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A high vari abil ity of land slide den sity and dis tri bu tion was ob served in the west ern part of the S³onne Góry (Sanok re gion,
East ern Carpathians, SE Po land). A sta tis ti cal method, the bivariate Fre quency Ra tio Model (FRM), was used to show the
rea sons for this vari abil ity and to com pile a map of land slide sus cep ti bil ity for the study area. The land slide sus cep ti bil ity map 
was cal cu lated us ing an in ven tory of pre vi ous land slides and us ing buffer zones mapped around the up per parts of land -
slides. The poly gons of land slides rep re sented dis turbed fea tures and slope prop er ties. In con trast, buffer zones rep re -
sented un dis turbed slope fea tures and prop er ties. Both meth ods gave sim i lar re sults. Two land slide sus cep ti bil ity maps
were ob tained with the fol low ing Area Un der the Curve (AUC) val ues: 0.7936 for land slides and 0.7971 for buffer zones. This
in di cates a suf fi ciently good fit of the com pu ta tional mod els for pre dict ing new land slides. Un for tu nately, the use of buffer
zones in the cal cu la tions, which rep re sent un dis turbed slope prop er ties, did not im prove the pre dic tive val ues of the sus cep -
ti bil ity maps. Sig nif i cant dif fer ences were shown as re gards slope an gle. The im por tance of this pa ram e ter (slope an gle) for
the Pol ish part of the Carpathians was better en hanced by the use of buffer zones in the land slide sus cep ti bil ity cal cu la tions.

Key words: con di tion ing pa ram e ters, land slides, buffer zones, land slide sus cep ti bil ity map, Fre quency Ra tio Model, East ern
Carpathians. 

INTRODUCTION

It is con sid ered that the de vel op ment of land slides is in flu -
enced by the in ter ac tion of both pas sive and ac tive geo log i cal
and en vi ron men tal fac tors (e.g., Bober, 1979, 1984; Dikau et
al., 1996; Wójcik and Zimnal, 1996; Wójcik, 1997; Zabuski et
al., 1999; Ziêtara, 2006). The lit er a ture shows a dy namic de vel -
op ment of var i ous meth ods for cal cu lat ing land slide sus cep ti bil -
ity, haz ard, and risk, as well as a world wide in crease in in ter est
in this area. Sci en tists use maps, rep re sent ing dif fer ent prop er -
ties and pa ram e ters of the slope on which land slides de velop,
for cal cu la tions, with pri mary re li ance on land slide dis tri bu tion
maps (Car ra ra et al., 1991; Van Westen, 1993; Guzzetti et al.,
1999; Mrozek et al., 2004; D³ugosz, 2011; Eeckhaut et al.,
2012; Pradhan and Buchroithner, 2012; Pardeshi et al., 2013;
Ma³ka, 2015, 2021; Wojciechowski, 2019; Chen et al., 2020; Ou 
et al., 2021; Kamieniarz, 2022). Landsliding is a geo log i cal phe -
nom e non that, within its bound aries, causes changes to the
orig i nal shape and prop er ties of the slope. This study uses the
con cept of the buffer zone, un der stood as a part of slope above
the land slide with pa ram e ters un dis turbed by mass move ment

(Süzen and Doyuran, 2004). This area rep re sents the real (orig -
i nal) con di tions of land slide de vel op ment, and here  I have
mapped and ana lysed the buffer zones around the up per parts
of the land slides stud ied. The idea of mark ing buffer zones had
been con sid ered sev eral times, es pe cially in Tur key. This ap -
proach was ini ti ated and pop u lar ized by Süzen and Doyuran
(2004) un der the name “seed cells” the ory (seed cell sam pling
strat egy) (Yesilnacar and Topal, 2005; Yilmaz, 2007;
Dagdelenler et al., 2016; Sahana and Sajjad, 2017; Zhang et
al., 2020). To date, this meth od ol ogy has not been im ple -
mented in Po land.

The aim of the study was to com pare two com pu ta tional
mod els/meth ods for de ter min ing land slide sus cep ti bil ity in the
west ern part of the S³onne Góry (S³onne Moun tains) and sur -
round ing area lo cated in the East ern Carpathians, SE Po land.
Cal cu la tions were per formed us ing pa ram e ters taken from
land slide poly gons and buffer zones de lin eated around land -
slides. The method us ing land slide poly gons is the most com -
monly used ap proach for as sess ing land slide sus cep ti bil ity,
haz ard and risk, al though poly gons in ter sect with lay ers that
rep re sent en vi ron men tal fac tors show ing al ready-dis turbed
slope prop er ties. This study com pares these two com pu ta tional 
meth ods and pro duces two in dex-based land slide sus cep ti bil ity
maps for the west ern part of the S³onne Góry, to iden tify the
more ef fec tive com pu ta tional vari ant, and to eval u ate the im -
por tance of the des ig nated buffer zones used in the cal cu la -
tions.
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The re search hy poth e sis is that the buffer zone method will
pro vide more ac cu rate sus cep ti bil ity maps. 

So far in Po land, mainly bivariate and multivariate sta tis ti cal
meth ods us ing land slides have been used to cal cu late land -
slide sus cep ti bil ity, haz ard and risk. The most pop u lar of these
in cluded the In dex Method (Kamiñski, 2007; Wojciechowski,
2009; D³ugosz, 2011; Œwi¹tek et al., 2014; Ma³ka, 2015, 2021)
and the Weight of Ev i dence Method (Mrozek et al., 2004;
Kamiñski, 2012; Mrozek, 2013; Wojciechowski, 2019; Wódka
2022a, b). More re cently, the Fre quency Ra tio method has
been ap plied by Grabowski et al. (2022) for the cal cu la tion of
land slide sus cep ti bil ity on the slopes of the lower Wis³a Val ley.
Among multivariate sta tis ti cal meth ods, the lo gis tic re gres sion
method (Ma³ka, 2021) and the em pir i cal like li hood ra tio func tion 
(ELR/LR) have also been in tro duced (Mrozek, 2013; Mrozek et
al., 2016). Pi o neer ing work was done by Kamieniarz (2022)
who ap plied the AI method in or der to cal cu late sus cep ti bil ity
and land slide haz ards for the city of Kraków.

