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The depositional environment of surging sub-polar tidewater glaciers : a 
case study of the morphology, sedimentation and sediment properties in a 
surge affected marine basin outside Nordaustlandet, the Northern Barents 
Sea 

ANDERS SOLHEIM 

Introduction 

Solheim, A. 1991: The depositional environment of surging sub-polar tidewater glaeiers: a case study 
of the morphology, scdimcntation and sediment properties in a surge affected marine basin outside 
Nordaustlandet. the Northern Barents Sea. Norsk Polarinstitutt Skrifter 194. 97pp. 

The present study addresses the importance of glaeier surges in the marine environment. Glacier surges 
are com mon in Svalbard, as well as in other Arctic and sub-Arctic regions. and the surging of tide water 
glaeiers may have been an important proeess during past glaciations when extcnsivc continental shelf arcas 
wcre covcrcd by grounded ice. 

An area outside Austfonna ice cap, Nordaustlandet, Svalbard, has been cxtensivcly studied hy means 
of shallow seismie profiling, side-sean sonar, and eore sampling over a period of severai years. Austfonna 
has severai well-defined drainage basins, some of whieh are known to surge. Bråsvellbreen, the second 
largest drainage basin, had the largest surge ever documented when it advanced 1 2- 1 5  km along a 30 km 
wide front between 1936 and 1938. The glaeier has, since then, retreated as much as 5 km. Most of the 
data base is located outside Bråsvcllbreen, but results from this glacier are also applied to show that an 
adjaeent drainage basin also has experienced a surge of comparable size. Using present-day c1imatic 
parameters and volumetric estimates from the study area, the surge interval of Bråsvellbreen may be as 
mueh as SOO years, whereas the adjacent, larger basin has at least three times shorter period, due to 
difference in the ratio of accumulation area to ablation area, which is greater for the latter basin . 

Important aspects of the shallow geology diseussed incJude sea floor morphology, sediment distrihution 
and sediment types, sediment physieal properties and sedimentation proeesses and rates. One objeetive is 
to discover whether surges Jeave diagnostic features that can be used to identify surges in other arcas or 
in older sequences. A suite of sea floor morphological patterns, incJuding a terminal morainc (here terrned 
surge moraine) and sub-glacial squeeze-up ridges in the zone previously covered by surging ice (here 
terrned the surge zone), is the most characteristic feature. This zone contrasts strongly to the area outside 
the surge moraine (he re terrned the surge-distal zone), which is charaeterized by normal marine proeesses 
and iceberg ploughing. Sediments are mainly grave I and pebble rich diamictons, hut patches of pre-surge, 
more fine grained glaciomarine mud are preserved, embedded in the diamicton, and compacted by loading 
of the surging glacier. Sediment physical properties vary greatly as a function of variable lithology and 
differences in compaction. The greatest amount of directly surge-related deposition takes plaee within few 
kilometers of the ice front, with emplacement of the surge moraine being the most important event. 
However, surges apparently affect depositional rates also some tens of kilometers out into the surge-distal 
zone through increased output of suspended material. Chronostratigraphical control is sparse. bul therc 
seem to be large variations in depositional rates, reftecting surges or periods of increased surge frequency. 

Surging glaciers are not found to produce sediments unique to this environment, but taken together, the 
combination and variations in sediment types, physical properties, sediment at ion rates, and morphology 
can be diagnostic and used in the interpretation of older seguences and areas where surges are not 
documented. 

Anders Solheim, Norsk Polarinstitutt, p.a. Box 158, N-J330 Oslo Lufthavn, Norway 

Glaeier surges are an important aspect of the 
dynamics of many Svalbard glaeiers (LiestøI1969) 
and are relatively common in other Arctic and 
sub-Arctic regions, for example Alaska, Iceland, 
and the Soviet Union (Horvath & Field 1969; 
Thorarinsson 1969; Dolgushin & Osipova 1974; 
Clarke et al. 1986). Surges have be en quite exten
sively studied from a glaciological viewpoint (e.g. 

Can. J. Earth Sei., Vol. 6, 1969: various refs.; 
Hagen 1987) and surge mechanisms have been 
much debated (Robin & Weertman 1973; Budd 
1975; Clarke 1976). Recent glaciological work on 
surging glaciers has greatly improved the under
standing of the surge proeess (Clarke et al. 1984; 
Kamb et al. 1985; Kamb 1987; Raymond 1987). 
However, the majority of studied surges are from 
on-shore areas, whereas surges of marine based 
glaeiers have been much ignored. Furthermore, 
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Depositional environment of surging tide water glaeiers 

reports on possible effects of surges on sediments 
and sedimentation are essen ti all y lacking, in par
ticular from the marine environment. 

Surges have been proposed as a mechanism for 
the thinning and disintegration of large ice sheets. 
Hence, ice marginal features may result from past 
surges, as, for example, is suggested for severai 
readvances during the retreat of the Laurentide 
ice sheet (Prest 1969; Oyke & Prest 1987), rather 
than being of climatic significance. Major surges 
of ice streams have likewise been suggested as a 
probable mechanism for the disintegration of ice 
domes, in particular marine ones (Budd 1975; 
Stuiver et al. 1981; Denton & Hughes 1981). 
These surges are somewhat different from pres
ently observed surges. The disappearance of but
tressing ice shelves leads to surging of marine
based ice streams. The ice stream surges proceed 
from the margin to the centre of marine ice domes 
(Hughes 1974), whereas "traditional" ice sheet 
surges proceed from central parts towards the 
margin (Budd 1975; Weertman 1976). Large ice 
stream surges would lead to downdraw and finally 
the collapse of marine ice domes. Denton & 
Hughes (1981) daim that disintegration of large 
parts of the Northern Hemisphere Late 
Weichselian/Wisconsin ice sheets can be 
accounted for by this downdraw mechanism. 
Paleontological and stable isotope data which 
indicate an early phase of rapid deglaciation from 
16 to 13 kA gi ve further support to the marine 
downdraw mechanism (Ruddiman & McIntyre 
1981; Ruddiman & Duplessy 1985). Likewise it 
is also proposed as a possible mechanism for the 
West Antarctic ice sheet (Stuiver et al. 1981). 
Downdraw through ice st re am surges would also 
partly resolve the problem of derivation of suf
ficient energy to waste major ice sheets, as put 
forward by Andrews (1973) and Hare (1976). 

Recent studies of lce Stream B in the Ross Sea 
area of Antarctica indicate, however, that this 
fast-flowing ice stream maintains its velocity 
through deformation of the subglacial till layer. 
This may provide a negative feed-back mech
anism that will prevent downdraw through 
increased ice stream flow and hence prevent ice 
sheet collapse (Alley et al. 1989). 

Although the above theories may be disputed 
and involve different mechanisms and scales, the 
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discussion shows that glacier surge is important 
and may have had immense geologic and dimatic 
consequences. 

In 1936-38 Bråsvellbreen, a well-defined drain
age basin of the Austfonna ice cap, Nordaustlan
det, Svalbard (Fig. lA), had the largest surge 
documented in historical times on the Northern 
Hemisphere, when an approximately 30 km wide 
front advanced possibly as much as 15-20 km into 
the Barents Sea in less than two years (Schytt 
1969). The glacier has retreated up to 4-5 km 
since the surge and the present situation is that 
of a grounded, apparently quite stationary ice 
front with a subaerial diff approximately 20 m in 
height and a submarine draft varying from 20 to 
110 m. This situation offers a unique opportunity 
to study the effects of a glacier surge on the ice 
proximal glaciomarine environment. Important 
questions regarding this type of event are 

1. What happens to the substratum over which 
the surging glacier advances, in terms of mor
phology, erosion/deposition and changes in 
the physical properties of the sediments? 

2. How does a surge affect sedimentation and 
sedimentary processes at various distances 
from the surging glacier? 

3. Are former glacier surges identifiable and, if 
so, what are the diagnostic features? 

4. Can the sedimentary features give any indi
cations of surge mechanisms and mode of 
advance and retreat? 

5. Can surge frequency and timing be predicted? 

The Antarctic is widely used as a mod el for 
description of glaciomarine sedimentation and 
interpretation of ancient glaciomarine deposits 
(Molnia 1983). However, the Antarctic may be 
atypical compared with Northern Hemisphere 
glaciated areas, both present and past, for severai 
reasons, for example the apparent lack of melt
water outflows, the generally very deep con
tinental shelf with a slope towards the continent, 
and the importance of extensive ice shelves. 
Studies of glaciomarine sediments and sedi
mentation in the Northern Hemisphere have, on 
the other hand, mostly been carried out off tem
perate glaciers in fjord settings. This may likewise 
be an inadequate model for past glaciations, as 

Fig. lA. Location of Svalbard, Nordaustlandet and the study area, with place names used in the text. S = 

Svartknausflya. K = Kiepertøya. Glacial coverage of Nordaustlandet is indicated, and the coastal current is marked 
by arrows. 
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extensive marine based ice sheets probably cov
ered severaI continental shelf areas. 

A more applicable model for Northern Hemi
sphere glaciomarine sedimentation is probably 
presented by the modern Austfonna ice cap with 
its dynamicallydistinctive drainage basins, severaI 
of which are known to surge (LiestøI1969; Schytt 
1969; Dowdeswell 1984), and the adjacent parts 
of the Barents Sea. Austfonna has the most exten
sive marine, grounded ice front (approximately 
200 km long) in the present day Northern Hemi
sphere, and the entire front is situated in open, 
marine conditions. Furthermore, the regional 
glaciology of the ice cap has recently been mapped 
using radio-echo sounding methods (Dowdeswell 
1984; Dowdeswell et al. 1986) providing impor
tant background information for studies of the 
sedimentary environment outside the glacier. 

In this paper, questions 1-5 (above) are addres
sed through a study of the region off the southern 
portion of the Austfonna ice cap, Erik Eriksen
stredet (Fig. lA). Answers are sought through 
the interpretation of high frequency acoustic data 
(side scan sonar. 3 .5 kHz echo sounder and spar
ker) and sedimentologicaIjgeotechnical analyses 
of sediment cores. The data were collected to 
cover the entire region, from the present ice front 
of Austfonna to the more distal regions, in order 
to establish a model for sedimentation and sedi
mentary processes in a surge-affected, open mar
ine environment. A preliminary paper (Solheim 
& Pfirman 1985) reported on the morphological 
features in the northern, most glacier proximal 
part of the study area using some of the acoustic 
data. This paper presents a synthesis of all the 
acoustic and sedimentologicaIjgeotechnical data. 

Physical setting 

Bedrock geology 

Lithology of the glacigenic sediments may be used 
to trace different source areas and their relative 
importance, provided sufficient lateral bedrock 
vanatJOn exists. Based on relatively few 
exposures, a rough division can be made for Nord
austlandet along a line through Wahlenberg
fjorden and towards east-southeast (Fig. lB), 
between post Caledonian rocks to the south and 
older rocks mainly of the Hecla Hoek complex 
(Late Riphean to early Paleozoic sediments 
(partly metamorphosed), granites, gneisses and 
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gabbroic intrusives) to the north (Lauritzen & 
Ohta 1984). 

The Hecla Hoek complex differs markedly 
from the overlying younger sedimentary rocks 
found in the southern part of Nordaustlandet. 
The latter range from middle Carboniferous to 
Lower Jurassic in age. The main part of the out
crops, including those along the southwestern 
periphery of Austfonna, consists of Carbon
iferous and Permian rocks (Lauritzen & Ohta 
1984). Although a few sandstone exposures are 
found, the majority of these rocks are limestones 
and dolomitic limestones, characterized by a high 
chert content and silicified sediments, which ren
ders the formation highly resistant to weathering. 
A few exposures show Triassic to Lower Jurassic 
siltstones and shales overlaying the limestones, 
and to be cut by Late Jurassic to Early Cretaceous 
dolerites. 

To the south of Erik Eriksenstredet, the islands 
of Kong Karls Land consist of late Triassic early 
Cretaceous sediments (mostly clastics, with some 
limestones and coal beds) with interbedded lavas. 
The location of the boundary between these rocks 
and the upper Paleozoic carbonates on southern 
Nordaustlandet is tentatively placed along the 
central part of Erik Eriksenstredet and cannot be 
mapped more accurately from the present shallow 
seismie data. 

Southwest of the study area, Triassic and Lower 
Jurassic clastic rocks outerop in Olav V Land 
and on Wilhelmøya (Fig. lB). Mesozoic doleritic 
intrusions form small islands and skerries, for 
example Kiepertøya in the southern part of Hin
lopenstredet (Fig. lA). 

Quaternary geology 

Generally , the Quaternary sediments found on 
land next to the study area con sist of a relatively 
thin (less than 5 m) cover of till, reworked by 
wave action below the upper marine limit (Blake 
1962). In the outer part of Hinlopenstredet (Sal
vigsen 1978), Holocene-raised beaches indicate, 
through isostatic depression by ice loading, a con
siderably wider extension of the ice cover during 
the Late Weichselian maximum (probably at 
about 18 kA), and striae and erratics point 
towards ice flow from southeast to northwest 
through Hinlopenstredet (Blake 1962). However, 
while the Early Weichselian glaciation probably 
reached Sjuøyane to the north (Fig. lA), the Late 
Weichselian glaciation most likely did not reach 
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Fig, lB, Simplified bedrock geology of the land areas surrounding the study area (modified from Worsley & Aga 
( 1986)) .  

mueh beyond the northern eoast of Nordaust
landet (Salvigsen & Nydal 1981). The pattern of 
iee movement from the southeast is in aeeordanee 
with data whieh show Kong Karls Land to have 
the highest rai sed beaehes, with a maximum of 
110 m, in the Svalbard arehipelago (Salvigsen 

1981). This again supports the idea of an extensive 
glaeiation of the Barents Sea shelf, whieh also is 
strongly indieated by the sediment distribution, 
sea floor morphology, and sei smie stratigraphy 
of the Barents Sea (Elverhøi & Solheim 1983; 
Solheim & Kristoffersen 1984; Vorren & Kri-
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stoffersen 1986; Solheim et al. 1990). Based on 
the se lines of evidence, the entire study area was 
probably covered by grounded ice that ftowed 
from southeast towards the northwest during most 
of the Late Weichselian. It should be mentioned, 
however, that various views have been presented 
on the existence and size of a Barents Sea ice 
sheet. Elverhøi and Solheim (1983) gi ve a review 
of this discussion. 

Deglaciation of Nordaustlandet began some
time before 10 kA (Blake 1962; 0sterholm 1978). 
The emergence curves from Svartknausftya and 
Kong Karls Land (Fig. lA) (Salvigsen 1978, 
1981), indicate that the relative water depth was 
between 80 and 110 m deeper than at present for 
the first 1,000 years after deglaciation, while the 
shallowing during the last 5,000 years has been 
approximately 20-30 m. 

The general Quaternary succession of the 
northern Barents Sea (Elverhøi & Solheim 1983) 
consists of an overconsolidated basal till (less than 
10 m thick) with a cover of soft, Late Weichselian 
glaciomarine sediments (usually 1-5 m thick). 
The upper part of the till is of ten relatively soft, 
although geotechnically cIearly different from the 
glaciomarine sediments, and is interpreted as a 
deformation till (Elverhøi et al. 1990; Russwurm 
1990; Nyland Berg 1991). Mainly in water depths 
in excess of 300 m and in local depressions, this 
sequence is covered by a thin « 1 m) layer of 
Holocene, fine-grained mud which mostly results 
from reworking in shallower regions (Forsberg 
1983) and sediment transport by sea ice (Elverhøi 
et al. 1989). However, the distinetion between 
the Late Weichselian glaciomarine sediments and 
the top Holocene mud becomes less apparent 
northwards in the Barents Sea (Wensaas 1986) 
towards the heavily glaciated regions of eastern 
Svalbard. At present, sedimentation in the study 
area is dominated by deposition from turbid 
meltwater pl urnes (Pfirman 1985). 

Bathymetry and hydrography 

The study area covers the southwestern, shal
lowest part of Erik Eriksenstredet. This strait is 
part of a trough which continues north-north
eastwards between NordaustIandet and Kvitøya 
(Fig. lA), and forms one of the three deep pas
sages from the Barents Sea to the Arctic Ocean. 
Trough depths in the study area range from 260 m 
in the eastern part to 180 m in the central part 
(Map l, Bathymetry of the study area, enclosed 
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in back pocket). A sill at 120 m waterdepth sep
arates Erik Eriksenstredet from the Olgastredet 
trough between Kong Karls Land and Barent
søya. 

Below approximately 100 m depth in the north 
and 150 m in the south, Erik Eriksenstredet has 
a gentle, rather smooth topography. The northern 
slope is slightly steeper than the southern slope 
and in the northeastern part the upper 30 m is 
steeper than the lower part of the slope. While 
the contours of the southern slope appear straight, 
the northern slope forms a major embayment 
with its ape x towards Bråsvellbreen. The rather 
gen tIe deep trough contrasts distinctly with both 
shoulders, where the topography is high ly irregu
lar on a 10 m scale, with numerous smaller shoals 
and troughs. To the west, the sea ftoor rises to 
depths less than 50 m on the sill in the southern 
part of Hinlopenstredet. 

The current pattern in this part of Erik Eriksen
stredet is dominated by the approximately 20 km 
wide Nordaustlandet coastal current ftowing in 
a southwesterly direction (Fig. l A). Calculated 
relative geostrophie shear between station pairs 
varies from 4 cm/sec in the east to more than 
16 cm/sec ne ar the western border of Brå
svellbreen (Pfirman 1985). The water mass is ver
tically stratified into a 25-30 m thick layer of 
fresher surface water, a core of cold Arctic water 
down to 125 m, and a bottom layer of warmer 
Atlantic water (Pfirman 1985). No long-term 
current measurements exist from this part of 
Erik Eriksenstredet. Further northeast, between 
Nordaustlandet and Kvitøya, one-year measure
ments at 75 and 220 m leveIs (Aagaard et al. 1983) 
reve al a dominant tidal component with velocities 
up to 15 cm/sec and 5 cm/sec in the upper and 
lower leve Is respectively (tidal range in the area 
is in the order of 0 .5-1. 0 m (T. Eiken pers. 
commun. 1987». Net velocity, however, is less 
than 2 cm/sec in a northward direction. 

Due to the shallow sill «60 m) in the southern 
part of Hinlopenstredet, there is no deep water 
exchange through this strait. However, a rela
tively strong tidal current component can be 
expected in this area and thus also in the western 
part of Erik Eriksenstredet. 

Glaciology 

Glaeiers are usually cIassified as polar, temperate 
or sub-polar (Lagally 1932; Ahlmann 1933). Polar 
glaeiers are entirely below the pressure melting 
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Surging Glaciera in Svalbard 
O OD' 

79' 

77' 

I 
Fig. 2. Major Svalbard glaeiers that have been observed 
to surge. More than 80 glaeiers are known to show 
surging behaviour. Map from Dowdeswell (1984), based 
on data from Liestøi ( 1985) .  

point. Temperate glaeiers are at the pressure 
melting point below the penetration depth of the 
winter eold wave. Sub-polar glaeiers form an 
intermediate eategory between the two extremes. 
The overall glaeier eoverage of Svalbard is 
approximately 60%, with a general increase 
towards the north and east (Dowdeswell 1984). 
More than 75% of Nordaustlandet and 99% of 
Kvitøya are glaeierized. Despite the high latitude, 
most Svalbard glaeiers are of sub-polar type (Bar
anowski 1977). In general, the glaeiers have been 
slowly retreating for approximately the last 100 
years, after a period of advanee mainly between 
the 17th to the late 19th century (Baranowski 
1977) known as the Little lee Age (Lamb 1977). 

A num ber of Svalbard glaeiers have short-term 
fluetuations due to surging behaviour (Fig. 2). 
Glaeier surges in general have been extensively 
diseussed, and a detailed discussion of surge the
ories is beyond the scope of this paper, but it is 
important to note that most of them involve build
up and aetivation of large amounts of pressurized 
water at the bed or in permeable sediments below 
the glaeier (Clarke et al. 1984). Field observations 
als o verify that increased amounts of meltwater 
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are involved in surges (Thorarinsson 1969; Kamb 
et al. 1985). 

Most of Nordaustlandet is covered by the two 
ice caps Vestfonna (2,511 km2) and Austfonna 
(8,120 km2). The geography and glaciology of 
Austfonna has been investigated by severai 
expeditions during the last 115 years (Nor
denskiold 1875; Ahlmann 1933; Glen 1937, 1941; 
Dege 1948, 1949; Hartog 1950; Harland & Hollin 
1953; Thompson 1953; Hollin 1956; Palosuo & 
Schytt 1960; Schytt 1964; Ekman 1971). However, 
a detailed picture of the entire ice cap was not 
obtained until the Scott Polar Research Institute 
(SPRI) and the Norwegian Polar Research Insti
tute (NP) carried out extensive airborne radio
echo sounding operations over Nordaustlandet in 
1983 (Dowdeswell 1984; Dowdeswell 1986a,b; 
Dowdeswell et al. 1984a,b; DowdesweU & Dre
wry 1985; Drewry & Liestøi 1985). The ice dis
tribution and glaciology is thoroughly described 
by DowdesweU (1984), and only a brief review 
will be given here, with emphasis on the south
eastern part of the ice cap, inc\uding Brå
svelIbreen. 

Based on surfaee topography, the ice cap is 
divided into 19 drainage basins (Fig. 3A) the 
large st of which are also reflected in the mapped 
subglacial bedrock topography (Fig. 3B). The 
two largest drainage basins are Bråsvellbreen and 
Basin 3 (1,109 km2 and 1,251 km2 respectively). 
The maximum surface elevation of the ice cap is 
790 m (Fig. 3A), and the ice thickness reaches 
alm ost 600 m (Fig. 3C). The southern and eastern 
limits of Austfonna constitute the longest tide
water ice front on the Northern Hemisphere with 
its ca. 200 km of grounded glaeier terminus. 28% 
of the total ice cap is based below sea leve!, and 
the major part of this is in the southeastern region, 
inc\uding 57% of Bråsvellbreen. Depths below 
sea level reach 157 m, but no part of the glacier 
is afloat. Information on the thermal regime in 
the ice cap is presently sparse, but a few shallow 
temperature measurements have indicated that 
the ice cap is frozen to the bed in its outer parts 
and at the pressure melting point under its central 
parts, and hence can be c\assified as a sub-polar 
glaeier (Schytt 1969). 

