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Abstract: Periglacial slopes are susceptible to recent climate change. The rate of morphogenetic
processes depends on numerous factors. The most important of these is the warming of the air and
ground, increased precipitation (extreme rainfall in particular), and the rate of snow cover decay. The
dynamics of these processes may effectively modify contemporary slope development models. The
paper shows the structure of selected talus slopes on a Fugleberget mountainside, based on field
observations and radar (GPR) soundings. The results are then compared to classical slope models.
The radar survey in April and May 2014 used a RAMAC CU II Malå GeoScience system equipped
with a 30 MHz RTA antenna (Rough Terrain Antenna). Five GPR profiles of different lengths were
obtained along the talus axes, transversally on Fugleberget and partly on the Hansbreen lateral
moraine. According to the radar soundings, the maximum thickness of the debris deposits is 25–30 m.
The thickness of the weathered material increases towards the talus cone’s terminal part, and debris
deposits overlap marine sediments. The talus slopes’ morphometry shows that their current forms
differ from standard slope models, which may be due to the significant acceleration of geomorphic
processes resulting from climate change, including rapid warming in the last four decades.

Keywords: talus cone; GPR; Svalbard; slope development model; debris

1. Introduction

The periglacial concept was first introduced by Łoziński [1]. Initially used only
with reference to the Pleistocene, it was later extended to cover present-day regions with
climate specific to areas adjacent to ice caps, glaciers, and high-mountain areas. The
term “periglacial zone” has two primary meanings. The first implies a limited zone
directly adjoining a glacier, which has brought about specific climatic changes. In the
second, broader sense, the periglacial zone is a separate area between the tree line and
the snow line, not necessarily climatically or spatially related to a glaciated area, e.g., the
permafrost in Siberia [2,3]. Southern Spitsbergen, the area of this research, is an example of
a contemporary periglacial zone. The term “cryosphere” is also inherent to the existence
of permafrost [4]. It is a layer formed by sub-zero temperatures dependent on the winter
season’s duration [5]. The extents of the permafrost, periglacial zone, and cryosphere
were determined based on climatic criteria [5]. Morphogenetic zones are distinguishable
from the close relationship between geomorphological processes and climate. Spitsbergen
belongs to the frost-rubble zone [6,7]. The regions within that zone are susceptible to recent
climate changes, which in that part of the Arctic are reflected by increased air temperatures,
a thicker active layer of permafrost [8–10], a larger sum of rainfall, increased ratio of liquid
fraction in total precipitation [11] and faster snow cover decline [12]. Such evident climate
changes should be reflected in the evolution of the surface morphology and the rate of
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the processes forming it. Morphogenetic changes on periglacial slopes are a common and
widely described phenomenon in the Arctic.

In Svalbard, the consequences of catastrophic floods, which activated landslides,
endangering the inhabitants in the Longyearbyen region in 1972, were described by Thiedig
and Kresling [13] and Rapp [14]. Jahn [15] classified the processes on periglacial slopes in
Longyeardallen, which included the formation of erosion-carved troughs and landslides.
The formation of erosion-carved troughs on slopes in the Hornsund region was described
by Haas et al. [16]. The relationship between slope processes and the ground temperature
was studied at Kapp Linné [17]. At present, intensive research is in progress on the
morphodynamics of slopes altered by heavy rainfalls causing landslides, thus posing a
threat to the inhabitants of Longyearbyen. The slope processes in the periglacial zone are
connected with climate changes. This, however, is a generalization, and both the climatic
background as well as the structures and dynamics of the slopes need to be studied.

Undoubtedly, contemporary periglacial processes modeling mountain slopes differ
regionally [18,19]. Similar conclusions were presented by Van Steijn et al. [20]. He defined
the cause of the movement of weathered material within the cones as “a variety of pro-
cesses” that should be interpreted individually in each analyzed area. The diversity of
the processes shaping the debris cones is also the effect of the periglacial zone’s broad
definition. Processes modeling slopes in such different climatic conditions affect the shape
of the talus cone and its formation mechanism.

