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A case for cold-based continental ice sheets —a transient
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ABSTRACT. A finite-difference numerical model is used w0 simulate the
temperature profile at the center of an ice sheet throughout the course ol a
glaciation. The ice sheet is gradually built to a thickness of 3000 m over about 10 000
vears. starting on permalrost. A geothermal heat flux is applied at large depth. For an
initial surface temperature of 12,5 €, our model shows that basal meliing occurs
72000 years after the onset of the glaciation. The important parameters determining
the basal temperatures arve the initial temperature of the ice and substrate. the rate of
downward advection of cold ice and. (o a lesser extent, the thickness of the ice sheet.
The growth history of the ice sheet does not significantly influence the time at which
basal melting occurs. Our results show the possibility that the central parts ol the
continental ice sheets were cold-based for a significant part of their existence. Heating
due to the geothermal heat Tux cannot account for hasal meliing durine most or all of
a glacial cycle. These results may help 1o explain the existence of preserved land forms

under the ice sheets.

INTRODUCTION

The base ol an ice sheet is either frozen 1o its bed (cold-
based | or at the pressure-melting point (warm-based ). A
cold-hased ice sheet moves by internal deformation and
causes little erosion at its bed, while a warm-based ice
sheet moves by both internal deformation and  basal
sliding, thereby eroding the surface it over-rides. Accord-
ing to theory, an ice sheet becomes warm-hased when the
geothermal heat flux and internal heating by viscous
dissipation provide enough heat to melt the hase of the ice
sheet. while the overlving ice mass insulates the base
against the very cold air at the surface (Paterson. 1994,

Determination of the basal conditions ol ice sheets is ol

paramount importance {or the reconstruction ol their

topography and flow characteristies. MacAveal (1993, b

suggested that a periodic change in basal conditions of

the Laurentide ice sheet from cold- 1o warm-based could
result inoa dramade thinning of the ice sheet and a
massive outllow ol icebergs into the North Atlantic Ocean.

The thermodynamic equations for ice divides have
been amalyzed by Grigorvan and others (1976, Girigor-
van and others, as well as most previous ice-sheet
modelers (e.g. Hooke, 1977: Jenssen, 1977; Sugden, 1977
analyzed a steady=state temperature field, as this allows
great simplification of the governing equations. A number
of studies have examined the eflect of climatic change on
ice sheets but in all cases the ice-sheet thickness is more or
less constant (c.g. Greuell and Oerlemans, 1989: Firestone
and others, 1990; Lewréguilly and others, 1991: Oerle-
mans, 1991: Huvbreehts, 1994). Most of these studies
examine the Greenland ice sheet. which has persisted
throughout numerous glacial cveles. However, models
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with a steady-state temperature distribution or a constant
thickness are unrealistic for the continental ice sheets of
the Tast glaciation, which persisted only for relatively
short periods of time (50000~ 100 000 vears). The thermal
tp & L* [k & (107 m?)/(10 % m?/s) =
10Ms 2 3 x 107 years: with L the ice-sheet thickness and

dilTusion time

# the thermal diffusivity ofiee) is on the same order as the
lifespan ol these ice sheets.

We use a finite-dillerence analysis o simulate the
temperature prolile at the center ol an ice sheet
throughout the course ol a glaciation. At the center of
the ice sheet, horizontal flow does not exist, thus
simplifving our calculations to a one-dimensional model.

MODEL

The evolution of the thermal profile in a growing ice sheet
is modeled as a one-dimensional, transient process. The
governing equations are given in the Appendix. The
model accounts for conduction in both the ice and the
underlying rock, as well as adveetive transport in the ice
due o the downward motion of accumulating material.
The thermal conductivity and heat capacity of the ice are
allowed 10 depend upon temperature (although this non-
lincarity proves to have a minimal effect in the present
case ), while those characteristic of the rock are assumed to
be uniform and constant. To model the radial outward
low of ice in the central region of the ice sheet, the
advective velocity of the ice varies from a specified value
at the upper surlace to zero at the base of the ice sheet.
Rather than using a linear decrease in velocity (Nye,
1951, 1957, 1963). we used the more realistic (personal
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communication from E. Waddington, 1993) model ol
Dansgaard and Johnsen (1969), in which the vertical
velocity decreases linearly through the upper three-
quarters of the ice sheet and then quadratically to the
base. This accounts approximately for the lack of basal
sliding in a cold-based ice sheet. Our model allows for a
moving boundary at the top of the growing ice sheet: i.c.
the time-dependent position of the boundary is specified
as an input function, In our model. the moving boundary
is specilied independent of the downward advection, even
though the two are related in real ice sheets. Our
downward advection is the part of the total accumul-
ation rate that is accommodated by divergent lateral flow
in the ice sheet and therefore does not result in a
thickening of the ice sheet.

