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Quantification of historical landscape change on the foreland of a receding
polythermal glacier, Harbyebreen, Svalbard
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Abstract: The assessment of multi-decadal scale change in a polythermal glacial landsystem
in the high-Arctic is facilitated by a quantitative approach that utilises time-series of aerial
photographs, satellite images, digital elevation models and field geomorphological mapping.
The resulting spatio-temporal analysis illustrates a transition from glacial to
proglacial/paraglacial conditions indicating that: (1) the areal coverage of ice between the
maximum LIA extent and 2013 decreased from 29.35 km? to 16.07 km?, which is a reduction
in the glacierized area in the catchment from 62% to 34%; (2) the ice volume loss in the
proglacial area amounted to 214.9 (+-3%) millions m3, which was attributed mostly to melting
of the glacier snout but to a lesser extent the degradation of ice-cored landforms; (3) the
transition from areas formerly covered by glacier ice to ice-cored moraines, glacifluvial
deposits, and other landforms was the most intense in the period 1990-2013; (4) two end
member scenarios (polythermal glacial landsystem domains) evolve during glacier recession,
each one dictated by the volume of debris in englacial and supraglacial positions, and include
subglacial surfaces (limited englacial and supraglacial debris) related to temperate basal ice,
and ice-cored lateral moraines and moraine-mound complexes (significant supraglacial debris
accumulations) related to marginal cold based ice. An additional assemblage of geometric ridge
networks (discrete or linear englacial and supraglacial debris concentrations) relates to crevasse
and hydrofracture infill branching out from an esker complex and is indicative of either surging
or later rapid release of pressurised meltwater from temperate to cold based parts of the former
glacier snout.

Keywords: Svalbard, glacial geomorphology, polythermal glacial landsystem, GIS, ice-cored
moraine, Arctic, paraglacial

1. INTRODUCTION

Glacial forelands exposed due to glacier recession are among the most dynamic landscapes in
polar and mountainous areas (e.g. Bennett and Evans, 2012; Bennett et al., 2010; Carrivick and
Heckmann, 2017; Staines et al., 2014) and are intensively modified by various
geomorphological processes related to glacial retreat, meltwater activity, and the paraglacial
adjustment of topography (Ballantyne and Benn, 1994; Carrivick and Heckmann, 2017,
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Kellerer-Pirklbauer et al., 2010; Kirkbride and Deline, 2018; Mercier et al., 2009; Rachlewicz,
2009; Rachlewicz, 2010). Widespread ice marginal recession in Svalbard since the end of the
Little Ice Age (LIA) has resulted in the exposure of extensive glacier forelands containing a
wide range of glacial landforms, many of which continue to evolve well after deglaciation due
to their significant ice cores. The resulting landform-sediment associations are representative
of the sub-polar glacial landsystem, in many places featuring surge signatures, and their
presently dynamic state provides the ideal opportunity to study changes in glacial process-form
regimes in response to changes in both climatic conditions and geomorphological processes.
Such investigations into the direct connections between processes and forms in contemporary
glacial landscapes allows researchers to compile modern analogues for contextualising
palaeoglaciological reconstructions (cf. Benn and Lukas, 2006; Boulton, 1972; Evans, 2009).
Such investigations also provide a basis for the prediction of future changes in the polar
regions. However, most previous quantitative studies on Svalbard have focused on glaciology
(e.g. Blaszczyk et al., 2013; Hagen and Liestel, 1990; Hagen et al., 1993; Jania and Hagen,
1996, Lefauconnier and Hagen, 1991; Matecki, 2013; Matecki, 2014; Matecki, 2016; Moholdt
et al., 2010a; Moholdt et al., 2010b; Nuth et al., 2013; Nuth et al., 2010; Rachlewicz et al.,
2007; Sund et al., 2009; Ziaja, 2001; Ziaja, 2005) rather than the ongoing transformations of
proglacial landscapes (e.g. Bennett et al., 2000; Bernard et al., 2016; Lgnne and Lysa, 2005;
Lukas et al., 2005; Lysa and Lgnne, 2001; Midgley et al., 2013; Schomacker and Kjeer, 2008;
Sletten et al., 2001; Strzelecki et al., 2015; Zagorski, 2011; Zagorski et al., 2012; Ziaja, 2004;
Ziaja and Pipata, 2007). Moreover, quantification of the dynamics of landform evolution on
glacier forelands using time-series of digital elevation models or airborne laser scanning has to
date been limited (e.g. Bernard et al., 2016; Etzelmdiller, 2000a; Etzelmiller, 2000Db; Irvine-
Fynn et al., 2011; Kociuba, 2014; Kociuba, 2016; Kociuba et al., 2014; Midgley et al., 2018;
Tonkin et al., 2016).

This study addresses landform transformations on a multi-decadal time-scale on the foreland
of Herbyebreen, a Svalbard polythermal glacier, in order to assess landscape changes and
glacial landsystem evolution over the last 80 years. The main aim of this study is to characterize
and quantify the deglacial and postglacial transition from glacial to proglacial (paraglacial)
conditions and thereby evaluate spatial and temporal glacial landsystem evolution. The
objectives identified to achieve this aim are: (1) to map and quantify landform development;
and (2) to evaluate the changing patterns of geomorphological processes responsible for
landscape change.

