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Abstract:

This paper presents the results of an investigation into the processes controlling development of a cryo-
conditioned rock coast system in Hornsund, Svalbard. A suite of nested geomorphological and geophysical
methods have been applied to characterize the functioning of rock cliffs and shore platforms influenced by
lithological control and geomorphic processes driven by polar coast environments. Electrical resistivity
tomography (ERT) surveys have been used to investigate permafrost control on rock coast dynamics and reveal
the strong interaction with marine processes in High Arctic coastal settings. Schmidt hammer rock tests,
demonstrated strong spatial control on the degree of rock weathering (rock strength) along High Arctic rock
coasts. Elevation controlled geomorphic zones are identified and linked to distinct processes and mechanisms,
transitioning from peak hardness values at the ice foot through the wave and storm dominated scour zones to
the lowest values on the cliff tops, where the effects of periglacial weathering dominate. Observations of rock
surface change using a traversing micro-erosion meter (TMEM) indicate that significant changes in erosion
rates occur at the junction between the shore platform and the cliff toe, where rock erosion is facilitated by
frequent wetting and drying and operation of nivation and sea ice processes (formation and melting of snow
patches and icefoot complexes). The results are synthesised to propose a new conceptual model of High Arctic
rock coast systems, with the aim of contributing towards a unifying concept of cold region landscape evolution
and providing direction for future research regarding the state of polar rock coasts.

Keywords: rock coast evolution, periglacial processes, cryo-conditioning; coastal

permafrost, Svalbard, High Arctic
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|. Introduction

ISt

Since the beginning of the 21 century periglacial researchers have challenged longstanding
theoretical concepts of landscape evolution in cold environments (e.g. Hall et al., 2002; André,
2003; Thorn, 2004). André (1999) argued that understanding of periglacial environments has
been hidden in a ‘smokescreen’ of theories dominated by climate-driven geomorphic
processes involving frost, snow and ice, which were disconnected from the complex
processes that operate in periglacial domains. The application of paraglaciation theory in
geomorphological studies has emphasised the need for a deeper appreciation of the role of
non-glacial processes in present-day polar and high mountain environments (Ballantyne, 2002;
Mercier, 2008; André, 2009; Slaymaker, 201 1). Berthling and Etzelmiller (201 1) introduced
the concept of cryo-conditioning to unify interactions between cryotic surface and subsurface
thermal regimes and geomorphic processes in determining cold region landscape evolution.
An aspect that remains unexplored is the impact of periglacial and paraglacial processes on
the evolution of Arctic coastal zones (Figure |) and in particular on rocky coastlines (Overduin
et al,, 2014). It is noteworthy that over three decades ago the lack of a consensus on the
efficiency of coastal processes in high latitudes was identified by Trenhaile (1983) and still
remains.

In the Arctic, sea ice extent and thickness has been declining by more than 10 % per decade
since satellite observations began in 1979 (NASA Earth Observatory). This decrease is
lengthening the period in which Arctic coastlines are vulnerable to storms and thermal
erosion, potentially increasing rates of coastal erosion (Lantuit et al., 2012). In several parts
of the Arctic, accelerated glacier retreat has led to the exposure of new fragile coastal
systems, where evolution depends on permafrost-related processes and fluxes of sediments
from paraglacially transformed landforms. All these changes are expected to impact coastal

morphology, causing increased rates of erosion, extensively modifying near shore sediment
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and organic carbon mobilization and transport, and potentially pushing coastal systems across
critical geomorphological and ecological thresholds (e.g. Fritz et al., 2017).

Up to 35% of Arctic coastlines are rock-dominated and large parts of community and
scientific infrastructure are located along rocky coasts (Forbes et al. 201 1), but few studies
have focused specifically on this environment (see Hansom et al. 2014 for a comprehensive
review). Previous and classic works on Arctic rock coasts systems emphasized the role of
icefoot (e.g. Jahn, 1961; Dionne, 1973; Nielsen, 1979), snow cover (e.g. @degard et al., 1995),
sea ice and frost weathering (e.g Trenhaile, 1983; Dionne and Brodeur, 1988; Fournier and
Allard, 1992; Guilcher et al., 1994; Lundberg and Lauritzen, 2002; Wagensteen et al., 2007)
as key controls of shore platform and cliff face gecomorphology in polar settings. More recent
studies carried out in Svalbard have focused on detailing the characteristics of rock coast
weathering using Schmidt hammer rock tests (Strzelecki, 201 I; Strzelecki, 2016). Swirad et al.
(2017) analysed rock control on the geometry of northern Hornsund coastline. An important
progress in understanding of Svalbard coastal systems was recently made by Kasprzak et al.
(2016), who used electrical resistivity tomography (ERT) to demonstrate strong influence of
the sea on the coastal permafrost base. Previously, this issue has been often overlooked in
Arctic coastal studies or hidden under schemas (e.g. Lachenbruch, 1968; Gold and
Lachenbruch, 1973), which cannot be universally applied for diverse Arctic coastal systems.