At the start of a model run, the sub-surface temper-
atures are in equilibrium with the geothermal heat fux
and a given ground-surface temperature. The geothermal
heat flux is applied at a depth of 4000 m. Model runs with
different depths show that beyond 2000m depth
negligible changes in the temperature profiles in the ice
are found. This observation is consistent with that of Ritz
(1987).
surface temperature. Subsequent ice is deposited at cooler

Ice is deposited on the ground surface at the

temperatures, according to the adiabatic lapse rate, as the
ice sheet grows in elevation. Our model uses an adiabatic
lapse rate of 8°C:/1000 m, halfway between the values for
dry and moisture-saturated air (Trewartha and Horn,
1980). The parameters used in the model are given in
Table 1. The geothermal heat flux warms bedrock and ice
until basal melting occurs at —1.96"C (for a 3000 m thick
ice sheet .

The model does not account for the latent heat of the
melting of permafrost. This eflect would be small for
substrates with low porosities, and therefore a small water
content, such as bare granitic bedrock as occurs in the
Canadian shield. Regionally, sedimentary rocks, soil
cover, ete, may result in significant ice content, which
would require considerable energy for the phase change
from solid to liquid. Since we model the ice sheet at its
center, we do not consider the frictional heat created by
ice movement, which would warm the ice. Therefore, the
model results are not applicable for arcas with significant
horizontal ice velocities.

NUMERICAL ANALYSIS

The model problem involves a moving boundary, which
poses a challenge for many numerical schemes typically
used in conduction heat transfer. In the present case, we
employ a “front-fixing”™ method (e.g. Crank, 1984), in
which a tranformation of the spatial coordinates fixes the
moving bhoundary (see Appendix). Then the surface-
boundary condition can be applied at a fixed nodal point
in the numerical analysis. The effect of this transform-
ation is to introduce a new term in the governing
equation that takes the form of an advective contribution
to the transport, with the apparent velocity scaling with
the rate of change of the boundary location.

The numerical analysis is carried out by the method of
lines (MOL) (e.g. Schiesser, 1991). In this method, the
spatial derivatives are discretized by a central finite-
difference scheme, reducing the partial differential
equation at each computational node to a first-order,
ordinary differential equation (ODE) in time. Each ODE
is coupled to the ODEs at adjacent nodes through the
discretization of the spatial gradients. The entire array of
coupled, non-linear ODLs is passed to a highly optimized
solver that performs the time integration by a backward
difference scheme. The code has been tested against
various exact, analytical solutions and proves to maintain
excellent accuracy.

ESTIMATE OF THE TIME-SCALE UNTIL BASAL
MELTING OCCURS

Figure 1 shows the evolution of the temperature profile
over time for a surface temperature of ~12.5°C. Tee-sheet
growth is exponential with fast growth at the inception
and decreasing with time. The characteristic rise time is
6000 years (i.e. at this time 63% of the final thickness has
heen reached) and the final ice-sheet thickness is 3000 m.
Note that at 0 years no ice sheet exists, while the ground
surface is at ~12.5°C, which is about the current temper-
ature in central Labrador and around the northern part
of Hudson Bay (Washburn, 1980). After 10000 years, the
ice sheet has reached about 2400 m thickness and is stll
growing. The ice sheet between 2000 and 2500 m above

Table 1. Ranges of paramelers used to model ice-sheet lemperalures

Parameter Range Reference model
Surface temperature [ C) 20 to—7.5 —12.5
I'inal ice-sheet thickness (m) 1000-5000 3000
Depth at which heat flux is applied (m) 4000 Fixed
Geothermal heat flux (Wm 7) 0.05 Fixed
Surface accumulation rate (m year ' 0.00 0.075 0.025

