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[1] We have constructed a numerical model of basal ice formation for glacier ice in
contact with subglacial sediment. The model predicts four different ice facies whose
formation is controlled by availability of subglacial water to satisfy the basal freeze-on
rate. Clean (or clotted) facies may result from congelation (or frazil) ice growth occurring
when (supercooled) meltwater separates ice base from substrate or if a groundwater
source can supply water to the ice base at a velocity equal to the freezing rate. Laminated
facies develops when the supply of subglacial water is sufficiently constrained for
cryostatic suction to raise the subglacial effective stress above a threshold for intrusion of
ice into sediment by regelation. Debris laminas (�1 mm) are entrained by short, periodic
regelation events (of a few hours) separated by longer periods (days to months) of
congelation. Further meltwater limitation produces a massive dirty ice facies due to
stacking of debris laminas. The model predicts growth of solid dirty ice facies when the
bed is meltwater-depleted with fast freezing (5 mm yr�1) causing enhanced erosion
(30 mm yr�1). We find that basal ice facies and sediment entrainment are controlled
mainly by the ratio of freezing rate to water supply rate. The predicted ice facies compare
favorably with borehole camera imagery of the basal ice layer in Kamb Ice Stream, West
Antarctica. Facies variability in this layer suggests complex hydrologic history for the
West Antarctic Ice Sheet with significant changes occurring over a period of several
thousand years.
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1. Introduction

[2] Glaciers and ice sheets often contain a basal ice layer
formed partly or wholly by subglacial accretion. The Byrd
ice core in West Antarctica contained 4.8 m of frozen-on
basal ice [Gow et al., 1979]. This layer was composed
mainly of stratified basal ice (Figure 1). The Camp Century
ice core from Greenland had 15.7 m of stratified basal ice
[Herron and Langway, 1979]. Basal ice layers are of
considerable geologic importance because they provide
observational constraints on the rate of glacial erosion and
sediment transport [Alley et al., 1997]. They may also be an
important source of material for sedimentation, as illustrated,
for instance, by the presence of ice rafted debris on the floor
of the North Atlantic basin [Heinrich, 1988; Bond et al.,
1992]. Past interpretation of basal ice layers focused on the
plausible hypothesis that the variability in their physical and
chemical characteristics reflects spatial and temporal

changes in subglacial thermal and hydrological conditions
[Weertman, 1961; Lawson and Kulla, 1978; Boulton and
Spring, 1986; Souchez et al., 1987; Sugden et al., 1987;
Jouzel et al., 1999; Christoffersen and Tulaczyk, 2003a,
2003b; Souchez et al., 2003, 2004]. A quantitative frame-
work for interpretation of basal ice facies is needed to
interpret properties of basal ice layers in terms of long-term
records of subglacial hydrological conditions, which are
otherwise unconstrained. Recently, a borehole camera sys-
tem developed at JPL was used to image basal ice in Kamb
Ice stream, West Antarctica [Carsey et al., 2002]. The
imagery revealed an 8- to 14-m-thick debris-bearing basal
layer. This observation was unexpected because it represents
a several thousand year long history of basal ice accretion
while melting was thought to dominate the basal thermal
regime of fast flowing glaciers and in particular ice streams
[Alley et al., 1997; Anandakrishnan et al., 2001]. The basal
freezing rate of Kamb Ice Stream, enhanced by loss of
frictional heat from cessation of fast ice flow ca. 150 years
ago, is today about 4 mm yr�1 [Kamb, 2001]. Hence only the
lower 0.9 m of the basal ice layer was accreted poststagna-
tion [Vogel et al., 2005].
[3] In published models, stratified basal ice develops

from (1) glaciohydraulic supercooling near steep glacial
overdeepenings [Alley et al., 1998; Lawson et al., 1998;
Roberts et al., 2002], (2) multiple freezing events when ice
slides over rigid bedrock [Hubbard and Sharp, 1993, 1995],
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(3) regelation into the basal sediment [Iverson, 1993;
Iverson and Semmens, 1995; Iverson, 2000], and (4) defor-
mation near ice margins [Knight, 1994, 1997; Waller et al.,
2000]. Here, we use a numerical ice-till continuum model to
show that different types of stratified basal ice may also
develop from subglacial frost-heave processes. We compare
model output to the JPL borehole camera imagery. This
approach benefits from the fact that basal properties of
West Antarctic ice streams are relatively well known
[Anandakrishnan and Alley, 1997; Anandakrishnan et al.,
2001; Bindschadler et al., 2001; Kamb, 2001; Raymond et
al., 2001; Bindschadler et al., 2003]. Numerous borehole
experiments have been conducted between 1988 and 2000
[Engelhardt and Kamb, 1997, 1998; Kamb, 2001], subgla-
cial sediment has been sampled and analyzed [Kamb, 1991;
Tulaczyk et al., 1998, 2000, 2001] and it is evident that low
basal shear stresses give rise to virtually no internal defor-
mation within ice streams [Engelhardt and Kamb, 1998].
Isotopic analysis of an ice core spanning the transition from
glacial ice to basal ice in Kamb Ice Stream shows that the
basal ice layer is composed of refrozen glacial meltwater
[Vogel et al., 2005]. Our quantitative accretion model has
been set up to include processes that are selected to
represent primary conditions at the basal interface of a
freezing ice mass and within a subglacial layer of till.

