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We in di cate the struc tural con trols on, and pro vide an evo lu tion ary model of, mass move ments which de vel oped on the
slopes of a rhyolitic lava dome built of mas sive, sub-in tru sive Perm ian rhyolites and its low-grade meta mor phic cover, com -
pris ing Or do vi cian and Si lu rian seri cite schists and metacherts (greenschist fa cies). The phe nom ena stud ied oc cur on the
low-al ti tude, dome-like Wielisławka Mt. (370 m a.s.l.) in the West ern Sudetes, SW Po land. A multidisciplinary ap proach in -
volv ing geo log i cal and geomorphological field work, LiDAR-based geomorphometric anal y ses, as well as anal y ses based on
data ob tained from ter res trial la ser scan ning (TLS), per formed within old adits and shafts in the land slide area, have al lowed
de ter mi na tion of the or i gin and re cent ex tent of the land slide phe nom ena. The ge om e try and de vel op ment of the slip sur face
are closely linked with mea sured, ex ist ing dis con ti nu ities within the mas sif. As they en able ob ser va tion of the ini tial stages of
mass move ment in the ex ca va tions within the cover rocks of the rhyolitic mas sif, the old adits and shafts are unique ob jects
for the ob ser va tion and re con struc tion of land slide pro cesses. 
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INTRODUCTION

Land slides and other types of mass move ment (e.g., flows,
falls and top ples, cf. Varnes, 1978) play an im por tant role in
con trol ling the mor phol ogy of hillslopes and the de vel op ment of
geomorphological pro cesses in moun tain ous geomorphic sys -
tems (Schroder, 2014). Be cause of the real haz ards and many
di sas ters caused by land slides (Petrakov et al., 2008; Fort et
al., 2009; Avelar et al., 2011; Stoffel and Huggel, 2012; Sassa
et al., 2018), the rec og ni tion and ob ser va tion of these phe nom -
ena be came, in the last few de cades, among the most fre -
quently dis cussed is sues of ge ol ogy, ap plied geo mor phol ogy
and re lated branches of sci ence. Many stud ies have been de -

voted to the re la tion ship be tween the de vel op ment of land slide
slopes and their in ter nal struc ture and fab rics, un der stood as
the geo met ri cal and spa tial dis tri bu tion of the main struc tural
sur faces (bed ding and fo li a tion planes, frac tures, faults) in
many rock types (e.g., Záruba and Mencl, 1982; Scheidegger,
1998; Margielewski, 2006; Jaboyedoff et al., 2011; Baroň et al.,
2013; Humair et al., 2013; Kojima et al., 2015; Carlini et al.,
2016; Schleier et al., 2016). Hence, among the most com monly
un der taken geo log i cal stud ies are struc tural anal y ses per -
formed in land slide-prone re gions. These in ves ti ga tions have
fo cused on re con struct ing the mech a nism of slope de for ma tion
as pre cisely as pos si ble, based on ob ser va tions per formed
within the dis placed rock masses (ex situ) and anal o gous stud -
ies con ducted in non-dis placed bed rock (in situ), ex posed in
land slide head scarps or ad ja cent ar eas (e.g., Margielewski,
2006; Agliardi et al., 2013; Schleier et al., 2016; Margielewski
and Ur ban, 2017). De spite ad vances in mod ern an a lyt i cal
meth ods, such as re mote sens ing and geo graphic in for ma tion
sys tem (GIS) tech niques (Mancini et al., 2010; Daneshvar and
Bagherzadeh, 2011), de tailed struc tural anal y sis as well as tra -
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di tional geo log i cal and geomorphological field work still com -
prise fun da men tal and ef fec tive meth ods for re con struct ing
land slide de vel op ment pro cesses.

So far, struc tural anal y ses of land slides have been un der -
taken in ar eas where such phe nom ena oc cur in abun dance,
both in time and space. In Eu rope, such ar eas pri mar ily in clude
high- and me dium-al ti tude moun tain ranges, cliffed sea coasts
and river val leys where all dif fer ent ge netic types of land slide
have been widely ob served at var i ous scales (see sum mary in:
Herrera et al., 2018). In Po land, the Flysch Carpathians is a
moun tain ous area which is par tic u larly pre dis posed to land slide 
de vel op ment. Over 60,000 in di vid ual land slides have been re -
corded and de scribed there, in par tic u lar by the Pol ish Geo log i -
cal Sur vey, since the end of the 1960s (Poprawa and
Rączkowski, 2003; Wójcik and Wojciechowski, 2016). In com -
par i son to the Pol ish Flysch Carpathians, the Sudetes – a me -
dium-high moun tain range lo cated in SW Po land – has so far
been con sid ered as an area de void of land slide haz ards (Jahn,
1960). This is re flected in many sum mary re ports on mass
move ments in Po land and Eu rope (Herrera et al., 2018), in
which Lower Silesia has been de picted as an area where land -
slide phe nom ena oc cur rather in fre quently. This opin ion has
changed in the last de cade or so, mainly due to the iden ti fi ca -
tion and de scrip tion of sev eral hun dreds of hith erto un rec og -
nized land slide forms in the Sudetes (Synowiec, 2003; Migoń et 
al., 2014, 2016a, b; Różycka et al., 2015; Duszyński et al.,
2017; Jancewicz and Traczyk, 2017; Kowalski 2017a, b;
Kowalski and Wojewoda, 2017; Kowalski and Makoś, 2019;
Sikora and Wojciechowski, 2019).

This pa per ex plains the for ma tion and mech a nisms of land -
slide phe nom ena oc cur ring on the north ern slopes of the
dome-shaped, rhyolitic  Wielisławka Mt. (373 m a.s.l.) lo cated in 
the Kaczawa Foot hills of the West ern Sudetes. Geo log i cal and
geomorphological field stud ies made in the last few years
clearly show trans for ma tion of this hill by slope-scale grav i ta -
tional pro cesses (see Kowalski and Wojewoda, 2017). Three
spa tially and ge net i cally in ter con nected land slide ar eas have
been rec og nized on the north ern slopes of Wielisławka Mt.:
they are char ac ter ized by dif fer ent morphologies and or i gins of
grav i ta tional dis place ment and cover ar eas of 8.06, 6.67 and
6.73 ha, re spec tively. This re port is fo cused on the larg est,
west ern, land slide, on which in tense min ing ac tiv ity took place
be tween the 14th and 18th cen tu ries (Maciejak et al., 2017). In
the re mains of un der ground ex ca va tions, lo cated di rectly be low 
the land slide, oc cur a se ries of de for ma tion struc tures in di cat -
ing di la ta tion (Reynolds, 1885; Neuendorf et al., 2005) which in
con se quence may lead to the de vel op ment of a sub se quent
low-an gle slip sur face, and then the for ma tion of a deep-seated
land slide (cf. Margielewski and Ur ban, 2017). The west ern
land slide was se lected for our in ves ti ga tions due to per fect bed -
rock ex po sure within the land slide head scarp and ac ces si ble
min ing ex ca va tions, which has al lowed de ter mi na tion of the in -
flu ence of the bed rock struc ture on the de vel op ment of land -
slide forms. 

GEOMORPHOLOGICAL AND GEOLOGICAL
SETTING

Wielisławka Mt. is lo cated in south west ern Po land, in the
West ern Sudetes, Kaczawa River val ley, be tween Różana and
Nowy Kościół in the north and Sędziszowa in the south (Fig. 1).
Ac cord ing to the phys i cal-geo graph ical sub di vi sion of Po land
(Kondracki, 2002), the area rep re sents the cen tral part of the
Kaczawa Foot hills. The area is char ac ter ized by a vari able, hilly 

land scape with el e va tions rang ing from 224 m a.s.l. (bot tom of
the Kaczawa River val ley near Nowy Kościół vil lage) to 474 m
a.s.l. (Bucze Wielkie Mt.). Char ac ter is tic mor pho log i cal fea tures 
of this re gion com prise iso lated, con i cal hills (Czeska Góra,
Wołek, Wygorzel Zawodnia hills) and large dome-like mas sifs
(Bucze and Wielisławka) ris ing above low-re lief de nu da tion
plains lo cated at el e va tions in the range of 270 and 330 m a.s.l
(Fig. 1A). 

