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ABSTRACT. Numerical experiments, where a simple ice-sheet model was coupled with
sediment-deformation models, were performed to investigate the transport of glacigenic ma-
terial to the western Barents Shelf during the Late Weichselian. The ice-sheet model, and its
environmental inputs, has been matched previously with a series of geological datasets relat-
ing to the maximum extent of the ice sheet (Howell and others, http://www.ggg.qub.ac.uk
[rp05/1999]). Additional geological data on the volumes of sediment delivered to the Bear
Island fan (Barents continental margin) are available for comparison. The experiments in-
dicate the sensitivity of sediment transport and deposition to variations in (a) the ice-stream
model and (b) a variety of model parameters. Two ice-stream models were used: (1) a /eight-
above-buoyancy model, in which basal velocity is controlled by basal driving stress and a buoy-
ancy-induced reduction in the normal load beneath a marine-based ice sheet; and (2) a mod-
ified version of the method presented by Alley (1990) in which basal velocity is related to
pore-water pressure, sediment thickness, and driving basal stress. The results of the two dif-
ferent models were then compared. An extensive set of sensitivity tests was carried out to de-
termine sediment-transport response to changes in the model’s parameters. Results indicate
that, using physically realistic parameters for deforming subglacial sediment, both models
reproduce the volume of Late Weichselian sediment measured on the Bear Island fan. Results
from both models are sensitive to (1) cohesion of the sediment and (2) the thickness of de-
forming sediment beneath the ice sheet. The two models exhibited different degrees of sensi-
tivity to the sediment parameters, with the height-above-buoyancy model proving to be less
sensitive to variations in the thickness of the deforming sediment layer than the model pro-
posed by Alley (1990). The differences between the two models examined here highlight the
need for a comprehensive comparison of all the methodologies for calculating basal-ice
motion currently in use.

INTRODUCTION

Numerical ice-sheet models calculate ice flow by coupling
algorithms for internal-ice deformation, and basal-ice motion.
Glen’s flow law for ice (Glen 1935) is in widespread use and
different model formulations of internal ice deformation
have been found to produce ice sheets which are in good
agreement with one another (Huybrechts and others, 1996).
However there are various algorithms available to calculate
basal ice-sheet motion (Table 1). Sensitivity tests have been
carried out on the response of basal motion to variation in
model parameters (Bentley, 1987). However, an intercom-
parison of ice-stream—sediment-deformation model techni-
ques has yet to be investigated.

Pattyn (1996) performed a flowline experiment comparing
basal-motion models based on height-above-buoyancy and
subglacial water flux in reconstructing the modern ice flux of
the Shirase Glacier, Antarctica. However the flow-line nature
of his experiment makes it difficult to generalize the results to
a model of a complete ice sheet. Also, there was no long-term
geological evidence available to compare the results from the
models. In general, the highly multivariate nature of time-de-
pendent ice-sheet models makes it difficult to select a simple
comparison methodology to understand how sediment-de-
formation algorithms affect ice-sheet results. However,
several authors have recently investigated the transport of
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sediment beneath ice sheets using numerical modelling (Jen-
son and others, 1995, 1996; Dowdeswell and Siegert, 1999).
Consequently it is increasingly important to investigate possi-
ble discrepancies between the available models for ice-sheet
basal motion. This paper aims to highlight the effect of using
two different methods for calculating ice-sheet basal motion.
The models are applied to determine the sediment delivery to
the margin of the Late Weichselian ice sheet in the Barents
Sea. There are several features related to this former ice sheet
which lend it to the experiment proposed here. First, a new
ice-sheet reconstruction of the Late Weichselian Eurasian ice
sheet has recently been conducted using the ice-sheet model,
and associated environmental inputs, employed here (Howell
and others, http://www.ggg.qub.ac. uk [rp05/1999]). Second,
the presence of large glacigenic sedimentary fans on the mar-
gins of the Barents Sea provides a geological control on the
model results. Late Weichselian sediment volumes have been
measured on the Bear Island fan and the smaller Storfjorden
fan (Laberg, 1996), along the western Barents Sea continental
margin (Fig. 1). Third, the presence of the glacigenic sedi-
mentary fans precisely locates the active ice streams which
transported the sediment. Interfan margins are characterized
by low sediment thicknesses, indicating that the ice sheet ter-
minating in these regions was relatively inactive. Finally,
there is currently a thick layer of soft, unconsolidated sedi-
ments throughout the Barents Sea. Thus, sediment transport
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Table 1. Methods used to calculate basal ice-sheet motion

Paper Basal-ice flow model Key parameters b Dpe

Fowler and Johnson Water-flux-based flowline model, driven by water flow, Bed friction, ¢ = 0.01 bar® a®’m %, p=2 Pore-water

(1996) sediment properties and basal shear stress. ¢ =032bar” ms ", Flowline

Alley (1990) Flowline, driven by water flux, by water flow and ice- Till softness, K}, =0.013 Pas p=1 Pore-water
sheet basal shear stress. sediment angle of internal friction, Flowline

tan ¢ = 0.2; till cohesion,
C' = 4000 Pa.