The overarching aim of this study is to characterise the mechanisms controlling
present-day development of rocky coastal zone in High Arctic fijord environment with
particular focus on the spatial changes in distribution of coastal permafrost and the degree of
rock surface weathering along landforms evolving in various lithologies. In this paper we
summarise the results of our recent investigations into cryo-conditioned rock coast systems
in Svalbard. We have applied a combination of geomorphological and geophysical methods to

identify and characterise the effects of periglacial processes operating on rocky cliffs and shore
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platforms and propose a new conceptual model of the functioning of High Arctic rock coast

systems.

2. Regional setting

The research was undertaken along the rocky coast of Wilczekodden (76.9964°N;
[5.5458°E), a small (approx. 500 X [50 m) cape located in Hornsund between the
Rettkvalbogen and Isbjgrnhamna embayments (Figure 2).

Due to the warm and humid air masses transported by cyclones and warm West Spitsbergen
Current, the climatic conditions in Hornsund (Osuch and Wawrzyniak, 2017). The

meteorological data published online at www.glacio-topoclim.org/reports, show that the

mean annual air temperature (MAAT) during the period from 1979 to 2014 was —4.0 °C. The
warmest month was July, with an average temperature of 4.5 °C, the coldest was March, with
an average temperature of —10.4 °C. The mean annual precipitation total was 453 mm, but
varied significantly from 230.2 mm in 1987 to 635.9 mm in 1996 (Marsz and Styszynska, 201 3).
Snow cover thickness reached ca. 0.7 m on the ice-bounded fjord and 1.5 m in the valleys,
and wind-blown snow accumulated to depths of more than 3 m at the foot of the cliffs.

The configuration of an adjacent fjord and bordering mountain ranges produce strong
topographic control on local wind patterns. Mountains limit northern and southern air masses,
which were responsible for only 5.1 % of total detected winds for 1979—-2006. Dominant wind
directions were recorded from: east (44.1 %), north-east (17.7 %) and west (12.1 %). Mean
wind speed in the area is 5.6 m s (Kepski et al., 2013). The length (ca. 30 km) and width (14.5
km at the mouth) of open water in the fjord to the west expose the Wilczekodden to long
oceanic waves, whilst dominant eastern winds create short, low wind waves that operate
within the inner fjord shore. Glacier calving also creates low-frequency waves that modifies

the geomorphology of local gravel-dominated barriers (Zagoérski et al., 2015).
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The main geomorphological processes operating on the local strandflat and valley
systems reflect both periglacial weathering of relict coastal and glacial landforms and
paraglacial remodelling dominated by slope (e.g. Skolasinska et al., 2016; Hartvich et al., 2017),
fluvial (e.g. Owczarek et al., 2014; Wawrzyniak et al., 2017), coastal (e.g. Zagorski et al., 2015;
Swirad et al,, 2017) and permafrost-related processes (e.g. Kasprzak, 2015; Kasprzak et al,,
2016). During the last century, all glaciers in the surrounding area have experienced rapid
retreat which accelerated between 2001 and 2010 when it reached ~3 km? a”' (Bfaszczyk et
al,, 2013). Until the early 1990’s the active layer thickness varied around average, | - [.15 m
(Baranowski, 1968; Jahn, 1982; Migata, 1994), and due to the climate warming ground thawing
depth has recently exceeded 2 m (Dolnicki et al, 2013). However, the active layer
development in Hornsund is strongly dependent on ground lithology and land cover, in
addition to summer thermal conditions (Migata et al., 2014). For instance, the thickness of the
active layer developed in marine gravels and sands was recorded at 2.3 m in late 1980’s (Chmal
et al.,, 1988). Frozen ground conditions are extensive and vary from thick and continuous
permafrost in mountainous areas to thin (0—10 m), recently developed in deglaciated valleys
and along the coast (e.g. Kasprzak et al., 2016).

