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Abstract

Proglacial areas are dynamic landscapes and important indicators of geomorphic

changes related to climate warming. Systematic and repeat surveys of landforms

presently evolving on glacier forelands facilitate the quantification of rates of change

and an improved understanding of the processes generating those changes. We

report short-term (2014–2022) transformations of the proglacial landscape in front

of Kvíárjökull, SE Iceland, and place them in a longer-term context of glacial landsys-

tem evolution using aerial image archives since 1945. Short-term quantification uses

a time series of uncrewed aerial vehicle (UAV) surveys, processed utilizing a

structure-from-motion (SfM) workflow, to produce digital elevation models (DEMs)

and orthophoto mosaics. The land elements surveyed include a kame terrace stair-

case, an outwash plain, an ice-cored hummocky moraine complex and ice-cored hum-

mocky terrain with discontinuous sinuous ridges, for which elevation and volumetric

changes are quantified. The kame terraces between 2014 and 2022 and the outwash

plain between 2016 and 2022 were mainly stable with, respectively, 87% and 85% of

their surfaces showing no change. The ice-cored hummocky terrain with discontinu-

ous sinuous ridges underwent a volume loss of 64,632 m3 in 2016–2022, with a

maximum surface lowering of ≤9 m. The most dynamic land element was the ice-

cored hummocky moraine complex, with transformations recorded for more than

87% of its area in 2014–2022; the surface was lowered by ≤23 m in some places,

with a total volume loss of 365,773 m3. Our results confirm the ongoing degradation

of ice-cored moraine and outwash complexes at variable rates related to buried ice

volume and age of deglaciation. The evolution of chaotic hummocky terrain from

debris-covered glacier ice, glacitectonic thrust masses, outwash fans/heads and com-

plex englacial esker networks is an important modern analogue for informing palaeo-

glaciological reconstructions.
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1 | INTRODUCTION

Global climate warming has contributed to landform transformation

for decades (Song et al., 2018) and increasing average air tempera-

tures have resulted in significant changes in regional climates and local

ecosystems, thereby increasing the risks of fires, droughts, floods and

landslides (Allen et al., 2010; Flannigan et al., 2009; Gariano &

Guzzetti, 2016; Hirabayashi et al., 2013; Młynarczyk et al., 2022). In

cold climate settings, the impact has been manifested as dynamic

responses in glacial systems (Benn et al., 2012; Benn & Evans, 2010).

The recent fluctuations in volume and extent of glaciers have been

widely analysed (e.g., Bash et al., 2018; Bash & Moorman, 2020;

Carrivick et al., 2019; Hugonnet et al., 2021; Jouvet et al., 2019;

Kienholz et al., 2020; Małecki, 2016; Małecki, 2022; Rossini

et al., 2018; Sziło & Bialik, 2018) but less attention has been paid to

geomorphological transformations taking place in proglacial areas and

their possible links to climate warming (Bennett et al., 2010;

Bennett & Evans, 2012; Carrivick & Heckmann, 2017; Chandler,

Chandler, et al., 2020; Evans et al., 2023; Ewertowski et al., 2019;

Ewertowski & Tomczyk, 2020; Hedding et al., 2020;

Schomacker, 2008; Seier et al., 2017; Staines et al., 2015; Strzelecki

et al., 2018).

Observations on landscape change in proglacial areas are impor-

tant because such terrains contain a large amount of often unstable,

non-consolidated sediments as well as water stored in the form of

lakes and ice-cored landforms. The combination of potentially large

volumes of meltwater and highly mobile sediments means that rapid,

climate-driven transformations in proglacial areas can release substan-

tial, possibly catastrophic, floods and/or debris flows, which in turn

can rapidly transform landscapes located downstream (Carrivick &

Tweed, 2019; Knight & Harrison, 2012a, 2012b; Knight &

Harrison, 2018; Tomczyk et al., 2020; Tonkin et al., 2016). In inhabited

parts of mountain and polar regions, the dynamics and scale of land-

form transformations on glacial forelands may have serious implica-

tions for infrastructure and human populations located in the same

catchment (Cook et al., 2016, 2018; Harrison et al., 2018). Therefore,

there is a strong justification for the monitoring of proglacial areas in

such settings in order to understand the temporal aspects of land-

scape change during deglaciation, especially the de-icing of buried gla-

cier ice masses (Bennett & Evans, 2012; Blauvelt et al., 2020; Evans

et al., 2023; Ewertowski & Tomczyk, 2015; Kjær & Krüger, 2001; Krü-

ger & Kjær, 2000; Schomacker, 2008; Schomacker & Kjær, 2007,

2008), as they pertain to applied glacial and paraglacial geomorphol-

ogy (Carrivick & Heckmann, 2017). Not unrelated to this is the need

to better quantify glacial process–form regimes as they pertain to

spatio-temporal change in modern glacial landsystems (e.g., Bennett

et al., 2010; Bennett & Evans, 2012; Chandler, Chandler, et al., 2020;

Evans et al., 2009, 2019, 2022; Evans & Twigg, 2002; Ewertowski

et al., 2019; Eyles, 1983a, 1983b; Midgley et al., 2018; Price, 1980).

Most of the previous research on proglacial landscape transfor-

mations has focused on the analysis of changes in the glacier fore-

lands on a decadal temporal scale (e.g., Bennett & Evans, 2012;

Carrivick & Heckmann, 2017; Etzelmüller, 2000; Ewertowski, 2014,

2019; Staines & Carrivick, 2015). Recently, a number of studies have

begun the quantification of changes that take place on shorter tempo-

ral scales, from years to days (e.g., Bernard et al., 2016; Bühler

et al., 2016; Chandler, Evans, et al., 2020; Evans et al., 2023;

Ewertowski & Tomczyk, 2015; 2020; Fey & Krainer, 2020; Groos

et al., 2019; Jouvet et al., 2018; Kraaijenbrink et al., 2016; Rossini

et al., 2018; Ryan et al., 2015; van der Sluijs et al., 2018; van

Woerkom et al., 2019; Westoby et al., 2020), typically using mobile

platforms and sensors to collect data (e.g., LIDAR or uncrewed aerial

vehicle [UAV]; Śledź et al., 2021 for detailed review). Because of their

more detailed temporal and spatial scale, these studies do not cover

whole glacial forelands but instead only individual landforms or single

landform assemblages.

The aim of this study is to illustrate and quantify the short-term

evolution of several different glacial landform assemblages on the

foreland of the temperate, debris-charged glacier Kvíárjökull in Iceland

based on time series of UAV images. This foreland is an exceptional

example of a landscape produced by the process of incremental stag-

nation (sensu Bennett & Evans, 2012; Eyles, 1979), whereby belts of

debris-charged ice, representative of periodic influxes of debris to the

glacier system, arrive occasionally at the receding glacier snout and

give rise to the production of inset sequences of ice-cored hummocky

moraine arcs over time. Each hummocky moraine arc therefore

records the detachment of a debris-charged portion of the snout that

is covered with supraglacial debris, retarding normal ablation rates.