The use of buffer zones for cal cu lat ing land slide sus cep ti bil -
ity, haz ard, and risk is less pop u lar. The fol low ing ap proach,
known as the Seed Cell The ory (or Seed Cell Sam pling Strat -
egy), was in tro duced when Süzan and Doyuran (2004) de ter -
mined a 100-metre buffer around the main scarp and lat eral
scarps of a land slide. Pa ram e ters within the buffer zone were
then used to com pute sus cep ti bil ity maps and val i date com pu -
ta tional mod els. Sim i larly, Yesilnacar and Topal (2005) de ter -
mined a 100-metre buffer around the main scarp and lat eral
scarps of land slides. Six dif fer ent train ing data sets were cre -
ated by us ing the to tal num ber of buffer pix els and ran domly se -
lected pix els from land slide-free ar eas. These datasets were
sub se quently used for train ing and val i dat ing land slide sus cep -
ti bil ity mod els which were built by the use of lo gis tic re gres sion
meth ods. A dif fer ent ap proach was used by Yilmaz (2007) who
de ter mined buffer zones with a width of 50 m, but di vided them
into 3 sub sets. The data sets were cre ated by us ing the seed
cells of a main scarp (crowns) and a lat eral scarp (flanks): only
main scarp, and only lat eral scarp. Each sub set was used to
gen er ate land slide sus cep ti bil ity maps us ing bivariate sta tis ti cal 
meth ods, with the best re sults achieved us ing buff ers above the 
main scarp. The meth od ol ogy of us ing buffer zones in land slide
sus cep ti bil ity map ping was sig nif i cantly mod i fied by Dagde -
lenler et al. (2016) who de ter mined buff ers of 25, 50, 75 and
100 m around the up per parts of the land slides (ap prox i mately
two-thirds of the land slide length). Us ing multivariate sta tis ti cal
meth ods (lo gis tic re gres sion), they cal cu lated sep a rate sus cep -
ti bil ity maps for each buffer width, show ing that the best re sults
were ob tained with a buffer width of 50 m.

More over, there is an ap proach where buffer zones are
used in the fi nal stages of the work to val i date the sus cep ti bil ity
maps. Che et al. (2012) used a buffer width of 25 m. Al ter na -
tively, Yilmaz (2007) and Zhang et al. (2020) used the seed cell
area in dex (SCAI) to val i date the sus cep ti bil ity maps which
were cal cu lated by the use of the pix els within buffer zones 50
and 20 m wide, re spec tively. 

LOCATION OF THE STUDY AREA

The study area is lo cated in south east ern Po land, in the
East ern Carpathians. It cov ers a to tal area of 55.38 km2. 

The pre dom i nant, cen tral and east ern, parts of the study
area be long to S³onne Góry. The smaller, north ern part of the
study area be longs to Garby Grabownickie (Grabownickie
Hills), while the south west ern edges of the area be long to
Obni¿enie Sanockie (Sanok De pres sion; Fig. 1).

The main ridge lines fol low the di rec tion of the geo log i cal
struc tures in the flysch bed rock, which are ori ented NW–SE.
The study area in cludes the San River gorge through the west -
ern part of the S³onne Góry. To the west of the San River gorge,
the slopes are gen er ally straight with a gen tle slope of ~3–15°
and an el e va tion rang ing from 330 to 525 m a.s.l. To the east of
the San River gorge, how ever, there are two ridges with dis tinct
geomorphological fea tures in flu enced by the geo log i cal struc -
ture. The ridge ex tend ing north of the Chochlañski Stream (Fig.
1) has the char ac ter of a long, broad ridge with rounded, domed
peaks reach ing heights of 530 to 617 m a.s.l. The ridge south of
the Chochlañski Stream (Fig. 1), on the other hand, is char ac -
ter ized by a com plex ridge line, sig nif i cantly re shaped by nu -
mer ous in cised val leys. The ridges are gen er ally nar row with
con i cal peaks and el e va tions rang ing from ~440 to 520 m a.s.l.

GEOLOGY OF THE STUDY AREA

The geo log i cal struc ture of the study area is de picted on the
geo log i cal map (Fig. 2) and the lithostratigraphic pro file (Fig. 3),
which have been com piled based on two sheets of the De tailed
Geo log i cal Map of Po land (DGMP) at a scale of 1:50,000,
Sanok (1041) (Malata and Zimnal, 2013, 2014) and Tyrawa
Wo³oska (1042) (Malata and R¹czkowski, 1996; Malata et al.,
2016). Three main struc tural el e ments can be dis tin guished in
the study area (Œwidziñski, 1953; Ksi¹¿kiewicz, 1972): the
Silesian Nappe thrust over the Skole Nappe, and lo cally be -
tween them, the Sub-Silesian Nappe. Thus, the area ex poses
flysch for ma tions char ac ter is tic of the Skole, Silesian, and Sub-
 Silesian units (Fig. 2). The de pos its of the Silesian and Sub -
-Silesian units have been col lec tively de scribed as the
Silesian- Subsilesian units on ac count of com mon sub di vi sions,
strong pro file sim i lar ity, and in ter lock ing de pos its of both units in 
the study area. These are suc ces sions of sand stones, con -
glom er ates, mudstones and shales of vary ing bed thick nesses,
rang ing in age from the Lower Cre ta ceous to the Lower Mio -
cene. The flysch is lo cally over lain by Qua ter nary de pos its,
com pris ing clays, silts, sands, and grav els.

The ex tent of the main and sec ond ary/mi nor overthrust
zones, fold axes, and strati graphic layer out crops in this
Carpathian re gion have a NW–SE ori en ta tion (Fig. 2). Faults in
the study area pre dom i nantly trend NNE–SSW, less com monly
NE–SW and are char ac ter ized by nor mal-slip and strike-slip
dis place ments. These faults dis place fold axes, overthrusts and 
strati graphic unit out crops. The larg est fault zone is lo cated be -
tween Sanok Bia³a Góra and Miêdzybrodzie I³owate (Fig. 2),
where the tec tonic style of the study area changes.

