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NUMERICAL MODELLING STUDIES OF THE
SvALBARD-BARENTS SEA ICE SHEET
by

Martin John Siegert
Numerical modelling of the Late Weichselian Svalbard-Barents Sea Ice Sheet
has previously been limited to simple, mass balance equilibrium reconstructions that do
not agree with the modern interpretation of the geological record. With this new
geological information in mind, time-dependent, thermo-mechanical numerical ice sheet
and ice stream models have been used to describe the glaciation of Svalbard and the
Barents Sea during the Late Weichselian.
The models incorporate the major dynamic ice sheet parameters such as internal
ice deformation, basal sliding, deforming basal sediments, isostasy, iceberg calving
and basal ice shelf melting. Ice sheets were calculated over a two-dimensional
(horizontal) grid which depicts the modern bedrock elevation of the Barents Sea area,
under a finite difference scheme. The ice sheet predictions were thus influenced by the
dynamic behaviour of the model, and by forcing functions that portray the
environmental conditions of the Barents Sea area during the Late Weichselian.
Total grounded ice coverage of the Barents Sea was predicted by the ice sheet
model only when permanent sea ice was allowed to thicken into an ice shelf and
subsequently ground after about 22,000 years BP. Under the most likely environmental
forcing conditions, a maximum ice thickness of around 1,100 m existed over much of
the Barents Sea at 16,000 years BP. The disintegration of this ice sheet was due mainly
to iceberg calving (particularly at the mouth of Bj0rn0yrenna, southwestern Barents
Sea), which acted to thin the interior of the ice sheet and, in conjunction with the rising
sea level, formed a transient ice shelf within the central Barents Sea. Basal marine
melting of this ice shelf quickly enabled ice free conditions to be established within the
central Barents Sea at 12,000 years BP, thus leaving the ice sheet limited to the western
Barents Sea, where decay continued through iceberg calving and later by surface
melting. Ice sheet disintegration of this kind is in agreement with the measured
Holocene uplift pattern of Svalbard. If sea ice was not allowed to exist at 22,000 years
BP, then the ice sheet was confined to the shallow waters of the western Barents Sea.
A thorough sensitivity examination of the modelled ice sheet response to
plausible variations in environmental and physical parameters (such as climate, sea level
change, geothermal heat supply, and basal ice motion) was undertaken, but no
significant alterations to the above scenarios were determined by these experiments.
In additional experiments, the model was run under constant environmental
conditions until mass-balance stability was obtained. The corresponding equilibrium ice
sheet compared well to previous ice sheet reconstructions. This indicated that earlier
model reconstructions of a 2.5 km thick ice dome in the Barents Sea would only be
applicable if at least 15,000 years of stable environmental conditions had occurred in
glaciations prior to the Late W eichselian.
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INTRODUCTION AND BACKGROUND:
THE LAST Sv ALBARD-BARENTS
SEA ICE SHEET
1.1 INTRODUCTION AND AIMS OF THE THESIS
It is now generally accepted that during the last glaciation the Barents Sea was
covered, at least in part, by a grounded ice sheet. However, the dimensions of this ice
sheet and the timing of its growth and decay remain subjects of debate.
A light oxygen isotope spike that has been observed from a sediment core taken
from the Fram Strait, and dated at 15,000 radiocarbon years ago (15 ka (C) BP), may
indicate the introduction of increased glacial meltwater from a nearby ice sheet. This has
been interpreted to indicate that the Svalbard-Barents Sea Ice Sheet (and the
Fennoscandian Ice Sheet) may have disintegrated before other Arctic and northern
hemisphere ice sheets (Jones and Keigwin, 1988; Jones, 1991a; Lehman and others,
1991; Weinelt and others, 1991; Lindstrom and MacAyeal, 1993; Elverh!Zli and others,
in press). Because of the subsequent rise in sea level produced by the retreat of the
Svalbard-Barents Sea Ice Sheet, other Arctic ice sheets may have subsequently decayed
(Jones and Keigwin, 1988). Additionally, it has been suggested that initial Antarctic
deglaciation may have begun after the Arctic (Shackleton and Opdyke, 1977; Peltier,
1988a). Because of this, the Late Weichselian Svalbard-Barents Sea Ice Sheet may
have been instrumental in the way in which all other ice sheets decayed during last
I
de glaciation.
·
the
This thesis aims to provide numerical reconstructions of the last SvalbardBarents Sea Ice Sheet, which can be applied in the continuing debates on the glacial
history of the Barents Sea, and on its influence on the last global deglaciation.

1.2 SVALBARD AND THE BARENTS SEA
1. 2 .1 Location and place-names
The Barents Sea, located to the north of mainland Norway between latitudes 72°
and 84° North and longitudes 10° and 52° East, covering an area of 1.2 million kffi2,
is the largest epi-continental sea (Elverh!Zli and others, 1989). The bathymetry of the
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Barents Sea is illustrated in Figure 1.1. The average depth of the Barents Sea is about
230 m. The main troughs within the Barents Sea (deeper than 230 m) are Bj0rn0yrenna
and Storfjordrenna, whilst the main banks (shallower than 230 m) are
Spitsbergenbanken, Storbanken and Sentralbanken.
To the northwest of the Barents Sea lies the island archipelago of Svalbard
(Figure 1.2). The main islands of Svalbard are Spitsbergen, Nordaustlandet, Edge0ya,
Barents0ya, Kvit0ya, Prins Karls Forland, Kong Karls Land and Bj0rn0ya, which
collectively have an area of 63,000 km2 (Hisdal, 1985). Spitsbergen is the largest
island in Svalbard, with a surface area of 39,000 km 2 . Presently, 60% of Svalbard is
covered by ice masses (Dowdeswell and others, 1984a). However, the proportion of
glacierization increases to the east of the archipelago such that in Spitsbergen it is 57%,
whilst in Nordaustlandet it is 75%, and in Kvit0ya it is 99%. The relatively large ice
caps that exist on the eastern side of Svalbard are thought by some to be relics of a large
ice sheet that existed over the islands during the Late Quaternary. The theory behind
this idea is simply that if the ice caps were taken away, the present climate would not
allow for their reinitiation.

1. 2. 2 Modern climate controls
Present day Svalbard has, in relation to its high latitude, an anomalously mild
climate when compared to areas of equivalent latitude (such as Greenland). This is due
to relatively warm south-westerly prevailing winds which receive heat from the North
Atlantic and the Norwegian-Greenland Sea. The temperature of the NorwegianGreenland Sea is heavily influenced by the Norwegian Current (a northerly branch of
the North Atlantic Drift) (Figure 1.3). Summer sea-surface temperatures in the region
of the current in the Norwegian-Greenland Sea are typically around 8-10 °C (see Figure
2.10), whilst outside the current the temperature is several degrees lower. Large
fluctuations in the Svalbard air temperature, of between 20-25 °C within 2-3 days
(Hisdal, 1985), which are not uncommon, are due to the presence or absence of the
prevailing winds. The mean annual air temperature of Svalbard is -5 °C, with a summer
maximum and winter minimum of 6 °C and -17 °C, respectively (Figure 1.4). The
modern precipitation on Svalbard is generally less than ,4 00 mm a-1 (Hisdal, 1985)
(Section 4.3). Thus the climate of Svalbard and the Barents Sea is usually regarded as
'maritime Arctic' or, as Pelto and others (1990) classify it, a 'Polar Mix' climate
(Section 4.3.2).
The influence of the Norwegian Current on the climate of Svalbard and other
high latitude areas is thought to be related to the thermohaline-propelled Atlantic
circulation (e.g. Broecker, 1992a). Within the ocean circulation pattern, the Norwegian
Current is a component of the Nordic Heat Pump (the ocean circulation system that
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Figure 1.1. The Barents Sea: location and place-names.
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feeds relatively warm water from the North Atlantic into the cooler NorwegianGreenland Sea (Imbrie and others, 1992)). Broecker (1992a) proposed that relatively
constant air temperatures on Greenland during the Holocene are evidence that the
Nordic Heat Pump has remained stable during the last 9,000 years (9 ka). However, he
also suggests that previous rapid cooler episodes (such as the Younger Dryas event
(Section 4.3.6)) may have been due to the switching off of this ocean conveyor.

1.3 CHRONOLOGY OF THE LAST GLACIATION
1. 3 .1 Introduction to glacial cycles
The traditional theory that ice ages were caused solely by predictable changes in
the Earth's rotation (Milankovitch, 1930) has recently been adapted. It is now thought
that, as well as Milankovitch forcing, the ocean-cryosphere-atmosphere-biosphere
interaction may have influenced the climate, and hence the timing of glaciations (e.g.
Imbrie and others, 1992). However, there is a very good correlation between the
periods of glaciation predicted by Milankovitch (namely 23 ka, 41 ka and 100 ka) and
oscillations in the deep sea oxygen isotope record (Imbrie and others, 1984). The
I

oxygen isotope record is related to the global volume of ice through time, and therefore
supports the timing of glacial events that were predicted by Milankovitch. Figure 1.5
illustrates the deep sea sediment oxygen isotope signal for the last 150 ka, and locates
the isotope stages within the signal that are widely used to mark the timing of global
glacial events. Higher values of

818Q,

in the isotope signal, correspond to lower

volumes of ice, and lower values of 8 18Q indicate higher ice volumes. From this simple
analysis, one can observe in Figure 1.5 that glacial cycles correspond to a gradual
increase in the global ice volume (at the start of the cycle) until a maximum is reached,
followed by a dramatic decay of the ice volume (at the end of the cycle). Also, from
Figure 1.5, it can be seen that the last mid-latitude glaciation occurred within the last 50
ka, and that the time of maximum global ice volume was at between 30-18,000 years
ago (30-18 ka BP)". After 18 ka BP, the Earth's last ice sheets quickly decayed.

1. 3. 2 Classification of events within the last glacial
The chronological classification that is adopted in this thesis is taken from the
subdivision of the Quaternary by Mangerud and others (1974) and Mangerud and
Berglund (1978). From this classification, the Weichselian period lasted from about
110-10 ka BP. The Weichselian/Holocene boundary is dated at around 10 ka BP. The
Weichselian is split into three parts: the Early, Middle and Late Weichselian. Of
relevance to this thesis is the duration of the Late Weichselian, which corresponds to
the last glaciation: from about 30 ka BP to 10 ka BP. The Late Weichselian is therefore
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comparable to Quaternary subdivisions from other regions of the Earth such as The
Late Wisconsinan in North America (Dreimanis and Karrow, 1972) and the Late
Devensian in the British Isles (Mitchell and others, 1973). The last glacial maximum
(LGM) was set within the Late Weichselian at about 18 ka (C) BP by Mangerud and
others (1974). However, recent advances in the methods of radiocarbon dating (Section
1.3.3) have indicated that the time of the LGM may have been a few thousand years
earlier than 18 ka BP. A summary of the Late Quaternary stratigraphic classification,
for Svalbard and the Barents Sea, is provided in Table 1.1.

1. 3. 3 Radiocarbon and calendar year time-scales
Significantly for this thesis, radiocarbon dating has been used to reconstruct the
chronological classification of the last glacial and indicators of global ice volume such
as the low-latitude sea-level curve (Section 4.3.5). However, due to changes in the
atmospheric production of carbon isotopes during the Late Weichselian, the
radiocarbon chronology is not accurate (e.g. Stuiver and others, 1986; Stuiver and
Braziunas, 1989; Stuiver and others, 1991). Because of this, the timing of glacial
events that had previously been determined (such as the LGM at 18 ka (C) BP), needs
to be calibrated in order to convert radiocarbon years into calendar years . However, for
a number of reasons, listed below, the information presented in this thesis is related to
the traditional radiocarbon time-scale.
First, the several attempts that have been made to calculate the atmospheric
radiocarbon correction differ significantly from each other (e.g. Bard and Broecker,
1992). For instance, Mazaud and others (1992) indicated, from their geomagnetic
calibration, that the LGM occurred at 20 ka BP, whilst Stuiver and Reimer (1993) have
recently calculated the absolute date of the LGM at nearer 22 ka BP. Other calibration
techniques, such as comparing the radiocarbon signal to 230U/234Th dating (e.g. Bard
and others, 1992), dendrochronology (Kromer and Becker, 1992) and lOBe peaks
within ice cores (Beer and others, 1992) have yielded similarly unreliable time-scale
predictions. Thus,_there is no single correct method to calibrate radiocarbon dates into
'absolute' chronologies of Late Weichselian glacial events (e.g. Wohlfarth and others,
1993).
Second, because the ice sheet model's forcing functions (such as sea-level,
carbon dioxide, oxygen isotope and air temperature (Section 4.3.5)) were originally
radiocarbon dated without an atmospheric carbon adjustment, the numerical ice sheet
reconstructions will be based around the traditional chronology, and can therefore be
related to the established time-scale of glacial events.
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Oxygen Isotope Stage

Classification

Approximate time

1

Holocene

10-0 ka BP

2

Late Weichselian

32-10 ka BP

64-32 ka BP

3
Middle Weichselian

75-64 ka BP

4

5a

5b
Early Weichselian

128-75 kaBP

5c

5d

Table 1.1.

5e

Eernian

6

Saalian

Chronologic classification of the Late Quaternary for Svalbard and the

Barents Sea. Adapted from data in Shackleton and Opdyke (1973 ). Oxygen isotope
stages are indicated in Figure 1.5.
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Third, most (if not all) previous numerical reconstructions of Late Quaternary
ice sheets have been related to the radiocarbon chronology. Modem examples of this
are ice sheet modelling studies of Antarctica (Payne, 1988; Huybrechts, 1992)
Greenland (Letreguilly and others, 1991a), Cordillera (Roberts, 1991), Laurentia
(Fisher and others, 1985), Eurasia (Lindstrom, 1989; Elverhjiji and others, 1992) and
Fennoscandia (Arnold and Sharp, 1992). Additionally, global ice sheet reconstructions
have also used the radiocarbon chronology (e.g. Peltier, 1988b; Tushingham and
Peltier, 1991), as did a deglacial prediction for the Laurentide Ice Sheet (Oerlemans,
1993). It is not the intention, in providing a list of authors who have used the
radiocarbon chronology in similar studies to this thesis, to claim that the radiocarbon
chronology is correct, but rather that, in the absence of a reliable alternative, the
radiocarbon chronology remains the best way in which the Late Quaternary ice sheet
models can be compared to the radiocarbon-dated glacial events.
In order to examine the possible change in the predicted ice sheet's dimensions
that an atmospheric radiocarbon adjustment may induce, the Stuiver and Reimer (1993)
calibration curve (Figure 1.6) was used to calibrate the most likely forcing data (used in
the original 'standard model' runs (Section 5.2)). These calendar-year chronologic
forcing data were then run in the ice sheet model (Appendix A). Thus, by analyzing the
results in Section 5.2 and Appendix A, the effect of the atmospheric radiocarbon
adjustment on the modelled ice sheet size can be best made (Section 5.3.5). The use of
the traditional radiocarbon chronology in the numerical reconstructions of ice sheets,
Which are later compared to model results calculated from a theoretical calibrated
chronology, is similar to the modelling approach of Tushingham and Peltier (1993).

1.4 PREVIOUS RECONSTRUCTIONS OF THE LAST SVALBARDBARENTS SEA ICE SHEET
1. 4 .1 Introduction
If the ice sheet over West Antarctica was removed, after the subsequent isostatic
uplift had ceased, the resulting geography would show some similarity to that of the
present day Barents Sea (Figure 1.7). Ever since widespread glaciation of the Barents
Sea was proposed by Thompson (1888), and later by De Geer (1900), the size and
timing of this ice sheet has been the subject of much discussion. Although the existence
of a Late Weichselian Svalbard-Barents Sea Ice Sheet is now generally accepted, there
is still a debate as to the exact timing and size of the ice sheet, and the influence that it
had on the mass balance of neighbouring ice sheets. This section discusses previous
theories on the size of the last Svalbard-Barents Sea Ice Sheet, derived from numerical
modelling results and geological interpretation.

10

11

a
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after the removal of the ice sheet.
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Figure 1.7. a. West Antarctica, after the theoretical removal of the existing ice
sheet. b. The present geography of the Barents Sea. Note how the geography of the
. two regions are similar in scale, distribution of land masses and the location of the pole.
The dashed line represents the shelf break and the dotted line represents the present
grounded ice margin. Adapted from Mercer (1970) and Lindstrom (1989 ).
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1. 4. 2 Hughes-type ice sheet

As part of the CLIMAP reconstruction of the global climate at the LGM, it was
necessary to calculate the size, shape and surface albedo of former ice sheets (Hughes,
1979). To do this, simple numerical ice sheet models were run over estimated
flowlines, with the ice sheet terminus located at geologically-estimated ice margins. By
running the models with constant climate conditions until stability was reached, steadystate ice sheet profiles were found for each flowline (Hughes, 1979; Denton and others,
1979; Denton and Hughes, 1981; Fastook and others, 1979). When the results from a
number of flow lines were combined, three-dimensional images of the former stable ice
sheets were determined. The ice sheets that were examined under the CLIMAP project
were the Antarctic, Greenland, Laurentide and Eurasian (which included the Barents
Sea). The Svalbard-Barents Sea Ice Sheet that was produced under this modelling
technique (Figure 1.8a) had a maximum ice thickness of 2.1 km over Novaya Zemlya,
and steadily decreased in thickness towards the western limits of the ice sheet. The ice
sheets over the Barents and Kara Seas where thus connected to each other, and
connected to the Fennoscandian Ice Sheet. The Hughes-type Barents Sea Ice Sheet was
therefore at the north-eastern extreme of a very large Eurasian Ice Sheet.
One deficiency of Hughes' modelling approach is that the ice sheet flowlines
and margins were chosen simply on the basis of glacial-geological interpretation, rather
than predicted by modelling. Additionally, since both ice sheet modelling was in its
infancy, and the climate data used to run the models were very simple, the ice sheet
reconstructions had a relatively large error associated with them.
A second problem with Hughes' ice sheet reconstruction technique is that the
results only showed how ice sheets in predefined regions could have existed in mass
balance equilibrium. The size of the Barents Sea Ice Sheet was thus dependent on the
assumptions that total grounded coverage of the Barents Sea was possible, and that the
ice sheet existed in mass balance equilibrium at the LGM. This first assumption was a
problem for the Barents Sea region because the method of initiation of a marine based
ice sheet had not been properly addressed. Subsequently, the model results that were
presented by this study were not universally accepted (e.g. Boulton, 1979a; Boulton,
1979b; Boulton and others, 1982) (Section 1.4.1 ).
Lindstrom ( 1989) designed a numerical model of the Eurasian Ice Sheet which
did not predefine the flowlines of the ice sheet. He also used a m.ore sophisticated
model than that of Hughes (1979), which incorporated the effect of basal sliding and
sediment deformation on the surface ice velocity. However, Lindstrom's method of
growing the ice sheet was still similar to Hughes ( 1979) in that the results represented
stable solutions under constant climate forcing conditions, and hence maximum
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possible ice sheet configurations. This is the reason for the strong similarity between
Hughes' and Lindstrom's maximum ice sheet reconstructions (Figure 1.8a and b).
The stable Hughes-type ice sheet within the Barents Sea would have taken a
considerable period of time to grow from the inception of glaciation. Lindstrom (1989)
found, through numerical modelling exercises, that mass balance stability of the
Hughes-type ice sheet was obtained after about 30 ka of model running time. This
would mean, for the Late W eichselian reconstruction to be correct, that the initiation of
the ice sheet would have started by 40 ka BP at the latest.
Denton and Hughes (1981) and Hughes (1987) have proposed that the initiation
of a marine based ice mass such as the Late Weichselian Barents Sea Ice Sheet could
have occurred by either of two processes. First, ice spread into deeper waters from the
ice caps over terrestrial portions of the Svalbard-Barents Sea region. Second,
permanent sea ice may have thickened to form an ice shelf and subsequently grounded
over the sea floor. Hughes (1987) predicted that the total grounded ice coverage of the
Barents Sea could only be achieved after the grounding of such an ice shelf. If no ice
shelf formed, then grounded ice was confined to the western Barents Sea. However,
the likelihood of the emplacement of an ice shelf over the Barents Sea has been
questioned, since the underlying water convection (and hence the basal melting of the
ice shelf) was not accounted for (e.g. Elverh0i and others, in press). Lindstrom did not
account for a situation where no ice shelf existed within the Barents Sea. Subsequently,
all of his simulations predicted the total grounded ice coverage of the Barents Sea.
The Hughes ( 1979) method of predicting the ice sheet profile from the
comparison of a number of predefined flow lines and margins was used by Isaksson
(1992) to obtain a possible stable ice sheet configuration over Svalbard. The modelled
ice sheet had a 1. 7 km high central dome to the east of Edge0ya, where Hughes'
reconstruction had previously proposed a steady westward slope to the ice sheet.
Isaksson's (1992) Svalbard Ice Cap reconstruction was the first modelling study to
analyze Svalbard and the Barents Sea as an individual area and showed, through
numerical modelling, that it was possible for a number of ice domes to have existed in a
stable ice sheet configuration within the Weichselian Barents Sea. The possibility of a
western Barents Sea Ice Dome had previously been suggested through geological
interpretation by Grosswald (1 980), where a 2 km high ice cap was proposed for the
region east of Edge0ya and south of Kong Karls Land (Figure 1.8c ).
The Hughes-type Svalbard-Barents Sea Ice Sheet theoretically fed ice into
massive ice shelves within the Norwegian-Greenland Sea, and the Arctic Ocean.
Grosswald ( 1980) suggested that the buttressing effect of this ice shelf was necessary
to maintain the Svalbard-Barents Sea Ice Sheet profile, and hence prevent it from
rapidly decaying through iceberg calving.
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a Hughes (1981)

b Lindstrom ( 1989)

c Grosswald (1980)

d Boulton (1979a; 1979b)

0

+"-

Figure 1.8. Previous reconstructions of the Late Weichselian Svalbard-Barents Sea
Ice Sheet. a. Hughes (1981). b. Lindstrom (1989). c. Grosswald (1980). d. Boulton
(1979a; 1979b). Contours represent ice thickness ( in metres).

Chapter 1: Introduction and Background

1. 4. 3 Other proponents of a large ice sheet in the Barents Sea
Credibility was given to the idea of a relatively large Svalbard-Barents Sea Ice
Sheet by Peltier (1988b) from the analysis of satellite-observed sea-level change.
Theoretical small changes in the rotation of the planet are related to the effective mass
distribution of the Earth's surface (i.e. the tensor describing the moment of rotational
inertia). Therefore, any change in the mass distribution at the Earth's surface is
recorded in very small changes in the Earth's rotation. A dynamic theory was
developed by Peltier to predict the residual rotational signature that can be observed
today, which was caused by the decay of the last ice sheets, and the subsequent change
in the Earth's surface mass distribution. This hypothesis suggested that, for the
rotational signal to be interpreted correctly, it is required that a large (Hughes-type) ice
sheet over the Barents Sea decayed during the end of the last glacial.
A global isostatic model of the Earth's response to the surface unloading during
deglaciation was designed to examine the possible distribution of ice masses at the
LGM, and to discover how they decayed during deglaciation (Tushingham and Peltier,
1991; Tushingham and Peltier, 1993). The model was constrained by known relative
sea-level histories that had been measured from sites assumed to be ice covered at the
LGM. The model results were then compared to relative sea-level data from areas
where no ice had existed, to confirm consistency. Thus the best reproduction of the low
latitude sea-level histories corresponded to the most likely glacial scenario. The LGM
ice sheet distribution that was produced by this method proposed that there was total
grounded ice coverage of the Barents Sea at the LGM. The maximum thickness of this
ice sheet was 2.2 km, located in the central Barents Sea. The extent of the ice sheet
within the Barents Sea was very similar to that predicted by Hughes (1979) and Denton
and Hughes (1981), because the ice margins were predefined in the same way.
However, inaccuracies in the Tushingham and Peltier (1991) reconstruction of the last
Barents Sea Ice Sheet may exist because the post-glacial uplift data that was used to
constrain their model (i.e. Schytt and others, 1968) is significantly different to the
modem interpretation of the Svalbard uplift pattern (Section 2.6).

1 . 4 . 4 Alternative Svalbard-Barents Sea Ice Sheet reconstructions
The disintegration of a Hughes-type ice sheet has been studied by Elverhjiji and
others (1992) and Elverh0i and others (in press). They used modem Holocene isostatic
uplift data from the Eurasian Ice Sheet to determine, through Fourier analysis of the
isostasy, a possible method by which the Hughes-type ice sheet could have decayed to
produce the geologically observed uplift pattern. Total grounded ice coverage of the
Barents Sea was found to give the measured isostatic response only when the marine
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a Stage I: 18 ka (mod) BP

b Stage II: 17 ka (mod) BP

c Stage III: 15 ka (mod) BP

d Stage N: 11.5 ka (mod) BP

e Stage V: 10 ka (mod) BP
Figure 1.9. Disintegration of the Hughestype Svalbard-Barents Sea Ice Sheet, as
predicted by Elverh()i and others (in press).
a . 18 ka (mod) BP. b. 17 ka (mod) BP. c.

ls' ka

(mod) BP. d. 11.5 ka (mod) BP. e.
10 ka (mod) BP. Note how the central
Barents Sea is de glaciated first (at 15 ka
(mod) BP), whilst the ice sheet over
Svalbard takes a considerable time to decay.
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portion of the ice sheet was disintegrated 5,000 years before the ice cap over Svalbard
(Figure 1.9). To enable this to happen, the 3 km thick ice sheet decayed to half its
maximum size only 1 ka after the LGM (Figure 1.9a and b). This appears to be
glaciologically unlikely, given that there is no apparent climatic or palaeoceanographic
reason for deglaciation of this scale between 18-17 ka BP. Additionally, there is no
record in the oxygen isotope record of nearby deep-sea sediments to indicate large-scale
disintegration of the ice sheet at this time (see Section 2.5.5). Thus, a Hughes-type ice
sheet at 18 ka BP is unlikely to have produced the observed Holocene isostatic signal
after its decay. After 17 ka BP (Figure l.9b-e), the disintegration of the ice sheet is
intuitively more reasonable. One method of obtaining this pattern of ice sheet decay
(between 17-10 ka BP) would be if iceberg calving acted to thin the ice sheet interior,
which, in association with the rising sea-level, caused the ice sheet within the central
Barents Sea to become buoyant. Under this method, isostatic unloading of the Barents
Sea would have occurred before the terrestrial areas of the ice sheet. One can therefore
conclude (assuming that this is the only likely deglacial scenario that fits the isostatic
signal) it is more likely that an ice sheet similar to that in Figure 1.9b existed in the
Barents Sea at the LGM than the Hughes-type ice sheet.
During the late 1970s, one of the problems with the reconstruction of a large ice
sheet within the Late Weichselian Barents Sea was that only a limited amount of
geological data were available (relative to today). Since these data did not indicate an
obvious glacial scenario, a number of possible, and quite different interpretations of the
geology were put forward in the late 1970s (e.g. Blake, 1981). Subsequently, ice sheet
reconstructions that were made during this time did not have a very good correlation
with the known geology. Since no single ice sheet reconstruction had the support of the
available geological record, there were a number of alternative proposals for the size of
the Late Weichselian Svalbard-Barents Sea Ice Sheet.
Matishov (1980) suggested, from geomorphological studies of the Barents Sea
floor, that the there was no grounded ice coverage of the central Barents Sea during the
Late Weichselian: He proposed that grounded ice existed only over Svalbard and the
western Barents Sea, which was connected to an ice cap over Franz Josef Land. This
study was different to the geomorphologically reconstruc,ted ice sheet of Kvasov and
Blazhchishin (1978), where grounded ice existed over the entire Barents Sea except
Bj 0rn0yrenna.
The minimum sized Late Weichselian ice sheet that was proposed for the
Barents Sea was by Boulton (1979a). He suggested that only a very small ice cap
existed over Svalbard during the Late Weichselian, on the basis that the observed
isostatic signal of Svalbard could be interpreted in a number of ways that inferred
limited ice coverage of the archipelago at the LGM (Figure 1.8d). However, recent
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studies of the post-glacial uplift of Svalbard (e.g. Forman, 1990) (Section 2.6), and
evidence for grounded ice within Spitsbergenbanken and Bj!Zim!Zlyrenna at 22 ka (C) BP
(Section 2.4.2) has enabled the proposal of Boulton (1979a, and 1979b) and Boulton
and others (1982) to be falsified.

1.4.5 PONAM Activities
In recent years, a great deal of new geological data has been collected from
Svalbard and the Barents Sea. These data are used to help determine the modern
theories as to the size of the Late Weichselian Svalbard-Barents Sea Ice Sheet. The
Polar North Atlantic Margins: Late Cenozoic Evolution (PONAM) workshops, that
have recently been organized by the European Science Foundation, have discussed data
from several areas of Earth Science, in an attempt to find a correlation between
geological data from the land, coast, continental margin and deep sea. In the light of
PONAM workshops that have enabled the discussion of the recently interpreted Late
Weichselian geology, it has been suggested that the onset of the ice sheet within the
Barents Sea occurred relatively late in the glacial cycle (Section 2.3). Thus, there may
not have been long enough during the last glaciation within the Barents Sea for a stable
ice sheet to have grown. Also the existence of an ice shelf within the NorwegianGreenland Sea, that may have acted to buttress the grounded ice margin of a large
Barents Sea Ice Sheet (Figure 1.8a, b and c) (e.g. Grosswald, 1980; Grosswald and
Glebova, 1992), has recently been questioned after the discovery of evidence to
suggest that open ocean conditions existed in the eastern Norwegian-Greenland Sea
shortly before the LGM (Section 2.3.3). It is therefore necessary that a modern Late
Weichselian Svalbard-Barents Sea Ice Sheet reconstruction, that deals with the new
geological interpretation, be made. The most recent interpretation of the Late
Weichselian geology from Svalbard and the Barents Sea is presented in Chapter 2.
The only numerical modelling that has been performed for Svalbard and the
Barents Sea, as an individual area, was by Isaksson (1992). However, Isaksson's
study was an equilibrium reconstruction (where the model was run until mass balance
stability was obtained), and did not account for ice within the central Barents Sea.
Therefore, no truly time-dependent numerical modelling of the Svalbard-Barents Sea
Ice Sheet has been constructed to date. Because of this, and in the light of new
geological evidence (Chapter 2), this thesis presents the first detailed time-dependent
numerical study of the Svalbard-Barents Sea Ice Sheet as an independent area.
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1.5 STRUCTURE OF THE THESIS
This chapter has introduced the Svalbard-Barents Sea region, its unique climate,
the chronology of glacial events and has provided a brief summary of previous
Svalbard-Barents Sea Ice Sheet reconstructions. Knowledge of these fundamental
details is necessary to enable a full understanding of the remainder of this thesis.
Chapter 2 is a compilation and correlation of the recently discovered Late
Weichselian glacial geology and palaeoceanography of Svalbard and the Barents Sea.
The Chapter concludes with a summary of the glacial geology, and states the relevance
of it to the size and timing of the last ice sheet.
Chapter 3 introduces the two numerical ice sheet models that have been used in
this thesis. The first is an adaptation of a model that has previously been used to
describe the present West Antarctic Ice Sheet, and the last ice sheet over the Antarctic
Peninsula. The second model is the same as has previously been used to empirically
describe the motion of Ice Stream B, Antarctica.
Chapter 4 describes the forcing data and boundary conditions that are the
ingredients for the model results. The following four chapters present reconstructions
from the numerical models.
Chapter 5, the largest chapter in the thesis, details possible Late Weichselian
glacial reconstructions of the Barents Sea. The chapter is divided into three parts. The
first part concentrates on data obtained from the most likely forcing conditions, which
are described as 'standard conditions'. A sensitivity analysis is also performed on this
'standard model', to examine how the ice sheet size is affected by realistic alterations in
the. forcing conditions. Part 2 presents data that were produced under standard
conditions, but with an ice shelf forced to exist after the onset of glaciation within the
central Barents Sea. The final part of Chapter 5 summarizes the Late Weichselian glacial
reconstructions, and compares them to the geological record (Chapter 2), in order that a
most likely scenario be presented.
The relevance of water saturated basal sediments to the ice velocity, and hence
to the mass balance of the Late Weichselian ice sheet, is determined in Chapter 6.
The maximum (stable) ice sheets that could possibly form over the Barents Sea,
and the effect that the bedrock elevation has on the ice sheet dynamics, is established in
Chapter 7. This chapter produces glacial scenarios that may be relevant to glaciations
earlier than the Late Weichselian.
Chapter 8, the final chapter of this thesis, summarizes the important findings of
this study. This chapter also proposes a number of ways in which additional work may
be made to further investigate the conclusions of this thesis.
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2

GEOLOGICAL RECOR D OF THE
Sv ALBAR D-BARE NTS SEA lcE SHEET
2.1 INTRODUCTION
During the past few decades there have been many scenarios on the size and
timing of the Late Weichselian Svalbard-Barents Sea Ice Sheet that have been proposed
from interpretation of the known geological record. Many of these scenarios have been
contradictory. For example Boulton (1979a), Boulton (1979b) and Boulton and others
(1982)
proposed, through the analysis of the available geology, that the Barents
Sea had not been glaciated during the Late Weichselian. At the same time, however,
Denton and Hughes (1981) suggested that a 3 km thick ice dome existed over the
central Barents Sea during the Late Weichselian (Section 1.4).
As new geological evidence becomes available, new glacial scenarios are
developed. In recent years, there has been a new initiative to solve the problem of the
Late Weichselian Barents Sea Ice Sheet, involving many institutions from several
European countries. One of the aims of the PONAM workshops (Section 1.4.5) is to
develop a correlation between the existing and newly acquired geological data from
both terrestrial and deep sea areas. These data have been used to derive the first detailed
chronology of events for the Late Weichselian glaciation of the Barents Sea. This
chapter consequently highlights recent geological and geophysical studies that have
enabled the modern theory on the extent, timing and dynamics of the last SvalbardBarents Sea Ice Sheet to be constructed.

2.2 THE LAST INTERSTADIAL
2. 2 .1 The Barents Sea interstadial
Recent shallow coring (to 5 m sediment depth) and drilling (to 60 m sediment
depth) in the Spitsbergenbanken-Bj0rn0yrenna area (Hald and others, 1990; Srettem
and others, 1991a), have enabled the creation of a composite stratigraphic diagram
which describes the general pattern of sedimentation (Figure 2.1). During times of
glaciation (and also deglaciation) within the western Barents Sea, provided that
grounded ice does not erode the sediments at its base (a phenomenon that is likely to
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restrict uninterrupted stratigraphies to troughs within the Barents Sea), the ice proximal
sedimentation rate in outer trough areas will be relatively high (e.g 15 cm ka-1 (Laberg
and Vorren, 1992)). Diamictons (non-lithified, poorly sorted, non-calcareous,
sediments that possess a wide range of particle sizes (Drewry, 1986)) which dominate
the fan sequences of the outer troughs are therefore associated with glacial activity.
Conversely, in times of interstadials and interglacials, as the sediment supply is
restricted, the sedimentation rate becomes relatively lower, and the deposition is
restricted to very fine grained muds that are associated with a low energy marine
environment. The occurrence of a thin layer of fine mud, an interstadial deposit, which
is underlain and overlain by diamicton, is shown in Figure 2.1. Radiocarbon ( 14C)
dating of the upper sequence of diamicton (Formation C, Figure 2.1) has found a
youngest age of 22 ka (C) BP, with other dates tending toward infinite values. The
interstadial mud (Formation D2 in Figure 2.1) is therefore aged at older than 22 ka (C)
BP, and has significant implications for the environment of the Barents Sea before 22
ka (C) BP, in that ice free conditions may have existed in the Barents Sea during the
early phase of the last glacial cycle.

2. 2. 2 The Svalbard interstadial
Glaciation on land is associated with a hiatus in the local sedimentation (or
indeed the erosion of the sediment column) whereas interstadials permit the deposition
of pro glacial sediments. Therefore, in contrast to the Barents Sea troughs, deposition
rates on land, for example the Kapp Ekholm sediment sections at the Mathiesondal fan
(lsfjorden), will be highest during times of interstadial when glaciers are at sizes
comparable to the present day. Conversely, a large terrestrial ice cover would permit the
possibility of subglacial erosion of sorted silts, sands and gravels (which are normal,
recent meltwater deposits) to occur. Figure 2.2 shows the Kapp Ekholm section in
detail, and displays clearly the sedimentation pattern described above (Mangerud and
Salvigsen, 1984; Mangerud and Svendsen, 1992). One set of interstadial sediments
(Formation F, Figure 2.2) has been dated using 14C, thermo-luminesce nce (TL),
optically stimulated luminesence (OSL) and amino acid techniques, and has allowed the
interstadial sediment age to be estimated at 50-40 ka BP.,However, due to the likely
possibility of glacial erosion of the upper layers of the interstadial sediment by
overriding ice, the youngest age of these sediments may not correspond to the actual
end of the interstadial period on Svalbard. Indeed this is the case within the section at
Kapp Ekholm, where the base of each 3.0-0.5 m diamicton layer can be seen as an
erosional unconformity (Mangerud and Svendsen, 1992); for example, Formations F
and G are separated by a typical erosional unconformity (Figure 2.3). Because of the
unconformity there seems some confusion as to the date at which the Kapp Ekholm
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interstadial ended. The findings at Kapp Ekholm that suggest an interstadial at around
50-40 ka BP are supported somewhat by infinite 14C dates from within similar
sedimentary sequences that are found at Nidedalen (across Billefjorden from Kapp
Ekholm), (Mangerud and Svendsen, 1992); Skilvika (at the mouth of Bellsund),
(Landvik and others, 1992; Mangerud and others, 1992a); along a cross section of
Linnedalen, (Mangerud and others, 1992a); and at Linneelva, (Lonne and Mangerud,
1991) (Figure 2.4). Thus, there is extensive sedimentary evidence for the existence of a
mid Weichselian interstadial within central and western Svalbard, and the widespread
occurrence of the erosional unconformity which is overlain by till, which in turn
indicates resurgent glacial activity. The timing of glacial onset (and hence the end of the
interstadial) cannot be observed anywhere in Svalbard within the sediments that
describe it because of the unconformity which indicates glacial erosion of Formation F
(Figure 2.3). However, the amino acid ratios of the shells in Formation F (at Kapp
Ekholm) are very low (i.e. 0.026 ± 0.004), implying that a long cold terrestrial phase
occurred after deposition. During the interstadial, since the sections at Kapp Ekholm
(and the other sequences that are cited) exist at the present fjord edge, Mangerud and
Svendsen (1992) conclude that the glaciers on Svalbard were not significantly greater
than at present.

2. 2 . 3 The Northern Norwegian interstadial
Evidence for an extensive interstadial within Norway is less obvious than in
Svalbar d (Mange rud, 1991 b ), possibly because of the lower latitude, and the
consequent sensitivity to both 23 and 41 ka periods of astronomically forced glaciation,
of which only the 41 ka period is observed on Svalbard (Mangerud and Svendsen,
1992). Sedimentary sections at Fjosanger (Mangerud, 1991b), Karmoy (Andersen and
others, 1983) and Sunnmore (Larsen and others, 1987) have enabled a compos ite
stratigraphy to be produced for northern Norway. TL dating (and infinite 14C values)
of the sections form the conclusion that in Norway , within the period from 50-40 ka
BP, a glacial readvan ce occurred. During this period Svalbar d experie nced an
interstadial (Section 2.2.2). Thus, there is a difference between the timing of the Middle
Weichselian interstadials on Svalbard and Norway.

2.3 ONSET OF THE LAST GLACIATION
2. 3 .1 Glacial onset in Svalbard
In order to examine the time of glacial onset over Svalbard, and therefore the
end of the interstadial, one must look elsewhere than to terrestrial sites on Svalbard,
since the top of the interstadial Formation Fis uniformly truncate d by the glacially
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formed erosional unconformity above it (Figures 2.2-2.4). All that can be inferred from
the Kapp Ekholm section is that the timing of glacial onset must have been significantly
younger than the 38 ka BP youngest date within Formation F. Although globally, the
last glacial cycle started at 40 ka BP (Section 1.3), a reduction in the period of
glaciation is not necessarily in conflict with the possibility of a large Late Weichselian
ice mass over Svalbard, because of the sensitive nature of Svalbard to ice formation. A
modem equilibrium line altitude (ELA) of around 350 m indicates that only a small drop
in temperature would permit ice accumulation at all places above sea-level, which
suggests that ice build-up within Svalbard could have occurred very quickly. In fact,
even if the surface air temperature increased by 0.1 °C, glacier mass balance is likely to
be compensated for by a 5% increase in precipitation (Hagen and Leist01, 1990).

2. 3. 2 Glacial onset within the Barents Sea
As already mentioned, a composite stratigraphy for the SpitsbergenbankenBj0rn0yrenna area indicates that the only reliable 14C age for sediments above the
interstadial Formation D2 is older than 22 ka (C) BP (Figure 2.1). Within
Bj0rn0yrenna these Formations (B -Dl) can be seen to be extensive through the lower
trough area (Srettem and others, 1991a) (Figure 2.5). Interestingly, the only non
infinite 14C value, and therefore the only reliable date within the upper formations of
the Spitsbergenbanken-Bj0rn0yrenna diamicton (of 22 ka (C) BP), was found at the
base of the core, with older dated sediments above it. This may indicate that grounded
ice which deformed or reworked the sediment, was present over Spitsbergenbanken at
22 ka (C) BP (Srettem and others, 1991a; Srettem and others, 1991b).
A chronostratigraphy for the southwestern Barents Sea has been suggested by
Hald and others (1990), from 13 shallow cores that were taken within and around
Bj0rn0yrenna. Also, the sedimentary facies of Bj0rn0yrenna have been mapped
seismically by a number of authors (e.g. Rokoengen and others, 1979; Solheim and
Kristoffersen, 1984; Srettem and Hamborg, 1987; Vorren and others, 1990; Srettem
and others, 1991a; Srettem and others, 1991b). All of the cores were identified as being
from the uppermost seismic layer which occurs extensively over Bj0rn0yrenna.
Forarniniferal studies of the cores indicate that some reworking has taken place within
the stratigraphy, where dates younger than 27.32 ka (C) BP have been measured
(through the AMS 14C method) within a sediment accumulation of around 100 m
thickness in western Bj0rn0yrenna. This implies that very rapid glacimarine
sedimentation occurred in western Bj0m0yrenna during the last glacial; indeed, Hald
and others (1990) estimate that the rate was at around 5.7 m ka-1.
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2. 3. 3 Glacial onset as recorded in the Norwegian-Greenland Sea
Deep sea sediments, because they are not subject to the glacial erosion that
affects shallow sea and terrestrial sediments, often provide a more continuous record of
climatic and palaeoceanographical history. Hebbeln (1992a) analyzed eight sediment
cores within two Fram Strait transects with respect to organic carbon accumulation rate,
C/N ratio, o13Corg, and grain size fraction (Figure 2.6a-d). There is a very good
correlation in the core signal both between cores, and between the methods of analysis
within a single core (Figure 2.6). The locations of all the cores were west of the
Knipovitch and Lena troughs (which run parallel to the Svalbard continental slope).
Thus, terrestrial material that is carried down slope will not be present within the Fram
Strait cores (Hebbeln, 1992a), which implies that any terrestrial sediments, observed
within the core sections, must have been transported by processes other than nearbottom effects. Hebbeln (1992a) identified such terrestrial material as ice rafted debris
(IRD). Typically, C/N ratios greater than 8 are indicative of terrestrial origin, as are
values of o13Corg in excess of 24% (PDB) within the cores. Peaks in C/N ratio and
o13Corg content correlate well with coarser fractions within the cores (Figure 2.6a-d),

and correspond to the input of land based sediments through the process of iceberg
rafting. Figure 2.6e shows a simplified, composite diagram which describes the
proportion of terrestrial material which is input to the Norwegian-Greenland Sea with
time, and indicates that three peaks occur in the Fram Strait at around 60, 24-22, and
17-15 ka (C) BP; the latter two are of interest to this study and are discussed below.
Hebbeln ( 1992b) has found that chalk fragments occur within the cores at the times of
high IRD input, which have an origin from below 59 °N. Benthic foraminiferal studies
of the same cores also suggest the advection of warm Atlantic water, thus providing the
northerly oceanic transport required for chalk deposits within Norwegian-Greenland
Sea IRD. An ocean condition that would permit the northerly transport of IRD is the
presence of (at least seasonally) sea ice free waters within the eastern margin of the
Norwegian-Greenland Sea. This has two consequences: first, relatively warm surface
temperature conditions within the Norwegian-Greenland Sea at around 24 ka (C) BP;
and second, a moisture source available for precipitation, and therefore fast glacier ice
growth, over the Barents Sea at between 24-22 ka (C) ~P. Open ocean conditions
within the eastern Norwegian-Greenland Sea at around the LGM have also been
suggested from palaeoceanographical studies of benthic and planktic foraminifera by
Dokken and Hald (1992), and Hald and Dokken (1992); and from dropstones within
sea floor sediments (Bischof, 1990). The Norwegian-Greenland Sea has also been
proposed as a moisture source of precipitation for the Fennoscandian Ice Sheet prior to
the last glacial (for example Duplessy and Labeyrie, 1992).
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from eight cores drilled within two
east-west transects 78°N and 80°N
across the Fram Strait. The cores show
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isotope ratio method. !RD events are
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Figure 2. 6. Sedimentary analysis
from eight cores drilled within two
east-west transects 78°N and 80°N
across the Fram Strait. The cores show
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have been dated using the oxygen
isotope ratio method. /RD events are
shown within two shaded regions. a.
Coarse fraction (> 63 µm); stippled

line marks 0.5 g cm-2 ka-1.
13
b. 813Corg values; stippled line marks a 8 Corg value of -24%. c. C!N ratios; stippled line
marks a C/N ratio of 8. d. Organic carbon accumulation; stippled line marks 30 mg cm-2 ka-1.
e. Composite diagram, adapted from the eight Fram Strait cores, to show the input of terrestrial
material. Glacier advances on Svalbard are given as black bars. Taken from Hebbeln (1992 ).
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The recent discovery of Late W eichselian open ocean conditions along the
eastern margin of the Norwegian-Greenland Sea is in contrast to previous proposals
that an ice shelf, fed by the Eurasian Ice Sheet, existed in the sea during the last ice age
(e.g. Ruddiman and McIntyre, 1977; Grosswald, 1980; Lindstrom and MacAyeal,
1986).

2. 3. 4 Late Weichselian glacial onset summary
Four pieces of evidence exist from which an estimate of the onset of glacial
activity can be based. First, the interstadial is thought to have lasted for longer than the
sedimentary sections at Kapp Ekholm (Figures 2.2-2.4) suggest because of the
erosional unconformity above it, and the anomalously low amino acid ratio values.
Second, ice build up may have occurred relatively quickly within Svalbard since the
average present ELA is only around 350 m. Third, grounded ice was present over the
lower slopes of Spitsbergenbanken and upper Bj0m0yrenna at 22 ka (C) BP. Fourth,
ice free conditions within the eastern Norwegian-Greenland Sea at and after 24 ka (C)
BP provides a mechanism by which a relatively high rate of precipitation can be input to
the Svalbard-Barents Sea area. Therefore the onset of large scale glacial activity on
Svalbard and in the Barents Sea occurred relatively late in the global glacial cycle.
Mangerud and Svendsen (1992), Mangerud and others (1992a), Elverh(ZSi and others
(1992) and Elverh(ZSi and others (in press) all conclude that the Late Weichselian
glaciation of the Barents Sea began as late as 25 ka BP. Thus the last interstadial may
have lasted up to this time, forming the idea of 41 ka Milankovitch forcing without the
23 ka effect (Mangerud and Svendsen, 1992).
2.4 THE LATE WEICHSELIAN GLACIAL MAXIMUM
When a glacier or ice sheet reaches its maximum size, the position of its areal
extent may be marked by the existence of terminal moraines. Geochronological dating
of these moraines will give an indication of the time of the local glacial maximum and
an estimate of the maximum extent of the ice sheet.

