
Geo log i cal Quar terly, 2025, 69, 46
DOI: https://doi.org/10.7306/gq.1819

As sess ment of the im pact of rain fall on land slide ac tiv ity
in the Pol ish Carpathians over a de cad al pe riod

Bart³omiej WARMUZ1, *

1 Polish Geo log i cal In sti tute – Na tional Re search In sti tute, Skrzatów 1, 31-560 Kraków, Po land; ORCID: 0000-0001 -
-9553-925X 

Warmuz, B., 2025. As sess ment of the im pact of rain fall on land slide ac tiv ity in the Pol ish Carpathians over a de cad al pe riod.
Geo log i cal Quar terly, 69, 46; https://doi.org/10.7306/gq.1819

This study anal y ses the im pact of pre cip i ta tion on ground wa ter level fluc tu a tions and the ac tiv ity of six land slides in the Pol -
ish Flysch Carpathians, us ing mon i tor ing data from the Land slide Pro tec tion Sys tem pro ject, in clud ing in cli nom e ter mea -
sure ments, rain fall re cords, and ground wa ter lev els in col lu vial de pos its. Geo detic sur veys of ref er ence points in stalled on
the land slides were also used to as sess their ac tiv ity. Se lected mea sure ment in ter vals were ex am ined to iden tify rain fall con -
di tions trig ger ing land slide move ment. Cu mu la tive dis place ment curves re vealed nearly con tin u ous move ment, with ve loc i -
ties rang ing from 0.3 to 3 mm/month. Dis place ment val ues caus ing in cli nom e ter col umn shear ing var ied from 38 mm
(Witanowice) to 232 mm (Ruszelczyce), de pend ing on shear zone thick ness and rock plas tic ity. Ac cel er a tion typ i cally oc -
curred dur ing pro longed rain fall, es pe cially when monthly to tals ex ceeded 100 mm. How ever, de fin ing a pre cise rain fall
thresh old and tim ing of ac cel er a tion was dif fi cult due to com plex geo log i cal con di tions, ir reg u lar pre cip i ta tion pat terns, and
lim ited mea sure ment fre quency. The find ings high light the sen si tiv ity of land slide ac tiv ity to hy dro log i cal changes and em -
pha size the need for fre quent, in te grated mon i tor ing to better un der stand and pre dict slope in sta bil ity in flysch ter rains.

Key words: Land slides, mass move ments, Flysch Carpathians, inclinometric mon i tor ing, rain fall thresh olds. 

INTRODUCTION

The land slides de scribed in this ar ti cle are lo cated in south -
ern Po land, within the Outer Flysch Carpathians (Fig. 1A). This
re gion is char ac ter ized by up lands and low moun tain ranges,
fea tur ing dis persed set tle ments, a dense road net work, and rel -
a tively high pop u la tion den sity. Land slides, which con sti tute
one of the pri mary nat u ral haz ards in this area, ex ert a sig nif i -
cant in flu ence on land use plan ning and spa tial de vel op ment
(Ca³a, 2009; Wójcik and Wojciechowski, 2016; Perski et al.,
2019). 

In the Flysch Carpathians, the most com mon trig ger for
land slide ac ti va tion is in tense rain fall (Ziêtara, 1974; Starkel,
1996; Gil, 1997).  The ques tion of the min i mum du ra tion and in -
ten sity of rain fall ca pa ble of trig ger ing shal low land slides was
first ad dressed by Caine (1980). Since then, var i ous rain fall
thresh olds have been pro posed for nu mer ous re gions, as com -
pre hen sively re viewed by Guzzetti et al. (2008). The de pend -
ence of land slide ac tiv ity on hydro meteoro logi cal con di tions in
the Carpathians has been ex am ined in sev eral stud ies (Gil,
1997; Gil and D³ugosz, 2006; Gil et al., 2009). The ef fects of
pre cip i ta tion in fil tra tion and the re sult ing changes in ground wa -
ter lev els were ana lysed as causes of in creased pore wa ter

pres sure lead ing to the re ac ti va tion of sev eral land slides in the
Beskid Niski moun tain range (Zabuski et al., 2004; Mrozek et
al., 2006; Bednarczyk, 2015). Warmuz and Nescieruk (2019)
dem on strated, us ing ex am ples from sev eral Carpathian land -
slides, that rain fall events with sim i lar mag ni tudes and tem po ral
dis tri bu tions can yield mark edly dif fer ent land slide re sponses.
This vari abil ity is pri mar ily con trolled by the fil tra tion (per me abil -
ity) prop er ties of the col lu vial de pos its.

Perski and Wojciechowski (2022) de scribed cor re la tions
be tween land slide ac tiv ity and at mo spheric pre cip i ta tion for
sev eral Carpathian sites. Their study em ployed the InSAR
method, le ver ag ing ra dar back scat ter from ar ti fi cial re flec tors
in stalled on the land slides.

Given the rock-soil mass het er o ge ne ity, com plex ge ol ogy
and hydrogeology, and lim ited site data, link ing rain fall to land -
slide ac tiv ity is chal leng ing. To ad dress this ob jec tive, I con -
ducted anal y ses of the ef fects of at mo spheric pre cip i ta tion on
ground wa ter level fluc tu a tions and on land slide dis place ment
rates. Com pa ra ble stud ies have been car ried out pre vi ously,
aim ing to es ti mate rain fall to tals and du ra tions in or der to de fine
so-called rain fall thresh olds that ini ti ate land slide move ment in
the Flysch Carpathians (Thiel, 1989; Starkel, 1996; Gil, 1997;
R¹czkowski and Mrozek, 2002; Gorczyca, 2004; Gil and
D³ugosz, 2006; Zabuski et al., 2009). How ever, these stud ies
em ployed datasets cov er ing a time span rang ing from sev eral
months to two years. 

This ar ti cle draws on mon i tor ing data for land slides threat -
en ing in fra struc ture, col lected within the Land slide Pro tec tion
Sys tem pro ject, whose over arch ing goal is to re duce land slide
risk in Po land (Grabowski and Przybycin, 2010; Marciniec et al., 
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2015, 2019; Wójcik et al., 2020). The mon i tor ing fo cuses pri -
mar ily on land slides in the south ern part of the coun try
(Warmuz and Nescieruk, 2019). This study anal y ses 6 out of
more than 60 such land slides. 

This study ex plores the in flu ence of at mo spheric pre cip i ta -
tion on changes in the ac tiv ity of land slides com posed pre dom i -
nantly of clay shale-rich flysch strata. The in te gra tion of long-
 term data on pre cip i ta tion, ground wa ter level fluc tu a tions, and
ground de for ma tion en ables a more com pre hen sive un der -
stand ing of land slide pro cesses. Es tab lish ing a model of land -
slide ac tiv ity serves as a foun da tion for fore cast ing fu ture land -
slide haz ards (Wójcik et al., 2020).

GEOLOGICAL SETTING

Geo log i cally, the land slides in ves ti gated are sit u ated
within the Sub-Silesian, Silesian, Skole, and Magura tec tonic
nappes of the Outer Flysch Carpathians (Fig. 1B). The land -
slide in the vil lage of Ma³a is lo cated partly within Mio cene
transgressive de pos its over ly ing flysch rocks. Ba sic in for ma -
tion on the lo ca tions of the land slides de scribed in this ar ti cle is 
shown in Ta ble 1, while their de tailed char ac ter is tics are pro -
vided later in the text.

The Carpathians flysch are com posed of terrigenous ma -
rine strata rang ing in age from the Up per Ju ras sic to the Lower
Mio cene (Ksi¹¿kiewicz, 1953; Nowak, 1973; Golonka et al.,
2008). A de fin ing fea ture of the Carpathian Flysch is the al ter -
nat ing suc ces sion of sand stones, con glom er ates, siltstones,
and claystones/mudstones, with vari able pro por tions across
lithostratigraphic units. These rocks are folded, frac tured, and

dis sected by faults. The flysch suc ces sions are sub di vided into
a se ries of tec tonic units thrust north wards over one an other. 