The north-western part of Hornsund is formed from Precambrian rocks, which are a
part of the lower and middle Hecla Hoek succession, overlain by Cambrian and Ordovician
rock layers (Smulikowski, 1968). Marbles and schists are present at Wilczekodden (Czerny et
al., 1992a). Karczewski et al. (1981b) defined |5 levels of raised marine terraces in the
Hornsund area covering the extensive strandflat of SW Spitsbergen. Glacial and periglacial
landforms (e.g. outwash plains, moraines, roches moutonnées and pingos) cover a significant
part of the north-western Hornsund strandflat.

Wilczekodden is a rocky cape covered by a series of uplifted marine terraces, forming

distinct levels up to 1-2 m high. The fairly evenly distributed marine terraces are studded with
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strongly-weathered rocky outcrops (up to 2 m high) associated with relict skerries. Rocky
cliffs are present all around the cape, reaching 6 m high along the western marble coast (Figure
2 F) and up to 3 m high along the eastern shale coast (Figure 2 D). The tip of the cape is
covered by a steep staircase of raised gravel-dominated beaches, a remnant of still active
glacio-isostatic uplift in the area. Accumulations of marine pebbles are also found in several
shallow hollows spread across the cape. They are periodically filled with snowmelt waters.
Most uplifted marine sediments are sorted by periglacial processes and forms various types
of patterned grounds (circles, stripes). The rest of the cape surface is overlaid by coarse

weathered debris often vegetated by dry tundra.

3. Materials and methods

3.1 Mapping coastal permafrost using geophysical methods

Electrical resistivity tomography (ERT) allows identification of ground thermal conditions (e.g.
Hauck, 2002; Hauck and Krautblatter, 2007; Lewkowicz et al., 201 1).The method is based on
the application of an electric current into the ground and measurement of the intensity of
electrical resistivity. During ERT the electric current (/) is transmitted to the ground through
two electrodes and the potential difference (V) is measured by a second pair of electrodes.
Since the bedrock/ground is not a homogeneous body the measured resistivity, which
expresses the ratio of voltage to current (taking into account a coefficient (k), dependent
upon the configuration of the electrodes), is treated as the apparent resistivity. By traversing
ERT measurements along a profile and increasing the spacing between the electrodes multiple
measurement points can be collected and arranged in separate horizons.

The geophysical surveys utilised the ARES ERT system (GF Instruments, Brno, Czech
Republic). The surveys were conducted between 4" and 7" of August 2015 and consisted of

four profile lines (Figure 3).
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Along the Wilczekodden main profile (P1, Figure 3; 555 m long) and three shorter transverse
profiles (Figure 3: P2-4; 155-315 m long). Measurements along each profile have been
conducted at 5 m spacing between electrodes. A Werner-Schlumerger electrode array was
used to obtain high quality vertical resolution and depth penetration (Loke, 2000; Milsom,
2003; Reynolds, 201 1). The results of apparent resistivity have been subjected to standard
geophysical interpretation (inversion) using RES2DINV software (Geotomo, Malaysia). The
default smoothness-constrained inversion formula (least squares inversion, initial Damping
factor = 0.160, minimum Damping factor = 0.015) has also been applied to the data. As a

result, the inversion models have been visualized for 3 iterations using a uniform colour scale.

3 .2 Observations of rock weathering and down-wearing processes
3.2.1 Schmidt hammer rock tests

An electronic N-Type Silver Schmidt Hammer manufactured by Proceq was used in
this study. The Schmidt hammer measures the rebound of a spring-loaded mass as it impacts
on a rock surface providing an arbitrary measure of rock resistance on a scale with a value
range 10-100. Six locations were selected along the Wilczekodden coastline (Figure 4) to
encompass both main rock types (schist and marble) and the diverse morphologies (note the
differences between the east and west sides of the cape, Figure 2).

At each of the six locations the SHRT readings were taken at five elevations: in the
intertidal zone, at the high-water level, cliff toe, cliff face and cliff top (Figure 5). Each test
comprised of 25 measurements made at points randomly selected from a ca. 0.10 X 0.10 m
area. The statistical study by Niedzielski et al. (2009) suggested that this number of readings
provides an appropriate accuracy of SHRT in the majority of lithologies.

