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ABSTRACT  
This paper presents four glacial geomorphology maps depicting glacier retreat and landscape 
evolution between September 2021 and May 2023 at Esjufjallajökull, the central flow unit of 
Breiðamerkurjökull, southeast Iceland. The foreland, which deglaciated between 2010 and 
2023, was mapped from repeat uncrewed aerial vehicle (UAV) survey data. A total of 16 
landform types were identified, and their spatial distribution and morphological evolution 
provide valuable insights into ice and meltwater dynamics during deglaciation. The time- 
series reveals spatiotemporal variations in landform assemblages: a buried ice environment 
characterising the western study area, proglacial lakes, hummocky meltwater tracts and 
eskers dominating the central zone, and meltwater eroded spillways further east. The maps 
cover an area ranging from 2 to 5.4 km2, at a scale ranging between 1:4000 and 1:5000.
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1. Introduction

Since the end of the Little Ice Age (LIA), glacial retreat 
has revealed extensive forelands in Iceland providing 
ideal locations for investigating the landscape 
response following deglaciation (Benediktsson et al., 
2022; Bennett & Evans, 2012; Chandler et al., 2016a, 
2016b; Evans et al., 2010a, 2017c, 2018 ; Everest 
et al., 2017; Jónsson et al., 2014; Rodríguez-Mena 
et al., 2021; Schomacker et al., 2014). Geomorphologi
cal mapping of these landscapes has significantly 
advanced our understanding of process-form regimes 
and interpretation of ancient landforms (Evans et al., 
2010b, 2016a; 2016b, 2017a, 2017b, 2023; Evans, 
2011; Chandler et al., 2016a, 2020a, 2020b; Lally 
et al., 2024; Rodríguez-Mena et al., 2021; Schomacker 
et al., 2014; Śledź et al., 2023). In glacierised settings, 
the use of uncrewed aerial vehicles (UAVs) is becom
ing increasingly common due to their ability to pro
duce centimetre-scale digital elevation models 
(DEMs), at a relatively low cost (Bhardwaj et al., 
2016; Chandler et al., 2018; Hackney & Clayton, 
2015; Ramsankaran et al., 2020; Śledź et al., 2021).

This paper presents a time-series of four glacial 
geomorphology maps for the Esjufjallajökull fore
land (the central flow unit of Breiðamerkurjökull) 
depicting ice-margin retreat and landscape evol
ution over a 20-month period using UAV-derived 
data. It extends the existing observation period 

provided by the 1945–2018 time-series of maps 
(Evans & Twigg, 2000; Guðmundsson & Evans, 
2022; Howarth & Welch, 1969a, 1969b) and widens 
the spatial scope of recent work by Lally et al. 
(2023, 2024) enabling an evaluation of the rapid 
ongoing development of glacial landforms at 
Breiðamerkurjökull during deglaciation at high 
spatial and temporal resolution.

2. Study area and previous geomorphology 
research

Breiðamerkurjökull is one of the fastest retreating gla
ciers on the Vatnajökull ice cap (Aðalgeirsdóttir et al., 
2020) which, along with the wealth of historical data 
on landscape evolution, provides an ideal location 
for examining landforms uncovered and created 
during deglaciation. Breiðamerkurjökull comprises 
four flow units separated by prominent medial mor
aines (Figure 1). The glacier is underlain by up to 50 
m of unconsolidated glaciofluvial sediments on top 
of fractured igneous bedrock (Boulton et al., 2007a). 
The glacier has retreated ∼7 km in the last 120 
years, exposing more than 100 km2 of foreland 
(Guðmundsson et al., 2017). Breiðamerkurjökull 
responds rapidly to the annual cycle of surface air 
temperatures which previously resulted in annual 
(winter) push moraine formation (Boulton, 1986; 
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Figure 1. (a) Copernicus EU-DEM hillshade of Iceland and Vatnajökull ice cap. The study area is at Breiðamerkurjökull, an outlet 
glacier on the south side of Vatnajökull with Figure 1b extent; (b) Breiðamerkurjökull, the four flow units and Breiðamerkursandur. 
The terminus locations for 1890 and for each year of the previous geomorphology time-series (basemap Sentinel-2 harmonised 
true colour image 19/09/2023) with Figure 2 extent; (c) Breiðamerkurjökull and cumulative retreat line graph, primary y-axis) and 
annual retreat rate (bar chart, secondary y-axis) from 1933 to 2022 (data available from https://islenskirjoklar.is).
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Bradwell et al., 2013; Sigbjarnarson, 1970; Sigurdsson 
et al., 2007).

