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ABSTRACT. Ragnarbreen is a small glacier located in the central part of Spitsbergen Island
(Svalbard archipelago) and fed by the larger ice mass of Mittag-Lefflerbreen. Glacier recession
and landform development in the foreland of Ragnarbreen are quantified using time-series
orthophotos and digital elevation models, which were generated based on aerial photographs
from 1961 (black and white frame camera), 1990 (false infrared frame camera) and 2009
(colour digital camera), obtained from the Norsk Polar Institute.

Receding from its maximum Little Ice Age extent, attained in the period 1900/1920-2013, the
glacier margin retreated by 1658 m while the extent of the area of ice decreased by 26%. The
glacier snout lost 135 million m® of ice during the period 1961-2009, whereas landform
changes (mainly due to dead-ice melting and debris flow activity) were more than twenty five
times lower, with the less than 5 million m® of sediment and dead ice volume loss. In terms of
landscape alteration between 1961 and 2009, the most important was the creation of a
terminoglacial lake, which acted as a sedimentary trap and at the same time probably
accelerated glacier retreat. The second most active component was the lateral moraines whose
transformations were divided into four phases, with various magnitudes of debris flow and
backwasting activity that changed with time. The end moraine complex was the most stable
component, affected mainly by dead-ice downwasting and to a lesser extent by sporadic debris
flows.
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Introduction

The extensive recession of Svalbard’s glaciers provides a unique opportunity for the study of
landscape alteration in response to changes in climatic conditions. Quantification of process-
form relationships is especially important in the context of predicting and modelling of future
environmental changes. Most studies related to the quantitative analysis of environmental
transformations on Svalbard have concentrated on changes in glacier geometry, dynamics and
mass balance (Hagen and Liestel 1990; Hagen et al. 1993; Jania and Hagen 1996; Melvold and
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Hagen 1998; Bamber et al. 2005; Nuth et al. 2007; Rachlewicz et al. 2007; Sund et al. 2009;
Moholdt et al. 2010a; 2010b; Nuth et al. 2010; Kristensen and Benn 2012; Murray et al. 2012;
Matecki et al. 2013). Much less attention has been paid to alterations in glacial landforms
including changes due to dead-ice melting (e.g. Bennett et al. 2000; Etzelmiiller 2000a, 2000b;
Lonne and Lysa 2005; Lukas et al. 2005; Schomacker and Kjaer 2008; Irvine-Fynn et al. 2011).

The aim of the study is to quantify decadal landscape changes in the area undergoing recent
deglaciation. This study presents quantitative data on the transformation of Ragnarbreen,
Svalbard, based on multi-temporal digital elevation models (DEMs) constructed from aerial
photographs. Furthermore, dominant geomorphic processes within the glacier’s foreland are
identified and related to the overall landscape changes. A model of glacier and landform
transformations is also presented.

Regional settings

The study area is located in the Svalbard archipelago in a high-Arctic setting. Almost 60% of
the archipelago is covered by glaciers, containing ice caps, ice fields, cirque and valley glaciers
(Nuth et al. 2013). The Little Ice Age terminated on Svalbard around 1920 and significant rise
of temperature occurred during 1920s and 1930s (Nordli and Kohler 2003; Nordli et al. 2014).
Thus, many studies assumed that most of Svalbard’s glaciers started to retreat from their
Neoglacial maximum extent around the 1920s (Lefauconnier and Hagen 1990; Hagen et al.
1993). However, field observations provided by reports from the early 20th century arctic
expeditions - which documented that during 1910s and 1920s some glaciers had already
retreated from moraines marking its maximum extent (cf. Lamplugh 1911; Slater 1925) -
suggest that some of the glaciers started to retreat earlier, around the 1900s.

Ragnarbreen is located north of Petuniabukta at the head of Billefjorden on the island of
Spitsbergen (Fig. 1). The climate of the study area is more continental than the western coast
of the island, with a smaller amount of precipitation and slightly higher variations in
temperature amplitude (Rachlewicz and Styszynska 2007; Rachlewicz 2009). As a
consequence, the extent of the ice cover around Petuniabukta is also smaller.

Previous work on glaciers and glacial landforms in the study area concerns both
geomorphology (e.g. Ktysz 1985; Gonera and Kasprzak 1989; Karczewski 1989; Stankowski
etal. 1989; Karczewski et al. 1990; Karczewski and Ktysz 1994; Gibas et al. 2005; Rachlewicz
and Szczucinski 2008; Rachlewicz 2009; Hanacéek et al. 2011; Evans et al. 2012) and
glaciology (e.g. Rachlewicz et al. 2007; Rachlewicz 2009; Matecki 2013; Matecki et al. 2013).

Ragnarbreen is a small glacier flowing from the larger ice mass, Mittag-Lefflerbreen. The four
main landscape elements of Ragnarbreen are: glacier snout (clean glacier surface),
terminoglacial (partly supraglacial) lake, lateral moraines, and an end moraine complex.
Processes and sediments of the last component have been described previously (Ewertowski et
al. 2012), so that in this study the main focus is on the transformation of the glacier snout, lake
and lateral moraines.
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Methods

Landscape changes were quantified based on multi-temporal aerial photographs and digital
elevation models (DEMSs) created from aerial stereo pairs. Three sets of aerial photographs
were obtained, courtesy of the Norsk Polar Institute (NPI), and processed using
photogrammetric software for the generation of orthophotos and DEMs:

1. Black and White frame camera photographs from 1961: S61-3102 (F72), S61-3103 (F-
73) and S61-3104 (F74). The ground resolution of these photographs was 0.55 m.

2. False infrared colour frame camera photographs from 1990: S90 1904, S90 1905, S90
1906. The ground resolution of these photographs was 1 m.

3. Colour digital camera photographs from 2009: S2009 13833 0481, 13833 0482,
13833_0483, 13833 _0486, 13833 _0487. The ground resolution of these photographs
was 0.4 m. The narrow strip of the NW part of the lateral moraine was only covered by
one of the photos; hence, for this area, DEM construction was not possible.