Measurements were conducted on sunny and warm days when the rock surfaces

located within the intertidal zone had dried out. The tests were conducted at least 0.05 m
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from cracks and rock edges and on lichen-free areas following the methodology of Day and

Goudie (1977) and Selby (1980).

3.2.2 Traversing Micro-Erosion Meter

Traversing Micro-Erosion Meters (TMEMs) measure erosion caused by mechanical,
chemical and biological processes with a high precision positioning system based on oblique
coordinates. Over the last 30 years TMEMs have been used successfully to study rock surface
down-wearing rates in coastal environments (see Stephenson and Finlayson (2009) for a
review). Readings are taken by placing the triangular base of the instrument on three bolts
that are permanently fastened to a rock surface. The exact re-positioning of the instrument
on bolts is possible since each leg has different ends (flat, trench and pit), which also eliminates
instrument horizontal movement. The readings are carried out using an engineering dial gauge
that is independent of the triangular base and is moved to a number of set positions across
the area between three bolts.

TMEM used in this study was designed and manufactured by Albatros Marine
Technologies (Palma de Mallorca, Spain). We installed six TMEM stations along two profile
lines: TMI-TM3 in marbles and TM4-TM6é in schists (Figure 4). At least 10 readings were
collected from each TMEM station, generating reasonable estimates of rates of surface change
(Trenhaile and Lakhan, 2011). In each profile, the TMEM stations were installed at three
locations: in the intertidal zone, at the cliff toe and cliff top. Damage by sea ice action on the
bolts installed in schists (TM4-TM6) prevented sufficient readings of surface change.
Therefore, the rates of change observed between 02.08.2015 and 21.07.2016 have been

established only from stations TM1-TM3 installed in marbles.

4. Results and Discussion
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4.1 Geophysical surveys

The ERT surveys have revealed the main geoelectrical features of the Wilczekodden
cape (Figure 6). The depth of geoelectrical imaging was dependent on the number of
electrodes used and the length of the profiles, which ranged from 26 m for P2 with 9
measurement horizons to 82 m for the Pl with 17 measurement horizons. In each case the
highest (upper) horizon of measurement points was located at 2.5 m below the ground
surface.

The results indicate large contrasts in the geoelectrical characteristics of the ground
(electrical resistivity). In the longitudinal profile along the cape (P, Figure 6), a zone of high
resistivity (p > 10 kQ.m) decreases seaward and the influence of mean sea-level on reducing
resistivity values is clearly evident at the cliff edge at the cape’s southern point. In all cross-
section profiles (P2-P4, Figure 6) the highest resistivity zones (p > 10 kQ.m) were situated up
to 10 m below the surface.

In the interior of the cape, distant from the sea, the thickness of the layer characterized
by high resistivity increases to 30-40 meters below the ground surface (P3 and P4 in Figure
6). Additionally, P3 revealed an isolated zone of low resistivity p < | kQ.m detected near the
ground surface (Figure 6). The thin weathering surface and relatively simple geology of the
Wilczekodden (schists in the east and marbles in the west) aids interpretation of the thermal
state of the ground. High values of resistivity are associated with the presence of permafrost.
Various values for resistivity of frozen ground are have been provided by previous studies,
dependant on many factors (e.g. moisture content, physical characteristics of the rock), but it
is generally assumed that bodies with resistivity p > | kQ.m generally indicate ice content (e.g.
McGinnis et al., 1973; Larin et al., 1978; Arcone and Delaney, 1988; Rein et al., 2004; Halley
et al., 2007), although this value can be of a larger magnitude (MacKay, 1969) and such is taken

into account in our interpretation (p > 10 kQ.m).
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In Wilczekodden the development of permafrost extends from the cape surface to ca.
40 m below the ground. The permafrost forms a wedge orientated towards the shoreline
where the thickness of the permafrost layer is reduced and restricted to elevations above
present sea-level. The sea-contact control, related to the thermal influences of water
temperature and salinity, has parallels with the findings at other nearby embayments: Steinvika,
Hyttevika and Veslebogen by Kasprzak et al. (2016).

The anomaly detected in P3 results from a depression covered with marine pebbles
and episodically filled by water, that is likely to disturb the thermal state of the ground by
thermoerosion (Figure 6). The measurement resolution, with an upper measurement horizon
located at 2.5 m below the surface, did not allow detection of active layer extents.

