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ABSTRACT. A crucial element of several leading theories of Laurentide ice-sheet
instability (i.e. Heinrich events and advance/retreat cycles of the southern margin) is
the evolution of melting conditions at the subglacial bed. Despite the great importance
basal-temperature conditions play in these theories, relatively little has been done to
test their physical plausibility. We therefore undertake a numerical model study of the
ice-sheet temperature field along an important transect which extends from the lobate
southern margin of the Laurentide ice sheet to the iceberg-calving front at the
terminus of Hudson Strait. Our experiments illustrate the influence of important
aspects of ice-sheet thermodynamics on ice-sheet instability, including horizontal
advection and the development of an internal temperate-ice reservoir. Iree oscillations
of the basal temperature and ice thickness in Hudson Strait are possible under a
restricted range of parameters elucidated by the model. These free oscillations may
provide a basis for understanding ice-sheet instability, e.g. Heinrich events, with time-

scales in the range of 10"-10" a.

1. INTRODUCTION

Deep-sea sediment cores [rom the North Atlantic reveal
six seven layers of ice-rafted terrigenous debris (IRD)
deposited during the time period between the onset of
North American glaciation during isotopic stage 5 and
the Younger Drvas (Heinrich, 1988; Bond and others,
1992; Broecker, 1994). These layers, deposited over a

short, century-scale time span. arc virtually devoid of
marine foraminiferous sediment, are spatially widespread
and imply an IRD flux to the ocean floor that far exceeds
the background lux during glacial times. T'he remarkable
IRD deposition events implied by these layers are called
Heinrich events after Heinrich (1988), who first noticed
the cyclicity of peak IRD deposition in North Adantic
sediments.

A satisfactory explanation of Heinrich events has yet
to be achieved (e.g. Broecker, 1994). The hypothesis we
explore here is that Heinrich events were dramatic surges
ol'an ice stream in Hudson Strait which flooded the North
Atlantic with armadas of sediment-laden icebergs.
Several recent observations lend credibility to this
hypothesis. Heinrich layers are rich in detrital carbonate
and other rock types that are sourced in Hudson Strait
and Hudson Bay (Broecker, 1994). Heinrich layers are
continuous and thicken towards the mouth ol Hudson
Strait (Andrews and Tedesco, 1992; Dowdeswell and
others, 1993). Heinrich events occur at times ol incon-
sistent orbitally induced insolation [Maslin and Shackle-
ton. 1995). Moreover. Heinrich events correlate with low-
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salinity events in the North Atlantic (Maslin and
Shackleton, 1995), suggesting that the volume of melting
icebergs in the North Atlantic was also above glacial
background levels during Heinrich events. Our purpose is
to evaluate [urther the credibility of the surge hypothesis
using ice-sheet model experiments.

Two classes of explanation for these events have been
proposed. One, the “external forcing™ explanation, holds
that climate forcing triggers a Hudson Strait ice-stream
surge or, in the absence of a plausible triggering
mechanism, otherwise promotes unusually extensive
ralting of ice-entrapped sediment. Evidence for an
external climate forcing is the coincidence between the
periodicity of Heinrich events and the periodicity of
forcing; although irregular, the 7-12ka period of these
events is similar to the half-period of the Earth’s
precession cvele that can enter the climate system through
geographic filtering of Milankovitch cyeles (e.g. Short
and others, 1991). Further evidence comes with the new
discovery ol additional, reduced-magnitude ice-rafting
events in the North Atlantic sediment record, which occur
between Heinrich events, and appear to correspond with
staclials (abrupt cold events) seen in the Greenland ice-
core records (Bond and Lotd, 1995).

The other class of explanation, the “internal forcing™
explanation, holds that Heinrich events are free oscilla-
tions of the ice sheet that are independent of climate
conditions. Using a highly idealized model olice flow and
basal temperature, MacAyeal (1993a, b) has argued that
free oscillations (a ““hinge/purge theory™) of a Hudson
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Strait ice stream are plausible under certain simplilying
assumptions concerning how ice [low reacts to a switch
between [rozen and temperate basal conditions. As with
the external-forcing explanation described above, moti-
vation for the internal-forcing explanation comes from the
estimated periodicity of ice rafting in the North Adantic.
Payne (1995), in an important improvement on the
highly idealized model of the binge/purge theory, showed
that a two-dimensional dynamic/thermodynamic model
ol an ice sheet resting on initially flat bedrock topography
can have [ree oscillations under constant climate condi-
tions with periods in the order of 107-10" a.