Slope man tles con sist of silty and clayey col lu vium that
grades at depth into a typ i cal weath er ing pro file. These are
low-per me abil ity soils (Pazdro and Kozerski, 1990) with thick -
nesses of up to sev eral metres. Based on field in ves ti ga tions
near Gorlice, Zydroñ et al. (2015) ob tained hy drau lic con duc tiv -
ity val ues rang ing from 5.7 × 10–7 to 6.5 × 10–5 m/s, whereas
lab o ra tory test re sults re ported in the same study were sig nif i -
cantly lower by up to three or ders of mag ni tude. On the land -
slides de scribed here, col lu vial de pos its ex hibit better fil tra tion
(per me abil ity) prop er ties than do the deeper clay shales, which
are com monly clas si fied as ef fec tively im per me able rocks
(Pazdro and Kozerski, 1990). 

The first land slide de scribed in this ar ti cle is lo cated in the
vil lage of Witanowice on the right bank of the Skawa River. The
land slide area is used pri mar ily for ag ri cul ture; how ever, sev eral 
build ings and a lo cal road lie within its bounds. These build ings
were dam aged in 2010, when a marked in crease in land slide
ac tiv ity was trig gered by very in tense rain fall. The re la tion ship
be tween this land slide’s ac tiv ity and pre cip i ta tion was ex am ined 
by Warmuz and Nescieruk (2019), who doc u mented nearly
con tin u ous de for ma tion that was dif fi cult to cor re late with rain -
fall and ground wa ter-level fluc tu a tions.

In the north ern part of the land slide, the bed rock com prises
strata re ferred to as the Cieszyn Beds, con sist ing of black
shales interbedded with fine-grained, thin-bed ded sand stones
(Ry³ko and Paul, 2014). The sub strate in the south east ern part
is formed by Lower Cre ta ceous, coarse-grained, cal car e ous
sand stones, me dium- to thick-bed ded, known as the Gro -
dziszcze Beds (Fig. 2A).
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Fig. 1A – lo ca tion of the study area, B – land slide lo ca tions on the Geo log i cal Map of the Pol ish Carpathians
 (¯ytko et al., 1989, mod i fied)



An other land slide at ¯egocina oc cu pies a rel a tively small
area of 0.019 km2. Cur rently it is scarcely vis i ble in the field;
how ever, af ter its re ac ti va tion in 2010 its bound ary was de lin -
eated by a low, steep scarp and ground fis sures. At that time a
lo cal road within the slide zone was de stroyed. Be neath the
land slide, at a depth of ~20 m, a gas pipe line runs, hav ing been
in stalled by hor i zon tal di rec tional drill ing be low the slip sur face.

The land slide de vel oped within sub-Magura strata re ferred
to as the Zembrzyce shales (Wójcik et al., 2017). The litho -
logies in volved com prise pre dom i nantly mud shales, marls and
glauconitic sand stones. They oc cur in al ter nat ing pack ages
sev eral tens of centi metres thick. The stream chan nel im me di -
ately down stream of the land slide is un der lain by a fault that
sep a rates this unit from the W¹tkowa Sand stone Mem ber (Fig.
3A).

The next study area com prises two ad ja cent land slides in
Grybów, sep a rated by a nar row, sta ble strip of slope. The land -
slide bound aries are com plex, and the main scarps vary in
height from sev eral to over ten metres (Fig. 4B). Within the
land slide zones there are twenty build ings and a net work of lo -
cal roads. The ac tiv ity of these land slides poses a threat to
these struc tures and may lead to un con trolled con stric tion of
the Bia³a River chan nel.

The land slides in Grybów are sit u ated within the Magura
nappe, bounded by rocks of the Silesian nappe. The Bia³a River 
chan nel down stream of the land slides is un der lain by a tec tonic
fault (Fig. 4A). The old est rocks in the land slide sub strate con -
sist of thin-bed ded shales, marls and sand stones as signed to
the Inoceramian beds. Over ly ing these strata is a suc ces sion of 
var ie gated shales and mudstones dated to the Paleo cene–Eo -
cene (Paul, 1993). The land slides stud ied oc cur pre dom i nantly

within the var ie gated shales, which were en coun tered in all
three in cli nom e ter bore holes. The north ern rim of the land slides 
is formed by the Ciê¿kowice Sand stones, chiefly coarse-
 grained, me dium- to thick-bed ded sand stones (Bromowicz et
al., 1976; Leszczyñski, 1981).

The next fo cus of in ves ti ga tion is the land slide at S³awêcin.
It in duces slow yet con tin u ous dam age to the stra te gic road No.
28. Sev eral tens of build ings are also sit u ated within the slide
area (Fig. 5B).

The geo log i cal struc ture of this area is com plex. In the up -
per part of the slope, var ie gated shales, hi ero glyphic beds and
the Dul¹bka For ma tion oc cur (Szymakowska, 1966). These
rocks, be long ing to the Magura Nappe, show a pro nounced
dom i nance of shales over sand stones. The mid dle and lower
slope sec tions are com posed of the Lower Krosno Beds of the
Silesian Nappe (Wójcik et al., 1993). These con sist chiefly of
cal car e ous, mus co vite-bear ing shales, spo rad i cally inter -
bedded with thin lay ers of fine-grained shelly sand stone. Within
the land slide lim its, the tec tonic thrust zone likely runs through
its up per sec tor (Fig. 5A).

The land slide in Ma³a de vel ops un der par tic u lar geo log i cal
con di tions, with Mio cene transgressive de pos its over ly ing the
Carpathian Flysch. It was ini ti ated by a main scarp of ar cu ate
planform reach ing up to 10 m in height. At the scarp foot a de -
pres sion has formed that re tains wa ter af ter rain fall. Two build -
ings are sit u ated within the land slide mass, and a lo cal road tra -
verses its west ern sec tor (Fig. 6B). Ev i dence of land slide ac tiv -
ity in cludes fre quent crack ing and de for ma tion of this road’s
sur face.

The up per part of the land slide at Ma³a is sit u ated within
Inoceramian Beds (Fig. 6A). These com prise thin-bed ded
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T a  b l e  1

Land slide lo ca tions and their ba sic pa ram e ters

Name of land slide
Geo graphic

co or di nates of
land slide cen ter

Macroregion

Mesoregion

(Solon et al., 2018)

Tec tonic unit 

Land slide
area

[km2]

Avg. slope an gle
of the land slide

[°]

Length

Width

Span

[m]

Witanowice
19°30’46.8”

49°54’32.1”

Pogórze
Zachodniobeskidzkie

Pogórze Wielickie

Silesian Nappe 0.215 7

510

540

55

¯egocina
20°25’11.6”

49°47’49.6”

Beskidy Zachodnie

Beskid Wyspowy
Magura Nappe 0.019 16

200

130

60

Grybów
 (two-land slide

com plex)

20°57’29.5”

49°38’07.8”/

20°57’16.1”

49°38’04.4”

Pogórze
Œrodkowobeskidzkie

Pogórze Ro¿nowskie

Magura Nappe 0.194/0.063 10

740 / 620

420 / 200

137 / 120

S³awêcin
21°20’54.0”

49°44’50.9”

Pogórze
Œrodkowobeskidzkie

Obni¿enie Gorlickie

Magura Nappe /
Silesian Nappe

0.185 8

700

410

92

Ma³a
21°31’48.9”

49°58’03.7”

Pogórze
Œrodkowobeskidzkie

Pogórze Strzy¿owskie

Skole Nappe /
Mio cene post-orogenic 

de pos its 
0.096 7

390

280

54

Ruszelczyce
22°30’43.7”

49°49’01.3”

Pogórze
Œrodkowobeskidzkie

Pogórze Dynowskie

skolska 1.390 5

1430

1480

125



shales and sand stones to gether with grey marls. Shales pre -
dom i nate, whereas fine-grained glauconitic sand stones typ i -
cally oc cur as thin beds. The lower slope is com posed of
claystones with in ter ca lated sand stones, siltstones, and gyp -
sum. These Mio cene transgressive de pos its form iso lated
lenses within the val leys of nearby rivers.

The fi nal land slide de scribed here, at Ruszelczyce, oc cu -
pies a gently dip ping slope on the left-bank side of the San Val -
ley (Fig. 7B). The land slide ex tends over nearly 1.4 km2, and its
mean slope an gle does not ex ceed 5°. The af fected area com -
prises ar a ble fields, mead ows, and for ested patches. In the

lower sec tor, ~60 build ings are served by lo cal roads, and elec -
tri cal dis tri bu tion lines tra verse the land slide mass.