Hales and Roering [21], while researching in the New Zealand Alps, pointed to the
local relief and erosion and the slope inclination as the most significant factors. In turn, in
the Rocky Mountains, Moore et al. [22] found that tectonic stress is a critical factor in the
movement of weathered material.

The purpose of this research was to characterize specific talus cones on Fugleberget,
based on field observations (including ground penetrating radar—GPR investigations).
Radar surveys aimed to determine the thickness of debris cones and their internal structure,
which will then be interpreted concerning the surface morphology of the cones identified
during geomorphological reconnaissance and analysis of photographic material and obser-
vations using UAVs. In order to recognize the morphogenesis of Fugleberget debris cones,
they will be presented with the reference forms of talus slopes developing in the periglacial
environment according to the French [23] and Ballantyne and Harris [24] classifications.
The screes will also be described in terms of their morphodynamics and activity concerning
the climate changes observed in the southern Svalbard region in the last four decades.

1.1. Study Area

The study area is located in the southwestern part of Svalbard (Figure 1). Ariekammen
(517 m a.s.l.) and Fugleberget (569 m a.s.l.), analyzed in detail, are mountains built from
gneisses and crystalline schists with marble inclusions. This series belongs to the lowest
part of the Hecla Hoek formation [25]. Its physical properties are essential in the context of
weathering and denudation processes [26]. The rocky debris and the mixture of debris and
clay are characteristic landforms in the slope deposit zone.

Situated near the Polish Polar Station, in a region where interdisciplinary environmen-
tal research is conducted, the study area acts as a laboratory for periglacial research and
studies of morphogenetic processes and terrestrial ecosystems. Four talus slopes with a
southerly exposure, designated I, II, III, and IV, were studied in detail from east to west
(Figure 1). The altitudes of Taluses I-III range between 20 and 150 m a.s.l., whereas “Talus
IV” appears at 90 m a.s.l. and terminates at 15 m a.s.l.

“Talus I”, covering an area of ca 0.02 km2, is the easternmost one, close to the Hans-
breen lateral moraine. Its slope inclinations are the steepest, varying from 28◦ in the upper
part to 19◦ at the foot (25◦ on average). This talus cone is subject to the most significant
morphodynamic activity and has the sparsest vegetation coverage.
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Figure 1. Study area and the location of the GPR surveys (background: orthoimage of [27], courtesy 
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of L. Kolondra).

Situated farther to the west, “Talus II” and “Talus III” are 0.02 km2 in area and have
an average slope inclination of 16◦. The geomorphological activity of meteoric water and
meltwater has formed distinct erosion gutters (up to 1 m deep) in the middle part of the
cones. The lower parts of both talus cones rest on raised terrace sediments and are covered
by dense solifluction lobes. “Talus III” is sparsely vegetated, primarily by tundra lichen
growing on the lower slope section.

The westernmost “Talus IV” covers an area of ca 0.03 km2 and exhibits the slightest
inclination, increasing the upslope from 4◦ to 15◦ (8◦ on average). This talus cone is
geomorphologically less active (no distinct erosion forms), and vegetation succession is
prolonged. The slope deposits (debris) gradually evolve into a raised sea terrace in the
lower part of the talus cone. This area is covered by wet moss tundra. The grain fraction of
the rock deposits covering all four talus slopes generally increases with elevation, from silt
to boulders larger than 0.1 m in diameter.

1.2. Climatic Conditions

Climatic conditions constitute a background and reference to studying the evolution of
permafrost on mountain slopes and changes in their morphology [28]. In combination with
orography, climatic conditions determine the type and trend of morphogenetic processes.
The subpolar climate is quite different in the northern and southern parts of Svalbard.
Influenced by the warm North Atlantic Current, southern Spitsbergen experiences the
typical features of a maritime climate. The main factors affecting the weather conditions
are the incoming solar radiation, the atmospheric circulation, and the variable snow cover
duration, reflecting a significant portion of the solar radiation.