Since the observed periodicity supports the external-
as well as the internal-forcing explanation, it does not
help us to distinguish between them. A further complica-
tion is the interdependence between the presence and
extent of ice sheets and climatic conditions. Remedy may
be provided from precise dating of Heinrich events on the
one hand and associated climatic changes on the other, in
order to find out what is cause and what is eflect
(provided that this separation is possible after all).

Aside from their paleoclimatological significance,
Heinrich events may shed light on the possible eflects of
global change on present-day ice sheets. For instance, a
similar surge of one or more ice streams in the West
Antarctic ice sheet could cause a sea-level rise of up to
5m, with drastic consequences to some highly populated
regions on Earth.

To [urther test the internal forcing explanation of
Heinrich events, we display simulations of ice-flow and
temperature conditions along a transect of the Laurentide
ice sheet leading from its lobate continental margin,
across the divide, to its iceberg-calving terminus in
Hudson Strait. These simulations are made using the
polythermal ice-sheet model developed by Greve (1993).
(The term ““polythermal™ used here refers to the fact that
this model explicitly accounts for the water/ice mixture
that can exist in an ice sheet when volumetrically
significant parts become temperate.) Ten different
boundary-condition sets (cach supposed to represent
idealized, time-independent glacial conditions) are em-
ployed 1o see how the Laurentide ice sheet grew from an
ice-free initial state. Our simulations reveal internal
oscillations of flow and temperature that can be identified
with Heinrich events.

2. MODELLING APPROACH

We use a coupled dynamic/thermodynamic ice-sheet
model, SICOPOLIS (SImulation COde for POLyther-
mal lIce Sheets), developed by Greve (1995), that
integrates the time-dependent equations governing ice-
sheet extent and thickness, ice velocity, temperature and
water content along the flowline shown in Figure 1. We
do not take into account the special dynamical properties
(e.g. longitudinal stress gradients, sediment deformation
details) ol an ice-stream [low regime in Hudson Strait or
of an ice shelf further downstream. This restriction allords
us the possibility of determining whether Heinrich events
are intrinsic to ice shects in general or are specialized
phenomena of ice streams and shelves.

A leading feature ol the model we use is its ability 1o
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Fig. 1. The modelled flowline of the Laurentide ice sheet
Jrom the southern ice margin along Hudson Bay and
Hudson Strait to the North Atlantic. Regtons of crystalline
bedrock and wnlithified sediment are delineated wsing the

map from Jenson (1994 ).

treat ice within the body of the ice sheet as temperate. i.e.
“polythermal™. In regions where ice is below the melting
point, the energy-conservation equation is used to
determine the evolution ol the temperature ficld
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(a, horizontal coordinate; z, vertical coordinate (height
a.s.l):t, time; vy, horizontal velocity: v, vertical velocity:
T, temperature; p, ice density: ¢, specilic heat of ice; &,
heat conductivity of ice: A(T"), ereep-rate factor [or cold
ice dependent on homologous temperature 77; E, creep-
enhancement factor; o, eflective shear stress: n, exponent
in Glen’s flow law). In temperate ice, the energy-
conservation equation is used to govern the production
and advection of the water held within veins and fuid
inclusions of the ice. T'he two regions, cold and temperate,
are separated by a cold temperate transition surface
LCTS), whose motion is described by the kinematic
ecquation and the dynamic conditions that are peculiar to
this type of Stefan problem (see Greve (1995), for [urther
detail). We emphasize a detailed treatment of temperate
ice in our study hecause of the crucial role played by near-
basal temperature conditions in the possible occurrence of
internal oscillations.

In temperate ice, water held within inclusions and
veins is governed by the water-content equation (Greve,
1995; Greve and Hutter, 1995
Ow dw dw 2

1
N o e e e EA(w ”—]**Duj .
5 Vg T g — op EAWe = D) + CCC
(2)

(w, water content; L, latent heat ol ice; A, (w), creep-rate
[actor for temperate ice; D(w), water-drainage function).
In this equation. the local change of water content with
time is balanced by horizontal and vertical advection.
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water production due to strain heating, water drainage
and a small Clausius—Clapeyron correction (“CCC™, not
given explicitly here; see Greve (1995)) resulting from the
pressure-dependence of the melting temperature. It is
assumed that water travels with the same velocity as ice.
Preliminary computations revealed that a water-drainage
mechanism must be included. however, to ensure that
water content does not exceed 100%. On a higher level of
complexity, this drainage mechanism could be something
like an extended Darcy law (Hutter, 1993), describing the
interaction force between water and ice travelling with
different velocities. For our study, however, we introduce
a simple empirical drainage function D(w) (Greve, 1995;
Greve and Hutter, 1995) that is based on measurements
of typical water-content values in glaciers