2. 4 .1 The last glacial maximum on Svalbard
The maximum extent of ice over western Svalbard has been much debated in
recent years. Many authors claimed that extreme western Svalbard remained ice free
during the LGM (e.g. Salvigsen, 1978, 1979; Salvigsen and Nydal, 1981; Salvigsen
and Osterholm, 1982; Troitsky and others, 1979; Boulton, 1979a; Boulton and others,
1982; Miller, 1982; Miller and others, 1987; Forman and Miller, 1984; Forman, 1990).
However, recent evidence has thrown into doubt some of the geologic interpretation
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that had made this claim possible. There are four main fjord systems within western
Svalbard (Kongsfjorden/Krossfjorden, Isfjorden, Bellsund - which includes Van
Mijenfjorden, and Hornsund (Figure 1.2)). The existence and extent of LGM valley
glaciers within these fjords has been investigated recently (Landvik and others, 1987;
Landvik and others, 1992; Svendsen and others, 1987; Svendsen and Mangerud, 1991;
Mangerud and Svendsen, 1990, 1992; Mangerud and others, 1992a) through the
sedimentological analysis of fjord floor deposits, sedimentary sections and relative sealevel curves.
Landvik and others (1987) studied the Late Weichselian and Holocene shoreline
displacement on the west central coast of Spitsbergen. Well developed raised beaches
were observed along Nordenskioldkysten (Figure 1.2), where the marine limit is at 64
m a.s.l., with

14C

dates indicating an age of 10.9-11.0 ka (C) BP. A lower level at 50

m a.s.l. was dated at 10.6-10.0 ka (C) BP. There were no raised beaches higher than
64 m a.s.l., and therefore no

14C

dates before 11 ka (C) BP found around

Nordenskioldkysten. The large rebound was attributed to large scale Late Weichselian
glaciation within the local fjords, since the 64 m marine limit is continuously visible
around the headland between Bellsund and Isfjorden, and indicates isostatic loading
from glaciers in both of these valleys, which must therefore have extended to beyond
the mouth of the existing fjords.
Linnedalen lies between Isfjorden and Bellsund, and is subsequently a crucial
area for the glacial history of western Svalbard; if Linnedalen was not covered by ice at
the LGM, then it seems unlikely that one could postulate that large valley glaciers
existed on either side of it. Figure 2.4c shows the stratigraphy of Linnedalen, and
indicates that only a thin veneer of sediments exists above the bedrock. The dates on
these sediments are mostly around 12-10 ka (C) BP, which implies that preexisting,
older sediments were stripped by the basal erosive action of a glacier before this time.
Thus Linnedalen must have been ice covered at the LGM (Mangerud and others,
1992a). Indeed Figures 2.3 and 2.4 suggest that the erosional unconformity that was
caused by the last glaciation is continuous from Kapp Ekholm to Linnedalen.
The probability of ice filled fjords in western Svalbard has been enhanced
through the sedimentological studies of the floor of Isfjorden. If ice was not present in
the fjord, one would expect that a large accumulation of gl'acimarine sediments would
be present. What has been observed, through the analysis of a number of acoustic
records, is that the sediment thickness is of the order of 10-20 m thick. If Miller and
others (1987) are correct in that the last glacial advance on Svalbard was at 80 ka BP,
one would expect a significantly thicker sediment sequence at the floor of Isfjorden.
The 'stripping' of such sediments is therefore attributed to the action of a large valley
glacier, in existence after 80 ka BP (Mangerud and others, 1992a).
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The actual extent of Isfjorden's glacier has been estimated through cores taken
in the shelf trough in front of lsfjorden, which terminates at the shelf break. A
glacimarine clay which rests on a diamicton of infinite 14C age, has itself been 14C
dated at between 12.5-10 ka (C) BP (Figure 2.7). This till indicates that a grounded
glacier reached onto the continental shelf before 12.5 ka (C) BP, an idea which is
supported by moraine structures that have been identified on the outer shelf, but not in
the fjords (Ohta, 1982; Mangerud and others, 1992a). Figure 2.7 subsequently shows
the possible limit of the Isfjorden and Bellsund glaciers to be at the shelf edge.
Similarly to Isfjorden, Lehman and Forman (1992) have demonstrated that a
glacier existed in Kongsfjorden during the last glaciation. Therefore, during the Late
Weichselian, the fjords within western Svalbard may have been filled by relatively large
glaciers. The existence of large glaciers within West Spitsbergen fjords establishes a
scenario by which previous glaciological interpretation of raised beaches (from where it
was concluded that western Svalbard remained ice free at the LGM) should be
addressed. However, although many raised beach interpretations may have to be
reassessed with respect to a larger local ice mass, the new evidence that confirms a
large LGM Isfjorden glacier does not necessarily contradict the idea that Prins Karls
Forland, and northwestern Svalbard were not covered by an extensive ice sheet. From
the extensive isostatic anomaly which has been well observed in the numerous raised
beaches of Svalbard, it can be inferred that a significant ice mass was present over the
central archipelago before the uplift began (Section 2.6).

2. 4. 2 The last glacial maximum within the Barents Sea
The regions of Spitsbergenbanken and northern Bj!llm!Zlyrenna (above a present
water depth of 400 m) were occupied by grounded ice after 22 ka (C) BP at the latest,
such that reworking of the top 50 m of sediment occurred (Elverh!Zli and others, 1992)
(Sections 2.2.1 and 2.3.2). The seismo-stratigraphy of northern Bj!Zlrn!llyrenna is
shown in Figure 2.5, where the top layer of sediments (which have been reworked) are
extensive throughout the outer trough (Srettem and others, 1991a). Elverhizsi (personal
communication) suggests that the presence of deforming till in this area has implications
for the duration of a fast moving ice mass in the area. If an ice stream was : present for a
long time in Bj!llm!llyrenna, one would expect that the basal ·sediments be removed from
the trough; instead they are preserved. This implies that if an ice stream existed in
Bj!Zlrn!llyrenna then it was only active for a few thousand years at around the LGM (a
scenario that fits the idea of late ice build up within the Barents Sea at around 25 ka
BP). Further up the trough, toward the central Barents Sea, the reworked basal
sediments are not present.
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A series of seismically observed moraine ridges within Bj0rn~yrenna (which
are estimated to be LGM features) has enabled the southwestern extent of the last
Barents Sea Ice Sheet to be inferred (Vorren and Kristoffersen, 1986; Vassmyr and
Vorren, 1990). Vassmyr and Vorren (1990) proposed that Bj0rn0yrenna acted as an
area of coalescence between the Svalbard-Barents Sea Ice Sheet and the Fennoscandian
ice sheet, since in simple terms, if Spitsbergenbanken could act to place ice over
Bj0rn0yrenna, then the likelihood that northern Norway could do the same is intuitively
rather high. However, since the moraines and sediments within Bj0rn0yrenna have not
been dated, total glaciation of Bj0rn0yrenna during the Late Weichselian remains
equivocal.
A geographically analogous area to Bj0rn0yrenna is Storfjordrenna, where at
the mouth of the trough, a similar (though smaller) fan is observed to that outside of
Bj0rn0yren na (Figure 1.1). Unfortunately, no dating has taken place on the upper
sediments of the Storfjordrenna fan, such that there is no direct evidence for Late
Weichselian grounded ice in Storfjordrenna. However, the fact that this trough is in
close proximity to Svalbard and Spitsberge nbanken, and that the depth of
Storfjordrenna is considerably less than Bj0rn0yrenna, tends to suggest that grounded
ice emplacement would be glaciologically easier to achieve over the shallower trough.
Although the western margin of the Svalbard-Barents Sea Ice Sheet, and the
growth of glaciers on Svalbard, is well documented for the LGM, there is otherwise
little evidence to suggest values for the ice thickness, or eastern extent of the Barents
Sea Ice Sheet. Recently however, Gataullin and others (1993) have shown, from
sparker and shallow drilling of the Central Deep (eastern Barents Sea) that glacigenic
sediments are present within the deepest areas of the inner Barents Sea. These
sediments are comprised of basal till and proximal and distal glacimarine sediments
(Gataullin and others, 1993). If grounded ice existed over the deepest parts of the inner
Barents Sea (as these sediments suggest), it can be implied that grounded ice has, at
some time, been present over the entire Barents Sea. Gataullin and others (1993)
speculate (since th~ Central Deep sediments have not been dated) that these sediments
were deposited during the Late Weichselian. Through this assumption, Gataullin and
others (1993) theorize that the Late Weichselian Svalbard-Barents Sea Ice Sheet was
connected to an ice sheet over Novaya Zemlya (i.e. the Kara Sea Ice Sheet). In
previous ice sheet reconstructions (e.g. Denton and Hughes, 1981; Lindstrom, 1989;
Elverh0i and others, 1992) the Barents ·Sea Ice Sheet has been linked to both the
Scandinavian and Kara Sea ice sheets (Section 1.4.2), to form a continuous cover of
ice from the British Isles to the northern Barents Sea at the LGM. However, if the
Central Deep sediments were not deposited during the Late Weichselian, then total
grounded ice coverage of the Barents Sea is unlikely.
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2. 4. 3 The last glacial maximum in Scandinavia
Although it is not the intention of this study to delve deeply into the literature on
the glaciation of Scandinavia, it is advantageous at .this point to include some recent
ideas as to the dimensions of the last ice sheet over Fennoscandia, since it is of
importance to southern Barents Sea glaciation. Many of the following ideas are taken
from Mangerud (1991a) who provides a summary of the present glacial and geological
knowledge concerning the LGM over Scandinavia. Ice expansion over Scandinavia is
estimated to have started at around 30 ka BP, reaching a maximum at around 18 ka (C)
BP (Figure 2.8). Vorren and others (1988b), after studying the biostratigraphy of lake
floor cores, claimed that And0ya (northern Norway) was ice free prior to 20 ka (C) BP,
and that it became deglaciated by 18.5 ka (C) BP. However, M0ller (1992) indicated,
through geomorphological and lithostratigraphic investigations, that the period of
glaciation on Andjijya was from 22-18 ka (C) BP, which represents 2.2 ka (C) longer
than Vorren and others (1988b) had previously suggested. Whether Vorren and other's
(1988) or M0ller's (1992) period of glaciation on Andjijya is the more accurate is not
important in this study, since both authors suggest that North Norway experienced a
considerably shorter period of glaciation than that of central Fennoscandia (Figure 2.8).
Additionally, Kverndal and Sollid (1993) have indicated from geomorphological
investigations of northern Norway that nunataks existed in this area at the LGM, and
that the Fennoscandian Ice Sheet was not connected to the Barents Sea Ice Sheet. The
idea that the northern and western-most areas of Norway did not experience longlasting ice loading has been suggested by Rye and others (1987), and Nesje and others
(1987), where it was proposed that nunataks were in existence in western Norway at
theLGM.
The isostatic uplift pattern (Section 2.6) indicates that a large ice dome was in
existence over Scandinavia at around the LGM. However, at the western and northern
limit of Norway, the Late Weichselian ice sheet thickness has recently been estimated to
be small enough as to preserve nunataks, and the timing of maximum glacial extent has
been suggested to be late in the Late Weichselian glacial cycle.

2.5 THE LATE WEICHSELIAN DEGLACIATION
2. 5 .1 Introduction
During times of deglaciation, when ice sheets and glaciers recede from
maximum positions, terminal moraines and basal tills will be left as geological
remnants. Meltwater and IRD will influence the younger sediments within the
neighbouring ocean more so than during the time of full glacial, and isostatic uplift will
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occur. In the case of a marine based ice sheet such as the Barents Sea Ice Sheet, the
possibility of subglacial flutes within the upper soft sediment (and iceberg ploughmarks
which may be formed by the calving of icebergs from a retreating ice wall) provide
other artefacts from the ice sheet. As a consequence of these features, the deglaciation
of the Svalbard-Barents Sea Ice Sheet is well recorded in the local recent geology.

2. 5. 2 Geophysical studies within the Barents Sea
A series of seismic profiles over the Storbanken-Spitsbergenbanken area, using
sparker, 3.5 kHz, and side-scan sonar, has provided evidence to enable the deglacial
reconstruction of the area (Solheim and others, 1988) (Figure 2.9). Most interestingly,
two accumulations of unlithified, acoustically transparent sediments have been
observed, with thicknesses of 30 m and 38 m, that are thicker than other sediments
seen in the adjacent area. Their acoustically transparent nature implies that the sediments
are homogeneous, and have been deposited in a single episode with the depositional
rate being near constant. These sediments may therefore have been deposited over
several hundred years, in the proximity of an ice front during its deglacial retreat, with
the ice front being temporarily stationary for the time of sediment deposition. Thick
'pocket' glacimarine sediment accumulations ma), on the other hand,be formed by an
erosion and infilling process caused by the action of a grounded ice sheet; however,
although it seems highly probable that the ice sheet was grounded, the transparent
acoustic character and lack of sediment compaction make this mode of deposition
unlikely. Pfirman and Solheim (1989) indicate that these formations may have been
deposited by turbid meltwater plumes off a stable ice front (as in present day
Nordaustlandet). Solheim and others (1988) suggest that if an ice margin was present
in Storbanken during the late Weichselian glacial maximum (when a eustatic sea level
drop took place (e.g. Fairbanks, 1989)), then isostatic depression of 130 m would have
had to occur to allow icebergs with 200-280 m drafts to float (and provide the plough
marks which are seen in soft sediment within the Storbanken area). However, Solheim
(1988) stated tha( analysis of present day ice margins makes this isostatic response
unlikely. Thus, glacial extension beyond Storbanken during the LGM must be inferred
to provide the necessary isostatic depression. Similar acoustically transparent sediment
pockets have been found elsewhere in the Barents Sea, at Franz-Victoria-Re nna and
Storfjordrenna, and may be evidence of the Svalbard-Barents Sea Ice Sheet in retreat,
halting at the position shown in Figure 2.9, and then continuing in its retreat rapidly.
Correlation between the areas of rapid sedimentation is possible because of the similar
acoustic properties, and since the sediments all lie at a present water depth of about 300
m. Due to the thickness of these sediments, assuming typical Svalbard glacial sediment
deposit rates, the halt of glacial retreat has been estimated at a few hundred years
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(Solheim and others, 1988; Solheim and others, 1990; Elverh0i and others, 1989).
However, because there has been no direct dating performed on the sediments
described, and because the sediment pockets are thick, the halt in deglaciation may have
been considerably longer.
An alternative interpretation of the western Barents Sea moraine structures is
that they represent the maximum limits of theLate Weichselian ice sheet (Figure 2.9).
This ice sheet scenario would be correct if sediments within Bj0rn0yrenna and the
Central Deep are not of Late Weichselian origin.
In an area west of Storbanken, profiles were obtained by using a side scan
sonar operated with 50 kHz transducers with a range of 300 m to each side; an air gun
seismic source with a shot interval of 4 seconds, received by 7 .5 m streamer; a nine
electrode sparker array; and a 3.5 kHz echo sounder. From these data, the central and
northern Barents Sea sediment bed morphology was established, (Solheim and others,
1990). Features including relict parallel grooves, ridges and flutes are thought to be
evidence of a grounded ice sheet. The parallel nature of the features exclude possible
causes other than glacier bed abrasion (Solheim and others, 1990). Glacially fluted
surfaces have been interpreted by Boulton (1976) to be "long parallel sided ridges
which reflect accurately the direction of ice movement, and which form when
deformable subglacial materials are intruded into tunnels, which tend to open up on the
lee sides of single rigid obstructions on the glacier bed". The flutes seen in the central
and northern Barents Sea are within overconsolidated diamicton and represent a mean
southerly ice flow during the last phase of deglaciation as one would expect from the
bathymetric relief in this area.
The pattern of sediment distribution directly north of Bj0rn0yrenna includes a
series of ridge type deposits at a present bathymetric depth of 150 m, which lie
perpendicular to the former ice flow direction (Solheim and others, 1990). These ridges
may have been deposited by a second pause in the ice sheet's decay, after the glacial
halt that has been interpreted from acoustic sediment features in Storbanken (Solheim
and others, 1988). The ice sheet grounding line at this time has been estimated by
Solheim and others (1990) to be at around 150 m water depth (Figure 2.9).
The lack of dating of the glacial features within the Barents Sea does not cause a
problem with the reliability of their approximate age of formation, since there is
evidence to assume that grounded ice existed over Spitsbergenbanken at around 20 ka
BP (Section 2.3.2). However, the absence of dating does mean that the age of the
moraine structures cannot be accurately identified within the deglacial chronology.
Consequently these grounded ice limit features can only be dated as part of a deglacial
sequence, whose chronology is inferred from other evidence.
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2. 5. 3 Palaeoceanography of the Barents Sea
Oxygen isotopes in benthic foraminifera were recorded from sediments that
were taken from three locations in the southern Barents and northern Norwegian seas
(Hald and others, 1991), to establish the timing of the onset of Atlantic water that is
present within the Norwegian Current. The dynamics behind the North Atlantic Ocean
circulation changes (i.e: the thermohaline circulation conveyor (e.g. Broecker and
others, 1990; Duplessey and others, 1992; Lehman and Keigwin, 1992; Wright,
1993)) will not be considered in this study, since it is the effect of ocean water
circulation changes, rather than the cause, that is of prime relevance to the deglacial
history of the Svalbard-Barents Sea Ice Sheet. Foraminiferal evidence (which was
dated by the AMS 14C method) from sediments in the southwestern Barents Sea
indicate that at around 13 ka (C) BP, Atlantic water (which was relatively warm) was
injected into the southwestern Barents Sea region, replacing glacimarine species of
foraminifera. The bottom temperature, as recorded in benthic foraminifera, then
increased in the southwestern Barents Sea to modern temperatures (4-6 °C) by 10 ka
(C) BP (Hald and others, 1991). The raising of sea bottom temperature is of
significance to the deglacial history of the Svalbard-Barents Sea Ice Sheet in that the
current from the North Atlantic must have been strong enough at 13 ka (C) BP to cancel
the cold glacimarine conditions, thus implying that the ice sheet within the Barents Sea
had left the southwestern limits by 13 ka (C) BP. By the Holocene, most glacimarine
foraminifera in the southern Barents Sea had been replaced by typically open ocean
dwelling species (Hald and others, 1991; Hald and Vorren, 1984; Vorren and others,
1988a; Vorren and others, 1988b; Thompsen and Vorren, 1986). However, in the
northwestern Barents Sea, some cold water foraminifera remain into the Holocene
sediments, possibly due to the inherent cold water that persists there (Elverh0i and
Bomstad, 1980; 0stby and Nagy, 1981; Mackensen and Hald, 1988).

2 . 5 . 4 Palaeoceanography of Svalbard fjords
Atlantic waters within the coastal seas around Svalbard have been transported
from the south (from the Norwegian Current) by the West Spitsbergen Current (Figure
1.3). Thus, of all Svalbard, it is west Spitsbergen that may be most susceptible to sea
temperature changes. The modern day summer sea surface temperature distribution of
the Svalbard region is given in Figure 2.10 and indicates the effect of warm southerly
waters along western Svalbard.
Lycke and others (1992) analyzed sections from Skilvika and Lineelva to
ascertain the foraminiferal content of the marine sediments which overlay the Late
Weichselian glacial tills in the Bellsund-Isfjorden area (Section 2.4.2) (Figure 2.4). The
marine sediments contain shallow water, subarctic foraminiferal assemblages, and
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Figure 2.10. Present day summer sea surface temperatures of the western Barents
Sea - Nowegian-Greenland Sea area. Taken from Salvigsen and others (1992), which
was adapted from Iskart no. 33/91 (Norwegian Meteorological Institute) .
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represent deposits from the last deglaciation. Lycke and others (1992) found
that the
foraminiferal assemblages at the two sites mentioned varied quite considerably.
They
attributed this to mean that local effects such as bottom currents, proximity of
glaciers
and water depth have a significant influence on the foraminiferal conten
t of the
sediment. However, Lycke and others (1992) also stress that the overall pattern
of
foraminiferal distribution should reflect the environment of the nearby open
ocean.
Consequently, the general pattern of foraminiferal distribution within western Svalba
rd
during the period of 12-10 ka (C) BP shows two main features: first, modern
-type
water temperature conditions prevailed during this period; and second, large parts
of the
present land areas of Svalbard were isostatically depressed below sea level during
this
time (even though emergence may have been occurring at the same time).
Although modern-type sea surface temperature conditions were present over
western Svalbard during the last phase of the Weichselian, the early Holocene marked
a
rapid change to warmer conditions (Salvigsen and others, 1992). From the 14C
dating
of extinct warm water molluscs from within Bellsund and Isfjorden, Salvigs
en and
others (1992) showed that a summer sea surface temperature optimu m occurr
ed
betwee n 8.7-7.7 ka (C) BP, where summer sea surface temperatures were
1-3 °C
higher than at present. An increase in sea surface temperature during the early Holoce
ne
can only be attributed to the northerly flow of warm Atlantic water into western
areas of
Svalbard, which would also have an effect on the overall climate conditions
of the
Svalbard region at this time. Thus a climatic optimum may have occurred in the
early
Holocene, where air temperatures were higher than at present, and the western
fjords of
Svalba rd were ice free. This, in turn, implies that if an ice sheet had existed
over
Svalbard during the Late Weichselian, is very likely to have disappeared by the
early
Holocene.
The deglaciation history of Isfjord en's glacier has been recons tructed by
J0rgensen (1992), through the foraminiferal, sedimentological, 18Q isotope and
AMS14C studies of six sediment cores along a transect from the shelf edge
to inner
Isfjorden. J0rgensen recognized warm water foraminifera in glacimarine sedime
nts
which were dated at 14.8 ka (C) BP at the shelf edge and concluded that Isfjord
en's
glacier initially retreated at 14.8 ka (C) BP due to an influx 9f warm water, and
that by
9.9 ka (C) BP, the glacier had reached Billefjorden (Figure 2.7a).
The palaeo ceanog raphy of other Svalba rd areas has not been studied
thoroughly. However, foraminiferal research is continuing in the Edge0y a
region
(Hansen and others, 1992), where preliminary results have shown both the shallow
ing
of coastal waters toward the end of the Weichselian, and the influx of warm
Atlantic
water during the early Holocene. Also Landvik (1992) and Funder (1992) have
shown
from mollusc dating around Edge0ya and eastern Svalbard that deglaciation occurre
d in
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an "almost synchronous" pattern along the Svalbard coast, where shallow marine
molluscs with dates in the range of 10.3-10.2 ka (C) BP have been found continuously
around eastern Svalbard.

2.5.5 Sedimentology and Palaeoceanography of the NorwegianGreenland Sea
As the Svalbard-Barents Sea Ice Sheet disintegrated, the glacially derived
sediment, IRD and light oxygen isotope input to the Norwegian-Greenland Sea would
have increased . A report to the third annual PONAM meeting (Wildesh ausen,
November 1992) by the CLAMD (Correlation Land - Continental Margin - Deep Sea)
working group provided the first comparison between the palaeoceanography of the
Norwegian-Greenland Sea and the glacial history of the Svalbard-Barents Sea area. The
group concentrated their study on the sedimentology (identifying IRD, and C/N and
18Q/16Q ratios on marine sediment cores) along three transects, one of which is
positioned between inner Isfjorden and the Norwegian-Greenland Sea (Figure 2.11).
A light oxygen isotope peak at between 15-13 ka (C) BP (with a weighted
average of 13.6 ka (C) BP), which was dated using the AMS 14C technique, is found
in sediments from the Fram Strait and Spitsbergen continental slope. Before and after
the light peak, significantly heavier isotope values have been found. The glaciological
significance of the oxygen isotope signal is that a large influx of meltwater, presumably
from the Svalbard-Barents Sea (and Fennoscandian) ice sheet occurred at around 13.6
ka (C) BP; however, the 18Q isotope record is not continuous because of foraminiferal
gaps in the sedimentary sequence. Therefore, the date of 13.6 ka (C) BP for the oxygen
isotope light peak may not be an accurate value. Jones and Keigwin (1988), and Jones
(1991a; 1991b) have measured a light oxygen isotope peak from a single core within
the Fram Strait at 14.8 ka (C) BP (core PS21295-4 (Figure 2.12)). Thus, the oxygen
isotope signal within the Fram Strait is confused between core sites. Subsequently, one
can only conclude that meltwater input from the Svalbard-Barents Sea Ice Sheet
occurred after 15 ka (C) BP, peaking sometime between 15 and 13 ka (C) BP.
The C/N ratio and IRD records in the Fram Strait and Isfjorden cores shown in
Figure 2.11 have an interesting relation with respect to the deglacial history of the
Svalbard -Barents Sea Ice Sheet. At around 15 ka (C) BP, C/N values increase,
suggesting an influx of terrigenous material which has been interpreted to represent the
onset of deglaciation. This agrees well with the 14.8 ka (C) BP oxygen isotope spike in
the Fram Strait (Jones and Keigwin, 1988; Jones, 1991a; Jones, 1991b). The deep sea
cores show only a small peak in C/N ratio at 15 ka (C) BP. However, as one moves
toward the continental slope, the length of the C/N ratio peak increases. High amounts
of IRD input to the Norwegian-Greenland Sea are also found in the cores after 15 ka
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(C) BP, which may be a feature comparable (although much smaller) to the Heinrich
layers (Heinrich, 1988) that are seen within North Atlantic sediments, and which are
records of high IRD from the Laurentide Ice Sheet (e.g. Bond and others, 1992).
Figure 2.11 shows a summary of the Fram Strait - lsfjorden transect core studies that
were performed by the CLAMD working group, and their implications for the growth
and retreat of the western margin of the Svalbard-Barents Sea Ice Sheet. This agrees
with diatomrecords from sea floor sediment cores which indicate that at and after 14 ka
(C) BP, permanent ice-free conditions remained within the eastern side of the
Norwegian-Greenland Sea, along the path of the Norwegian Current (Figure 1.3) (Ko~
and others, 1993).

2.6 POST GLACIAL EMERGENCE OF SVALBARD
The asthenosphere beneath the thin elastic lithosphere is of a viscous nature,
and is denser than the material above it. Therefore, if a load the size of a large ice sheet
is placed on the Earth's surface, the crust will act to attain an equilibrium below its
original position, according to Hooke's law. Thus, asthenospheric material is displaced
to compensate for the weight of the ice load. This is a form of tectonic loading which
causes isostatic depression, and if the reverse happens (unloading), isostatic recovery
takes place. Because of the viscous nature of the asthenosphere, it does not respond
instantaneously to the isostatic loading of the crust. A lag in the depression and uplift
(of the order of a few thousands of years) is therefore observed at the Earth's surface
after the tectonic forcing.
For a marine based ice sheet this has a number of implications for the dynamics
of ice sheet growth and decay which will be discussed later within the modelling
exercises (Section 5.3.4). During deglaciation, when isostatic recovery takes place,
uplift features such as raised beaches will be created only once the ice has gone, and
also once the surface is at sea-level. Therefore, the isostatic response that is observed
within sequences .of raised beaches will provide only a partial record of isostatic
recovery. Sea-level change has a complicating influence on the isostatic signal in two
ways: first, it acts as an additional load, positive or negative, to the ice sheet; and
second, sea-level change during the time of raised beach formation will influence the
position of the raised beach (e.g. 6sterholm, 1990). Thus one can imagine that the
isostatic uplift pattern that can be observed within raised beach sequences does not
necessarily reflect the total magnitude of uplift. Additionally the pattern of uplift that is
observed within raised beaches may be explained by a number of plausible geological
scenarios. Relative sea-level curves therefore cannot be used to confirm ideas about ice
sheet size and extent, only to falsify those which do not fit the emergence pattern.
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Relative sea-level curves can be constructed simply by dating carbon samples from a
raised shorelines of known altitudes. Thus, when a number of altitudes have been dated
within one location, the relative uplift rate can be calculated.
Forman (1990, 1992) collated the emergence profiles of a number of sites
around Svalbard and used them to infer the postglacial emergence rate in Svalbard and
the Barents Sea between 10~9 ka (C) BP (Figures 2.13 and 2.14). Although the
reliability of the data that were used to design the emergence curve has recently been
questioned by Hequette (1992) (since much of the data is inferred) the emergence rate
contours remain the best correlated fit of the isostatic anomaly that is seen across
Svalbard. Indeed, some areas where there was previously no uplift data when Figure
2.13 was constructed (Forman, 1990) now have had emergence curves calculated. One
such area is northern Edge!Zlya, where Bondevik and Mangerud (1992) and Mangerud
and others (1992b) have obtained a highly accurate relative sea-level curve. By adding
other recently gathered emergence data from Agardhbukta and Bellsund (Salvigsen and
Mangerud, 1991), Erdmannflya and Bohemanflya (Salvigsen and others, 1990), and
Prins Oscars Land (Osterholm, 1990) to the data that Forman (1990) had correlated,
Bondevik and Mangerud (1992) found that a simple interpolation programme, which
correlates the Svalbard emergence rate at 10 ka (C) BP, yielded a very similar
emergence pattern to that found by Forman (1990). The one difference between the two
emergence patterns is that the curves were drawn further east on the Bondevik and
Mangerud (1992) estimate, such that the centre of the enclosed emergence pattern was
east of Kong Karls Land. In summary, the pattern of uplift shown in Figure 2.14
shows clearly that an isostatic anomaly is situated at or to the west of Kong Karls Land,
however recent uplift data tends to suggest that perhaps the anomaly centre is more
easterly.
Although Salvigsen (1981) shows that the emergence rate at 10 ka (C) BP is
4.2 m/100 years, agreeing with Forman's (1990) curve, he also finds that since eastern
Kong Karls Land (Abel!Zlya and eastern Kongs!Zlya) has a greater uplift than western
Kong Karls Land (western Kongs!Zlya and Svensk!Zlya), the centre of a large ice sheet,
which presumably caused the isostatic anomaly, may have been in fact east of Kong
Karls Land, in the central-northern Barents Sea. Interestingly, the emergence lines of
neither Forman (1990) nor Bondevik and Mangerud (1992) spread south into the
southwestern Barents Sea, which implies that either the ice sheet must have left the sea
area some time before 10 ka (C) BP, or grounded ice was absent within the central and
southern Barents Sea during the last glacial.
The Fennoscandian pattern of Late W eichselian emergence is similar to that
observed over Svalbard, namely that the emergence lines do not extend into the Barents
Sea, rather they run parallel to the northern Norwegian coast (M!Zlller, personal
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communication). Elverhpi and others (1992) and Elverhpi and others (in press) show
through isostatic modelling (assuming that a 'Hughes-type' ice sheet reconstruction is
true (Section 1.4.2)), that most of the previously grounded ice within the Barents Sea
must have left by 15 ka BP, in order to preserve the terrestrial locality of the emergence
curves. However other deglacial chronologies may also fit the emergence history,
especially if a smaller Barents Sea Ice Sheet than that suggested by Denton and Hughes
(1981) can be inferred during the Late Weichselian.
Figure 2.14 shows that the eastward trend of emergence is unknown. This is
partly due to the previously unknown uplift of Franz Josef Land. Recently, however,
Glazovskiy and others (1992) have shown that the highest observed raised beach on
Franz Josef Land is only 23.5 m above sea-level. Since the highest raised shoreline on
Svalbard is at around 100 m in Edgepya (Mangerud and others, 1992b) and Kong
Karls Land (Salvigsen, 1981 ), either the isostatic load over Franz Josef Land was
smaller than over Svalbard, or the ice load over Franz Josef Land disappeared a long
time before 10 ka (C) BP. Regardless of which is true, the low shoreline over Franz
Josef Land means that the high uplift rate of over Svalbard at the Late WeichselianHolocene boundary did not happen in Franz Josef Land. Therefore the emergence
curves that have been calculated over Svalbard can be connected together east of Kong
Karls Land, such that the isostatic anomaly encapsulates Svalbard, and the
northwestern Barents Sea at 10 ka (C) BP.
Figure 2.14 also shows that the emergence curves within northwest Svalbard
are very tight. The glacial history of Albert I Land (Figure 1.2) has been debated much
in the last two decades. There is evidence to suggest that during the LGM, the glaciers
in this area were not much bigger than at present (e.g. Salvigsen, 1977; Miller 1982),
which is an idea that fits the emergence pattern, where the isostatic signal that is
observed in Albert I Land will be most heavily influenced by an ice mass to the south
east. Theoretically, however, the pattern of uplift is also matched by the isostatic signal
that an early terrestrial deglaciation (around 13 ka BP) of a large ice mass in the
northwest of Svalbard would produce (e.g. Forman, 1990). Therefore there is some
confusion, still, as to the extent of glaciers at the LGM in northwest Svalbard.
Whatever the true cause of the northern Svalbard isostatic history, a point remains in
that it seems glaciologically peculiar for a situation to occur where Isfjorden housed a
glacier which stretched to the shelf break, whilst at the same time 150 km further north,
very little ice existed. The suggestion that the ice based in Albert I Land during the last
glaciation was taken off Svalbard at 13 ka (C) BP (Forman, 1990; Forman and others,
1993) seems therefore more likely than the idea of total absence of ice in this area at the
LGM (e.g. Miller, 1982).
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Thus the Late Weichselian emergence curves of Svalbard represent an essential
tool in determining the deglacial history of Svalbard and the Barents Sea, and must be
addressed by numerical model predictions.

2.7 THE SVALBARD-BARENTS SEA AREA DURING
THE HOLO.CENE
2. 7 .1 Shoreline displacement in Svalbard
During the period of 8-4 ka (C) BP, Svalbard was subject to a Holocene sea
level transgression, which induced the formation of raised beaches throughout
Svalbard. In the central west coast of Spitsbergen, Landvik and others ( 1987) have
measured the shoreline displacement for Ytterdalen (Figure 1.2), where a beach has
formed with a modern altitude of 10 m a.s.1. at 6 ka (C) BP, and has been interpreted to
be evidence of a marine transgression. The marine transgression at 6 ka (C) BP can be
seen in raised beaches from around other parts of western Svalbard, i.e. northwestern
Spitsbergen (Forman 1990), and Br0ggerhalv0ya (Forman and others, 1987). Many
other western Svalbard shorelines which may also indicate this transgression have not
been analyzed, since shoreline displacement dating relies on carbon content within
surface sediments, and since the beach formed by the Holocene transgression is only
10 m a.s.l, dateable material may be buried or moved by the transgressing sea (Landvik
and others, 1987). However, given the low altitude and the extensive presence
throughout western Svalbard of the raised beach at around 10 m a.s.l., the
transgression which it represents must have occurred after the last deglaciation, i.e. in
the Holocene at around 6 ka (C) BP (Forman and others, 1987; Landvik and others,
1987).
The transgression after 6 ka (C) BP can also be seen in the islands to the east of
Spitsbergen. In Barents0ya, Feyling-Hanssen (1965), through observing terrestrial
plant remains dated at 6 ka (C) BP in marine sediments, concluded that this was the
maximum age for overlying sediments, and hence the corresponding transgression.
Also in Nordaustlandet the transgression has been observed by studying lagoonal
sediments in a lake core, where a salt water intrusion was dated at 5.5 ka (C) BP,
indicating the peak of the transgression (Hyvarinen, 1969) . .
Evidence for a transgression at around 6 ka (C) BP has been discovered in other
parts of the northern latitudes. Through analysis of the Vega transgression of 5.6 ka
(C) BP in eastern Greenland, Hjort (1981) pointed out the similarities between this and
other transgressions seen in Svalbard, Arctic Canada and the Tapes transgression of
Scandinavia. Within the Norwegian coast the Tapes transgression at 10 m a.s.l. was
reached at round 6 ka (C) BP (M011er, 1986; Kaland, 1984). This date, and shoreline
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elevation, is similar to that seen in western Spitsbergen. Howe
ver, the nature of any
relationship between the transgressions in Svalbard and Norw
ay (or anywhere else at
this time) are speculative.

2. 7 .2 The Barents Sea
Iceberg plough marks have been observed by side scan sonar metho
ds in many
places within the western Barents Sea (Elverh0i and others,
1989). Since the largest
modern icebergs that are observed within the Barents Sea have
a keel depth of 120-130
m, scours which occur at a deeper bathymetric depth must have
been made by ancient
icebergs, formed during the disintegration of the last Svalbard-B
arents Sea Ice Sheet.
These scours have been very well preserved, which implies that
during the Holocene,
the rate of sedimentation within the Barents Sea is very low
(Elverh0i and others,
1989).

2.8 THE LAST BARENTS SEA ICE SHEET: A SUMMAR
Y
At around 16 ka (C) BP (shortly after the LGM), the Svalbard-B
arents Sea Ice
Sheet was at its maximum size. Grounded ice within Spitsbergen
banken and northern
Bj0rn0yrenna (e.g. Elverh0i and others, 1992), existed at the same
time as large fjord
glaciers within western Svalbard which themselves stretched
to the shelf edge (e.g.
Mangerud and Svendsen, 1992). The fan sequences, glacial
sediments and moraine
structures within Bj0rn0yrenna indicate that the trough has been
glaciated at some time.
However, since these sediments have not been dated, the existe
nce of grounded ice
within Bj0rn 0yren na at the LGM has not been proved. The
eastern edge of the
Svalbard-Barents Sea Ice Sheet is not well known at this time,
but would presumably
be influenced by the size of the Kara and northern Siberian ice
sheets. Total glaciation
of the Baren ts Sea was suggested recently by Gataullin and
others (1993), after
glacigenic sediments were discovered within the Central Deep
(eastern Barents Sea).
However, since these sediments have not been dated, it may
be that Gataullin and
other s' interp retati on is incorrect. If the Central Deep sedim
ents are not Late
Weichselian deposits, then it is likely that the extent of the last Svalb
ard-Barents Sea Ice
Sheet may have been limited to the western Barents Sea (wher
e sea-floor moraine
structures have been discovered seismically).
The Svalbard-Barents Sea Ice Sheet grew late on in the global glacia
l cycle, and
therefore required a large moisture source for the significant
precipitation that was
necessary for its build up. This may have come from open
ocean conditions from
within the eastern margin of the Norwegian-Greenland Sea,
caused by the influx of
North Atlantic water, which has been recorded in IRD (Hebbeln,
1992b).
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Shortly after 15 ka (C) BP, an oxygen isotope meltwater spike, C/N ratios and
terrestrial carbon content within the ocean sediments, record the onset of deglaciation
through large scale calving and melting of the marine based ice sheet (CLAMD, 1992).
Sea floor moraines indicate that ice sheet was limited to the relatively shallow regions of
the western Barents Sea (Elverh0i and Solheim, 1983). The emergence curves at 10 ka
(C) BP around Svalbard show that the Barents Sea Ice Sheet, between about 14- 10 ka
(C) BP, must have been centred over Kong Karls Land, to enable the observed
emergence pattern to be formed (Forman, 1990, 1992).
By 10 ka (C) BP, modem water conditions had returned to Svalbard; indeed the
early Holocene marked a period of warmer waters, which induced now extinct species
of foraminif era and molluscs into the shallow coastal waters (Salvigsen and others,
1992). Thus shortly after 10 ka (C) BP, the Barents Sea Ice Sheet must have all but
vanished.
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THE ICE SHE ET MOD ELS
3.1 INTRODUCTION
This chapter describes the numerical models that are used to reconstruct the
glacial history of the Late Weichselian Svalbard-Barents Sea Ice Sheet (Chapter 5), the
action of ice streams within the ice sheet (Chapter 6), and the possible size of preQuaternary Barents Sea Ice Sheets (Chapter 7). Three models are used in the study: the
first two are horizontally two-dimensional and vary only by the size of the grid cell
spacing that is used. These two models vary from the third by the method that is used
to calculate the basal velocity of the ice sheet. In this latter model, ice stream action is
describ ed by means of a method which incorporates the influence of deformi ng
sediments on the ice velocity which is taken from Alley (1989a, 1989b, 1990) and
Alley and others (1989a). It utilizes the thermal and rheological properties at the base of
the ice sheet to determine the total basal ice velocity (i.e. basal sliding and sedimentary
bed deformation). The other two models use an empirical basal sliding equation which
is taken from Budd and Smith (1982). As in Payne (1988), there are two main
requirements of the numerical model: that it should be as simple as possible (such that
the model is easily understood and that computer running time is kept to a minimum);
and (more importantly) that it must be detailed enough to model realistically a marine
based ice sheet through a glacial cycle.
The chapter is structured such that the individual physical processes within the
modelled ice sheet system are discussed after the various parameters that define them
have been described. For example, the various mechanisms of ice sheet velocity
(Sections 3.6-3.11)-are discussed after sections on the coordinate system (Section 3.2),
stress regime (Section 3.4) and thermal regime (Section 3.5) since they principally
dictate how the ice sheet velocity can be calculated. Similarly, the numerical solution of
the model (Section 3.13) is shown after all of the physical processes within the model
have been defined. The importance of the ice continuity equation (Section 3.3) within
the model is such that it is discussed near the beginning of the chapter. The chapter
concludes with a discussion on how ice sheets and the ice sheet model are both affected
by a variety of feedback loops (Section 3.14).
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glacial history of the Late Weichselian Svalbard-Barents Sea Ice Sheet
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le size of preQuaternary Barents Sea Ice Sheets (Chapter 7). Three models are used
in the study: the
first two are horizontally two-dimensional and vary only by the size
of the grid cell
spacing that is used. These two models vary from the third by the metho
d that is used
to calculate the basal velocity of the ice sheet. In this latter model, ice
stream action is
descri bed by means of a method which incorporates the influence
of deforming
sediments on the ice velocity which is taken from Alley (1989a, 1989b
, 1990) and
Alley and others (1989a). It utilizes the thermal and rheological proper
ties at the base of
the ice sheet to determine the total basal ice velocity (i.e. basal sliding
and sedimentary
bed deformation) . The other two models use an empirical basal sliding
equation which
is taken from Budd and Smith (1982). As in Payne (1988), there
are two main
requirements of the numerical model: that it should be as simple as possib
le (such that
the model is easily understood and that computer running time is kept
to a minimum);
and (more importantly) that it must be detailed enough to model realist
ically a marine
based ice sheet through a glacial cycle.
The chapter is structured such that the individual physical processes within
the
modelled ice sheet system are discussed after the various parameters
that define them
have been described. For example, the various mechanisms of ice
sheet velocity
(Sections 3.6-3.11) are discussed after sections on the coordinate system
(Section 3.2),
stress regime (Section 3.4) and thermal regime (Section 3.5) since
they principally
dictate how the ice sheet velocity can be calculated. Similarly, the numer
ical solution of
the model (Section 3.13) is shown after all of the physical processes
within the model
have been defined. The importance of the ice continuity equation (Sectio
n 3.3) within
the model is such that it is discussed near the beginning of the chapte
r. The chapter
concludes with a discussion on how ice sheets and the ice sheet model
are both affected
by a variety of feedback loops (Section 3.14).
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3.2 COORDINATE SYSTEM
The coordinate system used in the model for a cell of grounded ice is given in
Figure 3.1. The vertical origin is at the present sea-level, such' that the surface elevation
of a grid cell within the grounded ice sheet is modelled as the sum of bedrock elevation
(with respect to sea level) and ice thickness (Figure 3.1). However, for a grid cell of
floating ice, the calculation of the ice sheet surface elevation changes, such that it
becomes the height of ice above sea level:

3.1
where Z is the surface elevation, H is the ice thickness and Pi and Pw are the densities
of ice and sea water, respectively. Since the origin of the coordinate system is at sea
level, if the sea-level changes within a model run, then the ice sheet surface elevation
would be affected (i.e. a sea-level depression would result in a relative rise in the
elevation of the bedrock, and hence the ice sheet surface).
The ice sheet models calculate all of the necessary ice sheet parameters from the
ice surface elevation and bedrock elevation of individual and neighbouring grid cells.
Since the models do not calculate these parameters at finite intervals through the vertical
dimension, they cannot claim to be properly vertically dimensional. Consequently, the
models can be describe d as being horizontally either one or two dimensi onal.
Horizontally one dimensional models may take the form of either a flow line, where the
ice direction of the ice velocity has been previously determined, or a transect model
which describes, for instance, the cross section of an ice sheet. Horizontally one
dimensional models are used in this study to describe the action of ice streams within
specific areas of the Barents Sea, and can therefore be thought of as flow line models
(Appendix D).Hori zontally two-dimensional models are used in all other exercises, to
produce ice thickness, surface elevation and bedrock elevation maps of the ice sheet
reconstructions. For simplicity within the following equations in this chapter, unless
otherwise stated, the model is only described in the one horizontal (x) dimension (along
the direction of flow). Conversion of the model from one horizontal dimension into two
horizon tal dimensi ons is discusse d within Section 3 .13; the numerical method
description.
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3.3 ICE CONTINUITY EQUATION
The model is centred around the continuity equation for ice (Mahaffy,
1976),
where the time-dependent change in ice thickness of a grid cell is associ
ated with the
specific net mass budget of a cell:

dH
Tt
= b (x,t) - V ·F(H)
8

3.2
where F(H) is the net flux of ice from the grid cell. The specific mass budge
t term b8 , is
a function of a number of processes including ice sheet surface mass
balance (Section
4.3.2), iceberg calving (Section 4.5) and ice shelf basal melting (Sectio
n 4.6). The flux
between grid cells is determined by the ice thickness and the vertica
lly averaged ice
velocity (Sections 3.8-3.11) of the grid cell in question, and also of neighb
ouring grid
cells. The numerical method that is used to solve this partial differential
equation (PDE)
is described in Section 3.13.

3.4 STRESS REGIME
The ice sheet models assume that in three dimensions the shear stress
in the xz
and yz planes dominates in an ice column. Hydrostatic pressure
at any depth is
assumed equivalent to the normal stress such that no volume chang
e of the ice can
occur, and shear stress along the xy plane is negligible compared to
the hydrostatic
pressure with depth. Additionally, the effect of longitudinal stresses
is ignored in the
model since the grid cell sizes that are used (the minimum of which
is 20 km wide)
exceed the distance over which longitudinal stress is important (Paters
on, 1981 ). Since
the ice sheet deforms very slowly, no acceleration term is required in
the equations of
motion such that:

3.3a

3.3b

3.3c
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where a are normal stresses and rare shear stresses in the respective plane. The stress
regime that the ice sheet model employs can be seen in Figure 3.2. The ice deformation
within the ice sheet is therefore modelled by shearing of the ice column only (equation
3.17), which is controlled by the surface elevation of the ice sheet, the thickness of the
ice column, and the temperature of ice within the column.

