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Abstract
The paper presents the results of the joint project carried out in Germany in order to assess the consequences in
the marine environment from the dumping of nuclear wastes in the Kara and Barents Seas. The project consisted of
experimental work on measurements of radionuclides in samples from the Arctic marine environment and numerical
modelling of the potential pathways and dispersion of contaminants in the Arctic Ocean. Water and sediment
samples were collected for determination of radionuclide such as 137Cs, 90 Sr, 239q240 Pu, 238 Pu, and 241Am and various
organic micropollutants. In addition, a few water and numerous surface sediment samples collected in the Kara Sea
and from the Kola peninsula were taken by Russian colleagues and analysed for artificial radionuclides by the BSH
laboratory. The role of transport by sea ice from the Kara Sea into the Arctic Ocean was assessed by a small
subgroup at GEOMAR. This transport process might be considered as a rapid contribution due to entrainment of
contaminated sediments into sea ice, following export from the Kara Sea into the transpolar ice drift and subsequent
release in the Atlantic Ocean in the area of the East Greenland Current. Numerical modelling of dispersion of
pollutants from the Kara and Barents Seas was carried out both on a local scale for the Barents and Kara Seas and
for long range dispersion into the Arctic and Atlantic Oceans. Three-dimensional baroclinic circulation models were
applied to trace the transport of pollutants. Experimental results were used to validate the model results such as the
discharges from the nuclear reprocessing plant at Sellafield and subsequent contamination of the North Sea up the
Arctic Seas. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
In 1994, a German project was initiated in
order to investigate the transport and dispersion
of artificial radioactivity in the Arctic Ocean. The
project was realised in close co-operation between
the BSH, IfM-Hamburg and GEOMAR, Kiel, as
well as in co-operation with Russian Institutes. It
was the intention of the project to contribute to
international programmes dealing with the environmental consequences of radioactive waste
dumped in Arctic Shelf Seas. Part of the numerical model results contributed to the International
Arctic Seas Assessment Program ŽIASAP .
ŽSjoeblom and Linsley, 1998., in particular to the
Modelling Task Group ŽPovinec et al., 1997; Scott
et al., 1998; Baxter et al., 1998..
Two modelling groups studied circulation and
transport processes in the Arctic Ocean and Arctic Shelf Seas ŽBarents and Kara Sea. using
numerical, hydrodynamic ice]ocean models on
different scales. Additionally, empirical field work
was carried out which included the investigation
of radionuclide concentrations in water and sediment of the Nordic Seas and Arctic Ocean. In
order to evaluate the role of sea ice in the large
scale distribution of particle-bound radionuclides,
a sedimentological group at GEOMAR investigated potential hydrodynamic and cryological
mechanisms of material resuspension, entrainment into Arctic sea ice, and subsequent dispersal
from the Kara Sea.
1.1. The Arctic Ocean circulation
The stratification of the Arctic Ocean is dominated by the ‘halocline’, a transition zone that
separates cold and fresh surface waters from
warmer and more saline intermediate waters.
Similarly, the Arctic Ocean circulation can be
separated into a surface regime above the halocline and an intermediate regime below.
At the surface, the general circulation of the
Arctic Ocean is dominated by the Beaufort Gyre
and the Transpolar Drift ŽTPD.. These major
large-scale features ŽCoachman and Barnes, 1961.
constitute the most effective transport routes for
dissolved contaminants in the surface mixed layer.

