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This paper presents a detailed survey of the radiological environment of
the Svalbard area carried out from 2000 to 2002, in both the marine and
terrestrial environment. In the marine environment in 2001, **Tc activity
concentrations in seawater were 0.13 to 0.36 Bq/m?, 5 fold higher than
those in 1994, reflecting the increase in *°Tc discharges from Sellafield
in the mid 1990s. Cs-137 activity concentrations in seawater were 2.23
to 2.43 Bg/m?, ca. 10 fold lower than those in the 1980s, reflecting the
reduction in discharge of this radionuclide. Pu-238, 239*240Py and 24! Am
activity concentrations in seawater were <0.3 to 0.7 mBg/m?, 5.6 to 8.9
mBg/m? and 0.6 to 2.4 mBq/m? respectively, with activity ratios suggest-
ing global fallout to be the dominant source. Tc-99 activity concentrations
in brown algae were up to 18 fold higher than those in the 1980s with
highest concentrations in Fucus distichus (25.7 to 58.7 Bq/kg d.w.). In
the terrestrial environment, typical 3’Cs activity concentrations in soil
were between <0.5 and 63 Bq/kg d.w. whilst activity concentrations of
the natural radionuclides 238U (17 to 72 Bq/kg d.w.), >*°Ra (21 to 70 Bq/kg
d.w.), 2>2Th (10 to 57 Bq/kg d.w.) and 4°K (115 to 818 Bq/kg d.w.) were
similar to global averages. In terrestrial vegetation, 1*’Cs activity concen-
trations varied from 29 to 292 Bq/kg d.w. in mosses, 30 to 140 Bq/kg d.w.
in lichen and 19 to 109 Bg/kg d.w. in flowering plants. Elevated activity
concentrations of 13’Cs, 238U, 22°Ra, Pu isotopes and 24! Am were found in

some matrices associated with seabird colonies.

J. P. Gwynn, M. Dowdall, C. Davids & O. G. Selnces, Norwegian Radiation Protection Authority,
Environmental Unit, Polar Environmental Centre, NO-9296 Tromse, Norway, justin.gwynn@nrpa.no;
B. Lind, Norwegian Radiation Protection Authority, Box 55, NO-1332 Osterds, Norway.

In comparison with the Norwegian mainland,
Svalbard has received little attention with regard
to the concentration and behaviour of radionu-
clides in marine and terrestrial environments. For
the terrestrial environment, the majority of previ-
ous studies were conducted in the 1980s and were
limited both in their spatial representativeness,
the number and type of samples examined and the
nuclides reported. For the marine environment,
more data are available, both on a spatial and tem-
poral scale. However, there is an overwhelming
bias in the data for abiotic compartments (i.c. sea-
water and sediments), with few studies of radio-
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nuclide contamination in marine biota within the
Svalbard region.

The amount of interest and attention focused
on the region has recently increased, possibly
because of the widely held perception of Svalbard
as a pristine wilderness and because of the vul-
nerability of its ecosystems. Much of this atten-
tion has focused on the concentrations of pol-
lutants in the region and its ecosystems, with
radioactive contaminants being one of the main
groups of pollutants under discussion (Interna-
tional Arctic Environmental Protection Strate-
gy [IAEPS]; AMAP 1993). The current focus on
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radioactivity within the Arctic regions in gener-
al is the result of the relatively large number of
sources of both actual and potential nuclear con-
tamination that exist in the Arctic, the particu-
lar vulnerability of Arctic ecosystems to nuclear
contamination (Wright et al. 1997) and the rela-
tive lack of knowledge with respect to both the
occurrence, behaviour and effects of radioactive
contaminants in High Arctic ecosystems.

Svalbard lies in close proximity to sites of previ-
ous atmospheric weapon testing and in the path of
continued and potential oceanic long-range expo-
sure to sources of radionuclides from the Euro-
pean mainland. Of the 543 atmospheric weap-
ons tests conducted globally, 91 were carried out
in the Arctic region by the former Soviet Union
at Novaya Zemlya with a total yield of 239.6 Mt
(UNSCEAR 2000). Aarkrog (1993) estimated a
level of fallout in the Arctic region of 30 PBq of
137Cs from 87 of these tests alone. More recent-
ly, trends of radionuclides in the Svalbard marine
environment have been dominated by the contri-
butions of European reprocessing facilities. In
particular, peak discharges of '3’Cs from Sella-
field (UK) in the mid 1970s and later *Tc in the
mid 1990s, following operation of the Enhanced
Actinide Removal Plant (EARP), led to higher
activity concentrations of these radionuclides in
seawater and marine biota off the Norwegian and
Svalbard coast (Hallstadius et al. 1982; Kershaw
& Baxter 1995; Brown et al. 1999; Rudjord et al.
2001).

Historically, the emphasis of radiological pro-
tection has been directed towards health impacts
on humans, but in recent times the need for devel-
oping a system for assessment of radiological
impacts on both flora and fauna has come to the
fore. This shift in emphasis has largely been due
to the realization that the previous philosophy of
environmental radioprotection, encapsulated in
the phrase “if man is protected, then the environ-
ment is protected”, is not sufficient to ensure the
protection of biota from the effects of radiation
(Pentreath 1999). Related to this change in focus
is the concept that the assessment of the impacts
of anthropogenic radioactive contaminants on the
environment in general, and the Arctic in par-
ticular, can only be conducted with reference
to the intrinsic natural dose commitment upon
which any further anthropogenic doses are sub-
sequently superimposed. Fundamental to both of
these concepts is a need for an improvement in
the amount and the quality of information relat-
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ing to the current level of radionuclides in High
Arctic environmental components and a focusing
of attention towards site-specific processes influ-
encing the behaviour and occurrence of radionu-
clides in constituent matrices therein. The pro-
ductivity of the Arctic marine environment and
the importance of that productivity to a number
of industries necessitates public confidence with
respect to levels of radioactive contamination in
the Arctic.

This paper provides an overview of the cur-
rent radiological state of the Svalbard area. The
concentrations of a range of anthropogenic and
natural radionuclides in both the terrestrial and
marine biotic and abiotic environments of Sval-
bard in the period 2000 to 2002 are reported and
discussed.

Sampling and analysis

Sampling methods

The majority of the marine and terrestrial samples
discussed in this paper were collected during Nor-
wegian Radiation Protection Authority (NRPA)
field campaigns in 2000, 2001 and 2002 in the
Kongsfjorden area and during RV Polarstern and
RV Lance research cruises to the Fram Strait in
2000 and 2001 respectively. Investigations on the
islands of Hopen and Bjerneya were conduct-
ed during the KV Senja research cruise in 2000
(Fig. 1). Additional samples were taken at loca-
tions around Spitsbergen by the Norwegian Polar
Institute during various field campaigns in 2001
and 2002. We also present data from the three
seawater monitoring stations that were estab-
lished in 2001 at the Ny-Alesund settlement in
Kongsfjorden and at the Norwegian Meteoro-
logical Institute’s base stations on Bjerneya and
Hopen as part of NRPA’s ongoing radionuclide
marine monitoring programme Radioactivity in
the Marine Environment (RAME), funded by the
Norwegian Ministry of the Environment.
Seawater samples of 50 to 100 litres each for
analysis of °Tc and 200 litres each for analysis
of both 37Cs and Pu isotopes were collected in
polyethylene drums either from a boat or from the
shore. Samples were analysed as soon as practi-
cable after collection. In some cases, the samples
were preconcentrated onboard vessels or in the
field. Seaweed samples were collected from inter-
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Fig. 1. Location of the principal sampling sites (Kongsfjorden,
Hopen and Bjerneya) in the Svalbard archipelago

tidal locations or by divers from deeper water.
Terrestrial vegetation was sampled by cutting
above-surface structures of healthy specimens.
Both marine and terrestrial vegetation samples
were frozen during transport to the laboratory.
Soil samples were taken either by digging pits and
removing samples from the walls or by coring.
Samples were frozen during transport. All sam-
pling was conducted in a manner that minimized
impact on the environment of the area.

