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• Eskers are believed to form as meltwater deposits during 
the retreat of former ice sheets.


• We provide a quantitative model for the formation of eskers 
based on fluid mechanical descriptions of subglacial tunnel 
flow and sediment transport.


• The model yields predictions for how esker spacing and 
size vary with surface melt rate and margin retreat rate.
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Water flow

• Sediments are mobilised by rapid 
water flow in subglacial tunnels.  


• Sediments are deposited near 
margin, where widening causes a 
decrease of water speed.


• Retreating margin leaves behind 
sediment ridge.

Formation mechanism
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According to this argument a warmer climate (larger s

a

) leads to larger channels, extending
further from the margin, but spaced more closely together (i.e. the catchment basins for major
channels grow longer but narrower).

Alternatively, the approach taken by Hewitt [2011] assumes a balance between all three terms
in the mass equation. It is assumed that T / N

�3 (due to the size of cavities being controlled by
the e↵ective pressure), and the length of the channel scales with X

a

(the length of the melting
region). This suggests
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According to this argument a warmer climate leads to larger channels, extending further from
the margin, spaced further apart (i.e. the catchment basins for each channel grow both longer
and wider). The spacing further apart in this case is primarily due to the lengthening of the
channels, which allows them to capture water from a wider area.

The first of these approaches follows essentially the same reasoning as given by Schoof [2010],
who treats the distributed inter-channel flow as a discrete system of conduits that behave as

linked cavities (this gives rise to an e↵ective transmissivity that scales with N

�4n/3
c

and alters
some of the exponents on the scalings, but without changing the qualitative dependence on s

a

).
Boulton et al. [2009] give a similar argument, treating the distributed system as groundwater
flow with constant transmissivity, but assume that it is basal melting rather than summer surface
meltwater that controls the channel spacing. They argue that summer meltwater is important
for depositing the esker, but since the channels appear to be long-lived it is the perennial water
supply that sets their spacing.

The second approach follows Hewitt [2011], imagining a distributed system as a porous layer
comprising linked cavities. This approach assumes that the e↵ective pressures in the distributed
system provide the relevant scale for lateral water flow (rather than the e↵ective pressure in
the channel), and assumes that the distributed flow far from the channel is in the along-flow
direction. This approach is probably not as good, and we favour the estimates for spacing and
discharge in (49) and (50).
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⇢

m

3300 kg m�3

⇢

i

910 kg m�3

g 9.8 m s�2

B 1025 N m
⌧

c

105 Pa

Table 1: Parameter values from Greve and Blatter [2009].

4 Melt rates and retreat rates

In this section we give some estimates for the melt rate, size of the ablation region, and retreat
rates, in terms of a simple climate parameterisation. To do so we assume that the ice sheet
margin follows a plastic ice-sheet profile. The climate is described by a spatially uniform accu-
mulation rate a and a specified elevation s

a

below which melting occurs (equivalently, a specified
equilibrium line altitude s

e

). Melting is assumed to increase linearly below this elevation, so we
have
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Assuming that the ice-sheet extends back beyond this point (i.e. that there is a central part
where no melting occurs), the total melt rate per unit width of the margin is
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the margin, spaced further apart (i.e. the catchment basins for each channel grow both longer
and wider). The spacing further apart in this case is primarily due to the lengthening of the
channels, which allows them to capture water from a wider area.
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who treats the distributed inter-channel flow as a discrete system of conduits that behave as
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flow with constant transmissivity, but assume that it is basal melting rather than summer surface
meltwater that controls the channel spacing. They argue that summer meltwater is important
for depositing the esker, but since the channels appear to be long-lived it is the perennial water
supply that sets their spacing.
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system provide the relevant scale for lateral water flow (rather than the e↵ective pressure in
the channel), and assumes that the distributed flow far from the channel is in the along-flow
direction. This approach is probably not as good, and we favour the estimates for spacing and
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Exner equation

Model
• We assume a steadily translating shape of the ice-

sheet margin during retreat (a plastic-ice profile).