During progressive but slow de-icing, the hummocky moraine is sub-

ject to proglacial pushing or bulldozing by the actively receding glacier

margin (Bennett et al., 2010; Bennett & Evans, 2012). Also important

on the foreland of Kvíárjökull are landform assemblages representa-

tive of sedimentation and landform construction in a high debris turn-

over piedmont glacier terminating in an erosional overdeepening. This

has given rise to the development of unusually large latero-frontal ter-

minal moraines, inset with extensive ice-contact glacifluvial landform–

sediment associations. These include kame terraces, englacial eskers

and pitted outwash, all reflective of the large sediment loads of melt-

water networks that have developed over the overdeepening and

which have been confined proglacially by the enclosing latero-frontal

moraine amphitheatre (Bennett et al., 2010; Bennett & Evans, 2012;

Phillips et al., 2017; Spedding & Evans, 2002).

Previous quantification studies at Kvíárjökull by Bennett and

Evans (2012) provided details on landform change relating to the

melt-out of buried glacier ice and concomitant collapse of the ice-

cored hummocky moraine arcs. They also documented the impact of

the 1990s readvance (sensu Bradwell et al., 2006; Evans &

Chandler, 2018; Evans & Hiemstra, 2005; Sigurðsson, 2005;

Sigurđsson et al., 2007) of the glacier snout into the innermost

moraine arc, which resulted in a phase of landform surface uplift by

an average of 6.5 m following on from decades of collapse due to de-

icing. This study aims to provide a continuation of the quantification

of Bennett and Evans (2012) in order to evaluate the rate and extent

of landscape degradation representative of modern-day glacierized

settings characterized by debris-charged snouts with strong topo-

graphical constraints and subject to rapid melting in a warming
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climate. An additional aim here is to facilitate the development of gla-

cial process–form models constrained by real-time quantification,

thereby strengthening, and indeed improving, those traditionally

developed largely by ergodic principles (i.e., location for time reason-

ing, whereby a spatio-temporal continuum of landform genesis is

reconstructed using examples of the landform at various stages of its

development regardless of location; cf. Brunsden & Thornes, 1979;

Evans, 2013; Evans & Twigg, 2002; Paine, 1985; Price, 1969).

2 | MATERIALS AND METHODS

This study is focussed on landform assemblages located on the north-

ern part of the foreland of Kvíárjökull, a temperate, debris-charged

outlet glacier of the Öræfajökull ice cap in SE Iceland (Figure 1a), and

records their transformation based on time series of aerial photograph

archives (Figure 1) and UAV data. Longer timescale change (decadal)

was mapped using the digital scans of aerial photographs (0.5–0.9 m

ground sampling distance [GSD], that is, ground distance between

centres of two pixels) from National Land Survey of Iceland captured

in 1945, 1964, 1980 and 1998 by Landmaelingar Islands and in 2003

by Loftmyndir ehf (see Bennett et al., 2010, for details) as well as pan-

sharpened (0.5 m GSD) WorldView-2 satellite imagery from Maxar

(formerly Digital Globe) for 2012 and 2014. For shorter timescales,

we used the popular structure-from-motion (SfM) method (see

Westoby et al., 2012) to produce digital elevation models (DEMs) and

orthomosaics based on four sets of images obtained from different

types of UAVs: fixed-winged (produced by SmartPlane) and several

generations of Phantom series quadcopters (produced by DJI)

(Table 1). Autonomous flights were carried out in 2021 (Phantom

4 Pro) and 2022 (Phantom 4 RTK), and partly in 2014 (Smartplane),

while flights with Phantom 2 in 2014 and Phantom 3 in 2016 were

conducted manually. PlanetScope satellite images (3 m GSD)

(Planet, 2022), combined with our UAV orthomosaics, were used to

map changes in the glacier front during our observation period of

2014–2022.

During the 2022 flying, the UAV was connected to a local GNSS

base station in order to increase the accuracy of the coordinates of

the images, facilitated by the use of a high-precision RTK survey. The

Topcon Link and RTKLIB software were used for post-processing and

the application of PPP corrections (Precise Point Positioning) for the

2022 set of images and Ground Control Points (GCPs), along with an

estimation of the influence of ocean tides on the measurement

(source: http://holt.oso.chalmers.se/loading/). The image sets were

used to create DEMs and orthomosaics in the Agisoft Metashape

1.7.1 photogrammetry software. Due to the fact that the UAV was

equipped with an RTK receiver in 2022, we used one of the image

processing schemes proposed by Nota et al. (2022), whereby we co-

aligned all sets of images with seven GCPs marked on the 2022

images. We did not use the coordinates of the images from the other

sets (2014, 2016 and 2021) as references. The result of this procedure

was one, co-aligned, large, sparse point cloud, which was then divided

into four separate projects according to the year of survey (2014,

2016, 2021 and 2022), in which only the right images for a given year

were processed further to generate dense point clouds. Then, we pro-

ceeded to the next steps of processing using the Metashape software,

and their detailed description is contained in Śledź and Ewertowski

(2022), from which we chose the settings and parameters according

to the procedure in script no. 2 ‘Optimal’. The only modification in

the script was the higher accuracy of generating a sparse point cloud

(from low to high) due to the partial use of JPG images and unsatisfac-

tory results at the low level. Śledź and Ewertowski (2022) also

describe and illustrate the method for establishing GCPs in the field,

in the form of stone circles and the technique for measuring them

with a GNSS receiver, which was identical in this study. The results of

the photogrammetric processing were four DEMs, with the GSD rang-

ing from 5.35 to 7.36 cm. Additionally, four high-resolution orthomo-

saics with GSD of �3 cm were also exported.

Based on the DEMs and orthomosaics, we defined four case

study areas on the glacier foreland which represent land elements (the

fundamental level of the glacial landsystems hierarchy; sensu

Eyles, 1983a, 2003; Fookes et al., 1978) within the debris-charged,

active temperate glacial landsystem at Kvíárjökull (Bennett

et al., 2010) (Figure 2). These areas differ from each other in terms of

their genesis, material properties and morphology, as well as the rate

and scale of surface changes. To estimate changes on the foreland in

a quantitative way, we used DEMs of differences (DoDs; Wheaton

et al., 2010), which are models showing elevation changes between

two surveys. DoDs were calculated in ArcMap 10.8.1 using a Geo-

morphic Change Detection (GCD) add-in dedicated to this software

(Source: http://gcd.riverscapes.xyz). Before importing the DEMs to

the GCD, we resampled them down to 6 cm per pixel. We also per-

formed an error analysis, whereby variations in elevation differences

for the stable areas on each pair of DEMs were calculated to deter-

mine the minimum level of detection (minLoD) equalled to 0.2 m. The

mapping of the studied area was based on orthomosaics, field surveys

and photographic documentation.