D(w‘) = 0 w < Wnax
o0 W > Whax

} (with tee = 1%):  1(3)

According to this formulation, any water surplus exceed-
ing the threshold value wy,, is assumed to drain
instantaneously to the subglacial bed.

The Laurentide ice sheet is underlain by two
fundamentally different types of bedrock, crystalline
and unlithified, soft sediment. This fact plays an
important role in the basal boundary conditions. In
particular, our basal-sliding law distinguishes between
these two types of bed. Jenson (1994) modelled a
flowline extending from the ice-sheet dome southward
across the soft sediments of the Lake Michigan lobe, and
found reasonable success using a no-slip condition for
crystalline bedrock and a slightly non-linear viscoplastic
behavior for soft sediment. Since we have no means to
verify the details of sediment movement at the bed of
Hudson Strait, we simplify the flow law (or soll sediment
used in Jenson’s study by assuming a constant thickness
of the shear layer and by disregarding non-linearity in
the viscous component of sediment deformation. By
adopting the lower boundary of Jenson's (1994)
measured sediment viscosities, fp = 5.2 X 10" Pas, and
a shear-layer thickness of Hye = 2m, representing an
average value of Jenson’s (1994) calculated thicknesses,
we obtain the basal sliding law

O
(va), = —ea H (4)

((vyq),, basal sliding velocity; ¢, sliding coeflicient; H.ice
thickness: h, z coordinate ol the free surface); with
¢q =100a '. This basal sliding law describes the basal-
sliding velocity above unlithified sediment in the case of a
temperate ice base. In the absence of a temperate ice base,
we assume a vanishing basal-sliding velocity regardless ol
the nature of the basal bedrock.

Summary of further model features

Model equations based on the shallow-ice approxima-

tion (Hutter, 1983; Morland, 1984 ).

Two-dimensional lowline model incorporating flow-
band width variation, based on finite differences.
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Polythermal calculation (as described above).

Lithosphere: evolution of temperature calculated in a
layer of thickness H, (this requires knowledge of
lithosphere density py, specific heat ¢ and heat
conductivity k,); reaction on varying ice load
accounted for by assuming local isostasy (based on
ice density p and asthenosphere density p,) with time
lag 7v.

Horizontal resolution: 17.5 km.

Time step: L a for the calculation of velocity and ice
topography, 10 a for the calculation of ice temperature
and walter content,

In the vertical: o coordinates lor each of the three
11 equidistant grid points,
temperate ice: 11 equidistant grid points, cold ice: 51

regions (lithosphere:

erid points with densification towards the bottom), i.e.
vertical columns are mapped to [0,1] intervals.

Temperature and water-content equation: implicit
diseretization of z derivatives, explicit discretization ol
a derivatives (upwind scheme for the horizontal
advection terms).

Height-evolution equation: implicit discretization of
derivatives.

Glen’s flow law with n=3 and an enhancement
factor E =3 (accounting for the apparent stiflness
reduction of ice accumulated during glacial periods);
rate factor A depending on homologous temperature
in the case of cold ice (commonly used exponential law
A(T") = Apexp(—Q/R(Ty + T')) with two different
activation energies @ for T" < —10°C and 7" >-10°C,
respectively and the absolute temperature Tj) =
273.15 K. see Paterson (1994)) and on water content
in the case of temperate ice (A((w) = A(T" = 0°C)
x(1+184w), according to Lliboutry and Duval
(1983)).

The values for the physical quantities used in the model
are listed in Table 1.