Despite the variable nature of subglacial environments
(e.g., ice resting on bedrock or overlying widespread
subglacial drainage systems or lakes), our model is not
meant to cover all-encompassing simulations of every
possible subglacial environment. However, we show that
even this simplified model of a single subglacial environ-
ment, i.e., ice base freezing over a layer of till, can
reproduce a range of basal ice facies, which are in general
similar to those observed in nature. We find that the most
important control on formation of different basal ice facies
is the ratio of basal freezing rate to water supply rate.

2. Application of Frost Heave Theory in
Glaciological Models

[4] Basal freeze-on beneath glaciers and ice sheets can
be formalized by adaptation of frost heave treatment
[Christoffersen and Tulaczyk, 2003a, 2003b]. O’Neill and
Miller [1985] conjectured that growth of ice into the sedi-
ment pore spaces is inhibited by capillary pressure arising at
curved ice-water interfaces. More recently, Rempel et al.
[2004] proposed a new microphysical explanation for frost
heave based on premelting dynamics and associated inter-
molecular forces. This new model represents a generaliza-
tion of the previous, phenomenological treatment of frost
heave, mainly due to specific inclusion of the influence of
ice saturation in the frozen fringe on heaving rates and ice
lens initiation. When the influence of ice saturation on
interfacial force is null, the key equations proposed by
Rempel et al. [2004, equation (3.4) and (3.10)] simplify to
those of O’Neill and Miller [1985]. Even when this is not the
case, the difference between the two models is relatively
minor. Quantitative differences between these two models
are examined more closely in Appendix A.
[5] The premelting model by Rempel et al. [2004] repre-

sents a significant advancement in understanding of frost
heave microphysics. However, its reliance on knowledge of
spatial distribution of ice saturation makes it difficult to
apply at this point in time because of dearth of relevant
observational constraints. Usage of ad hoc parameteriza-
tions does not appear to be better than application of the
older frost heave model [O’Neill and Miller, 1985], which
has been successfully used in both experimental and theo-
retical work conducted over several decades [Miller, 1973;
O’Neill, 1983; O’Neill and Miller, 1985; Fowler and
Krantz, 1994; Krantz and Adams, 1996; Miyata, 1998;
Miyata and Akagawa, 1998]. In the Appendix we show
that O’Neill and Miller’s phenomenological frost heave
model, although not fully correct in identifying microphys-
ical causes of frost heave, can be used as an acceptable
approximation by folding the greater complexity of the
premelting model [Rempel et al., 2004] into simpler terms.
Whatever the exact physical reason for the interfacial
pressure inhibiting ice growth into pore spaces, the inhibit-
ing pressure term can simply be incorporated as a control
parameter into the generalized Clapeyron equation (see
equation (1)). Furthermore, if spatial distribution of ice
saturation is dependent on pore and particle size distribu-
tion, as it is reasonable to expect, the capillary pressure
analogy used by O’Neill and Miller [1985] may effectively,
if not in terms of physical explanation, be close to the
approach of Rempel et al. [2004].

Figure 1. Photograph of basal ice in the Byrd ice core.
Numbers refer to height (m) above core bottom (courtesy of
A. J. Gow).
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[6] The novel approach of Rempel et al. [2004] represents
a microphysically correct generalization of O’Neill and
Miller’s model but it does not undercut result based on that
model (see Appendix A and Clarke [2005]). The freeze-on
theory proposed by Christoffersen and Tulaczyk [2003a] is
supported by isotopic data for basal ice in East Antarctic
outlet glaciers [Souchez et al., 2004] in addition to obser-
vations of 0.35�C supercooling beneath Kamb Ice Stream
[Kamb, 2001, sections 3.1, 4.6 and 8.3]. We thus adhere
to an empirical methodology whereby findings can be
parameterized to suit large-scale purposes. The versatility
of this approach is demonstrated by Bougamont et al.
[2003a, 2003b]. They modified the basal freeze-on model by
Christoffersen and Tulaczyk [2003a] and showed how a
complex one-dimensional (1-D) model can be simplified to
fit the theoretical framework of a 2-D flow line solution. This
work yielded key new insights to ice stream behavior by
showing that the stoppage of Kamb Ice Stream, �150 years
ago, may be a result of inherent flow periodicity controlled
by basal freeze-on switching on and off. Analysis of basal
ice sampled from Kamb Ice Stream supports this finding
[Vogel et al., 2005].

3. Theoretical Framework

3.1. Numerical Model

[7] We use a numerical 1-D model to investigate accre-
tionary basal ice growth in situationswhere a freezing ice base
rests on a water-saturated sediment similar to the till layer
observed beneath Siple Coast ice streams [Tulaczyk et al.,
1998; Kamb, 2001]. Till cores sampled from beneath
Whillans, Kamb and Bindschadler Ice Steams invariably
consist of dark grey, wet, very sticky, clay-rich diamicton
[Kamb, 2001] interpreted byTulaczyk et al. [1998] as a glacial
till. A new theoretical outline of basal freeze-on is given by
Christoffersen and Tulaczyk [2003a] and its implication on
ice flow in West Antarctica is discussed by Bougamont et al.
[2003b]. Previously, we predicted that fast freezing associ-
ated with ice stream stoppage should result in a solid basal ice
facies composed of decimeter-scale layers of frozen-on sed-
iment separated by lenses of clean segregation ice. We used a
generalized form of the Clapeyron equation and a control
parameter, sf, representing interfacial pressure, to simulate
coupled flow of water, heat and solutes in unfrozen sediment
beneath a freezing ice base with temperature given by