3 | RESULTS

3.1 | Characteristics of land elements of the
debris-charged, active temperate foreland at
Kvíárjökull

Four land elements characteristic of the foreland were selected to

investigate recent surface change or transformations (Figure 3),

including case study areas: (1) a kame terrace staircase; (2) an outwash

plain; (3) an ice-cored hummocky moraine complex and (4) ice-cored

hummocky terrain with discontinuous sinuous ridges. These are repre-

sentative of the broader proglacial area/foreland as previously

mapped by Bennett et al. (2010) and are characterized by different

topographies and buried glacier ice content, in addition to their dis-

tinctive genetic origins based on observations since the earliest aerial

photographs captured in 1945 (Bennett et al., 2010; Bennett &

Evans, 2012; Eyles, 1979, 1983b; Spedding & Evans, 2002).
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F IGURE 1 Kvíárjökull, SE Vatnajökull, Iceland: (a, b) location of the study area; (c) aerial photograph (1945–2003) and satellite image (2012–
2022) extracts from various times since 1945, showing the changes to the glacier snout and foreland. Source: 1945–2003—aerial photographs,
National Land Survey of Iceland; 2012 and 2014—WorldView-2 images, Maxar (formerly Digital Globe); 2022—PlanetScope, Planet (2022).
[Colour figure can be viewed at wileyonlinelibrary.com]
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The kame terrace staircase (case study area 1; Figures 2 and 3a)

was developed between the ice margin and the steep proximal slope

of the 100-m-high left lateral moraine (Kumbsmýrarkambur) on the

foreland. Five to six distinct terrace levels were visible and character-

ized by tread widths of 8–25 m and riser heights of 4–13 m, the latter

likely representing different period lengths of ice surface stabilization.

Kame terraces are formed by meltwater flowing between the ice mar-

gin and any constraining slope, in this case the Kumbsmýrarkambur

lateral moraine, so that each tread represents a former river bed that

became abandoned once the glacier margin receded from the ice-

contact slope/riser. Ground observations at the glacier margin since

1992 record the localized plunging of the meltwater streams beneath

the glacier margin to form margin-parallel englacial tunnels whose gla-

cifluvial infill are gradually buried by the aggradation of the terrace

deposits (Figure 4); this results in the localized burying of remnant ice

masses within the terraces (Bennett & Evans, 2012). The gradual

melt-out of such buried ice masses gives rise to collapse pits, usually

forming a hummocky/pitted appearance to the ice-contact slopes/

risers. Additionally, the edges of some of the terrace treads are char-

acterized by the superimposition of small (1–2 m high) push moraines,

TABLE 1 Platforms used for quantifying recent, short timescale landscape change and the characteristics of the images.

Date Drone Total number of images Images format Type of sensor

2014, September DJI Phantom 2 Vision+ 38 DNG Build-in, RGB

Smartplane 347 JPG Canon PowerShot S100, RGB

2016, September DJI Phantom 3 Advanced 488 DNG Build-in, RGB

2021, September DJI Phantom 4 Pro 717 DNG Build-in, RGB

2022, May DJI Phantom 4 RTK 880 JPG Build-in, RGB

Note: In 2014, two types of UAVs were used: a multi-rotor (DJI) and a fixed wing (Smartplane). Images from the fixed-wing and the DJI Phantom 4 RTK

were saved in JPG format because these models do not allow saving in RAW format.

F IGURE 2 The extent of the four case study areas on the foreland of Kvíárjökull (1: a kame terrace staircase; 2: an outwash plain; 3: an ice-
cored hummocky moraine complex; and 4: ice-cored hummocky terrain with discontinuous sinuous ridges), with locations of Ground Control
Points (GCPs) marked on the digital elevation model with hillshade (a) and orthomosaic (b) from September 2021. The figure also shows the
location of the examples of the land elements in Figure 3. Source of background: ÍslandsDEM v1.0. Source: https://www.lmi.is/. [Colour figure
can be viewed at wileyonlinelibrary.com]

5570 ŚLEDŹ ET AL.

 1099145x, 2023, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ldr.4865 by T

est, W
iley O

nline L
ibrary on [08/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.lmi.is/
http://wileyonlinelibrary.com


F IGURE 3 Examples of the landsystem elements on the foreland at Kvíárjökull viewed using remotely sensing data and ground photographs:
(a) kame terrace staircase; (b) outwash plain; (c) ice-cored hummocky moraine complex and (d) ice-cored hummocky terrain with discontinuous
sinuous ridges—see Figure 2 for location. Note that all images in the columns ‘orthomosaic’ and ‘hillshade model’ are presented at the same
spatial scale. [Colour figure can be viewed at wileyonlinelibrary.com]
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some of which have been observed during formation (Phillips

et al., 2017; Figure 3a). Continuous paraglacial reworking of the lateral

moraine and the kame terraces has resulted in widespread dis-

section by debris flow and fluvial channels as well as the deposition of

small debris flow-fed lobes and fans.

The outwash plain (case study area 2; Figures 2 and 3b) is a con-

tinuation of the highest of the kame terraces and forms a down-valley

widening fan that was deposited around and over the outer down-

wasting glacier snout in the 1980s–1990s, infilling a proglacial/

supraglacial lake that occupied the area in the 1960s–1980s (Bennett

et al., 2010; Figure 1c). The meltwater deposited a large

(�32,800 m2), flat area of glacifluvial sediments, overlying lake

deposits and located between the ice-cored hummocky moraine com-

plex and the former position of the 1990s ice margin to the south and

the Kumbsmýrarkambur lateral moraine to the north. The 1990s read-

vance moraine (sensu Bradwell et al., 2006; Evans & Chandler, 2018;

Evans & Hiemstra, 2005; Sigurðsson, 2005; Sigurđsson et al., 2007)

was constructed on the ice-contact face of the fan and now forms a

prominent ridge along part of its southern edge. A network of braided

stream channels is clearly visible on the outwash plain surface

(Figure 3b) and small alluvial and debris flow-fed fans and isolated

boulders have been deposited on its northern edge by paraglacial pro-

cesses operating on the steep slopes of the Kumbsmýrarkambur lat-

eral moraine.

The ice-cored hummocky moraine complex (case study area 3;

Figures 2 and 3c) is a triangular-shaped area approximately 300 m

long and up to 350 m wide, characterized by a chaotic hummocky

topography with numerous, continuously expanding and contracting

F IGURE 4 Field photographs of examples of the development of ice-marginal drainage and landform development along the northern margin
of the snout captured at various times since 1992: (a) freshly abandoned pitted kame terrace in 2012, with active channel emerging from the ice
below an englacial esker; (b) the englacial esker emerging in 2010 (grey-coloured gravel) and overlying ice with active tunnels, depicted in 2022 at
a more advanced stage of collapse when the sub-marginal stream had abandoned the adjacent kame terrace; (c) remnant ice in the 1992 and
2011 kame terraces, emerging through marginal outwash gravel and representing collapsed and buried tunnels originally cut by sub-marginal
streams; (d) mounds of water-worn gravels forming parts of the sinuous ridges emerging within the ice-cored hummocky moraine during
downwasting due to melt-out in 2008 and (e) cross-sections through sub-marginal/englacial tunnel fills exposed after stream downcutting
in 2012. [Colour figure can be viewed at wileyonlinelibrary.com]
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areas of exposed glacier ice as a result of rapid and widespread topo-

