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1 SUMMARY

The Arctic is often characterized as a pristine environ-
ment. More than 40 years after the peak in nuclear weapons
production, global fallout radionuclides continue to enter
the Arctic, transported by the atmosphere, sea currents, and
through discharges from major Arctic rivers. Discharges from
European’s nuclear reprocessing facilities and the 1986 Cher-
nobyl accident also contribute to the inventory of radioactivity
found in the Arctic. Many regional sources also exist. These
include Russian nuclear facilities on the Ob and Yenisey
Rivers such as the plutonium production and reprocessing
plants in Mayak, Tomsk, and Krasnoyarsk, and the nuclear
weapons testing site in Semipalantinsk. The former underwater
nuclear test site at Chernaya Bay, Novaya Zemlya, is a point
source of significant contamination in the Eastern Barents
Sea. Once in the Arctic Ocean, radionuclides are transported
by formation, transport, and melting of sea ice, deposition
and erosion of seafloor sediment deposits, and the movement
of water masses. As a result of these sources and transport
mechanisms, radionuclides are pervasive, detectable in sea-
water, sediments, and marine biota, even in this remote region

of the planet. The dominant radionuclides are cesium-137
(137Cs) (see Cesium), plutonium-239 (239Pu)(see Plutonium),
plutonium-240 (240Pu) (see Plutonium), technetium-99 (99Tc)
(see Technetium), and strontium-90 (90Sr) (see Strontium).
Fortunately, the levels detected in the Arctic environment are
decreasing with time and are today very low compared to the
peak period of nuclear weapons testing of the mid-1960s. Cur-
rent levels pose negligible biological and human-health risks.

Polar regions are predicted to incur some of the most
pronounced effects of climate warming, with the potential for
significant reorganization of system properties and processes.
A reanalysis of our understanding of radionuclide sources
and transport mechanisms is required in order to identify
high-probability manifestations of climate change in the
Arctic. Routine monitoring programs need to be combined
with research on the ecological ramifications of expected
environmental alterations. Scientists must address how climate
change will affect the bioamplification and delivery of
radionuclides to consumers of arctic fish, mammals, and bird
populations in order to support decision-making for managing
and mitigating high-probability changes. The European Arctic,
with its proximity to Russia’s industrial-military nuclear
complex, should remain a focal point for these activities.
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2 INTRODUCTION

The Arctic Ocean covers an area of 14 × 106 km2.
The deep, central basin (>5000 m) is divided by Lomonosov
Ridge into Eurasian Basin (Atlantic side) and Canadian Basin
(Pacific side) (Figure 1). The Arctic Ocean is surrounded by
shallow, shelf seas: Barents Sea, Kara Sea, Laptev Sea, East
Siberian Sea, and Chuckchi Sea. It is connected to Atlantic
Ocean (Greenland Sea) via Fram Strait and the Canadian
Archipelago. The waters from the Pacific Ocean enter from
the Chuckchi Sea and Bering Strait.

Most of the water entering the Arctic Ocean
originates from the North Atlantic (Figure 1). Two main
pathways may be distinguished: the West Spitsbergen Current
enters the Arctic Ocean via Fram Strait and the Barents
Sea Overflow Current enters via the Barents Sea. The North
Atlantic supplies warm and saline water, which mixes with
mid- and deep-water layers of the Arctic Ocean. Pacific water
is cold and less saline and, thus, enters the Arctic mainly
in surface layers of the Ocean. River discharges are another
important contributor to water circulation in the Arctic Ocean.

The Arctic receives 4200 km3 per year of fresh water (10%
of global river runoff).1 Arctic Sea ice is formed mainly
in the shallow continental shelves, For example, along the
coast of the Laptev, Kara, and Barents Seas. In general, it is
transported by transpolar drift westwards to the central Arctic
Ocean, Barents Sea, and Greenland Sea.2,3

