located in tectonic 65% 70.3% 73.8%
zones in relation to activated landslides (in relation to o oo Yo
all landslides) (40.6%) (8.9%) (3.1%)
Sedimentary lithology, where the activation of land- thin-bedded flysch thin-bedded flysch thin-bedded fglsch
slides was the most frequent (61% landslides) (58% landslides) (55% landslides)
Lithology of the deposits with the greatest displacement : . thin-bedded flysch
and/or expansion of boundaries thick-bedded sandstones thin-bedded flysch
. . 903,811 m° 1,058,460 m* 510,004 m*
Total volume of surface deformation within landslides (for the area ~25 km?) (for the area ~93 km?) | (for the area ~93 km?)
" : : ] N : : Hieroglyphic Beds of the Hieroglyphic Beds of Hieroglyphic Beds of
Lithological units with the highest displacement index Silesian Nappe the Silesian Nappe the Silesian Nappe
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Fig. 15. Activity of landslides in the study area determined on the basis of DDM analyses

activated on slopes underlain by thin-bedded flysch deposits:
sandstone-shale or shale-sandstone, which cover less than 25%
of the study area. Regardless of the period, the most rejuvenated
forms were recorded within the thin-bedded sandstones and
shales of the Hieroglyphic Beds of the Silesian Nappe occurring
in the area of Znamirowice, Grodek nad Dunajcem and
Przydonica. Analysis of the repeatability of events also led to
similar conclusions. Some 55 landslides, in the period
2010-2019, were activated at least twice. In 48 cases, mass
movements developed within the thin-bedded formations, with
the greatest number in the region noted above.

Most of the landslides in which the largest surface displace-
ments occurred are located in zones of tectonic dislocations. In
addition, there is an increase in the proportion of landslides acti-
vated in dislocation zones in less rainy periods (Table 4). The
great majority of landslides, within which in the period

2010-2019 there were at least two activations, developed in
zones where there are tectonic disturbances (faults,
overthusts). Many of them are located in the area of the
Przydonica overthrust and the overthrusting of the Magura
Nappe onto the Silesian and Grybéw nappes.

SUSCEPTIBILITY OF SLOPES TO LANDSLIDES

The analyses were based on prepared thematic layers tak-
ing into account the following factors: lithology, distance from
the main tectonic dislocations (faults, overthrusts), land use,
slope inclination, slope exposure, absolute height, distance
from watercourses and the presence of lithological boundaries.
The flat Dunajec valley and Roznéw Lake were excluded from
the calculations. Statistical reasons for the activation of land-
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slides were calculated using only the areas of landslides that
were considered active on the basis of DDMs in the period
2010-2019.

The results of statistical calculations clearly indicated that
among the passive factors, lithology had the greatest impact on
the activation of landslides in the last decade (Fig. 16 and Ta-
ble 3). High values, reaching or exceeding 2, were obtained for
the Hieroglyphic Beds of the Silesian Nappe, the Inoceramus
Beds of the Magura Nappe, the Cergowa Beds of the Grybow
Nappe and the Menilite Beds of the Silesian Nappe. These re-
sults are consistent with previous analyses, which indicated a
large proportion of the these lithological units in the activation of
landslides. The Hieroglyphic, Inoceramus and Menilite Beds
were also characterized by high displacement indices calcu-
lated on the basis of DDMs (Tables 1-3). A high weight with val-
ues >1 was also obtained for the Krosno Beds of the Grybow
Nappe, the Ciezkowice sandstones of the Silesian Nappe and
the Cergowa shales of the Michalczowa Nappe (Table 5). Ac-
cording to calculations, slopes underlain by the Magura sand-
stones are the least susceptible to activation.

Another very important factor is the the presence of
lithological boundaries (Table 5). This is seen in Figure 16,
where the lithological contacts with the 100-metre-buffer used
for the most part show dark-red and brown colours, and the re-
maining areas display negative values. High weighting values
were calculated for the lithological contacts of the Silesian
Nappe located in the belt between Znamirowice, Grédek nad
Dunajcem and Przydonica. The lithological boundary of the var-
iegated shale and the Ciezkowice sandstones is characterized
by the highest value (Table 5). This contact promotes the devel-
opment of mass movements due to differences in the perme-
ability of the strata and the thickness of the sandstones, which
when saturated, effectively add weight to the lower shales.
Some lithological contacts have a negligible effect on the acti-
vation of landslides, and according to the statistics, some of
them even hinder their development. The lowest calculated
weighting is characteristic of the boundary between the Lower
Istebna Beds and the Upper Istebna Beds (Table 5).