graphic reversal (moraine belt A of Bennett & Evans, 2012). The out-

ermost ridges of the complex are the product of pushing of the

buried, stagnant ice mass into the outwash plain to the north and east

as a result of the 1990s readvance, during which the surface of the

ice-cored hummocky moraine belt increased in elevation by an aver-

age of 6.5 m (Bennett et al., 2010; Bennett & Evans, 2012). As a

result, the easternmost edge of the moraine complex is very steep

and separated from another, older hummocky moraine belt (hum-

mocky moraine complex B of Bennett & Evans, 2012) by a narrow lin-

ear sandur that became constricted by the encroachment of the outer

moraine edge and was then abandoned by meltwater drainage in the

late 1990s (Figure 1c). These inset hummocky belts are the landform

signature of incremental stagnation, with the overprinting of push

ridges and/or development of glacitectonic structures that document

readvance events such as the 1990s readvance (Bennett &

Evans, 2012). Since around 2000, a proglacial and partially supraglacial

lake (Figure 2) has developed at the western margin of the hummocky

moraine complex as a result of more rapid ablation of the sparsely

debris-covered glacier snout located up-ice. Lake development is a

consequence of the gradual uncovering of the ≤100-m-deep overdee-

pening beneath the snout in this area (Spedding & Evans, 2002). In

2014, the highest hummocks reached 25 m above the water level, but

as the degradation intensified, the maximum elevation above the lake

was only 15 m in 2022. Sediments that have been visible in the out-

crops created by topographic inversion over the last 20 years have

ranged from poorly sorted boulder to cobble gravels, gravelly diamic-

tons and localized pockets of well-sorted stratified gravels and sands,

the latter representing the melt-out of englacial tunnels/eskers

(Bennett et al., 2010; Bennett & Evans, 2012; Spedding &

Evans, 2002). Numerous tension cracks, freshly developed collapse

pits/sink holes, damp surface sediment and debris flows are visible on

the hummocky moraine surface and indicate the presence and ongo-

ing degradation of buried glacier ice (Figure 3c).

Case study area 4 (Figures 2 and 3d) is a 650-m-long arc of ice-

cored hummocky terrain with discontinuous sinuous ridges that

extends southwards from the ice-cored hummocky moraine of case

study area 3. It forms the hummocky ice-proximal face of the large

pitted outwash plain previously interpreted by Bennett and Evans

(2012) as an emerging outwash head occupying the adverse slope of

the underlying bedrock overdeepening. The width of the moraine belt

varies from 70 to 200 m with elevations reaching 10–15 m above the

proglacial/supraglacial lake level in 2016. Like the hummocky moraine

to the north, the hummocks and ridges in case study area 4 comprise

a range of poorly sorted boulder to cobble gravels, gravelly diamictons

and well-sorted stratified gravels and sands, with the latter clearly

relating to west–east trending sinuous ridges that have developed

since the 1990s due to the melt-out of englacial eskers linked to the

apex of the outwash head (Bennett et al., 2010; Bennett &

Evans, 2012; Spedding & Evans, 2002). The outermost ridges of the

ice-cored hummocky terrain are arcuate to slightly sinuous in plan

form but orientated ice-margin parallel and are push moraines con-

structed in ice-proximal outwash during the 1990s readvance.

3.2 | Glacier snout changes

Between 2011 and 2022, the ice margin was highly dynamic and

oscillatory and additionally there was a significant difference in the

behaviour between the northern and southern parts of the snout

(Figure 5). The margin in the southern part of the snout underwent an

almost continuous and gradual retreat (except for 2018, when it

advanced by �120 m) as the glacier downwasted and disintegrated

through the formation of widening crevasses and their flooding to

produce tabular icebergs on the expanding proglacial/supraglacial

lake. The northern part of the snout advanced by �200 m in the

period 2013–2018 and then remained stable from 2019 to 2022.

Likely influential in this varied response is the fact that the southern

and northern margins of the snout are fed by different ice-flow units,

which flow down either side of a nunatak in the accumulation zone

and are nourished in source basins of different sizes. Additionally,

ablation rates and hence the extent of glacier surface downwasting

will vary significantly between the two ice-flow units in the snout

zone (Figure 1c). The southern part of the glacier is characterized by

large areas of debris-poor ice and, with the exception of the supragla-

cial lateral moraines and arcuate debris bands on the extreme south-

ern margin, lacks a supraglacial debris cover. In contrast, the northern

part of the glacier has always been characterized by an extensive

debris cover delivered to the snout by the pulsed delivery of englacial

and supraglacial debris which results in the retardation of ablation

(incremental stagnation; Bennett & Evans, 2012). Moreover, the two

ice-flow units have different dynamics, whereby the north ice-flow

unit has exhibited some significant readvances in addition to that of

the 1990s (Phillips et al., 2017). Also, likely important is the apparent

glacier karst network, manifested as numerous moulins, which has

remained a stable characteristic of the southern ice-flow unit over

time and indicates that a complex englacial-to-subglacial tunnel net-

work exists and results in substantial ice surface collapse during down

wasting. All of these characteristics are exacerbated by the continu-

ously rapid growth of the proglacial/supraglacial lake since 2011.

3.3 | Recent transformations of the land elements

Using the DoDs, land surface and volume change are now presented

for the four case study areas (land elements) over the last 8 years or

less. Due to differences in the temporal coverage of aerial imagery,

the first year of analysis is either 2014 or 2016. Areal, volumetric and

vertical averages calculated from DoDs for each land element are

summarized in Table 2.

3.3.1 | Case study area 1 (kame terraces)

Between 2014 and 2022, most of the kame terrace staircase was sta-

ble (Figure 6a) and detectable changes occurred in only 14% of the

area, with a total net volume difference of �6402 ± 1118 m3, reach-

ing an average net thickness change of �0.99 ± 0.17 m (Table 2). A
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decrease in elevation of up to 10 m was recorded for the southern

fringe (Figure 6a) or the most recent kame terraces, which was related

to melting of the residual buried glacier ice that was created where

marginal streams plunged into the lateral margin of the glacier and

continued over short distances in englacial tunnels (Figure 4). An

increase in elevation of up to 1 m was observed in the upper parts of

the terrace sequence, which is likely associated with transfer of sedi-

ments from the adjacent lateral moraine slopes by mass movements.

A further small area of positive change (≤3 m) occurred in the south-

east tip of the most recent terraces and is associated with push

moraine construction on their former ice-contact slopes during the

2014 snout readvance (Phillips et al., 2017).