T ¼ � 273:15

L

1

ri
� 1

rw

� �
pw � 273:15

Lri
sf �

273:15

Lrw
po ð1Þ

where L is coefficient for latent heat of fusion, ri and rw are the
densities of ice andwater, pw is water pressure, sf is interfacial
pressure inhibiting ice growth into pore spaces, and po is
osmotic pressure, which can be determined from the solute
content in the pore water [Christoffersen and Tulaczyk,
2003a]. Raymond and Harrison [1975] used the same
equation to investigate water in veins between ice crystals
[see alsoHooke, 1998, p. 5]. The freezing rate, f, at the ice base
is calculated from the basal heat budget, which is

f ¼ qbKi � G� tbUb

riL
ð2Þ

where qb is the basal ice temperature gradient (@T/@z with z
being vertical coordinate), Ki is thermal ice conductivity
coefficient, G is geothermal heat flux, tb is basal shear
strength and Ub is basal ice velocity.
[8] A deficit in the basal heat budget arises from super-

cooling as observed at the base of Kamb Ice Stream where
temperatures in two boreholes were measured at �0.35�C
below the pressure-melting point (calculated as Tpmp =
�0.71�C for 1057-m-thick ice) [Kamb, 2001]. Ice-water
phase equilibrium prescribed through equation (1) shows
that supercooling induces hydraulic gradients. Subglacial
pore water will thus flow toward the ice base where it
accretes as a layer of basal ice. The basal ice layer grows
continuously as long as the hydrological system can
supply enough water to satisfy the basal heat budget
(equation (2)). Darcy’s law [e.g., Domenico and Schwartz,
1990, equation (4.53)] is used to prescribe vertical transport
of water in the simulated system. Water pressure gradients
arise when temperature is depressed below the pressure-
melting point, Tpmp, which can be calculated by the first
term of equation (1). The flows of heat and solutes are
calculated by standard diffusion-advection equations [e.g.,
Domenico and Schwartz, 1990, equations (9.21) and
(13.9)]. Theoretical details for coupled flows of water, heat
and solutes beneath a freezing ice base are given by
Christoffersen and Tulaczyk [2003a, 2003b].

3.2. Availability of Subglacial Meltwater

[9] Meltwater needed for the release of latent heat may be
supplied to the ice base by a basal water system, pore water
stored in the till layer, and/or deep subglacial groundwater.
We make the assumption that an ice base experiencing long-
term freezing on a widespread basis will be in contact with
subglacial sediment and that deep subglacial groundwater
and water stored in the pore spaces of a till layer are the
main (i.e., continuously present) sources of latent heat. This
generalization may constitute an end-member case, but it is
plausible to assume that widespread basal freezing should
inhibit development and maintenance of an organized
subglacial drainage systems by promoting channel closure
due to reduced water pressures and freezing on channel
walls [Clarke and Blake, 1991; Flowers and Clarke, 2002;
Copland et al., 2003]. This should be particularly the case
where basal freezing takes place beneath stopped ice
streams, which still have relatively low horizontal water
pressure gradients and thus small viscous heat dissipation
that could counteract the effects of freezing and creep
closure.

3.3. Entrainment of Debris by Regelation

[10] It is well known that regelation around hard
bedrock bumps contributes to glacier sliding [Weertman,
1964] and sediment intake to temperate [e.g., Hubbard
and Sharp, 1993] as well as polar ice masses [e.g., Cuffey
et al., 2000]. Regelation can also cause downward
infiltration of ice into subglacial sediment as demonstrated
experimentally by Iverson [1993] and Iverson and Semmens
[1995], who showed that the infiltration rate can be deter-
mined by:

Vr ¼ Kr

p0

d
ð3Þ
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where Kr is conductivity of sediment to ice, p0 is effective
stress, and d is the penetration depth of ice into the
sediment. The rate of regelation decreases with increasing
debris thickness because ice must regelate around all
entrained particles [Alley et al., 1997]. In earlier work, we
may have underestimated the effect of regelation because
we assumed (for computational simplicity) that water
pressure throughout the till layer would adjust instanta-
neously to intrusion of ice by regelation. It appears that this
approach represented an oversimplification. In our modified
model, we treat explicitly the adjustment of vertical water
pressure distribution in response to infiltration of ice by
regelation as discussed in more detail below.
[11] Regelation of ice into subglacial sediment does not

