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ABSTRACT. Dewatering structures are a common feature used to identify melt-out
till, and the lack of such structures in till could preclude deposition by melt-out.To assess
the conditions under which melt-out till can be deposited without forming dewatering
structures, I use geotechnical data and a quasi-two-dimensional model of geothermal
melt-out. Critical discharge determined from geotechnical data suggests that low-hydrau-
lic-conductivity till can transport up to 1.3 m3 water a^1m^2 without forming dewatering
structures, which is two to three orders of magnitude greater than the volume of meltwater
produced at the base of glaciers.The model indicates that debris content of the ice and the
ability of the till to drain govern effective pressure during melt-out. If the drainage system
is poorly developed or the till comes from debris-poor ice, effective pressure is below zero,
the condition under which dewatering structures could form. However, till from relatively
debris-rich ice (>40% debris) with a well-developed drainage system (channels every
10m) can dewater without forming dewatering structures. This suggests that the lack of
dewatering structures in till does not necessarily imply deposition by lodgement or de-
forming bed.

INTRODUCTION

Observations of recently deposited melt-out till have shown
that till dewatering can distort, sort or alter sediment when
sediment liquefies and is transported upwards, leaving iden-
tifiable dewatering structures that indicate deposition by
melt-out (Boulton,1970,1971; Lawson,1979).The presence of
these dewatering structures has been used to identify Pleis-
tocene-age melt-out till (Boulton, 1971; Drozdowski, 1983;
Shaw, 1983; Piotrowski and others, 2001), while the lack of
these structures could imply deposition by a process other
than melt-out (Alley,1991; Johnson and Hansel,1999). How-
ever, melt-out till can also be deposited without these struc-
tures forming (Boulton, 1970; Lawson, 1979; Ham and
Mickelson, 1994), confusing the genetic characteristics of
melt-out till. From a review of the properties of melt-out till,
it can be concluded that deposition by melt-out could be
inferred if the till is stratified (e.g. containing sorted layers)
because the removal of ice and dewatering can be detected
(Shaw, 1979; Haldorsen and Shaw, 1982). The presence of
these sorted layers facilitates dewatering and does not re-
solve the genetic characteristics of structureless till. Because
of this ambiguity, the lack of structures in homogeneous till
requires further investigation (Alley,1991).

Genetic interpretations of till have broader conse-
quences for inferences of glacier dynamics and climate.The
genesis of southern Laurentide ice sheet till has implications
for both the motion of the southern Laurentide ice lobes

(e.g. basal sliding or subglacial bed deformation) and its at-
tendant effects on climate change during retreat from the
Last Glacial Maximum (reviewed by Clark and others,
1999). However, interpretation of Pleistocene deposits is
usually restricted to exposures in sediment, making genetic
inferences difficult in those areas with few exposures such as
the southern margin of the Laurentide ice sheet (Mickelson
and others, 1983; Johnson and Hansel, 1999). Thus, a better
understanding of the structures associated with various till
types is required if limited observations in exposures are to
be extrapolated to an entire lobe. To help resolve the ambi-
guity in till characteristics, I use calculations and model
results of melt-out scenarios to provide a quantitative assess-
ment of the factors that control the formation of dewatering
structures during melt-out.

CRITICAL DISCHARGE METHODS

The formation of dewatering structures is dependent on the
interplay betweenwater delivery to the till andwater expul-
sion from till (Fig. 1) (Boulton and Paul, 1976).Water in the
till drains slowly following the hydraulic gradient, i (unit-
less) (seeTable1for symbol key).The addition of morewater
to the till than can be expelled eventually increases pore-
water pressure in the till, u (kNm^2), in excess of the oppos-
ing total pressure, P (kNm^2), and the critical hydraulic
gradient, ic (unitless), is reached. Effective pressure, Pe
(kNm^2), is then below zero,

Pe ¼ P � u ð1Þ
(the hydraulic gradient is greater than the critical hydraulic
gradient), and grains can be transported upward by water,
forming dewatering structures (Coduto,1999).
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To determine the discharge (expulsion) at the critical
hydraulic gradient, the critical seepage velocity,Vs (ma^1),
is first calculated, which is the maximum velocity at which
water can move through the sediment without pore-water
pressure exceeding total pressure:

Vs ¼ kic ; ð2Þ
where k (ma^1) is hydraulic conductivity (Coduto, 1999).
The discharge, Q (m3 a^1), at the critical seepage velocity is
determined over a 1m2 area, A (m2).

