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PREFACE 

Of all the regions on planet Earth that have 
yet to be explored and mapped, the Arctic 
Ocean and its neighboring seas remain the 
most obscure, difficult to penetrate, and for 
decades, seemingly unchartable. Where 
swath mapping systems may routinely be 
used in temperate and tropical seas, towed 
or attached acoustic arrays can be shredded 
rapidly by even a random encounter with 
ice. Only penetrated by nuclear submarines, 
(until recently off limits to the research 
oceanographer), and the costly and small 
oceanographic icebreaker fleet, whose 
progress is limited to only a few knots 
through sea ice, the vast majority of the 
Arctic Seas remain poorly mapped. 

As a result, charts of the world's oceans are 
aften truncated north of 72°N. Because of 
the difficulties of actually getting to these 
regions with ships and then penetrating the 
ice cover, large scale geophysical mapping 
techniques (primarily from aircraft) have 
been the most common means of determi
ning the location of plate boundaries and 
the shape of neighboring seafloor. 

Efforts by Norwegians, Swedes and Danes 
in the last and early part of this century, 
capped by the epic voyages of Fridtjof 
Nansen, strove to document the vagaries of 
the Nordic Sea's physical, chemical and 
biological oceanography. While the eminent 
Norwegian oceanographer Håkon Mosby 
declared that since 1909, more observations 
about the world's oceans have been collec
ted in the Nordic Seas than in any other, 
sadly the same could not be said about 
observations of the seafloor beneath these 
Arctic waters. 

With the advent of single and multichannel 
seismie systems, the construction of several 
oceanographic ice-strengthened vessels and 
the growing international interest in the 
resources of the Arctic marginal seas, inve
stigation of the Norwegian-Greenland Sea 
and the neighboring Barents Sea expanded 
rapidly during the 1980s. Even with the 
growing interest, most expeditions are still 
limited to the narrow August-September 
weather window for exploration east and 
north of Svalbard. However, in spite of 
these limitations, voyages from France, 
Germany, the USA, the USSR (Russia), 
Norway, Denmark, Sweden, Great Britain 
and Canada have been successful in map
ping restricted regions in great detail. 
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The most recent compilations of Arctic sea
floor data were published in two large hooks 
called The Nordic Seas (Hurdle 1986), and 
Volume L of the Decade of North American 
Geology Series, The Arctic Ocean Region, 
(Grantz et al. 1990). A third compilation of 
seismie data collected over the Svalbard 
margin was published by Eiken (1994). 
The need fora seafloor atlas of the Norwe
gian-Greenland Sea arose from discussion 
about how one could present the large for
mat, high resolution multibeam and side
looking sonar information recently collected 
on numerous expeditions. Because of the 
long standing interest of the Norwegian 
Polar Institute in the geographical region, 
it seemed fitting that the compilation be 
published in one of the institute's research 
series. 

The information that we present is an inter
national effort to publish several detailed 
high-resolution maps representing data col
lected primarily within the last fifteen years. 
French multibeam data from the Mohns 
Ridge, German multibeam data from the 
Fram Strait and the western Norwegian
Greenland Sea, Norwegian-American Sea
MARC Il side-looking sonar and bathyme
tric data from the eastern and central 
Norwegian-Greenland Sea, to the Arctic 
Ocean north of Svalbard, British and 
German GLORIA coverage of the Green
land margin, Canadian compilations of 
multinational magnetic data (including re
cently released Russian data near Svalbard), 
Norwegian compilations of gravity data and 
Norwegian, American and German compi
lations of sediment and seismie data extrac
ted from multinational expeditions, are 
presented in this atlas. 

Funding for the publication of the Seafloor 
Atlas of the Norwegian-Greenland Sea 
comes from the Norwegian Polar Institute 
and from the Joint Oceanographic Institu
tions, in Washington DC, whose recent inte
rest in the Arctic stems from the efforts of 
the Ocean Drilling Program to investigate 
the role of the Fram Strait tectonic gateway 
on the changing climate of the world. 

It is our hope that these newly compiled 
maps of the Norwegian-Greenland Seafloor 
reach a wide audience whose interest lies in 
fields as diverse as paleo-oceanography, 
climate change and the evolution of a very 
young ocean basin. They are organized 

from regional to small-scale, with the majo
rity of the images representing high resolu
tion multibeam and swath mapping surveys. 
All citations and references are collated at 
the end of the atlas to allow the interested 
individual to search out sources for more 
detailed information about the respective 
subject. 

We gratefully acknowledge the Norwegian 
Polar Institute, Oslo, Norway, and the Joint 
Oceanographic Institutions of Washington 
DC, USA, for their financial support, as 
well as the numerous multinational funding 
agencies that sponsored the expeditions 
represented in this atlas and the individuals 
who spent countless hours in the production 
of their compilations and maps. We also 
thank Terje Sundberg, Einar Heitne, Espen 
Kopperud, and Anne Kari Bjørge for refi
ning and massaging the numerous forms of 
imagery. Annemor Brekke played a major 
role in designing the lay-out of the atlas. 
To all these assistants, authors and funders 
we are grateful. 

KATHLEEN CRANE, 

Washington DC, USA 

ANDERS SOLHEIM, 

Oslo, Norway 
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PLATES 1 &2 

BATHYMETRY OF THE NORTHERN NORWEGIAN
GREENLAND SEA 
NORMAN Z. CHERKIS AND PETER R. VOGT 

The bathymetric map of the Norwegian
Greenland Sea produced by Perry et al. 
(1980), contained a compilation of single
beam bathymetric data collected through 
1978 and was published at a scale of -1:2.3 
million. Further refinements were made to 
this map and published as part of a subse
quent Naval Research Laboratory (NRL)
produced chart: Bathymetry of the Arctic 
Ocean (Perry et al. 1986), at a scale of 
-1:4.7 million. The 1986 version contained 
German multibeam bathymetry collected in 
1984 and 1985 in the Fram Strait and over 
Vesteris Seamount (Alfred Wegener Insti
tute (AWI); GEOMAR), as well as data 
from several early 1980s at-sea geophysical 
programs conducted by NRL. A 1991 
compilation (Cherkis et al. 1991a): The 
Bathymetry of the Barents and Kara Seas, 
portrayed the shelf break area between the 
Barents and Norwegian-Greenland Seas, 
and included refinements of the Fram Strait, 
Yermak Plateau and Nordaustlandet areas 
obtained from new data collected by AWI, 
GEOMAR, NRL, the University of Bergen 
and Lamont-Doherty Earth Observatory. 

The present compilation contains major 
revisions to the 1980 and 1986 works, in
cluding new multibeam bathymetry from 
the Fram Strait, Vesteris Seamount and the 
Knipovich Ridge (AWI; GEOMAR; NRL), 
Mohns Ridge (IFREMER; AWI; GEO
MAR; NRL), Bear Island Fan (GEOMAR; 
NRL) and the Svalbard archipelago (Norsk 
Polarinstitutt and Norges Sjøkartverk). 
Enhanced single-beam bathymetry and 
sidescan sonar imagery data were collected 
over Jan Mayen Fracture Zone, Knipovich 
Ridge, Bear Island Fan and Yermak Plateau 
by the RIV Kane and RIV Håkon Mosby, 
during NRL and University of Bergen; 
NRL, Lamont-Doherty Earth Observatory, 
Scripps Institution of Oceanography and 
Hunter College field programs. The east 
Greenland shelf data were enhanced by 
single-beam bathymetry collected by resear
chers from the US N aval Post Graduate 
School. In areas where no new data had 
been collected (or were unknown to the 
compilers), contours are based on the maps 
of Perry et al. (1980; 1986) and Cherkis et 
al. (199la). 

Ship tracks and survey regions which con
tributed to this new bathymetry compilation 
are presented in detail in this atlas and are 
illustrated on Plate 2. Sources of data are 
taken from the following references: 
Alekshin & Verba (1979), AWI & GIK 
(1989), Baturin (1987; 1988), Baturin & Yu-

nov (1987), Baturin & Nechkhaev (1989), 
Baturin & Yunov (1989), Beal (1969), 
Birkenmajer (1981), Boyd (1935; 1948), 
Briseid & Mascle (1975), Buehardt (1981), 
Bugge et al. (1987), Charov & Krasil'shchi
kov (1981), Cherkis et al. (1989; 1991a, b; 
1992; 1994), Cherkis & Max (1991; 1992), 
Dekko & Rokoengen (1980), Dibner et al. 
(1970), Eggvin (1963), Eldholm & Ewing 
(1971), Gramberg (1988), Grønlie & 
Talwani (1979), Gudlaugsson et al. (1987), 
Guterch et al. (1978), Hagevang (1978), 
Heezen & Ewing (1961), Heezen & Tharp 
(1975), Helland-Hansen & Nansen (1909), 
Hempel et al. (1991), Herman (1974), 
Hjelle & Lauritzen (1982), Holtedahl 
(1940); Holtedahl & Holtedahl (1961) 
Houtz & Windisch (1977), Hurdle (1986), 
Johnson & Eckhoff (1966), Johnson & 
Heezen (1967), Johnson et al. (1979), 
Klenova (1960), Kovacs & Vogt (1982), 
Kristoffersen et al. (1989), Laktionov 
(1959), Lauritzen & Ohta (1984), Litvin 
(1965), Lowell (1972), Løvø et al. (1990), 
Malod & Mascle (1975), Matishov (1975; 
1979; 1986a; 1986b; 1987), Matishov et al. 
(1984), Medvedev & Pavlidis (1984), 
Meyer et al. (1972), Nansen (1904), 
Neprochnov et al. (1984), Norges Sjøkart
verk (1988), Nunns (1980; 1982), Ohta 
(1982), Perry et al. (1980; 1986), Perry 
(1986), Renard & Malod (1974), Rice et al. 
(1989), Riis et al. (1986), Rønnevik (1981), 
Rønnevik & Motland (1979), Rønnevik et 
al. (1982a, b; 1984), Rønnevik & Jacobsen 
(1984), Savostin & Karasik (1981), Sorokin 
(1987), Sverdrup (1933), Thiede et al. 
(1990), Volkov (1961), Winsnes & Worsley 
(1981), and Åm (1975). 
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PLATE 3 

SEAFLOOR ECHO CHARACTER OF THE NORTHERN 
NORWEGIAN-GREENLAND SEA 
STEPHANIE L. PFIRMAN AND HEIDEMARIE KASSENS 

Acoustic echo character of the seaftoor in 
the Norwegian-Greenland Sea was original
ly investigated by Damuth (1978). Our echo 
character compilation extends his analysis 
using a similar echo classification scheme 
with 3.5 kHz profiles courtesy of the Alfred 
Wegener Institute for Polar and Marine 
Research, the US Naval Research Labora
tory, as well as Lamont-Doherty Earth 
Observatory. 

Echo Classifications 

Echo classifications reftect those defined by 
Damuth ( 1978), with modifications as noted 
( see types IB *, HIA*, IHD, IV): 

Type IA-2: distinct bottom echoes with 
intense, closely spaced hummocks. 

Type IB: continuous sharp bottom echoes 
with several continuous, sharp, parallel sub
bottom reftectors which persist for tens to 
hundreds of kilometers. Within the Boreas 
Basin, a region where type IB reftectors are 
underlain by one or more acoustically trans
parent deposits (type IB*) was mapped. 

Type IC: continuous, sharp bottom echoes 
with one or more sharp, wedging or lens
shaped subbottom reftectors. 

Type IIA: semiprolonged bottom echoes 
with intermittent zones of discontinuous, 
subbottom reflectors. 

Type IIB: prolonged bottom echoes with 
few or no subbottom reftectors. 

