Poul Christoffersen
ARTEK

THERMODYNAMICS OF BASAL FREEZE-ON
Subglacial property changes and ice sheet response

o
<
v
LL]
LL
<
Q
Z
L]
=
>
O
LL
O
|_
Z
L]
=
|_
a4
<L
0
LL]
a

Ph.D. Thesis
BYG-DTU R-04¢

2003

ISSN 1601-2917
ISBN 87-7877-109-9




Poul Christoffersen

Thermodynamics of basal freeze-on
Subglacial property changes and ice sheet response

Advisors

Committee

Ph.D. Thesis
BYG - DTU R-049
2003

ISSN 1601-2917
ISBN 87-7877-109-9

Arne Villumsen, Arctic Technology Centre, Department of
Civil Engineering, Technical University of Denmark, DK

Slawek Tulaczyk, Department of Earth Sciences, University
of Cdlifornia, Santa Cruz, USA

Jan Piotrowski, Department of Earth Sciences, University
of Aarhus, DK

Niels Reeh, Arctic Technology Centre, Department of Civil
Engineering, Technical University of Denmark, DK

Sigfus Johnsen, Department of Geophysics, Niels Bohr
Ingtitute for Astronomy, Physics and Geophysics,
University of Copenhagen, DK

Michagl Hambrey, Centre for Glaciology, Institute of
Geography and Earth Sciences, University of Waes, UK



Abstract

Ice sheets are drained by fast flowing ice streams and outlet glaciers that discharge
large quantities of ice into circumpolar oceans. Changes in the flow pattern of these
fast glaciers can affect the mass balance of ice sheets. Even small property changesin
the till layer beneath ice streams may have a large effect upon ice dynamics. Cry-
ostatic dewatering can trigger ice stream stoppage because basal freezing beneath fast
flowing glaciers can become arun-away process.

This thesis provides the first quantitative explanation for ice stream stoppage as ob-
served in West Antarctica. Basal freeze-on is modelled analogoudly to frost heave,
which is a much-studied permafrost process. Ice-water surface tension and osmotic
pressure are included into a subglacial model in which the flows of water, heat and
solutes are coupled. It is shown that atill porosity reduction of afew percent is suffi-
cient to impede fast flow and ice streams may shut down after less than 100 years of
basal freezing.

Ice stream shut-down by basal freeze-on is not restricted to extremely cold environ-
ments such as Antarctica. A combination of numerical modelling and geotechnical
observation show that palaeo-ice streams along the southern rim of Pleistocene ice
sheets may have stopped because horizontal advection of cold ice caused a thermal
switch into basal freezing. The freezing rate associated with ice stream stoppage is
high because latent heat of fusion must replace alarge amount of frictional heat.

Basal freeze-on can entrain subglacial sediment and produce a debris-bearing accre-
tion ice layer. Basal accretion ice layers have recently been observed in West Antarc-
tica using a borehole camera system. A model set up to simulate subglacial accretion
is able to reproduce severa of the most prominent types of accretion ice seen in the
borehole videos. It is important to identify the facets of subglacial accretion because
the composition of debris-bearing basal ice contains information about pre-existing
ice sheet conditions. Such information may yield new insight to ice stream dynamics
and ice sheet evolution.



Resumé

Iskapper drames af isstremme og isbraeer som udtegmmer store maangder af is i de
polare have. Isstramme og isbrager kan bevaage sig med hastigheder p4 mere end 1000
m/ar. Derfor kan andringer i disse gletgeres bevasgel sesmanster fordrsage store am-
dringer i iskappe-dynamik. Et underlag af ukonsolideret sediment med hgjt pore tryk
foranlediger den hgje hastighed af isstramme.

Et skift i den subglaciale varmebalance fra smeltning til frysning kan konsolidere
sedimentunderlaget, og den efterfelgende stigning i forskydningsstyrke kan bremse
gletgerens glidningsbevasgelse. Konsolideringen beror pa ekstraktion af porevand.
Denne ekstraktion er en termo-osmotisk effect, som indtradffer nar iskrystaller ikke
kan dannes, fordi porerummet i finkornede subglaciae sedimenter er for sma. Over-
fladespaandinger og osmotisk tryk er med til at generere hydrauliske gradienter, som
inducerer en koblet transport af vand, varme og oplasninger i sedimenterne under
isen.

Denne afhandling inkluderer numeriske modeller af de subglaciale processer, som
finder sted nar gletsersdlen afkales til et niveau under tryksmeltepunktet. Det vises
bl.a. at porgsitetsaandringer pa ganske fa procent maske kan bringe isstrammes hur-
tige bevamelse til opher. P& baggrund af numeriske modelberegninger, estimeres
denne standsning til at tage under 100 &r.

Standsning af isstramme harer ikke kun til i kolde polare omrader som fx Antarktis.
Y derligere modelberegninger bekradter at isstremme i den sydlige del af den Fenno-
skandiske iskappe, som bredte sig ned i det nordlige Europa under den sidste istid,
maske ogsa standsede som falge af nedfrysning af underlaget. Geotekniske observati-
oner i det sydestlige Danmark affirmerer dette i form af konsolideringsprofiler i mo-
raneler, som bekradter den opadrettede vandtransport, som finder sted under ned-
frysnignen af gletsjersalen.

Subglaciat sediment inkorporeres i gletgerens nederste is som felge af un-
derafkglingen. Modelresultater af denne sedimenttransport sammenlignes her med
videooptagel ser fra Antarktiske boringer. Fortolkning af den stratigrafiske lagfalge i
sedimentholdig gletgeris kan muligvis danne ramme for ny information om iskappers
subglaciale miljg i tidligere tider. Det vurderes, at denne information har stor betyd-
ning i forstdelsen for isstrams-dynamik og iskappe-evolution.
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Paper 1 cover illustration: Satellite image of glacia landforms associated with palaeo-
ice stream activity (from Stokes and Clarke (2003)).
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Paper 3 cover illustration: Satellite image of the Siple Coast region of West Antarc-
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THERMODYNAMICS OF BASAL FREEZE-ON:
SUBGLACIAL PROPERTY CHANGES AND ICE SHEET RESPONSE

Slow-down Freezing Consolidation
T T T T T T 40 T T T

N
[=]
o

301

w

o

o
T

20f

101

=
I
]
<
E
>
=
S
kel
[}
>
®
2

Melting rate (mm/year)
Basal shear strength (kPa)

0 0

0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (years) Time (years) Time (years)

SUMMARY







Summary 1

Objectives

The influence that fast flowing glaciers have on ice sheet configuration is an issue of great
importance and broad public impact. Modern ice sheets have the ability to cause significant
sealevel rise. The West Antarctic Ice Sheet is potentially unstable and it has shown capable of
changing abruptly. Examples of abrupt changes are ice stream stoppage and ice shelf disinte-
gration. Fast glacier flow may also have affected Pleistocene ice sheets, which left behind
substantial deposits of pre-consolidated till.

This thesis investigates the role of subglacia property changes induced by basal freeze-on.
The evolution of subglacia properties is studied through a series of numerical models, which
include full thermodynamic treatment of ice-water-sediment interaction arising from basal
freezing. Models are set up to emulate the much-studied subglacial environment of ice
streams. Model results are compared to borehole observations from West Antarctica and to
geotechnical observations in till deposited in SE Denmark by a palaeo-ice stream c. 14,000
years BP.

I ntroduction

During the first half of the last century, it was discovered that sedimentsin previously gla-
ciated terrain can exhibit physical properties that reflect glacial loading (Harrison, 1958;
Piotrowski and Krauss, 1997). Geotechnical engineers have therefore worked under the as-
sumption that the pre-consolidation of subglacial tills occurred at the time of past maximum
ice thickness, i.e. the last glacial maximum. Glacial-geologic investigations during the last
several decades have shown that this assumption (that glacial consolidation is somewhat line-
arly proportiona to the gravitational ice load) is often invalid.

In the 1950's and 60's, glaciologists were able to show that a substantial part of glacier
motion occurs as diding at the bed (Weertman, 1964). The diding velocity can in fact be
orders of magnitude faster than the velocity component from internal ice deformation
(Bentley, 1987). Work by Boulton and co-workers in the 70's and 80's showed that dliding
can occur due to deformation of weak and deformable till, which underlies a large variety of
glaciers and ice sheets (Boulton and Hindmarsh, 1987). A viscous till rheology was assumed
because distributed strain was observed in a finite deformational horizon. This assumption
was widely accepted (Alley et a., 1987).

The viscous till rheology provided a much-needed explanation for thick drapes of till
found in North America (e.g., Mickelson et al., 1983), northern Europe (e.g., Houmark-
Nielsen, 1987) and at the Antarctic continental shelf (e.g., Anderson et a., 2002). Neverthe-
less, borehole measurements at the bed of the West Antarctic Ice Sheet showed rheological
nonlinearity in favour of plastic till deformation (Engelhardt and Kamb, 1998; Kamb, 1991).
Furthermore, detailed field investigations failed to confirm widespread distribution of perva-
sively deforming tills (Piotrowski et al., 2001). Till deformation observed in alarge ring-shear
apparatus supports plastic till rheology (Iverson et a., 1997; Iverson et al., 1998), and the
observation of vertical strain distribution in subglacid till may simply be a result of frictional
behaviour (Iverson and Iverson, 2001).
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Towards the end of the 90's, Tulaczyk and others (2000b) proposed an undrained plastic
bed model based on extensive geotechnical testing of till cores sampled from beneath the
West Antarctic Ice Sheet (Tulaczyk et al., 2000a). Tulaczyk hypothesized that advance-retreat
motion of ice sheets is caused by switches between basal melting and basal freezing benesth
ice streams. Thisimplies that ice dynamics are controlled largely by the basal heat budget.

Ice streams are large ‘rivers' of fast-flowing ice, which are surrounded by slow-moving ice
in interstream ridges. Ice streams are unusua because they flow fast despite small surface
dopes and thus low driving stresses (Bentley, 1987). The fast flow is a result of basal lubrica
tion arising from a poorly drained bed of weak till (Kamb, 2001).

In Antarctica annual surface temperatures are well below zero degrees Celsius. Hence,
there is very little surface melt. Instead, ice is discharged into circumpolar oceans by fast gla-
cier flow. The distribution of fast flowing glaciersin Antarcticais seen in Figure 1.

Antarctica consists of two ice sheets, which are separated by the Transantarctic Mountains
(Figure 1). The larger East Antarctic ice sheet is continental and it rests rather stably high
above sea level. The smaller West Antarctic ice sheet is marine-based and it is grounded well
below sea level; a potentially unstable condition (Weertman, 1976). Much discussion ad-
dresses the potential instability because collapse of the ice sheet may induce up to six metres

Figure 1. Balance velocities for the grounded portion of the Antarctica ice sheet (from Bamber
et a. (2000)). Complex flow is seen throughout the continent (A) with fast flowing glaciers ex-
tending hundreds of kilometres inland from the coast. Ice shelves and ice tongues are grey and
colour scale denotes ice flow velocity. Lambert Glacier region (B) and Totten Glacier region (C)
are shown in higher resolution. Green box outlines the Siple Coast region of West Antarctica (see
figure 2).
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of global sea-level rise (Bentley, 1997; Oppenheimer, 1998; Vaughan and Spouge, 2002). An
intriguing observation is that some ice streams have stopped (Retzlaff and Bentley, 1993).
Thisisimportant to understand because the cessation of fast flow causes abrupt changesin ice
sheet flow direction (Conway et al., 2002) and even mass balance (Joughin and Tulaczyk,
2002). Figure 2 is a velocity map of the Siple Coast region of West Antarctica. The figure
shows clearly that fast flow has ceased in Ice Stream C. Location studies of buried surface
crevasses indicate that the ice stream stopped c. 150 years ago (Retzlaff and Bentley, 1993).

Figure 2: Balance velocities for the Siple Coast ice streams flowing into Ross Ice Self in West
Antarctica (from Joughin and Tulaczyk (2002)). Fast ice flow of several hundred metres per year
isobserved in Ice Stream A, D and E. The fast flow of Ice Stream C stopped ¢. 150 years ago and
ice velocities are now on the order of 10 metres per year. Whillans Ice Stream (formerly Ice
Stream B) is currently decelerating by up to 5 m/yr per year. This slow-down indicates that the
ice stream is stopping.

A substantial part of this Ph.D. study has addressed the issue of thermal changes at the
base of ice sheets. These thermal changes can be induced climatically from fluctuating surface
temperatures as well as from ice dynamic changes, such as ice thinning due to negative mass
balance. This thesis shows that ice stream dynamics are sensitive to till property changes in-
duced by thermal changes at the bed. Of particular interest is basal freeze-on, which may &f-
fectively reduce basal lubrication to the point where fast ice flow stops. With respect to the
much-debated issue of global warming, it is key to understand how ice sheets and climate
interact (Oppenheimer, 1998).
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Past: palaec-ice sheets and Quaternary till

An interesting coupling exists between subglacial till properties and ice flow regime. Soft
sediments may give rise to fast glacier flow (Blankenship et a., 1987), while consolidated
sediment may inhibit sliding (Tulaczyk et al., 2000b). Glacial consolidation is governed pri-
marily by the drainage properties of subglacial sediments. A poorly drained bed gives rise to
high water pressure levels and this impedes consolidation. Oppositely, a well-drained bed may
cause significant consolidation (Boulton and Dobbie, 1993).

Geotechnical properties of till

The physical properties of till are important because glacial sediments cover large areasin
previously glaciated terrains. Foundation design for engineering constructions in formerly
glaciated terrain often relies on the pre-consolidation of till by glaciers. For instance, unusua
and troublesome till properties were found in Storebadt strait during the construction of the
Great Belt Link, alarge bridge-tunnel combination linking the islands of Fyn and Sjadland in
SE Denmark.

Figure 3 shows a non-linear and unusual strength variation with depth. The question is,
what governs pre-consolidation of glacial till if it is not simply governed by the gravitational
load of the ice mass?

Shear strength (kPa)

0 100 200 300
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s} Hard til i
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s | ____
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010
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15 o
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Figure 3: Generalised shear strength profile from Storebadt, i.e. the strait that separates the Dan-
ishidands of Fyn and Sadland. The profile displays a bulge-shaped variation of till strength with
depth. Thisis a characteristic geotechnical feature, which may be related to basal freeze-on dur-
ing palaec-ice stream stagnation c¢. 14,000 years BP. (From unpublished geotechnical report and
Christoffersen and Tulaczyk (2003a) — Paper 1 of this thesis.)

Subglacial hydrology
The answer to the question above is of course: hydraulic properties and subglacial drain-

age conditions. It is commonly observed that the water levels in boreholes drilled to the bed of
glaciers are relatively close to the glacier surface (Engelhardt and Kamb, 1997). A very large
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fraction of the gravitationa glacier load is ssimply supported by subglacial water pressure
(Tulaczyk et al., 2001). Torvane measurements conducted in West Antarctic boreholes
showed that subglacial till strength is characterised by a shear strength of the order of 1-5 kPa
(Kamb, 2001). Till samples from beneath the West Antarctic Ice Sheet are either in a virgin
state of norma consolidation or in a critical state of shearing. There is no sign of significant
consolidation despite more than a kilometre of overlyingice (Tulaczyk et al., 2000a). Now the
guestion is, what gives rise to high levels of pre-consolidation, which is commonly observed
in Quaternary tills, if water pressure beneath ice sheetsis close to the floatation level ?

Glacial consolidation

Boulton and Dobbie (1993) proposed a new maodel for the consolidation of till by palaeo-
ice sheets. They investigated the role of subglacia hydrology and modelled the consolidation
of till layers underlain by either a well-drained aquifer or a poorly drained aquiclude. The
andytica model by Boulton and Dobbie (1993) showed that geotechnical concepts can be
used effectively in glaciology. However, a numerical study by Piotrowski (1999) showed that
meltwater production beneath the Fennoscandian Ice Sheet probably exceeded the drainage
capacity of the substratum. Hence, the subglacial water pressure would have been close to the
floatation level, a result that contradicts Boulton and Dobbie (1993). Furthermore, ice mar-
gind permafrost is likely to have impeded subglacial drainage capacity even further
(Piotrowski and Kraus, 1997; Piotrowski, 1999; Cutler et al., 2000).

Freezing at the base of ice sheets is a new way to explain glacial consolidation. Basal
freeze-on may effectively reduce subglacial water pressures due to extraction of pore water
from subglacial sediments even though subglacia freezing rates are small (a few mm per year
or less). Consolidation by fluctuating water pressure is a more probable cause of consolidation
than ice thickness change (Tulaczyk et a., 2000a). In the first paper of this thesis (Christof-
fersen and Tulaczyk, 20034), it is argued that basal freeze-on is responsible for specia cases
of till consolidation, e.g. as seen in Figure 3. This paper addresses stagnation of the Baltic Ice
Stream, which flowed in the Baltic Sea basin and advanced Denmark from a SE direction,
approximately 15,000 years BP.

Palaeo-ice streams

Evidence for palaeo-ice streams have been found in northern Europe (Punkari, 1995; Se-
jrup et a., 2000), North America (Marshall and Clarke, 1997; Stokes and Clark, 2001) and the
Antarctic continental shelf (Anderson et d., 2002; O Cofaigh et al., 2002). Palaeo-ice streams
are likely to have played a key role in the dynamics of Pleistocene ice sheets (Boulton et al.,
2001). Palaco-ice stream locations are often inferred from large elongated flow features
(Anderson et a., 2002; Stokes and Clarke, 1999). An example of large-scale glacial landforms
associated with fast glacier flow is seen in Figure 4 (Stokes and Clarke, 2003).

Thefirst paper of thisthesis (Christoffersen and Tulaczyk, 2003a) shows that basal freeze-
on may have caused the stagnation of the Baltic Ice Stream, c. 14,000 years BP. Although the
palaeoclimate during this period was relatively mild (~0 °C), basal freezing could have oc-
curred if cold ice from upstream was advected toward the ice margin by fast glacier flow.



6 Ph.D. Thesis

S e 4 K]
Figure 4. Satdlite image (Landsat ETM+ band 5) of elongated drumlins and mega-scale

glacia lineations from palaeo-ice stream activity on the Canadian Shield (10150 W, 6405 N).
From Stokes and Clarke (2003) on the Dubawnt L ake palago-ice stream.

Present: till behaviour and ice sheet dynamics

The physical properties of Quaternary till store much evidence of palaeo-ice sheet dynam-
ics. Subglacial processes can be studied in detail because till covers large geographic regions.
Nevertheless, the interplay between subglacial sediment properties and ice sheet dynamics is
best studied in modern glacial environments where ice flow can be observed. Ground-based
fieldwork is used to study site specific locations. Seismic travel times were e.g. used to derive
the first estimates of till properties beneath a West Antarctic ice stream (Blankenship et d.,
1987). Subsequent hot water drilling gave access to the bed and till was studied in-situ and till
cores were sampled (Engelhardt and Kamb, 1997; Kamb, 2001; Tulaczyk et a., 2001). See
Figure 2 for location of the Ross ice streams in West Antarctica.

Aerogeophysical observations are used to study inaccessible locations (Bell et al., 1998)
and cover large study areas (Reeh et d., 2002). Finaly, space borne techniques offer the abil-
ity to monitor regional scale changes (Bindschadler, 1998b).
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Till mechanics

In the past, it was assumed that till behaves as a viscous (or Bingham) fluid where the
strain rate dependence of strength is either linear or close to linear (Alley et al., 1986; Alley et
al., 1987; Clark et a., 1996). The assumption was largely founded upon ice margina observa-
tions from Breidamerkurjokull glacier in Iceland (Boulton and Hindmarsh, 1987). However,
when till rheology was tested in alaboratory it became evident that the strain rate dependence
of till strength is highly non-linear (Kamb, 1991). In fact, confined uniaxial testing and triaxial
testing showed that subglacia till behaves as an almost perfectly Coulomb-plastic material
(Tulaczyk et a., 20004). This rheology has been confirmed by ring-shear testing (Iverson et
al., 1997; lverson et al., 1998) as well as in-situ studies of basal deformation beneath severa
glaciers (Engelhardt and Kamb, 1998; Hooke et a., 1997; Iverson et a., 1995; Truffer et a.,
2001).

This thesis uses a Coulomb-plastic till rheology given in Tulaczyk and others (2000a), and
till failure is assumed to follow the Mohr-Coulomb failure criterion. Figure 5 shows the valid-
ity of this assumption.
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Figure 5: Triaxial test result showing Coulomb-plastic behaviour of sub-ice stream till. Shear
strain is seen to have no strength dependence after an initial period of strength mobilization
(modified from Tulaczyk et al. (2000a)).

Basal freeze-on

The second paper of thisthesis (Christoffersen and Tulaczyk, 2003b) proposes a new theo-
retical treatment of basal freeze-on. A humerical model is constructed by adapting a contem-
porary frost heave theory (O'neill and Miller, 1985) to a subglacial setting. The model con-
tainsa 1-D till domain attached to a simplified analytical ice stream model based on Tulaczyk
and others (Tulaczyk et a., 2000b). The complexity of the model lies in the thermodynamic
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treatment of ice-water surface energy. The Clapeyron equation is used to couple subglacial
flows of water, heat and solutes.

The model emulates the much-studied basal zone of West Antarctic ice streams, and it is
used to investigate till property changes during ice stream stagnation. Our treatment of basal
freeze-on is a run-away process during which frictional heat from dliding gradually becomes
replaced by latent heat of fusion. The dow-down is caused by an increase in basal shear
strength due to cryostatic dewatering. Figure 6 contains a conceptua diagram of subglacial
processes associated with basal freeze-on.

a b c d

Basalice £ Glaclerice

Accretion  <— seqregation ice
-

.. < lsolated till layer
&

[ '.o'
lce lens — Segregation ica

- )
.:’.- g < Regelation
'. : £— [solated till laver

e — Active ice lens

. — Active Wl

Figure 6: Schematic diagram showing the principa stages of basa freeze-on: (@) pore water flows to-
wards the ice base in response to freezing, (b) pore water accretes onto the ice base as a layer of segrega-
tion ice, (c) the freezing front moves into the till and an ice lens develops, and (d) a second ice lens de-
velops deeper in the till (from Christoffersen and Tulaczyk (2003b) — Paper 2 of thisthesis).

In our treatment of basal freeze-on, hydraulic gradients are induced thermally because the
transport of water and heat is coupled. Pore water in the subglacial sediment will thus flow
upward, towards the freezing interface where it accretes into alayer of basal accretion ice. The
second paper of this thesis shows that the freezing interface may move into the till when the
ice base is no longer the thermodynamically most favourable location for accretion ice
growth. Bands of segregation ice may thus develop in the till resulting in a stratified debris-
rich basal ice layer.

Model input is based on till properties observed beneath the active Whillans Ice Stream
and model output is compared to till properties from the recently stopped Ice Stream C. The
model results compare favourably with observations from Ice Stream C. Figure 7 shows
depth-time diagrams illustrating subglacial changes induced by cryostatic dewatering.
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Figure 7: Depth-time diagrams showing subglacial property changesin atill column during basal freeze-
on (closed water system). When thetill is coarse-grained, many fineice lenses develop inside the till (left
diagrams). Fewer but thicker ice lenses develop when the till is fine-grained (right diagrams). Black
denotes basal glacier ice and white designates segregation ice. The grey scae in (a-b) illustrates till
porosity (%) and numbers listed in the till refer to shear strength. The colour scale in (c-d) gives solute
concentration (%o) and numbers refer to temperature (Christoffersen and Tulaczyk (2003b) — Paper 2).

| ce sheet dynamics

Several hypotheses have been proposed with respect to ice stream stoppage
(Anandakrishnan and Alley, 1997; Tulaczyk et a., 2000b). The freeze-on model presented
here offers the first quantitative explanation for ice stream stoppage. The freeze-on mecha
nism was first supported by field observations (Price et a., 2001). It is now, aso supported by
numerical models (Chistoffersen and Tulaczyk, 2003b). In the second paper of thisthesisit is
predicted that shut-down occurs less than 100 years after basal freezing commenced. Dynam-
ics associated with ice stream stagnation are outlined in Figure 8.
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Figure 8: Diagramsillustrating the dynamics of ice stream stoppage due to basal freeze-on. (a) Decrease
in ice velocity caused by increased basal shear strength, (b) decrease in melting rate (increase in freeze
rate) caused by loss of frictional heat, and (c) increase in basal shear strength due to extraction of pore
water (modified from Christoffersen and Tulaczyk (2003b) — Paper 2 of thisthesis).

Fine-grained subglacial sediments should despite freezing remain unfrozen for centuries
due to inhibition of ice growth in small pore spaces. The predicted presence of unfrozen till
beneath a recently stopped ice stream is consistent with results of radar surveys. These sur-
veys have shows an unfrozen bed beneath Ice Stream C, which stopped c¢. 150 years BP, and a
partially frozen bed beneath the Siple Ice Stream, which stopped c¢. 500 years BP (Bentley et

Till porosity (%)

Depth below ice base (m)

Time of basal freezing (years)

Figure 9: Depth-time diagram illustrating porosity changes in till beneath a stopping ice stream (open
water system). Basal glacier iceis shown in black and the accreted basal ice layer is shown in white. The
colour scale denotes till porosity (%) and label ‘Li’ refers to lithostatic pressure conditions, ‘Hy' to
hydrostatic pressure conditions, and ‘Cr’ to cryostatic pressure conditions. Modified from Christoffersen
and Tulaczyk (2003c) — Paper 3 of thisthesis.
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al., 1998; Gades et al., 2000). In a companion manuscript to Paper 2 of thisthesis, Bougamont
et al. (2003) utilizes a simplified version of the freeze-on theory in alarge-scale numerical ice
stream model that simulates the behaviour of Ice Stream C through time.

The third paper of this thesis (Christoffersen and Tulaczyk, 2003c) uses a dightly simpli-
fied version of the freeze-on model to estimate signatures in the basal zone of stopped ice
streams and interstream ridges. This paper includes testable predictions related to existing as
well as future borehole observations. The paper proposes that three subglacia pressure modes
can exist beneath ice streams. The transitions between these three pressure modes are shown
in Figure 9.

Fast flow induces lithostatic pressure in subglacial till due to continuous or intermittent de-
formation (Tulaczyk et a., 2001). Slow-down due to till consolidation induces a hydrostatic
pressure condition, but this state is replaced by a cryostatic pressure condition once free water
a theice-till interface has been consumed by accretion. Cryostatic pressure gradients can also
develop beneath interstream ridges even though freezing rates here are small because the basal
heat balance does not feel the effect of frictional heat loss. It is shown in Figure 10 that cry-
ostatic suction can reach depths of 40-50 m below the ice base when freezing occurs over
ten’s of thousands of years (e.g. last glacial cycle).

This implies that meltwater from wet-based ice streams may be driven laterally towards
cold-based interstream ridges where basal freezing is on-going. Cryostatically driven water
flow may influence the distribution of heat beneath ice sheets and thus affect ice dynamics.
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Figure 10: Depth-time diagram illustrating cryostatic suction beneath an interstream ridge during the last
125,000 years. Glacier ice is shown in black and the accreted basal ice layer is shown in white. The
colour scale denotes vertical distribution of excess water pressure (kPa), which gives rise to upward pore
water flow and accretion ice growth. Modified from Christoffersen and Tulaczyk (2003c) — Paper 3 of
thisthesis.