The Arctic is characterized by a number of unique
physical and biological features with relevance for the
understanding of both the transport and fate of anthropogenic
radionuclides. While the Arctic Ocean is the smallest of the
world’s ocean areas, representing only 2% of the global ocean
volume, its associated continental shelves represent about
25% of the global shelf area.1 These large shelves are key
sites for the removal of radionuclides in waters in transit to
the central Arctic basin. Sea ice is perhaps the defining feature
of the polar seas, mediating many of the physical, chemical,
and biological processes of Arctic systems, including the
transport and partitioning of radionuclides within and between
biotic and abiotic environmental compartments. Sea ice is
also a key transport mechanism, concentrating radionuclide-
laden sediments during its formation and by incorporating
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Figure 1 Arctic Ocean map showing bathymetry, major surface currents (heavy arrows), and bottom currents (thin arrows). In addition the
locations of major river inflows are marked. (Modified from Ref. 1)



radionuclides through direct atmospheric deposition during
transit.4 Arctic ecosystems have been described as especially
vulnerable to the impact of anthropogenic chemicals, including
radionuclides.5 Fortunately, with the exception of a few point
sources of contamination, anthropogenic radionuclide levels
remain low in the Arctic (see Anthropogenic Radioactivity).
However, the presence of numerous potential sources and
changes to the environment as a result of global warming are
major challenges for the society.

3 RADIONUCLIDE SOURCES AND TRANSPORT
PATHWAYS

The radionuclides in the Arctic Ocean have been
studied intensively by several institutions and programs, e.g.,
International Atomic Energy Agency (IAEA), Norwegian
Radiation Protection Agency (NRPA), and the Arctic
Monitoring and Assessment Programme (AMAP). These
entities have published numerous synthesis descriptions and
prepared compilation radioactivity databases (e.g., IAEA-
MEL database).

The dominant anthropogenic radionuclides present
in seawater, sediments, and marine biota are cesium-137
(137Cs) (see Cesium), plutonium-239 (239Pu) (see Plutonium),
plutonium-240 (240Pu) (see Plutonium), technetium-99 (99Tc)
(see Technetium), and strontium-90 (90Sr) (see Strontium).
Their presence is largely related to proximity of source
areas to the Arctic and to the relatively long radioactive
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half-lives of these elements: 137Cs (t1/2 = 30 years), 239Pu
(t1/2 = 24 119 years), 240Pu (t1/2 = 6570 years), 99Tc (t1/2 =
2.1 × 105 years), and 90Sr (t1/2 = 29 years). Cesium forms
monovalent Cs+ ions in aqueous solutions, while 90Sr forms
divalent Sr2+ ions. The distribution coefficient (Kd = activity
per unit mass sediment/activity per unit mass seawater)
is a valuable method of comparing the relative affinity
of radionuclides for seawater in equilibrium with marine
sediments.6 Both cesium (Kd ∼ 3 × 103 l kg−1) and strontium
(Kd ∼ 1 × 103 l kg−1) have low Kd values, preferentially
partitioning in seawater. The most stable form of technetium
in seawater is pertechnetate (TcO4

−). This oxyanion is
highly soluble in seawater in contact with low-organic
matter sediments (Kd < 4 l kg−1) and less soluble in
seawater in contact with high-organic matter sediments
(Kd ∼ 1.5 × 103 l kg−1). Plutonium exhibits four oxidation
states in the natural environment (III, IV, V, and VI).
This element is largely insoluble in seawater, preferentially
partitioning to particulate phases. Kd values for plutonium are
Pu (III and IV) = 1 × 106; Pu (V and VI) = 1 × 104.7 The
radionuclides 239Pu and 240Pu are routinely measured by α-
spectrometry. This technique does not allow the separation of
activity concentrations between these two plutonium species.
Therefore, plutonium activity concentrations are typically
reported as 239,240Pu = 239Pu + 240Pu.

3.1 Main Sources

The main anthropogenic sources contributing to
contamination of the Arctic are nuclear weapons fallout,

Table 1 Main sources of radionuclides in the Arctic Ocean: total activity, region of discharge and transport pathway to the Arctic, important
radionuclides, and recent discharges13–16

Source
Total activity

(PBq)
Discharge region and transport

pathway to the Arctic
Important

radionuclides Recent state

Global fallout 15–30 Direct deposition from air 137Cs
90Sr
239,240Pu

Declines relative to the peak
nuclear weapons era in the
mid-1960s

Sellafield and La
Hague discharges

14–15 Direct discharge to Irish Sea, transport by sea
currents to the Arctic Ocean

90Sr
137Cs
241Pu
99Tc

Low, controlled discharges

Remobilization from contaminated sediments
in the Irish Sea, transport by sea currents to
the Arctic Ocean.