Type HIA: large, irregular, overlapping 
hyperbolae with widely varying vertex elev
ations above the sea floor. This echo type 
was separated into two categories: one with 
common intervening sediment pockets (type 
HIA*) and one without (type HIA). 

Type IIIC: regular overlapping hyperbolae 
with varying vertex elevations above the sea 
ftoor. 

Type IIID: regular, semi-periodic features 
with subbottom reflectors. This echo type is 
modified from that used by Damuth (1978). 
Here it encompasses migrating and non
migrating sediment waves, and may also in
clude some channel levee deposits, slumps 
and periodic faulting. 
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Type IV: periodic focusing of the acoustic 
retum. This type was not identified by 
Damuth (1978). 

Regional Characteristics 

Sediments on the continental shelves in 
this region are often disturbed by iceberg 
gouging, resulting in a hummocky surface 
retum (type IA-2). Iceberg gouging is appa
rent down to more than 400 m water depth. 
Here the surf ace becomes smooth and 
retums a prolonged signal (types HA and 
HB). The prolonged retum probably repre
sents an increase in the amount of bedded 
silt/sand (Damuth 1978) perhaps due to 
mass wasting and winnowing of seaftoor 
sediments by currents ftowing along the 
continental margins. A region heavily inftu
enced by mass wasting exists just to the 
west of the Bear Island Trough. The unusu
al wedging reftectors (type IC) observed by 
Damuth (1978) are due to mud ftows that 
form elongated tongues on the continental 
slope and rise (Sundvor et al. 1991; Vogt et 
al. 1991a, b; Vogt et al. 1993; Laberg & Vor
ren 1995). 

The Mohns and Knipovich Ridges extend 
through the center of the study area. These 
active plate margins are represented by 
hyperbolic retums from basement highs, 
either with (type HIA*) or without (type 
HIA) pockets of sediment. 

The sedimentary section in the Boreas Ba
sin (Boreas Abyssal Plain) and much of the 
deeper portions of Fram Strait consist of 
conformable reftectors, most likely repre
senting bedded sediment with little silt or 
sand (type IB: Damuth 1978). Generally, 
evidence for sediment disturbances is confi
ned to the vicinity of basement highs along 
the basin margins. In water depths excee
ding 3,200 m, two deep transparent layers 
(type IB*) are observed at approximately 
20 msec subbottom depth (Pfirman 1987). 
Because they are confined to the deepest 
part of the basin, these layers appear to 
represent large-scale gravity-inftuenced 
sediment ftows. 

Sediment characteristics of the Greenland 
Basin (Greenland Abyssal Plain) are quite 
different. Damuth (1978) and Pfirman 
(1987) noted that large regions of the wes
tern basin have hyperbolic retums (HIC), 

and prolonged reftectors (HA and HB), with 
numerous erosional channels and patches of 
migrating sediment waves (HID). These 
echo characteristics indicate sediment rede
position including mass wasting. A large 
sediment drift (1 sec thick) with a pronoun
ced moat, observed on seismie profiles run 
parallel to the 3.5 kHz profiles, indicates 
long-term contour current activity in this 
region. 

To the northeast of Vesterisbanken is a regi
on with an unusual sediment characteristic: 
the acoustic retum is periodically focused 
and defocused in patches slightly raised 
above the adjacent sea ftoor (called here 
type IV). These features resemble so-called 
"pagoda" structures (Emery 1974) and may 
represent current-inftuenced sedimentation. 

The sediment disturbances observed in the 
Greenland Basin are in marked contrast to 
the comparatively quiescent accumulation 
of the Boreas Basin. One reason for the 
diff erence could be the fact that numerous 
cross-shelf troughs extend across the Green
land shelf just west of the Greenland Basin, 
while there is a large bank, (Belgica Bank), 
on the shelf to the west of the Boreas Basin 
(Pfirman 1987). Transverse shelf troughs 
are thought to have formed by glacial ero
sion and can act as conduits for water and 
sediment under certain conditions. Supply 
of sediment and cascading dense water 
from the shelf and slope into the Greenland 
Basin may have contributed to the sediment 
disturbances observed there. Additional 
evidence for downslope transport can be 
seen in the GLORIA image presented by 
Mienert et al. (1995). 





PLATE 4 

FREE-AIR GRAVITY FIELD OF THE NORTHERN 
NORWEGIAN-GREENLAND SEA 
JAN INGE FALEIDE 

Map construction 

The free-air gravity anomaly map of the 
northern Norwegian-Greenland Sea and ad
jacent areas has been compiled from several 
new sources of data incorporating two 
regional maps presented by Faleide et al. 
(1984b) which included a large number of 
new measurements carefully evaluated in 
terms of data quality. After corrections had 
been made for the systematic differences of 
gravity values measured at ship track inter
sections, the maps were manually contoured 
with a 10 mGal contour interval, with less 
weight given to the data considered of low 
quality. In the Norwegian-Greenland Sea, 
the bathymetry was used as a guideline for 
contouring when there were limited data. 
Structural information from multichannel 
seismie data guided the contouring in some 
parts of the Barents Sea. The data coverage 
for Faleide et al.'s (1984b) map was in gene
ral quite satisfactory, with the exception of 
the western Norwegian-Greenland Sea and 
northern Barents Sea which were poorly 
mapped due to the ice conditions. Using the 
same approach, Faleide (in Breivik 1991) 
made a similar gravity map covering the 
area south of 73 °N and east of 0°. The pre
sent map is based on maps and data from 
Faleide et al. (1984a, b), Breivik (1991), 
Talwani & Grønlie (1976), Austegard & 
Sundvor (1991), the Norwegian Geological 
Survey, NGU (unpublished), and the Norwe
gian Mapping Authority (unpublished). 

Map Characteristics 

Both the Mohns and Knipovich Ridges 
(Fig. 1) are easily distinguished in the gravi
ty anomaly map where they are characteri
zed by elongate negative or small positive 
anomalies. The continuity of this belt indi
cates that no transform faults presently off
set the ridge axis. The Knipovich Ridge rift 
valley appears to be continuous, striking 
north-northwesterly between 74°N and 
76°N. The axial trend changes to due north 
at about 77°N. Between 76°N and 77°N 
several positive gravity anomalies form a 
northwest-southeast lineament (Fig. 2). 

The most prominent anomaly to the west of 
the ridge is associated with the Greenland 
Fracture Zone. West of 2°E the fracture 
zone has a well defined linear northwest
southeast trend. This positive gravity ano
maly (with a maximum of 117 mGal) is as
sociated with a basement ridge (Eldholm & 

Windisch 1974). Close to the mid-ocean 
ridge, no obvious lineaments in the gravity 
field outline the fracture zone. However, 
several positive gravity anomalies in this 
area indicate a more easterly azimuth for this 
part of the fracture zone. This change is 
probably related to the reorganization of rela
tive plate motion at about 36 Ma (Talwani & 
Eldholm 1977). The different levels of the 
gravity field on either side of the Greenland 
Fracture Zone reflect the different crustal 
ages and basement elevations across the frac
ture zone. The bathymetry also showsa regi
onal difference of approximately 500-700 m. 

30'W 20'W 10'W O' 

I 

SO'N 

I 

I 

I 

I 
I 

I 

I 
I 

I 
I 

The decrease of the free-air anomalies to
wards the Hovgård Fracture Zone appears 
to be partly associated with an increasing 
depth to oceanic basement. Two pronoun
ced gravity maxima coincide with the Hov
gård Fracture Zone and in general reflect 
the bathymetry of the segmented submarine 
ridge. However, the ( 42 mGal) difference in 
maximum values between the two ridge 
segments does not appear to be any simple 
topographic effect because the eastern seg
ment is even deeper than the western seg
ment. It may be attributed to an important 
difference in the densities of the underlying 
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Figure 1. Major Tectonic Features in the Norwegian-Greenland Sea. 
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Main structuralfeatures: MFZ = Molloy Fracture Zone; HFZ = Hovgård Fracture Zone; 
HR = Hovgård Ridge; MR = Molloy Ridge; NR = Nansen Ridge; SpFZ = Spitsbergen 
Fracture Zone; 1 =present plate boundary; 2 = fracture zanes; 3 = continent-ocean 
transition along the western Barents Sea-Svalbard margin; 4 = shelf edge ( 500 m water 
depth); 5 = magnetic lineations. 
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rocks (Eldholm & Myhre 1977). Possibly, 
it reflects the different crustal nature of the 
two ridge blocks (Myhre et al. 1982). 

Between the Knipovich Ridge axial provin
ce and the Svalbard margin the gravity field 
is subdued. Seismie reflection and refraction 
data indicate a thick sediment cover exten
ding from the continental shelf to the eas
tern axial mountains (Eiken & Austegard 
1987; Myhre & Eldholm 1988). 

Large elongate positive free-air gravity ano
malies are present seaward of the continent
ocean transition along the western Barents 
Sea continental margin. The anomalies are 
most pronounced at the sheared margin seg
mentsalong the Senja Fracture Zone (SFZ) 
(70°-73°N and ll.5°-15.5°E) and the south
ern Hornsund Fault Zone (HFZ) (74.5°-
76.50N and 13°-16°E) (Fig. 1). Here, the 
crustal transition coincides with the gravity 
gradient on the eastern flank of the positive 
anomaly beits (Faleide et al. 1991). Be
tween these beits, along the central rifted 
margin segment southwest of Bjørnøya, 
there is another well-defined but less promi-
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nent anomaly belt associated with the Vest
bakken Volcanic Province. 

The location of all three gravity anomaly 
beits strongly implies a relation between 
fundamental properties of the oldest oceanic 
crust and with structures formed during the 
initial phase of opening (Eldholm et al. 
1987). Results from a transect of expanding 
spread proft.les (ESP) across the Hornsund 
Margin (Kitterød 1986) reveal normal oce
anic crust west of the gravity anomaly. 
Beneath the anomaly the crust maintains a 
normal oceanic thickness, but a 7 .1 km/s 
velocity is measured just below the base
ment surface. In order to satisfy the obser
ved gravity data along the transect, Myhre 
& Eldholm (1988) had to introduce a high
density crust, 3.0-3.1 g/cm3, beneath the 
main anomaly seaward of the Hornsund 
Fault Zone. Similar results are obtained 
along a transect of Expanding Spread Proft.
les (ESP) across the Senja Fracture Zone 
where Jackson et al. (1990) reported higher 
velocities than normal for oceanic layer 2 
and a slightly thinner crust. 
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Abnormally high seismie velocities near the 
top of the basement suggest that isolated 
high-density bodies produce the large gra
vity anomalies west of the Senja and Hov
gård Fracture Zones. Eldholm et al. (1987) 
suggested that the anomalies are caused by 
intrusions of asthenospheric material from 
levels deeper than at a spreading ridge, wit
hin a leaky transform fault zone surrounded 
by relatively thick continental crust. The 
maximum positive gravity anomalies along 
the margin coincide with the maximum 
thickness of Cenozoic sediments associated 
with the Bjørnøya and Storfjorden Fans 
(Breivik 1991). The deep burial and loading 
bya thick (up to 4-6 km) wedge of sedi
ments probably also contribute to the calcu
lated high velocities of the oceanic crust. 

Breivik (1991) modelled a series of crustal 
transects across the western Barents Sea
Svalbard margin. In order to obtain a match 
with the observed gravity field, he had to 
introduce lateral density contrasts in the 
mantle probably related to a thermal ano
maly/gradient. 

Along the western Svalbard margin the rela
tionship between the gravity field and the 
continent-ocean boundary (Fig. 1) is much 
less clear, although the north-northwest 
structural trend is reflected by the anoma
lies. The narrow (132 mGal) local high at 
77°N is believed to be caused by a local 
intrusive body surrounded by less dense 
continental crust along the Hornsund Fault 
Zone (Myhre & Eldholm 1988). 

