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Abstract

Eskers are primarily ridges of glaciofluvial sediment deposited in subglacial, englacial and supraglacial conduits. They are
typically straight to sinuous features, however, their planform morphology can be highly diverse. Esker enlargements
are spatially confined ridge sections that are significantly wider than the trunk ridge (typically 250-400m) and that
reconverge downflow. The enlargements include complex ridge networks or coherent sediment bodies. We mapped >1400
esker enlargements across Fennoscandia and Keewatin, Canada, to investigate their distribution and morphological
characteristics. Esker enlargements are less abundant below the marine limit, and tend to become more abundant in areas
of faster ice retreat. They form local clusters along particular ridges, and can occasionally be traced laterally between
adjacent esker systems. Based on morphological observations, we link their formation to roof collapses in subglacial
conduits. The distribution of esker enlargements indicates that subglacial conduit collapse became an increasingly
significant process during the final stages of deglaciation of both the Scandinavian and Laurentide ice sheets, and may
have exerted a positive feedback on ice sheet retreat at land-terminating ice margins.

Keywords: esker, esker enlargement, conduit collapse, subglacial hydrology, ice sheet deglaciation

1. Introduction

Subglacial meltwater is an important control on the
flow dynamics of ice sheets and glaciers. It affects their
velocity by opposing the cryostatic pressure, reducing basal
drag and initiating local ice-bed decoupling (e.g. Iken and
Bindschadler, 1986; Clarke, 2005). However, limited access
to the base of glaciers and ice sheets makes subglacial
environments challenging to study. An alternative approach
to understanding subglacial processes is to study landforms
and sediments produced by the flow of ice and meltwater
at the bed that have been preserved following ice retreat
(Stokes et al., 2015; Greenwood et al., 2016). Landform
studies have been facilitated by the availability of high-
resolution digital elevation models (DEMs), which now
allow us to study their morphology in exceptional detail
(Dowling et al., 2013; Chandler et al., 2018).

Eskers are ridges of glaciofluvial material (mostly sand
and gravel) typically deposited by water flowing through
subglacial conduits (Banerjee and McDonald, 1975; Bren-
nand, 1994, and references therein). They are important
indicators of channelised meltwater flow and are thus used
to study the structure of subglacial palaeo-drainage systems
(c.f. Brennand, 2000; Benn and Evans, 2010; Storrar et al.,
2014b). Although eskers are often illustrated as straight
to sinuous single-ridges, their along-ridge morphology can
vary significantly. Sinuosity (Storrar et al., 2014b), ridge
dimensions (Burke et al., 2012b, 2015; Perkins et al., 2016)
and number of crests and/or ridges (Price, 1966; Shilts
et al., 1987; Perkins et al., 2016; Storrar et al., 2020) are
principal planform-characteristics leading to manifold esker

configurations.
Variations in esker width are widely reported and ex-

hibit a range of morphologies (Shilts et al., 1987; Hebrand
and Åmark, 1989; Gorrell and Shaw, 1991; Brennand, 1994;
Burke et al., 2012b, 2015; Perkins et al., 2016). They can be
expressed as ridge-scale bulges (approximately 50% wider
than trunk ridge; Perkins et al. 2016) denoting subgla-
cial depocentres of dynamically adjusting conduits (Burke
et al., 2015) or multi-ridged segments formed by meltwater
flow diversion (Shilts et al., 1987; Gorrell and Shaw, 1991;
Brennand, 1994; Hooke, 2005; Burke et al., 2012b; Perkins
et al., 2016; Storrar et al., 2020).

A variety of mechanisms have been invoked for the form-
ation of multi-ridged esker sections including; 1) subglacial
conduit choking forcing meltwater paths to diverge (Shilts
et al., 1987; Menzies and Shilts, 1996; Storrar et al., 2015,
2020); 2) subglacial conduit breaching on ascending slopes
(Shreve, 1972, 1985); 3) the establishment of a broad zone
of minor conduits alongside the main subglacial conduit in
response to enhanced water flow (Gorrell and Shaw, 1991;
Brennand, 1994); 4) unstable conduit positions on top of
previously deposited ridges creating secondary (or tertiary,
etc.) eskers alongside the main esker (Hooke, 2005) or; 5)
sedimentation within abandoned supraglacial channels with
successive shifts in supraglacial stream position generating
a series of ridges which are superimposed on one another as
the ice ablates (Bennett and Glasser, 1996; Huddart et al.,
1999; Bennett et al., 2009).

Complex ridge patterns observed in esker systems on
formerly glaciated beds have variously been termed “esker
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nets", “anastomosing eskers” or “complex eskers” (Persson,
1974; Shaw et al., 1992; Hooke, 2005; Sutinen et al., 2009;
Shaw and Kvill, 2011; Storrar et al., 2015; Johnson et al.,
2019). Lindström (1993) applied the term “esker enlarge-
ment” to describe both single and multi-ridged segments
with reconverging downflow stretches that are up to 500%
wider than the trunk ridge (Svenonius, 1882; Lindström,
1993). In this study, we use the latter term to refer to sig-
nificant ridge-widenings that reconverge towards the trunk
ridge downflow.

In plan-view, the architecture of esker enlargements
comprise both complex ridge networks and coherent sed-
iment bodies with shallow superficial channels (Fig. 1;
Lindström 1993). Lindström (1993) studied both the mor-
phology and sedimentology of esker enlargements in north-
ern Sweden and linked their formation to waning subglacial
water flow velocities and identified valley geometry, bedrock
rises, former bead deposition, drainage confluence, strong
melting, stagnant ice and lake drainage as potential causes
in connection with ice fracturing and varying sediment dis-
charge. Flodhammar (2011) related the formation of two
esker enlargements in southern Sweden to high meltwater
discharges over marginal dead ice blocks.

Only a few studies have focussed on esker enlargements
and their broader role in the drainage of glaciers and ice
sheets (e.g. Svenonius, 1882; Lindström, 1993; Flodham-
mar, 2011). In this study, we tackle this knowledge gap by
mapping esker enlargements across large parts of Fenno-
scandia and Keewatin (north-central Canada). We then
use these data to describe and quantify their morphology
and distribution and propose a model for their formation.
The implications are then explored in relation to large-scale
meltwater drainage, retreat patterns and ice dynamics.