Breiðamerkurjökull has been the site of seminal 
research from subglacial deformation experiments 
(Boulton et al., 2001), the development of process- 
form regimes (Price, 1969) and the Active Temperate 
Landsystem Model (Evans & Twigg, 2000). Glacial geo
morphology mapping in the area began in the early 
1900s, providing a historical record of the glacier’s 
response to climate change (Evans & Twigg, 2002; 
Howarth & Price, 1969; Lister, 1951; Price, 1969, 1971, 
1982; Price & Howarth, 1970). Glacial geomorphology 
maps were produced for the entire ice-front and foreland 
for 1945 (Howarth & Welch, 1969a), 1965 (Howarth & 
Welch, 1969b), 1998 (Evans & Twigg, 2000) and 2018 
(Guðmundsson & Evans, 2022). Recent work mapping 
glacial landforms at Breiðamerkurjökull from UAV 
data resulted in the refinement of process-form models 
for englacial eskers (Lally et al., 2023) and ice-marginal 
spillways (Lally et al., 2024).

The central flow unit (Esjufjallajökull) is the focus 
of this paper as it is the only predominantly land-ter
minating section of Breiðamerkurjökull. Many of the 
other Vatnajökull outlet glaciers (e.g. Kvíárjökull, 
Falljökull, Fjallsjökull Skaftafellsjökull) and the 
remaining Breiðamerkurjökull flow units currently 
terminate in proglacial lakes and therefore are unsui
table for mapping landscape evolution from UAV 

imagery. The 5.4 km2 study area contains the ice- 
margin and foreland deglaciated between 2010 and 
2023 (Figure 1(b)).

3. Methods and map production

From 2021 to 2023, UAV data were collected during four 
field campaigns (Table 1). Aerial images were processed 
in Agisoft Metashape v1.8.1, using structure-from- 
motion photogrammetry with multi-view stereopsis 
workflow (Westoby et al., 2012). As ground-truthing 
improves the reliability of interpretation of later datasets 
and facilitates ongoing landscape monitoring (Chandler 
et al., 2018), field mapping and feature verification sur
veys were undertaken during each field campaign with 
an additional field verification survey in 6–8 May 2024. 
Most of the mapped area was surveyed on foot over 
the five field campaigns. Proglacial channels obstructed 
access to some western areas of the foreland, additional 
drone footage was captured here for context to support 
interpretations. Other areas that were inaccessible for 
ground control and had ambiguous geomorphology 
were not mapped including with walls of some erosive 
features which require further sedimentological work 
to determine their genesis.

Map production was undertaken using a framework 
adapted from Chandler et al. (2018) for glacial geomor
phological mapping within glacierised settings. Landform 

Figure 2. Glacial geomorphology map extents and associated orthomosaic: (a) September 2021 (basemap Sentinel-2 21/09/21), 
(b) May 2022 (basemap Sentinel-2 06/06/22), (c) September 2022 (basemap 15/09/22) and (d) May 2023 (basemap 01/05/23). The 
extent of a-d is highlighted on Figure 1b.
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digitisation and the final map designs were completed 
using ArcGIS Pro v3.1.1. Features were digitised by ana
lysing a combination of orthomosaics, DEMs, slope-gra
dient models, traditional and multi-directional oblique 
weighted (MDOW) Hillshade models. To improve the 
accuracy of landform digitisation each area had multiple 
passes (Chandler et al., 2018). To ensure larger features 
(e.g. meltwater tracts) were accurately delineated the 
data were viewed at different scales (1:300, 1:1000 and 
1:2000). DEMs were overlain onto the Hillshades, using 
blend modes with Dynamic Range Adjustment activated 
to ensure variations in elevation were easily visible at each 
mapping scale. Thousands of field photographs were 
incorporated into the ArcGIS Pro project using the Geo
tagged Photos to Points tool for reference throughout the 
landform interpretation and digitisation process along 
with the analysis of cloud-free satellite imagery (Planet, 
Sentinel-2 and Landsat).

The orthomosaics representing the extent of each map 
are presented on Figure 2. To minimise blank space and 
enhance aesthetics, each map was produced at a different 
scale based on the associated UAV survey extent: 1:4500 
(September 2021, Main Map 1), 1:5000 (May 2022, Main 
Map 2), 1:4000 (September 2022, Main Map 3) and 
1:5000 (May 2023, Main Map 4) when printed on A1 
sheets. The high-resolution versions of the Main Maps 
are available in the supplementary material.