CHARACTERISTICS OF LANDSLIDES
IN THE S£ONNE GÓRY AND SURROUNDING AREA

Dur ing the geo log i cal field work in the study area, 321 land -
slides with a to tal area of 5.21 km2 were doc u mented. The
small est of these has an area of 0.025 ha and the larg est one of
26.11 ha. Land slides are not equally dis trib uted in the study
area. A higher den sity of land slides is ob served in its cen tral
part, west of the San River gorge through the S³onne Góry, be -
tween the peaks of Kopacz, Pilnik, Horodna, Horodyszcze,
Pañskie and Wroczeñ (Fig. 4). Land slides of a large size as well 
as com plex and rich in ter nal re lief have de vel oped in this area.
Only a few land slides of sim i lar size and struc ture de vel oped
east of the San Val ley. They formed in the range of hills be -
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tween Mount Krzy¿ and Orli Kamieñ and on the south ern
slopes of Mount Bucharewa (Fig. 4). In the rest of the area,
land slides are more scat tered and smaller. 

Most of the land slides in the Sanok area, es pe cially large
and deep ones, prob a bly be came ac tive around the Pleis to -
cene/Ho lo cene bound ary or in the Ho lo cene dur ing pe ri ods of

in creased hu mid ity. Un der these cli ma tic con di tions, a causal
fac tor in the form of in creased pre cip i ta tion co in cided with sev -
eral fa vour able pas sive fac tors (Gil, 1997; R¹czkowski and
Mrozek, 2002; Gil and D³ugosz, 2006; Przy³ucka and Karko -
wska, 2022). In creased pre cip i ta tion is prob a bly the main ini ti a -
tor of mass move ments in the S³onne Góry.
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Fig. 1. Lo ca tion of study area against back ground of the Carpathians, in clud ing the geomorphological
regionalization ac cord ing to Starkel (1972)
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Fig. 2.  Geo log i cal map of study area based on: Malata and R¹czkowski (1996), Malata and Zimnal (2013, 2014), 
Malata et al., (2016), mod i fied
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Eocene

Fig. 3.  Lithological and strati graphic pro file of geo log i cal strata in the study area

Pro files based on: Malata and R¹czkowski (1996), Malata and Zimnal (2016, 2014), 
Malata et al. (2016), mod i fied



In or der to char ac ter ize mass move ments, the clas si fi ca tion 
pro posed by Margielewski (2009) has been used, which is
based on the clas si fi ca tion of Hutch in son (1968), Varnes
(1978), WP/WLI (1990, 1993), Cruden and Varnes (1996),
Dikau et al. (1996) and si mul ta neously re fers to the Pol ish clas -
si fi ca tions of Kleczkowski (1955), Ziêtara (1969), Bober (1984)
and Zabuski et al. (1999). In the area ana lysed, slides dom i -
nate, ac count ing for a to tal of 50% of all mass move ments. This
is fol lowed by com plex land slides, which are a com bi na tion of
dif fer ent types of move ment, ac count ing for 30%, and flows, ac -
count ing for 13% of all mass move ments. In the land slide
group, translational slides (26%) dom i nate over ro ta tional slides 
(24%). Com pound, non-ro ta tional slides (Margielewski, 2009)
ac count for 7% of the mass move ments. 

The most nu mer ous group (63%) are land slides up to 1 ha
in size, which al to gether ac count for only 10% of the to tal land -
slide area. The larg est to tal area is oc cu pied by land slides in the 
1–5 ha size class. These ac count for 27% of all land slides and
al to gether cover 32% of the land slide area in the study area. In
the study area, 11 large land slides of >10 ha have been doc u -

mented, which to gether con sti tute 41% of the to tal land slide
area.

The sur face land slide sus cep ti bil ity and land slide den sity,
de fined and cal cu lated ac cord ing to the for mula pro posed by
Bober (1984) for the en tire study area, are 10.25% and 5.2
land slides/km2, re spec tively.

RESEARCH METHODS

The de ci sion to set a 40 m buffer was pre ceded by test ing in
zones with a width of 100 and 50 m, re spec tively. Ac cord ing to
the sug ges tion of Dagdelenler et al. (2016), the 50 m wide
buffer zone con tained data which pro vided the best cal cu la tion
re sults. Un for tu nately, un der the con di tions of the study area
se lected, the ini tially de ter mined wider buffer zones (100 and 50 
m) con tained too many ar eas un suit able for cal cu la tion. They
had to be ex cluded be cause, for in stance, they were lo cated
out side a par tic u lar hy dro graphic di vide or they in cluded neigh -
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Fig. 4.  Map of land slides in the study area
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bour ing land slides. A buffer zone 40 m wide con tains suf fi cient
data on the orig i nal prop er ties of the slope (be fore the land slide
oc curred) and the amount of data col lected is sta tis ti cally sat is -
fac tory. Wider buffer zones con tained too much er ro ne ous
data, while nar rower ones did not pro vide enough data for cal -
cu la tions. A 40 m buffer zone was found to be the op ti mal size
through test ing.

Buff ers are lo cated above the main scarp and on the sides
of the two lat eral scarps at their high est points. The fol low ing
have been cho sen be cause this is where the pro cess of de tach -
ment of col lu vial masses from the rock mas sif takes place. The
buffer zones de fined around the lower part of the land slide were 
ex cluded from the cal cu la tions be cause they con tain lower
parts of the slopes where col lu vial ma te rial is ac cu mu lated
rather than ac ti vated. The dis tri bu tion of all buffer zones cre -
ated and pre served is shown in Fig ure 5. 

In pur su ance of achiev ing the ob jec tive of this study, one of
the bivariate sta tis ti cal meth ods, the Fre quency Ra tio Model
(FRM), has been used. This method in volves ob serv ing the re -
la tion ship be tween the dis tri bu tion and den sity of land slides (or
buffer zones) and each pas sive fac tor in flu enc ing the de vel op -
ment of mass move ments (Lee and Pradhan, 2007; Akgun,
2012; Mondal and Maiti, 2013; Huang et al., 2015; Ramesh,
and Anbazhagan, 2015; Youssef, 2015; Nicu, 2018; Fayez et
al., 2018; Khan et al., 2019; Silalahi et al., 2019). In this study,
the fol low ing pas sive fac tors have been ana lysed: li thol ogy,
bed ding-slope re la tion ship, slope an gle, slope as pect, dis tance
from faults, dis tance from overthrusts and dis tance from fold
axes. Each pa ram e ter was di vided into sev eral classes and
rep re sented graph i cally as a vec tor layer. Land slide Fre quency
Ra tio (LFR) and Buffer Fre quency Ra tio (BFR) co ef fi cients
were then cal cu lated for each class of pas sive fac tors iden ti fied
ac cord ing to the for mu lae:

A LFR/BFR value of 1 is the thresh old value. The fre quency
ra tio method as sumes that an LFR or BFR value greater than 1
in di cates a higher cor re la tion, while a value less than 1 in di -
cates a lower cor re la tion of land slide oc cur rence with a given
pas sive fac tor.