De nu da tion plains are deeply dis sected by V-shaped
stream val leys with rocky slopes and depths of ~35 m (e.g., val -
ley of the Piekiełko Stream to the south of Nowy Kosciół; cf. Fig.
1A). NW–SE ori ented ridges with poorly marked peaks
(Dłużyca, Krowia hills) are also pres ent in the study area. The
up per slopes of these ridges fall within the range of 40–50°;
walls, rock ribs and cliffs are of ten pres ent in their up per seg -
ments, and ac cu mu la tions of rocky blocks and de bris oc cur be -
neath the slopes. The most sig nif i cant el e ment of the mor phol -
ogy of the area is the Kaczawa River val ley, which along its
gorge ranges from about 150 m to over 300 m in width. The river 
val ley is lo cated at el e va tions from about 245 m a.s.l. near
Sędziszowa to about 224 m a.s.l. near Nowy Kościół.

Many land slides af fect ing the slopes of the Kaczawa River
val ley have been doc u mented (Kowalski and Wojewoda, 2017;
see Fig. 1). The wid est, west ern land slide (8.06 ha) oc curs on
the densely for ested, north ern slopes of the three-peaked
Wielisławka mas sif (from the west: at 376.3; 365.6 and 372.2 m
a.s.l.) and is one of the el e ments of a land slide com plex cov er -
ing an area of 21.5 ha. 

The mor phol ogy of the part of the Kaczawa River val ley de -
scribed closely re flects the geo log i cal struc ture of the bed rock
(Fig. 1B) and largely de pends on the re sis tance of rocks to
weath er ing and ero sion (cf. Traczyk, 2011). Geo log i cally, the
Kaczawa River gorge was formed within meta mor phic rocks as -
signed to the Kaczawa Meta mor phic Com plex (KMC; south ern
part of the study area) and within sed i men tary and vol ca nic
rocks that build the cen tral and north ern parts of the North
Sudetic Synclinorium (NSS; Teisseyre et al., 1957; cf. Fig. 1B).
Both of these geo log i cal units are lo cated in the north ern part of
the Sudetic Block – an el e vated el e ment of the north east ern ter -
mi na tion of the Bo he mian Mas sif. In the tra di tional re gional
scheme pro posed by Teisseyre et al. (1957), the KMC and NSS 
were treated jointly as the Kaczawa Unit. This unit in cluded
rocks of the KMC as signed to the lower (meta mor phic) struc -
tural stage (Lower Kaczawa stage), whereas the non-meta mor -
phosed sed i men tary and vol ca nic rocks of the NSS have been
as signed to the up per struc tural stage. These units are sep a -
rated by a re gional un con formity.

Meta mor phic rocks oc cur ring on the north ern slopes of
Wielisławka Mt. are largely metasedimentary rocks ex posed in
the west ern part of the Rzeszówek-Jakuszowa Unit, one of the
units of the KMC, within a sub or di nate tec tonic unit known as
the Świerzawa Horst (ŚH; cf. Fig. 1B). The KMC is a unit with an 
ex tremely com plex geo log i cal struc ture, built of meta sedi -
mentary and meta vol can ic rocks, strongly folded, faulted and
weakly meta mor phosed (lower/mid dle greenschist fa cies) dur -
ing the Variscan orog eny (cf. Urbanek et al., 1975; Baranowski
et al., 1990; Kryza and Muszyński, 1992; Cymerman, 2002).
The rocks as signed to the KMC in clude mainly phyllites, seri cite 
schists, metasandstones, metamudstones and crys tal line mar -
bles, as well as rocks that orig i nated due to sub ma rine vol ca -
nism and plutonism: metabasalts (pil low-lavas) and ba saltic
tuffites, metarhyolites, metarhyodacides, metadolerites and
meta gabbros; they rep re sent the Pa leo zoic (Cam brian to Lower 
Car bon if er ous/Mis sis sip pian; cf. Baranowski et al., 1990). 

Seri cite, si li ceous and graph ite schists, metacherts and si li -
ceous metasiltstones, and sub or di nate metasandstones, rep re -
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Fig. 1. Lo ca tion map of the study area

A – lidar-based shaded re lief map with su per im posed land slides (red poly gons) in the Kaczawa River val ley; the west ern land -
slide de scribed in this pa per is marked in yel low; B – geo log i cal sketch map of the study area (based on Zim mer mann and Kühn,
1929; Frąckiewicz, 1958; Milewicz and Kozdrój, 1995 and the lead au thor’s own stud ies); KMC – Kaczawa Meta mor phic Com -
plex, NSS – North Sudetic Synclinorium, LSG – Leszczyna Semi-Graben, ŚH – Świerzawa Horst, ŚG – Świerzawa Graben



sent ing the Or do vi cian-De vo nian, oc cur on the slopes of
Wielisławka Mt. (Fig. 1B; Milewicz and Kozdrój, 1995). These
rocks are con sid ered as hemipelagic silt- and clay-rich sed i -
ments (Baranowski, 1975) that orig i nated from the de po si tion of 
tur bid ity cur rents (flysch). Metasedimentary rocks oc cur in the
study area in a nor mal po si tion. Fo li a tion which de vel oped in
these rocks dur ing meta mor phism (fo li a tion S1 sensu Cymer -
man, 2002) is usu ally ori ented in ac cor dance with the pri mary
bed ding sur faces of the sed i men tary rocks (S0) (protolith).

In the study area, meta mor phic rocks of the KMC are un -
con form ably cov ered by rocks of the NSS (up per Kaczawa
stage; cf. Fig. 1B; Baranowski et al., 1990) or oc cur in  tec tonic
con tact with this unit. The NSS is com posed of weakly de -
formed Up per Car bon if er ous (Penn syl va nian), Perm ian and
Tri as sic sed i men tary and vol ca nic rocks, which to gether with
the Up per Cre ta ceous de pos its com pose the up per Kaczawa
stage (Teisseyre, 1957). These rocks, both con ti nen tal and ma -
rine, as well as prod ucts of Perm ian vol ca nism, infilled the North 
Sudetic Ba sin (NSB) at var i ous stages of its de vel op ment
(Śliwiński et al., 2003). The NSB started to de velop as a
intramontane trough (tec tonic graben), which formed near the
pres ent-day town of Świerzawa dur ing the Late Car bon if er ous
(Penn syl va nian) (Wojewoda and Mastalerz, 1989; Solecki,
1994) due to large-scale re gional ex ten sion of the KMC base -
ment. In the Early Perm ian, this de pres sion grad u ally ex panded 
and be came filled with coarse sed i ments of al lu vial fans formed
in the fore land of moun tain ranges, as well as sed i ments of
gravel-bed rivers. In the Early Perm ian, the pro cess of ba sin in -
fill ing was in ter rupted by in tense vol ca nic ac tiv ity (Kozłowski
and Parachoniak, 1967). This pro duced al ka line and acidic, ex -
tru sive and subvolcanic mag matic bod ies, which are mostly
rep re sented by trachyandesites, trachybasalts and rhyolitoids
such as the Wielisławka in tru sion (Awdankiewicz and Szcze -
para, 2009; Mikulski and Wil liams, 2014). They are com monly
as so ci ated with vol ca nic tuffs. In the Early Perm ian, rhyolites of
the pres ent-day Wielisławka Hill in truded the meta mor phic
rocks of the Rzeszówek-Jakuszowa Unit, which from the west
are un con form ably cov ered by or oc cur in a tec tonic con tact
with Up per Car bon if er ous (Penn syl va nian) and Lower Perm ian
sed i men tary rocks of the NSS. These de pos its are over lain
from the north by Up per Perm ian (Zechstein), Lower Tri as sic
(Buntsandstein) and Up per Cre ta ceous strata of the NSS.
Many zones of hy dro ther mal min er ali sa tion are ob served in the
mar ginal zones of the Wielisławka rhy o lite in tru sion; ore-bear -
ing min er als such as py rite, ga lena, sphalerite, ar seno py rite
and chal co py rite are com mon (Mikulski, 2007). Min ing of these
min eral ores was car ried out on the slopes of the hill from the
late 14th till the 18th cen tury (Maciejak et al., 2017). 

