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We indicate the structural controls on, and provide an evolutionary model of, mass movements which developed on the
slopes of a rhyolitic lava dome built of massive, sub-intrusive Permian rhyolites and its low-grade metamorphic cover, comprising Ordovician and Silurian sericite schists and metacherts (greenschist facies). The phenomena studied occur on the
low-altitude, dome-like Wielisławka Mt. (370 m a.s.l.) in the Western Sudetes, SW Poland. A multidisciplinary approach involving geological and geomorphological fieldwork, LiDAR-based geomorphometric analyses, as well as analyses based on
data obtained from terrestrial laser scanning (TLS), performed within old adits and shafts in the landslide area, have allowed
determination of the origin and recent extent of the landslide phenomena. The geometry and development of the slip surface
are closely linked with measured, existing discontinuities within the massif. As they enable observation of the initial stages of
mass movement in the excavations within the cover rocks of the rhyolitic massif, the old adits and shafts are unique objects
for the observation and reconstruction of landslide processes.
Key words: mass movements, brittle deformations, magmatic and metamorphic rocks, Kaczawa Metamorphic Complex,
Sudetes Mts., southwestern Poland.

INTRODUCTION
Landslides and other types of mass movement (e.g., flows,
falls and topples, cf. Varnes, 1978) play an important role in
controlling the morphology of hillslopes and the development of
geomorphological processes in mountainous geomorphic systems (Schroder, 2014). Because of the real hazards and many
disasters caused by landslides (Petrakov et al., 2008; Fort et
al., 2009; Avelar et al., 2011; Stoffel and Huggel, 2012; Sassa
et al., 2018), the recognition and observation of these phenomena became, in the last few decades, among the most frequently discussed issues of geology, applied geomorphology
and related branches of science. Many studies have been de-
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voted to the relationship between the development of landslide
slopes and their internal structure and fabrics, understood as
the geometrical and spatial distribution of the main structural
surfaces (bedding and foliation planes, fractures, 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 commonly
undertaken geological studies are structural analyses performed in landslide-prone regions. These investigations have
focused on reconstructing the mechanism of slope deformation
as precisely as possible, based on observations performed
within the displaced rock masses (ex situ) and analogous studies conducted in non-displaced bedrock (in situ), exposed in
landslide head scarps or adjacent areas (e.g., Margielewski,
2006; Agliardi et al., 2013; Schleier et al., 2016; Margielewski
and Urban, 2017). Despite advances in modern analytical
methods, such as remote sensing and geographic information
system (GIS) techniques (Mancini et al., 2010; Daneshvar and
Bagherzadeh, 2011), detailed structural analysis as well as tra-
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ditional geological and geomorphological fieldwork still comprise fundamental and effective methods for reconstructing
landslide development processes.
So far, structural analyses of landslides have been undertaken in areas where such phenomena occur in abundance,
both in time and space. In Europe, such areas primarily include
high- and medium-altitude mountain ranges, cliffed seacoasts
and river valleys where all different genetic types of landslide
have been widely observed at various scales (see summary in:
Herrera et al., 2018). In Poland, the Flysch Carpathians is a
mountainous area which is particularly predisposed to landslide
development. Over 60,000 individual landslides have been recorded and described there, in particular by the Polish Geological Survey, since the end of the 1960s (Poprawa and
Rączkowski, 2003; Wójcik and Wojciechowski, 2016). In comparison to the Polish Flysch Carpathians, the Sudetes – a medium-high mountain range located in SW Poland – has so far
been considered as an area devoid of landslide hazards (Jahn,
1960). This is reflected in many summary reports on mass
movements in Poland and Europe (Herrera et al., 2018), in
which Lower Silesia has been depicted as an area where landslide phenomena occur rather infrequently. This opinion has
changed in the last decade or so, mainly due to the identification and description of several hundreds of hitherto unrecognized landslide 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 paper explains the formation and mechanisms of landslide phenomena occurring on the northern slopes of the
dome-shaped, rhyolitic Wielisławka Mt. (373 m a.s.l.) located in
the Kaczawa Foothills of the Western Sudetes. Geological and
geomorphological field studies made in the last few years
clearly show transformation of this hill by slope-scale gravitational processes (see Kowalski and Wojewoda, 2017). Three
spatially and genetically interconnected landslide areas have
been recognized on the northern slopes of Wielisławka Mt.:
they are characterized by different morphologies and origins of
gravitational displacement and cover areas of 8.06, 6.67 and
6.73 ha, respectively. This report is focused on the largest,
western, landslide, on which intense mining activity took place
between the 14th and 18th centuries (Maciejak et al., 2017). In
the remains of underground excavations, located directly below
the landslide, occur a series of deformation structures indicating dilatation (Reynolds, 1885; Neuendorf et al., 2005) which in
consequence may lead to the development of a subsequent
low-angle slip surface, and then the formation of a deep-seated
landslide (cf. Margielewski and Urban, 2017). The western
landslide was selected for our investigations due to perfect bedrock exposure within the landslide head scarp and accessible
mining excavations, which has allowed determination of the influence of the bedrock structure on the development of landslide forms.

GEOMORPHOLOGICAL AND GEOLOGICAL
SETTING
Wielisławka Mt. is located in southwestern Poland, in the
Western Sudetes, Kaczawa River valley, between Różana and
Nowy Kościół in the north and Sędziszowa in the south (Fig. 1).
According to the physical-geographical subdivision of Poland
(Kondracki, 2002), the area represents the central part of the
Kaczawa Foothills. The area is characterized by a variable, hilly

