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In or der to iden tify the causes of land slide de vel op ment in the area of Ro¿nów Lake (Outer Carpathians – south ern Po land) in 
the last de cade, Dif fer en tial Dig i tal Ter rain Mod els (DDM) were used. These were made on the ba sis of Air borne La ser Scan -
ning (ALS) data from four flights. The first ALS data are from 2010, be fore the event in Po land known as the “land slide ca tas -
tro phe”. Com par ing dig i tal ter rain mod els from dif fer ent years track ing of changes in land slide ac tiv ity rel a tive to the in ten sity
of pre cip i ta tion. The ar ti cle pres ents a method of in ves ti gat ing land slides with the use of DDM. This anal y sis al lowed cal cu la -
tion of the dis place ment lithological in dex and of land slide sus cep ti bil ity, based only on land slides that have be come ac tive in 
the last de cade. The ar eas with the high est sus cep ti bil ity to land slides are re gions of Hi ero glyphic Beds oc cur rence and of
tec tonic overthrusts. An im por tant role in the de vel op ment of land slides in the area of Ro¿nów Lake is also played by the
thick-bed ded Ciê¿kowice sand stones (usu ally as so ci ated with low sus cep ti bil ity to land slides). Af ter the “land slide ca tas tro -
phe”, it is pre cisely in these for ma tions that the great est dis place ments and more fre quent wid en ing of the land slide bound -
aries were re corded, though they are gen er ally sta ble dur ing smaller rain fall.

Key words: land slides, mass move ments, Dif fer en tial Dig i tal Ter rain Mod els, geohazards, Ro¿nów Dam-Lake re gion, Outer
Carpathians.

INTRODUCTION

Pro longed rain fall in late May and early June 2010 led to the
ac ti va tion of many land slides in the Pol ish Carpathians. This
event is known in Po land as a “land slide ca tas tro phe”. At that
time, in the area of Lake Ro¿nów, much in fra struc ture was dam -
aged. In ex treme cases, such as in K³odne (Limanowa bor -
ough), the de struc tion af fected sev eral dozen build ings within
one land slide (Wójcik et al., 2012; Perski et al., 2014). Be tween
May 15 and June 4, 2010, ac cord ing to date of the In sti tute of
Me te o rol ogy and Wa ter Man age ment, from the near est mea -
sure ment sta tion in Limanowa, 381 mm of rain fell; at the be gin -
ning of June, rain fall re mained in tense and with daily to tals ex -
ceed ing 64 mm. In ad di tion, the an nual rain fall at the mea sur ing 
sta tion in Nowy S¹cz was the high est in 130 years. Many land -
slides have not reached a new equi lib rium state to this day and
are still ac tive.

The oc cur rence of land slides and their ac tiv ity are con di -
tioned by a set of fac tors that af fect slope sta bil ity (Bober, 1984;
Dikau et al., 1996; Zabuski et al., 1999; Pradhan et al., 2010b;
Lee et al., 2017). These are pas sive fac tors such as geo log i cal
struc ture, slope mor phol ogy, land use or dis tance from the river
net work, and ac tive fac tors such as pre cip i ta tion, seis mic

shocks, river ero sion and anthropopressure. In Po land, the
most com mon cause of the ac ti va tion of land slides is long-term
rain fall (Ziêtara, 1974; Starkel, 1996; Gil, 1997).

With the ad vent of Air borne La ser Scan ning (ALS) data, it
be came pos si ble to cre ate high-res o lu tion Dig i tal Ter rain Mod -
els (DTM). These mod els are gen er ated from huge point
clouds, which, af ter ap pro pri ate clas si fi ca tion, pro vide in for ma -
tion about the land sur face, sep a rate from data on its cover
(build ings, veg e ta tion; Glenn et al., 2006).

Re peated ae rial sur veys of the same area al low the cal cu la -
tion of Dif fer en tial Dig i tal Ter rain Mod els (DDM). These il lus -
trate altitudinal dif fer ences be tween DTMs that may have
arisen be tween the flights (Borkowski et al., 2012). By this
means, it is pos si ble to con strain the ac tiv ity of land slides and to 
track changes in the dy nam ics of dis place ments, mak ing it pos -
si ble to con firm or re ject the of ten sub jec tive field as sess ments
of land slide ac tiv ity.

The pres ent re search was car ried out to de ter mine the
causes of the ac ti va tion of land slides in 2010 and later in the
area of Ro¿nów Lake, based on the anal y sis of dif fer en tial mod -
els ob tained from the ALS data.

GEOLOGICAL AND GEOMORPHOLOGICAL
SETTING

The re search was con ducted within the Outer Carpathians
(¯ytko et al., 1989; Œl¹czka et al., 2006) be tween Czchów and
Nowy S¹cz (Fig. 1). The area analysed cov ers 128 km2; not
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count ing the flat bot tom of the Dunajec val ley (not af fected by
land slide pro cesses), is 112 km2.

Most of the re search area con sists of nar row hills
350–450 m a.s.l. cut by the Dunajec val ley and its trib u tar ies.
These cuts are up to 100–150 m deep. The elon gated ridges
have con vex-con cave slopes, most typ i cally of 6–18° and mod -
eled by wa ter ero sion and mass move ments (Ziêtara, 1974).
Slopes that are SW (25%), NE (24%), NW (22%) and SE (19%) 
fac ing pre dom i nate.

In the southwest ern part of the re search area, Che³m Hill
has the high est el e va tion in the area analysed (789 m a.s.l.). It
is a clearly marked, iso lated fea ture with steep north ern slopes
(20–24° slope) and gen tler, lon ger south ern slopes (12° slope).

Along the Dunajec val ley there is a sys tem of Pleis to cene
and Ho lo cene river ter races of var i ous ages (Zuchiewicz,
1990). In this val ley, just next to the north ern bor der of the study
area, there is the low est point of the area analysed
(221 m a.s.l.).

The study area is un der lain by flysch rocks of Cre ta ceous
and Paleogene age (Burtan and Skoczylas-Ciszewska, 1964;
Cieszkowski et al., 1987; Burtan et al., 1991; Paul, 1997).

The pre dom i nant north ern and cen tral part of the area be -
longs to the Silesian Nappe (Fig. 2). The south west ern part of
the area is made up of sed i men tary rocks of the Magura Nappe
and the Michalczowa Nappe (Cieszkowski, 1992). A small,
south ern part of the area be longs to the Grybów Nappe (Fig. 2).

In the study area, Qua ter nary de pos its of var i ous or i gins are 
ex posed in the bot tom of the val leys and in the lower sec tions of
the slopes. These com prise flu vial, organogenic, loess, land -
slide, deluvial and weath ered de pos its.

The Ro¿nów–Ciê¿kowice anticline runs through the cen tral
part of the re search area, in the core of which the old est rocks in 
this area are ex posed: sand stones of the Godula Beds. There
are ex ten sive out crops of sand stones and con glom er ates of the 
Lower Istebna Beds, sand stones and shales of the Hi ero glyphic 
Beds, and sand stones and shales of the Krosno Beds. The
high est peaks are lo cated in the south west ern part of the area
and are built of thick-bed ded Magura sand stones. Sig nif i cant
geo log i cal struc tures in clude faults and overthusts (Fig. 2).