MATERIALS AND METHODS 

Stud ies of the Wielisławka mas sif com prised spa tial data
anal y sis and field work. The main part of this study was based
on map ping, with pre lim i nary rec og ni tion of the land slide re lief
in ves ti gated re quir ing morphometric anal y sis us ing GIS soft -
ware with ap pli ca tion of LiDAR-de rived dig i tal el e va tion mod els
(DEMs) with a res o lu tion of 1 x 1 m. Then, de tailed field map -
ping was car ried out, with geo log i cal and geomorphological ob -
ser va tions. Field stud ies were fo cused on the iden ti fi ca tion of
struc tural con trols and their im pact on land slide de vel op ment
and also pre cise spa tial de ter mi na tion of the lithological bound -
aries. The last stage of field work, aimed at de ter min ing the pre -
cise lo ca tion and range of the land slide-af fected slopes in 3D,
in cluded a geo detic sur vey of the ac ces si ble un der ground ex -
ca va tions us ing ter res trial la ser scan ning. 

GEOMORPHOLOGICAL ANALYSIS AND FIELDWORK

De tailed geomorphometric anal y ses based on LiDAR
DEMs with a res o lu tion of 1 x 1 m were per formed for as sess -
ment of the range of land slide phe nom ena that had been re -
ported ear lier on the north ern slopes of Wielisławka Mt. (see
Kowalski and Wojewoda, 2017). El e va tion data were ac quired
from air borne la ser scan ning (ALS), con ducted in Po land in
2011–2014 as a part of the IT Sys tem of the Coun try’s Pro tec -
tion against Ex treme Haz ards (ISOK). Re sults of la ser scan ning 
were made ac ces si ble by the Pol ish Cen tre of Geo detic and
Car to graphic Doc u men ta tion (CODGiK) as XYZ point data with
a den sity of ~4–6 point/m2 and av er age el e va tion er ror not ex -
ceed ing 0.3 m (Re port, 2011). Point data sets were used to con -
struct dig i tal el e va tion mod els. Based on LiDAR DEMs, the ba -
sic morphometric pa ram e ters of the land slide forms rec og nized
in the field were cal cu lated. Ad di tion ally, shaded re lief maps
with var i ous lev els of ex ag ger a tion, light ing an gle and di rec tion,
slope and ex po sure maps have been pre pared to visu al ise the
vari abil ity of these forms. A stan dard pro ce dure was gen er a tion
of mor pho log i cal cross-sec tions per pen dic u lar to the elon ga tion 
of the land slide col lu vial zones. Shaded re lief maps were also
used as top o graphic maps for geomorphological sketches and
geo log i cal maps made in the field us ing ArcPad soft ware (.shp
for mat). MicroDEM, Move (Mid land Val ley) 2017.2, SAGA GIS
v. 3.0.0, Global Map per v. 15.0, and Surfer (Golden Soft ware)
v. 9.0 soft ware were used at this stage of the re search. All ma te -
rial was pro cessed in the Pol ish PUWG 1992 pro jec tion. 

Field work took place in 2016–2018 dur ing a geo log i cal sur -
vey in the north ern part of the Świerzawa Graben. Mor pho log i -
cal fea tures were lo cated in the field with the ap pli ca tion of a No -
mad Trimble and No mad Juno ST GPS with 1 to 3 m ac cu racy
and a Pentagram Path Finder Log ger P3106 with pre ci sion of
po si tion de ter mi na tion <3 m. Mea sure ments of the el e ments of
land slide mor phol ogy were per formed us ing a Bushnell la ser
rangefinder. Par tic u lar care was taken to dis tin guish be tween
anthropogenic forms caused by min ing ac tiv ity from the land -
slide mor phol ogy (see Kowalski and Wojewoda, 2017). The ter -
mi nol ogy ap plied for the de scrip tion of land slides ac cords with
the com monly used clas si fi ca tions of mass move ments
(Varnes, 1978; WP/WLI, 1990, 1993; Dikau et al., 1996; Hungr
et al., 2014).

GEOLOGICAL FIELDWORK AND MEASUREMENT 
OF STRUCTURAL DISCONTINUITIES

De tailed geo log i cal map ping in the Wielisławka area con -
ducted by the au thors was fo cused on de ter min ing the in flu ence 
of the bed rock struc ture on land slide de vel op ment, as well as
the pre cise ex tent of lithological units. This al lowed as sess ment 
of the ac cu racy of cur rent pub lished geo log i cal maps. Dur ing
field work, much at ten tion was paid to the pre cise lo ca tion and
de ter mi na tion of geo log i cal bound aries, es pe cially in low-grade
meta mor phic (tec tonic or pri mary sed i men tary con tacts) and ig -
ne ous rocks. 

Rec og ni tion of the mech a nism of grav i ta tional pro cesses on 
slopes af fected by mass move ments re quires de tailed struc -
tural anal y ses (e.g., Záruba and Mencl, 1982; Margielewski,
2006; Jaboyedoff et al., 2011; Baroň et al., 2013; Humair et al.,
2013; Kojima et al., 2015; Carlini et al., 2016; Schleier et al.,
2016) in ex po sures of ig ne ous and meta mor phic rocks. These
anal y ses here in clude mea sure ments of the main struc tural dis -
con ti nu ities and other fea tures (frac tures, folds, axes of con trac -
tion col umns in the rhyolites, fo li a tion planes, cleav age), both
within the land slides (ex situ ex po sures) and in the bed rock (in
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situ) ex posed on the sur face and within old adits. In low-grade
meta mor phic rocks, the pen e tra tive planes of meta mor phic fo li -
a tion s1 (see Cymerman, 2002) have been mea sured. In meta -
mor phic rocks, mainly metacherts, two main joint sets j1 and j2
were de ter mined, as well as two co-oc cur ring sets of oblique
joints j3 and j4. In vol ca nic rocks a to tal of 5 main frac ture sets (j1, 
j2, j3, j4 and j5) were dis tin guished. Struc tural map ping in volved
also de scrip tion of joint sur faces and iden ti fi ca tion of fault
planes. Nu mer ous mesostructural ki ne matic in di ca tors as well
as frac ture sur face mark ings (FSM; cf. Pe tit, 1987; Bahat,
1991), such as stri ated ridges, grooves, slick en sides, low-an gle 
shears, hackle fringes and en ech e lon cracks, were de scribed
and mea sured. Mea sure ments of the po si tion of struc tural fea -
tures were sup ple mented with mea sure ments made with the
mo bile ap pli ca tion FieldMove Clino (Mid land Val ley). Mea sure -
ments of struc tural el e ments are shown on great cir cle di a -
grams and on pole point di a grams and con tour di a gr ams with
equal-area pro jec tion on the lower hemi sphere of the equal-
 area Schmidt-Lam bert net work. Ad di tion ally, axes of con -
tractio nal col umns in rhyolites were plot ted on rose di a grams
with a class in ter val of 10°.

