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A B S T R A C T

Glacial landsystems are geomorphological records produced by glaciers that provide important insights into past 
and present glacier dynamics. Here, we present a snapshot of the diversity in glacier landsystems in Svalbard. We 
present remote and field geomorphological mapping from 11 glaciers: seven in south Spitsbergen (Scottbreen, 
Renardbreen, Antoniabreen, Penckbreen, Bakaninbreen, Paulabreen and Skobreen) and four in northwest 
Spitsbergen (Charlesbreen, Protektorbreen, Bullbreen, and Ferdinandbreen). These examples include landform 
assemblages that (1) are diagnostic of recent surging in terrestrial and marine settings; (2) are characteristic of 
thinning polythermal glaciers that have previously been more dynamic; and (3) represent rapidly vanishing 
glaciers, the geomorphological endpoint for Svalbard glaciers characterised by the fragmentation and down-
wasting of small cold-based glaciers. We synthesize these into four landsystem models to provide a framework for 
interpreting glacier dynamics in Svalbard based on geomorphological records. The hypsometries of many land- 
terminating glaciers in Svalbard suggests that we will increasingly observe the transition from polythermal to 
cold-based glacier thermal regimes as the climate continues to warm, ultimately leading to more vanishing 
glaciers. This has important wider implications for changing water, sediment and biogeochemical fluxes which 
will impact subglacial, forefield and ocean ecosystems.

1. Introduction

The High Arctic Svalbard archipelago is covered by icefields and 
marine- and land-terminating glaciers, comprising ~57 % of land area 
and representing a substantial glacierised area vulnerable to climate 
change (Nuth et al., 2013). Most glaciers are rapidly thinning as the 
Arctic warms, with an estimated ~8 Gt yr− 1 lost between 1936 and ~ 
2010 (Geyman et al., 2022) and a further 16 Gt yr− 1 between 2011 and 
2017 (Morris et al., 2020). This thinning is impacting glacier configu-
rations and thermal regimes, including examples of marine-terminating 
glaciers retreating on to land (e.g. Błaszczyk et al., 2009; van Pelt et al., 
2012; Holmlund, 2021; Zagórski et al., 2023) and polythermal glaciers, 
which contain areas of temperate ice at the pressure melting point, 
transitioning to cold-based glaciers that are then frozen to the substrate 
(e.g. Bælum and Benn, 2011; Mannerfelt et al., 2024a). For many 

smaller land-terminating glaciers, this thinning is increasingly leading to 
instances of glacier fragmentation and disconnection from larger accu-
mulation areas, ultimately resulting in the cessation of glacier flow other 
than by the slow internal deformation of the ice column. Disconnected 
and stagnating glaciers represent the likely end stage of many of Sval-
bard’s smaller glaciers under the current pace of recession (Małecki, 
2016).

At the opposite end of the scale in terms of glacier dynamics, many 
Svalbard glaciers are known to surge (Sevestre and Benn, 2015) and are 
continuing to do so even as glaciers are thinning in a warming climate (e. 
g. Kääb et al., 2023; Mannerfelt et al., 2024b). During surges, ice ve-
locities increase dramatically for several years, often combined with a 
period of frontal advance, before reverting to slow flow and recession 
during a quiescent phase lasting anywhere from decades to centuries (e. 
g. Dowdeswell et al., 1991; Hagen et al., 1993; Murray et al., 2003). 
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Surge-type glaciers are particularly vulnerable to climate change, 
experiencing enhanced mass loss compared to non-surge-type glaciers 
(e.g. Yde and Knudsen, 2007; Kochtitzky and Copland, 2022).

This diverse range in dynamics exhibited by Svalbard glaciers, from 
surge-type glaciers to small cold-based glaciers that are thinning and 
fragmenting, makes it an excellent natural laboratory for deciphering 
the impact of climate change on different types of glaciers and helps to 
place present glacier conditions in the context of past behaviour. How-
ever, longer-term observations of glacier change are typically limited to 
the satellite remote sensing era (since ~1970). An alternative and 
potentially very rich source of information on glacier change can be 
found in the geomorphological records they produce. Glacial landsystem 
models are an established technique for understanding past and present 
glacier dynamics using sediment-landform assemblages and have been 
successfully applied in glacierised regions across the world (e.g. Krüger, 
1994; Evans and Twigg, 2002; Krüger et al., 2010; Davies et al., 2013; 
Benn et al., 2014; Evans, 2014; Evans and Rea, 2014; Jónsson et al., 
2014; Schomacker et al., 2014; Ingólfsson et al., 2016; Kjær et al., 2008; 
Małecki et al., 2018; Chandler et al., 2020). The glacial landsystem 
approach aims to group suites of sediment-landform assemblages into 
broad categories based on the genetic linkages of their process-form 
signature (e.g. Clayton and Moran, 1974; Evans and Rea, 1999; Evans 
and Twigg, 2002; Evans, 2014).

Previous work on glacier landsystems in Svalbard has identified 
characteristic landform assemblages associated with land- and marine- 
terminating surge-type glaciers (e.g. Boulton, 1972; Boulton et al., 
1999; Christoffersen et al., 2005; Ottesen and Dowdeswell, 2006; 
Schomacker and Kjær, 2008; Ottesen et al., 2008, Ottesen et al., 2017; 
Flink et al., 2015; Farnsworth et al., 2016; Lovell and Boston, 2017; 
Aradóttir et al., 2019) and polythermal valley glaciers (e.g. Glasser and 
Hambrey, 2005; Ewertowski, 2014; Ewertowski et al., 2019; Ewertowski 
and Tomczyk, 2020). Common features reported in Svalbard surge 
landsystems are crevasse-squeeze ridges (CSRs), glacial lineations, 
flutes, eskers and glaciotectonic moraines. CSRs are formed when 
saturated subglacial debris is injected into a glacier base fractured by 
longitudinal stretching associated with enhanced ice flow during the 
surge, before being deposited and preserved during quiescent phase ice 
stagnation (Sharp, 1988; Rea and Evans, 2011; Lovell et al., 2015). 
Increased ice velocities also contribute to the formation of streamlined 
glacial lineations and flutes (e.g. Christoffersen et al., 2005; Ottesen and 
Dowdeswell, 2006). High basal water pressures can lead to meltwater 
occupying basal fracture networks, producing zig-zag eskers (e.g. Evans 
et al., 2022) in addition to traditional sinuous eskers (e.g. Ottesen et al., 
2008, Ottesen et al., 2017). Glaciotectonic moraines mark the maximum 
extent of surge advances where proglacial deformation of glacial, 
fluvial, lacustrine and marine sediments (Hart and Watts, 1997; Boulton 
et al., 1999; van der Meer, 2004; Kristensen et al., 2009; Lønne, 2016; 
Lovell and Boston, 2017), with low-angle debris-flow lobes typically 
emanating from their distal flanks in submarine settings (e.g. Ottesen 
and Dowdeswell, 2006; Ottesen et al., 2008; Ottesen et al., 2017; Flink 
et al., 2015). Stagnation and frontal recession during quiescence can also 
produce extensive areas of stagnation terrain (e.g. Lovell et al., 2018a) 
and minor retreat moraines found on the seafloor (e.g. Ottesen and 
Dowdeswell, 2006; Flink et al., 2015).

Landsystems based on polythermal valley glaciers also contain ice 
stagnation terrain as a key component (Glasser and Hambrey, 2005; 
Ewertowski and Tomczyk, 2020). This terrain is typically enclosed by an 
ice-cored latero-frontal moraine system, which may be partly or 
completely censored by glaciofluvial activity, with outwash plains 
extending beyond the moraines. The inner zone of the Glasser and 
Hambrey (2005) polythermal valley glacier landsystem is characterised 
by a till plain covered by streamlined landforms and supraglacial debris 
stripes (linear sediment stripes in a proglacial position that originated 
supraglacially, i.e. from medial moraines), interrupted by significant 
fluvial reworking. Proglacial icings surrounding the main meltwater 
drainage have been suggested as evidence for polythermal conditions (e. 

g. Hagen et al., 2003), although this association has been questioned 
(Mallinson et al., 2019). It is important to note that since the Glasser and 
Hambrey (2005) model was presented, many polythermal valley gla-
ciers have continued to thin and downwaste, leading to an evolving 
landsystem (e.g. Ewertowski, 2014).