4. Results

Small-scale reproductions of the map time-series are 
presented on Figure 3, which includes labels of key 
areas examined in this paper. The clean high-resol
ution versions of the Main Maps provided in the sup
plementary material. Mapped foreland features 
include large (>300 m diameter) homogenous areas 
of streamlined subglacial material (i.e. till) to individ
ual kettle holes less than 1 m in diameter (Figure 4).

4.1. Glacial and stagnant ice

The active ice margin was delineated based on topo
graphic variations and colour on the orthomosaic. 

The glacier terminus was either gently sloping onto 
the foreland or formed ice-cliffs if undercut by melt
water. Mapped glacial ice ranged from 23-35% of the 
total area within each map and retreated up to 196 
m throughout the time-series in response to deglacia
tion. Ice blocks, detached from the main glacier mar
gin, and areas of glacial ice partially submerged by 
water visible on the orthomosaics, were mapped as 
separate features termed ‘stagnant ice’. Buried ice 
was observed beneath pitted glaciofluvial deposits in 
the foreland and was not digitised as an individual 
feature.

4.2. Medial moraine

Medial moraines are positive relief ridges separating 
ice flow units, brown in colour, ice-cored and contain 
angular boulders. The Mavabyggdarönd medial mor
aine was mapped in the west and the Esjufjallarönd 
medial moraine in the east. Medial moraines consti
tute 2-6% of each map. The eastern foreland area, 
once the location of the medial moraine, had a spread 
of large angular boulders left behind as the medial 
moraine downwasted. It was difficult to accurately 
delineate where the boulder spread began and ended 
and large boulders were observed at multiple locations 
across the foreland. Therefore, these boulder fields 
were not mapped as a separate feature. The study 
area was classified based on the dominant geomor
phology (e.g. hummocky meltwater tracts or till). 
However, as stated by Evans and Twigg (2002), these 
boulder deposits are linked to the ample availability 
of supraglacial debris (i.e. from medial moraines or 
supraglacial debris stripes).

4.3. Bedrock areas

Bedrock was primarily mapped at the western ice- 
margin with isolated outcrops (<2 m wide) along the 
floor of a meltwater eroded spillway in the east. Bed
rock areas were split into two distinct features, the 
first was bedrock outcrops or exposures, often 
polished and striated. The second was mapped as 

Table 1. Summary of UAV flight and output properties for all four study periods.
SEP-21 MAY-22 SEP-22 MAY-23

UAV model DJI Phantom 4 RTK Two x DJI Phantom 4 RTK DJI Phantom 4 RTK DJI Phantom 4 RTK and DJI Mavic 3 RTK
Camera model (focal length) FC6310R (8.8 mm) FC6310R (8.8 mm) FC6310R (8.8 mm) FC6310R (8.8 mm) 

FC2403 (4.5 mm)
Flight extent (km2) 2.80 6.03 2.37 4.71
Flying altitude (m) 105 216 208 109
Number of photos 2735 1327 463 4357
Ground resolution (cm/pix) 2.84 5.86 5.32 2.85
Tie points 619,570 275,190 158,618 1,120,368
Projections 6,282,039 3,064,354 1,090,813 9,665,970
Reprojection error (pix) 0.215 0.175 0.228 0.212
Ground control points 5 4 9 9
Total error (cm/pix) 8.3 2.2 7.2 6.0
Point density (points/m2) 297 291 353 308
DEM and ortho resolution (cm/pix) 5.8 5.9 5.3 5.7
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Figure 3. The four-map glacial geomorphology time-series representing Main Map 1 (September 2021), Main Map 2 (May 2022), 
Main Map 3 (September 2022) and Main Map 4 (May 2023). The high-resolution versions are available in the supplementary files.
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areas of ‘quarried bedrock’ which contain angular 
blocks to large boulders (> 1 m in diameter) often 
overlying outcrops. The bedrock at the western ice- 
margin is likely the northeast continuation of the bed
rock highpoint fronting the western flow unit (Máva
byggðarjökull) (Guðmundsson & Evans, 2022) which 
can be seen in the bottom left corner of the May 
2022 geomorphology map (Main Map 2 in the sup
plementary material). Bedrock areas ranged from 
0.5-2% of the total area on each map.