Sample preparation and analysis

Seawater samples were all filtered through 1 pm
filters prior to analysis. Terrestrial vegetation
samples were rinsed with distilled water; sea-
weed samples were rinsed in the water they were
abstracted from. Solid samples were dried at a
temperature of 105°C to constant weight, homog-
enized using a stainless steel blender, sieved to
2 mm particle size and packed into standard
counting geometries of volumes between 14 and
550 ml. Gamma emitting isotopes (*°K, '3’Cs,
238y, 232Th, 2?Ra) were analysed using a low
background high resolution HPGe detector with
5 cm lead shielding. Nominal resolution and rela-
tive efficiency of the system were 1.9 keV at 1332
keV and 40%. Spectra were obtained for count
times of 24 to 72 hours and analysed using the
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Genie 2000 software suite. The detector was cal-
ibrated using traceable standard solutions and
all spectra were corrected for background and
matrix interferences. “°K and 3’Cs were quanti-
fied using their characteristic emissions at 1461
keV and 661 keV, respectively. U-238 was quan-
tified via the emissions of the daughter 2**Th at
63 keV with which it is in secular equilibrium.
The 238U activity and the 238U/?*°U activity ratio
of 21.4 were used to correct the 186 keV peak
for its 233U contribution, allowing ?°Ra quanti-
fication. Th-232 was assayed via the emissions
of its granddaughter 228Ac¢ with which it may be
assumed to be in secular equilibrium. For the
measurement of 1¥’Cs in seawater, 1¥’Cs was pre-
concentrated by pumping the seawater through a
sorbent filter impregnated with a copper hexacya-
noferrate resin. The filters were subsequently air
dried and ashed and the ash packed into standard
geometries for gamma analysis.

Tc-99 preparation and analysis is described in
detail in Dowdall et al. (2003). Briefly, *Tc was
preconcentrated from seawater samples using ion
exchange chromatography, isolated and purified
using methods described in Chen et al. (2003)
before being electroplated onto stainless steel
planchettes for counting on a low background
anti-coincidence shielded gas flow proportion-
al counter. Seaweed samples (10 to 20 g) were
digested using H,SO, and HNO; prior to precon-
centration. Chemical recovery was determined
using **™Tc as a tracer, added at an early stage in
the process and counted using a Nal well detector.
All samples were blank corrected.

Pu and Am isotopes in seawater and soil were
analysed according to the method described by
Chen et al. (2003). Pu and Am isotopes in sea-
water samples were preconcentrated using a co-
precipitation technique with ferric hydroxide,
followed by further concentration, whilst soil
samples (10 g) were ashed and digested before
purification using ion exchange and solvent
extraction. All samples were electroplated and
counted on silicon semi-conductor detectors for
one week. Chemical recoveries were determined
by using #**Pu and 2¥*Am as yield tracers.

All analyses were conducted according to
the internal QA/QC procedures of NRPA labo-
ratories which involve the use of blanks, stand-
ards, spikes and international reference mate-
rials. Splits were used to assess reproducibility
and blank samples to assure freedom from con-
tamination. Results presented for all terrestrial
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matrices, marine sediment and marine vegetation
are based on dry weight.

Uncertainties in all results were quadrature
combinations of individual uncertainties in each
factor of the analyses. These included uncertain-
ties in calibrations, gravimetric and volumetric
operations, statistical uncertainties in radiomet-
ric counting and nuclear data and a factor added
to include any systematic uncertainty. Uncertain-
ty budget analysis was conducted according to the
methods outlined in Ellison et al. (2000). Uncer-
tainties for averages are calculated by error prop-
agation on individual measurements.

Results and discussion

Tc-99 in seawater

Activity concentrations of **Tc in seawater from
the Svalbard area in 2001 ranged from 0.13+£0.03
Bg/m? to 0.35+0.05 Bq/m? (Fig. 2), similar to
those reported for the Svalbard area in 2000
(Gerland et al. 2002, Gerland et al. 2003; Ker-
shaw et al. 2004), but 5 fold higher than 1994 pre-
EARP values of 0.03 to 0.08 Bg/m?® (Kershaw
et al. 1999). In 2001, the highest concentrations
of 9Tc at the Svalbard monitoring stations were
observed at Bjernoya (0.35+£0.05 Bg/m?) and
Hopen (0.32+0.04 Bq/m?), whilst the highest con-
centration at Ny-Alesund was 0.25+0.03 Bq/m°.
In 2001, °°Tc activity concentrations in the centre
of the West Spitsbergen Current (WSC) immedi-
ately west of Spitsbergen were 0.24+0.04 Bg/m?,
which was somewhat lower than those in 2000 of
0.39+0.05 Bq/m? (Gerland et al. 2002, Gerland
et al. 2003), but still 6 fold higher than 1994 pre-
EARP values (Kershaw et al. 1999). The similar-
ity between ?°Tc concentrations in the WSC and
within Isfjorden and Kongsfjorden along the west
coast of Spitsbergen, suggests a strong influence
of the WSC on the exchange processes through-

out these fjords, as noted in Kongsfjorden by
Ingvaldsen et al. (2001) and Saloranta & Svend-
sen (2001).

The activity concentrations of *Tc in the Sval-
bard area are up to 15 fold lower than those meas-
ured at the NRPA monitoring station at Hillesoy,
on mainland northern Norway, where the average
activity concentration in 2001 was 1.25 Bg/m?
(range 0.9 to 2.0 Bq/m?) (Kolstad & Lind 2002).
These values reflect the dominant oceanic sur-
face circulation in the Northern seas and the con-
comitant transfer of EARP derived ?°Tc into the
Norwegian Arctic. Lower *°Tc activity concen-
trations are observed in the Svalbard area com-
pared to Norwegian coastal waters for the same
period because of the ingress of North Atlantic
water into the Norwegian Coastal Current and the
West Spitsbergen Current (WSC) with the result-
ant dilution of the EARP *°Tc signal.