The area around Ro¿nów Lake has a con sid er able sur face
land slide cover, of 17.2%; ex clud ing the flat Dunajec val ley from 
the cal cu la tions, nearly 1/5 of the study area is cov ered by land -
slides. Based mainly on the ar chi val ma te ri als avail able in the
da ta base (SOPO) of the Pol ish Geo log i cal In sti tute, 1275 land -
slides have been re corded here. The dom i nant type of mass
move ment com prises com plex slides (cf. Varnes, 1978; Cruden 
and Varnes, 1996; Dikau et al., 1996; Zabuski et al., 1999), with
a pre dom i nance of ro ta tional dis place ments. Rather fewer land -
slides were clas si fied as translational slides. These are usu ally
shal lower struc tural land slides, the move ment of which is con -
sis tent with the struc ture of the rock lay ers, e.g. the Przydonica
land slide.
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Fig. 1. Lo ca tion of the study area (ar row on the map of Po land shows the study area)
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Fig. 2. Geo log i cal map of the re search area (based on Burtan and Skoczylas-Ciszewska, 1964; Cieszkowski et al., 1987; Burtan
et al., 1991; Paul, 1997, amended)



Land slides where only ro ta tional dis place ments can be dis -
tin guished are few. These are lim ited to small forms (<1 ha) de -
vel oped in flysch with a large pre dom i nance of shales. Usu ally
their main scarps have a semi cir cu lar shape (vide
Margielewski, 2004). The are also a few land slides de vel oped
in the form of earth flows or de bris flows. Move ments of this type 
are de vel oped mainly on the slopes de scend ing di rectly to -
wards Ro¿nów Lake.

Least de vel oped are rockfalls, re corded only in a few land -
slides de vel oped in the Ciê¿kowice sand stones and in the area
of the “Ro¿nów Rocks”, built of Lower Istebna sand stones.

STUDIES OF LANDSLIDES USING ALS DATA

ALS data has been used to study land slides for nearly 20
years. One of the first at tempts to analyse land slides based on
DTMs gen er ated from ALS data was by Carter et al. (2001),
who, in ad di tion to re cord ing sink holes in Florida, des ig nated
land slides and the places of their po ten tial oc cur rence. The fol -
low ing years saw fur ther such pub li ca tions (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).

Suc ces sive ALS flights have been un der taken to mon i tor
the ac tiv ity of land slides and to track sur face de for ma tion based 
on dif fer en tial anal y ses of ter rain mod els. Such anal y ses have
been car ried 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 pub lished stud ies in volv ing ALS data in the
area of Ro¿nów Dam-Lake was by Borkowski et al. (2011). ALS 
data ap plied to a land slide in Zbyszyce was also de scribed by
Wojciechowski et al. (2012). Dif fer en tial mod els of land slides in
Wola Kurowska and land slides on the Just Hill in Têgoborze
were in cluded in an at las of land slides in the Ma³opolskie
Voivodeship (Chowaniec et al., 2012). LIDAR was also used to
study land slide dy nam ics in K³odne (Perski et al., 2014). Based
on the data ob tained from DTMs, the sus cep ti bil ity to land slides 
was cal cu lated in the area of Gródek nad Dunajcem
(Wojciechowski and Pyrc, 2016) and in the area be tween
£ososina Dolna and Ro¿nów (Paw³uszek and Borkowski,
2017a). ALS data was also used to at tempt to automatate land -
slide de tec tion in the area of Ro¿nów Lake by means of su per -
vised clas si fi ca tion, with so-called sup port vec tors (Paw³uszek
and Borkowski, 2017b, 2020; Paw³uszek-Filipiak and
Borkowski, 2020).

DATA AND METHODS

The re search meth od ol ogy is shown in Fig ure 3. The first
stage of the work was to rec og nize all land slides in the re search 
area. Many meth ods of cat a logu ing land slide forms have been
de scribed (e.g., van Westenet al., 2008; Galli et al., 2008;
Guzzetti et al., 2012). De ter mi na tion of the ex tent of land slides
is based on field ob ser va tions and iden ti fi ca tion of land re lief el -
e ments char ac ter is tic of land slides. It is usu ally pre ceded by
anal y ses of top o graphic con tours, ae rial pho tos (ortho -
photomaps), high-res o lu tion DTMs and all ar chi val ma te ri als,
in clud ing maps of land slides at 1: 10,000 scale (Jod³owski et al., 
2010; Wieczorek et al., 2010; Jurys et al., 2011; B¹k et al.,
2011; Koluch and Nowicka, 2012; Wójcik et al., 2015). On the
ba sis of orthophotomaps, DTM anal y ses and field work, the ex -

tents of pre vi ously iden ti fied land slides have been clar i fied and
nearly 200 new ex am ples have been doc u mented.

DIFFERENTIAL ANALYSIS OF DTMs

The re search was based on DTMs gen er ated from point
clouds ob tained by Airborne Laser Scan ning. The re search
used:

–  a DTM with a res o lu tion of 1x1 cre ated from ALS data
from April 1, 2010, com mis sioned by the Wroc³aw Uni -
ver sity of En vi ron men tal and Life Sci ences (Borkowski
et al., 2011; Wojciechowski et al., 2012) with an av er age
den sity of 7 la ser points/m2. The flights cov ered the
south east ern part of the re search area (Fig. 4);

–  a DTM with a res o lu tion of 1x1 made for the IT Sys tem
of Coun try Pro tec tion pro ject (ISOK), us ing data from
2011 (north ern part of the re search area) and 2013
(south ern part of the re search area) with an av er age
den sity of 4 points/m2, al though in the area of some land -
slides, the point den sity was up to 9 points/m2 (e.g., the
land slide area in Zbyszyce). The flights cov ered the en -
tire re search area (Fig. 4);

–  a DTM with a res o lu tion of 1x1 com mis sioned by the
Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute
(PGI-NRI) from the 2018 and 2019 flights. Scan ning was 
per formed with an av er age res o lu tion of 8 points/m2 and
7 points/m2, re spec tively. The flights cov ered ~70% of
the re search area (Fig. 4).

LasTools and GlobalMapper soft ware were used to clas sify
the point cloud, us ing the au to matic clas si fi ca tion func tions and
man ual cor rec tion of se lected points, so that the DTMs were
bur dened with the few est er rors and vi su ally as close to each
other as pos si ble. Fil tered points were in ter po lated in the shape
of tri an gles (TIN).
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Fig. 3. Di a gram of ac tiv i ties in volved in the re search



An im por tant el e ment was the de ter mi na tion of land slide ac -
tiv ity in the last de cade. DDMs served this pur pose. They were
ob tained by com par ing data from at least two ALS flights car ried 
out over the same site, at dif fer ent times. The DDM is the re sult
of sub tract ing the new DTM al ti tude value from that of gen er -
ated on the ba sis of the older flight data, in the same data
georeference (Borkowski et al., 2012). The “Com -
bine/CompareTerrainLayers” func tion in the Global Map per 21
soft ware was used to gen er ate dif fer en tial im ages of the study
area.

Af ter ob tain ing the dif fer en tial mod els, a dis place ment anal -
y sis was per formed for each of the land slides, elim i nat ing
changes that oc curred as a re sult of anthropogenic ac tiv ity,
river ero sion and ac cu mu la tion, or are the re sult of dif fer ences
in the qual ity of ALS data or data fil ter ing er rors. DTMs from a
given pe riod, his tor i cal ae rial pho tos avail able in Google Earth
Pro and in for ma tion con tained in land slide reg is tra tion cards
were used to an a lyse the changes. The fil tered dif fer en tial mod -
els were com pared with the re sults of in stru men tal mon i tor ing of 
se lected land slides con ducted by the PGI-NRI, which al lowed
de ter mi na tion of their ac cu racy at ~25–30 cm. The de ter mi na -
tion of un am big u ously ac tive zones was of sig nif i cant im por -
tance at fur ther stages of the work and al lowed as sign ing of

higher land slide-form ing val ues to en vi ron men tal fac tors oc cur -
ring in these ar eas.