4.4. Streamlined subglacial material

Streamlined subglacial material, also termed ground 
moraine, till and fluted till (Evans & Twigg, 2002; 

Guðmundsson & Evans, 2022), is the most common 
foreland feature mapped (16–26% of total map area). 
Streamlining was visible on the DEMs across broad 
areas but digitising individual bedforms was challenging 
due to their subtle topographic expression. The subgla
cial material across the Esjufjallajökull foreland is com
posed of unconsolidated sediments and overridden 
features deposited during previous ice advances (Evans 
& Twigg, 2002; Guðmundsson & Evans, 2022). The 
streamlined terrain occupies the highest elevations across 
the foreland, represent the former subglacial bed and are 
often flanked by meltwater tracts and proglacial lakes. 
Zones of streamlined subglacial material in the foreland 
are unmodified throughout the time-series and are 
absent in the western area of each map.

Figure 4. Aerial view of the mapped features (DEM and orthomosaic) with an example of the indicative ground view from field 
photos. The DEM is underlain by an azimuth 315° Hillshade, Dynamic Range Activated so each DEM elevation ranges from the 
lowest (blue), intermediate (green yellow) to highest (pink), the areas of proglacial water are masked (grey).
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4.5. Flutings

Flutings, elongated low relief ridges and furrows (<0.5 m 
high), record previous ice flow directions (Figure 5). Up 
to 80 flutes were digitised in each map with lengths ran
ging between 8-80 m. Their azimuth ranges between 
165° (SSE) and 189° (SSW) with a south mean direction 
(178°). Lodged boulders were often located at the 
initiation point, with the flutings likely formed by till 
squeezing into cavities on the downglacier side of these 
boulders (Benn, 1995; Boulton, 1976; Evans & Twigg, 
2002). Flutings were disrupted by hummocks in some 
locations (Figure 5(b,c)), suggesting they formed earlier.

4.6. Geometric ridges

Geometric ridges, which are low relief linear features 
(<0.5 m high), represent previous ice fracture or 
basal crevasse locations, often forming reticulated net
works and are closely associated with streamlined 

subglacial material (Figure 5(d)). Further work is 
required to determine the genesis of these features 
(i.e. crevasse-squeeze ridges, hydrofractures infills or 
surface crevasse infills), therefore, they have been 
mapped as ‘geometric ridges’ after Evans et al. 
(2022) who identified similar features in Svalbard. 
Ridge lengths are between 1–37 m, with an average 
of 8 m. Although ridges occur in multiple orientations, 
the average bearing is 89° (i.e. E-W and perpendicular 
to ice flow). These ridges were primarily identified in 
the eastern part of the study area, the Esjufjallarönd 
medial moraine zone. Similar features were also 
mapped in 2018 to the area east of Jökulsárlón by 
Guðmundsson and Evans (2022).

4.7. Proglacial water

Meltwater covered 12-17% of the mapped area, 
including proglacial lakes, ice-marginal channels, 

Figure 5. The spatial distribution of flutings in May 2022 and four zoomed in examples: (a–c) flutes on streamlined subglacial 
material or edge of hummocky zones; (d) flutes on subglacial material on the east, cross-cut by geometric ridges (May 2022 
DEM and Hillshade model basemap [note in Figure 5b-c the NW-SE gridded pattern is a UAV-processing artefact].
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water-filled pits and pools between hummocks. The 
topography prevents free drainage of meltwater away 
from the ice-margin resulting in submersion of snou
tice or meltwater drainage concentrated along the gla
cier terminus (rather than flowing away from it). The 
hollows between hummocks across the study area are 
filled with ephemeral lakes, which drain over time and 
often re-fill during the winter months, as observed by 
the increased presence of water in the May maps com
pared to the September maps. This may be due to 
higher precipitation over the winter months or 
groundwater recharge.

The centre of the study area is dominated by two 
lakes. Proglacial Lake A, which was disconnected 
from the active ice-margin in ∼2014, had a maximum 
area of 42,483 m2. Proglacial, and still ice-contact in 
2023, Lake B expanded northwards with the ice-mar
gin and narrows throughout the time-series reaching a 
maximum area of 119,184 m2. Lake B drains eastwards 
through a series of spillways, which progressively 
become abandoned as the glacier retreats. These spill
ways were examined by Lally et al. (2024) and form in 
response to the glacier retreating across a reverse- 
slope bed and the impoundment of water at the ice- 
margin.