The ERT measurements have indicated the strong influence of the sea on
ground/bedrock thermal characteristics in the coastal zone. In summer, both surface water
and groundwater are subjected to rising temperatures and salinity due to fjord water ingress
(Westawski 2011). The interpretation of ERT inversion models demonstrates that in the
Hornsund region, proximity to coastal waters restricts the development of permafrost.
Despite the dependence on assumptions regarding the lithological, structural and textural
properties of the ground, similar interpretations have been made in other periglacial
environments (e.g. Mackay, 1972; Seguin et al, 1988; Hauck, 2002; Ishikawa, 2004;
Krautblatter and Hauck, 2007; Kneisel et al., 2008; Hilbich et al., 2009; You et al., 201 3; Kneisel

et al., 2014).

4.3. Rock strength and surface change observations
4.3.1 Schmidt hammer rock tests
Schmidt hammer rock tests showed that the rock strength varies considerably as a function

of rock type, location along the coast and vertical location at each site (Figure 7). In all cases
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the highest and most consistent (lowest error) R-values (65-75) were recorded in the
intertidal zone, while the lowest and most variable R-values (30-52) occurred at the cliff top.
In general, the marble cliff sites (M1-M3, Figure 7) recorded higher strength (hardness
rebound) values, reducing less with elevation and exhibiting lower variability (<20 if cliff top
of M3 excluded). Rock hardness is much more diverse for the schist cliff sites (S1-S3), as the
R-values do not decrease consistently when moving up the cliff and the standard error remains
relatively high (up to 3.8). Site M3 has the most significant (of 45) reduction of hardness values
from the intertidal zone to the cliff top.

The two rock types of the Wilczekodden respond to weathering and erosive
processes differently. At the marble cliff sites, the rock strength and hardness consistency
decrease systematically landwards from the intertidal zone. In contrast, at the schist cliff sites
the R-value distribution is not consistent between cross-profiles. The discrepancy may be due
to differences in micro-structure of the two rock types, where marble is more massive and
schist is composed of thin layers with strong orientation control (Swirad et al,, 2017). In
general, rock strength is the lowest on the cliff top where wave action is absent and
weathering due to nivation, freeze-thaw and wet-dry cycles is intense.

The strength of the rock surface depends on the intact rock mass strength (directly
linked with rock type and structure) and deterioration due to weathering (Selby, 1980). Chelli
et al., (2010) noticed that in coastal settings the strength depends on both the type of rock
and mechanical weathering (wetting/drying cycle).

Along the Wilczekodden the level of weathering due to wetting and drying varies
considerably in relation to tidal inundation and patterns of wave action. In periglacial
environments further process control is exerted by the presence and movement of sea ice,
the formation of an icefoot, partial snow cover and freeze-thaw weathering (e.g. Trenhaile,

1997; Hansom et al., 2014; Strzelecki, 2016).
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In the intertidal zone the rock surface is eroded by wave and sea ice action, removing the
weathering surface (Blanco-Chao et al., 2007) and leading to higher and more repeatable
(consistent) Schmidt hammer reading in this zone (Williams and Robinson, 1983; Goudie,
2006). The increasing weathering influence with elevation above sea-level is similar to patterns
observed on sandstone and anhydrite cliffs in Billefjorden, central Spitsbergen (Strzelecki,

2016).

4.3.2 Traversing micro-erosion meter measurements

The average surface change at each station has been derived by calculating the total
erosion/swelling present at each measurement point and dividing by the number of points.
Over the study period, the stations experienced surface change at different rates according
to their elevation. The down-wearing of the rock surface was observed only at station TM2
installed at the cliff toe (mean surface vertical erosion -1.2 mm). At the top of the cliff (TMI,
Figure 8) the surface remained unchanged, whereas surface swelling was observed at station
TM3 installed in the intertidal zone (mean surface elevation 0.2 mm).

Although limited to one profile, these observations demonstrate that micro-erosion
occurred only at coastal elevations subject to wave impacts and to the most frequent and
complete shifts in wetting and drying where wetting from tides, waves and spray are often
completely dried out before rewetting. The swelling observed on the surface of shore
platform is a relatively common process associated with crystallization of salt, algae growth,
heating and cooling as well as wetting and drying (Stephenson and Finlayson, 2009).