In this study, we aim to outline a continuum of glacial landsystems 
on Svalbard, to characterise the diversity of terrestrial glacial land-
systems on Svalbard, as well as understand the potential fate of glaciers 
on the archipelago under continued warming conditions. To address this 
aim we visited 11 different glaciers in south and northwest Spitsbergen, 
covering a variety of thermal regimes and a diversity of geomorpho-
logical signatures. We synthesize their geomorphological records into 
four new glacier landsystems, characterising a continuum of glacial 
behaviour from most to least dynamic: (1) marine-terminating and (2) 
land-terminating surge-type glacier landsystems; (3) an updated poly-
thermal valley glacier landsystem; and (4) a first landsystem for small, 
vanishing cold-based glaciers in Svalbard. The latter in particular pro-
vides a valuable blueprint for understanding the potential fate of many 
small glaciers on the archipelago under continued warming conditions.

2. Study area

Svalbard is located between 74◦ and 81◦ N and has a High Arctic 
climate with a maritime influence (Drange et al., 2005, Farnsworth 
et al., 2020). The climate is characterised by low winter temperatures 
that persist for most of the year, supporting permafrost and snowy 
conditions (French, 2007; Eckerstorfer and Christiansen, 2011). How-
ever, the enhanced rate of warming observed in the Arctic, known as 
Arctic amplification (e.g. England et al., 2021), is most pronounced in 
Svalbard (Descamps et al., 2017). The archipelago has experienced 
temperature increase rates of 1.7 ◦C per decade, more than double the 
Arctic average and seven times the global average since 1991 (Nordli 
et al., 2020). This is in part due to its proximity to the North Atlantic 
warming current, which has been enhanced in recent decades (Ding 
et al., 2018).

Warmer and wetter winter conditions are resulting in an increase in 
rain-on-snow (ROS) events, which affect snow cover characteristics, 
enhance runoff, and drive current glacier mass loss (Geyman et al., 
2022; Vickers et al., 2022). It is predicted that future glacier thinning 
rates will more than double those observed between 1936 and 2010 
(Geyman et al., 2022). This contrasts dramatically to the condition of 
glaciers in the Little Ice Age (LIA) at the turn of the 19th and 20th 
centuries, when most Svalbard glaciers advanced to their maximum late- 
Holocene extent (Martín-Moreno et al., 2017).

We focus on 11 glaciers in south and northwest Spitsbergen (Fig. 1). 
Detailed geomorphological maps of each glacier can be found in 
McCerery et al. (2024). Table 1 provides key glaciological parameters 
for each glacier derived from the Randolph Glacier Inventory version 7 
(RGI 7.0 Consortium, 2023), which has an approximate census date of 
2000. Glacier hypsometry describes the distribution of a glacier’s sur-
face area over elevation (Furbish and Andrews, 1984) and is a quick 
measure of a glacier’s condition at a fixed point in time. Elevation data 
from RGI 7.0 can be used to calculate a glacier’s hypsometric index (HI) 
using the following equation from Jiskoot et al. (2009) and McGrath 
et al. (2017): 

HI =
Zmax − Zmed
Zmed − Zmin

, if 0 < HI < 1, then HI =
− 1
HI

(1) 

The HI categorises glaciers as: very top heavy (HI < − 1.5), top heavy 
(− 1.5 < HI < − 1.2), equidimensional (− 1.2 < HI < 1.2), bottom heavy 
(1.2 < HI < 1.5) and very bottom heavy (HI > 1.5).

2.1. Glaciers

The Bakaninbreen-Paulbreen marine-terminating glacier system is 
found at the head of Rindersbukta, the southern arm of Van 
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Fig. 1. (A) Locations of the 11 study glaciers in south and northwest Spitsbergen. PB – Petuniabukta, RB – Rindersbukta, St. JF – St. Jonsfjorden, VKF - Van 
Keulenfjorden, VMF – Van Mijenfjorden. The glacier outlines are from RGI 7.0. The black boxes in (B) and (C) depict the regional context of the study glaciers within 
the Svalbard archipelago and the Arctic circle (yellow dashed at 67◦ N). Background imagery is ESRI Basemap World Imagery.

Table 1 
Summary of the key glaciological parameters (as reported in RGI 7.0) of the 11 glaciers investigated. Hypsometric Index (HI) categories: EQ = equidimensional, BH =
bottom heavy, VBH = very bottom heavy.

Glacier name Location Length 
(km)

Total glacier 
area (km2)

Average 
slope (◦)

Aspect 
(◦)

Minimum 
elevation (Zmin)

Maximum 
elevation (Zmax)

Median 
elevation (Zmed)

Hypsometric 
Index (HI)

Paulabreen 77◦42′ N 
17◦24′ E

15.4 60.1 9.3 342 91 821 401 1.4 (BH)

Bakaninbreen 77◦45′ N 
17◦16′ E

15.9 56.0 9.5 269 140 790 428 1.3 (BH)

Skobreen 77◦42’ N 
17◦03′ E

12.1 18.8 14.8 7 150 840 383 2.0 (VBH)

Penckbreen 77◦28′ N 
15◦37′ E

22.2 80.4 8.3 6 171 1604 484 1.9 (VBH)

Renardbreen 77◦31′ N 
14◦25′ E

10.4 30.6 11 46 133 694 380 1.3 (BH)

Charlesbreen 78◦31’ N, 
13◦16′ E

10.1 25.7 10.6 324 66 795 324 1.1 (EQ)

Antoniabreen 77◦30′ N 
14◦56′ E

12.8 27.1 9.1 358 160 889 490 1.2 (BH)

Scottbreen 77◦32′ N 
14◦21′ E

4.0 4.7 12 38 199 657 379 1.5 (VBH)

Bullbreen 78◦28’ N 
12◦40′ E

6.3 14.5 9.3 26 54 574 282 1.3 (BH)

Protektorbreen 78◦15′ N 
13◦43′ E

4.4 6.8 13 56 43 746 223 2.7 (VBH)

Ferdinandbreen 78◦40′ N 
16◦22′ E

2.2 1.3 15.8 75 298 696 479 1.2 (BH)
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Mijenfjorden, and consists of the three main glaciers Bakaninbreen, 
Paulabreen and Skobreen (Fig. 1). The surge history of the 
Bakaninbreen-Paulabreen glacier system is well documented (Ottesen 
et al., 2008; Larsen et al., 2018; Lovell et al., 2018a). Paulabreen is 
currently the main marine-terminating glacier in Rindersbukta and is 
contiguous with land-terminating Bakaninbreen to the north and the 
tributary glacier Skobreen to the south. The HI for Bakaninbreen and 
Paulabreen fall within the bottom-heavy category, whereas Skobreen is 
very bottom-heavy (Table 1).

The combined Bakaninbreen-Paulabreen glacier system surged along 
the length of Rindersbukta and into Van Mijenfjorden at least four times 
from ~1300 to ~1898 (Hald et al., 2001; Kristensen et al., 2009). Within 
the current configuration of the glacier system, Bakaninbreen and 
Paulabreen are adjacent flow-units that surge independently and 
Skobreen is a surging tributary of Paulabreen (Sund, 2006; Benn et al., 
2009). Bakaninbreen last surged in 1985–1995, with the surge termi-
nating before it reached the terminus (Murray et al., 1998). A subse-
quent surge in the system occurred in 2003–2005, initiating in Skobreen 
and propagating into the lower trunk of the Paulabreen flow-unit. 
Paulabreen advanced ~2 km into Rindersbukta and laterally displaced 
Bakaninbreen to become the main component of the calving front 
(Kristensen and Benn, 2012; Lovell and Fleming, 2023). Since 2016, a 
surge front has been propagating down-glacier in the Paulabreen flow- 
unit, triggering a frontal advance in late 2024 (Mannerfelt et al., 2024b).

Penckbreen is a land-terminating surge-type glacier located in Van 
Keulenfjorden that partially terminates in a large proglacial lake (Fig. 1). 
Penckbreen’s HI is very bottom-heavy. Prior to a recent surge in 
2016–2020 (Koch et al., 2023; Mannerfelt et al., 2024b), Penckbreen 
formed a large glaciotectonic moraine complex, either during a surge 
event likely sometime in the early 19th century (Hart and Watts, 1997) 
or as a composite feature during two separate advances (Lønne, 2016).