2. STUDY AREA

Svalbard is located in the High-Arctic, where continuous permafrost ranges in thickness from
100 m to 500 m (c.f. Etzelmaller and Hagen, 2005; Humlum et al., 2003). The study area is in
the central part of Spitsbergen in the vicinity of Petuniabukta, an area characterised by less ice
cover than most coastal zones due to lower precipitation totals. Around Petuniabukta, an area
of 26 km? has been exposed since the termination of LIA as a result of glacier retreat
(Ewertowski and Tomczyk, 2015). Earlier investigations into glaciers and glacial landforms
near Petuniabukta provide a substantial background knowledge of both the geomorphology
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(e.g. Allaart et al., 2018; Evans et al., 2012; Ewertowski, 2014; Ewertowski et al., 2016;
Ewertowski et al., 2012; Ewertowski and Tomczyk, 2015; Gibas et al., 2005; Gonera and
Kasprzak, 1989; Hanacek et al., 2011; Karczewski, 1989; Karczewski et al., 1990; Karczewski
and Klysz, 1994; Ktysz, 1985; Ktizek et al., 2017; Pleskot, 2015; Rachlewicz, 2009;
Rachlewicz, 2010; Rachlewicz and Szczucinski, 2008; Stankowski et al., 1989; Strzelecki et
al., 2018; Strzelecki et al., 2015; Szuman and Kasprzak, 2010), and glaciology (e.g. Matecki,
2013; Matecki, 2014; Matecki, 2016; Malecki et al., 2013; Rachlewicz, 2009; e.g. Rachlewicz
et al., 2007), enabling us to link the results of this study to regional changes in the cryosphere.
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Figure 1. Location of the study area.
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Harbyebreen is a valley glacier located at the northern end of Petuniabukta (Figure 1). The
glacier consists of two main flow units, the main unit being named Hgrbyebreen and a tributary
unit named Hoelbreen. Its snout is low-lying and surrounded by a large latero-frontal moraine
ridge related to its maximum extent during the LIA. A recent study by Matecki et al. (2013)
found that the glacier was up to 170 m thick and is polythermal, with a temperate 40 m thick
basal layer beneath 100-130 m of polar ice (Malecki et al., 2013). Based on characteristic
features such as a looped medial moraine, Harbyebreen has been classified as a surge-type
glacier (Farnsworth et al., 2016; Gibas et al., 2005; Karczewski, 1989; Matecki et al., 2013)
but there have been no direct historical observations of any surges by Harbyebreen. Hence,
other interpretations of the glacier dynamics and associated landsystem signatures have
suggested that Herbyebreen may instead represent a system that dominated by either: 1)
overprinted polythermal and surging behaviour; or 2) the build-up and rapid intermittent
release of meltwater from the warm-based internal part of a polythermal snout (Evans et al.,
2012).

3. METHODS

Landscape changes in front of Hegrbyebreen were quantified using time-series of remote
sensing data (aerial images, satellite images, digital elevation models [DEMs]) and field
geomorphological mapping. Four sets of historical aerial photographs were obtained from the
Norsk Polar Institute. In addition, two sets of satellite images were purchased from Digital
Globe and Apollo mapping companies. In total, the remote sensing data consist of six sets:

1) Panchromatic oblique frame camera aerial photographs from 1936 and 1938

2) Panchromatic frame camera photographs from 1961 with a ground pixel size of 0.55 m

3) Panchromatic frame camera satellite image from Korona satellite from 1965 and 1966

4) False infrared colour frame camera photographs from 1990 with a ground pixel size of
0.7m

5) Colour digital camera photographs from 2009 with a ground resolution of 0.4 m

6) Multispectral satellite image from Worldview-2 satellite from 2013 with a ground pixel
size 0.5 for panchromatic and 2-m for multispectral bands.

Aerial photographs (sets 2, 3 and 4) contained the full camera information and were processed
using photogrammetric software; DEMSs and orthophotos were then generated from them. A
total of 16 points, scattered around the glacier snout, were measured in 2012 and 2013 with
Topcon dGPS and used as ground control points for retrospective georeferencing. An
additional 9 points were used as independent control points to assess the quality of the
generated DEMs. The root mean square error (RMSE) in 3D space was calculated from
elevation differences between the DEMs and independent control points: 0.61 m for 1961, 1.25
m for 1990, and 0.95 m for 2009. Additionally, systematic and random vertical errors were
investigated by comparing the 1961 and 1990 DEMs with the 2009 DEM at points where
elevation was expected to be stable (i.e. non-glaciated, non-ice-cored and stable rock areas
expected to undergo very little transformation). These errors were higher than those calculated
from ground-surveyed checkpoints with RMSE of 3.18 for 1961 and 3.40 for 1990; however,
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their distribution was close to normal, suggesting that errors were random rather than
systematic. Satellite images from 2013 were orthorectified using DEM and ground control
points and then pansharpened.