Fur ther more, the Land slide Sus cep ti bil ity In dex (LSI) and
the Buffer Sus cep ti bil ity In dex (BSI) have been cal cu lated for
each point in the study area us ing the for mula:

LSI = SLFRn [for mula 3a] 

BSI= S BFRn [for mula 3b]

where: LFRn and BFRn are the FR co ef fi cients of all (n) pas sive fac -
tors at a given lo ca tion, tak ing into ac count land slides and buffer
zones.

The val ues of the land slide and buffer sus cep ti bil ity co ef fi -
cients (LSI, BSI) rep re sent the rel a tive land slide sus cep ti bil ity of 
the area. In this case, the higher the LSI and BSI val ues for a
given area, the greater the land slide sus cep ti bil ity and the
greater the like li hood of fu ture land slides. This method re sulted
in two in dex maps show ing land slide sus cep ti bil ity us ing LSI
and BSI val ues.

In the fi nal stage of the work, the two land slide sus cep ti bil ity
in dex maps ob tained (LSI and BSI) were val i dated us ing a
group of test ing land slides to cal cu late the AUC pre dic tion
curve co ef fi cient.

Vec tor val ues and poly gon sur face ar eas were used for the
cal cu la tions. The to tal area of each pas sive fac tor layer is 50.33
km2. This is the to tal area of the study area mi nus the ar eas of
the flat river val leys.
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LAYERS USED FOR THE ANALYSIS

Land slide layer: land slides doc u mented in the field have
been di vided into two groups. The first group of land slides
used for sus cep ti bil ity mod el ling con tains 70% of all land -
slides, where as the sec ond group used for val i da tion and test -
ing of the model ob tained con tains 30% of land slides (Mrozek
et al., 2004; Wojciechowski, 2009; Huang et al., 2015; Nicu,
2018; Zhang et al., 2020; Ma³ka, 2021). The train ing land -
slides (some times re ferred to as cal cu lated land slides) have
been com piled on a sep a rate poly gon layer con tain ing 183
land slides with a to tal area of 360.54 ha. The test ing (val i da -
tion) land slide layer con tains 78 land slides with a to tal area of
156.28 ha (Fig. 4).

Buffer zones layer: used for the first time in Po land for this
type of cal cu la tion. It con sists of poly gons with a to tal area of
304 ha. It shows the spa tial dis tri bu tion of 40 m buffer zones
des ig nated around the up per part of the land slides. The buffer
layer was not di vided into two sets (train ing and test ing), but

was used in its en tirety to cal cu late the buffer fre quency co ef fi -
cients BFR (Fig. 5).

Geo log i cal layer (li thol ogy): this shows the lithostratigraphic
sub di vi sions of the area. It was de vel oped on the ba sis of two
DGMP 1:50,000 sheets, Sanok (1041) (Malata and Zimnal,
2014), and Tyrawa Wo³oska (1042) (Malata et al., 2016). The
geo log i cal struc ture, both lithological and tec tonic, plays a sig -
nif i cant role in the pro cess of mass move ment de vel op ment,
which was re peat edly cor rob o rated by re search (e.g., Bober,
1979, 1984, 1985, 1990a, b; Ziêtara, 1991; Dikau et al., 1996;
Wójcik and Zimnal, 1996; Zabuski et al., 1999; Margielewski,
2001; D³ugosz, 2011; Sikora, 2018; Wódka, 2019; Warmuz and 
Nescieruk, 2019; Kos, 2019; Kamieniarz, 2022; Fig. 6).

Bed ding-slope re la tion ship layer: this shows the spa tial re la -
tion ship be tween the slope sur face (dip di rec tion of slope) and
the po si tion of the rock bed ding (dip di rec tion of rock bed ding)
(Fig. 6). The slopes are di vided into cataclinal (dip slope),
anaclinal (anti-dip slope), trans verse (trans verse slope) and
plagioclinal (cross-dip slope) (Grabowski et al., 2008; Chen et
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Fig. 5.  Dis tri bu tion of buffer zones in the study area
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al., 2009). The group of plagioclinal slopes also in cludes parts
of slopes with a com plex and com pli cated ar range ment of bed -
ding planes as so ci ated with fault zones and thrust zones. This
is the first at tempt to show in for ma tion on the bed ding-slope re -
la tion ship in a graph i cal and spa tial way, so the co in ci dence of
the slope az i muth and the az i muth of the rock bed ding has
been used, with out tak ing the bed ding dip an gle and slope an -
gle into ac count.

Slope as pect layer: this is ex pressed in de grees from
0–360° and rep re sents the po si tion of the slope sur face in re la -
tion to the points of the com pass and the sun (Fig. 6). The

amount of sun light and the strength of the wind, which de pend
on the slope as pect, in di rectly af fect pre cip i ta tion, soil mois ture
and the du ra tion of snow cover. It also af fects the thick ness and
prop er ties of weath er ing and soil.

Slope an gle layer: this shows the an gle of the slope sur face. 
Slopes have a ma jor in flu ence on the de vel op ment of mass
move ments. As the slope steep ens, the shear forces in the rock 
mass in crease (Fig. 6).