take place until the water pressure has dropped to a level
where effective stress (p0 = pi�pw where pi is ice pressure
and pw is water pressure) overcomes pressure associated
with interfacial curvature and premelting effects. An effec-
tive regelation threshold (z > 0) can be expressed formally
through the specific surface area of till particles [Tulaczyk,
1999]. The existence of a regelation threshold may explain
why regelation did not occur for p0 < 50 kPa when Iverson
and Semmens tested a silt-dominated till [Alley et al., 1997].
The regelation threshold, z, has for sub-ice stream till been
estimated to be 100 kPa [Tulaczyk, 1999]. Measurements
of specific surface area from adsorption data using the
Brunauer, Emmett and Teller (BET) method [Gregg and
Sing, 1982], conducted as a part of this study, indicate that z
in some cases could exceed 1 MPa. Such high value may,
however, not represent till behavior wholly because ice may
form preferentially in pore spaces around larger particles
rather filling micron-sized pore spaces. Until we know more
about preferential freezing, we thus adhere to the earlier
estimate (z = 100 kPa) and make the assumption that sf = z
[Tulaczyk, 1999].
[12] Regelation thresholds may require development of

high effective stress before sediment is entrained. Wide-
spread regelation into subglacial sediment is thus unlikely
beneath fast moving ice streams where effective stresses
are just 1–10 kPa [Kamb, 2001; Tulaczyk et al., 2001].
Basal freeze-on may become a driver of regelation due to
progressive increase in effective stress following extraction
and consumption of subglacial water [Christoffersen and
Tulaczyk, 2003a]. From past work, little is known about
freeze-on driven regelation, but it is a potentially powerful
mechanism because ice accretion will prompt dispersal of
entrained particles and thereby enhance the rate of regela-
tion as solid particles no longer have to push previously
entrained debris ahead of them. Although basal freeze-on
can enhance regelation, the two processes act also as
competing mechanisms. The reason behind this contrast
is that freeze-on causes consolidation of underlying sedi-
ments while regelation triggers swelling. In our modified
model we use compressibility equations derived from
laboratory experiments on till cores to simulate the pore
water pressure variations in subglacial sediment undergo-
ing freezing and regelation simultaneously.

3.4. Till Compressibility

[13] When regelation ice intrudes the pore spaces of basal
sediment, the underlying material swells because less pore
space is available for the amount of water in the system

[Clarke, 1987; Tulaczyk et al., 2000; Kamb, 2001; Clarke,
2005]. In our modified model, swelling occurs as a pertur-
bation of the water pressure at the freezing interface. The
increase in water pressure depends on the volume of pore
space taken up by regelation ice and the penetration depth
of the water pressure pulse is controlled by its size and by
hydraulic properties of the subglacial sediment. Our im-
proved model also features the use of compressibility
equations to determine the volumetric behavior of the
subglacial sediment allowing us to realistically simulate a
wider range of basal ice facies. The equations are derived
from triaxial experiments and consolidation tests using till
cores sampled from beneath Whillans Ice Stream [Tulaczyk
et al., 2000]. They are

eNCL ¼ 0:78� 0:125 log p0=p0ð Þ ð4aÞ

eURL ¼ 0:57� 0:02 log p0=p0ð Þ ð4bÞ

where e is void ratio (given by e = f/(1�f) with f being
porosity), p0 is effective stress and p0 = 1000 Pa. NCL refers
to the normal consolidation line, which represents volu-
metric behavior of consolidating till with no preloading
history. URL refers to the unloading-reloading line, which
characterizes the volumetric behavior for the same material
in an overconsolidated state. The latter equation is modified
from Tulaczyk et al. [2000] and represents unloading at p0 =
100 kPa, which corresponds to our assumed regelation
criterion (z = 100 kPa).

3.5. Formation of Clean, Dirty and
Stratified Basal Ice Facies

[14] Changes in till porosity from consolidation induced
by congelation (T < Tpmp; p

0 < z) and swelling caused by
regelation (T < Tpmp; p0 � z) can be calculated from
equations (4a) and (4b). Figure 2a shows schematic dia-
grams of four types of stratified basal ice (I–IV). Figure 2b
illustrates how till compressibility should govern formation
of these ice facies. When freezing is first induced, clean ice
(Figure 2a, type I) will accrete onto the ice base while the
till progresses down the normal consolidation line, NCL
(Figure 2b, type I). When the regelation criterion (z) is
reached, dirty regelation ice forms in the till pores near the
ice base. The underlying till swells in response by moving
up the unloading-reloading line, URL (Figure 2b, type II).
Excess water pressure diffuses downward from the freezing
interface and regelation terminates because the effective
stress drops below the regelation criterion leaving a debris
lamina in the overlying ice. Continued freezing will drive
the effective stress back toward the regelation threshold by
moving down the URL while clean ice accretes onto the
entrained debris lamina. If this process becomes periodic a
laminated ice facies is produced (Figure 2a, type II). The
same cyclic process may, however, also develop a massive
facies if all clean congelation ice ends up regelating into
underlying sediment after its formation (Figure 2a, type III).
Debris should still entrained periodically, but the stratigra-
phy is lost because debris-rich laminas stack up. The
water pressure should then fluctuate within a narrow
range close to the regelation threshold (Figure 2b, type III).
This may cause insufficient supply of water to the ice base,
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particularly if freezing rates are high. Freezing may thus
become a run-away process with pore water pressure
dropping continuously as the till migrates down the
NCL (Figure 2b, type IV) while a solid dirty ice facies
forms from permanent regelation (Figure 2a, type IV).