The most important feature of the light conditions in Svalbard is that there are polar
nights and days. The polar day in southern Spitsbergen lasts 117 days [29]. Theoretically,
the maximum light intensity should occur in early July, when the sun dominates the horizon
at an elevation of 36◦. However, the frequent cloud cover occurring in that period makes
May the month with the highest solar radiation [29]. This, however, is not important as
regards the processes taking place on the slopes because, in May, there is usually a uniform
snow cover of substantial thickness. In Hornsund, the polar night lasts 104 days and is
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shorter than the polar day by about two weeks. This is the result of refraction, which makes
the sun visible over the horizon, although it is already below the horizon. The intensity of
direct solar radiation depends on the sun’s altitude above the horizon and, consequently,
on the sun’s rays’ angle. A 30◦ angle of incidence gives a 389 Wm−2 to a flat surface [29].
The largest monthly amounts of total solar radiation are recorded in May and July. Like
insolation, radiation significantly impacts the thermal state of the active permafrost layer
and on morphogenetic processes when slopes are snow-free.

In a year, two stationary pressure centers—the Icelandic Low and the Greenland
High/Anticyclone [30]—play the most crucial part in shaping the weather conditions.
During autumn and winter, cyclonic situations are prevalent: they are associated with the
Icelandic Low, the trough of which reaches as far as the Kara Sea, shaping the weather in
southern Spitsbergen for >50% of days from September to March. Low-pressure centers are
carrying warm; moist air moves north-eastwards rapidly along the axis of that trough [31],
which results in increased precipitation [11]. The situation changes in spring. The expand-
ing, poleward moving Greenlandic High then affects the weather in southern Spitsbergen.
Its impact is particularly evident in May—the month when anticyclonic situations are dom-
inant: these influence the weather during more than 60% of days. During summer, highs
and lows occur by turns. Cyclonic situations generally prevail during the year, determining
the weather in southern Spitsbergen for more than 57.1% of days, whereas anticyclonic
situations stay during more than 40% of days [30,32].

Radiation and air circulation determine basic meteorological conditions, such as air
temperature, precipitation, and sunshine duration, which mediate changes in ground
temperature. The temporal variation in the factors governing soil’s thermal properties
determines the increase or decline of permafrost on slopes and the morphogenetic intensity
of rain- and meltwater. The mean annual temperature for 1990–2014 was −3.4 ◦C, exhibiting
a rising trend (Figure 2). The coldest year (−5.3 ◦C) was 1993, and the warmest one
(−1.1 ◦C) was 2012.
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The characteristic of polar regions is the small amount of precipitation due to the low
moisture content in the air. Nevertheless, there are considerable amounts of precipitation
in Hornsund, strongly influenced by the atmospheric circulation from the Norwegian and
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Greenland Seas [11,12]. Between 1990 and 2014, the mean annual precipitation was 481 mm
(Figure 2). The highest annual precipitation (636 mm) was recorded in 1996 and the lowest
(323 mm) in 1998. The highest amounts of precipitation were recorded in autumn (about
33% of the annual total). From 1990 to 2014, there was a statistically significant increasing
trend in precipitation.

1.3. Snow Cover

Snow cover in southern Spitsbergen is determined by three factors: solid precipitation,
winds able to redeposit snow, and short-term thaws in winter leading to the formation of
ice crusts which prevent the snow cover from being blown away [33]. The snow cover on
the slopes usually appears at the end of September and remains until June. Initially, it is
relatively unstable but gains stability during the polar night. Analysis of the data from
1990–2014 shows that the snow cover around the Polish Polar Station persists for 241 days
on average, i.e., two-thirds of the year (Figure 2). The snow cover on the slopes persists
longer than on the coastal plains, while in the couloirs over the talus cones, it remains until
late July–early August. The photographs in Figure 3 compare the snow patches extent on
Fugleberget in July over 17 years. The snow deposited in depressions and rainwater feeds
the local streams, which participate in the morphogenetic changes on the talus deposits.
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Figure 3. Snow cover on the slopes of Fugleberget in the first half of July in different years (Photo:
Archives of the Institute of Earth Sciences, the University of Silesia in Katowice).