2. Regional settings

The Scandinavian Ice Sheet (SIS) covered large parts
of northern Europe repeatedly throughout the Quaternary
(Batchelor et al., 2019). During the last deglaciation the
ice sheet retreated over Fennoscandia from approx. 17 ka
to 10 kaBP (Fig. 2A). While the deglaciation of southern
Sweden started as early as 17 kaBP, the eastern parts of Fin-
land were exposed considerably later at approx. 13 kaBP
(Hughes et al., 2016; Stroeven et al., 2016). During the
Younger Dryas cold period (12.7-11.5 kaBP; Lohne et al.
2013), glacial standstills and re-advances formed extensive
moraine systems around Fennoscandia and most promin-
ently in southern Finland (Andersen et al., 1995; Lunkka
et al., 2020). Retreat following the Younger Dryas cold
period was generally faster (Stroeven et al., 2016) and
directed towards the Scandes Mountain Range where the
ice sheet eventually disintegrated around 10 kaBP (Fig.
2A; Hughes et al. 2016; Stroeven et al. 2016). Records
of subglacial meltwater activity such as eskers (Fig. 2A,
Boulton et al. 2009; Stroeven et al. 2016), hummock cor-
ridors (Peterson and Johnson, 2017; Peterson et al., 2017)
and murtoos (Mäkinen et al., 2017; Ojala et al., 2019;

Ahokangas et al., 2021) have been widely documented.
Concurrent with ice sheet retreat, deglaciated coastal areas
around the modern Baltic Sea and the Gulf of Bothnia
were inundated by water (Björck, 1995; Wohlfarth et al.,
2008; Ojala et al., 2013; Rosentau et al., 2021).

Keewatin is located to the west of Hudson Bay in north-
ern Canada (Fig. 2B). During the last glaciation a dome
of the former Laurentide Ice Sheet (LIS) was centred over
Keewatin and acted as a major ice dispersal centre (Lee
et al., 1957; Dyke and Prest, 1987; McMartin and Hender-
son, 2004). This area records the final stages of deglaciation
between approx. 10-7 kaBP (Fig. 2B) in response to in-
creased summer insolation (Carlson et al., 2008, 2009).
During ice sheet retreat there were marine incursions in
eastern (Tyrrell Sea; Shilts et al. 1987), and northern Kee-
watin (Prest et al., 1968; Dyke, 2004). There is widespread
evidence of subglacial meltwater activity including eskers
and meltwater corridors radiating out from the migrating
ice divide, directly beneath which they are rare (Shilts
et al., 1987; Aylsworth and Shilts, 1989; Storrar et al.,
2013, 2014b; Lewington et al., 2020; McMartin et al., 2020).
Esker formation here has been linked to increased surface
meltwater associated with rapid melting of the LIS towards
the end of deglaciation (Storrar et al., 2014a).

3. Data and Methods

Our study area includes Norway, Sweden, Finland (Fen-
noscandia) and parts of Keewatin (Canada). Mapping was
carried out from high-resolution (1-2m) national DEMs
in combination with the 2 and 5m resolution ArcticDEM
(Porter et al. 2018; Table 1). We created hillshaded DEMs
in ArcMap 10.7 with 45° altitude illumination angles and
two contrasting azimuths (45° and 315°) to ensure the de-
tection of elongated azimuth-parallel features (Chandler
et al., 2018). Eskers and esker enlargements were mapped
manually as line and point layers, respectively, in ArcMap
10.7 and QGIS 3.10. For Keewatin, we used an expanded
dataset based on esker ridges mapped by Storrar et al.
(2013) (Lewington, 2020). Following Lindström (1993),
we define esker enlargements as ridge segments that are
significantly wider than the trunk ridge (approx. >300%)
and that reconverge downflow (Fig. 3A). Multi-ridged
enlargements with fewer than 3 subparallel ridges were
excluded from our mapping to avoid the inclusion of minor,
multi-ridged sections, e.g. kettle holes (Fig. 1A).

The length and width of all mapped esker enlargements
were manually measured to assess their planform morpho-
metry. Length was measured as a straight line from the
point of divergence to the (approximated) point of conver-
gence. Width was measured as a straight line perpendicular
to the length measurement at the widest part of the en-
largement. Where this was not reasonable (e.g. due to
bending of the enlargement), width was measured perpen-
dicular to the approximate centreline. Lateral erosion of
previously fan-shaped sediment bodies may have resulted
in the formation of apparently reconverging features that
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Figure 1: Esker enlargements are prominent widenings of an esker that manifest either as a network of ridges, which diverge and then reconverge
downflow, or exist as an elliptical shaped body of sediment. Here we show some diversity of styles of esker enlargements. All panels: brown
colours denote higher elevation. White arrows indicate downstream direction. See Fig. 2 for locations. A-B: Complex esker enlargements
comprise a multitude of interrelated ridge crests with varying angles of intersection. Note kettle hole (black arrow in A) and the associated
change in ridge crest(s). C: Low confidence-enlargement; this looks like a flat-topped esker enlargement but its planform geometry appears to
have been modified by erosional channels. D: Irregular esker enlargement. E: Pair of elongated enlargements. F: Cluster along a single ridge.
Black arrows point to individual enlargements. G: Irregular esker enlargement with superimposed shorelines indicating post-depositional
modification. H: Esker enlargement at an esker tributary. A, G and H contain data from National Land Survey of Finland Elevation model
2m 11/19. B: ArcticDEM, 5m. C-F: GSD-Höjddata, grid 2+ ©Lantmäteriet.
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Figure 2: Overview map, figure locations, esker ridges and deglacial chronology for our study areas. A: Fennoscandia. Selected ice margin
positions from Hughes et al. (2016, most credible). Esker ridges from Stroeven et al. (2016). B: Keewatin, Canada. Selected ice margin
positions and calibrated radiocarbon dates from Dalton et al. (2020). Esker ridges from Lewington (2020).
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Table 1: Data sources

Country Data source Horizontal Website
resolution [m]

Canada ArcticDEM v7 2-5 https://www.pgc.umn.edu/data/arcticdem
Finland National Land Survey of Finland 2 https://www.maanmittauslaitos.fi/en
Norway Kartverket 1-2 https://hoydedata.no/LaserInnsyn
Sweden Lantmäteriet 2 https://www.lantmateriet.se

may not be ‘real’ esker enlargements and are termed ‘low
confidence-enlargements’ (Fig. 1C). To avoid any bias, fea-
tures with obvious signs of lateral channel cutting and/or
that do not transition into esker ridges (i.e. low-confidence
enlargements) were excluded from maps and statistics in
this paper.