One meltwater upwelling was identified on each 
map. The upwelling was always observed and mapped 
next to the western medial moraine, similar to the 
upwelling at Skaftafellsjökull observed by Tweed 
et al. (2005). Meltwater upwellings are most common 
near major subglacial meltwater sources and form by 
drainage from high pressure to lower pressure regions 
(Boulton et al., 2007a, 2007b). The emerging melt
water was likely supercooled as it flows from a subgla
cial artesian vent, evidenced by the formation of frazil 
and anchor ice around fine-grained terrace deposits 
(Figure 6). In the final map of the series (May 2023), 
the zone of upwelling migrated 125 m north from 
the 2021–2022 location.

4.8. Glaciofluvial outwash deposits and 
meltwater tracts

Glaciofluvial features, representing 6–9% of each map 
area, include erosional (i.e. meltwater tracts) and 
depositional features (i.e. glaciofluvial outwash). 
These features include ice-contact and spillway fed 
outwash fans, meltwater eroded spillways (>5 m 
wide) and narrower meltwater channels (<2 m wide) 
eroded into subglacial sediments. Up to 1,247 relict 
or abandoned meltwater channels, ranging in length 
from 2 to 700 m, were digitised as line features on 
each map. These were concentrated across the braided 
outwash fans, highlighting the spatiotemporal vari
ation in meltwater flow directions. Time-transgressive 
series of glaciofluvial outwash tracts (Lake B outflow 
spillways) provide evidence for channel incision and 

abandonment in response to ice retreat and emerging 
topography (Evans & Twigg, 2002; Lally et al., 2024).

Small patches of fine-grained deposits were mapped 
surrounding Lake A and B, as well as on the till and 
between hummocks. Although these areas often had 
weakly developed shorelines, they were not mapped 
as separate features because later meltwater flow 
often disturbed them, making it challenging to dis
tinguish sediments deposited in lakes from those in 
streams.

4.9. Pitted glaciofluvial deposits

The western part of the study area, along with isolated 
regions associated with the central ice-contact progla
cial lake, contain glaciofluvial outwash fans with pitted 
surfaces that account for 9-15% of each map’s area 
(Figure 7). Pitted outwash is linked to the melting of 
buried glacier ice at retreating temperate glacier mar
gins (Guðmundsson & Evans, 2022). In earlier maps 
(e.g. Evans & Twigg, 2002; Howarth & Welch, 
1969b) pitted sandar was termed ‘kame and kettle 
topography’ but has since been more appropriately 
termed ‘kettled’ or ‘pitted sandar’ (Guðmundsson & 
Evans, 2022).

Pitted sandar fans reach widths of 55 m in the wes
tern area and up to 15 m in the central foreland. The 
time-series captures the creation of terraces in these 
areas, eroded by later meltwater flow. Buried ice is vis
ible in the walls of the pits up to 850 m from the active 
western ice margin (Figure 7(e)). Pits are predomi
nantly quasi-circular depressions in the surface of 
flat glaciofluvial outwash deposits and can be water- 
filled due to a high-water table or impermeable sur
faces at the base of the pit. The ∼6 cm resolution 
orthomosaics and DEMs allowed for the digitisation 
of individual pits as point features and up to 1,738 
pits were digitised for each temporal snapshot. Flat 
glaciofluvial outwash deposits with sparce pitting 
(Figure 7(a)) were mapped closest to the active glacier 
which evolved into sandar with enlarged pits further 
from the active ice-margin (Figure 7(b)). The gla
ciofluvial deposits overlying the buried ice collapse 
over time or are eroded by later meltwater flow (Figure 
7(c)). The most complex sandar was observed furthest 
from the ice-margin with esker ridges emerging from 
the sandar as buried ice surrounding the ridges melts 
over time (Figure 7(d)). Ridges emerging from the 
sandar were commonly straight (Boulton et al., 
2007a; Storrar et al., 2015).

In line with previous work (c.f., Guðmundsson & 
Evans 2022; Howarth, 1971; Price, 1982; Welch & 
Howarth, 1968) pitted sandar and emerging eskers 
represent various stages on a process-form continuum 
and should not be genetically separated. However, to 
better visualise the complex topography in the geo
morphology maps a colour gradient was used across 
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the pitted sandar areas. High elevation areas are shown 
in yellow, representing emerging eskers further south 
and newly deposited outwash in the north (Figure 3). 
Lower elevation areas with collapsing pitted surface 

were coloured brown. This colour gradient allows 
for better visualisation of the complex topography. 
Only esker ridges outside of pitted sandar deposits 
were mapped as individual features.