1.4. Active Layer

Analysis of the ground temperature at depths of 0.5 and 1.0 m shows a similar increas-
ing trend between 1990 and 2014 (Figure 4). The consequence of increasing ground temper-
ature is the progressive thawing of the permafrost. Long-term thawing of permafrost and
the increasing snow cover depth significantly affect talus slopes’ morphological processes.
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2. Methods

When analyzing the features of the debris cover on talus slopes, especially its thickness
and structure, we apply radar sounding as an exceptionally efficient technique [34–39]. To
identify the internal structure of talus deposits, two series of radar surveys were carried
out in April and May 2014. The research embraced the lower parts of the southern slope of
Fugleberget, part of the Fuglebergsletta coastal plain, and the western part of the Hansbreen
lateral moraine. Eleven GPR profiles were obtained (five in the April series and six in the
May series), 7.8 km in total. Five of these profiles were used in the subsequent analysis
to identify the structure of the talus deposits. The measurements were performed using
the Malå GeoScience CUII impulse radar system with an RTA-type antenna and a center
frequency of 30 MHz. In the April series of measurements, the GPR antenna was towed
behind a snowmobile moving at a constant 20 km/h. In May, the GRP system was carried
by an operator traversing the snow on skis. Therefore, while maintaining a constant time
interval of 0.2 s for triggering the radar pulses, the distance between the traces varied
between 0.9 m (April) and 0.1 m (May). The soundings also differed regarding the assumed
time window (between 766 and 1317 ns). Still, the ground penetration level enabled the
debris covering the bottom of the slopes to be identified each time. The GPR traces were
positioned using the GNSS system operating in kinematic mode. The estimated mean error
for determining the XYZ positions of GPR traces was 0.2 m. The GPR data obtained were
then processed using DC removal, time zero adjustment, mean trace subtraction, bandpass
filtering, and topographic correction. As recommended for most talus deposits, a radio-
wave velocity of 10 cm ns−1 was used for the time-to-depth conversion [35]. A digital terrain
model was used to characterize the morphometry of the slopes. This model was obtained
based on terrestrial laser scanning (TLS) performed on 24 August 2015 and 6 July 2016
using a Riegl VZ-6000 long-range laser scanner. Due to its long working range and data
acquisition speed, this TLS model has been widely used in geomorphological [40–42] and
glaciological research [42,43]. The survey was performed at a pulse repetition rate of
50 kHz. The vertical and horizontal angular resolution was between 0.008◦ and 0.025◦,
which corresponds to a spatial resolution of about 0.07–0.22 m at a distance of 500 m from
the scanner. Thus, the point clouds were initially processed using RiSCAN-PRO software,
then exported to a LAS format, based on which the digital terrain model was generated
using Global Mapper software.

3. Results
3.1. “Talus I”

The analysis of the internal structure and thickness of “Talus I” (Figure 1) is based on
the initial section of GPR profile 1 (Figure 5a). The superficial layer is characterized by low
reflectiveness and indistinct layering with a maximum thickness of 9 m. The eastern and
western lateral parts of “Talus I” are highly reflective and layered. In the middle part of the
talus cone, a visible zone yields an attenuated radar signal, surrounded by a distinct, 20 m
thick layer of material bordered by the bedrock.