3.5 THERMAL REGIME
3. 5 .1 Heat flow equation
The method by which ice sheet temperature is calculated is the steady-state
temperature model of Robin (1955). Ice temperature calculations assume two thermal
boundary conditions: a steady ice sheet surface temperature, and heat supplied at the ice
sheet base from the Earth (geothermal heat), basal sliding and internal ice deformation
(mechanical heat from the ice sheet). The vertical temperature gradient is assumed to be
much greater than the horizontal temperature gradient and, because of this, each
modelled ice sheet cell can be thought of as possessing an individual temperature
gradient with depth. In this situation, the general equation of heat flow (equation 3.4)
can be simplified into the one-dimensional case (equation 3.5) after Robin (1955):
d 19-. d.L = kd21J
dz dt
dz2

3.4

3.5
where 19- is the ice temperature, k is the thermal diffusivity of ice and z is the vertical
position within an ice column. At the centre of an ice sheet, neglecting the effects of
compression (as is assumed under the stress regime (Section 3.4)), Robin (1955)
calculated that the rate of vertical movement of ice due to surface accumulation is given
by:

3.6
where His the thickness of ice, and bis the net surface accumulation of an ice column
(which in this case is at the ice sheet centre). Substituting equation 3.6 into equation
3.5, the temperature gradient at any level can be approximated by:

ddz19- -(ddz19-)

bottom

exp

(--b
z2)
2Hk

3.7
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where the suffix 'bottom' denotes the basal layers of the ice column. Integra
ting
equation 3.7 gives:

3.8
where

erf(x)=

f

exp(-y 2)dy

where 19-Hand 19-z are the temperature at the surface of the ice column, and at any
height
z, within the ice column, respectively. Tables of the error function (erf(x)) can be found
in Abramowitz and Stegun (1970).
The mean annual temperature at the surface of the ice column is approximated
by the ice sheet surface air temperature (Section 4.3). The effect of any other
controls
on the surface temperature of the ice sheet, such as solar radiation, wind pumpin
g and
water refreezing (e.g. Clark and others, 1987; Clark and Waddington, 1991 ), on
the ice
sheet temperature gradient are assumed to be negligible compared to the surface
air
temperature (e.g. Huybrechts, 1992). The model' s neglect of detailed surface
energy
exchange may be one possible area of error, but since the ice sheet surface
energy
balance would be difficult both to predict and calculate through a glacial cycle,
the
surface temperature of the ice sheet is kept as the surface air temperature. In summa
ry,
the temper ature at any point within an ice column within the ice sheet,
can be
approximated by the one dimensional heat flow equation, with the boundary conditi
ons
governed by the air temperature and surface accumulation rate, and the heat produc
ed
by the ice sheet movement and geothermal heat flux. The Robin (1955) type
steadystate thermal regime is used in the model for two reasons: firstly, it is a simple
method
by which temperature calculations can be made (and therefore fulfils the require
ment
that the model be as simple as possible), and secondly, it is a method by
which a
number of authors calculate the temperature of ice sheets (e.g. Hindmarsh and
others,
1989; Alley, 1990).

3. 5. 2 Basal Temperature Gradient
Within the term on the right hand side of equation 3.7 is the temperature
gradient at the base of the ice sheet, which is approximated by the sum
of two
independent temperature gradients: the geothermal heat gradient and the temper
ature
gradient due to the rate of mechanical heat supply.
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Geothermal heat gradient

The heat that is supplied to the Earth's surface from its interior is described as
the geothermal heat flux. Dependent on the geological and geographical setting, the
magnitude of geothermal heat supply varies around the globe, from 40 mW m-2 (PreCambrian Shield) to 90 mW m-2 (Cenozoic volcanic areas) (Stacey, 1977). Because of
this high variance of global surface heat flux, and its importance to the ice sheet thermal
regime, it is necessary that a suitable value of geothermal heat is used in the ice sheet
model thermal regime. The geothermal heat flux that is chosen to represent that of the
Svalbard-Barents Sea region, is taken from Stacey (1977), where the geothermal
supply is discussed in terms of geological setting. Appropriate for the Svalbard-Barents
Sea region is the heat flux value for 'continental shelves': 70 mW m-2.
Robin (1955) chose a value of 1QC per 44 m as the basal temperature gradient
due to geothermal heat. This was derived from a globally averaged geothermal heat flux
of 38 cal. cm-2 year-I (which is equivalent to 50.04 mW m-2). Liestszsl (1977) published
three temperature-depth profiles describing the heat flux within three bore-holes in
Svalbard coal seams, in which the average temperature gradient was 1 QC per 40 m.
However, these borehole results cannot be used in determining the geothermal heat flux
in the ice sheet model because of the effect that local geology has on these temperature
measurements; an effect that may not be observed within the Barents Sea itself since the
geology is different. Consequently, just as Robin (1955) adopted a geothermal heat
value which is too vague for this study, so the borehole temperature profiles of Liestszsl
(1977) are too specific.
Robin (1955) stated that the geothermal heat gradient and heat flux, Ageo, are
related by the equation:

3.9
where K is the thermal conductivity of ice.
Mechanical heat supply

Robin (1955) used a relationship derived by Nye (1952) to determine the heat
supply in an ice sheet due to internal ice deformation. Because Nye (1952) suggested
that internal shear of an ice sheet is limited to the bottom layers of ice, an assumption
can be made in that any heat produced by this shearing will be focused within the
bottom layers of the ice sheet. Nye (1952) calculated that the shear stress at the base of
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the Greenland Ice Sheet is nearly constant at 88 kPa. The work done, W, in unit time is
then:
88

W=

X

103
Uj

36

X

24

X

365.25

X

102

3.10

= Ashear

where

Ui

is the horizontal ice velocity due to internal shearing (in m s-1) and Ashear is

the heat produced by that shear. However, since within an ice sheet basal shear stress is
not constant in all areas, equation 3.10 is an over-simplification of the heat production
due to ice deformation. Budd and Jenssen (1989) give the heat produced by internal ice
deformation as:
3.11
Here, the heat production due to shearing is related to changes in shear stress 'l'xz, and
shear strain rate Exz (Section 3.6). Therefore, since it is a more quantitative method,
equation 3 .11 is used instead of equation 3 .10 to calculate the heat flux at the base of an
ice sheet which is caused by ice straining.
The heat due to ice sliding, Aslid taken from Budd and Jenssen (1989) is:
3.12
where u8 is the sliding velocity.
Heat flux due to ice shearing and ice sliding can be expressed in W m-2, and
then substituted into equation 3.9 to give:

._ (di))
dh

= {Ageo + Aslid +
bottom

K

Ashear)
3.13

where the temperature gradient at the ice column base is given in terms of the heat
produced by ice sliding, ice deformation, and geothermal heat flux. Thus , the
temperature distribution of an ice column within the ice sheet can be determined.
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3. 5 . 3 Areas of the ice sheet where temperatures cannot be calculated
There are several areas of an ice sheet where the temperature distribution cannot
be found by the method described above. In these areas, the temperature distribution of
the ice sheet cell is approximated by an artificially imposed isothermal value. The
isothermal ice sheet temperature that has been used in previous Quaternary ice sheet
modelling studies ranges from -10 °C (e.g. Payne, 1988) to 0°C (e.g. Arnold and
Sharp, 1992). An isothermal temperature is needed so that the most suitable value of
the flow parameter can be used in the ice deformation equation (Section 3.7).
The first situation where the temperature distribution cannot be calculated is
when the accumulation is negative or zero (since equation 3.8 becomes unstable).
Although equation 3.7 can still be solved when the net surface accumulation is negative
(for example, Radok and others (1970)), since negative surface accumulation will only
occur for a short period when the ELA is above sea-level (i.e. during deglaciation), a
simple approach is taken, and the temperature of the ice column is set at an isothermal
value of -5 °C.
A second area where ice column temperature is unable to be determined by
equation 3.8, is in areas of small vertical ice thickness (less than 50 m thick). Since
these areas will be confined to the ice sheet margin, for simplicity, the isothermal
temperature of -5 °C is imposed. Since the ice within the grid cells in question is
relatively thin, and may only occur in a few cells at the ice sheet margin, the imposed
temperature will not adversely affect the internal dynamics of the ice sheet. Indeed for
the case of a marine based ice sheet such as the Late Weichselian Barents Sea Ice Sheet,
an ice thickness of 50 m at the ice sheet margin may result in a cell of floating ice.
A third area where the temperature distribution cannot be calculated by this
method is within floating ice. The temperature distribution at the base of an ice shelf can
be obtained from the sea temperature at the ice-water interface. Other important
parameters influencing ice shelf temperature include the inherited temperature from the
ice sheet (i.e. previously grounded ice) and the thinning of the ice shelf with distance
away from the grounded ice sheet (Paterson, 1981). However, through a glacial cycle,
since the Barents Sea surface temperature will not be known, floating ice within the
model cannot have a temperature calculated for it; instead, the isothermal value of -5 °C
is used.
Since the areas where an isothermal value of -5 °C is used occur in either very
thin ice or floating ice, or at the last phase of deglaciation, the isothermal value does not
adversely affect the modelled dynamics of the ice sheet. This point has been
demonstrated by running the standard model (Section 5.2) with various isothermal
temperatures between O °C and -10 °C.
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3.6 DEFORMATION VELOCITY OF ICE
From simple mechanics of the gravitational attraction on a slab of ice
resting on
an inclined slope, the shear stress at the base of the ice column is given
by:
1h = PigH sina ·

3.14

where rb is the basal shear stress and a is the surface slope of the
ice sheet. If it is
assum ed that the ice sheet behaves as a perfectly plastic material, with
a yield stress of
say 100 k:Pa, then the shear stress will only reach the yield stress (and
hence deform) at
the base of the ice sheet. In reality, the glacier velocity will vary with
depth. Paters on
( 1981) explains this by considering the flow law of ice:
3.15
where A is the flow law parameter, n is the flow law expon ent and
r is the effective
shear stress (Glen, 1955; Nye, 1957).
Since strain rate is related to the ice velocity by:

· _ 1/dux dUz)
Exz - 2\ dZ + dx

3.16

where ux and Uz are the ice velocities in the x and z directions respec
tively. Assum ing
that.simple shear is the only process by which the ice can deform (where
'rxz and 'ryz of
equations 3.3, are the only non zero stress components), the z compo
nent of velocity
will be zero (Paterson, 1981) and, after a certain amoun t of algebr
aic manipulation,
equation 3.3a becomes:

3.17
Paterson (1981) shows that the flow law (equation 3.15) then reduce
s to:

~:x

= -2A(pg sin

a'f

3.18

Integrating equation 3.18 from z=O to z=H, gives:

UH- UQ

=

2A (pg sin a'f Hn +l

n+

1

3.19
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from which follows:
UH=

2A"hH
n+l

3.20

where uH is the ice velocity at the surface, and u0 is the ice velocity at the base of the ice
sheet (Paterson, 1981). Equation 3.19 can then be adjusted to:

Uj

where

=

2Ar'.!.H
~ . (n+l}
n+

3.21

is the depth-averaged ice deformation velocity, used to calculate the flux of ice
between grid cells in equation 3 .2.
ui

3.7 ICE DEFORMATION VELOCITY AND THE FLOW LAW
If one assumes that the strain rate and shear stress can be calculated (or
measured), there are two further parameters (A and n) which remain unknown within

the flow law of ice (equation 3.15). Values of n for ice have been suggested by
Weertman (1973) to range between 1.5 and 4.2, with a mean of 3. Many previous ice
sheet modelling studies have used this mean value in the flow law equation (equation
3.15). Alley (1992) explains that at the scale of ice crystal size, the value of n alters
between 1 (the value of a Newtonian viscous fluid) and 3, for different places within a
glacier. However, .the bottom third of an ice column within a glacier is in most cases
represented by a flow law exponent of 3 (Alley, 1992). Since the ice sheet model
calculates the ice deformation velocity on scale larger than that at the ice crystal size,
this study uses a flow exponent equal to 3, as in previous ice sheet modelling exercises.
The flow law parameter, A (often wrongly referred to as the flow law constant)
is related to temperature by the equation:

3.22
where A 0 is another flow law parameter, which is dependent on the hydrostatic
pressure P:

Ao= Ao exp (-PV)
RiJ
1

3.23
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Here, Q is the activation energy for creep, R is the gas constant and Vis the activation
volume for creep. Weertman (1973) gives mean values of 60 kJ mol-1 and -1.7x1Q-5
mol-1 for Q and V, respectively. However, the use of equation 3.22 in analysis of
the flow law parameter is limited, since the pressure effect on A is very small even at
mm3

the high hydrostatic pressures that exist at the base of the Greenland and Antarctic ice
sheets. Therefore, in this study, it is assumed that the flow law parameter A will vary
significantly only with temperature. For temperature values greater than -10 QC, the
coefficients in equation 3.21 are significantly different to when the temperature is below
-lOQC.

Paterson (1981) stated that an empirical relationship between temperature and
strain rate may be a more suitable approach than equation 3.22 which, because of the
lack of a definitive strain-rate temperature function, is the approach that is taken. The
flow law parameter A, which is derived from glacier bore-hole measurements, has been
shown by Paterson (1981) to vary with ice temperature (for n=3) as in Figure 3.3. The
change in the relation between temperature and A, above and below -lOQC, is illustrated
in Figure 3.3. Because the value of A is an order of magnitude less at -10 QC compared
to that at -5 QC (Figure 3.3), and since the ice deformation velocity is related linearly to
A (equations 3.20 and 3.21), the ice deformation velocity at -10 QC will theoretically be
an order of magnitude less than in the same ice sheet which is 5 QC warmer (in the ice
deformation zone).The ice deformation velocity is related to temperature in the model
by calculating the mean temperature in the ice column, and assigning the corresponding
flow law parameter value from Figure 3.3 into the ice deformation equation (equation
3.21).

3.8 VELOCITIES AT THE ICE SHEET BASE
Internal deformation (through shearing) of glaciers and ice sheets is not the only
mechanism by which they can move. The existence of subglacial water, through either
melting at the ice base or surface melt water which reaches the base, permits two further
processes that have been identified as being important to the surface ice velocity. They
are the mechanisms of basal sliding and sedimentary bed deformation. Although basal
sliding of glaciers and ice sheets has been recognized for a number of years (e.g.
Weertma n, 1957; Budd and others, 1979; Weertma n and Birchfield, 1982), the
importance of deforming beds, and the subsequent mechanism by which they enhance
the ice velocity, has only recently been investigated (e.g. Boulton an:d Jones, 1979;
Blankens hip and others, 1986; Alley, 1990; Murray, 1990). In this study, two
approaches towards determining the ice velocity due to sliding and/or bed deformation
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are used: a simple sliding law from Budd and Smith (1982) (Section 3.9); and a
predictive sliding and bed deformation relation from Alley (1990) (Section 3.10).

3.9 BUDD-TYPE ICE SLIDING LAW
By studyin g the sliding . of ice over different types of known beds in the
laboratory, under loads which are representative of glaciers, Budd and others (1979)
determined a relation between the basal shear stress, basal normal stress O'b, and the
roughness of the base:

3.24
where the sliding velocity, Us, increases with the cube of the basal shear stress, and
decreases linearly with the normal load, for a basal roughness constant r. This relation
was altered after numerical modelling of the West Antarctic Ice Sheet by Budd and
others (1984). The sliding velocity was calculated by Budd and others (1984) as the
difference between the balance velocity and ice deformation velocity, and related to the
normal and shear stresses. The relation that was found by Budd and others (1984) to
best describe the sliding velocities of West Antarctica is:
Us=

r !b

H;

3.25

where the sliding velocity is proportional to the basal shear stress and inversely
proportional to the normal load squared. In an ice sheet, the normal load can be
approximated by the effective thickness, He, of ice (the thickness of ice, unsupported
by buoyancy):

He=H -~-B)

Pi

He=H

B<O

3.26a

B>O

3.26b

if one assumes that there is "free communication between the subglacial water and the
sea" (Bentley, 1987). Thus a simple equation for the ice sliding of an ice sheet is
defined. If there is no buoyancy effect on the ice, then the effective ice thickness will be
equal to the actual ice thickness (equation 3.26b). Payne (1988) states that this
mechanism is only valid for marine ice streams, where the effect of buoyancy acts to
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increa se the veloci ty. For the case of the Late Weich selian Svalba
rd-Bar ents Sea Ice
Sheet (which is marine based) , this sliding relation appears approp
riate. This empiri cal
basal sliding formu la is then used (unless otherw ise stated) in the
two-di mensi onal ice
sheet model .
The action of rising sea-lev el on a marine based ice sheet theore tically
reduce s
effecti ve thickn ess (equat ion 3.26), which may cause an increase in
the sliding veloci ty
contri bution to the surfac e ice stream velocity. This proces s is of
impor tance to the
deglac iation of an ice sheet such as the Late Weich selian Baren ts
Sea Ice Sheet (for
examp le, Elverh1,1i and others , in press) where rising sea-lev el may
be associ ated with
the disinte gratio n of the ice sheet. This idea was previo usly sugges
ted by Gross wald
(1980) where it was mentio ned that the rising sea-level of the last deglac
iation may have
acted to make the Baren ts Sea Ice Sheet becom e buoyant, and cause
rapid disintegration
throug h the increa se in ice stream veloci ty. Also Paters on (1972)
sugge sted that the
collap se of the Laure ntide Ice Sheet may have been aided by a large
calvin g glacie r
within Hudso n Bay, where it was unable to stabilize due to a sea-lev
el-indu ced increa se
in the water depth.
Bentle y (1987) explai ned that there are a numbe r of glacier and ice
sheet sliding
laws within the literature, that do not provid e consistent results when
applied to any one
partic ular situati on (for examp le, Ice Stream 'B', West Antarc tica)
. Clearl y, many
sliding laws have been design ed to fit the glaciological requir ement
s of the differe nt ice
stream s or glacie rs that were studied. Theref ore, if particu lar areas
of the Baren ts Sea
Ice Sheet are to be model led with respec t to ice stream action, a basal
velocity law that
corres ponds to a moder n ice stream or glacie r that is theoretically
simila r to the area of
the Baren ts Sea Ice Sheet, must be used.
To exami ne the effect that sliding relatio ns other than that of Budd
and others
(1984) have on the geome try and dynam ics of the Late Weich selian
Svalba rd-Bar ents
Sea Ice Sheet, severa l differe nt sliding equations (as review ed by Bentle
y (1987)) were
used instea d of equati on 3.25 in Appen dix B. The influen ce of the
buoya ncy effect on
the sliding velocity, and therefore the ice sheet size, is also exami ned
in Appen dix B.

3.10 ALLEY-TYPE BASAL SEDIMENT DEFORMATION VELO
CITY
3.10.1 Intro ducti on
If unlithi fied, water satura ted basal sedime nts are presen t benea th
an ice sheet,
surfac e ice veloci ty can be enhan ced by the deform ation of such sedime
nts. Sedim ents
beneat h an ice sheet deform when their pore water pressu re increases
(and the effecti ve
pressu re subseq uently decreases), allowi ng or increa sing ductile deform
ation under the
impos ed stress regime of the ice sheet base (e.g. Alley, 1990; Boulto
n and Hindm arsh,
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1987). Water saturated sediments, and their deformation, are considered to be a major
compon ent of the fast flow of Ice Stream B (for example, Blankenship and others
(1986)) . Both basal sliding and sedimen t deforma tion process es are a direct
consequence of the presence and behaviour of basal water, which therefore can be
thought of as a vital component in the mechanism that enables rapid ice sfeam!glacier
velocities (Weertman and Birchfield, 1982).
The main areas of the Barents Sea where ice stream action is thought to have
been likely during the Late Quaternary are within the major bathymetric troughs of
Bj0rn0yrenna and Storfjordrenna. Significant sedimentary fans exist at the mouths of
these two channels, and Bj0rn0yrenna has a 20 m layer of soft sediments within the
outer part of the channel (Section 2.4.3). Consolidated sediments exist over the other
parts of the Barents Sea channels (Figure 2.1). The unlithified sediments within the
mouths of these ancient ice stream channels have
enabled Elverh0i and others
(1992) to suggest that the motion of ice streams within the Late Weichselian SvalbardBarents Sea Ice Sheet may have been controlled by the deformation of the sediments.
Thus, if Late Weichselian ice stream action within Bj0m0yrenna and Storfjordrenna is
to be examined, the basal velocity calculation must take into account the action of
deforming sediments. An assumption (based on the similarity between geotechnical
properties of Barents Sea sediments and those from the base of Ice Stream B (Solheim,
persona l commu nication )) is made, in that the ice streams of Bj0rn0y renna and
Storfjor drenna may have been physically similar to that of Ice Stream B (where
sedimen t deforma tion is the single most important factor within the surface ice
velocity). If this assumption is correct, then the Ice Stream B-type model can be used to
model the major ice streams within the Late Weichselian Svalbard-Barents Sea Ice
Sheet. Thus, the method of calculating the contribution of basal processes to the surface
ice velocity of an ice stream is taken from Alley (1990).

3.10.2 Deform ing till velocity
The effective pressure N (the difference between ice overburden pressure and
water pressure) at the base of the ice stream is described by:
3.27
where Pw is the water pressure. The effective pressure, N, can also be described by:
N = f3rb
f

3.28
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f=

1.0 + 0.1 log (d)

3.29

where rb, is the basal shear stress, f3 is a measu re of bed rough ness,!
is the fractio n of
the bed area for which the water system is presen t and d is the
averag e basal water
thickn ess (Alley , 1989a). The water film thickn ess beneat h an ice
mass is likely to be of
the order of 1-10 mm thick (e.g Weert man, 1972; Weert man and
Birchf ield, 1982),
thus f is approx imatel y 0. 7. The two-di mensio nal model s use this
approx imatio n in the
calcul ation of the deform ing sedim ent velocity, whilst the flow line
model (Appe ndix D)
calcul ates the value off from the metho d of Alley (1990).
If unlithi fied sedim ent is presen t beneat h the ice colum n, and tempe rature
at the
base of the ice colum n is at the pressu re meltin g point, then the
sedim ent deform ation
veloci ty is given by:

3.30
where Kb is the till deform ation softne ss. Also,

r* = N tan(<t>) + C

t", the till yield streng th, is:

11

3.31

(Alley and others , 1989a ; Boulto n and Hindm arsh, 1987), where
tan(</>) is the intern al
frictio n, C is the till cohesi on consta nt and ub is the horizo ntal veloci
ty at the top of the
deform ing till. Value s of C, Kb and tan(</>) are provid ed in the List
of Symbo ls.
In the presen ce of deform ing sedim ent, Alley (1989 b) showe d that
the ice
veloci ty due to basal sliding was an order of magni tude less than
that due to deform ing
sedim ents. Becau se of this, in the two-di mensi onal model , the
action of basal sliding
over water satura ted sedime nts is not accoun ted for.
The bed deform ation proces s assum es that there is no chang e in
the effecti ve
pressu re N, throug h the deform ing till thickn ess hb. Also, neithe
r plough ing nor
discret e sheari ng of the till is accoun ted for in the bed deform ation
model .
Benea th Ice Stream B, the thickn ess of the water satura ted sedim
ents has been
found throug h seismi c reflect ion studie s to be around 6 m (Blank
enship and others ,
1986; Blank enship and others , 1987) . Additi onally , Murra y
(1990 ) model led the
deform ing thickn ess of subgla cial till, assum ing that the till could
be descri bed as a
Mohr- Coulo mb materi al, and found that typica l deform ing thickn
esses, away from the
ice margi n, were under six metres . Since the sedim ent thickn ess
in some areas of the
Baren ts Sea is much greate r than this (e.g. Elverh!l)i and others
, 1983; Vorre n and
others , 1990), an allowa nce has to be made for the deform ing thickn
ess within a large
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column of sediments. This study assumes that the Ice Stream B thickness of 6 m is
large enough to permit sediment deformation. Therefore, 6 m is used as the maximum
deforming sediment thickness allowed (although other thicknesses have been tested
within a sensitivity exercise). This is known as the 'thin till' approximation.
Although a number of assumptions were made in the determination of the
deforming sediment velocity in the two-dimensional model, for the case of the flowline
model (Appendix D) the bed deformation model is that of Alley (1990). Thus, in the ice
stream flowline model, a simple hydrological system is used to calculate the basal water
thickness, and basal sediment thickness is controlled by a flux continuity equation.

3.11 VELOCITY OF FLOATING ICE
A critical thickness Hg, which is related to the bathymetric depth, describes the
thinnest ice which is able to ground in a grid cell:

~B) = Ho

Pi

0

3.32

Ice which is thinner than Hg floats, with the surface elevation of the ice sheet given by
equation 3.1. There are three ways of forming floating ice within the models. The first
method is that of artificially placing thin ice within cells of ice over sea areas (permanent
sea ice), which may then thicken and form an ice shelf (Section 5.6). The other two
ways are formed by the model itself, but describe different glaciological processes: the
formation of an ice shelf due to high grounded ice velocities (such as in Antarctica); or
the ice flux out of a grounded cell at the ice sheet margin which forms a cell of floating
ice. This latter method forms a ring of floating ice peripheral to the marine based ice
sheet. Clearly, the velocity of these anomalous ice cells should be determined by the
grounded ice sheet deformation and basal velocity techniques, but their floating nature
deems this impossible to do. Therefore all floating ice cells are treated in the same way,
as if they represent an ice shelf.
Unlike grounded ice, the dominant controls in ice shelves are from normal
stresses and strains. Consequently, the velocity within an ice ~helf will be affected by
the longitudinal forces from neighbouring regions of the ice sheet, and through the flow
properties of ice (Mclnnes and Budd, 1984): .
Uf

=

UfO

+ /)..x.£8

3.33
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where Uf is the velocity of floating ice, um is the velocity of ice comin
g into the cell of
floating ice, Ax is the grid cell spacing, and £ is the strain rate of the ice
8
shelf, which is
held constant at 0.005 a-1 after Mcinnes and Budd (1984) and Payne (1988)
.
The velocity of floating ice is largely affected in the model by the velocit
y of ice
which enters the grid cell. For the situation of floating ice created
as a modelling
anomaly, since the velocity of actual grounded ice would be simila
r to that of the
nearest cells, this method is fortunately suitable. Indeed by holding the
strain rate at a
specific value, the effect of longitudinal forces is simulated empirically
(Mclnnes and
Budd, 1984; Arnold and Sharp, 1992).

3.12 ISOSTASY
When a glacial load is placed on the Earth's crust, the weight will act to

displace
the crust into the viscous asthenosphere (which lies beneath the lithosp
here), until
isostatic equilibrium is achieved (Section 2.6). Although there have been
a number of
models which describe isostasy, such as Budd and Smith 's (1979, 1981,
1982) time
dependent studies (where the crustal depression at any time is linked
to current and
previous ice thicknesses from up to 10 ka ago), the method that is adopte
d in this study
is taken from Brotchie and Sylvester (1969). Here, the process of glacia
l isostasy is
treated as a mechanics problem. The viscous asthenosphere allows
the loaded upper
mantle to subside slowly to an equilibrium position, after a period
of time which is
dependent on the load and the viscosity of the asthenosphere. Additi
onally, as the
asthenosphere is displaced by lithospheric material, it moves to find
an equilibrium
state, ih a lateral position away from the ice load. This process is govern
ed physically
by a diffusion equation (Oerlemans and van der Veen, 1984):

3.34
where Da is the diffusion constant, equivalent in this case to:
D _ gh~sth
a3v

where

3.35

is the thickness of the ductile asthenosphere, and v is the viscosity of
the
asthenosphere. Since the value of hasth varies considerably in the literatu
re (Oerlemans
and van der Veen, 1984) no single value of the diffusion consta
nt, Da, can be
calculated. Walcott (1973) estimated that the value of the diffusion
constant for the
asthenosphere lies in the range of between 35-50 km2 a-1; subsequently
a value of this
hasth
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order is required. The response of the calculated ice sheet volume to the employment of
different values of Da (between 35-50 km2 a- 1) in the model, was shown by Payne
(1988) to be relatively small. Since Payne (1988) and Arnold and Sharp (1992)
recognized that a value for Da of 35 km2 a-1 was most suitable for modelling the
Antarctic Peninsula and Fennoscandian ice sheets (respectively), it is therefore regarded
as appropriate for this study. ·
The remaining variables in equation 3.34 are: Bo the initial (isostatic
equilibrium) bedrock position (Section 4.7); and Z, the equilibrium bedrock depression:

Z= Hf!j__
Pm

3.36

where Pm is the density of the mantle (3300 kg m-3) for when ice is present over
bedrock, and

l = (B - Bo)Pw
Pm

3.37

when no ice is present over a grid cell. Equation 3.37 describes the load over the
asthenosphere when there is a change in the sea level which may be caused by eustasy
or through the bedrock change caused by local glacio-isostasy.
An elastic plate of finite thickness over a viscous medium would act to laterally
diffuse a load that is placed on the plate surface; this is the effect of the lithosphere in
the process of glacial isostatic loading. It can be modelled in a similar way to the
asthenospher ic diffusion, by employing a fourth order differential equation (for
example Oerleinans and van der Veen (1984)). However, since both the majority of
glacio-isostatic features (bedrock depression and forebulge formation) are largely
controlled by the asthenosphere, and the reduction in the equilibrium position of the
bedrock due to a rigid lithosphere is small compared to the theoretical depression
without the lithosphere (Oerlemans and van der Veen, 1984), lithospheric rigidity is not
accounted for in this study. This appears reasonable when one considers that under the
Barents Sea is a relatively thin (around 50 km thick) lithosphere (Vagnes and
Amundsen, 1993), such that the effect of a rigid lithosphere on the glacio-isostatic
response would be relatively less within the Barents Sea, than other areas where the
lithosphere is thicker.
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3.13 NUMERICAL METHOD
3.13.1 Solution of the PDEs
The model possesses two partial differentia l equations (PDEs); the ice
continuity equation (equation 3.2), and the isostatic diffusion equation (equation 3.34).
A finite difference technique over a rectangular grid is used to solve these equations
through time and space such that ice thickness, bedrock elevation, surface temperature
and accumulation can all be calculated over the entire grid at each time step. Payne
(1988) used the Forward Time Centered Space (FTCS) method to calculate the first and
second order horizontal derivatives in the ice continuity and isostatic diffusion
equations, respectively. The solution, in one dimension, of the first order horizontal
derivative of the continuity equation (for both ice and till) is:

3.38
the first order horizontal derivative, at time-step n, for cell number j, where Z is the ice
surface elevation and Llx is the cell width. The solution to the second order horizontal
derivative of the diffusion equation is:

~ ~ (B/+r- 2B'J + Bl 1 )
dx 2 ~,n

(tix)

2

3.39

the second order horizontal derivative, where Bis the isostatically depressed bed at the
equilibrium position.
If the two PDEs are calculated through time by using a simple forward Euler
difference, the ice continuity equation becomes:

H':+I
- H':J
J
tit

- H': 1 )
= b - Uct(H':
J+ 1
J-

2tix

3.40

Similarly, the isostatic diffusion equation becomes:
Bn+I
- B':
(B':
..: 2B':+ B': 1 )
J
J = D
J+ 1
J
J-

tit

2

(ti x )

3.41

The FTCS method calculates variables in the next time step from within the previous
time step, and as such it can be described as explicit, forward in time.
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Payne (1988) noted that the FfCS solution of the ice continuity equation would
become unstable for two reasons. First, if the time step exceeds the value at which
more ice would leave a cell than was originally present, an unrealistic sudden addition
of ice to the adjacent cell would occur. Payne solved this problem by referring to the
Budd and Jenssen (1975) stability equation to estimate the maximum time step ~tmax:
~tmax =

{~x)}xl
2uhn

3.42

where a, u and h are estimates of surface slope, ice velocity and ice thickness,
respectively. Second, the FfCS difference scheme produces non-linear instabilities that
form high frequency waves within the ice field. Payne (1988) solved this problem by
applying a smoothing function for 1-5% of the time steps:

3.43
where His the ice thickness for the cell in question, and H' is the ice thickness at the
next iteration. This technique for accounting for non linear instability in the ice
continuity equation has been used by other authors (for example Arnold and Sharp,
1992).
As Press and others ( 1989) point out, the stability under the first order FTCS
approac h for an equation such as the ice continuity equation is in doubt. The von
Neumann stability analysis shows that the amplification factor for equation 3.40 is:

;(k) = 1 - i Uct~t sin k~x
~x

3.44

where i denotes a complex part of the number, for any k. Press and others (1989) show
that for the first order FTCS difference, the amplification value ; is greater than 1 for all
k; thus indicating that the FfCS scheme is unconditionally unstable.
Stability can be achieved under the FTCS method by employing either an
artificial smoothing function (e.g. Payne, 1988, Arnold and Sharp, 1992), or a Lax
method into the FTCS scheme. Additionally one can also achieve stability by
employing a totally different numerical solution; for example by using an implicit finite
differencing technique. The Lax method by which the FfCS stabilizes is very simple in

that the ice thickness term H , is approximated by its spatial average, such that in one
dimension:
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3.45
When the FTCS scheme is applied to the ice continuity equation (equation 3.46) under
the Lax scheme, one obtains:
H':+l = lfH': + H': ) - UctL'lt(H': - H': ) + b
j
2'- J+ 1 J- 1 AX J+ 1 J- 1
L.l

3.46

an expression which is still explicit, forward in time. The amplification factor for this
equation is given in Press and others (1989) as:

c; = cos kL'lx - i Uctdt sin kL'lx
L'lx

3.47

and with the possibility of the square of the amplification factor being less than 1,
equation 3.47 forms:

3.48
which is the Courant-Friedrichs-Lewy stability criterion (Press and others, 1989).
As Press and others (1989) show, by rewriting 3.58 in the form of 3.52 gives
an equation of the form:
1 (U':
. U':+1
1 - U':
lut1':_+ __,,__
U1~1))
1 = _V (U':
J+1 - U'!1
J- + _
_,,_J+_1 -_ 2L'__,,_
flt
2L'lx
2

3 .49

which is the FTCS representation of the equation:

3.50
which means that in effect, by using the Lax theory, a diffusion term (second term on
the right hand side of equation 3.50) is inserted into the equation 3.40, which allows
conditional stability. Consequently, equation 3.41 is conditionally stable. As a result,
one can see that the FTCS scheme, applied to the isostatic diffusion equation is a stable
method, i.e the amplification factor for equation 3.41 is:
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3.51
where, if the amplification factor is less than 1:

2D!i t ~ 1

{tix)2

3.52

3.13.2 Cont inuit y equation in two dimensions
The solut ion of a two-d imen siona l Flux-Cons ervat
ive Equa tion (the ice
continuity equation) using the Lax method is provided in
Press and others (1989):
_ l{Hn
Hn
Hn )
H jn+l
,l - 4'- j + l,l + j-1,l + Hn
j,l+l + j ,l- 1

-:~(F'l+u + F'/- I ,l + FJ,t+l +FJ,z_i) + b

3.53

wher e the grid cell spacing !i, is the same in both x and
y directions, and Fis the flux
from a grid cell. The j direction refers to Fx, and conse
quently the Zdirection refers to
Fy. The stability equation is:

!it ~ - - ! i_ _
1

Yl(u] + u])2

3.54

3.13.3 Stability and the model time step
The stability criteria for the numerical model is dictated
by equations 3.52 and
3.54 (the stability equation of the FTCS -solved diffusion
equation, and the Lax-s olved
conti nuity equat ion, respectively). If we assume, for
the purpo se of obtai ning the
model time step, that the maxi mum ice velocity of an ice
sheet would be less than 2 km
a-1, we can solve equat ions 3.52 and 3.54 to predi ct
the optim um time step unde r
whic h stability woul d be retained. In the modelling exerc
ises two grid cell sizes are
used, one of 400 km2 and another of 2500 km2. For the
400 km2 grid the maxi mum
value of the time step is 5 years, and for the 2500 km2 grid,
the maxi mum time step is
12.5 years. There fore, the mode l runs used time steps
of 1 year and 2 years, for the
two grid sizes respectively, to ensur e stability. The mode
l then solves the PDEs by
using the Lax method, together with the filter function
of Payn e (1988) which is used
for every 1% of the model iterations. The similarity in
the output of the model, whic h
was run unde r the same forcing conditions with and witho
ut the two-dimensional filter
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(equation 3.43), has shown that the inclusion of the filter does not advers
ely affect any
of the results.

3.13.4 Other finite differencing techniques
The numerical method described above can be said to be fully explicit
in that ice
thicknesses in the next time step can be calculated from the present ice
thickness. The
drawback to this technique is that the stability criterion determines that
the time step
under which, for a given cell size, the solution remains valid is small.
Because of this,
many iterations have to be performed over the modelled period of
a glacial cycle.
Implicit numerical methods require that the present ice thickness of a particu
lar grid cell
can be determined from the adjacent grid cells within the next time step.
A situation then
occurs where a set of simultaneous equations for any one cell within
the present time
step have to be solved in order to calculate the next time step ice thickn
ess of a cell.
Press and others (1989) describe an implicit method of finite differencing
as solving a
set of tridiagonal equations for each cell in the present time step to evalua
te the next time
step. This method forms a numerical solution which is very stable, even
for large time
steps, such that fewer iterations are required than the explicit Lax metho
d. Huybrechts
(1992) uses an implicit differencing technique called the alternating-d
irection-implicit
(ADI) metho d where tridiagonal equations are solved for the next
time step ice
thickness. However, ice sheet models which use the FTCS appro
ach have been
successful in describing ice sheet dynamics (e.g. Budd and Smith, 1982;
Payne, 1988;
Arnold and Sharp, 1992). Thus the FTCS-Lax method (being very simple
relative to
implicit methods) is used in this study.
3.14 FEEDBACK WITHIN THE ICE SHEET MODEL
The relatio nship betwe en the parameters of the ice sheet system
can be
summarized within a flow diagram: the mechanism by which the ice
sheet responds to
external forcing (Figure 3.4). A number of feedback processes can
be seen in this
diagram which influence the stability of the modelled ice sheet signifi
cantly. First,
glacial isostasy acts so as to affect the bedrock elevation and hence the
surface elevation
of the ice sheet. This process is important for several reasons: primar
ily that the ice
veloci ty will be chang ed by the surface elevation effect on basal
shear stress;
additionally, the accumulation (which is altitude related) will be altered
by the change in
surface altitude of the ice sheet (Section 4.3). The changes to these param
eters will alter
the isostatic load, and hence change the surface elevation of the ice
sheet. This will
cause the ice velocity, accumulation and consequently the ice thickn
ess to be altered
(which in turn feeds back to isostasy again). The ice sheet isostatic feedba
ck system has
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previously been recognized within a marine based ice sheet by Jones and Keigwin
(1988). They proposed that the Late Weichselian Barents Sea Ice Sheet may have acted
as a self oscillating system, where changes in net mass balance due to iceberg calving
where controlled by the buoyancy of the ice sheet, due in turn to changes in the bedrock
elevation and the sea-level change (Section 2.9.2). Another feedback loop within the ice
sheet system has been examined by Payne and Sugden (1989b) and Kerr (1993), where
positive feedback due to altitudinal changes of the precipitation was found to initialize
and sustain the formation of a maritime ice sheet (a sub-polar ice sheet which is situated
very near to a large moisture source) such as the Loch Lomond Ice Sheet in Scotland at
around 10 ka BP. In the situation of the Loch Lomond Ice Sheet, an increase in surface
elevation would force a higher accumulation rate. However, for the Late Weichselian
Svalbard-Bar ents Sea Ice Sheet, the feedback loop is more complicated. The
accumulation functions (Figure 4.6) have an optimum altitude at which above or below
it, less accumulation would theoretically occur (for Svalbard this value is at around
1000 m under present conditions (Section 4.4.2)). It is this threshold altitude which
governs whether more or less ice is placed on the ice sheet after the surface elevation
change. This feedback is complicated further by both the temperature controlled change
in the ELA, and the change in sea level, which could act to alter the optimum elevation
significantly.
The base of the ice sheet controls an additional feedback loop to that of the
external forcing, in which the basal ice velocity due to sliding and sediment deformation
is influenced by the thermal regime of the ice sheet. A feedback exists in that the
thermal regime is itself influenced by the basal heat gradient, which is in part caused by
the heat due to basal ice velocities.
The ice sheet model system, as described in Figure 3.4, can therefore be
seen to be heavily influenced by feedback processes. However, the feedback processes
do not act as totally independent agents since they are, through the glacial cycle,
ultimately controlled by the climatic and physical boundary conditions that are
externally forced onto the ice sheet. It should be noted that it is not the purpose of this
study to try and ascertain causes of additional feedback systems within the external
climatic control through the glacial cycle, such as ocean current circulation (e.g.
Broecker, 1987, 1992b; Broecker and others, 1990), or carbon dioxide forcing
(Barnola and others, 1987), since only the effect of the glacial climate on the ice sheet is
of importance.

80

Ii

initial precipitation

initial
bedrock

eustasy

latitude

imposed temperature
change

Figure 3.4. Flow chart to show the interaction of separate parameters that describe
the ice sheet behaviour. Note the feedback process which is focussed around the
isostasy function. The shaded box denotes the internal physical processes of the ice
sheet system. Adapted from Payne (1988).
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4

MO DE LL ING BO UN DA RY CO ND ITI ON S
AND FO RC ING FU NC TIO NS
4.1 INTRODUCTION
The numerical models that were used in this study are glaci
ologically simple
when compared to some existing ice sheet models (e.g.
Jenssen, 1977; Bohmer and
Herte rich, 1990; Gallee and others, 1991; Huybrecht
s, 1992). This is inten ded,
because some of the model forcing data, which dictate the
accuracy of results, could not
be identified confidently. Consequently, if a physically comp
lex model were used, the
accuracy and resolution of results that might be generated
would be lost because of the
errors within the data set. Therefore a number of simple
models were used, such that
the data could be best examined and tested (i.e. once the
model has been found to
function correctly, it is the data rather than the model which
should be analyzed with
respe ct to ice sheet reconstruction). Empirically, the
major spatial and temporal
limitations of the dataset exist in the climate forcing funct
ions (Section 4.3), the palaeo
sea-level function (Section 4.4) and the ice shelf controlling
functions (namely basal
melting and calving of the floating ice front (Sections
4.5.5 and 4.6)). This chapter
describes the fundamental boundary conditions and forcin
g data that are used to run the
model through the Late Weichselian glacial period. It
is these boundary conditions
which dictate the maxi mum and minimum size of the
Late Weichselian SvalbardBarents Sea Ice Sheet reconstructions (Chapter 5).

4.2 BEDROCK ELEVATION GRID FOR THE SVA
LBARDBARENTS SEA AREA
4. 2 .1 Intro duct ion
An assumption is made that at 40 ka BP, the bedrock eleva
tion of the SvalbardBarents Sea region was both similar to that of today, and
in isostatic equilibrium, such
that the present bedrock elevation can justifiably be used
as an initial input in the model
at 40 ka (mod) BP (ka 'mod el years ' BP), which is withi
n the period of the last
interstadial within Svalbard and the Barents Sea (Sect
ions 2.2.1 and 2.2.2). This
assum ption is reaso nable , since geological investigati
ons of the Kapp Ekho lm
sedimentary sections have found that the ice sheet on Svalb
ard was no bigger than at
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present between 40-50 ka BP, and did not begin to grow beyond present glacier
limits
until about 25 ka BP (Section 2.3.1). If one assumes that, at present, Svalba
rd is in
relative isostatic equilibrium after 10 ka (C) of isostatic relaxation, then the
same
assumption is subsequently valid for Svalbard at around 40 ka BP.
Measuring an accurate bedrock elevation grid for input to a numerical model is
necess ary for ice sheet reconstructions, since topography plays a pivotal
role in
determining the dynamics of ice sheet growth (Payne and Sugden, 1990a)
. In this
Section the methodology for the calculation of the Barents Sea bedrock elevatio
n grid is
presented.
The two grid cell sizes that are used in this study are, firstly, a 20 by 20 km
(400 km2) cell size representation of the western Barents Sea and, secondly, a 50
by 50
km (2500 km2) cell size grid for the whole Barents Sea area and surrounding
ice sheet
basin. The intuitive allocation of bedrock elevation values from maps to such sized
cells
would be an erroneous exercise, since each grid cell area of 400 km2 or 2500
km2
occupies a wide range of actual bedrock elevations. The most accurate method
of
calculating the bedrock elevation onto coarse grids is to construct a fine grid (100
km2),
where the allotment of bedrock elevation is easier and, by taking means, reconv
ert to
the smaller scale grid. The two sizes of grid cells (400 and 2500 km2) were chosen
for
two reasons. First, it is desirable for the grid cell size to be small enough to portray
the
correct bedrock elevation without excess 'smoothing' which may happen if a large
grid
cell size is used. Second, however, it is intended that the model should be as simple
as
possible, such that computer running times are kept to a minimum. Also, a reducti
on of
the grid cell size below 400 km2 may not increase the accuracy of the final
results
because of errors in other datasets. For the western Barents Sea area, a 400
km2 cell
provides a suitable compromise between the two cell size arguments. Indeed previou
s
modell ing studies of this type have used a 400 km2 grid cell size as an
accurate
portrayal of the bedroc k elevation in other regions (e.g. Payne, 1988; Arnold
and
Sharp, 1992). For the entire Barents Sea, a much larger grid size of 2500 km2 provide
d
an adequate bedrock elevation representation. This grid cell size is comparable
to the
cell sizes of previous ice sheet reconstructions. For example, Huybrechts ( 1992)
used a
1600 km2 grid for the Antarctic ice sheet, whilst Lindstrom (1989) used a horizon
tal
grid width of 100 km for the Eurasian ice sheet. Therefore, for the small scale
study of
the Svalbard-Barents Sea Ice Sheet, a 2500 km2 grid cell size is regarded as suitable
.

4. 2. 2 Construction of a 100 km 2 bedrock elevation grid
Initially, 110 (N) by 80 (E) squares were superimposed around a central
meridian of 21 °E on a UTM projection map of the Barents Sea bathymetry (at a
scale of
1:1,500,000). Each grid cell occupied 100 km2. Onto this grid the Barent
s Sea
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bathymetry (which covers over two thirds of the grid area) was recorded by calculating
the mean bedrock elevation in each cell as the appointed value. Different bedrock
elevation measuring procedures are discussed later. However, it should be noted that
for measuring the low bathymetric relief of the floor of the Barents Sea, the mean
method is appropriate.
Two other maps were used to calculate grid values. Firstly, a UTM projection
map, central meridian 22°E, of Svalbard topography (scale 1: 1,000,000), and secondly
the General Bathymetric Map of the Oceans (GEBCO), north of 75° latitude (scale 1:
6,000,000). These maps were photo-reduced and enlarged, respectively, to fit the 100
kffi2 grid correctly. Care was taken to ensure that when the grid was superimposed onto
the maps, the grid cells lay over the same coordinates. This ensured a continuity
between bedrock elevation data that were taken from different maps.
The UTM projection map of Svalbard topography was used to measure the
bedrock elevation of the Svalbard archipelago. One of the problems found in measuring
bedrock elevation was that the UTM projection map of Svalbard only shows surface
topography. Since one sixth of Svalbard is covered in ice (Dow des well and others,
1984) (a value which includes the almost total ice coverage of Nordaustlandet, Olav V
Land, Barentsizjya, Edgeizjya and Kvitizjya), radio echo sounding (RES) data had to be
used to measure the bedrock elevation hidden by the ice. By using RES data, the
present ice thickness could also be measured in these areas.
The GEBCO map of the Arctic was used to add 2400 additional cells north of
the existing grid, to quantify the shelf break north of Svalbard (Figure 1.1). The
number of cells in the provisional grid is now 11,200 (80 E, by 140 N), representing
an area of 1,120,000 km2. This grid was then used as the base for the smaller scale 400
km2 grid, by averaging 2 by 2 cell blocks to form 2800 cells (40 E, by 70 N). The
2500 km2 grid cell map was similarly adapted from the 100 km2 grid, with additional
cell values (describing northern Norway, and the western Kara Sea) being obtained
from the GEBCO map of the Arctic. The number of cells in this latter grid is 1638 (42
E, by 39 N), which represents an area of 4,950,000 km2.