Tec tonic layer: this shows el e ments of fold tec ton ics and
dis junc tive tec ton ics and the Eu clid ean dis tance to these struc -
tures (Fig. 7). Tec ton ics, in ad di tion to and/or in com bi na tion
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Fig. 6. Maps show ing the tec tonic pas sive fac tors used in the GIS anal y sis
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with li thol ogy, in flu ences the de vel op ment of land slides (Kle -
czkowski, 1955; Mastella, 1975; Bober, 1984; Wójcik and
Zimnal, 1996; Zabuski et al., 1999; D³ugosz, 2011; Rycio, 2018; 
Sikora, 2018). Overthrust zones, fault zones, joint sys tems,
bed ding planes and (to a lesser ex tent) fold struc tures cause
the rock mass to dis in te grate and weaken its strength pa ram e -
ters. The frac tured rock mass is more sus cep ti ble to weath er ing 
and ab sorbs wa ter eas ily, af fect ing its weight and physico-me -
chan i cal prop er ties. The tec tonic map is shown in the form of 3
lay ers: 

– layer of dis tances from overthrusts; 
– layer of dis tances from faults; 
– layer of dis tances from fold axes (syn clines and anticlines),

de vel oped us ing the Eu clid ean as sign ment, which means

that for each point on the ter rain (for each pixel on the map)
it has been cal cu lated whether it is closer to the syncline
axis or the anticline axis.

RESULTS

All pas sive fac tor lay ers (li thol ogy, bed ding-slope re la tion -
ship, slope an gle, slope as pect, dis tance from faults, over -
thrusts and fold axes) were crossed with the layer show ing
train ing land slides and with the layer of buffer zones. The in ter -
sec tion with the land slide layer re sulted in the cal cu la tion of LFR 
co ef fi cients ac cord ing to for mula 1, while the in ter sec tion with
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Fig. 7. Maps show ing the pas sive fac tors used 
in the GIS anal y sis
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the buffer zone layer re sulted in BFR co ef fi cients (ac cord ing to
for mula 2) for all classes of pas sive fac tors de ter mined.

As the re sults of the cal cu la tions in Ap pen dix 1 show, the
LFR and BFR co ef fi cients dif fer within the classes. This is to be
ex pected. Anal y sis of the LFR co ef fi cients, de rived from the
train ing dataset, re veals that li thol ogy, dis tance from faults,
slope an gle, dis tance from overthrusts, dis tance from fold axes, 
slope as pect, and the bed ding-slope re la tion ship are the dom i -
nant fac tors in flu enc ing land slide de vel op ment (Fig. 8). The

high est sus cep ti bil ity oc curs spe cif i cally on out crops of
Godulian and radiolarian shale, lo cated within 50 m of fault or
overthrust zones, where slope in cli na tions range from 35° to
52°. Fur ther more, ar eas lo cated 200–300 m from the anticline
axis, par tic u larly on north-fac ing slopes ex hib it ing a cataclinal
(dip slope) struc ture, show a strong pre dis po si tion to mass
move ments.

How ever, ac cord ing to the BFR co ef fi cients ob tained by the
use of buffer zones, the or der is slightly dif fer ent and is as fol -
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Fig. 8. Weight of pas sive fac tors and their com par i son de pend ing 

on the cal cu la tion method



lows: li thol ogy, slope an gle, dis tance from faults, dis tance from
anticlines, dis tance from overthrusts, slope as pect, and bed -
ding-slope re la tion ship (Fig. 8). This cal cu la tion method also in -
di cates the dom i nant in flu ence of Godulian and radiolarian
shales on the de vel op ment of land slides. Fa vour able con di -
tions ex ist on slopes with an an gle of 17–23°, at a dis tance of
150–200 m from faults and anticline axes, and at a dis tance of
0–50 m from overthrusts. Slopes with NE ex po sure and cata -
clinal (dip slope) geo log i cal struc ture also fa vour the de vel op -
ment of mass move ments. The re sults are shown graph i cally in
Fig ure 8. By com par ing the re sults, it has been emphasised that 
in the west ern part of the S³onne GÙry in Po land, the li thol ogy of
the flysch, the slope an gle and the dis tance from faults have the 
great est in flu ence on the de vel op ment of land slides. The bed -
ding-slope re la tion ship, the slope as pect and the dis tance from
overthrust and fold axes are less rel e vant. Both meth ods pro -
vide sim i lar re sults.

The rank ing of the forty classes of pas sive fac tors with the
high est LFR and BFR co ef fi cients can be found in Ap pen dix 2.
When com par ing the rank ing of the high lighted classes, as

much as 80% con sis tency was ob served within the classes with 
the high est LFR and BFR co ef fi cients. This re sult in di cates the
use ful ness of us ing buffer zones in cal cu la tions, as it leads to
sim i lar re sults as in the case of cal cu la tions car ried out us ing
land slides.

LSI AND BSI INDEX MAPS

In the next step, the LFR and BFR co ef fi cients ob tained
have been as signed to the cor re spond ing classes of pas sive
fac tors on vec tor lay ers, which are their graph i cal rep re sen ta -
tions. Then, all pas sive fac tor lay ers have been summed to ob -
tain LSI and BSI co ef fi cients ac cord ing to for mu lae 3a and 3b.
The re sults are shown on the maps in Fig ure 9. Each pixel on
the map is as signed an LSI or BSI co ef fi cient value. The higher
the value, the higher the sus cep ti bil ity to land slides at a given
lo ca tion. Con versely, a lower LSI or BSI co ef fi cient value in di -
cates lower land slide sus cep ti bil ity.
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Fig. 9. In dex maps of LSI and BSI with the Area Un der the Curve (AUC) of their pre dic tion curves



The re sult ing LSI and BSI in dex maps were ver i fied, as sum -
ing geo log i cal time li ness, us ing a se ries of test ing land slides not 
in cluded in the pre vi ous co ef fi cient cal cu la tions. The maps
were in ter sected with the layer of test land slides to as sess their
pre dic tive ac cu racy. This ver i fi ca tion is es sen tial to eval u ate the 
re li abil ity of the gen er ated land slide sus cep ti bil ity maps and
their po ten tial to pre dict fu ture mass move ments. The re sults
in di cate that new land slides tend to de velop in ar eas most sus -
cep ti ble to mass move ments — those with the high est LSI and
BSI val ues. The ver i fi ca tion re sulted in a pre dic tion curve and
an Area Un der the Curve (AUC) co ef fi cient. The value of the
AUC co ef fi cient in di cates the po ten tial value of the land slide
sus cep ti bil ity in dex map ob tained. The AUC co ef fi cient is be -
tween 1 and 0, where AUC = 1 in di cates a per fect fit or pre dic -
tion of the model, and a value <0.6 in di cates the un suit abil ity of
the model. AUC co ef fi cient val ues are of ten di vided into 5 cat e -
go ries: 0.5–0.6 – means a wrong model, 0.6–0.7 – is a poor fit,
0.7–0.8 – is a suf fi cient fit, 0.8-0.9  is a good fit and 0.9–1.0 – is
a per fect fit (Rabby and Li, 2020). The pre dic tion curves and
AUC val ues are shown in Fig ure 9.