Antoniabreen is a land-terminating valley glacier located at the 
mouth of Van Keulenfjorden (Fig. 1) that is classified as non-surge-type 
in the RGI 7.0 and has a bottom-heavy HI (Table 1). The glacier is 
enclosed by a latero-frontal moraine complex and separated from the 
fjord by a large outwash plain (McCerery et al., 2024).

Renardbreen is a land-terminating glacier in Recherchefjorden, 
adjacent to Van Keulenfjorden in south Spitsbergen and has a bottom- 
heavy HI (Fig. 1; Table 1). The glacier was marine-terminating up 
until the early 1990s and may have experienced surge events in the past 
(Zagórski et al., 2023). However this has not been directly observed and 
the glacier is classified as non-surge-type in the RGI 7.0.

Scottbreen is a small land-terminating glacier with a bottom-heavy 
HI located at the mouth of Recherchefjorden, neighbouring 
Renardbreen (Fig. 1). Its large outermost moraines were deposited 
during the late Holocene at ~1.7 ka (Philipps et al., 2017) and the 
glacier reached a similar position in the LIA following a reported surge 
(Hagen et al., 1993). Scottbreen’s LIA maximum extent is suggested to 
have been larger than its size during the Younger Dryas (Mangerud and 
Landvik, 2007). Scottbreen’s glacier area decreased by ~23 % between 
1936 and 2012 (Zagórski et al., 2012), including a ~ 10 % reduction 
between 1986 and 2001 (Krawczyk and Bartoszewski, 2008).

Bullbreen is a land-terminating glacier located towards the mouth of 
St. Jonsfjorden (Fig. 1) with a bottom-heavy HI (Table 1). Trimlines and 
moraine areas extending to the fjord edge indicate the glacier was 
marine-terminating during the LIA (Farnsworth et al., 2017; Rootes and 
Clark, 2022). Bullbreen is classified as non-surge type in the RGI 7.0, but 
CSRs have been mapped recently in the forefield by McCerery et al. 
(2024).

Charlesbreen in St. Jonsfjorden is land-terminating and connected to 
a larger plateau icefield (Fig. 1). It is currently classified as non-surge 
type in the RGI 7.0, but CSRs have been mapped in the forefield previ-
ously (Farnsworth et al., 2017). Seafloor moraine ridges and trimlines 
extending downvalley to the fjord indicate that the glacier was likely 
marine-terminating during the LIA (Farnsworth et al., 2017; Rootes and 
Clark, 2022). The HI reveals Charlesbreen is equidimensional (Table 1).

Protektorbreen is a land-terminating cirque glacier located in Tryg-
ghamna at the mouth of Isfjorden (Fig. 1) and has a very bottom-heavy 
HI (Table 1). The extension of its moraine area to the fjord edge indicates 
that Protektorbreen historically terminated in Trygghamna as part of a 
combined glacier with neighbouring Harrietbreen and Kjerulfbreen. It is 
currently assumed to be thin and cold-based (Aradóttir et al., 2019).

Ferdinandbreen is the northernmost and smallest of the glaciers 
investigated, located in Petuniabukta at the northern end of Billefjorden 
(Fig. 1). Ferdinandbreen’s HI is bottom-heavy (Table 1). The glacier is 
estimated to have lost approximately 43.9 % of its clean ice area since 
the LIA (Rachlewicz et al., 2007) and is currently likely to be cold-based 
(Małecki, 2013), but was probably polythermal when it was thicker and 
more extensive during the LIA.

3. Methods

Geomorphological mapping from remote sensing data was con-
ducted in ArcGIS Pro (v3.1.1) using the ESRI Basemap World Imagery (1 
m or above spatial resolution) following the protocols outlined in 
Chandler et al. (2018). Digital elevation models (DEMs; 2 m spatial 
resolution) were sourced from ArcticDEM Version 4.1 (Porter et al., 
2023). Hillshade, aspect and slope models were derived from the DEM 
data and aided the interpretation of glaciological features and land-
forms. All landforms and glacier margins were digitally mapped at a 
scale of 1:5000. Field mapping took place in August and September 2022 
for all glaciers except Ferdinandbreen, which was visited in August and 
September 2016. Field mapping primarily focused on ground-truthing 
remote mapping and the collection of uncrewed aerial vehicle (UAV) 
surveys of focus areas of the glacier forefields using a DJI Mavic Mini 2. 
UAV surveys were conducted at a flight altitude of 30 m and a camera 
tilt angle of 70◦. DEMs and orthomosaics were created using structure 
from motion techniques in Agisoft software as per the methodologies 
outlined in Ely et al. (2017) and James et al. (2019). Mapping from all 
approaches was compiled in ArcGIS Pro and further details can be found 
in McCerery et al. (2024). Here, we also include published mapping of 
the seafloor geomorphology in Rindersbukta by Ottesen et al. (2008) to 
provide both the terrestrial and submarine components of the land-
systems associated with the marine-terminating Bakaninbreen-Pau-
labreen glacier system.

4. Results

4.1. Individual Glaciers

4.1.1. Bakaninbreen-Paulabreen glacier system
Both sides of innermost Rindersbukta fjord are bound by well- 

developed lateral moraine areas cut by inactive meltwater channels. 
The distal parts of the moraine areas are characterised by frequent kettle 
lakes, particularly on the northern side of the fjord. At the Bakaninbreen 
margin, also on the northern side of the fjord, thick sequences of flat 
streamlined till plain are cut through by a large subglacial conduit, 
which has created a 10–20 m deep canyon with buried ice exposed at its 
base. CSRs are found in the moraine area on the northern side of the 
fjord as well as immediately in front of Bakaninbreen (Fig. 2C). CSRs 
closest to the glacier front are sharp and rectilinear, whereas those in 
more distal positions along the northern side of innermost Rindersbukta 
are generally smaller and less common. Ottesen et al. (2008) also 
mapped CSRs on the fjord floor close to the limits of our terrestrial 
mapping. A large sinuous esker approximately 700 m long and inter-
spersed with other smaller eskers is present at the terrestrial margin of 
the moraine system, adjacent to an area of glaciofluvial outwash 
bordering the fjord (Fig. 2D). At Skobreen there are a small number of 
CSRs in the forefield in an area of streamlined till. A large meltwater 
channel exits from a subglacial conduit in the frontal margin and cuts 
through the till surface adjacent to the lateral moraine ridges.

The landform record highlights the rich surge history of the 
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Bakaninbreen-Paulabreen glacier system. CSRs are ubiquitous at the ice 
margin on both sides of the fjord, as well as on the fjord floor (Ottesen 
et al., 2008). CSRs are a clear indicator of a fractured glacier base and 
the presence of highly saturated subglacial material, conditions char-
acteristic of the surge active phase. Thus their presence at the margins of 
all three glaciers in the system, with their known surge history, and in 
both terrestrial and marine settings, is unsurprising. The density of kettle 
lakes in the distal parts of the moraine system are characteristic of in situ 
ice stagnation during quiescence, and contrast to the formation of 
retreat moraines on the fjord floor (Ottesen et al., 2008). The large esker 
on the north side of the fjord represents the extension of the subglacial 
conduit at Bakaninbreen’s lateral margin that has carved a deep canyon 
in the moraine surface.

4.1.2. Penckbreen
The Penckbreen forefield consists of a complex network of proglacial 

lakes and CSRs at the ice margin. The glacier front is beginning to recede 
back into its large proglacial lake following the 2016–2020 surge. The 
forefield is enclosed by a large glaciotectonic composite ridge system cut 
by frequent inactive meltwater channels that marks the maximum extent 
of its pervious surge (Hart and Watts, 1997) (Fig. 3A), beyond which 

glaciofluvial outwash plains extend to the fjord. Penckbreen advanced 
~2 km into its proglacial lake during the 2016–2020 surge, fragmenting 
the lake into series of smaller individual lakes and shunting large areas 
of thick lake sediment punctuated with CSRs (Fig. 3A, B, C).