Us ing the Global Map per soft ware, the vol ume be tween the
sur faces of in di vid ual DTMs within the land slides was cal cu -
lated, ex clud ing the anthropogenically mod i fied ar eas. The val -
ues ob tained val ues did not de fine the vol ume of the land slide
col lu vium, but in di cated the scale of changes that oc curred at
the ground sur face as a re sult of mass move ments. In or der to
de ter mine the sus cep ti bil ity to mass move ments of in di vid ual
lithological units, a dis place ment lithological in dex was cal cu -
lated, de fined for the pur poses of this study as the ra tio of the
vol ume of sur face de for ma tion in land slides in a given
lithological unit to the sur face of a given lithological unit ac cord -
ing to the for mula:
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where: Vp – the sum of the vol ume of sur face de for ma tion within the
land slides in a given lithological unit (both de pres sion and up lift); P – 
the sur face of a given lithological unit cov ered by the ALS data, ex -
clud ing the anthropogenically trans formed sites and the lake area.
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Fig. 4. The range of Air borne La ser Scan ning in in di vid ual years in the study area



LIST OF PASSIVE FACTORS

The source of data on pas sive fac tors was the DTM, De -
tailed Geo log i cal Maps of Po land 1:50,000 (SMGP)
(Cieszkowski et al., 1987; Burtan et al., 1991), Da ta base of
Gen eral Geo graph ical Ob jects (BDOO) from the Pol ish Geo -
detic and Car to graphic Re source and my own field ob ser va -
tions. Data were com piled in a GIS in the form of the matic lay -
ers, char ac ter ized by com mon georeferencing (Pol ish Geo detic 
Sys tem 1992).

For the pur poses of the re search, a map of lithological units
was made, in clud ing tec tonic dis lo ca tions. For this pur pose, all
overthrusts and faults de ter mined on the SMGP maps as well
as dis lo ca tions marked and in ter preted dur ing DTM anal y ses
were used. Then, a map of the dis tance to faults and
overthrusts shown in spe cific in ter vals was cre ated, lim it ing the
dis tance of im pact on the ac tiv ity of land slides to 500 m and a
map of the oc cur rence of bound aries of lithological units with a
100-metre-buffer.

With the use of Global Map per 21 and Ilwis 3.4 soft ware,
based on the DTMs, morphometric fea tures of the slopes were
de ter mined and maps of slopes, slope ex po sures and of ab so -
lute al ti tude were pre pared. The con tin u ous data ob tained were 
clas si fied into ap pro pri ate ranges. The next layer for the cal cu -
la tions, based on the DTM, was the wa ter course dis tance map.
The last com piled layer was the land cover map, which was pre -
pared on the ba sis of the BDOO.

CALCULATIONS OF LANDSLIDE SUSCEPTIBILITY

Land slide sus cep ti bil ity is the pos si bil ity of a land slide oc -
cur ring in a given area due to the en vi ron men tal con di tions ex -
ist ing there (Brabb, 1984; Varnes, 1984). Ex ten sive re views of
the meth ods used to as sess land slide sus cep ti bil ity are pro -
vided by van Westen et al. (1999), Car ra ra et al. (1999) and van 
Westen et al. (2008). In de ter min ing vul ner a bil ity, an ac cu rate
in ven tory of land slides along with the de ter mi na tion of their ex -
tent is im por tant (Glade and Cro zier, 2005; Galli et al., 2008).
Com par ing maps of pas sive fac tors and land slide maps al lows
for a sta tis ti cal de ter mi na tion of the im por tance of a given fac tor
in the de vel op ment of mass move ments.

To cal cu late the land slide sus cep ti bil ity of the slopes in the
Ro¿nów Lake area, it was de cided to use the Weight of Ev i -
dence method (WoE), which has been suc cess fully used for
other re gions of the Carpathians, e.g. for the Szymbark re gion
(Mrozek, 2013), in the Sudetes (Sikora and Wojciechowski,
2019) as well as for the ur ban ar eas of the Pol ish coast (Ma³ka,
2021) and for the whole of Po land (Wojciechowski, 2019). This
method is also used world wide (Van Westen et al., 2003; Lee
and Choi, 2004; Pradhan et al., 2010a; Liu and Duan, 2018).
The sta tis ti cal two-di men sional WoE method is based on Bayes 
prob a bil i ties (Bonham-Carter et al., 1989; Bonham-Carter,
1994). Sig nif i cant in di ca tors in the cal cu la tions are the ra tio of
the land slide area to the area of the en tire study area and the
ra tio of the land slide area to the area of a given class of the pas -
sive fac tor. Ilwis 3.4 soft ware was used to cal cu late the sus cep -
ti bil ity.

Thanks to ear lier DDM an a lyses, it was pos si ble to use for
cal cu la tions only those land slides that were ac tive in the pe riod
be tween 2010 and 2019, which in creased the re li abil ity of the
re sults.

RESULTS OF ANALYSIS OF DIFFERENTIAL
DIGITAL TERRAIN MODELS AND

INTERPRETATION

LANDSLIDES ON DDM FROM 2010–2011/2013

Af ter the “land slide ca tas tro phe”, >62% of all cur rently re -
corded land slides be came ac tive in the south-east ern part of
the re search area. Land slides with the larg est dis place ments lie 
in the belt be tween Znamirowice, Gródek nad Dunajcem and
Przydonica (Fig. 5). The geo log i cal struc ture of the sub strate is
dom i nated by thin-bed ded flysch of the Silesian unit – mainly
the Hi ero glyphic Beds, Var ie gated Shales and Menilite Shales
(Fig. 2). The Przydonica overthrust is also pres ent in this area.
Along this lo cal struc ture, in 2010, nu mer ous land slides were
ac ti vated (Wódka, 2020), in clud ing in Przydonica (Figs. 6
and 7).

The sec ond area with large ar eas where the dis place ments
took place is marked in the area of Zbyszyce. It is an area lo -
cated in the overthrust zone of three units – the Grybów Nappe,
Silesian Nappe and Magura Nappe (Burtan and Skoczylas-
Ciszewska, 1964; Burtan et al., 1991). Large parts of land slides
be came ac tive in highly tectonized zones within the Inoceramus 
and Var ie gated Shales of the Magura Nappe, as well as me -
dium and thin-bed ded sand stones and shales of the Krosno
Beds of the Grybów Nappe.

Based on the DDM anal y ses, it was found that out of 256
land slides oc cur ring in the area co in cid ing with the 2010 flights,
159 were ac ti vated. The great est ver ti cal dis place ments re sult -
ing from the ac ti va tion of these land slides reached 9 m for the
ground de pres sions and 7.5 m for the el e va tions in the area.
Among the land slides ac ti vated in the pe riod 2010–2013, most
re corded dis place ments were in the range of –1 m to +1 m.
These dis place ments on the DDM cov ered nearly 6.6 km2 of
the land sur face, which con sti tutes 98% of all reg is tered dis -
place ments. A sig nif i cant area was also cov ered by dis place -
ments in the range –3 to –1 and +1 to +3 m.

Sig nif i cant changes in the bound aries of land slides af ter the
heavy rains of 2010 were re corded in 5.5% of cases, of which
new land slide forms were found only in 1.6% of cases. Most of
these are lo cated in highly tectonized zones (faults, overthusts). 
These land slides de vel oped both in the thin flysch de pos its and
in the thick-bed ded sand stones.

Out of 19 land slides which in creased their ar eas af ter 2010,
5 de vel oped in the thick-bed ded sand stones and shales of the
Krosno Beds, 5 within the Ciê¿kowice sand stone out crops, 3
within the Hi ero glyphic shales, 2 within the thin-bed ded 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
sur face dposits, namely loess. At least 8 of these land slides de -
vel oped in fault zones, and 2 in an overthrust zone.

The Dif fer en tial Dig i tal Ter rain Model made it pos si ble to
cal cu late the vol ume of soils (i.e. rock masses) that were low -
ered or up lifted in in di vid ual lithological units and to de ter mine
the dis place ment in dex (Wp) for in di vid ual lithological units. The 
value of Wp for in di vid ual units is shown in Ta ble 1.