Important source of plutonium
and 137Cs to the Arctic

Chernobyl accident 1–5 Direct deposition from air in 1986 Important source of 137Cs to the
Arctic

Transport of contaminants from the Baltic Sea
by sea currents to the Arctic Ocean

Russian installations
(e.g., Mayak)

>100 Discharged to the Techa River, then to the
Kara Sea and by sea transport to the central
Arctic Ocean

90Sr
137Cs
239,240Pu
241Am

Uncertain discharges

Local dumping sites
(Novaya Zemlya)

∼1 Discharged directly to Kara Sea 137Cs
90Sr
241Pu

Little leakage with local
significance
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releases from nuclear reprocessing facilities (Sellafield, La
Hague), and the Chernobyl accident (Table 1 and Figure 2).
The large Arctic rivers (Ob, Yenisey, Mackenize) contribute
further to the supply of global fallout through erosion and
leaching of soils deposited in their catchment areas. The
Chernobyl accident (April 26, 1986) introduced radionuclides
both directly into the Arctic via atmospheric fallout as well
as through the northward transport of seawater entering the
North Atlantic from the Baltic Sea. For 137Cs, reprocessing
facilities have contributed 10–15 PBq, while global fallout
and Chernobyl have contributed 4.1 and 1–5 PBq to the
Arctic Ocean, respectively.8,9 Therefore, the percentage of
137Cs introduced to seawater from global fallout is 0.5%
(4.1/912)10 and from Chernobyl is 1–6%.

Many regional sources exist in the Norwegian, Bar-
ents, and Kara Seas (Figure 2). These include fluvial inputs
from nuclear facilities on the Ob and Yenisey Rivers, pro-
ducing local contamination in the Kara Sea.17,18 The most
important installations are the plutonium production and repro-
cessing plants in Mayak, Tomsk, and Krasnoyarsk, and the

nuclear weapons testing site in Semipalantinsk. Similarly,
releases of 137Cs and 239,240Pu from the former nuclear test
site at Chernaya Bay, Novaya Zemlya, have produced signif-
icant contamination of the Eastern Barents Sea,13 but longer
range transport from this source into the Western Barents Sea
has not been observed.14 Other minor sources include dumped
nuclear materials, such as sunken nuclear reactors and sub-
marines (Table 2 and Figure 2), and low-level waste containers
that are present in the Kara Sea.7,19 The nuclear operations
related to the military-industrial complex in the Kola Peninsula
are also included.20 Several nuclear accidents have occurred
in northwest Russia.11,21 Furthermore, on-going activities at
military-industrial sites located within catchment areas of the
Rivers Ob and Yenisey and the Kola Peninsula have been iden-
tified as possibilities for accidents in the future.22 In 1968, a
US military plane, containing four nuclear weapons, crashed at
Thule Air Base in Greenland, releasing a large quantity of plu-
tonium and 241Am to the environment. The accident resulted in
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Figure 2 Main sources of radionuclides in the Arctic: Sellafield and La Hague reprocessing plants, Chernobyl accident, the Chernaya Bay
underwater nuclear testing site, dumping sites for nuclear waste, sunken submarines: Komsomolets and K-159, Russian nuclear installations
(Mayak, Tomsk, and Krasnoyarsk), and the Thule accident. (Modified from Ref. 11 and map from Ref. 12)



Table 2 Potential radioactive contamination from dumped nuclear
reactors in the Novaya Zemlya region and from the sunken submarine
Komsomolets16,19

Novaya Zemlya
region

Year of
dumping

Depth of
dumping

Number of
dumped
reactors

Total activity
at the time
of dumping

(PBq)

Abrosimov Bay 1965,1966 10–20 8 ∼50
Tsivolka Bay 1967 50 4 ∼4
East of NZ

Trough
1972 300 1 ∼30

Stepovogo Bay 1981 30 2 ∼7
Techeniye Bay 1988 35–40 2 <4

Bear Island 1989 1600 1 ∼19

local hot spots of contaminated sediments due to the presence
of hot 239,240Pu particles with activities up to 1500 Bq.23