4. 2. 3 Methods for calculating grid cell values
In areas where steep sided deep fjords and high mountainous regions are
present within individual 100 kffi2 grid cells, a method other than the mean bedrock
approach had to be used to obtain the bedrock elevation grid. To show how using a
'mean elevation' method would distort the true topography, a single cell within the 100
kffi2 grid was examined. By using a large scale map of Van Mijenfjorden (Figure 1.2)
cell (19W,75N) was subdivided into one hundred equal squares, the mean of which
was recorded at 69.8 m a.s.l. (with a standard deviation of 168.0 m). Grid cell
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Figure 4.1. The 100 km2 bedrock elevation grid of the western Barents Sea and
Svalbar d which has been compiled from a variety of map and RES data. The contours
start at -1000 m and increase in 200 m intervals until -400 m, where they begin to rise
by 100 m until sea-level is reached. The topography of Svalbar d is describ ed by the
500 m contour. 400 cells are shown in the bottom right of the diagram .
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(19W,75N) covered northern van Mijenfjorden in the southern

part of the cell with the
high mountainous of the Nordenskiold Land region to the north
of the cell. Thus if the
'mean eleva tion' value of 69.8 m a.s.l. was taken as the
value for the cell, the
topography associated with van Mijenfjorden and the high moun
tains of Nordenskiold
Land would not be present. Since both fjords and mountain range
s play an integral part
in ice sheet formation and dynamics, it is important to preserve
them in the topography
synthesis. To comp ly with this, a different metho d of calcu
lation was considered.
Payne (1988) used an equation based on the fact that it was
not only elevation that
needed to be simulated in the bedrock elevation grid, but also the
mass balance average
of an individual cell (which is related non-linearly with elevation).
This implies that in a
mountainous area with high relief, the elevation value correspondi
ng to the mean mass
balance is different to the mean elevation. Conversely, the desire
d elevation value of
cell ( 19W,75N) would be less than the mean elevation, if the existe
nce of the fjord is to
be preserved. Thus, the equation that was used by Payne (1988
) to describe the method
by which bedrock elevation is calculated onto the grid, can be
used in this study:
B = Bave - a (Bmax - Bave)

4.1

where Bis a cell's bedrock elevation value, Bave is the mean avera
ge bedrock elevation
of a cell, Bmax is the maximum bedrock elevation of a cell, and
a is a parameter which
is designed for each cell to fit the topographic needs of the grid.
Thus the mass balance
relati onshi p with eleva tion can be preserved, as can the steep
sided coast line of
Svalbard, in the 100 km2 grid.
This method of bedrock elevation synthesis can obviously only
be used where
there are bedrock data to calculate from. In areas of ice covered
land surface elevation,
maps provide no bedrock elevation data. Fortunately, many areas
of ice covered land
on Svalbard have been geophysically surveyed by using airbor
ne RES. It is RES that
enables continuation of the present day bedrock elevation synthe
sis over the ice covered
regions of Svalbard.

4. 2. 4 Radio echo sounding data
RES is analogous in many ways to seismic surveying;' using
electromagnetic
waves instead of an acoustic pulse. Reflections occur when
there is a change in the
dielectric properties of the medium in which the electromagnetic
waves are propagating.
Seismic survey problems such as scattering, attenuation and noise
are also associated
with the RES signal, as are the data processing techniques. Physi
cal details of RES are
well docum ented (e.g. Dowdeswell and others 1984a; Dowd
eswell 1984; Bamb er
1987), and are not discussed in detail here.
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Dowdeswell and others (1986), and Dowdeswell and Drewry (1989), have
produced maps of the ice thickness and bedrock elevation on the relatively large ice
caps of Austfonna (8105 km2) and Vestfonna (2510 km2) (Figure 1.2) from RES data.
These maps provide enough data for 100 km2 cell calculations to be made directly, such
that the bedrock elevation and ice thickness can be put onto the 100 km2 grid without
any further processing. This is a.lso true of the smaller island of Kvitpya (710 km2),
from RES results that were published by Bamber and Dowdeswell (1990).
The RES data that were obtained and used by Dowdeswell (1986) and
Dowdeswell and Drewry (1989) form part of the Svalbard Radio Echo Sounding
Database (SRESDB), compiled after the RES field work that was performed by the
Scott Polar Research Institute (SPRI) in 1983 and 1986. RES data (which are
unpublished) also exist for other ice covered areas around Svalbard, within the
SRESDB. The SRESDB contains with it various accompanying computer programs,
which enable the processed data to be presented in (amongst others) profile form.
Using RES profiles, ice elevation and ice thickness data for Edgepya and Barentspya
were examined, and bedrock elevation values subsequently calculated using equation
4.1.
Because of the attenuation and scattering effects that are observed in the 60
MHz RES records obtained from Svalbard, some of the RES data that are in the form
of single profiles cannot be used since there is no recorded bedrock reflection (e.g.
Dowdeswell and others, 1984b). This is the case in RES data from the areas of Olav V
Land and James I Land. The usable data in these places had therefore to be interpolated
to the regions where data are not available. There are many problems with interpolation
exercises (Section 4.2.5). However, interpolation of the available data into vacant
regions .is the only way in which the bedrock grid may be completed. The remaining
number of grid cells within these 'unknown' areas account for only 61 out of 11,200 in
the initial 100 km2 grid.

4. 2. 5 Interpo lation exercis es
The computer software package UNIMAP, part of the UNIRAS system, has a
number of interpolation routines through which inferred data can be introduced into
areas where they were previously absent. The interpolation procedure, performed in the
followi ng exampl es, consists of three components: a bilinear , followed by a
quadrilateral interpolation, with a final refining of the values using a distance weighting
method (which constitutes the standard type interpolation in the UNIRAS programs).
Although it is difficult to be certain about the accuracy of interpolated results, in Olav V
Land for example, one can minimize the uncerta inty by obtaining an empiric al,
qualitative view of the bedrock relief data (using the ice surface elevation as a guide to
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the underlying bedrock elevation), which can then be compared against interpo
lated
results. This method was performed on the unknown cells over an area of
Olav V
Land. The subsequent results gave an encouragingly good correlation to the qualita
tive
view, which implies that the results can be confidently used as cell data on the
grid. A
similar approach was made in James I Land, in Spitsbergen, where five cell values
had
not previously been calculated.
In the ice covered regions of Svalbard, after the interpolation of bedroc k
elevation from surrounding bedrock data had been generated, the ice thickne
ss was
calculated by simply subtracting the bedrock elevation from the topographic
height
(which was obtained from the UTM projection map of Svalbard topography). Thus,
all
of the landmass of Svalbard, and the present ice thickness was synthesized onto
a 100
km2 grid format.
To the north-east of Spitsbergen lies an area of sea bed where data were absent
in the UTM projection map of the Barents Sea bathymetry. To obtain bedrock elevatio
n
cell values in this region, a final set of interpolations was performed. Since
the
interpolated data are only as good as the real data around them, two interpolations
were
made; one with only the surrounding bedrock acting as the real data, and a
second
which uses a more extensive data field. The uncertainty about whether the interpo
lated
results gave a true reflection of the bedrock elevation in the unknown area
was
satisfied, because although the two interpolations showed a varied resolution,
the
overall shape of the interpolated map remained essentially intact. The grid cell bedroc
k
elevation values for the 'unknown' area were then introduced using the data that
were
produced by the interpolation procedure.
Two final interpolations were made on single sells over Zemlya Frantsa Iosifa
(Franz Josef Land) and Viktoriya (Victoria Island) (Figure 1.1). The same method
of
interpolation as described above was used in these two latter cases. Thus all
of the
present bedrock elevation of Svalbard and the Barents Sea was synthesized onto
the
100 km2 grid.

4. 2. 6 Comparison between the present Barents Sea bedrock elevation
grid and map data
By comparing the bedrock elevation grid (100 km2 cell size) with topographic
and bathymetric map data from the Svalbard and the Barents Sea (Figures 1.1 and
4.1),
one can see an apparent agreement. This is as expected, since the grid was constru
cted
from the topographic and bathymetric maps. To analyze the grid-map correla
tion
further, errors were calculated for the grid, using the map data as the statistical 'truth'.
Becaus e the bathymetry of the Barents Sea is of lower relief than the
topography of Svalbard, analysis between map and grid values was split into
two
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groups: Svalbard topography and Barents Sea bathymetry. One hundred random points
were chosen from the bathymetric maps of the Barents Sea, and the bedrock elevation
value at these points then compared to the grid value of the cell in which the point lies.
Also, twenty five random grid cells were chosen on the grid over Svalbard, and the
range of contours that are present within the geographical area of a grid cell recorded
(Figures 4.2 and 4.3). A difference between the character of the graphs is expected,
and confirms the decision to study bathymetric and topographic errors separately.
The bathymetric statistical analysis (Figure 4.2) shows a virtually linear
relationship between map and grid values with a very high correlation coefficient, for
two reasons. First, bathymetric grid values were calculated by using the mean elevation
technique, and second, the relief of the bathymetry is generally low. Therefore, the
variance of bathymetric map values around a particular grid value is small, hence the
good linear correlation.
The Svalbard topographic bedrock examination (Figure 4.3) shows a decrease
in the correlation coefficient of the relation between map and grid data, when compared
to that of the bathymetry. This is due to the different method of cell calculation that was
employed in obtaining the topography grid, and the high relief of the true topography.
In many grid cells, a large range of topographic heights are represented by one cell
value, which was calculated by equation 4.1. This is especially true when bedrock cell
values have been calculated either artificially high or low because of the existence of a
mountain range or fjord, respectively. Therefore, unlike the data points in Figure 4.2,
the data points in the topographic statistical analysis (Figure 4.3) do not have an equal
weighting, since they represent the range of topographic contours within a single grid
cell, which additionally implies that the best fit line that is shown in Figure 4.3 should
not be taken as the true relationship between topography and cell values.
Figure 4.2 shows that the bathymetric elevation errors (taken as the difference
between a data point, and the vertical distance to the best fit line) are consistent along
the graph above a bathymetric depth of 500 m, and are significantly less when the
bathymetry is below 500 m. When the bathymetry is above 500 m, the mean error (that
was calculated from Figure 4.2) is ± 76.4 m, with a standard deviation of 63.02 m
from a sample of 39. When the bathymetry is below 500 m the mean error is ± 31.53 m
with a standard deviation of 37 .99 m, from a sample of 61.
Because of the cell value 'forcing' that was performed in order to satisfy the
topographic needs of the grid, and the high relief of the Svalbard region which has been
filtered through the grid cell calculation, topographic cell errors are rather high. The
bathymetry error calculation method cannot be used in this situation since the data
points in Figure 4.3 have non equivalent weightings. The weighting of a data point in
Figure 4.3 is related to the vertical distance (actual vertical error) from the point to the
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best fit line. From the meth od that was used to
construct the Sval bard topography, it
was obse rved that, on average, the area outside
of cont our lines that were more than
200 m from the cell value, occupied about one
third of the area inside the contour line
that was 100 m from the cell value. If the diffe
rence between the contour line and the
cell value (in Figure 4.3) is assumed to be the actua
l vertical error, then data points, in
Figure 4.3, can be assigned three different weig
htings according to the actual vertical
erro r (Table 4.1).

Wei ghti ng

mean vertical bedrock error (m),
<;v

1

<;v > 200

2

200 > <;v > 100

3

100 > <;v

Table 4.1 Weightings assig ned to the respective
vertical bedr ock error, in Figure 4.3.
The values shown are subsequently used to form
mean bedrock elevation errors, whic h
in tum are used to describe confidence limits.
The mea n vertical topographic bedr ock error,
<;v, from Figure 4.3 is subsequently ±
91.29 m, with a standard deviation of 97.45 m,
from a weighted sample size of 114.
The mea n errors that have been calculated abov
e from the 100 km2 grid cell
samples, can be used to construct confidence limit
s to the actual error, throughout the
grid cell population. Standardizing the estimated
mean errors and ·standard deviations
into the 't' distribution we find:

{i;v-µ} }

prob (-t < {(aN npop) < t) = 0.95
4.2
where <;v is the estim ated mea n error, npop is
the sample number, <J' is the stan dard
devi ation estim ate, µ is the true mea n erro r of
the entir e population, assuming a 't
distribution, with a npopth degree of freedom'.
Equ ation 4.2 then provides a meth od by whic
h conf iden ce intervals can be
calc ulate d, from the simp le bedr ock elev ation
erro r estim ates. Usin g the 95%
confidence limit, it is found that the bathymetric
error, when the cell value is grea ter
than 500 m, has a mea n confidence interval betw
een 56.03 m and 96.79 m. Whe n the
cell value is below 500 m, the mean error confiden
ce interval is between 21.80 m and
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41.23 m. Additionally the topographic 95% mean error confidence interval is between
74.99 m and 108.51 m.

4. 2. 7 Bedrock elevation grids that are used in this study, and the
respective models
Two bedrock elevation grids are employed in this study: a 400 kffi2 grid which
is taken directly from the 100 kffi2 grid (using a mean technique), and a 2500 kffi2 grid
which has been adapted similarly from the 100 km2 grid in addition to further bedrock
elevation data from northern Norway and the Kara Sea (Figures 4.4 and 4.5).
As one can see in Figure 4.4, the 400 kffi2 grid bedrock elevation provides a
detailed and accurate topographic representation, since the main fjords and mountain
ranges of Svalbard are both present. Thus this grid can be used as part of a detailed
study of the Svalbard-Barents Sea Ice Sheet behaviour, where topography may act as
an important ice sheet control. The smaller scale 2500 km2 grid (Figure 4.5) does not
resolve Svalbard's fjords and mountain ranges. However, since the extent of the 2500
km2 grid covers the entire Barents Sea, and the surrounding ice sheet basin, this grid
can be used to examine the broader effects of the Svalbard-Barents Sea Ice Sheet (e.g.
timing of glacial onset and deglaciation, and the interaction between other nearby ice
masses such as the Fennoscandian ice sheet, and the Kara ice sheet).

4.3 ICE SHEET ACCUMULATION AND SURFACE AIR TEMPERATURE
4. 3 .1 Introduction
In existing ice sheet numerical models of Antarctica (e.g. Jenssen 1977;
Mclnnes and Budd, 1984; Herterich, 1988; Payne 1988; Huybrechts, 1992) or
Greenland (e.g. Warren and Hulton, 1990; Letreguilly and others, 1991a; Letreguilly
and others, 1991b), the use of a present day precipitation pattern has been used to
determine the accumulation forcing function . Unfortunately, although surface
accumulation has been measured on several glaciers and ice caps within Svalbard, since
accumulation cannot be measured within the Barents Sea, the present accumulation
function for the entire Svalbard-Barents Sea region is difficult to estimate. Neither can
ice core studies be used to predict the ancient accumulation of t~e Svalbard-Barents Sea
region, since firstly, the oldest ice within Svalbard (the ice core at H!i}ghetta, Ny
Friesland, Svalbard (Fujii and others, 1990)) is only about 1-2000 years old
(Dowdeswell and others, 1990), and secondly, no ice cores exist for the Barents Sea
region. There are then two subsequent problems: first, the palaeo-accumulat ion
function must be obtained without the use of a thorough ancient or modern precipitation
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Figure 4.4. The 400 km2 bedrock elevation grid of the western Barents Sea and
Svalbard which has been compiled from a mean analysis of Figure 4.1. a. contour
shaded, b. contour lined.
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Figure 4.5. The 2500 km2 bedrock elevation grid of the Barents Sea and Svalbard
which has been compiled from an average analysis of Figure 4.1, and an additional
bedrock analysis of the surrounding area (adapted from the GEBCO map of the Arctic).
The approximate extent of the 400 km 2 grid is shown as the box over the western
Barents Sea.
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data set and, secon d, the spatia l relatio nship betwe en accum
ulatio n and geogr aphy
(latitude, longitude and elevation) must be identified.
A soluti on lies in the work of Pelto and others (1990 ), where
ice sheet and
glacie r surfac e mass balan ce chang es throu gh a glacia l cycle
were exam ined. By
analy zing the mass balan ce gradients ('grad ient' mean ing how
the mass balan ce varies
with altitude) of a numb er of glaciers in five clima te settings
(polar contin ental (PC),
polar mix (PX), sub-p olar mix (SX), sub-polar mariti me (SM)
and tempe rate marit ime
(TM) ; where 'mix' indica tes a clima tic situat ion betwe en
contin ental and marit ime
accum ulatio n condi tions) a graph of latitude against balan ce
gradie nt was constr ucted .
Subse quent cluste r analysis showe d that 81 % of the glaciers
that were used in the study
could be confidently assigned to one of the climate zones (Pelto
and others, 1990).
From surface mass balance data from glaciers, ice sheets and
ice caps within the
respe ctive clima te zones, five 'avera ged' balan ce gradients
were establ ished. Equat ion
4.3 shows the functi on of the balan ce gradients (the value s
of the consta nts, show n in
Table 4.2, are given for each of the five climate settings):

4.3
where bis the surfac e accum ulatio n at altitude Z, A1 is the ablati
on at the margi n, A 2 is
the accum ulatio n at the margi n, x1 is the decay of expon ent
of ablation with eleva tion
and x 2 the decay of expon ent of accumulation with elevation.

Climate Zone

A1 (m)

A2 (m)

x1

(m m- 1)

x2 (m m-1)

ELA( m)

PC

-1 .2936

0.299 8

l.502 3E-6

3.619 4E-8

312

PX

-2.84 90

0.8378

8.534 5E-6

3.405 3E-8

379

SM

7.576 8

2.568 9

2.773 3E-6

2.916 2E-7

660

sx

-5.856 3 ·

0.857 5

l.322 8E-6

9.461 8E-8

1250

TM

-11.6 877

3.6741

l.083 8E-6

3.641 lE-8

1050

Table 4.2 Constants that are used in equation 4.3 to construct
the balance gradient for
each climate zane. A1 and A2 are the ablation and accum
ulation at ·the marg in
respectively. X1 and X2 determine the changes in ablation and
accumulation with
elevation. Adap tedfro m Pelto and others (1990).
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The probl ems that remain are those of selecting the clima
te zone whic h best
suits the Svalb ard-B arent s Sea regio n during the last
40 ka, to calcu late how the
accumulation function varies with latitude and longitude,
and to determine the ELA
variation through the glacial cycle.

4. 3. 2 The Svalbard-Barents. Sea Accumulation Func
tion
It is first assumed that, at present, the Svalbard-Barents Sea
climate is similar to
the PX zone (as defin ed by Pelto and others, 1990).
This is appro priate for two
reasons; first, ten of the fifteen glacier mass balance case
studies that have been used to
create the PX zone come from Svalbard: Lilliehookbreen
(Ahlmann, 1939), Vestfonna
and Austf onna (Schytt, 1964), Frpyabreen and Fjortende
Julibreen (Ahlmann, 1948),
V pringbreen, Brogerbreen, Longyearbreen, Daudbreen
and Bertilbreen (Guskov and
Troitskiy, 1984) (the other six case studies are from Green
land). The second reason is
that the mean summer and winter temperatures that are defin
ed for this zone of 6 °C and
-15 °C respectively (Pelto and others, 1990), are in very
good agreement with Svalbard
and Bare nts Sea weath er station observations (Steffensen
, 1982; Hanssen-B auer and
others, 1990).
The accumulation curves for the PX and PC climate regim
es are given in Figure
4.6. All comp onen ts invol ved in surface mass balance,
such as accumulation from
refreezing rain, hoar frost and avalanches, and surface
ablation from sublimation and
radiation induced melting are empirically accounted for
in the net accumulation curves
(since these mass balance mechanisms must have influenced
the observed glacier mass
balan ce, and henc e the net accum ulatio n curve s).
Cons eque ntly, the PX type
accumulation mimics a high latitude area which is subje
ct to a partial maritime effect,
which is presumably caused by a local moisture source.
From the .earlier discussion in
this section, it is reasonable to assume that the Svalbard-B
arents Sea region is such an
area, with the moisture source provided from both the Norw
egian -Greenland Sea, and
the south ern Bare nts Sea (e.g. CLIM AP proje ct mem
bers, 1976; Rudd iman and
McIntyre, 1977; Ruddiman and McIntyre, 1981). Also,
if the present Svalbard-Barents
Sea moisture source was curtailed, then a more continenta
l type precipitation regime
(i.e. the PC accumulation function) would exist.
To exam ine the present Svalb ard accumulation conditions
further, a map of
precipitation over Svalbard (Figure 4.7) (Leistpl, in prep.
) was used to determine the
mode m relation between altitude and precipitation by choos
ing 50 random points over a
map of Svalb ard, and comp aring the altitude and preci
pitati on at the locat ion in
question. The Leistpl precipitation map has been constructe
d from meteorological and
glaciological studies on Svalbard, and represents the spatia
l variation of precipitation
over the area. To compare the Pelto accumulation curve
s and the Leistpl precipitation
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pattern, the PX accumulation curve, and a mean of PX
and PC, are plotted against the
altitude/precipitation prediction in Figure 4.8. One can obser
ve from Figure 4.8 that the
correlation is relatively good between the two respective
precipitation data sets. The PX
and PX-P C accumulation curves therefore act as reaso
nable estimates of the prese nt
mass balan ce over Svalbard. However, since the PX accum
ulation curve is generally
slightly higher than the precipitation shown over Svalbard
by the Leist11H map, a feature
that agrees with Pelto and others (1990) own Svalbard
accumulation data, a further
assum ption is made in that south of Svalbard, as one
move s towa rd the mois ture
source, the precipitation would be influenced by a more
maritime effect such that the
PX accumulation curve would be better suited within the
southern Barents Sea and the
PX-P C curve over Svalbard.

4. 3. 3 Temperature variations at the LGM
It is assumed both that the average modem yearly temperatu
re for Svalbard is -5
~C (Steffensen, 1982; Hanssen-B auer and others, 1990;
Sand and others, 1991), and
that the temp eratu re varies with altitude, with a lapse
rate simil ar to that over the
Antarctica of 5.1 °C/km (Fortuin and Oerlemans, 1990).
The temperature depression at
the LGM over the Barents Sea is taken from General Circu
lation Model (GCM) climate
reconstructions of Mana be and Broccoli (1985) and Mana
be and Bryan (1985), where
the temperature depression is calculated at between 10
°C to 17 °C for the latitudes of
the Bare nts Sea. Ther e is geological, sedim entol ogica
l and palae ocean ograp hical
evide nce to assum e that the Bare nts Sea area expe
rienc ed anom alous ly mois t
atmospheric conditions during the last glacial relative to
equivalent latitudes elsewhere.
This was due to the presence of open ocean conditions
in the eastern margin of the
Norw egian -Gree nland Sea at around the LGM (Section
2.5.5). The exist ence of a
mois ture sourc e is depe nden t on the northward trans
port of North Atlantic warm
surface water to the Norwegian -Greenland Sea (e.g. Heinr
ich, 1988; Hebbeln, 1992a;
Dokk en and Hald, 1992; Hald and Dokken, 1992), whic
h may have mean t that the
climate of the Barents Sea area was unusually warm at the
LGM considering its latitude
(a situation whic h exists today). Therefore a temp eratu
re depression of 10 °C (the
minim um value that was suggested by Manabe and Broc
coli (1985) and Mana be and
Bryan (1985) for the Barents Sea latitudes) is assumed to
best describe the temperature
of the Baren ts Sea at the LGM. Sensitivity examinatio
ns (Section 5.4.1) study other
possible LGM temperature depressions over the Barents
Sea.
The spatial variation of temperature over the Barents Sea
is not accounted for in
the model, since although the assumptions above repre
sent cautious yet reaso nable
predictions, any attempt to refine the spatial temperature
function cannot be justified due
to a lack of information.

98

0

0

100 km

Figure 4. 7. Precipitation map of Svalbard (water equivalent contours in
mm a-I).
Taken from Leistf9l (in prep.).
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Figure 4.8. A spatially random sample of accumulation-altitude values
from Figure
4.9 plotted against a. Pelto and others' (1990) 'polar mix' accumulation
function, and
b. an avera ge of Pelto and others ' (1990) 'polar mix' and 'polar
contin ental'
accumulation functions. A comparison between the two sets of data
should only be
made for the higher altitudes, where the high effectiveness of the precip
itation matches
the glacier mass balance. All precipitation values are in terms of their water
equivalence.
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4. 3. 4 Accumulation function during the last glacial
Variations in net surface accumulation that are caused by latitude and
ice age
temperature depression have been studied through GCM climate recons
tructions by
Manabe and Bryan (1985). An accumulation drop of between 78% (at
80°N) and 31 %
(at 75°N) of the present day values was predicted for the latitudes
of the Svalbard
region. Pelto and others (1990) suggest that a drop in accumulation
during the last
glaciation can be explained entirely by ELA changes (i.e. an accumulation
drop caused
by a temperature depression), since the climate zone did not change
(e.g. Denton and
Karlen, 1973).
Under the modern climate of Svalbard, and assuming that the ELA is
primarily
affected by air temperature, a depression of 3 °C will shift the ELA
down by 600 m
(such that, in effect, the ELA is numerically below sea-level). Fleming
(1992), through
surface energy balance modelling of Svalbard glaciers, demonstrated
that the ELA of a
glacier (namely Br0ggerbreen, northwestern Spitsbergen; which has a
modern ELA of
339 m) would be depressed below sea-level if a temperature depres
sion of 3 °C
occurred. Ohmura and others (1992) also propose that the ELA positio
n is dominated
by the air temperature, and that other effects such as long-wave net
radiation act as a
smaller influence on the ELA; a relation that had been mentioned previo
usly by Jouzel
and Merlivat (1984). Fleming (1992) and Ohmura and others (1992)
thus support the
simple approach to air temperature and ELA that is used in this study.
Pelto and others'
accumulation function varies with elevation, and therefore with tempe
rature (through
the Fortuin and Oerlemans' (1991) lapse rate). Thus the ancient surfac
e temperature of
the ice sheet can be used to dictate the ELA, and hence the accum
ulation, if it is
assumed that the climate zone did not change during the last glacial.
Huybrechts (1992) also used the palaeo-surface temperature to dictate
the
accumulation rate on the Antarctic Ice Sheet by analyzing the temperature
relation to the
water vapour saturation pressure (Lorius and others, 1985; Jouzel and
others, 1989).
The problem of adapting Huybrechts' technique to the Svalbard-Barents
Sea Ice Sheet
is that, firstly, the temperature change imposed does not alter the ELA,
and secondly,
the Antarctic ice sheet experiences a polar desert effect which makes
the technique
applicable to it. However, the Svalbard-Barents Sea Ice Sheet, which
may have
experienced the same partial maritime climate as at present, must have
been sensitive to
ELA variations during onset and decay since the present Svalbard
ELA (with an
approximate mean value of 350 m) is relatively low. The direct relatio
n betwe en
temperature and precipitation, using the Fortuin and Oerlemans (1990)
lapse rate, is
therefore deemed the most satisfactory method of calculating the Svalba
rd-Barents Sea
Ice Sheet's palaeo accumulation function from the present precipitation
conditions.
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Other climat e models such as that of Payne and Sugde n (1990b),
where
regional surface air temperatures were used to help determine the amoun
t of surface ice
accumulation and ablation within the Loch Lomond Ice Sheet, or an Oerlem
ans (1988)
type climat e model, are not used in this study, since although useful
results are
produced, they rely on the availability of a meteorological data set which
is absent in the
Barents Sea region.
One would intuitively expect that for the Svalbard-Barents Sea Ice
Sheet,
accumulation on the western limit would be higher than on the easter
n side due the
distance from the primary moisture source. Since there is no literat
ure on how the
longitudinal problem may be answered in a region such as the Barents
Sea, an empirical
approach is taken. The net surface accumulation coefficient varies
from 1.0 (on the
western grid cells) to 0.8 (on the eastern grid cells) on the 400 km2 grid
and 1.0 to 0.6
on the 2500 km2 grid (the 2500 kffi2 grid is twice as wide, latitudinally,
as the 400 km2
grid). A detailed examination of the longitudinal effect on accum
ulation, and the
subsequent ice sheet sensitivity, is given in Section 7.3.2. This simple
method by
which a continentality effect is introduced to the accumulation function
is similar to that
of Hughes (1985), where an accumulation value of 20 cm a-1 in the
western Barents
Sea corresponded to double the value that was estimated for the eastern
Barents Sea.

4. 3. 5 Air temperature forcing through the glacial cycle
Since the palaeoclimate of the Svalbard-Barents Sea region is poorly known
for
the last glacial (Section 4.3.1), a number of assumptions have to be
made in order to
reconstruct, for the purpose of modelling, a simple climate scenario for
this region. One
mustb e aware that any climate history that is calculated in the following
way is subject
to inaccuracies. However, due to the unknown nature of the climat
e history, firstly
these errors remain unknown, and secondly the following method repres
ents the most
objective analogue for modelling the climate forcing, unless one assum
es that the
Barents Sea was subject to the same climate regime as neighbouring
ice masses (i.e.
Fenno scand ia or Greenland). There are, however, fundam ental
proble ms with
assuming that the Barents Sea had a similar climate to the Fennoscanda
in or Greenland
ice sheets. The modern climate of the Barents Sea is controlled by
relatively warm
south-westerly winds that have gained their heat from the mild surfac
e waters of the
North Atlantic (controlled by the ocean circulation pattern) (Section 1.2.2).
Ultimately,
the Atlantic circulation dictates that the modern climate of the Baren
ts Sea is not
comparable to other nearby regions (e.g. Steffensen, 1982; Hanssen-Ba
uer and others,
1990). Imbrie and others (1992) proposed that a North Atlantic heat
pump (driven by
the ocean circulation) was instrumental in the formation of Late Weich
selian ice masses
of northern Europe. It is therefore reasonable to assume that the climat
e of the Late
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Weic hseli an Barents Sea was governed by a heat
supply from the North Atlantic.
Consequently, sea-level air temperature forcing throu
gh Late Weichselian solar altitude
calculations alone (e.g. Vernekar, 1972; Budd and Smit
h, 1982) is inappropriate, since
the effect of the south western heat supply to the Bare
nts Sea would be neglected.
The formation of a simple clim ate reconstruction
is base d around three
assumptions. First, the temperature depression at the
LGM is calculated for the Barents
Sea region (e.g. Manabe and Bryan, 1985; Manabe
and Broccoli, 1985), as described
in Section 4.3.3. Second, the modern day climate syste
m (Pelto and others' PX or PC
zones) was operative at the last glaciation, and was drive
n by a south westerly moisture
source. Third, the variability of the sea-level air temp
erature through a glacial cycle can
be guided by indicators of global ice volume such
as the global sea-level, oxyg en
isotope and carbon dioxide records (e.g. Kuo and other
s, 1990; Barrett, 1991; Imbrie
and others 1992) (Figure 4.9). The justification
for this is beca use a very good
correlation exists between all three forcing functions
(Figure 4.9) and the calculated
change in atmospheric temperature in, for example,
the Vostok ice core in Antarctica
(e.g. Barrett, 1991; Jouzel and others, 1993).
This study further assumes that present-type air temp
erature conditions existed
over Svalbard and the Barents Sea at the same time
as present-type ocean conditions,
i.e. at 10 ka BP (Section 2.7.2). Additionally, it is
assumed that the mini mum air
temperature occurred at the LGM (18 ka (C) BP). Thus
, the particular forcing function
value at 18 ka (C) BP and 10 ka (C) BP correspon
ds to these temperatures. Forcing
function values befo re 10 ka BP can therefore be
used to dictate the surface air
temperature throughout the last glacial. This approach
is very similar to the way in
which the air temperature (and hence the climate) was
forced within the reconstructed
deglaciation of the Eurasian Ice Shee t (Lindstrom
and MacAyeal, 1989) and the
Laurentide Ice Sheet (Lindstrom and MacAyeal, 1993
).
Man geru d and Svendsen (1992) have proposed that
due to the high latitude
of Svalbard and the Barents Sea, the subtle change
in the precession of the
equinoxes (provoking .the 23 ka period of glaciation)
that induces a change in the solar
altitude woul d not have been significant enough to
induce glacial conditions. They
suggest this because ice build up over the Barents Sea
and Svalbard did not occur until
late in the last glacial cycle (at around 25 ka BP) (Sect
ion 2.3): Thus the 23 ka period
woul d have caus ed little change in the ice volume
before 25 ka BP in Svalbard.
However, the 23 ka period was observed in other
parts of the globe, and can be
observed within the glacial forcing functions that
are used to drive the mod el's air
temperature (Figure 4.9).
For the case of the global sea-level forcing function
(Figure 4.9a), this is not a
problem, since the corresponding sea-level value at 10
ka (C) BP, before the LGM is at
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28 ka BP. Thus, using the sea-level curve as an air temperature forcing function, the air
temperature depression over the Barents Sea will occur late in the last glacial cycle. This
agrees with geological evidence which suggests the late build up of the ice sheet within
the Barents Sea (Section 2.3). However, correspon ding 10 ka (C) BP values of the
carbon dioxide and oxygen isotope curves (Figure 4.9b and c), occur before 40 ka BP.
Air temperature forcing by these functions would permit a relatively lengthy period in
which ice sheet growth could occur within the Barents Sea. Therefore, to agree with
geologic al interpreta tion, if the carbon dioxide or oxygen isotope air temperat ure
forcing functions are used, the model runs begin at 30 ka BP rather than 40 ka BP. It is
assumed, in these cases, that modem temperature conditions existed at 30 ka BP (since,
at this time, glacier margins on Svalbard were no larger than at present (Mangerud and
others, 1992a)) and that the rate of depression of the air temperature can be guided up
to the LGM by the respective forcing function. After the LGM, the air temperature can
be guided by the forcing function, following the assumption that at 10 ka BP modern
climate conditions were restored to the Svalbard-Barents Sea region.

4. 3. 6 Rapid climatic fluctuations
The recent European Greenlan d Ice-core Project (GRIP), has recovered the
longest northern hemisphere ice core, which has been dated to be 200,000 years old at
its base (Nielsen, 1992). Furthermore, due to the position of the ice core, at the thickest
part of the Greenland ice sheet, the 'Summit' ice core lies in a position where basal ice
movemen t (that has restricted interpretation of previous Greenlan d ice cores (Camp
Century, Dye 3 and Renland)) is minimal. This is because all of the ice which is present
in the core has been situated near or at the ice divide in the past (Johnsen and others,
1992). Therefor e the Summit ice core can be thought of purely as a column of ice
which deepens with time. Palaeoclimatic change, as described in the ice-core could
subsequently be dated more confidently than before.
The Summit ice-core reconfirms the climatic history of the Greenland Ice Sheet
over the last glacial cycle that has been observed in the previous ice cores. However ,
irregularly timed interstadials at the end of the last glacial have also been detected in the
ice core, during which the surface air temperature must have changed by about 7 °C in
50 years (Peel, 1992). Each mild or cold phase between the sudden alternation period
lasts on average about 500 to a 'few thousand ' years (Lehman, 1993a; Taylor and
others, 1993; Johnsen and others, 1992). The climate oscillatio ns are thought to
represent abrupt changes in the North Atlantic Circulation pattern, since Antarctic icecores do not show these anomalies (Johnsen and others, 1992). Additionally, from ice
thickness analysis of the same core, Alley and others (1993) predict that the
accumula tion rate at the end of the Younger Dryas period (at around 11 ka (C) BP)
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increased two fold within a period of a few years. The palaeo-climatic indications from
Summit Ice Core can be tentatively correlated to the sudden depositions of IRD within
the North Atlantic, from (primarily) the Laurentide Ice Sheet. Anomalously high
amounts of North Atlantic IRD are attributed to a rapid increase in iceberg calving, and
hence disintegration of the Laurentide and Greenland ice sheets (Heinrich, 1988; Bond
and others, 1992; Bond and others, 1993; Grousset and others, 1993; Lehman,
1993b).
The implications of unstable climate oscillations to the climate system of the
Barents Sea during the last 40,000 years are therefore significant. Unfortunately,
without the aid of an ice core in this region, the consequences to the Barents Sea
palaeoclimate are impossible to predict confidently. Therefore, high frequency climatic
oscillations at the end of the glacial cycle are regarded as fluctuations within the total
climate envelope which has been discussed earlier, and are consequently neglected in
this study

4.4 SEA-LEVEL VARIATION
4. 4 .1 Introduction
Sea level variation is an important forcing function of glacial cycles and
therefore of the numerical model, since sea-level influences both which areas of
bedrock are submerged, and how the ELA varies with time. This is especially relevant
in the Barents Sea situation where, before the LGM, a reduction in sea-level by more
than 30 m of the present day value would enable the emergence of Spitsbergenbanken,
and subsequently enhance the probability of ice sheet formation. Given the importance
of bedrock elevation and ELA to ice sheet growth and decay, it is desirable to use an
accurate time-dependent sea-level curve for input to the numerical model.
It is assumed that the glacial component of eustasy far exceeds other processes
affecting sea-level, such as ocean temperature and density changes, sedimentary
deposition within the ocean and tectonics such that they can be ignored as significant
contributors to the global sea-level signal, at the timescales discussed in this study.
4. 4. 2 Global sea-level curve
There are two main methods of estimating the ancient global sea-level record:
both are subject to inaccuracies. The first method relies on the fact that the 18Q
concentration within an ice sheet is different to that in the open ocean. Subsequently the
iso concentration within the open ocean will be dependent on the global ice volume,
and is recorded in deep sea benthic foraminiferal rich cores. Sea-level change can
therefore be estimated through benthic oxygen isotope data. However, Shackleton
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(1987) explains that the 18Q concentration of deep sea cores is different to sea water
values, and that this difference is related to sea temperature. Thus, as the sea
temperature changes through the glacial cycle, the 618Q value that is recorded will be
dependent on two processes. Also, when sea-level change is calculated by 18Q
analysis, it is assumed that ice sheets contain a uniform level of isotope concentration.

I
11

This assumption is invalid since Mix and Ruddiman ( 1984) suggest that accumulating
snow will be isotopically variable because of the variation in surface air temperature of
an ice sheet through a glacial cycle. The oxygen isotope method of palaeo sea-level
reconstruction is therefore open to a number of errors which are reflected in the
confidence of subsequent results.
The second method of eustatic sea-level reconstruction utilizes the 14C dating of
low latitude raised coral reefs (e.g. Dodge and others, 1983; Chappell and Shackleton,
1986; Fairbanks, 1989). However, these data may also be unreliable for two reasons.
First, the effect of local isostasy on the raised beach sequence is invariably unknown.
Second, the reduction of the Earth's magnetic field during the last glacial maximum
may mean that 14C production was up to 40% more than at present (Bard and others,
1990; Lao and others, 1992; Stuiver and others, 1986; Stuiver and Reimer, 1993),
causing erroneously young age calculations (Section 1.3.3).
Unfortunately, but not surprisingly, low latitude raised coral reef and 18Q
analysis methods do not provide compatible palaeo sea-level results (Figure 4.10), with
the largest difference in the two sea level curves of around 60 m between 40-28 ka BP.
Previous numerical ice sheet models have either taken the New Guinea terrace sea-level
data as a marker for global sea-level change (e.g. Payne, 1998; Arnold and Sharp,
1992), or a simple combination of the two independent sea-level records (e.g.
Huybrechts, 1992) (Figure 4.10).
The global sea-level curve for the period between 40-18 ka BP is not well
defined (Figure 4.10). However, some clarification on ancient eustasy has been
established since Pinter and Gardner (1989) used a LaGrange polynomial interpolation
over existing Late Quaternary global sea-level data, to create a polynomial model of sealevel with time. The form of the subsequent sea-level function is similar to that shown
in raised marine terrace studies from New Guinea (Chappell and Shackleton, 1986).
The New Guinea coral terraces are subsequently used as the most reliable description of
ancient sea-level, within the period of 40-18 ka BP.
Fairbanks (1989) provided a detailed sea-level curve from the 14C dating of a
reef-crest coral Acropora palmata on the south coast of Barbados for the period of the
last global deglaciation (the last 17 ka (C)). This sea level curve shows three interesting
deglaciation features. First, a sea-level rise of 24 m within 1000 years at around 12 ka
(C) BP corresponds to oxygen isotope Termination la (14.5-11.5 ka (C) BP). Second,
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the minimum rate of sea level rise at 11 ka (C) BP reflects the Younger Dryas reversal
of deglaciation. Third, the increasing rate of sea-level change just after 10 ka (C) BP,
which is centred at 9.5 ka (C) BP, agrees well with oxygen isotope Termination lb.
This sea-level curve appears to fit global fluctuations in the rate of deglaciation and is
consequently used in this study as the global sea-level curve after the glacial maximum
through toward the present day.

In summary, the form of the 40 ka model sea-level function, between 40-18 ka
years is that of Chappell and Shackleton (1986), with the remaining period of sea-level
change taken from Fairbanks (1989) (Figure 4.11).

4. 4. 3 Sea-level variation within the Barents Sea
The global sea-level curve that is described in Figure 4.11 was not necessarily
produced within the high latitude seas during the last glacial cycle, because of an
anomalous geoidal effect which was caused by the existence of large northern
hemisphere ice masses (e.g. Chappell, 1974; Farrell and Clark, 1976; Clark and others,
1978). The amount of gravitational attraction that a large ice mass possesses, acts so as
to severely distort the sea-level near the ice mass, when compared to the sea-level
reference spheroid (e.g. Chappell, 1974; Farrell and Clark, 1976; Clark and others,
1978; Fjeldskaar, 1989; Fjeldskaar, 1991). Consequently, although the time dependent
pattern of sea-level change during the Quaternary may have been mirrored in high
latitudes, the magnitude of sea-level change would not necessarily have been, because
of ice-sheet presence. This problem has implications for the sea-level function that is
used in the numerical model. Mathematical calculations have suggested that no eustatic
sea-level change was observed within the Barents Sea from the LGM to the present day
(e.g. Clark and others, 1978). However, such an hypothesis is only viable if it is
assumed that a massive ice dome existed in the Barents Sea during the last glaciation; an
idea that is not supported by the glacial geology of the area (Chapter 2).
Clearly the actual magnitude of the eustatic sea-level depression that occurred in
the Late Weichselia n Barents Sea is unknown, although the pattern of sea-level
adjustment may have been the same as the global situation (Figure 4.11). A sensitivity
examination for sea-level is therefore necessary to determine how the Svalbard-Barents
Sea Ice Sheet is affected by all possibilities of sea-level change,(Section 5.4.3).

4.5 ICEBERG CALVING
4 . 5 .1 Introduction
In Antarctica, the calving of icebergs from grounded ice walls and floating ice
shelves is of major importance to the mass balance of the entire ice sheet, as the
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dominant ablation mechanism (Reeh, 1968; Oerlemans, 1989). Since a SvalbardBarents Sea Ice Sheet at 18 ka BP may have been marine based at its margins, it seems
highly probable that iceberg calving influenced its rate of mass loss. Furthermore, as
the sea-level began to rise during the last deglaciation, iceberg calving may have been
the single most important factor in the disintegration of the ice sheet margin as it began
to become buoyant. Iceberg calving could act in· this way to disintegrate a polar ice
sheet, and contribute itself to eustatic sea-level rise (Hughes, 1992a), thus forming a
feedback loop. The introduction of a reliable calving mechanism in this study is
therefore needed so that the palaeo ice sheet can be modelled successfully.
There are two approaches to the modelling of iceberg calving; either by using an
averaged calving flux that has been statistically obtained from field data, or to
mathematically examine the dynamic process of iceberg calving.

4. 5. 2 Calving Dynamics
A distinction between iceberg calving from grounded ice margins and floating
ice (such as the terminus of some outlet glaciers and ice shelves) must be made since
the mechanisms involved are fundamentally different.
A statistical analysis of Antarctic ice shelf calving has shown that over 98% of
ice volume that is generally lost by calving can be attributed to icebergs with a
horizontal dimension greater than 200 m, and that in fact 86.6% of ice shelf loss is
accounted for by icebergs with a horizontal dimension greater than 500 m (Orheim,
1985). Additionally, Orheim (1990) noted that most ice loss from calving is present as
relatively small tabular icebergs (with a main axis less than 28 km). Further, Jacobs and
others (1992) indicate that the mass loss of Antarctica due to large and small tabular
icebergs is equal at 1008 Gt a-I. A conclusion that ocean wave action and the crevasse
influence on calving small (non-tabular) icebergs does not effect the large scale ablation
caused by calving can subsequently be made, and means that a desirable ice shelf
calving mechanism/relation should be primarily concerned with tabular icebergs rather
than more frequent small ones. Oerlemans (1989) supplied a possible mechanism by
which icebergs with a length of up to three times the ice thickness can be formed, by
locating the stress focus on shelves at 1.5-3.0 times the ice thickness behind the ice
front. Although icebergs between 500-1500 m may form in this way, massive tabular
icebergs with a width of around 100 km (such as those that
have recently been
calved from the Ross and Ronne-Filchner ice shelves) cannot be formed by Oerlemans'
mechanism. The calving of ice shelves appears to be difficult to describe as a
mechanical process, since there is no way of predicting or explaining the method by
which massive icebergs are formed.

110

Chapter 4: Modelling Boundary Conditions and Forcing Functions

It seems unlikely that significant ice shelves could ever have existed under
processes similar to those in present day Antarctic ice shelves, since both the relatively
deep water embayments (bounded by land) and high glacier velocities that are required
for ice shelf preservation, are hard to imagine in the Barents Sea. Therefore, in terms of
palaeo ice sheet reconstruction, Oerlemans' calving mechanism, or Jacobs and others'
calving flux volume is oflittle use to this study.
Pelto (1987) studied the calving rates from a number of Alaskan fjord glaciers
with grounded margins, and found an empirical calving relation based on glacier
dynamics:
4.4
where Wg is the width of the glacier, his the ice thickness, Ve is the calving velocity
(the difference between glacier speed and the rate of terminus advance) and Qc is the
calving flux, (the bar denotes that mean values from the terminus region are taken).
Although this calving relation has been used to calculate ancient calving rates (e.g.
Clapperton and others (1989) used equation 4.4 to determine South Georgia glacier
fluctuations during the Holocene), a relationship determining calving flux from glacier
width cannot be used in an ice sheet model, since glaciers may not be resolved within
the modelling grid.
Iceberg formation from marine ice walls has been found to be caused by internal
ice shear stress (Hughes, 1989; Hughes and Nakagawa, 1989; Hughes 1992a). By
analyzing the normal equilibrium forces which act on a known thickness of ice
grounded in a known water depth, and calculating the bending moment associated with
the calving event, Hughes (1992a) proposed a number ofrelations between the calving
velocity and the ratio of 'calving width/ice slab height' which have been used with
some success to model known calving rates. Although the Hughes (1992a) calving
mechanism seems most applicable to this model, the inclusion of an iceberg calving
mechanism is flawed by the way in which the ice sheet limits are described in the
model. The nature of the finite difference grid in some instances places a very small
thickness of ice over a single grid cell at the terminus of the ice sheet to depict a small
movement of the grounding line from one cell to another. Hughes' (1992a) calving
mechanism would be difficult to employ in this situation without a miscalculation of the
calving rate taking place, since the profile of the ice sheet is not necessarily accurate at
the ice limit (where calving takes place). Therefore another method of examining
calving as an ablation mechanism must be found for this study.