Figure 6. Field photos of the meltwater upwelling near the western ice-margin in May 2022: (a) the meltwater upwelling and the 
terrace deposits (photo looking northwest); (b) frazil ice surrounding the upwelling providing evidence for supercooling (photo 
facing west) and (c) terrace deposits and frazil ice (∼40 cm high) surrounding the meltwater upwelling (photo facing west).

JOURNAL OF MAPS 9



Figure 7. Distribution of pitted sandar across the study area, with insets of different phases of evolution (May 2022 Hillshade 
model basemap): (a) pitted sandar fans cross-cut by braided outwash; (b) flat braided outwash with small pits and a terraced 
pitted sandur fan; (c) terraced pitted sandar to adjoining water-filled pits; (d) complex pitted sandar with an emerging esker. 
Water-filled areas are in solid blue polygons (May 2022 DEM basemap); (e) UAV photo of pitted sandar area (photo facing 
west) with field photo inset highlighting buried ice in foreland (photo facing west).
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4.10. Hummocky meltwater tracts

Hummocky meltwater tracts account for 9-13% of 
each map (Figure 8). These are areas consisting of irre
gular mounded terrain, often mapped between areas 
of streamlined subglacial material at lower elevations, 
like those mapped by Öhrling et al. (2020). The hol
lows between the hummocks often contained fine- 
grained glaciofluvial/lacustrine deposits and ephem
eral lakes which dry up over the summer months. 
Hummocks and the intervening hollows were mapped 
as the same feature. They were delineated based on the 
dominant geomorphology and whether a tract con
sisted mostly of hummocks.

Hollows between hummocks cross-cut and dis
rupted flutings indicating they may have formed 
later (e.g. Figure 5(c)). This provides evidence, along 
with topographic differences between the fluted till 
and hummocky topography that these hummock cor
ridors are likely modified, at least in part, by meltwater 
erosion. Perhaps these areas represent reworking of 
sediment by proglacial water, evidence for high sub
glacial meltwater supply to the base of the ice and a 
weakly connected cavity system (i.e. hollows between 
the hummocks) (Ahokangas et al., 2021; Leigh et al., 
2021; Öhrling et al., 2020; Ojala et al., 2019; Peterson 
et al., 2017).

Some of the hummocks, particularly in the area 
surrounding Lake A, appear to have a consistent 
orientation (NNW-SSE similar to the ice flow direc
tion) similar to triangular-shaped hummocks (Figure 
8(a–c)) termed ‘Murtoos’ mapped across the former 
bed of the Scandinavian Ice Sheets (SIS) (c.f., Ojala 
et al., 2021). Although the Breiðamerkurjökull hum
mocks do not have a well-developed V-shape like 
the SIS examples, some areas do resemble lobate 
type murtoos classified by Ojala et al. (2021). The 
spatial distribution of these hummocky tracts supports 
this interpretation as they are primarily found in zones 
between streamlined subglacial material and potential 
major meltwater sources containing eskers and pro
glacial lakes. These hummocky areas could provide 
evidence of a transitional drainage system between 
efficient and inefficient although further work is 
required to improve our understanding of the associ
ated process-form regimes.

4.11. Eskers

Eskers are straight-to-sinuous ridges comprising gla
ciofluvial sand and gravel (Banerjee & McDonald, 
1975), with their footprints delineated based on 
break of slope. Up to 30 eskers were identified on 
each map, accounting for <1% of each map, ranged 
from <10 m to 560 m in length (Figure 8). The evol
ution of an englacial esker emerging from the ice- 
margin (Figure 9), examined by Lally et al. (2023), 

was captured in the first three maps of the series. 
Further evolution of this feature, and the emergence 
of another englacial esker, can be seen in the final 
map (May 2023).

Storrar et al. (2015) concluded that the formation of 
eskers’ is controlled by both sediment supply and 
meltwater availability, with the largest eskers found 
at the medial moraine locations. The spatial distri
bution of the eskers across the mapped area indicates 
stable meltwater sources existed in the central foreland 
(Lake A and B) and in the eastern foreland enabling 
their deposition in perennial channels (Boulton 
et al., 2007a). Smaller eskers may provide evidence 
for deposition in transient channels created during 
individual meltwater seasons.