In High Arctic settings, such as Svalbard, the remaining question is the role of
stagnation and melting of sea-ice floes on the surface of shore platforms leading to significant

cooling of rock surfaces regardless of daytime heating. Values of rock surface swelling
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observed in Wilczekodden were similar to those from other morphoclimatic sites (e.g.

Stephenson and Kirk 2001; Trenhaile, 2006).

4.4 Implications for the conceptual model of a High Arctic rock coast system

In order to develop a general model of cryo-conditioned rocky coast zones developing
in polar regions, a schematic summary of the dominant processes is presented in Figure 9.
Based on the observations of rocky shores forming along Wilczekodden and results of
previous rock coast studies in Svalbard (e.g. Jahn, 1961; @degard and Sollid, 1993; @degard
et al.,, 1995; Migon, 1997; Wangensteen et al., 2007; Strzelecki, 201 |; Kasprzak et al., 2016;
Strzelecki 2016; Swirad et al,, 2017), the rocky coast system has been divided into seven
geomorphic zones (Table ).

The evolution of High Arctic rocky coasts is associated with seasonal variability in sea
ice action, frost weathering, permafrost-dependent rock saturation and snow insulation
(Trenhaile and Mercan, 1984; Dawson et al., 1987). Strzelecki (2016) highlighted the role of
debris cover and bioagents (driftwood, seaweeds, birds) in shaping cold region rocky cliff and
platform morphology.

High Artic coastal regions are also characterised by microtides and reduced wave
action due to sea ice cover. Therefore, it is possible to isolate the relative importance of rock
resistance and wave-, tide- and frost-induced processes on coastal morphology.

The two existing models of periglacial shore platform evolution proposed by Hansom
(1983) for South Shetland Islands, Antarctica and Fournier and Allard (1992) for Ungava Bay,
Arctic envisage rapid adjustment of coastlines, partially inherited from former sea high stands
to the present morphoclimatic environment.

A somewhat different situation may exist along High Arctic coastlines, which have

been exposed to coastal processes for the first time during the Holocene. In these settings,
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coastal evolution is strongly influenced by post-glacial rock debuttressing, the rate of land
uplift and relative sea-level changes. Many High Arctic archipelagos such as Svalbard, the
Canadian Arctic Archipelago, Franz Josef Land, Novaya Zemlya have experienced rapid coastal
emergence or submergence related glacio-isostatic adjustment to deglaciation and associated
with relative sea-level (RSL) changes (e.g. Forman et al., 2004; Long et al., 2012). Therefore,
High Arctic rocky coastlines provide an excellent test area for various hypotheses in shore
platform development in periglacial conditions as yet described mainly on lacustrine examples
from Scotland (Sissons, 1978; Dawson, 1980), Norway (Matthews et.al, 1986; Dawson et al.,
1987; Shakesby and Matthews, 1987; Aarseth and Fosgen, 2004) and Canada (Trenhaile, 2004).
The well-dated chronology of RSL change based on widespread uplifted beaches provides a
useful basis for exploration of the time-dependence of cliff and platform evolution, as well as
the operation of geomorphic processes. For instance, the development of coastal karst dolina
relief in Vardeborgsletta, characteristic for carbonate and evaporite outcrops in central and
eastern Spitsbergen, has been strongly linked with sea-level change (Salvigsen and Elgersma,
1985). Karstic processes in rocky coasts are likely to have been initiated during Holocene sea-
level highstands, when frozen rocks thawed and subsequently emerged due to rapid
glacioisostatic uplift. More recently a novel study by Hanken et al. (2012) indicated that the
presence of polychaete borings in subaerially exposed bedrock surfaces can be used to
evaluate postglacial emergence on Svalbard in the absence of well-preserved uplifted beach

sediments or isolation basins.

5. Conclusions
For the first time in the High Arctic setting the rock coast system has been investigated using
the combination of geomorphological (SHRT, TMEM) and geophysical (ERT) methods. Based

on the observations we have drawn the following conclusions:
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The development of permafrost along Wilczekodden rocky coast is controlled by the
thermal influence of sea water. Coastal permafrost evolves in the form of a wedge
directed towards the shoreline.

Rock surface strength across shore platforms and cliffs depends on the efficiency of
processes removing weathered and eroded material. In both tested lithologies
(marbles and schists), the lowest rock strengths were observed along the top of the
cliffs, subject primarily to periglacial weathering, whereas erosional processes
operating across shore platforms and cliff bases lead to exposure of fresh and resistant
rock surfaces.