Geomorphological evidence of surging is present throughout the 
Penckbreen forefield. The large composite ridge system represents the 
deformation of pre-existing forefield sediments into a glaciotectonic 
moraine complex during a single surge or multiple surges likely during 
the LIA. Such moraine systems are found at the margins of ~50 surge- 
type glaciers across Svalbard (e.g., Croot, 1988; Boulton et al., 1999; 
Schomacker and Kjær, 2008; Lovell and Boston, 2017). Inside the 
moraine system, the network of CSRs close to the heavily fractured 
glacier margin demonstrate the squeezing of deformable subglacial 
material into basal crevasses. The recent 2016–2020 surge advanced 
into the large proglacial lake and shunted large areas of lake sediments 
into the zone between the glacier front and the glaciotectonic composite 
ridge system. The proglacial lake has been fragmented by the advance 
into a number of isolated lakes and islands of sorted sediment to the east, 
with a larger lake remnant maintained to the west.

Fig. 2. Examples of key landforms in the Bakaninbreen-Paulabreen glacier system. (A) Geomorphology of the innermost terrestrial fjord margins and as mapped by 
Ottesen et al. (2008) on the floor of Rindersbukta. Background satellite imagery is sourced from ESRI basemap imagery. BKB = Bakaninbreen, PLB = Paulabreen, 
SKB = Skobreen. (B) Sinuous esker, moraine ridges and CSRs on the fjord floor as mapped by Ottesen et al. (2008). (C) Large, sharp crested CSR on the northern fjord 
margin photographed in 2021. View towards the south with the glacier ice front to the east. (D) Large esker at the terrestrial margin of Bakaninbreen. Inset image 
shows the esker on UAV imagery captured in 2021, looking towards Rindersbukta. View towards the north with glacier ice front to the east.
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4.1.3. Antoniabreen
An arcuate latero-frontal moraine system encloses a large glacio-

fluvial outwash plain that dominates the forefield (Fig. 4A, D). The 
active channel system breaches the moraine ridge to the northwest 
before draining a further ~1.5 km to the fjord. The extensive outwash 
plain in the inner forefield contains large areas of inactive channels, 
particularly to the east, where some of the relict channels are orientated 
parallel to the glacier margin (Fig. 4C, D). The lateral part of the moraine 
system may have experienced some slope instabilities and reworking 
evidenced by their slumped and deflated morphology (Fig. 4B). Aside 
from the outwash, there are small patches of streamlined tills to the west 
and kames to the east (Fig. 4B). Aerial photographs viewed on the 
Norwegian Polar Institute (NPI) TopoSvalbard online archive (top 
osvalbard.npolar.no) from 2011 and ESRI Basemap imagery show 
areas of proglacial icing centred around the main active meltwater 
drainage.

The lateral-frontal moraine system is likely ice-cored based on the 
observed areas of re-working, indicating degradation of buried ice 
bodies as described in Schomacker and Kjær (2008) and Ewertowski and 
Tomczyk (2020) studies in Svalbard. The patches of kame and kettle 
topography also suggest the presence of buried ice. The inner forefield is 
dominated by outwash, with some isolated areas of streamlined till. In 
the eastern part of the outwash, relict channels oriented perpendicular 

to the ice margin suggest meltwater has been routed along the frozen 
margin. Together, these key features are indicative of current poly-
thermal glacier conditions as suggested for other Svalbard glaciers by 
Glasser and Hambrey (2005).

4.1.4. Renardbreen
The glacier forefield of Renardbreen is bound by a well-defined lat-

ero-frontal moraine system (Fig. 5A). The eastern section of the moraine 
ridge complex is not complete and presumably extends into Joseph-
bukta, indicating that the glacier has previously been partially marine- 
terminating. The forefield is dominated by glaciofluvial outwash 
(Fig. 5B) with frequent inactive meltwater channels that run parallel to 
the glacier front, and areas of proglacial icing adjacent to the active 
channel. The outwash is punctuated by patches of streamlined till sur-
faces (Fig. 5C) with small flutes that typically have boulders at the head 
(Fig. 5D). The current active drainage corridor emerges from the centre 
of the glacier and drains eastwards to the fjord. A series of small eskers 
and lakes are found close to the active channels. In the southern section 
of the forefield, just inside the bounding latero-frontal moraine system, 
small areas of CSRs are found on streamlined till surfaces (Fig. 5A).

The Renardbreen forefield is strongly indicative of current poly-
thermal conditions with evidence for past dynamic flow. The meltwater 
dominance in the forefield, coupled with areas of well-developed 

Fig. 3. Examples of key landforms at Penckbreen. (A) Geomorphological mapping of the Penckbreen forefield. Background satellite imagery is sourced from ESRI 
basemap imagery. (B) Internal structure of a CSR on the forefield. Inset image shows the CSR surrounded by areas of deformed lake sediments. View towards the west 
with glacier front to the south. (C) View across the forefield showing areas of deformed lake sediments and active meltwater channels bound by the large glacio-
tectonic moraine system.
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flutings demonstrates warm-based flow. The series of relict meltwater 
channels aligned perpendicular to the ice margin suggest drainage 
guided by a frozen and impermeable glacier front as stated in Aradóttir 
et al. (2019) and Hättestrand and Stroeven (2002), tracking a steadily 
retreating margin over time. The presence of small areas of CSRs in the 
southeast part of the forefield, together with the patches of streamlined 
till, suggests past dynamic flow characteristic of surging. Although 
Renardbreen has not been directly observed to surge, it is possible this 
past inferred dynamism occurred when the glacier was marine- 
terminating, as evidence by the latero-frontal moraine potentially 
extending into the fjord, prior to the early 1990s as suggested by 
Zagórski et al. (2023).

4.1.5. Scottbreen
The Scottbreen forefield is enclosed by a latero-frontal moraine 

system that is particularly well-developed on the southeast side 
(Fig. 6A). The inner forefield contains large areas of streamlined till and 
flutes (in central areas; Fig. 6C) and supraglacial sediment drapes with 
proglacial striping and bedrock exposures (close to the thin ice margin), 
and in general is far less dominated by outwash than Antoniabreen and 
Renardbreen. The active drainage forms a narrow breach through the 
frontal moraine system before draining ~1.5 km to the mouth of 
Recherchefjorden. The glaciofluvial outwash within the inner forefield 

contains a mixture of active and inactive meltwater channels (Fig. 6B, 
C), all of which converge towards the narrow breach in the moraine. An 
area of proglacial icing is visible close to the moraine breach on both 
aerial imagery viewed on the NPI TopoSvalbard online archive (top 
osvalbard.npolar.no) from 2011 and ESRI Basemap imagery. A small 
area of kame topography is present close to the southern ice margin and 
an area of buried ice (Fig. 6A).

The dominance of supraglacial landforms such as supraglacial sedi-
ment drapes and debris stripes close to a thin ice margin suggest that 
parts of Scottbreen may be largely cold-based, particularly in the 
northwest part of the glacier front. This landform assemblage is also 
typical in the Alpine vanishing glacier landsystem based on Pasterze 
Glacier, Austria (Le Heron et al., 2022). This interpretation is further 
supported by the more spatially-restricted glaciofluvial activity evi-
dence in the forefield, which is largely focused immediately around the 
current main meltwater channel. However, the extensive areas of flutes 
and streamlined till surfaces demonstrate warm-based conditions are 
also recorded in the forefield, potentially associated with one or more 
periods of past ice expansion coinciding with the formation of the 
moraine complex.

4.1.6. Bullbreen
The Bullbreen forefield extends to St. Jonsfjorden and is bound by 

Fig. 4. Examples of key landforms at Antoniabreen. (A) Geomorphological map of the Antoniabreen forefield. Background satellite imagery is sourced from ESRI 
basemap imagery. (B) Lateral moraine ridges and the extensive glaciofluvial outwash plain. View towards the west. (C) Active meltwater channel emanating from the 
glacier front. View towards the south and glacier front. (D) Kame and kettle topography on the eastern edge of the glacier forefield. View towards the east with the 
glacier front to the south.
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large lateral moraines (Fig. 7A). Inside the moraines, the central fore-
field contains areas of outwash and streamlined till surfaces, with the 
latter particularly well-preserved in eastern areas, including one section 
that extends to the fjord, and close to the ice margin on both sides. Flutes 
are also emerging from the glacier snout (Fig. 7D). At the western ice 
margin, flutes are interspersed with supraglacial debris stripes and 
boulder trains, where boulder trains are composed of larger boulder- 
sized material, both on the ice surface and emerging into the progla-
cial forefield (Fig. 7B, C, D). Within the areas of outwash, inactive 
channels closest to the ice margin in the eastern part of the forefield are 
orientated parallel to the glacier front, and in central areas drain directly 
towards the fjord (Fig. 7A). NPI TopoSvalbard online archive (top 
osvalbard.npolar.no) from 2011 and ESRI Basemap imagery demon-
strates that proglacial icings form within the central areas of active 
meltwater drainage.