In the pe riod 2010–2011/2013, the sur face dis place ments
in the study area en com passed 903,811 m3 of soil and rocks.
The re sults of the cal cu la tions in di cated that the high est dis -
place ment co ef fi cient oc curred in the thin-bed ded flysch de pos -
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Fig. 5. DDM (2011–2010) of part of the re search area be tween Gródek nad Dunajcem and Przydonica

Fig. 6. Dif fer en tial model of the translational land slide in Przydonica



its, mainly shale-sand stone. Of note is the high in dex of the
thick-bed ded Ciê¿kowice sand stones, which due to their mas -
sive na ture are gen er ally as so ci ated with low land slide sus cep -
ti bil ity. Ad di tion ally, it was in the Ciê¿kowice sandstones that the 
great est amount of land slide de for ma tion, reach ing –7 m, were
re corded (Fig. 8). The rea son for this may lie in the geo log i cal
con di tions, to ex plain the high land slide sus cep ti bil ity of the
Ciê¿kowice sandstones. Me dium and coarse-grained sand -
stones with lenses of con glom er ate are rel a tively po rous and
per me able. The fac tor here may be both the larger grain size
and the less com pact struc ture of the rock com pared to, for ex -
am ple, the Magura sand stones. Ad di tion ally, in the area of Lake 

Ro¿nów, the Ciê¿kowice sandstones form two lev els be tween
the var ie gated shales (Fig. 9). The load ing of the sand stones by 
the in fil trat ing wa ter causes the launch of the chutes de vel oped
on the var ie gated shales un der ly ing them, which, due to the
mas sive struc ture of the sand stones, leads to large-scale de for -
ma tion.

The re sults of DDM anal y ses were com pared with field as -
sess ment of the land slide ac tiv ity. This was pos si ble be cause,
in the pe riod be tween the flights, for part of the re search area,
field map ping of land slides was per formed. The agree ment of
the field ac tiv ity as sess ment with the re sults of DMT anal y ses
was es ti mated at 67%. This in di cates a high de gree of sub jec -
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Fig. 7. A part of the rec ti lin ear main scarp of the land slide in Przydonica, formed af ter 2010

Rank ing Lithological unit Up lift vol ume
[m3]

De crease vol ume
[m3]

Sum of the vol umes of 
sur face de for ma tion

[m3]

Dis place ment in dex
[m3/m2]

1 sand stones and shales – 
Hi ero glyphic Beds (S) 155,234 164,205 319,439 0.072

2 up per Istebna shales (S) 7,498 8,013 15,512 0.057

3 Ciê¿kowice sand stones (S) 60,885 85,204 146,090 0.055

4 sand stones and shales –
Inoceramus Beds (M) 44,110 39,964 39,964 0.048

5 shales, sand stones, cherts –
Menillite Beds (S) 22,067 16,413 38,480 0.046

6 sand stones and shales – 
Krosno Beds (G) 47,604 50,903 98,507 0.042

7 var ie gated shales (S) 13,636 7,820 21,458 0.034

8 var ie gated shales (M) 4,748 8,186 12,934 0.025

9 up per Istebna sand stones (S) 2,677 3,211 5,888 0.017

9 sand stones and shales – 
Krosno Beds (S) 100,450 48,600 149,050 0.017

11 shales, cherts, sand stones –
Grybów Beds (G) 1,560 1,085 2,645 0.013

12 shales and sand stones – 
Krosno Beds (S) 2,334 7,321 9,655 0.009

13 Cergowa sand stones (G) 55 24 79 <0.001

*M – Magura Nappe; S – Silesian Nappe; G – Grybów Nappe

T a  b l e  1

The vol ume of sur face de for ma tion for in di vid ual lithological units in 2010–2011/2013
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Fig. 8. The larg est de crease re corded on a DDM re sult ing from the for ma tion of a land slide slope 
in the Ciê¿kowice sand stones

Fig. 9. Gen er al ized lithological pro file of the Silesian Nappe de pos its in the
re search area (based on Burtan and Skoczylas-Ciszewska, 1964; Burtan et al.,

1991; Cieszkowski, 1992a, b; Leszczyñski et al., 1994; Paul, 1997)

Colour of lithological units as in Figure 2



tiv ism in the field of ac tiv ity as sess ment. On the other hand, in a
few cases land slide ac tiv ity was found in the field based on the
pres ence of small frac tures in the ground that were not vis i ble
on the DDM, in di cat ing draw backs of the dif fer en tial mod els.

LANDSLIDES ON DDM 2011/2013–2018

Other ALS flights, cov er ing a large part of the re search
area, were made in 2018 (Fig. 4). The model ob tained was
com pared with the DTM made as part of the ISOK pro ject (data
from 2011 for the north ern part of the re search area and from
2013 for the south ern part).

In to tal, 1,006 land slide forms were in cluded in the scope of
ALS in 2018. On the ba sis of the dif fer en tial model, ac ti va tions
were found in 128 of them (Fig. 10). Thus, in the pe riod be tween 
mea sure ments, ~13% of land slides were ac tive. As a rule,
these were dis place ments cov er ing small (up to 3%) parts of
the land slides. In a few cases, larger ar eas were ac ti vated, cov -
er ing a max i mum of 45% of the land slide sur face. In the pe riod
2011–2018, sig nif i cantly lower dis place ment val ues were ob -
served than im me di ately af ter the “land slide di sas ter”. The
max i mum up lift of the area was 5.5 m with de pres sions of 3 m.
Anal y ses of the DDM did not re veal the for ma tion of new land -

slides. Ac ti va tions oc curred within the old land slide forms. Only
in 5 cases was there a slight in crease in land slide area (Fig. 11).

Most of the ac ti vated land slides de vel oped in the thin-bed -
ded flysch for ma tions, and more than half of them are lo cated in
zones of tec tonic dis lo ca tion. A sig nif i cant num ber of the land -
slides oc curs in the area of Gródek nad Dunajcem, within the
out crops of the Hi ero glyphic 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 pro por tion of the
ac ti vated land slides is also lo cated within the out crops of the
lower Istebna Beds, rep re sented by thick-bed ded sand stones
and con glom er ates; how ever, in these land slides, only slight
dis place ments oc curred, usu ally in volv ing sur face loess-like
and weath ered de pos its.

In some cases, al though usu ally in land slides cov er ing
small ar eas, the ter rain was com pletely lev eled and the land -
slide re lief was oblit er ated, mak ing it im pos si ble to ef fi ciently
iden tify the land slide and to de lin eate its bound aries. Such com -
plete blur ring of the land slide re lief can be ob served on the DTM 
from the area of Bilsko (Fig. 12A) and R¹bkowo (Fig. 12B). In -
ac cu rate in ter pre ta tion of the DDM in these cases could lead to
er ro ne ous as sess ment of these land slides as ac tive.
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Fig. 10. Lo ca tion of land slides ac ti vated in the pe riod 2011–2018 against the back ground
of the geo log i cal map

Colour of lithological units as in Figure 2
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Fig. 11. DDM (2018–2013) of the land slide in £yczanka (the red dashed line in di cates the ex tent 
of the land slide in 2013)

Fig. 12. Dif fer en tial Dig i tal Ter rain Model of land slides in Bilsko (A) and R¹bkowa (B) re sult ing from anthropogenic blur ring
 of the land slide re lief in the pe riod 2013–2018



In the pe riod be tween 2011/2013 and 2018, 1,058,460 m3

of soil and rock were dis placed over an area of ~93 km2. As in
the pre vi ous years, the high est dis place ment rates were ob -
served within the thin-bed ded flysch, mainly of shale and sand -
stone (Ta ble 2). The Hi ero glyphic Beds were in the high est po -
si tion, within which the sur face de for ma tion, de spite the
eight-fold lon ger du ra tion, was less than half the amount seen
af ter the 2010 land slide di sas ter. The Ciê¿kowice Sand stones
is the much lower po si tion in the rank ing. The rea son for this
may be the lack of long-term rain fall to suf fi ciently load and re -
duce the sta bil ity of the slopes built of these de pos its. Dur ing
this pe riod, the Ciê¿kowice Sand stones, like other thick-bed ded 
for ma tions, were char ac ter ized by a much lower dis place ment
in dex.

