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Abstract: Hiorthhamn is an abandoned Norwegian coal mining settlement with a loading dock and
a lot of industrial infrastructure left in the coastal zone. In this study, changes in the position of
1.3 km of the Hiorthhamn shoreline, which affect cultural heritage, is described for a time-period
spanning 92 years (1927–2019). The shoreline positions were established based on a map (1927),
orthophotos (2009) and a topographic survey with differential Global Positioning System (GPS)
(summer 2019). Detailed geomorphological and surface sediment mapping was conducted to form
a framework for understanding shoreline-landscape interaction. The shoreline was divided into
three sectors to calculate the erosion/stability/accretion rates by using the DSAS (Digital Shoreline
Analysis System) extension of ArcGIS. The DSAS analysis showed very high erosion in Sector 1,
while Sectors 2 and 3 showed moderate accretion and moderate erosion, respectively. Sector 1 is
geologically composed of easily erodible sorted beach sediments and protected remains from the
mining industry such as wrecks of heavy machines, loading carts, wagons and rusty tracks that are
directly exposed to coastal erosion. The all-sector average shoreline erosion rate (EPR parameter) for
the 92 years period was −0.21 m/year. The high shoreline erosion rates in Sector 1, together with the
high potential damage to cultural heritage, supports the urgent need of continued coastal monitoring
and sustainable management of cultural heritage in Hiorthhamn.

Keywords: coastal erosion; shoreline; monitoring; geomorphological mapping; cultural heritage;
Svalbard; DSAS; high Arctic

1. Introduction

Coastal areas of seas and oceans are among the most dynamic landforms and are permanently
under threat of change from natural processes and anthropogenic pressure. A significant proportion of
the world’s population, at present and throughout history, lives in coastal areas (between 15% and 40%),
which are under the direct effects of climatic change-related [1,2] processes such as sea-level rise [3]
and changes in the intensity and frequency of storms [4]. Over the last decades, coastal areas have
been subjected to increased rates of erosion [5], and this will most likely cause significant economic
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losses in the future. Arctic coastal areas can experience erosion rates similar to, or higher than, those in
temperate regions due to the added influence of thawing permafrost and extreme temperatures.

Coastal areas located at high latitudes are even more affected by the changes in the environment
(e.g., air temperatures, major river discharges and open water season length have increased, and storm
tracks and intensities are changing) [6]. The Arctic coastal zone is defined as the region both seaward
and landward of the coastlines of the Arctic shelf areas, including all archipelagos and islands [7].
Arctic coastal areas can experience erosion rates similar to or higher than those in temperate regions
due to the added influence of thawing permafrost and extreme temperatures, even though the erosional
processes are usually still limited to a few months per year [6]. Arctic areas have become important hot
spots for studying the effects of a changing climate [8], which is felt earlier there than elsewhere on
Earth [9]. The present ongoing research focuses on modelling the velocity of glaciers and ice caps [10],
land cover and ice-wedge polygon mapping [11,12], the surface morphology of fans [13], retrogressive
thaw slumps triggering [14,15], coastal erosion [16], human impact [17], etc. One of the most exposed
Arctic areas is Svalbard, which is experiencing amplified climate change when compared to the global
average [18,19]. Svalbard’s coastal area is under high pressure from natural [20] and in some area’s
anthropogenic changes [21,22].

Studying the physical dynamics of coastal areas is a challenging task with a huge potential
to be applied in future coastal management plans and sustainable development of coastal areas.
With the technological development, tracking coastal erosion and the associated coastal hazards
became easier; new tools are being developed and implemented, along with their integration in GIS
(Geographic Information System). Various GIS-based tools have been developed over the years in
order to realise different analyses of coastal areas; they have been used in different studies, as follows:
XBeach modelling [23], Ntool [24], CERA (Coastal Erosion Risk Assessment) [25], CHW (Coastal
Hazard Wheel) [26,27], CESM (Coastal Erosion Susceptibility Model) [28], CVI (Coastal Vulnerability
Index) [29], DSAS (Digital Shoreline Analysis System) [30–32].