In 2001, sub-surface samples, taken in addition
to surface samples at stations in Kongsfjorden
and in the WSC, showed relatively uniform *Tc
activity concentrations (Table 1). However, sub-
surface samples taken in the WSC in 2000 at
greater depths (465 to 1000 m) showed 0.17 and
0.04 Bg/m? of T, 2 to 5 fold lower than at the
surface (Gerland et al. 2002, Gerland et al. 2003).
The uniform distribution of *Tc observed in the
top 100 to 125 m of Kongsfjorden and the WSC is
due to the conservative nature of *Tc in seawater
and the apparent depth of the mixed layer at the
time of sampling.

Cs-137 in seawater and sediments

In May 2001, the average '*’Cs activity concen-
tration in seawater along the west coast of Sval-
bard was 2.33+0.06 Bq/m? with a range of 2.26
to 2.43 Bg/m?® (Fig. 3). These results are simi-
lar to two measurements taken in Kongsfjorden
in 2000 of 2.32+0.12 Bq/m3 and 2.2+0.1 Bq/m?,
but lower than previously reported values of 3 to
5 Bq/m?® in 1994 (Kershaw et al. 1997). These

Table 1. Activity concentrations and associated uncertainties (1) of *Tc,'37Cs 233Puy, 239240Py and 24! Am in surface and sub-
surface seawater samples collected from Kongsfjorden and the West Spitsbergen Current (WSC) in May 2001.

] o 238py, 239+240p 241Am
Location Depth (m)  Salinity (%o) 9Tc (Bq/m?) 137Cs (Bg/m?) (mBg/m?) (mBq/m?) (mBq/m?)
Kongsfjorden 0 344 0.25+0.04 2.41+0.14 0.7£0.6 7.1+1.7 0.7+£0.3
125 34.6 0.29+0.03 2.33+0.11 <1 6.1+1.5 1.2+04
WSC 0 34.5 0.24+0.04 2.30+0.11 0.5+0.5 8.9+1.4 2.4+0.6
100 34.1 0.22+0.04 2.1£0.1 1.5+0.8 12+2 2.4+0.6
170 The radiological environment of Svalbard



Fig. 2. Surface activity con-
centrations of **Tc (Bq/m?) in
seawater in the Svalbard area
in 2001. Average values given
for monitoring stations, with
ranges in parentheses.
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values reflect a continuing trend of '¥’Cs in sea-
water in the Svalbard area from 20 to 30 Bq/m?
(Hallstadius et al. 1982; Kershaw & Baxter 1995)
in the early to mid 1980s. This decreasing trend
is the result of decreased discharges of '¥’Cs from
Sellafield, from 4000 to 5000 TBq/a in the mid
1970s to less than 20 TBgq/a since 1986 (Gray et
al. 1995). The 2001 ¥’Cs values are only slightly
higher than the decay corrected (for 2001) global
background value of 2.03 Bq/m? for North Atlan-
tic seawater (Dahlgaard et al. 1995), which may
be due to a combination of the transfer of Cher-
nobyl affected water masses from the Baltic, Nor-
wegian coastal areas and Barents Sea and con-
tinued low level discharges from the European
reprocessing plants.

As was observed for ®Tc, '¥’Cs activity con-
centrations in surface and sub-surface seawater
samples from the Svalbard western fjords and in
the WSC were similar (Table 1), confirming the
influence of the WSC on the western Svalbard
environment and a deep well mixed layer at the
time of sampling.

Activity concentrations in 2001 in surface sed-
iments at two stations at depths of 107 and 246 m
in Kongsfjorden were 2.9+0.1 Bq/kg and 8.1£0.3
Bq/kg respectively, whilst an additional sediment
sample taken off the west coast of Svalbard at a
depth of 319 m had a '*’Cs activity concentra-
tion of 1.1£0.1 Bg/kg. These values are compara-
ble to previously reported ranges of *’Cs in sur-
face sediments off West Spitsbergen of 3.6 to 9.3
Bqg/kg (Foyn & Svaren 1997; Heldal et al. 2002),
but are up to two orders of magnitude lower than
those in fjords on the Norwegian mainland (Rud-
jord et al. 2001).

Pu-238, 2397240Py and 2 Am in seawater

Activity concentrations of 2%Pu in 2001 in surface
seawater offthe west coast of Svalbard ranged from
<0.3 to 0.7+£0.6 mBg/m?, whilst average activity
concentrations of 237*240Pu and >*'Am were 7+3
mBg/m? (range 5.6 to 8.9 mBg/m?) and 1.1+0.8
mBg/m? (range 0.6 to 2.4 mBg/m?) respectively
(Fig. 4). These values are similar to activity con-
centrations of 23¥Pu (<0.4 mBg/m?), 23240py
(7.2+1.1 mBg/m?) and >*'Am (0.8+0.7 mBg/m?)
in a seawater sample collected in Kongsfjorden
in 2000. For 23*240Py, these values are in good
agreement with the range of previously reported
values for the Svalbard area and Barents Sea of 6.5
t0 9.9 mBg/m? (Kershaw et al. 1999; Rudjord et al.
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2001). Furthermore, the average 233Pu/?39240py
activity ratio of 0.087+0.047 in surface seawater
in 2001 is comparable to the range of 0.07 to 0.08
observed by Hallstadius et al. (1986) west of Spits-
bergen. Despite the large uncertainties, the order
of magnitude of these ratios would suggest that
global fallout is the dominant source. However, we
cannot exclude the possibility of non-fallout con-
tributions from the European reprocessing plants
including the remobilization of Pu isotopes from
Irish sea sediments as suggested by Hallstadius et
al. (1986).

The activity concentration of ' Am in the WSC
(2.4+0.6 mBg/m?) in 2001 is comparable to the
reported average in the northern seas of 2.1+0.9
mBg/m3, which was ascribed to the radioac-
tive decay of global fallout *'Pu and not to plu-
tonium produced at Sellafield (Hallstadius et al.
1986). Am-241 activity concentrations appear to
decrease on approach to the Svalbard coast (Fig.
4); this is possibly due to a greater flux of ' Am
to the particulate phase nearer Svalbard through
association with terrestrially derived suspend-
ed particulate matter. The 24! Am/?3**240Py activ-
ity ratios in surface seawater ranging from 0.09 to
0.27 in 2001 are similar to an average activity ratio
of 0.13+0.04 previously reported for the northern
seas (Holm et al. 1983). Activity concentrations
of 2397240py and 238pu/23*240Py activity ratios
were similar in sub-surface and surface seawater
samples in Kongsfjorden, whereas activity con-
centrations of 2!Am and 2*' Am/?**240Py activi-
ty ratios were higher in the sub-surface sample.
The reverse was true for the WSC, where higher
239+240py and 238pu/?39+240Py activity ratios were
observed in the sub-surface sample, as has been
observed previously in the Barents Sea (Rudjord et
al. 2001), whilst activity concentrations of 2*!Am
and 2*! Am/?3*240Py activity ratios were similar in
both sub-surface and surface seawater samples.

Tc-99 and ¥7Cs in marine algae

Results from marine algae (brown algae only),
collected from Kongsfjorden in 2000, 2001 and
2002 and from Bjerneya and Hopen in 2001, are
summarized in Table 2. Data for Fucus distichus
represent bulked samples, whilst data for Lami-
naria spp. represent individual specimens.