4. Results

4.1. Distribution
Esker enlargements occur over large parts of Fennoscan-

dia (Fig. 4A). We mapped 877 features over an approx-
imately 1.1million km2 area comprising Sweden (n=436),
Finland (n=428) and Norway (n=13). Of these, 147 fea-
tures were classified as low confidence-enlargements, most
of which (n=112) are located in Sweden. Sixty-two enlarge-
ments were found at esker confluences. Using the total
length of mapped eskers (Stroeven et al., 2016) we derive
an average frequency of 2.1 esker enlargements per 100 km
of esker ridge in our study area. The greatest abundance of
esker enlargements occur in central and northern Sweden
and eastern Finland (Fig. 4A) while areas inundated by
precursors of the Baltic Sea (i.e. below the highest palaeo-
shoreline;Ojala et al. 2013) show slightly lower counts of
esker enlargements (Fig. 4A). The western part of the SIS
including Norway and the Scandes mountain range have
few eskers (Stroeven et al., 2016) and are largely devoid of
enlargements.

Esker enlargements are also common across Keewatin,
and unlike in Fennoscandia, they tend to cluster in two
areas, rather than be more widespread (Figs. 4A and 5A).
We mapped 532 features across an approximately 1 mil-
lion km2 area, 25 of which were classified as low confidence-
enlargements. Twenty-four esker enlargements were recor-
ded at esker tributaries. Using the total length of mapped
eskers (Lewington, 2020) we derive an average frequency of
2.1 esker enlargements per 100 km esker ridge in our study
area, the same as for Fennoscandia. Esker enlargements
are largely absent beneath the former ice sheet divide. The
highest density of esker enlargements occurs in the SW of
the study area, while they are much rarer in the east and
northern sectors (Fig. 5A), which coincide with the highest
marine limits (Prest et al., 1968).

The distribution of esker enlargements among esker
systems is heterogeneous and they tend to occur in clusters
along particular esker systems while adjacent segments

are devoid of them (Figs. 4B and 5B; c.f. Lindström
1993). We define a cluster as a group of three or more
esker enlargements along a common esker system that
are within 10 km of each other (Fig. 1F). Five hundred
and twelve esker enlargements (41%) were found to occur
within clusters, of which we identify 59 in Fennoscandia
and 64 in Keewatin. The mean cluster size (number of
esker enlargements) is 4.0 for Fennoscandia and 4.4 for
Keewatin. The maximum cluster size found in each study
area is 11 (Fig. 6A).

Esker systems hosting esker enlargements are typically
less fragmented (Fig. 6B). The median lengths for con-
tinuous ridge segments hosting enlargements are 7.3 km for
Fennoscandia and 2.9 km for Keewatin (using eskers from
Stroeven et al. (2016) and Lewington (2020), respectively).
These are considerably higher than the median lengths of
all esker ridges in the respective study areas (1.3 km for
Fennoscandia and 0.4 km for Keewatin; Fig. 6B). Some
esker enlargements seem to have a lateral equivalent on ad-
jacent esker systems less than 20 km apart. We counted 69
such pairs in Fennoscandia and 65 in Keewatin (Fig. 4C,D
showing 4 pairs of which one includes a low confidence-
enlargement; Fig. 5C,D showing 2 pairs). Examples from
two exceptionally close esker systems (<3 km apart) in cent-
ral Sweden and a confluent system in western Keewatin
not only show lateral equivalences but also concomitant
changes in the relative size of esker enlargements downflow
(Figs. 4C,D and 5C,D).

4.2. Morphology
The planform geometry of esker enlargements typically

ranges from circular to elliptic (Figs. 1, 3 and 7). Highly
elongated features are also occasionally observed (Fig. 1E),
but are less common. Our size measurements comprising
both study areas range between ca. 200m up to >3500m
for length and ca. 100m up to >1500m for width (Fig.
8). The median length and width are 870m and 327m,
respectively, comparable to those obtained by Lindström
(1993, median length - 1000m, median width - 475m)
who analysed 32 esker enlargements in northern Sweden.
Elongation ratios (length/width) of esker enlargements
in Fennoscandia and Keewatin range between 0.81 and
9.18 with a mean of 2.82 and a standard deviation of 1.08
(median=2.59).

The morphologies of esker enlargements show large vari-
ations (Figs. 1, 3 and 7). We identified three main forms
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Figure 3: Morphological observations relevant to esker enlargements. A: Distinction between distributary eskers (lower left) versus those that
we classify as (complex) esker enlargements (upper right). Note that the esker enlargement reconverges towards a single ridge, whereas the
distributary system retains a fan-shaped plan-form. Shaded polygons in the right panel denote undefined sediment accumulations. B: Complex
esker enlargement C: Flat-topped esker enlargement D: Irregular esker enlargement E: Hybrids between complex and flat-topped esker
enlargements. Note that flat-topped areas dominate the western feature whereas the eastern feature is dominated by a complex morphology.
All panels: brown colours denote higher elevations; GSD-Höjddata, grid 2+ ©Lantmäteriet.
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Figure 4: Distribution (A), clustering (B) and lateral equivalences (C/D) of esker enlargements in Fennoscandia. Investigated area is Norway,
Sweden and Finland only. Hybrid features (triangles) are coloured according to prevailing morphology (aerially most extensive). Grey in
A denotes the area below the highest shoreline. Dark brown polygons in Norway and Finland denote missing elevation data. All panels:
brown colours denote higher elevations. A: Note relative abundance of features above the highest shoreline and predominance of non-complex
morphologies in areas below the highest shoreline. B: Note abundance of esker ridges along particular ridges while adjacent ones have only
little or no features (see A for location). Grey line indicates the margin of study area. C: Two adjacent esker systems in central Sweden (see
A for location). D: Indication of how approximate size and position of esker enlargements can be linked to features on the adjacent ridge.
Elevation basemap data in A and B: GEBCO Compilation Group (2020). C and D: GSD-Höjddata, grid 2+ ©Lantmäteriet.
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Figure 5: Distribution (A), clustering (B) and lateral equivalences (C/D) of esker enlargements in Keewatin, Canada. Black box in A indicates
study area. Hybrid features (triangles) are coloured according to prevailing morphology (aerially most extensive). Grey in A denotes the area
below the highest shoreline. Dark grey areas in C and D are missing elevation data. All panels: brown colours denote higher elevations A: Note
relative abundance of features above highest shoreline. B: Note abundance of esker ridges along particular ridges while adjacent ones have only
little or no features (see A for location). Esker ridges from Lewington (2020) C: Two confluent esker systems in western Keewatin (see A for
location). D: Indication of how approximate size and position of esker enlargements can be linked to features on the adjacent ridge. Note esker
enlargement at confluence (arrow). Elevation basemap data in A and B: GEBCO Compilation Group (2020). C and D: ArcticDEM, 5m.
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based on their principal morphological architecture (Fig.
3B-E): complex, flat-topped and irregular (see below). Ad-
ditionally, features comprising combinations of two or more
of the aforementioned forms (complex, flat-topped and ir-
regular) are commonly observed and classified according to
their dominant (i.e. aerially most extensive) morphological
expression. We refer to these as ‘hybrids’ (Fig. 3E).