An anal y sis of the ob tained AUC co ef fi cients at 0.7936 and
0.7971 showed that both cal cu la tion meth ods give sim i lar re -
sults and have a sim i lar pre dic tive value, close to a suf fi ciently
good and ef fec tive pre dic tion of new mass move ments. Only a
more de tailed anal y sis of the pre dic tion curve shows slight dif -
fer ences in the ef fec tive ness of the cal cu la tion meth ods used.

EVALUATION OF THE USEFULNESS OF BUFFER ZONES
 IN PREDICTING LANDSLIDE DEVELOPMENT

Anal y sis of the pre dic tion curve gen er ated in the land slide
model shows that 41% of the test ing land slides oc curred in an
area with 10% of the high est LSI val ues. And 62% of the test ing
land slides oc curred in an area with 20% of the high est LSI val -
ues. In con trast, in the buffer zone model, 33% of the test ing
land slides oc curred in the area with the 10% high est LSI val ues
and 62% of the test ing land slides oc curred in the area with the
20% high est LSI val ues (Fig. 9). This com par i son shows only a
min i mal ad van tage of the cal cu la tion model us ing land slides for 
cal cu la tions.

The pre dic tive value of the model us ing buffer zones for cal -
cu la tions has been high lighted at the ver i fi ca tion stage. The BSI 
map has been ver i fied us ing test land slides, i.e. po ten tial new
land slides (62%) have been in the zones with the high est BSI
val ues cal cu lated us ing buffer zones. It gives a good in di ca tion
of the lo ca tion of po ten tial fu ture land slides.

The classes of pas sive fac tors with the high est BFR co ef fi -
cients de ter mine the slope pa ram e ters that have the great est
in flu ence on the de vel op ment of mass move ments. Most of
these classes, in di cated by the use of buffer zones, were cor -
rob o rated by the high LFR co ef fi cients cal cu lated us ing land -
slides. The model us ing buffer zones gives sim i lar re sults to the
meth ods us ing land slides.

Some pa ram e ters, es pe cially the slope an gle, have been
more clearly em pha sized by the buffer zones than by the land -
slides. The buffer zones high lighted the strong in flu ence of
slopes be tween 17–23° on the de vel op ment of mass move -
ments. Slopes with this in cli na tion value dom i nated within the
des ig nated buffer zones. This value seems to be more prob a -
ble in geo log i cal and re lief con di tions of the study area by com -
par i son with the value of 35–52° in di cated by the land slides
model. The re sult of the land slide model dif fers sig nif i cantly
from pre vi ous stud ies car ried out in other re gions of the
Carpathians, which in di cated that slopes with an in cli na tion of
3–22° are pre dis posed to the de vel op ment of mass move ments 

(Bober, 1990b; Zabuski et al., 1999; Kamiñski, 2007; Wojcie -
chowski, 2009; Wódka, 2022a; Kamieniarz, 2022) sug gested
that the num ber of land slides in the Carpathian Flysch de -
creases with in creas ing slope steep ness above 25°. There fore,
the buffer zone model gives better re sults for the slope an gle
pa ram e ter.

CONCLUSIONS

In the pres ent work, land slides and buffer zones have been
used to cal cu late land slide sus cep ti bil ity us ing the Fre quency
Ra tio Model. Both cal cu la tion meth ods gave sim i lar re sults, in -
di cat ing that li thol ogy, slope an gle and dis tance from faults
have the great est in flu ence on the for ma tion of land slides in the
S³onne Góry.

The use of buffer zones in the cal cu la tions did not im prove
the pre dic tive val ues of the land slide sus cep ti bil ity maps cal cu -
lated us ing land slides as the stan dard. In stead, it gave very
sim i lar re sults. The value of the AUC in dex = 0.7971 in di cates a
suf fi cient (al most good) fit of the model, which is fur ther con -
firmed by its ver i fi ca tion us ing a group of test ing land slides, up
to 62% of which were lo cated in the zones with the high est BSI.
The pre dic tive value of the land slide sus cep ti bil ity map cal cu -
lated us ing buffer zones is com pa ra ble to pre vi ous sim i lar maps 
by Yesilnacar and Topal (2005) and Degdelenler et al. (2016).
Maps, which were cal cu lated us ing dif fer ent meth ods of ap ply -
ing buffer zones to se lected re gions of Tur key, ob tained the fol -
low ing ranges of AUC co ef fi cients: 0.76–0.89 (Yesilnacar and
Topal, 2005) and 0.783–0.792 (Degdelenler et al., 2016). Dur -
ing the con struc tion of the land slide sus cep ti bil ity map, the au -
thors en riched the com pu ta tional sets con tain ing land slides
with buffer val ues, with out us ing the buff ers them selves for cal -
cu la tions. Nev er the less, maps cal cu lated in this way have a
pre dic tive value that is com pa ra ble to that of maps cal cu lated
us ing tra di tional meth ods. 

The re sults of the pres ent study are sim i lar to those of
Yilmaz (2007), who dem on strated the use ful ness of buffer
zones in land slide sus cep ti bil ity map ping. Yilmaz (2007) used
only buffer zones for his cal cu la tions. Un for tu nately, he used
the SCAI co ef fi cient to val i date the model, which emphasised
the value of buffer zones des ig nated above the main scarps.
How ever, it is dif fi cult to com pare the pre dic tive val ues of the
two stud ies. 

The stud ies cited dem on strate that the use of buffer zones
has pro vided more ef fec tive con clu sions re gard ing the real in -
flu ence of cer tain classes of pas sive fac tors on the de vel op -
ment of mass move ments, while avoid ing er rors of in ter pre ta -
tion. An ex am ple is the in di ca tion of a pre dis posed slope an gle
in the range of 17–23° in stead of 35–52° in the pro cess of land -
slide for ma tion in the S³onne Góry.