3.3.2 | Case study area 2 (outwash plain)

Large areas of the outwash plain (Figures 2 and 7) also remained

partly stable over the last 6 years. The changes in the period 2016–

2022 took place on only �15% of the surface, with a total net volume

difference of 15,440 ± 1764 m3 (Figure 7c, Table 2). Two significantly

active areas occur in the eastern half of the outwash plain. Firstly, an

arcuate, lake-filled collapse pit occurs at the boundary of the ice-cored

hummocky moraine complex (see case study area 3; Figure 7c), where

the highest values of elevation loss of >3 m are recorded. The degra-

dation of buried ice here started with the development of small, dry

sink holes, which enlarged until the buried ice became visible and the

expansion of sink holes led to the development of chains of depres-

sions and, finally, to the formation of a single, large elongate

depression. This depression has gradually extended northwards to the

foot of the Kumbsmýrarkambur lateral moraine slope and is sur-

rounded by arcuate concentric tension fault scarps. The western edge

of the depression is dissected by a 25-m-long, ≤3-m-deep erosion

gully (Figure 7e), which started developing after 2014. The increase in

elevation between 2021 and 2022 (Figure 7b) is related to fluctua-

tions in water level, which filled up the depression created between

2014 and 2021. Second, at the eastern, distal extremity of the

F IGURE 5 Changes in the
margin of the glacier snout in the
period 2011–2022 based on the
PlanetScope satellite imagery
(Planet, 2022). Note that in 2015,
scenes from PlanetScope were
not available for this location.
Date of the background image
is 2022. [Colour figure can be

viewed at wileyonlinelibrary.com]
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outwash plain, a large, shallow collapse pit records the sinking of the

outwash surface by up to 0.5 m. Other minor recorded changes

include deposition in the north-eastern corner of the outwash plain

where alluvial fans, debris flow-fed fans and boulders have accumu-

lated as a result of paraglacial reworking of the steep slope of the

Kumbsmýrarkambur lateral moraine.

3.3.3 | Case study area 3 (ice-cored hummocky
moraine complex)

Case study area 3 is the area that underwent the most changes and

maximum activity. Comparing 2014 with 2022 (Figure 8d), changes

occurred in 87% of the case study area, reducing its volume by

�365,773 ± 11,462 m3 (Table 2). Maximum elevation changes during

this 8-year period reached >20 m (Figure 8f). Importantly, the

ice-cored moraine complex also shows significant changes in surface

morphology within 1 year (Figure 8c—DoD 2021–2022), where the

maximum recorded decrease in elevation was 8 m. The average net

thickness of difference for DoD 2014–2022 was �6.30 ± 0.20 m,

which demonstrates the dynamism of the degrading ice-cored com-

plex, suggesting that further degradation should be expected. This

high level of transformation was related to the melting and degrada-

tion of ice cores. The surface collapsed in several places, while indica-

tors of downwasting, such as tension cracks and holes, are

widespread. There is a fairly visible trend in the spatial distribution of

highly active parts of the ice-cored moraine complex, with the highest

rates of terrain collapse along the SW–NE axis, where a line of irregu-

lar, water-filled depressions was formed after 2016 (Figure 9).

Another type of transformation was recorded along the lake shore,

where the water edge enhanced debris sliding along the exposed ice

cliffs, thereby facilitating ice melting. The inner part of the moraine

complex was less dynamic, the transformations manifesting them-

selves through tension cracks and uneven lowering of different parts

of the moraine.

3.3.4 | Case study area 4 (ice-cored hummocky
terrain with discontinuous sinuous ridges)

The ice-cored hummocky terrain with discontinuous sinuous ridges

also turned out to be active (Figure 10) as 61% of its area changed

(Figure 10c—DoD 2016–2022) and its volume decreased by 64,632

± 8668 m3 (Table 2) over the course of 6 years. The average net

F IGURE 6 Elevation changes for the kame terrace staircase (case study area 1—see Figure 2 for location) between 2014 and 2022. The
minLoD was set at 0.20 m. Source of background: ÍslandsDEM v1.0. [Colour figure can be viewed at wileyonlinelibrary.com]
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thickness of difference for the same DoD was �1.48 ± 0.20 m, but

the highest decrease in elevation was >9 m. In the southern part of

the area, minor surface accumulation was recorded, but no indicators

of deposition were found during the field verification and so we trea-

ted this as an artefact due to an erroneous surface reconstruction for

2016. In the calculations for 2021–2022 (Figure 10b), a change in vol-

ume of �1852 ± 1166 m3 was noted. Reflecting this, the M-N and

O-P cross profiles (Figure 10d,e) in the central, most active part of the

moraine clearly show that the changes in morphology are concen-

trated near the lake and along the central axis of the ridge, whereas

the rest of the area is more stable.

4 | DISCUSSION

4.1 | Spatial and temporal distribution of surface
changes

During the observation period (2014–2022), the study areas under-

went various scales of change (Figures 6–10). Very little activity took

place in case study areas 1 and 2, the kame terraces and outwash

plain, where �85% of the total surface had not changed in the period

2014–2022. In contrast, case study areas 3 and 4 underwent more

dynamic activity, especially the ice-cored moraine of case study area

3, where only 13% of the surface remained stable over the same

period (Table 2). Such a diverse response is directly related to the

presence of dead ice and its melting. The average annual rate of

change for 2021–2022 in all case study areas was lower than in other

periods, likely because the survey period comprised mostly the winter

season (September 2021–May 2022), before the beginning of the

summer ablation peak.

4.2 | Processes responsible for surface changes

The degradation of buried dead ice blocks and associated mass

movements, including ground surface collapse and widespread

debris flows, were the most critical processes responsible for

transformation of the ice-cored moraine complexes of study areas

3 and 4 over the period 2014–2022. This was evidenced by the

F IGURE 7 Elevation changes between 2016 and 2022 for the outwash plain (case study area 2—see Figure 2 for location). The minLoD was
set at 0.20 m. Source of background: ÍslandsDEM v1.0. [Colour figure can be viewed at wileyonlinelibrary.com]
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appearance and changing shape of numerous sinkholes and ten-

sion fractures on the moraine surfaces. Another process that

impacted significantly on volume change was fluctuations in water

levels and concomitant shore erosion around the margins of the

proglacial/supraglacial lake and the ponds that developed in

enlarging sink holes/kettles. Although surface collapse due to ice

melt-out dominated as a process over the surveyed areas, some

minor impacts and surface elevation increases were due to para-

glacial activity in the historically developed and largely unstable

lateral moraine topography, including the development of small

debris flows, rockfalls, small rock avalanches and alluvial fans,

which added debris to the tops of kame terraces and outwash

margins.

4.3 | Comparison with short-term rates of surface
change at other locations

To compare the land surface dynamics between case studies of vary-

ing areal extent, we standardized the volumetric measurements by

dividing them according to area and period of observation, thereby

ensuring that the average change in annual volume was calculated

(Figure 11). The results confirm the low volumetric change of case

study area 1 (average elevation changes of �0.13 m a�1), the interme-

diate volumetric change of case study areas 2 and 4 (�0.29

and � 0.26 m a�1, respectively, for the period 2016–2022) and the

high-volume loss of case study area 3 (�0.82 m a�1 for the period

2014–2022). Additionally, Table 3 shows the maximum annual

F IGURE 8 Elevation changes between 2014 and 2022 for the ice-cored hummocky moraine complex (case study 3—see Figure 2 for
location). The minLoD was set at 0.20 m. Source of background: ÍslandsDEM v1.0. [Colour figure can be viewed at wileyonlinelibrary.com]
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thickness difference for each DoD calculation, ranging from �2 to

�3 m a�1 for case study areas 1, 2 and 4 up to �12.21 m a�1 and for

case study area 3 for 2021–2022.