4.12. Landscape evolution over the study 
period

An area of 0.44 km2 was deglaciated between the Sep
tember 2021 to May 2023 ice-margin locations, 24% of 
which exposed streamlined subglacial surfaces. Water- 
submerged topography replaced 24% of the retreating 
ice margin, mostly associated with the western ice- 
margin and the central lake (Lake B). Hummocky 
meltwater tracts occupied 15% of the deglaciated ter
rain, glaciofluvial deposits 14% and pitted sandar 
10%. Bedrock exposures replaced 9% of this area, stag
nant ice 4% and eskers <1%. Evolution of the progla
cial landscape, already exposed in the first map of the 
series, in response to post-depositional processes 
was also captured in the maps (e.g. Figure 9). This 
includes the erosion of eskers by later meltwater 
flow and pit enlargement due to buried ice melt out. 
The bedrock zone extended over 100 m north over 
the study period with a x2.5 increase in area (Figure 
9). Areas of streamlined subglacial material and hum
mocky meltwater tracts remained static and 
unchanged across the time-series unlike the evolution 
observed across the pitted sandar.

4.13. Comparison with existing time-series of 
Breiðamerkurjökull maps

Although the 2018 map of Breiðamerkursandur, by 
Guðmundsson and Evans (2022), covers the entire 
ice-margin of Breiðamerkurjökull, the foreland of 
the central flow unit (Esjufjallajökull) can be com
pared against the landform assemblage presented in 
this paper. The bedrock outcrop to the south of the 
Mávabyggðarönd medial moraine, on the 2018 map 
is visible on the southwest of the May 2022 map. 
Kame and kettle topography, termed ‘pitted glacioflu
vial deposits’ in this work, was noted at the ice-margin 
which was also mapped in our work but extends over 
300 m further north by 2021. The relict meltwater 
channel tract running alongside the pitted sandar 
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and the streamlined subglacial material to the east is 
also depicted on the 2018 map. Proglacial lakes in 
this area are no longer present but are replaced by 
hummocky meltwater tracts. The remainder of the 
ice-margin is dominated by fluted till in the 2018 
map, termed ‘streamlined subglacial material’ in our 
time-series.

The hummock zone west of Lake A was mapped as 
‘hummocky moraine’ in the 2018 map. Hummocky 
moraine is associated with the melt-out of medial 
moraines, providing evidence for sufficient amount 
of supraglacial sediments to create chaotic hummocky 
terrain as the glacier downwastes and retreats (Evans 
& Twigg, 2002). This area was mapped as ‘hummocky 
meltwater tract’ in this time-series as the hummocks 
in this area were like those observed to the east of 
Lake B. As hummocks disrupt flutings and appear to 
have a preferred orientation to ice flow in some 
areas, we suggest these may represent zones of 

enhanced meltwater flow which removes sediment 
around the hummocks, rather than the hummocks 
being deposited by supraglacial debris meltout. 
Further work is required, including sedimentological 
and geophysical investigations, to understand the 
development of these hummocky areas which may 
involve multiple processes.

The historical evolution of Breiðamerkurjökull 
eskers is well-documented (Evans & Twigg, 2002; 
Howarth, 1971; Price, 1969, 1973, 1982; Storrar 
et al., 2015). Previous mapping efforts at Breiðamer
kurjökull indicate eskers between Breiðárlón and 
Jökulsárlón are over 2 km in length (Evans & Twigg, 
2002; Storrar et al., 2015). Eskers mapped in this 
time-series were shorter, with a maximum length of 
560 m and were not captured in the 2018 map, likely 
due to their narrow morphology (e.g. maximum 
width of ∼4 m), which highlights the value of using 
high-resolution UAV imagery. Complex esker systems 

Figure 8. Hummocky meltwater tract distribution, and associated water and eskers, across study area (top, traditional hillshade 
model basemap) with four examples of morphology with the tracts outlined with the white dotted lines (DEM and Hillshade 
model basemap).
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Figure 9. Inset of the western ice-margin for all four maps (a) in September 2022; (b) May 2022 highlights changes in the width 
and location of proglacial channels compared to the previous map and the englacial esker is observed melting from the ice-mar
gin; (c) by September 2023 pitting becomes more developed across the pitted sandar area and the bedrock area extends to the 
north; (d) by May 2023 a new meltwater source east of the bedrock area deposits a new outwash fan that will likely become pitted 
over time as buried ice melts out.
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can gradually emerge from terraced pitted outwash 
deposits as buried ice-melts out over time (Evans & 
Twigg, 2002; Howarth & Price, 1969; Howarth, 1971; 
Storrar et al., 2015; Welch & Howarth, 1968). From 
the Hillshade model beneath the 2018 map, it is 
clear to see the evolution of the pitted sandar over 
the following four years, which enlargement of pits 
and the formation of terraced pitted deposits by later 
meltwater flow by 2021.