Q ¼ VsA : ð3Þ
If the discharge at the critical seepage velocity is greater

than the volume of water supplied by basal melting from
geothermal heat, water drains through the pore spaces and
no dewatering structures will form. If the discharge is less

than the volume of meltwater supplied, effective pressure
will be below zero and dewatering structures can form.
These calculations of the discharge at the critical hydraulic
gradient apply to any gradient direction; however, the hy-
draulic gradient is assumed to be towards a hydraulic-head
drawdown at the ice^till interface (Fig.1).

To determine the critical hydraulic gradient, moisture
contents, ! (unitless), were converted into saturated unit
weights, �s (kNm^3), following Coduto (1999).

e ¼ !Gs=S ; ð4Þ
where e (unitless) is void ratio, S (unitless) is saturation and
Gs (unitless) is the specific gravity of the till.

�d ¼ Gs�w=ðeþ 1Þ ; ð5Þ
where �d (kNm^3) is the dry unit weight, �w (9.81kNm^3) is
the unit weight of water and

�s ¼ �dð1þ !Þ : ð6Þ
With a known saturated unit weight, the critical hydraulic
gradient is determined,

ic ¼ ð�s � �wÞ=�w : ð7Þ

The geotechnical data used in these calculations are
from Kewaunee Formation till of easternWisconsin, which
has a mean constituent make-up of 21% sand, 43% silt and
36% clay (Le Roy, 1992; Carlson, 2002).With its relatively
high clay content, this till represents a fine-grained end-
member, making this a conservative calculation of till de-
watering. The till contains few clasts, and clast size ranges
from <0.5 to �10 cm.The Kewaunee till has sharp contacts
with the underlying till and gravel, and shows no evidence
of gradation, zone of mixing or plowing into the underlying
sediment (Carlson, 2002). Critical discharge was deter-

Fig. 1. A cartoon depicting the melt-out system used in both

discharge calculations and melt-out model. (a) A debris-rich

block of ice melts from the bottom up due to geothermal heat

(dashed arrows).Meltwater (dotted arrows) drains through

the till towards a hydraulic-head drawdown at the ice^till in-

terface (black dot and arrow). Eventually, all ice melts, leav-

ing slightly overconsolidated till. Horizontal half-space, x

(m), and vertical till thickness, z (m), are indicated.

(b)Meltwater (dotted arrows) flows through the pore space

of the till. If more water is added to the till than can drain out,

pore-water pressure increases. If pore-water pressure exceeds

total pressure because the till is incapable of draining all the

water added, then dewatering structures can form. (c) Indi-

vidual stress distribution on a single grain. Total pressure

(large arrow and downward-pointed small arrow) is the

combined pressure of till, ice and meltwater above the grain.

Pore-water pressure (small arrows) is isotropic, while the hy-

draulic gradient (dotted arrow) is towards the hydraulic-

head drawdown.

Table 1. A list and description of the symbols used in the text.

Units are excluded where dimensionless

Symbol SI units Description

A m2 Area
c Degree of consolidation
e Void ratio
Gs Specific gravity
h m Head
hw ma^1 Additional water
i Hydraulic gradient
ic Critical hydraulic gradient
k ma^1 Hydraulic conductivity
Mr ma^1 Melt rate
n Porosity
nf Final porosity
ni Initial porosity
P kNm^2 Total pressure
Pe kNm^2 Effective pressure
Q m3 a^1 Discharge
S Saturation
t years Time
u kNm^2 Pore-water pressure
Vs ma^1 Seepage velocity
x m Half-space
z m Total till thickness
�d kNm^3 Dry unit weight
�i 10 kNm^3 Unit weight of ice
�s kNm^3 Saturated unit weight
�w 9.81kNm^3 Unit weight of water
! Moisture content
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mined from the geotechnical properties of this clayey till
measured by Earth Tech, Inc. (Le Roy, 1992). Earth Tech,
Inc. calculated hydraulic conductivity in the field, using
the baildown and slug-test methods, and moisture content
and grain-size in the laboratory. Hydraulic conductivity
ranged between 2.9 and 3.8 ma^1. Moisture content in
samples from below the water table (to insure 100% satur-
ation) varied between 105 and 121 (unitless) (Le Roy,1992).
The till is assumed to have a specific gravity of 2.65^2.70
(unitless) in accord with clay-rich materials (Coduto,1999).