4. Model Results

[15] We use a 1-D finite difference model to simulate a
freezing ice-till continuum. Key model parameters and
constants relevant for this study are listed in Table 1. Initial
conditions are a low effective stress (p0 = 4 kPa) that yields
low basal shear strength (tb = 2 kPa) and a high porosity
(f = 40%). In contrast to earlier work, we do not investigate
effects from frictional heat related to ice motion. Water is
driven out of the till via a freezing rate prescribed through a

constant basal ice temperature gradient and a suite of experi-
ments is set up to explore growth of basal ice under different
types of subglacial conditions. Each experiment is charac-
terized by a period of time during which the till layer
consolidates progressively (equation (4a)) while a layer of
clean basal ice develops as pore water freezes onto the ice
base. The ultimate thickness of this layer depends on how
fast the freezing rate can produce conditions suitable for
regelation (p0 > z = 100 kPa). The triggering of debris
entrainment by regelation provides a strong perturbation to
the system (equation (4b)). It takes the model almost one
year to reach a semisteady state from which consistent
debris-bearing ice facies develop. The simulations cover a
minimum of eight years of sediment entrainment. The time
step is 6 minutes due to nonlinearities captured by the
model, which has 100 nodes spaced at 0.01 m. Further

Figure 2. Schematic diagrams of basal ice illustrating (a) clear facies (type I), laminated facies (type II),
massive facies (type III), and solid facies (type IV). Compressibility of sub-ice steam tills (Figure 2b)
with NCL and URL referring to normal and overconsolidated conditions (modified after [Tulaczyk et al.,
2000]. Roman numerals (I–IV) correspond to basal ice facies I–IV outlined in Figure 2a.

Table 1. Symbols and Values for Time-Dependent Model Parameters and Constants

Symbol Value Definition

cv 10�8 m2 s�1 hydraulic diffusion coefficient
f [0, 6] � 10�3 m yr�1 freezing ratea

G 70 � 10�3 J s�1 m�2 geothermal heat flux
H 1000 m ice thickness
Kh 10�10 m s�1 hydraulic conductivity coefficient
Kr 2 � 10�15 m2 Pa�1 s�1 conductivity coefficient for regelation
L 3.34 � 105 J kg�1 coefficient for latent heat of fusion
pi 9.0 � 106 Pa ice pressureb

pw 9.0 � 106 Pa water pressureb

p0 4.0 � 103 Pa effective stressb

Tb �0.7�C temperature at ice baseb

f 40% porosityb

ri 916 kg m�3 density of ice
rw 1000 kg m�3 density of water
siw 3.4 � 10�4 J m�2 Specific surface energy of ice-water interface
qb [0.04, 0.06] �C m�1 Basal ice temperature gradienta

z 100 � 103 Pa Regelation threshold criterion
aForcing parameter with numbers in brackets referring to end-member values.
bModel variable with number referring to initial value.
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nodes are not needed in this study because water pressure
fluctuations occur only in the upper half of the model
domain. We have conducted 15 model runs to cover basal
ice formation in a spectrum of subglacial conditions. The
two boundary conditions that we vary are (1) basal ice
temperature gradient and (2) influx of external water to the
simulated system. The former prescribes the basal freezing
rate; the latter determines water availability. Their nondi-
mensional ratio can be treated as a single forcing parameter.
The model predicts four different facies of stratified basal
ice. These are designated: clear, laminated, massive, and
solid basal ice. Steady state growth of clear ice constitutes in
our model a trivial case where the influx of external water to
the simulated system satisfies the heat budget causing no
porosity changes in the till. Clear congelation ice may also
form if the ice is separated from the bed due to influx of
excess basal meltwater, although a clotted frazil ice facies
may form if the latter becomes supercooled [Lawson et al.,
1998]. Below, we discuss in detail results of three model
runs, which represent formation of debris-bearing basal ice
facies formed by ice accretion. The three cases represent
situations where the basal ice temperature gradient, qb, is
20%, 50% and 80% steeper than the gradient resulting in
neither melting nor freezing (0.033�Cm�1). The middle case
corresponds to the present state of Kamb Ice Stream (qb =
0.052�C m�1) [Kamb, 2001]. The assumed geothermal heat
flux is G = 0.070 W m�2 [Engelhardt, 2004].
[16] The first model run shows how laminated basal ice

may develop from periodic regelation events (Figures 3a–3e).
The influx of groundwater to the system is in this case
95% of the freeze-on rate of f = 1.4 mm yr�1. The ice
temperature gradient is 0.04�C m�1. It takes roughly 1200
years of freezing for the effective stress to grow from
initial conditions (p0 = 4 kPa) to the regelation criterion
(z = 100 kPa). In this period, �1.7 m of clean congelation
ice accretes onto the ice base. Figure 3a shows cyclic
fluctuations in regelation pressure (pr = p0�z). The ampli-
tude peaks at �0.9 kPa during the regelation events, which
last just 8–9 hours (Figures 3a and 3b). About 0.3 mm of
dirty ice forms during each event (Figures 3c and 3d). These
regelation events are separated by longer periods of conge-
lation (80–90 days). The ratio between growth rate of
regelation ice and growth rate of congelation ice is �0.7.
The fluctuating debris content of laminated basal ice is seen
in Figure 3e where C refers to congelation ice and R refers to
regelation ice.
[17] The second model run illustrates growth of massive