Volumetric transformation of the snout area was calculated from DEMs of differences (DoDs),
(cf. Wheaton et al., 2010). This involves the subtraction of DEMs from each other, enabling
the assessment of spatial and temporal changes, and thus they encompass the two periods 1961-
1990 and 1990-2009. Also important to note is that quantification of transformation of ice and
landform volume changes was restricted only to the mapped part of the glacier snout and not
its entire area. Planimetric transformations were investigated based on all available remote
sensing and field-based data, hence they covered a longer period. Two glacial geomorphology
maps and results of earlier investigations have previously been published (Evans et al., 2012;
Gibas et al., 2005; Karczewski, 1989; Karczewski et al., 1990; Karczewski and Ryagielski,
1989; Rachlewicz, 2009; Wojciechowski, 1989), as well as a study concerning changes in
glacial geometry (Matecki et al., 2013) and dynamics (Rachlewicz, 2009). Therefore, we
present new data (including additional maps), with the focus on changes in landforms within
the snout area. Mapping was performed digitally (on-screen vectorisation) and verified during
field campaigns. The projection used in the analysis was UTM zone 33N. All elevation values
provided in the text and figures are ellipsoidal (not above sea level), unless otherwise indicated.

4. RESULTS AND INTERPRETATIONS - SPATIAL AND TEMPORAL
TRANSFORMATIONS OF GLACIER SNOUT AND ICE-MARGINAL
(PROGLACIAL) AREA

As a baseline for the results presented here, the 2009 DEM indicates that the elevation of the
glacier ranged from 65 to 695 m a.s.l., and the area classified as the glacier foreland ranged
from 24 to 111 m a.s.l., although the highest ridges of the lateral moraine reached 320 m a.s.l.
The first part of this section provides a brief description of the extent of glacier changes, and
this is followed by an overview of the volumetric and planimetric changes in landforms and
adjacent glacier snout. We then provide a description of the spatial and temporal pattern of
glacial landsystem transformation.

4.1. Glacier changes LIA - 2013
4.1.1. Glacier extent changes 1900(1920) — 2013

The maximum extent of Harbyebreen has been delimitated using its ice-cored latero-frontal
moraine complex (Evans et al. 2012). It is assumed that the distal slope edges of the moraine
indicate the approximate maximum position of the ice margin. There are no direct data relating
to the timing of this maximum expansion of the snout and therefore we assume that the
recession started around 1900 based upon several studies documenting at least some Svalbard
glaciers having already retreated from their maximum position during the period 1900-1920
(cf. Lamplugh, 1911; Slater, 1925). The extent of the glacier in 1961, 1990, 2009, and 2013
was delimitated based on remote sensing data and field verification.



166
167
168
169
170
171
172
173
174
175
176

177

178

179

180
181
182
183
184

185

The total decrease in the extent of Harbyebreen for the period 1900 — 2013 was about 13.3 km?
or almost 50% of the maximum extent (Table 1, Figure 2). The presented values indicate the
change in only the clean glacier cover (i.e. ice surface without debris); there is still a large
amount of ice buried under the debris of the moraine complex (Evans et al. 2012). Shrinkage
in the ice cover led to the detachment of three smaller ice units in valleys to the north and one
to the south, which in the past were linked to the main trunk of the snout (Figure 2). Areas
provided in Table 1 take into account the total amount of exposed ice cover, including the main
bodies of Harbyebreen and Hoelbreen as well as the smaller units now detached and occupying
higher elevation cirque basins. Since the LIA, the total percentage of the catchment occupied
by ice decreased from 62% to 34%, which demonstrates the importance of switching from
glacial to paraglacial geomorphological processes over a very large area.

16°E °10" 16°20'E

o 2
[Jcatchment
Extent of exposed ice cover
I 2013
I 2009
| I 1990
| 1960
[Ineoglacial maximum (LIA)

Figure 2. Changes in exposed ice cover from LIA — 2013, Harbyebreen, Svalbard.

The decrease in ice volume was particularly visible in the recession of the glacier snout (Figure
2), which also varied between the Hoelbreen and Harbyebreen ice flow units. The distance of
Harbyebreen unit snout retreat from the maximum position to the 2013 glacier margin was
3400 m, representing a mean annual retreat rate of 30 m/year, whereas the Hoelbreen unit snout
retreated 2000 m or at around 18 m/year. Recent retreat rates (after 1990) were much faster.
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Table. 1. Changes in area of exposed ice cover from LIA — 2013, Hgrbyebreen, Svalbard.