Alley (1990) modified ~ Pore-water-pressure fixed, motion driven by sediment As Alley (1990), but with the fraction p=1 Pore-water

for two-dimension, properties and ice-sheet basal shear stress. of the bed supported by a water film, Map-plane

map-plane, modelling f,setto 0.7.

Pattyn (1996) Compares several flowline models; Varies. Varies  Varies
height-above-buoyancy, water flux. Flowline

Budd and others (1984)  Height-above-buoyancy model. Till-deformation softness, p=1 HAB

5x10°m Paa . Map-plane

Lam and Dowdeswell ~ Height-above-buoyancy, flowline model. Motion de- Till-softness coefficient, p=3 HAB

(1996) pends on depth-dependant effective pressure, sediment 95x107m’ 'N 2 Flowline
strength and basal shear stress.

Van der Veen (1996) Height-above-buoyancy, but also allows for time-depen-  Sliding parameter, p=3 HAB
dant changes in the friction, y, of the deformable sedi- Ay =2x10"N?m’a ", Map-plane
ments and lateral drag at the margin of an ice stream.

Pattyn (1995) Temperature-dependant; basal motion dependant on Sliding-law multiplier, p=1 Basal-temp.
basal stress if above pressure-melting point and is zeroif B =5x10 *ma 'Pa ', Map-plane
below pressure-melting point.

Hooke and Elverhoi Temperature-dependant; basal motion dependant on Sliding parameter, A =250 000ma ' p=3  Basal-temp.

(1995) basal stress if above pressure-melting point and is zero if ~ if at pressure-melting point, Flowline
below pressure-melting point. A = 0 otherwise.

Marshall and Clarke Subgridcell ice streams, driven by basal temperatures, f=3Paam |, N/A Subgridcell

(1997) basal shear stress, marginal shear stress of the ice stream, bed roughness, @ =0 1. Map-plane
sediment properties and subglacial water pressure.

Jenson and others Driven by sediment deformation (assuming velocity at Sediment cohesion, C, taken to be p =125 Sediment-driven

(1995, 1996) the base of the ice sheet equals the velocity at the top of  zero; the sediment angle of internal Flowline
the sediment column). friction, ¢ = 21.8°-24°.

Pfeffer and others Sliding driven by sediment properties and externally set  Sliding coefficient, B, B = 0.0l bar p=2 Sediment-driven

(1997) parameter. (ma ')* externally set parameter, Map-plane

¢, governing percentage of motion
due to basal motion.

Notes: Each model is described briefly and the values for important parameters in each model given. All models presented calculate ice-stream motion by
using driving stress raised to some power, p, in addition to the parameters described. The exponent, p, used in each model is given in the table. The models
are also grouped by category: “HAB” is a height-above-buoyancy model, “pore-water” indicates that basal flux is driven by pore-water pressure, “basal-
temp.” denotes ice streams dependant on basal temperature in a given gridcell, “sediment-driven” indicates that basal motion is controlled by sediment
properties, and “subgridcell” indicates that ice streams are allowed to occupy less than an entire gridcell. The table also distinguishes between “flowline”

models and “map-plane” models.

during the relatively brief Late Weichselian glaciation did not
strip the sediment layer from any part of the Barents Sea.
Consequently, in modelling sediment deformation during this
period, it can be assumed that the actual thickness of easily
deformable sediments there exceeded the thickness of the
shear zone within the subglacial sediments for the entire Late
Weichselian glaciation. Therefore processes of sediment
“creation and depletion” need not be considered, and the
number of unknowns in the model is thereby reduced.

In summary, we have undertaken an intercomparison of
two ice-stream—sediment models by applying the models to
the well-documented glaciation of the Barents Sea with spe-
cific reference to a well-known glacigenic fan system. The
results are valuable in themselves in the context of recon-
structing the glacial and sedimentological history of the
Barents Sea. The comparison of these two models also acts
as an indicator that a more widespread comparison of all
the basal-deformation models currently in use is needed.
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THE NUMERICAL MODEL

The Late Weichselian Eurasian ice sheet was modelled using
a topographic grid as a boundary condition, consisting of
310 (E) by 240 (N) 20 km x 20 km gridcells covering the Uni-
ted Kingdom, Scandinavia, northern Russia and the Barents
and Kara Seas (Fig. 1). A time-dependent, vertically inte-
grated, finite-difference, numerical ice-sheet model was used
to determine ice-sheet flow, and an elastic-sheet lithosphere
model used to calculate the isostatic depression caused by ice
loading. In discrete experiments, the ice-sheet model was
coupled to two subglacial sediment-deformation models.