landscape with elevations ranging from 224 m a.s.l. (bottom of
the Kaczawa River valley near Nowy Kościół village) to 474 m
a.s.l. (Bucze Wielkie Mt.). Characteristic morphological features
of this region comprise isolated, conical hills (Czeska Góra,
Wołek, Wygorzel Zawodnia hills) and large dome-like massifs
(Bucze and Wielisławka) rising above low-relief denudation
plains located at elevations in the range of 270 and 330 m a.s.l
(Fig. 1A).
Denudation plains are deeply dissected by V-shaped
stream valleys with rocky slopes and depths of ~35 m (e.g., valley of the Piekiełko Stream to the south of Nowy Kosciół; cf. Fig.
1A). NW–SE oriented ridges with poorly marked peaks
(Dłużyca, Krowia hills) are also present in the study area. The
upper slopes of these ridges fall within the range of 40–50°;
walls, rock ribs and cliffs are often present in their upper segments, and accumulations of rocky blocks and debris occur beneath the slopes. The most significant element of the morphology of the area is the Kaczawa River valley, which along its
gorge ranges from about 150 m to over 300 m in width. The river
valley is located at elevations from about 245 m a.s.l. near
Sędziszowa to about 224 m a.s.l. near Nowy Kościół.
Many landslides affecting the slopes of the Kaczawa River
valley have been documented (Kowalski and Wojewoda, 2017;
see Fig. 1). The widest, western landslide (8.06 ha) occurs on
the densely forested, northern slopes of the three-peaked
Wielisławka massif (from the west: at 376.3; 365.6 and 372.2 m
a.s.l.) and is one of the elements of a landslide complex covering an area of 21.5 ha.
The morphology of the part of the Kaczawa River valley described closely reflects the geological structure of the bedrock
(Fig. 1B) and largely depends on the resistance of rocks to
weathering and erosion (cf. Traczyk, 2011). Geologically, the
Kaczawa River gorge was formed within metamorphic rocks assigned to the Kaczawa Metamorphic Complex (KMC; southern
part of the study area) and within sedimentary and volcanic
rocks that build the central and northern parts of the North
Sudetic Synclinorium (NSS; Teisseyre et al., 1957; cf. Fig. 1B).
Both of these geological units are located in the northern part of
the Sudetic Block – an elevated element of the northeastern termination of the Bohemian Massif. In the traditional regional
scheme proposed by Teisseyre et al. (1957), the KMC and NSS
were treated jointly as the Kaczawa Unit. This unit included
rocks of the KMC assigned to the lower (metamorphic) structural stage (Lower Kaczawa stage), whereas the non-metamorphosed sedimentary and volcanic rocks of the NSS have been
assigned to the upper structural stage. These units are separated by a regional unconformity.
Metamorphic rocks occurring on the northern slopes of
Wielisławka Mt. are largely metasedimentary rocks exposed in
the western part of the Rzeszówek-Jakuszowa Unit, one of the
units of the KMC, within a subordinate tectonic unit known as
the Świerzawa Horst (ŚH; cf. Fig. 1B). The KMC is a unit with an
extremely complex geological structure, built of metasedimentary and metavolcanic rocks, strongly folded, faulted and
weakly metamorphosed (lower/middle greenschist facies) during the Variscan orogeny (cf. Urbanek et al., 1975; Baranowski
et al., 1990; Kryza and Muszyński, 1992; Cymerman, 2002).
The rocks assigned to the KMC include mainly phyllites, sericite
schists, metasandstones, metamudstones and crystalline marbles, as well as rocks that originated due to submarine volcanism and plutonism: metabasalts (pillow-lavas) and basaltic
tuffites, metarhyolites, metarhyodacides, metadolerites and
metagabbros; they represent the Paleozoic (Cambrian to Lower
Carboniferous/Mississippian; cf. Baranowski et al., 1990).
Sericite, siliceous and graphite schists, metacherts and siliceous metasiltstones, and subordinate metasandstones, repre-
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Fig. 1. Location map of the study area
A – lidar-based shaded relief map with superimposed landslides (red polygons) in the Kaczawa River valley; the western landslide described in this paper is marked in yellow; B – geological sketch map of the study area (based on Zimmermann and Kühn,
1929; Frąckiewicz, 1958; Milewicz and Kozdrój, 1995 and the lead author’s own studies); KMC – Kaczawa Metamorphic Complex, NSS – North Sudetic Synclinorium, LSG – Leszczyna Semi-Graben, ŚH – Świerzawa Horst, ŚG – Świerzawa Graben
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senting the Ordovician-Devonian, occur on the slopes of
Wielisławka Mt. (Fig. 1B; Milewicz and Kozdrój, 1995). These
rocks are considered as hemipelagic silt- and clay-rich sediments (Baranowski, 1975) that originated from the deposition of
turbidity currents (flysch). Metasedimentary rocks occur in the
study area in a normal position. Foliation which developed in
these rocks during metamorphism (foliation S1 sensu Cymerman, 2002) is usually oriented in accordance with the primary
bedding surfaces of the sedimentary rocks (S0) (protolith).
In the study area, metamorphic rocks of the KMC are unconformably covered by rocks of the NSS (upper Kaczawa
stage; cf. Fig. 1B; Baranowski et al., 1990) or occur in tectonic
contact with this unit. The NSS is composed of weakly deformed Upper Carboniferous (Pennsylvanian), Permian and
Triassic sedimentary and volcanic rocks, which together with
the Upper Cretaceous deposits compose the upper Kaczawa
stage (Teisseyre, 1957). These rocks, both continental and marine, as well as products of Permian volcanism, infilled the North
Sudetic Basin (NSB) at various stages of its development
(Śliwiński et al., 2003). The NSB started to develop as a
intramontane trough (tectonic graben), which formed near the
present-day town of Świerzawa during the Late Carboniferous
(Pennsylvanian) (Wojewoda and Mastalerz, 1989; Solecki,
1994) due to large-scale regional extension of the KMC basement. In the Early Permian, this depression gradually expanded
and became filled with coarse sediments of alluvial fans formed
in the foreland of mountain ranges, as well as sediments of
gravel-bed rivers. In the Early Permian, the process of basin infilling was interrupted by intense volcanic activity (Kozłowski
and Parachoniak, 1967). This produced alkaline and acidic, extrusive and subvolcanic magmatic bodies, which are mostly
represented by trachyandesites, trachybasalts and rhyolitoids
such as the Wielisławka intrusion (Awdankiewicz and Szczepara, 2009; Mikulski and Williams, 2014). They are commonly
associated with volcanic tuffs. In the Early Permian, rhyolites of
the present-day Wielisławka Hill intruded the metamorphic
rocks of the Rzeszówek-Jakuszowa Unit, which from the west
are unconformably covered by or occur in a tectonic contact
with Upper Carboniferous (Pennsylvanian) and Lower Permian
sedimentary rocks of the NSS. These deposits are overlain
from the north by Upper Permian (Zechstein), Lower Triassic
(Buntsandstein) and Upper Cretaceous strata of the NSS.
Many zones of hydrothermal mineralisation are observed in the
marginal zones of the Wielisławka rhyolite intrusion; ore-bearing minerals such as pyrite, galena, sphalerite, arsenopyrite
and chalcopyrite are common (Mikulski, 2007). Mining of these
mineral ores was carried out on the slopes of the hill from the
late 14th till the 18th century (Maciejak et al., 2017).
MATERIALS AND METHODS