3.2 Major Transport Pathways

3.2.1 Atmospheric Transport

Total releases of selected radionuclides to the
atmosphere as a result of nuclear weapons tests have been
estimated at 912 PBq 137Cs, 604 PBq 90Sr, 6.5 PBq 239Pu,
4.3 PBq 240Pu, and 142 PBq 241Pu.10 These releases are
spread from their origin through two modes. Stratospheric
fallout consists of very small-sized fallout particles (∼1 µm
or less in diameter). They are entrained in the stratosphere
and circulated globally. Tropospheric fallout consists of larger
fallout particles that are rapidly deposited within the vicinity
of a test site or smaller fallout particles that do not reach
stratospheric altitudes, depositing within the hemisphere of
injection in the days to weeks following an event. The
introduction of anthropogenic radionuclides to the Arctic has
mainly been by stratospheric fallout, which accounts for >80%
of the total fallout radioactivity distributed worldwide.5,24,25

Atmospheric models have shown the trajectories of air
masses originating in Northern Siberia, Asia, Europe, and
North America, which transport nuclear fallout to the Arctic
Ocean.5,25–28 There are marked temporal variations, but in
general, transport to the Arctic is more effective in winter
than in spring.29 The importance of tropospheric fallout was
clearly seen during the Chernobyl accident, which transported
radioactive fallout via the atmosphere across a wide swath of
the Baltic states and Scandinavian countries.30

3.2.2 Ice Transport

Sea ice is a key feature of polar seas.3,31 Sea ice
extent in the Arctic varies from a maximum of approximately
15 × 106 km2 in winter to a minimum of 8 × 106 km2 in
summer and about 40% of Arctic Sea ice is seasonal.32

Although sea ice is in constant motion, fast ice, formed
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in the latitudinal zone between 60◦ and 75 ◦N, is made
relatively stable by anchoring to the shoreline and to the
sea bottom in shallow areas. The dynamic movements of fast
ice facilitate sediment resuspension from the seafloor and the
incorporation of sediments into sea ice.33 These sediments
contain radionuclides that are redistributed in the marine
environment through sea ice transport and later released in
ablation zones, increasing the accumulation of sediments in
these focus areas. Ice transports elevated concentrations of
radionuclides derived from direct fallout to ice surfaces and
from particles incorporated into sea ice during freezing.4,33–36

Activity concentrations as high as 3000 Bq kg−1 of 137Cs
and 750 Bq kg−1 of 239,240Pu (maximum assessment) may be
associated with sea ice from the Kara Sea.4 The transit time
for radionuclides incorporated in sea ice formed along the
Siberian margin and then transported by transpolar drift to the
Eurasian part of Arctic Ocean, Greenland, and Barents Seas is
approximately 2–4 years. Radionuclide-laden sea ice entering
into the Arctic Ocean may circulate for as long as 15 years.33

3.2.3 Sea Currents

Sea currents have been a major transport pathway for
radionuclides originating from the nuclear reprocessing facil-
ities in Sellafield (UK) since 1951 and from Cap de La Hague
(France) since 1965 (see Oceans and Seas; Atlantic Ocean).
The most important radionuclides transported from Sellafield
to the Arctic are 137Cs, 99Tc, and 90Sr, with additional supplies
of plutonium and americium.37–39 The reprocessing plant dis-
charges peaked during 1970s–1980s. Discharges of cesium
and plutonium decreased in the early 1990s due to the intro-
duction of improved waste treatment techniques but with a
concomitant increase in 99Tc discharges. To mitigate the dis-
charge of 99Tc in effluent waters, additional measures were
implemented in 2000, which resulted in a measurable decline
in 99Tc concentrations in European Arctic waters.40 Radioac-
tive discharge plumes from these facilities enter the Irish Sea
(Sellafield) and English Channel (Cap de La Hague) and are
transported north via the North Atlantic current. These cur-
rents also transport water entering from the Baltic Sea which
continues to be a source of radionuclides originating from
the 1986 Chernobyl accident.41 Once in the Norwegian Sea,
the North Atlantic Current bifurcates with one branch leading
into the Barents Sea (Barents Sea Overflow current) and the
other branch (West Spitsbergen Current) traversing around
the west coast of Svalbard, with part of the northward flowing
West Spitsbergen Current recirculated within the Greenland
Sea.42,43 The transport times for radiocesium from the Irish
Sea into the Barents Sea and Arctic Ocean have been esti-
mated to be on the order of 5 and 6–10 years, respectively.39