The Ruszelczyce land slide be long to a group of slides in
that sec tor of the Carpathians char ac ter ized in terms of gen eral
geo log i cal and geomorphological as pects by Wójcik and Zimnal 
(1996). It was also in ves ti gated as re gards the geo technical
con di tions within its bound aries. At that time, it was clas si fied as 
a typ i cal sub se quent land slide (Bober et al., 1997).

The com plex geo log i cal struc ture of the land slide re sults
from the lithological vari abil ity and a tec tonic thrust zone. The
old est rocks in the land slide sub strate are thin-bed ded, fine-
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Fig. 2. Witanowice land slide

A – geo log i cal map su per im posed on a dig i tal el e va tion model – DEM (af ter Ry³ko and Paul, 2014); B – de ploy ment of geo detic con trol
points on the land slide; C – dis place ment graph for in cli nom e ter Wi1 and core sam ple pho to graph; D – dis place ments re corded 

by in cli nom e ter Wi1 along the shal low slip sur face



 grained sand stones with in ter ca la tions of marls and var ie gated
shales, as signed to the Inoceramian Beds. These units crop out 
in the east ern and west ern sec tors of the land slide, where they
are thrust over youn ger Menilite For ma tion de pos its in the cen -
tral sec tor. There, shales and marls of the Menilite strata oc cur.
This highly tec toni cally dis turbed suc ces sion is tightly folded,
with var ie gated shales form ing the ax ial part of a syncline (Fig.
7A). Var ie gated shales were doc u mented in both bore holes
drilled for the pur pose of es tab lish ing land slide mon i tor ing.

METHODOLOGY

From among sev eral tens of land slides mon i tored un der the 
Land slide Pro tec tion Sys tem pro ject in the Flysch Carpathians,
six were se lected that ex hib ited slow dis place ments and for
which com plete datasets were avail able through out the mon i -
tor ing pe riod.

The mon i tor ing sys tem com prises three com po nents:
–  subsurface mon i tor ing based on in cli nom e ter mea sure -

ments; 
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Fig. 3. ¯egocina land slide

A – geo log i cal map su per im posed on a DEM (af ter Wójcik et al., 2016); B – de ploy ment of geo detic con trol points on the land slide; 
C – dis place ment graph for in cli nom e ter Zi1 and core sam ple pho to graph
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Fig. 4. The Grybów land slides

A – geo log i cal map su per im posed on a DEM (af ter Paul, 1991); B – de ploy ment of geo detic con trol points on the land slides;
C – dis place ment graph for in cli nom e ter Gi1 and core sam ple pho to graph; D – dis place ment graph for in cli nom e ter Gi2

and core sam ple pho to graph; E – dis place ment graph for in cli nom e ter Gi3 and core sam ple pho to graph



– sur face mon i tor ing re ly ing mainly on geo detic meth ods;
– re cord ing of rain fall and ground wa ter level fluc tu a tions as

fac tors that can ac ti vate land slides (Nescieruk and R¹czko -
wski, 2012; Wojciechowski et al., 2012). 
To char ac ter ize tem po ral changes in dis place ment rates,

in cli nom e ter mea sure ments were used, whereas dis place -
ments of geo detic points in stalled on the land slides de picted
the over all ac tiv ity sta tus. In ad di tion, rain fall data from tip -
ping-bucket gauges and ground wa ter-level vari a tions from pie -

zo meters lo cated on the land slides were re corded. In cli nom e ter 
pro fil ing en abled pre cise track ing of the depths of de for ma tion
zones. Re peated sur veys were con ducted with a bi axial RST
Dig i tal In cli nom e ter, and dis place ments were com puted us ing
the Inclinalysis soft ware (RST In stru ments Ltd.). Ac cord ing to
the in stru ments’ tech ni cal spec i fi ca tions, the dis place ment
mea sure ment er ror is ±2 mm per 25 m.

Geo detic sur veys en abled track ing of point tra jec to ries in a
pla nar Car te sian co or di nate sys tem. Twelve benchmarks were
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Fig. 5. S³awêcin land slide

A – geo log i cal map su per im posed on a DEM (af ter Wójcik et al., 1992); B – de ploy ment of geo detic con trol points on land slides; 
C – dis place ment graph for in cli nom e ter Si1 and core sam ple pho to graph; D – dis place ment graph for in cli nom e ter Si2 

and core sam ple pho to graph



in stalled on each land slide. Bench mark po si tions were de ter -
mined us ing Global Nav i ga tion Sat el lite (GNSS). Real-time ki -
ne matic mea sure ments were con ducted with ASG-EUPOS
cor rec tions. The ini tial sur veys em ployed a Trimble R8 re -
ceiver, which, ac cord ing to its spec i fi ca tions, pro vided hor i zon -
tal ac cu racy of 30 mm and ver ti cal ac cu racy of 50 mm in ki ne -
matic mode. The fi nal sur veys used an Emlid RS2 re ceiver, of -
fer ing 10 mm hor i zon tal and 15 mm ver ti cal pre ci sion. For con -
sis tency, a sim pli fied po si tional ac cu racy of ~30 mm was

adopted, and, given slope in cli na tions be low sev eral tens of de -
grees, hor i zon tal dis place ments sub ject to larger er rors than the 
ex pected move ments were not con sid ered. Ow ing to this pre ci -
sion and the slow dis place ment rates, time se ries of point tra -
jec to ries are not shown. The ab sence of de tect able geo detic
point move ment in di cates ei ther land slide in ac tiv ity or dis place -
ments be low the as sumed er ror thresh old.

At mo spheric pre cip i ta tion was re corded us ing tip ping -
-bucket rain gauges in stalled on the land slides. These in stru -
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Fig. 6. Ma³a land slide

A – geo log i cal map su per im posed on a DEM (af ter Szymakowska-Birkenmajer et al., 2014); B – de ploy ment of geo detic con trol 
points on land slides; C – dis place ment graph for in cli nom e ter Mi1 and core sam ple pho to graph; D – dis place ment graph

for in cli nom e ter Mi2 and core sam ple pho to graph



ments were un heated; con se quently, win ter pre cip i ta tion was
reg is tered only dur ing above-freez ing air tem per a tures, as -
sumed to ap prox i mately cor re spond to pe ri ods of snowmelt
and, thus, to in fil tra tion into the ground.

To track ground wa ter-level vari a tions, au to matic data log -
gers were in stalled in piezometer wells lo cated ad ja cent to the
in cli nom e ter bore holes. Keller wa ter-level re cord ers, model
DCX-16, were in stalled on the land slides de scribed. The to tal
er ror band of these re cord ers is 0.1% of the full-scale range,

which ex tends from 0 to 20 m of wa ter col umn. In wells Gp1,
Sp2, and Mp1, which were not equipped with log gers, the wa ter
ta ble was mea sured us ing a man ual elec tric wa ter level me ter
on the same dates as the in cli nom e ter sur veys.

This ar ti cle does not pro vide the re sults of lab o ra tory tests
con ducted on rock sam ples. Se lec tion and sam pling of spec i -
mens for lab o ra tory test ing is a dis tinct and com plex is sue when 
aim ing to ob tain sam ples rep re sen ta tive of land slide col lu vium
com posed of frac tured, weath ered, and folded flysch. Dur ing
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Fig. 7. Ruszelczyce land slide

A – geo log i cal map su per im posed on a DEM (af ter Wasiluk and GaŸdzicka, 2018); B – de ploy ment of geo detic con trol points 
on land slides; C – dis place ment graph for in cli nom e ter Ri1 and core sam ple pho to graph; D – dis place ment graph

for in cli nom e ter Ri2 and core sam ple pho to graph



sam pling, sec tions that are com pact and ap prox i mately ho mo -
ge neous are usu ally se lected, namely near-sur face clay lay ers
or com pact rock frag ments. Pa ram e ters ob tained from such
ma te rial re flect the me chan i cal prop er ties of the rock mass sig -
nif i cantly dif fer ent from those of the rock body form ing the col lu -
vium. De ter min ing the po si tion of slip sur faces dur ing drill ing is
of ten prob lem atic, par tic u larly in fault-ad ja cent zones or thrust-
 over lap ar eas. These pa ram e ters should not be re garded as
rep re sen ta tive of col lu vium. Es tab lish ing a cred i ble as so ci a tion
be tween these data and the anal y sis in the manu script, and de -
riv ing valid con clu sions, would be prob lem atic.