5. Discussion and conclusion

Four geomorphology maps are presented in this work 
providing a time-series of proglacial landscape evolution 
at Esjufjallajökull (the central flow unit of Breiðamer
kurjökull) from September 2021 to May 2023. These 
maps highlight the value of using UAVs for mapping 
dynamic environments as the use of high-resolution 
DEMs enables the identification of features that are 
not obvious from satellite, UAV-derived orthomosaics 
or even from ground view (e.g. eskers, hummocky 
areas, pits and relict meltwater channels).

The spatiotemporal variation in landform assem
blages corresponds to the evolving topography. The 
subglacial topographic setting, from Björnsson 
(1996), can be summarised as a higher elevation cen
tral region (i.e. topographic high point and central 
lake area) that is flanked by two overdeepened areas 
(i.e. west and east), the eastern trench dips to the 
northeast (Lally et al., 2024), whereas the western 
trench dips to the northwest. The northeastern study 
area (Lally et al., 2024) is dominated by landforms of 
glaciofluvial erosion, such as ice-marginal spillways, 
formed in response to the emerging topography. 
Jökulsárlón glacial lagoon is first captured in the top 
right of the May 2022 map, this area of the ice-margin 
evolves into a lake-terminating section of Esjufjallajö
kull in the May 2023 map. The western overdeepened 
area dips to the northwest (Lally et al., 2023) and is 
characterised by an emerging bedrock ridge, proglacial 
channels and pitted sandar (Figure 9). The pitted fore
land in the west likely formed as the glacier retreated 
across an overdeepening and meltwater drained via 
subglacial and englacial sources, remobilising and 
depositing sediment which buried the snout. This 
results in large swaths of stagnant ice that will sub
sequently undergo secondary deglaciation (Everest & 
Bradwell, 2003), along with the continual evolution 
of the overlying glaciofluvial outwash deposits. The 
time-series captures the pitted sandar becoming 
more complex overtime, with esker ridges emerging 
(Schomacker et al., 2014; Storrar et al., 2015).

Recessional moraines appear to be absent from the 
time-series, suggesting that this section of Breiðamer
kurjökull is no longer an ‘active’ temperate glacier, as 
it does not advance during the winter months (Evans, 
2003). Since the late nineties, the warming climate 

resulted in rapid ice margin retreat (Guðmundsson 
& Evans, 2022) and such landforms representing 
periods of stability appear to be absent. As the glacier 
thins, topography and meltwater processes appear to 
exert more control on the geomorphic evolution. 
Meltwater eroded spillways provide evidence for pre
ferential flow of water to topographic lows. Hum
mocky corridors, including possible murtoo-like 
forms, potentially provide the first contemporary ana
logues for similar landforms recently discovered at the 
ice sheet scale (Ahokangas et al., 2021; Dewald et al., 
2021; Ojala et al., 2019, 2021; Peterson et al., 2017; 
Vérité et al., 2023). While further work is required, 
their spatial distribution within the time-series could 
indicate levels of subglacial meltwater at the ice-bed 
interface and represent a transition zone between an 
inefficient to efficient drainage system.

Improving our understanding of glacial landforms 
like hummocky meltwater tracts and geometric ridges 
is an area of ongoing research (e.g. Evans et al., 2022; 
Lewington et al., 2019; Peterson & Johnson, 2018; 
Peterson Becher & Johnson, 2021; Vérité et al., 2022) 
but the maps provide new insights into the evolution 
of ice and meltwater dynamics across both space and 
time at Esjufjallajökull. The detailed database of 
mapped features can be used as a baseline for sub
sequent monitoring of (a) ice retreat, (b) landform 
development, (c) secondary deglaciation of buried 
ice environments and (d) evolving ice and meltwater 
dynamics, providing further insights into active pro
cesses and proglacial landscape evolution during 
deglaciation. This aids our interpretation of ice sheet 
scale deglacial landscapes formed during past 
glaciations.

Software

UAV data were processed using Agisoft Metashape 
Professional (v1.8.1) photogrammetry software. All 
feature digitisation and final map production was 
completed using ArcGIS Pro (v.3.1.1.). Additional 
map figures produced for the manuscript were also 
created in ArcGIS Pro and edited using Inkscape 
(v.1.3.2), an open-source vector graphics software. 
All software was supplied under Queen’s University 
Belfast licences.
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