There are presently two major meltwater out
lets draining Austfonna (and numerous smaU er 
ones); one is just to the east of Bråsvellbreen, 
and the other is in Hartogbukta, just to the east 
of Basin 3 (Figs. 1 and 3B). The former of these 
has a sea floor valley outside the outlet, while 
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��--------��---- -��--------�� 22' 23' 24' 25' 
. 

- PRESENT 
...... . - 1938 

----- 1936 

A 

Fig_ 4. A. The coastline of Bråsvellbreen before 1936 
(very approximate , modified after Glen (1937)) ,  in 1938 
(taken from the morphologically defined maximum 
surge extent described by Solheim & Pfirman (1985) 
and later in this pa per) and at present. B. Two aerial 
photographs taken during the surge in 1938 (Norsk 
Polarinstitutt archive photo). Note high concentrations 
of icebergs outside the surging glaeier. 

little detail is known on the bathymetry of Har
togbukta . Both these areas , however, have bed
rock depressions continuing underneath the ice 
(Fig. 3B) . This may indicate that meltwater out
lets are at the base of the glaeier , with a location 
most likely determined by the bed rock topogra
phy. The fact that there appears to be on ly sparse 
mel twa ter activity during the winter indicates that 
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most of the water results from surface summer 
melting. 

The Bråsuellbreen surge 
The Bråsvellbreen surge occurred sometime after 
1936 , when an undisturbed glaeier surface was 
reported (Glen 1937) , and before 1938 , when 

Fig. 3. Regional characteristics of Austfonna ice cap (from Dowdeswell et al. 1986) . A. Surface elevation (m) and 
drainage basins. BR. 3 and 5 mark Bråsvellbreen and basins 3 and 5, respectively. B. Bedrock topography (m). 
Main meltwater outlets are marked with arrows. C. lee thickness (m). 
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aerial photography revealed a heavily crevassed 
glacier tongue protruding from the pre-surge 
coastline (Fig. 4). The surging glacier probably 
advanced up to 15 km along a 30 km long front. 
15 km is a somewhat tentative figure as the pre
surge coastIine was not precisely mapped. Pre
vious articIes have reported up to 20 km advance 
(e.g. Schytt 1969), but this is most likely based 
on published maps that suffer from inadequate 
navigation. A continuous submarine ridge was 
considered by Solheim and Pfirman (1985) to 
define the maximum surge extent, but its position 
differs by severaI km from the 1938 coast on the 
published map (Norsk Polarinstitutt Chart 507, 
1957 edition). 

After an advance, the terminal regions of the 
surging glacier tend to stagnate (Meier & Post 
1969). In the case of a marine ice mass, relatively 
rapid retreat of the glacier through calving from 
the heavily crevassed glacier ice most like ly takes 
place (Solheim & Pfirman 1985). Sealers reported 
the num ber of icebergs in 1938 to be an order 
of magnitude higher than during the non-surge 
situation (Vinje 1985). Solheim and Pfirman 
(1985) estimated a retreat of up to 5 km from the 
maximum 1938 position of the Bråsvellbreen front 
as defined by the terminal ridge. Dege (1948, 
1949) reported much calving from the Brås
vellbreen terminus during 1944, while Hartog and 
Thompson (1950) reported little calving and few 
open crevasses during 1948. Thus, crevasses on 
the fractured glacier surface may have cIosed 
during the period between 1944 and 1948, and a 
large part of the retreat from the maximum posi
tion may have occurred before 1948. Satellite 
images since 1976 indicate little ice front move
ment and modification during the last decade, and 
studies of aerial photographs taken between 1969 
and 1977 show a retreat of 180 m for the western 
5 km of Bråsvellbreen during this period (Dow
deswell 1986b). 

lee surface profiles based on the 1983 radio 
echo soundings (Dowdeswell 1984) cIearly fall 
below the theoretically caIculated surface profile, 
and caIculated basal shear stress is low. This is 
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typical for glaciers in the quiescent phase between 
surges (Paterson 1981). 

Basin 3 
Basin 3 (Fig. 3A) is the largest drainage basin 
on Austfonna. Glaciologically, it shows severai 
similarities with Bråsvellbreen. The coastline 
between Kapp Mohn and Hartogbukta (Fig. lA) 
protrudes from the rest of the ice cap margin, the 
basin is well-defined by the subglacial bed rock 
topography, the surface profile also falls below 
the theoretical profile , and basal shear stress is 
low (Dowdeswell 1984, 1986a). Furthermore, a 
Swedish expedition that crossed the ice cap in 
1873 reported badly crevassed ice (Nordenskiold 
1875) in a location that corresponds with the inner 
parts of Basin 3. Taken together, there are both 
historical and glaciological indications that Basin 
3 is also a surging glacier. 

Materials and methods 

Coring and acoustic data acquisition 

Reconnaisance work in 1980 and 1981 revealed 
that a thin layer of soft surface sediments covered 
overconsolidated material in front of Brå
sveIlbreen. Furthermore, the assumed surge ter
minal ridge separated this setting from that 
beyond it, where a thicker soft glaciomarine cover 
with no overconsolidated sediments was found 
within reach of 3 m coring equipment. A more 
detailed program of acoustic profiling and core 
sampling was then design ed to verify if the 1936-
38 surge was the cause of the morphology and 
sediment distribution. If verified, this would 
present a situation where the direct effects of a 
surging glacier and a subsequent ice load on a 
marine, glacigenic sediment could be studied. For 
sediment distribution and sea Hoor morphology 
studies, a 3 .5 kHz echo sounder and a side-scan 
sonar were considered particularly important. 
The laboratory analysis program was designed 

Fig. 5. A. Aeoustie profiles run by Norsk Polarinstitutt (NP) in 1980--83 . Sparker was used in 1980 and 1983 . A 
side-sean sonar was used in a small part of the 1982 lines, and along all 1983 sparker lines. All lines after 1980 
have 3 .5  kHz information. B .  Aeoustie profiles run by The Hydrographie Survey of Norway (NSKV) in 1984 and 
1985. Lines 464500-486500 were run in 1984 and the rest in 1985. All lines have 3.5 kHz information. Sparker 
lines are marked with arrows. Lines with side-sean sonar data in 1984 are marked with asterisks. In 1985, essentially 
all lines were run with side sean. C. Sampling localities from all cruises. In 1984 and 1985. gravity eores were taken 
at 7 loeations (1984 - 1 1 ,  12 ,  13 and 1985 - 26, 27, 28, 29) .  The rest were surface grab samples . 
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to investigate sedimentological and geotechnical 
differences between different sediment types, 
affected and unaffected by the surge, and to 
obtain information about sedimentation rates and 
their variability in the Erik Eriksenstredet basin. 
Acoustic profiles and sample locations are shown 
in Figs. SA, B and C. 

Sea ice and strong surface currents caused prob
lems for work in the area. The ice situation was 
particularly problematic during the 1982 survey 
when the major part of the sampling program was 
planned. Current velocities in excess of 1 knot 
were observed, and abundant, large drifting ice 
ftoes made station work difficult. One aspect of 
the sampling program during the 1982 and 1983 
surveys was to obtain long cores with penetration 
into the underlying overconsolidated unit. How
ever, the overconsolidation, combined with a high 
clast content, made coring diffucult at a num ber 
of localities. The total number of core stations 
appears high (Fig. Se), but severai of the cores 
were on ly partly successful. The total num ber of 
3.5 kHz profile kilometres similarly appears high 
(Fig. SA). This results from the fact that the 
3.5 kHz echo sounder was running continuously, 
also during periods of searching for routes 
through the ice or suitable sample locations. 

Satellite navigation with a Magnavox MX1105 
single channel receiver integrated with the ship's 
log and gyro was used during the 1980-83 surveys. 
The accuracy of the system (approximately 300-
500 m) is normally insufficient for detailed work. 
However, accuracy on a relative scale was 
improved using observed radar distances to the 
ice front. One or two good satellite fixes per hour 
were usually obtained and all core stations were 
positioned by at least one satellite fix with an 
accuracy of 100-150 m. 

In addition to the NP cruises of 1980-83, the 
Norwegian Hydrographic Survey (NSKV) carried 
out hydrographic mapping in this part of Erik 
Eriksenstredet during the autumn of 1984 and 
1985 and included a sparker, a 3. 5 kHz PDR, and 
a side-scan sonar in the program (Fig. 5B). These 
surveys were run with lines in a N-S direction and 
nominal line spacing of 500 m in the eastern part 
and 1,000 m in the western part with infill lines of 
250 and 500 m spacing, respectively. Part of the 
sparker data was of generally poor quality due to 
severe noise problems. In addition to the acoustic 
profiling, 7 gravity cores and 50 surface grab 
samples were recovered. 

The NSKV surveys were run using a local Decca 

Anders Solheim 

Sea Fix navigation system, with slave stations 
positioned on the surrounding islands. Relative 
accuracy of the system is in the order of 10 m. 

Sediment analyses 

On board analyses of a selection of the sediment 
cores included: 

- Description of cure section ends and cutter/ 
catcher material (long cores were cut in l m 
sections). 

- Munsell soil color. 
- Pocket penetrometer shear strength on core 

section ends. 
- Measurements of compressional wave velocity, 

by means of a PUNDIT (Portable Ultrasonic 
Non-destructive Digital Indicating Tester, trade 
mark of C.N.S. Instr. Ltd. , England, ASTM 
1983). This instrument measures travel time 
through the sediment with 1 ilS accuracy. 
Measurements were taken both along and nor
mal to the cores. This was done immediately 
after retrieval of the plastic liner to ensure con
tact between the liner and the sample. Cor
rection was made for travel time delay caused 
by measuring through the plastic liner. 

- Water content (% of wet weight) on samples 
from co re section ends (only done on-board in 
1982). 
Subsequent laboratory work included: 

- X-radiographing of a selection of the cores prior 
to splitting. A few of the 1983 cores were also 
run through a computer tomograph. 

- Core splitting and visual description including 
Munsell soil color and photography of split 
cores. Cores with relatively stiff material were 
split by breaking in two halves, while softer 
material was cut with knife or wire saw. 

- Shear strength on split co re halves by pocket 
penetrometer or fall-cone apparatus. The shear 
strength values given are usually averaged from 
severaI measurements in the same interval 
where this was possible. 

- Compressional wave velocity measurements 
with the PUNDIT, mostly on smaller sections 
of the cores, giving interval velocities. The main 
source of error is exact determination of the 
distance between the transmitter and receiver 
transducers, particularly when used in soft 
material. Velocities were measured both along 
and perpendicular to the cores, but no signifi
cant difference was recorded. To minimize the 
distance error, long intervals were preferred. 
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- Performance of consolidation tests (oedometer) 
on two samples to measure pre-consolidation 
stress of the materia l .  The intervals chosen for 
consolidation testing were cut from the cores 
before splitting, after inspection of x-radio
graphs. A majority of the sampled material 
was toa gravelly to be tested in standard sized 
equipment. 

- Determining of water content (% of wet weight) 
and bulk density on subsamples of 1 00-200 g 
wet weight. Volurne was measured by sub
merging the sample in kerosene. As the material 
generally had a high but varying content of 
gravel and pebbles, a correction was applied 
to obtain water content values that could be 
compared within the study area. Hence, a set of 
values is incJuded that are corrected for material 
greater than 0 .5  mm. 

- Measurement of grain size distribution on a 
num ber of subsamples. Size fractions greater 
than 0.063 mm were separated by dry sieving, 
while cJay and silt fractions were determined by 
Falling Drop Analysis (trademark Geonor Als, 
Norway, Moum 1966) . This apparatus utilizes 
the falling time of a drop of sediment suspension 
through an organic liquid. It is largely tem
perature dependent, and as this apparatus did 
not have automatic temperature control , it was 
calibrated for every 0. 5°C. Some samples were 
analyzed both with the falling drop method and 
in a sedigraph. Within small limits «5%) ,  the 
results were comparable. This was also the case 
for some samples where all the material was 
size-fractioned, in addition to faning-drop ana
Iyzed . We therefore consider the falling drop 
method reliable for the present purposes. The 
majority of the samples analyzed for grain size 
distribution were greater than 100 g wet sedi
ment. Percentages were ca1culated only for 
material finer than 16  mm. 

- XRD on oriented samples of cJay and silt frac
tions. 

- Determining of Atterberg limits after wet siev
ing through a 0.063 mm seive. 

Sea floor morphology 

The sea f100r morphology outside Bråsvellbreen 
was initially described by Solheim and Pfirman 
( 1985) and based on acoustic data mainly from 
the 1 982 and 1 983 cruises. However, the NSKV 
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cruises of 1984 and 1 985 have given a more 
detailed and complete data set and also cover a 
wider area. The total data base is used in this 
paper. 

A range of different morphologic patterns in 
defined provinces have been mapped (Map 2, 
Morphological provinces , encJosed in back 
pocket) . The most dominant morphological pat
tern is considered to define the signature of each 
province . However, there may be large variations 
within a province and changes between patterns 
may be gradational. The location of the bound
aries is therefore a matter of interpretation in 
some areas. 

The most striking morphological feature in the 
study area is the system of ridges that roughly 
paranels the ice front at a distance of a few kil
ometers. Solheim and Pfirman ( 1 985) mapped the 
ridge in front of Bråsvellbreen and argued that it 
was the end moraine resulting from the 1936-38 
surge. The dense grid of new lines confirms the 
continuity of the feature, and furthermore shows 
that there is a system of three ridges. A second 
ridge , similar to the Bråsvellbreen ridge, mns 
subparallel to the Basin 3 ice front , while a third 
ridge has an intermediate position. The latter 
merges with the Bråsvellbreen ridge , but appar
ently not with the Basin 3 ridge (Map 2) . The 
following description and discussion will show 
that the ridges are terminal features. They will be 
referred to as surge moraines, and this term will 
be used below, even though evidence which con
firms the Basin 3 and intermediate ridges to be 
surge-related features has not yet been presented. 

The study area is divided into 3 zones, each 
with severaI characteristic features: 

- The surge moraines. 
- Inside the surge moraines, the surge zone 

(Solheim & Pfirman 1985) .  
- Outside the surge moraines, the surge-distal 

zone. 

The surge moraines 

The most typical cross-sectional shape of the Brå
svellbreen surge moraine is that of an asym
metrical ridge with a smooth outer (distal) slope 
of 1-3° and a steeper (3-6°, locally steeper) inner 
( proximal) slope (Fig. 6A, C and O). However, in 
places the moraine has only a minor topographic 
expression (Fig. 6B) .  The distal part of the 
moraine appears on the 3 .5  kHz records as a 



20 

A 
v; O 
E 

lJJ 

!S 
I-

...J 25 
LU 

~ 
I-

>-
:!i 50 

~ 

B 

~ 
.5 100 

(j) 

E 

» 
Ol 
;: 
I 

C\I 150 

c 

,,' 'l' 

500 m 

km 

o 500 1000 m 
~' ____________ L' ____________ ~' 

25 N 

A nders Solheim 

.. : 

..• · lj ·'t 
6f 6g 

ul 

sm 
NW 

sm 

sm 

Fig. 6. A-H. 3.5 kHz and sparker records (Fig. 6E, lower part) across the surge moraines (sm) . 

s 



Depositional environment of surging tide water glaeiers 

o 

21 

smooth, acoustically transparent sediment lense 
which is draped over pre-existing topography and 
terminates abruptly (Fig. 6C). Its relief varies 
between 5 m and 20 m and the distance from the 
base of the proximal slope to the present-day 
glaeier front ranges from 500 m to 3.5 km, the 
widest and most distinet part being in the area 
where it splits into two ridges. East of this, it is 
generally narrower and less distinet than further 
west. The easternmost two kilometers show little 
relief and are outlined only from its side-sean 
sonar cha raet er. 

The intermediate surge moraine changes 
character from being a narrow, low-relief fea ture 
in its western part (Fig. 6D) to a wide, well
expressed feature further east (Fig. 6E). Towards 
its easternmost extension, it loses its bathymetric 
expression again. The central part of this ridge is 
wider (up to 3 km) and has a larger maximum 
relief (35 m) than the Bråsvellbreen ridge, but the 
overall shape is quite similar. 

The Basin 3 surge moraine (Fig. 6F, G and H) 
has a character somewhat different from that 
outside Bråsvellbreen. The western part is narrow 
and poorly expressed bathymetrically (Fig. 6F), 
although locally it resembles the Bråsvellbreen 
ridge (Fig. 6G). In its central and widest part (up 
to 4.5 km), the moraine has the shape of a wide, 
low-relief sediment lense (Fig. 6H), and the proxi
mal boundary is difficult to define. The distal 
part, however, is easily recognized by its draped, 
acoustically transparent character. 

Common for the three surge moraines is that 
they mark a distinet change in the sea floor mor
phology between the area towards the glaeier and 
the deeper parts of the basin (Fig. 7). 

Although patterns mapped on either side of the 
ridge may continue on to the ridge proper, the 
Bråsvellbreen moraine ridge has a generally 
smooth surface, dissected by occasional iceberg 
plough marks. Side-sean sonograms clearly show 
the abrupt distal termination (e.g. Fig. 6C) to be 
the termination of slump lobes covering the pre
existing morphology (Fig. 8) which may be small 
compressional, slump related features, or could 
represent subsequent creep. Furthermore, the 
smoothness is disturbed by small irregularities 
forming a small-scale swell and swale morphology 
(Fig. 8). The disturbed are as usually terminate 
along the slump edge. Most likely these represent 
creep features in the soft, acoustically transparent 
sediments. In the upper left part of Fig. 8A, 
some vague, larger features can be seen that may 
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represent detachment scars caused by the slump
ing. 

Side-sean sonographs from the moraines proper 
show that their small-scale surface morphology in 
general differs between the Bråsvellbreen moraine 
and the two other moraines (Map 2). Outside the 
eastern part of Bråsvellbreen, where the moraine 
ridge splits, the inner ridge is characterized by a 
smooth surface, obscured by small disturbances 
and occasional iceberg plough marks. The outer, 
intermediate moraine and its continuation east
wards, however, is dominated by iceberg plough 
marks. This is also the situation on the moraine 
outside Basin 3, but here the plough marks are 

23 

associated with small ridges, mounds and depres
sions, in both linear and random arrangements 
(Fig. 9). This is defined as a separate mor
phological province (Map 2). At the distal part 
there is again an area of smooth, slightly disturbed 
sea floor. 

The surge zone 
The area inside the Bråsvellbreen ridge was 
terrned the surge zone by Solheim and Pfirman 
(1985) because this area was directly affected by 
grounded surging ice in 1936-38. Two different 
morphological patterns predominate. The main 

Ridge crest 

Fig. 7. Side-sean sonar mosaie aeross the Bråsvellbreen surge moraine. Notiee the marked morphologieal ehange 
aeross the ridge. For location, see Fig. 10. 
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N 

B 
Fig. 8. A and B .  Side-sean sonographs showing slump lobes on the distal part of the surge moraines.  Note that 
the slumps cover pre-existing relief. Note also the small disturbanees in the smooth slump lobe surfaee , and the 
possible detaehment sears (short arrow) in A. For loeation, see Fig . 10. 

part of the area, 0 .5-1 km south of the iee front, 
has a system of smaller , linear ridges orientated 
in different direetions that together form a 
rhombohedral eross-pattern (Map 2 and Fig . 10). 
The ridges have reliefs on the order of 5 m and 
spaeing of 20-70 m. They are larger and more 
distinetly dose to the surge moraine . Ridge diree
tions vary, and 2-3 different direetions may be 
present within a region (Fig . 11) .  Most of ten, 
however, there are direetions sub-parallel and 
sub-perpendieular to the present-day iee front . 

In general the distal limit of the rhombohedral 
pattern follows the proximal edge of the moraine, 
but in some loeations it may extend on to the 
topographieally-defined ridge. In the eastern part, 
where the moraine ridge splits into an outer and 
an inner ridge, a dear rhombohedral pattern 
exists between the two moraine ridges (Map 2 
and Fig . lOB) . 

Although the side-sean data eoverage is more 
sparse outside Basin 3, a rhombohedral ridge 
pattern ean also be mapped here. It is best 
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Fig. 9. Side-sean sonograph showing the "mixed morphology" indieated on Map 2. For loeation, see Fig . 10. 

expressed in the eastern part , but is generally not 
as c\ear as that outside Bråsvellbreen. The distal 
limit roughly follows the proximal side of the end 
moraine, but the latter is more difficult to define, 
due to its lesser topographic expression . The inner 
limit of the rhombohedral pattern is generally 3-
5 km off the present-day ice front , except c\ose to 
Kapp Mohn. 

Between the two drainage basins , a rhombo
hedral ridge pattern disturbed by smaller mounds 
and depressions prevails for a distance of approxi
mately 4 km inside the moraine. The disturbances 
se em to overprint the rhombohedral pattern in 
this area . 

In the western part of Bråsvellbreen the 
rhombohedral ridge pattern can be traced to the 
ice front (Fig. lOA), while further east , in a 500 m 
to 1 km wide zone adjacent to the ice front , a 
system of discontinuous arcuate ridges trending 
subparallel to the front prevails (Map 2 and Fig. 
12). The reliefand width of individual ridges are 
of the same order as the linear ridges forming the 
rhombohedral pattern. The zone of arcuate ridges 
widens markedly to the east of Bråsvellbreen , 
from approximately 1 km to generally 3-5 km in 
the rest of the area. Both adjacent to Basin 3 and 
Bråsvellbreen, the ridges are relatively distinet , 
and the glacier-parallel trend predominates even 
though other directions do occur . 

Also within this morphological province the 
pattern is most varied and least distinet in the 
region between Bråsvellbreen and Basin 3. The 
above-mentioned pattern of mounds and depres
sions obscures the ridges , and directions vary 
from paralleI to subperpendicular to the ice front . 
In the shallowest region , southwest of Kapp 
Mohn , the ridge system is overprinted by recent 
iceberg plough marks which define the dominant 
morphological features of this area (Map 2). 