In the southwestern Barents Sea, the free-air 
gravity field reveals a first-order correlation 
with the subsurface structures of deep 
basins and intrabasinal highs/ridges. North 
of 74°N, a system of generally positive 
anomalies is associated with the Svalbard 
Platform. 

Figure 2 illustrates the true gravity color 
scheme as a reference for Plate 4 which 
depicts free air gravity superimposed over 
bathymetry. 
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Figure 2. True color Free-Air Gravity Map 
of the Norwegian- Greenland Sea. 







PLATE 5 

MAGNETIC ANOMALIES OF THE NORTHERN 
.NORWEGIAN-GREENLAND SEA 

RON MACNAB AND JACOB VERHOEF 

Map Construction 

This map was produced from a compilation 
of marine and airbome magnetic observa
tions that were collected by or on behalf of 
the following organizations: the Lamont
Doherty Earth Observatory, Palisades NY, 
USA; the US Naval Research Laboratory, 
Washington DC, USA; the US Naval Oce
anographic Office, Stennis Space Center 
MS, USA; the Marine Geology Institute, 
Murmansk, Russia; the Geological Survey 
of Norway, Trondheim, Norway; and the 
Geological Survey of Greenland, Copen
hagen, Denmark. 

The original data sets consisted of total 
magnetic field observations along ship and 
aircraft tracks, the latter flown at an average 
altitude of 300 metres above sea level. After 
initial editing to remove spikes and other 
obvious errors, the observations were redu
ced to anomaly values through application 
of the International Geomagnetic Reference 
Field (IGRF), and then merged. A technique 
of minimum curvature was used to grid the 
combined anomaly values over a grid spa
cing of 20 points per degree of latitude and 
longitude, yielding a grid density of 400 
points per degree square. This grid was used 
to produce a color shaded relief map, with 
artificial illumination from the northwest 
to emphasize the anomaly field's fine struc
ture. 

The data sets used in the production of this 
map were assembled and merged at the 
Atlantic Geoscience Centre of the Geologi
cal Survey of Canada, within the framework 
of a larger project to compile magnetic ob
servations from the Arctic and North Atlan
tic Oceans and adjacent land areas. The grid 
portrayed here is a preliminary product of 
that compilation effort. Users may place 
confidence in the major features that are 
shown, but some of the map's detailed 
aspects remain questionable pending more 
definitive adjustments that must still be 
applied to the final compilation grid. 

Map Characteristics 

The geomagnetic field pattems shown on 
this map are indicative of the general nature 
and distribution of material in the earth's 
crust beneath the seafloor. They also pro
vide a record of tectonic plate movements 
over geological time. For example, the 
stripes in the northem and southem parts 

of the map reflect the formation of altema
ting hands of normally and reversely mag
netized rock at mid-ocean spreading centers 
over the past 56 million years, while the po
larity of the earth's magnetic field switched 
successively between positive and negative 
directions. 

Both sets of magnetic stripes are truncated 
by prominent bathymetric features: the Jan 
Mayen, the Greenland, and the Spitsbergen 

Fracture Zones. Between the Greenland and 
Spitsbergen Fracture Zones, the magnetic 
field has a less well-defined pattem, sugges
ting a regional process of crustal fracturing 
and dislocation created while the Eurasian 
and Greenland plates changed the direction 
of their relative motion. 
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PLATE 6 

CRUSTAL HEAT FLOW IN THE NORTHERN 
NORWEGIAN-GREENLAND SEA 
EIRIK SUNDVOR AND KATHLEEN CRANE 

Heat flow data were first collected on the 
Svalbard margin in the area south of the 
Hovgård Fracture Zone and reported by 
Lachenbruch & Marshall (1968), Lubimova 
et al. (1973), and Langseth & Zielinski 
(1974). Additional data along and north of 
the Molloy and Spitsbergen Transform 
Faults were reported by Crane et al. (1982) 
and Jackson et al. (1984). To study the basin 
evolution of the Norwegian continental 
margin, Elf Aquitaine, Norge, the Depart
ment of Geology, University of Oslo, the 
Seismological Observatory (now the Institu
te of Solid Earth Physics) of the University 
of Bergen and Lamont-Doherty Geological 

Observatory (now Lamont-Doherty Earth 
Observatory) of Columbia University, car
ried out a cooperative research project du
ring the period of 1983-1986. It included a 
series of margin transects where heat flow 
measurements, cores and high resolution 
seismie data were collected. Two of the 
transects were undertaken on the Svalbard 
margin (Crane et al. 1988; Crane et al. 1991). 
Because of the poorly resolvable magnetic 
anomalies in the region, they used the data 
to model both the spreading rate of the 
Knipovich Ridge and the age of the adja
cent oceanic crust. The Seismological 
Observatory of the University of Bergen 
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undertook an additional heat flow expedi
tion in 1984 (Sundvor 1986). A total of 96 
measurements were taken in the area north 
of 78°N. In addition, measurements were 
made at 19 stations on the Barents Sea 
margin between 70°N and 73°N. 

Methodology 

The 1968 measurements were collected 
from an ice island that flowed into the 
Den-mark Straits (Lachenbruch & Marshall 
1968). Measurements made by Lubimova et 
al. (1973), Langseth & Zielinski (1974), and 
Crane et al. (1982) were carried out using 
outrigger probes on a piston core achieving 
3.5-5 m penetrations into the sediment. 
The 1984 and 1986 temperature gradient 
measurements were recorded using a Nor
wegian instrument built at the Lamont
Doherty Geological Observatory. The ther
mistor probes were mounted on outriggers 
several centimeters away from a solid lance 
that was attached to a corehead weight. The 
instrument was dropped into the sea bottom 
and left for several minutes, permitting a 
correction for the effect of transient fric
tional heating which occurs when the lance 
penetrates the sediments. The instrument 
also monitored the bottom water tempera
ture and the tilt of the instrument package. 
The same instrument was used on the Ger
man Arctic Expedition ARK IV /3 (Sundvor 
& Torp 1987) where 21 measurements were 
made. The rest of the measurements inclu
ded in the contoured map were recorded 
using the IFREMER heat flow instrument 
which is based on a modified Anderaa ther
mistor string refurbished for enhanced reso
lution and attached onto the outer part of 
the piston core barrel. 

During the 1984 and 1986 surveys, thermal 
conductivities were measured on sediment 
samples retrieved from piston and gravity 
cores using the needle-probe method (von 
Herzen & Maxwell 1959). A Fenwal probe 
consisting of thermistor and heating wire 
was used. The thermal conductivities were 
measured at 10 cm intervals along the cores 
and the values corrected to 'in situ' conditi
ons (Ratcliffe 1960). At temperature gradi
ent stations where no cores were taken, con
ductivity measurements from neighboring 
stations were used to calculate heat flow. .... 

( continued page 29) 

Figure 3. True Color Crustal Heat Flow Map 
of the northern Norwegian-Greenland Sea. 







PLATE 7 

SEDIMENT CORE LOCATIONS IN THE NORTHERN 
NORWEGIAN-GREENLAND SEA 

HEIDEMARIE KASSENS, HANNES GROBE, STEPHANIE PFIRMAN, ROBERT SPIELHAGEN AND JbRN THIEDE 

Core locations are compiled from data sup
plied by the Alfred Wegener Institut flir 
Polar und Meeresforschung (A WI) in Bre
merhaven, (Special Research Program 313), 
from GEOMAR, Forschungszentrum flir 
Marine Geowissenschaften der Christian
Albrechts-U ni versitat zu Kiel, from Chris
tian-Albrects-Universitat zu Kiel, from 
Norsk Polarinstitutt, from Institutt for bio
logi og geologi, Universitetet i Tromsø, and 
from Lamont-Doherty Earth Observatory of 
Columbia University in New York. 

In addition, drill sites from the Deep Sea 
Drilling Project, Leg 38 (Talwani, Udintsev 
et al. 1976) and the Ocean Drilling Program, 
Leg 151 (ODP Leg 151 Shipboard Scienti
fic Party 1994) are included. 

A wide range of devices (such as box, 
gravity and piston cores) were used during 
these expeditions. The source institutions 
should be contacted about the cores and 
their contents. 

( continued from page 24) 

~ Map Characteristics 

A glance at Plate 6 reveals the distribution 
of the stations of observed heat ftow from 
which the contours are drawn. It is readily 
apparent that there is a paucity of data along 
the rise axis (which is expected due to the 
lack of sediment in the rift valley of the 
spreading center). The greatest density of 
data, adjacent to Svalbard, reveal three regi
ons of elevated heat ftow > 150 mW/m2: the 
Knipovich Ridge, the entire Molloy and 
Spitsbergen Transform Region, and a paral
lel band of high heat ftow atop the Yermak 
Plateau connecting with the Woodfjord vol
canics on Svalbard. 

Even though there is a paucity of bathyme
tric data along the northemmost Spitsbergen 
Transform, heat ftow collected from the 
YMER icebreaker (Crane et al. 1982), reveal 
that there are most likely two pull-apart, 

short-segment spreading centers within the 
Spitsbergen Transform: the Molloy Ridge 
(already described in the above mentioned 
articles), and one trending NE reaching 
from the Spitsbergen Transform up to the 
Yermak Plateau. The thermal boundaries of 
the latter mid-transform "pull-apart basin" 
are poorly defined by only three heat ftow 
values ranging from 212-442 mW/m2• 

Further south, high heat ftow can be found 
along the Mohns Ridge in a linear shaped 
region trending perpendicular to the Mohns 
Ridge, NW towards Greenland and SE to
wards northem Norway. In addition, the Jan 
Mayen Transform Fault appears to be asso
ciated with high heat ftow. The fact that 
transform faults in the northem Norwegian
Greenland Sea are "hot" rather than "cold" 
is in marked con trast to the theory that frac
ture zones are "heat sinks" that cut across 
oceanic crust. Certainly, tectonic evidence 

suggests that the evolution of the Norwegi
an-Greenland Sea is characterized by propa
gating ridges jumping or moving into pre
existing fracture zones. The most recent 
example of this is the propagation of the 
Mohns Ridge into the ancient Spitsbergen 
Shear Zone forming the Knipovich Ridge in 
the process (Crane et al. 1991). 

Figure 3 illustrates the true heat ftow color 
scheme as a reference for Plate 6 which de
picts crustal heat ftow superimposed over 
bathymetry. 
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PLATES 8-64 

SEAMARC Il INVESTIGATIONS OF THE NORTHERN 
NORWEGIAN-GREENLAND SEA 

KATHLEEN CRANE, PETER R.VOGT, EIRIK SUNDVOR, ALEXANDER SHOR AND THOMAS REED IV 

The high latitude Norwegian-Greenland Sea 
isa natural laboratory to study the growth 
of a narrow, young ocean basin dominated 
by very slow opening across one of the 
world's longest fracture zones. Because of 
its proximity to the Arctic ice pack, this sea 
has remained relatively unexplored. It is a 
remote region that has been of great interest 
to the international scientific community 
because within it lies the only deep-water 
entrance into the Arctic Ocean (known as 
the Fram Strait). The strait was created by 
seafioor transtension across the lengthy 
Palea-Spitsbergen Fracture Zone, which 
once was one of the longest shear zones on 
the surface of the Earth. 