The projection used was UTM zone 33N. Coordinates of control points were collected around
the glacier’s foreland with the use of dGPS during summer of 2013. In total, 42 points were
surveyed, 25 were used as ground control points (GCP) to establish absolute orientation for
orthorectification of aerial photographs and DEM creation, whereas a further 17 were used as
independent checkpoints to assess the quality of the processed data (i.e. they were not used for
orthophotos and DEMs creation, but to evaluate the horizontal and vertical errors of the final
products). The root mean square error (RMSE) in 3D space compared to ground surveyed
checkpoints was as follow: 1.16 m for 1961, 1.48 m for 1990, and 0.95 m for 2009, with
horizontal errors slightly larger than vertical ones (Table 1). Moreover, systematic and random
vertical errors were assessed by comparison of 1961 and 1990 DEMs with the 2009 DEM at
points where elevation was expected to be stable (i.e. non-glaciated, non-ice-cored, non-
dynamic rock areas) (Table 1). These errors are higher than these calculated from ground-
surveyed checkpoints with RMSE 2.60 for 1961 and 3.75 for 1990. Error distribution was close
to normal suggesting random errors rather than systematic. Larger errors for 1990 products
resulted from coarser resolution of 1990 aerial photographs. Calculation of volume changes in
landforms and glacier snout was done with the use of DEMs of Differences (DoDs) (cf.
Wheaton et al. 2010). i.e. generated DEMs were subtracted from each other, enabling a spatial
picture of the loss or deposition of material to be obtained in each cell of the model from one
period to another. Then the values of elevation changes were multiplied by cell size, and thus
the volume changes were calculated. All elevations provided in the text are ellipsoidal. Lake
depth was surveyed in 2005 from rubber boat using echo sounding with GPS and crosschecked
by manual depth soundings (using rope with weight).

Geomorphological features were identified in the orthophotos aided by visualization of the
DEMs (relief shading with different light directions) and its derivatives (slope gradient, aspect
and curvatures) Additional field geomorphological mapping and ground checking were carried
out during fieldwork in 2005, 2007, 2012 and 2013. Geomorphological maps were compiled
and digitally drawn in a GIS environment. They will be published in the near future together
with maps concerning neighbourhood glaciers.



Table 1. DEMs specification and errors based on independent ground survey checkpoints and
internal checkpoints (2009 DEM)

Accuracy compared to ground Vertical accuracy and precision of
DEM cell surveyed checkpoints (n = 17) DEMs compared to 2009 checkpoints
Year size Vertical  Horizontal Total Mean Standard
(m) RMSE RMSE (3D) error deviation RMSE
RMSE of error
(m)
1961 1.0 0.65 0.94 1.16 1.25 2.28 2.60
1990 1.0 0.80 1.27 1.48 1.19 3.55 3.75
2009 0.4 0.63 0.76 0.95 - - -
Results

Spatial and temporal trends in evolution of the glacier snout and terminoglacial lake

Glacier extent changes during recession from its LIA maximum position: 1900(1920)-2013.
The maximum LIA extent of the glacier was calculated using lateral and end moraine
complexes, it was assumed that the outer edges of these moraines marked the approximate
position of the ice margin. As there is no direct evidence about the timing of recession, it was
assumed that the glacier started to retreat from this position around either 1900 or 1920
(similarly to the other glaciers on Svalbard) and thus these two dates were used for further
calculations. Glacier extents from 1961, 1990 and 2009 were distinguished based on aerial
photographs. In the upper part of the glacier, the border between Ragnarbreen and neighbouring
glaciers was delineated based on elevation changes represented by ice surface contours. The
total decrease in the glacier’s extent over the period 1900/1920 and 2009 was 3.33 km? or 26%
of the maximum extent (Table 2, Fig. 2a). It has to be stressed that the delineated area of ice
refers to the glacier surface without debris cover, because there is still a lot of ice buried under
the debris cover within the moraines.

Table 2. Changes in glacier extent, Ragnarbreen, Svalbard. Note that values of area changes are
provided jointly for the whole glacial (i.e. main glacier body plus small niche glacier)

Percentage area of

Year Area of ice cover jce cover remaining
(km?) (%)
LIA maximum
13. 1
(1900/1920) 3.05 00
1961 11.78 90
1990 10.62 81
2009 9.72 74
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Figure 2. (a) Changes in the extent of the ice, and (b) changes in glacier margin position
(Ragnarbreen, Svalbard). Note that extent changes are provided for the whole glacial basin jointly.

The recession of the glacier margin is especially visible for the glacier snout (Fig. 2b). The
snout retreat from its maximum extent to the 2013 ice margin position was 1658 m and the
mean annual retreat rate was 14.7 m a~* (1900) or 17.8 m a (1920) depending on which date
will be taken as the beginning of glacier recession. However, recently the retreat rate has
increased (Table 3). The values of the snout recession were measured along one line following
the valley and glacier’s main axis. Thus, they are slightly different from results shown in
Rachlewicz et al. (2007), where the maximum distances between the glacier’s extent for each
period were provided.



Table 3. Recession of glacier margin from its Neoglacial maximum extent: 1900/1920 -2013,
Ragnarbreen, Svalbard. Note: The values of the snout recession were measured along one line
following the valley and glacier’s main axis.

Time period Glacier margin recession
Total annual mean
retreat rate
(m) (ma)
Neoglacial maximum extent 453 7.4/11.0
(1900/1920)-1961
1961-1990 557 19.2
1990-2009 534 28.1
2009-2012 92 30.7
2012-2013 22 22.0
Neoglacial maximum extent 1658 14.7/17.8

(1900/1920)-2013

Volume and elevation changes within glacier ’s foreland and snout (1961-2009). The glacier
surface in profile parallel to ice flow was significantly lowered during the period 1961-2009
by up to 90 m (Fig. 3b). An additional ~17 m can be added for the area where currently there
is the deepest part of the terminoglacial lake. In 1961, the glacier surface showed a
characteristic steep ice front (mean slope 11%), followed by a flatter section (over the
contemporary lake) with a mean slope of 5%. In 1990 and 2009, the glacier snout was
characterized by a mean slope of 8% and 10% respectively, with no flat section. The glacier’s
thickness in several profiles, transverse to ice flow, was also greatly lowered. In the
transverse profiles (Fig. 3c), ice surfaces showed slight asymmetry, with the NE side being
lower than the SW side.