3. MODELLING A LAURENTIDE ICE-SHEET
FLOWLINE

3.1. Flowline topography

Our main interest is the behavior of the Laurentide ice
sheet in Hudson Bay and Hudson Strait. We therefore
consider an approximate f{lowline, running [rom the
position (¢, A) = (40" N, 99° W), south of the ice margin
determined for the Last Glacial Maximum 21000
calendar years ago, through Hudson Bay and the center
of Hudson Strait. lts eastern margin is situated at
(. A) =(60.9°N, 60.8°W), beyond the sill separating
Hudson Strait [rom the open sea. Figure | shows the
course of this flowline together with the regions of
crystalline bedrock and unlithified sediment, determining
the basal sliding regime. Figure 2 depicts the present
hedrock topography z = by, assumed to be approximately
in isostatic equilibrium with no ice load.

To correct for flow-band width (denoted by s)
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Table 1. Values for the distinct physical quantities used in
the model calculations

Quantily alue

Iee density p 910kgm *

Heat conductivity ol ice 5 9.828exp(—0.0057 T[K]) Wm 'K '
(146.3+7.253T[K|) | ke 'K '

335 k] kg '

4.23 %10 s ' Pa (T <-10°C)

2.03x 10%s ™' Pa *(T" >-10°C)

Activation energy lor 60k] mol (T <-10°C:

creep @ 139k] mol '(T">-10°C)
Enhancement factor E 3
Clausius-Clapeyron 8.7x10 'Km'

Specific heat of ice ¢

Latent heat of ice L

Creep-rate factor co-
ellicient Ay

eradient /4
Density x specilic heat of
the lithosphere pye;
Heat conductivity of the

2000kJm "K'

lithosphere AWm 'K
Lithosphere thickness H, Skm
Lithosphere time lag 7, 3000 a
Asthenosphere density p, 3300 kgm *
Gravity acceleration g 9.8l ms*

8.314Jmol 'K

Universal gas constant R

variation, we introduce a term proportional to ds/dz in
the mass-bhalance equation governing the evolution of ice
thickness H, so that
OH g,
ot dx
1

(g, horizontal mass flux; a’

g 3

1 ds By
R i 1 (5)

S

- Qo= —
"5 dr
surface accumulation-
S o S .
ablation funcuon: P}, basal melting rate), and estimate
a flow-band width s(x) around the constructed flowline.
We assume s(x) to be approximately constant in the

southern part and use the present margin contours ol

Hudson Bay and Hudson Strait as low-band limits in the
northern part (Fig. 1). This aflects mainly the transition
zone between Hudson Bay and Hudson Strait, where the

i
o
ER
=,
["e}
=e
T
0
'l: 1 1 1 1 1 1
o} 500 1000 1500 2000 2500 3000 3500
x [km]

Fig. 2. Present bedrock topography along the modelled
Slowline (see Fig. 1), assumed to represent the isostatic
equilibrivm with no ice load, = = by, & = O represents the
southern flowline end, x = 35500 km represents the north-
eastern end wherve icebergs are asswmed lo discharge into the
North Atlantic.
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correction accounts for the channeling effect of Hudson
Strait on the ice [low toward the North Atlantic.

3.2. Standard glacial boundary conditions

All model experiments simulate the Laurentide ice sheet
under time-independent, glacial climate conditions. For
the mean annual air temperature, T,,, above the ice we
apply a function of latitude, @, and height above sea level,
h, derived by Reeh (1991) for the Greenland ice sheet
under present climate conditions:

T =01 + o h + 030, (b)

with 6 =38.38°C, #, = —0.007924°Cm ' and #; =
—0.7512°C x (deg N. lat.) '. The value of #; given here
is 10°CI below Reeh’s value to account for glacial
conditions,

The accumulation-ablation function a’ consists of
two parts, namely surface snowlfall, S;, and surface
melting, A, from which it can readily be obtained via
a; =Sy — M. As for the snowfall, ice-core analyses
indicate that glacial accumulation rates were about one-
hall’ to one-fourth of present values. We thus choose
So=0.3ma

The ablation rate (surface melting) is parameterized
according to Calov (1994) [ollowing the degree-day
model (Braithwaite and Olesen, 1989: Reeh, 1991). This
method couples the melting rate linearly to the air-
temperature excess above 0°C; it 1s distinguished between
(i) transformation of snow via water to superimposed ice
(l.e. ice above firn) and (ii) melting of ice.