RESULTS

GNSS AND INCLINOMETRIC MONITORING RESULTS

The mon i tor ing re sults shown cover the pe riod from the
start of mea sure ments to 2021. Some in cli nom e ter cas ings
were trun cated ear lier, there fore the mon i tor ing in ter vals dif fer
and are in di cated by the mea sure ment dates shown on the dis -
place ment graph for the in cli nom eters (Figs. 2C, D; 3C; 4C–E;
5C, D, 6C, D and 7C, D). The geo detic bench mark dis place -
ments re ported on the land slides are based on the first and last
GNSS mea sure ments within that pe riod (Figs. 2B–7B). Be -
cause this method has sub stan tially lower pre ci sion, no de tailed 
anal y sis of dis place ments us ing GNSS was per formed later in
the text as was done for the in cli nom e ter mea sure ments.

WITANOWICE LANDSLIDE

Geo detic mon i tor ing com menced in March 2012. Twelve
geo detic con trol points were in stalled in the up per and cen tral
sec tors of the land slide (Fig. 2B); the lower sec tor was omit ted
due to dense veg e ta tion. GNSS mea sure ments re vealed dis -
place ments ex ceed ing the mea sure ment er ror at 11 of the 12
points. The great est move ment was re corded at point w4 (377
mm), with slightly smaller val ues at w1 (265 mm), w3 (259 mm), 
w2 (258 mm), and w5 (221 mm). Dis place ments at the re main -
ing points ranged from 157 to 38 mm.

Inclinometric mon i tor ing on the Witanowice land slide since
March 2012 de tected de for ma tion at two depths – 9.8 m and
26.6 m (Fig. 2C). Af ter nearly four years, the in cli nom e ter string
sheared at the deeper slip sur face, and sub se quent mea sure -
ments were there fore lim ited to 25 m depth. Over the next five
years, shear ing oc curred at the shal lower ho ri zon of 9.8 m (Fig.
2D). Cu mu la tive dis place ment pro files in di cate a rel a tively nar -
row shear zone. The shal low slip sur face lies within a deci -
metre-thick layer of plas tic clays bounded above by soft,
smoothly fis sile shales and be low by black clays con tain ing
sand stone frag ments. The deeper slip sur face fol lows the con -
tact be tween clayey shales and a thin bed of dark green sand -
stone, where a ~0.4 m in ter val of crushed shale and slick en -
sides was doc u mented (Fig. 2C). In cli nom e ter re sults there fore
clas sify this fea ture as a deep-seated land slide with listric slip
sur faces. 

¯EGOCINA LANDSLIDE

Geo detic sur vey ing at the ¯egocina land slide was ini ti ated
in May 2012. For the first five years, mea sure ments were con -
fined to six con trol points (z1–z6), and in April 2017 an ad di -

tional six points (z7–z12) were in stalled. The points are evenly
dis trib uted across the land slide ex cept in the lower sec tor,
where tall trees se verely im pede GNSS ob ser va tions (Fig. 3B).
Of the twelve points, seven showed dis place ments ex ceed ing
the mea sure ment er ror. The great est move ment was re corded
at point z5 (72 mm) in the cen tral sec tor. Slightly smaller val ues
were ob tained at z10 (61 mm), z11 (59 mm), and z9 (57 mm),
de spite the mea sure ment pe riod for these points be ing only half 
as long, sug gest ing height ened ac tiv ity in the lower por tion of
the slope. Point z4, which is mounted on the in cli nom e ter cas -
ing, showed dis place ments com pa ra ble to those mea sured by
the in cli nom e ter string.

Inclinometric mon i tor ing at ¯egocina has been con ducted
since May 2012 in a bore hole lo cated in the cen tral part of the
land slide. The ac tive slip sur face was iden ti fied at a depth of
~11.5 m (Fig. 3C). De for ma tion of the in cli nom e ter col umn oc -
curred over a 1.5 m in ter val co in cid ing with a zone of crushed
and slickensided sand stones. This in di cates that dis place -
ments con cen trate within a me chan i cally weak ened ho ri zon of
the rock mass. Over nine years, cu mu la tive dis place ments
have reached ~35 mm.

GRYBÓW LANDSLIDES

Geo detic con trol points were in stalled pri mar ily on the larger 
of the two land slides in ves ti gated in Grybów (Fig. 4B). The dis -
tri bu tion of points across the land slide was con strained by ar eas 
of dense tree cover. GNSS sur veys con ducted from April 2012
through May 2021 re vealed pro nounced ac tiv ity at all but one
lo ca tion, point g5, which lies at the slide’s bound ary. On the
smaller land slide nearer the cen tre of Grybów, three con trol
points were mon i tored: the great est dis place ment oc curred at
g7 (382 mm), fol lowed by g1 (241 mm) ad ja cent to in cli nom e ter
Gi1, and the least at g12 (50 mm). A sim i lar pat tern emerged on 
the larger land slide: sig nif i cantly larger dis place ments were re -
corded at g3 (395 mm), g2 (335 mm), and g4 (290 mm) in the
lower sec tor com pared to the mid and up per parts.

Inclinometric mon i tor ing in Grybów has been car ried out
since March 2011 across three bore holes. From the out set,
each in cli nom e ter cas ing re corded mea sur able de for ma tion.
Bore hole Gi1 is lo cated in the up per sec tion of the smaller land -
slide, whereas Gi2 and Gi3 lie in the cen tral sec tion of the larger
land slide (Fig. 4B). In Gi1, the ac tive slip sur face was iden ti fied
at ~7.2 m be low ground level (Fig. 4C), where the drilled core
re vealed crushed shale. Dis place ment in cre ments were ob -
served over a one-metre in ter val. The fi nal read ing be fore the
in cli nom e ter cas ing was im mo bi lized was taken in No vem ber
2017, by which time cu mu la tive dis place ment had reached 110
mm. The pro gres sive tilt ing of the cas ing in the di rec tion of
move ment in di cates a pre dom i nantly translational mode of fail -
ure. In bore hole Gi2, the slip sur face oc curs at a depth of 10.5 m 
be low ground level (Fig. 4D). Core logs show that this ho ri zon
lies within a zone of gray, weak shales. The nar row, dis crete
shear zone caused rapid shear ing of the in cli nom e ter cas ing,
and the last vi a ble mea sure ment was ob tained in May 2014,
with cu mu la tive dis place ment amount ing to only 65 mm. Due to
a com pa ra ble rate of move ment re corded in Gi3, mon i tor ing in
that bore hole was con tin ued over an ex tended pe riod. In bore -
hole Gi3, the slip sur face was en coun tered at a depth of 8.3 m
be low ground level (Fig. 4E). The core re vealed a 0.5 m thick
ho ri zon of weak shales. Mon i tor ing in this hole ceased in April
2016, at which time cu mu la tive dis place ments ex ceeded 170
mm over nearly five years. 
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S£AWÊCIN LANDSLIDE

GNSS mea sure ments on the S³awêcin land slide be gan in
No vem ber 2009. Ini tially, ten con trol points (s1–s10) were mon -
i tored, and two ad di tional points (s11 and s12) were in stalled in
March 2017 (Fig. 5B). These points are mainly lo cated along
road no 28. Dur ing the road re pair in 2019, points s7–s10 were
de stroyed, and point s5 was likely dam aged by ag ri cul tural ma -
chin ery. Con se quently, dis place ment re cords for these points
cover a shorter pe riod, yet their mag ni tudes in di cate move ment 
rates sim i lar to ad ja cent points. All twelve benchmarks showed
dis place ment, with the max i mum of 178 mm re corded at point
s4 (Fig. 5B). GNSS data re veal slightly higher ac tiv ity in the
cen tral sec tor of the land slide. Dis place ment mag ni tudes at
points s1 and s3 – mounted on the cas ings of in cli nom e ter
bore holes Si1 and Si2 – are com pa ra ble to those mea sured
within the in cli nom e ter in stal la tions. 

Inclinometric mon i tor ing at S³awêcin has been con ducted in 
two bore holes since No vem ber 2009, en com pass ing the cat a -
strophic May 2010 rain fall event. Dis place ments dur ing that in -
ter val are mark edly greater than at other times. In bore hole Si1,
the ac tive slip sur face is lo cated at ~2.6 m be low ground level
(Fig. 5C). A dis tinct bend and down slope in cli na tion of the in cli -
nom e ter string in di cate a transla tional mode of move ment. Cu -
mu la tive dis place ment at the up per end of the in cli nom e ter col -
umn reached nearly 80 mm over the mon i tor ing pe riod. Core
logs iden tify the slip sur face as a thin (decimetre-scale) zone of
plas tic silts. In bore hole Si2, the slip sur face oc curs at ~4.5 m
depth (Fig. 5D). Dur ing the pe riod ana lysed, mea sured dis -
place ments reached 120 mm above the slip ho ri zon and 180
mm at the up per cas ing end. The core shows that the slip sur -
face lies within crushed marly shales con tain ing sand stone and
siltstone frag ments in a cha otic fab ric. 