The surge-distal zone 
Two broad c\asses of sea floor morphologic prov
inces prevail south of the surge moraine system , 
in the surge-distal zone ; 

1. Areas where iceberg plough marks predomi
nate . 

2. Areas where smooth sea floor predominates , 
but where a num ber of other features also 
exist. 

Two c\asses of iceberg plough marks are defined 
in the study area: 

a) "Recent" plough marks , forrned under the 
present-day water depth and glaeier con
figuration . 
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pattern between two moraine ridges in the eastern part 
of Bråsvellbreen. 
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Fig. 11.  Rose diagrams of direetions of ridges in the surge zone . The analyses were done inside a sliding window 
of 100 x 200 m aeross eaeh area.  N = number of eounts . A = measured area in km2 
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Fig. 12 . Side-sean sonograph of the diseontinuous, areuate ridges subparalleling the iee front. Some possible 
ieeberg ealving impaet features are marked with arrows . For loeation,  see Fig . 10. 
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1 4a I 1 4 b  1 3a I 

1 5e l I 1 5b 

1 1 3b 

b) "Fossil" plough marks , mostly found in water 
depths below the probable reaeh of present
day ieebergs. 

The distinetion between a) and b) is made only 
from their appearanee on the side-sean reeords. 
The reeent plough marks have a sharp, fresh 
appearanee whieh eontrasts markedly with the 
weakly-pronouneed, probably degraded, fossil 
marks (Fig. 13) . However, the differentiation is 

Anders Solheim 

Fig. 13. Side-sean sonographs . A. Reeent ieeberg 
plough marks . B. Fossil ieeberg plough marks . 

not always straightforward, as a range of plough 
marks intermediate between the two end mem
bers exists. 

Most of the reeent ploughing is found in the 
shallower surge-distal are as on either side of Erik 
Eriksenstredet , with the addition of the inter
mediate surge moraine, the area southwest of 
Kapp Mohn and oeeasional plough marks else 
where in the surge zones. Typieal widths of these 
plough marks are from 10 to 50 m, averaging 
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Fig. 15. Side-sean sonographs showing morphologieal 
features found in the "smooth" deeper region (Map 2) . 
A. Fossil ieeberg plough marks with internal eross
ridges forming a ladder-like pattern . Note poekmark 
(arrow) . B .  Dark spots in an area of weakly defined 
sediment waves.  Note duster of dark spots in southern 
part of upper ehannel (arrow) . C. Well-defined sedi
ment waves (megaripples) . For loeation ,  see Fig . 13. 
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around 25 m (Fig. BA). Relief (top of berm to 
bottom of trough) is on the order of 2-5 m. The 
lower limit for the re cent iceberg ploughing varies 
between 120 m and 130 m water depth , cor
responding well with a maximum submarine ice 
diff height of 1 25 m for Austfonna (Dowdeswell 
1989). This is well-expressed, both along the north 
slope and in the south western and southeastern 
parts of the survey area (Map 2) . In the north
western part , the intense ploughing grades into a 
transitional zone of less intense ploughing at 50-
100 m water depth which terminates at approxi
mately 120 m water depth. Most of ten , however, 
the zone of intense, re cent ploughing terminates 
abruptly and changes into smoother sea floor with 
older plough marks (Fig. 14). Locally this occurs 
at depths shallower than 120 m (Fig. 14A). 

Dominating directions of the recent plough 
marks in the northern region generally vary from 
NW-SE in the western part, through a region of 
mixed directions in central parts , to more NE
SW directions in the east. In the southern regions, 
the ploughing directions are generally more vari
able (Map 2) . 

Fossil plough marks are found over the entire 
basin below 120-130 m water depth, induding the 
large region of smooth sea floor. These gouges 
are degreaded to various degrees. They may range 
from being barely visible on side-sean records 
and having no topographic expression within the 
resolution of the 3.5 kHz echo sounder, to being 
well-enough pronounced that a recent origin can
not be exduded. In general they have less well
defined berms than the recent plough marks. 
Widths range from 20 to 100 m, averaging 
approximately 50 m .  The relief is often quite simi
lar to that found for recent plough marks, but 
smoother. Directional trends are mostly similar 
to those of the recent plough marks, except for 
the southeastern region, where the fossil plough 
marks have a strong NE-SW component, and the 
small area in the deep, central part of the study 
area where there is a distinet NE-SW, NW-SE 
cross-pattern. In the easternmost region, smaller, 
transverse ridges in the plough marks give a wash
bo ard or a ladder-like appearance (Fig. ISA). 

With the exception of the small areas of more 
concentrated old ploughing, the areas below the 
limit of recent iceberg ploughing are defined as 
one morphological province. In general this prov
ince is defined by a smooth sea floor of low 
reflectivity to the side-sean signais. However, sev
eral morphological features are observed: 

3 1  

- "Old" iceberg plough marks, as  described 
above . 

- Pockmarks. These are small (5-15 m diameter) 
eircular depressions in the sea floor (Fig. ISA). 
They are sparse in number, but distributed over 
the entire area. 

- Patches of more reflective sea floor, appearing 
as dark spots on the side-sean sonar records 
(Fig. ISB) .  These are of similar diameter, but 
more common than pockmarks. They may be 
found in groups covering areas of 100-200 m 
diameter. Dark spots and pockmarks may als o 
be found grouped together . N one of the two 
can be distinguished in echograms, implying 
that the y have reliefs of < 1  m.  

- Sediment waves (megaripples) (Fig. 15B and 
C) . In particular in the western half of the 
region, disturbances resembling megaripples 
are found . Often they are indistinct (Fig. 15B) 
and only rarely can dimensions and directions 
of sediment movement be measured. Wave
lengths seem to be on the order of 15-20 m 
and measurable directions mostly vary between 
NW-SE and NE-SW, although E-W also occurs 
(Fig. 15C). 

Distribution and acoustic 
stratigraphy of unlithified sediments 

The sediment cover above bedrock in the major 
part of the study area is generally less than 10 ms 
(two-way travel time) (Fig. 16). Uncertainties 
in accurately determining the sediment thickness 
result from the following factors: 

- Underlying bedrock is essentially conformable 
with the sea floor over large areas. 

- Total sediment thickness is less that the reso
lution of the sparker system us ed over large 
areas. 

- The 3.5 kHz penetration is poor due to over
consolidation and seattering of energy in sedi
ments with high clast content. 

An internally consistent, detai1ed acoustic stra
tigraphy is therefore difficult to map. 

In the surge zone , the sediment thickness is 
mostly 2-5 ms, with some areas of 5-10 ms. The 
latter is most common along the surge moraine 
outside Basin 3. This is also the region where the 
proximal boundary of the moraine is difficult 
to define, and where sediment seems to be 
"smeared" out over a larger area than the ridge 
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Depositional environment of surging tide water glaeiers 

proper. Due to the irregular topography, thick
ness variations are large , and the map (Fig. 1 6) 
represents average values. Most irregularities are 
too local to be included in a map of this scale. 
Deviations from 2-10 ms thickness inside the 
surge moraines include: a small area of 10--1 5  ms 
in the western part of Bråsvellbreen (found in a 
local bathymetric depression that also appears to 
have escaped recent iceberg ploughing outside 
the surge moraine) ; two small accumulations 
which are associated with the meltwater outlet, 
one of which reaches 30 ms thickness; a local ridge 
close to the ice front in the intermediate region ; 
and an area of ] 0--1 5  ms just inside the eastern 
part of the intermediate surge moraine. 

The surge moraine system constitutes the most 
distinctive sediment accumulation in the region , 
although its relief and thus sediment thickness 
vary considerably. The intermediate moraine 
reaches the largest thickness, of up to 50 ms (Figs. 
6 and 16) . In the region where this moraine 
merges with the Bråsvellbreen moraine, the latter 
reaches its maximum thickness of 30 ms. 

The large region in the western part of the 
study area, with 2-5 ms sediment , is part of the 
shallow sill at the mouth of Hinlopenstredet. 
Water depths in this area are generally less than 
50 m .  The major part of the deeper basin has 
5-10  ms sediment thickness, but locally thicker 
lenses occur in the deeper part of the strait and 
thinner ones on the north slope. The trend of 
the thicker accumulations follows the bathymetric 
NE-SW trend , with a transition into the more 
N-S Olgastredet trend in the southwestern part 
of the map area. 

Five acoustic stratigraphic units are defined 
within the present study area (Fig. 17) ,  based on 
their character in 3 . 5  kHz records: 

Unit 1. Semi transparent top unit in the surge 
zone. 

Unit 2 .  The surge moraine ridge system. 
Unit 3 .  Transparent top unit in the surge-distal 

region. 
Unit 4.  Intermediate, semitransparent unit. 
Unit 5. Opaque unit ,  underlying the transparent 

sediments over the entire study area. 

Some of these units, in particular 1 , 2 and 3, may 
be isochronous or at least overlapping in age, but 
their character and geometry are different enough 
to justify a separation . The most diagnostic fea
tures are acoustic transparency, character of 
internal reflections and surface roughness. There 
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are no systematie differences between the areas 
outside the different glacial drainage basins. 

Unit 1 is the acoustic unit that forms most of 
the small-scale topography in the surge zone. Due 
to squeeze-up, ice push and occasional iceberg 
ploughing, the character of this unit is dominated 
by its rough surface structure which causes abun
dant diffraction patterns. The unit rests on a 
relative ly smooth reflector, opaque to the 3 .5  kHz 
signal . Its thickness varies frequently from zero 
between ridges to severai meters in the ridges and 
other local accumulations. The ridges may be 
narrow enough to be represented only by a single 
diffraction hyperbol a, and this may contribute 
to the acoustically transparent character of the 
sediment. Where Unit I is found as a more con
tinuous accumulation , it has a more semi-trans
parent charaeter, with abundant internat dif
fraetion. Internal reflectors can be seen , but are 
local due to the patchiness of the unit. 

As the surge moraine ridges comprise depo
sitional features clearly different from the other 
stratigraphic units in the region,  they have been 
classified as a separate unit, Unit 2. The Brå
svellbreen ridge has the best coverage of good 
quality data. Most of the ridge , in particular the 
central and inner ( proximal) part, has a relatively 
homogeneous, semi-transparent character. On 
some of the 1 982 lines, run with high sweep rate 
under favourable weather conditions, internal dif
fraction and discontinuous reflectors can be seen. 
In the profile of Fig. 1 7 ,  the ridge terminates on 
the berm of a plough mark and some of the ridge 
material has spilled over and covers the plough 
mark floor with a l ms thick drape . No ridge 
sediment, resolvable by the 3 .5  kHz echo
sounder, can be followed further out. The same 
structure is also seen in other profiles across the 
Bråsvellbreen ridge. The surge moraine ridges 
outside Basin 3 and the intermediate area have a 
more uniform acoustic appearance, but the data 
from these are as is of lower quality and vertical 
resolution. 

Unit 3 is found as a thin, acoustically trans
parent layer in central parts of the basin at depths 
exceeding 140 m. This limit is most distinet along 
the north slope. Unit 3 reaches its largest thick
ness of 7 ms in the southwest, between 23° and 
24°E, while the thickness generally varies from 1-
3 ms over most of the region. The existence of a 
thin drape, below the resolution of the 3 .5  kHz 
system (approx. 1 ms) , also in waters shallower 
than 140 m cannot be excluded. 
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Depositional environment of surging tide water glaciers 

Unit 4 constitutes most of the sediment thick
ness in the surge-distal zone. It varies in thickness 
from zero up to nearly 30 ms. Its distribution 
follows the general sediment dis tri bu ti on trend in 
the basin, with the thickest deposits in the deepest 
areas. The top surface has a gently undulating 
character, most likely resulting from old iceberg 
plough marks. In the central parts of the basin, 
this undulating surface is drap ed by Unit 3 sedi
ments (Fig. 17 ) .  Its lower boundary is a smooth 
reflector that can be followed regionally over the 
area, also under the end moraines and in the 
surge zone. Internally , Unit 4 is mostly homo
geneous and slightly less transparent than Unit 3. 
Occasionally,  an undulating, discontinuous 
reflector can be seen in the lower part of the unit. 
From its less transparent character the material 
below this reflector may locally represent thicker 
till accumulations. Parallel layering, most distinct 
in the upper half of Unit 4, is observed on the 
slope towards Barentsøya (Fig. 14A) . Internal 
acoustic layering can only be seen below the lower 
limit of recent iceberg ploughing. Above 1 20 m 
waterdepth ,  Unit 4 sediments are intensively dis
turbed by recent ploughing in front of the surge 
moraines . However, in the local deep in front of 
central Bråsvellbreen (Map 1) the top surface of 
Unit 4 is smoothly undulating from old , degraded 
ploughing, and it can be followed under the outer 
part of the moraine ridge (Fig. 17) .  

Unit 5 is  used here as  a collective term for all 
sediments below the smooth , lowermost reflector. 
It may represent in part the upper bedrock or a 
highly overconsolidated till , opaque to the 
3.5 kHz signal. The sparker resolution is toa poor 
to resolve a thin layer of till . When followed under 
the surge moraine (Fig. 17) ,  the reflector seems 
to outcrop between ridges in the surge zone where 
coring has revealed highly consolidated ,  pebble
rich till . Thus , most of Unit 5 most likely rep
resents an unresolvably thin and patchy cover of 
overcompacted till over the sedimentary bedrock. 

Sediment composition and physical 
properties 

The distribution of cores (Fig. 5C) may seem 
strongly biased towards the surge zone . This 
results partly from the sea-ice conditions during 
sampling, but also from the fact that many of 
the stations in the surge zone were considered 
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unsuccessful because the corer failed to penetrate 
down into the lower, overconsolidated layer (Unit 
5). Fig. 18 shows the lithostratigraphy of a seIec
tion of the cores, arranged along profiles from the 
present-day ice front and out towards the Erik 
Eriksenstredet basin.  Grain size distribution and 
physical properties are indicated along the sec
tions to reve al any systema ti c changes in these 
parameters either downcore or lateral. Appen
dices 2 and 3 show lithology (grain-size dis
tributions) and physical properties, respectively. 

Uthology 

In the surge zone, three different lithologies are 
found. The dominant sediment type, found in 
most of the cores, is a diamicton with a generally 
high but varying con tent of gravel and larger clasts 
(Fig. 19) . There are large and frequent variations 
in the grain size distribution both downcore and 
laterally, without any apparent systematic trend. 

The second distinct lithology is a dean sand, as 
seen in the top parts of cores 83-30, 83-31 and 83-
26 (Fig. 18D and E) .  These are all well-sorted, 
fining-upward sands, with a minor con tent of gra
vel and mud-sized material. The typical sandy 
sequence is well-exemplified in the uppermost 
0.3 m of core 83-26 (Fig. 1 8E) where the silt 
con tent decreases while the gravel content 
increases downcore. As there are only three cores 
with this lithology, little can be said about the 
distribution. However, from the generally high 
number of cores, it can be justifiably stated that 
the dean sands are relatively restricted in areal 
extent. Possible mechanisms for formation of the 
sands include wave action, currents , iceberg calv
ing and scouring, and glacial meltwater activity . 
Pfirman ( 1985) suggested that severe storms could 
disturb and rework sediment down to 1 50 m water 
depth in the Barents Sea. The sands are sampled 
at depths ranging from 70 to 92 m. However, wave 
action, as well as currents, would be expected to 
result in a wider distribution of the sandy sedi
ments (Johnson 198 1 ) .  Also, during most of the 
storm y season, the area is covered by sea-ice, 
damping wave action and reducing wind-water 
coupling. The action of icebergs may stir up sedi
ment and resuspend fines. This may occur during 
iceberg ploughing, but also from the impact of 
icebergs on the sea floor during the calving process 
(Powell 1985) .  The latter would indeed have a 
local effect. The sands are found within the zone 
of arcuate, subparallel ridges, but the data cover-
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age and the navigation are not good enough to 
relate the samples to any ploughing or calving 
event. However, it is considered unlikely that 
such an event could cause 30 cm of well-sorted 
sand within the very short time-interval of its 
duration. This leaves glacial meltwater activity as 
the most likely mechanism , probably in the form 
of small local streams. 

The third distinet lithology of the surge lOne 
appears even more laterally restricted than the 
clean sand. A greenish fine-grained mud is found 
only in two cores: 83-3 1 in the interval 0.48 m to 
0.85 m (Fig. 18D) ,  and core 83-32 in the interval 
0.58 m to 0 .7  m. The mud is situated between 
gravel-rich diamictons and is characterized by an 
olive-gray color (Munsell color 5Y 4/1 ) ,  minor 
amounts of sand-sized material and high shear 
strength.  Analyses of the foraminiferal fauna indi
cate a more ice-distal environment than the 
present location of only 1 . 5  km from the glacial 
front although the data is sparse and the inter
pretation is not inambiguous (J .  Nagy pers. 
comm. 1 985) .  Based on color, lithology and fora
minifera, this material resembles the HokJCene 
muds usually found further out in the Barents Sea 
(Elverhøi & Solheim 1983) and hence indicates a 
pre-surge, ice-distal origin.  The overlying dia
micton further supports this interpretation. 

The lithology of the surge moraine (cores from 
the Bråsvelbreen moraine nnly) consists essen
tially of the same relative ly homogeneous, gravel
rich diamicton which dominates the surge lOne 
(Fig. 19) . Although no distinet boundaries exist, 
there is a tendency for more fine-grained, less 
gravelly deposits to occur towards the distal parts 
of the ridge (e.g. cores 82-234 and 82-235 , Fig. 
18D) . However, the variation is large , and co re 
83-29 from the distal part of the outer ridge in the 
eastern part of the study area has a grave I content 
reaching 25-30% . Intervals of finer grained mud 
are also found in these deposits (i . e .  82-235 , 
0.8 m-O.9 ml ,  but with no corresponding change 
in other parameters. 

In the surge-distal zone, the sediments (acoustic 
Units 3 and 4) reach a thickness of severai 
meters and consist of a sequence of olive-gray 
mud above darker mud with a higher content of 
dropstones. These sediments most likely rep
resent Holocene mud and Late Weichselian 
glaciomarine sediment, respectively (Elverhøi & 
Solheim 1983). As a result of closer proximity to 
a source area for icebergs throughout the Holo
cene , the content of coarser material in the Hol-

Anders Solheim 

ocene part is relatively high compared to further 
out in the Barents Sea. The material just outside 
the Bråsvellbreen surge moraine is clearly more 
fine-grained than the directly surge-affected sedi
ments in the surge zone and the moraine ridge 
(Fig. 18) .  However, the variations here are also 
large and frequent . A high content of coarser 
material is found in the top of some cores (e.g. 
82-229 , Fig. t8e) as well as further downeore 
(e.g. 82-237, Fig. l8D).  One core , (83-39, Fig. 
18B) 0 .5  km outside the end moraine , shows a 
wel l-sorted , upwards-fining sand with lumps of 
clay in its lower part. According to Powell ( 1984) ,  
the latter may re present basal debris, most likely 
released from icebergs. 

In summary , the grain size distributions for 
samples obtained in the surge-distal zone have 
stronger tendeneies towards the mud fractions 
than the material in the surge zone and surge 
moraines (Fig. 20) ,  but the variation is also larger 
in the surge-distal zone. This most likely results 
from the wider range of depositional environ
ments spanned by this zone,  which includes the 
shallow Hinlopenstredet threshold, where prob
ably no or very little sedimentation took place 
during the Holocene , and the Erik Eriksenstredet 
basin with depths of more than 200 m and appar
ently continuous mud deposition .  Furthermore, 
as the side-sean sonar records indicate sediment 
waves and pockmarks, the Erik Eriksenstredet 
basin sediments are affected by both bottom cur
rents and gas seepage, both of which may cause 
depletion of fines. However, lithologies that be ar 
relation to these proeesses were not sampled dur
ing this study. A slight tendency of more fines in 
the surge moraine than in the surge zone (Fig. 
20) reftects the more fine-grained character of the 
distal parts of the moraine. 

Physical properties 

Although a large amount of geotechnical infor
mation exists from many high-Iatitude continental 

Fig. 18. A-E,  Profiles P I-P5. Sections showing lithology 
and physieal properties of eores along profiles sub
perpendicular to the ice front. Note different scales, 
both down-core and within various parameters. C = 

colour after Munsell Soil Colour Charts. W = water 
conlent in % wet weight. Vp = compressional veloeity. 
Su = undrained shear strength . B . D .  = wet bulk 
density . OED marks samples taken out for con
solidation tests in oedometer. For loeation of eores , see 
Fig. 5 .  
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shelf areas, relatively iittle has been done to syn
thesize the information and to relate variations to 
different environments. Most of the work carried 
out on high-latitude sea-floor sediments covers 
relatively soft mud and sand (Clukey et al. 1978; 
Richards et al. 1975 ; Schwab & Lee 1 983). Marine 
diamictons are still poorly understood geo
technically (Bennett & Nelson 1 983). In the 
following discussion . the different physical 
characteristics of Erik Eriksenstredet sediments 
and their variations are diseussed, both as a con
tribution to the general knowledge of marine 
diamictons and as an investigation as to whether 
any of the measured values or their variations can 
be related to glaeier oscil lations. 

Undrained shear strength shows large variations 
in the surge zone diamictons, both lateral ly and 
downeore . The soft , acoustically transparent top 
material usu all y has an undrained shear strength 
of less than 20 kPa. and values less than 5 kPa 
have also been measured. Values are most likely 
over-estimated because of a generally high sand 
content , but nevertheless, they give an indication 
of the degree of consolidation. In general there 
is a downeore increase, from the soft top material, 
through an intermediate zone , and in some cores 
to a stiff material with values in excess of 100 kPa. 
The bulk of the material , however ,  plots in the 
intermediate range , with values between 30 and 
100 kPa. A frequency histogram plot (Fig. 2 1A) 
shows the soft surface material below 20 kPa, the 
intermediately compacted material up to 20 and 
100 kPa, and the lower, hard till between 1 20 and 
160 kPa. Variations within each leve l follow no 
systematie trend , and changes usually are not 
connected to lithological changes. Exceptions to 
this are the intervals of fine-grained mud in cores 
83-31 and 83-32 (Fig. 1 8D and Appendix 3) .  Co re 
83-3 1 , 50-85 cm, in particular shows a distinet 
increase in shear strength, from less than 10 kPa 
in the diamicton above the compacted mud, to 
100 kPa at the 55 cm level. The values decrease 
to 80 kPa near the bottom of the muddy section. 
The difference is not as distinet in core 83-32, 
where the values increase from 40-60 kPa in the 
diamictons above. to 80 kPa within the mud 
(Appendix 3). 