Borehole video

The Jet propulsion Laboratory at the California Institute of Technology has developed a bore-
hole probe mounted with a dua digital camera system. In the Antarctic field season
2000/2001, the probe was deployed in boreholes drilled to the bed of Ice Stream C by the
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iy

Figure 11: Borehole cameraimages of basal ice in Ice Stream C, West Antarctica. (a) Bubbly and non-
transparent glacier ice, (b) clean and transparent accretion ice with a small debris content, and (c) debris-
rich accretion ice near the ice stream base. The borehole diameter is c. 17 cm. (Courtesy of F. Carsey
and A. Behar, NASA- JPL, and H. Engelhardt, Caltech).

Cdltech glaciology group. The cameras were able to capture video imagery that shows the
composition of basal accretion ice (Carsey et a., 2003). The videos provide a comparison to
the model results of basal freeze-on mentioned above. Unfortunately the comparison is some-
what unsatisfactory. The basal accretion ice layer seen in the videosis up to 15 m in thickness.
This thicknessis greater than predicted when freeze-on is modelled purely as aresponse toice
stream stagnation (see Paper 2 of this thesis). However, the thickness of 15 m is similar to
model predictions obtained when freeze-on is modelled as a response to climatic changes over
afull glacia cycle (see Paper 3 of this thesis). Only the lower debris-rich part of the basal ice
layer is associated with ice stream stoppage, which occurred c¢. 150 years ago. The change
from relatively clear accretion ice to debris-rich accretion ice is seen in the borehole camera
images in Figure 11. The stratigraphic diversity of accretion ice seen in the borehole videos
from Ice Stream C encouraged a modification of our earlier models.

Basal accretion ice

In Paper 4 of thisthesis, arevised modd is set-up to simulate subglacial sediment entrain-
ment into basal ice. The model is used to explore the effect of subglacia setting upon accre-
tion ice growth. Ice dynamic changes are excluded and the new model simply simulates how
till particles can migrate into the overlying ice.

The three main parameters that influence the thermodynamic state of the ice-till interface
are: (1) basa freezing rate, (2) till granulometry, and (3) subglacial water availability. The
freezing rate is proportional to the basal temperature gradient. Till granulometry is here asso-
ciated mainly with the specific surface area of solid particles. Water availability is governed
by the hydrologic character of the bed. Due to the many unknown factors of sub-ice stream
hydraulics, we assume that latent heat is transported by groundwater flow.

A series of model runs are used to investigate the composition of debris-bearing accretion
ice resulting from different basal temperature gradients and different levels of subglacial
groundwater inflow. At this point we keep the surface area of till constant, athough the effect
of this parameter will be studied in detail |ater.

Preliminary results obtained from the revised model are presented in Paper 4 of thisthesis.
The model can reproduce five types of accretion ice, which develop under specific subglacia
settings. The results of this study are rendered preliminary because the array of accretion ice
facies is not yet complete. Nonetheless, Paper 4 presents important results that are comple-
mentary to results presented in Paper 2 and 3.
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Future: ice sheets and climate changes

Ice core records show that climate has changed abruptly in the past (Dansgaard et al.,
1989; Johnsen et ., 1992; Dahl-Jensen, 2000). Sedimentary records from the North Atlantic
show that a strong interaction exits between atmosphere, hydrosphere and cryosphere
(Dokken and Jansen, 1999; Haflidason et a., 1995; McCabe and Clark, 1998). The ice volume
of the last glacial maximum was around 52 million cubic kilometres. Today, the global ice
volume is approximately 33 million cubic kilometres and sea level is roughly 130 m higher
(Yokoyamaet a., 2000).

Sea level rise?

The current rate of sealevel riseis 1-2 mm per year and it is aresult of negative mass bal-
ance of today’s ice sheets (Clark et a., 2002). The response of ice sheets to climate change is
far from simple. Some places ice sheets are thickening (Joughin and Tulaczyk, 2002), while
other places are thinning (Paterson and Reeh, 2001). However, rapid disintegration of ice
sheets may increase sea level much faster. For instance, deglaciation subsequent to the last
glacial maximum was associated with extraordinary glaciological events. Rapid release of ice
from severa ice sheets (Clark et a., 2002) created pulses of freshwater that were strong
enough to change thermohaline ocean circulation and reduce formation of North Atlantic deep
water. Such major events were strong enough to reverse climatic warming trends (Clark et al.,
2001) and sealevel rose with arate higher than 40 mm per year (Clark et al., 2002).

| ce sheet collapse?

West Antarctica is a large ice-filled marine basin, largely situated below sea level. This
setting makes the ice sheet potentially unstable (Weertman, 1976). A large part of the ice sheet
is likely to be underlain by fine-grained marine sediments (Anderson, 1999). Such sediment
enhances ice sheet sensitivity because it promotes basal lubrication and causes fast ice stream
flow (Kamb, 2001). The West Antarctic ice sheet poses the most immediate threat of large
sea-level rise due to its potentia instability (Oppenheimer, 1998), and it has lost more than
two thirds of its volume since the last glacia maximum, 19,000 years BP (Bindschadler,
1998a). The remaining ice mass has the ability to raise sea-level by six metres (Rignot and
Thomas, 2002).

The West Antarctic Ice Sheet is comprised by several major drainage systems that behave
more or less independently to one another (Bentley, 1997). The current behaviour is relatively
stable athough an increasing number of findings show abrupt changes, e.g. ice stream stop-
page and ice shelf disintegration. A major question is whether these abrupt changes favour
stability or instability. A key aspect of thisthesisis of relevance here. Rapid ice thinning asso-
ciated with fast glacier flow should induce basal freeze-on, which should compensate the loss
of ice due to slow-down caused by consolidation of the lubricating basal till. This indicates
that ice sheets may have a retarding mechanism tha works against catastrophic collapse.
However, unknown threshold conditions that may change this stabilising tendency cannot be
ruled out. The West Antarctic Ice Sheet has vanished completely, at least once during the
Pleistocene (Scherer et al., 1998).
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Mitigation techniques?

The rapid changes in past climate (Dansgaard et al., 1993; Johnsen et a., 1992) and the
fluctuating behaviour ice sheets (Clark et a., 2001) are well recorded over aglaciologica time
scale that covers severa hundred millennia. One of the major challenges of modern glaciology
is to cipher new climatic trends from long-term natural effects reflected in ice cores (Rignot
and Thomas, 2002).

Nevertheless, evaluation of global glaciological hazard is a tremendously difficult task.
The Intergovernmental Panel on Climate Changes concluded in its second assessment report
that ‘estimating the likelihood of a collapse during the next century is not yet possible’. In
return, Vaughan and Spouge (2002) states that ‘the refusal by scientists to estimate the risk
leaves policy-makers with no sound scientific basis on which to respond to legitimate public
concern’. Nevertheless, mitigation aspects can still be evaluated even though risk estimation
of ice sheet collapse is tainted with non-random unpredictability (Bindschadler, 1997) and
scientific uncertainty (Vaughan and Spouge, 2002).

Mitigation is a rarely addressed topic when it comes to globa glaciological hazard. To
many, the thought of ice sheet stahilization techniques is outrageous, if not unbelievable.
However, this Ph.D. thesis has shown that basal lubrication beneath ice streams may be very
sensitive to dewatering. Extraction of very little subglacial water may have a profound effect
on ice sheet dynamics. The stoppage of Ice Stream C 150 years ago, and the subsequent
switch to positive mass balance for the Ross region of West Antarctica, is a good indication
for such highly non-linear response. Ice sheet management should be considered a potential
solution to a global problem if sea-level rise in the future becomes an unacceptably large fi-
nancial burden (or if ice sheets should become increasingly unstable). Although it may appear
far fetched at first, it may be possible to retard fast ice stream flow (and control mass bal ance)
by pumping subglacial water to the surface. It is not unfeasible that Glaciological Engineers
will be sent to West Antarctica some time in the (near or distant) future.

Conclusions

This Ph.D. thesis has attended the issue of till property changes induced by basal freeze-on
beneath ice sheets. It is found that ice sheets are sensitive to thermal changes taking place at
the bed of ice streams. Freezing will consume liquid water in thin water films or in small wa-
ter-filled gaps. Once this water is lost, freezing becomes a run-away process. A deficit in the
basal heat budget occurs when ice-water surface-energy effects prevent ice growth in the pore
spaces of fine-grained sub-ice stream tills. The ice-till interface becomes supercooled and the
response is hydraulic gradients that drive liquid pore water towards the ice base where it ac-
cretes into a layer of basal ice. The till consolidates due to dewatering. The basal shear
strength increases and the sliding velocity drops. As the ice stream slows down, latent heat of
fusion gradually replace frictional heat in the basal heat budget.

In anumerical model presented here, run-away freezing is used to derive the first quantita:
tive explanation for ice stream stoppage. The model is set-up by adapting frost heave theory to
a subglacial setting that emulates conditions observed beneath West Antarctic ice streams. Ice
streams are surprisingly sensitive to basal dewatering. A reduction in porosity of afew percent
is sufficient to increase the basal shear strength to the point where dliding stops. It is estimated
that the shut-down of an ice stream takes less than 100 years of basal freezing. The sensitivity
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of fast ice stream flow to small changes in basal Iubrication indicates that the potential threat
of large sea level risein the future, might be mitigated through engineering methods deployed
on ice sheets.

Ice stream stoppage triggered by basal freeze-on is not restricted to cold polar environ-
ments such as Antarctica. Fast glacier flow in relatively mild, mid-latitude regions may aso
trigger a switch to basal freezing due to horizontal advection of cold ice from upstream. It is
shown that Palago-ice streams along the Southern margin of Pleistocene ice sheets may have
stopped due to basal freeze-on. This possibility is supported by a combination of numerical
modelling and geological studies of till deposited by the Baltic Ice Stream in SE Denmark.

Basal freeze-on develops stratified debris-bearing basal ice layers. Model calculations
show that the stratigraphy of basal ice layers depends on basal freezing rate, subglacial sedi-
ment composition and water availability. Five different accretion ice facies are derived nu-
merically and these are used to interpret borehole video sequences from West Antarctica. This
interpretation is important because the stratigraphy of basal accretion ice layers store informa-
tion of pre-existing subglacial conditions. Such information is fundamental in understanding
ice stream dynamics and ice sheet evolution.
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Signature of palaeo-ice-stream stagnation:
till consolidation induced by basal freeze-on
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Chrigtoffersen, P. & Tulaczyk, S. (March): Signature of palaeo-ice stream stagnation: till consolidation
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A combination of glaciological theory and geological observations were used to investigate the possibil -
ity of till consolidation being driven by basal freeze-on beneath a stagnating, mid-latitude palaec-ice
stream. We focused on the case of the Baltic ice stream that advanced into Denmark at c. 15 ka BP. It |eft
behind a characterigtic till sequence consisting of a strong and well-consolidated till crust underlain by
weak and poorly consolidated till. Our hypothesisis that basal freezing caused the markedly higher con-
solidation of the uppermost till layer. The freezing may have either triggered or simply just accompanied
ice stream stoppage. To test feasibility of this hypothesis, we have developed a numerical model that
couplesice stream dynamics to time-dependent changes of till properties. Despite relatively mild palaeo-
climatic conditions in this area during Late Pleistocene deglaciation (~0 °C), the ice-stream model is
capable of producing basal freezing when the effect of horizontal advection of cold ice is included. Our
simulations of till response to basal freezing are based on thermodynamic concepts adapted from perma-
frost studies. Dewatering of till by basal freeze-on may lead to overconsolidation (OCR>10). Based on
the history of effective pressure changes in the till, we can predict postglacial till strength profiles using
the SHANSEP method. In a series of numerical experiments we have examined the response of till
strength to basal freeze-on induced beneath a decaying ice sheet. We come reasonably close to reproduc-
ing shear strength profiles for till deposited by the Baltic ice stream. These observations are most consis-
tent with palaeo-ice stream stagnation triggered by basal freezing and followed by abrupt retreat (<100
years) due to high surface ablation rates (>10 m a?).
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close to the flotation level of the ice sheet
(Engelhardt & Kamb 1997; Tulaczyk et al. 2001).
Changes in water content and water pressure influ-

Introduction

Ice streams affect behaviour and stability of ice

sheets (Alley et al. 1987). Fast ice stream flow
arises from the lubricating presence of weak and
deformable till (Blankenship et al. 1987; Engel-
hardt & Kamb 1997; Kamb 1991; Tulaczyk et al.
2000a). This type of ice-bed lubrication occurs
when the frictional resistance of subglacial sedi-
ments becomes very small (~1-2 kPa; Kamb 2001)
due to high subglacia water pressures that are

ence the strength and deformational behaviour of
subglacid till (Tulaczyk et al. 2000a). Ice stream
dynamics are thus sensitive to changes in the basal
melting/freezing rate (Tulaczyk et al. 2000b). For
instance, a switch from basa melting to basal
freezing may have caused the stagnation of Ice
Stream C in West Antarctica approximately 150
years ago (Price et al. 2001; Christoffersen & Tu-
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laczyk 2003a; Bougamont et al. 2003). Such major
perturbations in ice stream flow may control the
mass balance of ice sheets (Joughin & Tulaczyk
2002). It is therefore important to invetigate the
potential effect of basal freezing on glacier dynam-
ics, in order to reconstruct the history of ice-sheet
interactions with the climate system and global sea
level.

Till deposited by former ice sheets is a potential
source of important palaeo-glaciological informa-
tion. Physical properties of tills are to a great ex-
tent shaped by subglaciad effective pressure
(Boulton & Dobbie 1993). A number of studies
have utilised geotechnical concepts to estimate
maximum past effective pressure beneath ice
streams and ice sheets (Harrison 1958; Larsen et
al. 1995; Sauer & Christiansen 1988; Sauer et al.
1993; Tulaczyk et al. 2001). Theoretical investiga-
tions of subglacial conditions have previously
focused on the response of subglacial water pres-
sure to basal melting and drainage into aquifer
systems (Boulton & Daobbie 1993; Piotrowski &
Kraus 1997). Impact of freezing on subglacial
processes has been investigated to a lesser extent,
mostly just in the context of water drainage be-
neath a melting-based ice sheet overriding perma-
frozen ground (Cutler et al. 2000; Mickelson et al.
1983). Basal freeze-on is a very different subgla-
ciad condition that includes interactions between a
freezing ice base and unfrozen subglacia sedi-
ments. Theoretical investigations of freezing ice
beds are rare and the physical response of subgla-
cia sediments to basal freeze-on is uncertain. Yet,
the recent stoppage of Ice Stream C is a strong
indicator of the significant influence that basal
freeze-on may have on ice stream dynamics and
ice sheet configuration (Bougamont et al. 2003).
Criteria for identifying palaeo-ice streams and
their dynamics should therefore be an integral part
of palaeo-ice sheet reconstruction (Stokes and
Clark 1999; 2001; Boulton et al. 2001).

The two most prominent ice streams that appear
to have affected the SW edge of the Fennoscan-
dian ice sheet are shown in Fig. 1A. The Norwe-
gian Channel ice stream flowed around the south-
erntip of Norway (Sejrup et al. 1998; Sejrup et al.
2003) and the Bdltic ice stream flowed in the Bal-
tic Sea basin (Boulton et al. 2001; Houmark-
Nielsen 1987; Punkari 1995; Jargensen &
Piotrowski 2003). Here, we will argue that unusual
till properties observed at several Scandinavian
sites may have resulted from basal freezing be-
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Figure 1. (A) Map of southern Scandinavia showing
important ice marginal positions (after Houmark-Nielsen
1987): (8) Last Glacia Maximum, c. 18-22 ka BP and (b)
Baltic ice advance, c. 15 ka BP. Arrows indicate locations
of palaeo-ice streams: (NCIS) Norwegian Channel ice
stream (Sejrup et al. 2000; 2003), (BIS) Baltic ice stream
(Boulton et al. 2001). (B) Map of central Denmark show-
ing maximum extent of the Baltic ice stream around 15
ka BP. Observations of weak tills capped by overconsoli-
dated tills come from: (S) Storebadt, the strait between
theidands of Fyn and Sjadland. (F) Flakkebjerg, a town-
shipin SW Sjadland. Arrows indicate inferred flow direc-
tions of palaeo-ice stream.

neath palaec-ice streams. Numerical models can
be used to simulate changes of till properties dur-
ing ice stream stagnation caused by a transition
from basal melting to basal freezing. Despite a
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relatively mild palaeo-climate, we show that the
base of mid-latitude palaeoc-ice streams may have
experienced periods of basal freezing due to hori-
zontal advection of cold ice.

Geologic observations

Our interest in the possible role of basal freezing
in controlling till consolidation was sparked by
some characteristic features of till, deposited by
the Baltic ice stream. The ice stream was a promi-
nent and highly dynamic feature of the Fenno-
scandian ice sheet during the fina Pleistocene
glacial advance (Punkari 1995; Punkari 1997,
Boulton et al. 2001). It advanced Denmark from
SE approximately 15 ka BP (Houmark-Nielsen
1987). The maximum extent isoutlined in Fig. 1A,
which aso shows the maximum extent of the main
NE ice advance, c. 18-22 ka BP. Till deposits in
Storebadt (location ‘S in Fig. 1B) have been stud-
ied extensively for several decades due to con-
struction of the Fixed Link: a bridge/tunnel com-
bination between Sjadland (Sealand idland) and
Fyn (Funen island). The Fixed Link is so far the
largest construction in Denmark and it consists of
an 8 km bored tunnel, a 6 km low bridge and a 6
km elevated suspension bridge with pylons ex-
ceeding 250 m in height. Physical properties of the
Quaternary till cover were investigated through an
extensive drilling program prior to construction
(e.g. Larsen et al. 1982). Cone penetrometer tests
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Figure 2. Generalised shear strength profile from Store-
badt (location ‘S in Fig. 1B) showing characteristic
bulge-shaped variation of till strength with depth (repro-
duced after Danish Geotechnical Institute, 1990, unpub-
lished geotechnical report).
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and vane shear strength measurements have re-
vealed that the uppermost till unit, the Sproge Till,
exhibits unusua yet regionally consistent strength
profiles (Danish Geotechnical Institute, 1990, un-
published geotechnical report). The uppermost part
of Sprogg Till is often found to be well consoli-
dated and strong while the lower part is poorly
consolidated and weak (Foged et al. 1995). A gen-
eralised geotechnical profile of till strength varia-
tions with depth is shown in Fig. 2.

Drilling programs in Storebadt has shown that
the Sprogg Till is an integral part of a large mar-
ginal moraine from the Bdltic ice stream advance
(Foged et al. 1995). The vertical extent of the
Sprogg Till is around 10 m (Foged et al. 1995).
Although this is a somewhat large thickness when
compared to non-ice stream till deposits (e.g.
Houmark-Nielsen 1987), it is similar to the thick-
ness of sub-ice stream till layers observed in West
Antarctica (Blankenship et al. 1987; Alley et al.
1987; Tulaczyk et al. 2001).

In atypica hydrogeologic setting, shear strength
of subglacial sediments is expected to increase
with depth due to an increase of effective pressure
with depth (Boulton & Dobbie 1993). This is db-
vioudy not the case in the till discussed here
where strong till overlies considerably weaker till.
Several different geologica mechanisms have
been proposed for the unusual till properties. Ex-
amples thereof are glaciotectonic thrusting, sub-
glacialy buried ice, gas seepage and postglacial
ateration processes (Danish Geotechnica Insti-
tute, 1990, unpublished geotechnical report). Most
of these mechanisms are qualitative propositions
and so far a quantitative portraya of the origin of
the anomaloustill properties remains to be done. A
yet to be explored mechanism, which may in a
simple way explain the till property variation with
depth, isthe effect of afreezing ice stream base.

Till with properties similar to those of Sproge
Till in Storebadt has been found near the township
of Flakkebjerg, which is situated about 10 km NE
of the existing Storebadt shoreline (location ‘F' in
Fig. 1B). Here, severa pits were excavated to
depths of 5 m (Klint and Gravesen 1999; Christof-
fersen 1998). The geologic sequence exposed at
Flakkebjerg is presented in Fig 3, which contains
lithostratigraphy (Fig. 3A), clast fabric measure-
ments (Fig. 3B), fracture orientations (Fig. 3C),
grain size distributions (Fig. 3D) and shear
strength measurements with depth (Fig. 3E).
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Figure 3. Geology and geotechnical properties observed at Flakkebjerg (location ‘F' in Fig. 1B): (A) Lithological log
showing lodgement till overlain by proglacial recessive sediments deposited during glacial decay (modified after Klint
& Gravesen 1999). The three photographs noted are seen in Fig. 4A-C. (B) Clast fabric orientations in lateglacia
diamicton, upper hard till and lower soft till (lower hemisphere, Schmidt equal area projection). (C) Fracture orienta-
tionsin layers according to (B) (lower hemisphere, Schmidt equal area projection). (D) Grain size distribution of upper
hard till (solid line) and lower soft till (dashed line). (E) Variation in shear strength with depth based on torvane meas-

urements made in the till (Data from Christoffersen (1998)).

The upper unit (~1.8 m) contains a layer of
diamicton, which overlies alaminated sequence of
sand, silt and clay as well as a layer of stratified
sand. Intense wesathering and postglacial umping
influence the physical properties of this unit, and
desiccation has made the diamicton hard and
crumbly (see photograph in Fig. 4A). The clast
fabric of the diamicton is very weak (Fig. 3B) and
the fracture pattern (Fig. 3C) originates from wet-
ting and drying. We interpret the whole unit to be
a complex of proglacia deposits formed during
decay of the Baltic ice advance, c. 14 ka BP.

A disconformity marks the transition into
lodgement till with a strong SSW-NNE fabric (Fig.
3B). The upper 1.5 m of thetill is very hard and it
exhibits a distinct set of conjugated fractures and
the uppermost 0.5 m is fissured grongly in a hori-
zontal direction (Fig. 3C). The fractures have
served as pathways of enhanced postglacial weath-
ering, which has given this upper layer a reddish
brown colour (see photograph in Fig. 4B). The
hard till is underlain by soft till that also has a

strong SSW-NNE clast fabric orientation (Fig.
3B). The lower till (~ 6 m thick) does not contain
the conjugated fracture pattern of the overlying
hard till, but fractures indicate a SW-NE deforma-
tional direction (Fig. 3C). The soft till is only
dlightly weathered and the colour is dark grey (see
photograph in Fig. 4C). The hard till and the soft
till have similar clast fabrics and grain size distri-
butions (Figs. 3B and D). Their physical difference
lies predominantly in preconsolidation level. Fig.
3E shows shear strength measurements in the till
made with a torvane. The shear strength variation
with depth has a bulge-shaped profile similar to
the observations from Storebadt (Fig. 2).

The physical properties of the till have been in-
vestigated through extensive laboratory tests (N.
Foged, 2001, pers. comm.). For instance, Clausen
(1998) conducted series of triaxia tests, uniaxial
compression tests and oedometer tests on the two
till layers. The upper till is strong and well con-
solidated; its undrained shear strength is approxi-
mately 200 kPa. The lower soft till is much weaker
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Figure 4. Field exposure at Flakkebjerg: (A) Diamicton overlying fluvial sediments, a sequence interpreted as a pro-
glacial recessive complex (photograph is taken c. 1 m below surface). (B) Weathered and strongly consolidated till
layer underlying the proglacial complex (photograph is taken c. 2.5 m below surface). (C) Unweathered and poorly
consolidated till located beneath the overconsolidated till layer (photograph is taken c. 4 m below surface).

and has undrained shear strength of approximately
80 kPa. The Flakkebjerg site is located in a close
proximity to Storebadt (seelocations‘F and ‘S in
Fig. 1B) and also within the marginal moraine into
which Sproge Till is integrated. The uppermost
unit found at Flakkebjerg, interpreted by us as
proglacia sediments, correlates well with a thin
drape (< 2 m) of lateglacial and postglacial sedi-
ments that overlies the Sproge Till in Storebadt
(Foged et al. 1995). Lateglacia glaciolacustrine
clays and ice-rafted diamicton frequently overlie
till from the Baltic ice advance (Houmark-Nielsen
1999). The geotechnical investigation by Clausen
(1998) has shown that the physical properties of
the Flakkebjerg till resemble the properties of the
Sprogg Till in Storebadt. It is thus likely that the

Baltic ice stream shaped the till properties at both
locations.

We acknowledge that the clast fabric pattern
found in the Flakkebjerg till (SN to SSW-NNE)
deviates from the generdised trend of the last
Pleistocene ice advance (SE-NW, according to
Houmark-Nielsen (1987)). However, this may
simply reflect the local ice flow direction, which
may well have turned SW-NE towards the end of
the Baltic ice advance. Reconstruction of ice mar-
gina positions in SE Denmark is shown in Fig. 5,
which illustrates a highly lobate terminus of the
Baltic ice stream during its decay. It is evident
from Fig. 5 that the Flakkebjerg till was exposed to
SW-NE trending ice movement during deglacia-
tion. The clast fabric orientations (Fig. 3B) and
structural deformation (Fig. 3C) correspond well
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Figure 5. Geomorphologic map of the Storebadt region
showing strongly curved ice marginal positions during
decay of the Bdltic ice stream, c. 14 ka BP (modified
from Larsen et al. 1982). Arrows illustrate palaeo-ice
flow direction.

with this trend. The effects of margina curvature
on ice flow lines and glacial stress directions are
well known. For instance, Boulton et al. (1985;
2001) showed that glacial signatures formed at
terminal positions tend to overprint earlier fea-
tures.

The lower part of the Flakkebjerg till has been
previously interpreted as a deposit from the main
glacia advance, c. 20 ka BP (Klint & Gravesen
1999). We do not share this interpretation, a-
though there is agreement on the origin of the hard
upper till. The properties of the weak lower till
compare with sub-ice stream till properties ob-
served beneath the West Antarctic ice sheet (Kamb
2001). The properties of the strong upper till com-
pare with predictions for stopped ice streams
(Christoffersen & Tulaczyk 2003b). It is possible
that the lower till contains clasts from a source
area associated with the main NE ice advance. If
so, this fact may simply indicate that older till has

BOREAS 32 (2003)

been incorporated into the deformable till layer,
which would have been 5-10 m in thickness, pro-
viding lubrication for the Bdltic ice stream.

Basal freeze-on and till
consolidation

Basal freeze-on is the process whereby subgla-
cia water and debris are accreted onto the ice base
(Alley et al. 1997). The resulting zone of accretion
is typically referred to as the basal layer (Knight
1997; Lawson & Kulla 1977). A switch from basal
melting to freezing takes place if the basal tem-
perature gradient becomes sufficiently steep, either
due to climatic cooling or ice thinning, or if there
is a reduction in frictional heat generation at the
base (Alley et al. 1997; Tulaczyk et al. 2000b).
The result is a negative thermal energy balance,
which is satisfied by latent heat released by freez-
ing. Subglacial water that solidifies into abasal ice
layer may be stored in a basal water system or in
the pore spaces of the underlying till layer. If the
till is coarse-grained, pore water may freeze within
thetill asits temperature drops below the pressure-
melting point. However, the pore spaces of fine-
grained till may be too small for ice crystal growth
(Everett 1961; Hohmann 1997; O'Neill 1983). In
this case, pore water becomes supercooled. Instead
of freezing in situ, pore water is extracted out of
the till. We conjecture that this subglacial mecha-
nism is physically similar to the frost heave phe-
nomenon, which has been extensively studied by
permafrost engineers during the last several dec-
ades (Everett 1961; Miyata 1998; O'Neill & Miller
1985; Padilla & Villeneuve 1992). The extraction
of pore water by freezing is a thermo-osmotic
process, which is aso known in the permafrost
literature under the term ‘cryostatic suction’
(Fowler & Krantz 1994). We treat basal freeze-on
as a thermodynamically controlled process in
which heat and water flows are coupled. Cryostatic
suction drives water flows that may have signifi-
cant implications for development of till proper-
ties.