The ice-surface temperature 7§ is assumed equal to the
mean annual air temperature, 7}, unless the formation
rate of superimposed ice, M*, exceeds the ice-melting
rate, M. In this circumstance, an empirical firn-warming
correction due to the latent-heat release of the remaining
superimposed ice is applied (Reeh, 1991):

T: = T + max { ppec (M* — M); 0} (7)

with the [irn-warming correction coefficient gy =
24.206°Cm "a.
melting point of ice. Hence, we constrain T, to a
0.001°C: the slightly negative value is

Naturally, T, must not exceed the

maximum ol
artilicially introduced to avoid a temperate ice-sheet
surface. This circumvents problems associated with the
upper-boundary condition for water content and has little
effect on the outcome of our study.

The remaining boundary condition allects the lower
boundary of the model domain. the lithosphere bhase.
Here, the geothermal heat flux is required by the mode
and we use the standard value for Precambrian shields,
namely QL =42mWm * (Lee, 1970).

geoth

3.3. Model experiments

In the lollowing, we wish to discuss ten model experi-
ments. all of them aimed at building up the Laurentide
ice sheet under idealized, time-independent glacial
climate conditions. starting from an ice-free initial
condition. Run rlp0l is our control experiment and is
carried out subject to the standard conditions defined in
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sections 2 and 3.2; in runs rlp02-rlpl0 several properties
are varied, namely
Run rlp02: subglacial meltwater storage in the
unlithified sediment regions included, acting as
reservoir of latent energy. Hereby, the evolution of
the thickness of the meltwater column, H, is
calculated by

OHy Py
an o p

H,, corresponds to an amount of latent energy per unit

(8)

dareca
oy = pLHy (9)

at the ice-sediment interface. It is furthermore
assumed that the restriction Hy < 25m holds and
any surplus is regarded as draining away. Because of
temperature steadiness, the effect of the presence of
subglacial meltwater is that at any position the ice
base remains temperate as long as Hy, > 0 is fulfilled;
in other words, the entire amount of meltwater must
relreeze belore the basal temperature can switch [rom
temperate to cold.

Run rlp03: 6, =37.38"C (mean annual air tempera-
ture decreased by 1°Ci).

Run rlp04: ¢y =50a :

down in half).

(basal-sliding coefficient cut

Run rlp03: € = -0.007"Cm
annual air temperature increased by approximately

0000 G

(lapse rate for mean

Run rlp06: Sy =0.2ma '

third ).

(snowlall decreased by one-

Run rlp07: £ =2.5 (enhancement factor in the Mow
law decreased by 0.5).

Run rlp08: 7 = 10000 a (time lag for bedrock sinking
increased by 7000 a).

Run rlp09: polythermal mode switched off. Instead
solution of the temperature equation for cold ice in the
entire ice-sheet domain, afterwards resetting of
temperatures that exceed the pressure-melting point
on the pressure-melting point.

Run rlpl0: calculation without horizontal advection
in the temperature and water-content equations,

The runs cover an iteration time of 60000 years,
representing the approximate time the Laurentide ice
sheet had for growth during the Wisconsin glacial period.

3.4. Discussion of model results

In Figure 3, the total ice volume of the modelled transect
Viet» the ratio of temperate to total ice volume prepyp, the
ice-covered area A;),, the area covered by temperate ice
A, and the iceberg discharge from Hudson Strait gps
are depicted for all runs as functions of time. Here, gns is
assumed equal to the mass {lux ¢, through the last grid
cell x € [3482.5km, 3500km] of the model domain,
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immediately adjoining the ocean (see Fig. 2). This is
indeed a good measurement for the iceherg discharge,
because it represents the amount of ice flow towards the
ocean that is not compensated by melting, i.c. the calving
rate. If the second-to-last grid point at x =3482.5 km is
ice-free and therefore the mass flux through the last grid
cell is equal to zero, the scaward ice flow from the inner
ice-sheet region is annihilated by surface and basal
melting before reaching the coast, and thus calving does
not appear [no iceberg discharge).”

In all cases except vlp02, Py and Ay, undergo an
oscillatory behaviour. In rlp02, the A, oscillations are
much smaller and vanish after 30 ka but pyoy, remains
slightly oscillating. Of particular interest in our ellort to
understand Heinrich events is the iceherg discharge
through Hudson Strait, ggg. This variable is seen to be
oscillatory in all runs except rlp02 and rlp06. demonstrat-
ing that the presence of discharge events is not particular
to a special set of parameters. The onset of iceberg-
discharge oscillations is in all cases delayed 1525 ka from
the inception of the ice sheet. This is because the ice sheet
needs a finite amount of time to reach the North Atlantic
by growing down the Hudson Strait channel. Iceberg-
discharge in run rlp02 is predominantly smooth (we are
unable to judge the significance of two tiny negative peaks
during the last 4 ka of the model time). Also of note is the
iceberg-calving flux of rlp06 which does not become
oscillatory until the last 1000 years of the model time.
This is explained by the fact that lower snowfall in this
run means that the ice sheet does not grow sufliciently fast
to reach its iceberg-calving terminus until late in the
model run.