Ice cover percentage of
2 Ice cover change
year ice cover [km ] | o] the catchment area
(47.61 km?) [%]
LIA = 100%
LIA 29.35 100 62
1960 24.69 84 52
1990 21.67 74 46
2009 16.83 57 35
2013 16.07 55 34

4.1.2. Volume and elevation changes over the glacier snout (1961-2009)

DEM of Differences for the foreland of Harbyebreen during the periods 1960-1990, 1990-2009
as well for whole studied period (1960-2009) have shown that widespread lowering is mostly
related to the melting of the exposed ice surface. Only small areas indicated positive elevation
changes. The total net volume of change over the 1961-2009 period from the glacier snout and
foreland was about -215 million m® (+/- 3%). Annual percentage changes in snout area and
volume vary over the study period (Table 2). Spatial variability was different for the two main
ice flow units, as indicated in the patterns of elevation changes (Figure 3). The total volume
loss from that part of the latero-frontal which was already exposed in 1960 equalled to 1.8
million m® (+/- 5%) for the period 1960-2009, which translates to a mean volume loss of 0.15
m/year. This varied significantly, however, from 0 m/year to almost 1.3 m/year depending on
local topography and the impact of deglacial/paraglacial processes; i.e. most of the
transformation of latero-frontal ice-cored moraine can be attributed to debris flows and
backwasting of exposed ice cores (Fig 4 a-c).

Data shown in Table 2 and Figure 3 take into account the propagated errors for subsequent
DEMs. The percentage of the Area of Interest with detectable changes varied from 64% to
90%, while errors for volume loss were much smaller (from 3 to 8%) than for deposition (from
62 to 70%) (Table 2). Much larger uncertainty in the measurements of volumes of deposition
is related to the fact that the increase in surface elevation was usually small (within the range
of DEM errors).

Table 2. Volume changes over the foreland and snout area of Hgrbyebreen

Period Area of | Area of | % of Area of Interest | Total Total volume | Total net | Average Average
loss (m?) | depositi | with Detectable | volume of deposition | volume thickness of | thickness of
on (m?) | Changes (%) loss (m%) (m®) differences (m®) | volume loss (m) | deposition (m)
1960 - 1990 4317 17 402 89% 152906 45 | 48610 (+/- | -152857 841 35 2
648 1(+-5%) | 67%) (+/- 5%)
1990 — 2009 2936 163102 | 64% 62203486 | 407124 (+/- | -61796 363 (+/- | 21 1
321 (+/- 8%) 70%) 8%)
Total period | 4310 51572 90% 21511654 | 123832 (+/- | -214992 716 50 2
(1960 — 2009) 904 8) +/- 3%) 62%) (+/- 3%)
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Figure 3. Surface elevation change (m) over the snout and proglacial area of Harbyebreen.

Between 1960 and 1990, a larger amount of ice was lost from the Harbye ice flow unit (NE
side) compared to a much smaller loss from the Hoel ice flow unit (SW side). Spatial variability
of ice loss resulted in an increasing asymmetric transverse snout profile over the study period
(Figure 5). Specifically, the NE side of the glacier snout lowered much more rapidly than the
SW side. This might relate to various factors such as surge activity and/or high mountain walls
that effectively reduce the amount of solar energy reaching the southern part of the glacier.
Conversely, in some place heat radiation from dark rocks resulted in separation of clean ice
surface from valley sides (Fig. 4d). Spatial variability in glacier snout changes such as this can
also be interpreted as the product of an uneven distribution of supraglacial debris. On the
Hoelbreen ice flow unit in particular this is manifest in the occurrence of a thickening debris
cover that is characterised by prominent longitudinal debris stripes comprising a relatively thin
(< 10 cm) layer of angular debris (Fig. 4e). The presence of such a thin layer of debris on the
glacier surface can reduce the ice melt significantly over time (Fig. 4f) (cf. Nakawo and Young,
1981; Nicholson and Benn, 2006; Nicholson and Benn, 2013; Ostrem, 1959).
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Figure 4. (a) Minor exposure of ice-core in the southern lateral moraine resulting from the
development of small debris flow. Note the relatively thin cover of debris protecting moraine
from melting and indicating that this segment of the moraine did not undergo significant
transformations in the past; (b) Cohesive debris flow developed on gentle slopes; (c) Major
exposure of ice-cores in the northern lateral moraine. Note that debris cover is about 1.5-2 m
thick (person for scale) indicating that this part of the moraine was repetitively transformed by
mass movement processes. (d) Retreat of the exposed ice surface from the valley side due to
the emission of heatwave radiation from dark surface of rocks. Note that such separation
seriously limits delivery of fresh debris from valley sides onto glacier surface; (e) Longitudinal
debris stripe — thin and relatively sparse cover of angular debris, which can be traced on the
glacier surface, as well as in the deglaciated foreland overlain on other deposits; (f) Section
through the ice covered by longitudinal debris stripe. Note that even such thin (< 0.1 m) layer
of debris is sufficient to limit ice melting — as a result of differential ablation clean ice surface
visible in the background significantly lowered.
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The glacier surface long profiles lowered significantly during the period 1961-1990, by as
much as 100 m for the Harbye ice flow unit. In 1961, the glacier surface showed a characteristic
steep ice front with a mean slope of 11% at the snout contrasting with a flatter up-ice section
of 5% (Figure 5). In 1990, the ice profile of the Harbye ice flow unit lowered significantly,
indicating a much larger downwasting than frontal recession (volumetric change rather than
aerial change). Between 1990 and 2009, the reduction in elevation of the glacier surface for the
Hearbye ice flow unit was much smaller (10 m) than in the previous period, as most of the ice
had melted and the glacier bed was exposed. In contrast, the Hoel ice flow unit lowered in a
more uniform rate of 50 m in the period 1961-1990 and then another 50 m between 1990 and
2009, but maintaining more or less the same profile shape with a mean slope of 10%.