111

Chapter 4: Modelling Boundary Conditions and Forcing Functions

4. 5. 3 Statistics and iceberg calving from grounded ice walls
Brown and others (1982) studied the calving flux from twelve retreating
Alaskan glaciers and concluded that a correlation between calving velocity and water
depth (hw) could be made such that:
4.5
Unfortunately, the idea that water depth is the single control on calving flux is in doubt,
since it may be argued that although the calving rate of a tidewater glacier may be
related to the water depth and therefore the buoyancy of the terminus, once ice is
floating, water depth is no longer relevant to the calving mechanism. However,
equation 4.5 has been used to help calculate ice sheet mass balance in a number of
previous numerical models (e.g. Payne, 1988; Lowell, 1991; Arnold and Sharp,
1992). This is because even though the relation may be physically flawed (e.g. Powell,
1984), the data that were used to determine equation 4.5 shows a high statistical
confidence. Indeed, Hughes' (1992a) ice wall calving mechanism shows a very good
agreement with Brown and others' (1982) depth related prediction. Consequently, a
linear depth-related calving function can be used to describe iceberg calving from
grounded ice walls, but not from ice shelves.
Pelto and Warren (1991) refined Brown and others' (1982) calving rate relation
by analyzing twenty-two tidewater glaciers from Alaska, West Greenland and
Svalbard, in which they found:
Ve= 70.0 + 8.33hw

4.6

A comparison between calving rates calculated from both equations 4.5 and 4.6
and measured calving rates from Svalbard glaciers (that were used in the Pelto and
Warren study) (Figure 4.12), shows that the calving rate determined by these equations
may be too high to describe the iceberg calving of modern Svalbard glaciers. This may
be due to the relatively cold nature of high arctic glaciers, causing a 'hardening' within
the glacier ice relative to temperate ice masses. Therefore, the Pelto and Warren (1991)
calving function (equation 4.6), is chosen in preference to the Brown and others (1982)
calving function in this study, since it has the lower calving rate and is therefore more
applicable to Svalbard and the Barents Sea.
In the model, if a grid cell of grounded ice lies adjacent to the sea, then equation
4.6 is used to determine the calving velocity of the ice front, and hence the volume of
ice that is taken from the cell. When more than one side of a grid cell faces the sea, then
the magnitude of calving will increase by an according order. Additionally if the
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Warren (1990) or Brown and others (1982).
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calculated calving volume exceeds the ice volume of an ice cell, then the excess calving
that is required to maintain the mass balance equation is distributed amongst the
neighbouring ice cells.

4. 5. 4 Iceberg calving and floating ice
Regrettably, since the ice sheet model averages ice thickness over an entire grid
cell, floating ice appears as a peripheral around the grounded ice sheet. In fact this is
physically wrong, since any ice moving into open sea will only float if both the ice
margin velocities are high (i.e. with velocities that an ice stream produces) and the sea
is deeper than the ice is thick. Therefore within the model, any cell of floating ice can be
thought of as a narrower rectangle of grounded ice. If ice shelves do not form within
the Barents Sea, a water-depth related calving relation can be employed in the model.
Equation 4.6 is used to describe the calving flux at any water-bound side of an
individual grid cell.

4. 5. 5 Calving from ice shelves
Although ice shelves are unlikely to form as a response to a fast outlet glacier
(Section 4.5.2), there is a possibility that an ice shelf may have formed through the
thickening of permanent sea ice within the central Barents Sea (Section 5.6). This does
not produce a modelling problem since the ice shelf is modelled through the mass
balance between basal marine melting and accumulation, and floating ice velocity
calculation (as described in Section 3.11). The depth-related calving function is then
used to describe mass loss through iceberg formation at the ice shelf edge in the
absence of any other technique; a method which has been used in previous ice sheet
modelling studies (e.g. Payne, 1988; Arnold and Sharp, 1992).

4.6 ICE SHELF BASAL MELTING
Ice loss through the basal melting of Antarctic ice shelves has recently been
estimated to account for about a quarter of the mass which is lost at the marine margin
of the ice sheet (Jacobs and others, 1992). Ice shelf melting is therefore an essential
ablation mechanism, and must be accounted for in even the simplest ice shelf model.
Since there is no geological evidence to suggest that a Late Weichselian ice
stream, within either the northern Fennoscandian or the Kara ice sheet, fed an ice shelf
within the Barents Sea (indeed the magnitude of ice stream flow into the Barents Sea
that would be necessary to independently sustain an ice shelf is glaciologically
unlikely), it is reasonable to assume that permanent sea-ice thickening is the more likely
method of ice shelf formation. If permanent sea ice was allowed to form in the central
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Barents Sea, its interior mass balance would have been affected largely by both surface
accumulation and basal melting. Antarctic ice shelf basal melting rates can be used to
obtain an idea as to a possible value for the basal melting within a cold closed sea such
as the central Barents Sea at the LGM. Payne (1988) noted that ice shelves which are
located near a polar water mass experience melting rates below 0.5 m a- 1 (for example,
0.2 m a-1 (Bentley and Jezek, 1981) and 0.3 m a-1 (Doake, 1985) for the Ronne Ice
Shelf). However, as the neighbouring water mass becomes sub polar in thermal
character, the ice shelf melt rate increases to above 0.5 m a-1 (e.g. 2.0 m a-1 (Bishop
and Walton, 1981) for the George VI Ice Shelf). Consequently, the ice melting
potential of the Barents Sea is related to the thermal character of neigbouring seas.
Gill ( 1973) shows that the basal ice shelf melting that is associated with a warm
ocean current beneath the ice shelf can be described by:

4.7
where

is the melting beneath the ice shelf, Kis is the coefficient related to the
current and water interface water velocity (Drewry, 1991), Cw is the specific heat
capacity of water, ~~w is the temperature difference between ice and water, Uc is the
Mis

velocity of the ocean current and Lsw is the latent heat of sea water. Unfortunately, for
the situation of the Barents Sea during the Late Weichselian glacial period, in equation
4.7 no variables other than Cw are known. Consequently, an empirical approach
between local ocean conditions and Barents Sea ice shelf melting must be made.
Since the ocean circulation (Figures 1.3 and 2.10) dictates that the Barents Sea
temperature is controlled by both the Norwegian-Greenland Sea and the Arctic Ocean,
when both were covered by permanent sea-ice during the last glacial, then it is likely
that so
the Barents Sea. Similarly when the eastern margin of the
was
Norwegian-Green land sea was ice free (such as when periods of chalk-rich IRD
deposition occurred (Hebbeln, 1992a)), a larger melt rate must have existed in the
southern Barents Sea than when the Norwegian-Greenland Sea was covered by
permanent sea-ice. This relation may have meant that sea ice would not form over the
Barents Sea if the eastern Norwegian-Greenland Sea was ice ~ree, since the basal melt
rate would be too large. Nevertheless in terms of modelling, since the exact values of
ice shelf melting potential within the Barents Sea are unknown for the last glacial, a
variety of basal melting values are used to study the influence on basal melting within
the process of thickening sea ice. Furthermore, within the last deglaciation, during
which modern ocean conditions were evolving, a much higher ice shelf melting rate
would have been possible than at around the LGM within the Barents Sea.
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In summary, when the Norwegian-Greenland Sea was covered by sea ice, so
too must have the Barents Sea, such that the sea could be described as 'polar' by
thermal nature. Subsequently, the ice shelf melt rate is set below 0.5 m a-1 (the actual
value is varied under a sensitivity exercise), whereupon after the LGM, the melt rate
increases by 8x1Q-5 m a-1 to a basal melting situation that is similar to a subpolar sea
melt rate by 10 ka BP.

4.7 INITIAL ICE THICKNESS
The final input

that the model requires is the initial ice thickness (that is used
at the start of the program). Although modelling experiments, following the work of
Huybrechts (1992), have been made, where initial climatic conditions are held constant
until an equilibrium initial ice thickness is achieved, it is assumed instead that a glacial
interstadial existed over Svalbard and the Barents Sea before 30 ka BP (e.g. Mangerud
and Svendsen, 1992; Mangerud and others, 1992), when glaciers where of comparable
size to those of today. The modelling of a stable ice cap over Svalbard at 40 ka BP,
which might be produced under constant interstadial forcing, would therefore be
erroneous since the ice thickness at 40 ka BP is known to be similar to that at present
(Section 2.2). Indeed, in a number of model runs, the initial climatic conditions act so
as to force the forming ice sheet to remain at zero thickness for some time into the
glacial cycle. Furthermore, a situation where the present distribution of ice existed over
Svalbard and the Barents Sea at 40 ka BP agrees with the assumption that the bedrock
elevation at 40 ka BP was both in isostatic equilibrium and was of similar elevation to
that of today (Section 4.2.1). The present ice thickness over Svalbard has been
identified from RES studies (Figure 4.13 - a diagram which also demonstrates the
diagrammatic form of the ice thickness plots that are used in this study). However, a
number of preliminary modelling exercises have shown that since the present ice
thickness is very small compared to the volume of an ice sheet, the ice sheet growth is
not adversely affected if an initial ice thickness of zero is used rather than the present ice
thickness. An initial ice thickness of zero is then used in all glacial cycle model runs.
However, for some cross sectional (transect) examinations of the ice sheet, when the
possibility of ice stream action is being examined, an initial ice,thickness taken from the
400 km2 ice thickness studies is used as the ice thickness input to start the model a
defined time within the glacial cycle.
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CHAPTER 5
LATE WEICHSELIAN SVALBARDBARENTS SEA ICE SHEET
RECONSTRUCTIONS
5.1 INTRODUCTION AND AIMS OF THE CHAPTER
This chapter presents results from the two-dimensional model that is described
in Chapter 3, run with the boundary conditions and forcing functions that are discussed
in Chapter 4. The aim of the model runs is to enable a reconstruction of the Late
Weichselian glacial history of the Svalbard-Barents Sea Ice Sheet. However, given the
spatial and temporal limitations of some of the data that are used to force the Late
Weichselian ice sheet build-up over Svalbard and the Barents Sea (for example the
palaeoclimate, the amount of sea-level reduction at the LGM and the marine ice-loss
terms (Chapter 4)), this original aim may be optimistic. Consequently, a more realistic
aim is to utilize the existing, and intuitively most reasonable environmental data to
describe a series of glacial scenarios; thus predicting maximum and minimum sized,
end member ice sheets and interpret these against independent geological data.
Therefore, it is the numerical prediction of the geological data (discussed in Chapter 2),
obtained from running the model with likely environmental inputs, that enables
plausible ice sheet reconstructions to be made.
Ice sheet reconstructions can be analyzed against a number of independent
geological datasets including the post-glacial Late Weichselian uplift of Svalbard and
Norway (Section 2.6), Barents Sea moraines and glacigenic sediments (Sections 2.4.2
and 2.5.3), and ice sheet meltwater pulses recorded in the oxygen isotope signal of
deep sea sediment cores (Section 2.5.5). However, these data do not provide definitive
confirmation for deglacial scenarios which fit. They can only help to falsify model
results that do not agree. Additionally, model results may be compared to existing
theories of the size and extent of the Svalbard-Barents Sea Ice Sheet that have been
produced through either previous numerical modelling (e.g. Denton and Hughes, 1981;
Lindstrom, 1989; lsaksson, 1992; Elverh~i and others, 1992) or geological inference
(e.g. Mercer, 1970; Boulton, 1979a; Grosswald, 1980; Kvasov and Blazhchishin,
1978; Matishov, 1980; Punkari, 1993).
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This rest of this Chapter is divided into three parts. The first part concerns data
from the ice sheet model which was run with the 'most likely' forcing, and the
subsequent sensitivity analysis of the 'standard ice sheet reconstruction'. The second
part deals with the possibility that permanent sea ice existed within the Late Quaternary
Barents Sea, which may have thickened and subsequently grounded. The third part
summarizes the model results, and compares the findings to the geological record so
that a glacial scenario can be proposed.

PART I: THE STANDARD RECONSTRUCTION

5.2 THE STANDARD MODEL RUN
5 . 2 .1 The standard model and forcing data
The standard model run represents an experiment that was performed with what
are considered to be the most likely climate and initial forcing data conditions (Chapter
4). The model thus begins at 40 ka (mod) BP with both zero ice thickness, and the
present bedrock elevation (which is in approximate isostatic equilibrium). Between 4030 ka (mod) BP, which is a period of interstadial conditions over Svalbard and the
Barents Sea (Section 2.2), a PC type accumulation is placed over the entire grid, under
modern temperature conditions of -5 °C (since glaciers on Svalbard were, at most, no
larger at 30 ka BP than at present (Section 2.2.2)). The temperature is then guided by
the global sea-level curve through a depression of 10 °C at the LGM (Figure 4.9). The
accumulation rate after 30 ka (mod) BP is determined by a PX type precipitation control
in the southernmost grid (i.e northern Norway and the southern Barents Sea), and PXPC precipitation over Svalbard (Section 4.3) (a linear relation between these two
precipitation end members describes the accumulation from the southern Barents Sea to
Svalbard). Two accumulation pulses between 24-22 and 17-15 ka (mod) BP (Section
2.3.3) are described by the PX precipitation throughout the grid. By assuming that the
precipitation over the Barents Sea originates from a moisture source from the southwest, then any reduction in the precipitation rate in the eastern Barents Sea (caused by
the increased distance from the moisture source) has to be included in the accumulation
function. An empirical approach is taken in that, at sea level, the eastern cells in the 400
km2 grid have 80% of the potential precipitation that falls over the western side. For the

2500 km2 grid, the eastern cells have 60% of the western accumulation. A linear
relation exists between the accumulation in the east and west of the grid (Section
4.3.4).

119

Chapter 5: Late Weichselian Ice Sheet Reconstructions

A relation for iceberg calving of the grounded ice margin is provided by Pelto
and Warren (1991) (Section 4.5.3, equation 4.6). Sea-level depression for the standard
run is put at 50% of the global sea-level curve (Figure 4.11); the maximum amount of
sea-level depression is therefore 60 m, at 18 ka (C) BP. Because the sea-level
depression value that is used in the standard model run is subject to a significant glacigravitational error (Section 4.4.3), sea level and the subsequent effect on the ice sheet
size, is analyzed within a sensitivity examination (Section 5.4.3). Grid cells of floating
ice only form within the standard run as a modelling anomaly which is peripheral to the
grounded ice sheet (Section 4.5.4), and should not necessarily be regarded as
describing an ice shelf; therefore no marine basal melting is imposed on the floating ice
in the standard model. The forcing functions and boundary conditions for the standard
model run are summarized in Table 5.1.
The models that are used within the standard run use a simple 'Budd-type'
method for basal sliding (Section 3.9). Therefore, both the 400 km 2 and 2500 km2 grid
models have sliding criteria which are capable of producing high velocities when the
effective ice thickness is reduced, which may be due (for example) to the increased
buoyancy of the ice sheet when the relative sea-level rises (Section 3.9). Ice velocity
due to basal sediment deformation is not allowed in the standard run. However,
deforming sediments and the subsequent ice sheet response to the flux of ice that may
be caused by the action of ice streams (where deforming sediments may be an important
component to ice velocity) are examined in Chapter 6.

5. 2. 2 Standard model results
The standard model reconstruction formed an initial ice sheet by accumulating
ice over Svalbard shortly before 25 ka (mod) BP (Figure 5.1), which during the
succeeding 5 ka spread over the neighbouring shallow sea onto Spitsbergenbanken.
Subsequently, the western Barents Sea became covered by a grounded ice sheet by 20
ka (mod) BP. At 15 ka (mod) BP, the ice sheet had grown to its maximum size. This
ice sheet has a greatest thickness of around 1,300 m, located around Edgejjya (Figure
5.lc). The surface elevation of the ice sheet at 15 ka (mod) BP was governed largely by
the underlying bedrock elevation (Figure 5.2c), such that the topography of Svalbard
can be clearly seen within the surface of the ice sheet. Consequently, the drainage paths
of the ice sheet were controlled by the existing fjords and troughs of Svalbard and the
western Barents Sea. The maximum ice sheet occupied only the western Barents Sea,
i.e. total grounded ice coverage of the Barents Sea was not attained in the standard
model run (Figure 5.lc). By 10 ka (mod) BP, although the ice sheet still covered the
western Barents Sea, through the action of iceberg calving the ice sheet had reduced in
thickness to a maximum of 1000 m, located at Storfjorden (Figure 5. ld). Shortly after
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STAND ARD MODE L

CALV ING DEPR ESSIO N

SEA ICE - ICE SHELF

Net surface mass balance:

CLIMATE FORC ING

1. Accumulation calculated as a function of altitude
2. PC-PX type accumulation in Svalbard, PX in southernmost part
of grid - linear relation in between
3. PX everywhere betwee n 24-22 and 17- 15 ka BP*
4. 80% precipitation in eastern grid cells (60% in 2500 km 2)
Tempe rature :
1. Present mean annual temperature at -5 °C
2. LGM temperature depression of -10 °C*
3. Temperature forced through the glacial cycle by assuming linear
proportionality with global sea-level*
4. Temperature-altitude lapse rate of 5·1 °C/ 1000 m

MASS LOSS PROC ESSES

Calvin g:
1. Water-depth related

Calvin g:
I. Iceberg calving into the Barents Sea is cancelled between 22-18 ka
BP

2. Iceberg calving into the Norwegian-Greenland Sea is unaffected

Marin e melting:
1. None, since ice shelves do not form

Isosta sy:
BOUNDARY COND ITION S

1. Governed by a diffusion equation
2. Assumption that at 40 ka BP, Barents Sea in relative isostatic equilibr
ium

Bedroc k elevati on:

Marin e melting:
1. 8.3 cm per year *
Initial ice thickn ess:
1. As in Standard model,
but with 5 m of 'sea ice' placed in the
Barents Sea at 22 ka BP

1. From a statistical analysis of map and RES data

Sea-le vel:
1. 50% of global sea-level curve*

Initial ice thickn ess:
1. Zero ice thickness at 40 ka BP

......
N
......

*sensit ivity examination perform ed on this dataset

Table 5.1
Climate forcing, mass-loss processes and boundary conditions for the
three 'mean' ice sheet
predictions (Sections 5.3.1, 5.5 and 5.6.3). The data that are involv
ed in sensitivity examinations of these
mean r(:!constructions are defined.

I

STANDARD MODEL

CLIMATE FORCING

MASS LOSS PROCESSES

BOUNDARY CONDITIONS

CALVING DEPRESSION

SEA ICE - ICE SHELF

Net surface · mass balance:
1. Accumulation calculated as a function of altitude
2. PC-PX type accumulation in Svalbard, PX in southernmost part of grid - linear relation in between
3. PX everywhere between 24-22 and 17-15 ka BP*
4. 80% precipitation in eastern grid cells (60% in 2500 km2)
Temperature:
I. Present mean annual temperature at -5 ·c
2. LGM temperature depression of -10 ·c*
3. Temperature forced through the glacial cycle by assuming linear proportionality with global sea-level*
4. Temperature-altitude lapse rate of 5·1 °C/I000 m
Calving:
I. Water-depth related

Calving:
1. Iceberg calving into the Barents Sea is cancelled between 22-18 ka BP
2. Iceberg calving into the Norwegian-Greenland Sea is unaffected

Marine melting:
I. None, since ice shelves do not form

Marine melting: .
I. 8.3 cm per year *

Isostasy:
I. Governed by a diffusion equation
2. Assumption that at 40 ka BP, Barents Sea in relative isostatic equilibrium

Initial ice thickness:
1. As in Standard model,
but with 5 m of 'sea ice' placed in the
Barents Sea at 22 ka BP

Bedrock elevation:
I. From a statistical analysis of map and RES data
Sea-level:
1. 50% of global sea-level curve*
Initial ice thickness:
I. Zero ice thickness at 40 ka BP

-N

*sensitivity examination performed on this dataset

Table 5.1
Climate forcing, mass-loss processes and boundary conditions for the three 'mean' ice sheet
predictions (Sections 5.3.1, 5.5 and 5.6.3). The data that are involved in sensitivity examinations of these
mean reconstructions are defined.

a Ice thickness at 25 ka (mod) BP

b Ice thickness at 20 ka (mod) BP

c Ice thickness at 15 ka (mod) B_P

d Ice thickness at 10 ka (mod) BP
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10 ka (mod) BP, the remaining ice sheet quickly disintegrated due to a combination of
iceberg calving and surface melting.

5.3 INTERPRETATION OF STANDARD MODEL RESULTS
5. 3 .1 Ice sheet thickness and glacial chronology
Ice sheet thickness maps show that under the standard model climate
conditions, a grounded ice sheet was able to form readily over the western Barents Sea
during the late phase of the last glacial (Figure 5.1). Observed in conjunction with the
surface elevation, ice volume and mass balance graphs (Figures 5.2 and 5.3) the ice
sheet thickness graphs describe a Late Weichselian glacial chronology. At 25 ka (mod)
BP, a thin (less than 200 m thick) ice sheet grew over Svalbard, and the immediately
surrounding sea; a time which marked the onset of the climatic conditions that permitted
ice sheet growth from zero ice thickness. At 25 ka (mod) BP the sea-level air
temperature was modelled at -10 °C (i.e. a depression of 5 °C from the modern value of
-5 °C (Section 4.3.3)). It was this temperature depression which consequently placed
the ELA at numerically below the local sea-level (which at 25 ka (mod) BP, was
reduced by 32.5 m), and therefore, in association with the first high accumulation
pulse, caused rapid ice sheet growth and spreading from Svalbard into the shallow
western Barents Sea shortly after 25 ka (mod) BP. Also, after 25 ka (mod) BP, the
shallowest parts of Spitsbergenbanken may have become shallower because of sealevel lowering, thus lowering the calving rate and helping ice formation over the area.
The accumulation pulse between 24-22 ka (mod) BP that encouraged initial ice sheet
growth can be observed clearly in the accumulation rate plot within the mass balance
graph (Figure 5.3b). By 20 ka (mod) BP, due to the continued depression of sea-level,
temperature and ELA and the first of the higher accumulation pulses, the ice sheet had
spread onto Spitsbergenbanken, and occupied the entire north western Barents Sea.
The ice sheet at 20 ka (mod) BP had a maximum thickness of just under 1200 mover
Olav V Land and Barents0ya, and had reached its maximum extent (Figures 5.1, 5.2
and 5.3a), which was held throughout the LGM and the local glacial maximum (the
time at which the Svalbard-Barents Sea Ice Sheet reached its maximum size), until
deglaciation.
At 15 ka (mod) BP the ice sheet, having previously reached its maximum limit,
had now reached the maximum ice volume (266,000 km3) through the continued
positive mass balance enhanced by the second of the accumulation pulses at 17-15 ka
(mod) BP (Figure 5.3). This is not to say that the ice sheet was in equilibrium, rather
that equilibrium was never achieved, such that the transition from ice sheet growth to
ice sheet decay was rapid. The ice thickness distribution shows that at 15 ka (mod) BP
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(Figure 5.lc), the largest ice sheet thicknesses (about 1,300 m) occurred within two
areas; south of Nordaustlandet and in Storfjorden (Figure 1.1). These two areas were
separated by thinner ice, which was resting on raised bedrock (Edgepya) such that a
smooth surface ice sheet surface profile was preserved (Figure 5.lc).
By 10 ka (mod) BP, after 5,000 years of deglaciation caused solely by iceberg
calving (Figure 5.3), a sizable ice sheet still existed over Svalbard and the western
Barents Sea. This ice sheet quickly disintegrated by the action of surface melting (when
the ELA rose above sea level) and calving at and after 10 ka (mod) BP, when the ice
velocity (and subsequently the flux to the ice sheet limit) increased. This velocity
increase is due to basal sliding, where the ice sheet margin becomes buoyant due to sealevel rise. The ice sheet over Svalbard and the western Barents Sea at 10 ka (mod) BP
is much larger than that predicted through both fjord floor sediment cores and raised
beach evidence on Svalbard (Sections 2.5.4 and 2.6). This may be because of a poor
specification in the ablation mechanisms (i.e. either the calving function is modelled too
conservatively, and/or ELA rises above sea level too late). A significant meltwater pulse
within the Fram Strait, that was interpreted through the oxygen isotope content of deep
sea sediments at between 15-13 ka (C) BP (Section 2.5.5), may indicate substantial
melting of the Svalbard-Barents Sea Ice Sheet (caused by direct melting and iceberg
production). There is, therefore, some evidence to suggest intuitively that modern
climatic conditions began before those which are modelled in the standard run (i.e.
before 10 ka (mod) BP). However, although it would be easy to alter the time at which
modern climatic conditions are restored, there is no definitive guide as to how the
climate input may be changed.
The glacial chronology of the Isfjorden outlet glacier (Mangerud and others,
1992), and subsequently other western Svalbard coastal regions, is not described well
in the Standard model run. This may be due to either the coarse grid cell size that does
not portray the bedrock accurately, or the possibly erroneous de glacial climate that is
mentioned above.

5 . 3. 2 Ice sheet velocity
When the Svalbard-Barents Sea Ice Sheet grew to its maximum size by 15 ka
(mod) BP, the only significant area of the ice sheet with relatively fast ice velocity is
east of Edgepya, towards the bathymetric trough which lies south of Kong Karls Land
(Figure 5.4). This relatively fast moving ice was caused by basal sliding and acted to
drain the centre of the ice sheet more than any other out-flowing region of the ice sheet.
However, due to the relatively coarse grid cell size, other areas of the ice sheet may
have had velocities that were calculated too low. The possibility of higher ice velocities
in Storfjordrenna, which may have acted to significantly thin the ice sheet, is examined
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in Chapter 6. By 10 ka (mod) BP, the rise in sea-level (of 50 m since the LGM) caused
the margin of the ice sheet to become buoyant, and hence acted to increase the sliding
velocity (Section 3.9). Additionally, warmer ice sheet surface temperatures at 10 ka
(mod) BP meant that the ice deformation velocity at the ice sheet edge was increased
from the ice velocity values at 15 ka (mod) BP. However the ice sheet margin velocity,
at between 25-50 m a-1, although larger than the velocity of the standard ice sheet at the
LGM, is still low compared to many modern glacier and ice stream velocities (e.g.
Bentley, 1987).

5. 3. 3 Ice sheet extent and mass balance through time
The stability of the maximum ice sheet extent was not shared with the ice sheet
volume (Figure 5.3), which never reached a stable value. The ice sheet quickly flowed
out over Spitsbergenbanken after 25 ka (mod) BP, where the bathymetric relief is low
(Figure 5. la). Whilst reaching this limit, large advances of the ice sheet limit could be
made with only a small increase in the calving rate. This process was enhanced by the
local sea-level depression which caused a shallowing of the sea and hence a reduction
in the depth-related calving rate. Once Spitsbergenbanken had been covered with ice,
the positive mass balance at the ice limit did not encourage further ice expansion,
because doing so would have migrated the ice margin into deeper regions of the Barents
Sea, thus increasing the calving function such that negative mass balance would have
occurred at the ice limit. Subsequently, the pause in the ice extent at around 20 ka
(mod) BP (Figure 5.3a), can be thought of as a step function, where the ice flux to the
ice sheet edge has to exceed the depth-related iceberg calving value significantly to
enable the continued spreading of the ice sheet. If this did not happen (as in this test
situation) then the small positive mass balance before 15 ka (mod) BP (Figure 5.3) can
be thought of as an increase in the internal ice sheet thickness, and an increase in the
cell thickness at the ice sheet edge (which never exceeds the critical value which would
enable ice expansion).
The ice extent did not alter under the onset of deglaciation because the rise in
local sea-level caused the necessary increase in ice terminus calving rate to account for
the negative mass balance at the ice limit. Thus calving was responsible for the first
stage of deglaciation, when the continued positive accumulation of the ice sheet was
negated. Also, as de glaciation continued, the ice sheet's velocity increased slightly due
to the warming of the surface temperature and the rising of the global sea-level; thus ice
could be transported to the ice sheet terminus, and calved off more rapidly than earlier
in the glacial cycle. This process stopped, however, when the ice sheet surface slope
became too small to permit ice flux to the ice sheet edge, at which stage ice recession
could begin. The ice extent during deglaciation was also affected by an isostatic control,
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where the uplift in bedrock caused a decrease in the iceberg calving rate shortly after 15
ka (mod) BP (Figure 5.3b). The dominance of negative ice sheet mass balance was
continued by the surface melting of the ice sheet margin (which was caused by an ELA
increase above sea-level) at 10 ka (mod) BP, such that the remaining ice sheet
disintegrated quickly after this time (Figure 5.3b). Therefore, in the same way as ice
sheet expansion occurred rapidly, so did the ice sheet recession from the western
Barents Sea, where high rates of calving and melting could not be matched by the
accumulation rate at around 10 ka (mod) BP (Figure 5.3a).

5. 3. 4 Isostatic uplift pattern
The isostatic uplift rates at 10 ka (mod) BP and at 8 ka (mod) BP (Figure 5.5)
that have been constructed from the time-dependent isostatic response of eight
individual grid cells (Figure 5.6) shows that the emergence rate contours at 10 ka (C)
BP over Svalbard, that have been estimated in the field through the radiocarbon dating
of raised beaches (Section 2.6), are not reconstructed well under the standard model
run. However, the differences between the observed and predicted uplift of Svalbard
can be explained.
The geologically-observed uplift at 10-9 ka (C) BP is around 30 m over Kong
Karls Land (Figure 2.14), whilst the modelled uplift rate in the same area is about 100
m (Figure 5.5). This is as expected, since the ice thickness at 10 ka (mod) BP is greater
in the model results than the geology would suggest actually happened (Sections 2.5.4
and 2.6). Although the geologically observed rate of uplift at 10 ka (C) BP is similar to
that calculated at 8 ka (mod) BP, the overall pattern of emergence in western Svalbard
(uplift contours which run parallel to the shoreline) is very similar to that between 108 ka (mod) BP (Figure 5.5). This is also as expected since the deglaciation of an ice
sheet that grew only over Svalbard and the western Barents Sea could not possibly
leave any other isostatic pattern (e.g. Elverh!,1Si and others, 1992).
The Svalbard emergence contours are themselves interpolated from raised beach
data points, and can therefore, not be considered as completely accurate. As the
contours enter the Barents Sea, since there are no data with which to guide them, the
contours become more intuitive. Subsequently, although the modelled isostatic
response is not identical to the observed response, in the light of errors in both
observed and modelled data sets, the two independent isostatic signals do in fact show
some remarkable similarities. The foremost similarity is that the pattern of uplift in both
cases is centered around an area to the east of Svalbard in the northern Barents Sea.
This similarity enables the conclusion that during end of the last glacial cycle, the
Svalbard-Barents Sea Ice Sheet must have been similar in distribution to that of the
Standard model reconstruction.
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It should be noted that the actual modelled isostatic depression can be
approximately found by assuming that at equilibrium, the crustal depression due to
glacial loading is one third of the ice thickness. Thus the ice thickness maps that are
presented in this chapter can be used to observe the approximate, calculated bedrock
depression.

S. 3. S Standard model run summary
The standard model run shows that an ice sheet can be grown over Svalbard
and the western Barents Sea within a few thousand years after 25 ka (mod) BP
(Figures 5.1, 5.2 and 5.3). Also, a relatively stable ice extent is achieved shortly after
25 ka (mod) BP, which lasts until the final stage of deglaciation. This can be cautiously
correlated with the geological evidence for both rapid ice growth and evidence for a
pause in the ice sheet retreat across the shelf (Sections 2.3 and 2.5.3). However, one
must be aware that some of these geological features have actually guided the model's
forcing conditions. Unfortunately, the only geological evidence that has not been used
to influence the forcing data is the emergence pattern of Svalbard (Section 2.6), and the
meltwater spike within the Fram Strait (Section 2.5.5), which are both in some
disagreement with the standard model run chronological predictions. However, these
independent features of deglaciation can be modelled successfully if modern-type
climate conditions are forced to occur earlier than 10 ka (mod) BP within the standard
model run. Consequently, the de glacial pattern that is recorded in the geological record
may have been a response to the early and rapid onset of deglacial climatic conditions
which has not been predicted by palaeoclimatic indicators.
Another failing of the standard model run (which is corrected for in Sections
5.5 and 5.6) is that it does not account for either a possible ice flux into the western
Barents Sea from the Fennoscandian and Kara ice sheets, or the possibility of ice shelf
formation due to the thickening (and possibly grounding) of permanent sea ice or fast
ice (Section 5.6). Neither does the standard model account for the possibilities of
longer high accumulation pulses than those at 24-22 and 17-15 ka (mod) BP, or a
reduction in iceberg calving into the Barents Sea due to the presence of permanent sea
ice. These latter two methods of producing additional ice flux into the western Barents
Sea are examined within Sections 5.4.5 and 5.5. The results from the standard model
run can be regarded, subsequently, as a mean minimum ice sheet size that could have
possibly formed within the Barents Sea at around the LGM. The sensitivity of the ice
sheet to the various input data are therefore regarded as variations around this 'mean'
solution.
When the model accounts for the action of a reduction in iceberg calving rate,
and the presence of permanent fast ice (Part II: Sections 5.5 and 5.6), since more ice
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will naturaily be added or held within the ice sheet system, two other mean ice sheet
solutions will be proposed. The final ice sheet reconstruction is subsequently dependent
on the likelihood of permanent fast ice (and also of an iceberg calving rate reduction)
actually happening during the last glaciation (Section 5.6).
Deglaciation within the standard reconstruction occurs too late in the glacial
cycle to reproduce the isostatic uplift pattern ori Svalbard (Section 5.3.4) at 10 ka (mod)
BP. The failure of the standard model to do this may be due to inaccuracies in the
climate forcing, since the temperature is guided by the global sea-level curve, with no
atmospheric radiocarbon adjustment (Section 1.3.3). To examine the change in the
deglaciation of the maximum standard ice sheet that may be caused by the temperature
forcing inaccuracy, the sea-level curve (as a climate forcing function) was adjusted to
account for the atmospheric radiocarbon correction (Stuiver and Reimer, 1993), and the
standard model re-run (Appendix A). However, the subsequent ice thickness
chronology was so similar to that of the standard model (Figure 5.3) that the sea-levelrelated climate forcing inaccuracy can be discarded as a reason for the mismatch
between the modelled (Section 5.3.4) and observed (Section 2.6) isostatic signal over
Svalbard and the Barents Sea.

5.4 SENSITIVITY EXAMINATIONS OF THE STANDARD MODEL
The examination of the standard model results reveals that total glaciation of the
Late Weichselian Barents Sea is not predicted under the standard forcing conditions.
Because the standard model's forcing data are a 'most likely' prediction, they are
therefore subject to an error about these values. Subsequently, it is necessary that a
series of sensitivity examinations (where all other variables are held constant), which
account for the errors within the standard model forcing data, be made to find the
variance of the standard ice sheet prediction. The particular data that are varied within
the sensitivity examinations are those which are most likely to affect the ice sheet
evolution through a glacial cycle. Thus the environmental and physical conditions by
which an ice sheet in the western Barents Sea may move into deeper areas of the
Barents Sea is examined.

5. 4 .1 Surface air temperature sensitivity
The standard model was run with a variety of mean annual sea-level air
temperature depressions at the LGM. These represent the full range of LGM
temperature depressions · that have been suggested through GCM studies for the
latitudes of the Barents Sea (Manabe and Bryan, 1985; Manabe and Broccoli, 1985)
(Section 4.3.3). The standard model air temperature depression is 10 °C, and
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represents the minimum depression that was suggested by Manabe and Bryan ( 1985)
and Manabe and Broccoli (1985). Therefore the temperature depressions that were used
in the sensitivity examination are predominantly larger than in the standard model. The
air temperature values in the sensitivity examination vary in steps of 1 °C between 8-20

oc.
In studying the effect of surface air' temperature on the standard ice sheet
reconstruction, three temperature-controlled parameters that affect the ice sheet
evolution are altered in the model: the internal ice deformation velocity, the relative
ELA, and the period during which the ELA is placed numerically below sea level.
Surface air temperature (which is calculated by an altitude correction of the mean annual
sea-level temperature) affects the modelled ice sheet's surface velocity, since it
represents a boundary condition of the thermal regime (Section 3.5), and is therefore
instrumental in determining a value of the flow law constant to be used within the ice
deformation equation (equation 3.19, Section 3.6). The ice sheet velocity affects the
mass balance of the ice sheet by transferring ice from the ice sheet interior to the
margin, where calving can occur. The second way in which the surface air temperature
affects the ice sheet mass balance is through temperature-induced change in the ELA
(and subsequent alteration in the surface accumulation rate), which is controlled by the
linear relation between the temperature-altitude lapse rate and the accumulation-altitude
function (Sections 4.3.2 and 4.3.4). A third way in which the surface temperature
affects the mass balance of the modelled ice sheet, is the length of the period when the
ELA is below sea-level. Because the air temperature is calculated through the glacial
cycle by a linear relation to a forcing function (in this case, the global sea-level curve), a
smaller LGM temperature depression will result in the model anomaly of a shorter
period during which the ELA is below sea-level. The likelihood of the mutual
occurrence of a relatively small LGM temperature depression and a shorter period when
the ELA is numerically below sea-level is open to debate. However, a significant
reduction in the period over which the ELA is below sea-level only occurs for
temperatures below the minimum LGM temperature depression that has been proposed
for the Barents Sea (i.e. 10 °C (Section 4.3.3)). Therefore, although it is important to
examine how the model works for many LGM temperature depressions, only ice sheet
reconstructions from temperatures depressions that are greater than 10 °C are
interpreted as being relevant to the possible Barents Sea Ice Sheet reconstructions.
Since the surface accumulation rate and the internal ice deformation velocity are
affected by the surface air temperature, so the maximum ice sheet size will be affected
by the imposed surface air temperature. The maximum ice sheet's ice thickness maps
for temperature depressions of 8, 12, 15 and 20 °C (Figure 5.7), and the graph of ice
volume against temperature depression (Figure 5.8) show that the largest ice sheet was
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formed with an LGM temperature depression of 12 °C. The relationship between the
net mass balance of the ice sheet and the surface air temperature is dependent on both
the value of the ELA depression below sea-level (which is forced by the temperaturealtitude lapse rate (section 4.3.4)), and the period during which the ELA is below sealevel. For temperature depression values less than 12 °C, the accumulation at the LGM
will be higher than for 12 °C, since relatively warmer temperature will cause both an
increase in the ELA (which is numerically well below sea level at the LGM), and
therefore an increase in the relative accumulation rate (Section 4.3.4). However, the
maximum ice sheet reconstructions for temperature depressions less than 10 °C, have
relatively shorter periods during which the ELA is below sea level, and hence have a
relative drop in the cumulative positive mass balance. Conversely, for temperature
depressions greater than 12 °C, the drop in the volume of the ice sheet is due to the
reduction in the temperature-controlled accumulation rate being more effective than the
extended length in the ELA depression below sea level (which would act to increase the
maximum volume of ice).
Relatively warmer LGM temperatures would cause the ice deformation velocity
to increase, and so act to both thin the ice sheet, and cause it to spread over the Barents
Sea. However, the ice thickness maps that are formed when a temperature depression
of 8 °C is used (Figure 5.7), indicate that this does not happen. Thus, the temperature
control on the dynamic ice velocity of the ice sheet is shown to be relatively
unimportant when compared to the effect of the ELA variations on the maximum ice
sheet size.

5. 4. 2 Air temperature forcing sensitivity
Since the actual way in which the Late Weichselian Barents Sea air temperature
oscillates is unknown, one must be aware that the climatic forcing of the standard
model is open to an unknown error. The standard ice sheet's response to the alteration
of the air temperature forcing function was examined by using two different forcing
functions which, like the global sea-level, provide an indication of the global ice
volume, and hence climatic situation through time. These two alternative forcing
functions are the oxygen isotope and the carbon dioxide signals (Section 4.3.5, Figure
4.9).
For the case of both the carbon dioxide and oxygen isotope air temperature
forcing, to enable the relatively late growth of the ice sheet, the model was run from 30
ka (mod) BP, instead of 40 ka (mod) BP. The resulting ice thickness plots at 15 ka
(mod) BP (Figure 5.9) indicate that very similar sized ice sheets were constructed,
when the three different forms of air temperature forcing were used in the otherwise
standard model. The explanation for this is that the air temperature forcing function
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does not have as great an influence on the ice sheet size at 15 ka (mod) BP as does the
presence, within the imposed precipitation regime, of the two pulses of higher rates of
accumulation, at between 24-22 and 17-15 ka (mod) BP respectively (Table 5.1).
Thus, the ice sheet size and extent is not altered significantly from the standard
reconstruction by the use of any of the different air temperature forcing functions
(Figure 5.9).

5. 4. 3 Sea-level sensitivity
Since the actual local sea-level depression at the LGM is unknown within the
Barents Sea, because of ice-sheet induced gravity anomalies that cause a distortion in
the geoid (Section 4.4.3), it is useful to test a number of possible sea-level depressions
in a sensitivity examination of the standard model results. Since the standard model run
uses 50% of the global sea-level curve, the sea-level sensitivity experiments are run
with sea-level depressions above and below this value; namely 10%, 30%, 70% and
90% of the global sea-level function (Figures 5.10, 5.11 and 5.12).
In all sea-level depression scenarios, an ice sheet with a maximum thickness of
greater than 1200 m existed over the western Barents Sea at 15 ka (mod) BP (Figure
5.10). By lowering the local sea-level by 90% of the global curve, an ice sheet which
covered an area of 430,000 km2 was grown compared to 280,000 km2 when only
10% of the global sea-level curve was used (Figures 5.10, 5.11 and 5.12).
Additionally, the maximum isostatic depression (a function of the ice thickness) was
moved to the east with an increase in maximum sea-level lowering. All ice sheets in this
sensitivity examination were constrained to the west by the continental shelf. Clearly,
sea-level lowering of 108 m (90% of the global sea-level curve) is more conducive to a
large ice sheet extent than that of only 12 m (10% of the global sea-level curve).
However, ice-sheet formation within the western Barents Sea is shown in this
sensitivity experiment to be possible with or without a significant reduction in the sea
level. Therefore sea-level reduction is not a necessary prerequisite for Late Weichselian
ice sheet formation within the western Barents Sea, although it enables a significantly
larger ice sheet to develop.
The margin of the ice sheet that forms when 90% of the global sea-level
reduction was used (Figure 5.10d), compares very well to, the grounded ice limit that
was predicted by the positions of seismically discovered sea-floor moraine structures
(Section 2.5.2, Figure 2.9).
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5 . 4. 4 Geothermal heat sensitivity
The vertical temperature profile of the ice sheet, as discussed in Section 3.5, is
influenced by the geothermal heat supply to the base of the ice sheet. The geothermal
beat gradient is therefore an important boundary condition for the thermal regime, and
hence velocity of the ice sheet. The geothermal heat value that is used within the ice
sheet temperature calculations is 70 mW m-2 (Section 3.52). The difference between
this geothermal heat flux and values from other tectonic regions of the Earth is relatively
large (i.e. 70.0 ± 40.0), and requires that the influence of the geothermal heat supply
on the standard ice sheet be examined within a sensitivity test.
The standard model was run with geothermal heat values of 50 mW m-2 and 90
mw m-2, which represent approximately the variation in global surface heat flux for a
continental shelf region (Stacey, 1977). The subsequent ice thickness plots at 15 ka
(mod) BP (Figure 5.13) show that by changing the geothermal heat input, the ice sheet
ice thickness can be altered significantly from the standard model results. A reduction in
the geothermal heat supply caused a reduction in the ice sheet temperature, and so
caused a reduction in the ice deformation velocity. The subsequent lowering of the ice
flux to the ice sheet margin had two consequences to the ice sheet size and extent:
firstly, a greater thickness of ice could be formed at the centre of the ice sheet, and
secondly the extent of the ice sheet was reduced because the ice-sheet limit outward ice
flux was less than the standard model calving rate (which is depth related). Similarly,
by increasing the geothermal heat supply to 90 mW m- 2, a thinner ice sheet with a
larger extent was obtained, compared to the standard ice sheet. However, although the
ice sheet size and extent is affected by the geothermal heat supply, total glaciation of the
Barents Sea was never achieved in the sensitivity examination under realistic
geothermal values.

5.4.5 High LGM precipitation rates
The standard model run allows for the possibility of two high accumulation
pulses over the Barents Sea that were caused by a moisture source within the eastern
margin of the Norwegian-Greenland Sea (Section 2.3.3). These accumulation pulses
occur at between 24-22 and 17..:15 ka (C) BP, and are represented by the imposed
accumulation accounting for a local westerly moisture .source under a significant
temperature depression (i.e. an altitude-accumulation function similar to that of today,
but with a large depression in the ELA). However, in Andpya, northern Norway,
micro- and macrofossils within a 5.5 m long core from Lake lErasvatnet may indicate
that the first of the high accumulation pulses was longer than has been suggested by
Hebbeln (1992a, 1992b) (Vorren and others, 1988b; Elverhpi, personal
communication). Radiocarbon dated pollen assemblages indicate that warm, moist
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secondly the extent of the ice sheet was reduced because the ice-sheet limit outward ice
flux was less than the standard model calving rate (which is depth related). Similarly,
by increasing the geothermal heat supply to 90 mW m-2, a thinner ice sheet with a
larger extent was obtained, compared to the standard ice sheet. However, although the
ice sheet size and extent is affected by the geothermal heat supply, total glaciation of the
Barents Sea was never achieved in the sensitivity examination under realistic
geothermal values.