The oscillations of A1, Premp and gus coincide; high
Ay, and prgp values entail high gus values and vice
versa, This is in agreement with the idealization ol the
binge/purge theory: extensive temperate ice at the base
provides extensive basal sliding and, as a consequence,
extensive iceberg discharge. Due to the high ice velocities,
advection of cold surface ice towards the bottom is
enhanced during such an event, resulting in a decrease of
Ay, until basal sliding can no longer sustain a
significantly elevated iceberg-calving [lux. During the
quiet phase, when little temperate ice exists at the bed,
the ice sheet grows. As it grows, the base becomes warmer
and eventually temperate basal conditions build up
sufliciently to initiate the next discharge event.

Why do the oscillations of gus not appear in rlp02?
This can be understood by the influence of the meltwater
layer on the basal temperature conditions. In section 3.3,
we stated that with a meltwater layer included, a
temperate ice base must remain temperate untl the
underlving meltwater has refrozen completely. This
condition causes a thermal “inertia effect” on the

As already mentioned in section 2, we do not account
for the possibility that the ice may become floating in
Hudson Strait; instead, we regard it as grounded ice
right to the coast even though buoyancy would lift it up
in reality. Furthermore, we do not impose special
boundary conditions for grid points with a free surface
below sea level.
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meltwater laver and its stored latent energy, hampering
the switch from a predominantly temperate base to a
predominantly cold one after a discharge event. There-
fore. as opposed to the other runs with no meltwater layer
taken into account, temperate hasal conditions prevail,
leading to a continuous iceberg discharge.

In rlp09, the polythermal calculation has been

switched off. This has a major eflect on the ratio of

temperate ice volume to total ice volume, prenp, whose
absolute values and oscillations are much bigger than for
the polythermal simulation rlp0l (note the diflerent axis
scale for progp of run rlp09 in Figure 3). This is due to the
fact that solving the temperature equation for cold ice in
the whole domain provides unrcalistic temperatures
above the pressure-melting point in parts of the ice sheet.
Because of the implicit solution technique, this leads to a
temperature field slightly too warm in the entire ice sheet,
so that the amount of temperate-ice regions is over-
predicted. However, the effect on Ay, and gns is only
marginal; the main characteristics of the oscillations are
the same in both cases. Evident differences occur in the
time interval between 30 and 40 ka, where the oscillations
provided by rlp09 appear to be more regular than the
ones of rlp01. This shows that the oscillations are mainly
due to the switch between basal sliding and basal
adhesion: the presence of a soft (due to the strong
dependence of the rate factor Ay(w) on water content)
temperate-ice layer above the base is of minor impor-
Lance.

Run rlpl0 was carried out without accounting for
horizontal advection in the evolution equations for
temperature  {cold regions; Equation (1)) and water
content (temperate regions; Equation (2)). The impact
on the dynamic behaviour of the modelled ice-sheet
flowline is remarkable. The ratio piayp is more than 10
times bigeger than in the control run rlpOl, and the
oscillations of Ay, and qus are of higher frequency and
lower amplitude. In particular, after the onset ol iceberg
discharge at t =29.2 ka it does not break down anymore,
i.e. this run does not provide distinct discharge events
interrupted by quiet periods. This is due to the fact that

horizontal advection is responsible for the transport of

cold surface ice from the inner ice-sheet regions towards
the margin, where it enforces the switch from temperate
hasal conditions (basal sliding) to cold basal conditions
(basal adhesion). However, since vertical advection also
transports cold surface ice to the base. the hinge/purge
mechanism as explained above can still be sustained, so
that some oscillatoric behaviour remains.