Studies of the Wielisławka massif comprised spatial data
analysis and fieldwork. The main part of this study was based
on mapping, with preliminary recognition of the landslide relief
investigated requiring morphometric analysis using GIS software with application of LiDAR-derived digital elevation models
(DEMs) with a resolution of 1 x 1 m. Then, detailed field mapping was carried out, with geological and geomorphological observations. Field studies were focused on the identification of
structural controls and their impact on landslide development
and also precise spatial determination of the lithological boundaries. The last stage of fieldwork, aimed at determining the precise location and range of the landslide-affected slopes in 3D,
included a geodetic survey of the accessible underground excavations using terrestrial laser scanning.

GEOMORPHOLOGICAL ANALYSIS AND FIELDWORK

Detailed geomorphometric analyses based on LiDAR
DEMs with a resolution of 1 x 1 m were performed for assessment of the range of landslide phenomena that had been reported earlier on the northern slopes of Wielisławka Mt. (see
Kowalski and Wojewoda, 2017). Elevation data were acquired
from airborne laser scanning (ALS), conducted in Poland in
2011–2014 as a part of the IT System of the Country’s Protection against Extreme Hazards (ISOK). Results of laser scanning
were made accessible by the Polish Centre of Geodetic and
Cartographic Documentation (CODGiK) as XYZ point data with
a density of ~4–6 point/m2 and average elevation error not exceeding 0.3 m (Report, 2011). Point data sets were used to construct digital elevation models. Based on LiDAR DEMs, the basic morphometric parameters of the landslide forms recognized
in the field were calculated. Additionally, shaded relief maps
with various levels of exaggeration, lighting angle and direction,
slope and exposure maps have been prepared to visualise the
variability of these forms. A standard procedure was generation
of morphological cross-sections perpendicular to the elongation
of the landslide colluvial zones. Shaded relief maps were also
used as topographic maps for geomorphological sketches and
geological maps made in the field using ArcPad software (.shp
format). MicroDEM, Move (Midland Valley) 2017.2, SAGA GIS
v. 3.0.0, Global Mapper v. 15.0, and Surfer (Golden Software)
v. 9.0 software were used at this stage of the research. All material was processed in the Polish PUWG 1992 projection.
Fieldwork took place in 2016–2018 during a geological survey in the northern part of the Świerzawa Graben. Morphological features were located in the field with the application of a Nomad Trimble and Nomad Juno ST GPS with 1 to 3 m accuracy
and a Pentagram PathFinder Logger P3106 with precision of
position determination <3 m. Measurements of the elements of
landslide morphology were performed using a Bushnell laser
rangefinder. Particular care was taken to distinguish between
anthropogenic forms caused by mining activity from the landslide morphology (see Kowalski and Wojewoda, 2017). The terminology applied for the description of landslides accords with
the commonly used classifications of mass movements
(Varnes, 1978; WP/WLI, 1990, 1993; Dikau et al., 1996; Hungr
et al., 2014).
GEOLOGICAL FIELDWORK AND MEASUREMENT
OF STRUCTURAL DISCONTINUITIES

Detailed geological mapping in the Wielisławka area conducted by the authors was focused on determining the influence
of the bedrock structure on landslide development, as well as
the precise extent of lithological units. This allowed assessment
of the accuracy of current published geological maps. During
fieldwork, much attention was paid to the precise location and
determination of geological boundaries, especially in low-grade
metamorphic (tectonic or primary sedimentary contacts) and igneous rocks.
Recognition of the mechanism of gravitational processes on
slopes affected by mass movements requires detailed structural analyses (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 exposures of igneous and metamorphic rocks. These
analyses here include measurements of the main structural discontinuities and other features (fractures, folds, axes of contraction columns in the rhyolites, foliation planes, cleavage), both
within the landslides (ex situ exposures) and in the bedrock (in
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situ) exposed on the surface and within old adits. In low-grade
metamorphic rocks, the penetrative planes of metamorphic foliation s1 (see Cymerman, 2002) have been measured. In metamorphic rocks, mainly metacherts, two main joint sets j1 and j2
were determined, as well as two co-occurring sets of oblique
joints j3 and j4. In volcanic rocks a total of 5 main fracture sets (j1,
j2, j3, j4 and j5) were distinguished. Structural mapping involved
also description of joint surfaces and identification of fault
planes. Numerous mesostructural kinematic indicators as well
as fracture surface markings (FSM; cf. Petit, 1987; Bahat,
1991), such as striated ridges, grooves, slickensides, low-angle
shears, hackle fringes and en echelon cracks, were described
and measured. Measurements of the position of structural features were supplemented with measurements made with the
mobile application FieldMove Clino (Midland Valley). Measurements of structural elements are shown on great circle diagrams and on pole point diagrams and contour diagrams with
equal-area projection on the lower hemisphere of the equalarea Schmidt-Lambert network. Additionally, axes of contractional columns in rhyolites were plotted on rose diagrams
with a class interval of 10°.
TLS MEASUREMENTS