This range of values for volumetric change due to de-icing on the

contemporary foreland of a rapidly receding glacier can be compared

with those in other settings (Table 4). For example, on the forelands

of Ebbabreen and Ragnarbreen, Svalbard, the average annual changes

in thickness (i.e., sum of elevation changes divided by the area and

period of observation) for an ice-cored moraine complex from 2012

to 2014 ranged from �0.14 to �1.83 m a�1 and the average annual

maximum thickness change (i.e., maximal values of elevation changes

divided by the period of observations) ranged from �1.0 to �7.9 m

a�1 (Ewertowski & Tomczyk, 2015). For the ice-cored moraine in the

foreland of Midtre Lovénbreen, Svalbard, an average annual thickness

change of �0.65 m a�1 was measured over the period 2003–2005

(Irvine-Fynn et al., 2011). For the same glacier, but a longer period

(2003–2014), Midgley et al. (2018) reported changes ranged from

�0.02 m a�1 for outwash plain (without buried ice) to �0.40 m a�1

for ice-cored medial moraine. In contrast, the ice-cored moraine on

the neighbouring foreland of Austre Lovénbreen, Svalbard, displayed

F IGURE 9 Evolution of ice-cored moraine complex at Kvíárjökull between 2014 and 2022—see Figure 2 for location. [Colour figure can be
viewed at wileyonlinelibrary.com]
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F IGURE 10 Elevation changes for the thrust ice-cored moraine arc (case study 4—see Figure 2 for location) for the years 2016–2022. The
minLoD was set at 0.20 m. Source of background: ÍslandsDEM v1.0. [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 11 Average annual thickness change for different case study areas on the Kvíárjökull foreland. Changes calculated from the
summary DoDs (i.e., differences between first and last surveys) for each case study area are indicated by bold fonts. [Colour figure can be viewed
at wileyonlinelibrary.com]
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an average elevation change of only �1.42 m in the 11-year period

2003–2014 (�0.13 m a�1), with the maximum change exceeding

�4 m (Tonkin et al., 2016). Much greater change has been observed

on the foreland of Fjallsjökull, Iceland, where calculations have been

made on an annual basis between 2016 and 2019; from 2016 to

2017 in particular, the highest rate of average maximum elevation

change of �0.5 m per month (6 m a�1) was recorded (Chandler, Evans,

et al., 2020). Other land elements in the foreland of Fjallsjökull and

Hrútárjökull (Iceland) were characterized by average annual elevation

changes between �0.08 and �1.33 m a�1 (Table 4) (Evans

et al., 2023).

4.4 | Short-term versus long-term changes in
proglacial areas

Bennett and Evans (2012) assessed the dynamics of the Kvíárjökull

foreland on a decadal temporal scale based on DEMs generated from

aerial images taken in the period 1945–2003, generating four DoDs

for the periods: 1945–1964, 1964–1980, 1980–1998 and 1998–

2003. They identified the fact that elevation changes in the ice-cored

moraine complex did not proceed at the same rate. Changes in the

average annual thickness decreased during the first three periods

(�0.8 m a�1 in 1945–1964, �0.3 m a�1 in 1964–1980 and 0.015 m

a�1 in 1980–1998) and then started to slightly increase in the fourth

period (0.044 m a�1 in 1998–2003). Positive values in the period

1980–1998 were a result of snout readvance into ice-cored terrain as

a response to the 1990s readvance event in southern Iceland (sensu

Evans & Hiemstra, 2005; Sigurðsson, 2005; Bradwell et al., 2006;

Sigurđsson et al., 2007; Evans & Chandler, 2018). The results of our

more recent, short-term calculations reveal that the trend of increas-

ing rates of change for the period 1998–2003 have been sustained,

with all the case study areas exceeding the average change in annual

thickness of 0.044 m a�1 recorded by Bennett and Evans (2012) for

the period 1998–2003 (Figure 11). These results are similar to those

from other long-term analyses. For example, on the foreland of Rag-

narbreen, Svalbard, the average annual change in elevation in the

period 1961–2009 was �0.033 m a�1 (Ewertowski, 2014). Addition-

ally, on the Hørbyebreen foreland, Svalbard, ground surface elevation

changed annually on average by �0.15 m a�1 throughout the period

1960–2009, with an average maximum volume change of �1.3 m a�1

(Ewertowski et al., 2019). On the foreland of Brúarjökull, Iceland,

there was an average ground surface change from �0.10 to �0.18 m

a�1 over the period 1945–2005 (Schomacker & Kjaer, 2007) and on

the Kötlujökull foreland, Iceland, ice-cored moraine surfaces dropped

on average annually from �0.3 to �1.4 m a�1 in 1995–1998

(Krüger & Kjær, 2000). A similarly high level of activity has been

reported for the ice-cored moraine on the foreland of Holmströmb-

reen, Svalbard, by Schomacker and Kjaer (2008), with a mean annual

surface change of �0.9 m a�1 for the period 1984–2004 (similar to

our case study area 3 at �0.82 m a�1 for the period 2014–2022).

4.5 | Degradation of an ice-cored moraine
complex—implications for the interpretation of
Pleistocene landforms and sediments

The four case study areas analysed here constitute land elements

within the debris-charged, active temperate glacial landsystem at

Kvíárjökull (Bennett et al., 2010), the evolution of which are presented

in Figures 1c and 12. This provides an overview of landsystem devel-

opment over the longer timescale of 1945–2014 (Figure 12), during

which the kame terrace staircase (area 1), the outwash plain (area 2),

the ice-cored hummocky moraine complex (area 3) and the ice-cored

hummocky terrain with discontinuous sinuous ridges (area 4) have

emerged and evolved on the northern half of the glacier foreland. In

the wider context of the foreland, these land elements constitute the

landform–sediment assemblages of an outwash head that has devel-

oped over the adverse slope of an overdeepening (Bennett &

Evans, 2012; Spedding & Evans, 2002). This is a landsystem signature

that is becoming more widely recognized on the rapidly evolving fore-

lands of the southern Iceland temperate outlet glaciers, where high

ice mass turnover and concomitant high meltwater discharges have

given rise to substantial accumulations of glacifluvial sediments widely

deposited over downwasting but active snouts (Bennett &

Evans, 2012; Chandler, Evans, et al., 2020; Evans et al., 2018, 2019,

2023; Evans & Orton, 2015). Long-term meltwater drainage towards

the outwash head can be reconstructed based on the repeat aerial

imagery since 1945 and this has facilitated a much improved

TABLE 3 Average annual maximum thickness change for each
case study area.

DoD

Average annual maximum

thickness change (m)

Case study area 1

September 2014–September 2021 �1.53

September 2021–May 2022 �2.70

September 2014–May 2022 �1.43

Case study area 2

September 2016–September 2021 �1.26

September 2021–May 2022 �2.06

September 2016–May 2022 �1.02

Case study area 3

September 2014–September 2016 �4.83

September 2016–September 2021 �3.81

September 2021–May 2022 �12.21

September 2014–May 2022 �2.96

Case study area 4

September 2016–September 2021 �1.76

September 2021–May 2022 �2.69

September 2016–May 2022 �1.60

Note: Due to fact that the DoDs for September 2021–May 2022 are for a

shorter period than 1 year, we calculate the mean with an accuracy of 1

month.
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TABLE 4 Comparison of glacial landform degradation rates in different sites in Iceland and Svalbard.