Rise time ol ice sheet (f,, year)
. . : |
Adiabatic lapse rate ((Ckm ) 8

Conductivity of ice (W m LR

Heat capacity of ice (Jm K ) 1

! ’ 7 I |
Conductivity of rock (Wm " K ) 2.5
Heat capacity of rock (Jm " K h 2.3x%10°

1-30000; linear or exponential

9.828 exp|-0.0057(T +273.15) |
936x10°+ 6.6%x10°T

6000 exponential

Fixed

Fixed (T in °C) (Ritz, 1987)
Fixed (T in °C) (Ritz, 1987)
Fixed

Iixed
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Fig. 1. Leolution of the temperature profile in an ice sheel.
12.5°C; final ice thickness:
0.025ma’

Initial suyface lemperature:
3000 m :
6000 a.

downward advection: rise Hme:

the original surface actually is cooled hetween 10000
vears and 30000 years by downward advection of colder
ice. while the temperature signal from the basal heating
has not vet propagated to the surface, The basal melting
point is reached alter 72 000 vears. This model run will be
used in all comparisons as a reference,

Figure 2 shows the change of the basal temperature

over time for ice sheets with diflerent initial surface

temperatures (and therefore inidal ice and sub-surface

temperatures). The warmer the ice and substrate. the
more quickly the base melts. Tt s noteworthy that even

with a relatively warm inital surlace temperature of

basal temperature (°C)

20—
0 20000 40000 60000
years

T
80000 100000

Lig. 20 dnfluence of initial surface temperature on basal
tempieratures. Graph shows lemperature al icelrock inter-
Sace aver time for different parameters. Final ice thickness:
5000 m ; 0.025ma';
6000 .

downward advection: rise lme:
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7.5 C basal melting does not occur untl 15000 years
after inception of the ice sheet. A temperature of 7.5 C
may be unrealistically warm f{or the conditions at the
inception ol the Laurentide ice sheet. as this is con-
siderably warmer than present ground temperatures.
Hughes (1973) pointed out that the Laurentide ice sheet
developed on permafrost and probably displayed relat-
ively cold initial temperatures. An ice sheet with an initial
surface temperature of 15 C remains cold-hased through-
out a 100000 vear glacial evele.

The influence of the final thickness of the ice sheet on
basal temperatures is examined in Figure 3. A thicker ice
sheet provides more insulation, resulting in a warmer
base. This [actor is not important [or ice sheets that arve
thicker than 2000 m. An ice sheet thinner than 2000 m
significantly extends the time until basal melting occurs.
A 1000m thick ice sheet under the given conditions
probably would never become warm-hased. Note that the
pressure-melting point varies with ice-sheet thickness.

] 5000 m--.....
: 3000 m (ref.)-...

& 4
“é’ |
3 g
2
3

E N
w #
oS 10

o
B o e e e o e B B B B M s
0 20000 40000 60000 80000 100000
years

/"f:;',‘. B /.’{}'7.’-’(‘.’.’('(‘ ﬁ][l[.;fjrll' thickness q/'(.'.ﬂ.' ice sheet on hasal
temperatures. Note that prossure-melting point varies with
tce=sheet thickness. Initial surface temperature: —12.5°C;

downward advection: 0.025ma ' : rise lime: 6000 a.

Figure 1 shows the influence of downward advection
ol cold ice on basal temperatures, As ice is accumulated at
the surface and lows out radially from the center of the
ice sheet, the downward movement of cold ice cools the
ice sheet. The values commonly assumed [or downward
advection at the center of the Laurentide ice sheet are
between 0,025 and 0.03 ma ! Sugden. 1977). Downward
advection of ice signilicantly cools the base of the ice
sheet. An ice sheet with a downward advection rate of
0.075ma ' remains [Fozen to its bed for 2 H 000 vears.