Detailed DEMs of Differences were used to calculate the volume and spatial distributions of
changes during the periods 1961-1990, 1990-2009, and 1961-2009 (Fig. 4). The total volume
lost from the glacier’s foreland and snout (i.e. decrease in the volume of active ice plus decrease
in volume of debris covered ice) over the period 1961-2009 was ~140 million m3. The majority
of this loss (> 135 million m®) was related to active ice melting. Mean annual changes in the
snout area and volume vary over the study period (Table 4); however, a general tendency
towards increased volume loss was visible. Spatial variability was also apparent: the NW part
of the glacier was most reduced, which is reflected in the pattern of elevation changes (Fig. 4).
The maximum value of elevation changes during the period 1961-1990 for the NW part of the
glacier snout was —2.16 m a~* whereas for the period 1990-2009 it was —2.81 m a™*. Spatial
variability in elevation changes resulted in an asymmetric transverse profile (Fig. 3).
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Figure 3. Surface changes of the glacier’s foreland and snout, Ragnarbreen, Svalbard: (a) profiles’
locations; (b) profile A1-A2, parallel to the ice flow direction; (c) profiles transverse to the ice flow

direction.

Table 4. A comparison of volume changes over time. Landform (dead-ice + debris) volume was
calculated for the foreland exposed after 1961 only.

End moraine complex

elevation difference

volume change

area

Time period maximum  minimum mean annual mean
m m m ma m3 m?
1961-1990 3.2 -10.2 -1.6 —0.055 —396 454 261 899
1990-2009 2.1 -11.8 -0.1 —0.003 -13 468 261 899
1961-2009 4.2 -11.4 -1.6 —-0.033 -409 921 261 899
Lateral moraines exposed after beginning of the recession and before 1961
1961-1990 4.3 -14.7 -4.2 -0.15 -1834 730 432 372
1990-2009 4.9 -9.3 -1.6 —0.08 —-671512 432 372
1961-2009 5.7 -16.5 -5.8 -0.12 -2 507 445 432 372
Lateral moraines exposed between 1961 and 1990
1990-2009 3.4 -28.8 -3.1 -0.16 -1 837816 587 694
Glacier snout

1961-1990 0 627  -329 ~1.14 —85020046 ;58 766
19902009 3.8 -53.4  -234 ~1.23 —46713675 1993305
1961-2009 15 -99.2  -50.4 ~1.05 —135299426 5 gg5 755
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Figure 4. DEMs of Differences (DODs) showing the spatial distribution of surface transformation of
the glacier snout, Ragnarbreen, Svalbard. Areas assumed to be stable or whose transformation was
within the range of DEM errors are marked in light blue



Evolution of terminoglacial lake and drainage system (1961-2013). In 1961, the main
supraglacial drainage was flowing on the SE part of the glacier. On the north side, only smaller
supraglacial streams were observed. A subglacial outflow was located immediately behind the
end moraine complex with the stream running through the complex. There was no big lake in
front of the glacier margin. A terminoglacial lake started to develop between 1980 and 1984
according to personal communication from members of the 1979 and 1984 expeditions
(pers.com. L. Kasprzak, P. Ktysz, 2004). This distal part of the lake (formed between 1961 and
1990) was shallow (up to 2 m deep) and contained quite a number of islands. The islands’
maximum height above the lake level was 3 m, but usually did not exceed 1 m above the lake
level. Two small ponds have developed inside two of the islands.

In 1990, the main supraglacial stream was located in the central and NW part of the glacier.
The terminoglacial lake was 780 m long and more than 400 m wide (Table 5). The lake has
subsequently grown, reaching a length of 1400 m in 2013. The main drainage from the lake
was in a similar position during the study period; however, the lake level and in consequence
the extent changed slightly over the years (Table 5; Fig. 5).

Table 5. Morphometry of terminoglacial lake, Ragnarbreen, Svalbard

Year Maximum length  Maximum width ~ Maximum depth Area
(m) (m) (m) (m?)
1990 778 444 - 221141
2005 1080 450 17 390 000
2009 1320 472 - 431 336
2012 1383 472 - 461 165
2013 1405 472 - 470 034

Since 1990, the proximal part of the lake has developed. The proximal part was also deeper
than its distal counterpart. The north part of the lake bottom declined gently to the centre of the
lake, whereas the southern part dipped steeply. The maximum depth of the lake in 2005 was
17 m, which created a depression in front of the current ice margin. Moreover, buried ice still
existed within some fragments of the lakeshore, islands, and at least to some extent at the
bottom of the lake as well. Several small deltas have developed along the lakeshore (in places
where the water was not deep), some of which were subsequently abandoned during glacier
recession.

Evolution of the lateral moraines 1961-2013

Lateral moraines are the most prominent landforms in the Ragnarbreen foreland. They are built
of significant amounts of ice covered by a relatively thin veneer (0.5-2 m thick) of debris.
Since 1961, the lateral moraines were the most active landform assemblages within the
glacier’s foreland. Elevation lowering in the period 1961-2009 was at a maximum of =17 m (—
0.35 m a!) compared to more than —90 m for the clean glacier surface. The volume decrease
of lateral moraines was 4.3 million m®. Most dynamic changes were related to debris flow
activity and related dead-ice backwasting. Elevation decrease in areas without active mass
movement processes was lower and interpreted as dead-ice downwasting.
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In 2009, the lateral moraines extended along the glacier tongue up to 3000 m. The southern
moraine was higher and wider than the northern one. Absolute height of the moraines varied
from around 120 m to 350 m, whereas the relative height above the lake level or glacier surface
was from 10 m (in the distal part of the moraine) to 100 m in (the place where the 2009 ice
margin occurred). Upvalley, the relative height decreased, finally levelling with the glacier
surface. The width of the southern moraine was between 210 m and 350 m. The northern
moraine was between 10 m and 80 m in terms of relative height, and between 200 m and 300
m in terms of width. At present, debris delivered from the valley sides is stored in the
depression between the lateral moraine and slope or within the lateral moraine. This situation
effectively cuts off the supply of supraglacial debris to the glacier surface. Hence, there is no
possibility to incorporate supraglacial debris into the glacier transport system and deliver it to
the contemporary ice margin.