Thermodynamics of freezing
Ice-water phase changes are controlled primarily

by temperature and confining pressure (Hooke
1998: p. 5). The pressure-melting point is therefore
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commonly used as a synonym for the phase-
change temperature. However, freezing of water
can be influenced by additional factors. Depres-
sion of the freezing point (below the pressure-
melting point) may result from ice-water surface
tension, which can be significant on ice-water
interfaces with micron-scale curvature (Everett
1961; Gold 1957; O'Neill & Miller 1985). In the
glaciological literature, this effect has been for-
merly associated with the thermodynamic equilib-
rium of ice and water in fing, intercrystalline veins
(Raymond & Harrison 1975) but it should be simi-
larly important for ice crysta formation within
fine-grained sub-ice stream tills (Tulaczyk 1999).

Two thermodynamic equations provide the fun-
damental basis for our treatment of the response of
subglacial tills to freezing. The first eguation
specifies the surface tension, Dp, which is associ-
ated with the curvature of the ice-water interface,
dA/dV, where A is surface area and V is volume (
Tulaczyk 1999; Everett 1961; Konrad & Duquen-
noi 1993):

A
Dp: pi - pW:Siwd_ (l)

dv

where, p; is the ice pressure, py is the water pres-
sure and s;,, is the ice-water surface energy. So-
lidification of interstitial pore water requires that
the ice-water interface complies closely with the
surfaces of till particles, which will be surrounded
by water film. Hence, dA/dV»SSA, where S3A is
the specific surface area of the sediment.

The second important thermodynamic relation is
the Clapeyron equation, which specifies the tem-
perature-pressure coupling during phase equilib-
rium. Liquid water freezes when the temperature
and pressure satisfy the generaised form of the
Clapeyron equation (O'Neill & Miller 1985; Mi-
yata 1998):

p_ L T
273.15

@

where, py is the water pressure, p; is the ice pres-
sure, r, is the density of water, r; is the density of
ice, Ls isthe coefficient of latent heat of fusion and
T isthe temperature in °C. Solutes present in liquid
water aso influence the melting/freezing tempera-
ture. An increase in solute concentration has a
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similar effect to increasing confining pressure.
This geochemical effect may be incorporated into
the Clapeyron equation through an osmotic pres-
sure term (Padilla & Villeneuve 1992). The effects
of solutes are not included here because we have
no constraints on palaeo-pore water chemistry.

Subglacial hydrology

When ice growth is inhibited by surface tension,
reduced basal temperatures are accompanied by a
decrease in water pressure at the ice-water inter-
face. Thislocalized drop in water pressure induces
non-hydrostatic hydraulic gradients that drive wa-
ter flow toward the freezing interface. The hydrau-
lic gradient can be expressed as the spatial gradient
of excess water pressure, which is defined as
(Domenico & Schwartz 1990: equation 4.50):

u=py- by (3)
where py, is the total pore water pressure and py, is
the hydrostatic water pressure component. The
flow of water through a porous medium is typi-
caly treated as a Darcy-type flow, with the rate of
flow defined by (Domenico & Schwartz 1990:
equation 4.53):

K, qu
qW:__hﬂ_

y\
—y @
where, K;, isthe coefficient of hydraulic conductiv-
ity, r, isthe density of water, gisthe acceleration
due to gravity, and z is depth coordinate. The flow
rate towards the ice base can be determined by
solving a one dimensiona diffusion equation
(Mitchell 1993: equation 13.19):

Tu
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where, t istime, ¢, is the hydraulic diffusion coef-
ficient, and z is depth coordinate.

Heat is transported by advection as well as by
diffusion when pore water is flowing in a porous
medium. The vertical temperature distribution, T,
can be obtained by solving a diffusion-advection
equation (Domenico & Schwartz 1990: eguation
9.21):
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m_, Jr_ 1
W_kt? qWﬂZ (6)

where t istime, k; is the thermal diffusion coeffi-
cient and q,, is the water flow velocity. The trans-
port equations (4), (5) and (6), together with ap-
propriately selected initial conditions and bound-
ary conditions, provide the theoretical basis for
treatment of the coupled flow of water and heat
during basal freeze-on.

Geotechnical properties of till

Physical properties of till beneath a freezing ice
base changes in response to the pore water extrac-
tion accompanying basal freeze-on. Till is an
unlithified sediment similar to ‘soil’ in the engi-
neering sense. For soils, the most important quan-
tity controlling shear strength and state of consoli-
dation is the effective stress, s¢, defined as
(Mitchell 1993: p. 162):

s¢=s,- p, )
where sn is the total gravitationa stress, and p, is
the total pore water pressure. The shear strength of
sails, ty, depends on the level of effective stress.
Several strength criteria exist but the Mohr-
Coulomb failure criterion is the most commonly
used (Wood 1992: p. 175):

t ; =c+s ftanf (8)

where, cisthe cohesion, s ¢, is the effective stress,
andf isthe angle of internal friction.

Soils are overconsolidated if they in the past
have been subjected to effective stresses that were
greater than the in situ effective stress observed at
the time of soil sampling. Strength of overconsoli-
dated soils is higher than that of normally consoli-
dated soils because particle compaction at the time
of maximum past effective stress is partly irre-
versible (Mitchell 1993: pp. 212-213). In the geo-
technical literature the level of overconsolidation
is represented by the overconsolidation ratio
(Wood 1992: page 183):
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ocR = 3 firac
s¢

where s IS the past maximum effective
stress and s ¢, is the current effective stress. The
SHANSEP (Stress History And Normalized Soil
Engineering Properties) method provides a corre-
lation between stress history and present day shear
strength for natura clays. According to this
method, developed at M.I.T. through empirical
studies by Ladd & Foott (1974), the overconsoli-
dation ratio may be alternatively expressed as
(Wood 1992: p. 185):

® C/ ¢"
OCR = ¢ /s¢ * (10)

75

where C, is present-day undrained shear strength,
s ¢ is present-day effective stress, s ¢, ma IS the past
maximum effective stress, and m is an empirical
parameter ranging between 0.7 and 0.8. Equation
(10) has been verified experimentally through tests
performed on a wide variety of natural clays, e.g.
Mayne (1988) who compares 114 clay specimens.
The method works best for sediments with low to
medium sensitivity (Mitchell 1993: p. 318), such
as many glacid tills.

Equations (9) and (10) can provide estimates of
OCR and s ¢, max based on measurements of sedi-
ment shear strength. The SHANSEP approach
offers an independent alternative to the usual tech-
niques used to measure the degree of overconsoli-
dation and estimate preconsolidation stress, e.g.
oedometer tests (Mayne 1988). Another benefit of
the SHANSEP method is that it provides a basis
for relating strength variations with depth to stress
history. It may be utilised to obtain estimates of
past maximum effective stress from present day
effective stress and shear strength observations. By
rearranging equation (9) and (10) one can express
the past maximum effective stress, st,max, in
terms of in-situ shear stress, s®, and shear
strength Cu. Data compilation by Mayne (1988)
has shown that isotropic test conditions yield: m »
0.7 and C/s ¢, mx»0.755nf ¢ where f ¢is the effec-
tive angle of friction. Anisotropic test conditions

©)
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yield similar values of 08 and

Cy/S G max»0.67siNf ¢

Basal freeze-on induced by
horizontal advection of cold ice

m »

In apolar ice sheet (e.g., West Antarctica), basal
freeze-on can be initiated by ice thinning or suffi-
ciently fast downward advection of cold surface
ice (Alley et al. 1997; Tulaczyk et al. 2000b).
However, basal freeze-on does not have to be re-
stricted to ice streams in cold polar climates, such
as the ones in West Antarctica where mean annual
surface temperatures are about —25°C. The fast
motion of ice streams (~ 500 m a) promotes hori-
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1994: p. 220). Palaeo-ice streams that were flow-
ing through Late Pleistocene, Northern Hemi-
sphere ice sheets may have experienced periods of
basal freezing, even in mid-latitude marginal re-
gions with relatively mild palaeo-climates. During
the Last Glacia Maximum, mean annual tempera-
tures along the southern margin of the Fennoscan-
dian ice sheet were approximately 12°C lower than
today, i.e. near 0 °C (Budd et al. 1998). Under
these relatively mild, mid-latitude conditions, a
switch from basal melting to basal freezing may
occur only when the horizontal advection of cold
ice is large enough to produce a steep basal tem-
perature gradient. The main differences between
conditions favouring basal freeze-on beneath polar
ice streams and mid-latitude palaeo-ice streams are

zontal advection of cold ice from upstream to illustratedin Fig. 6.
warmer regions near the ice margin (Paterson At the surface of a steady-state polar ice stream,
A B c
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Figure 6. Schematic diagrams illustrating vertical distribution of ice temperature (solid curve) and basal conditions
beneath polar ice streams (A through C) and mid-latitude ice streams (D through F). Diagram (A) shows a steady-
state polar ice stream with basal meting and a temperature profile similar to observations from West Antarctica
(Kamb 2001). In diagram (B), basal freezing is induced by thinning of the polar ice stream. Stoppage of a polar ice
stream results ultimately in ice thickening and accretion of a frozen-on basal ice layer (C). In a steady-state, a mid-
latitude ice stream (D) is similar to its polar equivalent, except for the vertical ice velocity being directed upward
due to surface ablation. The vertical temperature profile is dominated by horizontal advection of cold ice, which
may induce freezing (E) and trigger ice-stream stoppage. A stopped mid-latitude ice stream wastes rapidly due to
continuing ablation and no ice influx from upstream (F). Arrows shown in the till layer beneath the ice streams
indicate water flow direction. gt is the critical basal temperature gradient at which runaway freezing and ice stop-
page start (Tulaczyk et al. 2000b). U, and U, are vertical and horizontal velocity vectors, respectively, and a, is
ablation rate (>0) or accumulation rate (<0).
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a downward-directed vertical ice velocity equals
the accumulation rate (Fig. 6A). A switch from
basal melting to basal freezing (Fig. 6B) can be
triggered by several mechanisms, e.g. ice stream
thinning or fast downward advection of cold sur-
faceice. In response to freezing conditions, the ice
stream starts to slow down because withdrawal of
subglacial  water decreases basal lubrication
(Tuleczyk et al. 2000b; Bougamont et al. 2003;
Christoffersen & Tulaczyk 2003a). The loss of
frictional heat that accompanies the sow down
enhances basal freezing even further. Since mod-
ern polar ice streams are within the accumulation
zone, a period of ice thickening may result from
the stoppage due to reduced ice discharge (Fig.
6C). We hypothesize that basal freeze-on benesth
mid-latitude palaeo-ice streams is most likely to be
triggered by fast horizontal advection of cold ice
from upstream. This hypothesis is based on the
location of these ice streams being largely within
the marginal ablation zone of former ice sheets.
Steady state ice streaming in an ablation zone re-
quires an upward ice velocity component that
matches the ablation rate. Without significant
horizontal advection, the temperature distribution
throughout the ice column would be at the melting
point. A steep basal temperature gradient is needed
for freezing to occur at the bed and this can be
achieved by horizontal advection, which cools the
interior part of the ice stream due to high velocities
associated with ice streaming (Fig. 6D). The result
is a characteristically curved temperature profile
(Fig. 6E). Basd freezing may also trigger ice
stream stoppage in this case, but in contrast to
polar ice streams, a stopped mid-latitude ice
stream will continue to thin because of the ongoing
surface ablation (Fig. 6F).

Numerical modelling

We have developed a numerical model that
simulates basal freeze-on and associated changes
in till properties. It is a thermodynamically based
one-dimensional (vertical) model in which flows
of water and heat are coupled via the Clapeyron
equation (equation (2)). The model consists of two
modules: a till column with a thickness of 10 m
and an ice column with an initia thickness of 500
m. The till module provides a basal shear strength
value to the ice-stream module. The two funda-
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mental variables of the model are excess pore wa-
ter pressure (u) and temperature (T).

We have previously described a more com-
plete model of basal freeze-on, which was used to
simulate freeze-induced changes in the basal zone
of West Antarctic ice streams (Christoffersen &
Tulaczyk 2003a) . That model included solute
transport and ice lens development within subgla-
cia sediments. Here, we focus entirely on unfro-
zen subglacia sediments beneath a freezing ice
base, not on the frozen-on basa layer itself. Our
intention is to simulate the evolution of effective
stress that should accompany basal freezing. We
test the senditivity of our model to poorly con-
strained parameters, such as the ablation rate.

Till module

The till module requires a high spatial resolution
because the Clapeyron equation continuously read-
justs the pore water pressure beneath the freezing
ice base to take into account the increasing degree
of supercooling. 501 nodes represent a 10 m till
column and the spatia resolution is thus 0.02 m.

The Flakkebjerg till is a sandy clay till with a
specific surface area of approximately 540° m*
(estimated using Tulaczyk 1999: equation 12).
From equation (1), the associated surface tension
becomes 20 kPa. These estimates of SSA and Dp
are just lower bounds since they are based on the
assumption that all particles are spheres (Tulaczyk
1999). In addition, measurements of grain-size
distribution usually do not extend to very small
grain sizes (~0.1 nm). Even a small fraction of
very fine clay may increase SSA and Dp considera-
bly. The local ice pressure must overcome the ice
overburden pressure plus the surface tension effect
if ice is to form within till pore spaces (Hopke
1980; O'Neill & Miller 1985; Fowler & Krantz
1994). Since we are not interested here in the phe-
nomenon of segregation ice growth in the till (i.e.
ice lensing), we assume that the till remains unfro-
zen throughout our simulations. In this case basal
freezing must be satisfied through withdrawal of
water from the underlying till. Our previous work
suggests that this simplifying assumption does not
cause significant changes in the effective stress
within the till. The assumption is physicaly ad-
missible since it has been observed that the stag-
nant lce Stream C in West Antarctica has basal
temperature of —0.35 °C below the pressure-
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melting point (Kamb 2001) while the underlying
till is unfrozen (Bentley et al. 1998). A partly fro-
zen bed beneath the Siple ice stream, which
stopped c¢. 500 years BP, indicates that complete
freeze-up occur several centuries after stoppage
(Gades et al. 2000).

We use the Clapeyron equation (equation (2)) to
specify the excess pore pressure associated with
ice-water phase change at the basal temperature.
The lower boundary conditions are simple balance
equations related to heat flow and water flow. A
geothermal heat flux enters the till column while
no water flow is allowed across the lower bound-
ary. The latter assumption corresponds to an im-
permeable sub-till material and we choose this
option because we want to isolate the system from
the unknown hydraulic influences. We set the flow
of water out of the till to be equal to the freezing
rate, f, controlled by the overall heat budget:

Kg, -t U
Lfrw

f = Kiqb_

(11)

where, K; and K; are thermal conductivities for ice
and till, g, and g, are temperature gradients for
basal ice and till, ty, is the basal shear stress, Uy, is
the basal velocity, Ls is the coefficient for latent
heat of fusion, andr , is density of water.

After solving for effective stress distribu-
tion within the till, we use the SHANSEP method
to predict the postglacia strength profiles of the
till. From equations (9) and (10), and with f ¢=34°,
m=0.8, and Cy/s ¢ m»=0.4 obtained from triaxial
tests by Clausen (1998), we get:

3§ 9 1)
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where C, is the undrained shear strength, S, nax iS
the past maximum effective stress, and s¢, is the
postglacial effective stress. We obtain predictions
of till strength variations with depth when S ¢
which is calculated by the model as a function of
depth, isinserted into equation (12). Thisalows us
to make direct comparison with observed till
strength profiles (e.g., Fig. 2 and Fig. 3E).
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|ce module

The ice stream module is needed to calculate the
shear heating and the basal temperature gradient
used in calculations of basal freezing rate. 51
nodes represent the vertical dimension of the ice
stream, which has an initia thickness of 500 m.
The gravitational stress that drives ice stream flow
is given by tg=rpgehsina, where r; is density of
ice, g isthe acceleration dueto gravity, histheice
thickness and a is the surface slope. We include
horizontal advection of heat in the temperature
model by adding a velocity dependant cooling
factor to the vertical diffusion-advection equation
(Hooke 1998: equation 6.36):

7 _ T

T
it iW - U al

_Uz_ X
Th

(13)

where T is temperature, t istime, k; is the thermal
diffusivity of ice, histhe height above the bed, U,
isvertical ice velocity, Uy is horizontal velocity, a
isthe surface dope and | isthelapserate, i.e. rate
of temperature change with elevation. The upper
boundary condition is set to 0 °C (ablation zone)
and the lower boundary condition is specified by
the freezing-point temperature calculated by the
till module for the ice-till interface. Ice stream
velocity U,, is caculated anayticaly from
(Raymond 1996; Tulaczyk et al. 2000b):

8" &
gghﬂ

U :%-t_b
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where Wis the ice stream hafwidth, h isice thick-
ness, ty is basal shear strength, ty is the driving

stress, and U, = 2"t "h(m+1)'B"

face velocity for ice that moves purely by interna
deformation (m and B; are constants of ice flow
law, modified from Raymond (1996 ).

Conservation of mass specifies the relation be-
tween ice thickness changes and the ice fluxes that
enter and leave the system. When the x-axis fol-
lows a flow-line with ice deforming in plane
strain, mass continuity requires that (Paterson
1994: p. 256):

—+uU (14)
Q dzH ‘

is the sur-
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where h is ice thickness, t is time, a, is ablation
rate (>0), and U, is the ice velocity. To be able to
use a column ice-model, rather than afull flowline
model, we make two simplifying approximations:
(1) Th/x»a, where a is surface dope, and (2)
U,/ Ix»K*J,, where K is a constant. We chose the
value of K by requiring that ice stream thicknessis
in steady-state when the ice stream is flowing with
its initial fast velocity, i.e. h/ft»0. The conse-
guence of this assumption is a vertical ice velocity,
which makes up for the ablation rate during
steady-state ice streaming. However, when the ice

Table 1. Constants describing till properties and ice
stream configuration.

Symbol  Vaue/unit Definition
c 2 10° Pa Cohesion of till
Cy 5 10" m?s? Hydraulic diffusivity, till
Kn 25 10°ms!  Hydraulic conductivity, till
w 18°10°m Ice stream half-width
a 15 10° Surface slope of ice stream
kq 7.6"107 m?s? Thermal diffusivity, till
f 34° Angle of friction, till
I 0.01K m* Lapse rate
ty 6.7 10°Pa  Driving stress of ice stream

Table 2. Time-dependent parameters and model vari-
ables with initial valueslisted.

Symbol  Vaue/unit Definition
ap 1ma? Ablation rate
h 500 m Ice thickness
o Temperature at ice-till inter-
T -0.32°C face
Uy 538ma* Horizontal ice velocity
U, 1ma? Vertical ice velocity
. .3 Effective stress at ice-till
Snf 2°10°Pa interface
tp 3.3 10°Pa Basal shear strength
o 0.028 K m"  Basal temperature gradient
bt 0.033K m* Critical basal temperature

gradient
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stream slows down, ice thickness starts to de-
crease. When the ice stream shuts down com-
pletely, ice thins at the ablation rate, Th/{it»-a,.

Initial conditions

Values of till parameters are derived partly from
laboratory tests and partly from in situ field meas-
urements. In making our choices, we combine
observational results from Storebadt and Flak-
kebjerg as well as from the recent studies of West
Antarctic ice streams. Values of constants describ-
ing till properties and ice stream configuration are
seen in Table 1. Time-dependent parameters are
listed with their initial valuesin Table 2. The gla-
ciological parameters are, of course, practicaly
unknown. Their values have been chosen in order
to obtain a steady state ice stream solution that
resembles present day ice streams in West Antarc-
tica while also fitting within the admittedly loose
geographical constraints of the study region. The
value of geothermal heat flux of the old Bdltic
crust is set to 0.04 W m? from Artemieva &
Mooney (2001). The parameters of the steady state
ice stream condition are included in Table 2.

Results

The most important output from our numerical
simulations concerns changes in till properties
such as shear strength and porosity. In addition,
the model tracks changes in ice and till tempera-
ture. We have investigated the evolution of till
properties under different assumptions of the sur-
face ablation rate. In the first case, we assumed a
constant ablation rate of 1 m a® over the whole
model run lasting for 200 years (numerical ex-
periment 1). In the subsequent two model runs we
changed the ablation rate by increasing it from 1 m
a'to 5 m a’ over a 100 year period (numerical
experiment 2), and then more dramatically from 1
m a* to 20 m a* over a 50 year period (numerical
experiment 3). We are interested in exploring these
different ablation scenarios because the magnitude
and history of ablation during the activity of the
Baltic ice stream is one of the most unknown
model parameters. Hence, we need to investigate
how sensitive the output of our moddl is to differ-
ent ablation histories.
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In all of our simulations the horizontal advection
of cold ice from upstream is sufficiently strong to
ultimately cause basal freezing. The initial steady
stateice velocity is538 m a™.

The subglacia till strength (equation (8)) in-
creases significantly in response to dewatering by
basal freeze-on, as seen in Fig. 7. Maximum till
strength develops in the lowermost till when the
ablation rate is small (experiment 1) asseenin Fig.
7A. As the ablation rate increases (experiment 2),
the vertical strength gradient in the till reverses.
Thisreversal stands out particularly in Fig. 7B and
it is associated with an increase in cryostatic suc-
tion. Finally, maximum till strength develops near
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the ice-till interface when the ice stream thins rap-
idly (experiment 3), and this condition of ‘inverse’
strength profile is seen clearly in Fig. 7C.

The strong influence of surface ablation rates on
development of subglacia effective stresses may
seem surprising. It can be better understood by
looking at changes of basal temperature, pressure
melting point and the degree of supercooling at the
freezing ice base. As we have discussed before,
basa supercooling causes depression of pore water
pressure in the till beneath the freezing ice base.
As ice thins due to surface ablation, the pressure-
melting point increases. This increase of the phase
transition temperature increases the supercooling
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Figure 7. Depth-time diagrams showing simulated changes in subglacial till strength (kPa) driven by basal freezing
occurring under different ablation histories: (A) constant ablation rate of 1 m a* over a 200 year period, (B) ablation
rate increasing from 1 m a® to 5 m a* over a 100 year period, and (C) ablation rate increasing from 1m a* to 20 m a*
over a 50 year period. Upper x-axis shows decrease in ice thickness with time. Dashed lines illustrate isobars in the
depth-time domain.
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at the ice base (even in the absence of additional
external cooling). In Fig. 8A it is shown how alow
surface ablation rate (experiment 1) is associated
with basal temperatures down to c. —0.25 °C below
the pressure-melting point. On the other hand, a
high surface ablation rate (experiment 3) produces
basal temperatures down to c. —0.36 °C below the
pressure-melting point, as seen in Fig. 8B. In both
cases supercooling increases with time even
though the bed begins to warm. The basal warning
is caused by latent heat released by the freezing
process. Influence of surface ablation rates on
supercooling is clearly significant and it helps
explain how the rate of ice thinning may enhance
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Figure 8. Temperature changes at the ice-till interface
during basal freeze-on: (A) ablation rate of 1 m a® over
200 year period, and (B) ablation rate increasing from 1
ma’ to 20 m a®* over a50 year period. T is the tempera-
ture at the ice-till interface, Ty, is the pressure-melting
point, and DT = T - Ty illustrates supercooling.
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development of elevated effective stresses in the
till.

Fig. 9 shows model results leading to the predic-
tion of postglacial till strength distribution, as cal-
culated from the SHANSEP method (equation
(20)). Results from the numerical experiment 1
(200 model years) are presented in 10 year inter-
vals; the numerical experiment 2 (100 years) in 5
year intervals, and the numerical experiment 3 (50
years) in 3 year intervals. Figs. 9A-C illustrate
changesin ice temperature distribution for al three
numerical experiments. Increases in effective
stress accompanying freezing are seen in Figs. 9D-
F. Clearly, basal freeze-on is capable of inducing
high levels of effective stress, which lead to over-
consolidation of the till (OCR>10). Subglacial
distribution of effective stress becomes relatively
uniform throughout the till if the ablation rate is
small (Fig. 9D). However, when the ablation rate
is high, only the top part of the till (facing the
freezing ice base) experiences high levels of effec-
tive stress (Fig. 9F), and this leads to uneven levels
of overconsolidation. Evolution of postglacial till
strength profile, derived from the SHANSEP cal-
culations, are shown in Figs. 9G-1. A bulge-shaped
strength profile develops when the surface ablation
rate is high (Fig. 91). The bulge shapeis aresult of
high gradients in the distribution of effective stress
with depth and it compares well with the shear
strength profiles from Flakkebjerg (Fig. 3E) and
Storebadt (Fig. 2). Although, we are not able to
exactly match the measured values, model predic-
tions are within a factor of two from the observa-
tions. Thisis an encouraging result given the many
poorly constrained parameters and the simplicity
of the model.

Basal freeze-on during late
Pleistocene deglaciation

The model results, which were presented in the
previous section, show that mid-latitude palaeo-ice
streams may have been able to transport cold ice
from regions near the ice divide towards relatively
warm ice sheet margins. Horizontal advection
associated with fast ice stream velocity (~500 m a
%) produces a strongly curved temperature profile
(see Fig. 6) in which surface temperature and basal
temperature may be ~0°C while the interior ice is
relatively cold (up to ca. -8 °C in our simulations).
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Figure 9. Modelled changes in ice and till properties during ice stream stagnation. (Left) ablation rate of 1 m a* over a
200 year period; (Middle) ablation rate increasing from 1m &' to 5 m a* over a 100 year period; (Right) ablation rate
increasing from 1m a* to 20 m a* over a 50 year period. (A-C) Changes in ice temperature distribution during glacial
decay. (D-F) Increase in subglacial effective stress in the till. (G-1) Evolution of postglacia till strength profiles pre-
dicted with the SHANSEP method using the effective stress changes shown above as input. Arrows indicate trend of

change with time.

This temperature distribution can produce steep
basal temperature gradients capable of inducing
basal freezing. It is thus possible that the Baltic ice
stream experienced stagnation due to freezing
similar to the stagnation of Ice Stream C 150 years
ago in West Antarctica (Kamb 2001).

Ablation rates associated with the late Pleisto-
cene deglaciation are unknown. If we have cor-
rectly identified the ablation rate as the primary
control on development of till-strength profiles, we
can speculate that our model results favour quite

high ablation rates for the margina zone of the
Baltic ice stream. As shown in Fig. 9F, high abla-
tion rates (>10 m a') are associated with uneven
distribution of effective stress with depth and with
the highest till strength values achieved in the
uppermost till. Low ablation rates (<10 m &) are
not associated with this signature because the ef-
fective stress distributes more evenly with depth
(Fig. 9D). The characteristic bulge-shaped shear
strength profile (Fig. 2) encountered in the upper-
most till from Storebadt compares well with the
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model predictions generated under the assumption
of fast ablation rates (>10 m a?). Fast ablation
rates would favour very rapid wastage (<100
years) of the Bdltic ice stream after cessation of its
fast flow. Short-lived (severa centuries) advances
of ice streams and ice lobes at the southern edges
of the Laurentide and the Fennoscandian ice sheets
are consistent with the relatively high frequency of
iceemargin fluctuations suggested by geologic
evidence (Houmark-Nielsen 1987; Punkari 1995;
Punkari 1997). Boulton et al. (2001) compared the
dynamic behaviour of the Baltic ice stream during
its decay to a’loose fire hose’

In addition to the Danish examples discussed
here, bulge-shaped till strength profiles and
weak/strong till interlayering have been observed
off the coast of Norway (Sedtem et al. 1996). A
generdised geotechnical profile from the outer
mid-Norwegian continental shelf is shown in Fig.
10. The till strength variability reported in these
examples is quite similar in character to the previ-
ously addressed Danish observations (Figs. 2 and
3E). Sadtem et al. (1996) have even proposed a
qualitative model, in which the till-strength vari-
ability observed in their data was explained by
extraction of pore water during basal freezing. The
Norwegian data set is also important because it
shows that interlayering of strong and weak tills
has developed in locdlities where the till sequence
is well below the sea level (~300 m b.sl.). As
recognized by Sadtem et al. (1996), till found at
these depths is unlikely to have been exposed to
permafrost processes or subaeria drying, which
have been suggested as processes responsible for
generation of overconsolidated till  crusts
(Mickelson et al. 1978). Moreover, the location of
the Norwegian observation correlates with an in-
ferred position of another palaeo-ice stream
(Landvik et al. 1998; Sejrup et al. 2000).