TLS MEASUREMENTS

Pre cise in ven tory of the un der ground ex ca va tions on Wieli -
sławka Mt. was made with the use of ter res trial la ser scan ning
(TLS). Due to the spe cific char ac ter of the ob jects ana lysed –
partly col lapsed adit en trances, nar row path ways and the pres -
ence of col lapses, a man ual ZEB Revo scan ner us ing SLAM
tech nol ogy (Si mul ta neous Lo cal iza tion And Map ping; Berns
and von Puttkamer, 2009; Romagós et al., 2010; Werner, 2014; 
Birk and Pfingsthorn, 2016; Kong and Lu, 2017; Nocerino et al.,
2017) was ap plied. ZEB Revo is a small, man ual, lat est gen er a -
tion scan ner, suc cess fully ap plied in sur veys of closed ob jects
(ef fec tive mea sure ment range with a la ser beam is about 30 m). 
The scan ner com bines two main sys tems: a scan ning head
with a ve loc ity of about 42 000 point/min and an In er tial Mea -
sure ment Unit (IMU) used for de ter min ing the rel a tive po si tion
of the scan ner dur ing the mea sure ment. A com monly in di cated
as set of the sys tem is its abil ity to work with out a GNSS sig nal
(Dewez et al., 2016; Eyre et al., 2016; Sammartano and Spanb, 
2018; Tucci et al., 2018; Wajs et al., 2018). 

The ef fect of scan ning per formed dur ing sur veys along the
ex ca va tions was a set of xyz spa tial data, con nected in a uni -
form point cloud us ing the SLAM al go rithm. The dataset ob -
tained was used to con struct a 3D dig i tal el e va tion model of the
un der ground ex ca va tions. Ref er ence of the datasets ob tained
was made us ing 3 ref er ence points local ised be neath the
slopes of Wielisławka Mt. us ing the RTK GNSS tech nique. 

RESULTS

LANDSLIDE DESCRIPTION

The west ern land slide is de vel oped on the NNW slopes of
the high est peak of the Wielisławka mas sif (376.3 m a.s.l.),
which is the cul mi na tion of an elon gated, WSW–ENE ridge
bound ing the gorge of the Kaczawa River to the south (Fig. 2).
Mass move ments took place within Lower Perm ian rhyolites,
which form the north ern con tact with Si lu rian metacherts, si li -
ceous and seri cite schists. 

In the up per part of the land slide there are steep, arch -
-shaped, dis tinc tive head scarps which are nearly 25 m high
and ~400 m wide. Those lo cated at 250–340 m a.s.l. were
formed in heavily jointed rhyolites and have an in cli na tion ex -
ceed ing 50°. The WSW–ENE ori en ta tion of the scarps is con -
sis tent with the ex ten sion of the mor pho log i cal ridge of
Wielisławka Mt. Above the head scarps, par tic u larly in the west -
ern part of the mas sif, iso lated rocky forms at tain ing heights up
to 7 m oc cur in an in situ po si tion. Be low the head scarps there
is a land slide body with a di verse sur face mor phol ogy. Col lu vial
ben ches are vis i ble within them; they are sep a rated by flat parts 
of the slope which in places form col lu vial swells. The land slide
bed rock within the head scarp is ex posed along ~150 m and
con sists of densely frac tured, mas sive rhyolites. The foot of the
scarp is cov ered by blocky ta lus. In the cen tral part of the land -
slide the head scarps are poorly vis i ble and at tain here a height
of up to 5 m and a width of ~120 m, with out bed rock ex po sures.
In the mid-slope sec tion, be low the head scarps there are col lu -
vial bulges and blocky cov ers com posed of an gu lar blocks of
rhy o lite which here form nar row blocky toes and creeps. The
north-east ern most part of the land slide is not eas ily vis i ble and it 
is most in tensely mod i fied by min ing ac tiv i ties – en trances to
over a dozen short adits (pres ently infilled) and small slag heaps 
are ob served. The adits were dug at the con tact be tween the
rhyolites and the meta mor phic rocks. 

In ad di tion, 60 to 100 m-wide dis tinctly marked land slide
scarps oc cur in the mid dle sec tion of the land slide slope. The
most prom i nent scarp, with small ex po sures of seri cite schist and 
phyllite, is arch-shaped, has a width of ~100 m and a height of
12 m (Fig. 2). Be low the scarp oc curs a slid block, which is
bounded from the out side by an in sig nif i cant (up to ~1.5 m) land -
slide ridge with an in dis tinct sec ond ary scarp. Within the land -
slide bulge de vel oped be low the scarp there oc cur small, wa -
ter-filled hol lows and anthropogenic sink holes. These last forms
prob a bly rep re sent the old est stage of min ing ac tiv i ties in the
area (see Maciejak et al., 2017), dated to the 14th cen tury.
Slopes of the col lu vial bulge are cut in their lower parts by a for est 
road with ex po sures of grey seri cite schist. The land slide toe is
poorly pre served and has prob a bly been partly lev elled dur ing
the min ing. A frag ment of the land slide tongue is pre served in the 
mid dle part of the land slide, where the Młynówka Stream meets
the Kaczawa River (Fig. 2). In the low er most part of the land slide, 
the slope is un der cut by the Kaczawa River val ley, the slopes of
which are rocky in char ac ter and in clined at up to 60°. Rocky
walls and in di vid ual cliffs oc cur on the val ley slopes in the lower
part of the west ern land slide; they reach up to 4.5 m in height and 
are com posed of metacherts and si li ceous schists. 

OLD ADITS

Two un ob structed net works of un der ground ex ca va tions
oc cur in the area of the land slide in ves ti gated: ob ject no. 1 (Fig.
2 and 3A) with a to tal length of ~283 m and ob ject no. 2 with a
length of ~33 m (Fig. 3B). Ob ject no. 1 is known in the lit er a ture
and in tour ist guides as the “Wielisławska Cave” (e.g., Cedro et
al., 2009). These ex ca va tions were de scribed firstly by Zöller
(1936) and are sit u ated on the pro lon ga tion of the head scarp
(mid dle part of slope) and were prob a bly dug along an ear lier
land slide frac ture (Kowalski and Wojewoda, 2017). 

Ob ject no. 1 is lo cated at 248 m a.s.l., 25 m to the SE from
where the Młynówka Stream joins the Kaczawa River, 8 m
above the val ley bot tom (cf. Fig. 2). The ini tial adit (sec tion A; cf. 
Fig. 3A), 39 m long and NW–SE-ori ented, ter mi nates with a col -
lapse and cross-cut. In the next sec tion (sec tion B), the adit



Structural control of mass movements on slopes formed of magmatic and metamorphic rocks: the case study of Wielisławka Mt. ... 465

Fig. 2. Geomorphological map of the west ern land slide with main geo log i cal fea tures su per im posed

Ge ol ogy mod i fied af ter: Zim mer mann and Kühn (1929), Frąckiewicz (1958), Milewicz and Kozdrój (1995); ex po sures 
de scribed in the text are marked in cir cles; yel low, dashed line of cross-sec tion (Fig. 9) is marked
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Fig. 3. 3D mod els of un der ground ex ca va tions in the Wielisławka mas sif de rived from TLS



con tin ues to the SE for an other 40 m, lead ing to a 5 x 5 m ex -
ploi ta tion cham ber. Five path ways branch from the cham ber in
dif fer ent di rec tions. The short est, mon key drifts, 5 and 8 m long, 
re spec tively, have been ex ca vated to wards the ENE. To wards
the SE leads a path way that is 63 m long (sec tion C). The path -
way ter mi nates with a col lapse lo cated be low the land slide
head scarp in the mid dle part of the slope (SE part of sec tion C), 
~39 m be low the land sur face. Ex ca va tions of two 15 m long
path ways (sec tion D) branch from the ex ploi ta tion cham ber to -
wards the NW. The path ways pass into the sub se quent adit
(sec tion E) with a length of ~50 m. Short mon key drifts end ing in 
faces branch from path way D; path way F is 18 m long and path -
way G is 11 m long. An adit (sec tion H) leads also to the path -
way (sec tion G) but its en trance is col lapsed.