3.2. “Talus II”

The analysis of the internal composition and depth of “Talus II” (Figure 1) is based on
the middle section of “Profile 1” and part of “Profile 2” (Figure 5a,b). “Profile 1” shows
layering at the foot of the talus slope and its distinct reflectivity. The thickness of the
layer varies from 10 m on the eastern side to 17 m in the western section, and the bedrock
elevation rises along with the profile. “Profile 2” characterizes the talus cone frontal parts
as a layer with a chaotic diffraction pattern of maximum thickness 13 m, overlapped in the
western part by “Talus III”.
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3.3. “Talus III”

The structure and depth of “Talus III” (Figure 1) are identified from the analysis
of the initial part of “Profile 1” and the middle sections of “Profile 2” and “Profile 3”
(Figure 5a–c). A two-layered, 12–14 m thick structure is perceptible in the talus slope upper
part (“Profile 1”). The top 7–9 m thick, highly reflective layer overlies a 5 m thick layer with
weaker reflective properties. The middle part of “Talus III” is characterized by “Profile 2”.
The eastern section of “Talus III” forms an up to 17 m thick layer of irregularly structured
multireflective material overlapping “Talus II”. In the middle part of “Profile 2”, which
crosses “Talus III”, the slope deposits reach a total depth of 25 m, including the top 2 m
layer of lower reflectivity. In the NW part of “Talus III”, layers are emerging towards
“Talus IV”. According to “Profile 3”, the frontal part of the talus cone is up to 13 m thick in
the SE and SW sections. The top layer gradually appears towards the talus slope axis with
a clear reflection horizon 7 m below the surface. In the middle part of the cone, the GPR
survey shows a chaotic, non-layered structure down to 10 m.

3.4. “Talus IV”

The description of “Talus IV” (Figure 1) is based on a combination of four GPR profiles.
“Profile 2” and “Profile 3” run perpendicularly to the talus slope axis in its upper and lower
parts, respectively. On the other hand, “Profile 4” and “Profile 5” generally lie parallel to
the cone axis (Figure 5b–e). The surficial layer in the talus slope elevated part consists of
chaotic material with a multi-reflective structure at a maximum of 9 m thick in the central
section. The underlying layered structure is inclined east- and south-eastwards and varies
in thickness from 15 m on the talus cone margin to 7 m in its central part. The debris
covering this cone part varies in thickness from 19 m in its lateral parts to 16 m along the
talus slope axis. The structure of the frontal part of “Talus IV” is quite similar to that of
the upper section. A deeper layered structure from 9 to 23 m in thickness and sloping
south-westwards (towards “Talus III”) is overlain by a 4 m thick surficial layer with a
chaotic multi-reflection pattern. Based on “Profile 4”, the structure of the deposits along
the axis of “Talus IV” is layered at different depths, varying from 11 m in the frontal part to
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20 m in the middle of the slope thinning to 12 m in the upper section. “Profile 5” shows
analogous depths of slope deposits, starting from an up to 9 m thick layered structure in
the lower part, through a chaotic form up to 19 m thick, and ending in an 11 m deep section
with a layered pattern in the upper part.

4. Discussion
4.1. Geometry and Internal Structure of the Talus Slopes

From the results of the GPR measurements conducted on the talus slopes of Fugleber-
get, one can interpret the thickness and structure of the debris material and the geometry
of the forms. The active “Talus I” is rich in water-saturated silt along its axis. This zone is
characterized by a shallow penetration of the radio waves, typical of highly conductive
materials. This may herald the early spring activation of the drainage of sub-snow water
along the talus slope. Drainage troughs carved in the cones are often seen after snow
decay (Figure 6, area A). The drainage network is similar to a rectilinear, but its tortuosity
becomes greater as the slope inclination decreases and the slope stability increases (com-
pare “Talus I” and “Talus II” vs. “Talus III” and “Talus IV” in Figure 6). The “Talus I”
slope lateral parts are layered, explaining the formation sequences of distinct depressions
(gutters) followed by infilling with fine-grained, weathered material. This interpretation
is supported by the considerable slope inclination of 25–28◦, substantial surficial water
drainage, the occurrence of snow-mud avalanches and landslides, as well as increased
activity of the active permafrost layer. Moist, fine-grained material is deposited along
the talus slope axis, while coarse weathered material is moved from the center of the
slope to its marginal parts (Figure 6, area C). Most talus surface area is fresh blockfield
(Figure 6). Plant succession partly covering debris and solifluction lobes started before the
mid-1980s [44]). The “frontal” part of the talus cone is not recorded in the transverse GPR
profile located upslope.