Aside from the economic activities and the local population located on the coast that is under threat
from climatic changes, another significant asset is often neglected when studies are made in the coastal
areas—cultural heritage. Globally speaking, coastal areas have been used since Prehistory for human
settlement, due to their abundance in natural resources needed for survival and development [33].
Coastal cultural heritage represents an important part of cultural resources in the coastal areas [34];
regardless of the location of cultural heritage, on the coasts of the inland shorelines of large man-made
reservoirs [35,36], open seas and ocean coastal areas [37–39], there is a high risk of erosion [40].

The world’s cultural heritage is under direct threat from climate change [41]. Cultural heritage
located in Arctic areas is even in greater danger [42,43], both from natural causes (such as erosion
or burial) [44] and the increasing pressure of Arctic tourism [22,45], which has grown especially in
Svalbard [46]. Significant efforts are being made to minimise the impact of visitors on the environment
and to move the tourist industry towards a sustainable approach [47]. Over the years, the coastal areas
of Svalbard have been subject to intense research (Table 1, Figure 1).

Table 1. List of studies dealing with coastal erosion in Svalbard (numbers in column 1 correspond to
the red numbers in Figure 1.

Number
on Map

Location Inside
Svalbard Keywords Reference

1 Brøggerhalvøya Coastal erosion, Arctic, Svalbard Overduin et al. [6]

2 Longyearbyen
Coastal change and vulnerability,

environmental risk assessment, community
infrastructure, Longyearbyen, High Arctic

Jaskólski et al. [21]

3 (a–d) Vestpynten, Fredheim,
Damesbukta, Kapp Laila

Terrestrial-sourced hazards, coastal erosion,
coastal geomorphology, DSAS, Svalbard Sessford et al. [32]



Sustainability 2020, 12, 2306 3 of 21

Table 1. Cont.

Number
on Map

Location Inside
Svalbard Keywords Reference

4 Isbjørnhamna Arctic, Spitsbergen, coastal erosion, sea-ice,
shore ice, fjord system Zagórski et al. [48]

5 (a–c)
Fredheim,

Longyearbyen,
Skansbukta

Cultural heritage, monitoring,
mitigation, Svalbard Sessford [49]

6 Calypsostranda

Arctic, Spitsbergen, photogrammetric
granulometry, sediment texture, impact

of waves
Zagórski [50]

Coastal change, DSAS * shoreline hazard
map, coastal erosion, coastal
morphodynamics, Svalbard

Zagórski et al. [51]

7 Recherchefjorden Polar catchments, glacier systems, coastal
zone, Recherchefjorden, Svalbard Zagórski et al. [52]

8 Sørkapp Coastal dynamics, coastal landscape,
Pre-Quaternary bedrock Ziaja et al. [53]

9 Petuniabukta
(Billefjorden)

Glacier retreat, fjord, coastal evolution,
sediment transport Strzelecki et al. [54]

10 Brøgger Peninsula
Submarine and aerial coastal evolution,

paraglacial, sedimentary flux, High
Arctic, Svalbard

Bourriquen et al. [55]

11 Pyramiden
Coastal management, geohazards,

environmental assessment,
Pyramiden, Arctic

Jaskólski et al. [56]

12 Kapp Napier Climate change, coast evolution, glacier,
historic photographs, Svalbard Kavan [57]

13 Kongsfjorden

Valley glaciers, GIS, shoreline dynamics,
glacial runoff

Mercier and Laffly [58]

Arctic, coastal geomorphology, global
change, paraglacial, Spitsbergen Bourriquen et al. [59]

14 Bellsund
Coastal morphodynamics, glacial processes,
paraglacial processes, sea ice and shore ice,

High Arctic, Svalbard
Zagórski et al. [60]

* DSAS—Digital Shoreline Analysis System.

Studies that approach the coastal processes affecting cultural heritage sites are of high significance;
as cultural heritage in the Arctic is in great danger [61–63]. The present study aims to assess and quantify
the main changes along an approximately 1.3 km stretch of shoreline located in Hiorthhamn—on the
eastern shore of Adventfjorden, Svalbard, where cultural heritage is under threat from coastal erosion.
The DSAS tool [64] is implemented to evaluate the erosion and accretion rate of the coastline over
time. The quantification of change is complemented with a detailed geological and geomorphological
mapping of the affected and adjacent area that will bring new insights in understanding how
different substrata and geomorphological processes interact and are affected by coastal processes
in a changing Arctic climate. Along with the assessment of coastal erosion, field-based geological
mapping was employed, in order to understand the associated geological processes and to map them.
The area under interest was chosen within a research project financed by the Research Council of
Norway—CULTCOAST [65].
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Figure 1. Distribution of studies dealing with coastal erosion in Svalbard (red numbers correspond to
numbers from Table 1, column 1) (base map from Norwegian Polar Institute) [66].
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The CULTCOAST Project