The extension of the lateral moraines and central area of flutings to 
the fjord shore, with no frontal moraine system apparent in a terrestrial 
position, indicates that Bullbreen extended into the fjord at its most- 
recent maximum position – likely similar to other currently land- 
terminating glaciers in the inner part of St. Jonsfjorden (e.g. Farns-
worth et al., 2017). The fluted zones and large active outwash plain (plus 

proglacial icing) are indicative of polythermal conditions, with a frozen 
margin suggested by the ice front-parallel relict channels in the east of 
the forefield (Fig. 7A) and supraglacial debris stripes and boulder trains 
at the western margin (e.g., Le Heron et al., 2022) (Fig. 7B).

4.1.7. Charlesbreen
The Charlesbreen forefield is bound by well-established lateral 

moraine areas that extend to St. Jonsfjorden (Fig. 8A). Close to the ice 
margin, there is clear evidence that the moraine area is ice-cored 
(Fig. 8b). The central forefield is dominated by a large lagoon con-
nected to the fjord in a distal position, and by an extensive outwash plain 
immediately in front of the glacier margin. A large proglacial icing is 
visible on the outwash plain in imagery sourced from the NPI Top-
oSvalbard online archive (toposvalbard.npolar.no) from 2011 and ESRI 
Basemap images. At the southern ice margin, an area of streamlined till 
extends discontinuously to the fjord, with isolated pockets of stream-
lined till also found within the large areas of outwash. A large complex of 
kame and kettle topography cut by inactive meltwater channels aligned 
perpendicular to the ice margin is found close to the northern lateral 
moraine and the glacier front (Fig. 8C, D).

Similar to Bullbreen, the extension of the moraine systems to the 

Fig. 5. Examples of key landforms at Renardbreen. (A) Geomorphological map of the Renardbreen forefield. Background satellite imagery is sourced from ESRI 
basemap imagery. (B) Well-developed glaciofluvial outwash plain extending to Josephbukta in the distance. View towards the east with glacier front to the west. (C) 
Streamlined till surface close to the southern glacier margin. View towards the north. (D) A flute with a boulder at its head, with Recherchefjorden visible in the 
background. View towards the east.
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fjord shows that the glacier terminated in a marine setting at its most- 
recent maximum positions, and indeed there is a corresponding 
arcuate ridge mapped at this location using bathymetry data in Farns-
worth et al. (2017). There is clear evidence that the lateral moraine 
systems are ice-cored. Overall the extensive outwash plain dominating 
the forefield, coupled with areas of fluted and streamlined till surface, 
are characteristic of polythermal conditions, which may be further 
supported by the presence of an extensive proglacial icing.

4.1.8. Protektorbreen
The Protektorbreen forefield extends to Trygghamna and is domi-

nated by exposed bedrock, thin streamlined till surfaces and supraglacial 
debris stripes, with small patches of glaciofluvial outwash and inactive 
meltwater channels (Fig. 9A). Towards the north of the forefield the 
inactive channels trace the former ice margin. Small, isolated areas of 
proglacial icing are visible along the main active channel on NPI Top-
oSvalbard online archive (toposvalbard.npolar.no) imagery from 2011 
and ESRI Basemap imagery. The ice margin is thin (Fig. 9B), <10’s m of 
ice thickness and supraglacial debris stripes can be traced into the 
forefield (Fig. 9C). A small lateral moraine ridge approximately 2 km 
long borders the southern edge of the forefield.

The limited evidence of glaciofluvial processes and subglacial land-
forms combined with the dominance of exposed bedrock and only thin 
debris cover with extensive supraglacial debris stripes suggests Pro-
tektorbreen is largely experiencing cold-based conditions. Inactive 

meltwater channels tracing the ice front suggest meltwater routing 
along a retreating frozen margin. There is limited active meltwater ac-
tivity within a restricted outwash area, with occasional small patches of 
proglacial icing. Whilst icings have been associated with polythermal 
conditions (e.g., Hagen et al., 2003), they are also found in front of many 
glaciers assumed to be largely cold-based (e.g., Mallinson et al., 2019). 
In its current configuration, Protektorbreen has disconnected from a 
larger accumulation area, meaning it is now a completely isolated ice 
mass at the valley head. However, it has clearly been part of a much 
larger contiguous glacier system that extended into Trygghamna, out-
lined in Aradóttir et al. (2019), at its most-recent maximum extent.

4.1.9. Ferdinandbreen
The Ferdinandbreen forefield is dominated by steep lateral moraines 

extending downvalley to a frontal position ~2 km from the current ice 
margin (Fig. 10A). The central part of the forefield is narrow and pri-
marily covered by glaciofluvial outwash and thin supraglacial sediment 
drapes. Supraglacial debris stripes can be traced from the glacier surface 
into the forefield, where they can extend for hundreds of metres 
(Fig. 10A, B). The glacier snout is heavily fragmented by large bedrock 
outcrops (Fig. 10C) and since 2021 has become completely disconnected 
from its larger accumulation areas.

There is limited evidence of active glacial processes occurring at 
Ferdinandbreen with no active meltwater channels, depositional fea-
tures or erosional indicators. The moraine system tracks the previous 

Fig. 6. Examples of key landforms at Scottbreen. (A) Geomorphological map of the Scottbreen forefield. Background satellite imagery is sourced from ESRI basemap 
imagery. (B) Internal composition of an abandoned meltwater channel. View towards the southwest. Inset image shows the abandoned meltwater channel sur-
rounded by glaciofluvial outwash. (C) Flutes and streamlined till surface on the forefield. View towards the northwest.
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extent of the glacier which flowed downvalley and at some point, had an 
active meltwater system as evidenced by the abandoned meltwater 
channels and eskers at the end of the valley. The dominance of thin 
sediment cover and debris stripes in the forefield close to the current ice 
margin suggests extensive ice freeze-on to the bed at minimum at the 
glacier margins, however owing to the small glacier size, likely across 
the whole of the glacier. The predominant deposition at this glacier is by 
meltout due to glacier recession as opposed to active subglacial depo-
sition from warm-based or polythermal regimes. The emergence of large 
bedrock outcrops resulting in the fragmentation of glacier ice may be 
enhancing thinning and freeze-on of ice by driving separation of the 
glacier tongue with a higher elevation accumulation area. Ferdi-
nandbreen is therefore interpreted to be a vanishing glacier.

4.2. Glacier landsystem models

Here, we synthesize the geomorphological evidence presented for 
the 11 glaciers into four landsystem models, with additional support 
from previous studies that fit into the different landsystem categories. 
We present landsystems for (1) marine-terminating surge-type glaciers; 
(2) land-terminating surge-type glaciers; (3) polythermal valley glaciers; 
and (4) small vanishing glaciers.

4.2.1. Marine-terminating surge-type glacier landsystem
The marine-terminating surge-type glacier landsystem (Fig. 11) 

contains both seafloor and terrestrial components and is based on our 
observations and the Ottesen et al. (2008) mapping from the 
Bakaninbreen-Paulabreen glacier system (Fig. 2A, Table 2). This is 
further supported by additional insights into the submarine and terres-
trial geomorphological records of marine-terminating surge-type gla-
ciers provided by several studies (e.g. Boulton et al., 1996; Ottesen and 
Dowdeswell, 2006; Ottesen et al., 2008, Ottesen et al., 2017; Flink et al., 
2015; Lovell et al., 2018b; Aradóttir et al., 2019; Osika and Jania, 2024).