A third relevant observation was made at the
ODP site 910 located on the Yermak plateau NW
of Svalbard (Shipboard Scientific Party 1995).
Here, a very strong upper till layer also caps a
weaker underlying till (Rack et al. 1996). These
properties have been interpreted to result from
consolidation beneath a large grounded ice sheet
prior to 660 ka BP (Flower 1997; Sejrup et al.
2000). The geotechnical similarity to our data
results suggests that the till at the ODP site 910
may have also been exposed to sub-ice sheet (but
not necessarily sub-ice stream) freezing.
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Figure 10. Generalised till strength profile from mid-
Norwegian continental shelf showing significant changes
in till strength with depth. Dashed lines indicate bounda-
ries of geologic units (reproduced after Sedtem et al.
1996).

Although we are encouraged by the results of
our model, we acknowledge that several assump-
tions have been made in order to model palaeo-ice
stream dynamics. The geometry of the Baltic ice
stream is poorly constrained and this is problem-
atic because ice thickness, ice-stream width and
ice surface dope are key parameters in quantifying
the dynamics of this palaeo-ice stream. This uncer-
tainty may have somewhat limited influence on
our effort to model till overconsolidation, since the
relevant till property changes take place when the
ice stream is aready in a stagnant mode. This
leaves us with one main palaeo-glaciological as-
sumption: that the horizontal advection of cold ice
from upstream was fast enough (~500 m a?) to
produce high basal temperature gradients and in-
duce basal freezing. Although there are no direct
congtraints that could tell us what the velocity of
the Baltic ice stream was, this basic assumption
stems from the observation that modern ice
streams and palaeo-ice streams are frequently as-
sociated with such high velocities (Anderson et al.
2002; Punkari 1995; Shipp et al. 1999; Stokes &
Clark 2001).
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Conclusions

We have developed a numerical model that cou-
ples ice stream dynamics to transient changes of
sub-ice stream till propertiesin arelatively simple,
one-dimensiona approach. In doing so, we utilise
concepts from frost heave simulations adapted
from permafrost engineering. The model includes
pore water flow driven by hydraulic gradients that
are induced by supercooling of the ice base. This
freezing point depression arises when ice-water
surface tension inhibits growth of ice in fine-
grained subglacial tills. The supercooling-driven
depression of pore water pressure causes an in-
crease in subglacial effective stress as well as an
increase in till strength. Using the SANSHEP
method, we convert simulated subglacia effective
stress histories into postglacial till strength pro-
files.

Our model shows that horizontal advection of
ice can trigger a switch from basal melting to basal
freezing, even under relatively warm, mid-latitude
ice-sheet conditions characterised by air tempera-
tures around 0 °C. Effective stresses induced by
basal freeze-on distribute evenly throughout the
simulated till domain if the surface ablation rate is
low (<10 m &% and the till consolidates relatively
uniformly with depth. However, if the surface
ablation rate is high (>10 m a?), the upper part of
the till experiences higher effective stresses than
the lower part of the till, and in this case, the till
consolidates unevenly with depth. The result is a
geological sequence where strong and well-
consolidated till overlies weak and poorly consoli-
dated till. A bulge-shaped shear strength variation
with depth characterise this geological sequence.
Our model is able to reproduce bulge-shaped till
strength profiles observed at two separate locations
overridden by the Baltic ice stream. Such bulge-
shaped till strength profiles may be a signature of
palaeo-ice stream stagnation triggered by basal
freezing and followed by rapid retreat/wastage
(50-100 years) due to high surface ablation rates
(>10m ab).
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Response of subglacial sediments to basal freeze-on:
|. Theory and comparison to observations from
beneath the West Antarctic Ice Sheet
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! Arctic Technology Centre, Department of Civil Engineering, Technical University of Den-
mark, Building 204, DK-2800 Kgs. Lyngby, Denmark, pc@byg.dtu.dk
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Abstract. We have constructed a high-resolution numerical model of heat, water, and solute flowsin
sub-ice stream till subjected to basal freeze-on. The model builds on quantitative treatments of frost
heave in permafrost soils. The full version of the Clapeyron equation is used. Hence, ice-water phase
transition depends on water pressure, osmotic pressure, and surface tension. The two latter effects can
lead to supercooling of the ice base. This supercooling, in turn, induces hydraulic gradients that drive
upward flow of pore water, which feeds the growth of segregation ice onto the freezing interface. This
interface may progressinto the till and form ice lenses if supercooling is sufficiently strong. Hence, the
ice segregation process develops a stratified basal ice layer. In our model, a high basal temperature gra-
dient (~0.054 °C m™) triggers ice stream stoppage and loss of basal shear heating leads to relatively high
basal freeze-on rates (~3-5 mma®). In response, the subglacial till experiences comparatively rapid
consolidation. Till porosity can decrease from 40 % to <25 % and till strength can increase from ~3 kPa
to >120 kPa, approximately within one century. Basal supercooling arising from redistribution of solutes
and ice-water interfacial effects amountsto ca —0.35 °C below the pressure-melting point. Fine-grained
till isin our model associated with widely spaced, thick ice lenses. Coarse-grained till yields thinner ice
lenses that are more closely spaced. Our modd results compare favourably, athough not in all details,
with available observationa evidence from borehole studies of West Antarctic ice streams.

Symbols

Model variables
c Solute concentration, %o t time, s
T Temperature, °C z Depth in till below ice base, m
u Excess pore water pressure, Pa

|ce parameters

m Melting rate, m s* (<0 for freezing) W Ice stream width, m
H Ice thickness, m a Surface slope of ice stream
Ki Thermal conductivity for ice, Jm*s*K™ o Temperature gradient of basal ice, K m™*
L Coefficient for latent heat of fusion, Jkg™ r Density of ice, kg m®
Up Basal velocity, m st Siw Ice-water surface energy, Jm?
Us Surface velocity, m s* ty Driving stress, Pa

© American Geophysical Union
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Till parameters

c Cohesion of till, Pa

C Hydraulic diffusion coefficient, m s*
dA/dv Curvature of ice-water interface, m*

g Constant of gravity, m s?

G Geothermal flux, Jm? s*

SSA Specific surface area, m*
YA Regelation velocity, m s*
A | ce penetration depth by regelation, m
i Porosity, %
f Angle of internal friction, °

1. Introduction

Wesk tills beneath fast flowing glaciers and ice
streams can act as a lubricating boundary layer
separating the ice base and the bedrock [Alley et
al., 1987; Engelhardt et al., 1990; Engelhardt and
Kamb, 1998]. The subglacia presence of soft till
may reduce the basal drag to a degree where the
driving stress is supported mainly by the lateral
shear margins [Echelmeyer et al., 1994; Jackson
and Kamb, 1997; Raymond, 1996; Whillans and
van der Veen, 1997]. Soft bed conditions are
found beneath the ice streams of the West Antarc-
tic Ice Sheet. The most studied ice streams in
Antarctica are located in the Ross Sea sector,
which is outlined in Figure 1. The existence of
soft and porous till was initially inferred from
geophysical surveys [Blankenship et al., 1986;
Blankenship et al., 1987]. Subsequent drilling
confirmed the presence of weak sub-ice stream till
[Engelhardt et al., 1990; Engelhardt and Kamb,
1997; Engelhardt and Kamb, 1998; Kamb, 1991].
The physical properties of the till have been estab-
lished through in-situ torvane measurements and
laboratory analysis of core samples [Kamb, 2001&;
Tulaczyk et al., 1998; Tulaczyk et al., 2000d].
Poorly drained subglacial conditions promote
build up of high sub-ice stream pore water pres-
sures and low effective pressures (~1-2 kPa)
[Tulaczyk et al., 2001]. Hence, the till porosity is
high (~40 %) while the basal shear strength is low
(~ 2-3 kPa) [Kamb, 2001a]. The lubricating effect
arises when the basal shear strength of the till
drops below the driving stress, which is less than
15 kPa for the Whillans Ice Stream [Engelhardt
and Kamb, 1998; Kamb, 1991]. Physica proper-
ties of subglacid tills are a vital control on the
dynamics of soft-bedded ice streams, e.g. in the
Ross Sea sector of the West Antarctic ice sheet
[Joughin and Tulaczyk, 2002; Joughin et al., in
press, Kamb, 2001a). The companion paper by
Bougamont et al. features in-depth numerical in-

vestigation of basal freeze-on in relation to ice
stream dynamics.

Tulaczyk et al. [2000b] conjectured that basal
freeze-on may be the primary process through
which activity of ice streams is terminated. The
shutdown of Ice Stream C, approximately 150
years BP, may have been caused by freeze-on-
driven consolidation of subglacial till [Bougamont
et al., thisissue]. In general, basal freezing may
result from climatic cooling, ice thinning, decrease
in basal shear heating or a combination of these
factors[Alley et al., 1997]. Previousinvestigations
of subglacial hydrology and till consolidation fo-

Ross
lce Shelf

Figure 1. Satellite image of the Ross Sea sector of the
West Antarctic ice sheet showing the location of Whil-
lans Ice Stream (WIS), Ice Stream C (ISC) and Ice
Stream D (1SD). Labels UpB, UpC and UpD designate
areas in which basal conditions have been studied
through borehole experiments and sampling [Kamb,
2001a]. The background image has been generated
using AVHRR data distributed by the USGS office in
Flagstaff. Inset in the lower left corner shows a shaded
relief image of the grounded portions of the Antarctic
ice sheet. The white box gives approximate extent of
the area shown in the main figure.
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cused mainly on the condition of basal melting
[Boulton et al., 1995; Boulton and Dobbie, 1993;
Piotrowski and Kraus, 1997]. Borehole measure-
ments in two active ice streams (Whillans Ice
Stream and Ice Stream D) yielded basal tempera-
tures at the pressure melting point. However,
basal temperature of the stagnant Ice Stream C is—
0.35 °C below the pressure melting point although
the underlying fine-grained till remains unfrozen
[Bentley et al., 1998; Kamb, 2001a]. The bed of
interstream ridges is typically frozen [Bentley et
al., 1998; Gades et al., 2000; Kamb, 2001a). Pre-
vious modeling studies have suggested that the
lateral boundaries of ice streams correspond to a
transition between basal melting and basal freezing
[Jacobson and Raymond, 1998; Raymond, 1996],
athough the availability of sediments may also
modulate margin location [Anandakrishnan et al.,
1998; Bell et al., 1998].

Development of quantitative theory and models
of subglacia freezing is needed because the ther-
mal history of the basal zone may be linked to
important aspects of ice stream dynamics. Unlike
basal melting, freeze-on leaves behind a physica
record of its action in the form of basal ice layers.
Such layers have been found in many of the deep
boreholes drilled in modern polar ice sheets
[Goodwin, 1993; Gow et al., 1979; Herron and
Langway, 1979; Hooker et al., 1999; Koerner and
Fisher, 1979; Segert et al., 2000]. Recent bore-
hole investigation with digital video camera at the
base of Ice Stream C has shown up to 25-m-thick
layers of debris-bearing and clear basal ice, which
has been interpreted as a product of basal freeze-
on [Carsey et al., in press;, Kamb, 2001b]. The
properties of these accretion zones can help us
interpret the therma history of the basal regimen
and the history of sub-ice sheet hydrology
[Boulton and Spring, 1986; Hubbard, 1991; Hub-
bard and Sharp, 1995; Lawson and Kulla, 1977;
Lawson et al., 1998].

Here we present a theoretica treatment of cou-
pled heat, water, and solute transport in till sub-
jected to basal freeze-on. Our treatment of these
processes is based on an extensive body of empiri-
ca and theoretical work on freezing of sediments
in permafrost environments [Fowler and Krantz,
1994; Konrad and Duquennoi, 1993; O'Neill and
Miller, 1985]. Recent research on premelting of
ice in porous media may further improve the exist-
ing understanding of sediment freezing [Rempel et
al., 2001a; Rempel and Worster, 1999; Wettlaufer
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and Worster, 1995]. To make predictions regard-
ing the evolution of subglacial till and basa ice
during freezing we have formulated a numerical,
vertical-column model of the freezing process.
The model has a high spatid resolution (nhode
spacing £0.01 m) and it is constrained by initia
conditions and boundary conditions aimed at emu-
lating the non-steady basal environment of an ice
stream undergoing a transition from fast flow to
stagnation. Whereas this paper focuses on detailed
till evolution under conditions of basal freezing,
the companion paper by Bougamont et al. dis-
cusses a model of ice-stream stoppage driven by
basal freezing. A complete coupling of the two
methods was unfeasible due to computationa limi-
tations.

2. Assumed physics of basal freeze-on

Direct investigations of basal freeze-on are rare
because of the logistical challenges associated with
studying such processes in their modern subglacial
environment [Lawson et al., 1998]. Although
basic theoretical treatments of this phenomenon
have been introduced into glaciology several dec-
ades ago [Weertman, 1961], there is a paucity of
theoretical and empirical investigations of heat,
water, and solute flow during basal freeze-on. To
develop our model we have assumed that basal
freeze-on resembles the phenomenon of frost
heave that has been studied extensively by perma-
frost engineers during the last several decades
[Fowler and Krantz, 1994; Konrad and Duguennoi,
1993; Miyata, 1998; O'Neill and Miller, 1985].
This assumption is supported by the general mac-
roscopic similarity of ice formed by basa freeze-
on and by frost heaving, as seen in Figure 2. This
figure contains images of basal ice from Ice
Stream C (Figure 2a-b) obtained from a borehole
camera system [Carsey et d., in press] as well as
the outcome of an experimental frost heave study
(Figure 2c) [Watanabe et a., 2001]. Although
there are some stratigraphic differences between
sub-ice sheet freeze-on and ice segregation gener-
ated in an idealized porous medium, a fundamental
macroscopic similarity clearly exist. Secondary
differencesin interlayering may be caused by very
large differences (~orders of magnitude) in freeze
rate and temperature gradients between the sub-
ice-stream conditions and the laboratory experi-
ments of Watanabe et al. [2001].
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Figure 2. Comparison of basal ice layers from West Antarctica and an experimental frost heave study: (a) Down-
looking image from borehole near the bed of Ice Stream C, West Antarctica. Borehole diameter isca. 17 cm and
the size of the clast is ca. 2 cm (reprinted from Carsey et al. [in press] with permission from International Glaciol-
ogical Society); (b) Side-looking image of borehole showing multiple debris layers separated by clean segregation
ice. Theimage height is approximately 4 cm and up in image is down inice (reprinted from Carsey et al. [in press)
with permission from International Glaciological Society); (c) Photograph of ice lenses (black) developed in porous
medium (white) in an experimental frost heave simulation (reprinted from Watanabe et al. [2001] with permission

from American Chemical Society).

Frost heaving occurs when soil freezing induces
water flow and volumetric expansion beyond that
caused by the mere expansion of water on freezing
[O'Neill and Miller, 1985]. Whether given sedi-
ments are susceptible to frost heaving and segrega-
tion ice growth depends on grain-size distribution
[Everett, 1961; Hohmann, 1997; O'Neill, 1983;
Tester and Gaskin, 1996]. Whereas fundamenta

physics of basal freeze-on and frost heave may be
similar, the physical setting of the subglacia envi-
ronment is different from a typical permafrost
setting. Frost heave is a seasona surface process
in which the overburden pressure is typically small
(~10-100 kPa) and the vertical temperature gradi-
ents are typicaly large (~1-10 °C m-1). The over-
burden ice pressure acting during subglacial freez-
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ing is very large (~1-10 MPa), and vertical tem-
perature gradients in basal ice are relatively small
(~0.01-0.1 °C m?). Hence, subglacia freezing
rates will be slow compared to the freezing rates
observed in near-surface permafrost processes.
However, we expect that the long timescale over
which subglacia sediments may be exposed to
freezing (~100s-1000s years) provides basis for
significant freeze-induced pressure changes in the
basal environment.

We do not include a basal water system in our
numerical simulations. Instead, we use the end-
member assumption of entirely local hydrological
balance, with no loss or gain of water from long-
distance transport in a basal water system. We are
not claiming conclusively that long-distance basal
water transport is indeed negligible beneath the
West Antarctic ice streams. The problem of exis-
tence and physica nature of such long-distance
transport is still open to interpretation. Much pre-
vious research has emphasized the importance of a
distributed, through-going basal water system
benesth ice streams, e.g. in lubricating their beds
and supplying latent heat to areas of basal freezing
[eg., Alley et a., 1994]. Theoretical analysis
[Weertman and Birchfield, 1982; Walder and
Fowler, 1994] and scaled physical models [Catania
and Paola, 2001] indicate that any such water sys-
tem, if it exists, should remain widespread. Recent
numerical modeling has addressed the question
whether a regional basal water system must exist
beneath the West Antarctic ice streams by estimat-
ing the regional net balance of basal melting and
freezing. Constraints on the magnitude of basa
shear heating and geothermal flux are, however, so
insufficient that it is possible to calculate either
large net melting or net freezing rates for the same
parts of the ice stream system [Parizek et d., in
press, Joughin et al., in press, Vogel et a., in
press].

Borehole studies of sub-ice-stream hydrology
yielded many important observations that are,
nonetheless, often difficult to interpret or even
contradictory [Kamb, 2001a]. In his overview of
borehole observations from West Antarctica,
Kamb [2001; sections 9.2 and 9.3] provided a
detailed discussion of the undrained-bed model
and concluded that it offers a useful framework for
understanding ice stream dynamicsin general, and
for explaining the stoppage of Ice Stream C in
particular. A key limitation of borehole studiesis
that they necessarily sample small spatia areas. In
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our opinion, the most complete view of sub-ice-
stream beds comes from a large quantity of geo-
physical and sedimentological data acquired in the
Ross Sea. The data have widespread regional
coverage [Shipp et d., 1999, fig. 2] with high
horizontal resolution (down to ~1 m; ibid. p. 1512)
and include areas over which the West Antarctic
ice streams extended during the Last Glacia
Maximum (LGM). Anderson [1999, p. 72] has
summarized relevant observations in the following
passage: ‘Notably absent in the ... records from
the Ross Sea floor are tunnel valleys, subglacia
braided channels, outwash fans/deltas, and eskers,
which would imply channeled subglacial melt-
water. In addition, hundreds of piston cores ...
have only on rare occasions recovered graded
sands and gravels that might be associated with
subglacial meltwater systems. The few exceptions

. are cores acquired near the termini of valley
and outlet glaciers. The virtual absence of melt-
water features and deposits ... is perhaps the most
important difference in geomorphic character be-
tween the Antarctic continental shelf and Northern
Hemisphere glacial terrains.

Notwithstanding the controversy regarding the
existence and nature of sub-ice-stream water
drainage, we adhere to the undrained assumption.
We do so to generate an end-member view of ice-
stream flow. We consider it possible that the
undrained model is the best description of the ice
streams.  Further, we note from the work of
Parizek et d. [in press] that an undrained model
likely was even more gpplicable in the past. Re-
gardless, the reader should bear in mind that we
are working on an end-member of possible ice-
stream behavior.

2.1 lce-water interface curvature and
surface tension effects

Phase changes in an ice-water system are typi-
caly thought of as being controlled mainly by
temperature and pressure. In the glaciologica
literature, the concept of the pressure-melting
point is commonly utilized as a synonym for the
freezing point. However, there are other less
commonly considered factors that influence the
temperature at which the ice-water phase transition
occur. One such factor is the presence of solutes
in the liquid water. An increase in solute concen-
tration has the same effect as an increase in fluid
pressure as it depresses the freezing point. The
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influence of solute concentration can be expressed
formally through a pressure term, which is referred
to as the osmotic pressure [Padilla and Villeneuve,
1992]. Another factor, which is often overlooked,
is ice-water interfacia effects, especially surface
tension arising from interface curvature. This
factor becomes important when ice crystal growth
is redtricted to fine inter-crystalline veins
[Harrison, 1972; Raymond and Harrison, 1975] or
micron-sized pore spaces of fine-grained subgla-
cia sediments [Tulaczyk, 1999]. The surface ten-
sion effect is paramount in setting up a hydraulic
gradient that drives water flow in afreezing porous
media [Everett, 1961]. In genera, the finer
grained a sediment is, the higher is the curvature of
ice-water interfaces, and the greater is the depres-
sion of the ice-water phase change temperature,
i.e. the freezing point [Hohmann, 1997]. Unfrozen
water has been observed in clays at temperatures
lower than —10 °C [O’ Neill, 1983].

When liquid water and ice co-exist in a curved
interface configuration, there is a pressure jump
between the two phases due to the interfacia ef-
fects [Fowler and Krantz, 1994; O'Neill and
Miller, 1985]. The size of the pressure jump de-
pends on the curvature of the ice-water interface as
proposed by Gold [1957]. The most simplified
assumption for the interfacia pressure jump be-
tween p and P, is [Everett, 1961; Hopke, 1980;

Tulaczyk, 1999]:

dA
pi - pw =S iwd_V (1a)
where p; is the ice pressure, py is the pore water
pressure, s, is the ice-water surface energy,
dA/dV is the curvature of the ice-water interface.
At the ice-till interface, dA/dV is a function of the
effective pressure. At zero effective stress,
dA/dV=0 and theice baseis planar. If the effective
pressure reaches a critical value, the ice-water
interface complies with the particle surfaces and
its structure should be numerically equa to the
specific surface area of the sediments, SSA. The
ice-water curvature is in this case dA/dV=SSA
[Tulaczyk, 1999]. The specific surface area is
small if the sediment is coarse-grained and ice may
freely intrude the pore spaces. If the sediment is
fine-grained, the specific surface area is high and
the ice-water interface has a high curvature, which
impedes ice formation. This effect can be as-

cribed, at least formally, to an interfacid effective
pressure [Tulaczyk, 1999]:

1
Pw=0 - pw:Siwﬂ:Siwr_ (lb)
p
where subscript ‘i, refers to the ice-water inter-
face, SSA is specific surface area, and r,, is the
characteristic particle radius.

Freezing of liquid water takes place when the
pressure components and the temperature satisfies
the generalized form of the Clapeyron equation
[Fowler and Krantz, 1994; Miyata, 1998; O’ Neill
and Miller, 1985]. When solutes are present in the
liquid water, the generalized Clapeyron eguation
becomes [Padilla and Villeneuve, 1992]:
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where p,, is the water pressure, p is the ice pres-
sure, p, isthe osmotic pressure, r , is the density of
water, r; is the density of ice, L isthe coefficient
of latent heat of fusion and T is the temperature in
°C. This form of the Clapeyron equation repre-
sents a general thermodynamic relation whose
validity is not limited to our specific purpose. Its
validity has been verified experimentaly
[Biermans et al., 1978; Konrad and Duquennoi,
1993; Krantz and Adams, 1996; Miyata and Aka-
gawa, 1998] and it provides the fundamental basis
for frost heave models [Fowler and Krantz, 1994;
Miyata, 1998; O'Neill and Miller, 1985]. The
Clapeyron equation provides a mean for coupling
pressure terms and temperature in a freezing po-
rous medium. An examination of this equation
demonstrates that a significant pressure jump can
develop across the ice-water interface when super-
cooled liquid pore water is present beneath the
freezing interface.

The effect of interface curvature, equation (1a)
or (1b), and the Clapeyron equation, (2), can be
linked together. Solving the former for ice pres-

sure gives p, = ]/rp +p,,» and insertion into the
latter yields:

27315®1 16

T=- R
L &ri rug

_2B1%,, 27315, (3)
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This equation is the same expression used by
Raymond and Harrison [1975] to treat freezing of
water in micron-sized veins between ice crystals.
It isaso the fundamental equation for the tempera-
ture of ice-water phase transition given in Hooke
[1998, p. 5]. The first term of equation (3) speci-
fies the effect of water pressure on phase transi-
tion. The commonly utilized pressure-melting
point is an approximation of the phase transition
temperature based only on this term. The second
and third terms of eguation (3) include the effects
of interfacial pressure and osmotic pressure in a
complete trestment of the ice-water phase transi-
tion. These additional factors are fundamental in
our treatment of the response of subglacial sedi-
ments to basal freezing. The term supercooling is
here used to refer to any liquid water present at
temperatures below the pressure-melting point.

2.2 Coupled vertical transport of water,
heat, and solutes

From force equilibrium it follows that the ice
pressure at the ice base equals the gravitational
load of the overlying ice, p=pn. Hence, supercool-
ing of a freezing ice base overlying a fine-grained
till will be associated with lowering of the pore
water pressure (equation (3)). This localized drop
in pore water pressure gives rise to a hydraulic
gradient that drives water flow towards the freez-
ing ice base as outlined conceptually in Figure 3.

The upward flow of water (towards a freezing
interface) is the characteristic process that we see
as being common to both, the frost-heave phe-
nomenon and subglacial freeze-on. The freeze-
induced water flow in porous media with water
present in solid and liquid phases is driven by cry-
ostatic suction, which is analog to capillary suction
in sediments with liquid and gas phases of water in
the pore spaces [Fowler and Krantz, 1994]. When
freeze-driven water flow becomes significant, one
must assess the thermodynamics of the freezing
process in the context of coupled flows of water,
heat and solutes. Important feedbacks arise be-
cause the flow of water initialized by cooling may
carry sufficient heat and solutes to significantly
influence the freezing conditions at the ice base.