CRITICAL DISCHARGE RESULTS

The saturated unit weight of the till was determined for
known moisture contents and estimated specific gravities
(Equations (4^6)). The unit weights vary between 13.7 and
14.2 kNm^3, which result in critical hydraulic gradients of
0.39^0.44 (Equation (7); Table 2). The average between the
two specific gravities and moisture contents determines a
critical hydraulic gradient of approximately 0.42, which
produces critical seepage velocities of 12.6^16.6ma^1

(Equation (2); Table 3). Discharge at the critical seepage
velocity over a 1m2 area is 1.3^1.6m3 water a^1m^2 for the
lower and upper limit of the hydraulic conductivity (aver-
aged between Gs 2.65 and 2.70) (Equation (3); Table 3). If
basal, geothermally melted ice constitutes the only water in-
put into the system, these discharges for the Kewaunee till
can be compared to known basal geothermal melt rates to
ascertain if dewatering structures might be present.

The assumed specific gravity and possible inaccuracy in
hydraulic conductivity introduce an unknown degree of
error in these calculations. However, there is little variation
in the specific gravity of clay-rich materials, and the range
used here (2.65^2.70) covers this variability (Coduto, 1999).
It is harder to assess the error involved with the hydraulic
conductivity.The discharge calculated with these hydraulic
conductivities is relatively high for clay-rich sediment,
which may reflect non-uniformity in Kewaunee till (e.g.
the presence of high-permeability layers in the till). A
similar series of calculations was made with hydraulic con-
ductivity three orders of magnitude lower to demonstrate
the large degree of error that must be involved in the meas-
urement of hydraulic conductivity to negate these calcula-
tions (Table 3). However, because of these assumptions,
these results should be viewed as an order-of-magnitude
value.

MELT-OUTMODELMETHODS

Because the geotechnical properties of the till reflect the
modern field conditions and not the conditions during
melt-out, a quasi-two-dimensional basal, debris-rich ice-
melting model was developed to better understand the
effects of debris content, drainage, consolidation, time and
melt rate on effective pressure, hydraulic gradient and the
mechanism of dewatering.The model uses basic laws of soil
mechanics (see Coduto, 1999) and considers a half-space
(the distance between regularly spaced channels at the ice^
till interface and water-flow divide) of stagnant, debris-cov-
ered ice at the pressure-melting point overlying homogen-
eous saturated till (Fig. 1) (Boulton, 1970; Lawson, 1979;
Shaw, 1979). Geothermal heat melts the block of ice from
the bottom up, and this meltwater is the only water input
into the system. All the meltwater enters the till and drains
through the pore space of the till, following the hydraulic
gradient.The presence of channels creates a hydraulic-head
drawdown at the ice^till interface (Boulton, 1970; Shaw,
1979), forcing an oblique hydraulic gradient towards the
channel. The till is initially considered normally consoli-
dated to slightly underconsolidated because ice occupied
the pore spaces when thick, active glacial ice overlaid the
area. Slightly underconsolidated till transfers some of the
total pressure to the pore water, which dissipates through
time as the water drains and the till consolidates. After all
ice has melted, normal consolidation to slight overconsoli-
dation should characterize melt-out till.The purpose of the
model is to conceptually determine under what conditions
effective pressure will fall below zero during melt-out and
dewatering structures can form. It does not include all the
complexities of subglacial groundwater flow and the mar-
ginal glacial environment.

Pore-water pressure (isotropic) in themodel results from
meltwater added to the till flowing due to the hydraulic gra-
dient, i (unitless), and part of the weight of the overlying till
and ice. The hydraulic gradient is determined from the
change in hydraulic head, dh=dt (ma^1), in the till and the
distance over which the hydraulic head is lost: the vertical
thickness of till, z (m).

z ¼ Mrt� ½Mrtðc� c=tÞ� ð8Þ
with a constant melt rate

dh=dt ¼ 0:9Mrþ 0:9Mrðx2=2Þ ð9Þ

i ¼ ðdh=dtÞ=ðdz=dtÞ ; ð10Þ
where t (years) is time since the ice block began to melt, c is

Table 2. Calculation of the critical hydraulic gradient using

moisture contents of 105^121 and specific gravities of 2.65^

2.70. Average critical hydraulic gradient is calculated with 1

standard deviation

! ic (Gs= 2.65) ic (Gs= 2.70)

105 0.436 0.443
106 0.433 0.440
119 0.397 0.404
121 0.392 0.398

Average (1 std dev.) 0.41 (0.02) 0.42 (0.02)
Combined average (1std dev.) 0.42 (0.02)