4.2. Proglacial (ice-marginal) landform changes LIA - 2013

The area covered by clean glacial ice, ice-cored moraines, till plains, glacifluvial deposits,
rivers and lakes were quantified for each available period for the proximal part of the glacial
system (i.e. between the LIA and the 2013 glacier margins; Fig. 6). The area covered by
different surficial units was used as a proxy for identifying the predominant geomorphological
processes operating over the foreland during the post-LIA period (Fig. 7).

In 1938, the ice margin was sited just behind the LIA moraine and hence the exposed glacier
surface was the most dominant surficial unit (Fig. 7). The whole snout was surrounded by
latero-frontal moraines and drainage was not well developed, with the main stream flowing
from the NE part of the ice margin. Supraglacial debris in the form of looped stripes was visible
over the snout (Fig. 6a). There have been no direct historical observations of the glacier surge
that might have been responsible for these looped moraines (cf. Meier and Post, 1969), but
their occurrence potentially indicates that the Hoel ice flow unit surged, or at least advanced
relatively fast, and displaced the Harbye ice flow unit towards the NE side of the valley.

In 1960, due to ice melting and decrease in the elevation of the glacier surface, some of the
supraglacial debris stripes and medial moraines became more visible (Fig. 6b). An increase in
coverage of the unit related to the latero-frontal moraines is also apparent (Fig. 7). Drainage
migrated slightly, with the main stream flowing from the northern part of the ice margin
breaking through the latero-frontal moraine to produce two narrow corridors.

11
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Exposed glacier surface
- Water (streams and lakes)
Latero-frontal moraine (ice-cored)
- Supraglacial debris and debris stripes

- Eskers (ice-cored) and geometric ridge
networks (hydrofracture and crevasse fills)

Glacifluvial and glacilacustrine plains
Subglacial domain (mostly till)

- Moraine-mound complex - degraded

- Exposed bedrock u 1,500 m

Figure 6. Spatio-temporal changes in dominant surficial units and hence process-form regimes
in the snout area and emerging foreland of Harbyebreen, Svalbard.

In 1990, a further retreat in the glacier margin and lowering of the ice surface resulted in
exposure of the glacier bed (mostly till) which was visible between the 1990 ice margin and
the latero-frontal moraines (Fig. 6¢). Most parts of these areas were, however, flooded by
meltwater which was partially blocked by the moraines, creating ponds in front of the ice. Part

12
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of the drainage continued along the NE margin using the previously formed corridor, while
other meltwater pathways developed a new breach in the central section of the latero-frontal
moraine. Part of the latter was probably de-iced over time, as suggested by characteristic
landscapes such as kettle-holes and collapsed terrain, and results of previous geophysical
investigations (cf. Gibas et al., 2005). In the 1990 imagery a large esker ridge became visible
along the NE margin for the first time. The esker was still ice cored and located above the level
of the river and outwash, indicating that the esker system was a trace of the previous englacial
drainage system.

1938 1960 1990 2009 2013
Exposed glacier surface W Water Latero-frontal ice-cored moraine
m Supraglacial debris & debris stripes B Exposed bedrock Moraine-mound complex - degraded

Eskers (ice-cored) and geometric ridge
networks (hydrofracture and crevasse fills)

Subglacial domaine (mostly till) Glacifluvial and glacilacustrine m
Figure 7. Percentage of different surficial units and hence process-form regimes in the snout
and emerging foreland area of Hgrbyebreen over time.

In 2009, the ice margin was between 1 and 2 km from its maximum extent at the LIA, and
large-scale reorganization of the foreland had taken place (Fig. 6d). The main meltwater portal
was still located at the NE part of the margin, but the stream braided through the central part
of the foreland. It had two consequences: (1) the NE corridor between the esker and later
moraines was abandoned; (2) most of the meltwater went through the central part of the
foreland, destroying almost the entire subglacial signature in this area and leaving only small
patches of subglacial till plain elevated several meters above the outwash level (Fig. 8a, b).
Degradation of the Hoel ice flow unit had a different character, with ice mostly downwasting
and developing prominent supraglacial debris stripes overprinted on englacial and subglacial
geometric ridge networks (crevasse squeeze ridges, hydrofracture infills and small eskers - Fig.
8c) visible on the SW part of the foreland. Small ponds and streams were also common on this
part of the foreland.