For each year and location, *Tc activity con-
centrations in F. distichus (25.7 to 58.7 Bq/kg)
were generally higher than those in Laminaria
spp. (5.8 to 28.9 Bq/kg), as has been previously
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Fig. 4. Surface activity con-
centrations of 23*240Py (above)
and >*'Am (below) in seawater
off western Svalbard in May
2001 (both mBg/m?).
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reported for samples from coastal areas around
mainland Norway (Kolstad & Lind 2002). In
addition, **Tc activity concentrations in marine
algae from Hopen and Bjorneya were general-
ly higher compared to those observed in Kongs-
fjorden for the same year. These differences are
likely to be the result of the higher *°Tc activity
concentrations in the marine environment around
Bjerneya and Hopen compared to Kongsfjorden.
Similarly, **Tc activity concentrations in F. dis-
tichus from the Svalbard area were 7 to 8 fold
lower than reported average values in F. vesiculo-
sus (which were 31836 Bq/kg (d.w.) in 2000 and
321+68 Bq/kg (d.w.) in 2001) from a coastal site
on the northern Norwegian mainland (Kolstad &
Lind 2002). This is consistent with the observed

gradient in *Tc activity concentrations in seawa-
ter between the Svalbard area (lower ?°Tc) and
mainland coastal sites in Norway (higher *Tc).
However, *°Tc activity concentrations in F. dis-
tichus and Laminaria spp. in 2000 to 2002 were
up to 7 and 18 fold higher respectively than aver-
age values in Fucus spp. and Laminaria spp. from
the Svalbard area in 1980 and 1981 (Holm et al.
1984).

Average *°Tc concentration factors (CFs) in
seaweed samples (defined as Bq/kg dry weight
in biota per Bq/l in seawater) from Kongsfjorden,
Bjerneya and Hopen were calculated using single
or, where possible, average concentrations of **Tc
in seawater. Since the inferred CFs represent
snapshot and not equilibrium values, care must be

Table 2. Activity concentrations and associated uncertainties (15) (Bq/kg d.w.) and concentration factors (CF) of *Tc in marine
algae from Kongsfjorden (K), Hopen (H) and Bjerneya (B) collected in 2000, 2001 and 2002. n=1 unless otherwise indicated.

Average values given where (a) n=5, (b), n=2 and (c¢) n=3.

2000 2001 2002

Species MTc CF MTc CF MTc CF

(Ba’kg) (Ba’kg) (Ba’kg)
Fucus distichus (K) 343+33 137000 42.9+1.92 1560002 28.6+2.1° 168000°
Fucus distichus (H) - - 58.7£5.8 280000 - -
Fucus distichus (B) - - 26.6£2.6 140000 - -
Laminaria spp. (K) 6.8£0.5¢ 32000°¢ 5.8+0.4° 16000° 28.9+2.8 120000
Laminaria sp. (H) - - 15.1£1.5 72000 - -
Laminaria sp. (B) - - 25.1+4.6 132000 - -
Gwynn et al. 2004: Polar Research 23(2), 167-180 173



taken in their use. However, the range in *°Tc CFs
in F. distichus from the Svalbard area during 2000
to 2001, of 1.4 x 103 to 2.8 x 10°, is in good agree-
ment with the previously reported range of values
of 1.5x10° to 2.6 x 10° for F. vesiculosus between
1998 and 2001 from a coastal site on the north-
ern Norwegian mainland (Kolstad & Lind 2002).
Likewise, Tc CFs for Laminaria spp. from the
Svalbard area in the sampling period are, with the
exception of two samples, of the same order of
magnitude as a 2001 value of 1.4 x 10* for a Lami-
naria sp. from Lista in southern Norway (Kolstad
& Lind 2002). Cs-137 activity concentrations in
all species of marine algae sampled from Kongs-
fjorden in 2001 and 2002 were below the analyti-
cal minimum detectable activity, with the excep-
tion of one sample of F. distichus collected in 2001
(1.3£0.3 Bg/kg) and one sample of Laminaria sp.
collected in 2002 (0.7+0.1 Bq/kg). Cs-137 activ-
ity concentrations in all samples of marine algae
collected from Hopen and Bjerneya in 2001 that
were above the minimal detectable activity were
in the range 0.4 to 1.2 Bg/kg. Svalbard marine
algae '¥’Cs values from 2000 to 2002 are compa-
rable to those of '¥’Cs in F. vesiculosus collected
from mainland northern Norway between 1997
and 1999 of 0.2 to 0.8 Bq/kg d.w. (Rudjord et al.

2001). The similarity between '3’Cs activity con-
centrations in marine algae in the Svalbard area
and mainland northern Norway, as opposed to the
7 to 8 fold difference in *°Tc values, is a reflec-
tion of the similar '¥’Cs seawater concentrations
and lower CFs for *7Cs in brown algae compared
to CFs for °Tc.

Anthropogenic and natural radionuclides
in soil

The average '*’Cs activity concentration in sur-
face soils (top 3 cm) in the Svalbard area in 2001
was 211 Bqg/kg. On Spitsbergen, the aver-
age 37Cs activity concentration in surface soils
was 14+1 Bq/kg (range 0.9 to 39 Bqg/kg) inside
the Kongsfjorden area and 34+1 Bq/kg (range
<0.5 to 63 Bqg/kg) in other areas (Tables 3 and
4). Cs-137 activity concentrations in soil samples
from Hopen and Bjerneya were in the range of 5.4
to 42 Bq/kg. These '37Cs activity concentrations
are in good agreement with previously reported
values for the Svalbard area of <1.5 to 35.8 Bq/kg
(Negoita 1997, 1999).

A series of soil cores taken in the Kongsfjorden
areain 2001 (Table 4) showed that '¥’Cs decreased
rapidly with depth, with ca. 80 % of '3’Cs residing

Table 3. Activity concentrations and associated uncertainties (15) of 37Cs, 233U, 2*°Ra, 23>Th and “’K in the top 3 cm of soil
from locations on Spitsbergen outside of Kongsfjorden and Bjerneya and in the top 5 to 10 cm from Hopen in 2001. n=1 unless
otherwise indicated. Average values given where (a) n=3 and (b) n=2.

Location 137Cs (Bq/kg) 238U (Bq/kg) 226Ra (Bq/kg) 232Th (Bq/kg) 40K (Bg/kg)
Northern Spitsbergen
Liefdefjorden® 31+1 36+3 37+3 47+1 776+29
Woodfjorden® 51+2 43+3 38+3 41+1 690+33
Wijdefjorden® 35+2 39+4 47+6 55+1 773+28
Southern Spitsbergen
Longyearbyen <0.7 34+8 39+10 39+1 706+23
Semmeldalen 3+1 47+5 70+8 46+2 724+31
Bjornoya 42+1 17+4 30+5 14+1 170+20
Hopen (0-5 cm) 5+1 36+6 38+5 43+1 665+21
Hopen (0-10 cm) 7+3 43+4 47+6 43+2 646+49

Table 4. Average activity concentrations and associated uncertainties (1) of 1¥’Cs, 238U, ?*°Ra, 232Th and “°K (Bq/kg d.w.) and
226Ra/?*8U ratios in soil cores collected within Kongsfjorden in 2001.