The en trance to ob ject B is lo cated at 249 m a.s.l., on the
slope of the Kaczawa Val ley, ~40 m to the SW from the bridge
in Różana vil lage (cf. Fig. 2). The oval adit en trance is ~3 x 2.5
m in size. The ~35 m long ex ca va tion is ori ented to wards the
SE (Fig. 3B). The adit has a width reach ing 2 m, is up to 1.8 m
high and ends in a col lapse. 

MEASUREMENTS OF STRUCTURAL ELEMENTS

RHYOLITIC CLIFFS AND LANDSLIDE HEAD SCARPS

Mea sure ments of struc tural dis con ti nu ities were made in
sites lo cated in situ, in clud ing old quar ries and cliffs lo cated in
the north ern and west ern slopes of Wielisławka Mt. (lo cal i ties
nos. 1, 2, 3 on Fig. 2) and ex po sures within the head scarps of
the main land slides (lo cal i ties nos. 4 and 5). In the south ern and 
south west ern part of the hill, densely frac tured rhyolites with
dis tinct co lum nar joints oc cur in nat u ral and ar ti fi cial ex po sures
(cf. Fig. 2 and 4A, B). Rhyolitic col umns in the south ern part of
the mas sif are long nar row struc tures dis play ing reg u lar 4- and
5-sided shapes. 3- and 6-sided col umns as well as ir reg u lar
forms oc cur in fre quently (Jerzmański, 1956). The ex po sure
with the best de vel oped rhyolitic col umns is lo cated in an aban -
doned quarry known as the “Organy Wielisławskie” (“Wielisła -
wskie Or gans”; loc. no. 1; Fig. 4A), which is pro tected as a nat u -
ral mon u ment. Col umn axes are in clined here at vari able an -
gles from 55 to 85° to the SW. The quarry shows col umns ar -
ranged in a fan shape (Fig. 4A). Frac ture planes re lated to mag -
matic fo li a tion, in clined at up to 45° to the NE, oc cur nor mal to
the col umn axes (Awdankiewicz and Szczepara, 2009). 

To the north, the ori en ta tion and dip of the col umns change
sig nif i cantly – on the Wielisławka ridge the dips are to the NE
and NW, and in some cases they at tain an op po site ori en ta tion
(Fig. 4B, C). Far ther to the north the co lum nar rhyolites pass
into ir reg u larly frac tured mas sive va ri et ies with a dense net work 
of dis con ti nu ities. Based on mea sure ments of the frac ture
planes in a quarry (loc. 2) lo cated ~50 m from the mar gin of the
land slide head scarp, three steep joint sets with dips at 70 to
90°: j1 (NNW–SSE-ori ented), j2 (ENE–WSW-ori ented) and j3
(N–S-ori ented), and two sets with dips at 35 to 55° (NE–SW -ori -
ented), with the dom i nat ing dip to the SE (j4) and to the NW (j5)
have been dis tin guished (Fig. 4D). Joint set j5 ob served in mas -
sive rhyolites cor re sponds to the ori en ta tion of fluidal tex tures in 
the co lum nar rhyolites. Five joint sets with a sim i lar ori en ta tion
have also been dis tin guished within the cliffs (loc. 3) ex posed in
the west ern elon ga tion of the Wielisławka ridge, on the east ern
slope of the Kaczawa Val ley (Fig. 4E). In turn, in ex po sures in
the main scarp of the land slides (loc. 4 and 5; Fig. 4F, G), sets
j1, j2 and j3 at tain a much wider scat ter of strike ori en ta tions in
com par i son to those at lo cal i ties 1, 2 and 3. Slick en sides were
not ob served on frac ture planes in ex po sures lo cated above the 

land slide area and within the main head scarps. In turn, lo cal i -
ties nos. 4 and 5 com monly con tain frac tures de vel oped along
joint sets j1, j2 and j5. Their sep a ra tion some times reaches 15
cm, par tic u larly at lo cal ity no. 3.

MEASUREMENTS OF STRUCTURAL ELEMENTS 
WITHIN OLD ADITS

Struc tural mea sure ments were made in all ac ces si ble ex ca -
va tions of ob jects nos. 1 and 2 (Fig. 5). Both ob jects were ex ca -
vated en tirely within the KMC rocks – metacherts, phyllites, si li -
ceous schists and sub or di nate seri cite schists. In sec tions A, B
and E of ob ject no. 1, fo li a tion planes are in clined mainly to -
wards the NW, subordinately to the NE and SW at low an gles (5 
to 35°; Fig. 5A and 6A). In some cases over lon ger dis tances in
adits, par tic u larly in the ter mi nal parts of sec tion E and in the
mid dle part of sec tion A, fo li a tion planes are homoclinally N and
NW dip ping. Lo cal vari abil ity of ori en ta tions and dips of the fo li a -
tion planes s1 are re lated to the pres ence of wide-ra dius,
non-cy lin dri cal folds with axes in clined at vari able an gles to the
NE–SW, subordinately to the NW–SE (Fig. 6B). Small-scale
folds were ob served in fre quently, es pe cially in the dis tal parts of 
sec tion C (Fig. 6C). Dis con ti nu ity planes within homoclinally
dip ping meta mor phic rocks (mea sure ments in sec tion A) may
be grouped into two main joint sets (j1 and j2) of steeply dip ping
frac tures (65–85°) with ori en ta tions at NNE–SSW (j1) and
WNW–ESE (j2; Fig. 6D), as well as sets of oblique joints with
ori en ta tions at NW–SE (j3) and WSW–ENE (j4) and dips at
75–90°. Lo cal vari abil ity of dip, strike and den sity of frac tures re -
sult from their po si tion with re gard to the axes of the wide-ra dius 
fold struc tures. Within the fold hinges, the frac tures are usu ally
very dense (ax ial cleav age). These struc tures oc cur only lo -
cally. In the east ern part of the adit, in sec tions C, H and in the
mon key drifts, fo li a tion planes be come steeper, to about 70°,
and dip to the NW and SW (cf. Fig. 5A).

This steep en ing is re lated to the pres ence of nu mer ous, SW 
to NE dip ping nor mal dip-slip faults with dips rang ing from 45 to
90° (Fig. 6E, F). Sur faces of these faults are com monly pol ished 
or stri ated and dis play the pres ence of slick en sides, asym met ri -
cal fault steps and short R-shear frac tures (Fig. 6G), which may
be ob served par tic u larly in sec tion C. Cataclasites and fault
brec cia oc cur also in the fault zones; they com prise cha ot i cally
ar ranged blocks and clasts of seri cite schist and metachert (Fig. 
6H) with di men sions ex ceed ing 3 m in some in stances. Very of -
ten the seri cite schists dis play in tense cataclasis, blur ring of the
pri mary struc ture and plas tic de for ma tion re lated to the pres -
ence of sec ond ary clay min er als. The south ern part of the ex ca -
va tions (sec tion C) is char ac ter ized by nu mer ous col lapses and
tightenings caused by the pres ence of faults. The course of
path way C and the strike of the ob served faults cor re spond to
those from the east ern part of the land slide head scarp lo cated
in the mid dle part of the slope. 