• Equations for a steady-state Röthlisberger channel 

are solved to calculate water speed; these are used 
to estimate sediment flux, which is coupled to an 
Exner equation for bed evolution.
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bed (where eskers are rare) to the relatively 

“hard” crystalline bedrock of the Canadian 

Shield (where eskers are far more common) 

(Clark and Walder, 1994; Storrar et al., 2013), 

we focus on deglaciation across the Canadian 

Shield, from ca. 12.7 kyr B.P. to ca. 7.45 kyr 

B.P. To account for the diminishing size of the 

ice sheet (which would theoretically produce 

fewer eskers than a larger ice sheet), the num-

ber of eskers at the ice sheet margin was nor-

malized per 100 km of margin length. Mean ice 

sheet retreat rate was calculated from 20 tran-

sects from the youngest to oldest dated margins 

in each area (Fig. 1C). Standard deviation val-

ues are given as error bars in Figure 2.

RESULTS

Our database includes a total of 20,186 es-

kers, and individual ridges are up to 97.5 km 

in length (mean length of 3.5 km). Systems of 

eskers can be traced for up to 760 km, if small 

gaps (less than a few kilometers) created by 

postglacial modifi cation (or breaks in deposi-

tion) are taken into account. Some appear as 

single ridges, whereas others possess up to 

fourth-order streams (using the Strahler meth-

od). The mean number of eskers per 100 km of 

ice margin is 1.24, but this ranges from 0.05 to 

3.31. The most obvious pattern is their abun-

dance in branching dendritic systems on the 

Canadian Shield, which emanate away from 

the positions of the major ice divides in Kee-

watin and Labrador (Fig. 1). We note, however, 

that eskers are conspicuously absent beneath 

the fi nal location of these ice divides.

Retreat rates in Keewatin were generally 

between 100 and 200 m yr−1 from 13 to 9.5 

kyr B.P., but increased rapidly between 9.5 

and 9 kyr B.P., followed by a sharp decrease 

to between 8.5 and 8 kyr B.P. (see Fig. 2). 

The density of eskers at the ice sheet margin 

broadly matches the retreat rate in both sectors, 

increasing from 0.7 to 2.9 eskers per 100 km 

of ice margin between 12 and 9 kyr B.P. in 

Keewatin, then abruptly decreasing from 2.9 

to 0.8 between 9 and 8.5 kyr B.P., after which 

it decreased more gradually. In contrast, the 

number of tributaries per 100 km of eskers de-

creased steadily from 25.8 to 0.1 from 13 to 7 

kyr B.P. To the east, the Labrador sector of the 

ice sheet shows a similar pattern, esker density 

increasing from 0.1 to 1.8 eskers per 100 km 

of ice margin between 13 and 7.6 kyr B.P. and 

then decreasing to 0.7 by 7 kyr B.P. (Fig. 2B). 

The number of tributaries per 100 km of es-

kers decreased from 1.9 to 0.3 between 11.4 

and 7 kyr B.P.
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Figure 1. A: Landsat Enhanced Thematic Mapper Plus (ETM+) image (red, green, blue: bands 
7, 5, 2), showing eskers in lighter shades. B: Esker crest lines digitized from image shown in A. 
C: Ice sheet margin positions and chronology (modifi ed from Dyke et al., 2003), superimposed 
on mapped eskers (yellow) which refl ect the confi guration of meltwater channels emanating 
from the major ice divides in Keewatin (west of Hudson Bay) and Labrador (east of Hudson 
Bay). Bold boxes indicate areas used for analysis, and dashed lines indicate transects used to 
determine margin retreat rate. D: Close-up of area in Keewatin shown by white box in C. 

Figure 2. Climate and ice margin retreat rate 
plotted against density of eskers and num-
ber of esker tributaries during deglaciation 
in Keewatin (A) and Labrador (B) (see Fig. 1 
for location). Number of eskers per 100 km 
of ice margin includes error bars to indicate 
interpolated ice margin positions. Note log

10
 

y-axis for number of tributaries per 100 km 
of eskers in A. Northern Hemisphere tem-
perature anomaly data are from Shakun et 
al. (2012) and show temperature anomalies 
from their early Holocene (11.5–6.5 kyr B.P.) 
mean. Error bars indicate 1σ uncertainty. 
Mean retreat rate of Laurentide Ice Sheet in-
cludes error bars of 1σ of each measurement 
(n = 20).
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Relation to ice-sheet evolution
• Large mapped datasets (Storrar et al 2014) show varying esker density during ice-sheet retreat.
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bed (where eskers are rare) to the relatively 
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sheet retreat rate was calculated from 20 tran-

sects from the youngest to oldest dated margins 

in each area (Fig. 1C). Standard deviation val-

ues are given as error bars in Figure 2.
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dance in branching dendritic systems on the 
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the positions of the major ice divides in Kee-

watin and Labrador (Fig. 1). We note, however, 
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the fi nal location of these ice divides.
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kyr B.P. To the east, the Labrador sector of the 

ice sheet shows a similar pattern, esker density 

increasing from 0.1 to 1.8 eskers per 100 km 

of ice margin between 13 and 7.6 kyr B.P. and 

then decreasing to 0.7 by 7 kyr B.P. (Fig. 2B). 