The surge moraine diamictons show less varied 
and generally lower shear strengths than in the 
surge zone. All measurements except one fall be
low 40 kPa (Fig. 2 1B and Appendix 3) and the ma
jority are below 25 kPa. In one core (82-234, l )  
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(Fig. 180), there is a marked increase down- core , 
but generally no such trend can be identified. 
However, due to poor sample quality and the 
relative ly few cores from the surge moraine 
proper, the number of shear strength measure
ments from this region is sparse and cannot be 
considered statistically significant. 

Shear strengths below 10 kPa (Fig. 2 1C and 
Appendix 3) reftect the generally soft, muddy 
character of the Erik Eriksenstredet sediments 
outside the surge moraines. One sample (82-
226) was strongly overconsolidated, with a shear 
strength of 1 10 kPa. This is located in the west
emmost part of the study area, where the cover 
of soft sediments above the assumed Late Weich
selian till is thin or non-existent. Material was 
only obtained in the core cutter and cateher and 
most like ly represents the lill. 

Bulk density was measured only on the 1983 
samples. The values vary between 1 .74 g/cm3 and 
2.47 g/cm3 (Fig. 22 and Appendix 3) .  Most of the 
measurements were made on surge zone samples, 
with only four and three values for each of 
the other two zones respectively. However, the 
values reftect to a great extent the lithology and 
water con tent. Much of the variation results from 
the unsorted character of the diamictons. The 
highest values were obtained in the compacted 
surge zone diamictons, while the lowest were 
found in the soft surge-distal muds . The four 
values from the surge moraine ridge are relatively 
high, 2 .07-2. 17  g/cm3 .  This results from the gen
erally coarse-grained lithology of the ridge sedi
ment. Within the surge zone, the lowest bulk 
densities are found in the compacted fine-grained 
mud sections of cores 83-31 and 83-32, despite 
the over-consolidated character of these samples. 
These findings further reftect the importance of 
lithology. 

The water cantent of the surge zone material 
generally falls below 30% (Fig. 23). Correction. 
for fractions >0.5 mm shifts the peak by 5-1 0 % ,  
but values are still low (Appendix 3 ) .  The uncor
rected values are used in the subsequent discus
sions. The low values, also for the soft surge zone 
diamictons, indicate that compaction has rarely 
reduced water content with more than 10% in the 
sediments studied . Again, the compacted mud 
sections of cores 83-31 and 83-32 appear slightly 
anomalous. The three values measured on this 
material are the highest in the surge zone 
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Fig. 19 .  Computer tomographs of two core samples from the surge zone . Note that the highest density has the 
lightest colour. For location ,  see Fig. Se.  
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Fig. 20. Ternary diagram showing relative amounts of mud, sand and grave! in samples from the surge zone , surge 
moraine and surge-distal zone off Bråsvellbreen. 
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Fig. 21 . Frequency histograms of  undrained shear strength off Bråsvellbreen ( pocket penetrometer and fall-cone) 
A. In the surge zone. B .  On the surge moraine. C. Outside the surge moraine. 
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Fig. 22. Frequency histograms of bulk density in sediments off Bråsvellbreen. A. In the surge zone . B. In the 
surge moraine and surge-distal zone. 

(Fig. 18D and Appendix 3), while the sediment 
is obviously overcompacted. 

With the exception of core 82-235 (Fig. 1 8D), 
the water con tent of the surge moraine sediments 
falls in the same range of values as the surge zone 
diamictons. The surge-distal sediments , on the 
other hand, have a larger range of values. Gen
erally they are higher, with a maximum of 73%, 
which reftects the more fine-grained character of 
the surge-distal zone sediments. 

Compressional waue uelocity varies from 
1 ,470 m/s to 2 ,600 m/s (Fig. 24) . Within the surge 

zone, where most of the measurements have be en 
made, the bulk of the samples falls between 1 ,800 
and 2,200 m/s. The velocity distribution generally 
follows no distinet trend as to what sediment type 
the different velocities can be ascribed to, but the 
lowest value in the surge zone, 1,573 m/s, is found 
in the overconsolidated fine-grained mud in core 
83-31 .  This indicates an important effect of Iith
ology in addition to compaction. On the surge 
moraine, the majority of the velocity measure
ments are below 1 ,800 m/s, with only 2 samples 
of core 82-234 around 2 ,000 m/s. The surge-distal 
area again shows same variation, but the bulk of 
the values fall below 1 ,600 m/s. The highest 
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Fig. 23. Frequency histograms of water content, % of wet weight, in sediments off Bråsvellbreen. A. In the surge 
zone. B. On the surge moraine. C. Outside the surge moraine. 
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Fig. 24. Frequency histogram, of compressional wave velocity in Bråsvellhreen sediments. A. In the surge zone. 
B. On the surge moraine. C. Outside the surge moraine. 
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PLAS T I C I TY I NDEX vs . L I QUID L IMIT 
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Fig. 25. Plot of plasticity versus Iiquid limit for sediments outside Bråsvellbreen. The A-line (Casagrande 1948) 
marks the division between sediments of a broadly inorganic nature (above the line) from those with a significant 
organic content (below the line) . The T-line is defined for lodgement tills from Iceland and Spitsbergen (Boulton 
& Paul 1976). 

values are mostly found in the more gravelly parts 
of the surge-distal cores , and in particular in the 
western part . The highest value of 2 ,600 m/s is 
measured in overconsolidated, assumed Late 
Weichselian till (acoustic Unit 5) at station 82-
226. 

Where measured, the Atterberg limits generally 
embrace the natura I water content of the sample, 
hence showing the weakly to non-overcon
solidated character of the bulk of the sediments. 
In a plot of the plasticity index versus liquid limit 
(Fig. 25), the Erik Eriksenstredet samples fall 
above the A-line (Casagrande 1948) as also has 
be en observed on the shelf off mid-Norway 
(Rokoengen et al. 1980) . The Attenberg limits 
are essen ti all y a function of the type and amount 
of clay minerals of a sediment. Boulton & Paul 
(1976) defined a "T-line" (Fig. 25) along which 
lodgement tills from Iceland and Spitsbergen plot. 
In general, an increase in clay content will move 
the sediment towards the right along the T-line, 
while winnowing of the finest fractions will tend 
to move the sediment below the line and towards 
the left. The same effect is found for sediments 
where the fine fractions to a large degree consist 
of rock f10ur (Boulton 1976) . The position of the 
bulk of the samples of this study in the left part 

of the diagram most likely reflects fine fractions 
consisting of rock f10ur rather than winnowing of 
fine fractions. The samples are generally charac
terized by a high proportion of silt relative to clay
sized material, and the entire mud fraction has a 
large content of non-clay minerals. The same 
grain size distributions are found in the soft 
material of acoustic Units 3 and 4, and of Unit 5 
where they are interpreted to be of the Late 
Weichselian basal till. 

Relation to the acoustic stratigraphy 

Most lithologic variations in the surge zone sedi
ments are too local to be resolved by acoustic 
profiling systems with near surface source and 
receiver. Furthermore, the division between soft, 
normally consolidated sediments and sediments 
in the intermediate shear strength range (20-
100 kPa) is gradational and highly irregular. 
Therefore, both the soft and the intermediately 
compacted diamictons, sands and muds are 
included in acoustic Unit 1 .  The most distinctive 
subbottom reflector observed in the 3 .5  KHz 
records is the relative ly even, opaque reflector 
that can be followed under the en ti re study area. 
This reflector seems to be exposed locally in 
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troughs in the surge zone, where stiff, highly 
overeonsolidated material has been eored. Aeous
tie Unit 5 is therefore aseribed to this material , 
and it is sugge sted that the top refteetor of Unit 
5 is the top of the Late Weiehselian till . Where 
the till is loeally absent, the refteetor represents 
top bedrock . 

The soft mud eored in the deeper parts of the 
basin belong to aeoustie Unit 3 (e .g .  eores 85-26, 
28, 84- 1 1  and 13). None of these eores was long 
enough to identify a sedimentologieal ehange that 
eould eorrespond to the division between aeoustie 

WAT E R  CONTENT 

Anders Solheim 

Units 3 and 4, whieh is usually found at a depth 
of 2-3 ms in these areas. However, eores from 
areas where Unit 3 is apparently non-existent 
(e.g. 82-237 and 82-321) should represent Unit 
4 material. Although the number of samples is 
strongly biased towards Unit 3, Appendix 2 shows 
that both 82-237 and 82-321 generally have a 
higher grave l content than the Unit 3 eores. Thus, 
from the relative ly sparse number of samples, 
we tentatively relate the differenee in acoustic 
charaeter between Unit 3 and 4 to a difference in 
grave l content. Similar relationships for aeoustic 
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ACOUST I C  IMPEDANCE VS . VELOCITY 
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IMP = - 2 . 09 + 3 . 27*10- 3 VP 

Corr . coe f f . :  0 . 9 5 

PI = 48 . 0  - 0 . 016Vp 

Corr . coe f f . : -0 . 50 

W = 59 . 5  - 0 . 02Vp 

Corr . coe f f . :  - 0 . 48 

Fig. 27. Correlation between acoustical and other physical parameters . A. Acoustic impedance versus com
pressional velocity. B. Plasticity index versus velocity. C. Uncorrected water content versus velocity. D. Plasticity 
index versus acoustic impedance. E. Uncorrected water content versus acoustic impedance. F. Bulk density versus 
acoustic impedance. Correlation is done by simple. linear regression analyses. 95% confidence limit is shown by 
stippled lines. 
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PI = 56 . 5  - 9 . 2 IMP 

Corr . eoe f f . :  - 0 . 73 

W = 75 . 9  - 14 . 2 IMP 

Corr . eoe f f . :  - 0 . 6 7  

B O  = 1 .  3 2  + 0 . 2 1 IMP 

Corr . eoe f f . :  0 . 86 

character and grain size distribution were 
reported by Elverhøi et al. ( 1983) from the 
Kongsfjorden area in Spitsbergen. 

Parameter correlation 

By far the majority of published correlations 

between different acoustic and geotechnical par
ameters are from deep sea sediments (e.g. Akal 
1972; Buchan et al. 1972; Horn et al. 1968; Taylor 
Smith 1975; Hamilton 1974, 1980) .  This probably 
results from the more homogeneous conditions 
found in the deep sea. In the shallow regime, 
large and frequent changes, both laterally and 
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down-core , are typical , in particular when the 
sedimentary sequence is glacially influenced. The 
establishment of empirical correlations between 
different parameters is of interest in order to 
reduce the number of analyses necessary in a 
geotechnical reconnaissance survey. Relation
ships between acoustic and geotechnical/ 
sedimentological parameters would be particu
larly useful . (e .g .  Taylor Smith 1975 ; Bryan 1980) . 

The importance of grain size distribution for 
physical properties is shown by plots of different 
properties versus the median diameter (Fig. 26) . 
All plots have considerable scatter, c\early show
ing the heterogeneous character of the ice-proxi
mal environment. 

The water content (Fig. 26A) is essentially con
stant for median diameters above 0.016 mm (cp6) , 
and then increases markedly. This demonstrates 
the greater importance of the fine silt-c\ay fraction 
in creating large porosity and hence large water 
content. Shear strength (Fig. 26B) has a large 
scatter, and the only trend seen is the tendency 
of high values for coarse-grained sizes in the 
diagram. This reflects the predominence of gen
erally coarser material in the surge zone, where 
the majority of the overconsolidated samples 
were collected. The plot in general also reflects 
the source of error that may be involved in shear 
strength measurements on relatively sandy 
material. Plasticity (Fig. 26C) should be more or 
less independent of grain size distribution, as the 
samples picked for Atterberg limits were sieved 
through 0.063 mm and the Atterberg limits are 
mainly a function of the types of minerals present 
in the c\ay fraction. The low plasticity observed 
for the majority of the samples (Fig. 26C) again 
reflects the dominance of rock flour, giving rise 
to a less plastic sediment. The linear increase in 
acoustic impedance with an increasing median 
diameter (Fig. 26D) (only based on 5 datapoints) 
is mostly a function of the velocity increase with 
increasing grain sizes (Fig. 26E) .  In the velocity 
plot, the two anomalously high values of 2600 ml 
s most like ly result from larger stones in the 
measured interval. 

Average values for the above parameters are 
not significantly different from those found in 
other polar and subpolar shelf areas (e .g .  Eide 
1974; Løken 1976; Bugge 1980; Rokoengen et al. 
1980; Josenhans et al. 1986; Paul & Jobson 1987) 
for texturally similar sediments, but the values 
obtained in this study may show a larger scatter. 
This results from the nature of the sediment, both 
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the large variability and the fact that this type of 
material is difficult to analyze due to the high 
content of gravel and larger stones. 

Acoustic velocity and impedance show, despite 
the variability, a relatively good correlation with 
other physical properties (Fig. 27) . The two 
acoustic properties themselves correlate with a 
coefficient of 0 .95 (Fig. 27A).  Hence, obtaining 
velocity information from this or a similar area 
gives a relatively good estimate of impedance. 
This information in turn can gi ve an indication of 
the sediment bulk density . Other parameters that 
correlate reasonably well with the acoustic par
ameters are the plasticity index and the water 
content (Fig. 27B , C, D and E) .  Shear strength, 
on the other hand, shows very poor correlation 
with the acoustic parameters (Fig. 28) .  This was 
also noted by Buchan et al. ( 1972) , who found 
better correlation with acoustic impedence by 
inc\uding other parameters (e .g .  Iiquid limit, vel
ocity and grain-size parameters) in a multivariate 
analysis. The more complex nature of shear 
strength as a property could then be shown . The 
present data set is not considered adequate for 
this type of analysis. 

Sedimentation, sediment dynamics 
and formation of the sea floor 
morphology off S Austfonna 

Deriuation of sediments for the surge 
moraines 

Severai lines of evidence support the Surge 
moraine origin for the continuous ridge outside 
the Bråsvellbreen glacier: 1 .  Photographic docu
mentation of the recent surge ; 2. the continuity. 
which is confirmed by the new, dense grid of 
acoustic profiles; 3. the cross-sectional shape, 
characteristic of formation in c\ose contact with 
an ice front; 4. the marked change in sea floor 
morphology across the ridge ; 5. the decreased 
frequency of iceberg plough marks inside the 
ridge , relative to the distal side. However, it now 
also seems likely that the major part of the ridge 
is forrned through at least two advances, both 
presurnably surges. In the eastern part of Brås
vellbreen, the last ( 1936-38) Surge did not reach 
as far out as the previous one(s) , thus giving rise 
to two surge moraines. Two evolutionary stages 
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Fig. 28. Plots of undrained shear strength. A.  Undrained shear strength versus compressional velocity. B .  
Undrained shear strength versus acoustic impedance. 

in the formation of the morphology in the three 
zones are shown schematically in Fig. 29. 

Two mechanisms may be important for for
mation of the ridge, deposition from meltwater 
and ice push . Solheim & Pfirman (1985) argued 
that both mechanisms were important, and that 
its final shape was partly modified by slumping, 
which is obvious severai places along the distal 
parts (Fig. 8) . Before addressing the ridge for
mational mechanism, the availability of pre-surge 
sediments and how sediments are supplied to the 
surge zone during surge should be discussed. Two 
modes are important; transport of debris embed
ded in glacier ice (subglacial debris) and transport 
by meltwater . 

Subglacial debris.-As the pattern of surge 
moraine ridges bears evidence of at least one 
previous Bråsvellbreen surge , the sediment dis-

tribution and characteristics in the surge zone 
prior to the 1936-38 surge were probably similar 
to those of today. The situation before onset of 
the surge activity was most likely similar to that 
of the surrounding areas at the present: a thin 
veneer of till above the sedimentary bed rock and 
a cover of soft, Late Weichselian ice-proximal 
sediments and Holocene mud with a thickness 
depending on the time of onset of the surge 
activity, which is unknown. Previous surges 
reworked the sea floor sediment, brought in sedi
ment carried in the glacier sole and sediment 
transport ed by meltwater. The glacier oscillations 
forrned a pattern of soft and intermediately com
pacted, topographically irregular sediments simi
lar to those observed in the area today and which 
were encountered by the 1936-38 surge . As sup
raglacial input of debris is insignificant on 
Austfonna, the only source of englacial debris 
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Fig. 29. Schematic model showing the evolution of the surge-related morphology in two stages. A. During surge, 
with the glaeier snout in its maximum position. B .  The present-day situation. Note that individual features are not 
drawn to scale. Drawn to scale, the surge moraine in particular would appear wider in many areas. 
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is subglacial sediments. These sediments form a 
debris-rich zone of basal ice, and may, according 
to Boulton (1970) , be brought up through shear
ing and thrusting, or by repeated folding (M. 
Hambrey, pers. comm. 1988) . The most impor
tant factor in supplying material to the surge zone 
is probably transport of subglacial material along 
and dose to the glacier base. The thickness and 
concentration of subglacial debris layers may vary 
considerably (Drewry 1986) . Important factors 
are the tempe ra ture regime and the character of 
the substratum, both of which are largely 
unknown for Austfonna. Boulton (1972) stated 
that the de bris layer of temperate glaciers usually 
was thinner than 0 . 1  m and only exceptionally 
reached l m. Hagen et al. ( 1986) observed sedi
ment in the lower 4 m of the temperate Bond
husbreen in Norway, but concentrations in excess 
of 10% of weight were found on ly in the low
ermost meter. Cold glaciers, on the other hand, 
have thicker debris zones, and 17 m thickness was 
observed at Camp Century in Greenland (Herron 
& Langway 1979),  while the cold based Foxfonna 
(Liestøi 1974) in Svalbard had up to 20 m of 
debris-rich basal ice over large parts (O. Liestøi ,  
pers. comm. 1987) . The debris concentrations 
also show ed large variations. Based on literature 
studies, Pessl & Frederick (1981) suggest an aver
age value of 25% for basal de bris bands in tem
perate glaciers, reaching as high as 30---90% in 
marginal zones. Clapperton (1975) found that the 
debris content in surging glaciers on Iceland and 
Svalbard was high er than in non-surging 
glaciers. He attributed this to enhanced regelation 
because of the increased amounts of subglacial 
water in which increased heat transfer took place. 
Glaciers that surge over outwash and/or fjord 
bottom sediments have been observed to become 
particularly rich in debris (Clapperton 1975) .  

The considerations above show that the amount 
of subglacial debris may vary considerably among 
glaciers. There is also a marked lack of infor
mation on sub-polar glaciers. Any estimation 
regarding the amount of subglacial debris brought 
to the surge zone would be speculative , but a 
reasonable assumption would be a l m  thick layer 
with a debris concentration of 25% .  How much 
of this sediment contributes to the total sediment 
yolume of the surge zone and the surge moraine 
is uncertain. The amount deposited in the surge 
zone depends on the rate of basal melting. Fric
tional heating during the surge and the fact that 
the surge covered unfrozen sea floor would 
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enhance the rate of basal melting. Lodgement 
processes (Boulton 1975) are here considered to 
be of minor importance , given the short time that 
active ice covered the surge zone . Lodgement till 
would also tend to be more dense and compacted 
(Lawson 1 979) than most of the sediments seen 
in the area. On the other hand, calving is the most 
important made of retreat in this environment ,  
and a significant amount of  the subglacial material 
might also have been carried away with icebergs, 
and hence not deposited in the surge zone. 

Meltwater.-Both theory and field observations 
indicate high rates of meltwater output during 
surges (Weertman 1969; Thorarinsson 1969; 
Humphrey et al . 1986). A significant difference 
from non-surging glaciers is that in the case of a 
surge, large amounts of meltwater will also be 
generated during winters (Kamb et al . 1985) .  
Meltwater has been shown to be a more efficient 
agent for transport of subglacial material than 
englacial transport. In a temperate glacier in Nor
way, a nine-to-one ratio between the twa modes 
of transport has been found (Hagen et al. 1986). 
Any pre-surge subglacial drainage system or 
new ly forrned conduits will constantly be dis
rupted and changed during a surge. Kamb (1987 ) ,  
in  fact, proposes such changes to  be  a cause of 
surges. Meltwater would probably be discharged 
along the entire frontal zone , as opposed to the 
present-day situation of Bråsvellbreen, where 
there is only one large meltwater outlet which is 
located at the very eastern margin of the basin. 
Disruption and frequent shift of channels would 
have led to increased release of material from the 
glacier, as well as erosion of the substratum. With 
the exception of three cores (83-26, 83-30 and 83-
3 1 ,  Fig. 18D and E) that had well-sorted sand 
in the upper part, the sediments in the surge zone 
and surge moraine show no widespread sorting 
indicative of meltwater action. Hence, from the 
sediment cores, the main effect of meltwater 
activity in the surge zone proper during the surge 
may have been to enhance subglacial meltout and 
to redistribute bulk sediment volurnes without 
leading to sorting effects significant enough to be 
detected by the level of sediment sampling during 
this study. The importance of increased subglacial 
meltwater activity for the total sediment volurne 
in the surge zone is difficult to evaluate due to 
lack of diagnostic criteria. 

Thorarinsson (1969) noted an increase in 
meltwater discharge from a surging glacier in 
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Iceland before the frontal advance proper. The 
most significant increase, however, occurred 
when the surge had propagated to the snout and 
the advance of the ice front started. Syn-surge 
meltwater activity most likely will transport and 
deposit relatively high loads of soft , unstable sedi
ments at the front, making more material avail
able for reworking,  mixing with the pre-existing 
soft sediments and push by the advancing glacier. 

Surge moraine formation 

Pushed material probably forms the major part 
of the surge moraines . When the advance of the 
glacier front stops, however ,  high discharge of 
meltwater and thus sediment may still continue 
for some time. A pulse of very turbid meltwater 
appears to coincide with the end of the surge 
(Kamb et al . 1985) .  The acoustically transparent 
sediment drape of the distal slope of the surge 
moraine ridge may be a result of this final melt
water pulse, in addition to parts of the pushed 
sediment, which also may be soft , unstable and 
susceptible to slumping. This gives rise to the 
characteristic appearance of the distal part of the 
surge moraine ridge system (Fig. 6) . Although 
the number of cores from the ridge proper is 
inadequate for a detailed textural picture of the 
ridge sediments ,  the importance of slumping is 
shown by the unsorted character of all parts of the 
ridge . The most distal parts may have a somewhat 
finer grain-size distribution, but the material still 
encompasses a considerab\e amount of grave l and 
larger dasts. Some of this may be dropped from 
floating icebergs, but it is unlikely to be the main 
source considering the relatively large thicknesses 
and short periods of time involved. 