The largest exchange of volume to or from other
oceans is through the Fram Strait: While in the
eastern parts cold and fresh polar water ŽPW.
leaves the Arctic with the East Greenland Current ŽEGC., in the western Fram Strait warm and
saline water of Atlantic origin enters with the
Westspitsbergen Current ŽWSC., a continuation
of the Norwegian Atlantic Current ŽNAC.. A
second branch of Atlantic water enters the Arctic
via the Barents Shelf.
In intermediate and deep layers of the Arctic
Ocean, the circulation is much slower and more
complex than at the surface. Water masses that
enter with the WSC turn east and continue below
polar surface waters ŽRudels et al., 1996., forming
the core of an Atlantic layer which lies at approximately 200]600 m depth. This water re-circulates
in several cyclonic loops along the major ridges
and slopes in the Eurasian and Canadian Basins
to exit finally also through Fram Strait below the
PW ŽRudels et al., 1994..
1.2. Arctic shelf seas
The two most important Arctic shelf areas in
this context are the Barents Sea as an important
exchange region between north Atlantic and Arctic, and the Kara Sea. The Barents Sea is a
throughflow region for Atlantic water masses and
the Norwegian Coastal Current ŽNCC. on their
way towards the central Arctic. The main current
systems in the Barents Sea are remarkably stable
and do not show intense seasonal variability
˚
ŽAdlandsvik
and Loeng, 1991; Harms, 1997a..
In contrast to the Barents Sea, the Kara Sea
can be regarded as a semi-enclosed basin. In the
south-western parts, water of Atlantic origin and
water from the NCC prevail due to the inflow
through the Kara Strait. The main difference to
the Barents Sea arises from the large freshwater
run-off in spring which influences almost the entire Kara Sea. Freshwater supply to the Kara Sea
is mainly through the rivers Ob and Yenisei. The
wind has a pronounced seasonal cycle, being
strong in winter from south to south-west and
weak in summer from north to north-east. Therefore, a strong seasonal variability in simulated
current patterns and hydrography prevails ŽHarms
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and Karcher, 1998.. Dense water formation in
significant quantities as in the Barents Sea does
not take place in the Kara Sea. The two main
outflow directions are eastward into the Laptev
Sea and northward where Kara Sea water masses
join the TPD in the central Arctic Ocean.

v

1.3. Sea ice drift
During the last few years, several publications
addressed the importance of long range sediment
transport by sea ice in the Arctic woverview given
by Nurnberg
et al. Ž1994.x. Considerable amounts
¨
of sediment or particulate material is transported
from shallow Siberian Shelves towards the Fram
Strait Že.g. Dethleff et al., 1994; Eicken et al.,
1997.. Through ice melting, the material is released to the marine environment of the Nordic
seas. The transport of particulate material by sea
ice may therefore play an important role in the
long-range redistribution of radionuclides in the
Arctic and north Atlantic ŽPfirman et al., 1997..
Ice movement in the Arctic Ocean is dominated by the transpolar drift ŽTPD. and the Beaufort Gyre. The TPD is fed by large ice production
areas located in the East Siberian, Kara and
Laptev Seas. The TPD is responsible for the
major ice export out of the Arctic Ocean via
Fram Strait.

2. Results
2.1. Sources of anthropogenic radioacti¨ ity
The sources for radioactivity in the Arctic and
in the northern Atlantic are:
v

v

Atmospheric fallout from nuclear weapons
testing. The total direct fallout into the Arctic
marine environment up to 1993 corresponds
to 15 PBq 137 Cs ŽMacDonald and Bewers,
1996..
Discharges from the reprocessing plants at Sellafield, La Hague and Dounreay. The cumulative and decay corrected total 137 Cs radioactivity released in Sellafield amounts to approx.
30 PBq, 14 PBq of which entered the Arctic

v

v
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regions ŽKershaw and Baxter, 1995.. Maximum releases from Sellafield occurred in 1975.
Releases of 137 Cs have been continually reduced since that time.
The Chernobyl accident. Approximately 100
PBq 137 Cs were released to the atmosphere.
Approximately 1 PBq was deposited directly
over Arctic regions Ž708]908N.. Another 5 PBq
was added through marine transport from the
Baltic Sea and North Sea via the NCC ŽMacdonald and Bewers, 1996..
Dumped radioacti¨ e wastes in the Kara and
Barents Seas ŽYablokov et al., 1993.. The
dumped objects in the Kara Sea mainly include 17 nuclear ship reactors, seven of them
still containing spent fuel. The total radioactive inventory at the time of dumping was 37
PBq. It decayed until 1994 to approximately
4.7 PBq. The dominant nuclides are 90 Sr,
137
Cs, 63 Ni and 241 Pu. The amount of 137 Cs is
estimated to be approximately 1 PBq for 1994
ŽIAEA, 1997..
The sunken nuclear submarine ‘Komsomolets’
south-west of Bear Island in the Norwegian
Sea. The wreck containing one nuclear reactor with an estimated inventory of approximately 1.5 PBq 90 Sr and 2.0 PBq 137 Cs and
two torpedoes with nuclear warheads amounting to approximately 6.9 kg 239 Pu corresponding to approximately 16 TBq is located in
1680-m depth ŽYablokov et al., 1993; JNREG,
1996; Høibraten
˚ et al., 1997..