Precise inventory of the underground excavations on Wielisławka Mt. was made with the use of terrestrial laser scanning
(TLS). Due to the specific character of the objects analysed –
partly collapsed adit entrances, narrow pathways and the presence of collapses, a manual ZEB Revo scanner using SLAM
technology (Simultaneous Localization And Mapping; Berns
and von Puttkamer, 2009; Romagós et al., 2010; Werner, 2014;
Birk and Pfingsthorn, 2016; Kong and Lu, 2017; Nocerino et al.,
2017) was applied. ZEB Revo is a small, manual, latest generation scanner, successfully applied in surveys of closed objects
(effective measurement range with a laser beam is about 30 m).
The scanner combines two main systems: a scanning head
with a velocity of about 42 000 point/min and an Inertial Measurement Unit (IMU) used for determining the relative position
of the scanner during the measurement. A commonly indicated
asset of the system is its ability to work without a GNSS signal
(Dewez et al., 2016; Eyre et al., 2016; Sammartano and Spanb,
2018; Tucci et al., 2018; Wajs et al., 2018).
The effect of scanning performed during surveys along the
excavations was a set of xyz spatial data, connected in a uniform point cloud using the SLAM algorithm. The dataset obtained was used to construct a 3D digital elevation model of the
underground excavations. Reference of the datasets obtained
was made using 3 reference points localised beneath the
slopes of Wielisławka Mt. using the RTK GNSS technique.

RESULTS
LANDSLIDE DESCRIPTION

The western landslide is developed on the NNW slopes of
the highest peak of the Wielisławka massif (376.3 m a.s.l.),
which is the culmination of an elongated, WSW–ENE ridge
bounding the gorge of the Kaczawa River to the south (Fig. 2).
Mass movements took place within Lower Permian rhyolites,
which form the northern contact with Silurian metacherts, siliceous and sericite schists.

In the upper part of the landslide there are steep, arch-shaped, distinctive head scarps which are nearly 25 m high
and ~400 m wide. Those located at 250–340 m a.s.l. were
formed in heavily jointed rhyolites and have an inclination exceeding 50°. The WSW–ENE orientation of the scarps is consistent with the extension of the morphological ridge of
Wielisławka Mt. Above the head scarps, particularly in the western part of the massif, isolated rocky forms attaining heights up
to 7 m occur in an in situ position. Below the head scarps there
is a landslide body with a diverse surface morphology. Colluvial
benches are visible within them; they are separated by flat parts
of the slope which in places form colluvial swells. The landslide
bedrock within the head scarp is exposed along ~150 m and
consists of densely fractured, massive rhyolites. The foot of the
scarp is covered by blocky talus. In the central part of the landslide the head scarps are poorly visible and attain here a height
of up to 5 m and a width of ~120 m, without bedrock exposures.
In the mid-slope section, below the head scarps there are colluvial bulges and blocky covers composed of angular blocks of
rhyolite which here form narrow blocky toes and creeps. The
north-easternmost part of the landslide is not easily visible and it
is most intensely modified by mining activities – entrances to
over a dozen short adits (presently infilled) and small slagheaps
are observed. The adits were dug at the contact between the
rhyolites and the metamorphic rocks.
In addition, 60 to 100 m-wide distinctly marked landslide
scarps occur in the middle section of the landslide slope. The
most prominent scarp, with small exposures of sericite schist and
phyllite, is arch-shaped, has a width of ~100 m and a height of
12 m (Fig. 2). Below the scarp occurs a slid block, which is
bounded from the outside by an insignificant (up to ~1.5 m) landslide ridge with an indistinct secondary scarp. Within the landslide bulge developed below the scarp there occur small, water-filled hollows and anthropogenic sinkholes. These last forms
probably represent the oldest stage of mining activities in the
area (see Maciejak et al., 2017), dated to the 14th century.
Slopes of the colluvial bulge are cut in their lower parts by a forest
road with exposures of grey sericite schist. The landslide toe is
poorly preserved and has probably been partly levelled during
the mining. A fragment of the landslide tongue is preserved in the
middle part of the landslide, where the Młynówka Stream meets
the Kaczawa River (Fig. 2). In the lowermost part of the landslide,
the slope is undercut by the Kaczawa River valley, the slopes of
which are rocky in character and inclined at up to 60°. Rocky
walls and individual cliffs occur on the valley slopes in the lower
part of the western landslide; they reach up to 4.5 m in height and
are composed of metacherts and siliceous schists.
OLD ADITS

Two unobstructed networks of underground excavations
occur in the area of the landslide investigated: object no. 1 (Fig.
2 and 3A) with a total length of ~283 m and object no. 2 with a
length of ~33 m (Fig. 3B). Object no. 1 is known in the literature
and in tourist guides as the “Wielisławska Cave” (e.g., Cedro et
al., 2009). These excavations were described firstly by Zöller
(1936) and are situated on the prolongation of the head scarp
(middle part of slope) and were probably dug along an earlier
landslide fracture (Kowalski and Wojewoda, 2017).
Object no. 1 is located at 248 m a.s.l., 25 m to the SE from
where the Młynówka Stream joins the Kaczawa River, 8 m
above the valley bottom (cf. Fig. 2). The initial adit (section A; cf.
Fig. 3A), 39 m long and NW–SE-oriented, terminates with a collapse and cross-cut. In the next section (section B), the adit
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Fig. 2. Geomorphological map of the western landslide with main geological features superimposed
Geology modified after: Zimmermann and Kühn (1929), Frąckiewicz (1958), Milewicz and Kozdrój (1995); exposures
described in the text are marked in circles; yellow, dashed line of cross-section (Fig. 9) is marked
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Fig. 3. 3D models of underground excavations in the Wielisławka massif derived from TLS
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continues to the SE for another 40 m, leading to a 5 x 5 m exploitation chamber. Five pathways branch from the chamber in
different directions. The shortest, monkey drifts, 5 and 8 m long,
respectively, have been excavated towards the ENE. Towards
the SE leads a pathway that is 63 m long (section C). The pathway terminates with a collapse located below the landslide
head scarp in the middle part of the slope (SE part of section C),
~39 m below the land surface. Excavations of two 15 m long
pathways (section D) branch from the exploitation chamber towards the NW. The pathways pass into the subsequent adit
(section E) with a length of ~50 m. Short monkey drifts ending in
faces branch from pathway D; pathway F is 18 m long and pathway G is 11 m long. An adit (section H) leads also to the pathway (section G) but its entrance is collapsed.
The entrance to object B is located at 249 m a.s.l., on the
slope of the Kaczawa Valley, ~40 m to the SW from the bridge
in Różana village (cf. Fig. 2). The oval adit entrance is ~3 x 2.5
m in size. The ~35 m long excavation is oriented towards the
SE (Fig. 3B). The adit has a width reaching 2 m, is up to 1.8 m
high and ends in a collapse.
MEASUREMENTS OF STRUCTURAL ELEMENTS
RHYOLITIC CLIFFS AND LANDSLIDE HEAD SCARPS