5. 4. 5 High LGM precipitation rates
The standard model run allows for the possibility of two high accumulation
pulses over the Barents Sea that were caused by a moisture source within the eastern
margin of the Norwegian-Greenland Sea (Section 2.3.3). These accumulation pulses
occur at between 24-22 and 17-15 ka (C) BP, and are represented by the imposed
accumulation accounting for a local westerly moisture source under a significant
temperature depression (i.e. an altitude-accumulation function similar to that of today,
but with a large depression in the ELA). However, in And0ya, northern Norway,
micro- and macrofossils within a 5.5 m long core from Lake JErasvatnet may indicate
that the first of the high accumulation pulses was longer than has been suggested by
Hebbeln (1992a, 1992b) (Vorren and others, 1988b; Elverh(Zli, personal
communication). Radiocarbon dated pollen assemblages indicate that warm, moist
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Figure 5.13. Ice thickness (m) at 15 ka (mod) BP for the geothermal heat sensitivity
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climate conditions were present over And0ya until 18 ka (C) BP. This may indicate that
the high accumulation pulse at between 24-22 ka (mod) BP should be more accurately
placed between 24-18 ka (mod) BP. Also, the biostratigraphy in the JErasvatnet cores
indicates that shortly after 13 ka (C) BP, modern climate conditions were restored to
And0ya. Significantly, this may mean that deglaciation due to ice sheet melting
occurred earlier within the glacial cycle than ·at 10 ka (C) BP (i.e. earlier than in the
standard model run).
To establish the effect on the size of the Svalbard-Barents Sea Ice Sheet that an
increase in the accumulation pulse length would have, a number of experiments were
performed with variable accumulation pulse lengths: 24-22 ka (mod) BP (the standard
run), 24-21, 24-20, 24-19 and 24-18 ka (mod) BP. Ice sheet sizes at 15 ka (mod) BP
(Figure 5 .14) indicate that the length of the accumulation pulse corresponded to an
enlargement in the ice volume; the thickness of a central ice dome of around 1500 m
(southwest of Edge0ya) for an accumulation pulse of 24-18 ka (mod) BP was more
than 200 m greater than in the standard model run. The accumulation control on the
standard ice sheet volume (Figure 5.3) shows how the accumulation pulse permits a
significant rise in the rate of ice sheet volume increase (from 28,000 km3 ka-1 for the
first PX accumulation pulse between 24-22 ka (mod) BP to 12,500 km3 ka- 1 for the PC
accumulation after 22 ka (mod) BP). Subsequently, the ice sheet volume that an
accumulation pulse of 24-18 ka (mod) BP produces will be much greater than in the
standard model run. Also the areal expanse of the ice sheet was enlarged by the higher
accumulation pulses, but only to the extent of small area changes within the western
Barents Sea. Therefore, although the presence of a high accumulation pulse (from a
southerly moisture source) is conducive to rapid ice sheet formation within the Barents
Sea after 25 ka (mod) BP, it is not essential for the existence of a Late Weichselian ice
sheet over Svalbard and the western Barents Sea.

S. 4. 6 Sensitivity of the ice sheet to basal sliding
The ice sheet model that was used to construct the standard ice sheet employed
the basal sliding relation of Budd and others (1984) (Section 3.9). However, there are a
number of alternative sliding equations which claim to describe the process of basal
sliding as accurately as the Budd and others (1984) equ<J,tion (Bentley, 1987). The
variation in the standard ice sheet reconstruction to both different sliding laws and the
effect of ice sheet buoyancy was examined in Appendix B. The results from this
sensitivity analysis indicate that the standard ice sheet reconstruction (Section 5.2)
remains largely unaffected by the employment of alternative sliding relations within the
ice sheet model.
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PART II: THE EFFECT OF FAST ICE WITHIN THE LATE
WEICHSELIAN BARENTS SEA

5.5 ICEBERG CALVING INTO THE BARENTS SEA
The standard model run forcing conditions were used with the smaller scale
2500 km2 cell grid to assess the size of the 'minimum' Svalbard-Barents Sea Ice Sheet
within the entire Barents Sea, and to examine if ice input from neighbouring regions is
possible under the standard run climate conditions. Ice thickness maps from the 2500
km2 cell grid focus over the Barents Sea part of the grid, and cut out areas from outside

the Barents Sea (although these surrounding areas have been used in the model to
describe the external ice input to the Barents Sea) (Figure 4.5). Interestingly, the ice
thickness map at 22 ka (mod) BP shows that the standard type ice sheet lay over the
western Barents Sea, and that individual ice sheets were also present over Franz Josef
Land and northern Norway (Figures 5.16c and 5.17c). A possible assumption can be
proposed in that if an ice sheet distribution similar to that in Figures 5. l 6c and 5 .17c
existed, then permanent fast ice would have been present within the Barents Sea at 22
ka (mod) BP, which would have been at least partially sheltered from ocean currents
because of the presence of grounded ice within the ocean current passages. In this
situation, firstly iceberg calving into the Barents Sea would have been impeded by the
buttressing effect on the ice wall by the sea ice, and secondly, icebergs that were calved
into the Barents Sea would have been held within the Barents Sea; the fast ice thus
acting as an iceberg trap. Therefore, iceberg calving within the Barents Sea may have
been curtailed by the action of fast ice which was quasi-permanent. Consequently, the
calving function within the standard model can, with good reason, be suppressed
within the areas of the central Barents Sea after 22 ka (mod) BP until the beginning of
the local deglaciation after 15 ka (mod) BP (Figure 5.16). It should be noted that
iceberg calving at the shelf edge throughout the glacial cycle remains unaffected in these
tests. Under this form of calving forcing, the 'minimu m' Svalbard-Barents Sea Ice
Sheet (of the standard model run) spread into much deeper· areas of the Barents Sea,
such that much of the Barents Sea could become covered by a grounded ice sheet
(Figure 5.16). Indeed, if the iceberg calving function is cancelled for a longer period of
time than 22-15 ka (mod) BP, other model results have shown that the entire Barents
Sea became covered by a grounded ice sheet at the LGM (e.g. Section 7.3.4). Thus, by
cancelling the calving function from 22 ka (mod) BP, the Svalbard-Barents Sea Ice
Sheet had positive mass balance at the ice sheet edge. This enabled spreading of the ice
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sheet with a velocity equivalent to that at the ice sheet margin, such that the SvalbardBarents Sea Ice Sheet at 16 ka (mod) BP was centered over Kong Karls Land (Figure
5.16f). It is then the cancellation of iceberg calving at the ice sheet edge within the
Barents Sea that encourages spreading into deeper areas of the Barents Sea more so
than either a reduction in the sea level (Section 5.4.3), or a long period of a high
accumulation pulse (Section 5.4.4). Thus a second 'mean' ice sheet (the first being the
standard model reconstruction in Section 5.2) is determined.

5.6 A BARENTS SEA ICE SHELF
5. 6 .1 Introduction
The likelihood of permanent sea ice (or fast ice) within the Barents Sea at the
last glaciation, forms the additional possibility of positive accumulation on the sea ice
which might encourage both thickening, and therefore grounding of an ice shelf. The
formation of a sea-ice induced ice shelf, that becomes so thick that it grounds, is a
method by which marine based ice sheets have been suggested to form (e.g. MacAyeal
and Thomas, 1980; Stuiver and others, 1981; Denton and Hughes, 1981; Hughes,
1982; Hughes, 1987; Hughes, 1992c; Lindstrom, 1989), and is therefore worthwhile
investigating in this study. Indeed Hughes (1987, 1992c) proposed that the total ice
coverage within the Late Weichselian Barents Sea could only be achieved if sea ice
were allowed to thicken over the shallow sea, and form an ice shelf, which
subsequently thickened and grounded. Additionally, if no ice shelf formed over the
Barents Sea, then Hughes (1987) proposed that an ice sheet comparable in size and
extent to the standard ice sheet (Section 5.2) could be formed. This method of marine
based ice sheet formation represents the 'Marine Ice Transgression Hypothesis' of
Hughes (1987).
Due to the importance of Antarctic ice shelves to the interior mass balance of the
ice sheet, modelling of ice shelves has1been undertaken by a number of authors (e.g.
MacAyeal and Thomas, 1982; Muszynski and Birchfield, 1987; Bohmer and Herterich,
1990; Jenkins, 1991). However, since in this study ice shelves only form in the
Barents Sea when sea ice thickens, a simple approach to ice shelf modelling is
appropriate (Section 3.11). A distinction therefore must be made between the dynamic
ice shelves of the Antarctic Ice Sheet (which are fed by ice streams draining large
interior ice sheet basins), and those which theoretically would form from a thickening
sea ice cover. Consequently, a sophisticated modelling approach to ice shelves is not
required. The important variables to the Barents Sea Ice Shelf's formation are simply
the mass balance between surface accumulation, basal ice shelf melting and ice shelf
calving. Since these three mass balance functions dictate whether sea ice may exist
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permanently, and perhaps thicken to form an ice shelf, they must be examined
thoroughly within the ice shelf examination. Unfortunately, although the surface
accumulation can be inferred empirically for the last glacial (Section 4.3), neither the
iceberg calving function for floating ice, nor the ice shelf basal melting function are well
defined for the Barents Sea during the Late Weichselian (Sections 4.5 and 4.6) .
Therefore, a sensitivity examination must be performed with these unknown variables
to determine the ice shelf response to different mass balance inputs. All model runs
where the possibility of a sea-ice induced ice shelf is being tested run with no iceberg
calving into the Barents Sea between 22 and 15 ka (mod) BP.

5. 6. 2 No basal ice shelf melting
When surrounding seas of an ice shelf are sub-polar in thermal character (i.e.
seasonally covered by sea-ice), the basal marine melt rate has been recorded to be as
high as 0.5 m a-1 (Section 4.6). Since the eastern margin of the Norwegian-Greenland
Sea was ice free at between both 24-22 ka (mod) BP and 17-15 ka (mod) BP (Section
2.3 .3), the basal melt rate potential within the Barents Sea (using the modern day
analogy) would at least have been above zero before 22 ka (mod) BP, and after the
LGM. Therefore, by employing zero basal melting of the sea ice and allowing positive
accumulation on it, with other climate parameters left the same as in the standard model
run (Section 5.2), a maximum 'mean' ice sheet end member then exists within these
modelling exercises of this chapter (the minimum end member being the standard model
run) (Section 5.3.5).
Iceberg calving into the Norwegian-Greenland Sea is calculated by a depth
related function, which is not designed to describe the calving of floating glacier
tongues or ice shelves, whether of sea ice or glacier ice origin (Sections 4.5.4 and
4.5.5). However, in the absence of an algorithm for the iceberg calving of an ice shelf,
the depth-related calving function is used. Calving of the Barents Sea Ice Shelf is not as
important, in terms of an ablation mechanism, as it is to existing ice shelves in
Antarctica, because the areas where ice-shelf calving could occur are limited to small
breaks in the grounded ice coverage at the edge of the Barents Sea.
The standard-type ice sheet at 22 ka (mod) BP (Section 5.2) is formed in this
test. However, after 22 ka (mod) BP (after grounded ice has formed over the western
Barents Sea), 5 m of floating ice (fast ice) is placed over the Barents Sea. Since no
basal melting is allowed (in this test) on any floating ice, after 22 ka (mod) BP (when
both iceberg calving into the Barents Sea is cancelled and snow is allowed to
accumulate onto the sea ice) a much larger ice sheet is grown compared with that when
no sea ice was placed over the Barents Sea (Figures 5.18 and 5.19, and Figure C.1 (the
ice sheet over the entire grid, Appendix C)). Specifically, at 16 ka (mod) BP a
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grounded ice sheet existed over most parts of the Barents Sea, with a maximum
thickness of around 1000 m. However, over Svalbard, the ice sheet was very similar to
the reconstruction where no sea ice was allowed to exist (Figure 5. l 6f). The ice
thickness distribution over Svalbard (as described in Section 5.5) is therefore largely
unaffected by the introduction of sea ice into the Barents Sea at 22 ka (mod) BP.
Ice sheet volume stability was never achieved (Figure 5.20), as the switch
between positive and negative net mass balance was instantaneous at about 15 ka (mod)
BP. The deglacial pattern (Figure 5.18) is very similar to the scenario that was
modelled by Lindstrom (1989) (Section 1.4.2), where deglaciation (through calving)
caused the ice sheet to disintegrate from a Denton and Hughes ( 1981) type large
Barents Sea Ice Sheet scenario at 18 ka (mod) BP to that as shown in this test at 10 ka
(mod) BP. However, the post-glacial uplift distribution as observed in the geological
record (Section 2.6) disagrees with the isostatic signal that this test generates. The
possibility therefore exists that since the ice sheet reconstruction of this test (Figure
5.18) left too much ice at the Late Weichselian/Holocene boundary, an additional
ablation parameter should be included into the model (i.e. the basal melting of the sea
ice/ice shelf within the inner Barents Sea after the local glacial maximum). However,
another possible reason for the large Svalbard-Barents Sea Ice Sheet thickness at 10 ka
(mod) BP may be that the calving rate during deglaciation is simply modelled too low.
A possible mechanism by which the marine ablation rate (calving and basal melting) can
increase rapidly during deglaciation, is through the action of water currents beneath the
ice shelf and an increase in the basal melt rate (e.g. Hughes, 1992c) (Section 5.6.3).
A sliding relation sensitivity analysis of this particular glacial scenario
(Appendix B, Section B.3) indicated that the ice sheet size, and deglacial scenario was
largely unaffected by an alteration in the basal sliding law (as in Section 5.4.6).

5. 6. 3 Ice shelf formation with basal melting
The basal melting of modern ice shelves has been shown to be related to the
thermal character of the neighbouring oceans or seas, since it is these seas that provide
the thermal inpu( (through oceanic flow) beneath the ice shelf (Section 4.6).
Consequently, to estimate the melting potential of the Barents Sea during the Late
Weichselian, the thermal character of the Norwegian-G reenland Sea should be
considered. During times of permanent sea-ice coverage within the NorwegianGreenland Sea, it is likely that the Barents Sea was so cold that ice melting would have
been either relatively low or negligible. Conversely, during periods of open ocean
within the eastern Norwegian-Greenland Sea (between 24-22 and 17-15 ka (mod) BP,
Section 2.3.3) the melting potential within the Barents Sea would be considerably
enhanced due to the ocean circulation pattern (Figure 1.3). Clearly, exact values of the
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ice shelf melt rate are difficult to calculate for the last glacial. However, a sensitivity
examination of basal melting can be made to determine the effect of ice shelf melting on
the ice sheet size, and also ice sheet deglacial behaviour.
Modern ice shelf basal melt rates, where the surrounding ocean is at least
seasonally covered by ice, have been calculated at generally below 0.5 ma-I (Payne,
1988). Obviously, warmer surrounding oceans would have an increasing effect on the
ice shelf melt rate (i.e. the George VI Ice Shelf in Antarctica experiences a melt rate of
2.0 m a-1 (Bishop and Walton, 1981)), such that if this situation occurred in the
Barents Sea during the last glacial before grounding of the ice shelf, then ice shelf
grounding may not have happened. By using the thermal character of the NorwegianGreenland Sea during the last glacial as the controlling influence on the Barents Sea Ice
Shelf basal melt rate, it is inferred that at around 18 ka (mod) BP a low melt rate (below
0.5 m a-1) would be best suited to the Barents Sea. However, as the last deglacial
continued, and warmer ocean currents began to flow within the Norwegian-Greenland
Sea (Sections 2.3.3, 2.5.3 and 2.5.5) the ice-shelf basal melt rate may have increased
dramatically. This test then uses an empirical approach to model the increase in basal
ice-shelf melting during deglaciation (e.g. Payne, 1988) where, after the LGM, the melt
rate increases by a linear rate of 8.3xlQ-5 ma-I (i.e. in the absence of an alternative
algorithm, between the LGM and 10 ka (mod) BP, the ice shelf melt rate was linearly
increased by 0.66 m a-1 ). Subsequently, no matter what basal melt rate is initially
employed in the model at the LGM, by 10 ka (mod) BP the melt rate would be
significantly larger than 0.5 ma-I (i.e. giving an ice shelf melt rate associated with a
sub-polar type of neighbouring ocean). The criterion for sea-ice initiated ice-shelf
existence is therefore that the basal melt rate must be less than the surface accumulation
since. it is assumed that ice shelf input from the surrounding .grounded ice sheets is
negligible.
Basal ice-shelf melt rates that were below approximately 20 cm a-1 (which is the
temperature corrected sea-level accumulation value for the PC climate zone at 18 ka
(mod) BP, in the eastern extreme of the grid) allowed the existence of an ice shelf at the
LGM. Basal melt rates of considerably less than 20 cm a-1 were needed to allow the
thickening, and possibly grounding of the ice shelf (Figures 5.21 and 5.22). Figure
5.23 shows a graph of ice volume against the melt rate for piodels run under standard
environmental conditions, with the primary accumulation pulse lengthened from 24-22
ka (mod) BP to 24-18 ka (mod) BP in accordance with Vorren and others (1988b), as
in Section 5.4.5. In both accumulation cases, large ice sheet volumes (which are
associated with ice shelf existence) are only attained for melt rates less than around 20
cm a-1; thus the criterion for sea-ice-initiated ice-shelf existence is defined in Figure
5.23 .
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For the situation where the basal melt rate is 8.3 cm a- 1 (at and before 18 ka
(mod) BP) a chronological series of the predicted ice sheets through the deglaciation,
and the respective mass balance terms that are involved in the ice sheet growth and
decay are illustrated in Figures 5.24, 5.25 and 5.26. At 16 ka (mod) BP, a grounded
ice sheet had formed over the shallow sea around Svalbard, through Bj0rn0yrenna and
onto the southern Barents Sea (north of Norway). Disintegration of the ice sheet (after
16 ka (mod) BP) originated from the central Barents Sea, where the ice sheet was at its
thinnest, and had become 'ungrounded' due to both sea-level rise and ice margin
ablation. This thinning of the central Svalbard-Barents Sea Ice Sheet was additionally
forced by an increase in the basal melt rate after 18 ka (mod) BP by 8.33x10-5 m a- 1.
By 10 ka (mod) BP, only a thin ice sheet existed over Svalbard (with a maximum
thickness of around 300 m), such that the emergence pattern at this time matched the
isostatic pattern that has been inferred from the geological record (Section 2.6). The
disintegration of this ice sheet was therefore largely due to the marine loss terms of
iceberg calving and basal ice shelf melting, with a final contribution by surface ice sheet
melting at around 10 ka (mod) BP (Figure 5.26). By suggesting that ice shelf basal
melting may have been of importance to the deglacial pattern, a method is provided as
to how large amounts of meltwater can be input into the Norwegian-Greenland Sea by
means other than firstly; the melting of icebergs (which had previously been calved off
the Barents Sea Ice Sheet); or secondly, by surface melting of the ice sheet-ice shelf
(which would imply a serious alteration to the deglacial climate input of the standard
model run). Thus, the light oxygen isotope peak at around 15-13 ka (mod) BP, which
indicates a significant amount of meltwater from the Svalbard-Barents Sea Ice Sheet
(Section 2.5.5) may be explained by the rapid increase in the rate of marine-induced ice
loss.

5 . 6. 4 Barents Sea Ice Shelf summary
The standard model run produces a situation in which grounded ice may form
over Svalbard and the western Barents Sea. However, in even the most conducive
conditions for ice sheet growth, a large grounded ice sheet over the entire Barents Sea
is never achieved (unless unreasonable climate inputs are used in the model). If the Late
Weichselian Barents Sea Ice Sheet was grounded in the deeper regions such as
Bj0rn0yrenna, then obviously an additional method of ice sheet development to that of
the standard model run must be provided. The possibility of permanent sea ice within
the Barents Sea after 22 ka (mod) BP may have acted to both suppress iceberg calving,
and to thicken (due to positive accumulation exceeding the basal melt rate) so as to form
an ice shelf. Numerical experiments have shown that if the marine melt rate of the
Barents Sea is below around 20 cm a- 1 , then grounding of an ice shelf over
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Bj0rn0yrenna occurs at or after the LGM. After the LGM, as the relative sea-level
increased (due to eustatic rise, and isostatic depression), and the ice sheet began to thin
(due to an increase in the flux of ice to the ice sheet margin), the ice sheet became
buoyant. As this happened, the margin of the ice sheet (which was positioned near the
shelf edge) would have become afloat, and thus susceptible to both iceberg calving and
basal ice shelf melting. The high sensitivity of the ice shelf mass balance to changes in
basal melting and calving rates (e.g. Jacobs and others, 1992; Jenkins and Doake,
1992) then provides a convenient method of rapidly disintegrating the ice sheet after 15
ka (mod) BP, when warm North Atlantic water was introduced into the NorwegianGreenland Sea (and therefore the western Barents Sea). The subsequent rise in basal ice
shelf melting, in conjunction with a rise in the calving rate during deglaciation,
conforms with the Fram Strait light oxygen isotope pulse which indicates large amounts
of meltwater from the Barents Sea Ice Sheet at between 15-13 ka (mod) BP (Section
2.5.5).

PART III: SUMMARY OF MODEL RESULTS AND
COMPARISON WITH THE GEOLOGICAL RECORD

5.7 SUMMARY OF MODEL RESULTS
The standard ice sheet was obtained by running the two-dimensional model
with the most likely environmental and forcing conditions, and can subsequently be
thought of as the 'mean' reconstruction, which has a variance determined by the
confidence of the forcing data. Subsequent sensitivity experiments on the standard ice
sheet (at its maximum size), that have been made through running the standard model
with the full range of possible climate and forcing data, indicate the following points:

•

A reduction in the LGM sea-level air temperature over the Barents
Sea (a climate situation which would encourage more severe glacial
conditions than in the standard model) produced a smaller ice sheet,
since the precipitation (which is related to air temperature) is
effectively decreased.

•

Guiding the surface air temperature through the LGM depression
value by different forcing functions (namely the carbon dioxide and
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oxygen isotope curves) did not produce significantly different results
than the standard model.
•

Although lowering the local sea-level to that of the global sea-level
signal at the LGM increased the ice sheet volume, it did not allow the
ice sheet to ground over deeper regions of the Barents Sea.

•

Accounting for a Norwegian-Greenland Sea moisture source that
caused high accumulation rates from between 24-18 ka (mod) BP
(Section 5.4.5) increased the ice sheet volume, but again, did not
allow grounded ice to form over the deeper areas of the Barents Sea.
A second mean ice sheet reconstruction was calculated when an iceberg calving

reduction was forced onto the ice margins of the ice sheet, in all areas other than those
facing, and in close proximity to, the shelf break:
•

A reduction in the rate of iceberg calving within the Barents Sea, that
may have been due to the buttressing effect of sea ice on the calving
ice wall, and the ability of stagnant, permanent sea ice to act as an
iceberg trap (and thus preserve the ice volume lost by the grounded
ice sheet to calving within the ice sheet system), after 22 ka (mod)
BP (Section 5.5) allowed the grounded ice front of the Western
Barents Sea Ice Sheet (such as that in the standard model run) to
migrate into deeper areas of the Barents Sea. However, under the
standard modelling conditions, total grounded ice coverage of the
Barents Sea was achieved only when the calving cancellation was
started before 24 ka (mod) BP (two thousand years before the date at
which calving is stopped in the second mean ice sheet run).

To enable grounded ice to form over areas of the Barents Sea such as
Bjprnpyrenna (an area where grounded ice is likely to have existed during the Late
Weichselian (Section 2.4.2)) a number of further assumption~ had to be made:
•

Permanent, stagnant sea ice within the Barents Sea may have been
caused by cold sea surface temperatures at 22 ka (mod) BP.
Subsequently, the sea ice may have experienced significant
thickening due to positive surface accumulation such that an ice shelf
was formed. Calving of this ice shelf would have been confined to
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areas where the ice shelf is exposed to the continental slope, which
has been shown to be limited to only one main region of the Barents
Sea (namely Bj0rn0yrenna). Sea ice initiated ice shelf formation then
provides a method of obtaining total grounded ice coverage of the
Barents Sea at the Late Weichselian maximum, and is in agreement
with the Hughes (1987) marine ice transgression hypothesis: where
marine ice sheets reach a maximum extent when a sea-ice-initiated ice
shelf is allowed to thicken and eventually ground.
•

Modelling the formation of an ice shelf with basal melting
incorporated (where an increase in basal melting corresponds to the
introduction of warm water into the Barents Sea during deglaciation)
does not adversely effect the formation of a Late Weichselian
grounded ice sheet in the Barents Sea. However, the highly sensitive
nature of an ice shelf to marine ice loss processes (iceberg calving
and marine melting) provides a method by which large scale
disintegration of the ice sheet can be initiated, such that a deglacial
pattern which is compatible to both the light oxygen isotope within
sediments in the Fram Strait and the emergence curves of Svalbard
and Norway can be made.

In summary, the standard model ice sheet at 15 ka (mod) BP is considered to
represent a minimum 'mean' reconstruction for the Svalbard-Barents Sea Ice Sheet (the
mean value is the ice sheet reconstruction which is made with the most likely forcing
conditions). The standard ice sheet was positioned over the shallow water of the
western Barents Sea, and did not form grounded ice over the central Barents Sea
(Figure 5.1). Indeed, total glaciation of the Barents Sea was never achieved in any of
the sensitivity examinations of the standard model.
By assuming that no marine melting could have occurred before the deglaciation
(a condition that permits permanent, stagnant sea ice to form), iceberg calving into the
Barents Sea may have been suppressed. This gives rise to a second mean ice sheet
reconstruction, where iceberg calving into the Barents Sea is ,cancelled, and ice influx
from the Fennoscandian and Kara Sea ice sheets accounted for. The ice sheet that
formed when iceberg calving was suppressed between 22-18 ka (mod) BP, covered
much more of the Barents Sea than the standard ice sheet, however it did not cover all
of the Barents Sea (Figure 5.16). Total glaciation of the Barents Sea was achieved only
if the period during when calving is stopped, was increased to over two thousand years
longer than in the second mean ice sheet reconstruction.
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When permanent sea ice (or fast ice) was allowed to exist over the Barents Sea,
and ice allowed to accumulate over it (the iceberg calving reduction between 22-18 ka
(mod) BP was maintained from the second mean ice sheet), the subsequent ice sheet
that was modelled can be thought of as the third, and maximum mean ice sheet
reconstruction (Figure 5.18) . This third mean ice sheet reconstruction allowed
grounded ice to form all over the Barents Sea,' such that the ice sheets of the Barents,
Kara and Fennoscandian ice sheets were connected at the LGM. Therefore, the
thickening and subsequent grounding of fast ice to form an ice sheet, is the only likely
method by which total grounded ice coverage of the Late Weichselian Barents Sea can
be proposed. Whether or not this was the situation for previous ice sheets within the
Barents Sea (such as those which may have formed earlier in the Cenozoic) is examined
in Chapter 7.

5.8 CORRELATION OF MODEL RESULTS WITH
THE GEOLOGICAL RECORD
In this chapter, three plausible mean ice sheets have been proposed for the
Svalbard-Barents Sea region at the LGM (Section 5.2, 5.5 and 5.6.2), together with a
number of deglacial chronologies. These results should be analyzed with respect to the
geological record, so that the most likely glacial scenarios can be proposed.

5. 8 .1 Glacial maximum
There are several pieces of geological evidence that imply the Barents Sea was
covered by an ice sheet at the LGM. First, reworked sediments in northern
Bj0rn0yrenna (Elverh0i and others, 1992) and seismically observed moraine ridges
within Bj0rn0yrenna (Vassmyr and Vorren, 1990) (Section 2.4.2) show that at around
20 ka (C) BP, grounded ice existed within at least the northern region of Bj0rn0yrenna
(the deepest trough in the western Barents Sea). Second, glacigenic sediments have
been discovered within the Central Deep (the deepest area of the central Barents Sea),
and interpreted by· Gataullin and others (1993) to have been deposited by the Late
Weichselian ice sheet (Section 2.4.2). These data have serious implications for the size
of the Late Weichselian Svalbard-Barents Sea Ice Sheet If Gataullin and others'
interpretation is correct (Section 2.4.2), then total grounded ice coverage of the Barents
Sea is likely to have occurred. However, if the glacigenic sediments of the Central Deep
are not Late Weichselian formations, then the Svalbard-Barents Sea Ice Sheet may have
been limited to the relatively shallow western region of the Barents Sea.
The only reconstruction that permitted total grounded ice coverage of the
Barents Sea was when permanent sea ice was allowed to exist within the Barents Sea
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(Figure 5.18, Section 5.6.2). According to the numerical modelling predictions of
Section 5.6.2, when sea ice was allowed to thicken and form an ice shelf (which
subsequently became grounded) the maximum thickness at the LGM was around 1,000
m over the western and southeastern Barents Sea. This ice sheet is far smaller than the
stable ice sheet predicted by Denton and Hughes (1981) (Figure 1.8). Because the
onset of glacial activity within the Barents Sea has been geologically restricted to very
late in the last glacial cycle (Section 2.3), the period during which ice sheet formation
was possible was relatively small (compared to the interval of ice sheet build-up in
other areas). Consequently, a large stable Late Weichselian ice sheet within the Barents
Sea (as suggested by Denton and Hughes (1981), Hughes (1979) Denton and others
(1979) and Lindstrom and MacAyeal (1989)) is unlikely to have occurred. The Late
Weichselian Svalbard-Barents Sea Ice Sheet may therefore have been still growing as
calving-induced deglaciation set in (as predicted in Figure 5.20). This maximum sized
ice sheet was connected to the Fennoscandian Ice Sheet, and had grounded ice within
Bjprnpyrenna (Figure 5.18).
The standard ice sheet reconstruction (Section 5.2), and the corresponding
sensitivity analyses (Section 5.4), did not allow grounded ice within either
Bjprnpyrenna or the central Barents Sea. The standard ice sheet was therefore limited to
the western Barents Sea, and was not connected to either the Fennoscandian Ice Sheet
or the Kara Sea Ice Sheet. If glacigenic sediments within the Central Deep are not of
Late Weichselian origin, then the Svalbard-Barents Sea Ice Sheet may not have been
connected to the Kara Sea Ice Sheet. Additionally, if Kverndal and Sollid's (1993)
interpretation of the northern Norwegian geomorphology is correct (Section 2.4.3),
then the Svalbard-Barents Sea Ice Sheet may not have been connected to the
Fennoscandian Ice Sheet. If the Late Weichselian Svalbard-Barents Sea Ice Sheet
existed unconnected to other nearby ice sheets, then the standard ice sheet (Section 5.2)
represents a likely Late Weichselian reconstruction.

5. 8. 2 Implications for global sea-level
The ice sheet that was formed under standard model conditions (the minimum
sized ice sheet reconstruction) had a volume of 266,000 km3 (Section 5.2), whilst
when permanent sea-ice, and the subsequent effect on the calving rate, was accounted
for (the maximum sized ice sheet), the corresponding ice sheet had a volume of
2,100,000 km3 (Section 5.6.2). The contribution to global sea-level fall of an ice sheet
is simply the volume of ice that exists above the level of ice sheet buoyancy. If one
assumes that 1 km3 of this ice (which is melted and added to the ocean) is equivalent to
2.76 µm of sea-level rise, then the eustatic adjustment that was caused by the Late
Weichselian Svalbard-Barents Sea Ice Sheet was between 0.6-4.1 m. A maximum
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contribution to global sea-level rise of around 4 m is less than the 6 m predicted by
Tushingham and Peltier (1991). Moreover, in the first few thousand years of
deglaciation of the Barents Sea, a maximum contribution to sea-level rise of around 50
cm is predicted (Figure 5.20). Consequently, this thesis indicates that the contribution
of the Svalbard-Barents Sea Ice Sheet to global sea-level, and hence the influence on
global deglaciation, is less than Jones and Keigwin (1988) suggested. However, Jones
(1991b) indicated, through the analysis of North Atlantic IRD, that the last
Fennoscandian Ice Sheet may have started to break up at the same time as the ice sheet
within the Barents Sea (i.e. at around 15 ka BP). Subsequently, some of the 8 m of
sea-level rise that the total collapse of the Fennoscandian Ice Sheet would have
produced (Tushingham and Peltier, 1991), may have acted with that produced from the
Barents Sea. This combined sea-level rise may then have been partially responsible for
the sea-level induced break up of other ice sheets after 15 ka BP.

5. 8. 3 Deglaciation
In order to find the most likely way in which the LGM ice sheet in Figure 5.18
disintegrated, a number of independent geological datasets have to be correlated to the
model results. First, a light oxygen isotope spike, observed in sediments within Fram
Strait, indicates that a significant volume of meltwater may have been released from the
Svalbard-Barents Sea Ice Sheet between 15- 13 ka (C) BP (e.g. Jones and Keigwin,
1988). Second, moraine ridges and homogeneous sediment pockets that have been
observed geophysically within the Barents Sea show the extent of the last SvalbardBarents Sea Ice Sheet, at some time after it had reached its maximum, to be confined to
the western Barents Sea (Solheim and others, 1988) (Figure 2.9). Third, the Late
Weichselian/Holo cene isostatic uplift pattern shows that, at the final stage of the last
glacial, the Svalbard-Barents Sea Ice Sheet was confined to Svalbard, and the
surrounding shallow sea (Section 2.6, Figure 2.14) (Forman, 1990; Bondevik and
Mangerud, 1992).
In the standard modelling exercises (Section 5.2), it was found that a grounded
ice sheet with very stable limits could form over the western Barents Sea. There is an
encouragingly high correlation between the limits of the standard ice sheet (5.1), and
those defined by moraine ridges and sediment pockets (Figure 2.9). In fact the highest
correlation between the predicted ice limit and the sea-floor moraine structures was
obtained when the standard model was run with 90% of the global sea-level depression
(Section 5.4.3, Figure 5.10d). Deglaciation of the standard ice sheet is also in good
agreement to the post-glacial uplift of the Barents Sea (Figures 2.14 and 5.5).
If, however, the central Barents Sea was glaciated during the Late Weichselian,
to comply with the interpretation of the Late Weichselian geology, the ice sheet in
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Figure (5. 18) must have disintegrated after 15 ka (mod) BP such that the grounded
extent of the ice sheet lay over only the western Barents Sea. After the central Barents
Sea had become deglaciated, the limits of the remaining ice sheet may have been similar
to that of the standard-type reconstruction. This is also in agreement with Elverh0i and
others' (1992 and in press) deglaciation of the Barents Sea (Section 1.4.2). A possible
deglacial scenario for an ice sheet over the entire Barents Sea is therefore that through
the action of iceberg calving and rising sea-level, the Svalbard-Barents Sea Ice Sheet
became thinner such that the central regions of the Svalbard-Barents Sea Ice Sheet
became ungrounded. The resulting ice shelf would have been subject to both iceberg
calving and basal ice shelf melting, and thus may have produced a significant amount of
meltwater shortly after its formation. This deglacial chronology was modelled in
Section 5.6.3 (Figure 5.24), where the ice sheet collapsed because of a linear increase
in the basal marine melt rate of 8.33x10-5 m a-1 from 8.3 cm a-1 before the LGM,
under the ice shelf that had formed shortly after 15 ka BP. Deglaciation in this way
eventually left a grounded ice sheet over only the western Barents Sea by 13 ka (mod)
BP (Section 5.5.3), and open water in other areas of the Barents Sea. The margins of
the ice sheet in the western Barents Sea as defined in the sea floor geomorphology
(Figure 2.9) agree well to those defined in the disintegration of the modelled ice sheet in
Figure 5.24. Because of the stable nature of the ice sheet limits, the remaining ice sheet
over the western Barents Sea may have lasted for a considerable period while the
deglaciation continued (such that the moraine ridges and homogeneous sediments could
be formed). Eventually, due to the continued iceberg calving, the ice sheet became too
thin to supply ice to the margin. When this happened, as in the standard model (Section
5.2), the ice sheet would have retreated rapidly from the stable limits. In Section 5.6.3
it was shown that during the very final stages of deglaciation, a small (less than 400 m
thick) ice cap existed over Svalbard (Figure 5.24e) at 10 ka (mod) BP. This would
have left behind, once it too had disintegrated through surface melting (the ELA existed
above sea-level at 10 ka (mod) BP), a pattern of isostatic uplift very similar to that
observed within the raised beach sequences of Svalbard (Figure 2.14).
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6

ICE STREAMS WITHIN THE
Sv ALBARD-BAR ENTS SEA lcE SHEET
6.1 INTRODUCTION
A flowline ice-stream model, which takes into account the contribution of
deforming basal sediments to the surface ice velocity, was used to construct possible
velocity and ice drainage characteristics of ice streams within pre-defined regions of the
Barents Sea. The influence of deforming sediments on the depth-averaged ice velocity
was then applied to the three-dimensional Late Weichselian ice sheet reconstructions, to
examine the effect of high velocity regions within the Late Weichselian SvalbardBarents Sea Ice Sheet during deglaciation. The results were then compared to the basal
sliding velocity models that were examined in Chapter 5 (and Appendix B).
If it is assumed that a glacial-erosionally cut trough within an area where an ice

sheet was thought to have existed, combined with a large sedimentary fan at the trough
mouth, is evidence of ice stream action within the trough, then there are several regions
within the Barents Sea which meet the criteria for ancient ice stream locations (e.g.
Grosswald, 1980; Denton and Hughes, 1981; Solheim and others, 1990; Vogt and
others, -1993). The western Barents Sea has two main troughs: Bjprnpyrenna and
Storfjordrenna (Figure 1.1). Both of these troughs have sedimentary fans at their
mouths, and run generally in an east-west direction. According to Denton and Hughes
(1981) this implies that, during periods of grounded ice coverage, ice moved within the
troughs from the inner Barents Sea to the continental slope, where glacial sediments
were subsequently deposited.
The importance of deforming basal sediments in the formation of ice streams
has been recognized previously within many modelling studies of Late Quaternary ice
sheets, including the Eurasian Ice Sheet (and in particular, the Barents Sea Ice Sheet)
(Lindstrom, 1989), the Laurentide Ice Sheet (Fisher and others, 1985; Alley, 1991;
Hicock and Dreimanis, 1992; Jensen and MacAyeal, 1992) and the Antarctic Ice Sheet
(e.g. MacAyeal, 1992). Lindstrom (1989) found that ice velocities in excess of 200 m
a-1 in Bjprnpyrenna could be calculated within a 'Hughes type' Barents Sea Ice Sheet
(Section 1.4.2), when the effect of deforming basal sediments on ice velocity was
accounted for empirically. He also suggested that this ice stream helped to sustain an ice
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shelf within the Norwegian-Greenland Sea (Section 1.4.2). In Lindstrom's model, this
ice stream drained the ice sheet within the central Barents Sea during deglaciation, but
did not cause this area to become free of ice before Svalbard did. Therefore, Lindstrom
(1989) did not predict that the Bj0rn0yrenna Ice Stream was responsible for the
deglacial scenario that has been suggested by Elverh0i and others (1992) (Section
1.4.2).
The main conclusion from most numerical ice sheet studies that have analyzed
the effect of water saturated basal sediments, is that basal sediments can act to produce
relatively high surface velocities and therefore contribute to the process of ice drainage.
It has also been suggested that deforming sediments may have encouraged the rapid
disintegration of some ice sheets (e.g. Fisher and others, 1985; MacAyeal, 1992).
Because of this, it is important that the action of unlithified basal sediments on the
dynamics of the Svalbard-Barents Sea Ice Sheet is examined.

6.2 ICE DRAINAGE POTENTIAL OF ICE STREAMS
If it is assumed that the volume of ice that is transported through an ice stream
can be replenished by the interior ice sheet, then the ice stream surface profile would
remain stable. The potential drainage of ice from the Late Weichselian Svalbard-Barents
Sea Ice Sheet by the action of ice streams can then be estimated by the relation:
6.1
where Vis is the drainage of ice from an ice stream, and Uism is the velocity, Hism is the
ice thickness and Wism is the width, of the ice stream mouth. For the two major ice
streams of the western Barents Sea (Storfjordrenna and Bj0rn0yrenna) two of these
unknown parameters can be estimated with some confidence.
First, the width of the ice stream mouth can be assumed to be similar to the
width of the erosionally cut channels within the bedrock, through which they flowed.
The width of Storfjordrenna Ice Stream is therefore approximately 40 km, and the
width of Bj0rn0yrenna Ice Stream is about 100 km (Figure 1.1).
Second, the ice thickness at the mouth of the ice strearµ is estimated from the ice
thickness of an existing ice stream, which may be analogous to those within the Late
Weichselian Barents Sea. Ice Stream B, a marine based ice stream in West Antarctica,
has a terminal ice thickness of around 600 m (Alley, 1989a). Therefore the ice
thickness of the Late Weichselian ice stream mouths may have been of the order of this
value. Moreover, ice stream mouth thickness of less than 600 m, may have resulted in
the ice stream mouths becoming afloat within the bathymetric troughs of the Barents
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Sea. Because of this, the terminal ice thickness of 600 m can be regarded as a minimum
estimate.
The third unknown parameter of equation 6.1 is the terminal velocity of the ice
streams. Figure 6.1 indicates the ice drainage potential of the two Late Weichselian ice
streams, using equation 6.1, for all velocities between 0-1 km a-1.
An Alley-type model of ice stream motion was run with ice stream profiles
similar to that in Ice Stream B at present, for ice streams within Bj0rn0yrenna and
Storfjordrenna (Appendix D). The terminal velocities that were calculated from these
experiments were 240 m a-I and 210 m a-I for Bj0rn0yrenna and Storfjordrenna,
respectively. The value for the terminal velocity of Bj0rn0yrenna Ice Stream is in
agreement with Lindstrom (1989), where the velocity due to deforming basal sediments
was accounted for over the southern Barents Sea. From Figure 6.1, the volumes of ice
(drained by the ice stream) that correspond to these terminal velocities are 14.5 kffi3 a-I
by Bj0rn0yrenna Ice Stream and 5.0 km3 a-I by Storfjordrenna Ice Stream.

6.3 IMPLICATIONS FOR THE LATE WEICHSELIAN SVALBARDBARENTS SEA ICE SHEET
6. 3. 1 Period of ice stream existence
Theoretically, as the ice streams within Bj0rn0yrenna and Storfjordrenna drain
ice from the grounded Svalbard-Barents Sea Ice Sheet, so the ice sheet would become
reduced in volume, and possibly unable to feed and replenish the ice stream volume. If
it is assumed that deforming basal sediments are required to sustain ice stream velocities
(as ·in MacAyeal, 1992), then there are three modelling factors important in an attempt
to model the maximum and minimum possible periods at which the ice streams within
Bj0rn0yrenna and Storfjordrenna may have existed. These factors are: the volume of
ice available to be drained within the ice sheet, the volume of ice that needs to be
drained by the ice stream to sustain its profile (and maintain ice stream stability), and
the distribution of basal deforming sediments. This latter aspect is important in that the
sediment distribution within the two channels in question can be estimated for the
present day. Therefore, in terms of ice stream reconstructions through time, the modern
day sediment distribution of the respective troughs must be ~ttained at the final date of
the modelled ice stream activity. If one assumes that this sediment distribution has
remained unaltered in thickness and position since the last glaciation (i.e. since the last
ice stream was in existence), it is the only independent piece of geological data that can
.be used to define the end of the period during which the ice streams were effective. The
constraint on the date at which the ice streams became active is dependent on the date at
which enough ice was present within Bj0rn0yrenna and Storfjordrenna to initiate them.
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Figure 6.1. Graph to show the potential flux of ice that could be removed from the
Svalbard-B arents Sea Ice Sheet by ice streams (with a variety of mouth velocities)
within Bj(/)rn(/Jyrenna and Stoifjordrenna.
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This value is estimated from the ice sheet reconstructions in Chapter 5 (and Appendix
B) to be not before approximately 20 ka (mod) BP.
There are then two pieces of information which dictate the period of activity of
the ice streams: first, the time at which the ice streams could be activated is at around 20
ka (C) BP; and second, the time at which the ice streams became inactive is the same
time at which when the sediment distribution of the model matches the geology.
The modern sediment distributions over the floor of Bjprnpyrenn a and
Storfjordrenna are distinctly different, in that Storfjordrenna has little or no sediments
within it, whilst Bjpmpyrenna has a layer of sediments which is up to 50 m thick at its
mouth and western area, but is absent further up the slope of the channel (Section
2.4.2).
In the case of Bjprnpyrenna , there are a number of possible glaciological
methods of obtaining the modem sediment distribution. One method is that the central
region of the Svalbard-Barents Sea Ice Sheet may not have been able to sustain the
volume of ice that was required to maintain the Bjpmpyrenna Ice Stream profile, so that
the ice stream action was abruptly stopped before the ice stream stripped the outer
trough of sediments. Another way is that the ice stream may have reached an
equilibrium where the ice stream stopped short of the outer areas of Bjpmpyrenna .
Both of these possibilities could leave behind the modern sediment layer within
Bjpmpyrenna that has been observed seismically (Section 2.4.2).
For Storfjordrenna, since there is no significant thickness of sediments within
the channel floor at the same bathymetric depth (250-300 m) at which Bjpmpyrenna has
sediments, the ice stream must have acted to strip the channel floor of unlithified
sediments, and deposit them over the fan sequence at the trough mouth via proglacial
deposition. The Storfjordrenna Ice Stream may have lasted in an active phase for longer
than Bjprnpyrenna Ice Stream for the following two reasons. First, as Storfjordrenna
Ice Stream would have been much smaller than the Bjpmpyrenna Ice Stream (the
difference in the channel size indicates that Bjpmpyrenna is approximately 5-6 times
greater by surface area than Storfjordrenna), it thus required less ice to sustain it.
Second, as has been suggested in Chapter 5, the Svalbard and northern Barents Sea
area may have been covered by approximately 1,000 m of ice at the LGM, thus
providing a plentiful and local source of ice for the ice stream at Storfjorden throughout
the last glaciation within the Barents Sea.
The rate of sediment erosion in the Alley-type ice stream flowlines (Appendix
D) is between 10-20 cm in 100 years. Using the 'thin till' approximation for Barents
Sea ice streams (Section 3: 10.2), where a 6 m thickness of water saturated sediments
originally existed at the base, the sediment erosion rate implies that 3-7 ka of stable ice
stream behaviour would erode these sediments.
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6. 3. 2 Potential volume of drained ice
With ice stream activity in Storfjordrenna and Bj0rn0yrenna for up to 5,000
years after the glacial maximum, a relatively large volume of ice would have been
drawn off the Svalbard-Barents Sea Ice Sheet through the ice streams, such that the
pattern of deglaciation may have been different from the possible scenarios of Chapter
5. 5,000 years of ice drainage through Bj0m0yrenna Ice Stream with a profile like that
in Figure D.1 would yield over 70,000 km3 of ice, which would have been removed
from the central Barents Sea (Section D.2.1). For the case of Storfjordrenna, after
5,000 years of ice drainage by an Alley-type ice stream, about 25,000 km3 of ice would
be removed from the northern Svalbard-Barents Sea Ice Sheet (Section D.2.2).

6. 3. 3 Significance of drained ice volume to ice sheet decay
Conceivably, for the standard model run of Chapter 5 (Section 5.2), the only
ice stream that would be effective during the last glaciation is in Storfjordrenna, since
no ice was formed over Bj0rn0yrenna. One of the problems which was identified for
the standard model in Section 5.3.1, was that at 10 ka (mod) BP, an excess of ice was
left over the north western Barents Sea such that the modelled isostatic signal did not
match the observed response. A possible reason for this may be that some mechanism
by which mass was lost by the ice sheet has not been accounted for; be it through
marine ice loss terms (iceberg calving and ice shelf basal melting), or direct surface
melting of the ice sheet. However, flow line results indicate that, for a 5000 year period
of ice stream activity in Storfjordrenna, 25,000 km3 of ice would be lost from the ice
sheet, which represents approximately half of the total volume of ice that was lost due
to calving from all other sides of the ice sheet in the standard run (Section 5.2). Thus,
assuming 5,000 years of standard ice stream activity in Storfjordrenna, the ice sheet
size at 10 ka (mod) BP would be over 9% less than predicted by the 'standard Late
Weichselian ice sheet reconstruction' of Chapter 5 (Section 5.2).
The maximum sized ice sheet of Chapter 5 (Section 5.6) was calculated by
running the standard -model, with a sea-ice induced ice shelf included. The ice shelf
subsequently grounded in the central and eastern Barents Sea by the time of the LGM,
which eventually formed 1,000 m of grounded ice over Bj0rn0,yrenna; this thickness of
ice may have initiated melting at the ice sheet base which acted to saturate basal
sediments along Bj0rn0yrenna. By accounting for 5,000 years of ice stream activity
from Alley-type ice streams within both Bj0rn0yrenna and Storfjordrenna, over 95,000
km3 of ice could be taken from the ice sheet. Moreover, about 70,000 km3 of ice would
be transported through Bj0rn0yrenna; i.e. removed from the central Barents Sea. A
problem with the maximum Late Weichselian Svalbard-Barents Sea Ice Sheet
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reconstruction, identified in Section 5.6, was that an excess of ice was left over the
central Barents Sea at 10 ka (mod) BP (a feature that had been found by the previous
modelling studies of Lindstrom (1989)). However, 70,000 km3 of ice taken away from
the central Barents Sea represents (from figure 5.20) over 10% of the total ice that was
removed from the ice sheet due to calving (Section 5.6.2). Essentially, 70,000 km3 of
ice lost from the central Barents Sea would have acted to help unground the central
region of the Svalbard-Barents Sea Ice Sheet. This may have triggered basal ice shelf
melting within the Barents Sea, such that the ice shelf may have been a transient feature
that disintegrated quickly after its formation. Subsequently, the isostatic signal for the
Barents Sea at 10 ka (mod) BP would be focussed around Svalbard and the western
Barents Sea, as the interpretation of Svalbard raised beach sequences suggests (Section
2.6) .