regelation ice (Figures 3f–3j). The influx of subglacial
water is in this case 50% of what is required to satisfy the
freezing rate of 3.6 mm yr�1 induced by a basal ice
temperature gradient of 0.05�C m�1. It takes about
�43 years for effective stress to reach the regelation thresh-
old (z = 100 kPa), and in this period �0.16 m of clean
congelation accretes onto the ice base. Regelation is still
cyclic. A few debris bands develop (Figure 3f) but debris
bands begin to stack up early in the simulation because an
increase in effective stress speeds up regelation. The regela-
tion pressure peaks at �0.06 kPa before stacking causes a
significant slow down of the regelation rate (Figure 3g). The
thickness of the regelation ice layer increases gradually
(Figure 3h) in a step-like way (Figure 3i). In this simulation,
regelation events last only �2.5 hours. Each event produces

just �0.01 mm of regelation ice. However, the periods of
clean congelation ice growth are also very brief (�5.4 hours).
All congelation ice refreezes into regelation ice. The ratio
between regelation ice growth and congelation ice growth is
�3. The end result is a massive regelation ice facies con-
taining �50% debris by volume (Figure 3j).
[18] The third model run (Figures 3k–3o) illustrates the

growth of solid dirty regelation ice. We do not allow any
external water into the ice-till system. All latent heat must
be supplied by pore water in the till. A basal temperature
gradient of 0.06�C m�1 produces a freeze-on rate of 5.8 mm
yr�1. The effective stress increases rapidly under these
conditions so it takes just �9 years to reach the regelation
criterion (100 kPa). In this period �0.052 m of clean
congelation ice accretes onto the ice base. The regelation
pressure continues to increase (p0 > z = 100 kPa) because
freeze-on has become a run away process (Figure 3k) with
small fluctuation in effective stress of�0.035 kPa (Figure 3l).
The regelation ice layer thickens fast (Figure 3m) and
linearly (Figure 3n). The ratio of the regelation rate to the
freezing rate is �6. The result is a solid dirty ice facies
(frozen till) with a sediment content >60% by volume
(Figure 3o).

5. Borehole Camera Imagery

[19] Figures 4a–4d show images of basal ice from Kamb
Ice Stream obtained with the JPL borehole probe in the
austral summer 2000–2001 [Carsey et al., 2002]. The basal
ice layer was observed in three boreholes and measured
�8–14 m in thickness. Isotopic analysis on an ice core
segment shows that the basal ice is composed of refrozen
glacial meltwater and that the transition from bubbly,
meteoric glacier ice to accreted, debris-laden basal ice
occurs within a few centimeters [Vogel et al., 2005]. The
top of the accreted ice layer comprises a clear ice facies
(Figure 4a) with either no debris or small amounts of
dispersed particles (>2 m). The bottom is composed of
solid dirty ice facies (Figure 4d), which is essentially a layer
of frozen-on sediment (�0.6 m). A large middle section
contains alternating layers composed of clear ice facies,
laminated ice facies (Figure 4b) and massive dirty ice facies
with sediment in suspension (Figure 4c). Physical character-
istics of these four ice facies are outlined in Table 2. Image
analysis with eCognition Professional and ArcGIS 9 sug-
gest that debris contents for clear, laminated, massive and
solid ice facies are 1%, 63%, 51%, and 66% by volume
(Figures 4e–4h). These are likely upper estimates because
ice transparency may lead us to overestimate the volumetric
content of solid particles in 2-D imagery.
[20] Results of 15 model runs are summarized in a sche-

matic facies diagram, Figure 5. Steady state development of
clear facies (Figure 4a) occur if ice base and substrate are
separated by basal water or if groundwater flows to the ice
base fast enough to satisfy the basal freezing rate. Low to
moderate freezing rates (�1–3 mm yr�1) combined with a
high but slightly insufficient rate of groundwater supply, say
90% of the freezing rate, should cause growth of a laminated
facies (Figure 4b).More restrictedwater inflow should favor a
massive facies (Figure 4c). Moderate to high freezing rates
(3–6 mm yr�1) and low water availability (<30%) should
produce a solid dirty facies (Figure 4d).
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Figure 3. Model results showing regelation pressure and debris entrainment during accretion ice
growth. (a–e) Model run 1 conducted with a basal ice temperature gradient of 0.04�C m�1 and a water
inflow of 95% of the freezing rate (1.4 mm yr�1). (f–j) Model run 2 conducted with a basal ice
temperature gradient of 0.05�C m�1 and a water inflow of 50% of the freezing rate (3.6 mm yr�1). (k–o)
Model run 3 conducted with a basal ice temperature gradient of 0.06�C m�1 (i.e., a freezing rate of
5.8 mm yr�1) and no groundwater inflow. See text for details.
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[21] Our predicted thickness of debris laminas (�0.3–
1.1 mm) is less than seen in Figure 4b and 6a (�1–5 mm)
but the result is similar to observations of this facies
elsewhere, e.g., Hubbard and Sharp [1995], who identified

a laminated basal ice facies with debris thicknesses of
0.1–1 mm. Similar fine debris laminas are produced in
frost heave experiments under unidirectional freezing
[Watanabe and Mizoguchi, 2000; Watanabe et al., 2001;

Table 2. Physical Character of Basal Ice Facies Observed in Kamb Ice Stream With JPL Borehole Camera