Depth (cm) 137Cs (Bq/kg) 238U (Bq/kg) 226Ra (Bq/kg)  2*Th (Bq/kg) 4K (Bq/kg) 226Ra/?38U
0-3 (n=10) 14+1 33£2 41£2 26+1 338+6 1.40

3-6 (n=10) 2.0+0.1 3842 40+2 27+1 342+7 1.07

6-9 (n=9) 1.0+0.3 42+2 44+2 31£1 387+7 1.04

9-12 (n=5) 1.0+0.4 40+3 42+4 29+1 350+12 1.03
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within the top 3 cm of soil. The lack of any dis-
cernable downward migration is consistent with
previous assessments of the vertical distribution
of ¥7Cs in Arctic tundra (e.g. Taylor et al. 1988;
Baskaran et al. 1991; Strandberg 1997). A ¥7Cs
soil/vegetation deposition value of 1.6 kBq/m?,
calculated from a high resolution soil core (12 cm
deep with a surface area of 357 cm?) in Kongs-
fjorden in 2002, is in good agreement with
reported decay corrected (2001) estimated depo-
sition values of 0.4 to 2.2 kBg/m? (AMAP 1997;
UNSCEAR 2000). As this 37Cs deposition value
is similar in magnitude to the decay corrected
(2001) pre-Chernobyl Svalbard soil deposition
values of 0.9 to 1.4 kBq/m? measured by Kjos-
Hanssen & Torresdal (1982) and Hallstadius et
al. (1982), this suggests that atmospheric weapon
test fallout is the dominant source of 1¥’Cs in this
area. For comparison, the 1998 '3’Cs deposition
values in soil in northern Norway (Troms and
Finnmark) were 0.086 to 6.2 kBg/m?> (JRNEG
2002). The higher values measured in northern
Norway indicate the greater contribution of fall-
out ¥’Cs from the Chernobyl accident at these
lower latitudes.

The range of activity concentrations of the nat-
ural radionuclides 2**U (17 to 72 Bq/kg d.w.),
226Ra (21 to 70 Bq/kg d.w.), 22Th (10 to 57 Bg/kg
d.w.) and 49K (115 to 818 Bg/kg d.w.) found in soil
samples taken from across the Svalbard area were
in broad agreement with average Norwegian and
global concentrations (UNSCEAR 2000) and dis-
played little variation with respect to sample loca-
tion. Despite available information on the geology
of the area (Hjelle 1993), the lack of information
on permafrost depth at individual sampling sites
prevents interpretation of how natural radionu-
clide activity concentrations in the soil reflect
those in the underlying lithology. Unlike '*’Cs,
the four natural radionuclides, 238U, 226Ra, 232Th
and 4K, showed little variation in activity con-
centration with soil depth. This may indicate that
the processes that normally govern vertical redis-
tribution of these radionuclides have either been
diminished or retarded by the influence of the
climate of the area, the presence of permafrost
below the active layer and the relatively low level
of biological activity in the soils for much of the
year. This hypothesis is supported by the constan-
cy of the 22°Ra/?38U ratio with depth, the average
ratio being 1.4 at the surface of the soil column
and approaching 1.0 at depths of 9 to 12 cm.

The primary processes responsible for disrup-

Gwynn et al. 2004: Polar Research 23(2), 167-180

tion of the 22°Ra/?*®U secular equilibrium in sur-
face soils are leaching, dissolution and precipita-
tion via the action of percolating ground or surface
water (Ivanovich 1994). The low 226Ra/>38U ratios
exhibited by the Svalbard soils and the lack of var-
iation with depth appear to indicate the absence
or retardation of processes that are responsible for
segregation of decay chain radionuclides in more
temperate climates.

Cs-137 in vegetation

Samples of mosses, lichens and flowering plants
were collected from around Kongsfjorden in 2001
and 2002 and from Bjerneya and Hopen in 2001
(Table 5). Due to limitations of sample sizes, the
reported activity concentrations for all terrestri-
al plants represent bulked samples. The average
137Cs activity concentrations in Svalbard mosses,
lichen and flowering plants were 124+8 Bq/kg,
82+2 Bq/kg and 54+1 Bq/kg respectively. The
highest activity concentrations observed in each
of the three vegetation types were 292+ 70 Bq/kg
in Racomitrium ericoides (moss), 140+4 Bq/kg
in Cetraria nivalis (lichen) and 109+3 Bq/kg in
Cassiope tetragona (flowering plant).

The 2001 and 2002 activity concentrations of

Table 5. Activity concentrations and associated uncertain-
ties (1o) of ¥’Cs (Bq/kg d.w.) in bulked samples of mosses,
lichens and flowering plants from Kongsfjorden (K), Hopen
(H) and Bjerneya (B) collected in 2001 and 2002. n=1 unless
otherwise indicated. Average values given where (a) n=2 and
(b) n=6.

Species 137Cs (Bq/kg)
Moss
Racomitrium ericoides (K) 292+70
Ditrichum flexicaule (K) 21636
Bryum sp. (K)? 145122
Amphidium lapponum (K) 29+1
Sanionia uncinata (K) 1174
Hygrohypnum polare (H)? 63+3
Aulocomnium turgidum (H) 245421
Sanionia uncinata (B)? 61+2
Lichen
Cetraria nivalis (K)? 108+2
Cladonia mitis (B) 30+1
Flowering plants
Silene acaulis (K)? 33+1
Cassiope tetragona (K) 109£3
Carex nardina (K) 6412
Dryas octopetala (K)P 61+4
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137Cs in vegetation are in reasonable agreement—
allowing for decay correction and uncertainties
over plant ages—with the limited number of pre-
viously reported '3’Cs activity concentrations
in terrestrial plants on Svalbard from the early
1980s (Kjos-Hanssen & Terresdal 1982; Holm et
al. 1983; Aarkrog et al. 1984). 137Cs activity con-
centrations were generally higher in mosses and
lichens than in flowering plants, reflecting their
ability to collect '¥’Cs due to their large surface
areca and nutrient uptake characteristics. Con-
sidered together, 137Cs activity concentrations in
terrestrial flora on Svalbard are similar to those
recently reported in a range of terrestrial flora
from Finnmark, northern Norway, but up to 2 fold
lower than those reported for flora collected fur-
ther south in Troms, northern Norway (JRNEG
2002).