Ice motion within the ice sheet was modelled by solving
the continuity equation for ice flow (Mahaffy, 1976);

Oh

& ==V Fluh)+b, (1)

where F'(u, h) is the net flux of ice out of a cell (via internal
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Modern bathymetry of the Barents Sea

Fig. 1. Modern bathymetry of the Barents Sea (50 m contours ). Transect AA', used in experiments on sediment transfer to the
western margin of the Barents Sea ( Fig. 3) is shown. The current elevation of the transect AA’ is given in the inset. Dark shading
15 land above present sea level, light shading is the area up to 200 m below present sea level.

deformation and basal motion of the ice sheet), and depends
on ice-sheet thickness, h and velocity, u. The mass budget
term, b, incorporates a number of processes including sur-
face accumulation and ablation, iceberg calving and ice-
shelf basal melting. Equation (1) is solved using an implicit
finite-difference technique (Huybrechts and others, 1996).

Internal ice-sheet deformation is modelled using a
depth-averaged ice-velocity equation;

A n-1
Uy = ns—|— 2 (Tbl'2 + Tbyz) : szh (23‘)
where
The = —pighsina, (2b)

and T, 1s the basal shear stress in the x direction, dependent
on ice thickness, h, acceleration due to gravity (g =9.81ms ),
density of ice (p; =910 kg m ) and ice-sheet surface slope, a,,
(Paterson, 1994). A is a flow-law parameter, here taken to be
a constant (10-16 Pa *a ') after (Huybrechts and others,
1996), and the flow-law exponent used, n = 3. Similar equa-
tions apply for motion in the y direction.

Modelling isostatic bedrock adjustment is after Oerlemans
and Van der Veen (1984) and Le Meur and Huybrechts (1996).
The Earth is modelled as a two-layer system, with an elastic
lithosphere controlling the final isostatic depression and an
underlying relaxed asthenosphere controlling the time taken
to reach the equilibrium position. The lithosphere is modelled
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as an elastic sheet where an equilibrium depression caused by a
discrete load at a point ¢ = 0, is given by

1
w(e) = 55 1A () (30)
where
2 = % (3b)
and

In Equations (3a)—(3c), z is the distance from the applied
load, py, is the density of the mantle (3300 kgm °), ¢, is the
magnitude of the applied load, D is the flexural rigidity of
the lithosphere, and x is a Kelvin function of zero order.
Fjeldskaar (1994) determined that the flexural rigidity in
Scandinavia was between 1 x10°* and 1 x 10 N m. Our study
uses a flexural-rigidity value of 1 x10* N m. Equation (3a) is
linear and, therefore, the total deflection of the lithosphere
can be approximated as the sum of the deflections caused by
discrete loads in each cell. The lithosphere is allowed to
approach the equilibrium deflection computed in Equation

(3a) by a exponential decay (Le Meur and Huybrechts, 1996):
dB 1
—=—(By—w, - B 4
dt ¢( o W ) ( )
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Ice-sheet surface elevation at 18,000 calendar years
ago using a height above byouyancy model

a)

500 km

c) Ice-sheet surface elevation at 18,000 years
ago using a pore water pressure model

b) lce-sheet thickness at 18,000 calendar years
&go using a height above byouyancy model

d) Ice-sheet thickness at 18,000 calendar years
ago using a pore water pressure model

e) Ice sheet velocity at 18,000 calendar years

ago using a height above byouyancy model

Ice-sheet velocity at 18,000 calendaryears
ago using a pore water pressure model

Fig. 2. The Eurasian High Arctic ice sheet modelled at the LGM. Using the height-above-buoyancy model: (a) Ice-sheet surface
elevation (250 m contours ); (b) ice-sheet thickness (250 m contours ); (¢ ) ice-sheet velocity (100 m a * contours ). Using the pore-
water-pressure model of Alley (1990): (d) ice-sheet surface elevation (250 m contours ); (e) ice~sheet thickness (250 m contours );

(f) ice-sheet velocity (100 m a ’ contours).

where B is the bedrock profile at time ¢, B, is the original
bedrock profile, wy, is the bedrock depression from the ori-
ginal non-glaciated state, calculated from Equation (3a),
and ¢ is a characteristic time constant governing the rate
at which isostatic adjustment occurs. In each model year
the lithosphere is adjusted by 1/¢ times the distance to equi-
librium (Equation (4)). In this paper ¢ is taken as 3000 years
(Le Meur and Huybrechts, 1996). The value of 3000 years is
compatible with that determined by Fjeldskaar (1994) from
Scandinavia, and with the raised-beach uplift data from the
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Barents Sea summarized by Lambeck (1995). This approach
allows for modelling isostatic depression beneath the ice
sheet, as well as more distal effects, including forebulges.
The ice-sheet model described here is relatively insensitive
to small changes in the environmental forcing parameters

(Howell and others, ggg[rp05/1999]).