Nu mer ous extensional cracks and frac tures with spac ings
up to 20 cm have also been ob served within ex ca va tions of ob -
ject no. 1 (Fig. 7). In the first part of the adit (sec tion A), the
cracks dip at low an gles to the NW (up to 35°) and have an E–W 
or NW–SE strike (Fig. 7A). High-an gle R’ frac tures reach the
low-an gle frac tures. The ge om e try of the frac tures rec og nized
is con sis tent with low-an gle di la ta tion cracks (cf. Margielewski
and Ur ban, 2017). In turn, in the mid dle part of the adit (sec tion
B) dom i nate NE–SW-ori ented high-an gle cracks and frac tures
dip ping to the NW and SE. In some cases the cracks are filled
with crushed rock ma te rial, and the rock blocks that bound them 
dis play ev i dence of dis place ments (Fig. 7B). Fis sure ori en ta -
tions cor re spond to the rec og nized joint sets j1 and j2, sub -
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Fig. 5. Re sults of struc tural mea sure ments made in ac ces si ble ex ca va tions of ob jects nos. 1 and 2

A – map of ob ject no. 1 with marked mea sure ments of fo li a tion, dilatational frac tures and fault planes; B – map of ob ject no. 2 with marked
mea sure ments of fo li a tion planes; for other sym bols see Fig ure 2 (mor phol ogy of the land slide area); C – fo li a tion planes mea sured within
ob ject no. 1 shown on con tour, pole point and great cir cle di a grams; D – in ter pre ta tion of joint sets dis tin guished within ob ject no. 1 (mea sure -
ments in sec tion A) shown on pole point and great cir cle di a grams; E – fo li a tion planes mea sured within ob ject no. 2 shown on con tour, pole
point and great cir cle di a gram; F – in ter pre ta tion of joint sets dis tin guished within ob ject no. 2 shown on pole point and great cir cle di a grams 

Fig. 4. Rhyolites ex posed in situ in lo cal i ties in the vi cin ity or within the west ern land slide

A – co lum nar rhyolites ex posed in an aban doned quarry (“Organy Wielisławskie”); axes of rhyolitic col umns and planes of mag matic fo li a tion
(mf.) are marked; B – co lum nar rhyolites ex posed at the top of Wielisławka Mt.; C – ori en ta tion of col umn axes within rhyolites shown on rose

di a gram with a class in ter val of 10°; col our scale cor re sponds to 15° classes of dip an gles; D – ir reg u larly frac tured rhyolites ex posed in an
aban doned quarry lo cated ~50 m from the mar gin of the land slide head scarp; E – densely frac tured rhyolites ex posed within a cliff above the
land slide head scarp; F, G – ex po sures of densely frac tured rhyolites within the head scarp of the land slide; main dis con ti nu ities (joint sur -
faces) are shown for each site on con tour and great cir cle di a grams to right; in ter pre ta tion of joint sets dis tin guished is shown on pole point
and great cir cle di a grams; num bers of lo cal i ties are marked (see Fig. 2) for each site
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ordinately j4 (cf. Fig. 5A). High-an gle fis sures oc cur es pe cially in 
sec tions B, D, G and H, pre dom i nantly within sec tions C, E and
F and on the top of the ex ploi ta tion cham ber (cf. Fig. 7C, D, E).
There are sub or di nate cracks con cor dant with the adit’s ori en -
ta tion (NW–SE).

Ex ca va tions of ob ject no. 2 have been dug in metacherts,
graph ite schists and subordinately in seri cite schists (KMC).
Fo li a tion planes in the first part of the adit dip steeply (up to 70°)
to the NE (Fig. 5D), whereas in the far ther parts of the adit the

fo li a tion planes show a cha otic dis tri bu tion and are folded (Fig.
5E). There com monly oc cur iso cli nal folds with WNW–ESE or
E–W-ori ented axes. Extensional frac tures have not been ob -
served in the adit, whereas cataclastic and brec cia zones built
of cha ot i cally dis trib uted frag ments of metacherts and graph ite
schists are com mon. Frac ture planes are widely dis persed –
only three dis tin guished sets are anal o gous to the frac tures in
the ex ca va tions of ob ject no. 1: j1 (NE–SW-ori ented), j2
(WNW–ESE -ori ented) and j3 (NNW–SSE-ori ented; cf. Fig. 5F).
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Fig. 7. Dilatational extensional cracks and frac tures ob served within ex ca va tions of ob ject no. 1

A – low-an gle extensional frac ture de vel oped along fo li a tion plane s1 in the first part of the adit (sec tion A) in metacherts; B –
high-an gle extensional frac ture filled with crushed rock ma te rial (cataclasite) de vel oped along a j2 frac ture in sec tion B; bound ing
blocks dis play traces of dis place ments (marked by ar rows); C, D – high-an gle extensional cracks ex posed in sec tions B and G,
re spec tively; E – high-an gle extensional crack af fect ing the top of the ex ploi ta tion cham ber; mea sure ments of frac ture planes ob -
served in all ex ca va tions are shown on pole point, great cir cle and con tour di a grams with marked con tour in ter vals marked

Fig. 6. Struc tural fea tures of metacherts and seri cite schists ob served within ex ca va tions of ob ject no. 1

A – homoclinally NW-dip ping fo li a tion planes (s1) of metacherts mea sured in sec tion B; mea sure ments are shown on pole point and great cir -
cle di a grams; B – wide-ra dius, non-cy lin dri cal fold with axis in clined gently to NE (sec tion E); nor mal fault re lated to fold ing pro cesses is also
ob served; C – small-scale kink fold ob served in seri cite schists in sec tion C; D – reg u larly frac tured metacherts ex posed in sec tion E; main
joint sets (j1 and j2, green lines) and fo li a tion planes (s1, black lines) are marked on pho to graph and on great cir cle di a gram; E – NE-dip ping
nor mal dip-slip fault that cuts fo li a tion sur faces ex posed in sec tion C; cataclasites marked on pho to graph are re lated to fault zone; F – fault
brec cia as so ci ated with nor mal dip-slip, NE-dip ping fault ex posed in sec tion C; mea sure ments of fault planes are shown on pole point, great
cir cle and con tour di a grams with con tour in ter vals marked; G – nor mal fault sur face with vis i ble slick en sides, fault steps and R’ shears which
in di cate sense of move ment on the fault sur face (marked by ar rows); H – elon gated, strongly cataclased clast of seri cite schist be tween
metacherts ex posed in sec tion C
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EXPOSURES ON THE SLOPES 
OF THE KACZAWA VALLEY

On the steeply in clined slopes of Kaczawa Val ley (loc. 6 and 
7) there oc cur dis tinct rock walls and cliffs with heights up to
4.5 m, built of metacherts and si li ceous schists (Fig. 8A). The
metacherts and si li ceous schists dip at low an gles (3–30°) to
the S and SSW, subordinately to the SSE (Fig. 8A, B). In these
rocks ex posed in situ oc cur joint sets anal o gous to those in the
ex ca va tion of ob ject no. 1. The two main joint sets have ori en ta -
tions at NE–SW (j1) and WNW–ESE (j2) and dips from 70 to
90°; two oblique sets have ori en ta tions at NW–SE (j3) and
WSW–ENE (j4) and dips from 70 to 85° (Fig. 8C). 

Extensional frac tures and dip-slip nor mal faults with strikes at 
NE–SW and dips of up to 60° to the NE, formed along the planes
of the joint set j2, have been ob served in the ex po sures. Fo li a tion
planes and frac tures within these rock blocks are char ac ter ized

by a re verse ro ta tion of about 10° (fo li a tion s1 with a dip of ~35° to
the SW; cf. Fig. 8D) in re la tion to the metacherts and si li ceous
siltstones oc cur ring in the land slide bed rock, which are in clined
here at ~5–10° to the SW. In the metacherts ex posed in the up -
per part of the val ley slopes there oc cur also nor mal dip-slip faults 
with a listric ge om e try and N–S strike, re lated to the grav i ta tional
dis place ment of rigid rock blocks (Fig. 8E). 