Table 3. Calculation of discharge at the critical hydraulic gra-

dient using hydraulic conductivities of 2.9^3.8 m a^1and spe-

cific gravities of 2.65^2.70. A calculation is also made using a

hydraulic conductivity of 0.0038 m a^1, which is three orders of

magnitude less than the hydraulic conductivity of Kewaunee

till

k Vs (Gs= 2.65) Vs (Gs= 2.70) AverageVs Q

ma^1 ma^1 ma^1 ma^1 m3 a^1m^2

2.9 12.6 12.9 12.8 1.3
3.8 16.3 16.6 16.5 1.6

0.0038 0.0163 0.0166 0.0165 0.0016
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degree of consolidation (unitless) = ðni � nfÞ=nf (ni is ini-
tial porosity and nf is final porosity (unitless), of the till, Mr
(ma^1) is melt rate, and x (m) is the half-space of the stag-
nant ice block (half the distance between channels: the dis-
tance between a channel and flow divide (Fig. 1)). Equation
(8) determines the thickness of the till (first term) adjusted
for consolidation (second term, c). The c� c=t term (unit-
less) is empirical and modifies till thickness for time-vary-
ing consolidation which exponentially decreases through
time (Coduto, 1999). Equation (9) calculates the vertical
contribution of meltwater to the change in head (first term)
and the integrated addition of meltwater across the half-
space (x) (from the flow divide to the channel) (modified
from Fountain, 1994), adding a quasi-second dimension to
the model. The half-space controls the ability of the till to
drain because increased distance to a channel increases the

hydraulic head. Effective pressure is then calculated by
Equation (1), with total pressure and pore-water pressure de-
termined by:

P ¼ �iðzi �MrtÞð1� c=tÞ þ �sðzÞð1� c=tÞ ð11Þ

u ¼ �wðzþ izÞ þ �iðzi �MrtÞ½1� ð1� c=tÞ�
þ �sðzÞ½1� ð1� c=tÞ� ;

ð12Þ

where �i (10 kNm^3) is the unit weight of debris-rich ice, �s
(14 kNm^3) is the unit weight of the till from the previous
section, and �w (9.81kNm^3) is the unit weight of water.
The first and second terms of Equation (11) calculate the
weight of ice and sediment supported by the till, respective-
ly.The first term of Equation (12) determines the pore-water
pressure from overlying water and the hydraulic gradient,
while the second and third terms calculate the pressure
from overlying ice and sediment supported by the pore

Fig. 2. Hydraulic gradient (unitless) through time (ice thick-

ness = 5 m, half-space = 5 m). Melt rate and porosity (0.40^

0.85) were varied to determine their control over the system.

(a) Melt rate is 0.01m a^1. (b) Melt rate is 0.005 m a^1.

An order-of-magnitude greater melt rate of 0.10 m a^1 for por-

osity of 0.5^0.6 is included in (a).

Fig. 3. Effective pressure (kNm^2) through time (ice thick-

ness = 5 m, half-space = 5 m). Porosity (0.40 and 0.85) and

melt rate were varied to determine their control on the system.

(a)Melt rate is 0.01m a^1. (b)Melt rate is 0.005 m a^1. An

order-of-magnitude greater melt rate of 0.10 m a^1 for porosity

of 0.5^0.6 is included in (a).
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water, respectively. The empirical 1� c=t term (unitless)
partitions total pressure between pore water and sediment.
As the model advances, grains consolidate due to the total
pressure, the water drains, and the sediment assumes more
of the total pressure. The till is allowed to completely con-
solidate to a final porosity (nf) of 0.40 which is typical of
modern melt-out till (Boulton and Paul, 1976; Ronnert and
Mickelson,1992).

The initial porosity (ni) of the till needs to be deter-
mined to calculate the degree of consolidation, which
should be equivalent to the debris content of the melting
ice (debris content = 1� n) (Ronnert and Mickelson,
1992). Measurements of the debris content of basal, debris-
rich ice range between 1% and 74% debris (e.g. Lawson,
1979; Ronnert and Mickelson, 1992; Kirkbride, 1995). A
range of debris contents is used in the model between 1%
and 60% (initial porosity 0.99^0.40), spanning much of the
modern variability. The half-space between channel and
water-flow divide (x) also needs to be ascribed, and is usual-
ly between 55 and 180m (Boulton,1970; Shaw,1979; Foun-
tain,1994; Engelhardt and Kamb,1997; Fleming and Clark,
2000). A range in half-space is considered from 0.50 to 50m,
which is applicable to melt-out conditions (Boulton, 1970;
Shaw,1979; Carlson, 2002). Two initial debris-rich ice thick-
nesses, 5 and 10m, are arbitrarily chosen, while a range of
melt rates between 0.005 and 0.01ma^1 is used, which covers
most geothermal melt rates (Paterson,1994). A third rate of
0.10ma^1 is also used to test the sensitivity of the model to
rapid melting.