ENVIRONMENTAL CONDITIONS

Modelled ice-sheet growth is controlled by a number of en-
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vironmental forcing functions. Spatially and temporally
varying temperature and precipitation regimes have a signif-
icant effect on ice-sheet development. Global sea-level change
is also influential in controlling the extent and growth of the
ice sheet. These parameters are input as forcing functions into
the ice-sheet model. However, in previous experiments, these
inputs have been demonstrated to yield an ice sheet that is
compatible with geological data relating to the extent of the
last ice sheet (Howell and others, ggg[rp05/1999]).

Sea-level depression

The time-dependent change in sea level, adapted from Fair-
banks (1989) and Shackleton (1987), is used to describe the
variation in sea level during the last glacial cycle. The sea-
level function has been corrected by the Bard and others
(1990) calibration so that it is in calendar years (Siegert
and Dowdeswell, 1995). Our model therefore runs in calen-
dar years. The sea-level curve is used to adjust bedrock
heights through time, and to parameterize the transition
between modern and glacial-maximum temperatures. Full-
glacial conditions are assumed to coincide with maximum
global sea-level depression, while modern sea level is corre-
lated with modern climatic conditions.

Palaeoenvironmental conditions

The accumulation regime employed in this paper is identical
to the one presented in Howell and others (ggg[rp05/1999]).
There is a lack of data concerning the climatic regime of the
Eurasian Arctic during the Late Weichselian. However, in
previous experiments we employed an inverse-modelling pro-
cedure to produce an estimate of the accumulation regime
throughout the Late Weichselian. Modern temperature and
precipitation regimes have been established using the data
presented by Vose and others (1992). An initial estimate of the
Last Glacial Maximum (LGM) temperature regime was
obtained by adjusting modern values using the latitude-de-
pendent variations proposed by Manabe and Broccoli (1985).
The transition between modern and glacial-maximum condi-
tions was parameterized using the sea-level curve of Fair-
banks (1987) and Shackleton (1987). The ice-sheet model was
run using the initial estimate for climatic conditions, and the
resulting ice-sheet limits were compared with those deter-
mined from geological observations. Changes were then
made to the LGM temperature- and precipitation-regime
end members to improve the correlation between the
modelled and geologically determined ice-sheet limits. This
process was iterated until a satisfactory match was obtained,
as described in Howell and others (ggg[rp05/1999]).

METHODOLOGY

We use a time-dependent ice-sheet model, linked to a sedi-
ment-deformation model, to investigate the effect of differ-
ent ice-stream models on glacigenic deposits for the Late
Weichselian Barents Sea. The positioning of glacigenic sedi-
mentary fans at the mouths of bathymetric troughs in the
Eurasian High Arctic suggests that topographically con-
trolled ice streams were the dominant factor in draining ice
from the Barents Sea. Thus, any ice-stream model used in
the context of the Barents Sea must locate ice-stream activ-
ity within major cross-shelf troughs. The existence of sub-
stantial glacigenic deposits also indicates that subglacial
deformation was the dominant mechanism by which basal
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motion of the ice streams occurred and consequently basal
sliding of the ice sheet is assumed to be negligible. These
constraints make the glaciation of the Late Weichselian
Barents Sea an ideal case study for conducting comparative
tests on different ice-stream—sediment models.

The types of model available to simulate basal motion of
an ice sheet are indicated in'Table 1. The methods described
may be broadly classified into height-above-buoyancy, sub-
glacial-pore-water-pressure, basal-temperature and sediment-prop-
erties models. In addition, all of the models use the shear
stress at the base of the ice sheet as a controlling factor on
basal motion. As indicated inTable 1 some of these models
are only suitable for flowline modelling (e.g. Alley, 1990),
and require modification to work in a map-plane recon-
struction of an entire ice sheet. Furthermore, map-plane ver-
sions of models driven entirely by sediment properties (e.g.
Jenson and others, 1995, 1996; Pfeffer and others, 1997) re-
quire ice-stream locations to be explicitly defined both spa-
tially and temporally. The simple vertically integrated ice-
sheet model employed here is isothermal in nature, that is,
it cannot calculate basal temperature dynamically. As a
consequence it is unsuitable for examining basal-motion
models which rely on basal-temperature calculations (e.g.
Payne, 1995; Marshall and Clarke, 1997). However the ice-
sheet model employed here is suitable for examining the
two most widely used classes of models, where basal motion
is dependant on height-above-buoyancy or pore-water pres-
sure. In order to concentrate on the differences between the
two classes of models, rather than specifics of each indivi-
dual model, we have selected simple examples of each class
of model for the experiments conducted here. We stress that
this work should be seen as the beginning of a process of in-
tercomparison of models, rather than an isolated exercise.