CULTural Heritage Sites in COASTal Areas. Monitor, Manage and Preserve Sites and Landscapes
under Climate Change and Development Pressure—CULTCOAST is a project financed by the Research
Council of Norway (RCN) for the period 2019–2023 under the programme MILJØFORSK [65].
The primary objective of this project is to monitor, manage and preserve cultural heritage sites,
environments and landscapes under climate change and development pressure. The project brings
together an international multidisciplinary team specialised in the evaluation, assessment, protection
and conservation of heritage, from research and education institutions in Norway (Norwegian Institute
for Cultural Heritage Research—NIKU; University of South-Eastern Norway—USN; Geological Survey
of Norway—NGU; Foundation for Industrial and Technical Research—SINTEF), UK (University of St
Andrews), and Russia (Kazan Federal University).

2. Study Area and Cultural Heritage Background

2.1. Study Area

The study area is located on Spitsbergen, which is the largest island of the Svalbard archipelago
(Figure 2a), governed by Norway as it was established by the Spitsbergen Treaty from 9 February
1920. The Svalbard archipelago is situated between the North Pole and Northern Norway [49].
Svalbard thus forms a terrestrial node separating the Barents Sea, the Greenland Sea and the Arctic
Ocean. This position gives a complex climatic situation where different oceanic currents influence both
long-term climate and short-term meteorology of the islands. The focus of this study is the shoreline of
Hiorthhamn—on the northeastern shore of Adventfjorden (Figure 2b), approximately 3 km north of
Longyearbyen (Figure 2c), which is the major administrative, tourist and scientific centre in Svalbard,
also named ”European Gateway” to the Arctic [21].

Figure 2. (a). Geographical location of the study area in the context of Svalbard; (b) Local context;
(c) Location of the protected cultural heritage (base orthophoto from Norwegian Polar Institute) [66].
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The Hiorthhamn fjord side is step-shaped with south-west-oriented slopes running down from
the top of the Hiorthfjellet mountain to the Advent fjord shore. The bedrock setting of the study area
is dominated by the subhorizontal layering of sedimentary rocks of Early Permian to Eocene age,
including some coal seams that formed the base for the mining activities [67]. Sediment of varying
thickness is draped over the bedrock slopes and steps, primarily consisting of weathering material
together with different types of slope-process deposits and some patches with glacial till. The highest
coastline after deglaciation was approximately 62 m above the present sea level [68] and the lowermost
parts of slope form a low angle beach landscape.

The climate is a Polar tundra climate, according to the Köppen climate system. The mean annual
air temperature in central Spitsbergen is −5 ◦C, the mean annual precipitation is 190 mm (concentrated
mainly during the summer season), and dominant winds come from southwest or west. Svalbard
is an area with continuous permafrost, meaning all but the surface is permanently below 0 degrees
Celsius. A permafrost landscape has a so-called active layer, meaning the surface of the soils, often ca
0.5–1 m thick, which thaws in the summer and refreezes in the winter. The arctic climate influences
the landscape through high activity of frost weathering together with surface cryogenic processes,
such as solifluction, which are associated with permafrost and the active layer. The cryogenic surface
processes are all also effected by gravity, resulting in a net downslope movement even on only gently
sloping ground. Other important processes are rock fall, snow avalanches and debris flows, that
also bring material from higher to lower elevations [69]. These climatically linked processes have in
central Svalbard resulted in a “smoothing” of the landscape, with few sharp topographic features and
a rounded topography. At the start of the 20th Century, the records have shown a strong warming
trend (starting with the 1920s), where within a period of 5 years the mean annual air temperature
changed from −9 ◦C to −4 ◦C. This warming is generally interpreted as representing the end of the
Little Ice Age (LIA) [12].