MODEL RESULTS

Varying melt rate (0.10^0.005ma^1) (Figs 2 and 3), ice thick-
ness (5^10m) (not shown), porosity (0.99^0.40) (Fig. 4) and
half-space (0.50^50m) (Fig. 5) determined the sensitivity of
the model to these inputs (Equations (1) and (8^12)).Thick-

er ice increases the time required to melt the ice at a given
melt rate but does not affect the hydraulic gradient, and ini-
tial hydraulic gradients are the same (a 5m block of ice is
used in the following results). Higher melt rates increase
the amount of meltwater added to the system, increasing
the hydraulic gradient and pore-water pressure and de-
creasing the effective pressure.This effect only becomes ap-
preciable at melt rates an order of magnitude greater (e.g.
0.10ma^1). In runs with moderate-to-low porosities,
hydraulic gradients decrease through the melt period until
all ice has melted (Fig. 2). However, at high initial porosities
(e.g. 0.85n), themodel is unstable and the hydraulic gradient
increases rapidly.This is due to the large amount of consoli-
dation the till must undergo to reach a final porosity of 0.40,
which transfers much of the initial overburden to the pore
water, increasing the hydraulic gradient. Increasing chan-
nel half-space also increases the hydraulic gradient (not
shown), decreasing effective pressure (Fig. 5). These tests
suggest that porosity and channel half-spacing have a great-
er effect on model predictions than melt rate and ice thick-
ness, because they influence the degree of consolidation and
ability of the till to drain.

During a model run, effective pressure (Equations (1),
(11) and (12)) initially increases, becomes relatively con-
stant, and then decreases towards the end of a run.This pat-
tern represents initially rapid consolidation, followed by the
interplay of sediment addition to the system and ice melting

Fig. 4. Effective pressure (kNm^2) with a constant melt rate

of 0.01m a^1 (ice thickness = 5 m, half-space = 5 m). Porosity

is varied between 0.60 and 0.99 to determine at what debris

content (1 ^ n) effective pressure falls below zero.

Fig. 5. Effective pressure (kNm^2) with varied distance

between channels (half-space = 0.50^50.0 m) and porosity

(0.40^0.60).
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used in the following results). Higher melt rates increase
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creasing the effective pressure.This effect only becomes ap-
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hydraulic gradients decrease through the melt period until
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(e.g. 0.85n), themodel is unstable and the hydraulic gradient
increases rapidly.This is due to the large amount of consoli-
dation the till must undergo to reach a final porosity of 0.40,
which transfers much of the initial overburden to the pore
water, increasing the hydraulic gradient. Increasing chan-
nel half-space also increases the hydraulic gradient (not
shown), decreasing effective pressure (Fig. 5). These tests
suggest that porosity and channel half-spacing have a great-
er effect on model predictions than melt rate and ice thick-
ness, because they influence the degree of consolidation and
ability of the till to drain.

During a model run, effective pressure (Equations (1),
(11) and (12)) initially increases, becomes relatively con-
stant, and then decreases towards the end of a run.This pat-
tern represents initially rapid consolidation, followed by the
interplay of sediment addition to the system and ice melting
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and the eventual removal of the overlying ice block. At ini-
tial porosities>0.60 (debris contents540%), effective pres-
sure is below zero for at least the early part of melt-out (Figs
3 and 4).With a more rapid melt rate (0.10ma^1), this initial
porosity decreases closer to 0.50. Effective pressure is also
sensitive to the half-space between the channel and water-
flow divide. Increasing the half-space (e.g. from 5 to 10m)
decreases effective pressure, and at large half-spaces (e.g.
50m) even decreasing initial porosity to 0.40 (no consolida-
tion) does not raise effective pressure above zero (Fig. 5).

From these results, the critical hydraulic gradient
through time is determined by setting total pressure equal
to pore-water pressure and solving for the hydraulic gradi-
ent. Critical hydraulic gradients are initially extremely
high, but drop to 0.42 during a model run (Fig. 6). This is
due to theweight of the overlying ice blockwhich is removed
by melt-out, decreasing the critical hydraulic gradient.

The amount of additional water, hw (ma^1), needed per
year per half-space to reduce effective pressure below zero is
calculated by dividing the critical hydraulic gradient by till
thickness and subtracting out the meltwater input:

hw ¼ ðic=z� dh=dtÞ=x: ð13Þ

The amount of external water required mimics effective
pressure (half-space = 5m) and is initially between 0 and
1ma^1 (porosity of 0.40 and 0.60, respectively), before in-
creasing and subsequently decreasing during a model run
(Fig.7).Till from ice with an initial porosity >0.60 does not

require additionalwater to form dewatering structures since
effective pressure is already below zero.