The lateral moraine’s development is related to the presence and variability of distribution of
the supraglacial debris cover. The occurrence of a sparse and thin debris layer on the ice surface
can intensify ablation due to a reduction of albedo, but debris cover thicker than several
centimetres can decrease or even stop the ablation of underlying ice by reducing insolation and
radiation (Nicholson and Benn 2006; Kellerer-Pirklbauer et al. 2008; Nicholson and Benn
2013). The lateral moraine complex was divided into three parts according to its topographic
characteristics in 2013. Hence, the outlines of each part have been located and superimposed
on earlier aerial photographs in order to assess their temporal evolution since the earliest
photographs dating to 1961. Each part has evolved through the same set of processes over time,
so they can be regarded as stages in a quantifiable process-form continuum. Characteristics of
the three parts of the lateral moraines and their changes 1961-2009 are as follows:

(A) Lateral moraine along the contemporary glacier surface (Figs. 6a, b, 7a). This part of the
lateral moraines took a form of single crests adjoining the valley sides or, less often, separated
from the valley side by a small depression, usually with a stream. The slope of the ridge was
steep (>30%), but the profile was smooth. Only in some places were traces of water or debris
flow observed. The transition from the slope of the lateral moraine (covered with debris) into
the clean ice surface was distinct (usually a small supraglacial stream was flowing along these
borders). Occasionally in some places, water flowing from the small patches of snow and ice
located above the glacier went through the lateral moraine, thereby exposing the ice cores and
showing how thin (usually less than 0.7 m) the debris cover was (Fig. 6).

(B) Lateral moraine along the lake (Fig. 7b). This part had a slightly different elevation profile,
compared to the lateral moraine along the contemporary glacial surface. A single crest, 10-20
m wide, had developed adjoining the slope (in some parts, the crest was separated by a small
depression). A steep scarp, 2-8 m high, had developed at the inner side. Exposed ice cores were
often visible within these scarps. Below the scarp, slope of the lateral moraine declined steeply
toward the lake level. Relief was highly rough with plenty of small hillocks, flow lobes,
channels and headscarps (Fig. 6d, e). Dynamics of the geomorphic processes, mostly various
types of debris flows, was much more intense in this part of the moraine. Observations during
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the fieldwork showed that some fragments were remodelled during very short periods of time,
from several hours to a couple of days.

Figure 6. Lateral moraine of Ragnarbreen. (a), (b) gentle border between the valley side and
lateral moraine; (c) stream going through the lateral moraine. Note how thin the debris
cover is; (d) lateral moraine along the lake with visible debris flow activity; (e) fragment of
the lateral moraine intensively remodelled by debris flows; (f) transitional zone between
lateral moraine and end moraine complex; note that the relief is smooth and debris flow
activity is much smaller
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Figure 7. Elevation profiles across lateral moraines, Ragnarbreen, Svalbard. Vertical dotted lines
mark location of the clean ice margin or the lakeshore

(C) Lateral moraine: transition zone to the end moraine complex (Fig. 7c). This part of the
lateral moraine was the most stable. In terms of morphology, it consists of an outer, well-
developed ridge, which was separated from the valley sides by a several-meters deep
depression, filled with water that flowed under the lateral moraine as well as from the valley
sides. The surface consisted of small hillocks, as well as mostly inactive lobes and channels’
debris flows (Fig. 6f). Several small water ponds were also observed. In some fragments, debris
flows were still active with the exposed ice cores remaining visible.

Five dominant lithofacies were recognized in the lateral moraines:

1) Massive boulders and gravels (Fig. 8a). This lithofacies was characterized by a large
spread of clasts sizes from several centimetres to several meters in diameter. Individual
clasts were angular or very angular. Empty spaces occurred between the larger clasts
(sometimes filled with coarse gravels). Sandy or clay matrix was absent. This
lithofacies was found mostly in the lateral moraine along the contemporary glacier
surface.
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Figure 8. Examples of lithofacies, Ragnarbreen foreland, Svalbard: (a) Massive boulders and
gravels, (b) Massive, clast-supported diamicton (photo: 1. Szuman), (¢) Massive, diamictic
sand, (d) Massive, matrix supported diamicton with varied clast content, (d) Massive,
diamictic gravel
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2) Massive, clast-supported diamicton (Fig. 8b). This lithofacies comprised a very high
proportion of coarse gravels (average diameter 10 to 25 cm, sometimes exceeding 50
cm). Clasts were angular, but were better rounded than in lithofacies of massive
boulders. Fine- or medium-grained (mostly sandy) matrix filled up the space between
individual clasts. It was the most common lithofacies in the lateral moraines. Massive,
clast-supported diamicton built most of the ridges occurring between the debris flows
and sometimes was also found in the debris flows themselves.

3) Massive, diamictic sand (Fig. 8c). Sands of varied grain sizes dominate this lithofacies.
The matrix was fine, clayey-silty and lower in proportion than in lithofacies of massive,
matrix supported diamicton. Individual clasts of fine-and medium gravel were very
rare. Massive, diamictic sand usually constituted lobe-shaped deposits or small fans.
Quite often, individual lithofacies of diamictic sand were superimposed on each other.

4) Massive, matrix supported diamicton with varied clast content (Fig. 8d). Three subtypes
were observed depending on the amount of the clast content (low, moderate, high). The
subtype with a moderate amount of clasts was the most commonly observed. The matrix
comprised mainly of sands and fines. Clasts, usually subangular, were scattered within
the matrix. Massive, medium-grained, matrix supported diamicton was the most
common in that part of the lateral moraine which was the transition zone to the end
moraine complex.

5) Massive, daimictic gravel (Fig. 8e). Clasts in this lithofacies were usually from 5 to 15
cm in diameter and very angular or angular. Coarse-grained matrix occurred between
clasts. Matrix was usually sandy or sandy-gravelly, but the amount of matrix was much
less than in lithofacies of massive, clast-supported diamicton. Massive, diamictic gravel
was usually found in the area of debris flow lobes and near the debris flow channels.