Two different experiments were designed, using inde-
pendent methods for calculating basal motion beneath an
ice stream: (I) using a height-above-buoyancy method
(Budd and others, 1984); and (2) a modified version of Alley’s
(1989, 1990) pore-water, pressure-driven, ice-stream model.
In each case the basal motion was coupled with a depth-
averaged sediment-deformation model. The ice-sheet model
was run from the onset of glaciation until the initiation of
glacial retreat, providing a calculation of the total sediment
volume delivered to the edge of the continental shelf during
the Late Weichselian. Sediment volumes deposited on
trough mouth fans on the western margin of the Barents
Sea during the Late Weichselian have been measured, indi-
cating that approximately 4000 km® of sediments were de-
livered to the Bear Island fan, and 700 km® were deposited
on the Storfjorden fan (Laberg, 1996). These estimates of
sediment accumulation were compared with the sediment
volume predicted by each model.

A tull set of sensitivity tests was performed for each model
to examine the effects of varying key parameters within the
ice-stream and sediment models on sediment volume.

Height-above-buoyancy model

The first method for modelling basal motion of the ice sheet
uses a height-above-buoyancy model to calculate effective pres-
sure at the base of the ice sheet, and hence the basal velocity:

Kn,
v =0 (50)
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where
N02 = pighc (5b)

and NV, is the effective pressure, h, is the height of the ice
sheet above buoyancy and K is the till-deformation softness
(5x10°m Paa ") (Budd and others, 1984). This basal-motion
relationship is only valid for marine-based portions of the
ice sheet, where buoyancy effects can operate, because
height-above-buoyancy models produce basal velocities that
are strongly dependent on water depth. Thus, ice streams
are predicted within bathymetric submarine troughs.

Sediment transport is calculated by producing a depth-
averaged sediment-deformation velocity, Useq, which 1is
related to the velocity at the top of the sediment column by:

Used = ZUs (6)
Where z1s a depth averaging factor (0 < z < 1). We make a
simplifying assumption that there is no significant exchange
of sediment between the till layer and the basal-ice layer of
the ice sheet. Consequently sediment flux can be modelled
using a continuity equation, similar in form to the continu-
ity equation for the ice sheet (Equation (1)).

It is assumed that the velocity at the top of the deform-
ing-sediment layer is equal to the velocity at the base of the
ice (i.e. all basal motion occurs through sediment deform-
ation rather than ice-sheet sliding). At some depth, hy, with-
in the sediment column, sediment-deformation rates will
equal zero. The thickness of the layer of water-saturated sedi-
ments beneath Ice Stream B, Antarctica, has been found to
be around 6 m (Blankenship and others, 1986, 1987). However
modelling has suggested that, away from the margin of anice
sheet, the deforming thickness may be less than 6 m (Murray,
1990). Boulton and Hindmarsh (1987) suggested that most of
the deformation within the sediment column occurs near the
top of the sediment column. In order to account for this con-
centration of velocity at the top of the sediment column we
use a deforming-sediment thickness, Ay, of 5 m in the initial
experiment combined with a depth-averaging factor, z, of
0.2. The combination of these values are in line with Hooke
and Elverhei (1996) who used hj, = 4 and z = 1/3, and Dow-
deswell and Siegert (1999) who used hy, = 2 and z = 0.5. The
response of the sediment model to variations in hy, and z are
then subjected to extensive sensitivity testing.

As already noted the presence of pre-Late Weichselian soft
sediments beneath subglacial till throughout the entire
Barents Sea indicates a greater availability of deformable
sediment than was actually mobilized during the Late Weich-
selian. We therefore assume that the depth of deforming sedi-
ment, hp, remained constant throughout the model run.

Pore-water-pressure model

The second method is based on that outlined by Alley (1989,
1990), where subglacial pore water is used to calculate the
effective pressure, N., at the base of the ice sheet:

-2 @

where (3 is a dimensionless roughness coefficient (0.45 from
Alley, 1990), and f is the fraction of the bed supported by a
water film. For a till bed, as in the case of the Barents Sea,
Alley (1989) estimates f as:

f=1+0.1log,,d (8)

where d is the thickness of the subglacial-water film in
metres. Alley (1989) notes that the water film beneath fast
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moving glaciers is likely to be on the order of 1-10 mm, giv-
ing f =~ 0.7. Ice-sheet basal velocity is related to effective
pressure by:

h Ky (The — T°F
usw:% (ga)

7" = Netan¢ + C (9b)

where Kj, 1s a till-softness coefficient (taken as 0.013 Pa s |
after Alley, 1990), C'is the till cohesion constant (4 kPa), ¢ is
the angle of internal friction (tan ¢ = 0.2, after Alley, 1990),
and hy, is the deforming-till thickness. In the initial experi-
ment we assume that ice-stream motion, within bathymetric
troughs, occurs with f = 0.7. We also assume that no signifi-
cant ice-sheet basal motion occurs outside the trough areas.
This assumption is justified by noting that the glacially trans-
ported material at the margins of the Barents Sea is concen-
trated in trough-mouth fans. The effects of using different
values for f and [ are examined in sensitivity tests.