Politically, Svalbard is governed by a representative of the federal government, Sysselmannen
(the Governor) of Svalbard. Sysselmannen must ensure that activities on Svalbard are in line with
the Norwegian national safety and security goals, as well as being the administrator of all cultural
heritage and natural values of the archipelago [70]. In the Norwegian national heritage database,
Askeladden—Riksantikvaren [71], there are 2025 listed cultural heritage sites in Svalbard; 342 built
heritage sites and 1683 archaeological sites. An overwhelming majority of these sites are coastal, thus
being exposed to geohazards, development and wear and tear from tourism.

2.2. Cultural Heritage Background

The Arctic environment is ideal for long-term preservation of archaeological remains, both for
artefacts and environmental proxies [43]; however, studying cultural heritage in the Arctic is quite
challenging due to a changing warmer climate [63]. The discovery of Spitsbergen was made by a
Dutch crew in 1596 led by Willem Barentsz; this led to a flow of Russians and Europeans craving for
glory, money and fame [49]. There were different activities that brought explorers to Svalbard; whaling
(starting from the 17th Century), hunting and scientific exploration (starting with the 18th Century),
industrialisation (19th and 20th Centuries) [72].

All the “traces” that were left behind by these activities came in time to be listed cultural
heritage. Nowadays, Svalbard’s cultural heritage is under the protection of the Svalbard Environmental
Protection Act, which states that all remains from before 1946 are automatically protected as listed
cultural heritage sites. Moreover, all traces of human graves, including crosses and other grave markers,
as well as bones and bone fragments found on or below the surface of the ground are automatically
protected regardless of their age. Same rules apply to skeletal remains at slaughter sites for walruses
and whales and in connection with self-shooting traps for polar bears; the protected cultural heritage
sites have a 100-m buffer protected area around the sites. The buffer area is granted the same importance
as the site itself [73].
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From 1955, numerous archaeological expeditions took place in Svalbard; they were organised
by the Soviet Union, the Netherlands, Denmark, Sweden, Finland, Poland and Norway [74]. Early
explorers of Svalbard have shown a great interest in cultural heritage, like the Dutch whaler Cornelius
Gisbert Zoorgdrager, who in his book “Bloyende Opkomst der Aloude en Hedendaapsche Groenlansche
Visschery” from 1720, mentions all the places on the coast of Svalbard where he has seen remains of
buildings and blubber ovens during his whaling expeditions around 1700. The first real archaeological
survey was undertaken by Christian Keller in 1967, as an experimental project; and the first scientific
excavation took place in 1958 on Midthuken in Bellsund by the Finnish scholar Tegengren. It is worth
to mention the fact that many Svalbard cultural heritage sites have been threatened by the effects of
erosion since their existence; only in 1989 their destruction begin to be acknowledged, resulting in a
recommendation that research should be focused on threatened cultural heritage [75], along with the
need for geological mapping of Svalbard coasts [49].

Starting from 1978, the Russian archaeologist V.F. Starkov was leading extensive excavations
in Svalbard of the Russian hunting stations; he was followed by Norwegian, Dutch and Polish
archaeologists [76,77]. Russian settlements represent the most numerous group of historical sites on
Spitsbergen, being spread all over the territory of the archipelago [78]. Exploration of Svalbard’s
natural resources (oil, petroleum, coal) left behind significant traces; coal was found and used
as early as 1610 by whalers in Svalbard on their ships. Permanent coal-mining communities
were established in Longyearbyen and Hiorthhamn (mining active 1906–present) (Figure 3a–c),
Grumant (1910–1962), Ny-Ålesund (1916–1962), Bjørnøya (1916–1925), Svea (1917–2016) (Figure 3d–f),
Barentsburg (1920–present) and Pyramiden (1927–1998) [79].

Figure 3. (a) Former coal-mining infrastructure in Longyearbyen; (b,c) Former coal-mining
infrastructure in Hiorthhamn; (d–f) Remains of the coal-mining exploitation in Svea; (g–i) Current
images from the Russian coal-mining city of Barentsburg.
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Extensive whale and walrus hunting took place in Svalbard starting from 1611. The hunting
activities started with the English and Dutch whalers, followed by Russian and Norwegian. This lasted
about three hundred years and lead to killing of thousands of Greenland right whales and thousands
of Atlantic walruses [80]. The remains of the hunting stations, slaughter sites, blubber ovens and the
whalers’ cemeteries are all listed heritage sites.