In cal cu la tions of this type, the width of the des ig nated buffer 
zones should de pend on the spe cif ics of the area un der study,
its re lief, the length of the slopes, and the den sity of the stream
net work. The des ig nated zones, 40 m wide, con tained suf fi cient 
valu able data. This is con sis tent with the ob ser va tions of 
Yilmaz (2007) and Dagdelenler et al. (2016) who con cluded that 
the best data on land slide for ma tion con di tions was col lected
from 50 m-wide buffer zones, even though they had pre vi ously
used wider buff ers for their cal cu la tions. How ever, in the ter rain
of the S³onne Góry, a 50 m buffer pro duced too much er ro ne ous 
data, so its width was re duced to 40 m.

In the west ern part of the S³onne Góry, the slopes made up
of Godulian and radiolarian shales, Wêglowiec veriegated
marls, var ie gated shales and mudstones of the Menilite Beds,
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are most prone to land slides. This is es pe cially the case when
the lay ers form folds at a dis tance of 100–250 m from their axes
(es pe cially from the axes of anticlines). The cataclinal slopes
(dip slopes) with an as pect of N, NE, NW and a slope of 17–23°
also fa vour the de vel op ment of land slides. Mass move ments
com monly de velop in zones 0-50 m from overthrusts and
0–200 m from faults.

Ac knowl edge ments. This ar ti cle pres ents the main sec -
tions of a Ph.D. The sis, the pub lic de fence of which took place
in June 2024 at the Na tional Geo log i cal In sti tute – Na tional Re -
search In sti tute. The au thor would like to thank the ed i tors and
re view ers for con struc tive com ments which helped to im prove
this manu script.
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APPENDIX 1  
Summary of calculated coefficients for each class of passive factors 

Layer 
Passive 
factor 

Value class 
 

LF 
Landslides 
frequency 

BF 
Buffer 

frequency 

CF 
Class 

frequency 

LFR 
Lanslides 
frequency 

ratio 

BFR 
Buffer 

frequency 
ratio 

L
it
h
o
lo

g
y
 

Lower Krosno Beds – shale-
sandstone flysch (17*) 

0.0003 0.0005 0.001 0.232 0.305 

Lower Krosno Beds – 
sandstone – shale flysch 
(18*) 

0.0003 0.002 0.056 0.006 0.034 

Lower Krosno Beds – Lesko 
sandstones (21*) 

0.015 0.029 0.136 0.110 0.212 

Intermediate Beds (25*) 0 0.0002 0.0002 0 0.938 

Menilite Beds – mudstones 
(26*) 

0.076 0.085 0.034 2.236 2.475 

Menilite Beds – cherts and 
Dynów marls (27*) 

0.003 0.013 0.006 0.597 2.273 

Variegated shales (29*) 0.075 0.053 0.031 2.502 1.766 

Istebna sandstones (30*) 0.001 0.003 0.0003 3.356 11.025 

Węglowiec variegated marls 
(31*) 

0.141 0.077 0.050 2.792 1.537 

Godula and radiolarian 
shales (32*) 

0.129 0.076 0.029 4.497 2.638 

Upper Gaize Beds (33*) 0.319 0.401 0.206 1.549 1.949 

Lower Lgota Beds (34*) 0.026 0.04 0.036 0.738 1.111 

Verovice Beds (35*) 0.052 0.048 0.025 2.048 1.892 

Upper Krosno Beds – shale 
– sandstone flysch (37*) 

0.096 0.095 0.249 0.385 0.383 

Upper Krosno Beds – 
sandstone – shale flysch 
(38*) 

0.064 0.076 0.141 0.458 0.542 

       

 Value class LF BF CF LFR BFR 

B
e
d
d
in

g
-s

lo
p
e
 

re
la

ti
o

n
s
h
ip

 

Anaclinal (anti-dip) 0.052 0.052 0.077 0.674 0.673 

Plagioclinal (cross-dip) 0.632 0.624 0.641 0.985 0.974 

Cataclinal (dip) 0.185 0.186 0.155 1.189 1.198 

Transverse 0.131 0.137 0.126 1.039 1.087 

S
lo

p
e
 a

n
g
le

 [
⁰]

 

0-3 0.013 0.004 0.038 0.330 0.117 

3-6 0.089 0.039 0.141 0.627 0.275 

6-9 0.198 0.095 0.178 1.110 0.533 

9-12 0.183 0.150 0.183 1.003 0.822 

12-15 0.137 0.158 0.140 0.983 1.133 

15-17 0.108 0.163 0.097 1.119 1.688 

17-20 0.087 0.142 0.073 1.205 1.962 

20-23 0.067 0.106 0.056 1.206 1.909 

23-26 0.050 0.076 0.045 1.107 1.671 

26-30 0.034 0.043 0.031 1.114 1.416 

30-35 0.023 0.018 0.015 1.567 1.254 

35-52 0.009 0.002 0.003 2.839 0.746 

S
lo

p
e
 a

s
p
e
c
t 

N 0.149 0.108 0.093 1.596 1.160 

NE 0.137 0.158 0.110 1.245 1.443 

E 0.066 0.098 0.092 0.712 1.070 

SE 0.071 0.113 0.104 0.690 1.088 

S 0.117 0.129 0.143 0.820 0.908 

SW 0.188 0.173 0.223 0.840 0.774 

W 0.151 0.130 0.152 0.995 0.857 

NW 0.121 0.089 0.083 1.460 1.072 

 D
is

ta
n
c
e
 f
ro

m
 o

v
e
rt

h
ru

s
t 
[m

] 
   

 

0-50 0.089 0.056 0.034 2.627 1.661 

50-100 0.068 0.037 0.028 2.412 1.308 

100-150 0.051 0.026 0.026 1.965 1.016 

150-200 0.035 0.025 0.025 1.362 0.998 

200-250 0.025 0.030 0.025 0.972 1.178 

250-300 0.021 0.027 0.025 0.821 1.053 

300-350 0.020 0.023 0.025 0.798 0.921 

350-400 0.015 0.020 0.025 0.606 0.806 

400-500 0.016 0.029 0.051 0.311 0.569 

500-600 0.010 0.020 0.051 0.197 0.398 

600-1000 0.150 0.144 0.170 0.884 0.848 

>1000 m 0.487 0.537 0.401 1.215 1.341 

       