In 2013, ice occupied less than 25% of the foreland (Figure 7), while the ice margin was up to
3 km from its maximum LIA position (Figure 6e). Further migration of the drainage had taken
place and had destroyed further subglacial deposits related to the Harbye ice flow unit. Ice
marginal retreat also resulted in the exposure of further segments of the ice-cored esker. On
that part of the foreland occupied by the Hoel ice flow unit, more extensive geometric ridge
networks were exposed by downwasting ice, together with an increase in the number and size

13
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of ponds. Supraglacial debris stripes were still visible and it was possible to trace them in some
places as far as the LIA moraines.

Figure 8. (a) Migration of drainage towards the central part of the foreland lead to the
destruction of large areas of subglacial deposits. Only small isolated, elevated fragments of
subglacial traction tills remained in the northern part of foreland; (b) Larger areas of
subglacial deposits temporarily survived in the central part of the foreland but will be probably
removed by meltwater in the future. Note small flute hooked behind the boulder. Former ice
flow was from lower-right towards middle-left of the picture; (c) Concentration of debris
associated with former englacial channel emerging as the ice surface retreated and
downwasted; Note that the ridge visible in the picture is still ice-cored; (d) Fine-grained
deposits visible after drainage of a short-lived pond in the southern part of the foreland; (e)
section through glacilacustrine deposits accumulated in short-lived pond, which developed
after 1990 and drained before 2009.
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The time-series of charts depicting change in surficial unit coverage over time, for an area of
approximately 10 km? (Fig. 7), clearly indicate a decrease in importance of process-form
regimes directly related to the ice, along with an increase in the areas covered by glacifluvial
deposits, water bodies and ice-cored moraines (Fig. 7). The area covered by the exposed glacier
ice diminished from 86% in 1938 to about 20% in 2013. As a consequence of glacier retreat
and the evolution of the foreland, areas covered by latero-frontal ice-cored moraines increased
steadily from about 7% in 1938 to more than 35% in 2003. In the period since 1990, most of
the meltwater has flowed through the foreland and the associated glacifluvial processes have
removed a large area of subglacial deposits which have decreased in area from 12% in 2009 to
less than 9% in 2013, concurrent with an increase in glacifluvial deposits to almost 14% in
2013.

4.3. Evolution of the drainage network and pro-glacial lakes, 1936 — 2013

Proglacial streams in front of Harbyebreen varied over time in terms of location and character
(Fig. 6). For most years, the main meltwater portal at the ice margin was located at the NE side
of the glacier; however, some minor meltwater evacuation portals were also observed in other
sections of the margin.

Since 1936, the supraglacial debris cover near the frontal margin of the glacier snout has been
increasingly dissected by small englacial and supraglacial channels. As a consequence, a series
of small esker-like landforms emerged from the SW margin, indicating the former location of
the drainage system to be potentially related to the Hoelbreen ice flow unit. In 1960, minor
streams were no longer visible, and only the largest stream flowed from the NE side of the
Harbye ice flow unit. This river was still active in 1990 but it migrated laterally, following the
retreat of lateral clean ice margin, and an additional portal was visible where water ponded in
the central part of the foreland between the LIA moraines and 1990 margin. Also visible in
1990 was drainage channelled through the LIA moraines with three ravines being occupied by
active streams, as well as several smaller abandoned corridors. In 2009, the main meltwater
portal was still visible in the northern part of the foreland (more than 3 km from the maximum
ice extent); the main river braided into numerous channels through the foreland, whereas the
northern corridor was abandoned. At the same time, several minor streams flowed from the
Hoel ice flow unit, flowing through a geometric ridge network and thereby creating numerous
shallow ponds in which sedimentation rates were high (Fig. 8d) — based on field observations
thickness of the lacustrine deposits in small ponds formed after 1990 and drained before 2009
was about 0.8 m (Fig. 8e), which equalled to minimum average rate of approximately 2.8
cm/year. In 2013 some further modifications to the drainage were visible but the main
meltwater portal was still located in the north and braiding its way through the foreland, with
minor streams and numerous pond to the south.

The clearly developed esker networks reflect a difference in the drainage networks between the
Herbye and Hoel ice flow units. The Hgrbye ice flow unit was drained by a single, large
channel, which led to the development of a large, ice-cored esker along the N and NE side of
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the glacier. The Hoel ice flow unit was associated with numerous smaller eskers and geometric
ridge networks potentially representing hydrofracture and crevasse infills (Evans et al. 2012).

5. DISCUSSION
5.1.Glacier changes

The historical recession of Hgrbyebreen has been far greater than other land-terminating
glaciers located in the vicinity of Petuniabukta (Fig. 1) (Matecki, 2016; Rachlewicz et al.,
2007), with values of 30 and 20 m/year for the Hagrbye and Hoel ice flow units respectively
(Fig. 4). The increasing retreat and thinning of the glacier after the LIA indicates that even if
the glacier did surge in the past, it is likely not now capable of accumulating enough mass to
initiate further surges under current climatic conditions (Matecki et al., 2013). This accelerated
retreat has generated a large amount of meltwater, which in turn significantly modified the
glacier foreland over time (see Section 4.3 and Fig. 6). The difference in response between the
Harbye and Hoel ice flow units is also clearly marked (Fig. 4). If retreat continues in a similar
rate to the present (i.e. 20 — 30 m/year), these two ice flow units will become separate around
the year 2080.