Other sources of radioactivity in the Arctic,
such as Siberian river discharge, nuclear power
plants, land bases for nuclear powered vessels and
underwater or underground nuclear explosions,
are small and of minor importance, in the present
context.
2.2. Le¨ els of anthropogenic radionuclides in the
Arctic seas
Experimental field work was carried out during
the cruise with RrV GAUSS in summer 1995 in
order to trace Sellafield derived radionuclides in
the north, Norwegian, Barents and Greenland
seas. The cruise track of RrV GAUSS followed
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the well-known transport pattern of contaminated
water from the North Sea to Arctic areas and the
potential export of water from the Arctic Ocean
into the north Atlantic along the East Greenland
Current system ŽDahlgaard, 1994.. During the
cruise, water samples were collected, some of
them in vertical profiles, and analysed for 137 Cs,
134
Cs, partly for 90 Sr and tritium, and transuranic
nuclides, such as 239,240 Pu, 238 Pu and 241Am. In
most cases the concentrations of man-made radionuclides and organic contaminants are highest
in the North Sea. The Sellafield signal of 137 Cs
dominating the contamination in former years in
the North Sea and adjacent sea areas decreased
significantly also in the Barents and Greenland
Sea.
Water samples taken in the North Sea ŽFig. 1a.
showed varying 137 Cs activities between 2.5 and
25.5 Bqrm3. The main contamination sources are
discharges from the Sellafield reprocessing plant
ŽUK. into the Irish Sea and outflowing water
from the Baltic Sea which was contaminated by
the Chernobyl fallout in 1986. The maximum
activity near the Orkney Islands was 13.1 Bqrm3.
Following the transport pattern of the prevailing
current system through the North Sea, the activity
decreased to values near 6 Bqrm3 in the Skagerrak. The contamination by 137 Cs due to discharges from Sellafield and La Hague has decreased significantly in recent years. In 1979, e.g.
the detected maximum activity in the North Sea
was above 400 Bqrm3 near the Scottish coast,
decreasing subsequently due to discharges from
Sellafield.
Concentrations in the Skagerrak ŽFig. 1a. region are higher due to continuous outflow from
the Baltic Sea, where the Chernobyl contribution is the dominant source. This can be proved
by the 134 Cs activities detected Žactivity ratios
134
Csr 137 Cs s 0.024 ] 0.040; expected ratio
1995:0.05. ŽHELCOM, 1995.. The levels of 137 Cs
in western Baltic surface waters are still between 50
and 100 Bqrm3.
Water samples near the Norwegian coast ŽFig.
1a. showed slightly increased 137 Cs activities decreasing in a northerly direction, reflecting the
water mass transport Ž9.6]3.8 Bqrm3 .. The
sources of these activities are both discharges