Slump lobes are on ly observed on the distal 
side of the surge moraines. As the proximal side 
is steeper ,  this indicates that the major part of the 
mass movement took place during a relatively 
short period of time, when the glacier front was in 
its maximum position and stabilized the proximal 
slope . The relatively low slope of the proximal 
side, compared to slopes of up to 45 degrees of 
marine push-up ridges in Canada (Lewis et al. 
1977) , may point toward some slope modification 
after ice retreat , but direct evidence for this has 
not been observed. Local steeper slopes may rep
resent true ice contact slopes. 

The whole system of sea floor morphologies , 
induding a continuous, terminal ridge, in front of 
Basin 3 dearly resembles that found in front of 
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Bråsvellbreen . As there are severai indications of 
a Basin 3 surge, it is considered most Iikely that 
the patterns also found he re result directly from 
surge and post-surge activity. This was also argued 
by Solheim (1986) ,  but only from the few 1984 
side-scan lines. The more expanded data set 
strongly supports this. 

The main difference between the surge mor
aines in the two regions is the relatively less
marked bathymetric expression of the Basin 3 
moraine. The proximal boundary is difficult to 
define , while the distal part shows the same type 
of acoustically transparent lense character. As it 
was argued that the Bråsvellbreen moraine mostly 
resulted from push, but with meltwater supplying 
sediments to the front , the difference in character 
may be explained by less efficient push in the 
Basin 3 region . This explanation is supported 
by differences in water depths between the twa 
regions. While the Bråsvellbreen moraine is 
mostly situated shallower than 90 m, the major 
part of the Basin 3 moraine is between 100 and 
110 m water depth. As the size of the drainage 
basins and amount of advance are comparable in 
the two regions , buoyancy would have decreased 
the bulldozing capacity of the Basin 3 surge front 
to a larger degree than for Bråsvellbreen. Pushed 
material in shallower water doser to the present
day ice front may be been overridden and parti y 
redistributed by the surging glacier when water 
depth came below a critical value. The low relief 
character of parts of the Basin 3 surge moraine 
can be explained in this way. 

The rhombohedral pattern 

Severai indications point towards the rhombo
hedral ridge pattern having been forrned through 
squeeze-up of sediment into subglacial fractures 
during and immediately after the surge , as is also 
sugge sted by Solheim & Pfirman ( 1985) :  

- The ridges show directional trends that match 
within 10-20° with the crevasse pattern seen 
from aerial photos of the surface of the surging 
glacier (Fig. 4B) .  The surface crevasses show 
three distinct directions , ane roughly parallei to 
the glacier flowlines and two directions with an 
angle to the flow lines. All these directions are 
recognized in the present-day sea floor top
ography (Fig. 1 1 ) .  

- The pattern i s  only found proximal t o  the surge 
moraines. 
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- As the ridges forming the pattem have direc
tions at various angles, up to perpendicular, 
with the ice front, they can not have been 
forrned by push from the grounded glaeier. For 
the same reason, the ridges are not likely to 
have been forrned by deposition from meltwater 
or direct melt-out along the ice front during its 
retreat. 

- The material forming the ridges is soft and 
hence not likely to represent a pre-existing till 
topography. 

Terrestrial landforms ,  als o interpreted as hav
ing resulted from crevasse fillings, have been 
described from severai regions. Bjørklund (1985) 
aseribed parallei ridges in Sweden to a proeess of 
infill from supraglacial and englacial de bris during 
a phase of glaeier stagnation . This ablation type 
crevasse filling is also diseussed by Gravenor & 
Kupsch (1959) and by Johnson (1975) .  However,  
infill from above seems unlikely in the case 
of Bråsvellbreen, due to reasons diseussed in 
the Introduction. Both the glaeier surface and 
the exposed part of the front appear dean at 
present. 

Gravenor & Kupsch (1959) also discuss 
Hoppe's ( 1952) model of sub-glacial squeeze-up . 
Ridge systems in Canada show similar dimensions 
and pattems as those of Bråsvellbreen.  According 
to Hoppe (1952) , squeeze-up requires that most 
of the debris is under the ice (little englacial 
material) , and that the subglacial de bris is 
unfrozen (suseeptible to plastic deformation). 
Both these requirements seem to hold for Brå
svelIbreen , as the surging glaeier moved over 
glaeial and glaeial marine sediments. 

Sharp (1985) describes ridges in front of a surg
ing glaeier in Iceland that most likely result from 
erevasse fillings. These ridges have directions 
oblique to the local ice flow directions. They can 
be followed into the present-day glaeier front 
where they are continuous with the subglacial 
lodgement til!. Found also here are ice structures 
similar to those interpreted by Hambrey & Muller 
( 1978) to be crevasse traees in a non-surge co Id 
glaeier . The ridges are thought to have be en 
forrned during the the very early part of the 
quiescent phase of the surge cyde, when the 
heavily crevassed glaeier stagnated and sank into 
its bed, causing subglacial till to flow from areas 
of iee overburden into crevasses at atmospherie 
pressure (Sharp 1985) .  A similar proeess has been 
suggested by Boulton (1972) for flowage of 
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sediments into cavities on the lee side of large 
boulders under Svalbard glaeiers. 

Ordinarily, crevasse depth rarely exceeds 30 m 
in tempe rate and subpolar glaeiers. In co Id gla
eiers erevasses may reach greater depths (Ham
brey & Muller 1978). However , Smith (1976) 
calculated that crevasses filled with water to a 
leve! equal to or greater than 94.6% of its depth 
can penetrate the bottom of the glaeier. Weert
man (1973) found a similar value of 97.4% . 
Water-filled crevasses is most likely to have been 
the situation for Bråsvellbreen , surging out in up 
to 100 m water depth. 

From the above discussion, a crevasse-fill origin 
through squeeze-up during the early phase of 
post-surge stagnation seems likely for the 
rhombohedral ridge pattem, similar to that found 
terrestrially by Sharp ( 1985) in Iceland. 

Post surge preservation of the morphology 

A major problem with the sub-glacial squeeze-up 
formation theory is the post-surge preservation 
of the ridges. An absolute requirement is that 
later movement in the glaeier sole is insignificant, 
or that the glaeier moves completely detached 
from the substratum. The latter is unlikely as the 
glaeier rests on a deformable till bed. Boulton 
and Jones ( 1979) proposed models for glaeier flow 
on this type of substratum, where a large part 
of the glaeier movement was contributed to by 
deformation of the bed rather than of the glaeier . 
Two preservation modes may be considered if the 
squeeze-up mechanism is viable: 

- Freezing to the bed. 
- Post-surge stagnation of the snout. 

Schytt ( 1969) suggested a "cold ring" strueture 
for the Nordaustlandet ice caps in whieh a core 
of temperate ice was held in by a ring of cold ice. 
This is consistent with Clarke's (1976) numerical 
modelling experiments which indicate that the 
glaeier snout soon refreezes to the bed after a 
surge of a cold glaeier , thereby leading to the 
quiescent phase. 

However the glaeier surged out over the 
unfrozen sea floor, it was severely crevassed and 
thus possibly allowed the penetration of sea 
water, at least in the outermost parts. In addition, 
as will be shown in the next chapter, the front 
probably withdrew from the zone of the rhombo
hedral pattem in a maximum of approximately 30 
years. It is here considered unlikely that the gla-
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eier would freeze to its bed in this situation within 
the time frame presented. Furthermore, the cores 
and the seismie data show that the glaeier rests 
on deformable sediment, most likely till, at least 
3 m thick . In the case of a frozen bed , the de
tachment surface for calving of basal ice probably 
would be somewhat down in the sediment, or 
at the sediment-bedrock interface . Hence, the 
frozen bed would have been included in the calv
ing of basal ice, causing significant distortion of 
the morphological pattern. 

From the above discussion, post-surge stag
nation,  caused by mass deficiency in the accumu
lation area and not involving freezing to the bed, 
is considered the most likely mechanism for pres
ervation of the subglacial morphology found in 
the major part of the surge zone. Retreat took 
place mainly by calving. The temperature regime 
during the last part of the post-surge period and 
at present is uncertain , but this will be briefly 
diseussed below. 

The discontinuous, arcuate ridges 

Discontinuous, arcuate ridges, which sub-parallel 
the glaeier in the innermost part of the surge zone 
(Map 2) ,  are features which may have resulted 
from: 

- push, probably on an annual basis. 
- squeeze-up , similar to the mechanism proposed 

for the rhombohedral ridge pattern. 
- deposition of englacial debris directly from the 

ice front or of basal debris from meltwater. 
- impact by calving icebergs (Powell 1 985) . 

The latter is considered an unlikely mechanism 
to produce such a regular pattern, although st ruc
tures that can be ascribed to impact do occur. 
These, however, se em to be superimposed on the 
arcuate ridges (Fig. 12) . Deposition directly from 
the glaeier does not seem capable of producing 
ridges of this size , and the action of meltwater 
would most like ly result in more localized 
accumulations. Squeeze-up is also excluded as a 
likely mechanism. The aerial photographs from 
the Bråsvellbreen surge indicate a consistent crev
asse pattern normal to the flow lines, but the 
surface fraetures appear straight for relatively 
long distances and do not show the discontinuous, 
arcuate character seen on the present-day sea 
floor. 

This leaves annual push moraines as the most 
likely explanation for these features. Annual push 
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moraines typically have relatively low relief and 
occur in groups of severai ridges with short 
interridge spaeing (B . Andersen, pers. comm. 
1987; Larsen et al. 1988) . Both this and the fact 
that the ridges can be seen to reflect the overall 
shape of the ice-front support a push moraine 
origin. Boulton ( 1986) has described in much 
detail similar features from Svalbard, Iceland and 
Canada, both in marine and terrestrial environ
ments. Annual moraines of comparable size are 
described from Late Weichselian deposits in 
northern Norway by Sollid & Carlsson (1984) . 
The size of the ridges, however, will most likely 
vary with glaeier dynamics and the amount of 
material available . Andersen & Sollid ( 1971) 
report presently-forming annual moraines with a 
width of 2-3 m and a relief of < l m from southern 
Norway. Price ( 1970) describes series of short, 
arcuate ridges in Iceland that are joined together, 
forming a similar pattern as that found off Brå
svelIbreen . Although these are interpreted as 
annual features, Price ( 1970) attributes their for
mation to the squeezing out of water-soaked till 
from beneath the glaeier front, rather than to 
simple push. Hence, proeesses are involved simi
lar to those envisaged here for the formation of 
the rhombohedral ridge pattern. Pebble fabric 
and a distal slope that is steeper than the proximal 
are the main arguments for the squeeze-out 
theory. In the Bråsvellbreen area there are no 
pebble orientation studies (no oriented cores were 
taken) . The cross-sectional shape shows no 
significant trend in ridge asymmetry, and no other 
indications of a squeeze-out origin can be found. 

A consequence of the annual push moraine 
explanation of the ridges is that the Bråsvellbreen 
front is no longer totally stagnant. Sharp ( 1984) 
interpreted similar ridges on Iceland to be annual 
moraines and used this pattern as a possible di ag
nostic fea ture to indicate that a glaeier was not a 
surge-type glaeier . If the Bråsvellbreen ridges are 
interpreted as annual moraines, this will show 
that surging glaeiers also have a period of slight 
activity, producing small push ridges during the 
quiescent stage. Although no velocity measure
ments are available from Bråsvellbreen, a set of 
crevasses paraliel to the present-day ice front 
indicates slight movement of the glaeier. Infor
mation from other surge-type glaeiers on Svalbard 
during their quiescent phase further supports this. 
N athorstbreen on Spitsbergen ,  another surging 
glaeier , has been measured to have an average 
velocity of 10 cm/day at the front, and ridges seen 
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on echograms from Van Keulenfjorden in front 
of N athorstbreen have been interpreted as annual 
moraines (Liestøi 1976) . Pushed sea ice in front 
of Negribreen, east Spitsbergen, shows that this 
glacier also advances during the winter (O. 
Liestøi , pers. comm.  1986) . Negribreen is prob
ably the most comparable surging glacier relative 
to Bråsvellbreen on Svalbard, both in size and 
surface profile. 

The size of individual ridges is dependent on 
both the amount of readvance of the glacier and 
the amount of material available for involvement 
in the ridge formation .  Boulton (1986) points 
to the association between the ice marginal fan 
complexes and push moraines. Outside Brå
svelIbreen, the largest of the push-moraines are 
found just off the main meltwater outlet, where 
the large st amount of recent sediment is also 
expected to be found. 

The discontinuity of the push moraines is prob
ably due to the differential movement of the 
glacier and the varying amounts of material avail
able to form ridges . In the case of large 
readvances, annual ridges may be destroyed in 
favour of the formation of larger ones. Side-scan 
lines from 1982 and 1983 that run along the glacier 
cover only the innermost 500 m, while the 1984 
and 1985 lines normal to the glacier do not run 
dose enough to record the innermost area. The 
1982 and 1983 navigation is not accurate enough 
to merge the two data sets in detail .  Thus, we do 
not have a continuous coverage between the ice 
front and the proximal boundary of the rhombo
hedral pattern. However, counting ridges thought 
to be annual push-moraines along 4 profiles from 
the ice front and 500 m seawards gives from 16 to 
17 ridges. With a maximum width of the arcuate 
pattern of 1 ,000 m in the frontal zone of Brå
sveIlbreen, the major part of the glacier has then 
been active for the last 17-34 years, leaving a 
completely stagnant period which lasted for 16-
33 years. The criterion for selecting the ridges 
to be counted was a minimum length of 100 m. 
Induding all smaUer ridges, the numbers varied 
between 24 and 29 over the 500 m distance. In 
the western, thinnest part of the glacier, however, 
stagnant conditions still prevail, which is shown 
by the fact that the crevasse-fill pattern can be 
followed up to the glacier proper (Fig. 10). 

The formation of annual moraines confirms the 
condusion that preservation of the rhombohedral 
ridge pattern requires stagnant ice. When the 
glacier again resurnes normal activity, this pattern 
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i s  reshaped into push ridges. This may also give 
some indications about the temperature regime. 
The formation of push-ridges implies sliding of 
the glacier, which is inconsistent with a frozen 
bed. Furthermore , sediment cores obtained 
within 100 m from the present-day glacier front 
(Solheim & Pfirman 1985 , and below) did not 
bear evidence of perrnafrost conditions. How
ever, extrapolation of tempe ra ture gradients 
measured in shallow boreholes points toward 
frozen bed conditions (l .A. Dowdeswell, pers. 
comm. 1988) . An explanation may be that 
Austfonna is a true subpolar ice cap, as proposed 
by Schytt (1969), but that there is an outer zone 
of unknown width where non-frozen conditions 
exist in the contact zone between glacier ice, 
sediment and sea water. Ice movement mainly 
takes place then through deformation in the 
frozen part, but is transferred to a component of 
basal sliding in the outer, non-frozen part. 

The intermediate region 

As the same suite of morphologic features--ter
minal moraine, rhombohedral and arcuate ridge 
patterns-is also recognized in the intermediate 
region, the above discussion leads to the con
clusion that this region has also been covered by 
surging ice. This conclusion is in addition sup
ported by the fact that the end moraine in the 
region merges with the Bråsvellbreen moraine. It 
has clearly been forrned by an advance that als o 
included Bråsvellbreen. A merge with the Basin 
3 moraine is not observable from the present data, 
but from the appearance of the ridges it seems 
likely that formation of at least the eastern part 
of the intermediate moraine also involved in a 
Basin 3 advance . From this we can infer that both 
Bråsvellbreen and Basin 3 had previous surges 
that were somewhat more laterally extensive than 
their last surges. Changes in surge directions of 
previous advances to cover the intermediate 
region with surging ice se em unlikely for Basin 
3 ,  which is situated in a well-defined bedrock 
depression (Dowdeswell et al. 1986) , but may not 
be excluded for Bråsvellbreen (Fig. 3B).  These 
questions can not be conclusively answered from 
the present data base, but the directional trends 
of the rhombohedral and parallei ridges, although 
rather inconsistent, seem to indicate both advance 
and retreat directions sub-perpendicular to the 
present-day glacier front also in this region. 

Both the intermediate moraine ridge and the 
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Basin 3 ridge have more frequent iceberg plough 
marks than the Bråsvellbreen ridge. The sus
ceptibility to grounding of icebergs results from 
the topographic expression of the ridge system, 
but the relative differences in plough mark abun
dance clearly reflect the age differences. The 
intermediate ridge, which is dominated by plough 
marks, is older than the other ridges, and it has 
also experienced the large production of icebergs 
during the latest Basin 3 and Bråsvellbreen 
surges. The Basin 3 moraine also has more abun
dant plough marks than the moraine off Brå
svelIbreen, due to its longer exposure to drifting 
icebergs . Nevertheless, most of the surface area 
of this ridge has been classified as a "mixed mor
phology" ,  characterized by iceberg plough marks 
and numerous smaller mounds and depressions 
(Map 2 and Fig. 9) . Sometimes these disturbances 
appear as 25-50 m wide craters with a circular 
berm . This pattern is found mostly on the proxi
mai part of the end moraine and immediately 
inside it, but also in a small area outside the ridge , 
inside the easternmost part of the intermediate 
moraine (Map 2). Due to the location of this 
pattern in the area of an assumed heavily cre
vassed surge front, it is likely that the disturbed 
sea floor results from iceberg impact during calv
ing. Powell (1985) has described this effect from 
the Antaretie. He found that calving icebergs may 
have a gre at effect on the sea floor, also without 
direct contact , because of the preceding pressure 
wave. On a sloping sea floor, these proeesses 
would lead to small-scale slumps and gravity 
flows. 

The surge-distal regions (non surge-related 
features) 

The major part of the study area, outside the 
surge moraine systems, is characterized by two 
main cIasses of sea floor morphology: smooth sea 
floor with other features and iceberg ploughing, 
both recent and relict. Iceberg plough mark dis
tribution is governed by iceberg production , cur
rents, local and regional bathymetry and time of 
exposure of the area to drifting icebergs. The 
lower depth limit of recent plough marks is 
approximately 120-130 m. However, outside the 
Bråsvellbreen surge moraine there is a region 
with smooth sea floor, i . e .  lack of plough marks, 
despite be ing shallower than 120 m (Map 2) . 
Comparison with the bathymetry (Map 1) shows 
that this area matches with a Ioc al deep in front 
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of the surge moraine . The bank south of the 
gouge-free area has most likely acted as an 
efficient trap for icebergs drifting in from other 
are as than Bråsvellbreen .  Icebergs entering from 
deeper waters would have had to adjust their 
drafts to cross the shallow area and would thus 
no longer ground in the local trough. Likewise, 
bergs from Bråsvellbreen would have to cross the 
surge moraine, and would then float in the deeper 
trough . Occasional plough marks are also seen on 
the ridge crest. 

In the surge zone outside Bråsvellbreen , as well 
as outside Basin 3 and the intermediate region , 
there are generally only few plough marks, the 
least outside Bråsvellbreen. There are two 
reasons for this: Firstly, the glaeier is grounded , 
has sparse activity and thus only limited iceberg 
production. Secondly and more important, this 
area has only been exposed to drifting icebergs 
during a relatively short time interval since the 
last surge. This time interval is shortest for Brå
svellbreen and longest for the intermediate 
region. In the latter, as well as in the western part 
of the Basin 3 surge zone, there is a small region 
of more extensive gouging (Map 2) . This again is 
strongly influenced by bathymetry. The area is 
shallow, the surge moraine ridges are not well
expressed topographically and they do not 
efficiently prevent icebergs from entering the area 
from outside. Furthermore , the shape of the gla
eier front at Kapp Mohn (Map 1) is unstable and 
indicates extensive calving. 

The plough mark directions (Map 2) are func
tions of the prevailing current regimes in the 
region. Close to the mouth of Hinlopenstredet ,  
tidal currents will move bergs both NW and SE. 
Although there are large calving glaeiers further 
north in Hinlopenstredet, bergs from these gla
eiers probably do not reach the study area until 
their size is greatly reduced, due to the shallow 
sill at the southern end of the strait. The south
westerly flowing current through Erik Eriksen
stredet dominates the iceberg transport in the 
eastern part of the basin, while the combined 
effect of this current system and the Hinlopen 
tidal component causes the unsystematically vary
ing directions in the central part of the study area. 
The tidewater terminus of the Austfonna ice cap 
is the main iceberg producer, particularly in the 
surging drainage basins. During main phases of 
iceberg production , i . e .  at the end of and shortly 
after surges, when the glaeier front is in an 
extended position , strong katabatic winds may 
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also reach the area and influence the ploughmark 
direction pattern , at least locally. 

As the fossil plough marks are found over the 
entire study area and down to depths of at least 
270 m, these must result from a period with con
siderably larger icebergs. Since this entire region 
was glaciated during the Late Weichselian 
(Elverhøi & Solheim 1983),  the fossil plough 
marks may date back to the period immediately 
after the retreat of the Late Weichselian ice sheet. 
Salvigsen (1981)  recorded 10 kA old beaches at 
100 m.a.s . l .  at Kong Karls Land which implies 
that icebergs with drafts in the order of 370 m 
may have existed in the region. Variation in the 
abundance of fossil plough marks are therefore 
not just a simple function of modern bathymetry. 