Fault-controlled passages between ocean 
basins infiuence the hydrography of the 
world ocean because their morphology and 
bathymetry control the exchange of water 
masses. The Fram Strait is one of the most 
important of these deep passages, because it 
plays a pivotal role in the Earth's recent 
ocean hydrography and paleo-environmen
tal evolution (Gammelsrød & Rudels 1983). 
Heat exchange via transport of water and 
sea ice through this passage infiuences glo
bal climate and oceanography. However, 
this region is very complex, and nearly all 
geophysical parameters used to reconstruct 
seafioor geological history, are abnormal re
lative to the rest of the world ocean basins 
Chan & Mitchell (1985), Crane et al. (1982; 
1988; 1991; 1992), Doss et al. (1991), Eld
holm et al. (1984; 1990), Faleide & Gud
laugsson ( 1981 ), Feden et al. (1979), Gayer 
et al. (1966), Kellogg (1975), Myhre & 
Eldholm (1981; 1988), Myhre et al. (1982), 
Okay et al. (1991), Okay & Crane (1993), 
Okay ( 1994 ), Ostenso ( 1968), Phillips et al. 
(1982), Sundvor et al. (1975; 1977; 1978; 
1979; 1982a,b; 1991), Sundvor & Eldholm 
(1976; 1979), Sundvor & Torp (1987), Vogt 
(1968; 1986), Vogt & Avery (1974), and 
Vogt et al. ( 1978; 1979; 1981; 1982; 
199la,b). 

Therefore, deciphering when and at what 
rate the Norwegian-Greenland Sea and the 
Fram Strait formed is a formidable task, 
but nonetheless it is a necessary goal if the 
paleoclimatic history is to be unraveled. 

The complexity of the plate boundary in the 
Norwegian-Greenland Sea refiects the com
plex opening history in this area. Seafioor 
spreading in the Norwegian-Greenland Sea 
and the Arctic Ocean started at approxima
tely 66-57 million years (Ma) befare the 
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present. The relative motion between Sval
bard (Spitsbergen) and Greenland was 
approximately northeast-southwest from the 
Mohns Ridge, with no crustal extension in 
the northem Norwegian-Greenland Sea. 
The palea-Spitsbergen Fracture Zone acted 
as the plate boundary between the incipient 
southem Norwegian-Greenland Sea and the 
Arctic Ocean linking the Mohns Ridge to 
the Nansen Ridge. 

About 36 Ma the east-west component of 
opening increased allowing the mid-oceanic 
ridge to move northward into the Spitsber
gen Fracture Zone. This started transten
sional seafioor spreading in the northem 
Norwegian-Greenland Sea along the Knipo
vich Ridge. Heat fiow data also confirm that 
spreading began earlier in the South than 
in the North. The rate of opening along the 
more northerly Knipovich Ridge is even 
slower. By using heat fiow data, it has been 
estimated that the North American Plate in 
this region is growing 1.5 times faster than 
the Eurasian Plate 

Analysis of heat fiow data suggests that the 
Knipovich Ridge propagated northward at a 
rate of 1 degree per 10 Ma commencing at 
60 Ma at a latitude of 75°N. Evidence for 
further northward rift propagation exists on 
the northerly Yermak Plateau adjacent to 
Svalbard. Additional heat fiow data suggest 
that faults along the plateau (which were 
apart of the more extensive and ancient 
Spitsbergen Fracture Zone system) are 
serving as present-day channels through 
which heat from a subjacent body of 
magma escapes to the seafioor. 

SeaMARC Il Survey 

To resolve the evolution of the northem 
Norwegian-Greenland Sea, two SeaMARC 
Il side-looking sonar and bathymetric 
swath-mapping expeditions aboard the 
Norwegian ship Håkon Mosby took place in 
the fall of 1989 and 1990. The SeaMARC Il 
system ( operated out of the Hawaii Institute 
of Geophysics) isa shallow-tow vehicle 
(50-100 m) with port-starboard coverage 
and a tow-speed capability of up to 10 
knots. It operates at frequencies of 11 and 
12 kHz with short transmission pulses. The 
qualitative backscattering measurements 
from the imagery are useful for determina
tion of bottom slope and texture and large
scale regional trends. 

The program, a cooperative effort involving 
the University of Bergen, Norway, the US 
Naval Research Laboratory, the Lamont
Doherty Earth Observatory, Hunter College 
of CUNY, Scripps Institution of Oceano
graphy, and the Hawaii Institute of Geophy
sics investigated the Knipovich Ridge, 
Molloy Ridge, Molloy Transform Fault, 
southwestem Yermak Plateau, the northem 
Svalbard margin, and the Svalbard-Barents 
Sea continental margin. 

Navigation was by transit, Global Positio
ning System satellites and range-range 
mode Loran C. Sea ice placed a northem 
limit of 80°05'N on the first expedition and 
82°N on the second expedition. Neverthe
less, the shipboard teams collected 11,000 
line-kilometers of geophysical data, inclu
ding SeaMARC Il sidescan and bathymetry, 
3.5 kHz bathymetry, gravity and magnetics. 
In addition, high-resolution 38 kHz single
beam bathymetry was obtained at water 
depths less than 2,500 m. About 80,000 km2 

of the seafioor was mapped by side-looking 
sonar and roughly half that area was bathy
metrically swath-mapped. 

Proc2ssing the SeaMARC Il Data 

The usefulness of synoptic seafioor surveys 
has been limited in the past by the minimal 
extent to which the user can interact with 
the resulting survey data. Paper collage 
mosaics, while qualitatively spectacular at 
times, require significant manual effort, are 
fragile, limited in navigational accuracy and 
data dynamic range, and provide little in the 
way of quantitative information. Of late, 
significant efforts have been made to quan
tify both the physical products and the inter
pretations derived from these surveys. 

In order to improve the noisy SeaMARC li 
bathymetric data and to geometrically cor
rect the degraded images by warping them 
to the smoothed SeaMARC Il bathymetric 
surface, the following processing scheme 
was recently adopted by K. Crane and T. 
Reed (Reed et al. 1992): 

1. The bathymetric data were edited, filtered 
to produce a smooth bathymetric surface, 
and corrected within the bounds of previous 
contour data. 

2. The sidescan image pixels were co-regis
tered with the bathymetry on the basis of 
known pixel slant range. This procedure 



removes both the distortion caused by bot
tom tracking errors and the layover distor
tion resulting from violation of the flat-bot
tom assumption. Like most sidescan sonar 
systems, SeaMARC Il applies a slant range 
correction based upon the assumption that 
the depth across track is constant and equal 
to that detected at nadir for each ping. This 
'flat-bottom' assumption will create a geo
metrically correct image provided that the 
bottom is flat athwartships, and the nadir 
depth detection is correct. In the N orwe
gian-Greenland Sea survey, the cross-track 
depth variations, often in excess of 2-3 km, 
severely violate the flat-bottom assumption. 
This is most noticeable in the Molloy Ridge 
rift valley. 

The completed mosaics, corrected for depth 
variations, are presented in the atlas as regi
onal maps representing merged bathymetry 
and side-looking sonar imagery (Plates 8-
11), as 3-D low angle oblique views of the 
seafloor (Plates 12-13), and as 49 tiles 
(Plates 15-63). Each tile is comprised of 
two parts: a) the side-looking sonar back
scatter information and b) the merged 
bathymetry and side-looking sonar data. 
These tiles are the basis for the following 
interpretation of geological features on the 
seafloor. 

Sedimentary Processes 

Volcanic/tectonic features and their modifi
cation by mass wasting dominate the active 
plate boundary (Plate 64). However, much 
of the seafloor adjacent to and at times in-

cluding the northemmost tip of the Knipo
vich Ridge, is covered by thick layers of 
continentally derived sediment. Notable se
dimentary fea-tures include pockmarks, ice
berg plow marks, channels, gullies, slumps 
and bottom current effects (Vogt et al. 1991a, 
b, 1993, 1994a, b, c; Cherkis et al. 1992; 
Okay 1994). 

Roughly 100 pockmarks were imaged, scat
tered across thickly sedimented parts of the 
area (Tile 16, Plate 30). The pockmarks 
appear as small dark speckles, barely 
resolvable in the side-looking sonar images 
and unresolvable in the swath bathymetry. 
At least half of the pockmarks occur in a 
narrow crestal belt along Vestnesa Ridge, 
a 1,300 - 1,500 m deep spur extending from 
the west Svalbard margin almost to the 
Molloy Ridge. Where crossed by single
channel echosounders, the pockmarks are 
bathymetric dimples around 100-200 m 
across and 10 m deep. The features are 
thought to have been derived by methane 
venting from a shallow clathrate (solid, ice
like gas hydrates) layer as also described by 
Solheim & Elverhøi (1993) from the Barents 
Sea. High heat flow from the nearby volca
nically active spreading center could cause 
the transformation from the frozen to the 
gaseous phase. Gas trapped below the 
clathrate would migrate up and collect 
under the Vestnesa "anticline" escaping 
through available cracks and faults. 

A reconnaissance made across the south
west Yermak Plateau revealed unambiguous 
iceberg plow marks to depths of 600 m 
(Vogt et al. 1994a) (Tiles 7, 15; Plates 

21,29). Broader, more subtle lineations 
extend to 900 m; deep even for large Pleis
tocene icebergs. The depression between 
the Yermak Plateau and the Vestnesa Ridge 
is occupied by a narrow, isolated channel 
extending from the Kongsfjord continental 
margin to the Molloy Ridge axial valley 
(Tile 16; Plate 30). 

One track from Svalbard along the 1,000 m 
contour south to the Bear Island Fan reveals 
the absence of large canyons along the wes
tern Svalbard margin (79°N - 75°N) (Tiles 
29, 30, 31; Plates 43, 44, 45), but canyons 
are prominent on the steep margin between 
74°15' N and 74°30'N (west of Bear Island) 
(Tile 33; Plate 47), with channels of lesser 
relief occurring interrnittently from there 
southward. Three east-west transects down 
the Bear Island Fan suggest that the fan 
comprises long (more than one hundred 
kilometers), complex fingers 5-10 km wide 
and incised by channels (Tiles 36-39; Plates 
50-53). See also Laberg & Vorren (1995, 
Plate 76) fora description of the Bear Island 
Fan. 

Adjacent to the Norwegian margin, the sea
floor is subjected to constant mass wasting. 
Large erosion channels and debris fields 
mark the imagery. Only a few slump scars 
were imaged, one at 74°55'N, 15°E and 
several on steep, thickly sedimented slopes 
in the Molloy Ridge/Transform area. Fea
tures that have possibly been generated by 
bottom currents appear in the side-looking 
sonar near the Molloy Transform. However, 
their proximity to this active fault means 
that a tectonic origin cannot be ruled out. 
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Volcanic/Tectonic Features 

The SeaMARC Il imaged the accreting 
Mohns and Knipovich Ridges, the Molloy 
Transform Fault, and the Molloy Ridge. Di
agonal contiguous sidescan swaths mapped 
the outcropping rift mountain and ridge 
fiank basement topography along the north
em Knipovich Ridge. The rift valleys are 
characterized by scallop-shaped faults, 
which mark their boundaries, which from 
north to south are tiles 17, 18, 19, 20, 12, 
13, 14, 37, 38, 40 (Plates 31, 32, 33, 26, 27, 
28, 51, 52, 54). Within the rift valley, faults 
and fissures trend obliquely to the more re
gional rift valley trend. Young lava fiows 
occur at 74°35'N 75°30'N 76°05'N and 
76°50'N (approximately 65-100 km apart). 
Oval-shaped basement highs that have been 
emplaced on the fianks of the rift are alig
ned parallel to the trend of the Molloy 
Transform Fault. These may either be rem
nant slices of continental crust or may be 
once-active volcanic centers that were raft
ed off the spreading center with plate mo
tion. Further geophysical investigation is 
needed to clarify their origin. 