LANDSLIDES ON DDM FROM 2018 TO 2019

The anal y ses showed dis place ments within 39 land slides
(Fig. 13), i.e. <4% of the forms that were cov ered by the flights.
These were usu ally small dis place ments, usu ally rang ing from
–0.6 to 0.6 m, and in cluded small parts of the land slide area
(from 1 to 10%; Fig. 14). In the pe riod 2018–2019, no new land -
slides were re corded. By con trast with the DTM anal y ses from

pre vi ous years, no sig nif i cant changes in the ex tent of pre vi -
ously ex ist ing land slides were ob served.

The dis tri bu tion of the ac ti vated land slides is ir reg u lar and
scat tered through out the study area (Fig. 13), but most of them
de vel oped within the thin-bed ded flysch: Hi ero glyphic Beds of
the Silesian and Magura Nappes, Inoceramus Beds of the
Magura Nappe, var ie gated shales of the Silesian Nappe and
up per or lower shales of the Istebna Beds of the Silesian
Nappe. Sev eral land slides be came ac tive on the sand stone
and shale out crops of the lower Istebna Beds. Twenty-five of
the ac ti vated land slides are lo cated in tec tonic dis lo ca tion
zones.

The dis place ment in dex for in di vid ual lithological units in the 
pe riod 2018–2019 is shown in Ta ble 3.

DDM anal y ses from 2010–2019 showed a to tal of 246 land -
slide ac ti va tions, of which 55 were ac ti vated at least twice
(Fig. 15). Dur ing this pe riod, 23 land slide forms were found in
the study area which de vel oped on slopes pre vi ously not af -
fected by mass move ments or cov ered such slopes as a re sult
of in creas ing their area (Fig. 15). New land slides were found
only af ter the 2010 “land slide ca tas tro phe”.

The re sults of the anal y sis of DDMs in the area of Ro¿nów
Lake in di cate that in the pe riod 2010–2019 most land slides were
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Rank ing Lithological unit Up lift vol ume
[m3]

De crease vol ume
[m3]

Sum of the vol umes of
sur face de for ma tions

[m3]

Dis place ment in dex
[m3/m2]

1 sand stones and shales – 
Hi ero glyphic Beds (S) 75,351 76,060 151,411 0.036

2 up per Istebna shales (S) 43,119 40,293 83,412 0.031

3 var ie gated shales (S) 9,070 8,448 17,518 0.026

4 shales, sand stones, cherts –
Menillite Beds (S) 10,530 9,139 19,669 0.025

5 sand stones and shales – 
Inoceramus Beds (M) 12,654 11,025 23,679 0.02

5 shales and sand stones – 
Hi ero glyphic Beds (M) 17,071 21,337 38,408 0.2

5 shales, marls, sand stones –
Zembrzyce Beds (M) 9,305 15,571 24,876 0.2

5 sand stones and shales – 
Krosno Beds (G) 17,600 17,066 34,666 0.2

9 Ciê¿kowice sand stones (S) 25,324 36,422 61,746 0.019

10 sand stones and shales – 
Godula Beds (S) 37,484 39,916 77,401 0.018

11 sand stones and con glom er ates –
Lower Istebna Beds (S) 104,869 176,581 281,450 0.015

12 lower Istebna shales – 
Up per Istebna Beds (S) 33,205 33,949 67,154 0.014

13 up per Istebna sand stones (S) 23,571 25,285 48,856 0.010

13 sand stones and shales – 
Cergowa Beds (Mi)

17,004
14,768 31,772 0.010

13 Cergowa sand stones (G) 515 546 1,061 0.010

16 shales, cherts, sand stones –
Grybów Beds (G) 557 506 1,063 0.005

17 Sand stones and shales – 
Krosno Beds (S) 14,398 12,608 27,006 0.004

17 var ie gated shales (M) 5,391 7,251 12,642 0.004

19 Magura sand stones (M) 22,909 12,980 35,889 0.003

20 shales – Cergowa Beds (Mi) 5,299 2,338 7,637 0.002

21 shales and sand stones – 
Krosno Beds (S) 1,884 2,690 4,574 <0.001

Ta ble sorted by the high est dis place ment rate; Mi – Michalczowa Nappe; other ex pla na tions as in Ta ble 1

T a  b l e  2

The vol ume of sur face de for ma tion for in di vid ual lithological units in 2011/2013–2018
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Fig 13. Lo ca tion of land slides with the larg est sur face changes as a re sult of mass
move ments in 2018–2019 shown on the geo log i cal map

Col our of lithological units as in Figure 2

Fig. 14. DDM of land slides where the larg est dis place ments were re corded in 2018–2019

A – land slide in K³odno; B – land slide in Zbyszyce
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Rank ing Lithological unit Up lift vol ume
[m3]

De crease vol ume
[m3]

Sum of the vol umes of
sur face de for ma tions

[m3]

Dis place ment in dex
[m3/m2]

1 sand stones and shales – 
Hi ero glyphic Beds (S) 26,764 34,940 61,704 0.015

2 sand stones and shales –
Inoceramus Beds (M) 5,616 21,857 27,473 0.014

3 up per Istebna shales (S) 16,614 17,960 34,574 0.013

3 shales, marls, sand stones –
Zembrzyce Beds (M) 4,420 15,587 20,008 0.013

5 var ie gated shales (S) 3,178 4,229 7,407 0.012

6 lower Istebna shales – 
Up per Istebna Beds (S) 16,384 15,774 32,158 0.01

6 sand stones and shales – 
Krosno Beds (G) 3,336 17,860 21,196 0.01

8 Ciê¿kowice sand stones (S) 15,747 20,796 36,543 0.009

8 shales, cherts, sand stones –
Grybów Beds (G) 99 1,743 1,842 0.009

10 shales – Cergowa Beds (Mi) 2,499 8,145 10,644 0.008

10 shales and sand stones – 
Hi ero glyphic Beds (M) 6,860 12,961 19,821 0.008

12 Cergowa sand stones (G) 364 354 718 0.007

13 sand stones and con glom er ates –
Lower Istebna Beds (S) 74,236 67,605 141,841 0.006

14 up per Istebna sand stones (S) 7,359 8,709 16,068 0.005

14 sand stones and shales – 
Cergowa Beds (Mi) 6,041 10,597 16,639 0.005

16 sand stones and shales – 
Krosno Beds (S) 5,990 14,745 20,735 0.003

16 shales and sand stones – 
Krosno Beds (S) 551 2,327 2,879 0.003

16 var ie gated shales (M) 2,288 8,684 10,972 0.003

19 Magura sand stones (M) 5,781 13,066 18,847 0.002

20 shales, sand stones, cherts –
Menillite Beds (S) 2,358 3,291 5,649 0.001

21 sand stones and shales – 
Godula Beds (S) 11,707 9,421 22,86 <0.001

Ta ble sorted by the high est dis place ment rate; ex pla na tions as in Ta bles 1 and 2

T a  b l e  3

The vol ume of sur face de for ma tion for in di vid ual lithological units in 2018–2019

2010–2011/2013 2011/2013–2018 2018–2019

The num ber of land slides for which the DDM was made 256 1006 1006

Pro por tion of land slides within which ac ti va tion was
found 62.6% 12.7% 4.1%

Pro por tion of land slides that wid ened the bor ders 5.5% 0.5% 0%

Pro por tion of newly formed land slides 1.6% 0% 0%

Pro por tion of ac ti vated land slides lo cated in tec tonic
zones in re la tion to ac ti vated land slides (in re la tion to
all land slides)

65%

(40.6%)

70.3%

(8.9%)

73.8%

(3.1%)

Sed i men tary li thol ogy, where the ac ti va tion of land -
slides was the most fre quent

thin-bed ded flysch 
(61% land slides)

thin-bed ded flysch
(58% land slides)

thin-bed ded flysch
(55% land slides)

Li thol ogy of the de pos its with the great est dis place ment 
and/or ex pan sion of bound aries thick-bed ded sand stones thin-bed ded flysch

thin-bed ded flysch

To tal vol ume of sur face de for ma tion within land slides
903,811 m3

(for the area ~25 km2)

1,058,460 m3

(for the area ~93 km2)

510,004 m3

(for the area ~93 km2)

Lithological units with the high est dis place ment in dex Hi ero glyphic Beds of the
Silesian Nappe

Hi ero glyphic Beds of
the Silesian Nappe

Hi ero glyphic Beds of
the Silesian Nappe

T a  b l e  4

De vel op ment of land slides in the area of Ro¿nów Lake in 2010–2019



ac ti vated on slopes un der lain by thin-bed ded flysch de pos its:
sand stone-shale or shale-sand stone, which cover less than 25% 
of the study area. Re gard less of the pe riod, the most re ju ve nated 
forms were re corded within the thin-bed ded sand stones and
shales of the Hi ero glyphic Beds of the Silesian Nappe oc cur ring
in the area of Znamirowice, Gródek nad Dunajcem and
Przydonica. Anal y sis of the re peat abil ity of events also led to
sim i lar con clu sions. Some 55 land slides, in the pe riod
2010–2019, were ac ti vated at least twice. In 48 cases, mass
move ments de vel oped within the thin-bed ded for ma tions, with
the great est num ber in the re gion noted above.