Measurements of structural discontinuities were made in
sites located in situ, including old quarries and cliffs located in
the northern and western slopes of Wielisławka Mt. (localities
nos. 1, 2, 3 on Fig. 2) and exposures within the head scarps of
the main landslides (localities nos. 4 and 5). In the southern and
southwestern part of the hill, densely fractured rhyolites with
distinct columnar joints occur in natural and artificial exposures
(cf. Fig. 2 and 4A, B). Rhyolitic columns in the southern part of
the massif are long narrow structures displaying regular 4- and
5-sided shapes. 3- and 6-sided columns as well as irregular
forms occur infrequently (Jerzmański, 1956). The exposure
with the best developed rhyolitic columns is located in an abandoned quarry known as the “Organy Wielisławskie” (“Wielisławskie Organs”; loc. no. 1; Fig. 4A), which is protected as a natural monument. Column axes are inclined here at variable angles from 55 to 85° to the SW. The quarry shows columns arranged in a fan shape (Fig. 4A). Fracture planes related to magmatic foliation, inclined at up to 45° to the NE, occur normal to
the column axes (Awdankiewicz and Szczepara, 2009).
To the north, the orientation and dip of the columns change
significantly – on the Wielisławka ridge the dips are to the NE
and NW, and in some cases they attain an opposite orientation
(Fig. 4B, C). Farther to the north the columnar rhyolites pass
into irregularly fractured massive varieties with a dense network
of discontinuities. Based on measurements of the fracture
planes in a quarry (loc. 2) located ~50 m from the margin of the
landslide head scarp, three steep joint sets with dips at 70 to
90°: j1 (NNW–SSE-oriented), j2 (ENE–WSW-oriented) and j3
(N–S-oriented), and two sets with dips at 35 to 55° (NE–SW-oriented), with the dominating dip to the SE (j4) and to the NW (j5)
have been distinguished (Fig. 4D). Joint set j5 observed in massive rhyolites corresponds to the orientation of fluidal textures in
the columnar rhyolites. Five joint sets with a similar orientation
have also been distinguished within the cliffs (loc. 3) exposed in
the western elongation of the Wielisławka ridge, on the eastern
slope of the Kaczawa Valley (Fig. 4E). In turn, in exposures in
the main scarp of the landslides (loc. 4 and 5; Fig. 4F, G), sets
j1, j2 and j3 attain a much wider scatter of strike orientations in
comparison to those at localities 1, 2 and 3. Slickensides were
not observed on fracture planes in exposures located above the

landslide area and within the main head scarps. In turn, localities nos. 4 and 5 commonly contain fractures developed along
joint sets j1, j2 and j5. Their separation sometimes reaches 15
cm, particularly at locality no. 3.
MEASUREMENTS OF STRUCTURAL ELEMENTS
WITHIN OLD ADITS

Structural measurements were made in all accessible excavations of objects nos. 1 and 2 (Fig. 5). Both objects were excavated entirely within the KMC rocks – metacherts, phyllites, siliceous schists and subordinate sericite schists. In sections A, B
and E of object no. 1, foliation planes are inclined mainly towards the NW, subordinately to the NE and SW at low angles (5
to 35°; Fig. 5A and 6A). In some cases over longer distances in
adits, particularly in the terminal parts of section E and in the
middle part of section A, foliation planes are homoclinally N and
NW dipping. Local variability of orientations and dips of the foliation planes s1 are related to the presence of wide-radius,
non-cylindrical folds with axes inclined at variable angles to the
NE–SW, subordinately to the NW–SE (Fig. 6B). Small-scale
folds were observed infrequently, especially in the distal parts of
section C (Fig. 6C). Discontinuity planes within homoclinally
dipping metamorphic rocks (measurements in section A) may
be grouped into two main joint sets (j1 and j2) of steeply dipping
fractures (65–85°) with orientations at NNE–SSW (j1) and
WNW–ESE (j2; Fig. 6D), as well as sets of oblique joints with
orientations at NW–SE (j3) and WSW–ENE (j4) and dips at
75–90°. Local variability of dip, strike and density of fractures result from their position with regard to the axes of the wide-radius
fold structures. Within the fold hinges, the fractures are usually
very dense (axial cleavage). These structures occur only locally. In the eastern part of the adit, in sections C, H and in the
monkey drifts, foliation planes become steeper, to about 70°,
and dip to the NW and SW (cf. Fig. 5A).
This steepening is related to the presence of numerous, SW
to NE dipping normal dip-slip faults with dips ranging from 45 to
90° (Fig. 6E, F). Surfaces of these faults are commonly polished
or striated and display the presence of slickensides, asymmetrical fault steps and short R-shear fractures (Fig. 6G), which may
be observed particularly in section C. Cataclasites and fault
breccia occur also in the fault zones; they comprise chaotically
arranged blocks and clasts of sericite schist and metachert (Fig.
6H) with dimensions exceeding 3 m in some instances. Very often the sericite schists display intense cataclasis, blurring of the
primary structure and plastic deformation related to the presence of secondary clay minerals. The southern part of the excavations (section C) is characterized by numerous collapses and
tightenings caused by the presence of faults. The course of
pathway C and the strike of the observed faults correspond to
those from the eastern part of the landslide head scarp located
in the middle part of the slope.
Numerous extensional cracks and fractures with spacings
up to 20 cm have also been observed within excavations of object no. 1 (Fig. 7). In the first part of the adit (section A), the
cracks dip at low angles to the NW (up to 35°) and have an E–W
or NW–SE strike (Fig. 7A). High-angle R’ fractures reach the
low-angle fractures. The geometry of the fractures recognized
is consistent with low-angle dilatation cracks (cf. Margielewski
and Urban, 2017). In turn, in the middle part of the adit (section
B) dominate NE–SW-oriented high-angle cracks and fractures
dipping to the NW and SE. In some cases the cracks are filled
with crushed rock material, and the rock blocks that bound them
display evidence of displacements (Fig. 7B). Fissure orientations correspond to the recognized joint sets j1 and j2, sub-
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Fig. 5. Results of structural measurements made in accessible excavations of objects nos. 1 and 2
A – map of object no. 1 with marked measurements of foliation, dilatational fractures and fault planes; B – map of object no. 2 with marked
measurements of foliation planes; for other symbols see Figure 2 (morphology of the landslide area); C – foliation planes measured within
object no. 1 shown on contour, pole point and great circle diagrams; D – interpretation of joint sets distinguished within object no. 1 (measurements in section A) shown on pole point and great circle diagrams; E – foliation planes measured within object no. 2 shown on contour, pole
point and great circle diagram; F – interpretation of joint sets distinguished within object no. 2 shown on pole point and great circle diagrams