Sediment deformation is calculated using the same
assumptions as for the height-above-buoyancy model. To keep
the comparison between models as close as possible, the init-
ial experiment uses a deformable sediment layer, hp, 5m
thick, with a depth-averaged velocity, z, equal to 0.2 of the
ice-sheet basal velocity. The effects of variations in these
parameters on sediment delivery to the continental margin
are examined in sensitivity tests.

RESULTS
Height-above-buoyancy model

The ice-sheet thickness and surface elevation produced for
the Late Weichselian maximum in the Eurasian Arctic
using the feight-above-bugyancy model are shown in Figure
2a, b and c. The ice sheet produced in this reconstruction is
the same as the one presented in Howell and others
(ggg[rp05/1999]). Ice-sheet growth was initiated over Scan-
dinavia and the High Arctic archipelagos, and is predicted
to have expanded into the shallow marine Barents Sea by
around 27000 years ago. Glaciation of the Barents Sea was
by means of ice flowing west from Novaya Zemlya, south
from Svalbard and Franz Josef Land, and north and north-
east from Scandinavia. The Barents Sea was fully covered
with grounded ice by 25000 years ago, and continued to
thicken throughout the Late Weichselian. This increase in
ice-sheet thickness led to the initiation of ice-stream activity
in the Storfjorden Trough by 25000 years ago, and the Bear
Island Trough by 23000 years ago. Ice-stream velocities
rapidly increased to near their maximum by 21000 years
ago, with the Bear Island ice stream flowing at up to
1000ma ', and >500ma 'in the Storfjorden Trough (Fig.
2¢). By the glacial maximum at 18 000 years ago the entire
Barents and Kara Seas were fully glaciated, with ice thick-
nesses of about 2000 m in the Barents Sea and 1400 m in the
Kara Sea. Ice divides occurred on high areas over Svalbard
(1400 m a.s.l), Novaya Zemlya (1500 m a.s.l) and Scandina-
via. Ice flowed westwards from Novaya Zemlya into the
Barents Sea and, subsequently, towards the continental
margin. Ice flow out of the ice sheet was concentrated in
the Bear Island Trough, resulting in a significant lowering
of the surface elevation of the ice sheet in this region (Fig
2a).

The sediment volume transported across a transect
along the continental margin for the Late Weichselian is
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Fig. 3. Predicted sedvment flux delivered across transect AA'
(Fig. 1) during the Late Weichselian (in km™/km.) using a
height-above-buoyancy model and the pore-water-pressure
model of Alley (1990). The modern bathymetry (m below sea
level) is also shown for reference.

shown in Figure 3. The location of the transect is indicated
in Figure 1. The mouth of the Bear Island Trough is the main
region of sediment development, with 4200 km® of sedi-
ments delivered to the continental margin during the Late
Weichselian. We do not model sediment dispersal beyond
the ice-sheet margin, rather it is assumed that the sediments
delivered to the continental margin are then distributed
over the Bear Island Trough mouth fan by a combination of
gravity and current-driven processes. The Storfjorden fan is
calculated to have received just over 900 km® of sediments
during the Late Weichselian.

Sediment delivery under the height-above-buoyancy model
1s controlled by a number of parameters, most notably the
depth-averaging function for till velocities, the thickness of
the actively deforming sediment layer and the till-deform-
ation softness, K. The sensitivity of the sediment volume to
variation in these factors is shown in Figure 4. The model is
pseudo-linearly sensitive to the thickness of the deforming
sediment and the depth-averaging factor. This result is un-
surprising, since basal motion of the ice sheet is not depen-
dent on either factor (Equation (9a)), and consequently
there 1s no feedback involved. The sediment volume is some-
what sensitive to the sediment-deformation softness-param-
eter, K, but small changes (££20%) to K do not result in the
predicted sediment volumes on Bear Island lying outside
realistic limits.