Location Landform
Observation
period

Annual
average elevation
change (m a�1)

Average
maximum elevation
change (m a�1) Source

Short-term surveys (days to annual)

Midtre Lovénbreen,
Svalbard

Ice-cored moraine 2003–2005 �0.65 N/A Irvine-Fynn et al. (2011)

Ragnarbreen, Svalbard Ice-cored moraine 2012–2014 �0.14 �1.0 Ewertowski and
Tomczyk (2015)

Ebbabreen, Svalbard Ice-cored moraine 2012–2014 �1.83 �7.9 Ewertowski and
Tomczyk (2015)

Fjallsjökull, Iceland Ice-cored moraine 2016–2019 N/A �6.0 Chandler, Evans, et al.
(2020)

Fjallsjökull, Iceland South overdeepening, including 2014–2022 �0.15 �1.94 Evans et al. (2023)

(a) Large esker network 2014–2022 �0.08 �1.19

(b) Inner overdeepening
(hummocky terrain)

2014–2022 �0.63 �1.94

(c) Adverse slope 2014–2022 �0.25 �1.13

(d) Outer overdeepening 2014–2022 0.00 N/A

Hrútárjökull, Iceland 1990s thrust moraine 2014–2022 �0.96 �1.94 Evans et al. (2023)

Hrútárjökull, Iceland Overdeepening 2014–2022 �0.79 �3.69 Evans et al. (2023)

Hrútárjökull, Iceland Hummocky terrain/medial
moraine

2014–2022 �0.51 N/A Evans et al. (2023)

Hrútárjökull, Iceland Collapsed sandur 2014–2022 �0.46 �1.87 Evans et al. (2023)

Hrútárjökull, Iceland Debris-covered snout 2019–2022 �1.33 �8.5 Evans et al. (2023)

Kvíárjökull, Iceland Kame terrace staircase 2014–2022 �0.13 �1.43 This study

Kvíárjökull, Iceland Outwash plain 2016–2022 �0.29 �1.02 This study

Kvíárjökull, Iceland Ice-cored hummocky moraine
complex

2014–2022 �0.82 �2.96 This study

Kvíárjökull, Iceland Ice-cored hummocky terrain 2016–2022 �0.26 �1.60 This study

Long-term surveys (decadal)

Austre Lovénbreen,
Svalbard

Ice-cored moraine 2003–2014 �0.13 �0.36 Tonkin et al. (2016)

Midtre Lovénbreen,
Svalbard

Frontal moraine (limited buried
ice content)

2003–2014 �0.09 N/A Midgley et al. (2018)

Midtre Lovénbreen,
Svalbard

Lateral moraine (ice-proximal
slope)

2003–2014 �0.06 N/A Midgley et al. (2018)

Midtre Lovénbreen,
Svalbard

Medial moraine (ice-cored) 2003–2014 �0.40 N/A Midgley et al. (2018)

Midtre Lovénbreen,
Svalbard

Outwash plain 2003–2014 �0.02 N/A Midgley et al. (2018)

Midtre Lovénbreen,
Svalbard

Hummocky moraine 2003–2014 �0.03 N/A Midgley et al. (2018)

Holmströmbreen,
Svalbard

Ice-cored moraine 1984–2004 �0.9 N/A Schomacker and Kjaer
(2008)

Ragnarbreen, Svalbard Ice-cored moraine 1961–2009 �0.033 �0.24 Ewertowski (2014)

Hørbyebreen,
Svalbard

Ice-cored moraine 1960–2009 �0.15 �1.30 Ewertowski et al. (2019)

Brúarjökull, Iceland Ice-cored moraine 1945–2005 �0.10 to �0.18 N/A Schomacker and Kjaer
(2007)

Kötlujökull, Iceland Ice-cored moraine 1995–1998 �0.3 to �1.4 N/A Krüger and Kjær (2000)

Kvíárjökull, Iceland Ice-cored moraine complex 1945–1964 �0.8 N/A Bennett and Evans
(2012)1964–1980 �0.3 N/A

1980–1998 �0.015 N/A

1998–2003 �0.044 N/A
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understanding of englacial drainage pathways through snouts overly-

ing overdeepenings (Figure 12).

Meltwater drainage towards the apex of the outwash head was

clearly fed by a portal in the centre of the glacier snout but it was not

obvious until the capture of 1964 imagery where the lake water

centred over study area 2 in 1945 was draining away. This becomes

apparent in the emergence of englacial eskers in the debris covered

snout on the 1964 and 1980 imagery (Figure 12). An esker origin for

these ridges is verified by their field characteristics of well-sorted

stratified gravels and sands (Bennett & Evans, 2012; Spedding &

Evans, 2002). After lake drainage, meltwater streams flowing over the

kame terraces (area 1) to form the outwash plain (area 2) disappeared

under the snout margin, emerging again on the northern part of the

outwash head apex in 1964 (Figure 12). By 1980, this meltwater path-

way through the snout becomes more obvious where an N-S trending

stream draining through ice-cored terrain is clearly feeding the active

apex of the outwash head at the centre of the snout. The emergence

of englacial eskers is manifested in the imagery of the ice-cored

moraine complex (area 3) by the appearance of sinuous ridges. These

ridges document drainage through the ice in a NW-SE direction prior

to 1980, constituting ‘engorged eskers’ (sensu Mannerfelt, 1945,

1949; Evans et al., 2018). However, later imagery from 2012 shows

W-E–orientated ridges, likely documenting the drainage through the

glacitectonic thrust mass constructed in the 1990s, towards the melt-

water stream that was established around the front of the thrust mass

at that time and visible on the 1998 imagery (Figure 12). By 2022, our

UAV imagery reveals the emergence of a further set of englacial

eskers in the lower part of the collapsing ice-cored moraine complex

and aligned ENE-WSW (Figure 13). Drainage towards the higher

topography in the ENE seems unlikely, especially as these eskers

would have accumulated in tunnels cut through lower elevation ice

after thrust mass construction. Consequently, we envisage their pro-

duction by meltwater drainage away from the extensive collapsed ter-

rain that has developed beneath the eastern end of the outwash plain

and towards the contemporary proglacial lake. If correct, this interpre-

tation highlights the development of ‘engorged eskers’, but of a type

that is driven by a groundwater hydrology scenario in which water

pressures are not glacier induced. Moreover, drainage directions are

the reverse of those that would be reconstructed based solely on

landform evidence in a fully deglaciated landscape. Additionally,

eskers have developed at different levels within a downwasting gla-

cier mass as a result of two entirely different ‘engorged’ drainage

scenarios.