Vertical water flow through unfractured, porous
media occurs in response to a gradient in excess
water pressure. The excess water pressure, U, is
defined as the water pressure component in excess
of an initial hydrostatic pressure, p,. The total
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water pressure is thus p,=pn+u [Domenico and
Schwartz, 1990, equation 4.50]. From Darcy’s
law, vertical water flow velocity is assumed to be
proportional to the excess water pressure gradient,
fu/Mz [Domenico and Schwartz, 1990, equation
4.53]

Ky fu
rwg 9z

w

4

where n,, isthe water flow velocity, K, is the coef-
ficient of hydraulic conductivity, r, is the density
of water, and g isthe acceleration of gravity. Ver-
tical gradients in excess pore pressure that build up
in a freezing till can be dbtained by solving a one-
dimensiona diffusion equation [Mitchell, 1993,
equation 13.19]:

Tu

122

Tu
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where, t istime, ¢, is the hydraulic diffusion coef-
ficient, and z is the depth coordinate (taken here to
be zero at theice base). Once water flow rates are
determined, vertical transport of heat can be de-

rived from a diffusion-advection equation
[Domenico and Schwartz, 1990, equation 9.21]:
a b
Freezing
ice base

Accretion ice

Figure 3. View of microscopic processes accompanying
the transition from basal melting to basa freezing: (a) a
melting ice base associated with influx of water into till
and (b) a freezing ice base associated with upward pore
water flow and accretion of segregation ice.
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where T is temperature, k; is the thermal diffusion
coefficient, and n,, is the velocity of water flow.
Vertical transport of solutes in subglacia sedi-
ments underlying a freezing ice base can be deter-
mined from an anadogous diffusion-advection
equation [Domenico and Schwartz, 1990, equation
13.9]:
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where C is the concentration of solutes and k. is
the chemical diffusion coefficient. We neglect the
influence of convection on heat and solute redis-
tribution because the Rayleigh number for the
considered problem is several orders of magnitude
smaller than the usua convection threshold
[Domenico and Schwartz, 1990, equation 9.25].
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2.3 Formation of ice lenses

Liquid water flows toward the freezing interface
where it accretes into a layer of segregation ice.
This layer forms as long as the surface-tension
penalty for forming ice crystals in small pore
spaces is large enough to suppress growth of ice
within the till [Everett, 1961; Konrad and Du-
quennoi, 1993; Miyata, 1998; O'Neill and Miller,
1985]. When the distributions of water pressure,
temperature and solute concentration are known,
one can rearrange the Clapeyron equation, (2), and
solve it for ice pressure within the till pore spaces:

=:—i(pw- Po)- ®

rL

w 273.15
This pressure should exist inside any small ice
crystal that may form in the confined pore space of
fine-grained sediments. When the ice pressure
exceeds the sum of gravitational overburden pres-
sure and the ice-water interfacial pressure, nothing

d
Basal ice = Glacier ice
Basal ice Accretion  «— gegregation ice
[ ]
Accretion ...

. «— [zolated tll layer

“— Segregation ice

lce lens

= .0' S g <+ Regelation

+— |solated Gl layer
+— Active ice lens

rr-:-nt \h
R.
%%

— Active till

Figure 4. Schematic diagram showing the principal stages of basal freeze-on: (a) pore water flows towards the ice
base in response to freezing, (b) pore water accretes onto the ice base as a layer of segregation ice, (c) the freezing front
moves into the till and an ice lens develops, and (d) a second ice lens develops deeper in the till. A thin veneer of ice
regelates into the till beneath ice lenses.
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is left to keep the crystal from growing beyond the
confines of the pore space in which it initialy
formed [O'Neill and Miller, 1985]. For ice lens
initiation, we thus use the criterion [Hopke, 1980]:

P Pt Py ©)
where p, is the vertical overburden pressure and
piw is the ice-water interfacial pressure. An ice
lens grows through accretion of segregation ice
until anew lensisinitiated. The complex depend-
ence of ice pressure on temperature, water pres-
sure, and osmotic pressure determines where
within the till there will be a new, thermodynami-
caly more favorable location for ice crysta
growth (equation (9)). Through this process of
progressive ice-lens formation, the freezing front
moves into increasingly deep levels in the till.
This mechanism produces the banded ice-sediment

Figure 5. lllustration of force equilibrium in an ice lens
surrounded by unfrozen sediment. The ice pressure, p;,
balances the overburden pressure, p,, within the ice lens.
In the sediment, the overburden pressure is balanced by
water pressure, pw, and effective stress, p¢ Ice growth is
restricted to single large pore spaces if the ice pressure is
less than the criterion expressed in equation (9).
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structure of freezing soils [Fowler and Krantz,
1994; Konrad, 1994], and it may play an equaly
important role in forming layered, debris-bearing
basal ice [Gow et al., 1979; Herron and Langway,
1979; Koerner and Fisher, 1979; Lawson et al.,
1998]. This concept of subglacial ice lens devel-
opment is shown in Figure 4.

Ice lens initiation is a sensitive and particularly
complicated part of frost heave simulations that
typicaly involves an empirical treatment as in
O'Neill and Miller [1985]. A micro-scale ap-
proach to frost heave analysis related to premelting
of ice [Wettlaufer and Worster, 1995; Wilen and
Dash, 1995] and thermomolecular force [Rempel
et al., 2001b] may lead to a more complete ther-
modynamical treatment. However, macro-scale
models can be tested and verified via experimental
studies [Fowler and Krantz, 1994; Krantz and
Adams, 1996; Miyata, 1998; Miyata and Akagawa,
1998] and they can aso be compared to field ob-
servations [Hohmann, 1997; O'Neill, 1983].
There is thus a mgjor advantage in the phenome-
nological use of the interfacial effects and phase
equilibria [Michalowski, 1993]. The method pro-
posed by O'Neill and Miller [1985], on which we
base our work, is the most commonly used theo-
retical treatment of contemporary frost heave
models.

Force balance associated with ice pressure acting
in growing ice lenses and effective pressure and
water pressure acting in the surrounding unfrozen
till is shown conceptualy in Figure 5. Incom-
pletely frozen till can become trapped between two
neighboring ice lenses and this may effectively
isolate the till from further inflow/outflow of water
and solutes. These inactive till layers separated by
segregation ice should, after sufficient cooling,
freeze completely and become fully incorporated
into the basal ice.

2.4 Regelation

Previous models of ice intrusion into subglacia
sediments have concentrated on the process of
regelation, e.g. Iverson [1993] and lverson and
Semmens [1995].  Surface tension effects are neg-
ligible in coarse-grained sediments and the pres-
sure that opposes intrusion of ice into pore spaces
is the pore water pressure alone. For regelation
into fine-grained sediments ice pressure must ex-
ceed the pore water pressure as well as the interfa-
cia tension [Tulaczyk, 1999]. Modification of
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equation (1b) yields the critical subglacia water
pressure below which ice may intrude into the pore
spaces of the underlying till:

pw,crit =P,-s iwﬂ (10)
Once regelation starts, the velocity of regelation

is finite and we use an experimentally based for-

mulation given by Iverson and Semmens [1995]:

v, =K, 22 (1)

where K; isthe conductivity of the sediment to ice,
and Dp=p;-py is the driving stress for regelation,
and z isthe vertical penetration depth of ice.

3. Modeling approach

The numerical model that we present here was
generated to explore evolution of till properties
during basal freeze-on. We utilize concepts re-
lated to contemporary frost heave models because
we believe that basal freeze-on beneath daciersis
thermodynamically similar. However, our model
isnot smply a frost heave model. Creating agla-
ciological context required us to incorporate sev-
eral glaciological parameters and variables, e.g. ice
stream velocity and time-dependent frictional heat.

3.1 Till model configuration and
numerical approach

The model domain consists of a vertical till col-
umn of finite thickness (typically severa meters).
The column is overlain by ice and underlain by
some arbitrary substratum (e.g. bedrock or sedi-
ment) that is not incorporated explicitly but treated
as a boundary condition. The three fundamental
variables determining the evolution of atill layer
during freezing are excess pore pressure (u), tem-
perature (T) and solute concentration (C). By us-
ing a vertical column model we make the implicit
assumption that horizontal diffusion and advection
of heat, water, and solutes are negligible. The
simulated system is not only coupled but also ren-
dered strongly non-linear by introduction of
threshold criteria, such as the criterion for new ice-
lens formation (equation (9)). The pressure com-
ponents of the system change with time and they

are coupled to the temperature evolution through
the Clapeyron equation, (2). We use high spatia
resolution (£0.01 m) to represent the freezing front
that moves down through the till column in dis-
crete jumps.

In order to put our modeling effort into a realis-
tic glaciological context, the freezing till column is
coupled to a highly simplified ice stream model
based on the treatment of Tulaczyk et al. [2000b].
The numerical till column provides the basal shear
stress (i.e., time-dependent till strength) that is
needed to calculate ice stream velocity. In return,
the analytical ice-stream module passes to the till
column the ice diding velocity that is needed to
determine the magnitude of shear heating. To
investigate the potential influence of different
hydrogeologic settings [Boulton and Dabbie,
1993], we consider two end-member cases for the
lower boundary condition. The first case is a
closed water system that simulates an impermeable
substratum below the till. There is no influx of
water into the till in this case and water can only
redistribute itself within the till in response to
freezing. The second case is an open water system
that simulates a permeable, water-bearing substra-
tum below the till. In this case water can enter the
till from the underlying groundwater system.

Configuration of the model domain is illustrated
schematically in Figure 6. Complexity of the
simulated system requires short time steps in order
to avoid numeric instability. In atypical run, we
used a time step of 20 minutes while running the
model for several hundreds of years. We applied
the finite-difference, forward Euler method to
approximate the partial derivatives present in our
system of equations. The code was developed on a
double-processor Sun Ultra 80 workstation, but the
final results were obtained on SUN Fire 6800
servers, which are part of High Performance Com-
puting hardware at the Technical University of
Denmark.

3.2 Coupling of the numerical till moddl to
an analytical ice-stream model

Our coupled ice-till model has been calibrated to
simulate freezing conditions beneath modern West
Antarctic ice streams. This approach is justified
by the fact that the subglacial zones of these till-
bedded ice streams have been extensively studied
through borehole measurements and geophysical
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surveys [Bentley, 1998; Bentley et al., 1998; Blan-
kenship et al., 1986; Blankenship et al., 1987;
Engelhardt et al., 1990; Engelhardt and Kamb,
1997; Engelhardt and Kamb, 1998; Tulaczyk et al .,
2001; Tulaczyk et al., 2000a]. Moreover, it has
been observed that the base of the stopped Ice
Stream C is supercooled by —0.35 °C below the
pressure melting point [Kamb, 2001a]. Also &t Ice
Stream C, a thick debris-bearing basal zone (~20
m) has been observed with borehole video camera
[Carsey et al., in press; Carsey et al., 2001; Kamb,
2001b]. Relatively high debris content can be
inferred from many of these video recordings (e.g.,
Figure 2a). Thick layersof clean ice are, however,
abundant as well. Nevertheless, several-meter-
thick layers of clean segregation ice can aso be
produced by frost heaving under permafrost condi-
tions (D. Lawson, pers. comm., 2002). In our
opinion, the most compelling observation support-
ing applicability of our approach to simulating
freeze-on beneath Ice Stream Cis the existence of
undeformed debris layers in the basal ice found at
the UpC camp (Figure 2b). These relatively
evenly spaced debris bands, which were found in
several drilling locations, are macroscopicaly
similar to ice-sediment interlayering generated by
frost heaving under permafrost conditions (Figure
2c).

In the parameterization of the ice stream sys-
tem, based on Tulaczyk et al. [2000b], even an
infinitesimally small initial basal freezing leads to
an increase in freeze-on rate because it triggers a
positive feedback that leads to compl ete ice-stream
shutdown and, hence, to nil basal shear heating.
The numerical values of the relevant parametersin
our model have been chosen to emulate the well
studied UpB and UpC areas on Whillans Ice
Stream and Ice Stream C (Figure 1) [Engelhardt
and Kamb, 1997; Engelhardt and Kamb, 1998;
Kamb, 1991; Tulaczyk et al., 2001; Tulaczyk et al.,
2000a). We have performed sensitivity studies,
which show that the fundamental results of our
model are not dependent upon the selection of
these glaciological parameters. In the model runs
presented here, the surface slope was set to
a=0.0014, the driving stress to t 4=r ;gH=12.6 kPa,
the ice thickness to H=1000 m, and the ice stream
width to W=36" 10° m. The shear strength of the
till column is derived from the Mohr-Coulomb
criterion:
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Figure 6. Configuration of the numerica model do-
main shown for a 5-m-thick till column represented by
501 nodes. The variables are temperature (T), excess
pore pressure (u) and solute concentration (C). The
simulated till column passes a value of basal shear
strength to the coupled, analytical ice stream module,
which in return feeds back ice velocity needed to calcu-
late basal shear heating. The effects of sub-till water
availability are studied by assuming two end-member
cases. (1) closed water system and (2) open water sys-
tem.

t ; =c+ pltanf (12)

where ¢ is the cohesion of the till, f the angle of
friction. The basal shear stress, t y, isrelated to the
basal shear strength, t+, or the driving stress, {4,

through the following criteria [Tulaczyk et al.,
20004a]:

t, =t it ot <ty

t, =t, it t,3t, (13)

The effective pressure is pé&p,-puw=pn-pr-uU. The
surface velocity of the ice stream, Uy, is calculated

from [Raymond, 1996, equation 38; Tulaczyk et
al., 2000b, equation 15]:

U.=U, +U :%-t_b?naeﬂgm+a_b9ngud
) ’ “ éi‘ tdbngé’ etdbfj
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where Uy, is the basal velocity component and U g
is the velocity component of due to interna de-
formation, W is ice stream width, H is ice thick-

ness, while u, =2""t "H (n+1)" 8" isthe surface
velocity for ice moving purely by internal defor-

mation with ty=t4 (n and B are ice flow-law con-
stants).

3.3 Transport equations and boundary
conditions

The three fundamental variables of our model (u,
T, C) are caculated from three partial differential
transport equations (equations (5), (6), and (7)).
Each transport equation is constrained by appro-
priate lower and upper boundary conditions. The
lower boundary at the till base constitutes the
‘warm’ end of the system, which is associated with
relatively simple balance equations. Here, geo-
therma heat flux enters the till and the therma

boundary condition is TT/9z=G/K;. We assume no
change in solute concentration across the lower
boundary, so {C/z=0. As mentioned previoudly,
we operate with two cases of subglacia water
systems. In the closed-system case there is no flux
of water across the lower boundary, and fu/z=0.
In the open-system a gradient in excess water pres-
sure can withdraw water from the sub-till sedi-
ment. These two cases are comparable to the hy-
drogeological cases of constant gradient and con-
stant head. The upper boundary congtitutes the
‘cold’ end of the system. The heat budget at the
upper boundary has four components related to
entry of heat from the till below, exit of heat into
the overlying ice, frictiona heat from basal did-
ing, and latent heat of fusion from ice-water phase
transition. The rate of melting or freezing, m, is
determined from the heat budget, which changes
during the stoppage of the ice stream. The heat
budget of the upper boundary is thus:

EKt - QK+t Uy - rymb =0

“ (15)
where T is temperature in till, z is depth coordi-
nate, K; is coefficient of therma conductivity of
till, qp is basal temperature gradient of ice, K; is
coefficient of therma conductivity of ice, ty, is
basal shear stress, Uy, is basal velocity, r; is density

of water, m is melting rate (<O for freezing), and
L isthe coefficient for latent heat of fusion. Also
in accordance with permafrost observations, we
assume rejection of solutes in the water-ice phase
change [Panday and Corapcioglu, 1991]. Hence,
there is no transport of solutes across the upper
boundary. Excess water pressure at the freezing
ice interface is calculated from the Clapeyron
equation, (2), under the assumption that force bal-
ance within the basal ice and ice lenses prescribes
an ice pressure, p;, equal to the gravitational over-
burden pressure, p, (see Figure 5). Rearranging
equation (2) under this assumption and using the
excess water pressure definition, u=p,-pn, yields
an upper boundary for u:

a O a&lr, &
U =~—X.p +~—W T+ - 16
iw gri ﬂpn 827315ﬂ Po - P (16)

¢

where subscript ‘i, refers to the ice-water inter-
face. This equation introduces full coupling of the
three fundamental model variablesu, T, and C.

The upper boundary of our model is further
complicated by ice lens development. The upper
boundary thus moves down through the till column
in discrete steps. The new location of the upper
boundary is thus prescribed at the node, which
meets the ice lens criterion (equation (9)).

As in general frost heave models we only treat
the flow towards the upper boundary, which is
located at the base of the youngest ice lens. Sec-
ondary flows of heat, water, and solutes within
isolated till layers above the upper boundary (see
Figure 4) are not treated explicitly.

Regelation comprises the final complication of
the upper boundary condition. An increase in
effective stress at the supercooling upper boundary
may trigger regelation of ice into till pore spaces
(equation (10)). We assume that intrusion of rege-
lation ice into till pores will act to increase pore
water pressure because regelation ice is taking up
space previously occupied by pore water. This
self-regulatory trend of regelation is discussed in
Alley et a. [1997]. [1997]. The upper boundary
thus contains two opposing processes. Phase equi-
librium of the ice segregation process reduces the
water pressure in response to basal cooling, but the
associated increase in effective stress may trigger
regelation, which increases the water pressure that
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Table 1. Symbols and values of constant properties for
the numerical till column.

Symbol Vaue/units Definition
c 2.0 10°Pa Cohesion
8 2 .1 Hydraulic diffusion
o 107 m's coefficient
G 70" 10%Jstm? Geothermal heat flux
10, 1 Hydraulic conductivity
Kn 107 ms coefficient
K 27 10® m*Pas®  Conductivity of till toice
, ice-water interfacial
Piw 25-100" 10° Pa pressure
Siw 3.4°10%Jm? ice-water surface energy
1021 Chemical diffusion
Ke 107 m's coefficient
ke 76 107 st Thermal _dl_ffus on
coefficient
fe 2600 kg m® Density o_f solid till
particles
I'w 1000 kg m™® Density of pore water
f 22° Angle of friction

Table 2. Symbols and values of constant properties for
the analytical ice stream module.

Symbol Vaue Definition
H 1000 m Ice thickness
Ki 21Js*m*K?  Thermal conductivity, ice
L 3.34°10° Jkg!  Coefficient for latent heat
W 36"10°m Ice stream width
a 1.4 10° Surface slope
ri 916 kg m*® Density of glacier ice
tq 12.6" 10° Pa Driving stress
el Basal temperature
b 0.054K m gradient

Table 3. Symbols and initial values of time-dependent
model parameters.  Depth-dependent parameters are
listed [x y], where x is to the upper value at the ice-ill
interface, and y is the lower value at the base of thetill.

Symbol  Vaue/unit Definition
C [3.03.0]%  Solute concentration in till
m Oom s* melting rate/freezing rate
T [-0.7-05] °C Temperaturttie”dlstrl bution,
u [-2.0 -2.0] kPa Excess water pressure
Up 450 ms* Ice stream velocity
z [0.05.0] m Depth below ice base
j [40 40] % Porosity distribution in till
N [00] ms®  Vertica water flow velocity
tp 2.7 kPa Basal shear stress
ts [2.7 20] kPa Shear strength of till

follows an empirical formulation for a swelling till
[Tulaczyk et d., 2000a].

3.4 Initial conditions

Till properties and initial conditions used in our
model calculations are generaly based on results
of borehole observations made on several West
Antarctic ice streams [Engelhardt et al., 1990;
Engelhardt and Kamb, 1997; Engelhardt and
Kamb, 1998; Kamb, 1991; Kamb, 2001a; Tulaczyk
et al., 2001; Tulaczyk et al., 2000a]. These obser-
vations have been discussed previoudly, so that we
will here simply list the values of till properties
and the generalized ice stream characteristics.
Values of till parameters are listed in Table 1, and
values of ice parameters are listed in Table 2.

The geothermal heat flux is based on modeling
of basal heat flow at Siple Dome (H. Engelhardt,
Cdlifornia Institute of Technology, persona com-
munication, 2002) and the conductivity coefficient
of till to ice is based on the experimental results of
Iverson and Semmens [1995]. Thereisno flow in
the system when we initiate the numerical smula-
tions. We induce freezing at the upper boundary
of the till column by an infinitesimal increase in
basal temperature gradient (~0.001 °C m’) above
the critical value (~0.053 °C m) that brings the
system into freezing mode [Tulaczyk et al.,
2000b]. The initid properties of time-dependent
parameters are listed in Table 3.

4. Results

The final output of our till freeze-on model can
be expressed in terms of physical changes of till
properties (e.g., porosity), compositional changes
of pore-water and segregation ice (eg., solute
concentration or isotopic composition), and aso
ice lens formation through time. As previously
addressed, we operate with two cases of hydro-
geological setting, i.e. a closed water system (case
1) and an open water system (case 2). We treat
these very different settings in order to explore the
effects of water availability upon the physical
changes in the basal zone, which may be related to
ice stream stoppage through increased basal drag.
We aso explore the sensitivity of our mode to
changesin grain size distribution of till.

Previous work suggested that the fine-grained
nature of the clay-rich UpB till sampled from be-
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neath the Whillans Ice Stream is associated with a
interfacial pressure of at least 100 kPa, whereas
the coarse-grained till from Breidamerkurjokull in
Iceland is associated with interfacial pressure of
just afew kPa[Tulaczyk, 1999]. We thus compare
the model results using p;w=100 kPa (high surface
tension) and p,=25 kPa (low surface tension).
The results presented for each of the two hydro-
geological settings (case 1 and case 2) thus contain
two model runs (low surface tension till of 25 kPa
and high surface tension till of 100 kPa). Whereas
the model results are displayed together graphi-
caly, the hydrogeological case results are de-
scribed separately in the following sections.

4.1 Casel: Closed water system

When the substratum below the till is imperme-
able, basal freeze-on is fed purely by extraction of
pore water that was initially present in the till
layer. With our model, we are able to simulate the

progression of a freezing front that advances
through the till domain. However, numerical in-
stability arises when the till column below the
freezing front is reduced to less than 10-20 % of
the original thickness. The calculations are there-
fore terminated somewhat prior to complete freeze
up. Freeze-induced changes of the most signifi-
cant parameters of the basal regimen are seen in
Figure 7. The till consolidates as freeze-on ex-
tracts and consumes pore water. Asaresult of this
consolidation process, the shear strength of the till
increases while the ice velocity drops (Figure 7a).
When the till strength reaches the driving stress,
the simulated ice stream system shuts down com-
pletely. In the closed-system case this happens
after 65 years of freezing irrespective of the as-
sumed till surface tension. Enhanced ice flow is
prevented from then on and the ice velocity is
reduced to the level of internal deformation. The
corresponding changes in freezing rate and till
shear strength are shown in Figure 7b-c.
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Figure 7. Changes in ice stream velocity, melting rate, and basal shear strength with time. Closed water system
conditions results in: (a) decrease in ice velocity caused by increased basal shear strength, (b) decrease in melting
rate (increase in freeze rate) caused by loss of frictional heat, and (c) increase in basal shear strength due to extraction
of pore water. Open water system conditions resultsin: (d) decrease in ice velocity, (€) increase in freeze rate, and (f)
increase in basal shear strength. Ice stream stoppage occurs when the basal shear strength (tr) exceeds the driving
stress (tg). Arrowsindicate trend of till strength development subsequent to ice lensinitiation.
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The evolution of the coupled ice-till system
shown in Figure 7a-c is gradual during the first 50
model years. These changes accelerate thereafter
due to the non-linearly decreasing shear heating.
The basal system equilibrates after stagnation at 65
model years with latent heat of freezing replacing
shear heating in the basal heat budget. The freeze
rate stabilizes at 3.7 mm a* (Figure 7b) and it re-
mains constant after stagnation. Ice stream force
equilibrium is maintained purely by basal drag
after shut down, so the basal shear stress is trun-
cated by the driving stress. The shear strength of
the till increases further due to the continuing ex-
traction of pore water during growth of segrega-
tion ice (Figure 7c).

Changes of till porosity induced by basal freeze-
on are shown in depth-time diagrams presented in
Figure 8. The porosity changes are relatively small
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during ice stream slow down; it drops from 40 %
to just 39 %. Large porosity changes are amost
entirely associated with the stagnant stage.

In the closed water system, it takes 120 years for
the freezing front to reach a depth of 4.14 m when
the surface tension of thetill is 25 kPa (Figure 8a).
During the first 64 years 0.046 m of clean segrega-
tion ice accretes onto the ice base. Theresafter, the
freezing front moves into the till and 17 ice lenses
develop in 56 years. The lens thickness decreases
with depth from 0.024 m to 0.011 m, while the
lens spacing decreases from 0.31 m to 0.22 m.
The minimum till porosity is reached deepest in
the till where pore water is extracted throughout
the smulation time. The porosity of the lower-
most till decreases from 40 % to 32 % when the
surface tension is 25 kPa, and the associated in-
crease in shear strength isfrom 2.7 kPa to 49 kPa.
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Figure 8. Depth-time diagrams showing porosity changes in a till column during basal freeze-on (black color de-
notes basal ice, gray scale gives till porosity (%) and white color designates the segregation ice). Results for the
following numerical experiments are shown: (a) till with 25 kPa surface tension in a closed water system. (b) till with
100 kPa surface tension in a closed water system, (c) till with 25 kPa surface tension in an open water system, and (d)
till with a 100 kPa surface tension in an open water system. Evolution of till strength with time is illustrated with
minimum and maximum values listed in the till. The timing of shutdown islabelled with 'S.
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When the till has a surface tension of 100 kPa it
takes 230 model years for the freeze-front to reach
a depth of 4.17 m when the water system is closed
(Figure 8b). Accretion of clean ice onto the ice
base amounts to 0.26 m before the first ice lens is
initiated at 0.83 m after 120 years of freezing. In
this till case only 6 ice lenses develop in the till.
The thickness of the first 5 lenses decreases with
depth from 0.18 m to 0.05 m, and the fina active
lens is 0.023 m thick when numerical instability
terminated the simulation. The lens spacing is
initially 0.83 m but it decreases to 0.56 m with
depth. Till porosity is reduced significantly when
surface tension is high. For till with surface ten-
sion of 100 kPa, the porosity in the lowermost till
decrease from 40 % to less than 25 % after 230
years of freezing. The shear strength of the low-
ermost till increases significantly from 20 kPa to
120 kPa as shown in Figure 8b.

The till becomes supercooled due to the com-
bined influence of surface tension and the solutes
present in the till. If the surface tension islow (25
kPa), ice lenses are initiated when the temperature
at the ice base reaches—0.89 °C. This corresponds
to a depression of the freezing point by approxi-
mately —0.23 °C below the pressure-melting point,
which is -0.66 °C for air-free water with p,=9.2
MPa [Paterson, 1994, p. 212]. When the surface
tension is high (100 kPa), ice lenses are initiated
when the temperature at the ice base reaches —1.0
°C. This temperature corresponds to a depression
of the freezing point by —0.34 °C from pressure-
melting point. A similar freezing-point depression
is observed beneath the stopped Ice Stream C
[Kamb, 2001a8]. Temperatures are listed in the
time-depth images of Figure 9 displaying the evo-
lution of solute concentration in the freezing sys-
tem. The pore sizes of tills dictate the level of
freezing point depression, and the supercooling
effect should be most pronounced in fine-grained
sediments with high surface tension effects. When
the sediment is very fine-grained, our model re-
quires considerable simulation time to develop the
internal ice pressure that is required to initiate a
new lens. When the next lens finally forms it is
located at a greater depth than would be the case
for atill with low surface tension. In general, low
surface tension is associated with thin and closely
spaced ice lenses, whereas high surface tension till
is associated with fewer but significantly thicker
ice lenses that are also more widely spaced.

Solutes are rejected from liquid water that
freezes and they accumulate below the freezing
interface. The longer the front remains stationary,
the higher is the solute concentration immediately
below. Although diffusion redistributes solutes
according to the concentration gradient (down-
ward), the advection component of the transport
(upward) is more effective. Accumulation of sol-
utes near the freezing ice base is shown in Figure
9, where the evolution of solute concentration is
displayed in depth-time diagrams (analogous to the
porosity diagrams in Figure 8).

For till with a low surface tension in the closed
water system, the assumed initial solute concentra-
tion of 3 %o rises to peak values of 3.6-3.8 %o be-
neath ice lenses (Figure 9a). In the high surface
tension case, the peak values are 4.3-5.6 %o (Fig-
ure 9b). The concentration is higher in the latter
case because the freezing front progresses more
slowly through the till. When the active interface
moves into the till, we do not calculate the subse-
quent diffusion of solutes in the isolated till layers
trapped between ice lenses above the upper
boundary. Diffusion should, however, eliminate
solute concentration gradients in these isolated
layers.