6.4 THREE DIMENSIONAL ICE SHEET RECONSTRUCTIONS
Ice sheet velocity calculations, where sliding is the only method of basal ice
motion (Chapter 5 and Appendix B), indicate that, because of the buoyancy effect on
the effective pressure, relatively high sliding velocities were produced near to the ice
sheet margin. The ice velocity results in Appendix D, where the deformation of water
saturated sediments was analyzed along a flowline, indicate that the transition to high
ice velocities may be more gradual than is suggested by the sliding calculations. To
examine the effect of deforming sediments on the ice sheet velocity, and subsequently
the ice sheet profile, equation 3.30 (the determination of the ice velocity due to
deforming basal sediments) is introduced into the three-dimensional model. The
calculation of the velocity due to deforming sediments is restricted in the threedimensional model to areas where deforming sediments may have occurred. Since areas
of the Barents Sea above 150 m water depth presently have very little unconsolidated
sediments, the areas where deforming sediment velocities are allowed are simply
defined as the bathymetric troughs within the Barents Sea below a present water depth
of 150 m. Effective-pressure is calculated from equation 3.28. Assuming that the layer
of water above the saturated till is of the order of 1-10 mm (as in Alley and others
(1989a)), the parameter f, in equation 3.28 (the fraction ofthe bed area where excess
basal water exists), is defined as 0.7 in the three-dimensional model (Alley and others,
1989b; Murray, 1990). A constant deforming till thickness, hb, of 6 m was introduced
within Storfjordrenna (in the 400 km2 cell grid) and Bj0m0yrenna (in the 2500 km2 cell
grid). If no till is present at the base of a grid cell (i.e. in regions other than the two
troughs at Bj0rn0yrenna and Storfjordrenna), then the basal ice motion is described by
a simple sliding equation. In these areas of no deforming till, Budd and Smith's (1982)
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sliding relation (equation 3.9) is used in the 400 km2 grid cell model (as in the standard
model). However, the largest Late Weichselian ice sheet that has been reconstructed in
this thesis used the sliding equation of Jenssen and others (1985) (Appendix B, Section
B.3.3, equation B.4). Therefore, in the 2500 km 2 grid cell model, the sliding velocity
(where there is no basal sediment) was described by equation B.3. In doing this, any
change in the ice sheet dynamics compared to the scenario in Section B.3.3 can be
attributed to the influence of basal sediments.
By introducing the ice stream velocities that have been calculated for the
proposed ice stream areas into the three-dimensional ice sheet reconstructions, the
draining effect of the deforming-sediment-propelled ice streams on the interior ice sheet
can be analyzed through the period of the deglaciation. For the standard model run
(Section 5.2 and B.2), where grounded ice existed in Svalbard and the western Barents
Sea, the only ice stream that has not been accounted for within basal sliding
examinations (Appendix B) with any likely significance to the ice volume is within
Storfjordrenna. However, for the situation when permanent sea ice was introduced to
the central Barents Sea (Section 5.6.2 and B.3.2), the entire Barents Sea becomes
covered by grounded ice at the LGM, and thus ice stream activity within both
Storfjordrenna and Bj0rn0yrenna becomes possible.

6. 4 .1 Storfjordrenna Ice Stream
The standard ice sheet reconstruction (Section 5.3.1) is now modelled again,
with the deforming-sedim ent-induced ice stream velocities introduced into the
Storfjordrenna region for the period of the last deglaciation (Figures 6.2 and 6.3). The
Storfjordrenna Ice Stream drained ice such that at 15 ka (mod) BP, 1,300 m of ice was
located over eastern Spitsbergen, and 900 m of ice was situated over
Spitsbergenbanken. Subsequently, after 5,000 years of deglaciation (i.e. at 10 ka
(mod) BP), the stable ice stream within Storfjordrenna was responsible for draining ice
off Spitsbergenbanken, such that only 500 m of ice remained there. The resulting
isostatic signal (which can be estimated from the ice thickness distribution in Figure
6.3) compares with. the Late Weichselian raised beach analysis (Section 2.6) much
more favourably than do the ice thickness reconstructions from the standard Late
Weichselian model (i.e. Figure 5.ld). Thus the Storfjordrenna Ice Stream may have
acted to drain ice off the western Barents Sea before the onset of large scale deglaciation
at around 12-10 ka BP (Section 5.3.3). Ice sheet decay of this kind would have formed
an isostatic uplift pattern around Svalbard at 10 ka (mod) BP that is suggested from
raised beach analysis (Section 2.6).
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a Ice thickness at 15 ka (mod) BP

b Ice surface elevation at 15 ka (mod) BP

c Ice velocity at 15 ka (mod) BP
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6. 4. 2 Bj~rn~yrenna Ice Stream
The maximum sized Svalbard-Barents Sea Ice Sheet that has been modelled in
this thesis (where sea ice is allowed to thicken to form a fast ice shelf (Section B.3.2)),
was re-run with the deforming bed mechanism introduced into Bj!,1lrn!,1lyrenna. Although
the Bj!Zlrn!Zlyrenna Ice Stream drained a considerable volume of ice (namely about
70,000 km3 of ice in 5,000 years (Section 6.3.2)) from the central regions of the
Barents Sea, since the ice stream was fed from the northern Fennoscandian ice sheet as
well as the ice sheet within the central Barents Sea, the volume of ice taken off the ice
sheet was spread over a relatively large area (compared to the relatively small drainage
area of the ice stream within Storfjordrenna). Consequently, the maximum sized
reconstruction of the Svalbard-Barents Sea Ice Sheet, when including deforming-bedpropelled ice stream action within Bj!,1lrn!,1lyrenna, is not very different to the
reconstruction when the ice stream velocities are calculated by a basal sliding relation
(Figure 6.4). The decay of this ice sheet was predicted to have occurred more rapidly
than in any of the deglacial scenarios of Chapter 5 (Figure 6.5). This was due to the
relatively high flux of ice that was taken through the deforming-bed-propelled ice
stream within Bj!,1lrn!,1lyrenna. However, by 12 ka (mod) BP, this ice stream became
inactive, and was unable to sustain the flux of ice out of the ice sheet (Figure 6.5).
The rapid decay of the ice sheet within the central Barents Sea has only been
modelled in this thesis when the marine ablation terms have been increased during
deglaciation (Section 5.6.3). Subsequently, it may be that the Bj!,1lrn!,1lyrenna Ice Stream
did not cause the disintegration of the ice sheet because it did not stay active throughout
the deglaciation, rather that it helped to thin the grounded ice before 12 ka (mod) BP,
and thus made it susceptible to rapid decay from iceberg calving and basal ice shelf
melting during and after this time (Section 5.6.3).
There are two possible methods by which Bj!2lrn!,1lyrenna Ice Stream action was
halted. First, Lindstrom's ( 1989) deglacial reconstruction of the Barents Sea portion of
the Eurasian ice sheet at 10 ka (C) BP (Section 1.4.2), showed that the ice stream in
Bj!,1lrn!,1lyrenna did not itself cause the disintegration of the Barents Sea ice sheet after 18
ka (C) BP, but assisted in the deglaciation through mass loss caused by iceberg calving
at the ice-stream mouth. Subsequently, the ice stream action stopped when the ice sheet
within the central Barents Sea became too thin to sustain it. Second, however,
interpretation of the Barents Sea geology in conjunction with modelling exercises of
Elverh!Zli and others (in press) and this study (Section 5.8.3) has suggested an
alternative degladal scenario. The Bj!,1lrn!,1lyrenna Ice Stream would have drained ice
from the central ice sheet, which subsequently would leave the central ice sheet thinner.
Combined with a sea-level rise, this acted to unground the ice sheet in the central
Barents Sea, thus forming an ice shelf. It is therefore the ungrounding of the ice
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stream, and the central region of the Svalbard-Barents Sea Ice Sheet, that may have lead
to the termination of ice stream activity in Bjf,'lmf,'lyrenna. Deglaciation of this latter form
leaves behind an isostatic uplift pattern similar to that observed geologically on
Svalbard (Section 2.6).
The model predicts that, during the active phase of the ice stream within
Bjf,'lrnf,'lyrenna, a small ice shelf existed at the mouth of the trough (over the
Bjf,'lrnpyrenna trough mouth fan) (bottom left of Figure 6.4a, band c).The existence of
the ice shelf was maintained by the flow of ice from the ice stream. Thus, when the ice
stream became inactive, the ice shelf was disintegrated quickly by iceberg calving
(Figure 6.5). However, since basal ice shelf melting was not accounted for in this
particular reconstruction, the likelihood of this small, short-lived ice shelf occurring
during the last deglacial is in doubt.

6.5 SUMMARY
6. 5 .1 Ice Drainage Potential
The marine nature of the Late Weichselian Svalbard-Barents Sea Ice Sheet, and
the presence of both unconsolidated sediments on the sea-floor and sediment fans at the
mouths of several bathymetric troughs, indicates that ice motion of the ice sheet may
have been aided by the deformation of water saturated sediments at its base in certain

I
I
II

regions.
The ability of ice streams to drain ice off the ice sheet interior (as in the present
day Antarctic and Greenland ice sheets) is of importance to the Svalbard-Barents Sea
Ice Sheet, both in terms of its maximum size and of its decay during deglaciation. The
analysis of Alley-type ice stream flowline models has allowed the ice drainage potential
of specific areas to be examined. Results have shown that, after the LGM, over 70,000
km3 of ice may have been taken off the ice sheet, through the ice stream within
Bjprnf,'lyrenna (Section 6.3.2). Additionally, about 25,000 kffi3 of ice may have been
taken off the northern region of the ice sheet through Storfjordrenna (Section 6.3 .2).
The significance of these ice streams in terms of the decay of the ice sheet is distinctly
different. The Bjpmf,'lyrenna Ice Stream helped to thin the ice within the central region
of the Barents Sea, and may have aided in the formation of a transient ice shelf which
separated the ice sheet in the western Barents Sea from the Fennoscandian and Kara
Sea ice sheets. However, the ice stream within Storfjordrenna drained ice off the northwestern Barents Sea. This acted to thin ice over Spitsbergenb anken, and thus
contributed to the decay of the marine section of the ice sheet in the western Barents
Sea.
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Under the Alley (1990) ice stream model, the period during which the ice
streams were active is dependent on the availability of ice to sustain the profile of the ice
stream and the production of unlithified basal sediments. The erosion of approximately
10-20 cm of sediments in 100 years of ice stream activity (Appendix D) suggests that
the bathymetric troughs would have been stripped of sediments within a few thousand
years (as in Storfjordrenna at present). The trough may subsequently be replenished
with sediments during interstadials, when a thin layer of unlithified material is
deposited over the Barents Sea floor (Section 2.2.1), and during the first stages of ice
buildup in the area.

6. 5. 2 Three dimensional model
By introducing the Alley-type deforming sediment mechanism into predefined
regions within the three-dimensional ice sheet reconstructions, the influence of
deforming sediments on the pattern of deglaciation was examined. For the maximum
ice sheet, where the dominant ice stream was within Bjprnpyrenna, the experiments
show that the reconstructed decay of the ice sheet is not significantly different to that
predicted when sliding was the only form of basal ice sheet motion. Thus, the presence
of deforming sediments within Bjprnpyrenna has little effect on the previously
predicted deglaciation of the Barents Sea (in Chapter 5). To enable the decay of the
Barents Sea ice sheet that was predicted by Elverhpi and others (in press), in which the
marine portion of the Svalbard-Barents Sea Ice Sheet disintegrates before the terrestrial
parts (thus producing the geologically observed Holocene uplift), the rate of ice loss
due to marine ablation mechanisms has to be increased from that modelled during the
LGM such that the grounded ice sheet margin retreats rapidly from the deeper areas of
the Barents Sea (Section 5.6.3).
Under the basal sliding experiments within Chapter 5 (and Appendix B), no
rapid ice flow velocities were predicted for the Storfjordrenna region (an area where
interpretation of the Barents Sea bathymetry and geology suggests that ice stream
activity may well h.ave taken place). The introduction of deforming-sediment-induced
ice stream velocities into Storfjordrenna (within the standard model run) produces
significantly higher velocities within the region, compared to when basal sliding was
the only method of basal ice sheet motion. The drainage of tqis ice stream, between 1510 ka (mod) BP, acted to remove a significant volume of ice from the western Barents
Sea Ice Sheet between 15-10 ka BP, which helped to achieve Svalbard's Holocene
isostatic rebound that has been recorded geologically (Section 2.6).
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7

MODEL LING PRE-LA TE WEICH SELIAN
GLACIA TIONS
7.1 INTRODUCTION
Pre-Late Weichselian Svalbard-Barents Sea Ice Sheets may have experienced
much longer periods in which ice sheet buildup occurred by comparison with the Late
Weichselian. If a significantly longer period of glaciation occurred over the Barents Sea
during glacial periods before the Late W eichselian, then the resulting ice sheets may
have reached an equilibrium state before the respective global glacial maxima. Thus,
stable ice sheet reconstructions may indicate the maximum possible extent of pre-Late
Weichselian Svalbard-Barents Sea Ice Sheets. Pre-Weichselian or pre-Quaternary ice
sheets can also be modelled in this way provided that the mass removed by erosion
from former ice sheets to yield the modern bedrock elevation, is added to the present
bedrock elevation in order that the pre-Weichselian (or pre-Quaternary) bedrocks can be
reconstructed.
In Chapter 5, the growth and decay of the Late Weichselian Svalbard-Barents
Sea Ice Sheet was modelled and compared to the recently interpreted geological record.
This particular ice sheet reconstruction differs from many previous studies (e.g. Denton
and Hughes, 1981; Lindstrom, 1989; Tushingham and Peltier, 1991; Elverh0i and
others, 1992) in that the initiation of the ice sheet occurred very late in the last glacial
cycle. Since both the period during which ice sheet growth was possible was relatively
short, and the accumulation rate on the ice sheet surface was varied over time according
to the Norwegian-Greenland Sea moisture source availability (Section 2.3.3), the
modelled ice sheet was not able to reach an equilibrium state. Thus the maximum
possible sized ice sheet, in which stability under the imposed climatic regime is
conceivable, was not reached in the Late Weichselian ice sheet reconstructions.
Since it is of interest to determine the maximum sized ice sheets that could
theoretically have formed in the Barents Sea during the Weichselian (or earlier
glaciations), it is useful that the stable configurations of the Svalbard-Barents Sea Ice
Sheet are determined. These equilibrium ice sheets can then be compared to the Late
Weichselian reconstructions.
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This chapter presents, firstly, the stable ice sheet scenarios that were
hypothetically possible under Late Weichselian and pre-Late Weichselian forcing
conditions and, secondly, the pre-Weichselian stable ice sheet configurations which
incorporate the effects of a shallower Barents Sea bedrock elevation (which was
subsequently glacially eroded).

7.2 MODEL INPUTS
Stable ice sheets were determined by running the 400 km3 grid cell model with
constant glacial forcing conditions (i.e. precipitation pattern, sea-level and sea-level air
temperature) until mass balance equilibrium (as indicated by ice sheet volume and
configuration stability) is achieved. Consequently, the stable size of the ice sheet is
dictated by the particular climate at the glacial maximum. The model inputs for the
stable ice sheet constructions, unless otherwise stated, are that of the standard model
climate at 18 ka (mod) BP (Section 5.2). Other parameters that affect the mass balance
of the ice sheet are allowed to vary freely in time. These parameters are: the depthrelated iceberg calving rate (which is affected by ice thickness at the margin and
isostasy), and the surface accumulation rate feedback (Section 3.14) (which is caused
by accumulation and isostasy). Sea level is held constant at 60 m below that of the
present (as in the standard ice sheet run in Section 5.2, at 18 ka (mod) BP) for all of the
equilibrium ice sheet constructions. The model was then run with constant forcing
conditions for at least 20 ka of model time, until ice sheet stability was attained.

7.3 STABLE SVALBARD-BARENTS SEA ICE SHEETS
DURING THE WEICHSELIAN
Although the standard ice sheet reconstruction (Section 5.2) was previously
examined by means of a number of sensitivity tests (Section 5.4), the resulting size of
the ice sheet was constrained by the surface accumulation and iceberg calving
conditions that were -estimated for the Late Weichselian Barents Sea. Sensitivity
examinations that may be performed on a stable (maximum sized) ice sheet would
produce the maximum possible variation in the ice sheet size.,Thus, it is important to
understand the nature of the maximum ice sheets that could be constructed under
differing accumulation rates and calving conditions, so that the Late Weichselian ice
sheet reconstructions can be given a perspective.
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7 . 3 .1 Standard stable ice sheet size
The 400 km2 grid cell model was run with three different accumulation
functions: the standard accumulation (as described in Table 5.1, Section 5.2), and the
Polar Continental and Polar Mix accumulation functions (Figure 4.6). These three
accumulation regimes were subject to an 80% reduction in the possible rate of
precipitation in the east of the grid, to account empirically for the distance from the
available moisture source (as in the Late Weichselian reconstructions). Attention is
drawn to the Polar Mix case study since it represents the accumulation conditions
through which the high precipitation rate pulses, caused by the creation of a very local
moisture source (Section 2.3.3), were included in the standard model (Section 5.4.5).
The ice thicknesses and surface elevations of the stable ice sheets that were formed
under the three accumulation rates, show that the maximum possible sized, stable ice
sheets are not significantly different in extent to the Late Weichselian standard model
(Figures 7.1 and 7.2). The ice volume over time for the stable ice sheet reconstructions
indicates that stability is achieved shortly after 10 ka of model running time (Figure
7.3) .
The most important feature of the stable ice sheets under standard forcing
conditions is that none covers the entire grid of the Barents Sea. This indicates that a
significant calving reduction is necessary to allow the ice sheet to spread over the
deeper areas of the Barents Sea (as in the sensitivity analysis of Section 5.4).
The Polar Continental stable ice sheet (Figure 7.la) has a maximum thickness
of around 1,100 m, located within Storfjorden, and a volume of 210,000 km3. The
standard model stable ice sheet's maximum thickness is around 1500 m, located to the
south of Edgesziya (Figure 7 .1b ), with a volume of 360,000 km3. The Polar Mix stable
ice sheet has a maximum thickness of around 1800 m, located to the east of Edgepya
(Figure 7.lc), and a volume of 565,000 km3 . Both the standard and Polar Mix stable
ice sheets exceed the volume (266,000 km3) and maximum thickness ( 1300 m) of the
standard Late W eichselian ice sheet (Figure 5.1 c). An important feature of the standard
and Polar Mix stable ice sheets is a connection between the Svalbard-Barents Sea Ice
Sheet, and the ice cap over Franz Josef Land (Figure 7.2), a feature that was never
found in the Late W eichselian reconstructions of Chapter 5. This connection between
the ice domes in the western Barents Sea and Franz Josef Land was formed sometime
between 8 and 10 ka of model time in both the standard and Polar Mix stable ice sheets.
Ice sheet reconstruction of this kind agrees to geomorphological studies of Matishov
(1 980), where a grounded ice connection was proposed between the western Barents
Sea and Franz Josef Land.
The ice thickness plots (Figure 7 .1) indicate that by employing a higher
accumulation rate, the isostatic depression centre of the stable ice sheet (its area of
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maximum thickness) is drawn to the east. All of the stable ice sheet constructions
indicate a situation in which the bedrock depression is centred around the Edge0ya
region, and the isostatic depression encapsulates Svalbard and the western Barents Sea.

7. 3. 2 Sensitivity to the eastern Barents Sea accumulation rate
To account for the remoteness of the eastern side of the 400 kffi3 cell grid from
the precipitation/moisture source (the eastern Norwegian-Greenland Sea), the climatic
input for the standard model made the assumption that only 80% of the accumulation on
the western side of the grid was permitted on the eastern side. Since this assumption is
necessary but intuitive, an examination of the effect of the eastern grid accumulation
depression on the stable ice sheet must be conducted. The stable standard model was
run with eastern grid accumulation rates of 60%, 70%, 90% and 100% of the western
grid values. The subsequent ice thickness plots indicate that although the ice sheet
volume is increased when the eastern precipitation rate is increased, the overall extent of
the stable ice sheet is not significantly affected by the change in eastern precipitation rate
(Figure 7.4). This is because the expansion of thickening ice was prevented by calving
at the ice sheet margin.

7. 3. 3 Sensitivity of the stable and Late Weichselian standard ice sheets
Given the similarity in dimensions between the stable standard ice sheet and the
Late Weichselian standard ice sheet (Section 5.2), the results from the sensitivity
analysis of the standard ice sheet (Section 5 .4) can be applied to the stable standard ice
sheet. Moreover, the findings from the accumulation rate sensitivity of the stable
standard ice sheet can be applied to the Late Weichselian standard ice sheet. This is an
important assumption since it means that even under stable (maximum) ice sheet
conditions, with inputs most conducive to ice sheet formation, the entire Barents Sea is
not predicted to be totally covered by the modelled ice sheet.

7. 3. 4 Calving reduction within the Barents Sea, and the pre-Late
w eichselian ice sheet
In order to construct a stable ice sheet over the entire Barents Sea, iceberg
calving into the Barents Sea has to be stopped (as jn the Late Weichselian
reconstructions (Sections 5.5 and 5.6)). The justification for this is that if permanent
fast ice (relatively motionless sea ice) existed in the Barents Sea during the glaciation,
first, the calving ice wall would be supported and stabilized by the buttressing effect of
that fast ice, and second, any icebergs that were calved would be retained within the
Barents Sea. The stable standard ice sheet model was thus run with iceberg calving into
the Barents Sea suppressed. The corresponding ice thickness and ice sheet elevation
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plots indicate that when stability was achieved (shortly after 16,500 years of model
time), the entire Barents Sea was covered by a grounded ice sheet (Figures 7.5 and
7.6). Stability was achieved after the iceberg calving rate became equivalent to the
accumulation rate (Figure 7 .7). The steady increase of the calving rate through time can
be attributed to a combination of an increase in the ice thickness at the margin, and an
isostatically-produced increase in the bathymetdc depth. The maximum thickness of the
stable ice sheet is about 2,200 m, located in the middle of the eastern side of the grid.
The surface elevation of the ice sheet (Figure 7 .6) shows that the ice sheet dome is
about 1,500 m above sea-level within the central Barents Sea (in the east of the grid).
The ice sheet dome subsequently feeds ice to the continental shelf break (where calving
can occur) through Bjszsrnszsyrenna in the west, and the relatively small outlet glaciers at
the northern margin of the ice sheet (Figure 7 .6d). Stable ice sheet reconstruction of
this form is in very close agreement with the Barents Sea Ice Sheet that was suggested
by Tushingham and Peltier (1991, 1993) (Section 1.4.3).
The ice thickness and ice sheet elevation plots of the stable ice sheet (Figures
7.5 and 7.6) are very different in extent from the stable standard ice sheet (Section
7.3.1). This is expected, since iceberg calving, the most significant ablation mechanism
in a marine based ice sheet (e.g. Jacobs and others, 1992), was taken away from a
large section of the ice sheet margin. However, what is more unusual is that the stable
ice sheet is significantly different to that of the corresponding Late Weichselian ice sheet
reconstruction (where calving was cancelled within the Barents Sea (Section 5.5)). This
is due to the relatively short duration between 22-18 ka (mod) BP in which reduced
calving was applied to the Late Weichselian ice sheet. Since the stable ice sheet took 16
ka to reach an equilibrium, the reduced-calving Late Weichselian ice sheet, at its
maximum (15 ka (mod) BP) (Figure 5.16), can be thought of as being several thousand
years away from reaching its stable size, unlike the standard model, which is not
dissimilar in size to its corresponding stable ice sheet (Section 7.3.1).
If, during the Weichselian, the Barents Sea was subject to both 41 and 23 ka
periods of orbital forcing (within the overall 100 ka cycle), then it seems reasonable to

assume that the period during which the growth of the ice sheet could occur would be
long enough for the ice sheet to reach stability (i.e. around 15 ka of glacial conditions).
Additionally, if during the glaciation, the Barents Sea was covered by permanent fast
ice which acted to reduce heavily the effective rate of iceberg calving, then the stable ice
sheet configuration as shown in Figures 7 .5 and 7 .6 would represent the likely ice
sheets that may have formed over the Barents Sea during the last 200 ka. Thus the
calving reduced equilibrium ice sheet may be realistic for some pre-Late Weichselian
scenarios.
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7. 3. 5 Disintegration of the calving reduced stable ice sheet
The collapse of an ice sheet such as that in Figure 7 .5d has been shown by
Lindstrom (1989) and this study (Sections 5.6.2 and 5.6.3 ) to be the result of a
combination of the following processes. The effect of rising sea-level is an increase in
the relative bathymetric depth, and hence the calving rate at the shelf edge, which acts in
turn to thin the interior ice sheet by increasing the flux of ice at the margin. This process
on its own permits the pattern of isostasy from the maximum ice sheet to persist
throughout the deglaciation. If, however, the rising sea-level causes the already thinned
ice sheet to form a stagnant-ice-shelf within the central Barents Sea, then the position of
the grounded ice margin during the final stage of deglaciation (and hence the postglacial isostatic pattern), would be significantly different to that of the maximum ice
sheet. An example of this is the deglacial scenario in Section 5.6.3, where a large ice
sheet that covered the entire Barents Sea at the LGM was disintegrated through the
melting and calving of a sea-level-rise induced ice shelf such that the geologically
observed isostatic uplift was left over Svalbard and the western Barents Sea at around
10 ka (mod) BP.

Although the Late Weichselian uplift pattern of the Barents Sea is known, the
pre-Late Weichselian uplift patterns are unknown. Consequently, the actual method by
which the pre-Late Weichselian Svalbard Barents Sea Ice Sheet disintegrated is also
unknown. However, if one assumes that the 'sawtooth' nature of glacial cycles dictates
that the period of deglaciation is relatively small, compared to that of ice sheet buildup,
then one can also assume that the calving reduced stable ice sheet must have
disintegrated within a few thousand years. Elverh~i and others (1992) have presented a
method, through Fourier analysis of the isostatic signal (Section 1.4.2), by which an
ice sheet very similar to that of the calving reduced stable ice sheet (Figure 7 .5d) can be
disintegrated within 8 ka, to ultimately form the Late Weichselian/Holo cene uplift
pattern. This method agrees well to the theory of a sea-level rise induced ice shelf that
acted to alter the isostatic pattern from the glacial maximum to the late phase of
deglaciation. Elverh~i and others' deglacial chronology seems intuitively reasonable
since the marine par( of the ice sheet disintegrates more rapidly than the terrestrial. The
areas where the ice sheet can become buoyant are dictated by the Barents Sea
bathymetry. Thus, although this method of ice sheet disintegration may be realistic for
other Weichselian Barents Sea ice sheets, it may not be for pre-Weichselian ice sheets,
since the Barents Sea may have been significantly shallower before the Weichselian
than at present (because of glacial erosion).
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7.4 PRE-WEICHSELIAN ICE SHEETS
7. 4 .1 Bedrock erosion in the Barents Sea
In order to reconstruct the likely maximum sized Svalbard-Barents Sea Ice
Sheets that may have formed during the pre-Quaternary period (i.e. earlier in the
Cenozoic), an adjustment has to be made for the erosion of the Barents Sea bedrock.
There are two glacial erosion scenarios currently proposed for the Barents Sea region.
Vagnes and others (1992) suggest that the Barents Sea area was subject to sea-level
erosion caused by uplift due to tectonic break up during the Eocene (57-37 million
years BP), which was followed by the Oligocene (37-24 million years BP) sea-level
lowering which acted to further erode the bedrock. After this time, the Barents Sea was
left as a sub-aerial platform, and was later subjected to large scale glaciations where
further glacial erosion left the present Barents Sea bedrock elevation. This chronology
of erosion events differs from that of Elverh0i (personal communication), where the
sub-aerial platform is believed to have existed throughout the Pliocene (5.6-2.0 million
years BP) and early Pleistocene (1.6 -0.8 million years BP), much later than Vagnes
and others (1992) suggest. This discrepancy arises because of the recently interpreted
nature of sedimentation over the Barents Sea trough mouth fans. Elverh0i proposes that
the upper regional unconformity of the Bj0m0yrenna fan (between Formations A and B
in Figure 2.5, Section 2.3.2) has a base which is tentatively dated at between 420-700
ka BP. This corresponds roughly to the onset of 100 ka cycles of glaciations. Thus the
unconformity may correspond to both the change from terrestrial ice sheets to that of
marine based ice sheets, in which the sedimentation at the continenta l margin
corresponds to ice stream action, and to the onset of large scale (100 ka) glaciations.
For the purposes of this study, two end member Barents Sea bedrock elevations
have been defined: that of the present day, and the sub-aerial platform of either the preWeichselia n or the pre-Quaternary. To examine the effect of the glacially eroded
bedrock on the maximum ice sheet size, the bedrock elevation is varied linearly between
these two end memb~rs. Thus the sub-aerial platform can be envisaged as a 0% glacial
erosion scenario, whilst the modern bedrock elevation represents 100% of glacial
erosion, with 25%, 50% and 75% subsequently defined (Figure 7.8). The topography
of Svalbard is maintained within all of the bedrock erosion -ice sheet examinations,
since it is not understood how the glacial erosion and tectonic uplift affected the
archipelago.

7. 4. 2 Pre-Weich selian stable Svalbard-Barents Sea Ice Sheets
The bedrock elevations depicted in Figure 7.8 were used as bedrock inputs to a
series of stable ice sheet construction exercises. The other model inputs were identical
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to that of the stable ice sheet in Section 7 .3 .4, in that the standard stable model forcing
was employed together with the rate of iceberg calving into the Barents Sea reduced to
zero. The results show the stable ice sheets that could form over the various bedrock
elevations (Figures 7.9 and 7.10). At first appearance there seems to be little difference
between the stable ice sheets. However, considering that the bedrock elevation differs
by a maximum of only 200-300 m in these examinations, the effects of a subtle change
in the bedrock elevation on the dynamic behaviour of the ice sheet can be observed.
For the case of zero erosion (the sub-aerial platform), the stable ice sheet has a
simple geometry in which the ice sheet centre is defined as a large dome (1900 m thick
and 1200 m above sea-level). There are no defined outlet glaciers or ice streams, as is
evident in the surface elevation map (Figure 7 .10) and the ice sheet velocity map
(Figure 7.lla), thus the ice sheet drains simply by moving ice from the central dome to
the continental shelf break. This gives the ice sheet surface elevation its distinctive
parabolic form, which is only disturbed by the presence and consequent topographic
influence of Svalbard. As in previous modelled ice sheets in this thesis, the topography
of Svalbard influences the surface elevation of the ice sheet, such that the outlet glaciers
of western Svalbard are not fed by the main ice sheet dome within the Barents Sea.
Instead, the outlet glaciers of Spitsbergen are sustained by the ice cap which lies over
Svalbard (Figure 7. lOd). The nature of the Svalbard ice cap remains very similar in all
of the ice sheets within the bedrock elevation exercises.
As the bedrock elevation is altered through greater amounts of glacial erosion,
the dynamics of the stable ice sheet that formed over it is altered such that, when the
present day bedrock elevation is used, the ice sheet moves ice from the interior to the
margin via the bathymetrically defined outlet glaciers and ice streams (Section 7.3.4).
The effect of bathymetry on ice sheet velocities can be examined by comparing the
respective velocity maps for 0% and 100% of glacial erosion in the bedrock elevation
(Figure 7 .11). A significant change can be seen in the ice velocity distribution between
the two bedrock elevations, where the introduction of channels in the Barents Sea,
formed by glacial erosion, induce higher ice sheet velocities, i.e. ice stream initiation.
Thus ice streams and outlet glaciers are defined by bedrock topography. This may mark
how the ice sheet dynamics change within the transition from a terrestrial to a marine ice
sheet, and why sediments deposited by stream activity become evident within the
continental margin sedimentary record at around 420-700 ka BP (Section 7.4.1 ). All of
the bedrock adjusted stable ice sheets take about 16,500 years to achieve mass balance
equilibrium. The ice sheet volume through time (for each of the possible bedrock
elevations) is analyzed with respect to the stable 100% glacial erosion ice sheet in
Section 7.3.4 (Figure 7.12), and indicates that the ice volume for all of the bedrock
adjusted ice sheets is less than for when 100% glacial erosion (the present day bedrock
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elevation) is used as the initial bedrock input. Figure 7 .12 also shows that the ice
sheet's rate of growth is reduced as a more eroded bedrock is employed.

7. 4. 3 Sliding velocity sensitivity
The pre-Weichselian ice sheet reconstructions (Section 7.4.2) have been made
assuming that basal sliding can be approximatect'well by the relation of Budd and others
(1984) (equation 3.25). As discussed in Appendix B, there are a number of alternative
sliding equations which could conceivably be used to model the basal sliding of the ice
sheet. Therefore, in order to examine the effect that an alternative sliding relation would
have on the stable ice sheet size, the Jenssen and others (1985) sliding law was used to
describe the basal sliding velocity within stable ice sheets over the four bedrock
elevations (Figure 7 .8). The corresponding ice thickness and surface elevation maps
(Figure 7.13) indicate that the ice sheets predicted under the Jenssen and others (1985)
sliding relation are very similar to the reconstructions with the Budd and others (1984)
sliding equation. Therefore, the predicted stable ice sheet size within the Barents Sea is
controlled more by the bedrock elevation than by the form of the sliding velocity
equation.

7.5 PRE-LATE WEICHSELIAN ICE SHEET SUMMARY
7. 5 .1 Stable Weichselian ice sheets
During the Weichselian, the Earth was subject a glaciation that is often assumed
to be forced by a 100 ka solar cycle, with the periods of stadials and interstadia ls
influenced by 23 ka and 41 ka cycles. Although there is geological evidence to suggest
that the onset of glacial activity over the Barents Sea occurred late in the last 41 ka
glacial cycle (during the Late Weichselian), there is no evidence to suggest that, before
the Late Weichselian, the period of glaciation over the Barents Sea was not long enough
to permit relative mass balance stability within the ice sheet. Thus equilibrium ice sheet
reconstruc tions, which are formed by running the model with constant forcing
functions, can be envisaged as predicting the possible maximum- sized ice sheets that
could form, under the imposed climate control, within the Weichselian Barents Sea.
Stable ice sheets that were formed using the climate conditions of the Late
Weichselian, and a sensitivity examination of the accumulation regime, indicated that
without employing a restriction on the calving rate into the Barents Sea, total coverage
of a grounded ice sheet over the Barents Sea is never achieved. When an iceberg
calving restriction was employed in the model, the Barents Sea became covered by an
ice sheet after 15 ka of model running time. The shape of this ice sheet matches well
with the that predicted for the Late Weichselia n by Denton and Hughes ( 198 1) and
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Lindstrom (1989). It is therefore reasonable to assume that the stable ice sheet, which
was created with an imposed (yet realistic) calving restriction, may be of the form that
grew over the Barents Sea before the Late Weichselian.

7. 5. 2 Stable pre-W eichselian ice sheets
Vagnes and others (1992) explain how the Barents Sea region may have been
eroded by tectonic uplift and sea-level lowering to an erosional, sub-aerial platform
during the Eocene and Oligocene. Once this had happened, the Barents Sea was further
eroded into its present form by the action of the subsequent ice sheets, either in the Late
Pliocene and Pleistocene (Vagnes and others, 1992), or during the last 800 ka
(Elverh0i, personal communication). This bedrock elevation and that of the present day
was used to define a set of bedrock elevations so that the evolution of the maximum
pre-Weichselian ice sheets can be modelled. The standard model was run with a calving
reduction, until mass balance stability was reached, over the variety of bedrock
configurations. The change from a simple parabolic ice sheet surface elevation, which
spreads out to its margin in all areas when on a flat bedrock elevation, is significantly
different in dynamic character to that when the present bedrock elevation is used. In this
situation, the central ice dome is drained by ice streams such as those in Bj0rn0yrenna
and in the north of the ice sheet. Thus the transition from terrestrial to marine based ice
sheet (which is observed in the continental margin sedimentary record) can be
reconstructed from empirical evidence.
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CONCL USIONS AND FURTH ER WORK
8.1 OVERVIEW
8 .1.1 Introduction

Many of the Earth's last great ice sheets have been modelled numerically, and
their extent subsequently predicted. Before this study of the Svalbard-Barents Sea Ice
Sheet, very little detailed numerical modelling had been performed because of a lack of
data which would indicate the climate of the Barents Sea region during the last ice age.
Many previous reconstructions of the Late Weichselian Svalbard-Barents Sea Ice Sheet
rely on the assumption that the ice sheet was in a state of mass balance equilibrium at
the LGM (Section 1.4.2). These results have indicated the maximum size of the ice
sheet within the Late Weichselian Barents Sea. However, recent interpretation of the
newly acquired data on the geology and palaeoceanography of the Svalbard-Barents
Sea region (Chapter 2) has indicated that the initiation of the ice sheet may have
occurred very late in the glacial cycle. Thus the Late Weichselian Svalbard-Barents Sea
Ice Sheet may not have had long enough to grow and reach a stable size, which implies
that the size of the ice sheet at the LGM may have been less than was predicted by
Denton and Hughes (1981). The late initiation of the last Svalbard-Barents Sea Ice
Sheet, and the subsequent effect on the maximum ice sheet size, has been addressed in
this thesis.

8.1.2 The model
The numerical model used in this study was developed from previous models
that were used to describe, for example, the modem West Antarctic Ice Sheet (Budd
and Smith, 1982), and the Late Quaternary ice sheet that existed over the Antarctic
Peninsula (Payne, 1988). The model is centred around the continuity equation for ice
(Section 3.3), after Mahaffy (1976). Ice sheet velocity was calculated by the sum of
internal ice deformation and basal sliding (and in some cases the deformation of water
saturated basal sediments). The deformation of ice was determined by the temperaturerelated flow law (Section 3.7). Basal sliding was governed by one of a number of
relations (Table B.1) which are dependent on the shear stress and the effective pressure
at the base of the ice sheet. Basal sediment deformation was calculated through the ice
stream modelling approach of Alley (1990) (Section 3.10). The displacement of the
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Earth's crust, due to the load of the ice sheet, was accounted for through an isostatic
diffusion equation (Section 3.12).

8 .1. 3 Forcing data
Ice sheet reconstructions were calculated, through the numerical model, by the
interaction of the palaeoclimate, sea-level, and rates of iceberg-calving and ice-shelfmelting. The glacial climate was determined by analyzing the effect that a GCM-defined
temperature depression would have on the modern ELA, and subsequently on the rate
of precipitation (Section 4.3.3). Palaeoclimates that have previously been determined
through ice-core studies for the Greenland and Antarctic Ice Sheets are not applicable to
the Barents Sea area. This is because of the anomalously warm climate, due to the
North Atlantic circulation pattern (Section 1.2.2), that exists, and may have persisted
during the last glacial, over the Barents Sea. This study therefore assumes, through
geological interpretation (Chapter 2), that the LGM climate of the Svalbard-Barents Sea
region was influenced by relatively warm, moist south westerly prevailing winds that
exist there today. An altitude-precipitation relation was determined from present surface
mass balance studies of Svalbard glaciers. This was coupled to changes in the air
temperature by an altitude-dependent lapse rate. The sea-level air temperature was
guided through the glacial cycle by relating the temperature to indicators of global ice
volume (and therefore air temperature change) such as sea-level, oxygen isotope ratio,
or carbon dioxide content (Section 4.3.5). Sea-level change was determined from the
dating oflow latitude coral platforms (Section 4.4). To account for the change in local
sea-level that the gravitational effect of high latitude ice masses would have induced, the
sea-level change within the Barents Sea was estimated at half of the global variation.
Iceberg calving (Section 4.5) and ice-shelf melt rates (Section 4.6) were included in the
model, from statistical studies of modern day ice masses. The numerical model thus
calculated the dynamic behaviour of an ice sheet which theoretically formed over the
present bedrock topography. The bedrock topography was determined through the
examination of existing map and RES data (Section 4.2).

8 .1. 4 Aims and purposes of this study
The main aim of this study was to determine, through numerical modelling
studies, the likely dimensions of the Late Weichselian Svalbard-Barents Sea Ice Sheet,
and how the ice sheet disintegrated through the last deglaciation. In doing so, the
methods of marine ice sheet initiation, the effect of the presence of ice streams on the
size of the ice sheet, and methods by which the ice sheet decayed, were examined. This
work has a number of implications for research in other areas. First, the size of the ice
sheet, and the rate of its decay determines the effect that the Svalbard-Barents Sea Ice
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Sheet may have had on global sea-level, and hence the deglaciation of other areas (e.g.
Jones and Keigwin, 1988). Second, the modelling of ice streams within the ice sheet
locates possible regions where enhanced glacial sedimentation may have taken place on
the continental shelf and margin. This may enable the identification of regions where
further geological field work should be performed, so that knowledge of the Late
Weichselian sedimentation history of the Barents Sea can be enhanced. Third, by
reconstructing the size of Late Weichselian and pre-Late Weichselian Ice Sheets, it may
be possible to predict the rate and magnitude of isostatic uplift that occurred. The
structure of possible hydro-carbon traps in the Barents Sea may have been affected by
this isostasy. Therefore, the reconstruction of ancient ice sheets within the Barents Sea
may help to determine the preservation potential of hydro-carbon reservoirs.

8.2 SUMMARY OF IMPORTANT FINDINGS
8. 2 .1 Standard model results
When the model was run under standard (most likely) conditions, a grounded
ice sheet formed over the northwestem Barents Sea by the LGM (Section 5.2, Figure
5 .1). The margins of this ice sheet were confined to the shallow sea areas around
Svalbard and Spitsbergenbanken above a water depth of about 300 m. These margins
coincide with the ice terminus positions that have been estimated through seismically
observed moraine ridges (Section 2.5.2, Figure 2.9). A maximum ice volume of about
260,000 km3 formed at 15 ka (mod) BP (approximately 3 ka after the LGM). A
thorough sensitivity examination was performed on the standard model, where the
forc ing data were varied through a full range of possible values (Section 5.4).
Throughout all these examinations, the western Barents Sea ice margins remained
approximately in their standard model positions. It was therefore concluded that an ice
sheet could readily form within the northwestem Barents Sea during the last glacial,
with very stable ice margins. However, grounded ice coverage of the whole Barents
Sea was never obtained within the standard model sensitivity examinations.
At the LGM, an ice stream existed in the bathymetric trough to the east of
Edgepya, which transported ice into the central Barents Sea. This ice stream did not
remain active during deglaciation, because its thickness was rapidly reduced after the
LGM. However, in other areas of the ice sheet margin, during deglaciation, the ice
sheet had higher ice velocities than at the LGM due to the buoyancy effect that the sealevel rise imposed on the ice sheet. This effect was examined when the basal sliding
relation was analyzed (Appendix B) . Higher basal sliding velocities were found to be
conducive to rapid decay of the ice sheet, but did not cause the LGM margins to be
altered significantly from the standard model predictions.
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The decay of the western Svalbard-Barents Sea Ice Sheet occurred after 15 ka
(mod) BP (3 ka after the LGM), when the sea-level induced calving rate exceeded the
rate of accumulation. The rate at which the ice sheet could disintegrate was therefore
controlled by the flux of ice to the ice sheet margin. A simple ice stream model was
used to examine the influence of ice streams on the decay of the ice sheet. Results
indicate that an ice stream within Storfjordrerina (Section 6.3.2), driven by the
deformation of water-saturated basal sediments, could drain 25,000 km3 of ice from
Spitsbergenbanken in 5 ka after the LGM. Thus the marine part of the ice sheet within
the western Barents Sea disintegrated more rapidly than the terrestrial.
Iceberg calving was the dominant ablation mechanism in the decay of the ice
sheet, until the ELA rose above sea-level due to an increase in the sea-level air
temperature at around 10 ka (mod) BP. Once this happened, the interior of the ice sheet
was subject to surface melting, such that the ice sheet disintegrated within a few
hundred years after 10 ka (mod) BP. The decay of an ice sheet within the western
Barents Sea, where the marine portion decayed before the terrestrial, produces a pattern
of isostatic uplift that would be centred around eastern Svalbard. The geologically
observed Holocene uplift of Svalbard (Section 2.6) indicates that this pattern of
deglaciation is likely to have happened in the Barents Sea after the Late Weichselian
glacial maximum.