Off-axial faults are not parallel to the over
all trend of the spreading center. Instead, the 
farther north the fault, the closer its position 
to the axis of spreading. Conjugate pairs of 
ff anking faults make a V-shaped pattem 

34 

about the rise axis, with the point of the V 
intersecting with the Molloy Transform 
Fault. 

The neotectonic expression of the Molloy 
Transform Fault is dramatic because sedi
ments have everywhere buried older base
ment topography. Two parallel transcurrent 
fault traces make up the transform itself, but 
a broader belt of deformed lineations stri
king 30-45 degrees with respect to the 
transform trend extends up to 10-30 km 
southwest from the transform axis. These 
structures curve gradually into the northem 
Knipovich Ridge (Tiles 16, 17, 18; Plates 
30, 31, 32). The Molloy Ridge, a pull-apart 
basin within the Spitsbergen Fracture Zone, 
has little conspicuous neovolcanic expres
sion, as its dramatic relief (1,500-5,500 m) 
is dorninated by mass wasting (Tiles 16, 22, 
23; Plates 30, 36, 37). 

The topographic and bathymetric maps pro
duced by the SeaMARC Il system provide 
additional evidence that the Knipovich Rid
ge is propagating northward. lf this model is 
correct for the opening of the Norwegian
Greenland Sea, and if the analysis of the 
heat fiow data is reasonable, then it can be 
suggested that the Fram Strait began to se
parate approximately 40 Ma, allowing ex
change of water masses between the Arctic 
and the Atlantic oceans. Propagation of the 
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ridge suggests that faulting and volcanic ac
tivity will continue to occur with greater 
magnitude on and north of Svalbard for mil
lions of years to come. 

Acknowledgements 

The authors would like to thank the crew of 
Håkon Mosby of the University of Bergen 
for their important contributions to the suc
cess of this project. Without their astute sea
manship, imagery as far north as 82°N 
would never have been collected. The aut
hors would also like to thank the N aval Re
search Laboratory, the Office of Naval Re
search, and the University of Bergen for 
funding support, the Hawaii Institute of Ge
ophysics for supplying computational and 
staff support for the processing of the data 
and the subsequent production of these Sea
MARC Il images. In particular, we would 
like to thank Bruce Appelgate, Clyde Nis
hamura, and Karen Sender, who greatly fa
cilitated the map production. We also grate
fully acknowledge the other individuals 
who assisted in the data collection efforts: 
Chris Jones, Christian deMoustier, Hany 
Doss, Nilgtin Okay, Mark Rognstad, Joel 
Erickson, Dan Chayes, Gail Yamada, Steve 
Dang, Dan Johnson and Doug Bergerson. 



' 

Bjørnøya't 

5° W 50 100 15° 20° E 

35 



5° W 
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NOR1"HERN SECTION OF MEHGED 
SEAMARCllBATHYMETRY 
AND SIDE-LOOKING SONAR DATA 
K. Grane, T. Reed, Hawaii Institute of Geophysics, (HIG) 
and Håkon Mosby SeaMARC li group 
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PLATE 10 

SOUTHERN SECTION OF MERGED 
SEAMARC li BATHYMETRY I 
AND SIDE-LOOKING SONAR DATA 
K. Grane, T. Reed, Hawaii Institute of Geophysics, (HIG) 
and Håkon Mosby SeaMARC li group 
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K. Cranei T., Reed, Hawaii trisfitute of Geophysics, (HIG) 
and Hakon Mosby SeaMARC li group 
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PLATE 12 

3-D LOW ANGLE OBLIQUE VIEWS OF THE SEAFLOOR (Locations in Plate 11) 
K. Grane, T. Reed, Hawaii Institute of Geophysics, (HIG) 
and Håkon Mosby SeaMARC li group 

12 a 

Low angle oblique view from Yestnesa westwards towards the Molloy Ridge 
(center), the Molloy Deep (left) and the Molloy Ridge rift valley (front). 
Colors represent depth in meters (see color bar on plate 11). 

12 c 
Low angle oblique view looking south by southeast down the Molloy Ridge 
rift valley. Molloy Ridge on right (background) and Yestnesa (Svalbard con
tinental margin) on left. 

12 e 
Low angle oblique, west, northwesterly v1ew of the northern tip of the 
Knipovich Ridge (foreground) where it intersects the Molloy Transform 
Fault (background, center). Note faults on the Svalbard continental margin 
(right). These may represent the early stages of rift propagation northwards. 

12 b 
Low angle oblique view looking westwards towards the Molloy Ridge (left), 
the Molloy Ridge rift valley (from left to right near foreground) and the 
Spitsbergen Transform Fault (right) . 

12 d 
Low angle oblique, north-northwesterly view of the Molloy Ridge rift 
valley (foreground) and the Spitsbergen Transform Fault (background). 

12 f 
Southerly, low angle oblique view of the Knipovich Ridge and the 
Molloy Transform Fault intersection. The Molloy Transform Fault is in 
the foreground, the Knipovich Ridge rift valley occupies the center, 
and remanent transform faults are located between the active Molly 
Transform Fault and the more southerly Hovgård Ridge. 
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PLATE 13 

3-D LOW ANGLE OBLIQUE VIEWS OF THE SEAFLOOR (Locations in Plate 11) 

K. Grane, T. Reed, Hawaii Institute of Geophysics, (HIG) 
and Håkon Mosby SeaMARC li group 
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13 a 
Southwesterly, low angle oblique view of the Hovgård chain of sea
mounts on the western fl ank of the Knipovich Ridge. 

13 c 
Low angle oblique view of the eastern fl ank of the Knipovich Ridge looking 
northwards and centered at 77° 05' N. Eastern rift mountains in center and 
Knipovich Ridge rift valley on left. 

13 e 
Low angle oblique view of the Knipovich Ridge rift valley looking north
wards, centered at 76° 40' N. The shallow axial valley high is bound by 
faults which cut obliquely across the ri ft valley. This is typical for many of 

the Knipovich Ridge rift valley central highs. Suggesting that their origins 

are not strictly volcanic. 

13b 
Low angle oblique view of the western flank of the Knipovich Ridge looking 
northwards and centered at 77° 20' N. Western rift mountains in center and 
Knipovich rift valley on right. 

13d 
Low angle oblique view of the Knipovich Ridge rift valley looking 
southwards centered at 77° N. Note the dark, highly reflective seafloor 
in the center of the rift valley. This is interpreted to be a fresh lava flow. 

13 f 
Low angle oblique, northwesterly view of a chain of off-axial seamounts on 
the eastern fl ank of the Knipovich Ridge centered at 76° 20' N and 8° E. 



PLATE 14 

LOCATION OF INDIVIDUAL 
SEAMARC li TILES 
K. Grane, T. Reed, Hawaii Institute of Geophysics, (HIG) 
and Håkon Mosby SeaMARC li group 
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PLATE 15A TILE 1 A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 158 TILE 18: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 16A TILE 2A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 168 TILE 28: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 17A TILE 3A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 178 TILE 38: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 18A TILE 4A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 188 TILE 48: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 19A TILE SA: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 198 TILE 58: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 20A TILE 6A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 208 TILE 68: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 21A TILE 7A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 218 TILE 78: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 22A TILE BA: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 228 TILE 88: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 23A TILE 9A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 238 TILE 98: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 



PLATE 24A TILE 1 OA: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 248 TILE 108: SEAMARC li MERG ED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 25A TILE 11 A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 258 TILE 11 B: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 26A TILE 12A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 268 TILE 128: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 27A TILE 13A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 278 TILE 138: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 28A TILE 14A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 288 TILE 148: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 29A TILE 15A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 298 TILE 158: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 30A TILE 16A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 308 TILE 168: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 31A TILE 17A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 318 TILE 178: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 

Polar Stereographic Projection 75 



PLATE 32A TILE 18A: SEAMARC li SIDE-LOOKING SONAR DATA 

76 



PLATE 328 TILE 188: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 33A TILE 19A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 338 TILE 198: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 34A TILE 20A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 348 TILE 208: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 35A TILE 21A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 358 TILE 21 B: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 36A TILE 22A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 368 TILE 228: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 37A TILE 23A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 378 TILE 238: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 38A TILE 24A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 388 TILE 248: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 39A TILE 25A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 398 TILE 258: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 40A TILE 26A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 408 TILE 268: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 41A TILE 27A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 418 TILE 278: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 42A TILE 28A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 428 TILE 288: SEAMARC li MERG ED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 43A TILE 29A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 438 TILE 298: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 44A · TILE 30A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 448 TILE 308: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 45A TILE 31 A: SEAMARC li SIDE-LOOKING SONAR DATA 

102 



PLATE 458 TILE 31 B: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 46 A TILE 32A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 468 TILE 328: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 47A TILE 33A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 478 TILE 338: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 48A TILE 34A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 488 TILE 348: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 49A TILE 35A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 498 TILE 358: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 50A TILE 36A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 508 TILE 368: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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TILE 37A: SEAMARC li SIDE-LOOKING SONAR DATA 
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TILE 378: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 

PLATE 518 + • 
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PLATE 52A 
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~ ~ TILE 388: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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TILE 39A: SEAMARC li SIDE-LOOKING SONAR DATA 
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TILE 398: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 54A TILE 40A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 548 TILE 408: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 55A TILE 41A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 558 TILE 418: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 56A TILE 42A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 568 TILE 428: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 57A TILE 43A: SEAMARC li SIDE-LOOKING SONAR DATA 

126 



PLATE 578 TILE 438: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 58A TILE 44A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 588 TILE 448: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 59A TILE 45A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 598 TILE 458: SEAMARC li MERG ED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 60A TILE 46A: SEAMARC li SIDE-LOOKING SONAR DATA 

132 



PLATE 608 TILE 468: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 61A TILE 47A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 618 TILE 478: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 62A TILE 48A: SEAMARC li SIDE-LOOKING SONAR DATA 

136 



PLATE 628 TILE 488: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 63A TILE 49A: SEAMARC li SIDE-LOOKING SONAR DATA 
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PLATE 638 TILE 498: SEAMARC li MERGED BATHYMETRIC AND SIDE-LOOKING SONAR DATA 
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PLATE 64 

VOLCANICITECTONIC INTERPRETATION OF THE KNIPOVICH RIDGE 
K. Grane 

Legend: 
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PLATE 65 

SEABEAM AND SEAMARC 11-DERIVED IMAGERY 
FROM THE MOHNS RIDGE 

VINCENT RENARD , LOUIS GELI AND KATHLEEN CRANE 

A two-cruise geophysical program conduc
ted during the summer of 1988 by the Mari
ne Geosciences Department of IFREMER 
collected SeaBeam data acquired by the RIV 
Jean Charcot multibeam facilities. The data 
indicate that the rift valley ftoor is broken 
into an en-echelon system of fault bounded 
basins oriented N30°, 30° oblique to the 
average strike of the Mohns Ridge axis 
(N60°). Within the en-echelon fault boun
ded basins lie volcanic ridges with large 
positive magnetic anomalies in excess of 
1,000 garnmas (Renard et al. 1989) (See 
Plate 5 fora regional perspective). 
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By comparison, SeaMARC Il side-looking 
sonar data collected in 1989and1990 (H. 
Doss et al. pers. comm. 1994), reveal not 
only the en-echelon orientation of rift valley 
fissures and faults , but also the non-uniform 
spacing of volcanic cones, craters and large 
area lava ftows. Cones and craters are most 
concentrated near 72°40'N and between 
73°N and 73°20'N. 

lf inner rift fault strikes are consequences 
of local spreading directions, then seaftoor 
extension across the Mohns Ridge is highly 
variable ranging from an orientation of 110° 

to 175°. More likely, the large variation in 
fault trend is a response of thin-skin faulting 
to the stress fields developed both at the 
locations where basins overlap as well as 
within the region of oblique transition 
between the Mohns and Knipovich Ridges. 
That no transform faults can be found in 
this bend linking the two spreading centers, 
may explain why fault orientations within 
the rift valleys are so oblique to the large 
scale trend of the plate boundaries. 
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PLATES 66-70 

MULTIBEAM BATHYMETRIC DATA OF THE MOLLOY 
0 

DEEP, HOVGARD RIDGE AND VESTERISBANKEN 
KLEMENS H EIDLAND, HEINRICH HINZE, J ORGEN MONK, FRED NIEDERJASPER, HANS-WERNER SCHENKE A ND TELO SCHONE 

This compilation of bathymetry is based on 
marine surveys carried out during several 
RIV Polarstem expeditions between 1984 
and 1991 (Cherkis et al. 1994, Doscher & 
Schone 1992, Heidland 1989, Hempel et 
al. 1991, IGH 1984, and Niederjasper & 
Focke 1989). Two multibeam sonar systems 
(SeaBeam and Hydrosweep) were used to 
map a wide strip of the seaftoor directly 
beneath the ship's track. The width of each 
swath is approximately 75% of the local 
depth ensonified by the SeaBeam sonar 
system and 200% of the local depth ensoni
fied by the Hydrosweep sonar system. The 
combined surveys took over ten million 
bathymetric soundings and positions which 
were used to create the digital terrain model 
upon which the plates 66-70 are based. All 
bathymetric contours are determined using 
a standard sound velocity of 1,500 mis in 
sea water. 