Most of the land slides in which the larg est sur face dis place -
ments oc curred are lo cated in zones of tec tonic dis lo ca tions. In
ad di tion, there is an in crease in the pro por tion of land slides ac ti -
vated in dis lo ca tion zones in less rainy pe ri ods (Ta ble 4). The
great ma jor ity of land slides, within which in the pe riod

2010–2019 there were at least two ac ti va tions, de vel oped in
zones where there are tec tonic dis tur bances (faults,
overthusts). Many of them are lo cated in the area of the
Przydonica overthrust and the overthrusting of the Magura
Nappe onto the Silesian and Grybów nappes.

SUSCEPTIBILITY OF SLOPES TO LANDSLIDES

The anal y ses were based on pre pared the matic lay ers tak -
ing into ac count the fol low ing fac tors: li thol ogy, dis tance from
the main tec tonic dis lo ca tions (faults, overthrusts), land use,
slope in cli na tion, slope ex po sure, ab so lute height, dis tance
from wa ter courses and the pres ence of lithological bound aries.
The flat Dunajec val ley and Ro¿nów Lake were ex cluded from
the cal cu la tions. Sta tis ti cal rea sons for the ac ti va tion of land -
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Fig. 15. Ac tiv ity of land slides in the study area de ter mined on the ba sis of DDM anal y ses



slides were cal cu lated us ing only the ar eas of land slides that
were con sid ered ac tive on the ba sis of DDMs in the pe riod
2010–2019.

The re sults of sta tis ti cal cal cu la tions clearly in di cated that
among the pas sive fac tors, li thol ogy had the great est im pact on
the ac ti va tion of land slides in the last de cade (Fig. 16 and Ta -
ble 3). High val ues, reach ing or ex ceed ing 2, were ob tained for
the Hi ero glyphic Beds of the Silesian Nappe, the Inoceramus
Beds of the Magura Nappe, the Cergowa Beds of the Grybów
Nappe and the Menilite Beds of the Silesian Nappe. These re -
sults are con sis tent with pre vi ous anal y ses, which in di cated a
large pro por tion of the these lithological units in the ac ti va tion of
land slides. The Hi ero glyphic, Inoceramus and Menilite Beds
were also char ac ter ized by high dis place ment in di ces cal cu -
lated on the ba sis of DDMs (Ta bles 1–3). A high weight with val -
ues >1 was also ob tained for the Krosno Beds of the Grybów
Nappe, the Ciê¿kowice sandstones of the Silesian Nappe and
the Cergowa shales of the Michalczowa Nappe (Ta ble 5). Ac -
cord ing to cal cu la tions, slopes un der lain by the Magura sand -
stones are the least sus cep ti ble to ac ti va tion.

An other very im por tant fac tor is the the pres ence of
lithological bound aries (Ta ble 5). This is seen in Fig ure 16,
where the lithological con tacts with the 100-metre-buffer used
for the most part show dark-red and brown colours, and the re -
main ing ar eas dis play neg a tive val ues. High weight ing val ues
were cal cu lated for the lithological con tacts of the Silesian
Nappe lo cated in the belt be tween Znamirowice, Gródek nad
Dunajcem and Przydonica. The lithological bound ary of the var -
ie gated shale and the Ciê¿kowice sand stones is char ac ter ized
by the high est value (Ta ble 5). This con tact pro motes the de vel -
op ment of mass move ments due to dif fer ences in the per me -
abil ity of the strata and the thick ness of the sand stones, which
when sat u rated, ef fec tively add weight to the lower shales.
Some lithological con tacts have a neg li gi ble ef fect on the ac ti -
va tion of land slides, and ac cord ing to the sta tis tics, some of
them even hin der their de vel op ment. The low est cal cu lated
weight ing is char ac ter is tic of the bound ary be tween the Lower
Istebna Beds and the Up per Istebna Beds (Ta ble 5).

The val ues cal cu lated in di cate a sig nif i cant in flu ence of land 
use on the de vel op ment of land slides. The high est value of 0.99 
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Fig. 16. Com par i son of pos i tive weight ing val ues for in di vid ual pas sive fac tors

The pas sive fac tors are ranked from the least to the most im por tant
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FACTOR CLASS WEIGHT

LITHOLOGY Hi ero glyphic Beds (S) 2.23520

LITHOLOGY Inoceramus Beds (M) 2.11535

LITHOLOGY Cergowa sand stones (G) 2.06128

LITHOLOGY sand stones – Menillite Beds (S) 1.99866

BOUNDARIES OF LU var ie gated shales – Ciê¿kowice sand stones (S) 1.92758

BOUNDARIES OF LU Hi ero glyphic Beds – Menillite Beds (S) 1.91007

BOUNDARIES OF LU Hi ero glyphic Beds – Ciê¿kowice sandstones (S) 1.90648

BOUNDARIES OF LU var ie gated shales – Hi ero glyphic Beds (S) 1.87511

BOUNDARIES OF LU up per Istebna shales – var ie gated shales (S) 1.50985

LITHOLOGY shales – Menilite Beds (S) 1.48414

BOUNDARIES OF LU Krosno Beds – Cergowa sand stones (G) 1.40041

LITHOLOGY Krosno Beds (G) 1.24202

BOUNDARIES OF LU shales (Menilite Beds) – sand stones and shales (Krosno Beds)
(S) 1.07244

BOUNDARIES OF LU shales (Cergowa Beds) – sand stones (Cergowa Beds) (Mi) 1.05763

LITHOLOGY Ciê¿kowice sand stones (S) 1.02385

LITHOLOGY shales (Cergowa Beds) (Mi) 1.02354

LANDUSE shrub veg e ta tion 0.99282

BOUNDARIES OF LU up per Istebna sand stones – up per Istebna shales (S) 0.96212

LITHOLOGY up per Istebna shales (S) 0.89469

BOUNDARIES OF LU Inoceramus Beds – var ie gated shales (M) 0.88569

BOUNDARIES OF LU var ie gated 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 – Grybów Beds (G) 0.49832

EXPOSURE E 0.33028

LITHOLOGY Hi ero glyphic Beds (M) 0.31607

LANDUSE build ing 0.31516

ALTITUDE 300–400 m a.s.l. 0.31401

BOUNDARIES OF LU Magura sand stones – Hi ero glyphic 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 Hi ero glyphic Beds – var ie gated shales (M) 0.17677

DISTANCE FROM WATERCOURSES <100 m 0.16629

EXPOSURE N 0.14703

LITHOLOGY var ie gated shales (M) 0.11239

SLOPE 15–18° 0.08363

EXPOSURE SE 0.02378

LANDUSE for ests 0.02249

EXPOSURE NW 0.01366

SLOPE 6–9° 0.01065

BOUNDARIES OF LU sand stones (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 mead ows and ar a ble fields –0.04309 