MA£A LANDSLIDE

Geo detic mon i tor ing of the Ma³a land slide has been con -
cen trated mainly in the cen tral sec tor (Fig. 6B), where tree
cover is ab sent. Mea sure ments con ducted from March 2012 to
Oc to ber 2021 re vealed dis place ments ex ceed ing the mea sure -
ment er ror at 10 of the 12 benchmarks. The great est move -
ments were re corded at points m4 (280 mm), m9 (227 mm), m8 
(226 mm) and m7 (221 mm). At the re main ing points, dis place -
ments ranged from 42 mm to 102 mm. Points m1 and m3 were
in stalled on the lower por tion of the main scarp rather than
within the col lu vial apron, which likely ex plains why no move -
ments were reg is tered at these lo ca tions.

Inclinometric mon i tor ing was car ried out in two bore holes
and in di cated a con stant dis place ment rate over the en tire
mea sure ment pe riod (Fig. 6C, D). In bore hole Mi1, the slip sur -
face was doc u mented at a depth of 6.5 m be low ground level
(Fig. 6C). The last read ing in Oc to ber 2015 showed cu mu la tive
dis place ment of 73 mm. The up per sec tion of the in cli nom e ter
cas ing tilted op po site to the slope’s in cli na tion, in di cat ing a ro ta -
tional fail ure mech a nism. In bore hole Mi2, the slip sur face lies
at ~7 m be low ground level within weak clays (Fig. 6D). De for -
ma tion oc curred within a 1 m-thick zone, and max i mum dis -
place ments of up to 90 mm were re corded dur ing the mon i tor -
ing pe riod. 

RUSZELCZYCE LANDSLIDE

GNSS mon i tor ing of the Ruszelczyce land slide was con -
ducted since De cem ber 2010. Con trol points were in stalled in
the cen tral sec tor of the land slide (Fig. 7B). The site in cludes

nu mer ous dif fi cult-to-ac cess ar eas densely cov ered by shrubs
and fenced ag ri cul tural fields. Mea sure ments at points r2,
r4–r6, r8, r9, and r11 were car ried out un til Oc to ber 2021, while
for points r1, r3, r7, r10, and r12 the mon i tor ing pe riod is shorter. 
Can opy growth of trees and shrubs lim ited the pre ci sion of the
GNSS ob ser va tions. Dis place ments ex ceed ing the mea sure -
ment er ror were re corded at 10 of the 12 points, with the great -
est move ment mea sured at point r8 (443 mm). Point r4,
mounted on in cli nom e ter bore hole Ri2, was dis placed by 281
mm, whereas the in cli nom e ter col umn re corded 210 mm over a
pe riod 2.5 years shorter. Ve loc i ties de rived from both GNSS
and inclinometry are com pa ra ble. Point r11, in stalled on bore -
hole Ri1, moved 83 mm, match ing the in cli nom e ter read ings.

Inclinometric mea sure ments in the cen tral sec tor (Fig. 7B)
re veal dis tinct ac tiv ity zones. In bore hole Ri1, the slip sur face
ap pears at ~8.5 m be low ground level (Fig. 7C). Above this ho ri -
zon, the in cli nom e ter string tilts downslope, in di cat ing trans -
lational move ment. Over ten years, cu mu la tive dis place ment in
the Ri1 col umn reached nearly 70 mm. In bore hole Ri2, the ac -
tive slip sur face lies at ~13.6 m depth (Fig. 7D). Weak clays oc -
cur both above and be low this sur face, which likely per mit ted
dis place ment mea sure ments reach ing nearly 200 mm.

RELATIONS BETWEEN DEFORMATIONS,
RAINFALL AND GROUND WATER 

The main el e ment of anal y sis of the land slides in ves ti gated
in volved cor re lat ing pre cip i ta tion data with vari a tions in
subsurface wa ter lev els and in cre men tal dis place ments re -
corded in in cli nom e ter cas ings. The de ter mi na tion of the tim ing
of ac tiv ity changes was re duced to iden ti fy ing the most ad verse
me te o ro log i cal con di tions that pre cip i tate a pro nounced al ter -
ation of the hydrogeological re gime. For this, a de tailed ex am i -
na tion was con ducted for each land slide over se lected time in -
ter vals, dur ing which the im pact of rain fall on ground wa ter lev -
els was as sessed and an at tempt was made to pin point the spe -
cific pre cip i ta tion event that trig gered changes in land slide ve -
loc ity.

WITANOWICE LANDSLIDE

Inclinometric mon i tor ing from the out set dem on strated that
the land slide is ac tive (Fig. 8). Two slip sur faces were iden ti fied
at depths of 9.8 m and 26.6 m b.g.l. The more rapid shear ing of
the deeper ho ri zon is at trib uted to its nar row shear zone.

Two dis tinct time in ter vals ex hib it ing in creased dis place -
ment rates were ana lysed in de tail (Fig. 8). The first in ter val, be -
tween in cli nom e ter sur veys on 9 April and 19 Sep tem ber 2014,
spans the wet spring and sum mer months, dur ing which sev eral 
high-in ten sity rain fall events oc curred. Cu mu la tive dis place -
ments in creased by 13 mm on the deeper slip sur face and by 6
mm on the shal lower sur face. The surge in ac tiv ity likely be gan
in mid-May fol low ing heavy rain fall. A sim i lar in cre ment was re -
corded in the June 2015 sur vey, de spite rel a tively low monthly
rain fall at that time. The sec ond in ter val cov ers 31 May to 30
No vem ber 2017. Af ter a rel a tively dry June 2017, rain fall rose
through July and Au gust, peak ing at 194 mm in Sep tem ber,
then de clined to ward the end of the pe riod. In cli nom e ter mea -
sure ments dur ing this in ter val were lim ited to a short ened col -
umn. No dis place ments were re corded be tween the 31 May
and 27 Sep tem ber 2017 read ings. The most sub stan tial rain fall
in late Sep tem ber 2017 co in cided with a piezometric wa ter-level 
rise of over 1 m, likely trig ger ing land slide re ac ti va tion. Dis -
place ments be tween 27 Sep tem ber 2017 and 30 April 2018
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amounted to 21 mm. Con sid er ing the tim ing of the wa ter-level
rise, the land slide’s re sponse to pre cip i ta tion showed a lag of at
least two weeks. By anal ogy, the first in ter val’s ac cel er a tion
prob a bly com menced be tween May and June 2014.

¯EGOCINA LANDSLIDE

Inclinometric mon i tor ing over a 9-year and 4-month pe riod
re corded cu mu la tive dis place ments of 33 mm. Land slide ac tiv -
ity fluc tu ated dur ing this in ter val: the bulk of move ment oc curred 
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be tween Sep tem ber 2012 and May 2014 and again be tween
June 2018 and Oc to ber 2019, while only mi nor ac tiv ity was
noted from Feb ru ary 2016 to Sep tem ber 2017 and from April to
Sep tem ber 2020 (Fig. 9).