from Sellafield and contaminated sea water from
the Baltic Sea.
The present ‘background’ concentration in surface water in the northern hemisphere originating
from global weapons test fallout during the 1950s
and 1960s is estimated at 2 Bqrm3 137 Cs. Activities in the Greenland and Norwegian Seas are also
low Ž2.2]4.9 Bqrm3 .. The values decrease in deep
water layers in the Nordic sea basins, below 1000
m Ž2.5]0.8 Bqrm3 . ŽFig. 1b.. The observed concentrations in the Barents Sea ŽFig. 1c. are in this
range or slightly above Ž2.1]3.8 Bqrm3 .. Surface
and bottom waters Žmaximum 350 m depth. in the
Barents Sea show no significant differences of
contamination in vertical profiles. Somewhat
higher values Ž4.2]4.5 Bqrm3 . are detected in
surface waters of the Norwegian Coastal Current,
north of northern Norway and near the Kola
peninsula ŽFig. 1c..
The concentrations of Pu-isotopes measured in
seawater profiles have been reported and discussed by Herrmann et al. Ž1998.. A long range
transport of Sellafield derived Pu isotopes to
deeper layers in the Greenland Sea was detected
by means of the activity ratios 238 Pur 239,240 Pu.
The activity ratio of 137 Csr 90 Sr can be used to
identify the source of contamination. Typical ratios of the former Sellafield discharges were significantly above 3.0 before 1985 and in the years
1989]1992 ŽMAFF, 1995; OSPARCOM, 1997..
The ratio from global weapons fallout in open
oceanic water is approximately 1.5 ŽUNSCEAR,
1982.. The ratios along the Norwegian coastal
current are approximately 2.0]2.1, while the values in the central part further off the Norwegian
coast are lower than 2.0, indicating that this sea
area is mainly contaminated by global fallout.
The ratios in the Barents Sea are approximately
2.2 which shows that the main contamination
sources are both the Sellafield plant and global
fallout. Compared to earlier data, the Sellafield
signal decreased significantly also in this sea area
ŽGuegueniat et al., 1997; Kershaw et al., 1997..
However, in this case a certain contribution by
the remnants from the Chernobyl accident can
also be assumed. The 137 Csr 90 Sr activity ratios in
the Greenland Sea are above 2.3 indicating that
they are influenced by earlier Sellafield dis-
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charges, where the ratios were above 5.9, before
1985. They rose as high as 11.3 in 1976. The
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influence of the La Hague discharges before 1985
is expected to be low because they were at least
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Fig. 1. Ža. Concentration of 137 Cs in sea water ŽBqrm3 . in vertical profiles during summer 1995; Cruise 261 RrV GAUSS Ž15
June]27 July 1995.; Norwegian Sea and northern North Sea. Žb. Concentration of 137 Cs in sea water ŽBqrm3 . in vertical profiles
during summer 1995; Cruise 261 RrV GAUSS Ž15 June]27 July 1995.; Greenland Sea. Žc. Concentration of 137 Cs in sea water
ŽBqrm3 . during summer 1995; Cruise 261 RrV GAUSS Ž15 June]27 July 1995.; Barents Sea.

one order of magnitude lower than the Sellafield
effluents. The activity ratios 137 Csr 90 Sr from the
LaHague discharges were below 0.8 in recent
years, mostly only approximately 0.2.
The levels of 137 Cs activity in the entire area
where samples were collected during summer 1995
show no indication of the high discharges from
Sellafield before 1985. In addition, there is no
sign of any widespread contamination from local
sources, e.g. dumped wastes in the Arctic shelf
seas. The detected levels are significantly lower
than those in 1985 published by Wedekind et al.
Ž1997.. Samples taken near the wreck of the
‘Komsomolets’ show no sign of contamination
from the reactor: 137 Cs: 0.8 Bqrm3 in sea water,
max. 15.8 Bqrkg in 0]2-cm sediment.
Generally, the surface sediment samples Ž0]2
cm. in the north Atlantic taken in 1995 show
activities between 3.6 and 15.8 Bqrkg Ždry wt.. of
137
Cs, with exceptions near the Norwegian coast

Žup to 48.7 Bqrkg.. It is assumed that this is also
due to contamination from earlier Sellafield discharges because this region is along the pathway
of contaminated waters transported from this
source. In the Barents Sea, activities in surface
sediment are very low Ž1.5]5.8 Bqrkg..
Sediments, in particular in deposition areas,
are often used as an integrating indicator of environmental pollution. Therefore, a large number
of surface sediments were obtained from Russian
Institutes and samples were taken during our own
expedition in order to analyse them for gamma
emitting radionuclides.
The 137 Cs levels detected in Kara Sea sediments are in the range of 1.0]20.2 Bqrkg Ž0]3
cm. ŽNies et al., 1997.. Higher specific activities
near the rivers Ob and Yenisei may reflect input
of contaminated river sediments as a consequence of releases from Siberian reprocessing
plants. 60 Co is detected in one sample in the
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estuary of the river Yenisei. This is consistent
with other investigations in the Ob and Yenisei
estuaries ŽPanteleyev et al., 1995.. The levels in
general are low compared for example, to those
in the Irish, North or Baltic Seas ŽBSH, 1990,
1996; HELCOM, 1995.. 137Cs levels in sediment
Ž0]3 cm., detected in 1997 at eight stations during the RussianrGerman expedition to the Kara
Sea ŽAmdermarVaygach flaw lead., are in a similar range of 0.3]20.0 Bqrkg ŽDethleff et al.,
submitted.. The levels detected are in agreement
with other measurements from other groups
ŽJNREG, 1996; King et al., 1997; Krosshavn et al.,
1998.. However, the joint Norwegian Russian expedition took sediment samples in the direct
vicinity of dumped objects and found significantly
elevated contamination in some of the Novaya
Zemlya Bays.
The radioactivity in coastal waters of the Murmansk region was analysed at six stations. The
largest part of the Russian nuclear fleet is stationed in the surroundings of Murmansk, in particular many nuclear submarines ŽNilsen et al.,
1996.. Some higher, though not alarming, activities in sediment samples are found in this region:
137
Cs up to 37.5 Bqrkg, 60 Co up to 22.7 Bqrkg
and 241Am in very low amounts Žup to 3.1 Bqrkg..
According to Rissanen et al. Ž1998., the elevated
60
Co values suggest some small release of radioactivity from nuclear facilities. However, the
137
Cs levels of sea water in these areas are in the
range from 4.7 to 8.0 Bqrm3 which are not indicative of a significant contamination. An intensive survey of that region was carried out by
Matishov et al. Ž1998..
2.3. Numerical modelling
A hierarchy of three-dimensional coupled
ice]ocean circulation models was applied to study
the major pathways for radioactive contaminant
transport in the Arctic. The circulation models
covered three different spatial scales:
v
v
v