DISTANCE FROM WATERCOURSES 100–200 m –0.08300 

T a  b l e  5

Rank ing of the in flu ence of par tic u lar classes of pas sive fac tors on the ac ti va tion of land slides in the area of Ro¿nów Lake



was ob tained for ar eas cov ered with shrub veg e ta tion, fol lowed
by built-up ar eas with a value of 0.32 (Ta ble 5). De spite these
re sults, land cover seemed not to have been sig nif i cant to the
ac ti va tion of land slides in the pe riod 2010–2019. It is true that
lower val ues for for ested ar eas can be as so ci ated with re duced
in fil tra tion of wa ter into the rock mass and a lower pres sure of
pore wa ters, but this is im por tant only in ar eas of shal low land -
slides where the slip sur face does not ex ceed 3 me tres. More
fre quent land slide move ments in places where shrubs oc cur
are prob a bly re lated to the oc cur rence of old, pre vi ously ac ti -
vated land slides, which re sulted in e.g. aban don ment of ag ri cul -
tural ac tiv ity and no fur ther de vel op ment of the area. In this

case, the oc cur rence of shrub bery is the re sult of the ac ti va tion
of the land slide, and not the other way around. The oc cur rence
of build ings may be as so ci ated with the load ing of slopes and
with un reg u lated wa ter man age ment; how ever, the high value
of the weight ing for built-up ar eas may be as so ci ated with the
ac ti va tion of parts of large land slides within which there are
build ings. An ad di tional im pact may be rep re sented by the high
pop u la tion of the area of Znamirowice, Gródek nad Dunajcem
and Przydonica, where there are many other land slide fac tors,
in clud ing fa vour able li thol ogy or tec ton ics.

A much more im por tant fac tor seems to be tec ton ics, the in -
flu ence of which on the de vel op ment of land slides in the
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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 sand stones (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 (Up per Istebna Beds) (S) –0.26251

BOUNDARIES OF LU over 100 m from the bound aries of lithological units –0.27711

LAND USE un clas si fied –0.33175

SLOPE 3–6° –0.34723

LAND USE crops –0.62120

EXPOSURE NE –0.63675

BOUNDARIES OF LU lower Istebna shales (Up per Istebna Beds) – up per Istebna sand -
stones (S) –0.70233

LITHOLOGY lower Istebna shales (Up per Istebna Beds) (S) –0.94836

LITHOLOGY Cergowa sand stones (Mi) –0.95568

LITHOLOGY Lower Istebna Beds (S) –0.95616

LITHOLOGY sand stones and shales – Krosno Beds (S) –0.95870

LITHOLOGY Godula Beds (S) –1.00956

ALTITUDE 400–500 m a.s.l. –1.04583

LITHOLOGY up per Istebna sand stones (S) –1.05942

DISTANCE FROM THE TECTONIC DISLOCATIONS >500 m –1.11776

LITHOLOGY Grybów Beds (G) –1.13649

ALTITUDE 500–600 m a.s.l. –1.16320

DISTANCE FROM WATERCOURSES 500–600 m –1.59229

LITHOLOGY Magura sand stones (M) –2.15572

BOUNDARIES OF LU Godula Beds – Lower Istebna Beds (S) –2.36835

BOUNDARIES OF LU Up per Istebna Beds – var ie gated shales (S) –3.29839

BOUNDARIES OF LU up per Istebna sand stones – Hi ero glyphic Beds (S) –3.85746

BOUNDARIES OF LU up per Istebna shales – Ciê¿kowice sand stones (S) –3.90161

BOUNDARIES OF LU lower Istebna shales – Ciê¿kowice sand stones (S) –4.41066

DISTANCE FROM WATERCOURSES >600 m –4.80896

BOUNDARIES OF LU up per Istebna sand stones – Ciê¿kowice sand stones (S) –5.44666

BOUNDARIES OF LU Lower Istebna Beds – Up per Istebna Beds (S) –5.53058

ALTITUDE >700 m a.s.l. –7.16917

ALTITUDE 600–700 m a.s.l. –8.37938

LU – lithological unit; ex pla na tions as in Ta bles 1 and 2

Tabl. 5 cont.



Ro¿nów Lake re gion was em pha sized ear lier. The weight ing
val ues de crease with in creas ing dis tance from faults and
overthrusts. The most im por tant in flu ence is the di rect vi cin ity
(up to 100 m) of the main tec tonic dis lo ca tions, where the
weight ing is 0.56. The im por tance of this fac tor is em pha sized
by ar eas more dis tant than 200 m from the tec tonic dis lo ca tions
hav ing neg a tive weightings (Ta ble 5), which is clearly seen in
Fig ure 16.

Al ti tude is an other fac tor. The high est val ues were ob tained
for al ti tudes in the range of 300–400 m a.s.l. and be low 300 m
a.s.l., be ing re spec tively 0.31 and 0.2. For ar eas lo cated above
400 m a.s.l. there are neg a tive val ues. This fac tor is largely cor re -
lated with li thol ogy. The high est peaks are made of rocks more
re sis tant to mass move ments, e.g. the thick-bed ded Magura
sand stones, for which a neg a tive value was also cal cu lated.

Slope ex po sure turned out to be a less im por tant fac tor. In
this case, the high est val ues were ob tained for the slopes de -
scend ing to the W and SW s (Fig. 16 and Ta ble 5). This re flects
the greater amount of rain fall on the south-west ern slopes as so -
ci ated with the dom i nance of the west ern and southwest ern
winds.

Small weight ing val ues were ob tained for the slope fac tor
(Fig. 16 and Ta ble 5). The high est of these, of 0.24, is char ac -
ter ized by slopes in the range of 12–15°. Pos i tive weightings
were ob tained for slopes in the range of 6–8°. The steeper and
gen tler slopes showed neg a tive val ues. A smaller im pact on the 
de vel op ment of land slides on steep slopes is as so ci ated with
the rapid run off of rain wa ter, and thus slower in fil tra tion of wa ter
into the rock mass.

The least im por tant fac tor in ac ti vat ing land slides turned out 
to be dis tances from wa ter courses (Fig. 16 and Ta ble 5). Pos i -
tive weightings were ob tained only for the ranges of 400-500 m
and <100 m from sur face wa ters. It should be noted here that
the study does not take into ac count land slides with an area of
<0.03 ha, usu ally ac ti vated di rectly on stream slopes. Ad di tion -
ally, the en tire ar eas of ac ti vated land slide were used for the
cal cu la tions, even if only their lower part was ac ti vated.

On the ba sis of in di vid ual val ues of pas sive fac tors, the
land slide sus cep ti bil ity was cal cu lated (Fig. 17). In or der to elim -
i nate the in ter de pen dent fac tors, a cor re la tion ma trix for all pas -
sive fac tors was pre pared. Based on the data ob tained, the ab -
so lute height fac tor was ex cluded, the value of which was the
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Fig. 17. Map of land slide sus cep ti bil ity in the Ro¿nów Lake re gion



high est cor re la tion with the li thol ogy fac tor and was 0.34. The
re sults in di cate the high est prob a bil ity of new move ments in the
area of Znamirowice, Gródek nad Dunajcem, Przydonica,
Zbyszyce, £yczanka, K³odne, and the ar eas NE of
Roztoka-Brzeziny. The re sult ing map (Fig. 17) shows the re -
gions most en dan gered by new ac ti va tions, but it can not be
read un crit i cally, as the set of ac ti vated land slides used for vul -
ner a bil ity cal cu la tions ac counts for <20% of all land slides and
may not give a full pic ture of the prob a bil ity of fu ture move -
ments. Ar eas of old land slides, should be treated as places with 
at least an av er age de gree of sus cep ti bil ity to the oc cur rence of
fu ture move ments. The lithological bound aries in the north ern
part of the re search area can not be con sid ered, e.g. be tween
the Godula and Istebna Beds, or the bound ary be tween the
Lower Istebna Beds and the Up per Istebna Beds, as ar eas with
the low est sus cep ti bil ity to land slides, be cause the ex is tence of
this bound ary prob a bly does not re duce the like li hood of land -
slides be ing trig gered rel a tive to the neigh bor ing area.