These results are dependent on several assumptions ne-
cessary to construct the model. The model assumes that all
meltwater enters the till, and does not account for meltwater
initially lost to a channel or water film at the ice^till inter-
face. Any loss of water, though, would decrease the amount
of water added to the till, decreasing pore-water pressure.
This would facilitate melt-out till deposition without the
formation of dewatering structures, and makes the model
conservative because it simulates an end-member state.
Also, the model only includes water added from geothermal
melting and not from groundwater or surficial meltwater
penetrating to the till. The effects of this additional water
depend on its amount (Fig. 7) which may or may not be
great enough to decrease effective pressure below zero. The
heat-flux direction is not considered in the model. However,
the model applies an oblique hydraulic gradient which
would transport geothermal heat upward and along the
ice^till interface, continuing basal melting. The flow of
water through the pore spaces would also create frictional
heat from water impacting grains, which would increase
the amount of basal melting. This additional meltwater is
disregarded in the model, and the amount needed to cause
dewatering structures in till from debris-rich ice is likely
greater than the amount that frictional heating could melt
(Fig. 7). In addition, uniform debris-rich ice, not stratified

Fig. 6. Critical hydraulic gradient (unitless) with porosity

varied between 0.40 and 0.60 and melt rate between 0.005

and 0.01m a^1 (ice thickness = 5 m; channel half-space =

5 m).
Fig. 7.The additional amount of water (m a^1) required to

increase pore-water pressure in excess of total pressure with

porosity varied between 0.4 and 0.6 and melt rate between

0.005 and 0.01m a^1 (ice thickness = 5 m, half-space = 5 m).
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debris-rich ice, is used in the model. However, the model
simulates deposition of massive melt-out till while melt-out
till from stratified ice would likely show evidence of being
deposited by melt-out (Lawson,1979; Haldorsen and Shaw,
1982). Finally, till is assumed to completely consolidate
during melt-out, which may not be the case in field condi-
tions. If melt-out ended while some of the total pressure
was still supported by pore water, consolidation would con-
tinue until the till had consolidated to accommodate the
overburden.

DISCUSSION

Previous studies have calculated melt rates for valley gla-
ciers (Boulton,1970; Mickelson,1973; Lawson,1979) and esti-
mated melt rates for ice sheets (Boulton and others, 1993;
Paterson, 1994) (Table 4). These suggest meltwater produc-
tion rates two to three orders of magnitude lower than the
maximum discharge that can flow through the pore space
of Kewaunee till (Table 3). If only geothermal heat melted
basal ice from the bottom up, dewatering structures would
not form, because water could flow through the pore space
of the till without building up to the critical hydraulic gra-
dient where effective pressure is below zero. However, if the
hydraulic conductivity of the Kewaunee till is in error by
three orders of magnitude, dewatering structures could
form (Table 3). Otherwise, to produce dewatering struc-
tures, melt rates must be at least two orders of magnitude
greater or have outside water added to the till.

The model results suggest that the debris content of the
melting ice (initial porosity) and drainage distance (half-
space) play an important role in the formation of dewater-
ing structures.With a relatively high debris content (at least
40% debris), and closely spaced drainage system (510m
half-space), melt-out till can dewater without forming de-
watering structures. At lower debris contents, the initial
pore space is too large for the till to support the overburden,
and pore water assumes much of this pressure.This reduces
effective pressure below zero, and dewatering structures can
form. Greater spacing between channels can also reduce ef-
fective pressure below zero because increased spacing in-
creases the amount of water added to the till that drains
towards a specific channel, decreasing the ability of the till

to drain. At half-spaces near10m, this effect canbe canceled
by increased debris content of the ice. However, at larger
half-spaces approaching 50m, the till cannot drain even
with high debris contents, and dewatering structures will
likely form.

Observations of melt-out deposition have suggested con-
trols on dewatering structure formation (debris content and
drainage) similar to those in themodel (Boulton,1970; Law-
son,1979; Ham andMickelson,1994). Dewatering structures
will not form if the melt-out till comes from relatively
debris-rich ice with awell-developed drainage system. How-
ever, the lower limit of debris content may be 20^30%
debris (Lawson,1979), which is 10^20% less than the model
predicts.This suggests that the channel spacing in themodel
may be too great. Smaller channel spacing would be in bet-
ter agreement with the smaller spacing of remnant channels
observed in Pleistocene and modern melt-out till (Boulton,
1970; Shaw, 1979; Carlson, 2002) relative to the spacing
under active glaciers and ice streams (Fountain, 1994; En-
gelhardt and Kamb, 1997). Including a water film at the
ice^till interface in the model would also reduce the amount
of water entering the till, rectifying model predictions and
observations.This discrepancy suggests that the model pre-
dictions are conservative relative to actual melt-out condi-
tions.