Down-welling of cold, dense waters off the surrounding
shelves and direct exchange through Fram Strait transfers
these radioactive-laden waters into the central Arctic Ocean.44

Sediments in the northeast Irish Sea also contain high
inventories of particle-associated radionuclides, particularly
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plutonium.45 As the effluent discharges from Sellafield have
decreased over time, these marine sediments have become a
source of plutonium to seawater. Sediment mixing processes
by benthic organisms or physical processes, such as waves
and currents, further facilitate reintroduction of radionuclides
to seawater.46–49 Plutonium exchanged from contaminated
sediment deposits to seawater is then available to be
transported north via the North Atlantic current.

3.2.4 Rivers

Arctic rivers are major suppliers to the Arctic Ocean
of global fallout radionuclides deposited in river catchment
areas. Arctic rivers drain 107 km2 of northern Asia, northern
Europe, and North America as far south as 50 ◦N latitude.
Total annual discharge into the central Arctic basin from
rivers ranges from 2700 to 5000 km3, with an average of
3640 km3. The Ob and Yenisey Rivers, which discharge
to the Kara Sea, account for 44% of riverine freshwater
input to the Arctic; the Lena River (Laptev Sea) and
Mackenzie River (Canadian Shelf) discharge 24 and 16%,
respectively. Together these rivers are responsible for 84%
of riverine freshwater supplies to the Arctic.50 The Ob and
Yenisey Rivers receive radioactive contamination from the
Mayak Production Association in the Urals, the Siberian
Chemical Combine (Tomsk-7), and the Krasnoyarsk Mining
and Chemical Combine (KMCC). The supply amounts have
not been well characterized. Radionuclides from Russian
installations are transported away from the Kara Sea by sea
currents toward east and north part of Arctic Ocean. Arctic
rivers remain frozen for much of the year, making the river
supply of contaminants strongly seasonal. Particle-associated
radionuclides, such as plutonium, will largely remain trapped
in river estuaries,15,51–53 while the more soluble species, e.g.,
strontium and cesium are supplied to the Arctic shelf mainly in
the dissolved form. Radionuclide flux estimates have not been
systematically determined for Arctic rivers. The challenges of
sampling in remote locations combined with the high degree
of variability in both water discharge and radionuclide activity
concentrations, in both time and space, have contributed to
the paucity of available estimates.

4 DISTRIBUTION PATTERNS

4.1 Radiocesium

4.1.1 Abiotic Compartments

137Cs is supplied by all of the major sources
contributing radionuclides to the marine environment and
is pervasive throughout the Arctic due to relative mobility.
Activity concentrations of 137Cs in the central Arctic Ocean
are on the order of 5 Bq m−3 in surface seawater, decreasing

to <0.2 Bq m−3 at water depths of 250–1000 m (measured
in 1985–1989).54 The levels in continental shelf seas are
generally similar to those reported in surface waters of the
Arctic Ocean (<5 Bq m−3).4,17 Levels began declining in
the mid-1970s in response to a decline in discharges from
Sellafield 4 years earlier.37–39 For example, during the early to
mid-1970s surface seawater concentrations in the Greenland
Sea above 65 ◦N were on the order of 9 Bq m−3. In the early
to mid-1990s, concentrations had decreased to approximately
7 Bq m−3; by 1999 the levels were 2–5 Bq m−3 (see Global
Trends in Cesium Distribution).55,56

Typical levels of 137Cs in Arctic Sea ice-rafted
sediments are <40 Bq kg−1.57–59 For example, in Fram Strait
as well as the Kara Sea, activity concentrations range from 2 to
18 Bq kg−1.4,33 However, concentrations up to 3000 Bq kg−1

have been measured in some samples of sea ice, for example,
from the Kara and Barents Seas as well as the Canadian
Archipelago.4,60 Exceptionally high activity concentrations
have been explained by the age of the ice (e.g., multiyear
sea ice) and origin (e.g., Yenisey estuary), as well as by the
characteristics of the entrained particles, e.g., cesium is readily
adsorbed to very fine clay particles that are easily incorporated
into sea ice.