Elevation changes within the end moraine complex (1961-2009)

The end moraine complex consisted of arcuate chains of hillocks and ponds (Figure 9). The
complex was elevated up to 35 m above the sandur level and 20 m above the lake level.
Individual hillocks reached usually 10-50 m in length and 2—4 m in height. Some of them had
characteristic sharp-crested shapes. Many lobes of old debris flow deposits were observed,;
however active debris flows were rare and restricted to the areas undercut by streams.

The depositional environment of the end moraine complex has been described in detail
previously (Ewertowski et al. 2012). Hence, only elevation changes are discussed here. Despite
being ice-cored, the end moraine complex has been relatively stable over the last 50 years (Fig.
10). Maximum elevation changes did not exceed 10 m in the period 1961-1990 and 11 m in
the period 1990-2009; however such big changes were restricted only to small areas. Major
transformations were observed only in places with high stream activity and rare dead-ice
exposures. Most of the end moraine complex showed no changes or even slight accumulation
in the period 1990-2009. Overall decrease of volume of the end moraine complex in the period
1961-2009 was 0.4 million m?.
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Summary of dynamics of proglacial landforms

Based on evidence from multi-temporal DEMs and orthophotos, the clean ice surface (i.e. part
of the glacier snout with no debris cover) was the most dynamic, with mean elevation changes
of —1.14 m a* during 1961-1990 and —1.23 m a* during 1990-2009 (Table 4). Less active
were lateral moraines. These experienced mean elevation changes of —0.15 m a* in 1961-1990
comparing to —0.08 m a* in 1990-2009. The most stable landform was the end moraine
complex with annual lowering rates of less than 0.05 m a2
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Data provide in Table 4 suggest that in some part of the moraines elevation increased (with
maximum values up to 5.7 m). Such large increases of elevation should be treated with cautions
and are most probably related to local DEM errors (caused for example by shadows on aerial
photographs). However, localized positive changes in elevation were possible and were also
observed during fieldwork. For example, transfer of debris by mass wasting processes can
cause decrease of elevation in areas of high topography and consequently increased elevation
in local depositional centres
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Figure 10. Elevation profiles across the end moraine complex, Ragnarbreen, Svalbard. Vertical
dotted lines mark location of the clean ice margin or the lakeshore
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Discussion
Evolution of Ragnarbreen proglacial landforms 1900(1920)-2013

Recent (1900/1920 to 2013) transformation of the Ragnarbreen landsystem shows the large
role played by local topographic conditions in glacial landform creation. Three main stages in
the snout and landform transformation are proposed and interpreted based on changes in
geometry and geomorphology (Fig. 11).

1900/1920-1961. As there are no remote sensing data concerning this period, information is
only hypothesised based on field observation and geomorphological relationships between
moraines and valley sides. Following the Little Ice Age (LIA) air temperature in Svalbard
increased (Nordli et al. 1996; Ferland and Hanssen-Bauer 2003) and the equilibrium line
moved upwards, leading to glacier negative mass balance. Location of the ice surface in 1961
comparing to the height of the lateral moraine suggests that at the beginning of deglaciation
after the termination of LIA, the loss of ice mass was mainly due to glacier thinning. During
this period, the glacier retreated from its maximum extent, exposing the end moraine complex
and started to develop lateral moraines in the frontal part of the glacier.

Because the debris-covered lateral moraines melted to a lesser degree than the relatively clean
ice surface, the glacier profile probably changed from convex to concave (based on current
relation of high elevated lateral moraine crests and low lying clean ice surface, Fig. 6). The
genesis of the end moraine complex proposed by Ewertowski et al. (2012) highlighted the role
of topographic inversion in this landform assemblage. However, the new elevation data created
for this study suggested that no significant topographic inversion occurred since 1961,
suggesting that other processes were also involved in the end moraine complex’s construction
and degradation. Additionally, due to the negative mass balance of the glacier, its active part
flowed in a tensional mode, such that the thrusting of debris-rich ice layers in the frontal part
of the glacier ceased. The new data can also suggest some role for thrusting in the genesis of
the end moraine complex, which can be supported by the occurrence of arcuate, sharp-crest
ridges within the moraine, and the depression now occupied by the lake, which can give an
impression of a hill-hole pair. Progressive melting of ice cores in the end moraine led to
reduction of moraine height and formation of small water ponds.

1961-1990. In this period, the end moraine complex was relatively stable. The most important
aspect of landscape transformation was the development of the terminoglacial lake, which also
covered part of the glacier snout. The blockage of drainage, creation and expansion of the lake
probably enhanced the glacier retreat rates. Moreover, along with glacier recession, the
terminoglacial lake acted as a sedimentary trap, effectively reducing sediment delivery to the
end moraine complex. However, sediments were and still are transported through the moraine
complex by the Ragnar stream, which developed an outwash fan and also contributed to
sediment delivery to the tidal flat in the Petuniabukta.
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Figure 11. Transformations of Ragnarbreen landsystem (1961-2013). Surface profiles based on DEM.
Bedrock topography, thickness of the debris covers and LIA ice profile are, however, hypothetical
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A further lowering of the clean ice surface also had an important role in lateral moraine
formation. Lowering of the ice surface, which was most significant in the area of the
contemporary lake (Fig. 3), accelerated elevation changes between the lateral moraines’ tops
(covered with debris) and the clean ice surface. This led to the creation of unstable slopes and
intensification of mass wasting processes.

1990-2013. The terminoglacial lake constantly expanded in area. Moreover, the lake filled up
the deeper part of the depression, which meant that the overall volume of the water storage
within the lake significantly increased. A further lowering of the glacier surface, linked with
changes in the shape of its transverse elevation profiles, caused further intensification of mass
wasting of the lateral, ice-cored moraines. The deposits have been sorted by meltwater and
subsequently mixed by the mass flows, often over a very short distance.