There is no clear spatial pattern in the distribution
of individual forms of esker enlargements (Figs. 4A and
5A). Exceptions are areas below the highest marine palaeo-
shoreline, where irregular features are more common, and
southern Sweden, where complex enlargements appear to
be relatively abundant (Fig. 4A). Similarly, in Keewatin,
there is no clear spatial pattern in the distribution of esker
enlargement forms (Fig. 5A).

Complex esker enlargements are spatially confined
ridge networks where individual ridges may superpose each
other in places (Figs. 1A,B,H, 3B and 7). Transitions to
and from the parent ridge are often smooth but can also be
abrupt or show superposition. Their planform geometries
are often symmetrical with respect to the trunk ridge. The
largest ridges are often found towards the centre and along
the flanks while other ridges can be relatively minor (e.g.
Fig. 7B). Arcuate ridges are common among this form and
may intersect other ridges at angles of up to 90° and usually
>45° (e.g. Figs. 1A, 3E and 7B). Small depressions may
occur within individual ridges (Fig. 1A). The length of
complex esker enlargements in Fennoscandia and Keewatin
ranges from 216m to 2924m with a median of 798m (Fig.
8). Widths range between 116m and 1175m with a median
of 305m. Their median length and width are the lowest
values found among all esker enlargement forms. The vast
majority of hybrid features are associated with complex
forms and more than half (52%) are dominated by this
morphology (Fig. 8).

Flat-topped esker enlargements are plateau-like
sediment bodies. The transition to and from their par-
ent ridges is often characterised by a relatively continuous
change in width towards the trunk esker (e.g. Fig. 1F; Fig.
3C). One or multiple generations of superficial channels are
common but not uniformly present (e.g. Figs. 1C and 7C).
Small depressions on flat-topped enlargement surfaces cre-
ate local pockmarked structures (Fig. 7B,C). Flat-topped
esker enlargements are among the rarest forms, making up
just 11% of all enlargements. However, a number of hy-
brid features are associated with flat-topped morphologies
of which 29% are dominated by flat-topped architectures.
Their sizes (excluding hybrids) range from 253m to 3370m
in length (median: 820m) and 117m to 974m in width
(median: 344m, Fig. 8).

Irregular esker enlargements are morphologically
coherent features with variable degrees of surface slope
and roughness (Figs. 1D,G and 3D). Palaeo-shorelines can
be observed on a number of features (Fig. 1G). Due to
their commonly irregular shapes the enlargements can be
very poorly defined and their identification should thus,
in general, be treated with lower confidence relative to

other forms. They constitute 16% of all esker enlargements,
while 19% of all hybrid features are dominated by irregular
surface expressions (Fig. 8). Their lengths range from
264m to 3035m with a median of 985m. Widths range
between 94m and 1318m with a median of 355m.

5. Discussion

5.1. Regional-scale distribution of esker enlargements
Our study demonstrates the widespread occurrence of

esker enlargements in Fennoscandia and Keewatin (Figs.
4A and 5A) and reveals variations in their distribution and
morphology. Here, we discuss the distribution of esker en-
largements (Figs. 4A and 5A) in relation to what is known
regarding rates of ice sheet retreat, changes in subglacial
hydrology, and post-glacial erosion.

Esker enlargements can only exist in the presence of
eskers. While this relationship does not account for the
overall distribution, the paucity of esker enlargements in
and around the area of the Scandes mountain range, in-
cluding Norway can be explained by lower counts and less
continuous esker ridges in this area (2A, Stroeven et al.
2016). The frequency and continuity of esker ridges in
Sweden and Finland is higher, but with few esker enlarge-
ments observed in some areas such as southern Sweden.
The paucity of esker enlargements in central Keewatin can
be explained by the lack of esker ridges beneath the palaeo-
ice divide (Aylsworth and Shilts, 1989; Storrar et al., 2013;
Livingstone et al., 2020; McMartin et al., 2020). However,
the presence of esker ridges does not always result in esker
enlargements; for example there are very few esker enlarge-
ments in central Nunavut and areas to the east that were
later inundated by the Tyrell Sea (Fig. 5A; Shilts 1986).