In addition to the unusually complex esker development, the ice-

cored moraine complex (case study area 3) is an excellent example of

a terrain produced by incremental stagnation of a debris-covered

snout that was subsequently glacitectonically pushed by glacier read-

vance during the 1990s (Figures 1b, 12 and 13; Bennett and Evans

(2012)). Arcuate ridges were constructed at the eastern end of the

moraine complex, comprising compressed and thrust stacked ice-

cored ridges and eskers, which were gradually emerging through the

debris-covered snout prior to the readvance. This is an ice-cored ver-

sion of a composite glacitectonic thrust moraine (sensu Aber

et al., 1989). The inclusion of buried glacier ice in the thrust mass has

significant implications for glacial geomorphology in that de-icing will

result in the gradual destruction of linearity and a final landform that

resembles hummocky terrain rather than a recognizable glacitectonic

thrust mass. In 2014 and 2016 imagery, the arcuate ridges diagnostic

of thrust mass construction was still visible despite the significant

mass lost through de-icing (Figure 13). Since 2014, however, down-

wasting due to de-icing has gradually fragmented the linearity and this

has been replaced by increasing amounts of chaotic hummocky and

pitted terrain as well as the ESE-WNW engorged eskers.

The historical development of the ice-cored hummocky terrain

with discontinuous sinuous ridges (area 4) not only serves as an excel-

lent genetic model for outwash heads but also provides insight into

the operation of glacial meltwater pathways over overdeepenings.

Like study area 3, this area appeared as ice-cored, pitted terrain at the

elongate apex of the main proglacial outwash fan in 1980, but was

glacitectonically compressed to form an ice-cored composite thrust

mass fronted by push ridges in glacifluvial deposits during the 1990s

readvance (Figures 1c and 12). As it then downwasted into hummocky

terrain, it was also incised and reworked in several places by glacial

meltwater streams existing from portals on the glacier snout. Associ-

ated with the portal positions have been sinuous ridges composed of

well-sorted and stratified gravels and sands emerging from the down-

wasting ice-cored terrain over time. These ridges are interpreted as

englacial eskers due to their continuation onto the glacier surface and

their clear emergence from englacial positions (Bennett et al., 2010;

Bennett & Evans, 2012; Spedding & Evans, 2002). The association of

the eskers with an ice-cored proglacial outwash fan clearly demon-

strates that the majority of the meltwater draining through the glacier

snout has bypassed the floor of the overdeepening, explaining the

very restricted occurrence of supercooled ice (Larson et al., 2010;

Roberts et al., 2002; Spedding & Evans, 2002; Swift et al., 2006).

4.6 | Problems and limitations in using data
collected with optical sensors on UAVs

While the use of UAVs in glacial geomorphology increased rapidly

after 2015 (see Śledź et al., 2021), data processing results are not free

of artefacts and can exhibit problems, which require careful investiga-

tions in order to avoid erroneous interpretation. The most common

issues associated with SfM reconstruction are related to water

surfaces, which are particularly important in rapidly changing glacier

forelands prone to high levels of de-icing and concomitant pond and

lake development, growth and decay. For example, SfM can recon-

struct points located underwater in shallow, transparent ponds

(Carrivick & Smith, 2019); however, the algorithm struggles in cases

with high water turbidity or suspended sediments (see Tomczyk &

Ewertowski, 2021). In our case studies, this was clearly the case in

relation to the large proglacial/supraglacial lake, which was character-

ized by high suspended sediment concentrations combined with small

wind-generated ripples, resulting in the erroneous reconstruction of

the water surface. To avoid the impact of these errors on DoD
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F IGURE 12 Legend on next page.
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calculations, points characterized by high uncertainty (e.g., located

only on two images) were removed from the dense point cloud and a

smooth water surface was thereby created (Figure 14a). Moreover,

borders of case studies were delineated to avoid the lake area

(Figure 2). In the case of minor, transparent waterbodies, depending

on the water depth, underwater terrain was reconstructed to some

extent, but in some cases erroneous points were generated and this

impacted on elevation and shading models (Figure 14b). In such cases,

the careful examination of not only DEMs but also orthomosaics is

required.

Indeed, the investigation of different products of SfM (point

clouds, DEMs and orthomosaics), in combination with field verifica-

tion, is crucial for accurate interpretations of geomorphological

process–form regimes. For example, in our case study area 2 (outwash

plain), a 192 m3 increase in the volume was recorded for the 2021–

2022 period (Figures 7b and 11, Tables 2, 4 and 5) but the analysis of

F IGURE 12 Palaeogeographic reconstructions of glacier change and landform development for the debris-charged, active temperate foreland
at Kvíárjökull based on aerial imagery (1945–2003) and high-resolution satellite imagery (2012–2014). [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 13 3D visualizations of the ice-cored moraine complex (see Figure 2 for location) between 2014 and 2022 illustrating different
stages of degradation and the emergence of englacial eskers. [Colour figure can be viewed at wileyonlinelibrary.com]

ŚLEDŹ ET AL. 5585

 1099145x, 2023, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ldr.4865 by T

est, W
iley O

nline L
ibrary on [08/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


F IGURE 14 Examples of problems with data processing encountered in the study area: (a) lake with a high concentration of suspended
sediments which required filtration of the point cloud; (b) small transparent waterbodies, which generated erroneous surfaces and (c) depression
filled with water, which was responsible for an increase in volume recorded by DoD. [Colour figure can be viewed at wileyonlinelibrary.com]
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orthomosaics indicated that the elevation increase was not related to

landform change, but instead to the water that filled the depression

over time (Figure 14c).

5 | CONCLUSIONS

This study investigated landform transformation in relation to the

development of the debris-charged temperate glacial landsystem on

the foreland of Kvíárjökull, SE Iceland, for the period 1945–2022,

with high-resolution quantification of surface change resulting from

de-icing over the period 2014–2022. Observations were based on

aerial photograph archives, high-resolution satellite imagery and a

time series of UAV-gathered data. UAV images were processed using

the SfM approach to generate DEMs, which were then used to

develop the DoDs and perform the change detection. We selected

four case study areas representative of specific landform elements,

including a kame terrace staircase, an outwash plain, an ice-cored

hummocky moraine complex and an ice-cored hummocky terrain

with discontinuous sinuous ridges (englacial eskers). The recorded

short-term dynamics of the landform changes at Kvíárjökull are con-

sistent with those reported at other rapidly deglaciating forelands in

the northern polar region. The average annual change in volume as

derived from land surface lowering ranged from �0.06 m a�1 in a

relatively stable area of kame terrace staircase to �0.82 m a�1 for

the ice-cored hummocky moraine complex. Compared with long-

term research in this foreland since 1945, our results confirm the

ongoing degradation of ice-cored moraine and outwash complexes,

visible and quantifiable by using land surface collapse, at variable

rates related to buried ice volume and age of deglaciation. The grad-

ual evolution of largely chaotic hummocky terrain from not only

debris-covered glacier ice but also from glacitectonic thrust masses,

outwash fans/heads and complex englacial esker networks is an

important modern landsystem analogue for informing palaeoglaciolo-

gical reconstructions in areas characterized by hummocky ‘moraine’
and/or kame and kettle topography.
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