INTERPRETATION AND DISCUSSION

Mass move ments on Wielisławka Mt. have af fected al most
the en tire slope built of ig ne ous rocks and meta mor phic rocks of 
their cover (cf. Fig. 2). Dur ing the mass move ments the rhyolitic
part of mas sif be came sub-di vided into blocks, along ver ti cal or
steeply dip ping joint frac tures j1, j2 and j3; suc ces sively the

Fig. 8. Struc tural fea tures of metacherts and seri cite schists ob served within cliffs on the steeply in clined slopes 
of the Kaczawa River val ley

A – homoclinally S-dip ping fo li a tion planes (s1) of metacherts mea sured within cliff. 1; B – fo li a tion planes mea sured within cliffs
on the val ley slopes shown on con tour, pole point and great cir cle di a grams; C – intepretation of joint sets dis tin guished within
cliffs on the val ley slopes shown on pole point and great cir cle di a grams; D – re versely ro tated rock block ex posed on the slopes
of the Kaczawa River val ley; note ro ta tion of fo li a tion planes s1

 in re la tion to those ex posed within cliffs which are in situ po si tion
(cf. sites no. 6, 7); E – nor mal dip-slip faults and extensional frac ture de vel oped along j2 joint ex posed in the up per part of the
Kaczawa River val ley
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Fig. 9. Evo lu tion ary model of mass move ments af fect ing the north ern slopes of Wielisławka Mt. 

Pres ent-day mor phol ogy ob tained from LiDAR DEM is shown in Fig ure 9 B; mor phol ogy from Fig ure 9A and C
 is pos tu lated for past and fu ture stages of land slide de vel op ment; for ex pla na tions see the text



blocks were grav i ta tion ally dis placed along frac tures j5 cor re -
spond ing to the planes of mag matic fo li a tion. In the ini tial phase
of the pro cess (Fig. 9; stage 1), extensional cracks de vel op ing
along the steep joint frac tures in the rhyolites be came wider. At
pres ent this pro cess is ob served within cliffs, which are sub ject
to dis in te gra tion and grad ual de com po si tion along the dis con ti -
nu ity planes de scribed. 

Par tial frag men ta tion of the blocks caused sub se quent
rapid dis place ment and ac cu mu la tion of rock masses within
colluvia at the base of the head scarps. Steep rhyolitic scarps,
col lu vial bulges and block tongues, which de vel oped in the up -
per, south west ern part of the land slide ana lysed, and the lack of 
ro tated rock blocks, point to translational mass move ments
(Fig. 9; stage 2). There is no ev i dence for a deep-seated slip
sur face in the up per part of the west ern land slide, and for ro ta -
tion of rhyolitic slid blocks along a hor i zon tal axis. Af ter the
translational phase of landsliding a grad ual over load ing of the
slope by rhyolitic blocks, of ten of large sizes, led to sec ond ary,
shal low slides (Fig. 9; stage 2, up per sec tion of slope). A sim i lar
dis place ment mech a nism, al though at a much smaller scale,
took place in the cen tral and north east ern part of the land slide,
where rock blocks, col lu vial bulges and block tongues oc cur at
the base of low (up to 5 m), but steep rhyolitic es carp ments, in
some cases cov ered by rocky ta lus. In the north east ern part of
the land slide, the forms de vel oped be low the rocky scarps are
blurred by ex ca va tions of short adits and the ad ja cent slag -
heaps. Al though mass move ments oc curred also in the lower
part of the slope built of meta mor phic rocks, mostly the rhyolitic
ma te rial (large blocks and rocky ta lus) was grav i ta tion ally dis -
placed in the up per sec tion of the slope. Most prob a bly, earth-
or mudflows may fi nally have oc curred, as in di cated by parts of
the slope with a hilly re lief and low-re lief land slide tongues com -
posed of poorly sorted rock ma te rial mixed with fine-grained
slope de pos its. 

Dif fer ent dis place ments took place in the cen tral part of the
land slide ana lysed (Fig. 9; stage 2, mid dle and lower sec tions of 
slope), where steep, arch-shaped head scarps, up to 12 m in
height, are as so ci ated with grav i ta tion ally dis placed and ro tated 
slid blocks built of meta mor phic rocks (cf. Fig. 2). A few sur face
mea sure ments of fo li a tion planes s1 in seri cite schists (see: Fig. 
5) may in di cate re verse ro ta tion of fo li a tion planes to the SW.
De tach ment of rock masses within the meta mor phic rocks
prob a bly took place along frac ture planes of joint set j1 and
subordinately j4, with an ori en ta tion of NE–SW and WSW–ENE, 
re spec tively. Main dis place ments on the main slip sur face in the 
lower part of the land slide took place along s1 fo li a tion planes
de vel oped in seri cite schists and cherts, which dip homoclinally
to the NW. Pri mary sed i men tary struc tures are pre served within 
these meta mor phic rocks (Baranowski, 1975), and the pres -
ently ob served frac ture and fo li a tion planes largely cor re spond
to the pri mary sed i men tary planes and joint frac tures in the sed -
i men tary rocks (protolith). More over, in their or i gin and rhe ol -
ogy, meta mor phic rocks in the study area cor re spond to flysch
rocks, as has been noted al ready in the 1970s (Baranowski,
1975). These rocks in clude meta mor phosed and lithologically
di verse types of densely frac tured, eas ily de formed and plas tic
fine-grained rocks (phyllites), as well as mas sive metacherts
and metasiltsones. The vari abil ity of rhe o log i cal prop er ties
within these rocks was one of the fac tors sup port ing the de vel -
op ment of mass wast ing in the study area.

Lo cal zones of ax ial cleav age that de vel oped in the hinges
of the wide-ra dius folds have al most no in flu ence on the de vel -
op ment of the slip sur face. Re gard less of the pro cesses de -
scribed and dis cussed above, shal low mass move ments af fect -
ing metachert ex po sures take place pres ently on the steep
slopes of the Kaczawa Val ley in the dis tal parts of the west ern

land slide (Fig. 9B, lower sec tion of slope). This pro cess is seen
as ro tated metachert blocks and extensional cracks ob served in 
ex po sures on the val ley slopes (cf. Fig. 8). 

Im por tant pre mises on the de vel op ment of mass move -
ments in the cen tral part of the Wielisławka Mt. slopes come
from struc tural anal y ses made in the net work of un der ground
ex ca va tions of ob ject no. 1, dug in the lower and mid dle parts of
the land slide area. Al though the un der ground ex ca va tions were 
prob a bly made be low the main slip sur face of the land slide
stud ied (cf. Fig. 9B), ev i dence of open ing of frac tures in di cat ing
grad ual re lax ation of the rock mas sif, lead ing to the de vel op -
ment of a sub se quent, deeper slip sur face in the rock mass,
have been ob served. The struc tures de scribed re sulted from di -
la tion (Reynolds, 1885; Neuendorf et al., 2005). This geo -
mechanical pro cess led to the open ing and wid en ing of frac -
tures in the rock mas sif, and thus to the de vel op ment of a land -
slide slip sur face by shear ing of the rock masses (cf. Margiele -
wski and Ur ban, 2017). De vel op ment of a sub se quent slide
plane is in di cated by nu mer ous low-an gle extensional cracks
which formed along fo li a tion planes s1 in the metacherts (Fig.
7A). The cracks de vel oped in the meta mor phic rocks due to
prop a ga tion of shear ing strains along ex ist ing struc tural planes
(in this case, fo li a tion). Si mul ta neously, ver ti cal or al most ver ti -
cal extensional cracks de vel oped above these planes, re sult ing 
from open ing and wid en ing of pre-ex ist ing joint frac tures of the
j1 and j2 sets. Their op pos ing ori en ta tions (cf. Fig. 5) sug gests
the grad ual sub di vi sion of the rock mas sif into horst-and-graben 
blocks, this be ing the ini tial stage of the de vel op ment of a deep
land slide (Fig. 9B, C; stage 2 and 3). Nu mer ous cataclastic
zones and NW–SE-ori ented faults ob served in the ter mi nal part 
of ob ject no. 1 (Fig. 5, sec tion C) di rectly cor re spond to the ori -
en ta tion of the land slide head scarp, which in di cates par tial de -
vel op ment of the slide planes along such ori ented dis con ti nu ity
sur faces. 