Both SeaBeam and Hydrosweep data are 
compiled to create the 3-D low angle-obli
que views of the Molloy Deep and Hovgård 
Ridge regions. The results show clearly the 
complexity of the Molloy Deep area which 
is comprised of two transform faults: (the 
Spitsbergen and Molloy) anda pull-apart 
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spreading center of punctiform highs and 
one large depression (the Molloy Deep; the 
deepest spot in the Norwegian-Greenland 
Sea (>5,200 m)). In contrast, the Hovgård 
Ridge, which is thought to be a part of the 
Hovgård Fracture Zone, is an elongate high 
with a sheer southem wall anda V-shaped 
northem wall. That the geometry of this 
ridge is profoundly different from highs 
or ridges located in the Molloy and Spits
bergen Transform Fault regions, suggests 
different volcanic/tectonic provenances for 
these features. 

In contrast to the Molloy Deep and Hovgård 
Ridge (regions which are associated with 
recent or ancient plate boundaries) is the 
punctiform shaped seamount called Vester
isbanken at 73°30'N and 9°W, thought to be 
an ancient volcanic feature located in mid
plate. Although no heat ftow data have been 
collected dose to Vesterisbanken, relatively 
high heat ftow has been detected somewhat 
to the north (and also in mid-plate, see Plate 
6) suggesting that the region may be under
going either thermal rejuvenation or has 
been a continuous source of high heat ftux 
throughout its history. 
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PLATE 66 

SEABEAM AND HYDROSWEEP BATHYMETRY 
FROM THE MOLLOY AND HOVGÅRD RIDGES 
K. Heidland, H. Hinze, J. Monk, F. Niederjasper, H-W. Schenke, and T. Sr.hiinP 
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PLATE 71 

GLORIA SURVEY OF THE EAST GREENLAND 
MARGIN: 70°N TO 80°N 

l0RGEN MIENERT, FRANZ-JOSEF HOLLENDER AND NEIL H. KENYON 

The GLORIA System 

The technique and interpretation of long
range sidescan sonar were pioneered at 
IOS (Institute of Oceanographic Sciences, 
Deacon Laboratory, Wormley, U.K.) 
(Samers et al. 1978).The GLORIA system 
has two rows of transducers with 30 ele
ments, each emitting a beam swath with a 
horizontal angular width of 2.5° and a peak 
vertical angular beam width of 30°. The 
operating frequency is 6.2 to 6.8 kHz, with 
a peak electrical power of 12 kW per side 
and a peak power into the water of 10.5 kW 
per side. The seafioor coverage ranges from 
7 km to 30 km on each side. GLORIA is 
7.75 meters long, has a diameter of 0.66 
meters (the length of the active part is 5.33 
meters), the total weight of the vehicle in air 
is 2.04 tannes, and the overall weight inclu
ding cable, power pack, etc. is 13 tannes. It 
is towed 400 meters behind the survey ship 
at a speed of up to 10 knots and a nominal 
depth of 50 meters. The output of GLORIA 
data are stored on magnetic tape in a digital 
format and on-line on analog images from 
which the sidescan sonar mosaic shown in 
this atlas (Plate 71) is produced. 

Sedimentary Processes 

During the cruise with the RIV Livonia in 
1992, GLORIA was used to map large scale 
changes in sedimentary pattern along the 
east Greenland continental margin (Plate 2). 
The goal of the cruise was to determine the 
variety of large scale sea fioor processes in 
order to improve our understanding of the 
interaction between ice sheets, current re
gimes and sedimentary processes. The 
working area encompassed the Fram Strait, 
the Boreas Basin, the Greenland Basin and 
a small basin just north of the Jan Mayen 
fracture zone. The area is normally heavily 
covered by sea ice except during August 
and September when the sea ice front aften 
retreats towards the shelf edge. 
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The Boreas Basin has a very uniform medi
um to low level backscatter with the excep
tion of a single lineated weakly-backscat
tered feature that appears to be a channel 
cut into the seafioor at 78°N and 1°E. This 
channel is discontinuous and is thus be
lieved to be inactive and perhaps filled by 
fine grained abandoned sediment facies 
(Mienert et al. 1993). In all of the sono
graph images of this area, one notices an 
acoustic artifact, which is believed to be 
the result of interference fringes caused by 
multiple paths taken through the uppermost 
layers of soft sediment. This implies that the 
sea fioor sedimentary layers are fine grained 
but with differing acoustic properties. Pat
ches of high backscatter, same of which have 
a positive relief, are also seen at 77°50'N 
and 2°W. The patches are equidimensional 
and up to half a kilometer across. They may 
be indicative of gas venting because pock
marks and hard grounds are located in the 
region. 

Backscatter Provinces 

Backscatter provinces in the Greenland Ba
sin are variable but the overall backscatter 
level is much higher than that of the Boreas 
Basin. In the south, four deep sea channel 
systems are observed, whereas the northern 
basin remains relatively uncut by channels. 
In the north, the shelf is at its widest and is 
believed to have been built out over a long 
period by sedimentation from glaciers that 
possibly covered the cross shelf trough. On 
the continental slope changes from very 
high backscatter at the upper slope to inter
mediate backscatter at a possible sediment 
wave field (75°40'N, 6°W) to low backscat
ter at the base of the slope are observed. 
Superimposed on the steeper slope are line
ations which resemble scoured channels 
(75°40'N, 7°W) (Mienert et al. 1993). The 
lineations are similar in size to the down
slope trending scours found on the N orwe
gian margin, attributed to cold water cas-

cades (Vorren et al. 1989). The uppermost 
part on the slope was not observable be
cause the range of the sonar was limited by 
sea ice cover and the density structure in the 
water column which distorted the acoustic 
pathway. Adjacent to this region are regu
larly spaced bands of contrasting backscat
ter that are believed to be sediment waves 
with a wavelength of 2-3 km. This feature is 
common in deep sea channelised systems 
and is usually attributed to the molding of 
the muddy overbank sediments by near
bottom currents which remove the upper 
layer of the turbidity fiow (Mienert et al. 
1993). The basin north of the Jan Mayen 
Fracture Zone (71°40'N, 10°-l2°W) is not 
cut by channels nor is there any evidence 
for the transport of sediment from the shelf 
into the basin. 

A first conclusion based on the interpreta
tion of the analog sonographs of the long
range sidescan sonar GLORIA is: There is 
little direct evidence for along slope trans
port of sediments adjacent to the east 
Greenland margin and basins (Sommerhoff 
1973). In contrast, strong evidence exists 
for down slope transport of sediment from 
the Greenland shelf into the Greenland 
Basin. The existence of sediment wave 
fields may indicate bottom water or turbi
dity current activity at specific locations. 
Circular patches with a high level of back
scatter hints at areas of gas venting. All of 
these interpretations need to be ground 
truthed by direct sampling or the use of 
alternative imaging techniques. 



PLATE 71 

GLORIA SURVEY OF THE EAST GREENLAND MARGIN 
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PLATES 72-75 

LATE CENOZOIC SEISMIC STRATIGRAPHY 
AND CHARACTER OF THE SVALBARD-BARENTS 
SEA MARGIN 

ANDERS SOLHEIM AND ESPEN S. ANDERSEN 

Seismie Data 

A number of seismie investigations have 
been carried out on the Svalbard - Barents 
Sea margin since 1970 by several different 
institutions. They include both multichannel 
(MCS) and single channel (SCS) acquisi
tion. Data presented in Plates 72-75 are 
from the Norwegian Petroleum Directorate 
(NPD), the Universities of Bergen and 
Tromsø in Norway, the Norwegian Polar 
Institute (NPI), and the Bundesanstalt flir 
Geowissenschaften und Rohstoffe (BGR) in 
Germany (Hinz & Schli.iter 1978; Schli.iter & 
Hinz 1978; Sundvor et al. 1978, 1982a, b; 
Eiken & Austegard 1987; Solheim et al. 
1991). An overview of all seismie surveys 
carried out on the Svalbard margin is 
presented by Eiken (1994). 

Due to many years of hydrocarbon explora
tion, the Barents Sea margin is relatively 
well mapped with commercial multichannel 
seismie data. Both the coverage and the 
quality are more variable adjacent to Sval
bard, and particularly on the western Spits
bergen continental shelf and upper slope. 
Most of the data are from conventional sur
veys using small airgun arrays as sources 
with 6 seconds recording time and 12-24 
fold coverage. In 1987, the Norwegian 
Polar Institute and the University of Bergen 
jointly carried out a multi-channel survey 
using a commercial vessel with a 240 chan
nel streamer and airgun arrays up to 7000 
cu. inches. Two types of data were acquired: 
the University of Bergen ran a deep, low 
resolution survey, using maximum source 
volume and 15 seconds recording time, 
while NPI carried out a high resolution 
survey using a 2000 cu. inch array with 60-
fold coverage. In a recent publication, Eiken 
(1994) presents a comprehensive descrip
tion of the seismie character from transects 
of the western and northern Svalbard 
margins. 

The most detailed high resolution data set 
from the western Svalbard Margin was 
acquired by NPI in 1990 using single-chan
nel recording and a small array of two 40 
cu. inch sleeve guns as a source (Solheim et 
al. 1991) (Plates 74 & 75). Later, in 1994, 
the Norwegian Polar Institute carried out a 
similar survey on the northern margin of 

, ! ' . I 

Svalbard and the Barents Sea, using a 4 x 
40 cubic inch sleeve gun source (Solheim, 
unpublished). On the Barents Sea margin, 
the University of Tromsø carried out single 
channel sparker investigations of the Bear 
Island Fan for several years. Results from 
these investigations are presented by Laberg 
& Vorren 1995 (Plate 76). 