Pore-water-pressure model

The ice-sheet thickness, surface elevations and velocity pre-
dicted for the Late Weichselian maximum in the Eurasian
Arctic using the modified Alley (1990) pore-water-pressure
model are shown in Figure 2d, e and f. Ice-sheet growth
during the Late Weichselian is similar to that predicted for
the height-above-buoyancy model. By 18 000 years ago the en-
tire Barents and Kara Seas are predicted to have been fully
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glaciated, with ice thicknesses of up to 2000 m in the Barents
Sea and 1400 m in the Kara Sea. Note that the ice sheet pro-
duced using this basal-motion regime is broadly similar to
that produced by the height-above-buoyancy model described
above, with a similar depression of the surface caused by
high ice fluxes from an ice stream in the Bear Island Trough.
The ice sheet also exhibits spreading centres on Svalbard,
Novaya Zemlya and Scandinavia, just as the height-above-
buoyancy based reconstruction does, although there are small
differences in the precise configuration of the two ice sheets
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Fig. 4. Sensitivity of the volume of sediments (km’) to changes
in model parameters for the height-above-buoyancy model cal-
culated for the Bear Island fan. (a) Changes in sediment
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as a result of the different basal-motion regime employed.
Thus changes to the ice-stream model do not yield signifi-
cantly different results.

Modelled sediment delivery to the western continental
margin of the Barents Sea is summarized in Figure 3. Ap-
proximately 3800 km” of sediment are delivered to the Bear
Island fan, ~10% less than the 4,200 km® predicted under
the height-above-buoyancy model. The pore-water-pressure model
(Alley, 1990) predicts around 1000 km® of sediment at the
margin of the Storfjorden Trough, slightly higher than for
the height-above-buoyancy model. This is somewhat higher
than the 700km® given by Laberg (1996), but is still in
reasonably good agreement. Differences between the two
models are most marked in the region between the Stor-
fjorden and Bear Island fans, where ice velocities are lowest
in both cases. The models are in reasonably close agreement
in regions of high ice velocities.

The volume of sediment predicted to be delivered to the
continental margin by the pore-water-pressure model is sensitive
to the roughness coefficient, 8 (Fig. 5a), the till cohesion, C
(Fig. 5b), the fraction of the bed supported by a water film, f
(Fig. 5c), and the thickness of the actively deforming sediment
layer (Fig. 5d). As with the height-above-bugyancy method, there
1s no feedback from the depth-averaging factor into the ice-
sheet model, and consequently sediment delivered depends
linearly on the depth-averaging factor used (Fig. 5). However
the basal-ice velocity in the pore-water-pressure model is depen-
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dent on the thickness of the deforming layer and consequently
there is a non-linear relationship between these two variables
(Fig. 5). It can be seen that the model is relatively insensitive to
changes (£50% ) in the depth of the deforming layer. Deform-
ing thicknesses, Ay, of between 4.5 m and 6 m (combined with
a depth-averaging parameter, 2, of 0.2) yield sediment vo-
lumes broadly in line with the geological evidence. The sedi-
ment volume is somewhat sensitive to the till cohesion, C,
where an increase of 50% results in 30% less sediment reach-
ing the continental margin. A reduction of 50% in C produces
40% more sediment at the margin. Increases in the till co-
hesion beyond these ranges results in relatively little further
change in sediment yield, however neglecting till cohesion en-
tirely produces unrealistically high sediment volumes with
some 6800 km® of sediment being delivered to the Bear Island
fan. The model is also sensitive to the fraction of the bed sup-
ported by a water film f, where an increase of 10% in f results
in 20% more sediment yield, and a reduction of 10% in f
lowers sediment yield by around 15%. Sediment yield also de-
pends inversely on the roughness coefficient 3 (Fig. 5a). Small
decreases (<10%) in 3 have relatively little effect on the sedi-
ment volumes, however decreasing 8 by more than 10%
results in unrealistically easy deformation of the basal sedi-
ments, and consequent large increases in sediments trans-
ported to the continental margin (a sediment volume of
7200 km” on the Bear Island fan for § = 0.2). Increasing (
has much less of an effect on sediment yields.


https://doi.org/10.3189/172756400781820660

Howell and Stegert: Intercomparison of subglacial sediment-deformation models

SUMMARY AND CONCLUSIONS

The Late Weichselian Barents Sea ice sheet was underlain by
soft deforming sediments, which were transported to the con-
tinental margins where they accumulated as large fans. A num-
ber of geophysical datasets are available from which
measurements of the sediment volume over the Bear Island
Trough (4000 km®) and Storfjorden Trough (700 km®) fans can
be made. These measurements provide ideal geological data to
test and compare models of ice-stream—sediment delivery.

We have used two different models for basal ice-sheet
motion and sediment transport to reconstruct sediment deliv-
ery to the western continental margin of the Barents Sea
during the Late Weichselian: (1) a keight-above-buoyancy model
and (2) a model based on the approach of Alley (1990). These
experiments allow an intercomparison of the respective
models. Both are able to reproduce the observed volume of
Late Weichselian sediment on the Bear Island fan accurately.
The model results exhibit a degree of sensitivity to geotechni-
cal properties of the deforming sediment, for which relatively
little real-world control data exist. Both models depend on the
till-deformation softness, while the Alley (1990) model also in-
corporates the internal angle of friction. The velocity profile
within the deforming sediments is also crucial to both models
and 1s the subject of some uncertainty. However, neither model
1s highly sensitive to small changes in the major model param-
eters and, for both, changes to key parameters within a realistic
range of values do not result in predictions incompatible with
available geological data.