Three dis tinct in ter vals of ac cel er ated move ment were se -
lected for de tailed anal y sis. The first and third in ter vals in clude
sev eral pre ced ing weeks to cap ture ma jor rain fall events. Be -
tween 27 June and 13 No vem ber 2013, rel a tively large de for -
ma tion events were ob served (Fig. 9). June 2013 was ex cep -
tion ally wet, with a to tal of 331 mm of pre cip i ta tion. Rain fall of 95 
mm from 3–5 June in duced a rapid piezometric wa ter-level rise
of 5 m, and a fur ther 104 mm fell on 11–12 June. Ad di tional
storms in late June and mid-July pro duced fur ther pro nounced
wa ter-level in creases. The fi nal rise in this in ter val oc curred be -
tween 2 and 9 No vem ber, in di cat ing that the land slide ac cel er a -
tion could have be gun any time be tween 3 June and 18 July;
dis place ments may also have oc curred be tween 9 and 11 No -
vem ber 2013. Dur ing the sec ond in ter val, be tween in cli nom e ter 
read ings of 12 June and 20 Sep tem ber 2018, to tal move ment
amounted to 2 mm (Fig. 9). The piezometric level re mained
near 10 m be low ground un til a small (<1 m) rise fol lowed
late-June rains, but a sub stan tial rise from 10.2 to 5.8 m b.g.l.
re sulted from 293 mm of rain fall be tween 16 and 19 July. The
re corded dis place ment cor re lates with this in tense pre cip i ta -
tion. The third in ter val mir rors the first in its me te o ro log i cal pat -
tern: suc ces sive multi-day heavy rains from 27 April to 24 May
2019. The most ad verse con di tions – pro duc ing marked piezo -
metric changes – oc curred two to six weeks be fore the in cli -
nom e ter sur vey on 11 June 2019. This tim ing sug gests move -
ment ini ti a tion in May, con tin ued ve loc ity in crease af ter 11
June, and sub se quent de cel er a tion. Ear lier dis place ments
mea sured be tween Sep tem ber 2018 and June 2019 likely stem 
from the May 2019 rain fall.

GRYBÓW LANDSLIDES

Greater dis place ments were ini tially re corded in bore hole
Gi1 on the Grybów land slides. Over the first five months they to -
talled 18 mm, whereas dur ing the sub se quent four teen months
they amounted to only 5 mm. Bore hole Gi2 showed an ap prox i -
mately con stant dis place ment rate of about 1.8 mm/month.
This in stal la tion sheared af ter 38 months, by which time cu mu -
la tive dis place ment had reached 67 mm. The larg est move -
ments were ob served in bore hole Gi3, where dis place ments
over a five-year pe riod to talled 173 mm, cor re spond ing to an
av er age rate of 2.9 mm /month.

Two dis tinct time in ter vals show ing ac cel er ated dis place -
ment were ana lysed in de tail for the Grybów land slides (Fig.
10). The first in ter val spans the in cli nom e ter sur veys of No vem -
ber 2012 and May 2013, while the sec ond ex tends from 1 April
to 10 Oc to ber 2014. The lat ter in ter val was back dated to en -
com pass the ex cep tion ally heavy rain fall of April–May 2014. In
the first in ter val, all three in cli nom e ter cas ings re corded com pa -
ra ble dis place ment mag ni tudes, and no sig nif i cant in flu ence of
rain fall on piezometric wa ter-level fluc tu a tions was de tected.
From Jan u ary through early Feb ru ary, nearly con tin u ous but
low-in ten sity pre cip i ta tion oc curred at an av er age rate of 2.5
mm/day. Be tween 11 March and 13 April to tal rain fall amounted 
to 106 mm, com pris ing short, in tense events in March and less
in tense yet pro longed rains in April. It re mains un cer tain which
spe cific rain fall pat tern most strongly gov erned the ob served in -
crease in dis place ment rates. Dur ing the sec ond in ter val, in -
creased dis place ments were ob served in bore holes Gi1 and
Gi3, and the in cli nom e ter in Gi2 sheared fol low ing the 20 May

2014 read ing. Monthly pre cip i ta tion to tals were 211 mm in May,
236 mm in July, and 160 mm in Au gust. A par tic u larly in tense
event on 14–17 May de liv ered 148 mm of rain, in duc ing a
piezometric rise of over 2 m in P3 and likely ini ti at ing the land -
slide’s ac cel er a tion phase. Ad di tional heavy rain fall from 9 to 12 
July, fol lowed by mod er ate but reg u lar pre cip i ta tion through late 
July and Au gust, sus tained high wa ter lev els in P3 through out
the in ter val. The wa ter level in P1 – mon i tored from mid-July af -
ter in stru ment re pair – re mained sta ble at ~4.5 m b.g.l. Dip-tape
read ings in P2 dur ing May and Oc to ber in di cated slightly shal -
lower lev els than those re corded in most other mea sure ments.
As sum ing the ac cel er a tion af ter 20 May was trig gered by the
mid-May storm (14–17 May), the lag time be tween peak rain fall
and land slide re sponse is es ti mated at a min i mum of three
days.

S£AWÊCIN LANDSLIDE

Inclinometric base line mon i tor ing on the S³awêcin land slide
was con ducted in No vem ber 2009, with the next sur vey car ried
out three weeks af ter the cat a strophic spring 2010 rain fall. Mea -
sure ments on 8 June 2010 re corded dis place ments of 17 mm in 
in cli nom e ter cas ing Si1 and 24 mm in cas ing Si2 (Fig. 11). Over 
a 12-year pe riod, cu mu la tive move ments reached ~65 mm in
Si1 and nearly 130 mm in Si2. In Si2, the im pact of in tense pre -
cip i ta tion dur ing May–June 2014 and July 2019 is clearly re -
flected in ac cel er ated land slide ac tiv ity. Pe ri ods of rel a tive sta -
bil ity co in cided with in ter vals of low rain fall, and in cre men tal dis -
place ments in Si2 were gen er ally larger in spring sur veys than
in those con ducted in au tumn. 

Three dis tinct time in ter vals marked by el e vated land slide
ac tiv ity co in cid ing with peak monthly rain fall to tals were se -
lected for de tailed anal y sis (Fig. 11). The dis cus sion fo cuses on 
in cli nom e ter cas ing Si1, since al ter nat ing in cre ments and re -
duc tions in dis place ment within cas ing Si2 im pede a con sis tent
in ter pre ta tion of ac tiv ity. This be hav iour in Si2 likely re flects ep i -
sodic load ing of the probe by earth masses and the cas ing’s re -
sponse within weak sub strate. Dur ing the first in ter val, man ual
ground wa ter mea sure ments in piezometer Sp1 in di cated shal -
low ponding at ~0.5 m be low ground level (b.g.l.), while Sp2
showed no sig nif i cant wa ter-level change de spite heavy
May–June 2010 rain fall. To tal rain fall in May 2010 reached 254
mm, with 130 mm fall ing be tween 15–16 May and a fur ther 122
mm from 30 May to 4 June. The con cur rent surge in land slide
dis place ment is at trib uted to these heavy rain fall events. The
sec ond in ter val spans 9 May to 2 Oc to ber 2014, dur ing which
cas ing Si2 ac cu mu lated 8 mm of dis place ment. Heavy rain fall
oc curred in mid-May, late June, and early July 2014; piezo -
meter Sp1 re corded a 0.5 m wa ter-level rise, whereas Sp2 re -
mained es sen tially con stant. Rain fall to tals in cluded 89 mm be -
tween 11–17 May, but the larger pulses of 56 mm in late June
and 129 mm in early July more plau si bly drove the ob served ac -
cel er a tion. A sub se quent sta bi li za tion re corded in Si2 dur ing
Sep tem ber likely re flects the dry con di tions of that month. The
third in ter val, bounded by in cli nom e ter read ings on 24 April and
11 Oc to ber 2019, saw cas ing Si2 dis place 17 mm, while Si1
showed oc ca sional downslope re ver sals, a pat tern ob served
through out the mon i tor ing pe riod. May 2019 was the wet test
month on re cord with 233 mm of rain – half of which fell over a
three-day span – cor re lat ing with the first phase of land slide ac -
cel er a tion. A sec ond ary uptick in ac tiv ity may also link to 121
mm of rain fall in the first half of Au gust. At the start of this in ter -
val, Sp1’s wa ter ta ble lay at 0.5 m b.g.l., ris ing to 1.4 m b.g.l. by
Oc to ber; Sp2 re mained vir tu ally un changed. Al though the
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piezometric lev els showed lim ited re sponse, the heavy rain fall
events ev i dently ex erted a sig nif i cant in flu ence on land slide dy -
nam ics.

MA£A LANDSLIDE

The Ma³a land slide main tains a more con sis tent dis place -
ment rate than the other case stud ies de scribed. In in cli nom e ter 
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cas ing Mi1 the mean rate is 1.3 mm/month, whereas in Mi2 it is
0.7 mm/month. To eval u ate the in flu ence of pre cip i ta tion on this 
land slide’s ac tiv ity, two dis crete time in ter vals were ana lysed.
The first spans the sur veys of May and Sep tem ber 2013, dur ing 
which Mi1 re corded a slight de cel er a tion and Mi2 a pro nounced 

ac cel er a tion. The sec ond ex tends from 1 May to 29 Oc to ber
2014, over which Mi1 ex hib ited a marked in crease in ve loc ity
and Mi2 a mod est rise.