Areas of elevated radioactivity

Several areas of localized enrichment of radio-
nuclides within soil were identified in the Kongs-
fjorden area (Table 6). These areas were primarily
associated with the presence of large colonies of
seabirds, for example at Krykkefjellet close to the
Ny-Alesund settlement and at sites on the Brog-

ger peninsula, where both 13’Cs and 23%U activ-
ity concentrations were elevated in well drained
soils compared to soils remote from seabird colo-
nies within the Svalbard area. At the Krykkefjel-
let seabird colony, mounds of aggregated faecal
and nesting material (AFNM) have developed
directly below the seabird colony and the leach-
ing of nutrients from the AFNM mounds has led
to the formation of a thin peat soil at the base of
these mounds. Cs-137 activity concentrations
in the AFNM mounds were up to 3 fold higher
than those observed in well drained soils at this
site, whilst activity concentrations of 23%U and
226Ra were 3 to 4 fold lower. Activity concentra-
tions of these radionuclides appear to increase
with depth within the mounds of AFNM, espe-
cially for 137Cs. This suggests that either the input
of these radionuclides has reduced over time or
that the radionuclides are being leached from sur-
face layers by percolating water. In the peat soil
at the base of the AFNM mounds, 1*’Cs and 235U
activity concentrations were up to 2 fold higher
than those observed in the AFNM and up to 20
and 8 fold higher respectively than average values
for typical Kongsfjorden soils. Cs-137 and 23U
activity concentrations in the underlying miner-
al soil were up to 30 and 9 fold lower than those

Table 6. Activity concentrations and associated uncertainties (1) of 137Cs, 238U, 22°Ra, 22Th, 4°K, 233Pu, 239*240Py and >*'Am
(Bg/kg d.w.) and activity ratios in terrestrial matrices associated with seabird colonies on the Brogger peninsula and at Krykke-
fjellet, Kongsfjorden, compared to a sample of Kongsfjorden soil from a site remote from any seabird colony. AFNM: aggregated
faecal and nesting material. Average values given where n> 1. Table continues on opposite page.

137Cs (Bg/kg) 238U (Bg/kg) 226Ra (Bqg/kg) 232Th (Bg/kg) 4K (Bg/kg)

Kongsfjorden — well drained soil (n=1)
0-3cm 612 26+7 38+8 31+1 542+17
Brogger — well drained soil (n=2)
0-10 cm 48+1 59+4 41+6 7+1 116+9
0-5cm 101+3 47+7 187 7£1 55+8
Krykkefjellet — well drained soil (n=3)
0-5cm 76+1 161+5 173+9 24+1 380%15
Krykkefjellet - AFNM (n=1 except (a) where n=8)
0-10 cm 103£2° 72£32 64+3° 20+ 1° 392+8*
0-15cm 85+3 65+8 6410 19+£1 394+£29
15-30 cm 69+2 56+7 618 18+1 406+13
30-45 cm 80+2 73+4 55+7 18+1 451+ 14
45-60 cm 148+4 69+5 94+8 211 534+40
Krykkefjellet — peat soil (n=6)

207+2 1025 51+4 31+1 516%13
Krykkefjellet — mineral soil underneath peat soil (n=6)

42+1 34+2 27+3 29+1 640+9
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in the peat soil, demonstrating the strong associ-
ation of these radionuclides with the upper peat
layers. The distribution of the radionuclides in
the different soil types below the seabird colony
suggests that elevated activity concentrations in
the peat soil originate from the leaching of radio-
nuclides from the AFNM mounds. This is sup-
ported by the disruption of the *?°Ra/***U secular
equilibrium within the peat soil, with an average
226Ra/?38U ratio of 0.64, compared to a ratio of
ca. 1 for the underlying mineral layer.

Activity concentrations of 238Pu, 239*240py and
24 Am in AFNM mounds below the Krykkefjellet
seabird colony were up to 33 fold higher than
those in a typical Kongsfjorden soil, whilst those
in peat soil at the base of the AFNM mounds
were up to 73 fold higher. Despite these ele-
vated values, the average 23%Pu/?3*?40Pu and
241 Am/239+240py activity ratios for these samples
are of a similar magnitude to the global fallout
ratios for Svalbard of 0.025 and 0.37 respectively
(Hardy et al. 1973; Holm et al. 1983). In addition,
239+240py/137Cs activity ratios in both AFNM and
peat soil below the Krykkefjellet colony are sim-
ilar to a 239*240py/137Cs activity ratio determined
for a typical Kongsfjorden soil and to an estimat-
ed global fallout 239*240Py/137Cs activity ratio of
0.03 between 70 and 80°N (Hardy et al. 1973;
UNSCEAR 2000).

The elevated concentrations of radionuclides at
the base of seabird colonies on Svalbard suggest

that there is either a greater flux of radionuclides
into these particular terrestrial environments
and/or that radionuclides are retained to a great-
er degree at these sites compared to other terres-
trial environments away from seabird colonies.
The formation of nutrient enriched soils through
guano deposition at the base of seabird colonies
in Arctic areas has been observed both on Spits-
bergen and on Novaya Zemlya (Goryachkin et al.
1998), whilst the ability of such nutrient enriched
soils to adsorb and enrich various radionuclides
has been well documented (Owen 1991; Dowdall
& O’Dea 1999; Schleich et al. 2000). A possible
source of additional radionuclides may arise from
the seabirds themselves, as Headley (1996) and
Godzik (1991) previously ascribed elevated levels
of heavy metals in soils near Svalbard seabird col-
onies to their transfer from the marine environ-
ment via the consumption of marine organisms
by seabirds and subsequent deposition of guano
on the terrestrial environment. There is some evi-
dence that the levels of radionuclides, such as 2!°Po
and 2!9Pb, in decapod shrimp and other pelagic
organisms from the Atlantic Ocean can be in the
order of kBq/kg (Cherry & Heyraud 1981) and it
is therefore feasible that the elevated activity con-
centrations of radionuclides near seabird colonies
were introduced in a similar fashion.

In contrast to the AFNM and peat soil, aver-
age '¥’Cs activity concentrations in mosses and
flowering plants growing beneath the Krykke-

238py (Bq/kg) 239+240py, (Bq/kg) 241 Am (Bq/kg) 238py,/239+240py 241 Ay /239+240p 239+240p,/137Cg
0.01+0.01 0.20£0.03 0.05+0.02 0.056£0.035 0.27+0.09 0.035+0.013
0.13+0.02 3.6+0.3 1.6+0.1 0.036+0.006 0.44+0.05 0.028+0.002
0.14£0.02 41403 1.8+0.2 0.036+0.006 0.43+0.05 0.027+0.002
0.25+0.02 6.9+0.2 2.8%£0.1 0.038+0.003 0.42+0.02 0.033+0.001
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fjellet seabird colony (Table 7) were 4 fold and
2 fold respectively lower than average values in
mosses and flowering plants taken from other
areas in Svalbard. It is possible that this obser-
vation is an artefact because of the different spe-
cies compared, but it could also be the result of
increased plant growth and associated graz-
ing pressures, which are thought to be higher at
nutrient enriched seabird colony sites (Eurola &
Hakala 1977). Alternatively, the unique nature of
the substrates at the bird colonies, with respect to
nutrient content, may have some impact on how
this nuclide is taken up by vegetation.

Conclusions

Results of radiometric monitoring on the Sval-
bard archipelago indicate that anthropogenic
radioactive contamination is generally low, as
per the wider Arctic region. Although activity
concentrations of *Tc in Svalbard seawater have
increased since the early 1990s, in association
with increased discharges from the Enhanced
Actinide Removal Plant at Sellafield (UK), they
are an order of magnitude lower than activity
concentrations reported from coastal waters sur-
rounding the Norwegian mainland. A similar
trend is observed in the *Tc activity concentra-
tions in seaweed from Svalbard and the Norwe-
gian mainland, but contemporary values in sea-
weed from Svalbard are higher than those in the
early 1980s. Pu isotope activity ratios in seawa-
ter suggest global fallout as the dominant source,
while declining '3Cs activity concentrations in
seawater are probably maintained above global

Table 7. Activity concentrations and associated uncertainties
(o) in bulked samples of mosses and flowering plants from
the Krykkefjellet seabird colony, Kongsfjorden, collected in
2001 and 2002 (Bq/kg d.w.). n=1 unless otherwise indicated.
Average values given where (a) n=20, (b) n=2 and (c) n=3.