The growth history of the ice sheet does not
significantly influence the time at which basal melting
occurs (Fig. 5). For the relerence calculations, we used an
exponential growth curve (see Appendix) with a large
growth rate at the onset. decreasing exponentially as the
ice sheet approaches its linal thickness. We also tested a

constant growth rate ol the ice sheet untl the final
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pressure-melting point 9025 ma™ (ref.)
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Fig. 4. Influence of downward advection on  basal
temperature. Note that Oma " means no ice flow. Final
ice thickness: 3000m. initial surface lemperature:
12.5°C; rise lime: 6000 a.
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Lig. 5. Influence of the growth history of an ice sheet on
basal temperatures. fxamples of exponential and linear
models (see Appendiv) with various rvise times shoion.
Note that in the model the rise lime is independent of
downward advection, The curves for la, 6000
(exponential ) and 10000a (linear) are indistinguish-
able. Initial surface lemperatuwre: —12.5°C: final ice
thickness: 3000 m; downward advection: 0.025ma

thickness is reached and zero growth thercalter (linear
arowth). Calculations for linear growth over 10000 and
50000 years do not show large differences in the time at
which basal melting occurs. The ice sheet seems to grow
faster than the propagation of the temperature signal in
the ice, so that the heat sink at the icessheet surface only
weakly affects the basal temperatures. Therefore, the
specifics of the ice-sheet growth history can be neglected
to a certain degree when modeling the temperature
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history, as long as the ice-sheet growth does not affect
downward advection. In real ice sheets, the accumulation
rate determines both the growth rate and the rate of
downward advection (Johannesson and others, 1989). As
shown above, downward advection rates exert a strong
influence on basal temperatures.

RESULTS

For ice sheets that disappear during interglacials, the
model calculations show that the basal temperature is
strongly time-dependent on the time-scale of a typical
alacial cycle. Furthermore, heating due to the geothermal
flux cannot account for basal melting at the center of an
ice sheet during most or all of a glacial cycle if the inital
10°C. Basal
melting at the center ol an ice sheet may oceur toward the
end of a glacial cvele lasting 50000 100000 years. Even
under the most unfavorable conditions. the central part of

around temperature is colder than about

an ice sheet takes tens ol thousands of years to reach the
pressure-melting point at the base. The basal temperature
is determined mainly by the initdal temperature of the
surface (and substratum) and the advection of heat due to
downward movement of ice. The thickness of the ice sheet
does not influence the basal temperatures [or values above
2000 m. Our results show that the growth history of the
ice sheet can be chosen [reely without substantially
allecting the results over the time-scale of interest, as
long as there is no concurrent change in downward
advection. This uncoupling of the growth history from the
downward advection is unrealistic for real ice sheets but is
a useful model assumption.

DISCUSSION

The central parts of the Pleistocene ice sheets probably
were cold-based throughout a major part ol a glacial
cycle. Outward from the center, ice movement increases
and therefore internal heating ol the ice contributes to the
thermal balance. Basal melting would first occur in areas
of high ice velocity (ice streams. convergent flow between
topographic obstacles), while other parts may never have
reached the pressure-melting point. "Therefore, we suggest
that the basal conditions of the ice sheets were spatially
heterogeneous and  probably strongly influenced by
topography. Lxploration of these phenomena requires a
two- or three-dimensional model which includes a
transient thermal analysis.

Recent observations of preserved periglacial features
in arcas covered by the Fennoscandian ice sheet indicate
that the ice sheet remained cold-based in places
Kleman, 1994 Kleman and

Borgstrim. 1994). The patchiness of the [ormerly cold-

throughout its history

based areas suggests that basal melting occurred only
toward the end of the glaciation and that the preserved
preglacial land forms are remnants of larger areas with
cold-based conditions. In other areas, despite evidence for
a warm-based ice sheet, these authors observed that
erosion of preglacial features is much less than expected
for a glacial cycle lasting tens of thousands of years. As
indicated by our results, the ice sheet may have been cold-
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based during most of the glaciation, while basal melting
occurred in some arcas toward the end of the glacial
cyele, resulting only in slight erosion belore the ice sheet
melted completely.

Lineations, striations and other fcatures associated
with basal sliding that are used to reconstruct the
topography of former ice sheets [e.g. Shilts, 1980;
Boulton and Clark, 1990) may have lormed toward the
end of the glaciation. Tce sheets reconstructed from these
[eatures may represent only the end ol a glacial cyele.
Alternatively, these features may have formed during
earlier glaciations and have been preserved under a cold-
based ice sheet.