The two models presented here are dependent on differ-
ent parameters, with the height-above-buoyancy model being de-
pendent on the till softness, till depth, sediment-velocity-
depth-averaging factor, basal shear stress of the driving ice
sheet and topographic depth. The Alley (1990) model also de-
pends on basal shear stress, till thickness, sediment-velocity-
depth-averaging factor and a till-softness coefficient. How-
ever, the angle of internal friction within the till, the sediment
roughness, and the fraction of the ice-sheet bed supported by
a water film also influence ice-sheet motion and sediment
transport in the Alley (1990) model, whereas they are not ac-
counted for in the fkeight-above-buoyancy model used here.
Although both models incorporate a till-softness coefficient,
this 1s formulated in different ways for the two models. The
Alley (1990) model defines till softness as a coefficient with
units of Pas ', while the height-above-buoyancy model defines
till softness as a coefficient with units of m Paa . This discre-
pancy arises from differences in the formulation of sediment
velocity in the two models (Equations (5) and (9)). Further-
more, the way in which sediment volumes vary according to
changes in key parameters differs between the models. In par-
ticular, the models exhibit different responses to changes in
the thickness of the layer of actively deforming sediments,
hy,. The height-above-buoyancy model is linearly dependent on
hy, (Fig. 4a), while the Alley (1990) model is non-linearly de-
pendent on Ay, and is more highly sensitive to increases in the
thickness (Fig. 5d). For example, if the depth-averaging param-
eter, z is held constant at 0.2, a change from hy, =2m to hy, =
4 m 1n the height-above-buoyancy model results in an increase in
sediment volumes on the Bear Island fan of 810 km”, compared
with 1518 km® for the Alley (1990) model. However a change
from hj, = 6 m to hy, = 8m in the height-above-buoyancy pro-
duces 818 km” more sediment, compared with an increase of
3782 km” for the Alley (1990) model. Compared to the height-
above-buoyancy, the Alley (1990) model is more sensitive to
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changes in the thickness of the deforming sediment layer,
and 1s more sensitive at greater deforming layer thicknesses.

A number of other conclusions relating to the model in-
tercomparison are:

(I) The geographical pattern of sedimentation is similar,
though not identical, in the two models. Both models
produce large volumes of sediment in the Bear Island
and StorfjordenTroughs, and relatively smaller amounts
in the interfan region. For the Bear Island fan the /eight-
above-buoyancy model produces 12% more sediment
(4200km®) than the Alley (1990) model. The Alley
model (1990) produces 10% more sediment than the
height-above-buoyancy on the Storfjorden fan (1000 km”®).
Thus, the two models broadly agree on their predictions
for sediment volume delivered to the major fan systems
on the western margin of the Barents Sea.

(2) A higher degree of disagreement is found in regions
where the sedimentation rate is lowest (i.e. small fans
and interfan regions). For the region between the major
Bear Island and Storfjorden fans, the Alley (1990) model
produces 28% more sediment than the keight-above-buoy-
ancy model, much greater than the 10% and 12% differ-
ences for the major fan systems.

(3) The location and ice velocities of major ice streams pre-
dicted by both models is broadly similar, with fast-flow-
ing ice in the Bear Island Trough and the Storfjorden
Trough, with slower-moving ice in between. The /eight-
above-buoyancy model predicts ice velocities up to
1000ma ' in the Bear Island Trough, and 500 ma ' in
the Storfjorden Trough, with localized velocities of up
t0 200 ma ' northwest of Bear Island. Much slower mov-
ing ice (<50 m a ') characterized the rest of the contin-
ental margin. The Alley (1990) model predicted ice
flowing at around 1000 m a "in the Bear Island Trough,
and 600 ma 'in the Storfjorden Trough. Velocities else-
where on the western margin were of the order of tens of
metres per year, except for localized fluxes northwest of
Bear Island and off northwest Svalbard.

In a small study of this kind it has obviously not been pos-
sible to compare all the available models for ice-sheet basal
motion. The experiments performed here highlight the need
for a large-scale review of the similarities and differences in
reconstructed ice sheets produced by the different methodol-
ogies. This comparison should include more classes of models
than in this preliminary study, more examples from each
class, and may best be done as an analogue to the modelled
internal ice-sheet dynamics testing exercises carried out as
part of the European Ice Sheet Modelling Initiative
(EISMINT) program (Huybrechts and Payne, 1996).
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