The first in ter val be gan with two weeks of mod er ate rain fall
av er ag ing 6.5 mm/day, rais ing the wa ter ta ble in piezometer
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Mp2 by ~0.5 m. This pe riod cul mi nated in an in tense storm on
10–11 June (44 mm), which likely trig gered the ac tiv ity spike in
Mi2. Sub se quent down pours on 23–24 June (74 mm) may
have tem po rarily weak ened slope sta bil ity. The ob served slow -

down in Mi1 dur ing these heavy rains is dif fi cult to ex plain, since 
Mi1’s great est move ments oc curred in other in ter vals with rel a -
tively low monthly pre cip i ta tion. It is hy poth e sized that the up per 
col lu vial lay ers im pose a slowly vary ing load on the lower slope,
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caus ing a de layed, out-of-phase re sponse be tween the two in -
cli nom e ter cas ings and a lag rel a tive to rain fall events. The sec -
ond in ter val cor re sponds to the wet test sea son re corded over
the en tire mon i tor ing pe riod. Af ter the 26 July 2014 read ings,
both Mi1 and Mi2 showed clear ac cel er a tion. May 2014 alone
pro duced 243 mm of rain, af ter which monthly to tals de clined.
In mid-May a multiday storm de liv ered 166 mm, lift ing the
piezometric level in P2 by ~0.5 m. In June and July, over half
the days saw rain fall, with sev eral events reach ing as much as
43 mm/day. No ta bly, the land slide ac cel er ated af ter 26 July
2014 de spite lower to tals of 102 mm in Au gust, 78 mm in Sep -

tem ber, and 63 mm in Oc to ber. This pat tern in di cates that the
in tense May storms, com pounded by pro longed mod er ate pre -
cip i ta tion, grad u ally but sys tem at i cally un der mined slope sta bil -
ity and drove the ob served in crease in dis place ment rate.

RUSZELCZYCE LANDSLIDE

Mon i tor ing re sults in di cate that the west ern sec tor of the
Ruszelczyce land slide shows mark edly lower ac tiv ity than its
cen tral sec tor (Fig. 13). Cu mu la tive dis place ment in in cli nom e -
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Fig. 12. Tem po ral com par i son of pre cip i ta tion, ground wa ter level vari a tions, and ground dis place ments
 within the Ma³a land slide



ter cas ing Ri1 reached 35 mm, whereas Ri2 re corded 232 mm.
The high est ac tiv ity oc curred be tween Oc to ber 2012 and June
2013; this in ter val is ex am ined in de tail be low. A sec ond in ter -
val, from 7 May to 3 Oc to ber 2014, was also char ac ter ized, as
both in cli nom e ter col umns showed a pro nounced ac cel er a tion
dur ing this pe riod.

The first in ter val was not ex cep tion ally wet within the con text 
of the en tire mon i tor ing re cord. Monthly pre cip i ta tion ranged
from a low of 25 mm in Feb ru ary 2013 to 120 mm in June 2013.
Ini tially, piezometric lev els in both bore holes lay be tween 1.5
and 2.0 m be low ground level, ris ing by sev eral tens of centi -
metres be tween Jan u ary and April 2013. Short-term wa ter-level 
fluc tu a tions cor re late with rain fall, and the Feb ru ary–March rise
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Fig. 13. Tem po ral com par i son of pre cip i ta tion, ground wa ter level vari a tions, and ground dis place ments
 within the Ruszelczyce land slide



likely re flects con cur rent snowmelt. The com bi na tion of rain fall
and snowmelt may have driven an uptick in land slide ac tiv ity. Of 
par tic u lar sig nif i cance are the May–June 2013 rains: 126 mm
over 18 days in duced a rapid piezometric rise of about 1 m in
both in stru ments. This hy dro log i cal load ing likely in ten si fied
land slide move ment, es pe cially given the slide’s gen tle (~5°),
un du lat ing sur face, which hin ders sur face run off and en hances
in fil tra tion. The sec ond in ter val en com passed heavy pre cip i ta -
tion in May and July 2014—in ter vals that also co in cided with
height ened ac tiv ity at the other sites stud ied. Mid-May storms
de liv ered 95 mm of rain over five days, lift ing wa ter lev els by
roughly 1 m and main tain ing them for two weeks; these events
likely trig gered the land slide’s ac cel er a tion. Sub se quent mod -
er ate but per sis tent rains, in clud ing sev eral in tense show ers in
late June and July, pro duced fur ther piezometric rises. Al -
though July rain fall was less in tense than in May, its ex tended
du ra tion con tin ued to de grade slope sta bil ity and sus tain el e -
vated land slide ac tiv ity.

DISCUSSION

The state of ac tiv ity of all the land slides mon i tored is sum -
ma rized in a sin gle di a gram (Fig. 14), which plots cu mu la tive
dis place ments re corded in ev ery in cli nom e ter cas ing on a com -
mon time axis. On that same time axis, monthly pre cip i ta tion to -
tals are shown, in clud ing the min i mum, max i mum, and mean
val ues across all six study sites. 

The pre cip i ta tion plot re veals that the high est rain fall oc curs
pre dom i nantly in sum mer, with large dis par i ties be tween min i -
mum and max i mum monthly amounts. Dur ing the mon i tor ing
pe riod, the great est monthly to tal – 331 mm – was re corded in
June 2013 at the ̄ egocin gauge, while the mean for that month
across all six sites was 178 mm. No ta bly high av er age rain fall
also oc curred in July 2011; May and July 2014; Sep tem ber
2017; July 2018; and May 2019 – in ter vals that co in cided with
surges in land slide ac tiv ity (Fig. 14).

Dis place ment his to ries dem on strate near-con tin u ous
move ment, with ve loc ity fluc tu a tions broadly track ing pre cip i ta -
tion in ten sity. The fast est rate was re corded in cas ing Gi3 at
Grybów, which showed an ap prox i mately con stant ve loc ity of
2.8 mm/month. Ac cord ing to Cruden and Varnes’s (1996) clas -
si fi ca tion, all of the land slides de scribed here fall into the “very
slow” to “slow” cat e go ries.

The cu mu la tive dis place ment at which in cli nom e ter cas ings 
sheared var ied from 38 mm in cas ing Wi2 to 232 mm in cas ing
Ri2. This range largely re flects dif fer ences in shear-zone thick -
ness and the plas tic ity of the rock mass within those zones.

Over lon ger in ter vals, GNSS sur veys pro vided an over view
of whole-land slide ac tiv ity, and benchmarks in stalled on in cli -
nom e ter cas ings served to val i date dis place ment mag ni tudes.
Di rect com par i son of geo detic and inclinometric mea sure ments 
over short (multi-monthly) in ter vals is pre cluded by their dif fer -
ing ac cu ra cies; how ever, over lon ger pe ri ods the meth ods ef -
fec tively ref er ence each an other.

The land slides de scribed here ex hib ited con tin u ous ac tiv ity, 
with vary ing dis place ment mag ni tudes over suc ces sive mea -
sure ment in ter vals. Ac cel er a tions in move ment typ i cally co in -
cided with pro longed pe ri ods of heavy rain fall, yet iden ti fy ing a
clear rain fall thresh old and pin point ing the ex act on set of ac cel -
er a tion is dif fi cult. This chal lenge i salso ex pressed by Zabuski
(2004), who char ac ter ized sim i lar land slides un der com pa ra ble
geo log i cal set tings as “quasi-con tin u ous,” in which move ment
pro ceeds slowly, may in ter mit tently cease, but never be comes

abrupt. In such con texts, more fre quent mon i tor ing would im -
prove the res o lu tion of the re la tion ship be tween pre cip i ta tion
and dis place ment rate. Cur rent de tec tion of slow-mov ing land -
slides of ten re lies on time-se ries anal y ses of InSAR im ag ery.
Hu et al. (2016) ob served a sea sonal pat tern of dis place ments
in the Cas cade land slide com plex of Wash ing ton State that cor -
re lated with win ter pre cip i ta tion, and Handwerger et al. (2013)
con ducted anal o gous stud ies for land slides in north ern Cal i for -
nia. These in ves ti ga tions fur ther linked ob served de for ma tions
to a one-di men sional lin ear dif fu sion model, es ti mat ing a land -
slide re sponse time of ~40 days fol low ing the on set of sea sonal
rain fall. How ever, in the flysch-dom i nated Carpathians – where
pre cip i ta tion is highly vari able – such an a lyt i cal frame works are
un likely to yield sat is fac tory re sults for slow-mov ing land slides.
The com plex hydrogeological struc ture of the flysch fur ther
com pli cates re li able mod ell ing of land slide re sponse to rain fall. 