On a regional scale, relatively higher densities of esker
enlargements coincide spatially with increased ice retreat
rates; typically 200-1600myr-1 following the Younger Dryas
in Fennoscandia (Hughes et al., 2016; Stroeven et al., 2016)
and 230-540myr-1 for Keewatin driven by significant sur-
face melting due to early Holocene atmospheric warming
(Dyke, 2004; Carlson et al., 2009). In contrast, lower abund-
ances of esker enlargements in southern Sweden roughly
correlate with slower retreat rates prior to the Younger
Dryas (order of 50-200myr-1; Stroeven et al. 2016). Sim-
ilar observations have been documented for Fennoscandian
murtoo fields (Ojala et al., 2019). Murtoos are thought to
be formed by a sequence of subglacial processes involving
increased meltwater fluxes, till and glaciofluvial sediment
deposition, and subsequent deformation (Mäkinen et al.,
2017; Ojala et al., 2019; Peterson Becher and Johnson,
2021). Their similar arrangement on an ice sheet-scale
suggests that esker enlargements, too, share a positive re-
lationship to increased subglacial meltwater fluxes. The
reverse of this is also supported by the lack of esker en-
largements coincident with mapped esker beads in eastern
Keewatin (Lewington, 2020), which have been linked to
limited sediment and meltwater fluxes (Livingstone et al.,
2020).
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Figure 6: Esker enlargement cluster and esker ridge length statistics. A: Distribution of esker enlargement cluster sizes for each study area. A
cluster is defined as a group of three or more esker enlargements that occur within 10 km from each other along a common esker system. B:
Esker ridge lengths for segments hosting enlargements in comparison to all eskers for each study area. Note logarithmic scale and differences in
length between eskers hosting esker enlargements and esker ridges in the respective study area.
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Figure 7: Morphological characteristics of esker enlargements. A: Complex esker enlargement with only minor flat-topped parts. Note
superposition, ridge confluence and varying size of ridges. B: Esker enlargement showing both complex ridge patterns and flat-topped areas
and thus classified as ‘hybrid’ with a dominance in complex morphological architecture. Note the sets of arcuate ridges and their high angles of
intersection with other ridges. C: Hybrid esker enlargement with a dominance in flat-topped morphology. Note superposition of the plateau
and higher elevations of the flat-topped area. All panels: brown colours denote higher elevations. A and B contain data from National Land
Survey of Finland Elevation model 2m 11/19. C: GSD-Höjddata, grid 2+ ©Lantmäteriet.
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Figure 8: Quantification of esker enlargement forms for both study areas and their comparison to collapse features above subglacial conduits.
Note that “predominant morphology” in hybrid features refers to the aerially most extensive morphology. The data for collapse features was
gathered from Google Earth imagery. Features were measured across their widest part for length and perpendicular to it for width. Samples
(n=17) are derived from Iceland (n=9), Arctic Canada (n=3), Greenland (n=3) and European alpine glaciers (n=2). Note that collapse
features mapped on ice caps and glaciers fall within the lower range of the distribution whereas features on Greenland can be much larger
(outlier).
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The relative abundance of irregular esker enlargement
forms below the highest shoreline in Fennoscandia (Figs. 4A
and 5A) can be explained by post-depositional reworking
and erosion (c.f. Lindström, 1993). This is supported by
the frequent observation of superimposed shorelines (Fig.
1G) and the overall larger planform-dimensions of irregular
esker enlargements (Fig. 8) that are potentially due to local
sediment redistribution caused by wave action. Generally
lower feature densities in these areas may at least partially
be explained by the effects of post-depositional reworking
yielding indistinct, wave-washed landscapes which make
(former) enlargements difficult to identify.

The abundance of low confidence-enlargements in Sweden
may be attributed to the valley landscape of north and cent-
ral Sweden. Proglacial meltwater would have been focused
down these valleys making it more likely to erode any pre-
viously formed enlargements. We are therefore sufficiently
confident that the majority of low confidence-enlargements
are in fact “real” enlargements, which have been partially
eroded. Low confidence-enlargements are rare in Keewatin
where generally there is negligible local relief.

5.2. Local-scale distribution of esker enlargements
Chains of esker enlargements along particular esker

systems suggest that the individual properties of drainage
routes govern the formation of esker enlargements and
that these properties were not uniform throughout the
subglacial drainage system (likely in both space and time).
For example, a chain of enlargements in the downstream
part of an esker system, but absent further upstream (cf.
Figs. 4B and 5B), indicates a temporal change in drainage
and/or glaciological conditions. Furthermore, two adjacent
systems, one with and the other without esker enlargements
suggests fundamental differences between the two systems
(e.g. differing discharges, conduit geometry, bed material,
sediment supply, etc. . . ).

The general tendency for esker enlargements to occur
along more continuous eskers may be explained by the
continuity of the ridges themselves (Fig. 4B; Fig. 5B). The
formation of larger, more continuous esker ridges was likely
due to enhanced sedimentation rates due to higher dis-
charges and/or sediment supply (Livingstone et al., 2020).
This suggests they were major drainage routes that ex-
perienced either nearly continuous or episodically above-
average meltwater and/or sediment discharges (Storrar
et al., 2014b). The relative abundance of esker enlarge-
ments along more continuous esker systems suggests a link
between discharge/sediment supply and the formation of
esker enlargements.

The observation of 134 esker enlargements (approx.
10%) with a lateral equivalent on adjacent esker systems
(Figs. 4C,D and 5C,D) suggests a second-order forcing that
affected multiple drainage routes at once and in a similar
manner, eventually determining the longitudinal position
along the esker system. This is most simply explained by
the position of the ice margin, indicating a (sub)marginal
origin for esker enlargements.

5.3. Geomorphology
In contrast to distributary eskers (Price, 1966; Storrar

et al., 2015, 2020), the fundamentally different plan-form
geometry of esker enlargements (i.e. enlargement and then
re-convergence, Fig. 3A) indicates a spatially confined
setting. This characteristic shape of esker enlargements
and their immediate association with esker ridges supports
a subglacial formation.

Small variations in the planform-dimensions between
individual esker enlargement forms and the large number of
hybrid features (40%; Fig. 8) suggest a continuum between
the different morphologies. This is also supported by the
predominance of irregular enlargements in areas of former
marine incursion in Fennoscandia, indicating modification
by marine processes after initial deposition (see section 4.1).
Moreover, flat-topped surfaces of hybrid esker enlargements
are typically elevated above ridges indicating that prelimin-
ary ridge networks were subsequently covered by sediment
(Fig. 7C). It is also interesting to note that ‘different’ forms
of esker enlargements are observed to occur closely along
an individual esker ridge and sometimes alternate between
different expressions.

5.4. A model for the formation of esker enlargements by
subglacial conduit collapse

Complex esker enlargements often show symmetrical
planform geometries relative to their parent ridge and are
commonly associated with sets of subparallel arcuate ridges
(e.g. Figs. 1A, 3B,E and 7B) reminiscent of ice-surface cre-
vasses associated with circular collapse structures (Fig. 9A-
D). Circular collapse structures on land-terminating glaciers
have been reported from New Zealand (Odell, 1960), North
America (Paige, 1956; Morrison, 1958) and Europe (Stocker-
Waldhuber et al., 2017; Kellerer-Pirklbauer and Kulmer,
2019; Egli et al., 2021a), and are related to subglacial drain-
age conduits at stagnating and rapidly receding ice margins
(Stocker-Waldhuber et al., 2017; Kellerer-Pirklbauer and
Kulmer, 2019). These conduit collapse structures are spa-
tially relatively stable and can be observed at the same
position for several years (Stocker-Waldhuber et al., 2017;
Kellerer-Pirklbauer and Kulmer, 2019). Circular depres-
sions can also occur above subglacial lakes (e.g. Grímsvötn,
Iceland; Björnsson 2003) and on ice shelves (‘ice dolines’;
Bindschadler et al. 2002). Similarities in the organisation
and geometry of complex esker enlargements and crevasse
patterns, and their shared link with drainage routeways
(eskers) provides the basis for our hypothesis of their sub-
marginal formation.