Cultural heritage in Svalbard also includes remains like plane wrecks from WWII, and even these
young sites experience the same threats, exposure to geo-hazards, tourism and development. The
historic remains at Svalbard are considered international cultural heritage [81] and the Governor of
Svalbard states that conserving cultural heritage is amongst the most important environmental goals.
Thus, monitoring and maintenance of cultural heritage sites is considered an important task [82].

2.3. Hiorthhamn Mining Settlement

In 1917, a Norwegian company, A/S De Norske Kulfelter Spitsbergen, started constructing the
mining facilities of what was to become Hiorthhamn city, but coal mining itself did not start up until
1919. Buildings and machines were moved from nearby Advent City, an English coal mining city that
was closed down in 1909. The mine at Hiorthhamn was in use only for a few years, from 1919 until
1921 and again from 1938 until 1940. Nevertheless, an entire mining town was built up at the foot of the
mountain Hiorthfjellet (Figure 4) [83]. At the start of the 20th century, the business activities in Svalbard
was characterised by great optimism. However, many of them failed due to lack of knowledge.

Figure 4. Detail of Hiorthhamn mining settlement from 1936, with emphasis on the three sectors
analysed in this study (image courtesy: Norwegian Polar Institute) [84].

The central cable car station in Hiorthhamn was built in 1939 (Figure 3c) and is listed in the
National heritage database Askeladden under the ID 93040-6. It consists of a large wooden loading
construction. The inside machinery is in good shape, with wheels and gears on cast foundations. A
wooden staircase leads to the top of the construction. Remains of two railway tracks come out from
the southern side of the building directly into the sea. From the side towards the mountains, rests of
cable car wires are hanging [70].
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Today the former mining settlement is the second largest gathering of listed buildings at Svalbard
(next to Ny–Ålesund) and is considered an important cultural heritage site. The listed historic site
counts a total of 13 standing buildings and remains from mining infrastructure, such as cable car poles,
a cable car station and railway tracks. The mine itself is situated high up in the mountain, 580 meters
above sea level, and the coal was transported on an aerial cableway from the mine to the seaside.
Except a few buildings up in the mountains, the whole site is situated close to the coastline, vulnerable
to coastal processes [85].

3. Materials and Methods

Coastline dynamics were evaluated on the basis of modern GIS and RS techniques. In this study,
we used the remote sensing data available from this area: a topographic map from 1927 (scale 1:50,000),
aerial images from 2009, and field surveys from August 2019 to assess the coastal change over a
period of 92 years. The aerial images from 2009 were obtained by the Web Map Services (WMS)
developed by the Norwegian Polar Institute (NPI) [69]. All the data was integrated into a GIS using
the WGS_1984_UTM_Zone_33N reference system. The 1927 topographic map was georeferenced
in ArcGIS ver. 10.4 (ESRI, Redlands, CA, USA) by adding six control points by using first order
polynomial, auto-adjust transformation. The total RMS error was 4.5 m, which is close to the global
errors mentioned in Bourriquen et al. [55].

The geomorphology and surface sediments of the study area was mapped through a combination
of remote sensing and four days of field validation in beginning and end of August 2019. Field data was
collected using Getac F110 rugged field tablets with integrated GPS. The base for the geomorphological
map is the 2009 aerial images available together with elevation data (DEM and contour lines) and the
map was made in ArcGIS ver. 10.6 software.

Change rates between shorelines extracted from old maps, aerial images and field surveys were
computed using the DSAS v.5 extension of ArcGIS [65]. Different parameters were calculated: Shoreline
Change Envelope (SCE, expressed in m), Net Shoreline Movement (NSM, in m), End Point Rate
(EPR, m/yr), and Linear Regression Rate (LRR, m/year). SCE describes the variability of each transect
considering the maximum spatial recorded displacement of shoreline, but without considering the
time span. NSM deals only with the dates of two shorelines, reporting the distance between the
oldest (1927) and newer (2019) shorelines for each transect, whereas this movement may not be the
maximum shoreline displacement recorded. EPR is calculated in m/yr by dividing the distance of
shoreline movement by the time elapsed between the oldest and the most recent shorelines. A total of
146 transects at 10 m alongshore intervals were analysed using the EPR parameter of DSAS to obtain
annual mean rates of shoreline change. LRR is based on the overall minimum of the squared distance
to the known shoreline using all available data to find the best-fit line and is being recognised as a
very useful tool for computing long-term rates of shoreline change. The confidence interval in DSAS
was at 95%. The shoreline was divided into three sectors in order to get a better picture of the final
geomorphological and DSAS analyses.