Fig. 4. Rhyolites exposed in situ in localities in the vicinity or within the western landslide
A – columnar rhyolites exposed in an abandoned quarry (“Organy Wielisławskie”); axes of rhyolitic columns and planes of magmatic foliation
(mf.) are marked; B – columnar rhyolites exposed at the top of Wielisławka Mt.; C – orientation of column axes within rhyolites shown on rose
diagram with a class interval of 10°; colour scale corresponds to 15° classes of dip angles; D – irregularly fractured rhyolites exposed in an
abandoned quarry located ~50 m from the margin of the landslide head scarp; E – densely fractured rhyolites exposed within a cliff above the
landslide head scarp; F, G – exposures of densely fractured rhyolites within the head scarp of the landslide; main discontinuities (joint surfaces) are shown for each site on contour and great circle diagrams to right; interpretation of joint sets distinguished is shown on pole point
and great circle diagrams; numbers of localities are marked (see Fig. 2) for each site
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ordinately j4 (cf. Fig. 5A). High-angle fissures occur especially in
sections B, D, G and H, predominantly within sections C, E and
F and on the top of the exploitation chamber (cf. Fig. 7C, D, E).
There are subordinate cracks concordant with the adit’s orientation (NW–SE).
Excavations of object no. 2 have been dug in metacherts,
graphite schists and subordinately in sericite schists (KMC).
Foliation planes in the first part of the adit dip steeply (up to 70°)
to the NE (Fig. 5D), whereas in the farther parts of the adit the

foliation planes show a chaotic distribution and are folded (Fig.
5E). There commonly occur isoclinal folds with WNW–ESE or
E–W-oriented axes. Extensional fractures have not been observed in the adit, whereas cataclastic and breccia zones built
of chaotically distributed fragments of metacherts and graphite
schists are common. Fracture planes are widely dispersed –
only three distinguished sets are analogous to the fractures in
the excavations of object no. 1: j1 (NE–SW-oriented), j2
(WNW–ESE-oriented) and j3 (NNW–SSE-oriented; cf. Fig. 5F).

Fig. 7. Dilatational extensional cracks and fractures observed within excavations of object no. 1
A – low-angle extensional fracture developed along foliation plane s1 in the first part of the adit (section A) in metacherts; B –
high-angle extensional fracture filled with crushed rock material (cataclasite) developed along a j2 fracture in section B; bounding
blocks display traces of displacements (marked by arrows); C, D – high-angle extensional cracks exposed in sections B and G,
respectively; E – high-angle extensional crack affecting the top of the exploitation chamber; measurements of fracture planes observed in all excavations are shown on pole point, great circle and contour diagrams with marked contour intervals marked

Fig. 6. Structural features of metacherts and sericite schists observed within excavations of object no. 1
A – homoclinally NW-dipping foliation planes (s1) of metacherts measured in section B; measurements are shown on pole point and great circle diagrams; B – wide-radius, non-cylindrical fold with axis inclined gently to NE (section E); normal fault related to folding processes is also
observed; C – small-scale kink fold observed in sericite schists in section C; D – regularly fractured metacherts exposed in section E; main
joint sets (j1 and j2, green lines) and foliation planes (s1, black lines) are marked on photograph and on great circle diagram; E – NE-dipping
normal dip-slip fault that cuts foliation surfaces exposed in section C; cataclasites marked on photograph are related to fault zone; F – fault
breccia associated with normal dip-slip, NE-dipping fault exposed in section C; measurements of fault planes are shown on pole point, great
circle and contour diagrams with contour intervals marked; G – normal fault surface with visible slickensides, fault steps and R’ shears which
indicate sense of movement on the fault surface (marked by arrows); H – elongated, strongly cataclased clast of sericite schist between
metacherts exposed in section C
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EXPOSURES ON THE SLOPES
OF THE KACZAWA VALLEY

On the steeply inclined slopes of Kaczawa Valley (loc. 6 and
7) there occur distinct rock walls and cliffs with heights up to
4.5 m, built of metacherts and siliceous schists (Fig. 8A). The
metacherts and siliceous schists dip at low angles (3–30°) to
the S and SSW, subordinately to the SSE (Fig. 8A, B). In these
rocks exposed in situ occur joint sets analogous to those in the
excavation of object no. 1. The two main joint sets have orientations at NE–SW (j1) and WNW–ESE (j2) and dips from 70 to
90°; two oblique sets have orientations at NW–SE (j3) and
WSW–ENE (j4) and dips from 70 to 85° (Fig. 8C).
Extensional fractures and dip-slip normal 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 observed in the exposures. Foliation
planes and fractures within these rock blocks are characterized

by a reverse rotation of about 10° (foliation s1 with a dip of ~35° to
the SW; cf. Fig. 8D) in relation to the metacherts and siliceous
siltstones occurring in the landslide bedrock, which are inclined
here at ~5–10° to the SW. In the metacherts exposed in the upper part of the valley slopes there occur also normal dip-slip faults
with a listric geometry and N–S strike, related to the gravitational
displacement of rigid rock blocks (Fig. 8E).