The location of conduit collapses is likely controlled by
the size of the respective conduits and the ice thickness
in their vicinity (Stocker-Waldhuber et al., 2017; Kellerer-
Pirklbauer and Kulmer, 2019; Egli et al., 2021a). The
growth of subglacial conduits is mainly governed by wall
melting initiated by the frictional heat of turbulent melt-
water flow. Conduit growth is counteracted by creep-closure
driven by the thickness of the overlying ice (Röthlisber-
ger, 1972). Subglacial discharge, and thus melting of the
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Figure 9: Circular collapse structures and complex esker enlargement. Light blue lines in A-D indicate ice margin A: Circular collapse structure
on the northeast flank of Breiðamerkurjökull, Iceland. Imagery: Google Earth. Note the subglacial outlet in the bottom right (arrow). B:
Circular collapse structures on Ferpeclegletscher, European Alps. Imagery: Google Earth. C: Circular ponds on Tasman Glacier, New Zealand
(white arrows). Note that the ponds nearest the ice margin appear to line up along an inferred subglacial water conduit as indicated by the
outlet and river towards the bottom (black arrow). Imagery sourced from https://retrolens.nz and licensed by LINZ CC-BY 3.0 D: Incipient
collapse structure in Sermilik Fjord on Greenland. Note the circular arrangement of crevasses (black arrows). Imagery: Google Earth E:
Complex esker enlargement, Canada (Image: courtesy of Jessey Rice; NRCan Photo Number 2021-076). Note high angle intersections of ridges.
Length of feature is approx. 500m.
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conduit wall, increases towards the ice margin while the
thinner ice reduces the effect of creep closure (Hewitt and
Creyts, 2019). Thus, subglacial streams with larger conduit
cross-sectional areas close to the ice margin are more likely
to collapse (Kellerer-Pirklbauer and Kulmer 2019; Fig. 10).
Where the ice surface is sufficiently lowered, the stability
of underlying conduits may be disturbed by reductions in
ice thickness alone, i.e. without the need for an enlarged
conduit (Fig. 10).

In our model, the collapse of subglacial conduit roofs
may be triggered by fluctuating meltwater fluxes, local
subglacial stream avulsion and/or ice surface thinning (Fig.
11A-B). This may be initiated by either seasonal to multi-
annual increases in meltwater runoff or sudden drainage
events. Enhanced conduit growth during rising discharge
will be followed by a switch to atmospheric pressure (open
conduit system) as water flow in the conduit subsequently
wanes (Fig. 11C). Due to relatively large cross-sections,
which are mostly filled with air, the resulting conduits are
prone to collapse. Furthermore, ice-surface lowering due
to enhanced surface melting or accelerated flow (Pritchard
et al., 2009) may reduce the thickness of ice above conduits
leading to weaker ice roofs. Collapse of crevasse-bounded
ice that penetrates down to the conduit roof, or even of
large ice masses from the unstable conduit roof itself, would
then block the water flowing beneath it causing diversions
in subglacial stream direction. Occasional choking by sedi-
ments deposited in diverging branches causes alternative
routes to open which may lead to superimposed ridges.
Controlled by the geometry of the collapse structure, the
bifurcated streams are reconciled with their original track
after they have passed the zone of conduit collapse. Sea-
sonal fluctuations in meltwater discharge deliver sediment
which may be deposited between ice blocks and cover some
of them entirely (Fig. 11D). Supraglacial streams feeding
into the depression may further assist disintegration and
could deliver sediment transported from the surface or via
melting of debris rich ice (Fig. 9C). As the ice margin
retreats past the enlargement, the delivery of sediment via
debris-rich ice chunks breaking off the glacier front and
melt-out of buried ice may add additional complexity to
the resulting ridge pattern. This leads to intricate ridge
networks and arcuate patterns common to complex esker
enlargements (Figs. 9E and 11F).

Because conduit collapse structures grow or remain
active over several years (Stocker-Waldhuber et al., 2017;
Kellerer-Pirklbauer and Kulmer, 2019), the processes de-
scribed above are not necessarily contemporaneous events.
Local conduit reorganisation, repeated episodes of sedi-
mentation and reworking of sediments are likely to shape
the morphology of esker enlargements over multiple years.
Where these processes are accompanied by an increase
in sediment supply and/or proglacial lakes affecting the
subglacial drainage conditions, formerly deposited struc-
tures may become buried leading to flat-topped surfaces (cf.
Fig. 7C), particularly along the major drainage axes where
ice blocks may melt or be physically removed. Further

subaerial runoff across the previously deposited sediment
(Fig. 12) would result in superficial channels that are fre-
quently preserved on flat-topped enlargements (Figs. 1C
and 7C). Buried chunks of ice may eventually melt and
leave kettle-holes leading to complex/flat-topped hybrid
patterns (e.g. Fig. 7B). Subsequent re-filling with sediment
may result in morphologically undetectable kettle-holes (c.f.
Ahokangas and Mäkinen, 2014; Maries et al., 2017).

As ice retreats past the zone of conduit collapse, modern
observations suggest that it will form an embayment or
ice-walled channel where sediment can easily be trapped
(Figs. 9A,B and 12G). Subsequent stream cutting and
potential ice melt-out may eventually lead to intricate flat-
topped features. These processes are demonstrated at Von
Postbreen, Svalbard (Fig. 12G) where ongoing up-stream
propagation of an ice-walled corridor, driven by collapse of
ice around a subglacial stream, is exposing complex and flat-
topped landform morphologies including multiple ponds
between individual sediment ridges and ice blocks near the
glacier margin. We note that the feature at Von Postbreen
is not necessarily analogous to esker enlargements as its
geometry and reconvergence is not entirely clear, however
we expect processes near the ice margin to be similar for
esker enlargements.

Non-fluvial reworking of esker enlargements could res-
ult in morphological expressions classified as irregular in
our study. This may involve further modification by gla-
cial, aeolian, lacustrine and/or marine processes after their
initial exposure. As discussed in section 4.1, the relative
abundance of irregular esker enlargements below the highest
marine shoreline in Fennoscandia (Figs. 4A and 5A), their
frequent association with superimposed palaeo-shorelines
(Fig. 1G) and the overall larger planform-dimensions of
irregular esker enlargements (Fig. 8) support this idea.