It is typical that deposits of the moraine complexes have been repeatedly transformed. As
suggested by other studies (Bennett et al. 2000; Lukas et al. 2005; Schomacker and Kjar 2008),
debris flows are among the most significant mechanisms of reworking and redeposition in the
glacier forelands on Svalbard. A similar situation can be seen in Ragnarbreen. However,
although the end moraine complex of the Ragnar glacier is still ice-cored, fresh debris flows
were not ubiquitous during last ten years. After active ice retreat, other processes such as
aeolian activity and lacustrine and fluvioglacial sedimentation may be important in the
displacement of glacigenic sediments within the end moraine complex (cf. Ewertowski et al.,
2012). Some lowering of the end moraine complex (Fig. 5) is therefore related to the
downwasting of dead-ice rather than backwasting. A similar situation was observed on the
outer moraines of Austre Lovénbreen (Midgley et al. 2013). At the same time, active debris on
lateral moraines suggest a spatio-temporal shifting of slope instability zones over time.

Development of the lateral moraines

The transformation of the ice-cored lateral moraine of Ragnabreen in the period 1920-2013
can be divided into four phases:

(1) Lateral moraines developed probably when glacier reached its maximum extent during the
LIA. During the maximum extent of ice cover, the transverse profile of the glacier was most
likely convex. Weathering contributed to the large quantity of debris from the valley sides,
which was delivered to the glacier surface. The debris accumulated on the lateral margin of the
ice surface, creating a continuous but not very thick cover of angular supraglacial debris.
Climate changes after the end of the LIA (1900/1920) led to differentiated ice melting (debris-
covered ice versus clean ice surface), causing a change to a concave glacier transverse profile
and the creation of ice-cored lateral moraines, which was higher than the clean ice surface.
Moreover, streams appeared between the lateral moraines and valley sides and separated the
lateral moraines from the debris source.

(2) A lowering of the clean ice surface caused slope instability (Fig. 12a). This led to the
development of sporadic debris flows and the exposure of the ice cores. However, debris cover
was still thick enough to stop the majority of dead-ice from melting (i.e. the debris cover’s
thickness was greater than that of the permafrost active layer).
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Figure 12. A model of the lateral moraine development, Ragnarbreen, Svalbard; (a) phase 2;
(b) phase 3; (c) phase 4. Further explanation in the text

(3) After reaching a certain threshold in elevation difference between the clean ice surface and
debris-covered lateral moraine, slopes became steep enough to initiate common mass
movements (Fig. 12b). These processes form some sort of coupled, cyclic continuum: The
development of debris flows exposed the ice cores, which increased the amount of meltwater
and in turn the activity of debris flows. The initial mobilization of sediments in a specific place
can be caused by: (1) saturation of debris with water due to precipitation; (2) saturation of
debris by water melted from dead-ice; or (3) increasing slope steepness due to previous debris
flow or undercutting by rivers (Lawson 1979; Kriiger and Kjar 2000; Kjer and Kriiger 2001;
Schomacker 2008; Schomacker and Kjer 2008).
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(4) Debris re-sedimentation during the later phases led to substantial levelling of the elevation
profile and reduction in elevation differences (Fig. 12c). Relatively thick debris cover (up to 2
m) and a lack of steep terrain sections caused lowering of geomorphic activity, while dead-ice
melting clearly decreased compared to the previous stages. On gentle slopes, the debris cover
was thick enough to stop or at least significantly slow down the melting of ice cores. Thus,
active debris flows were rare, limited only to the areas where ice cored exposures were caused
by undercutting by streams.

Conclusions

Field-based observations (2005-2013), combined with DEMSs, orthophoto creation and
interpretation, allowed for the quantification of recent glacial landform transformations in the
proglacial area of Ragnarbreen. Assessment of landforms and glacier snout changes indicate
that in the studied high-Arctic setting the glacier showed a 135 million m® decrease in volume
during the period 1961-2009. Despite the fact that most of the landforms are ice-cored, the
transformation of landforms was at a much lower magnitude, reaching 5 million m® of volume
loss (1961-2009). Glacier retreat rate was higher after 1961 than before it, and since the end
of the LIA the ice cover has decreased by 26%.

The resultant landsystem at Ragnarbreen comprises three main components: lateral moraines,
end moraine complex, and terminoglacial (partly supraglacial) lake. In terms of landscape
alteration, the most important event was the creation of a terminoglacial lake, which acted as a
sedimentary trap and at the same time probably accelerated glacier mass loss. The second most
active component was the lateral moraines.

Acknowledgements

The project was funded by the National Science Centre as granted by decision number DEC-
2011/01/D/ST10/06494. The Marek Ewertowski Fellowship at Durham was funded by the
Polish Ministry of Science and Higher Education within the framework of the “Mobility Plus”
programme. Special thanks to Harald Faste Aas of Norsk Polar Institute for his help with the
ordering and obtaining of the aerial photographs. I also would like to extend my special thanks
to members of the Poznan Polar Expeditions to Petuniabukta, whose help during the fieldwork
is greatly appreciated. | am grateful to Margaret O'Donnell for language proofreading of the
manuscript. The comments from anonymous reviewers greatly improved the quality of the
manuscript and the associate editor Jasper Knight is greatly thanked for his remarks,
suggestions and helpful contributions.

Marek Ewertowski, Faculty of Geographical and Geological Sciences, Adam Mickiewicz University,
ul. Dziegielowa 27, 61-680, Poznan, Poland and Department of Geography, Durham University, Lower
Mountjoy, South Road, Durham, DH1 3LE, UK

E-mail: marek.ewertowski@gmail.com

23



References

Bamber, J.L., Krabill, W., Raper, V., Dowdeswell, J.A. and Oerlemans, J., 2005. Elevation changes
measured on Svalbard glaciers and ice caps from airborne laser data. Annals of Glaciology, 42,
202-208. 10.3189/172756405781813131

Bennett, M.R., Huddart, D., Glasser, N.F. and Hambrey, M.J., 2000. Resedimentation of debris on an
ice-cored lateral moraine in the high-Arctic (Kongsvegen, Svalbard). Geomorphology, 35, 21-
40. 10.1016/5S0169-555X(00)00017-9

Etzelmdller, B., 2000a. On the Quantification of Surface Changes using Grid-based Digital Elevation
Models (DEMs). Transactions in GIS, 4, 129-143. 10.1111/1467-9671.00043

Etzelmdller, B., 2000b. Quantification of thermo-erosion in pro-glacial areas - examples from Svalbard.
Zeitschrift Fur Geomorphologie, 44, 343-361.