System

Facies Description

Clear clean, transparent ice; can contain dispersed debris or mud clots; debris content <1%
Laminated clean, transparent ice with subhorizontal and regular debris laminas; debris content �5–50%
Massive debris and mud clots suspended uniformly in clean, transparent ice; debris content �40–60%
Solid clast-supported debris with clean interstitial ice; can contain ice lenses; debris content >60%

Figure 4. Images of basal ice facies observed in Kamb Ice Stream with the JPL borehole camera
system. (left) Images of (a) clear ice facies, (b) laminated ice facies, (c) massive ice facies, and (d) solid
ice facies. Each image covers approximately 4 cm in the vertical direction and up in image is down in
borehole. (right) (e–h) Demonstration of how debris content was estimated from image analysis of
picture segments whose borders are shown by dashed boxes in Figures 4a–4d. White denotes debris, and
black illustrates clear ice.
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Watanabe, 2002]. These laboratory experiments also show
that increased solute concentration and increased freezing
rate produce thinner ice lenses at lower temperatures
[Watanabe et al., 2001; Watanabe, 2002]. Sediment grain
size distribution is also likely to control the configuration of
ice lenses and debris bands [Christoffersen and Tulaczyk,
2003a]. It is thus not surprising that debris content of
stratified basal ice facies can vary considerably. The estimate
derived from Figure 4a (63%) is clearly higher than debris
visible in Figure 6a (�5%), which may represent a lower
end-member of the spectrum of debris concentrations for the
stratified ice facies observed in Kamb Ice Stream. Values
appear to range between 5 and 60%, which is comparable to
debris concentrations for a banded ice facies (6–33%)
observed at the coastal margin of Law Dome, East Antarc-
tica [Goodwin, 1993]. Dispersed debris-poor and laminated
facies also observed by Goodwin [1993] may correspond to
the clear and debris-sparse, stratified facies observed highest
in the accreted ice layer of Kamb Ice Stream (Figures 4a, 6a,
and 6b). The predicted debris contents of massive dirty
facies (�51%) and solid dirty facies (�63%) fit very well
with values estimated from borehole camera images shown
in Figure 4c (51%) and Figure 4d (66%). The latter facies is
the equivalent of a frozen sedimentary layer. Comparable
debris concentrations (30% and 47%) have been reported
from suspended and solid facies observed in Greenland
[Waller et al., 2000]. Figure 6c shows that lenses of clean
ice can develop within the solid facies through a segregation
mechanism similar to frost heave. Ice lens development in
subglacial sediments supports results from earlier work in
which a frost-heave-based theory for basal freeze-on was
first proposed [Christoffersen and Tulaczyk, 2003a] although
that model did not contain the theoretical means to reproduce
ice facies on a millimeter scale. The absence of dispersed
facies in our model output is consistent with previous
hypotheses suggesting that this facies is formed by a
different mode related to either geological setting [Sugden
et al., 1987] or by deformation of ice with a stratified
origin [Knight, 1994; Waller et al., 2000]. The presence of
dispersed debris in parts of the basal ice layer of Kamb Ice

Stream (Figure 6b) may thus be evidence of postentrain-
ment dispersal processes from localized ice deformation
over protruding bedrock or frozen sticky spots [Weertman,
1968].

6. Discussion

[22] Our numerical investigations show that interactions
between freeze-on and regelation may lead to formation of
clear, stratified and solid basal ice facies when a freezing ice
base overlies a layer of freshwater-saturated till. The four
modeled ice facies highlighted above may well be associ-
ated with the stratified grouping within the two-facies
interpretation proposed by Lawson and Kulla [1978] and
adopted by Knight [1994] to encompass ‘‘solid’’ as well as
‘‘banded’’ ice facies observed in Greenland [e.g., Sugden et
al., 1987; Souchez et al., 1993; Tison et al., 1994]. How-
ever, we hesitate to fully adopt the two-facies classification
because our model indicates that facies variability is more
complex than put forward in that scheme. In our model the
most important control on formation of different basal ice
facies is the ratio of basal freezing rate to water supply rate.
Clear basal ice facies with a very small debris content forms
if water is freely available at the bed. Limitation in the water
supply rate strengthens the ice-bed coupling and enhances
the debris entrainment because the freezing interface moves
downward, into the subglacial sediment, due to infiltration
of ice by regelation. Clearly, we cannot rule out the
possibility that processes not included in our model
influence basal ice formation. However, within the phys-
ical framework of our model, we can use the basal ice
layer from Kamb Ice Stream to infer a several thousand
year record of subglacial conditions for one of the most
dynamic parts of the West Antarctic Ice Sheet. The
uppermost 1–4 m may have accreted under low freezing
rates (�1 mm yr�1) and very high meltwater availability
(�100%). Higher freezing rates would require a highly
pressurized groundwater system and/or ice-bed separation.
A large middle section (6–10 m) accreted under fluctu-
ating conditions characterized by low to moderate freez-

Figure 5. Schematic facies diagram illustrating subglacial conditions that should lead to basal ice facies
as shown in Figures 4a–4d. Dots represent model simulations that are not discussed in text, while squares
show model runs 1–3 discussed in the text.
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ing rates (1–3 mm yr�1) and fluctuating but generally
high water availability (>90%). Unconformities may exist
in the accretion record due to periods of basal melting,
and decimeter-thick units of dispersed ice facies may
indicate either periods of sliding over crystalline bedrock
or localized deformation [Weertman, 1961, 1968; Hubbard
and Sharp, 1993, 1995]. The debris-rich bottom unit (�1–
1.5 m) accreted under high freezing rates (>3 mm yr�1)
and critically restricted water conditions (<30%) i.e.,

conditions that most likely lead to ice stream stoppage
ca. 150 years ago [Vogel et al., 2005].