Sev eral stud ies ana lys ing land slide events in the Carpa -
thians have es tab lished rain fall thresh olds be yond which land -
slide ac tiv ity in ten si fies. Gil (1997) es ti mated that, in flysch units
dom i nated by sand stones, re ac ti va tion oc curs af ter 400–550
mm of cu mu la tive rain fall over 20–45 days, in clud ing a 5–6 day
ep i sode of in tense down pours to tal ling 250 mm. In a later study, 
Gil and D³ugosz (2006) pro posed a 500 mm thresh old for pro -
longed, dif fu sive rain that trig gers cat a strophic land slide ini ti a -
tion – rain fall mag ni tudes that are ex cep tion ally rare in the
Carpathians. For slopes un der lain by interbedded sand stones
and shales, these au thors re ported lower thresh olds of
250–300 mm over 20–45 days. R¹czkowski and Mrozek (2002) 
fur ther showed that struc tural land slides ac ti vate un der ei ther
dif fuse rain ex ceed ing 400 mm, monthly to tals above 600 mm,
or con vec tive storms de liv er ing more than 250 mm. The
high-pre ci sion mon i tor ing re sults de scribed here in di cate that
the ac tual pre cip i ta tion amounts re quired to re ac ti vate these
slides are lower than pre vi ously re ported, while the du ra tion of
ex po sure to rain fall emerges as the crit i cal fac tor. In low-per me -
abil ity bed rock, much of the in tense rain runs off the slope sur -
face with out al ter ing the physicomechanical prop er ties of the
col lu vium. Con se quently, long-du ra tion rain fall – even at mod -
er ate in ten si ties – plays a key role in re duc ing slope sta bil ity and 
pre cip i tat ing re newed move ment.

Land slides de vel oped in flysch bed rock dom i nated by
clayey units ex ist in a state close to the thresh old of sta bil ity.
These slides re main in con tin u ous move ment or ac cel er ate
dur ing rainy pe ri ods when monthly pre cip i ta tion ap proaches
100 mm (for ex am ple, the Grybów, Ma³a, and Ruszelczyce
land slides).

This anal y sis in di cates that in ar eas un der lain pre dom i -
nantly by claystones, where in fil tra tion of rain fall is im peded, the 
re sponse time of land slides to pre cip i ta tion is rel a tively long.
The phases of ac cel er a tion and de cel er a tion like wise ex tend
over pro tracted in ter vals. Con se quently, these land slides dis -
play an ap prox i mately steady level of ac tiv ity that is dif fi cult to
cor re late with vari able rain fall pat terns.

The Grybów land slides were among those stud ied by Perski 
and Wojciechowski (2022), who ana lysed InSAR ob ser va tions
from a re flec tor in stalled near in cli nom e ter Gi1 and piezometer
Gp1. Their re sults dem on strate mi nor re flec tor dis place ments
at an av er age rate of ~20 mm/yr. They cor rob o rated that mod -
est fluc tu a tions in ground wa ter level in flu ence the de for ma tion
rate mea sured by ra dar re flec tors. Sea sonal os cil la tions in
ground wa ter level were mir rored by si nu soi dal vari a tions in re -
flec tor dis place ment rate, al beit with a lag of ap prox i mately four
months. These au thors noted that the strength of this cor re la -
tion de pends on the lo cal geo log i cal struc ture and that the pre -
cise re sponse time re mains dif fi cult to de fine. 
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Fig. 14. Ag gre gate com par i son of dis place ments re corded in in cli nom e ter col umns in re la tion
 to monthly pre cip i ta tion to tals at the land slides ana lysed



An im por tant is sue that war rants brief dis cus sion is the gen -
eral re la tion ship be tween land slide ac tiv ity, the bed rock on
which the land slides de vel oped, and the com po si tion of the col -
lu vium de rived from those bed rock lithologies. The per me abil ity 
of the par ent rock ap pears es pe cially sig nif i cant. In ar eas where 
col lu vium con sists pre dom i nantly of clayey de pos its, pore-wa -
ter pres sure, ef fec tive stress, and the con sis tency of deeper soil 
lay ers re main ap prox i mately con stant and are only weakly de -
pend ent on short-term, fluc tu at ing pre cip i ta tion. These pa ram e -
ters change when pre cip i ta tion re mains steady over pro longed
pe ri ods or dur ing ex tended drought, whereas a rapid re sponse
to in di vid ual rain fall events can be as so ci ated only with sub -
stan tial wa ter load ing of those land slides that are al ready os cil -
lat ing near the sta bil ity thresh old. A shal low and nar rowly fluc tu -
at ing wa ter level mea sured in piezometers is, in my view, a poor 
in di ca tor of changes in land slide ac tiv ity.

CONCLUSIONS

This study in di cates that land slides oc cur ring in flysch rocks 
dom i nated by clay-rich de pos its are in a state close to the sta bil -
ity thresh old. These land slides re main in con tin ual move ment
or ac cel er ate dur ing rainy pe ri ods when monthly pre cip i ta tion
to tals ap proach 100 mm (e.g., the land slides at Grybów, Ma³a
and Ruszelczyce). In low-per me abil ity rocks a large por tion of
in tense rain fall runs off the slope with out al ter ing the physico-
 me chan i cal prop er ties of the col lu vium. Con se quently, pro -
longed pre cip i ta tion, not nec es sar ily of high in ten sity, is of key
im por tance.

Anal y ses show that in ar eas un der lain pre dom i nantly by
clayey rocks, where in fil tra tion of me te oric wa ter is im peded,
the land slide re sponse time to rain fall is rel a tively long. The pro -
cesses of land slide ac cel er a tion and de cel er a tion are like wise
dis trib uted over a lon ger time span. Such land slides show ap -

prox i mately con stant ac tiv ity that is dif fi cult to cor re late with
short-term, fluc tu at ing pre cip i ta tion.

This long-term mon i tor ing sup ports rec om men da tions for
op ti miz ing mea sure ment fre quency. For land slides ex hib it ing
no field-ob served mo tion and caus ing no per sis tent dam age to
en gi neer ing struc tures, bi an nual geo detic sur veys ap pear suf fi -
cient. Such sur veys are best con ducted af ter signs of dam age
to build ings, roads, or util i ties, when dis place ments are likely
large enough to be de tected by low-cost, widely ap pli ca ble geo -
detic tech niques.

Inclinometry re veals much smaller dis place ments than geo -
detic meth ods; there fore, for land slides of un cer tain ac tiv ity it is
rea son able to per form in cli nom e ter read ings ev ery two to three
months ini tially. The first few mea sure ments should guide any
sub se quent ad just ment in fre quency. Ad di tional sur veys are
war ranted dur ing pro longed or in tense rain fall (e.g., multi-day
to tals ex ceed ing 100 mm) and dur ing snowmelt ac com pa nied
by rain.

For land slides ex pected to move sev eral centi metres per
month, the cost and ef fort of in stall ing in cli nom e ter cas ings –
and their lim ited func tional life span – should be weighed against 
the ex pected ben e fit. In cli nom e ter data are most jus ti fied where 
pre cise knowl edge of dis place ment rate and de for ma tion-zone
depth is crit i cal for geotechnical slope-sta bi li za tion de sign.

Ground wa ter-level mon i tor ing is prin ci pally war ranted on
land slides un der lain by per me able or highly frac tured rocks. In
these cases, rain fall-in duced wa ter-ta ble fluc tu a tions can help
es tab lish pre cip i ta tion thresh olds and in form early-warn ing pro -
ce dures. On clay-rich land slides – such as those de scribed
here – where ac tiv ity is con tin u ous and poorly cor re lated with
rain fall, de for ma tion mon i tor ing is of greater im por tance. 

Fi nally, in low-per me abil ity strata, shal low perched wa ter of -
ten shows rapid sur face in flows fol lowed by stag na tion. In cli -
nom e ter bore holes on ac tive land slides may be come leaky or
sealed by de for ma tion, po ten tially yield ing mis lead ing wa ter -
-level read ings.
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