137Cs activity concentrations in Arctic Ocean
seafloor sediments range from 2 to 50 Bq kg−1.60 The 137Cs
levels in Arctic continental shelf sediments are typically
1–20 Bq kg−1,4,15,61,62 while sediments from the river estuaries
of the Yenisey and Ob contain up to 80 Bq kg−1 of 137Cs.15,17

In the vicinity of the underwater nuclear test site in Chernaya
Bay (Novaya Zemlya), 137Cs activity concentrations reach
150–300 Bq kg−1.14,63

4.1.2 Biotic Compartments

Among the wide variety of radionuclides present
in the Arctic environment, radiocesium is the only one
that biomagnifies through marine food webs.64 Arctic lower
trophic level organisms exhibit 137Cs activity concentra-
tions, typically<1 Bq kg−1.56,65–67 Similarly, activity con-
centrations in fish, birds, seals, and whales range from
<0.1 to 2 Bq kg−1.55,56,68–70 Near Chernaya Bay, however,
measurements of biological samples exhibit higher activity
concentrations, e.g., 5–13 Bq kg−1 in seaweed, 1 Bq kg−1 for
mollusc, and 28 Bq kg−1 for a polychaete worm.63 These
generally low 137Cs levels for Arctic marine organisms are
expected to continue to decline in accordance with the decreas-
ing trend in 137Cs seawater activity concentrations.

4.2 Plutonium

4.2.1 Abiotic Compartments

The presence of plutonium in the Arctic is mainly
the result of atmospheric fallout from nuclear weapons



testing with minor additions from other sources such as
reprocessing facility discharges, river discharges, underwater
tests performed at Chernaya Bay, and nuclear accidents (see
Plutonium; Civilian Nuclear Accidents). 239,240Pu activity
concentrations in the central Arctic Ocean ranged from
0.001 to 0.02 Bq m−3 (measured in 1985–1989) in surface
seawater.54 Levels in continental shelf seas are similar to or
slightly lower than those reported in the Arctic Ocean.17,38,44

In Chernaya Bay, 239,240Pu activity concentrations are
∼0.1 Bq m−3 in surface seawater, reaching 4.2 Bq m−3 at
70 m depth (measured in 1993).63 239,240Pu levels in Arctic
Sea ice-rafted sediments are typically <2 Bq kg−1.4,33,58 The
distribution of plutonium in seafloor sediments is more
nuanced than in seawater, due to the combination of global
fallout and additions reflecting the proximity of sampling sites
to local sources. Seafloor sediments from the Pacific side of the
Arctic (Mendeleev Ridge and Chukchi Basin) contain 239,240Pu
activity concentrations ranging from 0.02 to 0.10 Bq kg−1,71

from the Canadian Basin, activity concentrations range
from 0.03 to 0.3 Bq kg−1, and from the European side
(Barents and Kara Seas), activity concentrations range from
0.03 to 3.0 Bq kg−1.14,17,53,61,64,72–74 Within Chernaya Bay,
239,240Pu activity concentrations have been reported as high
as 15 000 Bq kg−1.63 While in northwest Greenland, the site
of the Thule accident, surface sediment 239,240Pu activity
concentrations range from 40 to 700 Bq kg−1, they are as high
as 7600 Bq kg−1 in deeper sediment layers.75

4.2.2 Biotic Compartments

Plutonium is readily bioconcentrated by marine
algae.73 For example, in the Barents Sea, 239,240Pu activity con-
centrations in seaweed are <0.3 Bq kg−1 (1993–1994). Much
lower concentrations are found in fish (<0.01 Bq kg−1).73 In
Kara Sea marine invertebrates (isopods, bivalves, amphipods),
239,240Pu activity concentrations ranged from 0.03 to
0.2 Bq kg−1.76 Activity concentrations are lower in marine
invertebrates from the Beaufort Sea, ranging from <0.01 to
0.08 Bq kg−1.67 In contrast, 239,240Pu activity concentrations in
organisms from Chernaya Bay ranged from 5 to 15 Bq kg−1 in
seaweed, ∼100 Bq kg−1 in molluscs, and ∼1300 Bq kg−1 in a
polychaete worm.63