For the first time in Hornsund, we have analysed the changes of rock surfaces using a
traversing micro-erosion meter. Significant differences exist in the behaviour of rock
surfaces located at the cliff top, cliff toe, and in the intertidal zone. Surface down-
wearing occurred only at the base of the cliff exposed to frequent wetting and drying,
storm wave impact and changes of thickness, duration and degradation of snowpatches
and icefoot complexes.

Future research in High Arctic settings should include the role of processes associated
with the frost and ice action. In addition, it is important that future studies consider:
the spatial distribution of permafrost; the significance of diurnal and annual freeze-thaw
cycles modified by wetting and drying; the influence of reduced icefoot size on the
rock cliff and platform evolution; the climate-driven incorporation of debris from cliff
abrasion into sea ice; type of bioagents operating on coastal rock surface, and finally,
the impact of recently delivered paraglacial sediments on erosion or protection of

rocky shorelines.
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Figure 1. Regional climatic and oceanographic factors controlling Arctic coastal
geomorphology predicted to alter due to global warming and sea-level rise. | - cold region
coasts according to Byrne and Dionne (2002) — defined as ‘areas where frost and ice processes
are active during a period of the year, which is sufficient to have a significant, if not permanent,
impact on the near terrestrial, coastal and marine environments’; 2 — minimum arctic sea ice
extent in August 2016 (source: National Snow and lce Data Centre: http://nsidc.org/); 3 - zone

of continuous permafrost (source: National Snow and Ice Data Centre: http://nsidc.org/); 4 —
zone of less than 60 frost-free days per year (after Davies 1980); Spring tidal range along cold
region coasts (after Davies 1980): 5 — tides <2 m; 6 — tides 2-4 m; 7 — tides 4-6 m; 8 — tides
>6 m; 9 — storm wave environments in cold regions (after Davies, 1980).
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Figre 2. Location of study area A) Svalbard Archipelago; B) Entrance to Hornsund in
southwestern part of Spitsbergen, largest island of Svalbard Archipelago; C) Wilczekodden —
rocky cape near Polish Polar Station. Background aerial image taken by Norwegian Polar
Institute in 201 1; D) Eastern coast of Wilczekodden composed of shale. Cliff base, shore
platforms and skerries are frequently impacted by icebergs and growlers resulting from calving
of tidewater Hansbreen; E) Tip of Wilczekodden with well-developed shale and marble shore
platforms, exposed to storm waves arriving from Greenland Sea; F) high cliffs and wide
platforms along western coast of Wlczekodden.
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Figure 3. Location of five ERT profiles : PI-P4 on Wilczekodden. Background — Digital

Elevation Model based on terrestrial laser scanning in years 2015-2016.
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Figure 4. Location of SHRT profiles (51-53 — schists; Ml —M3 marbles) and TMEM
measurements sites (TM1-TMé6). Background geological map of the study area modified from
Czerny et al. (1992a).
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Figure 5. Five zones across the rocky shore profile from which SHRT measurements were

acquired. The photograph was taken at location M2 (author: Heather Bell, Durham

University).

33



718
719

720
721
722

723
724

725

38000

7000 O
B 4300 { 8@

Resistivity [Q.m]
[m]
=)
=]

g 580 1 . ! m.,ﬂ -
: 270 N\ . e S

Iteration 3, RMS error = 6.3
Vertical exaggeration = 1

First electrode located at 0 m
!!UE Profile 4 (P4) Last electrode located at 225 m
'!"!! Jg .2 W 80 120 160 200  240(m NE
L1] sit o : . = =

gt
£ .-z;%'aﬁ'i‘ﬂ?,

Iteration 3, RMS error = 5.4
Vertical exaggeration = 1

First electrode located at 0 m
Last electrode located at 315 m

[masl]

Profile 2 (P2) -0

Iteration 3, RMS error = 6.9
Vertical exaggeration = 1
First electrode located at 0 m, Last electrode located at 155 m

Iteration 3, RMS error = 9.2
Vertical exaggeration = 1

First electrode located at 0 m
Last electrode located at 555 m

Profile 1 (P1)
| § 1 QJoie immionl ook Fesy ¥ § J 0 |

90 180 360 720 1420 2800 5600 11200
Resistivity [Q.m]