7. Conclusions

[23] Our model results provide a new quantitative frame-
work for interpretation of basal ice facies formed by ice
accretion over a subglacial till layer. Different basal ice
facies should form in response to changes in freezing rate
and subglacial water availability. We predict that clean and
laminated basal ice facies form in the interior of ice sheets
where meltwater is abundant. Massive dirty ice facies and
solid dirty ice facies may form under cold basal conditions
near ice margins or in ice streams if the basal ice temper-
ature gradient becomes critically steep due to fast flow and
ice thinning. The thick layer of debris-bearing basal ice in
Kamb Ice Stream (>10 m) indicates that basal freezing is
widespread and common, and a major agent for glacial
erosion and sediment transfer, e.g., as proposed by Iverson
[2000]. In our model sediment entrainment becomes signif-
icant when the basal freezing rate exceeds water supply rate.
300 years of water-depleted freezing at a rate of 5 mm yr�1

could e.g., produce a 10-m-thick layer of debris-rich basal
ice with a texture similar to frozen sediment (Figure 3m).
We thus find that erosion rates beneath freezing stagnant ice
in some cases (e.g., beneath stopped ice streams) may reach
values similar to predictions for fast temperate ice motion
[Hallet et al., 1996]. This is consistent with estimates of
debris entrainment following stoppage of Kamb Ice Stream
[Vogel et al., 2005]. Ice accretion in the interior of ice sheets
may thus be an underestimated agent for glacial erosion and
basal ice layers an underestimated source of glacial sedi-
mentation. The geological significance of ice accretion
processes are demonstrated by extensive ice-rafted debris
in the North Atlantic [Heinrich, 1988; Bond et al., 1992;
Bond and Lotti, 1995].

Appendix A

[24] We base our treatment of subglacial freezing on the
frost-heave approach of O’Neill and Miller [1985] rather
than the more recent frost-heave theory of Rempel et al.
[2004]. Hence it is important to examine more closely the
key quantitative difference between these two models. As
pointed out by Rempel et al. [2004, p. 235], this key
difference lies in the expression for the net interfacial force
that causes frost heave:

FT ¼ FOM
T

zl

Zzl
0

1� fSsð Þ@z ðA1Þ

where FT
OM is the net force as treated by O’Neill and Miller

[1985], z is vertical coordinate, zl is vertical coordinate of
the active ice lens (as by Rempel et al. [2004, Figure 4]), f
is sediment porosity, Ss is ice saturation. Note that Rempel et
al. [2004] define z = 0 as the position where temperature is
equal to the equilibrium temperature of phase transition in
the absence of interfacial effects. Ice saturation is equal to
one at z = zl and decreases to zero for 0 	 z 	 zf, where zf is
the vertical coordinate of the freezing front. Since we
are not aware of any observational constraints on spatial

Figure 6. Borehole camera images of basal ice in
Kamb Ice Stream. (a) Fine lamina of debris in clear ice.
(b) Suspended particles in dispersed ice facies. (c) Ice
lens formed in solid dirty facies. Each image covers
about 4 cm in the vertical direction and up in image is
down in borehole.
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distribution of Ss, we express the distribution of ice
saturation in a general power law, which satisfies the
boundary conditions stated above and is valid over the
domain zf 	 z 	 zl:

Ss ¼
z� zf

zl � zf

� �n

ðA2Þ

where n is an arbitrary exponent.
[25] To perform the integration in equation (A1) we

express zf as a fraction of zl, so that zf = kzl, where k varies
between 0 and 1. Under these conditions the difference
between the treatment of interfacial force developed by
Rempel et al. [2004] and that of O’Neill and Miller
[1985] is

FT ¼ FOM
T 1� f 1� kð Þn

nþ 1

� �
ðA3Þ

[26] For typical porosities of subglacial till ranging be-
tween 0.2 and 0.4, the maximum difference for linear
distribution of Ss (n = 1 and k = 0) is just 10% and 20%,
respectively. The difference decreases toward zero as n !
1 and k ! 1.
[27] O’Neill and Miller’s [1985] rigid ice model repre-

sents an end-member case of the model of Rempel et al.
[2004] as the latter simplifies to the former when the
influence of Ss on interfacial force is null. Even when this
is not the case, the difference between the two models is
relatively minor. The rigid ice model offers a reasonable
approximation of frost heave processes as observed in
Nature and controlled laboratory experiments. The funda-
mental requirement for successful application of both mod-
els is that control parameters (e.g., distribution of ice
saturation of Rempel et al. [2004] and interfacial curvature
of O’Neill and Miller [1985]) are chosen to make model
output match observations. The novel approach of Rempel
et al. [2004] represents a microphysically correct general-
ization of the O’Neill and Miller’s model but it does not
overturn that theory. The limitations associated with using
O’Neill and Miller’s [1985] treatment are in our model
small compared to other uncertainties.
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