4.3 Strontium

4.3.1 Abiotic Compartments

90Sr activity concentrations measured in Arctic
Seas have mainly been influenced by global fallout from
atmospheric tests of nuclear weapons (see Strontium). Peak
activity concentrations in Arctic shelf seas were reported in
1963–1964: 26 Bq m−3 in the Chukchi Sea, 22 Bq m−3 in the
East Siberian Sea, 52 Bq m−3 in the Laptev Sea, and 85 Bq m−3

in the Kara Sea. These can be compared to results of various
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sampling campaigns carried out in the 1990s: 2 Bq m−3 in
the Chukchi Sea, 5 Bq m−3 in the Laptev Sea, and 5 Bq m−3

in the Kara Sea. Long-term monitoring in waters off the
coast of Greenland indicates a similar decline of an order
of magnitude in 90Sr during the last 45 years.22,55,56 In 1960,
the waters of Greenland contained ∼15 Bq m−3, decreasing to
∼5 Bq m−3 in 1997 and today are ∼1 Bq m−3. The 90Sr activity
concentrations in marine sediments of the Kara Sea, in close
proximity to the Yenisey River estuary, exhibit 90Sr activity
concentrations in the range of 1.0–2.0 Bq kg−1.15 In the
adjacent Barents Sea, activity concentrations are <1 Bq kg−1.

4.3.2 Biotic Compartments

Strontium has been suggested as an analog for
calcium and, therefore, may assimilate into the exoskeleton
of marine arthropod species or the bones of fish. However,
90Sr is very low in most marine invertebrates, ranging from
<0.01 to 0.05 Bq kg−1.67 Similarly, studies of Arctic marine
mammals have shown that 90Sr activity concentrations are
close to the detection limit (0.1–0.6 Bq kg−1). Thus, despite
the suggestion that strontium may serve as an analog for
calcium, 90Sr content is very low at all levels of the food web,
including Arctic top predator species (whales, seals, polar
bears, and walrus).68

4.4 Technetium

4.4.1 Abiotic Compartments

99Tc activity concentrations in coastal surface waters
reflect the historical pattern of 99Tc discharges from Sellafield.
Discharges from the facility reached a maximum in the mid-
1990s, which, on the basis of estimated transport times of
4–6 years, would reach peak levels in the Barents Sea in
∼2000. Measurements taken before 2000 indicated that in
the Greenland Sea (1999) and Barents Sea (1994) activity
concentrations ranged from 0.01 to 0.08 Bq m−3.38,56,65 Repeat
sampling of the West Spitsbergen Current adjacent to Svalbard
both before and after the turn of the century confirmed the
expected trend. In 2001, 99Tc activity concentrations were
∼0.3 Bq m−3, while before 2000 levels were <0.1 Bq m−3.43

This 99Tc tracer signature is now being monitored in transit to
the Arctic Ocean (see Technetium).

4.4.2 Biotic Compartments

Levels of 99Tc reported for marine species are
presently below detection limits (<0.3 Bq kg−1), indicating
that 99Tc does not readily bioconcentrate in marine
organisms.77 However, seaweed (brown macroalgae) has
been shown to bioconcentrate technetium from seawater78

and specimens collected at the Greenland coast in 1999
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exhibited 99Tc activity concentrations ranging from 4 to
30 Bq kg−1.56 Slightly higher activity concentrations of
6–60 Bq kg−1 (2000–2002) were measured in seaweed from
coastal Svalbard.65 Norwegian lobster (Nephrops norvegicus)
and lobster (Homarus gammarus) have been shown to
concentrate 99Tc, but levels in specimens of these species
have not been reported for Arctic areas.