By analyzing the transverse and longitudinal views of the profiles and applying
variable setting parameters of the measuring device, repeated reflection horizons were
obtained at maximum depths of 25–30 m in the area of maximum debris accumulation
in the central section of the “active” cones “Talus II” and “Talus III”, and at a depth of
about 15 m on the “stabilized” “Talus IV”. The thickness of the taluses is in line with the
results obtained by [46,47] on the slopes on the eastern side of Fugleberget (20–25 m) and
the western slope of Fannytoppen (30–35 m) and is a slightly thinner (8–20 m) than taluses
of Revdalen [48]. The active nowadays talus slopes are thicker, which may be related to the
different times of talus development initiation due to the progressive deglaciation in the
Hornsund region [48]. The thickness and activity of the Fugleberget talus slopes increase
eastwards in the direction of deglaciation in the Holocene 3500–2000 years BP [49].

The diversification of the talus slopes’ morphological activity is also referred to their
location concerning the shoreline and their different inclinations. Talus cone stabilized
under the greater influence of oceanic air masses has a decidedly smaller inclination. Here,
we observe a faster rate of plant succession and the associated expansion of bird colonies
established on the stabilized slopes (pers. comm. [50], Figure 6). These aspects impact the
“stabilization” of gravitational origin’s morphological processes and the emergence of the
talus slope’s final geometry with landslide and solifluction lobes (Figure 6, area B). A feature
of “Talus IV” and “Talus III” is the greater thickness of the fine-grained deposits in the
frontal part and the simultaneous overlapping of debris structures derived from weathering
processes and the transport down the slope on the sediments of the marine terrace.

At the eastern foot of “Talus II”, weathered deposits are seen as a highly reflective
zone in the GPR profile. As in “Talus I”, water-saturated sediment is settled in the middle
of the cone (near the axis). The bedrock rises in the western part of “Talus II”, and the
weathered material becomes coarser. Owing to the greater slope inclination, “Talus II” is
morphologically more active, implying shifting weathered material to “Talus III”. Nev-
ertheless, the westward rising bedrock and the less active “Talus III” promote weathered
material’s deposition at the boundary between “Talus II” and “Talus III”, where the cones
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merge. Such a layout may lead to the extension of “Talus II” (compare Figure 5a–c). Birken-
majer [25] described the overlap of sharp-edged weathering material on gravel marine
deposits. Identification of the structure of the debris material, dead ice, and marine terrace
sediment on the GPR profiles is consistent with the research results carried out on slopes
in both polar and high-mountain areas [51–53]. The slightly inclined frontal part of the
talus slope is where solifluction occurs. The lower part of stabilized “Talus IV” structure
produces a model with the configuration shown in Figure 7.
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Figure 6. Selected morphological forms of the surface of Fugleberget talus cones (I–IV). Upper photo:
green-gray fields of vegetation stabilizing “Talus III” and “Talus IV”; rockfields dominate on “Talus
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visible coarse-grained deposits on the marginal part of the cone (darker area). The upper panel is an
oblique UAV photo taken on 29 August 2017 by D. Ignatiuk. The lower panel comprises orthomosaic
fragments based on aerial photos taken on 22 June 2020 [45]). The areas shown on the bottom panel
(A–C) have been marked on the upper UAV photo.
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4.2. Fugleberget Talus Slopes vs. Current Slope Classifications

The defined cone structure permits a comparison of its model to the functioning
models of talus slopes developing under the periglacial climate’s influence, described by
French [23]. French models differ in the debris material’s, inclination and structure on
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particular talus slope sections. The structure of the lower part of the talus slope shown in
Figure 7 is the closest to the free-face slope or pediment-like model presented in [23]. The
rectilinear debris-mantled slope [23] has a similar inclination and a structure resembling
the model based on the measurements on Fugleberget, but differences are visible in the
frontal part, where the thickness is greater, and in the central part, where there is more
mixed coarse-grained and fine-grained material.