INTERPRETATION AND DISCUSSION
Mass movements on Wielisławka Mt. have affected almost
the entire slope built of igneous rocks and metamorphic rocks of
their cover (cf. Fig. 2). During the mass movements the rhyolitic
part of massif became sub-divided into blocks, along vertical or
steeply dipping joint fractures j1, j2 and j3; successively the

Fig. 8. Structural features of metacherts and sericite schists observed within cliffs on the steeply inclined slopes
of the Kaczawa River valley
A – homoclinally S-dipping foliation planes (s1) of metacherts measured within cliff. 1; B – foliation planes measured within cliffs
on the valley slopes shown on contour, pole point and great circle diagrams; C – intepretation of joint sets distinguished within
cliffs on the valley slopes shown on pole point and great circle diagrams; D – reversely rotated rock block exposed on the slopes
of the Kaczawa River valley; note rotation of foliation planes s1 in relation to those exposed within cliffs which are in situ position
(cf. sites no. 6, 7); E – normal dip-slip faults and extensional fracture developed along j2 joint exposed in the upper part of the
Kaczawa River valley
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Fig. 9. Evolutionary model of mass movements affecting the northern slopes of Wielisławka Mt.
Present-day morphology obtained from LiDAR DEM is shown in Figure 9 B; morphology from Figure 9A and C
is postulated for past and future stages of landslide development; for explanations see the text

474

Aleksander Kowalski, Damian Kasza and Jarosław Wajs

blocks were gravitationally displaced along fractures j5 corresponding to the planes of magmatic foliation. In the initial phase
of the process (Fig. 9; stage 1), extensional cracks developing
along the steep joint fractures in the rhyolites became wider. At
present this process is observed within cliffs, which are subject
to disintegration and gradual decomposition along the discontinuity planes described.
Partial fragmentation of the blocks caused subsequent
rapid displacement and accumulation of rock masses within
colluvia at the base of the head scarps. Steep rhyolitic scarps,
colluvial bulges and block tongues, which developed in the upper, southwestern part of the landslide analysed, and the lack of
rotated rock blocks, point to translational mass movements
(Fig. 9; stage 2). There is no evidence for a deep-seated slip
surface in the upper part of the western landslide, and for rotation of rhyolitic slid blocks along a horizontal axis. After the
translational phase of landsliding a gradual overloading of the
slope by rhyolitic blocks, often of large sizes, led to secondary,
shallow slides (Fig. 9; stage 2, upper section of slope). A similar
displacement mechanism, although at a much smaller scale,
took place in the central and northeastern part of the landslide,
where rock blocks, colluvial bulges and block tongues occur at
the base of low (up to 5 m), but steep rhyolitic escarpments, in
some cases covered by rocky talus. In the northeastern part of
the landslide, the forms developed below the rocky scarps are
blurred by excavations of short adits and the adjacent slagheaps. Although mass movements occurred also in the lower
part of the slope built of metamorphic rocks, mostly the rhyolitic
material (large blocks and rocky talus) was gravitationally displaced in the upper section of the slope. Most probably, earthor mudflows may finally have occurred, as indicated by parts of
the slope with a hilly relief and low-relief landslide tongues composed of poorly sorted rock material mixed with fine-grained
slope deposits.
Different displacements took place in the central part of the
landslide analysed (Fig. 9; stage 2, middle and lower sections of
slope), where steep, arch-shaped head scarps, up to 12 m in
height, are associated with gravitationally displaced and rotated
slid blocks built of metamorphic rocks (cf. Fig. 2). A few surface
measurements of foliation planes s1 in sericite schists (see: Fig.
5) may indicate reverse rotation of foliation planes to the SW.
Detachment of rock masses within the metamorphic rocks
probably took place along fracture planes of joint set j1 and
subordinately j4, with an orientation of NE–SW and WSW–ENE,
respectively. Main displacements on the main slip surface in the
lower part of the landslide took place along s1 foliation planes
developed in sericite schists and cherts, which dip homoclinally
to the NW. Primary sedimentary structures are preserved within
these metamorphic rocks (Baranowski, 1975), and the presently observed fracture and foliation planes largely correspond
to the primary sedimentary planes and joint fractures in the sedimentary rocks (protolith). Moreover, in their origin and rheology, metamorphic rocks in the study area correspond to flysch
rocks, as has been noted already in the 1970s (Baranowski,
1975). These rocks include metamorphosed and lithologically
diverse types of densely fractured, easily deformed and plastic
fine-grained rocks (phyllites), as well as massive metacherts
and metasiltsones. The variability of rheological properties
within these rocks was one of the factors supporting the development of mass wasting in the study area.
Local zones of axial cleavage that developed in the hinges
of the wide-radius folds have almost no influence on the development of the slip surface. Regardless of the processes described and discussed above, shallow mass movements affecting metachert exposures take place presently on the steep
slopes of the Kaczawa Valley in the distal parts of the western