Evans, D.J.A., Strzelecki, M., Milledge, D.G. and Orton, C., 2012. Hgrbyebreen polythermal glacial
landsystem, Svalbard. Journal of Maps, 8, 146-156.

Ewertowski, M., Kasprzak, L., Szuman, I. and Tomczyk, A.M., 2012. Controlled, ice-cored moraines:
sediments and geomorphology. An example from Ragnarbreen, Svalbard. Zeitschrift fiir
Geomorphologie, 56, 53-74. 10.1127/0372-8854/2011/0049

Fgrland, E.J. and Hanssen-Bauer, I., 2003. Past and future climate variations in the Norwegian Arctic:
overview and novel analyses. Polar Research, 22, 113-124. 10.1111/j.1751-
8369.2003.tb00102.x

Gibas, J., Rachlewicz, G. and Szczuciniski, W., 2005. Application of DC resistivity soundings and
geomorphological surveys in studies of modern Arctic glacier marginal zones, Petuniabukta,
Spitsbergen. Polish Polar Research, 26, 239-258.

Gonera, P. and Kasprzak, L., 1989. The main stages of development of glacier margin morphology in
the region between Billefjorden and Austfjorden, central Spitsbergen. Polish Polar Research,
10, 419-427.

Hagen, J. and Liestgl, O., 1990. Long-term glacier mass-balance investigations in Svalbard, 1950-88.
Annals of Glaciology, 14, 102-106.

Hagen, J., Liestgl, O., Roland, E. and Jgrgensen, T., 1993. Glacier atlas of Svalbard and Jan Mayen. Nor.
Polarinst. Medd, 129. Norwegian Polar Institute, Oslo.

Hanacek, M., Flasar, J. and Nyvlt, D., 2011. Sedimentary petrological characteristics of lateral and
frontal moraine and proglacial glaciofluvial sediments of Bertilbreen, Central Svalbard. Czech
Polar Reports, 1, 11-33.

Irvine-Fynn, T.D.L., Barrand, N.E., Porter, P.R., Hodson, A.J. and Murray, T., 2011. Recent High-Arctic
glacial sediment redistribution: A process perspective using airborne lidar. Geomorphology,
125, 27-39. 10.1016/j.geomorph.2010.08.012

Jania, J. and Hagen, J.0., 1996. Mass balance of Arctic glaciers. International Arctic Science Comittee
Report, 5. University of Silesia, Faculty of Earth Sciences, Sosnowiec-Oslo.

Karczewski, A., 1989. The development of the marginal zone of the Hgrbyebreen, Petuniabukta,
central Spitsbergen. Polish Polar Research, 10, 371-377.

Karczewski, A., Bordwka, M., Kasprzak, L., Ktysz, P., Kostrzewski, A., Lindner, L., Marks, L., Rygielski,
W., Wojciechowska, A. and Wysokinski, L., 1990. Geomorphology — Petuniabukta, Billefjorden,
Spitsbergen, 1:40 000. Adam Mickiewicz University, Poznan.

Karczewski, A. and Ktysz, P., 1994. Lithofacies and structural analysis of crevasse filling deposits of the
Svenbreen foreland (Petuniabukta, Spitsbergen). XXI Polar Symposium. Warszawa. 123-133.

Kellerer-Pirklbauer, A., Lieb, G.K., Avian, M. and Gspurning, J., 2008. The response of partially debris-
covered valley glaciers to climate change: the example of the Pasterze glacier (Austria) in the
period 1964 to 2006. Geografiska Annaler: Series A, Physical Geography, 90, 269-285.
10.1111/j.1468-0459.2008.00345.x

Kjeer, K.H. and Kriger, J., 2001. The final phase of dead-ice moraine development: processes and
sediment architecture, Kotlujokull, Iceland. Sedimentology, 48, 935-952. 10.1046/j.1365-
3091.2001.00402.x

24



Ktysz, P., 1985. Glacial forms and deposits of Ebba Glacier and its foreland (Petuniabukta region,
Spitsbergen). Polish Polar Research, 6, 283-299.

Kristensen, L. and Benn, D.l., 2012. A surge of the glaciers Skobreen—Paulabreen, Svalbard, observed
by time-lapse photographs and remote sensing data. Polar Research, 31, 11106.
10.3402/polar.v31i0.11106

Kriger, J. and Kjaer, K.H., 2000. De-icing progression of ice-cored moraines in a humid, subpolar
climate, Kotlujokull, Iceland. The Holocene, 10, 737-747. 10.1191/09596830094980

Lamplugh, C., 1911. On the shelly moraine of the Sefstrom Glacier and other Spitsbergen phenomena
illustrative of British glacial conditions. Proceedings of the Yorkshire Geological Society, 17,
216-241.10.1144/pygs.17.3.258

Lawson, D.E., 1979. Semdimentological Analysis of the Western Terminus Region of the Matanuska
Glacier, Alaska. CRREL Report, 79-9. US Army Cold Regions Research and Engineering
Laboratory, Hanover, NH.

Lefauconnier, B. and Hagen, J., 1990. Glaciers and climate in Svalbard: statistical analysis and
reconstruction of the Brgggerbreen mass balance for the last 77 years. Annals of Glaciology,
14, 148-152.

Lgnne, |. and Lysa, A., 2005. Deglaciation dynamics following the Little Ice Age on Svalbard:
Implications for shaping of landscapes at high latitudes. Geomorphology, 72, 300-319.
10.1016/j.geomorph.2005.06.003

Lukas, S., Nicholson, L.I.,, Ross, F.H. and Humlum, O., 2005. Formation, Meltout Processes and
Landscape Alteration of High-Arctic Ice-Cored Moraines—Examples From Nordenskiold Land,
Central Spitsbergen. Polar Geography, 29, 157-187. 10.1080/789610198

Matecki, J., 2013. Elevation and volume changes of seven Dickson Land glaciers, Svalbard, 1960-1990—
20009. Polar Research, 32, 18400. 10.3402/polar.v32i0.18400

Matecki, J., Faucherre, S. and Strzelecki, M.C., 2013. Post-surge geometry and thermal structure of
Hgrbyebreen, central  Spitsbergen. Polish ~ Polar  Research, 34, 305-321.
10.2478/popore-2013-0019

Melvold, K. and Hagen, J.0., 1998. Evolution of a surge-type glacier in its quiescent phase: Kongsvegen,
Spitsbergen, 1964-95. Journal of Glaciology, 44, 394-404.