The map of land slide sus cep ti bil ity was com pared with the
re sults of anal y ses from the lat est flight, car ried out in 2020.
These data were not used to cal cu late the sus cep ti bil ity map.
Based on these data, it was found that 9 land slides were ac ti -
vated in the pe riod 2019–2020. Seven of these were ac ti vated
in places of high sus cep ti bil ity (Fig. 17).

DISCUSSION

This study is the first in Po land to use Dif fer en tial Dig i tal Ter -
rain Model an a lyses to de ter mine the causes of land slide de vel -
op ment across an ex ten sive study area. A com mon prob lem in
de ter min ing the causes of land slides is con sid er ing all land -
slides, even in ac tive ones. It is pos si ble that some of these will
not be re ac ti vated in the ab sence of cat a strophic events such
as earth quakes or dras tic cli mate changes. In some stud ies of
small ar eas of the Carpathians only ac tive land slides were
taken into con sid er ation (e.g., Kamiñski, 2007; Mrozek, 2013),
or land slide data was ob tained in the field or the Pol ish SOPO
da ta base on land slides was used (e.g., Wojciechowski, 2019).
These anal y ses show that field as sess ment of land slide ac tiv ity
is of ten sub jec tive, es pe cially when land slide ac ti va tion oc -
curred sev eral years be fore the field work (Wódka, 2020). Dif fer -
en tial ter rain mod els made it pos si ble to fo cus only on land -
slides that were clearly ac ti vated in the last de cade. Thus, it is
pos si ble to de ter mine the causes of the pres ent-day de vel op -
ment of land slides, and so the threat as so ci ated with the cur rent 
cli ma tic con di tions.

The “land slide ca tas tro phe” that took place in 2010 would
lead to the ac ti va tion of about 790 land slides in the Ro¿nów
Lake re gion. In later years, there was a clear de crease in land -
slide ac tiv ity, re flected in both the num ber of ac ti vated forms
and the vol ume of sur face de for ma tion re sult ing from mass
move ments (Ta ble 4).

An a lyses of DDMs showed that dur ing or im me di ately af ter
the 2010 “land slide ca tas tro phe”, the ar eas cov ered by some
land slides in creased and new land slide forms were cre ated
(Ta ble 4). In most cases, this took place within sand stone out -
crops, in clud ing that of the thick-bed ded Ciê¿kowice
sandstones. The sig nif i cance of land slides in volv ing the
Ciê¿kowice sandstones in very rainy pe ri ods was con sis tent
with cal cu la tions of the lithological dis place ment in dex. In the
pe riod 2010–2013, this for ma tion had one of the high est av er -
age de for ma tion vol umes per m2.

The de vel op ment of land slides in these thick-bed ded sand -
stones was caused by long-term rain fall that took place from the 
be gin ning of May to June 4, 2010. The high est amounts of rain -

fall were re corded be tween May 15 and June 4, 2010. Ac cord -
ing to In sti tute of Me te o rol ogy and Wa ter Man age ment data
from the near est mea sure ment sta tion in Limanowa, 381 mm of 
rain fell then, and at the be gin ning of June, rain fall was in tense,
with a to tal of 147 mm in the last six days. These val ues are
slightly lower than those re ported by Gil (1997) who re ported,
on slopes with a pre dom i nance of sand stones, mass move -
ments with rain fall of 400–550 mm oc cur ring in 20–40 days, the
sum in the last 6 days ex ceed ing 250 mm.

Thirty-five days of rain fall (with two days break) with a to tal
of 469 mm were needed to start sev eral hun dred deep land -
slides, both in shale and sand stones, in the area of Ro¿nów
Lake. This is in line with the ob ser va tions made by Starkel
(1996) who sug gested that deep land slides are trig gered only
af ter pro longed rain falls of 100–500 mm a month.

Be tween 2011 and 2019 in crease in land slide area or new
land slide for ma tion was rare (Ta ble 4), with changes in the ex -
tent of land slides re corded on dif fer en tial ter rain mod els be ing
de vel oped thin-bed ded flysch, mainly in sand stones and shales 
of the Hi ero glyphic Beds.

The anal y ses show that only cat a strophic pre cip i ta tion is ca -
pa ble of trig ger ing land slides within the lo cal thick-bed ded
sand stones, but it is within these for ma tions that the great est
de for ma tion of the ter rain and land slide size in crease oc cur.
The land slide sus cep ti bil ity is there fore largely de pend ent on
the cli ma tic con di tions. Slopes made of thick-bed ded sand -
stones are gen er ally less sus cep ti ble to land slides. How ever, in
the case of cat a strophic events (in tense and pro longed rain fall,
floods), they may turn out to be more sus cep ti ble to mass
move ments than slopes made of thin-bed ded flysch.

This re search clearly in di cates that an im por tant role in the
de vel op ment of land slides is played by the geo log i cal set ting (li -
thol ogy, faults, overthrusts) while other fac tors such as slope
and ex po sure are of sec ond ary im por tance. The sta tis ti cal cal -
cu la tions also in di cated that the pres ence of lithological con -
tacts is an im por tant fac tor. Un til now, this fac tor was rarely
taken into ac count in land slide sus cep ti bil ity, though the re la -
tion ship be tween the de vel op ment of land slides and the pres -
ence of lithological con tacts in the Pol ish Carpathians was pre -
vi ously no ticed by Kotarba (1986), Wójcik (1997) and D³ugosz
(2011).

Al though stud ies in some parts of the world in di cate that ge -
ol ogy does not play a large role in cal cu la tions of land slide sus -
cep ti bil ity (i.a., Jebur et al., 2014), this fac tor should not be ig -
nored in such cal cu la tions, es pe cially when they con cern the
Carpathian re gion, it dom i nates com plex rock slides.

CONCLUSIONS

1. The most land slide-sus cep ti ble ar eas around the
Ro¿nów Dam-Lake are the Hi ero glyphic Beds of the Silesian
Nappe, the Inoceramus Beds of the Magura Nappe, and the ar -
eas where var ie gated shale co mes into con tact with the
Ciê¿kowice sandstones or Hi ero glyphic Beds. The de vel op -
ment of land slides can also be ex pected in the area of the
Przydonica overthrust and the overthrusting of the Magura
Nappe onto the Silesian and Grybów nappes.

2. The con di tions for the de vel op ment of land slides dif fer
de pend ing on the amount of pre cip i ta tion. In less rainy pe ri ods,
thin-bed ded strata are of sig nif i cant im por tance. In the event of
cat a strophic pre cip i ta tion (~380 mm in 20 days), slopes com -
posed of thick-bed ded de pos its, es pe cially the Ciê¿kowice
sandstones, may turn out to be more sus cep ti ble.

3. Sta tis ti cal an a lyses of the re search area showed that the
most sus cep ti ble ar eas to the ac ti va tion of land slides are the
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south ern and south-east ern parts of the study area in Gródek
nad Dunajcem re gion.

4. A DDM from ALS data al lows for ob jec tive de ter mi na tion
of undisputedly ac tive zones, which fa cil i tates the anal y sis of
the causes of the con tem po rary re ac ti va tion of land slides.

5. A DDM cal cu lated from ALS data is a use ful tool for track -
ing changes in land slide dy nam ics. De spite the ac cu racy lim ited 
by an er ror of 25-30 cm, when cor rectly an a lysed, it al lows iden -
ti fi ca tion of the main trends in the de vel op ment of land slides
across large ar eas.

6. Per form ing re peated ALS flights with an av er age den sity
of ~7 points/m2 makes it pos si ble to track the ac tiv ity of land -

slides across large ar eas. The use of ALS data for sta tis ti cal
cal cu la tions gives a more com plete pic ture of the con tem po rary 
land slide risk.
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