Species 137Cs (Bq/kg)
Moss

Bryum sp. 1143
Dicranoweisia sp. 16+1
Sanionia uncinata® 40+1
Flowering plants

Cochlearia groenlandica 59+2
Saxifraga cernua® 13+1
Deschampsia alpina® 17+1
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fallout values by the oceanic import of European
coastal run-off containing 3’Cs from Chernobyl.

The terrestrial environment is primarily con-
taminated with Pu isotopes and *’Cs from the
historical atmospheric nuclear weapon testing
programmes and to a lesser extent, '3’Cs from
the Chernobyl accident in 1986. Typically, *’Cs
activity concentrations are higher in certain
Arctic flora (e.g. mosses and lichens) than in the
surrounding soils. Of particular interest is the
occurrence of localized enrichments of radionu-
clides in areas associated with seabird colonies.
Further study is required to assess the implica-
tions, if any, such enrichment processes may have
on local ecosystems at present and in the event of
possible future contamination.

Continued monitoring of both the marine and
terrestrial environment in the Svalbard region is
required for a number of reasons. Only through
regular monitoring can information be provided
on trends in radionuclide levels and the long-term
consequences of existing and future radioactive
contamination of the Svalbard region. Further-
more, impact assessments of anthropogenic con-
taminants are largely achieved by determining the
dose delivered by the contaminant. This assess-
ment can only be considered meaningful when
conducted in the context of the natural back-
ground dose, upon which the contaminant dose
is superimposed. Information and data on back-
ground doses is somewhat sparse for High Arctic
environments. This situation requires greater
attention, if effective radiological protection is to
be provided following any significantrise in radio-
active contamination.

Acknowledgements.—The authors wish to acknowledge the
collective support of the Norwegian Polar Institute, Tromse,
the staff of the Sverdrup Station, Kings Bay AS and the Alfred
Wegener Institute Koldeway station, Ny-Alesund, the Nor-
wegian Meteorological Institute staff on Bjerneya, Hopen
and Jan Mayen, the staff on RV Jan Mayen, the Norwegian
Defence Communications and Data Services Administration
staff, the Norwegian Coast Guard, and the Governor of Sval-
bard. We also thank Sebastian Gerland, Trine Kolstad, Hans
Temmervik and Elisabeth Cooper.

References
Aarkrog, A. 1993: Radioactivity in polar regions: main sourc-

es. In P. Strand & E. Holm (eds.): Proceedings of the Inter-
national Conference on Environmental Radioactivity in the

The radiological environment of Svalbard



Arctic and Antarctic. Pp. 15-34. Osteras: Norwegian Radi-
ation Protection Authority.

Aarkrog, A., Dahlgaard, H., Holm, E. & Hallstadius, L. 1984:
Evidence for bismuth-207 in global fallout. J. Environ.
Radioact. 1(2), 107-117.

AMAP (Arctic Monitoring and Assessment Programme)
1993: The monitoring programme for the Arctic Monitor-
ing and Assessment Programme. Oslo: AMAP.

AMAP (Arctic Monitoring and Assessment Programme)
1997: Arctic pollution issues: a state of the Arctic environ-
ment report. Oslo: AMAP.

Baskaran, M., Kelley, J. J., Naidu, A. S. & Holleman, D. F.
1991: Environmental '3’Cs in subarctic and arctic Alaska
following Chernobyl. Arctic 44, 346-350.

Brown, J. E., Kolstad, A. K., Brungot, A. L., Lind, B., Rud-
jord, A. L., Strand, P. & Foyn, L. 1999: Levels of *Tc in
seawater and biota samples from Norwegian coastal waters
and adjacent seas. Mar. Pollut. Bull. 38, 560-571.

Chen, Q., Aarkrog, A., Nielsen, S., Dahlgaard, H., Hou,
X., Yu, Y., Lind, B. & Kolstad, A. K. 2003: Procedures
for determination of 238.239240py 214y 27Ny, 2342387
228,230,232 210pp, 210po, PTc and *°Sr in environmental
materials. NUK-202. Roskilde, Denmark: Rise National
Laboratory.

Cherry, R. & Heyraud, M. 1981: Polonium-210 content of
marine shrimp: variation with biological and environmen-
tal factors. Mar. Biol. 65, 165—-175.

Dahlgaard, H., Chen, Q., Herrmann, J., Nies, H., Ibbett, R. D.
& Kershaw, P. J. 1995: On the background level of *Tc, “°Sr
and '¥’Cs in the North Atlantic. J. Mar. Syst. 6, 571-578.

Dowdall, M. & O’Dea, J. 1999: Speciation of °Ra, 23U and
228Ra in an upland organic soil overlying a uraniferous
granite. Radiochim. Acta 87, 109—-114.

Dowdall, M., Gwynn, J. P, Selnzs, O. G. & Lind, B. 2003:
Monitoring of *’Tc in the Norwegian Arctic marine envi-
ronment. NRPA report 2003.5. Qsteras: Norwegian Radia-
tion Protection Authority.

Ellison, S. L. R., Rosslein, M. & Williams, A. (eds.) 2000:
Quantifying uncertainty in analytical measurement. United
Kingdom, EURACHEM/CITAC Guide CG4 2" Edition.

Eurola, S. & Hakala, U. K. 1977: The bird cliff vegetation of
Svalbard. Aquilo Ser. Bot. 15, 1-18.

Foyn, L. & Svaren, 1. 1997: Distribution and sedimentation
of radionuclides in the Barents Sea. ICES J. Mar. Sci. 54,
333-340.

Gerland, S., Lind, B., Dowdall, M., Kolstad, A. K. & Brungot,
A.L.2002: Radionuclides in the Kongsfjorden area. Radio-
prot. Collog. 37, 801-807.

Gerland, S., Lind, B., Dowdall, M., Karcher, M. & Kolstad, A.
K. 2003: *Tc in seawater in the West Spitsbergen Current
and adjacent areas. J. Environ. Radioact. 69, 119-127.

Godzik, B. 1991: Heavy metals and macroelements in the
tundra of southern Spitsbergen: the effect of little auk Alle
alle (L.) colonies. Polar Res. 9, 121-131.

Goryachkin, S. V., Karavaeva, N. A. & Targulian, V. O. 1998:
Geography of arctic soils: current problems. Eurasian Soil
Sci. 31, 467-476. (Translated from Pochvovedenie 5, 520—
530.)

Gray, J., Jones, S. R. & Smith, A. D. 1995: Discharges to the
environment from the Sellafield site, 1951-1992. J. Radiol.
Prot. 15,99-131.