A slightly different classification of slopes is presented by Ballantyne and Harris [24].
It includes four types of debris slopes: cliff and talus cone accumulation, rectilinear debris-
mantled slope, convexo-concave slope characteristic of lowlands underlain by low bedrock,
and stepped slope profile due to the development of cryoplanation terraces. Of the pre-
viously mentioned, the two first types are similar to the talus slope model recognized in
this study.

The differences between the geometry obtained from the measurements and the
literature model lie in the talus slope’s extension. This is due to the transport of waste
material to the frontal zone due to accelerating climate changes in the past 25 years [11],
mainly permafrost thawing, increased liquid precipitation, and faster snow cover decay.
Such relationships were described by French [23], Migoń [3], Herz et al. [54], and others.
Piedmont-like slope form [23], however, is a classic example of a slope where the slight
inclination indicates the dominance of solifluction processes. Such a fragment is visible on
the frontal part of the Fugleberget mountainside, where the moderate inclination, fine rock
material, and higher active layer temperature initiate creep.

4.3. Slopes Morphodynamics

The periglacial talus cones described in this paper are characterized by a low angle of
inclination and, at the same time, high dynamics in the case of active slopes. It is a feature
of talus cone built with an admixture of clay rocks, which are rounded, slightly rough, fine,
absorbable, and washed with rain- and meltwater [23,55]. Under the influence of water,
the angle of the slope decreases significantly. This is favored by other forms of movement,
such as compaction, creeping, formation of landslide lobes, spreading of mud streams, and
solifluction movement [14]. A critical element influencing the movement of the weathered
cover along the Spitsbergen slopes is the modern process of increasing the thickness of the
active layer [8,9], which causes the presence of vertical movements, i.e., increased dynamics
of debris deposition in the summer and their ascending during the freezing of the active
layer. This results in large rock aggregates at the top of the cone and deposition of fine
fractions at the bottom. Such a phenomenon may also result from ground ice bonding the
upper parts of the slope [55]. Most studies on the dynamics of debris cones are associated
with perennial permafrost or seasonal ice thawing [56].

Having analyzed the geometry and structure of the active talus slopes (“Talus I” and
“Talus II”), one can assume that they will attain the model observed in the “Talus IV” in the
next phase of evolution.

4.4. Climatic Determinants for the Contemporary Slope Activity

The development of slopes depends on the environmental conditions related to the
morphology of the slope, the supply of material, and its redeposition. The lithology of
rockwall and the range of the alimentation area affect the erosion rate and the supply of
weathered sediment [46]. Factors influencing the instability of the slope, such as slope incli-
nation, the thickness and cohesiveness of the weathered material, and the presence of water,
are important for the further movement of the material. Mass movements take the form of
debris flows, slush streams, avalanche events, landslides, and solifluction flows. Extreme
weather events related to rapid precipitation, snow melting, and a combination of both
factors play a special role in triggering the dislocation of weathered material [57,58]. In Sval-
bard, debris flows on the slopes are repeated every 80–500 years, and the slush avalanche
every 500 years [57]. Dendrochronological studies on talus cones at Wedel Jarlsberg Land
show that contemporary debris flows correlate with the seasons characterized by extreme
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summer rainfall 1994 and 1996 [59]. Similar results were obtained in the “Talus I” area,
characterized by poor colonization of dwarf shrubs, the oldest collected specimens from the
1970s [44]. The colonization process proves the weakening of the morphological activity of
the slope in the 1980s and its intensification in the 1990s, as well as the constant supply of
fresh deposit material [44].