8. 2. 2 Maximum predicted ice sheet
Hughes (1987) proposed that total grounded ice coverage of the Barents Sea
could only have occurred if permanent sea ice thickened to form a 'fast' ice shelf.
Because the rate of surface accumulation exceeded the marine basal melting rate, this ice
shelf grounded within the deeper areas of the Barents Sea. In the standard model,
where the eastern margin of the Norwegian-Greenland Sea is assumed to be ice free,
permanent sea-ice would only have formed in the Barents Sea when it was effectively
cut off from the relatively warm Norwegian-Greenland Sea currents.
The standard model predicted that at around 22 ka (mod) BP, a grounded ice
sheet existed over Svalbard and the western Barents Sea. This ice mass may have
suppressed the transport of relatively warm water into the Barents Sea, thus permitting
the development of permanent sea ice. When permanent sea ice :was introduced into the
standard model at 22 ka (mod) BP (Section 5.6), total grounded ice coverage of the
Barents Sea was obtained by the LGM. The ice sheet grounded in the inner Barents Sea
because of the thickening of the ice shelf, and because the iceberg calving rate was
reduced to zero at ice sheet margins adjacent to the central Barents Sea. The justification
for doing this is that the calving ice wall would have been buttressed by the ice shelf.
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Thus the calving rate would have been suppressed, and any icebergs that were calved
would have been held within the ice shelf.
The maximum thickness of the ice sheet was found to be dependent on the rate
at which the ice shelf could thicken. The thickness of the Barents Sea ice sheet is thus
dependent on the rate of melting beneath the ice shelf. The maximum ice thickness
(when no ice shelf melting was allowed) was around 1.0 km in the central Barents Sea
(Section 5.6.2) at about 15 ka (mod) BP. The ice sheet volume at this time was
2,100,000 km 3, which corresponds to 4 m of global sea-level reduction. This
maximum sized ice sheet is approximately half as thick as the prediction by Denton and
Hughes (1981) (Section 1.4.2).
The maximum ice sheet had major ice streams within Bj0rn0yrenna and the St
Anna Trough (east of Franz Josef Land). The ice stream model (which accounted for
the action of deforming basal sediments) predicted that between 18-13 ka (mod) BP,
over 70,000 km3 of ice may have been discharged by the ice sheet, through the action
of Bj0rn0yrenna Ice Stream. However, since relatively high ice velocities were
calculated for Bj0rn0yrenna when basal sliding was the only mechanism of ice stream
motion (Sections 5.6.2 and B.3.2), when water saturated basal sediments were
accounted for in the two-dimensional model (Section 6.4.2), the rate of ice sheet decay
was not significantly altered.
It is reasonable to assume that, if sea ice existed permanently within the Barents
Sea, the marine melt rate would have been relatively low. However, during
deglaciation, the ice shelf melt rate may have increased rapidly due to the possible
influx of North Atlantic waters into the southern Barents Sea. The first area that would
have experienced marine melting would have been Bj0rn0yrenna. This additional mass
loss process would have caused the sudden thinning of the ice sheet in this area and,
when the rising sea-level was taken into account, the 'ungrounding' of the ice sheet.
This would have enabled relatively warm waters from the North Atlantic to enter the
central Barents Sea, and cause (together with iceberg calving) the deglaciation of that
area (Section 5.6.3). After the deglaciation of the central Barents Sea, the remaining ice
sheet margins would have been confined to the stable limits of the western Barents Sea,
where deglaciation would have continued as described in Section 8.2.1.
If glacigenic sediments within the central Barents Sea are Late Weichselian
deposits (Section 2.4.2), then the maximum sized ice sheet (Section 5.6.2) represents

the most likely reconstruction. However, if the central Barents Sea was not glaciated
during the Late Weichselian, the margin of the ice sheet at the LGM may have been
limited to that modelled within the standard ice sheet exercises (Sections 5.2, 5.3 and
5.4) .
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8. 2. 3 Pre-Late Weichselian ice sheet reconstructions
The standard model was run under constant LGM forcing conditions to create
the maximum equilibrium ice sheets that could have theoretically formed within the
Barents Sea. In the equilibrium ice sheet examinations, total grounded ice coverage of
the Barents Sea was only predicted when the calving rate of ice walls adjacent to the
central Barents Sea was reduced to zero to account for the effect of an ice shelf within
the central Barents Sea. Mass balance stability was obtained after about 15 ka of model
time. This indicates that equilibrium ice sheet solutions are not applicable to the Late
Weichselian glaciation. The size and shape of these maximum ice sheets represent close
approximations to the equilibrium ice sheets that were predicted by Denton and Hughes
(1981) and Lindstrom (1989) (Section 1.4.2). Therefore, the size and shape of
Weichselian ice masses in the Svalbard-Barents Sea region (other than during the Late
Weichselian) may have been similar to the ice sheet reconstruction of Denton and
Hughes (1981).
The bedrock topography that existed in the Barents Sea early in the Quaternary
may have been different to that at present. Tectonic studies have indicated that early in
the Quaternary, the Barents Sea may have been a sub-aerial platform (e.g. Vagnes,
1992) (Section 7.4.1). Due to glacial erosion by Quaternary ice sheets within the
Barents Sea, the present day bathymetry was carved out. Because of this, the ice sheets
which formed in the Barents Sea during the early Quaternary would have been different
to those in the Late Weichselian, since the Barents Sea was shallower, and did not have
glacially eroded troughs within its floor.
By running the model, which produces the maximum equilibrium ice sheet
under Late W eichselian conditions, over a variety of bedrock elevations, ranging from a
platform at sea-level to the present bedrock elevation, the possible configuration of the
equilibrium ice sheets throughout the Quaternary was estimated. The results indicated
how the character of the ice sheet changed from terrestrial, parabolic shaped ice sheets
when the sub-aerial platform was used as the bedrock topography, to a more complex
surface morphology when the present bathymetry was used. The complex shape of the
more modern ice sheets· is a consequence of the presence of ice streams within the
bathymetric troughs of the Barents Sea.

8.3 POTENTIAL FOR FURTHER WORK
This study has calculated, through numerical techniques, the possible
dimensions and dynamics of the last Svalbard-Barents Sea Ice Sheet. However, data
and subsequent conclusions from ice sheet models are hypotheses, and are therefore
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open to falsification. This section discusses how further numerical, geological and
glaciological investigations may enable the conclusions of this study to be tested.
Recent investigations on the methods of radiocarbon dating have resulted in a
number of comparisons between measured radiocarbon years and calendar years
(Section 1.3.2). A correction that accounts for the production of atmospheric
radiocarbon during the Late Weichselian must be applied to measured radiocarbon dates
to convert them into calendar years. This correction implies that the absolute date of the
LGM was at around 20-22 ka BP (2-4 ka earlier than was previously thought). Due to
the uncertainty of the true relation between radiocarbon years and calendar years, the
model was run with the radiocarbon chronology (i.e. as in most previous ice sheet
models). However, as calibration curves become more reliable, so the chronology of
ice sheet models must be adjusted. Appendix A shows how, with respect to the
standard model, the switch from radiocarbon to calendar years may be achieved, and
how this change in chronology affects the ice sheet results. Appendix A concludes that,
for the standard model, the growth, maximum size and decay of the ice sheet is similar
for both chronologies, and therefore the use of radiocarbon dated forcing functions in
ice sheet modelling is acceptable.
Although the rate of iceberg calving, calculated by the depth-related function,
has been shown to be compatible with a mechanism by which icebergs calve off
grounded ice walls (Section 4.5), a mechanism or relation by which iceberg calving of
ice shelves occurs has still to be found. The decay of ice in the central Barents Sea has
been suggested in this study to be due to marine processes (i.e. calving and melting)
acting on the transient ice shelf (Section 5.6). In order to predict the true nature of the
decay of the Svalbard-Barents Sea Ice Sheet, it is necessary that the calving of ice
shelves be examined more carefully. Ideally, a mechanism by which large icebergs are
calved off ice shelves would solve the problem. However, the solution to the problem
of predicting and explaining high-magnitude low-frequency ice shelf calving events is a
long way off at present.
Recent isostatic modelling of the Svalbard-Barents Sea Ice Sheet has indicated
that an isostatic forebulge may have occurred in Storbanken and Sentralbanken (Figure
1.1) at around 22 ka (C) BP. This was due to crustal depression caused by the ice
sheets of Svalbard, the Kara Sea and Fennoscandia at and before 22 ka (C) BP.
Relative sea-level lowering of the central regions of the Barents Sea before the LGM
may have increased the rate at which grounded ice may have formed within this area. It
would therefore be useful if the isostatic uplift of the central Barents Sea, prior to the
LGM, is examined with respect to ice sheet formation.
The palaeoclimate of the Barents Sea area was identified from several
assumptions based on geological and palaeoceanographical interpretation (Section 4.3).
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The most significant assumption for ice sheet size is that the palaeoclimate was
controlled by the ocean circulation, as well as by solar altitude variations. Therefore the
sea-level air temperature of the Barents Sea area was assumed to be influenced by the
North Atlantic circulation pattern. In the model, sea-level air temperature change was
coupled to either the sea-level, the oxygen isotope ratio or the carbon dioxide content
curves, through the last glaciation. It may therefore be useful to model numerically the
ocean circulation of the LGM North Atlantic to predict the effect on the air temperature,
and hence the rate of precipitation, in the Barents Sea region.
In sensitivity experiments, the local sea-level curve was varied through 10-90%
of the global values, to account for the gravitational effect that the large northern
hemisphere ice masses may have had on the surrounding sea-level at the LGM. Since
the true sea-level curve for the Late Weichselian Barents Sea is poorly specified, it
would be desirable to construct a sea-level curve based on gravitational attraction of the
ice masses and the water that is taken from the oceans by the ice masses.
These latter two suggestions require that a new approach be made to ice sheet
modelling in that the whole of the Earth, rather than individual areas, be numerically
examined through a glacial cycle. Thus, a future approach to ice sheet modelling would
be to incorporate interactive atmospheric and ocean circulation models into the dynamic
global ice sheet model. With the advent of super computers, and a greater
understanding of ice sheet, climate and ocean processes, this is becoming a real
possibility. A numerical model such as this may help to determine the role of the
Svalbard-Barents Sea Ice Sheet in terms of both the last global deglaciation, and rapid
oscillations in the climate of the northern latitudes such as the Younger Dryas event.
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APP END IX A
STA NDA RD MO DEL UND ER ABS OLU TE
DAT ED FOR CIN G
The aim of this Appendix is to address how the model results are affected by the
conversion of a radiocarbon chronology into calendar years. In Section 1.3.3
it was
pointed out that there is a large difference between radiocarbon dates and calenda
r years
that can be accounted for through an 'atmospheric adjustment'. For the reasons
stated
in Section 1.3.3, the radiocarbon chronology was used in this thesis. Howev
er, an
empirical adjustment to the radiocarbon dates, based on Figure 1.5, provides a
simple
method by which any possible alteration in the ice sheet dimensions, caused by
the two
dating scenarios, can be analyzed.
The standard model was run with both the sea-level history and the period
during when the two accumulation pulses occurred, corrected by the relation in
Figure
1.5. Thus the model results provide a calendar year glacial history. Under
this
chronology, the LGM (18 ka (C) BP) was at 22 ka BP, and the end of the glacial
cycle
(10 ka (C) BP) was at 11.5 ka BP. As in the radiocarbon-dated glacial reconst
ruction,
an ice sheet formed over Svalbard and the western Barents Sea. The ice thickne
ss,
surface elevation, mass balance and ice velocity of the ice sheet are given in
Figures
(A.1, A.2, A.3 and A.4). The maximum size of the ice sheet was calculated at
18 ka
BP. The maxim um thickness of this ice sheet was 1,300 m, located to the south
of
Edge0 ya (Figure Al). By 10 ka BP, the ice sheet had decayed, initially
through
iceberg calving and latterly by surface melting, to a small ice cap which centred
over
Edge0ya. This final stage of the ice sheet's disintegration left ice over N ordaust
landet,
Olav V Land and Edge~ya: regions where ice caps (possibly remnants of the
last ice
sheet) exist today.
By comparing the results in Section 5.2 with those in this appendix, one can
conclu de that the calend ar year ice sheet reconstruction is' very similar
to the
radiocarbon-dated model. Therefore, the model results presented in this thesis
would
not be significantly affected by an alteration in the atmospheric adjustment
to the
radiocarbon-dated glacial forcing chronology.
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a Ice thickness at 25 ka BP

b Ice thickness at 20 ka BP

c Ice thickness at 15 ka BP

d Ice thickness at 10 ka BP
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APP END IX B
THE INFLUENCE OF BAS AL SLID ING ON
ICE SHE ET DIM ENS ION S
B.1 INTRODUCTION
B.1.1 Aims of the appendix
Hughes' (1987) 'marine ice transgression hypothesis' suggested five processes
which may effect the stability and possibly the disintegration of marine based ice sheets:
ice stream surging, isostatic depression, sea-level rise, surface melting and accelerated
iceberg calving. In Chapter 5 the latter four methods were accounted for within the
deglacial scenarios that were proposed. However, the ice-draining effect of ice streams
within the Late Weichselian Barents Sea Ice Sheet was only dealt with in Chapter 5
with respect to the sliding relation of Budd and others (1984). In this appendix, a
number of alternative basal sliding equations were used in the standard model to
determine the theoretical ice sheet response to ice stream formation.

B.1.2 Ice streams and the effect on ice sheet mass balance
In Antarctica, ice streams (which are "part of an inland ice sheet in which the ice
moves more rapidly than, and not necessarily in the same direction as, the surrounding
ice", Swithinbank, 1954), heavily influence the volume of ice that can be transported
from the ice sheet interior to the open ocean (through iceberg calving), possibly via
floating ice shelves (Hughes, 1977; Hughes, 1992c). Since it is the calving and melting
of the Antarctic ice shelves which dominates the ablation of the Antarctic ice sheet (for
example Jacobs and others, 1992), ice streams are therefore necessary to achieve the
current relative mass balance in Antarctica. Additionally, during periods of significant
mass balance change in Antarctica, it is reasonable to assume that the ice streams
occupy a central role in the drainage and hence stability of the grounded ice sheet
(Thomas, 1979; van der Veen, 1987; Bentley, 1987; Hughes, 1987). Therefore, ice
streams both play and must have played an important role in the dynamic behaviour of
modern and ancient ice sheets (e.g. Hughes, 1992c), and should be addressed in an ice
sheet modelling study such as this.
Outlet glaciers · may possess similar characteristics to ice streams in that they
enable the drainage of ice sheet interiors , through the fast movement of ice toward the
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ice front. A fundamental distinction has to be made between ice streams and outlet
glaciers in that outlet glaciers are bordered by bedrock (for example Daugard-Jensen
Gletscher, Nordvestfjord, Scoresby Sund, East Greenland) and ice streams are
bordered by ice (for example Ice Stream B, West Antarctica). This distinction can cause
confusion in some circumstances (Bentley, 1987), where characteristics of both ice
streams and outlet glaciers are present (for example J acobshaven lsbne, West
Greenland (Echelmeyer and others, 1992; lken and others, 1993)). Ice streams,
although bordered by ice and thus draining ice along the entire length, may possess a
bedrock control in that the ice stream flow may form an erosionally cut valley.
Essentially, the equilibrium profile of an ice sheet and the bedrock elevation of the
glaciated region are influenced by each other through bedrock-relief-induced ice flow
and subglacial erosion respectively. Subsequently, the large fjords and channels within
Svalbard and the Barents Sea are likely to be relicts of many previous glaciations.
The dimensions of both ice streams and outlet glaciers vary dramatically from a
few tens of kilometers in length (for example, the fast flowing outlet glaciers of
Nordaustlandet, Svalbard (Dowdeswell, 1986; Dowdeswell and Collin, 1990)), to
hundreds of kilometers in length (for example, Ice Stream B, West Antarctica (Alley
and others, 1989a)). The size of the ice stream is obviously a significant control on the
volume of ice that can be potentially drained through the ice stream.

B.1.3 Mechanisms of flow within ice streams
Since ice streams and outlet glaciers are areas of anomalously high ice velocity
(compared to the velocity of the interior ice sheet), the physical process by which ice
streams move may be different to that of other parts of the ice sheet.
The first way in which ice stream velocities are simulated is by the process of
basal sliding (Section 3.9). The numerical model that calculated the ice sheet
simulations of Chapter 5 used the sliding relation of Budd and others (1984) (Section
3.9). Apart from the relation of Budd and others (1984), there are a number of
alternative sliding relations available for ice sheet models. However, as Bentley (1987)
explained, a variety of sliding laws that have been used previously to describe ice
stream sliding, when applied to the case of Ice Stream B, do not recreate the velocities
that have been observed on the ice stream (Table B.1). Indeed the respective sliding
relations form very different Ice Stream B velocities to each other. Thus, the respective
sliding laws may be physically wrong and/or not applicable to the situation at Ice
Stream B. To examine the variance within the modelled ice sheet size when alternative
sliding laws are employed, four other sliding relations were used in model runs that
were originally performed in Chapter 5.
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Author s

No.

equatio n

Bindschadler (1983)

B.1

u = r___Q_
s Ne .

Lingle and Brown
(1987)

B.2

Us= r- 't°b
Ne

Mcinnes and Budd
(1984)

B.3

Jenssen and others
(1 985)

B.4

Budd and others
(1984)

3.25

Table B.1.

N

Vl

VJ

r or r1

r2

calculated vel of Ice Stream B

,2

Us= r1

0.06 ma-I

4,670 ma-I

200 ma-I

"b

(Ne+ r2N;)
Us= r1

8.4x1Q-9 ma-I Pa-2

l.5x104 ma-I

2.5x10-7 Pa-I

55 m a-1

l.25x1011 m a-I Pa

3.5x10-7 Pa-I

100 m a- 1

't'b

(Ne+ r2N;)2

Us= r- 't'b
N;

5x1Q-9 m a-1 Pa

12 m a-1

Various models of ice stream sliding. Ice Stream B velocities are calculated by using the
su,face
slope and ice thickness measure d at UpB Camp. The measure d value ofus at UpB Camp
is 443 m a-1. Adapted
. from Bentley (1987).
In Section 3.9, the value of r is divided by the squares of g, the gravitational constant, and
Pi, the density of ice.
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A second method of ice stream velocity calculation comes from Alley ( 1990),
where the majority of ice velocity is produced from the deformation of water saturated
unlithified basal sediments (Section 3.10). The marine nature of the Svalbard-Barents
Sea Ice Sheet, and the discovery of sedimentary fans at the mouth of the erosionally
produced ice stream channels, allows the assumption that deforming sedimentary beds
may have been active in the Barents Sea during full glacial conditions (for example
Solheim and others, 1990). The possible contribution of deforming sediments to the
surface velocity was examined in Chapter 6.

B.1.4 Basal sliding experiments
The models used to reconstruct the Late Weichselian Svalbard-Barents Sea Ice
Sheet in Chapter 5 employed the sliding relation of Budd and others (1984) (Section
3.9). Budd and others had previously shown the sliding relation to reproduce the
sliding velocities of the West Antarctic Ice Sheet relatively well. Additionally, the
relation was seemingly applicable to the Svalbard-Barents Sea Ice Sheet since it had
been originally designed for marine based ice streams, and could incorporate the
buoyancy effect on ice stream velocity that a change in sea-level would produce.
However, there are a number of alternative functions that claim to calculate the
magnitude of ice sliding beneath an ice stream (Bindschadler, 1983; Bentley, 1987). It
is therefore important to examine how model results that were obtained with the Budd
and others (1984) sliding law vary under the sliding relations of other authors, and how
the buoyancy effect (the adjustment of effective pressure relative to sea-level) influences
the velocity, and hence the relative mass balance of the ice sheet. The sliding equations
that are used in this examination are taken from the review on ice stream sliding by
Bentley (1987). The alternative sliding equations and the constants that each require are
given in Table B. l.
In order to examine the maximum effect that an alteration in the chosen sliding
law would produce, two of the model runs originally performed in Chapter 5 are reexamined with different sliding equations: the standard model run (Section B.2, using a
400 km2 grid cell size), and the fast-ice-induced ice shelf run (Section B.3, using a
2500 km 2 grid cell size). The same modelling conditions as in the respective Late
Weichselian runs (Chapter 5) are used in these exercises, so that a comparison can be
made. The effect that the ice sheet buoyancy has on the velocity was examined when
the effective pressure at the ice sheet base was either adjusted for the ice thickness and
the depth of the ice sheet below sea level (as in Section 3.9), or ignored.
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B.2 STANDARD ICE SHEET EXPERIMENTS
The standard model experiments (Sections 5.2 and 5.3) were repeated with
models incorporating alternative sliding relations (Table B.l) to the Budd and others'
(1984) equation, both with and without the effective pressure adjustment for the height
of the ice sheet surface above buoyancy.

B.2.1 Standard model with no buoyancy effect on basal sliding
The standard model (Section 5.2) was rerun four times with alternative sliding
equations (Table B.1). In this section, the ice overburden pressure is not adjusted for
situations in which the base of the ice sheet is below relative sea-level. The resulting
maximum ice thicknesses and surface elevations (Figure B.1 and B.2) at 15 ka (mod)
BP show that the resulting size of the ice sheet is very similar to that in Figure 5. lc
(Section 5.2). The corresponding ice velocities indicate that there are two likely
distributions: firstly, where the velocity is very low apart from in an ice stream east of
Edge0ya (Figure B.3a and d), and secondly where higher ice velocities are located in
Storfjorden, east of Edge0ya and west of Nordaustlandet (Figure B.3b and c). The
standard model's velocity distribution (Figures 5.3c and 5.4c) is similar to the former
case in which high ice velocities were predicted to the east of Edge0ya. However, since
the standard model had a buoyancy effect in the overburden pressure calculation, the
velocity to the east of Edge0ya was significantly higher in the standard model (greater
than 125 m a-1) than in these alternative sliding examinations. Thus, since less ice is
transported to the ice margin (and therefore less calving occurs), the ice volumes in
Figures B.la and B.ld (Bindschadler's (1983) and Jenssen and others' (1985) sliding
laws respectively) are slightly higher than in the standard model. Conversely, in
Figures B.3b and B.3c (Lingle and Brown's (1987) and Mclnnes and Budd's (1984)
sliding equations respectively) the presence of additional relatively higher velocity
regions in Storfjorden and west of Nordaustlandet, means that the corresponding ice
volume at 15 ka (mod) BP is slightly less than in the standard model.
Since no account is made for the effect that a rise in sea-level would have on the
sliding velocity (i.e. the ice stream buoyancy), the ice velocity distribution remains very
similar after 15 ka (mod) BP. Thus at 10 ka (mod) BP, compared to.the standard model
(Section 5.2), relatively more ice remains when Bindschadler's (1983) or Jenssen and
others' (1985) sliding equations are used (Figure B.4a and d), and relatively less ice
remains when Lingle and Brown's (1987) or Mclnnes and Budd's (1984) sliding laws
are used (Figure B.4b and c).
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B.2.2 Standard model with buoyancy effect on basal sliding
When the normal load is adjusted for the height at which the ice sheet surface is
above buoyancy, the effective pressure (used in the sliding calculations) will be reduced
compared to when the effect is ignored. The introduction of lower effective pressures
will result in higher calculated sliding velocities. The marine buoyancy effect is evident
within the ice thickness, surface elevation and velocity magnitude at 15 ka (mod) BP
(Figures B.5, B.6 and B.7), compared to the corresponding model in Section B.2.1
(Figures B.1, B.2 and B.3). Ice streams are predicted to the west of Edgeszsya, in
Storfjorden and east of Nordaustlandet in all four sliding velocity cases. The velocities
of these ice streams are significantly greater in this exercise than when no buoyancy
effect is included in the calculation.
As the relative sea-level increased after the LGM (by 40 m between 15 and 10
ka (C) BP), the effective pressure would have been reduced such that deglacial sliding
velocities may have been much higher than earlier in the glacial cycle. Thus more ice
may have been transported to the margin, allowing the rapid disintegration of the ice
sheet. At 10 ka (mod) BP, the thickness of the ice sheets (Figure B.8) reduced
significantly from the corresponding values when no buoyancy effect was incorporated
(Figure B.4). The ice volume through time for the four sliding equations with and
without the buoyancy effect are given in Figure B.9. Since before 10 ka (mod) BP, the
only mass loss mechanism is the calving of icebergs (Section 5.3.3), Figure B.9 shows
that under the sliding relation of Jenssen and others (1985) calving acted, in
conjunction with the relatively high sliding velocities, to disintegrate 75% and 50%
(when the buoyancy effect is used and left out respectively) of the LGM ice sheet
volume, by 10 ka (mod) BP. The surface elevations and ice velocity magnitudes
(Figures B.10 and B .11) show that the areas of greatest velocity, and hence greatest
amount of iceberg calving, are on the eastern side of the ice sheet, with high velocity
outlets in the bathymetric troughs of the Barents Sea. These areas of high velocity
correspond to regions where either basal sliding is occurring, or where small transient
ice shelves exist. It shoµld be noted that in the case of the ice sheet at 10 ka (mod) BP
that is produced under Jenssen and others' (1985) sliding law, the velocity was
significantly higher (with velocities around 500 m a-1) at 11 ka (mod) BP than is shown
in Figure B. lld.

B.2.3 Comparison with the standard model and relevance to the
geological record
There is good agreement for the maximum size of the Late W eichselian ice sheet
within the Barents Sea between the standard model (Figure 5.1), and when alternative
sliding relations are used both with and without a buoyancy effect (Figures B.5 and
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B.1 respectively). The experiments on the sliding velocity within this section can be
regarded as a sliding sensitivity on the standard model. Subsequently, one can conclude
that even under high sliding velocities, which act to drain ice from Svalbard into the
central Barents Sea, total Barents Sea grounded ice coverage is never obtained. Thus
the ice sheet limits within the western Barents Sea are stable to the presence of ice
streams and outlet glaciers.
As discussed in Sections 5.3.5 and 5.8.3, for the case of the standard model,
too much ice was predicted at 10 ka (mod) BP to completely agree with the isostatic
uplift that has been observed geologically, since although the pattern of uplift was
similar, the rate of uplift (Figure 5.5) was up to 3 times greater than that measured.
However, the isostatic uplift pattern that the rapid decay of the ice sheet in Figure B.8d
would produce is very similar in pattern and uplift rate to that which has been predicted.
Thus it may be that high velocities acted to drain the western Barents Sea of grounded
ice in a manner similar to that in Figures B.8d, B.lOd and B.lld (where iceberg
calving was the dominant ablation mechanism).
The decay of an ice sheet over the western Barents Sea, through ice stream
formation and iceberg calving, can be compared to the geological record in two ways.
First, icebergs that were calved into the Barents Sea during the Late Weichselian
deglaciation would have acted to deposit a thin layer of unconsolidated sediments over
the sea floor. The larger of these icebergs may have produced ploughmarks in the
sediments over the Barents Sea floor. Both a thin layer of unconsolidated till in the
Barents Sea, and ancient iceberg ploughmarks (in water depths in excess of 200 m)
exist within the Barents Sea (Solheim and others, 1988; Solheim and others, 1990)
(Section 2.5.2). Second, ice streams within the bathymetric troughs would have acted
to deposit sediments at the respective trough mouths. The geological record shows that
relatively thick sediment accumulations in the western Barents Sea troughs have been
observed within the Barents Sea (Section 2.5.2). Therefore there appears to be some
agreement with the Late Weichselian geological record and the formation of relatively
high sliding velocities within the Svalbard-Barents Sea Ice Sheet.

B.3 ICE-SHELF-INDUCED ICE SHEET
The model experiments, where a grounded ice sheet was formed by the
thickening of an ice shelf within the central Barents Sea (Section 5.6), were repeated
under alternative sliding relations (Table B .1) to the Budd and others ( 1984) sliding
equation.
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B.3.1 Sliding velocity sensitivity without a buoyancy effect
Total grounded ice coverage of the Late Weichselian Barents Sea was only
attained, in the ice sheet reconstructions in Section 5.6, when fast ice was allowed to
form, thicken (to form an ice shelf) and subsequently ground. It is therefore necessary
to analyze the variation in the maximum ice sheet size that is caused by modelling with a
different sliding relation, both with and without a buoyancy effect incorporated into the
calculated effective pressure. Since, in Sections B.2.2 and B.2.3, the ice sheet that was
produced under the Bindscha dler (1983) sliding relation was very similar to the
standard ice sheet (Section 5.2), a similar relation will exist if the Bindschadler relation
is used within the 2500 km2 cell examinations. Therefore, the Bindschadler (1983)
sliding equation is not used within the sliding examination of the maximum ice-shelfinduced ice sheet.
When no buoyancy is accounted for in the normal load calculation, the ice
thickness maps indicate that the ice sheets are slightly larger than when the 'Budd type'
sliding equation was used (Figure B.12). Two processes must be noted during the
formation of these ice sheets. Firstly, immediately after the emplacement of the ice shelf
within the central Barents Sea, enhanced ice velocities into the Barents Sea from both
the western Barents Sea Ice Sheet and the Fennoscandian Ice Sheet would have resulted
in the rapid migration of the grounding line. Subsequently, the respective grounded
margins coalesced within the central Barents Sea before the ice shelf had time to ground
over some areas. This ultimately would have resulted in a relatively larger ice sheet at
the LGM. Secondly, lower ice margin velocities (at the shelf edge) would result in less
ice being transported from the inner ice sheet. This would also effectively produce a
relatively larger ice sheet than if the interior ice sheet was drained by faster ice
velocities. For the .case of the three alternative sliding relations (without a buoyancy
effect) both of these situations occur. Thus the ice sheets predicted under the alternative
sliding relations, with no marine effect, are slightly larger than that predicted in Section
5.6.

B.3.2 Sliding velocity sensitivity with a buoyancy effect included
When a marine buoyancy effect is introduced into the sliding laws, the
subsequent ice sheet dimensions (Figure B.13) are larger than both the maximum ice
sheet in Chapter 5 (Section 5.6.2), and when alternative sliding laws were used with no
buoyancy effect included (Figure B.12) . This is due purely to the rate in which the
central Barents Sea Ice Shelf is closed due to the advancing grounded ice margins from
Svalbard and Fennoscandia. The increase in the speed of the advancing ice margin is
due to the buoyancy effect, on the effective pressure of the alternative sliding laws,
being included in the velocity calculation. One can see in Table B.1 that the calculated
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sliding velocity is related inversely to the effective pressure (Lingle and Brown, 1987),
the square of the effective pressure (Mcinnes and Budd, 1984), and the effective
pressure to the fourth power (Jenssen and others, 1985). Thus when the buoyant effect
of the ice sheet is included in the sliding velocity calculation, the least difference will
occur in Lingle and Brown's (1987) sliding method, and the most in Jenssen and
others' (1985) relation. The effect of the change in velocity on the ice sheet size that is
produced by the ice sheet buoyancy can be seen in the ice thickness maps (Figure
B.13). The rapid closure of the central Barents Sea Ice Shelf is conducive to the
formation of an ice dome over the central Barents Sea at 16 ka (mod) BP (Figure
B.13). Jenssen and others' (1985) sliding law permits the fastest ice shelf closure, and
enables an ice sheet which has the form of the Hughes-type, stable ice sheet to form.
However, the thickness of the ice sheet produced under Jenssen and others' (1985)
sliding law is approximately 1,000 m less than predicted under the Hughes
reconstruction of a stable Barents Sea Ice Sheet (Section 1.4.2). This can be attributed
to the late initiation of the ice sheet, after which the ice sheet did not have enough time
to reach its maximum possible stable size by 16 ka (C) BP. The ice sheet produced
under the Jenssen and others (1985) sliding relation is the maximum sized SvalbardBarents Sea Ice Sheet that has been predicted in this thesis. Indeed all of the three
maximum ice sheets in Figure B .13 are larger than the maximum ice sheet under the
Budd and others (1984) sliding law (Section 5.6.2).

B.3.3 Ice streams within the maximum ice sheet
As the shape of the Svalbard-Barents Sea Ice Sheet profile becomes similar to
that of the stable ice sheet prediction (Section 1.4.2), the flow and hence drainage of the
ice sheet becomes stable. The surface elevation of the maximum ice sheet predictions,
under the three alternative buoyancy affected sliding laws are very similar (Figure
B.14). This indicates that changes in the ice sheet profile are stable, and that ice
thickness changes are accounted for either by isostatic responses, or by uniform
changes in the profile elevation. When observed in conjunction with the velocity
magnitude maps (Figure B.15), one can see how the ice sheet is drained. In all three
sliding relations, an ice stream existed within the St Anna Trough, a channel located to
the northwest of Franz Josef Land. The St Anna Trough Ice Stream drains the northern
and eastern regions of the ice sheet. The western side of the ice sheet is drained by an
ice stream within Bjornoyrenna. Relatively high velocities within Bjornoyrenna are not
predicted under the Lingle and Brown (1987) sliding relation. However, this difference
in velocity does not significantly alter either the ice stream profile or the ice thickness
within the central Barents Sea. This is because the Bj!llrnoyrenna ice stream became
active only a few hundred years before 16 ka (mod) BP. Since the drainage ability of

272

a Lingle and Brown (1987)

b Mc/nnes and Budd (1984)

~

c Jenssen and others (1985)

~I
~

l1'
~

~

~

~

Ill~~~~~

~~

J I-

= ~
~

~

I

~
,.......

B1111

..
=I
Ill

~

lilllJ

ABOVE
1800 .0
1600 .0
1400.0
1200.0
1000.0

-

2 0 00.0
2000.0
1800.0
1600. 0
1400.0
1200.0

~

mll
Ill
~

llIIIIIIIIIl
~

800.0
600 .0
4 00 .0
2 00 .0
0 .0
BELOW

- 1000.0
800 .0
600 .0
400 .0
2 00 .0
0 .0

•

~

Figure B.14. Ice sheet surface elevation (m above relative sea level) at 16 ka (mod)
BP. Sea ice was allowed to form after 22 ka (mod) BP, and thicken to form an ice

shelf. a Lingle and Brown (1987), b Mc/nnes and Budd (1984), c Jenssen and others
(1985). Ice overburden pressure is adjusted for when the ice sheet base is below
relative sea level.

a Lingle and Brown (1987)

b Mcinnes and Budd (1984)

c Jenssen and others (1985).

'

,.,

I
11111

==
Ill
..
~

Ill

ABOVE
270.0
240 .0
210 .0
180.0
150.0

-

300.0
300.0
270.0
240 .0
210.0
180 .0

..
~
~

~

ITIIIIIIIIIl
~

120 .0
90 .0
60 .0
30.0
0 .0
BELOW

- 150.0
- 120.0
90.0
60.0
30;0
0.0

Figure B.15. Ice velocity (ma-I) at 16 ka (mod) BP. Sea ice was allowed to form
after 22 ka (mod) BP, and thicken to form an ice shelf. a Lingle and Brown ( 1987), b
Mcinnes and Budd (1984), c Jenssen and others (1985). Ice overburden pressure is
adjusted for when the ice sheet base is below relative sea level.

Appendix B: The Influence of Basal Sliding on Ice Sheet Dimensions

the ice stream in Bj0m0yrenna is important in terms of the disintegration of the ice
sheet, it is worthwhile investigating the velocity of the Bj0m0yrenna ice stream in
greater detail (Chapter 6). To comply with the interpretation of the geological record
(Section 5.8), the Jenssen and others' (1985) ice sheet must have been disintegrated by
the reformation of an ice shelf within the central Barents Sea. Thus the ice dome over
the central Barents Sea must have been drained, during the first stage of deglaciation,
by the Bj0m0yrenna ice stream. The drainage potential of the Bj0m0yrenna ice stream,
with reference to the deglaciation of the Barents Sea, is investigated in Chapter 6.

B.4 SUMMARY
The investigation of the influence on the basal sliding relation has enabled a
number of points to be made regarding the size of the Svalbard-Barents Sea Ice Sheet
during the last glaciation.
•

Higher basal velocities than were calculated in the standard model
(Sections 5.2 and 5.3) do not allow ice growth significantly beyond
the relatively stable marine ice sheet limits of the western Barents Sea
at the LGM, unless the rate of calving at the ice sheet margin is
substantially lowered before the LGM.

•

When sea ice is allowed to exist within the Barents Sea after 22 ka
(mod) BP, and subsequently thicken to form an ice shelf, the
· maximum sized ice sheets that are formed under the sliding relations
of Lingle and Brown (1987), Mcinnes and Budd (1984), and
Jenssen and others (1985), with a buoyancy effect included, all
obtain a similar and relatively stable profile.

•

Ice streams are predicted within ice sheets covering the entire Barents
Sea over Bj0m0yrenna (in the western Barents Sea) and the St. Anna
Trough (northeast of Franz Josef Land).

•

Since the grounded ice margin will migrate into the central Barents
Sea more slowly when the buoyancy effect on the effective pressure
is taken out, a smaller ice sheet will be predicted over the Barents Sea
than when the buoyaricy effect is omitted from the sliding velocity
calculation.
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•

Once the central region of the ice sheet had disintegrated through
calving and ice shelf melting (Section 5.8.3), a buoyancy effect on
the sliding velocity enhances the rate at which the ice sheet in the
western Barents Sea could have disintegrated.

•

Sliding examinations on the standard model verify the pattern of ice
flow, and indicate that an ice stream may have existed to the east of
Edge0ya when the ice sheet margins were at the relatively stable
western limits.

•

None of the conclusions from Chapter 5, on the size and timing of
the Late Weichselian Svalbard-Barents Sea Ice Sheet, are altered
significantly in the light of the sliding velocity sensitivity
examinations.
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APPENDIX C
FULL EXTENT OF THE 2500 km2
GRID CELL MODEL
Because this thesis is primarily concerned with glaciation of the western Barents
Sea, illustrations from the 2500 km2 grid cell model have only shown the western
region of the Barents Sea. However, the actual ice sheet that is modelled within this

I

j

model covers a wider area than western Barents Sea. Thus, it is necessary to display
the complete ice sheet that the 2500 km2 grid cell model generates.
Figure C. l shows the thickness map of the Svalbard-Barents Sea Ice Sheet at
16 ka (mod) BP as modelled in Section 5.6.2 (standard environmental forcing; ice shelf
formation after 22 ka (mod) BP; no ice shelf melting). The corresponding diagram
within Chapter 5 is Figure 5. l 8d. The ice sheet can be seen to thin towards the south,

111

I I

due to the high surface elevation of northern Fennoscandia. The ice sheet also thins
towards the north and east, due to the depleted accumulation rate. The major
topographic and isostatic features (of relevance to this thesis), and therefore the areas of
glaciological interest lie within the boundaries of Figure 5.18d.
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APPENDIX

D

FLOWLINE ICE STREAM
RECONSTRUC TIONS
D.1 THE ICE STREAM MODEL
The flowline model that is used to describe ice stream behaviour is taken from
Alley (1990). An assumption is made that ice stream activity in the Late Weichselian
Barents Sea was physically similar to that in Ice Stream B (West Antarctica) at present.
This assumption is given credibility since the till geotechnical properties of sediments
from Bj0rn0yrenna are similar to those sampled from Ice Stream B (Solheim, personal
communication). In summary, this model allows for the rapid deformation of basal till
(which is coupled to ice temperature, till geotechnical properties, basal stresses and
hydrology) as a component of the total ice velocity. As in Alley (1990), no longitudinal
stresses are calculated in the model, and the thermal regime is that of Robin's (1955)
steady-state temperature method. The variables for input to the ice stream model are the
bedrock elevation, the ice stream profile, the till thickness, the palaeoclimate and the
relative sea-level. The ice stream model assumes that, unless stated otherwise, the
climate input is the same as in the standard model (Section 5.2), at 18 ka (mod) BP.
Thus, the sea-level air temperature is at -15 °C. A PX type accumulation function
(Section 4.3.4) describes the yearly surface mass balance on the Bj0rn0yrenna Ice
Stream, whilst a PX-PC accumulation accounts for the net surface accumulation on
Storfjordrenna Ice Stream. Subsequently, the ice stream examinations both correspond
and can be compared to the two-dimensional model runs within Chapter 5 (and
Appendix B) at around the LGM.
The bedrock elevations (which are taken from the 100 km2 grid (Section 4.2))
of Bj0rn0yrenna and Storfjordrenna are given in Figure D. l. The profiles represent
flowline directions of the respective ice streams, that have been estimated from the
bedrock channel slopes. The flow lines subsequently consist of cells which are 10 km in
length, and 20 km in width. The mass balance of the ice stream is obtained by
calculating the volume of ice that is required to maintain the profile after the ice stream
velocity has acted to thin it. Thus, a complex ice stream model such as those of Lingle
and Clark (1985) or Muszynski and Birchfield (1987), which incorporate grounding
· line mechanics, longitudinal stresses, and calving and melting functions, are not
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needed. This flow line modelling approach is similar to the ice sheet reconstruction
method of Hughes (1979), and has been used recently by Oerlemans (1993) to calculate
the volume of IRD that was· produced by the Laurentide Ice Sheet during periods of
relatively cool climate.
The ice stream profiles within Bjprnpyrenna and Storfjordrenna, that are
discussed below, are shown in Figure D. l. The bedrock elevations were adjusted for
the maximum isostatic response that these ice streams would produce. The maximum
thickness of the ice stream profile is 1,000 m for two reasons. First, 1,000 m is the
maximum ice thickness assumed for Ice Stream B (Alley and others, 1989a), and
second, it is also approximately the maximum ice thickness that was obtained from the
largest ice sheet reconstruction of Chapter 5 (and Appendix B) (Figures 5.10 and B.13,
respectively). Similarly, the terminus of the ice stream profile has 600 m of ice
thickness, since this is the terminal value of Ice Stream B (Alley and others, 1989a).
For the case of Bjprnpyrenna Ice Stream, ice thickness which is much less than 600 m
at the end of the profile (Figure D. la) would become afloat. It is assumed that, in the
model, if ice flows out of the defined ice stream region, it is removed from the ice sheet
system, through either the direct calving of the grounded margin, or via an ice shelf,
where calving and basal melting can occur.

D.2 STANDARD ICE STREAM RESULTS
D.2.1 Bj~rn~yrenna Ice Stream
Alley and others (1989a) identified the important physical characteristics oflce
Stream B as being the basal rheology and velocity. In attempting to calculate the ice
stream velocities of the Svalbard-Barents Sea Ice Sheet, it was these features which
were identified as the important parameters of the ice stream. These distinctive
properties were summarized in graphs of basal shear stress, effective pressure and
components of velocity (Figure 2, in Alley and others (1989a)). Therefore, to briefly
describe the physical properties of the modelled ice streams of this study, the same
procedure is adopted as in Alley and others (1 989a). The physical characteristics of the
standard Bjpmpyrenna Ice Stream are given in Figure D.2 and, as expected, are similar
in form to those of Ice Stream B.
The basal shear stress at the head of the ice stream is calculated at around 16
kPa, and decreases along the ice stream non-linearly to a value of 6 kPa at the mouth
(Figure D.2a). Similarly, the effective pressure changes from 15 kPa at the head to 3
kPa at the ice stream mouth (Figure D.2a). The total ice velocity of the Bjpmpyrenna
Ice Stream reaches a maximum of 240 m a-1 at the ice stream mouth, whilst the sliding
velocity is maximum at the head of the ice stream, with a value of 14 m a-1 (Figure
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Figure D.2. Modelled values of important variables along the Bjr/)mr/)yrenna flowline
as shown in Figure 2. a. Basal shear stress and effective pressure. b. Velocity
components. Cells are 10 km in length.
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D .2b). A low sliding velocity is due to the presence of the deforming sediment, which
acts as a frictionally rough substrate to the overriding ice when compared to solid
bedrock, since the subglacial sediment allows for the drainage of basal water that would
otherwise be present at the ice-bedroc k interface (Alley and others, 1989a; Alley,
1990). In the absence of water saturated basal till, th.e sliding velocity will increase
dramatical ly due to the subsequen t rise in the basal water thickness. Since the
temperatur e at the base of the Alley-type Bjprnpyren na Ice Stream is at the pressure
melting point, water exists at the base along the entire length. The sediment (which lies
along the entire length of the trough) is then allowed to deform according to the till yield
strength, the basal shear strength and the effective pressure (Section 3.10.5).
Therefore, the deforming bed velocity accounts for the majority of the total ice velocity
(Figure D.2b).
Since the modelled sediment deformatio n velocity is high, the sediment beneath
the ice stream will be redistribute d through the till continuity equation (which is similar
in form to equation 3.1). The shearing of subglacial sediments occurs in the upper
region of the sediment column (Section 3.10.7). Unfortunat ely, the exact thickness of
this region is unknown, such that an unknown fraction of the sediment column is
involved in the movement of ice from one grid cell to another. However, if one
assumes, like Boulton and Hindmarsh (1987) and Alley and others (1989a), that
discrete shearing of the till below the till-ice interface accounts for between 10-30% of
the total deforming sediment velocity, then one can postulate that only a relatively small
fraction of the deforming sediment column may be involved in the majority of shearing.
Assuming the 'thin till' approxima tion of a 6 m thickness of deforming sediment
(Section 3.10.2), the sediment thickness that is involved in the till continuity equation
could be of the order of 1 m.
With the standard Bjprnpyren na Ice Stream as described above, the volume of
ice that was discharged every year was 2.9 km3 . Thus, assuming ice stream stability, in
100 years 290 km3 of ice would be drained from the grounded ice sheet. However, it is
assumed that the width of Bjprnpyren na Ice Stream was up to 5 times greater than the
20 km grid cell width of the ice stream model. Therefore the volume of ice that was
drained by a standard type ice stream, which covered the whole of Bjprnpyren na, may
have been up to 1,450 km3 in 100 years of stable ice stream activity. The justificatio n
for this assumption is that the bathymetri c troughs are well defined glacial features that
were eroded by ice streams within them. Therefore the width of the trough correspond s
to the approxima te width of the ice stream. The largest mass balance deficit within the
modelled growth and decay of the maximum sized ice sheet of Chapter 5 (Figure 5.20)
other than during the final stages of the deglaciatio n was around 200 km3 a-1 (at
between 15-12 ka (mod) BP). Subsequen tly, the drainage of standard-ty pe ice stream
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within BjSZimSZiyrenna could have acted as a method by which a significant volume of ice
was taken away from the central Barents Sea Ice Sheet during the last deglaciation.
The till distribution, after modelling the standard BjSZimSZiyrenna Ice Stream for
100 years, demonstrates that a 10-20 cm thickness of till can be removed from parts of
the ice stream bed (Figure D.3). Since only a finite amount of sediment will be available
for redistribution to the downstream areas from upstream, the large erosion rate has
consequences for the length of time over which which the ice stream can behave in this
stable manner. Figure D.3a (which illustrates the flux of sediment out of BjSZimSZiyrenna
ice stream) indicates that 24xlQ6 m3 of sediments would have been evacuated from the
ice stream base in each year of stable activity. Thus, in 5,000 years of stable ice stream
behaviour, 120 km3 of unlithified water saturated sediments may have been removed
from the ice stream over BjSZimSZiyrenna. This sediment would have been deposited, via
proglacial deposition techniques, over the BjSZimSZiyrenna mouth fan.

D.2.2 Storfjordrenna Ice Stream
Similarly to BjSZimSZiyrenna Ice Stream, Storfjordrenna may have had an active
ice stream within it during the last glaciation which drained ice away from the
northwestem Svalbard-Barents Sea Ice Sheet. The important ice stream parameters for
the Storfjordrenna Ice Stream, under standard glacial maximum modelling conditions
(Figure D.4), are similar in character to those of the corresponding ice stream in
Bj0rn0yrenna (Figure D.2). The velocity of the ice stream within Storfjordrenna is
given in Figure D.4b, and shows that under standard modelling conditions, a maximum
velocity of 210 m a-1 is achieved at the ice stream mouth. The majority of the surface
velocity of the ice stream within Storfjordrenna is provided by the deformation of basal
sediments, which means that as in BjSZimSZiyrenna, the basal sediment distribution will be
altered. Around 5-15 cm of basal sediments are eroded in 100 years from the base of
the ice stream, under standard forcing conditions, by the action of the deformation of
basal material (Figure D.5). This corresponds to a sediment evacuation rate of 8.4xlQ6
m3 a-1. Therefore, in 5,000 years of stable ice stream activity, around 40 km3 of
sediment may have been removed from the base of Storfjordrenna Ice Stream.
In order to maintain the ice stream profile, under standard modelling conditions,
2.5 km3 of ice is required per year (i.e. 2.5 km3 of ice is taken out of the ice stream
each year). Subsequently, if the ice stream volume is to be replenished, ice must come
from the surrounding areas of the grounded ice sheet. The maximum width of
Storfjordrenna is around 40-50 km, which means that the volume of the drained ice
could be around 5 .0 km3 a-1. Consequently, the ice drainage potential of the ice stream
in Storfjordrenna is less than the BjSZimSZiyrenna Ice Stream.
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Figure D.4. Modelled values of important variables along the Storfjordrenna
flowline as shown in Figure 2. a. Basal shear stress and effective pressure. b. Velocity
components. Cells are 10 km in length.
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