5.5. Model correspondence and alternatives
The idea of conduit-penetrating and collapsing ice blocks

diverting subglacial meltwater flow producing anabranch-
ing ridge patterns is not new (Shilts et al., 1987; Lindström,
1993; Burke et al., 2012a; Perkins et al., 2016), but a more
detailed model for esker enlargement formation has been
lacking. Our model provides an explanation for the strik-
ing similarities between crevasse patterns associated with
conduit collapses on modern ice margins and ridge patterns
observed in many complex esker enlargements. The mor-
phological diversity of esker enlargements observed in our
mapping can be explained by the interaction of multiple
processes including confined sedimentation in collapsing
conduit segments, burial and subsequent melt-out of ice
blocks, sedimentation in standing water, post-glacial in-
undation and shoreline migration. Most of these processes
likely occur after deposition of an initial complex network
of ridges, which is why our model suggests that complex
esker enlargements may be a typical precursor to all other
forms and combinations thereof. If correct, we would ex-
pect to see complex esker ridge networks buried beneath
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Figure 10: Hypothetical concept for conduit collapses controlled by conduit dimension and ice thickness. Panels 1-4 describe relationships
between ice thickness (Hi), conduit height (Hc) and the resulting thickness above the conduit roof (Hr = Hi-Hc) for different scenarios. Red
crosses mark conditions where conduits are prone to collapse. Note that individual changes displayed in each panel (1-4) may take place in
both space and time. This simplified concept describes that conduit collapses are likely to happen where Hr is sufficiently small, suggesting
that there may be some kind of threshold (t) where Hr < t produces suitable conditions for conduit collapses. It further depicts the intuitive
assumption that both conduit growth (1) and ice surface lowering (2) on their own can lead to conduit collapses but a combination of both (4)
is most effective. However, in reality, there are likely other factors such as pre-existing fractures and ice flow velocity influencing the position of
collapse structures (Egli et al., 2021b).
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Figure 11: Model for the formation of complex esker enlargements. Note that processes described in this model are not necessarily limited to a
single phase and may take place over multiple years. A: Small subglacial conduit beneath relatively thick ice evolves into (B) a higher-discharge
conduit that grows larger once closer to the margin and under thinner ice. C: Waning meltwater flow in large conduits depressurises the
system causing downward flexing and fracture of the roof. Additional meltwater from the ice surface may feed the circular collapse structure
aiding further ablation. D: Slightly increasing discharge in the late melt-season causes subglacial water to flow around collapsed ice blocks
initiating deposition of sediment in interspaces. E: Receding ice margin exposures the sedimentary enlargement with buried arcuate dead
ice blocks inherited from the collapse. F: Further melt-out and eventual deglaciation leaves an esker enlargement sometimes expressed as a
complex network of ridges (illustrated here) and sometimes a massive body of sediment. In this explanation, ridges in the enlargements still
record the position of former water flow, as in a main esker thread, but deposited here in a pattern controlled by fractured ice blocks.
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other esker enlargement forms. This could be tested by
geophysical or sedimentological investigations.

The spatial equivalence between enlargements of adja-
cent esker systems (Figs. 4C,D and 5C,D) is best explained
by a submarginal setting where the ice margin controls
the position of enlargements along the respective esker sys-
tem. Local clusters along esker systems can be explained
by spatio-temporally changing conditions of the hosting
subglacial conduits, ice thickness, ice surface slope, ice
flow velocity or combinations thereof. Because of the often
rather abrupt changes between adjacent esker systems (Figs.
4B and 5B), we suggest that subglacial conduit conditions
have a dominant control over the formation of collapse
structures. This fits the idea that increasing post-Younger
Dryas meltwater discharges caused subglacial conduits to
destabilise more often due to increased ice thinning and
enhanced conduit growth. The observation of complex
esker enlargements at esker confluences (n=86) could also
be explained by increased water delivery by converging
drainage systems causing conduits to expand leading to
subglacial roof collapses. Where ice margins terminated
in sufficiently deep water, we also expect conduit collapses
to be less likely because the thickness of grounded ice is
dependent on water depth and tends to be thicker than ter-
restrial terminating margins, which results in more stable
conduit roofs. This is supported by relatively low num-
bers of esker enlargements in areas with abundant De Geer
moraines below the marine limit (c.f. Bouvier et al., 2015;
Ojala, 2016; McMartin et al., 2020). However, topograph-
ical variations may lead to shallowly grounded ice that also
allows the formation of conduit collapses. Taken together,
generally thicker ice at water-terminating ice margins and
post-depositional modification may explain the scarcer oc-
currence and relative abundance of irregular forms of esker
enlargements below marine limits in our study areas.

The scales for observed circular conduit collapse struc-
tures on modern day glaciers and ice sheets plot at the lower
end of the enlargement spectrum (Fig. 8). While there
is some overlap in populations, some additional factors
may explain the observed deviations: 1) The number of
observed collapse features is small (n=17) and may not
be representative. 2) We observe significant scale differ-
ences between collapse structures on ice sheets and valley
glaciers/ice caps (median length 450m and 170m respect-
ively; median width 350m and 104m, respectively; cf. Fig.
9A,D). The largest collapse feature in our data (750m long
and 600m wide) was observed on a large outlet glacier
on the Greenland Ice Sheet (Fig. 9D), which is experien-
cing large and rapidly increasing discharges of water and
sediment (Overeem et al., 2017). 3) The data for modern
collapse features (Fig. 8) was gathered from static images
of collapse structures that are likely to have undergone
subsequent modifications (Stocker-Waldhuber et al., 2017;
Kellerer-Pirklbauer and Kulmer, 2019). A time-series of
annual snapshots at Breiðamerkurjökull, Iceland (Fig. 12A-
F) confirms this idea and stresses the effect of multi-annual
expansion leading to an increased net area affected by the

collapse. Accordingly, esker enlargements are expected to
be composite features formed by several expansions. Since
the expansion of collapse structures is more likely to follow
the up or downstream direction of the subglacial conduit,
the recorded length of modern collapse structures may
not be an accurate measure for comparison against esker
enlargements. Width dimensions, which display a closer
association between modern collapse structure and esker
enlargements (Fig. 8), are likely to have been less affected
by subsequent longitudinal expansion and may thus give
more reliable results. 4) Eskers developing below modern
ice margins are generally smaller than eskers observed on
palaeo-ice sheet beds (Jewtuchowicz, 1965; Price, 1966;
Banerjee and McDonald, 1975; Brennand, 1994; Storrar
et al., 2015), which is likely to be reflected in the size of
esker enlargements as well. 5) Lastly, the subglacial area
in which sediment gets deposited beneath a collapse struc-
ture may be larger than the expression of the respective
structure on the ice surface.