When the till comes from relatively debris-rich ice and
can drain, geothermal heat produces insufficient meltwater
to form dewatering structures, and an additional source of
water is needed, which depends on the debris content of the
ice and on the channel spacing. At 40% debris content and
5m half-space, no additional water is needed, while greater
debris contents and smaller half-spaces increase the amount
of water needed (Fig. 7). A faster melt rate (e.g. 0.10ma^1)
could also produce this additional water, but this is an order
of magnitude greater than most geothermal melt rates
(Table 4) and contradicts field observations of debris-cov-
ered, stagnant ice existing up to thousands of years. Alter-
natively, common processes at glacier margins, such as
surface meltwater penetrating into the till, a rise in the
groundwater table or upward groundwater flow, could in-
troduce this additional water into the till (Piotrowski,1997).

Because of the wide range in the debris content of basal
ice and the local variability in ground and surface water
flow at glacier margins, there should be a high degree of
spatial variability in melt-out till where dewatering struc-
tures could form at one location but not at another. This
variability should be considered when interpreting till gen-
esis in areas with limited exposures, because the exposure
may not be representative of the glacier/lobe scale and the
lack of dewatering structures in an exposure does not pre-
cludemelt-out as the depositional process.This suggests that
a better understanding of the spatial variability in marginal
glacial environments is needed to improve interpretations of
ice dynamics in areas with limited exposures of glacial till.

CONCLUSIONS

While geotechnical data indicate that low-hydraulic-con-
ductivity till can dewater without forming dewatering
structures, model predictions demonstrate that the melt-
out process is more complicated. Dewatering structures
may not form in melt-out till if the till comes from relatively
debris-rich ice and has a well-developed drainage system.

Table 4.The volume of water produced by basal melting for

valley glaciers and ice sheets. Geothermal melt rates from

Svalbard and Alaska were measured; the melt rates for the

Saalian ice sheet and most glacier beds are estimates

Location Geothermal

heat

Melt rate Volume of

water

Source

J cm2 a^1 ma^1 m3 a^1m^2

Svalbard 167 0.01 0.009 Boulton (1970)
Burroughs Glacier,
Alaska, U.S.A.

0.005 0.0045 Mickelson (1973)

Matanuska Glacier,
Alaska, U.S.A.

211 0.0068 0.0061 Lawson (1979)

Saalian ice sheet 0.02 0.018 Boulton and
others (1993)

�all glacier beds 0.01 0.009 Paterson (1994)
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debris-rich ice, is used in the model. However, the model
simulates deposition of massive melt-out till while melt-out
till from stratified ice would likely show evidence of being
deposited by melt-out (Lawson,1979; Haldorsen and Shaw,
1982). Finally, till is assumed to completely consolidate
during melt-out, which may not be the case in field condi-
tions. If melt-out ended while some of the total pressure
was still supported by pore water, consolidation would con-
tinue until the till had consolidated to accommodate the
overburden.

DISCUSSION

Previous studies have calculated melt rates for valley gla-
ciers (Boulton,1970; Mickelson,1973; Lawson,1979) and esti-
mated melt rates for ice sheets (Boulton and others, 1993;
Paterson, 1994) (Table 4). These suggest meltwater produc-
tion rates two to three orders of magnitude lower than the
maximum discharge that can flow through the pore space
of Kewaunee till (Table 3). If only geothermal heat melted
basal ice from the bottom up, dewatering structures would
not form, because water could flow through the pore space
of the till without building up to the critical hydraulic gra-
dient where effective pressure is below zero. However, if the
hydraulic conductivity of the Kewaunee till is in error by
three orders of magnitude, dewatering structures could
form (Table 3). Otherwise, to produce dewatering struc-
tures, melt rates must be at least two orders of magnitude
greater or have outside water added to the till.