The range of model integration time steps that provide
stable runs is very small, In order to test the possible
influence on results, we carried out run rlp0l two more

1 1 1
(o] 1000 2000 3000 4000
x [km]

]
I

Fig. 4. Run rvlp0l: ice-sheet topography (z=h free
surface. z=b ice base) along the modelled flowline for
t =58.7ka (solid line, corresponds to high Ay, and
maximum qus ) and t = 39.1 ka (dashed line, corresponds
to loww Ay, and qns = 0).

times with (i) At=0.5a/5a and (ii) At=2a/20a
(instead of the standard set At = la/l0a (see “summary
ol further model features™).
between t =50 ka and ¢ = 55 ka; since then, they provide

Both of these runs crash

almost the same dynamic behaviour of the modelled ice
sheet as standard run rlp01. Furthermore, the simulated
periodicity (> 1ka) is much bigger than the integration
time steps, so that a purely numerical reason for the
simulated oscillations can in all probability be excluded.
However. we have not conducted three-dimensional
simulations to check the consequences ol the [lowline
restriction; with a horizontal resolution fine enough to
include adequately the topography of Hudson Strait, this
would require a large amount of CPU time. Payne
(persomal communication (1995)) carried out three-
dimensional simulations on the Laurentide ice sheet with

a somewhat coarser resolution (Ar = Ay =50km) and
observed subsequent on- and off=switch events of draining
ice streams, indicating that oscillatoric behaviour still
holds in the three-dimensional case.

Figure 4 shows the ice-sheet geometries for rlp0l at
two stages in the cycele ol iceberg discharge. At an active
point in the cycle, specifically at t =58.7 ka, correspond-
ing to the second-to-last gus peak in Figure 3, the scaward
margin has advanced to the coast and the ice surface near
the dome has lowered. For this time, gjg amounts to a
total value of 2.71 km?a ', from which 0.99 km” a
from basal sliding according to Equation (4) and
1.72 km”a ' from internal deformation. At a quiet stage
in the cycle, specifically at ¢ =359.1ka, where gug has

|
result

come to zero afterward., the seaward margin has retreated
and the surface elevation has grown again.

Fig. 3. Time evolution of the total ice volume Vi (10° kni’ ), the ratio of temperate to tolal ice volume Prowy ( per mille),
the ice coverage Ay, ( 10° k) along the modelled floweline (dashed line: total ice-covered basal area Aiy,. solid line: basal
area covered by temperate ice Ay y,) and the iceberg discharge into the North Atlantic qns ( k™ a ! for the ten runs rip0i-
Hpl0 (rlp01 control, rlp02 subglacial meltwater veservoir included, vlp03 mean annual air temperature decreased, rip04
basal sliding decreased, rip05 lapse rate for mean annual air temperature increased, rlp06 snowfall decreased, rip07
enhancement factor decreased, rip08 time lag for bedrock sinking increased, rip09 polythermal model swilched off, rip10 no

horizontal advection ).
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4. CONCLUSIONS

Qualitatively, our results demonstrate that a wide variety
of model parameters can lead to f[ree oscillations
identifiable with Heinrich events. The quantitative
aspects of our results, however, suggest that this
identification is less convincing. First, the time between
two subsequent modelled discharge maxima is between
1.5 and 3 ka for all simulations, whercas the Heinrich-
event periodicity seems o be 7-12ka (Heinrich, 1988;
Bond and others, 1992). Yet new data give evidence for
additional ice-rafting events with periods of 1-2 ka (Bond
and Lott, 1993), providing better agreement with our
simulations.

Secondly, the intensities ol the modelled discharge

events may be too small to explain the large amounts of

ice-rafted debris in the North Atlantic. Estimates of IRD
layer thickness and areal extent (Alley and MacAveal,
1994; Dowdeswell and others, 1993) suggest that each
Heinrich layver represents a volume of approximately
100 km®. It is not known how much ice is required to
carry this debris volume, because observations ol debris/
ice-volume ratios for icebergs and ice streams are scarse.
An estimate for this ratio of 1/1000 (10m of dirty ice in a
100 m thick iceberg with the debris concentration of dirty
ice at 1%) would require 10° km® of ice to transport the
debris contained in each Heinrich layer. To achieve a net
ice discharge ol this magnitude, the intensity ol modelled
discharge would have to be increased over the intensities
achieved in our experiments. These shortcomings may
indicate that, although a model based solely on grounded
ice-sheet dynamics can vield [ree oscillations with periods
in the same order of magnitude as the recorded ones,
modelling of Heinrich events in their full intensity require
the application of ice-stream dynamics (very low basal
shear stresses, hence behaviour similar to ice shelves) in
Hudson Bay and Hudson Strait.
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