When the freeze-front is located at the origina
ice base, the critical water pressure (equation (10))
is not reached and regelation is not triggered be-
cause the condition for ice lensing (equation (9)) is
reached sooner. Regelation is in our model trig-
gered mainly by a jump in effective pressure asso-
ciated with ice lens initiation. Conditions in the
simulated sub-ice stream environment do not favor
regelation. The model predicts ice intrusion
depths that are restricted to a few mm’'s or few
cm'’'s. The average intrusion depth of ice by rege-
lation is 0.035 m in the case of low surface tension
and 0.0076 m in the case of high surface tension.

4.2 Case2: Open water system

In the open system case, we assume that water is
available for withdrawal from a sub-till aquifer.
The rate of groundwater input into the till is dic-
tated by the basal water pressure gradient in the
till. The genera results of the open system case
are similar to the results obtained for a closed wa-
ter system. The pattern of ice lens development
resembles the previous closed-system case, but
there are differences in predicted lens thickness
and spacing. In spite of our initial expectation that
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Figure 9. Depth-time diagrams showing changes of solute concentration in atill column during basal freeze-on (black
color denotes basal ice, color scale gives solute concentration (%0) and white color designates the segregation ice).
Cases shown in diagrams (a), (b), (c) and (d) correspond to those described previously in the caption for Figure 8.
Supercooling effects are illustrated by temperatures listed in the till and these can be compared to the initial tempera-
ture of the ice base, which was at the pressure-melting point, Tpmp.

opening the till to water influx from below would
hinder ice stream slowdown, the period of pre-
dicted ice stream activity is only 8 years longer
than in the closed system case (Figure 7d). The
freeze rate stabilizes at 3.6 mm a* (Figure 7e),
which is also similar to the value obtained in a
closed water system. The changesin till properties
are as expected considerably different in the two
water system cases. In the closed system case, the
basal shear strength increased progressively (Fig-
ure 7¢) whereas it levels out in the open case (Fig-
ure 7f).

The till shear strength increases to just 17 kPa
when the surface tension is low (25 kPa) and the
water system is open (Figure 8c). In the closed
system case, the corresponding result was 49 kPa
(Figure 8a). For till with a high level of surface
tension this difference is even more pronounced.
The basal shear strength reaches only 23 kPain an
open water system (Figure 8d) while it attained

120 kPain a closed water system (Figure 8b). As
in case 1, the bulk porosity changes also occur
after complete shutdown, which occurs at 73
model years in this case. Importantly, porosity
changes cease after 100 model years because the
extraction of water by freezing is balanced by the
influx of groundwater across the lower boundary.
Significant porosity changes are thus restricted to
the limited period between 73 and 100 model
years. In aclosed water system, the porosity drops
continuously due to continuous extraction of pore
water, which is consumed by the freeze-on process
(Figure 8a-b and 7c).

Ice lenses develop in a spatial pattern that re-
sembles the closed system case. The uppermost
lenses are thicker than the lower ones. The dis-
tance between individual lenses decreases with
depth, which was aso the case in the previous
section. The open water system enables lenses to
attain a greater thickness, especially in the case of
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high surface tension till (100 kPa) where lenses
measure 0.25-0.28 m. The spacing between these
lenses is 0.84-0.85 m. For till with a surface ten-
sion of 25 kPa the uppermost lens thickness is
0.046 m but it decreases to 0.011 m with depth.
The associated lens spacing is 0.21-0.31 m, de-
creasing with depth.

For till with a surface tension of 25 kPa, the
temperature at the ice-till interface reaches —
0.89°C when the first lens is initiated at 74 model
years. For till with 100 kPa surface tension the
first lens occurs after 136 years when the tempera-
tureis —1.0 °C (see Figure 9). These temperatures
are identical to the values obtained in the closed
system case, dthough the timing of ice lensing is
offset by 10 years and 16 years in the respective
cases of low and high surface tension.

Concentration of solutes below ice lenses is
dlightly higher in the open-system case (Figure 9¢-
d) compared with the closed-system case (Figure
9a-b). These increased values are due to a more
stationary freeze-front that moves more sowly
through the till because water is more abundant in
this system. When the surface tension in the till is
25 kPa the peak levels of concentration are 3.4-3.8
%o beneath ice lenses. When the surface tension is
100 kPathe corresponding values are 5.4-5.6 %o.

A thin veneer of regelation ice intrudes the pore
spaces beneath ice lenses that develop within the
till. The average penetration depth of iceis 0.0090
m for low surface tension (25 kPa) and 0.050 m
for high surface tension (100 kPa).

5. Comparison to observations

Many of our model parameters have been tuned
to resemble the sub-ice stream environment of the
West Antarctic ice sheet, which represents the best
studied subglacia zone of modern ice sheets. The
subglacia sediment in the Ross Sea sector is a
clay-rich till with a surface tension estimated to be
ca. 104 kPa [Tulaczyk, 1999]. This number is
most likely an underestimate because it is based on
the assumption that all particles are spherica in
shape. With more realistic assumption about the
shape of particles, particularly clays, this estimate
may increase even by an order of magnitude. In
general, our input data reflect the particularly well-
studied UpB area of the fast flowing Whillans Ice
Stream. However, we compare model output
mostly with subglacial observations from the UpC

area of the recently stopped Ice Stream C because
this site provides the best analog to our model
simulations.

Our results show that it is feasible for freeze-on
to increase the shear strength of initially weak and
porous till (~3 kPa), not only to a level that pre-
vents basal diding and ice streaming (~10-20 kPa),
but also to level that produces a relatively high
degree of consolidation (>100 kPa). The predic-
tions also show that the till beneath a recently
stopped ice stream may exhibit porosity that is
only a few percent lower than till porosity associ-
ated with active ice streaming. Thus, the till can
remain largely unfrozen as observed in recent ra-
dar reflection surveys from the recently stopped
Ice Stream C [Bentley et al., 1998; Gades et al.,
2000]. Till subjected to prolonged periods of basal
freeze-on (100's of years) can attain very high
levels of consolidation and shear strength. This
freeze-on driven mechanism of till consolidation
may be responsible for strongly consolidated till
layers present at the bottom of the Ross Sea over
which the West Antarctic ice sheet advanced dur-
ing the last glacial maximum [Anderson, 1999, p.
102]. A recent seismic study in the western Ross
Sea shows a digtinct change in basal character
between ice advance leading to the last Glacial
Maximum and subsequent recession. Lateral
transport of basal debris stopped, possibly as a
result of onset of basa freezing [Howat and Do-
mack, in press].

Kamb [20014] reports several distinct subglacial
features at the bed of Ice Stream C. The basa
temperature gradient is 0.054 °C m* with an esti-
mated freeze-on rate of 45 mm a*. The basa
temperature is —1.1 °C, which is -0.35 °C below
the pressure-melting point (e.g. -0.71 °C for ice
1057 m thick, ibid., p. 160). Yet, the underlying
till is unfrozen. Outside the ice stream (beneath
interstream ridges), the basal temperature is —0.6
°Cto —2.7 °C below the pressure melting point and
there, the ice base is assumed to be frozen to the
bed. In our model, the simulated basal tempera-
tures are depressed by severa tenths of a degree
below the pressure melting point. This supercool-
ing arises from the combined effects of ice-water
surface tension and the presence of solutes. We
obtain a basal temperature of —1.0 °C at the ice-till
interface after 120 years of basal freezing. This
temperature is approximately —0.3 °C below the
pressure melting point and the corresponding
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freeze-on rate is ~3.7 mm a*. Thus, our model
simulations reproduce several important observa-
tions from beneath Ice Stream C.

Model output also reproduces a common feature
observed in the basal zones of deep ice cores re-
covered from polar ice sheets [Gow et al., 1979;
Herron and Langway, 1979; Koerner and Fisher,
1979]. The model yields alayered basal ice facies
that consists of inter-changing bands of clean ice
(segregation ice lenses) and dirty ice (frozen-on
till). Similar basal layers have recently been ob-
served in boreholes drilled to the bottom of Ice
Stream C [Carsey et ., in press; Kamb, 2001b].
As seen in Figure 2a-b, borehole video recordings
show a debris-bearing basal ice layer, which is
similar in character to our model predictions
shown in Figure 8 and 9. The basal layer has a
predominance of ice over debris. In comparison,
our model over-estimates the debris content.
Typical frozen-on basal layers tend to have a
volumetric debris content of ~10 % or less
[Kirkbride, 1995]. Decimeter-sized debris layers
are, however, found in the basal zone of the Byrd
ice core [Gow et al., 1979] and the Camp Century
ice core in Greenland [Herron and Langway,
1979]. Our model based on frost heave physics
predicts a volumetric debris content in the basal
ice of ~40 % or more. This error suggests that our
treatment of the freezing ice base does not include
all of the necessary physics. Supply of additional
water from a widespread, through-going basa
water system, not included in our model, could
account for this discrepancy between model results
and observations. Alternatively, we may be un-
derestimating the rate of water transport toward a
growing ice base (e.g., too low hydraulic conduc-
tivity) or setting the till surface tension parameter
too low. Further laboratory and/or borehole con-
straints may be necessary to resolve these ques-
tions.

In spite of some model shortcomings, we are in
general satisfied with model performance because
we can show that basal freeze-on can produce
characteristic stratified debris rich basal ice layers,
which have been observed benesth ice sheets
[Alley et al., 1997; Boulton and Spring, 1986; Gow
et al., 1979; Gow et al., 1997; Herron and Lang-
way, 1979; Knight, 1997; Koerner and Fisher,
1979], as well as many apine glaciers [Hubbard,
1991; Hubbard and Sharp, 1995; Lawson and
Kulla, 1977; Lawson et al., 1998]. When viewed
on a greater scale, basal freeze-on provides a
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mechanism that switches off bed lubrication in
response to ice stream over-thinning. This nega-
tive feedback effect may have significant control
over ice sheet mass balance [Joughin and Tulac-

2yk, 2002].

6. Conclusions

We have constructed a new high-resolution nu-
merical model that simulates the effects of basal
freeze-on upon subglacid till. We have adapted
concepts from frost-heave models in a subglacial
setting that emulates the well-studied basal zone of
Rossice streams in West Antarctica. The model is
complex because it couples the flow of water, heat
and solutes through a complete thermodynamic
treatment of the water-ice phase transition.

In a series of numerical experiments we have in-
vestigated the response of fine-grained subglacia
till to basal freeze-on triggered beneath afast flow-
ing ice stream. The extraction of pore water,
which is associated with ice segregation growth,
consolidates the till and increases the basal shear
strength. The ice stream slows down due to in-
creased basal drag and loss of frictiona heat.
Complete stoppage is gained after 60-75 years of
freezing because the basal shear strength reaches
the driving stress (~13 kPa). This period is, how-
ever, associated only with minor changes in the
physical properties of the till. The porosity
changes from 40 % to just 39 %, and this may
explain why geophysical profiles from Ice Stream
C show awet and porous bed. Significant porosity
changes are in our model associated only with
prolonged periods of freezing (>200 years). If the
till is fine-grained, porosities can reach low values
(<25 %), and the till strength subsequently high
values (>120 kPa). However, thisis only the case
if the substratum beneath the till is impermeable
(‘closed system’). Water inflow from sediments
beneath the till (‘open system’) impedes till con-
solidation significantly because the basal freeze-on
does not have to consumettill pore water alone. In
this case the porosity reduction is truncated at ca.
35 % and the basal shear strength at ca. 20 kPa.

Our model reproduces a debris-bearing basal ice
with layered structure. Such structure has been
observed in numerous deep ice cores that reached
the ice base of modern ice sheets. In our model,
this ice-debris interlayering results from develop-
ment of segregation ice lenses within the subgla-
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cid till. Fine-grained tills with high surface ten-
sion should be associated with relatively thick ice
lenses (~0.1-0.25 m) and relatively wide spacing
(~0.5-0.8 m). A coarser grained till with low sur-
face tension yields thinner but more abundant ice
lenses (~0.01-0.05 m) that are also more closely
spaced (~0.2-0.3 m). The model has a tendency to
overestimate the debris content of basal ice (> 40
% by volume) when compared to measurements
from basal zones of glaciers and ice sheets (<10
%). We expect that this error is areflection of the
upper boundary not quite capturing the precise
physics of the downward progressing freezing
front. We are, however, encouraged by the bed
conditions predicted by the mode. Ice stream
stoppage is associated with a highly porous, unfro-
zen bed that is supercooled by ca. —0.35 °C below
the pressure melting point. This is a fairly accu-
rate depiction of the bed properties of Ice Stream
C. This detailed sudy suggests that basal freeze-
on is a powerful subglacial mechanism with major
implications for ice dynamics and for devel opment
of physical properties of subglacial sediments.
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ABSTRACT. We have constructed a numerical model that simulates the response of subglacial
sediments to basal freeze-on. The model is set up to emulate the basal zone of drilling sites in the Ross
Sea sector of the West Antarctic ice sheet. We treat basal freeze-on at an ice-sediment interface as a
thermodynamic process that couples the flow of water, heat and solutes in unfrozen subglacial sediments
underlying a freezing ice base. The coupling of these flows occurs through the Clapeyron equation,
which specifies the dependence of the basal freezing/melting temperature on ice pressure, water pressure,
solute concentration and surface tension effects. Thermally driven water flow is induced when an ice
base becomes supercooled below the pressure-melting point because ice-water surface tension inhibits
ice growth in small pore spaces of fine-grained subglacial sediments. Our model results show that basal
freeze-on is capable of inducing considerable changes in the basal zone of both ice streams and inter-
stream ridges. These changes are associated with specific signatures that compare with borehole observa-
tions and geophysical surveys. Water pressure levels are reduced and thick layers of debris-laden basal
ice develop. These basal ice layers and underlying sediments contain a distinct isotopic signal. The pre-
dicted stable isotope ratios reflects Rayleigh-type isotopic fractionation whose significance increases
with increasing freezing rates. Supercooling of the ice base induces also measurable changes in the ice
temperature profile of the glacier. Till porosity represents another quantity whose evolution isinfluenced
strongly by basal freeze-on. In particular, measurements of vertical porosity distribution beneath stopped
ice streams could be used to back-calculate the timing of the onset of basal freezing. Our model results
show that the basal zone of ice streams and interstream ridges responds sensitively to changes in basal
melting/freezing rates. This sensitivity may allow reconstruction of past conditions benesth ice streams
and interstream ridges from measurements made on basal ice samples and subglacial sediment samples.
Our model results also indicate that meltwater from fast flowing ice streams may be driven towards the
freezing ice base of interstream ridges.

between basal ice and the underlying ‘bedrock’

Introduction

Soft-bedded ice streams are the main control of
ice discharge from the Ross Sea sector of the West
Antarctic ice sheet (Bentley, 1998; Joughin and
Tulaczyk, 2002). Their fast flow arises from sub-
glacial presence of wesk till (Alley et al., 1987,
Blankenship et al., 1987), which act as a lubricator

(Kamb, 1991; Kamb, 2001; Tulaczyk et 4.,
2000a). This lubrication occurs when pore water
pressure builds up in the till due to a poorly
drained subglacial bed. The resulting low effective
stress results in a very low frictiona resistance
(Tulaczyk et al., 2001a). Ice streams may cease to
flow fast if the lubricating conditions are lost
(Tulaczyk et a., 2000b). Basa freeze-on is an
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important subglacial mechanism because it may
induce water pressure changes large enough to
trigger ice stream stoppage (Christoffersen and
Tulaczyk, 2003). The recent stoppage of Ice
Stream C in West Antarctica may have been
caused by a switch from basal melting to basal
freezing (Alley, 2002; Joughin and Tulaczyk,
2002; Price and Whillans, 2001).

Slow-moving interstream ridges border the
trunks of fast flowing ice streams. Wesk subglacia
till may not be abundantly present beneath inter-
stream ridges and the basal ice is generally frozen-
based (Gades et al., 2000). Location of the inter-
stream ridges may be thermally controlled by the
distribution of basal freezing (Bentley et al., 1998;
Engelhardt and Kamb, 1997; Raymond et al.,
2001).

Whereas basal melting is a destructive process,
basal freezing produces distinct basal ice facies,
which can be sampled and analysed to infer the
history of subglacial hydrology (Boulton and
Spring, 1986; Souchez et al., 1987). Moreover,
basal freezing may lead to characteristic changes
in properties of subglacial sediments (Hindmarsh,
1999). Therefore, it is particularly important to
guantitatively model processes associated with
changes in the basal regime from melting to freez-
ing. Results of such work may improve the con-
ceptua framework for interpretation of past and
future borehole and geophysical observations.
They may also lead to improved models of ice
stream and ice sheet dynamics. Here, we present a
numerical model that couples ice and sediment
thermodynamics. The model is used to make test-
able predictions, e.g. basa ice temperature distri-
bution, subglacial sediment porosity, solute con-
centration in liquid pore water, isotopic composi-
tion of liquid pore water and basal ice.

Existing observational
constraints

Extensive geophysical studies conducted in the
Ross Sea sector of the West Antarctic ice sheet
have provided a considerable amount of informa-
tion about basal and subglacia conditions beneath
ice streams and interstream ridges (Alley et al.,
1987; Bentley, 1987; Bentley, 1998; Bentley et d.,
1998; Blankenship et a., 1986; Blankenship et al.,
1987). The Caltech drilling program has subse-
quently provided detailed observational constraints
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about the basal zone of this region (Engelhardt et
al., 1990; Engelhardt and Kamb, 1997; Engel hardt
and Kamb, 1998; Kamb, 1991; Tulaczyk et a.,
2001a; Tulaczyk et al., 2000&). The location of the
Ross Searegion isoutlined in Figure 1.

lece Shelf

Figure 1: Satellite image of the Ross Sea sector of the
West Antarctic ice sheet showing locations of ice streams
and interstream ridges (AVHRR data distributed by the
USGS office in Flagstaff). The drilling sites referred to in
the text are UpB on the active Whillans Ice Stream
(WI1S), UpC on the stagnant Ice Stream C (ISC), and
Siple Dome (S) on the interstream ridge that borders Ice
Stream D (ISD). Inset in the lower right corner shows a
shaded relief image of the grounded portions of Antarctic
ice sheet. White box gives approximate extent of the
main figure.

Active ice streams

Soft-bedded ice stream conditions were initially
inferred from seismic surveys (Blankenship et .,
1986; Blankenship et a., 1987). Borehole observa-
tions from Whillans Ice Stream and Ice Stream D
are reported in Kamb (2001). Characteristic obser-
vations are here: (1) afinite layer of unfrozen soft
and deformable till of ~5 m, (2) basa temperature
close to the pressure-melting point, ca. -0.7 °C for
1000 m of ice, (3) basa temperature gradient of
~0.04 °C/m, (4) high and uniform till porosity of
~40 % as seen in Figure 2a, (5) low and uniform
effective stress of ~1-5 kPa, and (6) basal shear
strength of less than 10 kPa (Tulaczyk et al.,
20014a).
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Observations from Whillans Ice Stream and Ice
Stream D show that basal conditions are not hy-
drostatic. Constant porosity distributions with
depth, as seen in Figure 2a, indicate lithostatic
pressure conditions in the basal zone of fast mov-
ing ice streams (Tulaczyk et al., 2001a).
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Figure 2: Diagrams showing vertical porosity distribu-
tions measured in sub-ice stream till cores (Kamb, 2001;
Tulaczyk, unpublished data). Relatively constant porosity
distribution is observed in the UpB till beneath the fast
flowing Whillans ice stream (a). In contrast, porosity
distributions in the UpC till beneath the stagnant Ice
Stream C decrease by 10-15 % towards the core top (b).

Sagnant ice streams

Ice stream stoppage is triggered when basal re-
Sistance is increased to the point where it supports
a large fraction of the driving stress
(Anandakrishnan et al., 2001; Raymond, 1996;
Tulaczyk et a., 2000b; Whillans et a., 2001). An
increase in basal shear strength may be caused by
an increase in effective stress and a reduction in
subglacial water pressure. From boreholes drilled
to the base of the stopped Ice Stream C the follow-
ing relevant observations have been reported
(Kamb, 2001; Carsey et d., 2001; Tulaczyk, un-
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published data): (1) a relatively steep basal tem-
perature gradient of ~0.05 °C/m, (2) verticaly
extensive layers of debris-bearing accretion ice of
~12-25 m, (3) unfrozen and supercooled subglacial
till with a temperature depressed by up to ca. -0.3
°C from the pressure melting point, and (4) up-
ward decrease of till porosity by ~10-15 % differ-
ence from core top to core bottom (Figure 2b).

Several hypotheses have been proposed to ex-
plain the recent stoppage of Ice Stream C (Alley,
1993; Alley et al., 1994; Anandakrishnan and Al-
ley, 1997; Kamb, 1991; Anandakrishnan et a.,
2001; Kamb, 2001). Basal freeze-on can be either
a cause of ice stream stoppage (Alley, 2002;
Joughin and Tulaczyk, 2002) or occur as a result
hereof. Ice stream shutdown must be associated
with alarge decrease in basal shear heating, what-
ever the initial cause of stoppage may be. Detec-
tion of an unfrozen bed beneath Ice Stream C,
which stopped ca. 150 years ago, and a partialy
unfrozen bed beneath the Siple Ice Stream, which
stopped ca. 500 years ago indicate that ice stream
stoppage occurs severa centuries before the till
layer becomes completely frozen (Bentley et al.,
1998; Gades et d., 2000).

Interstream ridges

Slow-moving interstream ridges border the
trunks of ice streams. Edges of these ridges play an
important role in ice stream dynamics because
they take up the high marginal shear stress trans-
ferred across ice stream margins (Raymond, 1996).
The location of interstream ridges in the Ross Sea
sector appears to be controlled by the spatial dis-
tribution of basal freezing and melting (Engel hardt
and Kamb, 1997, Kamb, 2001; Raymond et al.,
2001; Whillans et a., 2001). However, availability
of sediments may also modulate interstream ridge
boundaries (Anandakrishnan et al., 1998; Bell et
al., 1998). Kamb (2001) summarizes basal condi-
tions observed beneath interstream ridges in the
Ross Sea sector: (1) basa temperatures are around
-0.6 °C to -2.5 °C below the pressure melting
point, (2) basal temperature gradients are of the
order of ~0.03-0.05 °C/m, and (3) presence of
frozen-on, debris-laden basa ice layers. Kamb
(2001) aso reports that piston core damage may
indicate impact with solid rock(s), although frozen
sediments may exhibit comparatively high strength
values.
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Theoretica treatment of the
basal zone

The properties of subglacial sediments changein
response to switches in the thermal regimen be-
tween basal melting and basal freezing (Christof-
fersen and Tulaczyk, 2003). The coupling between
thermal changes and physical properties in the
basal zone may have a profound effect upon ice
dynamics (Bougamont et al., 2003). Here, we have
simplified the theoretical trestment of basal freeze-
on in order to (1) study longterm effects (up to
~125,000 years) and (2) make testable predictions
that can be related directly to borehole observa-
tions. Our numericd anaysis of ice-water-
sediment interaction contains three different pres-
sure conditions, which are outlined in Figure 3.

Lithostatic pressure conditions are found in the
till layer beneath active ice streams (Figure 3a).
Hydrostatic pressure conditions should arise dur-
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ing ice stream slowdown (Figure 3b). Cryostatic
pressure conditions are associated with ice stream
stagnation and subsequent dewatering of till due to
basal freeze-on (Figure 3c). These cases are asso-
ciated with different stages of ice streaming, i.e.
fast flow, dowdown and complete shutdown (Fig-
ure 3d).

Ice stream mode: till mixing and lithostatic
pressure condition

Tulaczyk et a (2001b) proposed that the
lithostetic pressure distribution beneath fast flow-
ing ice streams is caused by intermittent or con-
tinuous subglacial till deformation that reaches
several meters into the bed. Continuous till defor-
mation is not necessary due to the long hydraulic
relaxation time of fine-grained sub-ice stream till
with characteristic diffusive timescale of approxi-
mately 25 years. Intermittent till deformation can
produce the inferred lithostatic water pressure
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Figure 3: A conceptual diagram illustrating differences between lithostatic pressure condition (a), hydrostatic pressure
condition (b), and cryostatic pressure condition (c). The total stress, sy, is a sum of water pressure, py, and effective
pressure, pt In (a) the effective stress is constant due to till mixing by fast ice stream flow. In (b) the pore water pressure
gradient is reduced due to ice stream slowdown, a water film develops from hydraulic diffusion and a basal layer of
accretion ice develops due to basal freeze-on. In (c) alocalized drop in pore water pressure at the ice-till interface gen-
erates non-hydrostatic hydraulic gradients, which drive Darcian water flow out of the till, and allow continued growth of
the basal ice layer. Diagram (d) illustrates the gradual transition between (a), (b) and (c), which occurs during ice stream
stoppage, when ice velocity drops (solid line) and freeze-rate increases (dashed line).
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distribution because the mixing, if vigorous
enough, will work against the normal tendency of
pore water to achieve hydrostatic water pressure
distribution (Figure 3a).

Force balance in saturated porous media is usu-
aly given by (Mitchell, 1993, p. 315):

P, = P&+ p, = plt p, +u @

where p, is gravitational overburden pressure, p¢
effective pressure, p,=ppt+u is the water pressure,
where py, is the hydrostatic water pressure compo-
nent and u is the excess water pressure component.
Water flow is driven by hydraulic gradients, which
may be expressed through excess, rather than total,
water pressure (Mitchell, 1993, p. 315). When till
deforms in the lithostatic pressure case, we derive
the vertical distribution of excess water pressure,
u, by adding a parameterised mixing term to the
customary hydraulic diffusion equation, which is
used for flow in non-deforming sediments
(Mitchell, 1993, equation 13.19). Hence,

u 2
fu_, T

fu
qt 122

2
e @
where ¢, is hydraulic diffusivity, t is time, z is
depth below ice-till interface, Uy is basal ice veloc-
ity, and f is a constant for our hypothesized mixing
term. The value of f is chosen so that mixing is
important only when the basal velocity is high
(>100 m a%). Asice stream velocity decreases, the
mixing term of equation (2) becomes increasingly
insignificant, and the system adjusts toward hydro-
static conditions through hydraulic diffusion.
When till mixing ceases, the rate of vertical water
flow is prescribed by Darcy’s flow law (Domenico
and Schwartz, 1990, equation 4.53):

Tu
=Cc,— 3

Uy, =¢ 1 (©)
The transition to hydrostatic conditions through
hydraulic diffusion is associated with expulsion of
excess pore water that was present in the till under
lithostatic conditions (Figure 3b). The excess wa-
ter may be drained away through a basal water
system or it may pond at the ice-till interface until
it is consumed by basal freeze-on. Decimetre-thick
basal water layers have been observed in boreholes
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drilled near the palaeo-ice stream margin of Ice
Stream C in the vicinity if the UpC camp (Carsey
et a., 2003).

| ce sheet mode: basal freeze-on and
cryostatic pressure condition

When freeze-on exceeds the hydraulic capability
of a distributed basal water system, a cryostatic
pressure distribution developsin thetill. Cryostatic
suction, which has been studied extensively by
permafrost engineers, plays an important role in
numerical frost-heave simulations (Fowler and
Krantz, 1994; Konrad and Duquennoi, 1993; Mi-
yata, 1998; Nakano, 1999; O'Neill and Miller,
1985). The phenomenon is analogous to the more
commonly known capillary suction, as freezing
and thawing in a saturated porous medium is
physically similar to wetting and drying in a par-
tially saturated porous medium (Fowler and
Krantz, 1994).