Figure 6. Results of electrical resistivity tomography on Wilczekodden. Obtained inversion
models (profiles P1-P4), imaging apparent resistivity of ground, are presented separately and
as oblique view in combination with digital terrain model (greys). High values of resistivity
(blue colours marked also by dotted lines) are interpreted as frozen ground.
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726  Figure 7. Schmidt hammer R-values at different elevational zones for six locations along the
727  coast of Wilczekodden, Hornsund, Svalbard.
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731  Figure 8. Surface change rates observed in three TMEM stations installed across marble rock
732  coast, between 2™ of August 2015 and 21 of July 2016.
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Figure 9 . Environmental factors controlling the functioning of High Arctic rock coasts: A - sea
ice action; B - glacial erratics/ boulders accumulations in the intertidal zone; C -
bioerosion/weathering of rock fragments in the intertidal zone; D - sediment transport and
protection by seaweeds; E- development of icefoot complex; F-accumulation/redistribution of
sediment cover on shore platforms; G- accumulations of driftwood, H — active layer
development including bottom active layer postulated by Kasprzak et al.(2016), | - upper limit
of storm wave action and sea spray extent, ] - postglacial rock debuttresing, K -
snowdrift/avalanche derived deposits, L — groundwater and springs, M - karstic landforms and
processes (rock dependent) , N — uplifted marine deposits with various degrees of periglacial
sorting; O - vegetated slopes (fertilized by bird colonies). P- debris flows and rockfalls; R -
relict/uplifted rock coasts (cliffs and platforms). Zones | — VII refer to Table I.
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750 Table |. Zonation of a High Arctic rock coast system based on mechanism controlling coastal zone development

High Arctic Mechanisms
rock coast
Zonhe
Zone | ® Seaward section of shore-platform, exposed during the low spring tides, subject

to sea ice scouring and deposition of drop stones, affected by thermal changes in
subsea permafrost.

Zone ll e Landward section of the shore platform, in summer months subject to tidal-
dependent wetting-drying cycle as well as to operation of waves that redistribute
sand-gravel sediments on the platform surface. The thickness, size and roundness
of sediment covering the shore platform influence the efficiency of wave quarrying
and the rate of rock surface polishing. Wave and tidal action is also responsible for
driftwood and seaweed accumulations within the zone, which may have an impact
on shore platform microrelief (Strzelecki, 2016). The degree of rock saturation is
dependent on the development of an active layer which in this zone often occurs
in a discontinuous form (e.g. Kasprzak et al., 2016). Saturated, often cracked rock
surfaces are prone to disintegration due to freeze-thaw cycles. In winter, this zone
is protected by an icefoot complex and thick snowdrifts (Strzelecki, 2016).

Zone lll e Inner part of the rocky outcrop bounded by permafrost and affected by post-
glacial debuttressing after retreat of glacier/ice stream filling the fijord during
glaciation; potential to evolve into a new shore platform.

Zone IV e Section covering the junction with the modern shore platform and cliff wall.
Affected by tides, waves and sea spray with very diverse microrelief and often
covered with halokarstic features (dependent on rock lithology). Subject to
intensive wetting-drying during open-water months and intensive frost weathering
during cooler months. Protected by icefoot complex and thick snowdrifts in winter
(e.g. Jahn, 1961; @degard and Sollid, 1993; @degard et al., 1995);

Zone V o Middle zone of the rockwall, which is not reached by waves and sea spray, affected

by thermal changes in the permafrost bounding the inner section of outcrop and
post-glacial rock debuttresing (e.g. VWangensteen et al., 2007; Strzelecki, 2011).
Rock shelves within this zone are often covered with debris. Summer thawing of
active layer opens the network of karstic channels which often progress down the
rockwall (Strzelecki, 2016). In winter months this zone is protected by sporadic
snowdrifts.

Zone VI e Top of the rocky cliff is often characterized by heavily weathered rock layers
related to lack of the snow insulation and intensive biochemical weathering
(particularly around bird colonies) as well as periglacial weathering (e.g. Strzelecki,
2011; Strzelecki, 2016). Often covered with uplifted marine deposits and
debris/rock falls from surrounding talus slopes, drift-mantled slopes and mountain
slopes (e.g. Kasprzak et al., 2016).

Zone Vil e Section of relict cliffs and shore platforms currently reshaped by operation of
periglacial and paraglacial geomorphic processes (e.g. Migon, 1997).
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