A model of periodic basal melting and refreezing
caused by thickening and thinning of the Laurentide ice
sheet (so-called binge purge cveles) was proposed by
MacAyeal (19934, h) 1o explain periodic massive iceberg
(Heinrich

cevents). Our results do not contradict this model. Onee

discharge into the North Adantic Ocean

basal melting occurs, the ice sheet can oscillate hetween
cold- and warm-based conditions, The possible occur-
rence ol Heinrich events during the early Wisconsin could
indicate that Heinrich events originate in peripheral
regions ol the ice sheet, while the center remains cold-
based. If the ice sheet in its entirety needs to be invoked to
cause binge purge cyeles, our model results suggest that
these early events were not caused by binge purge cyeles.
On the other hand, the early Heinrich events could be
interpreted as an indication that surface temperatures at
the inception of the Laurentide ice sheet were warmer
than ~ 7.3 C and that basal melting ol the entire ice sheet
occurred very carly in the glacial cyele.
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APPENDIX

TRANSFORMATION OF THE GOVERNING
EQUATION

The one-dimensional energy balance considered is:
ar 1. aT

H‘E = r)_:,

JT

B (Al)

pedz

where z is positive upward with its origin at the rock/ice
interlace, w s the vertical velocity and both the heat
capacity. pe. and the thermal conductivity, F. are, in
general, functions of temperature. The heat flux at the
base of the domain, located at some large depth = = —hy,
remains lixed at gy:

ar ity

B‘;(_iJ(].f) — ks A'.

(A2)

The upper boundary, or the ice/air interface, is located at
z = h, where b is an arbitrarily specified [unction of time.
The

spectlied function of time:

surface temperature, 7., is also an arbitrarily
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Tt — I, (A3)

In the present case, the time-dependence of T, is given
indirectly through its dependence on h(#).

The vertical velocity in the ice varies linearly through
the upper three-quarters of the ice sheet and quadrat-
ically below that (Dansgaard and Johnsen, 1969):

0. —hy € 2 <0 (rock)

/h)?
[2—(zu/h)] 7

0 < z < z, (lowerice sheet)

(2 /
r2(z 2/} -
WA =e/h) o < 2 < R (upperice sheet)

J=
2—(z,/h) * =5 s
(Ad)

where z, is the elevation above the bed at which the
upper, linear velocity profile intersects the lower,
quadratic profile. (In all caleulations shown in  this
paper, we take z,/h =0.25) In the limit that 2, — 0,
this recovers the linear profile of Nve (1951, 1957, 1963).
W is the magnitude of the advective velocity at the
surface. Here, W is the volume flux of’ice across the upper
surface of the ice sheet. i.e. it represents the accumulation
rate over and above that which goes into growth of the ice
sheet. Of course, a divergent, lateral {low must balance
the downward {low of ice. An assumption implicit in
Equation [A4) is that the velocity field in the ice is able to
adjust rapidly to inereasing b in order to maintain W in
the form given throughout the growth history.

The “front-lixing” method entails a coordinate
transformation ¢ = z/h, in terms of which Equation
(Al) can be written for the domain within the ice

(0< ¢ < h) in the form:
T Cdh w\ T 1 d aT

i L] S o kil A5
At " ( Ty dt + h) ¢ peh? O (A i)C) tas)

where w (Equation (A4)) is now written in terms of C.

Note that, even in the absence of downward advection
in the fixed reference frame (w=0), the coordinate
transformation has the effect of introducing into Equation
[A5) an advection-like term that accounts for the moving
boundary, h(t). The effect of the boundary moving
upward at velocity dh/dt and that of advection of cold ice
across the surface at velocity —W are additve. The
boundary condition at the top surface (Equation [A3)) is
now applied at the fived point ¢ = 1, which is convenient
for numerical implementation. In the scheme adopred
here, we solve the conduction problem in the underlying
rock domain (=hy € z<0) in the untransformed

coordinate, z, while solving Equation (A3 for the ice.
The temperature and heat flux are matched at the rock/
ice interface, 2 =( = (.

We consider two  particular forms of the growth
[unction, h(t):

ht) = ha[1 — exp(—t/t;)] (AG)
i
ho—, t£t
h(t) = t, (A7)
Ny L e

where h is the final ice thickness and ¢, the rise tme. In
the text, we refer to Equation [A6) as an exponential
arowth model and Equation (A7) as a lincar model.

MS veceived 2 February 1995 and aceepled in revised form 6 June 1995

https://doi.orgl1&31 89/50022143000030513 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000030513

	Vol 42 Issue 140 page 37-42 - A case for cold-based continental ice sheets - a transient thermal model - Jan T. Heine and David F. McTigue