Hallstadius, L., Holm, E., Persson, B., Aarkrog, A. & Nils-

son, K. 1982: 3Cs in the Svalbard area. Proceedings of

the 3rd International Symposium. Radiological Protection

Gwynn et al. 2004: Polar Research 23(2), 167-180

— Advances in Theory and Practice. Vol. 2. Pp. 500-505.
Berkeley, UK: Society for Radiological Protection.

Hallstadius, L., Aarkrog, A., Dahlgaard, H., Holm, E., Boel-
skifte, S., Duniec, S. & Persson, B. 1986: Plutonium and
americium in Arctic waters, the North Sea and Scottish and
Irish coastal zones. J. Environ. Radioact. 4, 11-30.

Hardy, E. P., Krey, P. W. & Volchok, H. L. 1973: Global inven-
tory and distribution of fallout plutonium. Nature 241, 444—
445.

Headly, A. D. 1996: Heavy metal concentrations in peat pro-
files from the high Arctic. Sci. Total Environ. 177, 105-111.

Heldal, H. E., Varskog, P. & Foyn, L. 2002: Distribution of
selected anthropogenic radionuclides ('*’Cs, 23$Pu, 23%-240py
and ?*! Am) in marine sediments with emphasis on the Spits-
bergen—Bear Island area. Sci. Total Environ. 293, 233-245.

Hjelle, A. 1993: Geology of Svalbard. Norwegian Polar Insti-
tute, Polar handbook no. 7. Oslo: Norwegian Polar Insti-
tute.

Holm, E., Persson, B. R. R., Hallstadius, L., Aarkrog, A. &
Dahlgaard, H. 1983: Radio-cesium and transuranium ele-
ments in the Greenland and Barents Seas. Oceanol. Acta
6,457-462.

Holm, E., Rioseco, J. & Christensen, G. C. 1984: *Tc in Fucus
from Norwegian waters. In: A. Cigna & C. Myttenaere
(eds.): Proceedings of the International Symposium on the
Behaviour of Long-lived Radionuclides in the Marine Envi-
ronment. Pp. 357-367. Luxembourg: Commission of the
European Communities.

Ingvaldsen, R., Reitan, M., Svendsen, H. & Asplin, L. 2001:
The upper layer circulation in Kongsfjorden and Kross-
fjorden —a complex fjord system on the west coast of Spits-
bergen. Memoirs Natl Inst. Polar Res., Special Issue 54,
393-407.

Ivanovich, M. 1994: Uranium series disequilibrium: concepts
and applications. Radiochim. Acta 64, 81-94.

JRNEG (Joint Russian Norwegian Expert Group) 2002:
Investigation of radioactive contamination in the northern
areas. Long term consequences of potential contamination
in the northern areas: Northern Norway and Murmansk
Oblast. Summary Report. NRPA report 2002:5. Qsteras:
Norwegian Radiation Protection Authority.

Kershaw, P. & Baxter, A. 1995: The transfer of reprocessing
wastes from north-west Europe to the Arctic. Deep Sea Res.
1142, 1413-1448.

Kershaw, P., Gurbutt, P., Woodhead, D., Leonard, K. & Rees,
J. 1997: Estimates of fluxes of '3’Cs in northern waters from
recent measurements. Sci. Total Environ. 202, 211-223.

Kershaw, P. J., McCubbin, D. & Leonard, K. S. 1999: Contin-
uing contamination of north Atlantic and Arctic waters by
Sellafield radionuclides. Sci. Total Environ. 237-238, 119—
132.

Kershaw, P. J., Heldal, H. E., Mork, K. A. & Rudjord, A. L.
2004: Variability in the supply, distribution and transport
of the transient tracer **Tc in the NE Atlantic. J. Mar. Syst.
44, 55-81.

Kjos-Hanssen, B. & Tarresdal, O. 1982: Cesium-137 i jord
og beiteplanter fra Spitsbergen og fastlands-Norge (Suldal)
1981. (Cesium-137 in soil and vegetation from Spitsbergen
and mainland Norway (Suldal) 1981). Nordisk Veterincer-
medisin 34, 98—100.

Kolstad, A. K. & Lind, B. 2002: Radioactivity in the marine
environment 2000 and 2001, Technetium-99 concen-
trations in Norwegian coastal waters and biota. NRPA
report 2002:6. Qsteras: Norwegian Radiation Protection

179



Authority.

Negoita, T. G. 1997: Radioactivity of environmental factors
in the Arctic areas. The Third International Conference on
Environmental Radioactivity in the Arctic. Vol. 2. Pp. 103—
105. Extended abstract. Tromse, Norway.

Negoita, T. G. 1999: Radionuclide contamination in the Arctic
areas. In P. Strand & E. Holm (eds.): Proceedings of the
Fourth International Conference on Environmental Radio-
activity in the Arctic. Pp. 270-272. Extended abstracts.
Osteras: Norwegian Radiation Protection Authority.

Owen, D. E. 1991: Wetlands-uranium sinks or sources: impli-
cations. Geological Society of America. Abstracts with Pro-
grams. 23, 112.

Pentreath, R. J. 1999: A system for radiological protection of
the environment: some initial thoughts and ideas. J. Radiol.
Prot. 19, 117-128.

Rudjord, A. L., Feyn, L., Brungot, A. L., Kolstad, A. K., Hell-
dal, H. E., Brown, J., Iosjpe, M. & Christensen, G. 2001:
Radioactivity in the marine environment (RAME) 1999.
NRPA Report 2001:9. @steras: Norwegian Radiation Pro-
tection Authority.

180

Saloranta, T. & Svendsen, H. 2001: Across the Arctic front
west of Spitsbergen: high resolution CTD sections from
1998-2000. Polar Res. 20, 177-184.

Schleich, N., Degering, D. & Unterricker, S. 2000: Natural
and artificial radionuclides in forest and bog soils: tracers
for migration processes and soil development. Radiochim.
Acta 88, 803—-808.

Strandberg, M. 1997: Distribution of '*’Cs in a low Arctic
ecosystem in West Greenland. Arctic 50, 216-223.

Taylor, H. W., Svoboda, J., Henry, G. H. R. & Wein, R. W.
1988: Post-Chernobyl **Cs and ’Cs levels at some loca-
tions in northern Canada. Arctic 41, 293-296.

UNSCEAR (United Nations Scientific Committee on the
Effects of Atomic Radiation) 2000: Sources and effects of
ionizing radiation. Volume 1: Sources. New York: United
Nations Scientific Committee on the Effects of Atomic
Radiation.

Wright, S. M., Strand, P., Sickel, M. A. K., Howard, B. J.,
Howard, D. C. & Cooke, A. 1. 1997: Spatial variation in the
vulnerability of Norwegian Arctic counties to radiocaesi-
um deposition. Sci. Total Environ. 202, 173-184.

The radiological environment of Svalbard




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 10%)
  /CalRGBProfile (Apple RGB)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF002000500044004600200069006e006e007300740069006c006c0069006e00670065007200200066006f00720020004f00660066007300650074007400720079006b006b0069006e006700200068006f00730020004c0075006e00640062006c006100640020004d006500640069006100200041005300200034002e00310032002e00300033>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 822.047]
>> setpagedevice