landslide (Fig. 9B, lower section of slope). This process is seen
as rotated metachert blocks and extensional cracks observed in
exposures on the valley slopes (cf. Fig. 8).
Important premises on the development of mass movements in the central part of the Wielisławka Mt. slopes come
from structural analyses made in the network of underground
excavations of object no. 1, dug in the lower and middle parts of
the landslide area. Although the underground excavations were
probably made below the main slip surface of the landslide
studied (cf. Fig. 9B), evidence of opening of fractures indicating
gradual relaxation of the rock massif, leading to the development of a subsequent, deeper slip surface in the rock mass,
have been observed. The structures described resulted from dilation (Reynolds, 1885; Neuendorf et al., 2005). This geomechanical process led to the opening and widening of fractures in the rock massif, and thus to the development of a landslide slip surface by shearing of the rock masses (cf. Margielewski and Urban, 2017). Development of a subsequent slide
plane is indicated by numerous low-angle extensional cracks
which formed along foliation planes s1 in the metacherts (Fig.
7A). The cracks developed in the metamorphic rocks due to
propagation of shearing strains along existing structural planes
(in this case, foliation). Simultaneously, vertical or almost vertical extensional cracks developed above these planes, resulting
from opening and widening of pre-existing joint fractures of the
j1 and j2 sets. Their opposing orientations (cf. Fig. 5) suggests
the gradual subdivision of the rock massif into horst-and-graben
blocks, this being the initial stage of the development of a deep
landslide (Fig. 9B, C; stage 2 and 3). Numerous cataclastic
zones and NW–SE-oriented faults observed in the terminal part
of object no. 1 (Fig. 5, section C) directly correspond to the orientation of the landslide head scarp, which indicates partial development of the slide planes along such oriented discontinuity
surfaces.
The depth at which the slide surface occurs in the central
part of the slope built of metamorphic rocks is an unresolved issue. The height of the head scarp that originated within the sericite schists (297–284 m a.s.l.), and the lack of large-scale displacements in the initial parts of object no. 1, exclude the possibility that a deeply-seated slide surface reached the mining excavations at an elevation of ~249 m a.s.l. At the same time, the
presence of extensional cracks and fractures confirms the development of a deeper slide surface below the adits and excavations (cf. Fig. 9B; dotted line). Further evolution of mass
movements in the study area may be seen also as tightening of
the terminal parts of object no. 1 along faults, as well as numerous collapses in the mining area and its surroundings. Although
extensional cracks and fractures, linked herein with gravitational processes, may not necessarily take place due to mass
movements, e.g. due to natural collapse and tightening of old
mining excavations (Chudek and Duży, 2005), their orientation
perpendicular to most excavations of object no. 1 undisputedly
indicates a gravitational origin. Similarly, low-angle dilatational
fissures, oriented parallel to the landslide head scarps and slid
blocks, point to the next phase of gravitational displacement
within the massif (Fig. 9C; stage 3).
Another issue is the age of the landslide processes described both in the study area and across the whole area of the
Sudetes Mountains. Although different stages of development
and stepwise sequences of slope instability were suggested for
many individual landslide forms in the Sudetes (cf. Synowiec,
2003; Migoń et al., 2016b; Kowalski, 2017a), the absolute age
of the individual landslides remains unclear and as yet unconstrained (cf. Migoń et al., 2016b). Synowiec (2005) dated two
samples of sediments derived from peat bogs within the Rogowiec landslide complex in the Kamienne Mountains, Central
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Sudetes (cf. Kasprzak et al., 2016) and obtained mid- to late
Holocene dates. Hence many forms occurred within this mountain range were generally considered to be a mid-Holocene or
Late Pleistocene in age (Migoń et al., 2016b). On the other
hand, the area of the Kamienne Mountains has never been glaciated and it was located in the periglacial zone during the Quaternary glaciations (Migoń et al., 2017). Thus, landslides occurring within this mountain range cannot be directly related to
deglaciation process.
By contrast, it is widely accepted that the Kaczawskie
Fotthills area, Western Sudetes, were reached by the Scandinavian ice sheet at least twice (Woldstedt, 1932; Lindner, 1939;
Kowalski et al., 2018). Hence, slope debuttressing process after deglaciation can be considered as one of the triggering factors that caused the landslide development on Wielisławka Mt.
However, though this possibility, as well as the role of neotectonics on landslide development, can be taken into consideration regarding the nature and age of mass movements in the
Sudetes area, it remains a matter of conjecture.

CONCLUSIONS
The multi-method approach applied here in landslide investigations has allowed elucidation of the mechanisms and development of mass movements that have occurred on, and that
may encompass in the future, the northern slopes of Wielisławka Mt. Based on the results of structural analysis coupled with
terrestrial laser scanning, geomorphological mapping and geomorphometric analysis of LiDAR DEMs, the course of landslide
processes in the study area was reconstructed. The results obtained indicate that the intensity, development and potential future evolution of the slope failures on Wielisławka Mt. are influenced by existing discontinuity surfaces within the rock massif,
such as opened fractures and faults in igneous and metamorphic rocks. Therefore, the concept of structural controls on the
landslide forms in the study area seems well grounded based
on the results obtained.
The morphology and further development of landslides on
the northern slopes of. Wielisławka Mt. are directly related to fluvial erosion and the formation of the deeply incised Kaczawa
River gorge. Lithological and structural anisotropy of the massif
played an important role in slope failure development. Significant
is the lack of large-scale displacement of rock masses on the
western slopes of the hill, built exclusively of massive and columnar rhyolites, despite the very high values of slope inclination
(36–42°). This indicates the large role of lithology and pre-existing discontinuities in the initiation of landslide processes.
Development of the landslides on Wielisławka Hill was
probable preceded by the formation of vertical extensional

cracks accompanying the lateral spreading which caused fragmentation of the massif into individual rock blocks and their forward or backward toppling. Displacement of large rhyolitic
blocks triggered the formation of shallow landslides. Discontinuity surfaces along which such processes took place are visible
in the landslide head scarps. Translational slips could take
place only on parts of slopes built of rhyolite and these occur in
the SW part of the landslide studied. Due to the fact that the
fracture planes are mostly steep (70–90°), and the discontinuities corresponding to magmatic foliation are not penetrative at
the scale of the entire massif, the lower part of the landslide slip
surface likely developed along one or more shear surfaces
localized within the metamorphic rocks. It is most probably a
combination of the foliation planes with shear planes obliquely
cutting s1 foliation surfaces in the metamorphic rocks. Surprisingly, the deepest foundations of the landslide slip surfaces occur in the middle slope section of Wielisławka Mt. Measurements made in the southern part of the underground excavations of object no. 1 indicate the direct impact of normal faults on
the formation of the upper part of the slip surface. These faults
significantly influenced the fragmentation of the massif.
Our observations suggest that progressive gravitational slope deformation which originated in shallow translational landslides may evolve into rapid slides due to acceleration of shearing and large-scale rock mass displacements at the base of the
slope. The geometry and shape of the upper and the lower
parts of the sliding surface are closely linked with pre-existing
structural discontinuities within the massif. Due to the location
of the mining excavations below the presently active landslide,
the adits on Wielisławka Hill are unique study objects allowing
for the observation and reconstruction of landslide processes.
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