Midgley, N.G., Cook, S.J., Graham, D.J. and Tonkin, T.N., 2013. Origin, evolution and dynamic context
of a Neoglacial lateral-frontal moraine at Austre Lovénbreen, Svalbard. Geomorphology, 198,
96-106. 10.1016/j.geomorph.2013.05.017

Moholdt, G., Hagen, J., Eiken, T. and Schuler, T., 2010a. Geometric changes and mass balance of the
Austfonna ice cap, Svalbard. The Cryosphere, 4, 21-34. 10.5194/tc-4-21-2010

Mobholdt, G., Nuth, C., Hagen, J.0. and Kohler, J., 2010b. Recent elevation changes of Svalbard glaciers
derived from ICESat laser altimetry. Remote Sensing of Environment, 114, 2756-2767.
10.1016/j.rse.2010.06.008

Murray, T., James, T.D., Macheret, Y., Lavrentiev, |., Glazovsky, A. and Sykes, H., 2012. Geometric
changes in a tidewater glacier in Svalbard during its surge cycle. Arctic, Antarctic, and Alpine
Research, 44, 359-367. 10.1657/1938-4246-44.3.359

Nicholson, L. and Benn, D.l., 2006. Calculating ice melt beneath a debris layer using meteorological
data. Journal of Glaciology, 52, 463-470. 10.3189/172756506781828584

Nicholson, L. and Benn, D.l., 2013. Properties of natural supraglacial debris in relation to modelling
sub-debris ice ablation. Earth Surface Processes and Landforms, 38, 490-501.
10.1002/esp.3299

Nordli, @., Hanssen-Bauer, |. and Fgrland, E., 1996. Homogeneity analyses of temperature and
precipitation series from Svalbard and Jan Mayen. DNMI-Report, 16/96. Norwegian
Meteorological Institute, Oslo.

Nordli, @. and Kohler, J., 2003. The early 20th century warming Daily observations at Green Harbour,
Grgnfjorden, Spitsbergen. 12/03 KLIMA. Norwegian Meteorological Institute, Oslo.

25



Nordli, @., Przybylak, R., Ogilvie, A.E.J. and Isaksen, K., 2014. Long-term temperature trends and
variability on Spitsbergen: the extended Svalbard Airport temperature series, 1898-2012.
Polar Research, 33, 21349. 10.3402/polar.v33.21349

Nuth, C., Kohler, J., Aas, H., Brandt, O. and Hagen, J., 2007. Glacier geometry and elevation changes
on Svalbard (1936-90): a baseline dataset. Annals of Glaciology, 46, 106-116.
10.3189/172756407782871440

Nuth, C., Kohler, J., Konig, M., Deschwanden, A.V., Hagen, J., Kdab, A., Moholdt, G. and Pettersson, R.,
2013. Decadal changes from a multi-temporal glacier inventory of Svalbard. The Cryosphere,
7,1603-1621. 10.5194/tc-7-1603-2013

Nuth, C., Moholdt, G., Kohler, J., Hagen, J.0. and Kaab, A., 2010. Svalbard glacier elevation changes
and contribution to sea level rise. Journal of Geophysical Research: Earth Surface, 115, F01008.
10.1029/2008jf001223

Rachlewicz, G., 2009. Contemporary Sediment Fluxes and Relief Changes in High Artic Glacierized
Valley Systems (Billefjorden, Central Spitsbergen). Adam Mickiewicz University, Poznan.

Rachlewicz, G. and Styszynska, A., 2007. Comparison of the air temperature course in Petunia Bukta
and Svalbard- Lufthavn (Isfjord, West Spitsbergen). Problemy Klimatologii Polarnej, 17, 121-
134.

Rachlewicz, G. and Szczucinski, W., 2008. Changes in thermal structure of permafrost active layerin a
dry polar climate, Petuniabukta, Svalbard. Polish Polar Research, 29, 261-278.

Rachlewicz, G., Szczucinski, W. and Ewertowski, M., 2007. Post-“Little Ice Age” retreat rates of glaciers
around Billefjorden in central Spitsbergen, Svalbard. Polish Polar Research, 28, 159-186.

Schomacker, A., 2008. What controls dead-ice melting under different climate conditions? A
discussion. Earth-Science Reviews, 90, 103-113. 10.1016/j.earscirev.2008.08.003

Schomacker, A. and Kjaer, K.H., 2008. Quantification of dead-ice melting in ice-cored moraines at the
high-Arctic glacier Holmstrombreen, Svalbard. Boreas, 37, 211-225. 10.1111/j.1502-
3885.2007.00014.x

Slater, G., 1925. Observations on the Nordenskiold and neighboring glaciers of Spitsbergen, 1921. The
Journal of Geology, 408-446. 10.1086/623209

Stankowski, W., Kasprzak, L., Kostrzewski, A. and Rygielski, W., 1989. An outline of morpho-genesis of
the region between Horbyedalen and Ebbadalen, Petuniabukta, Billefjorden, central
Spitsbergen. Polish Polar Research, 10, 749-753.

Sund, M., Eiken, T., Hagen, J.0. and Kaab, A., 2009. Svalbard surge dynamics derived from geometric
changes. Annals of Glaciology, 50, 50-60. 10.3189/172756409789624265

Wheaton, J.M., Brasington, J., Darby, S.E. and Sear, D.A., 2010. Accounting for uncertainty in DEMs
from repeat topographic surveys: improved sediment budgets. Earth Surface Processes and
Landforms, 35, 136-156. 10.1002/esp.1886

26