Field surveys were made in August 2019 using a GPS system comprised of an Altus APS–NR2
antenna and a Carlson controller. Two initial points were surveyed with the GPS system (±0.5 m
accuracy), then the survey was conducted with a Trimble S5 Series Motorized total station, along with
a Trimble TSC3 controller (Figure 5a). In total, a number of four fixed points were established and
recorded for present and future monitoring of the shoreline (Figure 5b), to gather data to support the
geomorphological mapping (Figure 5c) as well as for monitoring of surface soil movements over time
(Figure 5d).



Sustainability 2020, 12, 2306 10 of 21

Figure 5. (a) Total station and controller on one of the fixed points; (b) Coastline survey; (c) Geological
mapping of the upper area of Hiorthhamn; (d) Survey of surface soil movements.

4. Results and Discussion

4.1. Geomorphological and Surface Sediment Mapping

Results from the geomorphological mapping are shown in Figure 6. In addition to the result from
the present study, it includes some sub-surface interpretations by [86]. The map coastline is based on
aerial photos of 2009, whereas the present coastline based on GPS field surveying (2019) is shown as a
purple line.

The gently sloping plain down to the shoreline in the northern part of the study area (Sector 1) is
mainly covered by peat and grass vegetation, and the low wave-cut section (Figure 7a,e) clearly shows
how today’s organic material overlies gravelly beach sediments. A series of low subdued gravelly
ridges oriented obliquely from the present-day beach and inward is only visible in the aerial photos
and is interpreted as relict beach ridges formed during earlier beach migration towards south east.
This development requires a net sediment supply to Sector 1 and long-shore sediment drift from
northwest towards southeast, which is confirmed by the ongoing build-up of a small spit bar shifting
the small tidal channel outlet towards southeast between 2009 and 2019 (south-eastern end of Sector 1
and Figure 7a).

The wave-erosion shoreline scarp (Figure 7f) which cuts the old subdued beach ridges at an angle,
together with observed in-land displacement of over-wash deposits parallel to the beach, indicate a
change in shoreline environment towards increased erosion. This change may be the result of a shift in
dominating wind-, and hence, wave direction during especially erosive storm events. The detailed
land survey data of the present shoreline (Figure 6) supports this interpretation.
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Figure 6. Map showing geomorphology and surface sedimentology in the study area. Simplified
genetic sediment classifications of Sector 3 are based on the study of Lønne and Nemec [86].
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Figure 7. (a) Overview of primarily the active fan with boxes marking the position of interpreted
coastal sectors. Note that Sectors 1 and 3 extend outside the photo. Blue arrow indicates the long-shore
sediment transport direction forming a small spit-bar in the eastern end of Sector 1; (b) Photo towards
north west, from the coastal escarpment of the relict alluvial fan in Sector 3, towards sectors 1 and 2.
Dotted line delineates the post 2009 debris flow advance of the coastline in Sector 2; (c) Photo from the
middle of Sector 2 towards east showing shoreline erosional edge (left of person) and the recent debris
flow deposit (dotted line); (d) Sector 3. Fresh small slump from the shoreline escarpment in the relict
alluvial fan; (e) The peat covered relict beach ridge plain in Sector 1; (f) The active erosion edge of the
shoreline in Sector 1 at high tide (rifle for scale). Note the coarse sorted beach sediment in the section
and the thin strip of beach separating the shoreline scarp from the water line.

Sector 2 of the study area includes the distal part of an active alluvial fan system which is subjected
to both erosional and depositional processes. A braided fluvial system is transporting coarse and
poorly sorted sediments towards the shoreline and episodic debris flows or debris torrents transport
larger masses, which are later remodelled by the more continuous fluvial processes. According to [86]
detailed descriptions of sedimentary processes and environment, fluvial channels migrate laterally over
the fan throughout the summer due to melting of a snowpack that deflects the water flow. Dynamic
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shifts in location of the fluvial transport and debris flows down to the swash zone today (Figure 7b,c)
result in an irregular shoreline with significant yearly and seasonal changes (Figure 5b).