The values calculated indicate a significant influence of land
use on the development of landslides. The highest value of 0.99

LANDSLIDES ACTIVATED . DISTANCE FROM SLOPE
IN THE PERIOD 2010-2019_ : WATERCOURSES
‘ s i
L ] i
~ Iy s
o i
PR K TS
WEIGHT H o e o
VALUE g g
{ 0 5 km
2 EXPOSURE ALTITUDE DISTANCE FROM LOCATION
TECTONICS
\ f
LANDUSE . BOUNDARIES OF LITHOLOGICAL LITHOLOGY
: UNITS :
N ‘
i~ A
A ;-.-’/-/‘) I\ = ,

Fig. 16. Comparison of positive weighting values for individual passive factors

The passive factors are ranked from the least to the most important
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Table 5

Ranking of the influence of particular classes of passive factors on the activation of landslides in the area of Roznéw Lake
FACTOR CLASS WEIGHT

LITHOLOGY Hieroglyphic Beds (S) 2.23520
LITHOLOGY Inoceramus Beds (M) 2.11535
LITHOLOGY Cergowa sandstones (G) 2.06128
LITHOLOGY sandstones — Menillite Beds (S) 1.99866
BOUNDARIES OF LU variegated shales — Ciezkowice sandstones (S) 1.92758
BOUNDARIES OF LU Hieroglyphic Beds — Menillite Beds (S) 1.91007
BOUNDARIES OF LU Hieroglyphic Beds — Ciezkowice sandstones (S) 1.90648
BOUNDARIES OF LU variegated shales — Hieroglyphic Beds (S) 1.87511
BOUNDARIES OF LU upper Istebna shales — variegated shales (S) 1.50985
LITHOLOGY shales — Menilite Beds (S) 1.48414
BOUNDARIES OF LU Krosno Beds — Cergowa sandstones (G) 1.40041
LITHOLOGY Krosno Beds (G) 1.24202
BOUNDARIES OF LU shales (Menilite Beds) — sands(,gso)nes and shales (Krosno Beds) 1.07244
BOUNDARIES OF LU shales (Cergowa Beds) — sandstones (Cergowa Beds) (Mi) 1.05763
LITHOLOGY Ciezkowice sandstones (S) 1.02385
LITHOLOGY shales (Cergowa Beds) (Mi) 1.02354
LANDUSE shrub vegetation 0.99282
BOUNDARIES OF LU upper Istebna sandstones — upper Istebna shales (S) 0.96212
LITHOLOGY upper Istebna shales (S) 0.89469
BOUNDARIES OF LU Inoceramus Beds — variegated shales (M) 0.88569
BOUNDARIES OF LU variegated shales — Zembrzyce Beds (M) 0.87632
EXPOSURE w 0.67404
DISTANCE FROM THE TECTONIC DISLOCATIONS <100 m 0.56567
EXPOSURE S 0.51100
BOUNDARIES OF LU Krosno Beds — Grybéw Beds (G) 0.49832
EXPOSURE E 0.33028
LITHOLOGY Hieroglyphic Beds (M) 0.31607
LANDUSE building 0.31516
ALTITUDE 300-400 m a.s.l. 0.31401
BOUNDARIES OF LU Magura sandstones — Hieroglyphic Beds (M) 0.24827
EXPOSURE SW 0.23737
SLOPE 12—-15° 0.23541
SLOPE 9-12° 0.22010
DISTANCE FROM WATERCOURSES 400-500 m 0.20964
LANDUSE roads 0.20918
ALTITUDE <300 m a.s.l. 0.20354
DISTANCE FROM THE TECTONIC DISLOCATIONS 100-200 m 0.19308
BOUNDARIES OF LU Hieroglyphic Beds — variegated shales (M) 0.17677
DISTANCE FROM WATERCOURSES <100 m 0.16629
EXPOSURE N 0.14703
LITHOLOGY variegated shales (M) 0.11239
SLOPE 15-18° 0.08363
EXPOSURE SE 0.02378
LANDUSE forests 0.02249
EXPOSURE NW 0.01366
SLOPE 6-9° 0.01065
BOUNDARIES OF LU sandstones (Krosno Beds) — shales (Krosno Beds) 0.00037
DISTANCE FROM THE TECTONIC DISLOCATIONS 200-300 m —0.00009
DISTANCE FROM WATERCOURSES 300—400 m —0.03005
LANDUSE meadows and arable fields —0.04309
DISTANCE FROM WATERCOURSES 100-200 m —0.08300
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Tabl. 5 cont.