Other features than the relict, degraded plough 
marks that appear in the areas of smooth sea floor 
are pockmarks , "dark spots" and sediment waves. 
It is now largely accepted that pockmarks are 
forrned by gas ascending through the sea floor, 
removing fines and preventing deposition, 
thereby creating a semicircular crater (King & 
MacLean 1970; Hovland 1983 ; Solheim & 
Elverhøi 1985 ; Hovland & Judd 1988). Because 
of the c\ose association found between pockmarks 
and dark spots, a possible explanation for dark 
spots is that they are pockmarks in an early stage 
of evolution. No crater large enough to cause an 
acoustic shadow has been formed, but the fine 
sediment fractions have been brought in to sus
pension and removed, thereby causing patches of 
more reflective sea floor. Currents capable of 
transporting sediment are indicated by the fact 
that sediment waves (megaripples) (Fig. I5C) 
exist over a large part of the study area. Due to 
the fact that Erik Eriksenstredet terminates in 
sills dividing it from Hinlopenstredet and Olgas
stredet, the currents forming these features are 
most like ly tidal. Oscillatory movement set up by 
storm-generated waves could be another expla
nation for sediment waves at the se water depths 
(Pfirman 1985),  but as the area is ice-covered 
through most of the stormy season, this is con
sidered a less likely mechanism. 

Mineralogy and carbon content 

Based on outcrops surrounding Austfonna (Lau
ritzen & Ohta 1984) , the Permian calcareous bed
rock of the Bråsvellbreen drainage basin most 
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likely differs from the Heckla Hoek-dominated 
basins further north. XRD analyses were carried 
out on a num ber of samples to investigate if there 
is a carbonate signal diagnostic of variations in 
sediment output from Bråsvellbreen. 

The main mineral assemblage consists of 14, 10 
and 7 Å minerals, quartz , feldspars, dolornite 
and calcite (Fig. 30) .  To focus on variations in 
carbonate content, c\ay miner als , quartz and feld
spar percentages are combined and terrned "non
carbonates" (Appendix 4) . Analyses were per
forrned on three different fractions: <63 �m, 
<4 �m and <2 �m. In one sample, 82-229, 40-
49 cm, all the silt fractions were also analyzed. 
Quantification of the diffractograms was done by 
multiplying the top height with the width at the 
50% intensity level (Norish & Taylor 1962) . 
Analyses were first perforrned on the <63 �m 
fraction and subsequently on selected samples of 
the <2 �m fraction. This procedure showed that 
the calcite and do lo mi te contents decreased sig
nificantly relative to the non-carbonate group of 
miner als in moving from the coarse silt to c\ay 
fraction (Fig. 3 1 ) .  The high dolornite sample 82-
229, 40-49 cm shows that the proportion of dol
omite decreases more rapidly than calcite with a 
reduction in grain size. This test show ed that 
carbonates should be present at least in the finer 
silt fractions, which als o could be transported into 
the deeper basin. The remaining analyses were 
perforrned on the <4 �m fraction. 

Mineralogy of the surge zone and surge 
moraine 

The general trend (Fig. 32, p. 67) in the surge 
zone sediments outside Bråsvellbreen is a dom
inance of calcite , with values as high as 86% in 
the <63 mm fraction. Dolomite content is lower, 
with an ave rage of 15-20%.  These percentages 
decrease in the c\ay fraction, but calcite content 
still ranges between 32 and 50% . Although the 
num ber of measurements is small in each core , 
there seems to be no systematic down-co re 
change. Considering the unsorted, homogeneous 
character of the surge zone diamictons, this is also 
to be expected. 

Two surface samples from the surge zone of 
Basin 3 show only 3-5% calcite and dolornite in 
the <4 �m fraction, thereby indicating that Basin 
3 drains non-carbonate rocks and that calcite is 
an adequate tracer for sediments delivered from 
Bråsvellbreen. 
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Fig. 30. X-ray diffractograms of some selected samples .  A. <63 !lm samples from the surge zone (sz) (82-230) , 
the surge moraine (sm) (82-224) and the surge-distal zone (sdz) (82-237) . B .  <4 !lm samples . 83-3 1 is the 
overcompacted , fine-grained mud found in the surge zone . 85-26 is from the central Erik Eriksenstredet basin and 
84- 1 8  is from the surge zone of Basin 3. Note the marked difference to the Bråsvellbreen surge zone sample in A 
(even when considering the different. fractions used in the analysis) . For location ,  see Fig. Se.  

The most anomalous mineralogy found in the 

surge zone samples is that of the overconsolidated . 

mud sections of cores 83-31 and 83-32 (Figs. 30 

and 32 , Appendix 4). 92 and 87% hon-carbonates . 

in the <4 �m fraction show that this material has 

had larger input from other sediment sources than 

the surrounding diamictons. 
Only two sam pl es from the surge moraine ridge 

. 

have been analyzed. These show carbonate con

tents of the same magnitude as the surge zone 

diamictons. From the homogeneous character of 

the surge moraine co res (Fig. 18) ,  the two samples 

are considered representative. 

Mineralogy of the surge-distal zone 
The surge-distal zone shows more variation in 
mineralogy than the surge zone and the moraine. 
This might be expected since the sediments in the 
latter regions are deposited from and in direct 
contact with the Bråsvellbreen glacier, while 
further out the Bråsvellbreen sediments are 
di lut ed with material brought in with currents , 
icebergs and sea ice from other source regions. 

In the northwestern part of the surge-distal 
area , overconsolidated diamictons in cores 82-225 

and 82-226, apparently similar to the surge zone 
sediment , show carbonate contents similar to 
those of the surge zone. Co re 82-229 , somewhat 
further east (Fig. 32) , shows high calcite content 
in the top sediment , decreasing downcore, while 
the dolornite content is considerably higher in the 
bottom of the core than in the top. This also 
corresponds with an increase in shear strength in 
the bottom of the co re (Fig. 18C). Thus it seems 
that the upper and lower halves of this core have 
experienced different deposition and loading his
tory. Core 83-29 , which also is outside the Brås
vellbreen surge moraine , similarly has a high 
calcite content in the <4 �m fraction of the surface 
sample (34%) and in the lower half (34-73%). 
The 40-45 cm level, which also corresponds to 
less sandy and gravelly grain size distributions , 
has only 4% calcite. 

There is a general tendency of decreasing car
bonate content away from Bråsvellbreen , both 
southwards (82-237 and 82-321 > 85-26 and 80-
37) and eastwards (82-237 > 85-29 > 84-11 and 
84-13). The most significant change is in the cal
cite content (e.g. 80-37 , with no calcite through
out the core). Two cores , 82-321 and 85-26, were 
analyzed in greater detail (Fig. 32). 82-321 shows 
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Fig. 31 . Ternary diagram showing the variations in CaJcite, Dolomite .. nd "non-carbonates" with changing grain 
size in the <63 !-1m fraction .  

a decrease in  both calcite and dolomite from the 
surface to approximately 20 cm, and then a slight 
inerease again down to 40 cm, the large st changes 
being in the calcite con tent. Calcite content is 
zero in the upper 13 cm of 85-26. However, the 
surface sediment was lost for this core during 
retrieval of the liner (Martinsen 1985) .  It then 
varies in the 1-3% range be fore steadily increas
ing to 12% in the lower part of the core. Dolomite 
is 4% in the top and decreases to zero at 46 cm. 
Core 85-29, which is the core east of Bråsvellbreen 
that is closest to the end moraine, shows a calcite 
minimum in the interval 20-60 cm, increasing to 
around 10% in the lower part of the core. The 

remaining of the eastem cores, 85-28, 84-11 ,  and 
84-13 seem to have a small ca leite increase below 
20 cm. 

Conclusion 

The above discussion shows that carbonate 
content, in particular calcite, can be used as a 
qualitative indicator of sediment input from the 
Bråsvellbreen drainage basin. While the generally 
homogeneous surge zone and surge moraine cores 
show [ittle systematie variation in mineralogy, 
severai cores in more distal locations show similar 
trends of variation that may be ascribed to vari-
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ations in Bråsvellbreen sediment yield. This 
signal, although possibly filtered due to under
sampling and bioturbational mixing, may hence 
give indications of previous surges or periods with 
varying surge frequency, and of the possible 
effects of these on sedimentation rates, if used 
additionally to dating. 

Carbon contenf 

The total carbon content (TC) of the surge zone 
and surge moraine material is generally high, 
around 6% (Fig. 33, Appendix 3). Except for the 
assumed Late Weichselian till in core 82-226, 
the values are lower in the surge-distal zone, 2.5-
4.7% . For the total organic carbon (TOC) , the 
values are generally small in the surge zone and 
the surge moraine samples, with the majority 
between 004 and 0.8% . In the surge-distal zone, 
on the other hand, values are between 0.9% and 
2.0% . The above numbers show that in the surge 
zone and surge moraine , the majority of the car
bon results from carbonate minerals transported 
from the Permo-Carboniferous bedrock of the 
adjacent parts of Nordaustlandet, and that this 
amount is reduced relative to the organic carbon 
in the more distal parts of the basin. As most of 
the carbonate is found in the silt fraction , the 
difference is a function of transport distance, in 
addition to increased dilution by sediments from 
other sources than the Bråsvellbreen drainage 
basin, in the distal areas. This is further demon
strated by plotting TOC and TC versus median 
grain diameter (Fig. 33B) .  The TC value drops 
off in the fine end of the plot, while the opposite 
is true for TOe. Both changes in slope occur 
at approximately rp 4--6 . This demonstrates the 
importance of this grain size boundary; most of 
the carbonate rock fragments occur mainly in the 
fractions >0.016 mm. This is in accordance with 
the results of Vagners ( 1969) and Dreimanis & 
Vagners ( 1971 ) ,  who found that the "terminal 
grades" after glacial comminution were centred 
around rp 6 for calcite and from rp 4 to rp 6 for 
dolomite. The organic carbon is found mainly 
in the fine silt and c lay fractions, although 
the increase at this grain size may also partly 
result from lack of dilution by the rock frag
ments. 

The organic car bon may be either primary or 
redep()�ited .  TOC values for Late Weichselian 
sediments in the Barents Sea are mainly found to 
con sist of reworked, Mesozoic coal ,  and dark 

Anders Solheim 

shale fragments, while Holocene sediments may 
contain significant amounts of recent car bon 
(Forsberg 1983) .  Primary production decreases 
considerably northwards in the Barents Sea, and 
is an order of magnitude less at 800N than in the 
area of the oceanic polar front at approximately 
74°N (Rey et al . 1987) .  However, the variation 
should not be significant within the study area. 
There are few sources for organic carbon on Nord
austlandet. Hence , whereas the TOC values in 
the more proximal regions may represent mostly 
primary carbon , the increased values in the surge
distal zone probably reftect increased inftux of 
recycled carbon , for instance from Mesozoic coal 
beds in Kong Karls Land. 

The most distinct deviation from the trend 
described above is again the compacted mud sec
tions of surge zone cores 83-31 and 83-32 (Fig. 
33A). These clearly fall within the highest TOC 
values measured in the surge-distal zone.  
However, the number of analyses in surge-distal 
samples is too small to give a representative aver
age for this region. A better comparison is pro
vided by average values for Barents Sea Holocene 
muds, which show comparable values, in the 
range of 1-2% (Elverhøi et al. 1 989). Among the 
surge-distal zone samples, the most com pa ra ble 
in appearance is the muddy mid-section of 82-237 
(Fig. 18D) , which again is similar to northern 
Barents Sea Holocene muds , both in terms of 
color and grain size distribution.  

Sedimentation rates 

Whether the surging behaviour of glaciers has any 
effect on sedimentation and sedimentary pro
cesses outside the region directly influenced by 
the glacier is an important question in the inter
pretation of older sequences and formerly 
glaciated areas. A main problem in Erik Eriksen
stredet, and also for the rest of the northern 
Barents Sea, is to obtain datable material. Seven 
samples have been dated from the study area 
(Fig. 34) . Three samples have been dated by 
conventional 14C techniques (Lab. ref. T, Fig. 
34) , while four samples were dated by accelerator 
methods (Lab. ref. Ua, Fig. 34) .  Datable shelly 
material is rare, and to obtain a sufficiently large 
sample of foraminifer tests it is necessary to use 
all individuals from a relatively large interval (Fig. 
34) . Resolution is therefore limited. For statistical 



Depositional environment of surging tidewater glaeiers 

7 9 ° 1 2 ' 

7 9 ',.[ 
r 

7 8 ° 4 8 ' � 

8 2 - 327  

8 2  
l', ) ) / ' 1  • 

H.l <' l "' • 

• 

84 - 1 7  
e 

A4 - 1 &· e :  

L! __ -i ____________ -L ____________ L-__________ -L�----------���� 2 5 ° 2 4 °  2 2 °  

82-327 82-323 82-231 83-32 

o ,[]; ; "" 0 '  \"" o 'D": 'D""� ' 
O "  I O "  O "  O "  0 4  
m ro <63j.Jffi 

<63j.Jffi o fl X o (, m 

/ m < 4p m  
i 

l o li. J 
m <63�'m 

84-17 84-18 82-224 82-234 

82-230 

\ 
* I 
< 63jlffi 

82-226 

�){) 
< 4 p rn  '�"o ,b'''' 'O o )EJ 

m < 631-1m m (63�Jm 

" D  ' , 
ro <63\J.m 

84-16 82-321 82-237 85-26 85-28 

83-31 

0 6  • 

< 4pm 

82-225  

x ! 
! 

0 6  ! 
X 

84 - 1 1  

82-233 
1 00-. 

" 'O " 'i 
ro <63j.Jm O "  

82-229 

° Jr-l " "'�LJ , 
m <63p m 

m 

84-13 

�: :l[l) 

: :oLJ: :\i 

:o :o·r., : m < 4"m m < 4" m  " ,.tJ ! , I  

\ 
l ti I o )X 

1 8
m < 631lffi I 

< 4\Jffi 

I Calci te 

x 
: Dolomi te 

x 

m < 4�jm 

82-232 

x , 
! 

<6311ffi 

81- 136 

< 4 p m  

80-37 

� , x , 
! 
! x 
< 4 jJ ffi  

8 1 - 2 1 6  82-239 

[]·illJ o 4 I ro < 63j.Jffi 
� 

m < 630lffi 

83-29 85-29 

, , ( () 4 X 

0 6  :\ x 

'0 
I 

( 4iJ ffi  
( 4pm 

67 

Fig. 32. Calcite and Dolornite content in all analysed samples. Note variable horizontal (%) scale in the lower two 
rows of cores. 
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Fig. 33. Carbon content is used as a qualitative indicator of sediment input from the Bråsvellbreen drainage basin.  
A.  Plot of total carbon (Te) versus total organic carbon (TOe) . B .  TC and TOe plotted versus median grain 
diameter. 

significance a larger num ber of analyses would be 
necessary , but some inferences can be extracted 
from the obtained dates in terms of sedimentation 
rates. 

The two dates from the surge zone (cores 83-
36 and 83-38) are both shell fragments from dia
micton in the intermediate shear strength range , 

previously interpreted to result from reworking 
and loading by the surging glacier. Due to the 
reworking, the dates only give a maximum age 
for the sediment. The dates thus confirm that 
this is not Late Weichselian ( or older) till , but 
sediment resulting from advance(s) since approxi
mately 2 ,300 y .B .P .  
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l 2 0 - 1 50em T - 5 8 2 9  
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I Dem U a - 3 03 

Firm, pebb1y 

84-11 

1 2.0Cm!kY�30 � ! ;40 

1 05 ! 1 10 

9950 :>. 17 5  

M a t e r i a l  1 4  C age 

My a trune a t a  7 6 5 0 ± 1 5 0 
unruptured 

S he l l  f ragments 2 2 4 0  ± 1 3 0  

S he l l  fragments 2 4 2 0  ± 70 

Por t l and i a  a re t i e a  9 6 4 0  ± 1 7 0  
l i fe po s i t ion 

A s t a r t e  su l e at a  1 0 5  ± 1 1 0 
l v a lve 

Foram i n i f e r a  9 9 5 0  ± 1 7 5  

P o r t l and i a  aret i e a  8 3 0  ± 1 40 
l i fe posi t i on 
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F ig. 34. Table of dated samples and map showing cores with l 4C dates and calculated linear sedimentation rates. 
Bulk densities are not taken into consideration .  All ages have a 440 years correction for reservoir effects. 
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In the two innermost cores in the surge-distal 
zone (82-225 and 81- 137 ) ,  sedimentation rates of 
8.0 and 7 .0 cm/ky ( Fig. 34) , calculated down to 
the dated intervals , are somewhat higher than the 
ave rage 2-5 cm/ky Holocene rates reported by 
Elverhøi & Solheim l 1983) for the central Barents 
Sea. However,  given all the uncertainties and the 
fact that there are great local variations in the 
Barents Sea, the two rates com pare with the 
higher of the Barents Sea sedimentation rates. As 
the highest rates, 8 cm/ky in 82-225 , only range 
back to 7 ,650 y.B . P . ,  there could be a trend 
towards increased rates with decreasing age . It 
should be noted , however ,  that core 82-225 is 
located in an area which most likely is strongly 
affected by recent iceberg gouging. 8 1 - 137 ,  on the 
other hand is located in a smooth region, where 
no, or very little, ice gouging has been detected. 
Core 82-32 1 ,  which is further away from the gla
cier and in a region without apparent recent ice
berg ploughing, shows large variations in 
sedimentation rate with time. The uppermost age 
of 82-32 1 may be considered as near recent.  
Assuming that the dated shell represents the cor
rect sediment age, the recent sedimentation rates 
in this area are then very high . The total average 
for the last approximate 10 ,000 years is 5 .4 cm/ 
ky since 1 0 ,390 y. B. P . , which is lower than in the 
two cores discussed above, 82-225 and 82- 137 .  
Thus considerable variation in sedimentation 
rates may be undetected due to undersampling. 
Core 84- 1 1 ,  further east and away from the coast 
(Fig. 34) , has a sedimentation rate of 12 .0 cm/ky 
back to 1 .270 y .B .  P. at the 1 0  cm leve l Variations 
corresponding to the high rates during recent 
times in core 82-321 are therefore unli kely to have 
occurred in this region. 

Considering the location in the vicinity of a 
surging glacier, it may be justified to relate vari
ations in sedimentation rate to osci l l atory glacier 
behaviour. Increased input from the Brå
svellbreen drainage area to central parts of the 
basin, which also receive sediment from other 
sources, should res ult in a carbonate increase. 
The upper 40 cm of 82-321 was analyzed at inter
vals of 2-3 cm (Fig. 32) . Both calcite and dolornite 
fal l  from relatively high values in the top to a 
minimum between 16  and 27 cm before they rise 
between 27 and 36 cm and then drop down a 
little to 40 cm. The high values in the upper part 
correspond well with the increased sedimentation 
rate calculated for this interval. The curves are 
smooth , and no feature indicative of single surge 
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events can be identified. However.  mixing 
through bioturbation wil l  most likely mask sep
arate signaIs. It is therfore probable that surges 
or periods of increased surge acitivity are marked 
by intervals of higher carbonate, such as the 
increase below 27 cm . Similar down-core dis
tributions of carbonates are also recognized in 
other cores (Fig. 32) ,  although not as distinctly 
for both calcite and dolomite as in 82-321 .  Most 
of the other cores have a less dense sampling 
interval .  

In  summary, surge activity may have a signifi
cant effect on sedimentation rates over short time 
intervals. The resulting sediment layers are rela
tively thin, however, due to the short time inter
vals involved. Averaging over longer periods, for 
instance the Holocene , the effect in the case of 
Bråsve l lbreen seems restricted but could be 
significant if there were periods of more frequent 
surging. A likely scenario could be that most of 
the deposition off Bråsvel lbreen took place during 
the surge periods, with significantly lower rates in 
other periods. 

Extrapolating the mean sedimentation rates 
downwards from the oldest dated interval in core 
81 - 1 37 gi'ves an age of 12,500 y .B .P .  for the top 
of the firm ,  pebbly material (Fig. 34) of acoustic 
Unit 5, interpreted to be the Late Weichselian 
til l .  This implies deglaciation of the region at this 
time . Co re 82-32 1 ,  on the other hand, has at least 
1 . 2  m of soft , pebbly mud below the oldest dated 
interval of 9 ,950 y . B . P. Possible explanations for 
this are : 

a) The area was not covered by grounded ice 
during the Late Weischselian. 

b) Sedimentation rates were higher than in the 
area of core 8 1 - 1 37 .  

c) The thickness of  soft , pebbly mud i s  due to 
down-slope mass movement .  

d )  The date in  82-32 1 i s  erroneous, due to  mixed 
ages of the dated foraminifer tests. 

Based on previous discussions on the existence 
of a Late Weichselian Barents Sea ice sheet (e .g .  
Elverhøi & Solheim 1983 ) ,  a) seems unlikely. 
b)  appears more likely and could be caused by 
winnowing/non-deposition in shallow regions and 
enhanced deposition in deeper regions. A short 
time-lag in deglaciation of the two locations is 
also l ikely due to the differences in water depth. 
A glacier front situated on the shallow shoulder 
in the proximity of 82-321 could supply relatively 
large sediment volurnes in  a short time interva l ,  
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as is reported from other ice-proximal areas (e.g. 
Elverhøi et al. 1983).  However, although no 
slump indications have been observed in the vicin
it y of 82-321 ,  neither c) nor d) can be excluded 
until more dates are obtained from this region. 

Consolidation 

The main process taking place in the surge zone 
during post surge stagnation is that of gravity 
loading as the ice com es to rest. The two main 
effects of this are the formation of the local top
ography through redistribution of mobile sedi
ments by subglacial pressure gradients and 
compaction of the subglacial sediments. Loading 
by the surged glacier is a likely cause of the 
wide range of shear strengths measured in the 
sediments above the assumed Late Weichselian 
till surface, despite a relatively short time interval. 
To investigate the consolidation characteristics of 
the material, oedometer tests were carried out 
(Fig. 35) on two samples ,  one from the surge zone 
(station 82-232. 1 , at the 10 cm level) and one from 
the area outside the surge moraine (82-237, 30 cm 
level). 

At station 82-232, overconsolidated material 
was encountered at the sea floor, and only the 
core cutter and catcher of the vibrocorer 
recovered any sample. Sample disturbance can 
not be excluded, but the firm (Su = 77 kPa) and 
apparently cohesive material did not appear dis
turbed. Pre-consolidation stress (Pc') was ca 1-
culated using Casagrande's ( 1936) method. Due 
to a weakly defined deftection point on the curve 
(Fig. 35A) , Pc' cannot be defined exactly, but 
falls in the range 300-400 kPa. 