The south-eastern Sector 3 of the study area forms a long erosional escarpment through a raised
abandoned alluvial fan–delta [86]. Wave action forms the steep escarpment by undercutting the raised
delta sediments. Slumping of primarily sandy sediments in the over-steepened escarpment moves
sediments down to the beach (Figure 7d) where they are moved into the sea and further eastwards by
wave action and long-shore transport. The shoreline displacement between 2009 and 2019 (Figure 6)
clearly highlights the shoreline retreat resulting from the undercutting and erosion.

Solifluction is a ubiquitous process transporting sediments downward from the slopes above both
Sectors 1 and 2. The same net downward movement of surface material is the result of active layer
detachments forming scars and slump (Figure 6). Although these slope processes have no direct impact
on the shoreline sedimentary environment today, they contribute to the total down slope sediment
flux, and enhanced thawing of permafrost due to a warmer future climate may increase this effect,
subsequently resulting in increased net shoreline input.

Lønne and Nemec [86] described the onshore area of Sectors 2 and 3 in detail and characterized the
combined feature as a Holocene fan delta and that the depositional system may hypothetically extend
under water up to 400 m offshore. The postglacial lowering of the relative sea level and a simultaneous
decline in glaciofluvial activity enhanced fluvial erosion of the delta fan and formed the younger, and
still active, incised braided system feeding Sector 2 with fluvial-, and debris-flow sediments. Apart
from some snow avalanche deposition in the uppermost part, there is today no sediment input from
higher up to the raised delta fan of Sector 3. The shoreline in Sector 3 has no significant terrestrial
sediment input and future shoreline changes are more dependent on marine-controlled processes and
erosional potential. Since the escarpment today is dependent on the internal permafrost in the raised
delta-sediments, future increase in soil temperature and active layer thickness may lead to increased
speed of undercutting and subsequent shore–line retreat.

4.2. Shoreline Displacement

Using the DSAS analysis of the coastline, the following parameters were computed EPR (Figure 8a),
SCE (Figure 8b). EPR shows the highest rates between the oldest (1927) and the most recent (2019)
shoreline in the northwestern part of our area of interest. The shoreline from 2009 was not included in
the analysis and is shown in Figure 8a only for orientation purpose.

The final rates were reclassified into five classes by using the Natural Breaks (Jenks) method:
very high (−0.76 to −0.57 m/year), high (−0.56 to −0.34 m/year), moderate (−0.33 to −0.20 m/year),
low (−0.19 to 0.06 m/year) and very low (0.07 to 0.45 m/year). The average erosion rate for the entire
coastline is −0.21 m/year. The highest EPR values are located in the north-western part of the coastline
(Sector 1), where the most important part of the cultural heritage (the loading dock) is located, making
it very vulnerable to coastal erosion. Positive values are recorded in the middle part of the interest area
(Sector 2), where sediments are being deposited from the alluvial fan. The southeastern part of the
coastline (Sector 3) can be framed into the average erosion rate of −0.21 m/year. However, Sector 3 has
no cultural heritage assets. SCE (m) values represent the greatest distance among all the shorelines
that intersect a given transect and they are visible in Figure 8b. The highest interval (48.22–70.84 m) is
located within Sector 1 and the lowest values (2.82–17.95 m) in Sector 2.

NSM, expressed in m is visible in Figure 9a. Sector 1 is characterised by very high and high
erosion rates, while Sector 2 and Sector 3 by moderate and high accretion and moderate and high
erosion, respectively.
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Figure 8. (a) End Point Rate and (b) Shoreline Change Envelope of the coast in Hiorthhamn area as
calculated by DSAS (1927, 2009 and 2019 shoreline position used).

The LRR parameter is detailed in Figure 9b and highlights the areas with erosion, stability and
accretion, divided into five classes, as follows: very high erosion = −0.73 to −0.52; high erosion = −0.51
to −0.33; moderate erosion = −0.32 to −0.15; stability = −0.14 to 0.07; accretion = 0.06 to 0.45. The
average LRR is −0.16 m/year. There was a total number of 112 transects, out of which 76 (67.86%)
are erosional and 36 accretional (32.14%). Transect number 102 has the highest value for an erosional
transect and is located in Sector 1, in the same area as the loading dock is located. Whilst the transect
with the highest accretion value is number 93, located in the upper part of Sector 2. A significant
percentage of the shoreline (48%) has transects with statistically significant erosion. This highlights the
vulnerability of the coastal cultural heritage.