Contemporary climate change contributes to the increase in slope activity. Based
on meteorological data from Hornsund [12,60,61], it can be concluded that since the late
1970s, the number of extreme and intense rainfalls has been increasing over time, also
including the summer months (Figure 8). The 1990s (and especially 1994, 1996, 1999) were
characterized by the highest number of rainfall days belonging to the top 5% of the days
with the highest rainfall intensity (more than 7 mm per day). The increase in the number
of days with maximum summer rainfall is accompanied by an increase in temperature in
May–June (Figure 8), contributing to more rapid thaw periods and a more intensive water
supply. The sum of positive degree days (PDDs) from May to June has been increasing
at a rate of 14.9 PDD per decade since the late 1970s. The increase in temperature in the
spring and autumn months [12] also translates into an extension of the period during the
year in which precipitation occurs in liquid form, increasing rainwater’s role in the slope
development process. An additional factor that influences the instability of the slopes is
the thickening of the active layer of permafrost. We can indirectly observe it in the rapid
increase in ground temperature in Hornsund (Figure 4) as a response to the increase in air
temperature in the summer months (Figure 8). The PDD sum July–September recorded
at the Hornsund station in the last 40 years has grown at the rate of 34.1 PDD per decade.
Extending the time when the temperature fluctuates around 0 ◦C and increasing the amount
of water deposited in the ground is a significant factor activating and intensifying the frost
weathering process. The increase in precipitation and the simultaneous deeper thawing of the
soil results in the leaching of weathered material from the space between large rock blocks
and its deposition at lower levels. The above-mentioned climatic indicators and their clear
trends translate into an increase in instability and dynamics of slope processes on currently
active talus slopes and a slower stabilization rate on cones colonized by tundra vegetation.
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5. Conclusions

The following conclusions can be drawn from our results:

1. The thickness of the weathered material achieved a maximum of 25–30 m on the
morphologically active slopes and 15 m on the stabilized slope.

2. The stabilized slope is manifested by advanced plant succession.
3. There was a tendency towards a slight but systematic growth in the thickness of the

debris cover, consisting of fine rock material in the “frontal” part of the talus deposit.
4. According to the talus slopes’ observed structure, sharp-edged weathering material

derived from the slopes overlapped the marine terrace’s sediment.
5. The structure diagrams of the talus slopes observed in the field and based on GPR

profiles’ interpretation are similar to the compilation of models, known in the literature
as convexo-concave debris-mantled slopes and pediment-like forms [24,46].

6. The data from the end of the 1970s show that the climatic indicators contributing to
the instability of the slopes and the activation of mass movements on talus cones,
such as the frequency of extreme summer rainfalls, the sum of PDD both during the
melting of the snow cover (May–June), as well as in the period of permafrost thawing
(July–September) show an upward trend.
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30. Niedźwiedź, T. The main factors forming the climate of the Hornsund (Spitsbergen). Zeszyty Naukowe UJ—Prace Geograficzne

1993, 94, 49–63.
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32. Niedźwiedź, T. Wpływ cyrkulacji atmosfery na wysokie opady w Hornsundzie (Spitsbergen). Probl. Klimatol. Polarn. 2002, 12,
65–75. (In Polish)

33. Leszkiewicz, J.; Głowacki, P. Metamorfoza pokrywy śnieżnej w rejonie południowego Spitsbergenu w sezonie 1992/1993. Probl.
Klimatol. Polarn. 2001, 11, 41–54. (In Polish)

34. Sass, O. Determination of the internal structure of alpine talus deposits using different geophysical methods (Lechtaler Alps,
Austria). Geomorphology 2006, 80, 45–58. [CrossRef]

35. Sass, O. Bedrock detection and talus thickness assessment in the European Alps using geophysical methods. J. Appl. Geophys.
2007, 62, 254–269. [CrossRef]

36. Otto, J.C.; Sass, O. Comparing geophysical methods for talus slope investigations in the Turtmann valley (Swiss Alps). Geomor-
phology 2006, 76, 257–272. [CrossRef]

37. Sass, O.; Krautblatter, M. Debris flow-dominated and rockfall-dominated talus slopes: Genetic models derived from GPR
measurements. Geomorphology 2007, 86, 176–192. [CrossRef]

38. Schrott, L.; Sass, O. Application of field geophysics in geomorphology: Advances and limitations exemplified by case studies.
Geomorphology 2008, 93, 55–73. [CrossRef]
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