The ice thickness over station 82-232 immedi
ately after the surge is uncertain, but based on 
the present-day glacier surface profile a thickness 
above sea level in the order of 50-70 m is likely. 
As the water depth in this region is nearly 100 m, 
the ice exerting a net load on the substratum 
would have a thickness of 40-60 m. The load 
would then be 350-530 kPa. When uncertainties 
both in the calculation of Pc' and the estimation 
of ice lo ad are taken into account, the Pc' found 
from the oedometer test may clearly result from 
the ice load. 

The Terzaghi consolidation theory, as outlined 
in e .g .  Atkinson & Bransby (1978) and Lambe & 
Whitman ( 1979) , can be us ed to estimate the time 
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necessary to consolidate the present sediment by 
a given load. In this respect the most important 
parameter obtained from the consolidation tests 
is the coefficient of consolidation (Cv) ,  which is 
expressed as 

Cv = kM/g 

where k is the permeability, M the constrained 
modulus and G the unit weight of water. Cv is a 
material constant, but may increase with vertical 
stress in the virgin compression zone as a response 
to the decrease in permeability and increase in 
modul us as the sample is compacted. 

Two dimensionless variables are introduced in 
calculating the compaction : 

Z = z/H and T = Cvt/H2 

where z is the sample depth and H the total 
drainage distance (i .e .  the total sediment thick
ness down to impermeable base). T is terrned 
the time factor and t is the time. The sediment 
behaviour is given by 

au2/az2 = au/aT 

where u is the excess pore pressure. Initially , the 
entire load is carried by the excess pore pressure . 
The excess pore pressure at the sediment surface 
is assumed to dissipate instantaneously, and the 
boundary condition for all t is u = O for Z = O. 
Fig. 36 shows solutions for a homogeneous (con
stant Cv) sedimentary column. The consolidation 
ratio Uz is defined as l -u/uo, where Uo = u for 
t = O. Consolidation will never be mathematically 
complete, but for all practical purposes a com
plete compaction ( i .e .  complete dissipation of ex
cess pore pressure ) can be assumed when T = 1 .  
The time for "complete" consolidation is there
fore given by 

t = H2/Cv 

The time is independent of load. For values of T 
less than 0 .05, the base of the sedimentary column 
is not compacted , while the top is fully compacted 
(Fig. 36) . 

Use of a CV of 2.5 m2/year found from the 
consolidation test of the sample at station 82-232 
will give a time for full consolidation of the entire 
5 m sedimentary column of 10 years, which is well 
within the time available for compaction by the 
surged glacier after the 1938 surge. The tested 
sample at 10 cm depth is in this respect nearly 
at the sediment surface and would consolidate 
almost instantaneously. 
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Fig. 36. Consolidation as a function of depth and time 
factor. From Taylor ( 1 942) .  z = depth to sample. H = 

total drainage distance. 

The consolidation test of co re 82-237. outside 
the end moraine is of particular interest because 
the fine-grained mud of this sample apparently 
corresponds to the overconsolidated mud found 
in cores 83-3 1 and 83-32. Hence, obtaining con
solidation characteristics of 82-237 may provide 
valuable information that can be applied on the 
overcompacted samples. 

Calculation of a Pc' (Casagrande 1936) of 4G--
50 kPa shows that the sample has experienced a 
slight load . A possible cause for this may be the 
action of icebergs . In any case, the pre-con
solidation of 82-237 must result from proeesses 
normal to this environment, and it is most likely 
that the muds in cores 83-3 1 and 83-32 experi
enced similar proeesses prior to loading by the 
surging glaeier. Considering the glacier loading 
of the samples in the surge zone, the mud in core 
82-237 may therefore correspond to the initial 
state of these sediments. 

In the following, core 83-31 ,  level 75 cm (Fig. 
18D) , will be used. The deformation can be found 
by 

f = en - e/l + eo 

where en is the initial void ratio and e the void 
ratio of the considered sample. e is found by 

e = wps/Pw 
where w is water content and Ps and Pw are 
densities of grains and water respectively. Using 
a grain density of 2 .7  g/cm3 and water content of 
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30% for the overconsolidated mud of co re 83-31 .  
gives e31 = 0.81 .  

The deformation involved in compacting the 
mud of 82-237 into the overconsolidated mud of 
83-31 is therefore 

E = e237 - e3I!1 + e237 

With em = 1 . 377, this gives a deformation E = 
0.24. 

Assumed maximum ice thickness above sea 
lev el immediately after the surge is 70 m, resulting 
in a load of 620 kPa. From the consolidation curve 
of sample 82-237 , this corresponds to a deform
ation of approximately 0 .22 .  Taking all uncer
tainties in parameter estimation into account, 
these values (0.24 and 0.22) are sufficiently similar 
to state that the assumed ice load is capable of 
consolidating muds of the type found in core 82-
237 to the state found in the overconsolidated 
samples 82-31 (and also 82-32) .  

In using the consolidation test of core 82-237 
to find the time required to obtain this degree of 
consolidation, the same approach as for 82-232 
can be used. With a Cv of 2 .0 m2/year for the 
mud of 82-237, and still using a total sediment 
thickness of 5 m ,  the entire sedimentary column 
will consolidate in 12.5 years, still well within the 
time the sediment at 83-31 had experienced the 
glaeier load . 

Andresen et al . (1979) obtained empirical 
relationships between Su, Po' , overconsolidation 
ratio (OCR) and plasticity index PI. Ten samples 
were tested for Pc' using Andresen et al . (1979) 
curves. Pc' values estimated with this method fall 
within the range of 30G--570 kPa, corresponding 
with ice thicknesses of 34--65 m. This further sup
ports the consolidation effect of the surging 
glaeier. Since maximum consoJidation seems to 
occur relative ly rapidly in these sediments. on ly 
the first surge cycle will have a consolidating 
effect . Unless they are larger, any later surges will 
leave the preconsolidated sediments unaffected in 
terms of consolidation. 

Post -surge deposition 

The retreat phase will expose subglacial sediment 
and morphological features and subsequently 
form new features ( push-moraines) , as diseussed 

Fig. 35. Consolidation curves (oedometer test) for two samples outside Brasvellbreen. A. In the surge zone. B .  
I n  the surge-distal zone. Note that only the core cutter and catcher recovered sediment i n  82-232. 
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previously . Meltwater discharge will probably 
rapidly decrease to non-surge values and again 
be channeled through concentrated outlets . As 
meltwater activity decreases, deposition through 
subglacial melt-out most likely aiso decreases , 
although some material may still be deposited 
through this proeess subglacially or at the front . 
The most important mode of sediment output and 
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deposition is now through the main meltwater 
outlets (Pfirman 1985). Both field observations . 
(Larsen 1982) and remote sensing techniques 
(DowdesweIl 1984) show major sediment plumes 
in surface waters outside the main outlets . Sea 
floor morphology and sedimentation outside the 
major outlet at the east side of Bråsvellbreen have 
been diseussed separately (Pfirman 1985 ; Pfirman 

Fig. 37. 3 . 5  kHz reeord (upper) and side-sean sonograph (Iower) aeross the main Bråsvellbreen meltwater outlet 
(arrow) . (Modilied from Plirman & Solheim 1989) . 
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& Solheim 1989) and only the main conclusions 
are included here. Water samples obtained in 
1 981 ,  from the upper 10 m within 300 m of the 
main meltwater outlets, contained up to 28 mg/I 
of particulate material , as opposed to 2 mg/I in 
the ambient coastal water. The turbid plume is 
entrained in the coastal current and the bulk of 
the suspended sediment is deposited within 20 km 
off the glacier front .  Concentrations drop to less 
than 5 mg/I within 5 km of the outftow. The rela
tively low concentrations imply low depositional 
rates, and given the short time-interval the outlet 
has been stable after the surge, the deposits are 
in general not detectable by conventional acoustic 
means. However, in the vicinity of the main east
ern Bråsvellbreen outlet, there are thicker acous
tically transparent deposits thought to result from 
rapid ice proximal deposition from meltwater. 
These include an 8-10 ms thick lense in a depres
sion outside the outftow, a 3 ms drape off the 
edges of the depression and some (2-4) larger 
mounds with up to 35 ms of sediment (Fig. 37). 
The former sediment is forrned into annual push 
moraines similar to other areas close to the ice 
front, while the latter mounds are interpreted as 
beaded esker deposits in accordance with the 
model proposed by Banerjee & McDonald 
( 1973) .  These are rapidly formed where sediment
laden meltwater encounters sea water, possibly 
at some distance behind the ice front proper. 

Increased iceberg production 

Another important effect of glacier surges is the 
increased num ber of icebergs delivered both dur
ing the surge (Fig. 4B) and during retreat. 
According to seal-hunters, the abundance of ice
bergs may have been as much as one order of 
magnitude higher in 1937 than during normal 
years (Vinje 1985) .  From the side-sean sonar 
records in the regions of recent iceberg ploughing 
(Fig. BA) , there seems to be almost complete 
reworking of the uppermost sediments. This will 
usually lead to a depletion of fines, and Vorren 
et al. ( 1983) introduced the term "iceberg 
turbate" for this type of sediment. Due to the 
intense fraeturing of the surging ice, the majority 
of the icebergs are probably of intermediate to 
small size (Dowdeswell 1989) , causing the largest 
effect in the shallowest regions, most like ly above 
100 m water depth off Bråsvellbreen. The 
enhanced ploughing may contribute to increased 
redistribution of sediments with redeposition of 
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fine-grained material in deeper regions during 
surge. 

Erosion by the latest Bråsvellbreen 
surge 

Glacier surges are short-term, catastrophic events 
and may not be representative for glacial erosion 
in general. However, as material obviously is 
transported and delivered to the surge moraine 
and as the suspension lo ad to the surge-distal area 
is increased, there is an effect, which , if repeated, 
may be of importance for the total erosion. 

There is no control of the amount of material 
brought in from behind the pre-surge position of 
the ice front. A situation is therefore considered 
below where the total amount of material 
delivered to the surge moraine and the region 
outside is eroded from the new area covered 
by the glaeier. Since some of the material most 
certainly is brought in from other parts of the 
drainage area, this situation should give maximum 
values of erosion. The following figures are impor
tant for this consideration: 

- New area covered by the glaeier after the surge: 
460 km2.  

- Vol urne of surge moraine ridge , only the inner 
ridge in the easternmost part: approximately 
0.5 km3 

- Area that received material deposited from sus
pension, tentatively taken as a lOne reaching 
35 km from the ice front at maximum extent: 
4, 100 km2. 

- Average thickness of sediment deposited from 
suspension in the above area: tentative ly 2 cm. 

- Vol urne of material deposited from suspension : 
approximately 0 .08 km". 

As the surge moraine configuration clearly shows 
that the western part of the ridge was forrned 
during at least twa surges, half the volurne of this 
part of the ridge can be removed, which leaves 
approximately 0.35 km3 material in the youngest 
surge moraine. Based on these values, 0.42 km3 
of material has been delivered by the surging 
glaeier. Given a source area of 460 km 2, this 
implies a maximum average erosion of approxi
mately 1 . 0  m. As both end members are unlith
ified sediments, no sediment bulk densities are 
considered in these calculations. Considering the 
entire Bråsvellbreen drainage area, including the 
surge lOne , as source area, the total erosion is 
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0.35 m.  With more information on the amount of 
sediment brought in from the entire drainage 
area, the figure for erosion may be further 
reduced. Furthermore , the possibility that the 
surge moraine ridge is forrned through more than 
two surges can not be ruled out . Although much 
reduced, the calculated erosion per time-unit will 
remain considerably greater than what is usually 
calculated for ice sheets and presently glaciated 
are as (Larsen & Mangerud 1981 ;  Laine 1980; 
Elverhøi et al. 1983 ; Elverhøi 1984) . It should be 
kept in mind, however,  that the surging Brå
svellbreen glacier eroded soft sediments with a 
high-frequency small-scale topography similar to 
that found in the region today, and that the effects 
discussed here took place during a very short 
time-interval compared to the periods generally 
considered when discussing glacial erosion. 

lee volumes and surge frequeneies 

The present data, combined with results from 
recent radio-echo soundings over Austfonna 
(Dowdeswell 1 984; Dowdeswell et al. 1986) , pro
vide a basis for volumetric estimates and hence 
estimates of surge frequencies for Bråsvellbreen 
and Basin 3 (Table l ) .  A very sim plified model is 
used, consisting of two elements : a) the amount 
of ice in the "new" part of the glacier, taken as 
the "surged ice" ,  bui l t  out past the pre-surge ice 
front , and b) total net annual accumulation. a)j 
b) gives an estimate of the surge interval. The 
most uncertain factors for the calculations are as 
follows: 

l .  Position of the pre-surge glacier front (Fig. 4) . 
For Bråsvellbreen , the 1936 front published by 
Glen (1937) has been modified to align the 
present coastline with the sides of the glacier 
proper, while in the case of Basin 3 ,  the pre
surge ice front was assumed to form a smooth 
continuation of the coastline on either side of 
the glacier. 

2. Mass balance and position of the equilibrium 
line. A mass balance curve for Midtre Loven
breen in western Spitsbergen (LiestøI 1984) has 
been used, but with its position shifted with a 
change in the height of the equilibrium line 
(Fig. 38) . Variations in precipitation and mean 
temperature wili result in shifts of the equi
librium line rather than the shape of the curve 
(O. Liestøi, pers. comm. 1987) .  Only sparse 
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information exists on the mass balance of 
Austfonna. Schytt ( 1964) measured accumu
lation rates at a num ber of points near the 
sum mit of the inner part of Bråsvellbreen for 
the 1957-58 season. These values match well 
with the mass balance curve for Midtre Loven
breen, shifted to correspond with an equi
librium line at 300 m a.s . l .  Kristiansen & Soll id 
(1986) present equilibrium line heights of 
approximately 350 and 300 m a .s . l .  for Brå
svellbreen and Basin 3, respectively. 
Dowdeswell & Drewry (1989) present recent 
data from Basin 5, northeast of Basin 3, indi
cating an equilibrium line at 300--350 m a.s . l .  
for this basin. Based on the above information, 
the equilibrium line is here placed at 300 m 
a .s . l .  for both Bråsvellbreen and Basin 3 ,  and 
the shifted mass balance curve for Midtre 
Lovenbreen (Fig. 38) used for estimation of 
net annual accumulation. 

3. The boundary between the source and receiv
ing are as during surge. The boundary between 
the source and receiving areas during surge is 
probably situated below the equilibrium line 
proper. The equilibrium line on Hessbreen , 
western Spitsbergen, is situated at approxi
mately 350 m whereas the thickening of the 
snout as the result of a surge in 1973-74 starts 
at 250 m. A simi lar effect is demonstrated at 
Usherbreen, Svalbard (Hagen 1987). How
ever, the surface profile did not change sig-

m a s l  
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Fig.  38. Mass balance curve for Midtre Lovenbreen, 
western Spitsbergen (from Liestøi 1983) . For the 
Austfonna calculations, the equilibrium line was placed 
at 300 m a.s . l . ,  and the curve was para Ile l shifted . 



Depositional environment of surging tidewater glaeiers 

nificantly between 250 m and 350 m (Liestøi 
1974). At Austfonna, surface profiles immedi
ately after the surge have been estimated by 
modifying present surface profiles from the 
equilibrium line to reach the maximum 
position, with the same height of the ice front 
above sea level as today. Although the exact 
shape of the glacier snout in maximum position 
probably was somewhat flatter than today since 
ablation tends to steepen the profile of a 
glacier, the error introduced with this sim
plification is minor compared to 1 .  and 2 .  

4. Annual loss from the accumulation area. 
Dowdeswell & Drewry (1989) measured ice 
velocities up to 47 m/year near the equilib
rium line of Basin 5 .  Velocities of both Brå
svellbreen and Basin 3 are, however, likely to 
be much less and probably not more than 10 m/ 
year (J .A.  Dowdeswell, pers. comm. 1988) . 
That there must be a difference is als o indicated 
by the difference in glacier surface shape 
(Fig. 3) .  The annual push moraines and some 
fractures along the front indicate that the re 
is a slight movement, but the exact amount 
is unknown. Calculations of annual surplus 
accumulation and hence a surge interval have 
been made with both zero transport and with 
a velocity of 10 m/year (Table 1 ) ,  as these 
values present a reasonable ice velocity bracket 
for Bråsvellbreen and Basin 3 .  

Net accumulation averages for 100 m intervals 
in the accumulation area are sum med to give 
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the total net accumulation. All ice volurnes are 
transforrned to mass of water in tons, using an ice 
density of 0.9 g/cm3. 

The calculated surge interval for Bråsvellbreen 
supports Schytt's ( 1969) postulat ed estimate of 
"considerably more than 200 years," based partly 
on glacier outline from published maps. At 
present, the surface profile and calculated driving 
stress (Dowdeswell 1984, 1986a) indicate that 
both Bråsvellbreen and Basin 3 are in a quiescent 
phase and most likely quite far from a new surge. 
The calculated surge interval for Basin 3 does not 
correspond with a surge during Nordenskiold's 
(1875) expedition in 1873. This may result from 
a) the observations not being from a surge, b) 
inaccurate positioning on a different basin, c) 
glaciological and climatic changes through time , 
d) large sources of error in the present calcu
lations, or combinations of these . An unreported 
surge of the se significant dimensions after 1900 
se ems unlikely. The calculated time interval may 
therefore be toa short. This demonstrates the 
difficulties in these types of calculations. In that 
respect c) and d) above are key points. In par
ticular for Bråsvellbreen, variations in ice velocity 
and the position of the equilibrium line will have 
a significant effect on the calculated values. A 
shift in the equilibrium line to 350 m a.s . l .  will 
increase the calculated surge interval to 620 and 
1 , 120 years for the O and 10 m/year ice velocity, 
respectively. When periods of severaI hundred 
years are considered ,  climatic ftuctuations may 
also be important. A possibility that should be 

Table l. Calculations of surge volum es and frequencies. 

Bråsvellbreen Basin 3 

Total area of glaeier 1 , 1 15 km2 1 ,250 km2 

Accumulation area 504 km2 878 km2 

Ablation area 611  km2 372 km2 

Surged amount of ice 96 km3, 87* 109 t 91 km3 82*109 t 

Net annual accumulation 238*106 t 638*10° t 

Annual loss O m/year O O O O 
from the 
accum. area 10 m/year 0.075 km3 68*106 t 0 .063 km3 57*106 t 

Surplus accumulation 238 - 170* 106 t 638 - 581*100 t 

Surge interval = 370 - 510 years = 130-140 years 
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kept open is that surges may partly have been a 
result of cJimatic deterioration during the little 
ice age, and that new surges, for instance of 
Bråsvellbreen , are unlikely under the present di
matic conditions. 

Although the calculations are uncertain, some 
main trends are noticeable: 

- Large volurnes of ice ( >  90 km3) are involved 
in the surges . 

- The ratio of accumulation area to ablation area 
at present is approximately l: l for Brå
svellbreen and 2: l for Basin 3, leading to a 
correspondingly higher total net annual 
accumulation in Basin 3 .  

- The surge interval of Bråsvellbreen seems to 
be long, compared to most reported surging 
glaeiers (Meier & Post 1 969) .  

- The calculated surge interval of  Basin 3 i s  sig
nificantJy shorter than that of the somewhat 
smaller Bråsvellbreen . This demonstrates the 
effect of the size of accumulation area, although 
a steeper profile and narrower drainage area 
also most likely have an effect. 

Summary and conclusions : facies 
distribution off marine , surging 
glaeiers 

The following is a summary of the results obtained 
off Austfonna. Although some of the results and 
interpretations are site specific, a number of the 
points listed below may also have a more general 
significanee for surging tidewater glaeiers. This is 
exemplified in the facies model of Fig. 39. 

- The Austfonna ice cap ha, severaI surging drain
age basins. Of these, Bråsvellbreen and Basin 
3 are the largest. The last Bråsvellbreen surge 
was documented by aerial photography in 1 938. 
Basin 3, on the other hand, is interpreted to 
have surged, based on comparison with results 
from Bråsvellbreen in combination with gla
ciological information (Dowdeswell 1984, 
1986a,b) . 

- Calculated surge frequencies show that Brå
svellbreen has a tendency to surge less fre
quently than Basin 3 ,  demonstrating the import
ance of the size of the accumulation area relative 
to the ablation area, height of equilibrium line 
and overall glaeier shape. 

Anders Solheim 

- Surging tidewater glaeiers leave a distinet suite 
of sea floor morphological features. The most 
prominent is a terminal ridge, here terrned surge 
moraine, marking the maximum surge extent, 
and a system of discontinuous ridges in the area 
inside the moraine, here terrned the surge zone. 
The latter ridges form a pattern which is related 
to the topography of the glaeier base during 
surge and is forrned through squeeze-up of 
mobile sediment during and immediately after 
surge . 

- Bråsvellbreen has undergone at least two 
surges. The fossil trace of a previous surge, 
either considerably larger than the last surge or 
with a different direction of motion , is mani
fested as an outer surge moraine that almost 
merges with the Basin 3 moraine. 

- Sediments in the surge zone and surge moraine 
are predominantly acoustically homogeneous 
gravel and pebble-rich diamictons forrned by 
the reworking of pre-surge sediments mixed 
with allochthonous material brought in by 
meltwater or directly carried by the surging ice. 
In the surge moraine there is a tendency towards 
finer grades in the distal direction. Patches of 
pre-surge sediments can be found re latively 
undisturbed ,  embedded in the diamictons. 
These are overcompacted by the glaeier but 
show a character distinctly different from the 
surrounding material. Local meltwater activity 
during retreat forms patches of dean, well
sorted sands. 

- The most important proeess for formation of 
the surge moraine is ice push, but high loads 
of suspended sediment are also discharged by 
meltwater at the glaeier front during the surge. 
The material is then subsequently reworked and 
pushed by the rapidly advancing glaeier. 

- Slumping and gravity flowing of the rapidly 
deposited material modify the surge moraine , 
particularly the distal slope. 

- The squeeze-up ridges in the surge zone are 
preserved through post-surge stagnation of the 
ice and retreat through calving. However, after 
a time period dependent on glaeier charac
teristics , the glaeier returns to normal activity. 
Hence, Bråsvel lbreen is present ly forming 
annual push moraines. That surging glaeiers 
are not completely stagnant despite their many 
quiescent phases is also documented from other 
Svalbard glaeiers (LiestøI 1 984) . 