The number of tributaries per 100 km of es-

kers decreased from 1.9 to 0.3 between 11.4 

and 7 kyr B.P.
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Figure 1. A: Landsat Enhanced Thematic Mapper Plus (ETM+) image (red, green, blue: bands 
7, 5, 2), showing eskers in lighter shades. B: Esker crest lines digitized from image shown in A. 
C: Ice sheet margin positions and chronology (modifi ed from Dyke et al., 2003), superimposed 
on mapped eskers (yellow) which refl ect the confi guration of meltwater channels emanating 
from the major ice divides in Keewatin (west of Hudson Bay) and Labrador (east of Hudson 
Bay). Bold boxes indicate areas used for analysis, and dashed lines indicate transects used to 
determine margin retreat rate. D: Close-up of area in Keewatin shown by white box in C. 

Figure 2. Climate and ice margin retreat rate 
plotted against density of eskers and num-
ber of esker tributaries during deglaciation 
in Keewatin (A) and Labrador (B) (see Fig. 1 
for location). Number of eskers per 100 km 
of ice margin includes error bars to indicate 
interpolated ice margin positions. Note log

10
 

y-axis for number of tributaries per 100 km 
of eskers in A. Northern Hemisphere tem-
perature anomaly data are from Shakun et 
al. (2012) and show temperature anomalies 
from their early Holocene (11.5–6.5 kyr B.P.) 
mean. Error bars indicate 1σ uncertainty. 
Mean retreat rate of Laurentide Ice Sheet in-
cludes error bars of 1σ of each measurement 
(n = 20).
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bed (where eskers are rare) to the relatively 

“hard” crystalline bedrock of the Canadian 

Shield (where eskers are far more common) 

(Clark and Walder, 1994; Storrar et al., 2013), 

we focus on deglaciation across the Canadian 

Shield, from ca. 12.7 kyr B.P. to ca. 7.45 kyr 

B.P. To account for the diminishing size of the 

ice sheet (which would theoretically produce 

fewer eskers than a larger ice sheet), the num-

ber of eskers at the ice sheet margin was nor-

malized per 100 km of margin length. Mean ice 

sheet retreat rate was calculated from 20 tran-

sects from the youngest to oldest dated margins 

in each area (Fig. 1C). Standard deviation val-

ues are given as error bars in Figure 2.

RESULTS

Our database includes a total of 20,186 es-

kers, and individual ridges are up to 97.5 km 

in length (mean length of 3.5 km). Systems of 

eskers can be traced for up to 760 km, if small 

gaps (less than a few kilometers) created by 

postglacial modifi cation (or breaks in deposi-

tion) are taken into account. Some appear as 

single ridges, whereas others possess up to 

fourth-order streams (using the Strahler meth-

od). The mean number of eskers per 100 km of 

ice margin is 1.24, but this ranges from 0.05 to 

3.31. The most obvious pattern is their abun-

dance in branching dendritic systems on the 

Canadian Shield, which emanate away from 

the positions of the major ice divides in Kee-

watin and Labrador (Fig. 1). We note, however, 

that eskers are conspicuously absent beneath 

the fi nal location of these ice divides.

Retreat rates in Keewatin were generally 

between 100 and 200 m yr−1 from 13 to 9.5 

kyr B.P., but increased rapidly between 9.5 

and 9 kyr B.P., followed by a sharp decrease 

to between 8.5 and 8 kyr B.P. (see Fig. 2). 

The density of eskers at the ice sheet margin 

broadly matches the retreat rate in both sectors, 

increasing from 0.7 to 2.9 eskers per 100 km 

of ice margin between 12 and 9 kyr B.P. in 

Keewatin, then abruptly decreasing from 2.9 

to 0.8 between 9 and 8.5 kyr B.P., after which 

it decreased more gradually. In contrast, the 

number of tributaries per 100 km of eskers de-

creased steadily from 25.8 to 0.1 from 13 to 7 

kyr B.P. To the east, the Labrador sector of the 

ice sheet shows a similar pattern, esker density 

increasing from 0.1 to 1.8 eskers per 100 km 

of ice margin between 13 and 7.6 kyr B.P. and 

then decreasing to 0.7 by 7 kyr B.P. (Fig. 2B). 