The model results suggest that the debris content of the
melting ice (initial porosity) and drainage distance (half-
space) play an important role in the formation of dewater-
ing structures.With a relatively high debris content (at least
40% debris), and closely spaced drainage system (510m
half-space), melt-out till can dewater without forming de-
watering structures. At lower debris contents, the initial
pore space is too large for the till to support the overburden,
and pore water assumes much of this pressure.This reduces
effective pressure below zero, and dewatering structures can
form. Greater spacing between channels can also reduce ef-
fective pressure below zero because increased spacing in-
creases the amount of water added to the till that drains
towards a specific channel, decreasing the ability of the till

to drain. At half-spaces near10m, this effect canbe canceled
by increased debris content of the ice. However, at larger
half-spaces approaching 50m, the till cannot drain even
with high debris contents, and dewatering structures will
likely form.

Observations of melt-out deposition have suggested con-
trols on dewatering structure formation (debris content and
drainage) similar to those in themodel (Boulton,1970; Law-
son,1979; Ham andMickelson,1994). Dewatering structures
will not form if the melt-out till comes from relatively
debris-rich ice with awell-developed drainage system. How-
ever, the lower limit of debris content may be 20^30%
debris (Lawson,1979), which is 10^20% less than the model
predicts.This suggests that the channel spacing in themodel
may be too great. Smaller channel spacing would be in bet-
ter agreement with the smaller spacing of remnant channels
observed in Pleistocene and modern melt-out till (Boulton,
1970; Shaw, 1979; Carlson, 2002) relative to the spacing
under active glaciers and ice streams (Fountain, 1994; En-
gelhardt and Kamb, 1997). Including a water film at the
ice^till interface in the model would also reduce the amount
of water entering the till, rectifying model predictions and
observations.This discrepancy suggests that the model pre-
dictions are conservative relative to actual melt-out condi-
tions.

When the till comes from relatively debris-rich ice and
can drain, geothermal heat produces insufficient meltwater
to form dewatering structures, and an additional source of
water is needed, which depends on the debris content of the
ice and on the channel spacing. At 40% debris content and
5m half-space, no additional water is needed, while greater
debris contents and smaller half-spaces increase the amount
of water needed (Fig. 7). A faster melt rate (e.g. 0.10ma^1)
could also produce this additional water, but this is an order
of magnitude greater than most geothermal melt rates
(Table 4) and contradicts field observations of debris-cov-
ered, stagnant ice existing up to thousands of years. Alter-
natively, common processes at glacier margins, such as
surface meltwater penetrating into the till, a rise in the
groundwater table or upward groundwater flow, could in-
troduce this additional water into the till (Piotrowski,1997).

Because of the wide range in the debris content of basal
ice and the local variability in ground and surface water
flow at glacier margins, there should be a high degree of
spatial variability in melt-out till where dewatering struc-
tures could form at one location but not at another. This
variability should be considered when interpreting till gen-
esis in areas with limited exposures, because the exposure
may not be representative of the glacier/lobe scale and the
lack of dewatering structures in an exposure does not pre-
cludemelt-out as the depositional process.This suggests that
a better understanding of the spatial variability in marginal
glacial environments is needed to improve interpretations of
ice dynamics in areas with limited exposures of glacial till.

CONCLUSIONS

While geotechnical data indicate that low-hydraulic-con-
ductivity till can dewater without forming dewatering
structures, model predictions demonstrate that the melt-
out process is more complicated. Dewatering structures
may not form in melt-out till if the till comes from relatively
debris-rich ice and has a well-developed drainage system.

Table 4.The volume of water produced by basal melting for

valley glaciers and ice sheets. Geothermal melt rates from

Svalbard and Alaska were measured; the melt rates for the

Saalian ice sheet and most glacier beds are estimates

Location Geothermal

heat

Melt rate Volume of

water

Source

J cm2 a^1 ma^1 m3 a^1m^2

Svalbard 167 0.01 0.009 Boulton (1970)
Burroughs Glacier,
Alaska, U.S.A.

0.005 0.0045 Mickelson (1973)

Matanuska Glacier,
Alaska, U.S.A.

211 0.0068 0.0061 Lawson (1979)

Saalian ice sheet 0.02 0.018 Boulton and
others (1993)

�all glacier beds 0.01 0.009 Paterson (1994)
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However, if the ice has a low debris content or the till cannot
drain, dewatering structures could form.This suggests that
the lack of dewatering structures in till does not necessarily
need to be explained by a lodgement or deforming-bed gen-
esis, but the conditions for this may be relatively specific and
require an improved understanding of basal and subglacial
environments.
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However, if the ice has a low debris content or the till cannot
drain, dewatering structures could form.This suggests that
the lack of dewatering structures in till does not necessarily
need to be explained by a lodgement or deforming-bed gen-
esis, but the conditions for this may be relatively specific and
require an improved understanding of basal and subglacial
environments.
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