- An important effect of tidewater glaeier surges 
is a massive increase in the output of icebergs 
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that both carry sediments and cause increased 
reworking of the sea floor sediments through 
gouging. Modem iceberg gouging in the study 
area is depth Iimited to 12� 130 m ,  but the bulk 
of the surge-produced bergs were smaller. Local 
topography may shelter areas shallower than 
120 m from scouring. During quiescent periods, 
the production of icebergs is low. 

- With the exception of the modem iceberg 
plough marks. the region outside the surge 
moraines, here terrned the surge-distal zone, is 
characterized by features "normal" to the high 
latitude shelf environment: fossil iceberg plough 
marks. pockmarks and patches of sediment 
waves, most like ly related to tidal currents. 

- Surge-distal deposits are mainly glaciomarine 
muds. Zones of increased pebble con tent may 
resuIt from increased iceberg rafting during gla
cier surges. Increased iceberg gouging will also 
rework sediment into an iceberg turbate (Vor
ren et al. 1983),  depleted in fines. 

- Five acoustic units can be identified off Brå
svellbreen if the surge moraine is taken as a 
separate unit (Unit 2) . Unit 1 covers all surge 
zone diamictons above the Late Weichselian 
lill. Changes are toa frequent and local within 
this material to be detected by conventional 
acoustic surveys using a ne ar surface source and 
receiver configuration. In the surge-distal zone 
the upper acoustic Unit 3 is on ly found in deep 
water and represents fine-grained sediments, 
while the underlying Unit 4 has a higher coarse 
component. Unit 5 under lies the entire study 
area and mostly represents the Late Weich
selian till or,  locally, upper bed rock if till is 
absent. 

- Physical properties of the sediments are largely 
dependent upon Iithology. A median grain size 
of 0.016 mm appears to mark an important 
change in water content, total carbon, and total 
organic carbon contents. The surge zone shows 
large variation in all parameters due to the 
unsorted character of the material and various 
degree of compaction - from the soft top sedi
ment, through different degrees of compaction 
caused by the surge , to the underlying basal till 
of presurnably Late Weichselian age. The surge 
moraine has less sample coverage, but shows 
values not significantly different from the surge 
zone sediments, with the exception of the most 
overconsolidated material in the latter zone. 
The more muddy deposits in the surge-distal 
zone in general show properties characteristic 
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for a higher proportion of finer material and 
lack of overcompaction. However, the action 
of icebergs may have had a compacting effect. 

- Compressional wave velocity and acoustic 
impedance show good correlation with other 
physical parameters, in particular with water 
content and plasticity index. Hence , acoustic 
measurements can be used as a reconnaisance 
tool for obtaining other properties in this type 
of environment . 

- The most important depositional event is 
emplacement of the surge moraine. Although 
of a local character, this fea ture constitutes an 
important sediment accumulation in an environ
ment of generally slow deposition. It surges are 
frequent, the formation of surge moraines may 
involve large sediment volurnes that are moved 
further offshore . As they constitute relatively 
significant positive topographic features, these 
accumulations will also be more susceptible 
than their surroundings to erosion by other 
processes such as waves, currents and icebergs. 

- In the surge-distal region , the increase in sedi
mentation rate from individual surges may be 
large, but as the time intervals are short, the 
resulting sediment layer is probably less than 2-
3 cm thick . However, if there are periods of 
more frequent surges, e .g .  due to c\imatic vari
ations ,  this may have a significant effect on the 
overall sedimentation rate over a longer time
interval, for example through the Holocene. 
Off Bråsvellbreen most of the post-glacial sedi
ments may have been supplied during surges. 

- The major increase in sedimentation during a 
surge appears to be surprisingly local, con
centrated to the surge moraine. This is demon
strated by the abrupt distal termination of the 
surge moraine, and the fact that iceberg plough 
marks immediately outside the moraine are not 
filled in with sediment. 

- Although a surge is of short duration, surging 
glaciers are capable of consolidating fine
grained sea floor sediments. Consolidation , 
however, is laterally variable, probably due to 
the heterogeneous and crevassed character of 
the surging ice proper. 

In summary , surging glaciers do not produce 
sedimentological characteristics that are unique 
to this environment. Similar sediments can be 
found in most ice proximal (term essentially used 
in accordance with Powell (1984)) environments. 
However, the combination of lithology, mor-
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phology ( particularly important) , physical prop
erties and sedimentation rates may be di ag
nostic; the se parameters may therefore be inte
grated in a facies model (Fig. 39) , where the area 
is divided in a proximal zone (including the surge 
moraine) and a distal zone. Although docu
mentary evidence for surging exists in the case of 
Bråsvellbreen, at least the morphological part of 
the facies model seems to also be applicable for 
Basin 3 of the Austfonna ice cap. When inter
preting older sequences and formerly glaciated 
regions , the whole system of features should be 
considered, and, if possible ,  both proximal and 
distal regions should be identified. 
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Appendix l. Sediment samples in the study area. (Legend at the end). 

1 98 1  

Station Water 
Position Ident./Num. Depth Sample Bottom 

North East of Samples (m) Type Photo 

79. 1 36 23.579 NP81 - 136/2 1 09 1 
79. 1 50 23.580 NP8 1 - 137/3 1 1 2  1 
79. 1 36 23.5 1 1 NP8 1 - 138/3 1 07 1 
79 . 1 83 23.554 NP81 - 140/2 86 1 
79. 1 94 23.560 NP81 - 14 1  94 1 
79. 1 87 22.928 NP81 -2 16/2 8 1  1 

1 982 

Station 
Position Ident./Num. Water Sample Bottom 

North East of Samples Depth Type Photo 

79. 307 22.633 NP82-224 2 1 2 X 
79. 304 22.581 NP82-225 36 1 
79.308 22.589 NP82-226 36 2 
79. 1 53 22.962 NP82-229 55 1 X 
79.2 1 1 23. 124 NP82-230 8 1  1 X 
79.223 23.089 NP82-23 1/4 83 1/2 X 
79. 1 94 23.785 NP82-232/2 82 1 X 
79. 1 78 23.787 NP82-233 101  1 X 
79. 1 62 23.732 NP82-234/2 79 1 X 
79. 1 50 23 .620 NP82-235 106 1 
79.040 23.548 NP82-237 105 1 
79. 1 64 23 .914 NP82-239 87 l X 
79.220 22. 892 NP82-241 57 2 
78.924 25.769 NP82-3 17  142 1 X 
78. 899 24.525 NP82-3 1 9/2 2 15  l 
79.008 23.076 NP82-321 99 l X 
79.254 22.754 NP82-323/2 39 2 
79.242 22.797 NP82-324 43 2 
79.245 22.804 NP82-326 4S 2 
79.253 22.737 NP82-327 44 2 

1983 

Station Water 
Position Ident./Num. Depth Sample Bottom 

North East of Samples (m) Type Photo 

79. 1 8 1  23.980 NP83-27 75 2 X 
79. 1 68 23 .948 NP83-28 73 2 X 
79. 14 1  23 .966 NP83-29 9 1  2 X 
79. 193 23.375 NP83-3 1 92 2 
79.2 16  23 . 138 NP83-32 54 2 
79.208 23. 1 03 NP83-34 78 2 
79. 1 95 23.060 NP83-35 96 2 
79.228 23.053 NP83-36 78 2 
79.200 23.2 13  NP83-37/2 57 2 
79.240 22.8 15  NP83-38 42 2 

85 

Co re 
Length 

(m) 

1 .0 
1 .2 
1 .6 
0.2 
0.2 
0.6 

Core 
Length 

(m) 

0. 1 
0.8 

0.5 
0.5 
OA 
0.3 
0.3 
1 .7 
1 . 1  
I . l 
OA 
0.5 
1 . 3 
1 .67 
1 .8 
I . l  
0.6 
1 . 7 
0.5 

Core 
Length 

(m) 

OA 
3 .0 
1 .2 
l .O 
0.5 
3 .2 
1 .0 
0.8 
0.7 
2 .7  
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Appendix l-continued 

1984 

Station Water Core 
Position Ident·/Num. Depth Sample Bottom Length 

North East of Samples (m) Type Photo (m) 

78.921 26.351 NP84-1 102 6 X 
78.9 16  26. 1 44 NP84-2 I lO 6 X 
79.015 26.224 NP84-3 1 68 6 X 
78.997 25.969 NP84-4 172 6 X 
78.969 25.641 NP84-5 1 82 6 X 
79.067 25 .491 NP84-6 2 19  6 X 
79. 12 1  25 .764 NP84-7 220 6 X 
79. 102 26.347 NP84-8 232 6 X 
79. 123 26.339 NP84-9 246 6 X 
79. 1 12 26.342 NP84- 1O  260 6 X 
79.065 25 .972 NP84-1 1  225 1 X 0.60 
79.086 25 .968 NP84-12 236 1 X 0.85 
79. 144 25 .952 NP84-1 3  248 1 X 1 .30 
79. 15 1  26.212 NP84-1 4  266 6 X 
79.232 26.203 NP84-1 5  2 12  6 X 
79.255 25.465 NP84- 1 6  124 6 X 
79.309 25.607 NP84- 17  1 12 6 X 
79.377 25.936 NP84- 1 8  128 6 X 
79.293 25.935 NP84- 19  90 6 X 
79.41 1  26. 182 NP84-20 68 6 X 
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Appendix l-continued 

1985 

Station 
Position Ident./Num. 

North East of Samples 

78.8 19  21 .870 NP85-1 
78.827 21 .938 NP85-2 
78.833 22.070 NP85-3 
78.840 22. 138 NP85-4 
78.848 22.266 NP85-5 
78.865 22.522 NP85-6 
78.885 22.905 NP85-7 
78.915 23.458 NP85-8 
78.922 23.630 NP85-9 
78.954 24. 178 NP85-1O 
78.962 24.329 NP85- 1 1  
78.971 24.525 NP85-12 
79. 183 23 .468 NP85-13 
79. 135 23.535 NP85-14 
79.050 23.602 NP85-15 
78.993 23.667 NP85-16 
78.856 23 .848 NP85-17 
78.860 24.219 NP85-18 
78.865 24. 834 NP85-19 
79.001 24.891 NP85-20 
79.056 24.430 NP85-21 
79.082 24.886 NP85-22 
79.212 24.667 NP85-23 
79.250 24.742 NP85-24 
79.308 24.874 NP85-25 
78.848 23.507 NP85-26 
78.933 24.378 NP85-27 
79.017 25.083 NP85-28 
79. 143 24.843 NP85-29 

Legend: 

Sample type: 1 :  Gravity corer 
2: Vibrocorer 
6: Grab 

Bottom photo: X: yes 

87 

Water Core 
Depth Sample Bottom Length 

(m) Type Photo (m) 

50 6 X 
60 6 
71  6 X 
90 6 

1 10 6 X 
125 6 
14 1  6 X 
155 6 X 
170 6 X 
185 6 X 
200 6 X 
215 6 X 
91 6 

109 6 X 
105 6 X 
134 6 X 
178 6 X 
168 6 X 
164 6 
216 6 
158 6 X 
180 6 
134 6 
80 6 X 
52 6 X 

153 1 1 .46 
202 1 0.00 
218 1 0.47 
157 1 1 .25 
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Appendix 2. Grain size distributions. 

Water Level > 16 mm 
Station Depth (m) (cm) Clay Silt Sand Gravel (g) 

% 

81 - 1 36 , 1  109 0-5 21 40 l a  27 136,7 
47-50 26 67 7 l 0,0 
90-93 52 48 l O 0,0 

81- 137 , 1  1 1 2  59-62 37 45 13  5 0,0 
70-75 18 22 28 30 5 ,25 

8 1 - 137,3 1 12 42-47 34 62 4 l 0,0 
50-55 10 14 3 1  45 38,0 

81- 138 , 1  107 20-23 22 36 22 19  0,0 
54-57 18  33 26 23 4,4 
82-85 19 34 22 22 0,0 

8 1 - 1 38,3 107 95-97 18 35 26 21 0,0 

8 1 - 1 40. 1  86 16- 1 9  2 1  34 22 23 12,0 

8 1 - 1 86 320 45-50 57 43 l o 0,0 
107- 1 1 0  2 6 90 O 0,0 
120- 125 24 3 1  42 3 0,0 
1 35-140 1 3  25 60 l 0,0 
150-153 24 26 48 3 0,0 

81-216, 1 8 1  0-3 10 24 36 30 18 , 1  
3-6 1 1  25 37 27 1 3,0 

30-33 9 35 35 22 42,5 
37-40 16 35 25 24 24,85 

82-224 26 0-20 15 28 34 22 0,0 

82-225 ,2 36 0-5 22 43 12  22 150,35 
68-72 25 53 16  6 0,0 

82-226 36 0-20 17 21 33 29 0,0 

82-229. 1  56 0-5 1 3  20 22 45 7,2 
18-22 16 33 22 28 12,9 
40-50 14 36 23 28 29,45 

82-230,2 7 1  0-5 18 34 28 20 0,0 
30-35 22 42 21  16 0,0 
50-55 30 53 1 1  5 0,0 

82-231 83 8-1 3  22 32 24 22 32,0 
23-28 20 29 32 19  30,44 
30-35 28 43 15 15 0,0 

82-232,2 82 0-5 14 25 32 28 0,0 
35-40 20 34 27 20 0,0 

82-233 , 1  97 0-3 12 17 29 42 0,0 

82-234,1 83 0-3 23 28 1 6  34 35,43 
125-130 22 32 26 20 15 ,57 
160-168 20 29 27 24 0,0 

82-234,2 83 0-5 22 36 16 24 3 ,29 
100-103 21 3 1  25 24 9,95 

82-235 , 1  106 0-5 15 17 9 59 68,0 
57-61 40 53 6 1 0,0 
87-90 34 59 6 O 0,0 

1 03-107 27 32 15 26 38,09 

82-237 106 0-3 26 37 1 0  27 0,0 
43-47 32 63 4 l 0,0 
95-100 1 7  30 19 36 28,5 
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Appendix 2-continued 

Water Level >16 mm 
Station Depth (m) (cm) Clay Silt Sand Gravet (g) 

% 

82-239, 1  81 0-5 27 32 2 1  20 0,0 
30-35 22 36 22 19  5,0 

82-239,2 8 1  25-30 14 20 35 32 1 5 ,32 

82-24 1 , 1  56 0-5 29 29 21  19 25,0 
18-23 28 35 21  16 0,0 

82-321 99 0-5 31 41 14 14 0,0 
20-23 45 27 13 13 0,0 
55-58 28 44 1 1  18  0,0 

105-108 42 28 16 12 0,0 
150-153 22 50 19 8 40. 18  
173-176 25 44 19 12 35,73 

82-323, 1  39 0-4 14 18 28 40 8,32 
22-26 1 5  22 28 35 2 1 ,04 
63--68 20 26 31 22 18,22 
86--94 20 25 24 31 0,0 
95-100 20 23 29 28 17,3 

82-323,2 39 0-5 29 40 29 2 0,0 
58-62 20 25 32 23 0,0 
90-95 21  24 29 26 0,0 
98-103 20 30 27 24 0,0 

82-324, 1  43 0-4 23 32 2 1  24 0,0 
50-53 22 25 27 26 6,73 
58-63 21  24 27 28 19 , 1  

82-326, l 45 0-3 16  21  29 34 0,0 
15-18 1 1  1 2  28 48 12,28 
30-33 22 26 38 14 5,65 
55-58 6 1 0  38 47 9,8 
83--86 23 24 41  13 0,0 

105-109 20 24 42 14 6,3 
1 24-128 12 1 8  42 28 0,0 
167-172 1 4  1 5  44 28 0,0 

82-327, 1  44 0-5 22 27 28 22 2,9 
3 1-36 1 8  2 1  28 33 47,3 
39-42 17  26 26 31 0,0 
45-48 1 4  1 9  28 39 8,5 

83-26 70 0-3 3 24 72 1 0,0 
1 5-17 l 3 90 5 0,0 
30-33 l 3 46 48 0,0 
60-65 19  24 25 33 35,68 

83-27 75 0-5 2 1 1  66 22 0,0 
83-28 73 0-5 34 41 19  7 29,29 

100-105 23 27 23 26 0,0 
250-255 24 3 1  26 19  5 ,67 

83-29 9 1  0-6 28 29 1 1  33 0,0 
40-45 32 56 12 1 0,0 
60-65 22 28 22 28 0,0 

100-105 23 29 19  28 42,45 

83-30 76 10-15 2 5 86 8 0,0 
83-31 92 0-5 2 3 88 7 0,0 

30-35 24 33 24 19  1 1 ,49 
50-80 20 72 5 3 0,0 
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Appendix 2-continued 

Water Level >16 mm 
Station Dcpth (m) (cm) Clay Silt Sand Gravel (g) 

% 

83-32 54 65-70 27 41 23 9 0 ,0 

83-34 78 0--5 34 42 21  3 0,0 
50--55 19 32 26 22 10,54 

250--255 17 30 29 24 0,0 

83-35 96 0--5 43 47 6 4 0,0 
22-27 48 44 7 2 0,0 
85-90 34 46 7 13 9,26 

83-38 42 0--5 17  30 22 32 82,92 
100--105 16 25 23 35 0,0 
217-222 26 40 22 1 1  5 ,24 
240-245 19 22 23 37 0,0 

83-39 43 0-5 4 9 86 2 0,0 
60--65 1- 1-1 16 84 14,67 

84- 1 1  225 0--5 57 31  8 4 0,0 
20-25 51  34 14 1 0,0 
33-36 36 39 19 6 0,0 

84- 13 248 0--4 59 40 1 ° 0,0 
10--13  63 34 2 1 0,0 
30--33 32 42 18 8 0,0 
45-48 60 35 4 1 0,0 
51-54 42 3 1  1 8  8 0,0 
61-64 30 41 22 7 0,0 

85-26 153 0-4 49 47 3 1 0,0 
10--13 55 41 3 l 0,0 
20--25 54 36 6 4 0,0 
33-36 66 24 3 6 0,0 
46-50 54 30 12 5 0,0 
60--63 27 40 24 9 0,0 
80--85 23 29 32 16 0,0 

120--123 29 35 29 7 0,0 

85-28 218 0--4 61 35 4 ° 0,0 
15-18 51  42 5 2 0,0 
40--44 36 34 20 10 0,0 

85-29 157 0--3 5 1  32 1 1  6 0,0 
18-22 54 41 4 ° 0,0 
33-37 52 46 l ° 0,0 
60--64 53 40 6 l 0,0 
80--85 21 34 23 22 0,0 

100--105 26 31  16  28 0,0 
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Appendix 4. Mineralogy from XRD 

CA: Calcite 
DO: Dolomite 
NC: 14, 10 & 7 Å minerals + quartz and feidspar (non-carbonates) 

Fraetion: <63 flm Fraetion: <2 flm 

Station Level CA DO NC CA DO NC 

RI -216 0-3 64 17 19 
50-55 74 6 20 

82-230 0-5 51  27 22 
30-35 6R 17 15 
50-55 52 23 25 3R 10 52 

82-23 1 0-5 32 R 60 
35-40 62 21  17 

R2-232 0-5 59 18 23 
46-51 51  19 30 50 7 43 

82-233 0-3 70 16 14 
R2-239 0-5 5 1  25 24 

30-35 60 21 1 9  45 R 47 
82-323 0-5 73 1 1  1 6  

5&-62 R6 4 10 
90-95 49 22 29 

100-105 38 19 43 
82-327 0-5 7 1  8 21 

46-5 1 57 12 3 1  
R3-31 50-80 
83-32 65-70 
84- 17 0-5 
84- 18 0-5 
R2-224 0-20 66 12  22 58 2 40 
82-234 0-3 55 20 25 
80-37 0-2 

15-17 
55-56 
R7-RR 

8 1 - 136 47-50 O 18 82 
82-225 0-5 66 14  20 

6&-72 42 22 36 
82-226 0-20 76 10 14 
82-229 0-5 38 23 39 29 8 63 

1&-22 20 23 57 7 6 87 
40-49 9 53 38 

5 39 56 
4 28 68 
O 21  79 
8 15 77 
O O 100 

82-237 0-3 35 19 46 
43-47 5 22 73 O 5 95 
95-100 9 19 72 9 O 91  

Anders Solheim 

Fraetion: <4 flm 

CA DO NC Comments 

2 6 92 
8 5 R7 
3 5 92 
5 5 90 

O 5 95 
O 6 94 
O 4 96 
O 3 97 

32-63 flm 
1 6-32 flm 
&-16 flm 
4-8 flm 
2-4 flm 
< 2 flm 
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Appendix 4-continued 

Fraetion: <63 [lm Fraetion: <2 [lm Fraetion : <4 [lm 

Station Level CA DO NC CA DO NC CA DO NC Comments 

83-321 0--2 17 8 75 
6--7 9 7 84 
8-9 7 7 86 

10-- 1 1  5 6 89 
12-13 4 3 93 
14-15 3 3 94 
16--17 2 2 96 
20--21  2 2 96 
23-24 2 2 96 
26--27 2 2 96 
29-30 3 2 95 
32-33 4 3 93 
36--37 6 4 90 
39-40 4 3 93 

83-29 0--6 34 8 58 
40--45 4 7 89 
60--65 34 5 61 

100--105 73 4 23 
84- 1 1  0--5 O 3 97 

20--25 O O 100 
33-36 2 O 98 

84-13  0--4 O O 100 
10--13 O O 100 
30--33 3 O 97 
45-48 6 2 92 
51-54 O O 100 
61-64 3 O 97 

84-16 0--5 4 5 91  
85-26 0--4 O 4 96 

7-8 O 3 97 
10--13 O 3 97 
1 7-18  2 2 96 
20--21  O O 100 
23-24 3 3 94 
27-28 l 2 97 
33-36 3 3 94 
40--41 2 2 96 
46--50 3 O 97 
60--63 6 O 94 
80--85 12 O 88 

120--123 12 O 88 
85-28 0--4 O 5 95 

1 5-18 O O 100 
40--44 3 O 97 

85-29 0--3 5 6 89 
18-22 O 5 95 
33-37 O 3 97 
60--64 O 2 98 

100-- 105 9 2 89 