Several key landforms are found on both the seafloor and at the 
terrestrial fjord margins that can be linked to processes during the surge 
cycle. The maximum extent of surge advances is typically marked by a 
large glaciotectonic ridge on the seafloor with suites of small transverse 
retreat moraines formed during quiescent-phase recession within those 
limits (Ottesen et al., 2008; Flink et al., 2015; Ottesen et al., 2017; 
Aradóttir et al., 2019). The retreat moraines are formed by minor winter 
readvances (e.g. Flink et al., 2015), and contrast to the widespread in 
situ ice stagnation that takes place at the terrestrial margin. Low-angle 
debris flow lobes are a common feature that extend from the distal 
flank of submarine glaciotectonic moraines, reflecting rapid sedimen-
tation of soft subglacial tills during the surge (Ottesen and Dowdeswell, 
2006; Ottesen et al., 2008; Ottesen et al., 2017; Aradóttir et al., 2019).

Fig. 7. Examples of key landforms at Bullbreen. (A) Geomorphological map of the Bullbreen forefield. Background satellite imagery sourced from ESRI basemap 
imagery. (B) The western part of the forefield with supraglacial debris stripes and boulder trains. View towards the south and the glacier front. (C) Bullbreen ice 
surface with supraglacial debris stripes. View towards the east across the glacier snout. (D) A flute emerging from beneath the Bullbreen glacier snout. View towards 
the east.
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The inclusion of a terrestrial component to the marine-terminating 
surge-type glacier landsystem captures the geomorphological activity 
at the fjord margins during marine-terminating surges. At the terrestrial 
fjord margins, it is common for the lateral splaying of ice to form similar 
glaciotectonic moraine systems in a terrestrial position, sometimes 
through the onshore movement of marine muds (e.g. Kristensen et al., 
2009; Lovell et al., 2018b). CSRs are usually ubiquitous on both the 
seafloor and at the terrestrial margins. During a surge, both the glacier 
surface and the bed become heavily crevassed due to the increase in ice 
flow velocities (Sharp, 1985; Evans and Rea, 1999; Woodward et al., 
2002, 2003). Saturated subglacial sediment is squeezed up into the 
fractured glacier base as the ice begins to stagnate towards the end of the 
surge, creating cross-cutting ridges that mimic crevasse orientations 
(Sharp, 1985; Evans and Rea, 1999; Woodward et al., 2003). CSRs were 
identified at all surge-type glacier forefields analysed here and is typi-
cally reflected in surge-type glacier landsystem models for Svalbard (e.g. 
Evans and Rea, 1999; Ottesen et al., 2008), barring the Aradóttir et al. 
(2019) model.

Flutings and glacial lineations are also found both on the seafloor and 
at the fjord margins but tend to be far longer and better preserved in a 
submarine setting. Eskers are also common in both settings, with sea-
floor eskers often found to extend from the location of subglacial portals 
(e.g. Ottesen and Dowdeswell, 2006). Similar to flutes/glacial 

lineations, eskers tend to be longer and better preserved on the seafloor. 
These landforms extending in the submarine zone expands on the pre-
viously published models by Aradóttir et al. (2019) which does not 
present these landforms in their model of the marine and terrestrial 
margins of surging glaciers.

The main difference between the seafloor and terrestrial records is 
the presence of retreat moraines formed during quiescent-phase reces-
sion on the seafloor (e.g. Flink et al., 2015). These are not found at the 
terrestrial fjord margins, where the quiescent phase is characterised by 
in situ subaerial ice stagnation and downwasting, forming hummocky 
terrain (kame and kettle topography), large volumes of buried ice and 
active debris flows (see, Schomacker and Kjær, 2008). Meltwater 
outwash also typically dominates the terrestrial margins, often forming 
deltas where the stream enters the fjord.

4.2.2. Land-terminating surge-type glacier landsystem
The land-terminating surge-type glacier landsystem is based on our 

observations from Penckbreen, supported by previous work on land- 
terminating surges in Svalbard (e.g. Hart and Watts, 1997; Boulton 
et al., 1999; Ottesen et al., 2008; Lønne, 2016; Lovell et al., 2018a; 
Aradóttir et al., 2019). Key landforms include CSRs, flutes, eskers and, in 
some cases, large glaciotectonic moraine systems and proglacial lakes 
(see Lovell and Boston, 2017) (Fig. 3; Fig. 12; Table 2).

Fig. 8. Examples of key landforms at Charlesbreen. (A) Geomorphological map of the forefield. Background satellite imagery sourced from ESRI basemap imagery. 
(B) Section through ice cored moraine. View towards the east with the glacier front to the south. (C) Kame and kettle topography close to the northern ice margin. 
View towards the southwest and glacier front. (D) View southeast across the forefield towards the southern lateral moraines, with the kame and kettle topography at 
the northern ice margin visible in the foreground.
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The most characteristic landform type in land-terminating surge- 
type glacier landsystems is arguably CSRs (e.g. Sharp, 1985; Rea and 
Evans, 2011; Farnsworth et al., 2016; Ingólfsson et al., 2016; Aradóttir 
et al., 2019; Ben-Yehoshua et al., 2023). Flutes (e.g. Christoffersen et al., 
2005) and zig-zag eskers, formed by meltwater occupation of the basal 
crevasse system (e.g. Evans et al., 2022), have also been reported. 
Penckbreen has a large glaciotectonic moraine system. Such moraine 
systems are found at several surge-type glaciers in Svalbard, sometimes 
also in combination with lakes (Boulton et al., 1999; Schomacker and 
Kjær, 2008; Lovell and Boston, 2017). Glaciotectonic moraine systems 
can be formed in single surge events (e.g. Hagen, 1988; Hart and Watts, 
1997) or through the piggy-backing of multiple ridges formed during a 
series of surges to similar positions (Lovell et al., 2018a). Whilst there is 
a strong correlation between the presence of glaciotectonic moraine 
systems and surge-type glaciers (e.g. Croot, 1988; Lovell and Boston, 
2017), they are certainly not ubiquitous at land-terminating surge-type 
glaciers in Svalbard. Widespread evidence for subaerial ice stagnation 
and downwasting in the form of kame and kettle topography and debris 
flows is also common, representing quiescent phase recession.

Our land-terminating surge-type glacier landsystem model shares 
similarities with a previous surge landsystem models presented for 
Svalbard. For example, Aradóttir et al. (2019) modelled terrestrial surge 
margins and also highlighted the presence of flutes, CSRs and hum-
mocky moraine deposits. However, they also highlighted supraglacial 

and englacial debris deposits in the forefield, whereas Penckbreen was 
dominated by proglacial (e.g. glaciotectonic pushing of lake sediments) 
or subglacial (e.g. CSR) features.

There are also similarities between our landsystem models and those 
based largely on Icelandic examples (e.g. Evans and Rea, 1999; Evans 
et al., 2009; Schomacker et al., 2014; Ingólfsson et al., 2016). Key fea-
tures present in these examples include glaciotectonic moraine systems, 
CSRs, flutes and eskers. In comparison to Icelandic land-terminating 
surge landsystem models, the well-developed and often extensive 
channelled outwash plains with pitted deposits and kettle holes (e.g. 
Russell et al., 2001; Björnsson et al., 2003; Evans et al., 2009; Scho-
macker et al., 2014) are less well developed in the Svalbard landsystem.

4.2.3. Polythermal valley glacier landsystem
The polythermal valley glacier landsystem is based on Antoniabreen, 

Renardbreen, Scottbreen, Bullbreen and Charlesbreen (Fig. 13, Table 2). 
This suite of polythermal glaciers includes independent glaciers 
(Renardbreen, Scottbreen, Bullbreen) and those connected to larger 
icefields (Antoniabreen, Charlesbreen). These examples of polythermal 
valley glaciers mostly fall within the bottom-heavy hypsometric range 
(Table 1), meaning most of their mass is located at lower elevations and 
thus more susceptible to temperature perturbations (Noël et al., 2020).

The landsystem is characterised by ice-cored latero-frontal moraine 
complexes, although where the glaciers have extended into fjords at 

Fig. 9. Examples of key features at Protektorbreen. (A) Geomorphological map of the forefield. Background satellite imagery sourced from ESRI basemap imagery. 
(B) Ice-bed contact of the thin glacier front. View towards the north at the lateral ice margin. (C) Supraglacial debris stripes extending out into the forefield. Note the 
exposed bedrock in several places. View towards the south.
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their most-recent maximum position, the frontal parts of the moraine 
system may be missing on land (e.g. Renardbreen, Bullbreen, Char-
lesbreen). Inside the moraine systems, the forefields are dominated by 
extensive active and inactive outwash plains, evidencing spatially dy-
namic hydrological systems. Inactive outwash plains often contain suites 
of relict channels oriented parallel to the ice front, suggesting meltwater 
tracing of a frozen, impermeable ice margin during recession. Proglacial 
icings are common at all glaciers within this category and have previ-
ously been suggested to be indicative of polythermal conditions (Hagen 
et al., 2003), although it is important to note that icings are also found at 
presumed cold-based glaciers (Mallinson et al., 2019).