 Value class LF BF CF LFR BFR 

D
is

ta
n
c
e
 f
ro

m
 f
a
u
lt
s
 [
m

] 

0-50 0.080 0.033 0.029 2.729 1.118 

50-100 0.079 0.038 0.033 2.415 1.175 

100-150 0.075 0.038 0.036 2.078 1.049 

150-200 0.064 0.059 0.039 1.765 1.496 

200-250 0.054 0.052 0.040 1.353 1.296 

250-300 0.050 0.048 0.039 1.274 1.209 

300-350 0.045 0.044 0.039 1.154 1.122 

350-400 0.038 0.043 0.039 0.964 1.105 

400-500 0.049 0.073 0.077 0.633 0.950 

500-600 0.037 0.066 0.076 0.495 0.868 

600-1000 0.282 0.313 0.246 1.148 1.271 

>1000 m 0.139 0.192 0.305 0.458 0.631 

D
is

ta
n
c
e
 f
ro

m
 a

n
ti
c
lin

e
 a

x
is

 

[m
] 

0-50 0.048 0.075 0.071 0.674 1.061 

50-100 0.068 0.083 0.068 1.001 1.218 

100-150 0.076 0.083 0.057 1.340 1.457 

150-200 0.069 0.075 0.044 1.594 1.728 

200-250 0.066 0.059 0.037 1.779 1.602 

250-300 0.051 0.036 0.031 1.636 1.129 

300-350 0.039 0.03 0.029 1.336 1.043 

350-400 0.026 0.026 0.026 1.017 1.009 

400-500 0.026 0.044 0.043 0.620 1.034 

500-600 0.012 0.021 0.031 0.379 0.670 

600-1000 0.013 0.015 0.057 0.227 0.273 

>1000 m 0.028 0.015 0.042 0.671 0.354 

D
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e
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x
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[m
] 

0-50 0.065 0.065 0.067 0.967 0.972 

50-100 0.071 0.059 0.064 1.114 0.925 

100-150 0.061 0.054 0.055 1.117 0.993 

150-200 0.043 0.042 0.040 1.084 1.037 

200-250 0.028 0.024 0.033 0.865 0.736 

250-300 0.020 0.01 0.028 0.717 0.375 

300-350 0.021 0.015 0.025 0.824 0.581 

350-400 0.023 0.018 0.022 1.011 0.824 

400-500 0.041 0.035 0.036 1.130 0.966 

500-600 0.031 0.024 0.027 1.143 0.900 

600-1000 0.041 0.051 0.049 0.847 1.050 

>1000 m 0.029 0.036 0.086 0.336 0.423 

*The numerical labels correspond to the numerical label on the geological layer presented in Figure 6 
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APPENDIX 2  
Ranking of the highest LFR and BFR coefficients 

 Lp. Class of passive factor LFR  Class of passive factor BFR  

1 Godula and radiolarian shales 4.497 Godula and radiolarian shales 2.638 

2 Istebna sandstones 3.356 Menilite Beds – mudstones 2.475 

3 Slope angle 35-52⁰ 2.839 Menilite Beds – cherts and Dynów marls 2.273 

4 Węglowiec veriegated marls 2.792 Slope angle 17-20⁰ 1.962 

5 Fault dist. 0-50 m 2.729 Upper Gaize Beds 1.949 

6 Overthrust dist. 0-50m 2.627 Slope angle 20-23⁰ 1.909 

7 Variegated shales 2.502 Verovice Beds 1.892 

8 Fault dist. 50-100 m 2.415 Variegated shales 1.766 

9 Overthrust dist. 50-100 m 2.412 Anticline dist. 150- 200 m 1.728 

10 Menilite Beds – mudstones 2.236 Slope angle 15-17⁰ 1.688 

11 Fault dist. 100-150m 2.078 Slope angle 23-26⁰ 1.671 

12 Verovice Beds 2.048 Overthrust dist. 0-50 m 1.661 

13 Overthrust dist. 100-150 m 1.965 Anticline dist. 200-250 m 1.602 

14 Anticline dist. 200-250 m 1.779 Węglowiec veriegated marls 1.537 

15 Fault dist.150-200 m 1.765 Fault dist. 150-200 m 1.496 

16 Anticlines dist. 250-300 m 1.636 Anticline dist. 100-150 m 1.457 

17 N 1.596 NE 1.443 

18 Anticline dist. 150-200 m 1.594 Slope angle 26-30⁰ 1.416 

19 Slope angle 30-35⁰ 1.567 Overthrust dist. 50-100 m 1.308 

20 Upper Gaize Beds 1.549 Fault dist. 200-250 m 1.296 

21 NW 1.46 Fault dist. 600-1000 m 1.271 

22 Overthrust dist. 150-200 m 1.362 Slope angle 30-35ᵒ 1.254 

23 Fault dist. 200-250 m 1.353 Anticline dist. 50-100 m 1.218 

24 Anticline dist. 100-150 m 1.34 Fault dist. 250-300 m 1.209 

25 Anticline dist. 300-350 m 1.336 Cataclinal 1.198 

26 Fault dist. 250-300 m 1.274 Overthrust dist. 200-250 m 1.178 

27 NE 1.2454 Fault dist. 50-100 m 1.175 

28 Overthrust dist. above 3000 m 1.215 N 1.16 

29 Slope angle 20-23⁰ 1.206 Slope angle 12-15ᵒ 1.133 

30 Slope angle 17-20⁰ 1.205 Anticline dist. 250-300 m 1.129 

31 Cataclinal 1.189 Fault dist. 300-350 m 1.122 

32 Fault dist. 300-350 m 1.154 Fault dist. 0-50 m 1.118 

33 Fault dist. 600-1000 m 1.148 Slope angle 0-3ᵒ  1.117 

34 Syncline dist. 500-600 m 1.143 Lower Lgota Beds 1.111 

35 Syncline dist. 400-500 m 1.130 Fault dist. 350-400 m 1.105 

36 Slope angle 15-17ᵒ  1.119 SE 1.088 

37 Syncline dist. 100-150m 1.117 Transverse 1.087 

38 Syncline dist. 50-100 m 1.114 NW 1.072 

39 Slope angle 26-30ᵒ 1.114 E 1.070 

40 Slope angle 6-9ᵒ 1.110 Anticline dist. 0-50 m 1.061 