5 ARCTIC BIOTA AND ECOSYSTEMS

Features unique to Arctic biota may lead to
increased vulnerability for organisms from contaminant
effects including radionuclides.1,11,79 Cold-water organisms
are adapted to survive in harsh conditions, exhibiting slower
metabolic rates, relatively large amplitude fluctuations in
the lipid cycle of some species, antifreeze mechanisms,
and protection against oxidative stress. The influence
of these characteristics on radionuclide bioaccumulation
and biotransformation is poorly investigated. Nonetheless,
excluding bivalve molluscs and brown algae, bioconcentration
factors are similar for arctic and temperate latitude
marine organisms, indicating no significant differences in
bioconcentration potential between Arctic and temperate
latitude organisms.80

However, there are structural and functional char-
acteristics of Arctic ecosystems that may lead to efficient
bioaccumulation and biotransfer of radionuclides through
Arctic food webs.81 These specialized features include sea-
sonal and spatial focus of primary productivity, relatively
simple trophic structure, strong benthic–pelagic coupling, and
a prevalence of large mammals as apex predators.1 However,
in general, the levels of anthropogenic radionuclides (cesium,
plutonium, strontium, and technetium) in Arctic food chains
are low, posing no threat to human health.66,79 In contrast,
biomagnification in arctic terrestrial ecosystems is sufficiently
high that it controls the consumption of top predator terrestrial
food sources, such as reindeer, which is necessary in order to
limit human exposure to radiation.56,82

6 THE FUTURE CHALLENGES OF A
CHANGING ARCTIC

The Arctic is warming at a rate three times faster than
other parts of the globe with polar regions predicted to incur
some of the most pronounced effects of climate change.83,84

Science is only beginning to grapple with the manifestations
of climate change in the Arctic, but the effects are likely to
be abrupt and nonlinear, leading to significant reorganization
of system properties and processes.70 Such changes require
a reanalysis of our understanding of radionuclide sources,

transport mechanisms, distributions, and effects. Some current
challenges that may arise are as follows:

Radionuclides from European reprocessing facilities: An
increase in the strength of the Atlantic oscillation may result
in an enhanced northward delivery of radionuclides from
European reprocessing facilities to the Nordic Seas and central
Arctic Ocean.
Radionuclides from Arctic rivers: Increased freshwater
discharges may enhance the release and exchange of
radionuclides stored in river catchment basins.
Leakages of nuclear waste storage ponds: Permafrost
melting may lead to land instabilities that cause waste leakages
from holding ponds at storage facilities along the heavily
industrialized Russian Coast.
Radionuclide remobilization: Changes in pH, redox
conditions, and organic matter cycling as a result of ocean
acidification may facilitate remobilization of radionuclides
from bottom sediments.38,39 Continental shelf sediments,
which are considered sinks for radionuclides, may become
sources.44

Leaching of nuclear containers: Ocean acidification may
increase the risk of leaching of dumped radioactive materials
(e.g., in the fjords of Novaya Zemlya) and faster corrosion
of nuclear submarines either sunken in open sea areas (e.g.,
Komsomolets) or stranded in the Kola region.
Radionuclide bioaccumulation: For the biosphere, alter-
ations in species energetics and trophic interactions may
affect the bioamplification and delivery of radionuclides to
consumers of arctic fish, mammals, and bird populations.
Human access: Human access to the Arctic is expected to
increase as a consequence of sea ice reduction, contributing
to the risks of maritime accidents associated with increased
radioactive waste shipments or new floating nuclear power
facilities.

7 CONCLUSIONS

The Arctic Ocean of today serves as a repository of
our past and present nuclear activities. While radionuclide
levels remain low, accidents are an ever-present risk,
particularly in the Russian Arctic where numerous regional
sources exist. However, large-scale, long-term changes in the
Arctic system imposed by climate warming are also underway
and these will influence the distribution, transport, and fate
of radionuclides in ways that are highly uncertain. Routine
monitoring programs in the Arctic are essential in order to
identify these changes at an early stage. Fundamental studies
of key radiochemical properties and biological processes
associated with alterations in ocean chemistry, circulation
patterns, river discharge, and sea ice formation are needed to
reduce uncertainty in our knowledge of the expected outcomes.
Biological effects caused by synergistic responses to radiation



combined with other stressors are also needed. And these
advances must be integrated into new system management
tools for the evaluation of risks. The European Arctic, with
its proximity to Russia’s industrial-military nuclear complex,
should remain a focal point for these activities.
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