The depth at which the slide sur face oc curs in the cen tral
part of the slope built of meta mor phic rocks is an un re solved is -
sue. The height of the head scarp that orig i nated within the seri -
cite schists (297–284 m a.s.l.), and the lack of large-scale dis -
place ments in the ini tial parts of ob ject no. 1, ex clude the pos si -
bil ity that a deeply-seated slide sur face reached the min ing ex -
ca va tions at an el e va tion of ~249 m a.s.l. At the same time, the
pres ence of extensional cracks and frac tures con firms the de -
vel op ment of a deeper slide sur face be low the adits and ex ca -
va tions (cf. Fig. 9B; dot ted line). Fur ther evo lu tion of mass
move ments in the study area may be seen also as tight en ing of
the ter mi nal parts of ob ject no. 1 along faults, as well as nu mer -
ous col lapses in the min ing area and its sur round ings. Al though
extensional cracks and frac tures, linked herein with grav i ta -
tional pro cesses, may not nec es sar ily take place due to mass
move ments, e.g. due to nat u ral col lapse and tight en ing of old
min ing ex ca va tions (Chudek and Duży, 2005), their ori en ta tion
per pen dic u lar to most ex ca va tions of ob ject no. 1 undisputedly
in di cates a grav i ta tional or i gin. Sim i larly, low-an gle dilatational
fis sures, ori ented par al lel to the land slide head scarps and slid
blocks, point to the next phase of grav i ta tional dis place ment
within the mas sif (Fig. 9C; stage 3). 

An other is sue is the age of the land slide pro cesses de -
scribed both in the study area and across the whole area of the
Sudetes Moun tains. Al though dif fer ent stages of de vel op ment
and stepwise se quences of slope in sta bil ity were sug gested for
many in di vid ual land slide forms in the Sudetes (cf. Synowiec,
2003; Migoń et al., 2016b; Kowalski, 2017a), the ab so lute age
of the in di vid ual land slides re mains un clear and as yet un con -
strained (cf. Migoń et al., 2016b). Synowiec (2005) dated two
sam ples of sed i ments de rived from peat bogs within the Rogo -
wiec land slide com plex in the Kamienne Moun tains, Cen tral
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Sudetes (cf. Kasprzak et al., 2016) and ob tained mid- to late
Ho lo cene dates. Hence many forms oc curred within this moun -
tain range were gen er ally con sid ered to be a mid-Ho lo cene or
Late Pleis to cene in age (Migoń et al., 2016b). On the other
hand, the area of the Kamienne Moun tains has never been gla -
ci ated and it was lo cated in the periglacial zone dur ing the Qua -
ter nary glaciations (Migoń et al., 2017). Thus, land slides oc cur -
ring within this moun tain range can not be di rectly re lated to
deglaciation pro cess.

By con trast, it is widely ac cepted that the Kaczawskie
Fotthills area, West ern Sudetes, were reached by the Scan di -
na vian ice sheet at least twice (Woldstedt, 1932; Lindner, 1939; 
Kowalski et al., 2018). Hence, slope debuttressing pro cess af -
ter deglaciation can be con sid ered as one of the trig ger ing fac -
tors that caused the land slide de vel op ment on Wielisławka Mt.
How ever, though this pos si bil ity, as well as the role of neo -
tectonics on land slide de vel op ment, can be taken into con sid er -
ation re gard ing the na ture and age of mass move ments in the
Sudetes area, it re mains a mat ter of con jec ture.

CONCLUSIONS

The multi-method ap proach ap plied here in land slide in ves -
ti ga tions has al lowed elu ci da tion of the mech a nisms and de vel -
op ment of mass move ments that have oc curred on, and that
may en com pass in the fu ture, the north ern slopes of Wielisła -
wka Mt. Based on the re sults of struc tural anal y sis cou pled with
ter res trial la ser scan ning, geomorphological map ping and geo -
morphometric anal y sis of LiDAR DEMs, the course of land slide
pro cesses in the study area was re con structed. The re sults ob -
tained in di cate that the in ten sity, de vel op ment and po ten tial fu -
ture evo lu tion of the slope fail ures on Wielisławka Mt. are in flu -
enced by ex ist ing dis con ti nu ity sur faces within the rock mas sif,
such as opened frac tures and faults in ig ne ous and meta mor -
phic rocks. There fore, the con cept of struc tural con trols on the
land slide forms in the study area seems well grounded based
on the re sults ob tained. 

The mor phol ogy and fur ther de vel op ment of land slides on
the north ern slopes of. Wielisławka Mt. are di rectly re lated to flu -
vial ero sion and the for ma tion of the deeply in cised Kaczawa
River gorge. Lithological and struc tural ani so tropy of the mas sif
played an im por tant role in slope fail ure de vel op ment. Sig nif i cant 
is the lack of large-scale dis place ment of rock masses on the
west ern slopes of the hill, built ex clu sively of mas sive and co lum -
nar rhyolites, de spite the very high val ues of slope in cli na tion
(36–42°). This in di cates the large role of li thol ogy and pre-ex ist -
ing dis con ti nu ities in the ini ti a tion of land slide pro cesses. 

De vel op ment of the land slides on Wielisławka Hill was
prob a ble pre ceded by the for ma tion of ver ti cal extensional

cracks ac com pa ny ing the lat eral spread ing which caused frag -
men ta tion of the mas sif into in di vid ual rock blocks and their for -
ward or back ward top pling. Dis place ment of large rhyolitic
blocks trig gered the for ma tion of shal low land slides. Dis con ti nu -
ity sur faces along which such pro cesses took place are vis i ble
in the land slide head scarps. Translational slips could take
place only on parts of slopes built of rhy o lite and these oc cur in
the SW part of the land slide stud ied. Due to the fact that the
frac ture planes are mostly steep (70–90°), and the dis con ti nu -
ities cor re spond ing to mag matic fo li a tion are not pen e tra tive at
the scale of the en tire mas sif, the lower part of the land slide slip
sur face likely de vel oped along one or more shear sur faces
local ized within the meta mor phic rocks. It is most prob a bly a
com bi na tion of the fo li a tion planes with shear planes obliquely
cut ting s1 fo li a tion sur faces in the meta mor phic rocks. Sur pris -
ingly, the deep est foun da tions of the land slide slip sur faces oc -
cur in the mid dle slope sec tion of Wielisławka Mt. Mea sure -
ments made in the south ern part of the un der ground ex ca va -
tions of ob ject no. 1 in di cate the di rect im pact of nor mal faults on 
the for ma tion of the up per part of the slip sur face. These faults
sig nif i cantly in flu enced the frag men ta tion of the mas sif.

Our ob ser va tions sug gest that pro gres sive grav i ta tional slo -
pe de for ma tion which orig i nated in shal low translational land -
slides may evolve into rapid slides due to ac cel er a tion of shear -
ing and large-scale rock mass dis place ments at the base of the
slope. The ge om e try and shape of the up per and the lower
parts of the slid ing sur face are closely linked with pre-ex ist ing
struc tural dis con ti nu ities within the mas sif.  Due to the lo ca tion
of the min ing ex ca va tions be low the pres ently ac tive land slide,
the adits on Wielisławka Hill are unique study ob jects al low ing
for the ob ser va tion and re con struc tion of land slide pro cesses. 
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