Although our model explains a number of observations,
we note that there are alternative mechanisms which may
have led to the observed structural patterns. Focused deliv-
ery of supraglacial meltwater to the bed through moulins
can facilitate local diversion of subglacial conduits (Gulley
et al., 2012) and vertical intersections with debris-rich ice
would provide a further source of sediment to the moulin
bottom. If sediment was deposited in moulin-related tun-
nels to form esker enlargements, the distribution of enlarge-
ments would reflect the distribution of moulins. However,
this model has difficulties explaining lateral equivalents of
enlargements between adjacent esker systems. The complex
ridge networks may also reflect subaerial stream avulsion
and sedimentation over marginal dead-ice bodies. This
model was proposed for a pair of adjacent esker enlarge-
ments in southern Sweden (Flodhammar, 2011). However,
it struggles to explain the typical reconvergence of esker
enlargements and their widely observed sets of arcuate
ridges and high intersection angles. Thus, we may expect
complex distributary (fan-shaped) esker systems (Storrar
et al. 2015; Fig. 3A) to form in proglacial settings or on
dead ice.

5.6. Implications
Here, we will discuss the implications of our preferred

model (section 5.4), which suggests that esker enlargements
and especially clusters of esker enlargements are associated
with subglacial conduit collapses along high discharge drain-
age routes. In assessing the most important drainage routes
influencing ice dynamics, it might be that esker size is not
the best indicator of conduit size because of the variable
effects of sediment availability (Burke et al., 2015). Esker
enlargements, however, might be useful indicators of which
of the many potential routes were the main, trunk evacu-
ators of subglacial meltwater. This is especially relevant
for ice sheet models that incorporate subglacial hydrology
where the relatively high resolution of meltwater landform
maps (Storrar et al., 2013; Stroeven et al., 2016; Peterson
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Figure 12: A-F: Time series of satellite images showing the evolution of a collapse structure at the margin of Breiðamerkurjökull, Iceland. Note
the expansion towards NW in panels D and E yielding an overall larger area affected by the collapse than compared to the initial area in A.
Also note minor arcuate ridges emerging in panel E and F (red arrow in F). Imagery © 2021 Planet Labs Inc. G: Intricate ridge pattern formed
at Von Postbreen, Svalbard. Note collapsing conduit giving way to ice walled channel (white arrow). Note, that this feature is not necessarily
analogous to the landforms we envision to be produced by our model. However, it illustrates the association between subglacial conduit
collapses and intricate landform morphologies. Light blue line indicates ice margin. Imagery retrieved from https://toposvalbard.npolar.no on
15/03/2021.
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et al., 2017; Lewington et al., 2020) cannot be modelled
in realistic detail. In such cases, focussing on the major
drainage routes would be a reasonable simplification.

Studies on alpine valley glaciers document the disinteg-
ration of ice around subglacial conduits by collapse pro-
cesses (Stocker-Waldhuber et al., 2017; Egli et al., 2021a,b).
The distribution of esker enlargements and the formation
model that we present here suggests that subglacial conduit
collapses occurred widely on palaeo-ice sheets and might
thus be a potentially underestimated mechanism influen-
cing ice margin retreat. The regional-scale distribution of
esker enlargements further indicates increasingly favourable
conditions for their formation towards the later stages of
deglaciation in Fennoscandia and Keewatin. We speculate
that a similar development could be expected for the Green-
land Ice Sheet, which is becoming increasingly land-based
due to continuously negative mass balances (Morlighem
et al., 2017) and may thus become more susceptible to
subglacial conduit collapses in the future. The collapse
of subglacial conduits is not widely taken into account
when modelling ice dynamics; our research suggests that
its importance should be evaluated.

The distribution of esker enlargements may be used
to refine rate and timing of ice sheet retreat and aid ice
margin reconstructions through their cross flow alignment.
This would be particularly useful in areas such as Keewatin
where the lack of moraines and remote location have resul-
ted in limited geochronological constraints (Dalton et al.,
2020). Furthermore, the relationship between esker enlarge-
ments and trunk ridges indicates a genetic link between
both features. The sedimentation of esker enlargements
is interpreted to occur predominantly submarginally, in-
dicating a submarginal origin for the nearby esker ridges,
as well. Since collapse structures are observed to evolve
in the late melt season (Stocker-Waldhuber et al., 2017;
Kellerer-Pirklbauer and Kulmer, 2019), esker enlargements
might also be used to infer more detailed information about
the time of esker sedimentation. Lastly, esker ridges have
long been known to form tributaries (e.g. Shilts et al.,
1987) but the nature of these junctions remains fairly un-
explored. Esker enlargements at esker tributary locations
are strong indicators for an active confluence of subglacial
conduits and may thus be helpful to reconstruct the timing
of palaeo-drainage paths.

6. Summary and conclusions

We used high-resolution (1-2m) DEMs to map 877
esker enlargements in Norway, Sweden and Finland and
532 esker enlargements in the Keewatin District of central
arctic Canada (2-5m DEMs). Our study is the first ice
sheet-scale documentation of esker enlargements, which
demonstrates their widespread occurrence and reveals a
wide variety of morphological expressions. Unevenly dis-
tributed clusters suggest that their formation was primarily
controlled by the conditions imposed by their respective
drainage path. Lateral equivalences between adjacent esker

systems support a second-order forcing related to processes
or conditions in proximity to the ice margin.

Large scale mapping and morphometric analysis of esker
enlargements and a comparison to contemporary collapse
structures leads us to conclude that esker enlargements are
related to subglacial conduit collapses at land-terminating
ice margins. Our model explains the variety and distribu-
tion of esker enlargements in our data and their widespread
occurrence suggests that marginal conduit collapses may
have been a recurrent process during deglaciation (espe-
cially towards the final stages) in both Fennoscandia and
Keewatin.
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