FACTOR CLASS WEIGHT
LITHOLOGY shales (Krosno Beds) (S) —0.08495
SLOPE 18-21° —0.08911
SLOPE <3° —0.12153
SLOPE >30° —0.14586
SLOPE 21-24° —0.17986
BOUNDARIES OF LU Zembrzyce Beds — Magura sandstones (M) —-0.18149
DISTANCE FROM THE TECTONIC DISLOCATIONS 300-400 m —0.19892
SLOPE 24-27° —0.20886
DISTANCE FROM THE TECTONIC DISLOCATIONS 400-500 m —-0.21692
SLOPE 27-30° —0.23576
DISTANCE FROM WATERCOURSES 200-300 m —0.23944
LITHOLOGY Zembrzyce Beds (M) —-0.26135
BOUNDARIES OF LU Lower Istebna Beds — lower Istebna shales (Upper Istebna Beds) (S) | —0.26251
BOUNDARIES OF LU over 100 m from the boundaries of lithological units -0.27711
LAND USE unclassified —-0.33175
SLOPE 3-6° —0.34723
LAND USE crops -0.62120
EXPOSURE NE —0.63675
BOUNDARIES OF LU lower Istebna shales (Uppe;tlgaeebsn(aSI)Beds) — upper Istebna sand- ~0.70233
LITHOLOGY lower Istebna shales (Upper Istebna Beds) (S) —0.94836
LITHOLOGY Cergowa sandstones (Mi) —0.95568
LITHOLOGY Lower Istebna Beds (S) —-0.95616
LITHOLOGY sandstones and shales — Krosno Beds (S) —0.95870
LITHOLOGY Godula Beds (S) —1.00956
ALTITUDE 400-500 m a.s.l. —1.04583
LITHOLOGY upper Istebna sandstones (S) —1.05942
DISTANCE FROM THE TECTONIC DISLOCATIONS >500 m -1.11776
LITHOLOGY Grybéw Beds (G) —1.13649
ALTITUDE 500-600 m a.s.l. -1.16320
DISTANCE FROM WATERCOURSES 500-600 m —1.59229
LITHOLOGY Magura sandstones (M) —2.15572
BOUNDARIES OF LU Godula Beds — Lower Istebna Beds (S) —2.36835
BOUNDARIES OF LU Upper Istebna Beds — variegated shales (S) —3.29839
BOUNDARIES OF LU upper Istebna sandstones — Hieroglyphic Beds (S) -3.85746
BOUNDARIES OF LU upper Istebna shales — Cigzkowice sandstones (S) -3.90161
BOUNDARIES OF LU lower Istebna shales — Ciezkowice sandstones (S) —4.41066
DISTANCE FROM WATERCOURSES >600 m —4.80896
BOUNDARIES OF LU upper Istebna sandstones — Ciezkowice sandstones (S) -5.44666
BOUNDARIES OF LU Lower Istebna Beds — Upper Istebna Beds (S) -5.53058
ALTITUDE >700 m a.s.|. —7.16917
ALTITUDE 600-700 m a.s.l. —8.37938

LU — lithological unit; explanations as in Tables 1 and 2

was obtained for areas covered with shrub vegetation, followed
by built-up areas with a value of 0.32 (Table 5). Despite these
results, land cover seemed not to have been significant to the
activation of landslides in the period 2010-2019. It is true that
lower values for forested areas can be associated with reduced
infiltration of water into the rock mass and a lower pressure of
pore waters, but this is important only in areas of shallow land-
slides where the slip surface does not exceed 3 metres. More
frequent landslide movements in places where shrubs occur
are probably related to the occurrence of old, previously acti-
vated landslides, which resulted in e.g. abandonment of agricul-
tural activity and no further development of the area. In this

case, the occurrence of shrubbery is the result of the activation
of the landslide, and not the other way around. The occurrence
of buildings may be associated with the loading of slopes and
with unregulated water management; however, the high value
of the weighting for built-up areas may be associated with the
activation of parts of large landslides within which there are
buildings. An additional impact may be represented by the high
population of the area of Znamirowice, Grédek nad Dunajcem
and Przydonica, where there are many other landslide factors,
including favourable lithology or tectonics.

A much more important factor seems to be tectonics, the in-
fluence of which on the development of landslides in the
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Fig. 17. Map of landslide susceptibility in the Roznéw Lake region

Roznoéw Lake region was emphasized earlier. The weighting
values decrease with increasing distance from faults and
overthrusts. The most important influence is the direct vicinity
(up to 100 m) of the main tectonic dislocations, where the
weighting is 0.56. The importance of this factor is emphasized
by areas more distant than 200 m from the tectonic dislocations
having negative weightings (Table 5), which is clearly seen in
Figure 16.