Depositional and Glacial Evolution 
of the Margin 

Pre Weichselian 

The evolution of the Svalbard-Barents Sea 
margin as a passive sheared margin is close
ly connected to the gradual opening of the 

Norwegian-Greenland Sea, which commen
ced around the Paleocene-Eocene transition, 
at ca. 57 Ma, and propagated northwards 
along the Barents Sea and Svalbard area 
from early Eocene to early Oligocene 
(Talwani & Eldholm 1977; Myhre et al. 
1982; Reksnes & Vågenes 1985; Eldholm 
et al. 1987; Crane et al. 1991). Since the 
Oligocene, oceanic crust has evolved along 
the entire Svalbard-Barents Sea Margin, 
with subsequent subsidence and deposition 
of a thick Cenozoic sediment wedge, with 
the Barents Sea continental shelf and 
Svalbard as source areas for the sediments. 
Recent studies of sediments sampled from 
commercial wells located in the southwest
ern Barents Sea indicate that a major part of 
the sediment wedge is of glacial origin 
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(Eidvin & Riis 1989; Eidvin et al. 1993). 
This implies an extensive glacial erosion 
over the Barents Sea. The main problem, 
however, when discussing the late Cenozoic 
evolution along the margin, is the scarcity 
of chronostratigraphic data. Based on re
sults from the Ocean Drilling Program 
(ODP) Leg 104 sites on the Vøring Plateau, 
off northem Norway (Eldholm, Thiede et al. 
1989), the initial stage of glaciation occur
red at 5.5 Ma, followed by an intensification 
at 2.57 Ma. Between 1.2 and 0.8 Ma, the 
glacial-interglacial changes tumed into a 
100 ky cyclicity and the amplitudes became 
higher, i.e. the interglacials were warmer 
and the glacials more severe, creating ice 
sheets that probably also covered the large 
continental shelf areas (Jansen & Sjøholm 
1991). The sedimentary section at the Deep 
Sea Drilling Project (DSDP) Site 344, on 
the eastem fiank of the Knipovich Ridge, 
SW of Svalbard, terminates at a basaltic in
trusion K/Ar dated to 3 Ma (Talwani, Udint
sev et al. 1976). All the sediments above 
this show a glacimarine character and there
fore indicate that glaciers reached sea level 
in the mid Pliocene in this region. From the 
Barents Sea, seismie stratigraphic interpre
tations indicate that total glaciation occur
red on the shelf at least five times (Solheim 
& Kristoffersen 1984; Vorren et al. 1988). 
Seismie data from the western Svalbard 
margin also indicate repeated glacial advan
ces to the shelf edge (Andersen et al. 1994). 

Seismie sequences have now been correla
ted along the entire western Svalbard and 
Barents Sea margins, a distance of nearly 
1,000 km (Fiedler 1992; Hjelstuen 1993; 
Andersen et al. 1994; Faleide et al., in 
press). The majority of the data used are 
conventional multi-channel seismie records, 
and the correlation is mainly focused on the 
part of the section which is interpreted to be 
of glacial origin. Seven regional refiectors, 
R7-Rl, have been identified, of which the 
most important are shown in plates 72 
through 75. R7 is interpreted to represent 
onset of continental shelf glaciation in the 
northern areas, and corresponds to the lower
most regional unconformity, U2, defined by 
Schltiter & Hinz ( 1978) off the Svalbard 
Margin. In the northem region, along the 
Storfjorden Fan and the Svalbard Margin, 
the sequence bounded by R7 and R6 has a 
chaotic seismie character (Plate 72, Lines 
BGR 31-74 and BEL-1, and Plate 73, 
Lines BGR 23-74 and SVA 2-87) interpre
ted to result from mass wasting processes. 
A likely explanation for this is increased 
deposition on the upper slope and outer 
shelf when glaciers reached the shelf break 
already in the early stages of glaciation in 
this region. Further south, at the Bear Island 
Fan, large scale mass wasting appears to 
commence later, at refiector R5 time (Plate 
73, Line NPD 7300-75), and can be identi
fied as large scale structures through the 
sedimentary section up to R2. 

R5 forms an important boundary off Sval
bard, where it marks the onset of frequent 
slumping activity on the continental slope, 
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and hence an important change in the depo
sitional environment. To the north of the 
fan, the seismie sequences forma conden
sed, well stratified section, whereas the fan 
proper shows a large increase in the thick
ness of individual sequences and a major 
change in their internal seismie character. 
Typically, the internal refiectors are discont
inuous and often define lense shaped bodi
es. The individual bodies are 10-30 m thick, 
2-3 km wide and 10-20 km long. They are 
interpreted to represent individual slumping 
events and result from rapid deposition 
through ice streams directly on the outer 
shelf and upper slope (Andersen et al. 
1994). 

No channels are identified on the Isfjorden 
Fan, an observation which is confirmed 
by SeaMARC Il side-looking sonar data 
(Crane et al. 1995, Plates 8-63). Although 
the southern boundary of the fan is less well 
defined than the northern boundary, the se
quences gradually thin to form another con
densed section befare they thicken again in 
the next fan southwards, the Bellsund Fan. 

The "Upper Regional Unconformity" 
(URU), identified in the western Barents 
Sea continental shelf (Solheim & Kristof
fersen 1984), corresponds to progressively 
younger slope refiectors to the south. Off 
Svalbard, URU corresponds to R5, while it 
corresponds to R3 and R 1 in the areas of the 
Storfjorden and Bear Island Fans, respecti
vely. One implication of this is that the nort
hern parts of the Barents Sea and Svalbard 
platform have experienced a greater glacial 
erosion than the southern parts. This impli
cation is supported by recent calculations 
of sediment yield from various parts of the 
Barents Sea and Svalbard (Hjelstuen 1993; 
Elverhøi et al. 1995). 

With the few drill holes in the region, the 
age constraints for the seismie stratigraphy 
are sparse. The chronology is based on: a) 
general plate tectonic evolution and the age 
of magnetic anomalies in oceanic crust (Tal
wani & Eldholm 1977; Reksnes & Vågnes 
1985; Fiedler 1992), b) DSDP Site 344 
(Talwani, Udintsev et al. 1976), c) deep, 
commercial wells on the southwestern Ba
rents Sea shelf (Eidvin et al. 1993), and d) 
shallow wells in the outer parts of the Bear 
Island Trough (Sættem et al. 1992). 

Refiector R7 is tied seismically to the base 
of the glacial sediments in the wells on the 
Senja Ridge. The age of the boundary in the 
wells is estimated to be 2.6 Ma, based on 
biostratigraphy, Sr-isotopes, and correlation 
with ODP Leg 104 results. In the seaward 
direction, R 7 terminates against oceanic 
crust of no older than Pliocene age, based 
on magnetic sea fioor anomalies (Fiedler 
1992). Furthermore, a seismie tie from the 
southern Svalbard margin to Site 344 on the 
fiank of the Knipovich Ridge, places the 
base of the drilled sedimentary section, 
which has an age of around 3 Ma, within 
the seismie sequence between R7 and R6, 
i.e. in the lowermost glacial sequence. Re-

cent K-Ar dates of volcanogenic clasts 
immediately below the fan sequences in a 
shallow drillhole on the shelf southwest of 
Bear Island (Mørk & Duncan 1993; Sættem 
et al. 1994), however, indicate an age of 2.3 
MaforR7. 

Of the other regional refiectors, only Rl can 
be tied directly to well information. In a 
shallow well in the Bear Island Trough, the 
sediments above URU, which in this area is 
correlated to Rl, are interpreted from amino 
acid analyses to be younger than 440 ka 
(Sættem et al. 1992). Between R7 and Rl, 
only assumptions based on general know
ledge aboutthe paleoclimatic history can be 
made about the age relationships. The ero
sion marked by R5 in the Storfjorden area 
and the change in depositional style on the 
Svalbard margin at the same time, may be 
related to the change in the style of the cli
matic ftuctuations at 1.2-0.8 Ma (Jansen & 
Sjøholm 1991). 

Based on the above chronological con
straints and seismie correlations, the follow
ing glacial history can be suggested: 

* Glaciation in the marine shelf areas com
menced sometime between 5.2 Ma and 
2.3 Ma. Existence of alpine glaciers prior 
to this is not excluded. 

* Glacial infiuence on the margin sedimen
tation started earlier adjacent to Svalbard 
than further south. The main glacial de
pocenter in an early phase was the Stor
fjorden Fan. 

* A general intensification of the glacia
tions took place at about R5 time. This 
led to erosion in the Storfjordrenna area, 
and a major change in depositional style 
off western Svalbard. 

* The Upper Regional Unconformity 
(URU), as presently defined on the shelf, 
developed through repeated glaciations 
throughout the Middle/Late Pleistocene, 
with a deeper erosion in the north than in 
the south. 

Weichselian and Post-glacial History 

There are strong indications for extensive 
glaciations of Svalbard and the Barents Sea 
area during the Early and Middle Weichse
lian. In western Svalbard, Early, Middle and 
Late Weichselian tills are found in coastal 
sections (Mangerud & Svendsen 1992). 
These also seem to correlate with periods of 
high glacial input to the deep sea sediments 
of the Greenland Sea (Hebbeln 1992), and 
an extension beyond the coast is likely. In 
the Barents Sea, till and glacial marine sedi
ments older than the Late Weichselian are 
found in a local sediment accumulation nor
theast of Bjørnøya (Elverhøi et al. 1992). 

Svalbard and the Barents Sea were covered 
by a marine based ice sheet during the Late 
Weichselian. Maximum extent of the ice 
sheet occurred around 18-20 ka. Although 
the relation between the Svalbard and Ba
rents Sea lee Sheets during the Late Weich-



selian seems established, the glacial extent 
on the west coast of Svalbard has been wi
dely debated. New sedimentological data, 
combined with radiometric <lates, however, 
show that the continental shelf was covered 
by grounded ice outside both the two fjords, 
Isfjorden and Kongsfjorden, and that rapid 
deglaciation of these areas took place short
ly after 15 ka. Present knowledge about the 
growth and decay of the Late Weichselian ' 
Barents Sea ice sheet seems to indicate that 
it was decoupled from the Fennoscandian 
lee Sheet at an early stage of deglaciation 
(Elverhøi et al. 1994). 

Indications both in the continental shelf 
areas and from the deep sea, point towards 
rapid, stepwise deglaciation of the entire 
marine based Barents Sea ice sheet, as well 
as of the marine based parts of the ice cen
tered over Svalbard (Jones & Keigwin 
1988; Solheim et al. 1990). An initial and 
major event in this deglaciation took place 
between 15 ka and 14 ka, and by 10 ka, the 
entire Barents Sea was deglaciated, and the 
glaciers on Svalbard were approximately 
at their present locations (Svendsen et al. 
1992). The rapid deglaciation occurred 
through massive calving as a result of desta
bilization caused by the eustatic sea level 
rise. Large amounts of IRD were transport
ed and deposited in the Norwegian-Green
land Sea. 

Sediments 

In the continental shelf areas, the general 
upper sediment succession consists of over-

consolidated Late Weichselian till, covered 
by an ice proximal glacial marine sediment 
of up to 2 m thickness, deposited at high 
rates during ice recession, and Holocene 
muds with a generally low content of IRD 
(Elverhøi & Solheim 1983; Svendsen et al. 
1992). The lithologies in cores from the 
continental slope and the deep sea are typi
cal for glacial marine, hemipelagic sedi
mentation also found further south along the 
Norwegian continental margin, and include 
structureless, laminated, layered and biotur
bated mud. In addition, the sediments also 
include silty and sandy turbidites, mostly of 
pre Late Weichselian age. Further south in 
the Norwegian Sea, foraminifer- and nanno 
oozes, with carbonate contents up to 60% 
occur relatively frequently, reftecting inter
glacial periods with high surface water pro
ductivity (Henrich et al. 1989). In general, 
carbonate rich deposits become less fre
quent northwards and towards the continen
tal margins, where the dilution effect caused 
by terrigeneous input increases. This is seen 
towards both the Svalbard - Barents Sea 
margin and the Greenland margin, respec-
ti vely (Baumann et al. 1993; Hebbeln & 
Bemer 1993). 