5.2. Spatial and temporal changes in the dominant geomorphological processes

The dynamics of the proglacial area of Harbyebreen illustrate decay in the high-Arctic,
polythermal (had probably surged in the past) glacial landsystem. Using different types of
surficial units as a proxy for the dominant geomorphological processes, five main process-form
regimes were recognized: glacial-related, glacifluvial and glaciolacustrine, downwasting, mass
wasting processes, and stabilization. Spatio-temporal analysis over the snout area
(approximately 10 km?) indicates a serious decrease in processes directly related to the glacier,
i.e. from more than 90% in 1938 to less than 25% in 2013 (Fig. 9). This glacial-related regime
was transformed mostly into one of mass-wasting processes as a result of the development of
large ice-cored lateral moraines. Currently, direct glacial processes have a relatively low impact
on landscape dynamics in proglacial areas. Rather, most of the transformations are related to:

1) Mass wasting of lateral moraines, where large debris flows develop and lead to
repetitive transformation of landform and sediments (Fig. 4a-c);

2) Downwasting of dead-ice buried under supraglacial debris, leading to the emergence of
landforms related to the former englacial drainage/crevasse patterns (Fig. 8c);

3) Glacifluvial erosion and deposition which effectively removes traces of other processes
and leads to the development of relatively flat, inner outwash plain (Fig. 8a);

4) Localised glaciolacustrine deposition, leading to rapid accumulation of fine-grained
sediments (cf. Wojciechowski, 1989) (Fig. 8d, e).

16



402

403
404

405
406
407
408
409
410
411
412
413
414

415

416
417
418
419

420
421
422
423
424
425
426
427
428
429
430
431
432
433
434

Dominant processes

100% — P
Stabilization
80% E— |
60% B Downwasting
4
40% | Glacifluvial and glacilacustrine
20% ] Mass wasting processes

0% F T T T T T T T T T T
1938 1945 1952 1958 1966 1973 1980 1987 1994 2001 2008

Direct glacial-related

Figure 9. Changes in dominant processes in the snout and emerging foreland areas of
Harbyebreen.

In terms of elevation changes, the average lowering of ice-cored lateral moraines in the period
1960-2009 varied from 0 to 1.5 m/year depending on the local situation. Such values are in the
same order of magnitude as those of other Svalbard glaciers (Ewertowski, 2014; Ewertowski
and Tomczyk, 2015; Irvine-Fynn et al., 2011; Midgley et al., 2018; Schomacker and Kjeer,
2008; Tonkin et al., 2016). The remaining part of the proglacial area (approximately 10% in
2013) was stable over this period and in equilibrium with current climatic and environmental
conditions. The relatively small size of the stable area compared to other glaciers in the vicinity
(Ewertowski, 2014; Ewertowski et al., 2016; Ewertowski and Tomczyk, 2015) is related to the
fact that the drainage of Harbyebreen has migrated over time and is now impacting upon the
whole central part of the foreland, destroying large areas of potentially stable geomorphology.

5.3. Deglaciation scenarios

Glacial retreat has resulted in the emergence and paraglacial transformations of a complex
landform assemblage related to a polythermal glacier snout. Based on field observations and
the analysis of remote-sensing data, two main domains are identified in the proglacial area of
Harbyebreen (Figure 10):

e Inner domain related to the temperate ice zone - In situations where there is a limited
amount of englacial or supraglacial debris, the final landscape component in the
foreland will be a subglacial till plain (Fig. 8b). Such till plains are relatively stable, as
they do not contain dead-ice or steep topography. However, in the case of Hagrbyebreen,
meltwater has destroyed large areas of till plain relatively quickly (Fig. 8a), leading to
the development of low-lying outwash plains filled with sands and gravels.

e Outer domain related to cold-based snout - Debris concentrations on the ice surface,
mostly related to medial moraines, controlled moraine or lateral moraines, lead to the
development of pronounced ice-cored moraine or moraine-mound complexes. Debris
thickness is initially thin (< 1 m) but enough nevertheless to protect ice from melting
(Fig. 4a) (cf. Nicholson and Benn, 2006; Nicholson and Benn, 2013). Further
degradation by debris flows is accelerated by thermal erosion by meltwater and
repetitive backwasting processes increase the thickness of the debris cover (Fig. 4c).
Ice-cored moraines are the most active in the period shortly following deglaciation;
after this initial topographical re-adjustment, thickness of the debris cover is sufficient
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to almost completely prevent melting of the ice-cores. Further switching between stable
conditions and active degradation depends mostly on local factors (e.g. meltwater,
intensive rainfall, over-steepening of topography due to erosion). When stabilised, such
ice-cored landforms can be stable component of the landscape (e.g. some fragments of
latero-frontal moraine of Harbyebreen; Fig. 4) over several decades. After final
degradation and de-icing, this depositional scenario results in hummocky topography
with chaotic hills and ponds.