Pore water in fine-grained porous media be-
comes supercooled when pore spaces are too small
for ice crystal growth. The inhibition of ice growth
in fine-grained sediments stems from ice-water
interfacial curvature effects related to surface ten-
son arising from micron-sized pore spaces
(Hohmann, 1997; Tester and Gaskin, 1996). The
surface tension of West Antarctic sub-ice stream
till has been estimated as 104 kPa (Tulaczyk,
1999), although this number is likely to be an un-
derestimate because the calculation assumed that
all particles are spheres. In redlity, a large fraction
of particles are platy clays, which can have much
greater area-to-volume ratios than that of a sphere.
For ice to form within subglacia sediments, the
ice pressure must exceed the gravitational over-
burden pressure plus the surface tension (Fowler
and Krantz, 1994; Hopke, 1980; Konrad and Du-
quennoi, 1993; O'Neill and Miller, 1985).

Ice-water phase equilibrium is prescribed by the
Clapeyron equation, which is a general thermody-
namic relation, not specific to our purpose. Liquid
water freezes when the pressure components and
the temperature satisfies a generalized form of the
Clapeyron equation (O'Neill and Miller, 1985;
Padillaand Villeneuve, 1992):

P P L
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where py, is the water pressure, p is the ice pres-
sure, p, isthe osmotic pressure, r , is the density of
water, r; is the density of ice, L isthe coefficient
of latent heat of fusion and T is the temperature in
°C.

When ice crystal growth is inhibited inside fine-
grained sub-ice stream tills, the response to freez-
ing is a reduction in pore water pressure at the
freezing interface. Instead of freezing within the
pore spaces, liquid water flows towards the freez-
ing interface where it accretes into a layer of seg-
regation ice (Konrad and Duquennoi, 1993;
O'Neill and Miller, 1985). Subglacia freezing thus
induces yet another characteristic pressure distri-
bution in the sub-ice stream till. Based on perma-
frost terminology, we call this the cryostatic pres-
sure distribution (Figure 3c). This pressure distri-
bution occurs when the ice stream is in a stagnant
ice-sheet-like stage where the till does not deform
and till pore water flows toward the freezing ice
base.

Heat and solutes are transported vertically in the
till by diffusion as well as advection. The transport
equation for both variables is a standard diffusion-
advection equation (Domenico and Schwartz,
1990, p. 472):

X =k
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where X is the variable (T for temperature and C
for solute concentration), ky is the respective dif-
fusion coefficient, and u,, is the water flow rate
from Equation (3).

Isotopic compositions are derivable from the re-
distribution of solutes during freezing (Souchez
and Lorrain1991, p. 46 and 55), and for simplicity
we assume that all solutes are rejected from liquid
pore water that freezes.

The above eguations are fundamental for treating
the response of subglacia sediments to basa
freeze-on. Quantitative treatment of the combined
effect of supercooling, thermally driven hydraulic
gradients, and the flow of water, heat and solutes
is needed in order to infer the history of sub-ice
sheet hydrology from basal ice facies.

Theoretica treatment of ice
dynamics

By assumption, steady ice stream flow is re-
stricted to periods of basal melting. Whereas basal
melting is an inherently destructive process, basal
freeze-on leaves a record of subglacial hydrology
(Boulton and Spring, 1986). Basal freeze-on aso
leaves a record of thermal conditions in the basal
zone. Slow moving ice sheets and interstream
ridges are not influenced significantly by frictional
heat due to the absence of basal diding. Here,
physical changes in the basal zone stem from cli-
matic changes at the ice sheet surface. Climatic
signals from fluctuations in air temperature and
accumulation rate are, however, dampened signifi-
cantly by therma diffusion when the ice thickness
islarge (Alley et a., 1997). The effect of tempera-
ture on strain rate in ice is important when model -
ling the downward propagation of oscillating sur-
face temperatures. For calculation of the tempera-
ture dependent strain rate, €, we use (Hooke,
1998, equation 4.8):

e =&, exp(kT) (6)

where €, is areference strain rate, k=0.25 °C™ is
aconstant, and T is the temperature, taken here for
simplicity to be the weighted mean T =(T;-
Tomp) (h-2)/h, where z is height above bed and h is
icethickness.

The elevation change accompanying changes in
surface temperature and accumulation rate, b, is
(Paterson, 1994, p. 256-257):

T b - he

i @)
where m isthe basal melting rate. The vertical ice
velocity at the ice sheet surface is thus, ws=-b-
m +9h/1t. The ice temperature changes induced
by climatic variation can be derived from a diffu-
sion-advection equation of the form (Paterson,
1994, p. 216):
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where, T; isice temperature, k; is the thermal dif-
fusivity of ice, and U,=ws(z/h)? is the vertical ice
velocity (Paterson, 1994, p. 220). The basa heat
budget is (Alley et a., 1997):

G-q,K; +t U, -r,mL=0 9

where G is geothermal heat flux, gy is the basal
temperature gradient, K; is thermal conductivity of
ice, ty, is the basal shear stress, which is given by
the Mohr-Coulomb failure criterion when smaller
than the driving stress tgy, U, is basal ice velocity
given by Raymond (1996, equation 38) or Tulac-
zyk (20008, equation 15), and L is coefficient for
latent heat of fusion.

Numerical experiments

Here we present two numerical experiments. The
first experiment simulates changes in the basa
zone during ice stream stagnation accompa-

nied/triggered by basal freeze-on. The second nu-
merical experiment simulates changes in the basal
zone of an interstream ridge induced solely by
climatic signals. The model contains two numeri-
cal modules: (1) an ice column represented by 51
nodes, and (2) a till column represented by 101
nodes. The two modules are coupled via heat bal-
ance and mass balance. In our ice-stream simula-
tions, basal freeze-on is induced by prescribing a
basal temperature gradient that is just steep enough
to generate a dightly negative basal energy bal-
ance. This perturbation triggers a run-away proc-
ess in which latent heat gradualy replaces fric-
tional heat in the basal heat balance. With the
equations outlined above, we study the associated
changes in subglacial pressure distribution, poros-
ity distribution, solute concentration, basal ice
formation and isotopic composition. In both ex-
periments equilibrium freeze-on is obtained be-
cause we assume that water can be added to the
simulated ice-sediment system from a groundwater
source below the till. This source may be Tertiary

Table 1: List of constants, time-dependent parameters and model variables in the ice stream simulation. Values
listed for time-dependant parameters and variables are initial values. Depth-dependent properties are listed in the
format [x, y] where x isthe value at the top of the domain and y is the lowermost value.

Symbol Value/units Definition Description
C [3, 3] %o Solute concentration in till Model variable
C 108 m? st Hydraulic diffusivity, till Constant
f 110 Till mixing constant Constant
Hi 1000 m Ice thickness Constant
m -0.13mma* Melting rate Time-dependent parameter
Kp 10 ms? Hydraulic conductivity, till Constant
Ki 21Js'mtK? Thermal conductivity, ice Constant
T [-0.66, -0.45] °C Temperaturein till Model variable
Ti [-25, -0.66] °C Temperatureinice Time-dependent parameter
u [-1.8, -1.8] kPa Excess water pressurein till Model variable
Uy 460 ma* Ice stream velocity Time-dependent parameter
W 36"10°m Ice stream widith Constant
i [40, 40] % Till porosity Time-dependent parameter
th 2.7 kPa Basal shear strength Time-dependent parameter
tg 13 kPa Driving stress Constant
ke 8 10"t m?s? Chemical diffusivity, till Constant
ki 37.2m?a’t Thermal diffusivity, ice Constant
kt 76" 10" m? st Thermal diffusivity, till Constant
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glaciomarine diamictons found abundantly in the
Ross Sea basin (Anderson, 1999) and inferred to
be present beneath much of the grounded portions
of the West Antarctic ice sheet, including the UpB
area of Whillans Ice Stream (Rooney et a., 1991;
Studinger et d., 2001; Tulaczyk et al., 1998).

Experiment 1. Ice stream

Here, our aim is to study the transition from
lithostatic, to hydrostatic and finally to cryostatic
pressure distribution in a sub-ice stream till layer
with a finite thickness of 5 m. Due to a relatively
modest time scale of this model run (1000 years)
we keep the ice thickness and the surface tempera-
ture constant. The subglacial changes are induced
solely by the changes in ice dynamics due to ice
stream sowdown. The modd is set up to emulate
the well-studied UpB basal zone of Whillans Ice
Stream. This numerical simulation builds on the
undrained plastic bed model proposed by Tulaczyk
et a (2000b). Here, an initial, infinitesimal basa
perturbation in basal freezing is sufficient to bring
the ice-till system into an unstable state, which
results in shutdown of the ice stream. We use the
modern climate record to induce a steady state

temperature profile in the ice. Vaues for constant
properties and initial vaues for time-dependent
parameters and model variables are listed in Table
1. Theinitial fast ice velocity is 460 m a™.

Experiment 2: Interstreamridge

In this case we study changes in the basal zone
of an interstream ridge over the last glacial-
interglacial cycle. In contrast to the previous case,
we include sub-till sedimentsinto a basal zone that
is 50 m thick. Having a thick sedimentary se-
quence alows us to estimate how deep freeze-on-
induced pressure changes can propagate from the
ice-sediment interface. Based on paleoclimatic
record from the Vostok ice core (Petit et a., 1999),
we simulate the behavior of an ice divide within an
interstream ridge over the last 125,000 years. We
assume a constant geothermal heat flux. Variations
in the heat budget are therefore controlled by the
climatic surface signal, which causes the fluctua-
tions in the basal temperature gradient, and latent
heat released through freeze-on during cold-based
periods. Values for constant properties and initial
values for time-dependent parameters and model
variables arelisted in Table 2.

Table 2: List of constants, time-dependent parameters and model variables in the interstream ridge simulation. Val-
ues listed for time-dependant parameters and variables are initial values. Depth-dependent properties are listed [x, y]
where x is the value at the top of the domain and y is the lowermost value. Climatic parameters whose values are
varied using the Vostok ice core data are marked ‘*’. | ce and sediment properties are the same as listed in Table 1.

Symbol Initial value/units Definition Description
b 0.13* ma* Accumulation rate Time-dependent parameter
C [3, 3] %o Solute concentration in sediment Model variable
Hi 900 m Ice thickness Time-dependent parameter
m 0.13mma* Basal melting rate Time-dependent parameter
T [-0.66, 1.5] °C Temperature in sediment Model variable
Ti [-25*, -0.66] °C Temperatureinice Time-dependent parameter
u [-50, -50] kPa Excess water pressure in sediment Model variable
e 2.8 10*s? Strain rate of ice Time-dependent parameter

i [40, 28] %

Sediment porosity

Time-dependent parameter
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Results

Experiment 1. Sgnatures at the base of a
stopped ice stream

When ice stream flow ceases, significant
changes take place in the subglacial pressure sys-
tem. Results of our calculations are presented in
Figure 4, which illustrates changes in the basal
zone during the first 400 years of basal freezing.
During the remaining 600 model years no major
changes occur because the model has reached a
quasi-steady state. During the simulation, basal
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freeze-on extracts subglacial water from the lubri-
cating bed and a layer of accretion ice develops.
The bed strengthens due to dewatering of the till.
Slowdown of the ice stream brings an end to sig-
nificant till mixing (~49 years of freezing) and the
basal zone starts adjusting to hydrostatic pressure
conditions. Excess pore water flows upward from
the lower part of the till during the transition from
lithostatic to hydrostatic conditions (Figure 44). In
our model the expulsion of pore water produces a
water film at the ice-till interface as long as the
basal freezing rate is smaller than the rate of pore
water discharge. In the presented case, the film
attains a maximum thickness of 58 mm (at ~100
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Figure 4: Depth-time diagrams illustrating changes in the basal zone during ice stream stagnation. Glacier ice is
shown in black and the accreted basal ice layer is shown in white. The colour scale denotes vertical distribution of:
(a) excess pore water pressure (kPa), (b) total pore water pressure (MPa), and (c) porosity (%). Label ‘Li’ refersto
lithostatic conditions, ‘Hy’ to hydrostatic conditions, and ‘Cr’ to cryostatic conditions.
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years of freezing). Eventualy, basal freeze-on
consumes the water film (~158 years of freezing).
At this point the subglacial pressure system is
hydrostatic. However, another pressure condition
arises, when free basal water in a film (or distrib-
uted basal water system) is no longer present at the
ice-till interface. This shortage of water creates a
deficit in the basal heat budget. Hence, the ice
base, together with the liquid pore water at the top
of the till, becomes supercooled. In response to
supercooling a cryostatic flow of pore water arises
in the till (~175 freezing years). This marks a
fairly abrupt change in the basal zone as seenin al
of diagramsin Figure 4. The ice stream comesto a
complete stop. Thermally driven hydraulic gradi-
ents arise and basal freeze-on starts to consume
pore water extracted from the till. After an addi-
tional 85 years (~260 freezing years), a cryostatic
equilibrium is obtained because the hydraulic gra-
dient is large enough to withdraw water from the
sedimentary source below the till. At this stage the
total pore water pressure has been lowered by
more than 60 kPa (Figure 4b). The associated in-
crease in effective pressure results in a porosity
reduction from 40 % to ca. 32% (Figure 4c).

An interesting effect of basal freeze-on is that
the thermodynamic processes at the ice-till inter-
face leave a record in the overlying ice. The basal
supercooling associated with the shortage of free
basal water diffuses into the ice temperature pro-
file. Figure 5 shows how this basal signal propa-
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Figure 5: Depth-time diagram illustrating changes in ice
temperature induced by subglacial supercooling and basal
freeze-on. The colour scale denotes the difference be-
tween simulated ice temperature distribution and the
initial ice temperature distribution at the onset of freez-
ing.

1000

gates into the lower 300 m of glacier ice. Meas-
urements of temperatures near the base of an ice
stream experiencing freeze-on may provide a basis
for estimating when basal freezing was initiated.
This could help determine whether basal freeze-on
isjust aresult or a cause of ice-stream stoppage.
After a few centuries (>260 years) there are no
significant changes in the ice-till system because
the upward transport of sub-till water matches the
growth rate of basal ice (~ 4.5 mm a?). The basal
ice layer gains a thickness of 4.2 m over 1000
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Figure 6: Diagrams illustrating geochemical effects of basal freezing (blue) and basal melting (red): (a) increase in
solute concentration at the ice-till interface beneath a stopping ice stream, (b) vertical d*®0 profile in basal ice and
subglacial till after 1000 years of basal freezing. (c) changes in solute concentration at the ice-till interface of an

interstream ridge. (d) vertical d*®O profile in basal ice

and till beneath the simulated interstream ridge prior to

Holocene basal melting. Label (1) designates the transition between glacier ice and accretion ice while (2) is the

icetill interface.
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years of basal freezing. Figure 6a illustrates how
solutes accumulate at the ice-till interface due to
rejection of solutes during the freezing process.
High concentration of solutes near an ice base
could provide another indication of basal freeze-
on, if appropriate measurements can be made in
subglacia sediments. Since solute diffusion and
advection are well-quantified processes, data on
vertical distribution of solute concentration in
subglacia sediments may be potentially used to
back-calculate the timing of initiation of basal
freeze-on. Extraction of sediment pore water by
basal freeze-on should also leave a signdl in the
stable isotope composition of basal ice and subgla-
cia pore water. Rayleigh fractionation will change
with time the isotopic make-up of both substances
(Figure 6b).

Experiment 2: Sgnaturesin the basal zone of
interstream ridges

Physical changesin the basal zone of interstream
ridges are subtle due to the absence of frictional
heat in the basa heat budget. Nevertheless, our
modelling of an interstream ridge also shows con-
siderable changes in the basal zone because freez-
ing acts over long periods of time. Figure 7 shows
fluctuations in surface temperature (Figure 7a) and
accumulation rate (Figure 7b) since the last inter-
glacia period 125,000 years ago. We use these
data to force the tempora evolution of the ice
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temperature field in our calculations. The tempera-
ture record is from the Vostok ice core (Petit et al .,
1999) and changes in accumulation rate have been
calculated using a common assumption of 5.3 % of
decrease in accumulation with each degree of
cooling (van der Veen, 1999, equation 11.5.14).
We have assumed that the reference accumulation
rate is 0.122 m a* of pure ice at the present-day
temperature of Siple Dome (Hamilton, 2002).
These climatic variations influence the basal zone
despite significant dampening of the surface sig-
nal. The calculated changes in the basal tempera-
ture gradient are ca. 5000 years out of phase with
the surface conditions (Figure 7c).

The climatic forcing applied in this simulation
(Figure 7a and 7b) triggers two periods of basal
freezing (Figure 8). A small freezing event occurs
at ca. 108 ka BP but it lasts for less than 5 ka and
has only small effects. The second, mgjor freezing
event starts at ca. 62 ka BP and lasts for approxi-
mately 45 ka. Figure 8a shows that this event in-
fluences excess pore pressure distribution to
depths of more than 40 m even though the freezing
rate never exceeds 1 mm a. Figure 8b illustrates
changes in the total pore water pressure, which
reflect variations in excess pore pressure shown in
8a but also mirror ice thickness changes (up to 230
m, as seen in Figure 7d). High levels of effective
pressure may occur in the upper part of the sedi-
mentary column due to cryostatic suction and the
porosity may thus decrease from 40 % to ca. 35 %
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Figure 7: Model results displaying ice sheet response to variations in surface temperature (8) and accumulation rate
(b) (Based on palaeoclimatic record from the Vostok ice core by Petit et al. (1999)). Illustrated here are changesin the
basal temperature aradient (c) and ice thickness chanaes (d) durina afull alacial cvcle of 125.000 vears.
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at the ice-till interface (Figure 8c).

The accreted basdl ice layer attains its maximum
thickness of 19.9 m just after the Last Glacia
Maximum (at ca. 15,000 BP). The subseguent
switch to basal melting reduces the thickness of
the basal layer to 12.1 m. This result demonstrates
that climatically driven basal freeze-on beneath
interstream ridges may produce an accreted basal
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ice layer, which is as thick as the basal layers db-
served at the base of Ice Stream C (Carsey et d.,
2003; Engelhardt, 2001). The water used up in
generation of these layers comes, in our model,
from both extraction of pre-existing sediment pore
water and from a deeper groundwater source.
Freeze-on induced depression of subglacial water
pressures may be sufficient to drive regiona
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Figure 8: Depth-time diagrams illustrating pressure and porosity changes in the basal zone of an interstream ridge during
the last 125,000 years. Glacier ice is shown in black and the accreted basal ice layer is shown in white. The cases shown in
diagrams (a), (b) and (c) corresponds to the cases described in the caption of Figure 4 .
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groundwater flow that brings meltwater generated
at the base of active ice streams to the basal zones
of interstream ridges. Subsequent incorporation of
ice from interstream ridges into active ice streams
may give rise to the thick layers of sediment-laden
basal ice, as the ones found near the camp UpC
(Carsey et d., 2003).

While the total amount of basal accretion is 20.3
m during the entire glacia cycle, the total amount
of basa melt is 23.1 m. As expected, initial melt-
ing rate is relatively fast due to interglacial condi-
tions. However, basal melting is also fast at the
end of the model run, i.e, in the simulated late
Holocene. Thisis not a realistic result since meas-
urements show ice below pressure melting tem-
perature at the base of at least two interstream
ridges (Engelhardt and Kamb, 1993; Kamb, 2001).
The premature, simulated switch from basal freez-
ing to melting is mainly due to thickening of the
ice column by ca 230 meters during the last
15,000 model years (Figure 7d). This thickening
event is due to an increase in accumulation rate of
approximately 50 % (Figure 7b). Thickening pro-
motes development of low basal temperature gra-
dients on a long-term basis, but the pressure-
melting point at the bed responds instantly to
changes in the overburden pressure. Clearly, we
know that the West Antarctic ice sheet has been
thinning dramaticaly during the Holocene
(Conway et al., 1999). In our opinion, this unsatis-
factory performance of our model is caused by the
fact that thickness of real interstream ridges is
primarily driven by thinning/thickening of ice
streams around them (Nereson and Raymond,
2001). Our treatment of ice dynamics is more suit-
able for a smple ice dome (Raymond, 1983) and
does not include the necessary boundary forcing
due to activity of nearby ice streams.

In spite of the limitations of our mode, it clearly
demonstrates that changes in the basal thermal
regime produce significant changes throughout the
basal zone. Figure 6¢ shows solute concentration
a the icetill interface during multiple melt-
ing/freezing events. Melting dilutes the pore water,
while solute rejection during basal freeze-on in-
creases the solute content at the ice-till interface.
For interstream ridges, the isotopic composition of
the basal ice and the underlying sediments reflects
alow freeze-rate (<1 mm a+). Such profile (Figure
6d) should be recognisable in basal ice cores and
in subglacial till cores.

Conclusions

In a set of numerical simulations we have ex-
plored changes in the basal zones of ice streams
and interstream ridges. A new thermodynamic
treatment of basal freeze-on based on concepts
from frost heave simulations provides the basis for
simulating thermally-induced pore water flow in
sub-ice sheet environments. For ice streams, this
subglacial water flow is capable of triggering ice
stream stoppage, due to consumption of free water
present at the ice-till interface and subsequent
withdrawal of pore water from underlying subgla-
cia sediments. Till dewatering and consolidation
is triggered by supercooling, which arises from
surface tension effects that inhibit ice growth in
pore spaces of fine-grained subglacial sediments.
Supercooling should leave a distinct signature in
the temperature profile of the overlying glacier ice.
It should also be associated with reduced water
pressures at the ice-till interface. Both effects may
be measurable in subglacial boreholes. When re-
lease of |latent heat becomes significant in the basal
zone, thick layers of debris-laden basal ice may
develop. Such layers have been observed in many
of the deep ice cores drilled to the base of modern
ice sheets. Freeze-on-driven extraction of subgla-
cia pore water leads to lowered porosity valuesin
the subglacial sediments. Beneath stopped ice
streams, the porosity changes are most pronounced
near the ice-till interface. However, thermally
induced hydraulic gradients may reach depths of
50 m or more when climatically controlled freeze-
on occurs over tens of thousands of years. Re-
gional-scale pore water gradients induced between
areas of basal melting and regions of basal freez-
ing may force deep subglacia groundwater flow.
The basal meltwater produced beneath active ice
streams may thus be driven towards the freezing
ice base of interstream ridges where basa freeze-
on is ongoing.
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Abstract. we have constructed a numerical model that simulates subglacial sediment entrainment
and accretion during basal freezing. The model is used to predict basal accretion ice facies associated
with different subglacial conditions. Clear accretion ice with little or no debris forms when latent hest
from subglacial water can satisfy the basal heat budget without depressing the pore water pressure. Fine
bands of debris are entrained into basal ice if the supply of subglacial water becomes restricted. Alterna-
tively, the debris-bearing basal ice develops a loose framework of uniformly distributed sediment. De-
bris-rich basal ice develops when basal water systems cannot satisfy the basal heat budget alone. Freez-
ing thus becomes a run-away process that relies on continuous extraction of till pore water. Model results
are compared to borehole videos of basal accretion icein Ice Stream C, West Antarctica. Layers of rela-
tively clean ice, which are separated by sequences of debris-banded ice or ice with uniformly distributed
debris, comprise the upper ¢. 90 % of the accretion ice package. This indicates that water availability was
high during early periods of accretion. The remaining c. 10 % is composed of debris-rich basal ice and
frozen-on till. We infer that this lower debris-rich zone is associated with the stoppage of Ice Stream C
approximately 150 years ago. Interpretation of basal ice stratigraphy may render new insight to ice sheet
history.

1. Introduction

Debris-bearing basal ice layers are found in sev-
era of the deep ice cores that were drilled to the
base of polar ice sheets [Boulton and Spring, 1986;
Gow et al., 1979; Herron and Langway, 1979].
They are aso common in temperate glaciers
[Hubbard and Sharp, 1995; Lawson et al., 1998].
The much-discussed Heinrich events show that
sediment entrainment into basal ice can be an ex-
tremely effective transport mechanism [Alley and
Macayeal, 1994]. A JPL-Caltech borehole camera
and ice drilling system has been used to image
deep interior ice in West Antarctica. Up to 15-m-
thick basal accretion ice layers were observed in
Ice Stream C, which stopped c. 150 years ago
[Retzaff and Bentley, 1993].

The debris content of these basal ice layershas a
high spatial variability. The upper c. 90 % of the
basal ice layer is composed of severa layers of
clean accretion ice. Layers of either debris-banded
accretion ice or accretion ice with dispersed sedi-
ments separate the clean ice layers. The lower c.
10 % is composed of debris-rich basal ice or fro-
zen-on till. The sediment concentration of debris-
bearing accretion ice must be determined by the
mechanisms of subglacia sediment entrainment. A
key issue is to understand these entrainment
mechanisms because the stratigraphic variability
of basal ice layers may be used to gain information
about pre-existing subglacial conditions. Such
knowledge is important with respect to under-
standing ice stream dynamics and ice sheet evolu-
tion.
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2. Motivation

The thick sequence of basal accretion ice in Ice
Stream C is an intriguing observation and the high
spatial variability in debris content is compelling.
The JPL-Caltech borehole camera system has pro-
vided a unique record of subglacial sediment en-
trainment into an ice sheet. Preservation of en-
trained debris bands, which are all horizontal or
close to horizontal, shows that structural deforma-
tion in the basal zone of theice stream islimited.

A detailed thermodynamic characterisation of
basal freeze-on is given in Christoffersen and Tu-
laczyk [20034)]. It was shown that basal freeze-on
can become a run-away process that triggers ice
stream stoppage. It was aso shown that progres-
sive freezing induced by loss of frictiona heat may
lead to ice lens development within the till. The
model results compared favourably with observa-
tions from the base of Ice Stream C, e.g. with re-
spect to a basal freezing point depression of —0.35
°C from the pressure-melting point [Kamb, 2001].
Unfortunately, the model yielded a less successful
match when model predictions of basal debris
content were compared to the basd ice layer seen
in the JPL borehole videos [Carsey et al., 2003].

We seek here to compensate for previous short-
comings in order to improve model predictions
related to basal accretion ice facies. Ice dynamic
influences have been excluded in our new model
in order to focus entirely on sediment entrainment
mechanisms driven by a suite of different subgla-
cia conditions.

We assume that basal ice stratigraphy is a result
of the combined effect of basal freeze-on and
regel ation into subglacial sediment. We expect that
sediment entrainment is strongly influenced by
volume-change behaviour of the sediment. Till
compressibility characteristics will determine wa-
ter pressure fluctuations arising from freeze-on and
regelation, which are competing mechanisms.
Basal freeze-on extracts pore water and reduces
subglacial water pressure. Oppositely, water pres-
sure is increased by regelation because pore space
is lost due to the intrusion of ice. Hence, when
subglacial till experiences basal freezing, it can
both shrink and swell. The two competing mecha-
nisms instigate accretion scenarios, which, to-
gether with till compressibility, were ignored in
previous modelling efforts. We use geotechnical
test results obtained from till cores to precisely

Christoffersen et al.

Figure 1. Satellite image of the Ross Sea sector of the
West Antarctic Ice Sheet. Shown are the location of
Whillans Ice Stream (WIS), Ice Stream C (ISC) and Ice
Stream D (ISD). Label UpC designates drilling site
where the JPL borehole camera system was deployed.
The background image has been generated using
AVHRR data distributed by the USGS office in Flag-
staff. Inset in the lower left corner shows a shaded
relief image of the grounded portions of Antarctic ice
sheet. The white box gives the approximate extent of the
area shown in the main figure.

determine the volume-change behaviour of sub-ice
stream till [Tulaczyk et al., 2000a).