A study that focused on approximately 62,000 km of Arctic coasts [7] reported an average erosion
rate of −0.5 m/year. The highest erosion rate in the Arctic was registered on Alaskan coast (Drew Point)
with a value of −8.4 m/year, while the lowest erosion rate was reported in Svalbard. Other reported
erosion rates in Svalbard range from −0.5 to −4.5 m/year for Longyearbyen [21], −0.26 m/year for
Isbjørnhamna [48], −0.34 m/year and −0.47 m/year for ice-poor cliffs and ice-rich cliffs, respectively [32].
With a value of EPR of −0.21 m/year, our study area can be framed in around the average erosion rate
previously reported in Svalbard. A recent study [51] reported EPR values of −0.19 m/year, which has
increased from −0.07 m/year for period 1936–2007. This means that large portions of Svalbard coasts,
strictly referring to those surveyed in the past, have a stable erosion rate. This is due to the fact that in
many cases high erosion rates compensate with high accretion rates. The complex interaction between
different sediment transporting processes and shoreline processes is well exemplified in this study and
indicates that understanding of the upland systems is important for a predictive interpretation of the
shore-line changes into the future.
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Figure 9. (a) Coastal stability derived from Net Shoreline Movement analysis (in m) (very high erosion
= NSM −70.84 to −53.33; high erosion = NSM −53.32 to −30.41; moderate erosion = NSM −30.40 to
−9.01; stability = NSM −9.00 to 5; moderate accretion = NSM 5.01 to 24.12; high accretion = NSM 24.13
to 41.96; (b) LRR parameter expressed in m/year.

4.3. Cultural Heritage

As shown by Hollesen et al. [43], the cold wet climate of the Arctic is the perfect environment in
which cultural heritage can be preserved; following the climate variables and tendencies nowadays,
the “friendly” environment is slowly disappearing. This leads to a systematic degradation of cultural
heritage assets in the Arctic, which is the case of the present study, where coastal cultural heritage is in
great danger of being destroyed.

The most vulnerable element of protected cultural heritage is the cable car station or loading
dock (Figure 10a,b). Other remains that are washed away by the sea are visible in Figure 10c from
2011; those remains are no longer present in Figure 10d from 2019. This shows the power that sea
exerts on the shoreline, along with longshore currents. To this is added the increase in global sea level,
which is caused by an increase in temperature of the oceans and significant mass loss of the Svalbard
glaciers [87]. Other cultural heritage remains exposed are the exploitation rail tracks (Figure 10e),
along with wrecks of heavy machines, loading carts, small loading wagons, metal barrels and other
industrial waste that is scattered in Sector 1, but very densely seen in Sector 2.
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Figure 10. Details over Sector 1; (a,b) Details highlighting the erosion of what was in the past the
loading dock; (c) Figure from 2011 highlighting remains from the exploitation equipment on the beach
(courtesy of A.-C. Flyen); (d) The only remained equipment on the beach in 2019; (e) Exploitation rail
tracks affected by coastal erosion.

5. Conclusions

Historical evolution and temporal morphodynamics of shoreline position is of great importance
in evaluating the spatial dynamics of the coastal system behaviour and of cultural heritage assets
located in coastal areas. DSAS analysis of shoreline changes in years 1927–2019 shows both erosion
and accretion for different sectors of the coastline. Sector 1, which is located in the north-west part of
the investigated coastal area and has a length of 460 m is characterised as having high and very high
erosion; Sector 2 has a length of 230 m has a moderate accretion, and Sector 3 with a length of 610 m
showed moderate erosion, respectively. Potential changes in wind and wave direction and possibly
intensity since 1927 have interacted with sediment availability and processes transporting material
down to the beach zone. The type of shoreline sediments exposed to erosion also affects the resulting
rate of erosion with already well-sorted and fine-grained beach sediments being more susceptible to
abrasion than more course, poorly sorted debris flows and braided river sediments. Hence, the same
change in wave energy might have a different result in shoreline displacement at different positions
along the shore—causing a varied erosional hazard to pre-existing cultural heritage. If the active-layer
thickness increases in a warming climate, this will contribute significantly to the potential erosion
rates of sedimentary coast-lines. The fact that almost half of the shoreline has statistically high erosion
transects, highlights the danger for the coastal cultural heritage and the need from local authorities of a
future sustainable management plan.
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