Flutes and streamlined till surfaces are abundant at all the glaciers 
falling within this category and are a good indicator of an active sub-
glacial environment in a temperate or polythermal regime. Such 
streamlined subglacial landforms have been observed to have formed at 

polythermal Svalbard glaciers where fine saturated sediment is squeezed 
into a basal cavity that forms on the lee side of large boulders or ob-
stacles (e.g. Glasser and Hambrey, 2005; Ottesen and Dowdeswell, 2006; 
Roberson et al., 2011; Evans et al., 2022).

Buried ice is found throughout the forefields, particularly in latero- 
frontal moraine systems, and the subsequent melting of ice bodies de-
velops into kame and kettle topography and hummocky moraine 
(Glasser and Hambrey, 2005). Such terrain found in close association 
with well-developed subglacial bedforms is a key indicator of poly-
thermal conditions in recently deglaciated landscapes (e.g. Evans, 2009; 
Evans et al., 2012; Tonkin et al., 2016; Ewertowski and Tomczyk, 2020), 
and is included in the polythermal glacier landsystem model in Glasser 
and Hambrey (2005) as ‘moraine mound complexes’ in the unconfined 
proglacial zone.

The landsystem we propose here is comparable to that of the more 

Fig. 10. Examples of key features at Ferdinandbreen. (A) Geomorphological map of the Ferdinandbreen forefield. Background satellite imagery sourced from ESRI 
basemap. (B) Supraglacial debris stripes in an area of thin supraglacial sediment drape, with the southern steep lateral moraine in the background. View towards the 
south with the ice front to the west. (C) View west towards the glacier in 2016, highlighting the fragmentation of the thinning glacier ice around emerging bedrock 
outcrops. Ferdinandbreen has since disconnected from the larger source areas visible in the top right of the image. Supraglacial debris stripes are visible extending 
into the forefield.
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simplified Glasser and Hambrey (2005) polythermal glacier landsystem, 
characterised by an encapsulating ice-cored outer moraine ridge with an 
inner moraine mound complex (hummocky moraine/ice stagnation 
terrain) and zone of streamlined till surfaces and flutes. One main dif-
ference we find is the dominance of glaciofluvial outwash within the 
inner zone: Glasser and Hambrey (2005) largely show extensive 
outwash limited to areas beyond the frontal moraine ridge, whereas we 
find it to be ubiquitous within all inner forefields.

4.2.4. Small vanishing glacier landsystem
The small vanishing glacial landsystem (Fig. 14) encapsulates gla-

ciers that are likely to be almost entirely cold-based with negligible ice 
flow and limited meltwater activity at the terminus. In the case of Pro-
tektorbreen and Ferdinandbreen, they have effectively lost connection 
to a larger accumulation area, making them completely isolated ice 
masses. Analysis of the glacier properties shows that the vanishing 
glaciers are the smallest (2–4 km in length, 1–7 km2 in area) of all the 
glaciers investigated here. These glaciers have either bottom heavy or 
very bottom-heavy hypsometric indices (Table 1), potentially exacer-
bating their vulnerability to future complete mass loss.

Common characteristics of the forefields consist of thin sediment 
drapes with frequently exposed bedrock. Forefields are dominated by 
supraglacial landforms, such as supraglacial debris stripes. This is also 
seen in the Alpine vanishing glacier landsystem based on Pasterze 
Glacier, Austria (Le Heron et al., 2022). Further downvalley, relict 
meltwater channels and glaciofluvial outwash plains are bound by well- 
defined lateral and terminal moraines, including LIA moraines marking 
past glacial extent and glacier surface height. Active meltwater drainage 
is minimal and spatially constrained, with some evidence for small 
proglacial icings (e.g. at Protektorbreen). The glaciers themselves are 
not only disconnected from larger source areas, but in the most extreme 
cases are also becoming very thin and heavily fragmented, as is the case 

of Ferdinandbreen (Fig. 10C).

5. Discussion

5.1. Landsystem evidence for transitions in glacier dynamics

Whilst many of the glaciers that fit within the polythermal land-
system category are currently thinning and relatively inactive, there is 
often evidence for past dynamism. This suggests that the polythermal 
landsystem represents an intermediate step between past dynamism, 
likely during the LIA or early part of the 20th century, and future 
thinning and fragmentation as represented by the small vanishing 
glacier landsystem. For example, there are several areas of CSRs at 
Renardbreen (Farnsworth et al., 2017; McCerery et al., 2024), which, 
coupled with the extensive areas of streamlined till and flutings, indicate 
a much more dynamic past when the glacier partly terminated in the 
fjord (e.g. Zagórski et al., 2023). Equally, Bullbreen and Charlesbreen 
have both also been much more-extensive and terminated in the fjord at 
their most recent maximum position, presumed to be during the LIA (e. 
g. Martín-Moreno et al., 2017). There are other examples of glaciers in 
Svalbard that would currently fit in the polythermal, or even vanishing, 
glacier landsystems, but were far more dynamic during the LIA (e.g. 
Lovell et al., 2015; Mannerfelt et al., 2024b). However, it is important to 
note that these glaciers rarely preserve geomorphological evidence for 
this past dynamism.

Under continued Arctic warming and glacier thinning, it is possible 
that the glaciers characterised by the polythermal valley glacier land-
system will continue to transition to the geomorphological endpoint for 
Svalbard glaciers, represented by the small vanishing glacier land-
system. For example, although the vanishing glacier landsystem 
(Fig. 14) is largely based on Protektorbreen and Ferdinandbreen, it is 
worth noting that parts of the Scottbreen forefield share many of the key 

Fig. 11. Marine-terminating surge-type glacier landsystem, showing both the seafloor and terrestrial components.
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characteristics (Fig. 6A). At Scottbreen’s northern ice margin, supra-
glacial sediment drapes with debris stripes are becoming the dominant 
feature in the forefield, and active meltwater activity is much more 
spatially constrained than the other polythermal glacier examples. It is 
perhaps no surprise that Scottbreen is the next smallest glacier after 
Ferdinandbreen and Protektorbreen in these examples (Table 1), and it 
similarly has no larger accumulation area feeding it. We therefore sug-
gest that the emerging geomorphological signature at Scottbreen may be 
an early sign of its transition towards a small vanishing glacier land-
system, and ultimately its terminal decline.

5.2. Glacier sensitivity to climate change

The Arctic is particularly sensitive to climate change and thus shifts 
in the global and regional climate will likely accelerate changes to 
glacier thermal regimes (Zhang et al., 2019, Marshall, 2021). One of the 
consequences in High-Arctic locations where many glaciers are poly-
thermal is the phenomenon of small glaciers becoming colder as the 
climate warms. The enhanced mass loss associated with climate change 
will further drive glacier thinning and ultimately a shift into frozen bed 
conditions as the bed would no longer be at the pressure-melting point to 
sustain basal melt. This describes the situation where previously thicker, 
polythermal glaciers with some component of warm-based flow become 
too thin under warmer temperatures and thus become frozen to the bed 
and entirely cold throughout (e.g. Bælum and Benn, 2011; Małecki, 
2013; Carrivick et al., 2023).

Glacier hypsometry can help to understand the impact of future 
warming on glacier thinning and thus transitions in thermal regime, 
particularly in smaller glaciers. HI were calculated for each glacier in 
this study, which describes the elevation distribution of the glacier 
surface. Different distributions, particularly in relation to the equilib-
rium line altitude (ELA), will have different sensitivities towards climate 
change and its impacts (McGrath et al., 2017). A glacier with more mass 
at lower elevations will be more sensitive to temperature increases due 
to the proportion of their mass below the ELA (Noël et al., 2020). Nearly 
all the glaciers analysed here trend towards a bottom-heavy or very 
bottom-heavy hypsometry (Table 1). Combined with the general low 
elevation and flat interiors of Svalbard glaciers, this makes them 
particularly susceptible to temperature increases associated with 
climate change (Noël et al., 2020). The low-lying glaciers in southern 
Svalbard are modelled to be some of the most vulnerable to climate 
warming due to the ELA rising above the hypsometry peak, resulting in 
zero accumulation-area ratios in the next decade (McGrath et al., 2017; 
Sass et al., 2017; Noël et al., 2020; van Pelt et al., 2021).