the local scale;
the regional scale; and
the global scale.
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The models were used to provide essential information on the seasonality of ocean currents,
stratification, ice formation and ice transport on
all scales. Endpoints were circulation patterns on
different time scales that served as source functions for transport modelling of dissolved radioactivity ŽHarms, 1997b; Nies et al., 1997; Harms et
al., 1998..
Parts of the high level radioactive waste, like
for example whole submarines, were dumped in
small and shallow bays along the east coast of
Novaya Semlya. To assess the consequences of
damage or leakage for the very near field, we ran
a model of Abrosimov Bay ŽHarms and Povinec,
1998., because here the knowledge of topography
and hydrography is most advanced. The model
results showed significant variations in the bay
circulation due to a pronounced seasonality in
wind forcing and ice cover. In general, the radionuclide concentrations in the bay range
between 2000 and 3000 Bqrm3 in seawater, following a hypothetical release of 1 TBqryear.
These values would be two or three orders of
magnitude higher than recently observed levels in
the North Sea.
The regional scale models covered the Arctic
shelf regions of the Barents and Kara Seas
ŽHarms, 1997b.. Release rate scenarios were performed for a constant release of 1 TBqryear
137
Cs into Abrosimov Bay. In these scenarios the
average concentrations in the central Kara Sea
did not exceed 1 Bqrm3 which would be lower
than the existing background level.
Even in a ‘worst case scenario’ ŽFig. 2., which
assumes an instantaneous release of the total
137
Cs activity from all four dump sites ŽAbrosimov
Bay, Stepovoy Bay, Tzivolky Bay, Novaya Semlya
Trough total: 1 PBq in 1995., depth-integrated
maximum concentrations in the central Kara Sea
did not exceed 50 Bqrm3. This would correspond
roughly to already existing levels, e.g. in the North,
Baltic or Irish Seas.
In large scale dispersion studies ŽNies et al.,
1997; Karcher et al., 1998., a 1 TBqryear release
of 137 Cs was applied to the east coast of Novaya
Semlya. The scenario confirmed that the contaminated surface plume leaves the area towards the
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Fig. 2. Simulated concentrations of 137 Cs Župper level. in the Kara Sea Žlower level: topography with indication of the waste
location. following a ‘worst case scenario’ release from the dump sites. An instantaneous release of 1 PBq was assumed.

north-east, advected by water masses of Atlantic
origin and also towards the east with a coastal
current into the Laptev Sea ŽFig. 3..
In the mixed layer, the contaminants were advected pole-wards until they were picked up by
the transpolar driftstream. Fram Strait was

reached in approximately 7]8 years and 4 more
years were needed to reach the Denmark Strait.
Concentration levels decreased from 1 to 0.1
Bqrm3 in the Kara Sea down to 10y2 Bqrm3 in
the East Greenland Current.
On the northern Kara Sea Shelf, significant