This basic scheme was complicated by complex interactions between flow units; and potential
release of pressurised meltwater from temperate parts of the glacier blocked by frozen snout,
which resulted in increasing presence of englacial debris. When debris is concentrated in
various structures within the ice (englacial debris) (Fig. 8c) or as relatively thin longitudinal
debris stripes on the surface of the glacier (Fig. 4e, ), the resultant geomorphology is a complex
pattern of cross-cutting ridges visible in the SW part of the foreland. Such cross-cutting
landforms do not necessarily have a good preservation potential because they contain at least
a certain amount of dead-ice that is partly protected from melting by debris cover. A cross-
cutting planform of ridges favours water ponding, which in turn creates sedimentation traps,
collecting fine-grained glacilacustrine material (Fig. 8d, ). Depending on their preservation
potential the final product is usually a landscape that contains low-relief linear hummocks and
small intervening ponds.

5.4 Glacial landsystem

Our spatial and temporal analysis of landscape transformations at Hagrbyebreen reflects the
downwasting and recession of a high-Arctic polythermal glacier and hence the evolution of the
landsystem signature that is diagnostic of such glaciers. Inherent within this landsystem
evolution is an important switch from direct glacial processes to indirect (paraglacial and
proglacial) processes, the latter being conditioned primarily by ice-core degradation and the
increasing complexity of meltwater drainage networks (Figure 6). Various landform-sediment
assemblages can be identified within the landsystem signature (cf. Evans et al., 2012) and can
be summarized as outer and inner domains typical of the Svalbard polythermal glacial
landsystem (Glasser and Hambrey, 2003). The outer domain relates to the frozen or cold based
snout and comprises the arcuate latero-frontal ice-cored moraine and moraine-mound
complexes, the latter containing variable amounts of buried ice and relating to the formation of
controlled moraine (sensu Evans, 2009). The inner domain comprises streamlined (fluted) tills
created in the temperate ice zone that previously lay up-ice from the frozen snout. This simple
zonation is complicated by the interaction of different glacier flow units, especially the
potential surge of the Hoel ice flow unit to form deformed and looped medial moraines, traces
of which are still visible in the landscape. The surge may also have been influential in the
creation of large ice-cored moraines, hummocky terrain and crevasse squeeze ridges (cf. Evans
and Rea, 2003; Evans et al., 2012; Lovell et al., 2018; Lovell et al., 2015; Roberts et al., 2009),
the latter emerging within a dense geometric ridge network that appears to be centred on a zone
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of linear esker ridges. This landform assemblage comprises small eskers, crevasse-squeeze
ridges and hydrofracture fills and might more realistically relate to the rapid release of
pressurized meltwater from the temperate ice zone of the glacier snout and its injection into the
cold based snout ice rather than surge-induced crevassing. A further azonal domain relates to
the extensive meltwater reworking of landforms and sediments to produce glacifluvial outwash
plains. Finally, the very localized development of glacilacustrine deposits, especially as they
accumulate over buried glacier ice, is unlikely to result in a significant azonal domain.
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Figure 8. Different scenarios for paraglacial transformation of a complex landform
assemblage related to a polythermal glacier snout. Domain zonation and associated debris
concentration relates to former distribution of cold-based and temperate ice, and interactions
between different flow units. See further explanations in the text.
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6. CONLUSIONS

This study adds data on quantification of multi-decadal scale changes in proglacial landscapes
in the high-Arctic polythermal landsystem by delivering information on planform and
volumetric changes in the foreland of Harbyebreen, Svalbard. Spatio-temporal analysis of the
foreland of downwasting and retreating Harbyebreen indicated that:

1) Area covered by exposed glacial ice between the maximum LIA extent and 2013
decreased from 29.35 km? to 16.07 km?, which is a reduction in the glacierized area in
the catchment from 62% to 34%;

2) Total volume loss in proglacial area was 214.9 (+-3%) millions m*. This was attributed
mostly to melting of the glacier snout. Degradation of ice-cored landforms was ten
orders of magnitude smaller than of glacier snout.

3) The transition from areas formerly covered by glacier ice to ice-cored moraines,
glacifluvial deposits, and other landforms was the most intense in the period 1990-2013.

4) Former glacier thermal regime and associated volume of debris in englacial and
supraglacial position resulted in the development of two main domains:

a. Subglacial surfaces related to the inner, temperate ice zone characterised by
former limited englacial and supraglacial debris;

b. Outer complex of moraine-mounds and arcuate latero-frontal ice-cored moraine
related to the former cold-based snout and large concentration of supraglacial
debris.

5) Azonal landform assemblages included:

a. Lopped moraines associated with complex interactions between different flow
units, including potential surge of Hoel flow unit;

b. Complex geometric ridge network in SW part of the foreland indicating former
surging behaviour or sudden release of pressurised meltwater from temperate
part of the glacier blocked by frozen snout;

c. Glacifluvial outwash plains deposited due to lateral drainage migration from
external part of the landsystem to the central part of the foreland.

Further investigations into the preservation potential of different landform assemblages are
necessary to fully quantify the impact of future climatic and environmental changes in the
Arctic areas.
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