Altitude is another factor. The highest values were obtained
for altitudes in the range of 300400 m a.s.l. and below 300 m
a.s.l., being respectively 0.31 and 0.2. For areas located above
400 m a.s.l. there are negative values. This factor is largely corre-
lated with lithology. The highest peaks are made of rocks more
resistant to mass movements, e.g. the thick-bedded Magura
sandstones, for which a negative value was also calculated.

Slope exposure turned out to be a less important factor. In
this case, the highest values were obtained for the slopes de-
scending to the W and SW s (Fig. 16 and Table 5). This reflects
the greater amount of rainfall on the south-western slopes asso-
ciated with the dominance of the western and southwestern
winds.

Small weighting values were obtained for the slope factor
(Fig. 16 and Table 5). The highest of these, of 0.24, is charac-
terized by slopes in the range of 12—-15°. Positive weightings
were obtained for slopes in the range of 6-8°. The steeper and
gentler slopes showed negative values. A smallerimpact on the
development of landslides on steep slopes is associated with
the rapid runoff of rainwater, and thus slower infiltration of water
into the rock mass.

The least important factor in activating landslides turned out
to be distances from watercourses (Fig. 16 and Table 5). Posi-
tive weightings were obtained only for the ranges of 400-500 m
and <100 m from surface waters. It should be noted here that
the study does not take into account landslides with an area of
<0.03 ha, usually activated directly on stream slopes. Addition-
ally, the entire areas of activated landslide were used for the
calculations, even if only their lower part was activated.

On the basis of individual values of passive factors, the
landslide susceptibility was calculated (Fig. 17). In order to elim-
inate the interdependent factors, a correlation matrix for all pas-
sive factors was prepared. Based on the data obtained, the ab-
solute height factor was excluded, the value of which was the
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highest correlation with the lithology factor and was 0.34. The
results indicate the highest probability of new movements in the
area of Znamirowice, Grédek nad Dunajcem, Przydonica,
Zbyszyce, tyczanka, Klodne, and the areas NE of
Roztoka-Brzeziny. The resulting map (Fig. 17) shows the re-
gions most endangered by new activations, but it cannot be
read uncritically, as the set of activated landslides used for vul-
nerability calculations accounts for <20% of all landslides and
may not give a full picture of the probability of future move-
ments. Areas of old landslides, should be treated as places with
at least an average degree of susceptibility to the occurrence of
future movements. The lithological boundaries in the northern
part of the research area cannot be considered, e.g. between
the Godula and Istebna Beds, or the boundary between the
Lower Istebna Beds and the Upper Istebna Beds, as areas with
the lowest susceptibility to landslides, because the existence of
this boundary probably does not reduce the likelihood of land-
slides being triggered relative to the neighboring area.

The map of landslide susceptibility was compared with the
results of analyses from the latest flight, carried out in 2020.
These data were not used to calculate the susceptibility map.
Based on these data, it was found that 9 landslides were acti-
vated in the period 2019-2020. Seven of these were activated
in places of high susceptibility (Fig. 17).

DISCUSSION

This study is the firstin Poland to use Differential Digital Ter-
rain Model analyses to determine the causes of landslide devel-
opment across an extensive study area. A common problem in
determining the causes of landslides is considering all land-
slides, even inactive ones. It is possible that some of these will
not be reactivated in the absence of catastrophic events such
as earthquakes or drastic climate changes. In some studies of
small areas of the Carpathians only active landslides were
taken into consideration (e.g., Kaminski, 2007; Mrozek, 2013),
or landslide data was obtained in the field or the Polish SOPO
database on landslides was used (e.g., Wojciechowski, 2019).
These analyses show that field assessment of landslide activity
is often subjective, especially when landslide activation oc-
curred several years before the fieldwork (\Wodka, 2020). Differ-
ential terrain models made it possible to focus only on land-
slides that were clearly activated in the last decade. Thus, it is
possible to determine the causes of the present-day develop-
ment of landslides, and so the threat associated with the current
climatic conditions.

The “landslide catastrophe” that took place in 2010 would
lead to the activation of about 790 landslides in the Roznow
Lake region. In later years, there was a clear decrease in land-
slide activity, reflected in both the number of activated forms
and the volume of surface deformation resulting from mass
movements (Table 4).