Fig. 3. Simulated surface concentration of 137 Cs in the Arctic Ocean and north-east Atlantic after 30 years of dispersion following a
continuous release of 1 TBqryear from the dump sites in the Kara Sea.
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parts of contaminants were mixed down to the
bottom. The ‘intermediate’ radioactive tracers
reached Fram Strait after approximately 18 years.
The ‘deep’ tracers cross the Lomonosov Rigde to
enter the Canadian basin. They reached the
Canadian Archipelago after 30 years, however, at
very low levels Ž10y2 to 10y3 Bqrm3 ..
Like on the regional scale, the simulated levels
of radioactivity were extremely low. Even a simulated Žbut very unrealistic . ‘worst case’ showed no
significant contamination of the Arctic Ocean.
Computed values of - 50 Bqrm3 would be in the
range of existing background values which are
mostly influenced by the Sellafield discharge. This
became evident when comparing the ‘worst case
scenario’ results with a ‘Sellafield hindcast scenario’.

3. Sediment and radionuclide transport by Kara
Sea ice
Different artificial radionuclides } such as
Cs, 60 Co, and 239,240 Pu } tend to attach to
suspended particulate matter ŽSPM. or fine
grained surface sediments, which may be incorporated into Arctic sea-ice in shallow, near coastal
areas. Meese et al. Ž1997. and Landa et al. Ž1998.
report enhanced 137 Cs contamination in central
Arctic sea-ice sediments which might have originated on the shallow Siberian shelves.
Dethleff et al. Žsubmitted. give an estimate of
possible 137 Cs and 239,240 Pu transport attached to
particulate inclusions in sea-ice formed in western Kara Sea flaw leads. The authors combine
data on sea-ice sediment concentrations and ice
production estimates with measured and calculated radionuclide contamination levels in surface
deposits and suspended particulate material close
to } or directly beyond } the flaw lead sections.
Based on a modeled ‘worst case’ release scenario of 1 PBq 137 Cs and 10 TBq 239,240 Pu Žentire
inventories. from the Novaya Zemlya dumping
bays ŽHarms, 1997b., the maximum entrainment
rates of particle-bound 137 Cs and 239,240 Pu into
newly forming lead ice were estimated by Dethleff et al. Žsubmitted. to reach as much as 0.58
and 0.17 TBq, respectively. This represents an
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annual radionuclide dispersal with sea-ice sediments of only 0.0004% and 1.2% of the total
Kara Sea 137 Cs and 239,240 Pu inventories.
From general knowledge of sediment entrainment and transport in Arctic sea-ice it can be
concluded that despite a low content of particulate matter, Kara Sea ice has a high potential
transport capacity for concentrated sediment and
attached radioactive contaminants over large distances in extremely short time-periods. Entrainment and transport of particle-bound 137 Cs and
239,240
Pu in Kara Sea lead-ice may vary significantly depending on:
v

v

v

the contamination level in the water column
and the sediment source on the shelf surface;
the entrainment process and the behaviour of
the radionuclides in the water column after
re-suspension; and
the total amount of contaminated sediment
entrained.

134,137

4. Conclusions

1. No significant radioactive contamination from
sources in the Kara Sea was detected by the
analyses of water and sediment samples.
2. The concentrations of the most relevant radionuclides in the Barents, Greenland and
Kara Seas are lower than those in former
times or presently in the North or Baltic Seas.
3. No significant contamination was detected in
the area of the sunken Russian nuclear submarine ‘Komsomolets’.
4. The transport pattern from contamination
from the North Sea by radioactive signals can
be traced to Arctic waters.
5. The results of the modelling show no significant pollution even for worst case scenarios
of releases from the waste in the Kara Sea to
other sea areas in the Arctic or North Atlantic waters.
6. The results from the dispersion models suggest that, even for worst case scenarios, the
contamination of Arctic waters and North
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Atlantic areas is relatively minor compared to
pre-contamination from the Sellafield source
or global fallout in the 1960s. The long-range
simulation of the Sellafield discharges of 137 Cs
since the 1960s is in very good agreement
with the measured levels proving that this
tool can be used properly for environmental
assessments.
7. The transport of contaminated sediments by
ice may play a minor role in long-range contamination by radionuclides in the Arctic.
However, this transport mechanism might be
a rapid short circuit to the North Atlantic
Ocean.
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