3. Theory

3.1 lce-water phasetransition

The effect of pressure on the melting/freezing
point of water is well known. However, the pres-
sure-melting point does not always suffice in the
theoretical trestment of ice-water phase transition.
Surface tension arising from ice-water interface
curvature and osmotic pressure from the presence
of solutes are two factors that depress the phase
transition temperature below the pressure-melting
point [Raymond and Harrison, 1975].

When the full version of the Clapeyron equation
is used, the ice-water phase transition temperature
is[Hooke, 1998, pp. 5]:

T=- 273.1533i_ io ) 273.15 i 273.15
L gri [ Lr, > r,L °
(€]



Subglacial accretionice

where L is the coefficient for latent heat of fusion,
r; and r, the densities of ice and water, p, isthe
water pressure, ps is surface tension, and p, is os-
motic pressure.

The first term of equation (1) congtitutes the
pressure-melting point, which is related to water
pressure only. The second term specifies surface
energy effects. The surface tension is given by
ps=Siw/rp Where's;y isice-water surface energy and
r, is the radius of ice-water interface curvature
[Tulaczyk, 1999]. The third term specifies the os-
motic effect of solutesin the pore water.

3.2 Basal freeze-on

A switch from basal melting to freezing occurs
when the basal ice temperature gradient becomes
large enough to conduct away more heat than what
is brought to the ice base from geothermal heat
and friction. The heat budget at the ice-till inter-
faceis[Alley et al., 1997]:

IT k. - quK, +t,U, +r fL=0 @
h|V4

where T is temperature in till, z is depth coordi-
nate, K; is coefficient of thermal conductivity of
till, gy is basal temperature gradient of ice, K; is
coefficient of therma conductivity of ice, ty, is
basal shear stress, Uy, is basal velocity, r; is density
of water, f isfreezing rate, and L is the coeffi-
cient for latent heat of fusion.

Stopped ice streams experience high freezing
rates (~3-5 mm &) due to loss of frictional heat
[Kamb, 2001; Tulaczyk et al., 2000b]. Such freez-
ing rates will most likely consume free water at the
ice-till interface relatively fast [Christoffersen and
Tulaczyk, 2003b]. The loss of free water brings the
ice base in contact with the till. If the till is coarse-
grained, pore water will freeze in-situ, but if the
till is fine-grained, ice growth in the pore spaces
may be inhibited due to surface energy effects
[Alley et al., 1997; Tulaczyk, 1999].

The ice base supercools because the lack of free
liquid water produces a deficit in the basal heat
balance. The supercooling induces hydraulic gra-
dients and pore water starts to flow towards the ice
base where it feeds the continued growth of accre-
tion ice [Christoffersen and Tulaczyk, 20033].
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This thermo-osmotic effect is well known in the
permafrost literature where it is called cryostatic
suction [Fowler and Krantz, 1994]. In a glaciol-
ogica context the process can be referred to as
cryostatic dewatering. The depression of pore wa-
ter pressure that accompanies freezing is given by
the Clapeyron equation [O'neill and Miller, 1985;
Christoffersen and Tulaczyk, 2003a; Fowler and
Krantz, 1994].

3.3 Regelation

Regelation around an obstacle is based on melt-
ing of ice on the stoss side, transport of liquid wa-
ter and heat, and refreezing on the lee side. The
mechanism was used several decades ago to ex-
plain glacier dliding on rough bedrock surfaces
[Weertman, 1964]. Regelation may also occur into
subglacial sediments [Boulton and Hindmarsh,
1987]. This is potentially an important sediment
entrainment mechanism [Iverson, 1993; Alley et
al., 1997].

Philip [1980] proposed a theory for regelation
past a square array of cylinders. Philips analytical
model was later rearranged to account for a cubic
array of spheres and the validity of this theory was
verified experimentally by Iverson and Semmens
[1995] who showed that the velocity of regelation
into subglacial sediment can be given by:

v, =K, 22 &)

T

where K, is the conductivity of the sediment to ice,
and Dp isthe regelation driving stress.

Iverson and Semmens ignored the potential ef-
fect of ice-water surface energy and used Dp=p;-
pw Where p and p,, are ice pressure and water
pressure respectively. The shortcoming of this
assumption was likely seen in their experiments
where regelation into till was inhibited when the
driving stress was smaller than 50 kPa. In a subse-
quent discussion Alley et al. [1997] showed that
surface tension arising from fine-grained subgla-
cia sediment with a small characteristic particle
size can inhibit regelation. However, if the effec-
tive stress, pé=pi-py, Surpasses the surface tension,
ps, ice will intrude into the pore spaces of the till.
The threshold criterion that we thus use for regela-
tion is thus Dp=p;-pw-ps3 O.
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3.4 Till compressibility

An extensive outline of geotechnical properties
for sub-ice stream till is given by Tulaczyk et al.
[2000a] and Kamb [2001]. In agreement with geo-
technical practice, we use a compressible Cou-
lomb-plastic till rheology determined from con-
fined uniaxial and triaxial test methods. The volu-
metric behaviour of granular materia is given by
[Tulaczyk et al., 20004]:

8 =&, - klogpt¢ (4)
where e=n/(1-n) is the void ratio (n being poros-
ity), and p€is effective pressure, and k is a constant
determined from confined uniaxial and triaxial
tests. Indices i refers to preloading, e.g. normal
consolidation (NCL) or overconsolidation (URL)
[Tulaczyk et al., 20004].

When freezing commences, the till is in a state
of normal consolidation. Confined uniaxial testing
yeilds kyc »0.15 and ey N =0.78. When the regela-
tion criterion is reached, the till swellsin response
to loss of pore space. Swelling brings thetill into a
state of overconsolidation and this response is
characterised by the constants kyg »0.02 and
€0,urRL=Emin*Ko,ur/0.15(&in-0.78), where &,,=0.78-
0.15logp¢ax is the minimum void ratio occurring
at the time of past maximum effective stress, péax.
The void-rati o-effective-stress path associated with
compressibility is seen in Figure 2. In the overcon-
solidated state, Q)YURLZO.SS and kO,URL:0-014 for
pPha=71 kPa, while ey r =0.45 and ko yr =0.025
for p¢.x=568 kPa[Tulaczyk et al., 20004].

4. Subglacial water availability

The configuration of basal water systems be-
neath ice streams remains somewhat illusive in
spite of targeted fieldwork [Engelhardt and Kamb,
1997; Kamb, 2001]. Meltwater may either form a
distributed basa water system [Parizek et al.,
2002] or it may be incorporated into the pore water
of soft and deformabletill [Tulaczyk et al., 2000b].
Until the precise nature of sub-ice sheet hydrology
has been established, we use the broad terminol-
ogy of subglacial water availability.

As long as excess meltwater is capable of sepa-
rating the ice base from the till, the basal tempera-

Christoffersen et al.

BICL

LIRE, .

B0 T8 - 0 Hegu
220,53 « 0.01dlogp
ULy =085 . 0005k

K,

5 R

0
"

R
-___r'f_,_._
-, T

i
URLy — = — g g ooy

Vodd ralon, &
g

oo g
-
Contned usisgat
m eI st
& i carding el cading
o 100 0o

Edfnctivg tlnass, @ i)

Figure 2. Compressibility of sub-ice stream till in
normally consolidated state (NCL) and overconsoli-
dated state (URL) (modified from Tulaczyk et al.
[2000a]). Type 1 basal ice forms while the till consoli-
dates at effective pressures |ess than the regelation crite-
rion (NCL). When the efective pressure is high enough
to trigger regelation swelling brings the till into an over-
consolidated state (URL). The till remains in the URL
state given by the regelation criterion (here shown as 71
kPa or 568 kPa) if periodic regelation events can sup-
press further increase in effective stress. Basal freeze-on
becomes a run-away process if the effective pressure
overcomes the regelation criterion permanently. The till
returns to a normally consolidated state and type 4 and 5
basal ice develop.

ture will remain at the pressure-melting point.
Prolonged separation is, however, unlikely when
freezing occurs over a large fraction of the bed
(tens to hundreds of kilometres). Such long-term
ice-bed separation is unlikely because (1) distrib-
uted water systems are very thin (~1-2 mm) while
freezing rates are high (~4-5 mm a®). Engelhardt
and Kamb [1997] concluded that water-filled gaps
may occur mainly in response to drilling and they
propose that the most likely drainage system is
widely spaced canals occupying only a small frac-
tion of the bed (<10 %). Ice and till should there-
fore largely be in contact. This is confirmed by
borehole measurements at Ice Stream C where
basal temperatures are depressed by up to —0.35 °C
from the pressure-melting point [Kamb, 2001].
The concentration of solutes in sub-ice stream till
(~3 %o) is too low to cause this level of supercool-
ing [Kamb, 2001]. The temperature depression
must arise from surface-energy effects related to a
strong ice-till coupling and it indicates that a water
film is not separating the ice base from the under-
lying till.
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5. Subglacial accretion processes
5.1 Entrainment of debrisinto basal ice

Here, we model facies purely with respect to de-
bris content. Only a macroscopic facies description
can be used in comparison to borehole camera
observations. We do not deal with microscopic
aspects, e.g. crystal structure. The macro-facies of
debris-bearing accretion ice relies on the interplay
between several factors, eg. freezing rate, till
granulometry, and water availability. The freezing
rate specifies how much latent heat is needed in
the basal heat budget. The grain size of till parti-
cles contrals the surface-energy effect that sets up
hydraulic gradients. Water availability governs the
degree to which water pressure must drop in order
to produce the hydraulic gradient needed to satisfy
the basal heat budget. If subglacia water is an
unrestricted source, the reduction in pore water
pressure is small. This leads to little or no sedi-
ment entrainment and relatively clean accretion
ice. If water availability is restricted, the subglacial
water pressure drop may be sufficiently large to
make till particles migrate into the overlying ice
because high effective stress triggers regelation
(Equation (3)). The migration of solid till particles
into basal ice depends on the swelling characteris-
tics of the till, i.e. till compressibility (Equation
(4)). If thetill is senditive to the loss of pore space
caused by regelation, little debris is entrained be-
cause the pore water pressure remains high. On the
other hand, alow sensitivity to regelation may lead
to significant debris entrainment. So far, we have
established five types of basal accretion ice, which
develop under different subglacia conditions.

5.2 Accretion ice facies

Type 1 basal ice is clear and transparent accre-
tion ice. It develops when subglacia water is
available in such an abundance that regelation is
never triggered. The water inflow to the till must
be approximately equal to the basal freezing rate
for persistent growth of this ice facies. Type 1
basal ice should otherwise develop up until the
point where regelation is triggered. If the regela-
tion pressure threshold is high, a thick sequence of
clean ice will form before debris becomes en-
trained.
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Type 2 basdl iceis clear accretion ice with regu-
lar bands of debris. It develops when water is
available in abundance while not being sufficient
to prevent regelation al together. The regelation
criterion will be reached in regular intervals be-
cause till swelling is strong enough to suppress
continuous regelation. Periodic regelation events
therefore produce multiple bands of debris sepa-
rated by bands of cleanice.

Type 3 basal ice is debrisfilled clear accretion
ice with a loose debris composition. Type 3 basa
ice develops under the same cyclic regelation
events as type 2, but water availability is reduced
to the point where &l the clean ice layers become
invaded by subsequently entrained debris during
the next regelation event. Type 3 ice facies is
therefore characterised by a debris content, which
alows for the loosest possible sediment structure,
in which particles are separated as much as possi-
ble for the sediment skeleton to still maintain a
continuous framework. The critical debris content
is around 50 vol. % if the solid particles are
spheres, but may be lower if the particles are platy,
c. 30-40 val. %.

Type 4 basa ice is debrisfilled clear accretion
ice with a dense debris composition. Type 4 basal
ice develops when the freezing rate is strong
enough to overcome the regelation criterion per-
manently. This occurs if water availability is criti-
caly restricted. Freezing becomes a run-away
process because the pore water pressure at the ice-
till interface must be reduced continuously in order
to satisfy the basal heat budget.

Type 5 basa iceis clean ice lenses separated by
frozen on till layers. The ice-till interface will at
some point loose the status as the thermodynami-
cally most favorable location for ice growth when
freezing becomes a run-away process. The freez-
ing interface may thus move into the till and form
lenses of segregetion ice. A detailed theoretical
treatment of this particular case is shown in
Christoffersen and Tulaczyk [20034].

The porosity-effective-stress paths associated
with generation of these basal ice types are seen in
Figure 2. Formation of debris-bearing accretion ice
isillustrated in Figure 3. Stress-time graphs show
how freeze-on and regelation affect subglacial
effective stress and schematic diagrams illustrate
how solid till particles migrate into overlying ice.
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Figure 3. Schematic diagrams illustrating basal accretion ice growth under dfferent subglacia conditions. The upper
stress-time diagram (a) shows subglacia pressure conditions during formation of clean accretion ice (type 1 basal ice).
Basal freeze-on obtains a steady state before regelation is triggered because water availability is unrestricted (b). The
middle stresstime diagram (c) shows cyclic pressure changes during formation of debris-banded accretion ice (d).
Basal freeze-on can trigger regelation periodically when there is a slight reduction in water availability. Long periods
of freeze-on produce clean ice layers while short abrupt regelation events produce debris bands (type 2 basal ice). The
accretion ice looses the banded structure if further water restrictions cause sediment to entrain all clean ice layers
(type 3 basal ice). The lower stress-time diagram (e) shows subglacial pressure conditions during formation of debris-
rich accretion ice (f). Basal freeze-on cannot reach a steady state due to tight water restrictions. The effective stress
must increase continuously for the basal heat budget to be satisfied. Regelation becomes continuous and debrisrich
accretion ice forms (type 4 basal ice). The freezing interface may move into the till and develop segregation ice lenses
in between layers of frozen-on till (type 5basal ice). Arrowsillustrate subglacial water flow.

slowdown is that newly entrained particles must
push previously entrained debris ahead of them
[Alley et al., 1997]. Regelation will stop if the
entrained debris thickness becomes too large, or if
basal melt rate equals the rate of regelation. Rege-
lation is more intricate during basal freezing. The
first complication is caused by regelation and

5.3 Freezing and regelation as
simultaneous processes

The rate of regelation into subglacial sediment
decreases with increasing ice penetration depth,
i.e. entrained debris thickness (Equation 3)
[Iverson and Semmens, 1995]. The reason for this
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freezing being competing mechanisms. The till
swells when regelation increases pore water pres-
sure and it consolidates when basal freeze-on con-
sumes pore water. On the other hand, freeze-on
may dilute the debris content of the accretion ice
to the point where newly entrained till particles no
longer have to push previously entrained debris
ahead of them. This may be viewed as an interrup-
tion in the continuity of particle framework within
the entrained debris layer. Based on measurements
of theliquid limit for the UpC till, we estimate that
such loss of framework continuity should occur
when porosity exceeds ca. 60 %. We thus essume
that a new regelation event occurs when solid par-
ticles in the ice are no longer in contact. This
should occur at volumetric debris contents less
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than 40 %. The entrained debris thickness is thus
reset when such a new regelation event occurs.
This causes an abrupt increase in the regelation
velocity (Equation (3)). This feedback constitutes
another significant complication. Newly entrained
debris may therefore later “bump” into previously
entrained debris. Multiple regelation events may
ultimately form one thick debris layer, which
should exhibit the structure of a frozen sediment
with loose particle packing. Numerical simulations
require a careful consideration of this problem.
Our solution is a detailed tracking of the thickness
of debris layers, which may accumulate into one
unit if debris layers bump into each other. We also
monitor the thickness of clean ice layers, which
may be lost during subsequent regelation events.
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debris bands and mud clots
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Figure 4. Preliminary sketch of basal ice stratigraphy based on video imagery from the JPL-Caltech borehole camera
system. The diagram illustrates vertical variability of debris found at the drilling site near the former shear margin of
the stopped Ice Stream C in West Antarctica. Numbers (1-5) denote goproximate location of side-looking borehole
cameraimages shown in Figure 5 (Courtesy of JPL-Caltech).
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Figure 5. Images of basal accretion ice obtained from the JPL-Caltech borehole camera system. (a) Down-looking
image of clear accretion ice high above the bed (borehole diameter is c. 17 cm); (b) side-looking image of clear accre-
tion ice (type 1 basal ice). (c) debris-banded accretion ice (type 2 basal ice); (d) debris-bearing accretion ice with a
loose sediment framework (type 3 basal ice); (€) debrisrich accretion ice with a dense sediment framework (type 4
basal ice); (f) segregation ice lens in frozen till layer (type 5 basal ice). Side-looking images are approximately 4 cm
in the vertical (Courtesy of F. Carsey and A. Behar, NASA-JPL, and H. Engelhardt, Caltech).

5.4 Water pressure changes from freezing
and regelation

Freezing beneath ice streams is driven by the ba-
sic need to satisfy the basal heat budget. It is a
continuous process during which the pore water
pressure is progressively reduced because ice
growth is inhibited in the pore spaces of fine-
grained sub-ice stream till. The water pressure
drop associated with a temperature reduction is
approximately Lr,,DT/273.15. Regelation induces
a pulse of excess water pressure, which diffuses
downward into the till layer. The water pressure
pulse arises from the loss of pore space associated
with intrusion of ice. The intrusion depth of ice by
regelation is given by equation (4). Mass balance
prescribes how much the unfrozen till must swell

in response to lost pore volume. Till compressibil-
ity gives the corresponding change in pore water
pressure. If the lost pore volume gives rise to an
increase in void ratio of De, the water pressure is

increased by a factor of 10°% | a result obtained
from rearrangement of equation (4). It is seen that
till swelling is a potentialy powerful mechanism
which can overcome the water pressure reduction
of basa freeze-on. Changes in effective stress
during formation of basal ice are seen in Figure 3
(the effective stress is defined as pé&=p,-pw Where p,,
is the total gravitational load and p, is the pore
water pressure). The three main cases are (1) con-
tinuous freeze-on with no debris entrainment, (2)
continuous freeze-on counteracted by periodic
regelation events, and (3) run-away freeze-on lead-
ing to ice lens formation within the till layer.
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6. Borehole camer a observations

A camera system developed at NASA Jet Pro-
pulsion Laboratory was in the fiedld season
2000/2001 deployed in boreholes drilled to the
base of Ice Stream C by the Caltech Glaciology
Group. The camera system yielded an excellent
method of imaging the composition of basal ice
[Carsey et al., 2003]. A significant basal accretion
ice layer with a thickness of 8-15 m was seenin 3
boreholes. A dtratigraphic column illustrating
highly variable debris contents with depth is seen
in Figure 4.

Significant amounts of debris are found high
above the glacier bed, athough the debris content
of the accretion column is generally largest near
the bottom and smallest near the top (Figure 4).
The trangition in debris content is not gradual.
Rather, the debris content changes back and forth
between debris-loaded accretion ice and relatively
clean accretion ice. Although the borehole videos
as a whole show very complex stratigraphic com-
positions (Figure 4), we are able to recognize the
basal ice facies outlined in section 5.2 above. Im-
ages of basal ice facies are seenin Figure 5.

7. Accretion mode

We have chosen to use a relatively smple 1-D
model configuration to simulate subglacial accre-
tion. The numerical model set-up includes relevant
variables, transport equations and appropriately
selected boundary conditions. The complexity of
the model lies in modelling the pressure changes
that accompanies freezing and regelation and also
in tracking the sediment content of debris-bearing
accretion ice.

Our 1-D model emulates a 1-m-thick till column,
which is represented by 101 nodes giving a node
spacing of 0.01 m. The three independent but cou-
pled variables are water pressure (py), temperature
(T) and solute concentration (C). The upper
boundary is the ice-till interface, where freezing is
imposed by a basal temperature gradient. Solutes
are rejected from the accretion ice and the pore
water pressure is prescribed through the ice-water
phase equilibrium given by equation (1). The
lower boundary prescribes the influx of water, heat
and solutes to the ice-till system. Initia conditions
are given by the physical characteristics of sub-ice
stream till, which is discussed in detail in Tulaczyk

97

Table 1: Model parameters and till properties.
Initial values for time-dependent parameters are
marked with ©.

Symbol Vaue Definition
c 2.0 10°Pa Till cohesion
C 3 %o @ Solute concentration
C, 108 m?s®  Hydraulic diffusivity
e 0.7 Till void ratio
G 0.07W m?  Geothermal heat flux
K, 10" ms"  Hydraulic conductivity
n 40% Y Till Porosity
Pw 5kPa® Pore water pressure
SSA 1-10mP*g'  Specific surface area
T -0.7°c® Basal temperature

k., 8&10"ms?
k 8 10" m?s?
q 0.4-06°Cm?

Chemical diffusivity
Thermal diffusivity
Basal temp. gradient

et al. [2000a]. Table 1 shows important model
parameters and till properties.

The pore water pressure reduction associated
with basa freeze-on induces hydraulic gradients.
We prescribe Darcy’s law to the corresponding
pore water flow [e.g., Domenico and Schwartz,
1990, equation 4.53]. The transportation of heat
and solutes in the system are modelled by standard
diffusion-advection equations [e.g., Domenico and
Schwartz, 1990, p. 472]). The transport of water,
heat and solutes in the till constitutes a coupled
flow because the three variables are coupled
through their influence on the freezing point of
water (see equation (1)). This coupled flow
mechanism is addressed in greater detail in
Christoffersen and Tulaczyk [20034].

We use the till model outlined above to investi-
gate the characteristics of accretion ice growth
under different subglacial settings. In a series of
numerical experiments we explore the effects of
different thermal conditions and different hydrol-
ogy. The two parameters that we vary in the ex-
periments are (1) the basal temperature gradient,
and (2) subglacial water availability. The former
parameter prescribes the freezing rate needed to
satisfy the basal heat budget. The latter parameter
prescribes how much water flows into the freezing
till. Water availability is given in percentage of
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what is needed to satisfy the basal heat budget, i.e.
0-100 %.

8. Preliminary results

Presented here are preliminary results based on
the model described above. The results are pre-
liminary in character because the model is not yet
fully developed. However, it is notable that the
accretion model produces results that are comple-
mentary to previous model results [Christoffersen
and Tulaczyk, 2003a; 2003b].

Seen in Figure 6 is a compilation of model re-
sults, which show the conditions under which dif-
ferent basal ice facies forms. Persistent growth of
type 1 basal ice occurs only if the supply of sub-
glacia water is high enough to deliver 100 % of
the required latent heat. Otherwise, it forms up
until the point when regelation istriggered. Type 2
basal ice develops when water availability is >90
%. Type 3 basal ice requires inflow of ¢. 30-90 %,
while type 4 basal is aresult of inflow restricted to
<30 % of what is required to satisfy the basal heat
budget. Type 4 basal ice will eventually lead to
type 5 basal ice because freezing has become a
run-away process due to the insufficient availabil-
ity of water. Type 4 and 5 basal ice develops in
non-steady state conditions because freezing must
depress the pore water pressure incessantly.

9. Discussion

The facies of subglacial accretion ice depend on
thermal conditions at the ice base and subglacia
setting. We find that the main parameters in con-
trol of accretion ice facies are (1) basal tempera-
ture gradient (freezing rate), (2) till granulometry
and (3) subglacial water availability. Fast and ag-
gressive freezing causes a large flux of debrisinto
basal ice. Dynamically controlled freezing, such as
ice stream stoppage where latent heat replaces all
frictional heat, will thus lead to significant debris
entrainment and a massive debris-rich basal ice.
Climatically controlled freezing will lead to rela-
tively clean accretion ice with debris present in
fine banding or lamination. The borehole video
observations are consistent with these results. We
thus assume that the upper ¢. 90 % of the basal
accretion ice layer is derived either from climatic
fluctuations or subtle varietions in ice flow. The
lower c. 10 % comes from the abrupt increase in
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Figure 6. Schematic phase diagram illustrating accretion
ice facies predicted from preliminary model results
(black dots). Different basal temperature gradients
(0.040 to 0.060 °C m*) induce different freezing rates (1
to 5 mm a') while water availability (0-100%) deter-
mines basal ice facies. High water inflow to the freezing
ice-till system leads to clean accretion ice (type 1) or
debris-banded accretion ice (type 2). A moderate inflow
of water leads to uniformly distributed debris content
(type 3). Restricted water availability will first lead to
development of debrisrich accretion ice (type 4) and
then segregation ice growth inside the till (type 5).
freeze-rate, which is probably associated with the
ice stream stoppage c. 150 years ago. Sub-ice
stream tills have a very small characteristic grain
size (1-10 microns). They therefore have a high
regelation criterion. We thus expect that several
metres of clean (type 1) basa ice must develop
before sediment becomes entrained. The thickest
accretion ice layer (~15 m) was found in the “ice
stream borehole”, which was located inside the
former shear margins (stratigraphy not shown
here). In the borehole video from this drill site we
observe several metre-thick sequences of relatively
clean ice. The clean ice layers are surrounded by
thick sequences of debris-loaded ice. This strati-
graphy suggests that several different freezing
events separated by 4-6 ‘destructive’ periods of
basal melting generated the basal ice layer.

Some potentially important ice facies are not re-
producible with the current numerical set-up. We
plan e.g. toincludea‘mud clot’ facies based on till
cracking phenomena occurring when subglacial
water content drops below the shrinkage limit of
the till. We aso feel the need to explore the effect
of subglacial grain size variability, i.e. the surface
tension level. Unpublished BET measurements
have shown that the specific surface area of sub-
ice stream till from West Antarctica can be as high
as 16 m? g*. Such fine-grained sediment could
give rise to surface tension values larger than 1
MPa.
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10. Conclusions

We have constructed a numerical model of sub-
glacia accretion based partly on thermodynamic
concepts adapted from contemporary frost heave
models, and partly on regelation concepts that
have been verified experimentally. In a series of
numerical simulations we have explored the effect
of different subglacia settings upon accretion ice
facies.

Clean accretion ice (type 1 basa ice) can de-
velop in a steady state if the supply of subglacia
water can deliver all of the latent heat needed to
satisfy the basal heat budget, i.e. without consum-
ing till pore water. It should otherwise form up
until the point when the water pressure becomes
low enough to trigger a regelation threshold crite-
rion. The high surface tension of sub-ice stream till
requires very high effective stress (very low pore
water pressure) before regelation is triggered. A
thick layer of clean accretion ice should therefore
develop before sediment can be entrained.

If basal water restrictions are moderate, debris
bands will be incorporated into the accretion ice
(type 2 basal ice) because regelation is periodic. If
till particles migrate into all of the clean ice bands,
the accretion ice will develop a structure similar to
avery loose sediment (type 3 basal ice) in spite of
the periodicity of entrainment. Basal freeze-on
becomes a run-away process when water availabil-
ity becomes critically restricted. Regelation is now
a continuous process because the pore water pres-
sure criterion is overcome permanently. This con-
dition produces debris-rich accretion ice (type 4
basal ice). At some point, however, the ice-till
interface will no longer be the thermodynamically
most favourable location for accretion ice growth.
The freezing interface thus moves into the till and
lenses of clean segregation ice develop in between
layers of frozen-onftill (type 5 basdl ice).

The upper ¢. 90 % of the basal ice layer ob-
served in Ice Stream C is composed by relatively
clean accretion ice layers (type 1) separated by
sequences of debris-banded ice (type 2) or ice with
a dispersed debris content (type 3). This indicates
that water availability was high during accretion.
The lower c. 10 % is composed of debris-rich
basal ice (type 4-5) generated when subglacial
water was less abundant. We infer that this lower
debris-rich zone is associated with the stoppage of
Ice Stream C approximately 150 years ago.
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