Hypsometrically-controlled melt-accelerated feedbacks will 
continue to drive glacier thinning, particularly at already vulnerable 
polythermal glaciers such as Scottbreen and where fragmentation from 
larger accumulation areas has occurred. Once already vulnerable gla-
ciers become fragmented from any larger accumulation area they 
become even more vulnerable to mass loss (Paul et al., 2004; Jiskoot 
et al., 2009; Jiskoot and Mueller, 2012; Davies et al., 2022, 2024). 
Fragmentation of glacier ice is a characteristic that is easy to detect both 
in the field and remotely, thus these landsystems also provide insight 
into the condition of glaciers that are transitioning into a terminal state. 
Ferdinandbreen appears to be quite far along this journey, with the 
glacier already heavily fragmented and entirely disconnected from its 
past larger accumulation area. It is not necessary to look far for an 
example of Ferdinandbreen’s likely end-state in the not-too-distant 
future: the neighbouring cirque to the south is almost completed 
deglaciated, save for a small remnant of Elsabreen preserved under the 
backwall (Fig. 15).

6. Conclusions

Here, we present four glacier landsystems for Svalbard based on the 
geomorphology at 11 glaciers in south and northwest Spitsbergen. The Ta
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landsystems represent a continuum of glacier dynamics encompassing 
marine- and land-terminating surge-type glaciers, polythermal valley 
glaciers with evidence of past dynamism, and small vanishing glaciers 

that are rapidly fragmenting and ultimately disappearing, representing 
the geomorphological endpoint for Svalbard glaciers. The surge-type 
glacier landsystems include both marine-terminating and land- 

Fig. 12. Land-terminating surge-type glacier landsystem.

Fig. 13. Polythermal valley glacier landsystem.
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terminating examples, with key landforms present in both that provide a 
diagnostic link to processes that are active during surges - including 
CSRs and glaciotectonic moraine systems. Polythermal valley glaciers 
are characterised by ice-cored moraine systems, active meltwater 

systems and extensive glaciofluvial outwash, and the presence of sub-
glacial bedforms indicative of warm-based conditions, such as flutes. 
The vanishing glacial landsystem represents an endpoint for Svalbard 
glaciers and is characterised by heavily fragmented and thin glacier ice, 

Fig. 14. Vanishing glacier landsystem.

Fig. 15. The geomorphological endpoint for Svalbard glaciers illustrated by the almost deglaciated Elsabreen valley to the south and heavily fragmented and 
disconnected Ferdinandbreen to the north.
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extensive bedrock outcrops, thin supraglacial sediment drapes and 
limited meltwater activity. It is possible to identify evidence for transi-
tions between landsystems, such as features indicating a more-dynamic, 
potentially surging past for polythermal valley glaciers that are 
currently largely inactive. There is also contemporary signs that some 
polythermal valley glaciers are starting to produce supraglacial- 
dominated forefields, few or no subglacial features and with only 
limited meltwater activity apparent, thus beginning that transition to 
becoming a vanishing glacier. The landsystem models presented here 
provide an important insight into the future of many small land- 
terminating glaciers on Svalbard under current climate conditions.
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I., Clark, C.D., Darvill, C.M., Evans, D.J., Ewertowski, M.W., 2018. Glacial 
geomorphological mapping: a review of approaches and frameworks for best 
practice. Earth-Sci. Rev. 185, 806–846. https://doi.org/10.1016/j. 
earscirev.2018.07.015.

Chandler, B.M., Evans, D.J., Chandler, S.J., Ewertowski, M.W., Lovell, H., Roberts, D.H., 
Schaefer, M., Tomczyk, A.M., 2020. The glacial landsystem of Fjallsjökull, Iceland: 
Spatial and temporal evolution of process-form regimes at an active temperate 
glacier. Geomorphology 361, 107192. https://doi.org/10.1016/j. 
geomorph.2020.107192.

Christoffersen, P., Piotrowski, J.A., Larsen, N.K., 2005. Basal processes beneath an Arctic 
glacier and their geomorphic imprint after a surge, Elisebreen. Svalbard. Quat. Res. 
64 (2), 125–137. https://doi.org/10.1016/j.yqres.2005.05.009.

Clayton, L. and Moran, S.R. (1974) A glacial process-form model. In: Glacial 
Geomorphology: A Proceedings Volume of the Fifth Annual Geomorphology 
Symposia Series, Held at Binghamton New York September 26–28, 1974 (89–119). 
Dordrecht: Springer Netherlands.

Croot, D.G., 1988. Glaciotectonics and surging glaciers: a correlation based on 
Vestspitsbergen, Svalbard, Norway. In: Croot, D.G. (Ed.), Glaciotectonics: Forms and 
Processes. Balkema, Rotterdam, pp. 33–47.

Davies, B., Bendle, J., Carrivick, J., McNabb, R., McNeil, C., Pelto, M., Campbell, S., 
Holt, T., Ely, J., Markle, B., 2022. Topographic controls on ice flow and recession for 
Juneau Icefield (Alaska/British Columbia). Earth Surf. Process. Landf. 47 (9), 
2357–2390. https://doi.org/10.1002/esp.5383.

Davies, B., McNabb, R., Bendle, J., Carrivick, J., Ely, J., Holt, T., Markle, B., McNeil, C., 
Nicholson, L., Pelto, M., 2024. Accelerating glacier volume loss on Juneau Icefield 
driven by hypsometry and melt-accelerating feedbacks. Nat. Commun. 15 (1), 5099. 
https://doi.org/10.1038/s41467-024-49269-y.

Davies, B.J., Glasser, N.F., Carrivick, J.L., Hambrey, M.J., Smellie, J.L., Nývlt, D., 2013. 
Landscape evolution and ice-sheet behaviour in a semi-arid polar environment: 
James Ross Island, NE Antarctic Peninsula. Geol. Soc. Lond. Spec. Publ. 381 (1), 
353–395. https://doi.org/10.1144/SP381.1.

Descamps, S., Aars, J., Fuglei, E., Kovacs, K.M., Lydersen, C., Pavlova, O., Pedersen, Å.Ø., 
Ravolainen, V., Strøm, H., 2017. Climate change impacts on wildlife in a High Arctic 
archipelago–Svalbard, Norway. Glob. Chang. Biol. 23 (2), 490–502. https://doi.org/ 
10.1111/gcb.13381.

Ding, M., Wang, S., Sun, W., 2018. Decadal climate change in Ny-Ålesund, Svalbard, a 
representative area of the Arctic. Condens. Matter 3 (2), 12. https://doi.org/ 
10.3390/condmat3020012.

Dowdeswell, J., Hamilton, G., Hagen, J., 1991. The duration of the active phase on surge- 
type glaciers: contrasts between Svalbard and other regions. J. Glaciol. 37 (127), 
388–400. https://doi.org/10.3189/S0022143000005827.

Drange, H., Dokken, T., Furevik, T., Gerdes, R., Berger, W., Nesje, A., Orvik, K.A., 
Skagseth, Ø., 2005. The Nordic Seas: an overview. In: Drange, H., Dokken, T., 
Furevik, T., Gerdes, R., Berger, W. (Eds.), The Nordic Seas: An Integrated 
Perspective, 158. Am. Geophys. Union, p. 1.

Eckerstorfer, M., Christiansen, H.H., 2011. The “High Arctic maritime snow climate” in 
central Svalbard. Arct. Antarct. Alp. Res. 43 (1), 11–21. https://doi.org/10.1657/ 
1938-4246-43.1.11.

Ely, J.C., Graham, C., Barr, I.D., Rea, B.R., Spagnolo, M., Evans, J., 2017. Using UAV 
acquired photography and structure from motion techniques for studying glacier 
landforms: application to the glacial flutes at Isfallsglaciären. Earth Surf. Process. 
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