The number of tributaries per 100 km of es-

kers decreased from 1.9 to 0.3 between 11.4 

and 7 kyr B.P.

Age (ka)

6.825

7.45

7.6

7.65

7.7

7.8

8

8.2

8.4

8.45

8.6

8.98

9.1

9.2

9.3

9.4

9.5

9.7

9.9

10.2

10.4

10.6

10.725

11

11.45

12

12.7

13

BA

C
40°W60°W

80°W

80°W

100°W

100°W120°W

5
0

°N

50

0 400km

0 50 5

0 100

D

km

km km

13 789101112
Age (ka)

Ic
e
 m

a
rg

in
 r

e
tr

e
a
t 
ra

te
 (

m
 y

r-1
)

500

100

200

300

400

0

N
u
m

b
e
r 

o
f 
e
sk

e
rs

 p
e
r 

1
0

0
 k

m
 o

f 
ic

e
 m

a
rg

in

0

0.5

1

1.5

2

2.5

3

3.5

N
u
m

b
e
r 

o
f 
tr

ib
u
ta

ri
e
s 

p
e
r 

1
0
0
 k

m
 o

f 
e
sk

e
rs

0.01

0.1

1

10

100

A0.5

-2.5

0.0

-0.5

-1.0

-1.5

-2.0

1.0

N
o

rt
h

e
rn

 H
e

m
is

p
h

e
re

 
te

m
p

e
ra

tu
re

 a
n

o
m

a
lly

 (
°C

)

0.5

-2.5

0.0

-0.5

-1.0

-1.5

-2.0

1.0

N
o

rt
h

e
rn

 H
e

m
is

p
h

e
re

 
te

m
p

e
ra

tu
re

 a
n

o
m

a
lly

 (
°C

)

13 789101112
Age (ka)

Ic
e
 m

a
rg

in
 r

e
tr

e
a
t 
ra

te
 (

m
 y

r-1
)

N
u
m

b
e
r 

o
f 
e
sk

e
rs

 p
e
r

1
0

0
 k

m
 o

f 
ic

e
 m

a
rg

in

0

0.5

1

1.5

2

N
u
m

b
e
r 

o
f 
tr

ib
u
ta

ri
e
s 

p
e
r 

1
0
0
 k

m
 o

f 
e
sk

e
rs

0

0.5

1

1.5

2

B

0

50

100

150

200

Figure 1. A: Landsat Enhanced Thematic Mapper Plus (ETM+) image (red, green, blue: bands 
7, 5, 2), showing eskers in lighter shades. B: Esker crest lines digitized from image shown in A. 
C: Ice sheet margin positions and chronology (modifi ed from Dyke et al., 2003), superimposed 
on mapped eskers (yellow) which refl ect the confi guration of meltwater channels emanating 
from the major ice divides in Keewatin (west of Hudson Bay) and Labrador (east of Hudson 
Bay). Bold boxes indicate areas used for analysis, and dashed lines indicate transects used to 
determine margin retreat rate. D: Close-up of area in Keewatin shown by white box in C. 

Figure 2. Climate and ice margin retreat rate 
plotted against density of eskers and num-
ber of esker tributaries during deglaciation 
in Keewatin (A) and Labrador (B) (see Fig. 1 
for location). Number of eskers per 100 km 
of ice margin includes error bars to indicate 
interpolated ice margin positions. Note log

10
 

y-axis for number of tributaries per 100 km 
of eskers in A. Northern Hemisphere tem-
perature anomaly data are from Shakun et 
al. (2012) and show temperature anomalies 
from their early Holocene (11.5–6.5 kyr B.P.) 
mean. Error bars indicate 1σ uncertainty. 
Mean retreat rate of Laurentide Ice Sheet in-
cludes error bars of 1σ of each measurement 
(n = 20).
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Spacing and size
• The model suggests esker size (cross-sectional 
area) is controlled by water flux and retreat rate
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•Faster retreat rates produce smaller eskers 
because there is less time to deposit sediments.

• Esker spacing reflects major subglacial channel spacing at the time of retreat.

• Larger melt rates produce more closely spaced channels, each having larger water flux
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• Our model provides a suggestion as to how spacing and size relate to melt rates and retreat rates.