Analyses of DDMs showed that during or immediately after
the 2010 “landslide catastrophe”, the areas covered by some
landslides increased and new landslide forms were created
(Table 4). In most cases, this took place within sandstone out-
crops, including that of the thick-bedded Ciezkowice
sandstones. The significance of landslides involving the
Ciezkowice sandstones in very rainy periods was consistent
with calculations of the lithological displacement index. In the
period 2010-2013, this formation had one of the highest aver-
age deformation volumes per m?.

The development of landslides in these thick-bedded sand-
stones was caused by long-term rainfall that took place from the
beginning of May to June 4, 2010. The highest amounts of rain-

fall were recorded between May 15 and June 4, 2010. Accord-
ing to Institute of Meteorology and Water Management data
from the nearest measurement station in Limanowa, 381 mm of
rain fell then, and at the beginning of June, rainfall was intense,
with a total of 147 mm in the last six days. These values are
slightly lower than those reported by Gil (1997) who reported,
on slopes with a predominance of sandstones, mass move-
ments with rainfall of 400—550 mm occurring in 2040 days, the
sum in the last 6 days exceeding 250 mm.

Thirty-five days of rainfall (with two days break) with a total
of 469 mm were needed to start several hundred deep land-
slides, both in shale and sandstones, in the area of Roznéw
Lake. This is in line with the observations made by Starkel
(1996) who suggested that deep landslides are triggered only
after prolonged rainfalls of 100-500 mm a month.

Between 2011 and 2019 increase in landslide area or new
landslide formation was rare (Table 4), with changes in the ex-
tent of landslides recorded on differential terrain models being
developed thin-bedded flysch, mainly in sandstones and shales
of the Hieroglyphic Beds.

The analyses show that only catastrophic precipitation is ca-
pable of triggering landslides within the local thick-bedded
sandstones, but it is within these formations that the greatest
deformation of the terrain and landslide size increase occur.
The landslide susceptibility is therefore largely dependent on
the climatic conditions. Slopes made of thick-bedded sand-
stones are generally less susceptible to landslides. However, in
the case of catastrophic events (intense and prolonged rainfall,
floods), they may turn out to be more susceptible to mass
movements than slopes made of thin-bedded flysch.

This research clearly indicates that an important role in the
development of landslides is played by the geological setting (li-
thology, faults, overthrusts) while other factors such as slope
and exposure are of secondary importance. The statistical cal-
culations also indicated that the presence of lithological con-
tacts is an important factor. Until now, this factor was rarely
taken into account in landslide susceptibility, though the rela-
tionship between the development of landslides and the pres-
ence of lithological contacts in the Polish Carpathians was pre-
viously noticed by Kotarba (1986), Wajcik (1997) and Dtugosz
(2011).

Although studies in some parts of the world indicate that ge-
ology does not play a large role in calculations of landslide sus-
ceptibility (i.a., Jebur et al., 2014), this factor should not be ig-
nored in such calculations, especially when they concern the
Carpathian region, it dominates complex rock slides.

CONCLUSIONS

1. The most landslide-susceptible areas around the
Roznéw Dam-Lake are the Hieroglyphic Beds of the Silesian
Nappe, the Inoceramus Beds of the Magura Nappe, and the ar-
eas where variegated shale comes into contact with the
Ciezkowice sandstones or Hieroglyphic Beds. The develop-
ment of landslides can also be expected in the area of the
Przydonica overthrust and the overthrusting of the Magura
Nappe onto the Silesian and Grybow nappes.

2. The conditions for the development of landslides differ
depending on the amount of precipitation. In less rainy periods,
thin-bedded strata are of significant importance. In the event of
catastrophic precipitation (~380 mm in 20 days), slopes com-
posed of thick-bedded deposits, especially the Ciezkowice
sandstones, may turn out to be more susceptible.

3. Statistical analyses of the research area showed that the
most susceptible areas to the activation of landslides are the
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southern and south-eastern parts of the study area in Grédek
nad Dunajcem region.

4. A DDM from ALS data allows for objective determination
of undisputedly active zones, which facilitates the analysis of
the causes of the contemporary reactivation of landslides.

5. ADDM calculated from ALS data is a useful tool for track-
ing changes in landslide dynamics. Despite the accuracy limited
by an error of 25-30 cm, when correctly analysed, it allows iden-
tification of the main trends in the development of landslides
across large areas.

6. Performing repeated ALS flights with an average density
of ~7 points/m? makes it possible to track the activity of land-

slides across large areas. The use of ALS data for statistical
calculations gives a more complete picture of the contemporary
landslide risk.
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