Holocene sedimentation is generally low, as 
most of the sediments transported to the 
marine environment is deposited in fjords 
and other near coastal areas (Pfirman & Sol
heim 1989; Elverhøi et al., 1994). Holocene 
linear sedimentation rates from Isfjorden, 
western Svalbard, vary between 15 cm/k:y 
and 75 cm/k:y, while the average rate in the 
Barents Sea is 2-7 cm/k:y (Elverhøi & Sol
heim 1983; Elverhøi 1984; Elverhøi et al. 

. ' 

1989). Deep sea linear sedimentation rates 
from the Norwegian-Greenland Sea also 
generally fall in the range of 2-6 cm/k:y, 
averaged over the last 100-300 ky, i.e. inter
vals usually reachable by conventional 
piston coring devices (Thiede at al. 1986; 
Henrich et al. 1989). 

The lithology and physical properties of the 
Svalbard margin sediments are exemplified 
by cores NP90-12 and NP90-39, recovered 
from the continental slope and rise west of 
Svalbard, respectively (Figures 4 and 5). 
The lithology varies between finely lamina
ted and massive muds, all associated with 
coarse grained IRD. They are normally con
solidated, as seen from both the undrained 
shear strengths and the water content, alt
hough the.slope core (NP90-12) has a hiatus 
spanning most of the Holocene. This core is 
taken immediately north of the Isfjorden 
Fan proper, and is therefore not affected by 
the frequent, small scale mass wasting pro
cesses associated with the fan (Plate 73). 
Cores recovered from the fan generally 
show a higher content of coarse grained 
material, which gives the sedimenta lower 
water content and higher bulk density. Sedi
ments on the Bear Island Fan, further south 
on the Barents Sea margin, are affected by 
debris ftow processes on a slope of lower 
gradient than off Svalbard. The sediments, 
however, are similar in character to those 
on the Svalbard margin (Laberg & Vorren 
1995, Plate 76). 
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Figure 4. Lithology and Physical Properties of the Svalbard Margin Sediments: Core NP90-12, revovered at 630 m waterdepth. 
See Plate 7 for location. 
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PLATE 76 

HIGH RESOLUTION SEISMIC AND STRATIGRAPHIC 
DATA FROM THE BEAR ISLAND FAN 
JAN SVERRE LABERG AND TORE 0. VORREN 

lntroduction 

The large submarine Bear Island Fan domi
nates the western Barents Sea continental 
margin. The fan extends from the shelf 
break downslope to water depths greater 
than 3,200 min the Lofoten Basin and 
covers an area of about 280,000 km2• 

During most of the Cenozoic, the fan has 
acted as an important depocenter, reftecting 
the evolution of the Norwegian-Greenland 
and Barents Seas (Spencer et al. 1984; 
Myhre & Eldholm 1988; Vorren et al. 1991; 
Vogt et al. 1993). Compilations of data col
lected during the last decade suggest that 
the Barents Sea lee Sheet probably reached 
the shelf break more than five times during 
late Cenozoic (Solheim & Kristoffersen 
1984; Vorren et al. 1988, 1989; Sættem et 
al. 1992). Thus, much of the sediment in 
the upper layers of the Bear Island Fan are 
probably of a glacigenic origin. 

Seismie Stratigraphy 

Using high resolution seismie data and gra
vity cores (Plate 76b,e) (Vorren et al. 1989, 
1990), Laberg & Vorren (1993) presented 
their interpretations of the Late Pleistocene 
succession on the Bear Island Fan. These 
data overlap much of the SeaMARC Il 
coverage of the continental slope and rise 
in this region (Vogt et al. 1993; Vogt et al. 
1994 a,b,c). 

The Shelf Break 

Most profiles crossing the shelf break reveal 
sedimentary layer transitions that are sig
moidal, oblique and complex. Normally, 
this implies a history of altemating aggrada
tion and depositional bypass within a high
energy depositional regime (Mitchum et al. 
1977). As the upper shelf units contain gla
cial diamictons and moraine ridges dose to 
the shelf break (Vorren et al. 1989), the 
truncation "depositional bypass" is inter
preted to be due to glacial erosion (Vorren 
et al. 1990) . 

The Slope 

On the southem ftank of the Bear Island 
Fan, a large slide has been identified (Plate 
76b) which extends over 400 km leaving a 
slide scar up to 400 m deep. Based on a 
conservative estimate, about 1, 100 km3 of 
sediment was removed. Laberg & Vorren 

(1993) infer an age younger than 330 Ka for 
the slide by making a tentative correlation 
with the stratigraphy outside the slide-affec
ted area and with new <lating results from 
the outer Barents Sea continental shelf 
(Sættem et al. 1992) 

North of the large slide scar, the Late Pleis
tocene part of the Bear Island Fan has been 
divided into eight (informal) seismie units, 
unit I (oldest) to unit VIII (Laberg & Vorren 
1993). On the upper fan, which extends 
from the shelf break to about 1,500 m water 
depth, all the identified units are dominated 
bya chaotic seismie facies (Plate 76c). 
Downslope, the seismie pattem within most 
of the units changes into a mounded geome
try. The mounds are about 20 - 50 m thick 
and form lensoid bodies oriented with their 
longest axis downslope. Their width varies 
between about 2 km and 20 km and each 
lens has a transparent intemal seismie fa
cies. Younger lensoid bodies are deposited 
in bathymetric lows between older ones 
(Plate 76d) and they can be followed over 
100 km downslope, as also seen in Sea
MARC Il records (Vogt et al. 1991a, b, 
1993, 1994b ). 

The youngest mound shaped deposits with
in unit VIII have been studied in more 
detail. Based on: 1) their extemal shape, 
characterized by abrupt termination laterally 
and downslope, 2) the transparent acoustic 
character within each mound, 3) their sedi
mentological characteristics, and 4) simila
rities with previously described deposits 
from other areas (e.g. Aksu & Hiscott 1992) 
it is concluded that the mound-shaped depo
sits are large submarine debris ftow depo
sits. Most of the Late Pleistocene succes
sion on the Bear Island Fan is probably 
dominated by large debris ftow deposits. 
On the upper fan, the chaotic seismie facies 
is most likely caused by small scale sliding 
as is indicated in the SeaMARC Il data 
from the fan (Vogt et al. 1991a, b, 1994b). 

Sediments and Stratigraphy 

A gravity core at a water depth of 1,317 m 
(Plate 76a, e), which most likely has pene
trated the upper part of a debris ftow (unit 
1, Plate 76e), sampled a massive diamicton 
with a transitional upper boundary (Kvil
haug 1990). The grain-size distribution 
shows a very poorly sorted sediment with a 
relatively low water content (about 20 % ) 
and an undrained shear strength of about 

10-14 kPa. A relatively homogeneous, po
orly sorted sediment showing many simila
rities with glacigenic diamictons found on 
glaciated shelves often characterize subma
rine debris ftows (Anderson et al. 1979). 
The stratigraphy above unit 1 includes a 
gravely pelite (unit 2) characterized by a 
water content of about 22 % and a shear 
strength of about 10 % (Kvilhaug 1990). 
Unit 2 is interpreted to be a glacimarine 
sediment. Unit 3 is probably a slurry ftow 
deposit according to the terminology of 
Gravenor et al. ( 1984) and units 4 and 5 are 
infered to be different parts of a turbidite. 
Unit 6 which isa glacimarine pelite carry
ing dropstones has a water content of be
tween 37% and 41 % and an undrained shear 
strength of 3.5 kPa. Unit 7 is Holocene sedi
ment comprised of clay and silt. Thus, most 
of the sediments in this core were deposited 
as gravity ftows during the Late Weichseli
an followed by hemipelagic glacimarine 
and open marine deposition (Kvilhaug 
1990). 

Conclusions 

1. By analysing high resolution seismie 
sparker data, eight Late Pleistocene seismie 
units have been identified north of the large 
slide scar on the Bear Island Fan. The seis
mie units are dominated by debris ftows up 
to 50 m thick, 20 km wide and over 100 km 
long. 

2. The debris ftows are most likely derived 
from glacigenic deposits. The sediments of 
the debris ftows consist of diamicton with a 
relatively low water content (about 20 % ) 
and an undrained shear strength of about 
10-14 kPa. 

3. The spatial and temporal distribution of 
the seismostratigraphic units indicate that 
the Late Pleistocene succession on the Bear 
Island Fan is dominated by the release of 
glacigenic sediments on the upper fan 
during glacial maxima. 
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a. Location and bathymetry of the study area. Contour interval is 
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examples (Plate 76 b-d) are given. Gravity core location (Plate 76 e) is 
shown by filled circle. 

1.4 

1.6 
28-89 

1.8 
<..) 

2.0 Q) 

~ 
2.2 

I-
~ 2.4 
I-

2.6 

2.8 

0 5 km 

SSE 
1.4 -

1.6 

1.8 
<..) 

2.0 Q) 

~ 
I- 2.2 

~ 2.4 

28-89 - c200 
- Depth (m) 

1400 
~ , 

"'-... "-....... "- ....... v - ---"-- ~:-:·:·:·:·:·:·:·:::::/ 
- -I- -

2.6 -
2.8 

~ (--Data gap 
-

-

.-

NNW 

~ 

b. Sparker profile across the slide scar at about 2.0 s (TWT) depth showing sediment 
infill (dotted area) enclosed by a zone of several tilted blocks separated by listric 
faults. See Plate 76 a for location. From Laberg & Vorren ( 1993 ). 

2.0 

2.1 

0 
:i: 2.2 

I-

:!: 2.3 
I-

2.4 

2.0 

2.1 

0 
:i: 2.2 

1-
:!: 2.3 
I-

2.4 

-

-

UiTø 21-91 
0.7 

u 0.9 
Q) 
en 

I-
1. 1 

~ 
I- 1.3 

1.5 

O 5km 

s 73°00' N I 

UiTø 21-91 
0.7 - [500 Depth (m) 

600 

u 0.9 
Q) 
en 

1. 1 
I-

~ 

VIII -
---v11 

----- - ---- - _VI _ 

I- 1.3 IV-

1.5 - Ill 
---------- - ----- -

c. Part of sparker profile UiTø 21-91 from the upper part of the fan. 
Note the chaotic intemal seismie facies and uneven unit boundaries, 
indicative of small scale sliding, See Plate 76 a for location. 
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location. 

CORE 88· T ·5 POS IT ION 73°53.70' N; 15°01,40' E WATER DEPTH 1317 m 

Grain size Water u 

~ 
~ ~ 

fr c 

L1thology distr1but1on content ~ :, 

Mud (%) g (%) ~ (ij ~ ~ 
Sand Gra~el ;:. Silt 1~~-~~ 8 § ~ ;; ~ 

0 ::i 10 20406080 203040 4 812 

7 ;~ -. 
50 

LEGEND 

~ 
clay and silt 

~:~~les & cobbles 
laminated pel1te 

[gJ bioturbatmn 

L!J shell fragments 

Colour 
1) 10 YR 4/4 

2) 10 YR 3/2- SY 3/2 

Bed contact 
-sharp 
- - - transit1onal 

e. Stratigraphy and lithology of core 88-T-5 from the 
Bear Island Fan (73 °57. 70'N, 15°0 l .40'E, depth 1317 m). 
The stratigraphy includes a de bris fiow deposit (unit 1 ), 
a glacimarine unit (unit 2), a "slurry fiow" (unit 3), diffe
rent parts of a turbidite (units 4 and 5), a glacimarine unit 
(unit 6) and Holocene hemipelagic unit on top (unit 7) 
(from Kvilhaug 1990). See Plate 76 a for location. 
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