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• Large inter-specific variability of 210Po
concentrations in marine organisms

• First 210Po study inpolar bears fromArc-
tic regions

• 210Po is non-uniformly distributed in
the body of the marine organisms.

• 210Po annual absorbed doses in the ma-
rine organisms are low.

• Exposure to 210Po was significant to
children and the most exposed persons.
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Polonium-210 (210Po) is a radionuclide sentinel as it bioaccumulates in marine organisms, thereby being the
main contributor to committed dietary doses in seafood consumers. Although seafood and marine mammals
are an important part of the traditional Inuit diet, there is a general lack of information on the 210Po concentra-
tions in the Greenlandic marine food chain leading to the human consumer. Here, we determine background
210Po concentrations in edible parts of different marine organisms from Greenland and provide a dose assess-
ment. Blue mussels (Mytilus edulis), organs of ringed seal (Pusa hispida) and polar bear (Ursus maritimus)
displayed significantly elevated 210Po concentrations in respect to all other studied organisms (p < 0.001).
210Po concentrations ranged from 0.02 Bq kg-1, w.w. in Greenland halibut (Reinhardtius hippoglossoides) muscle
to 78 Bq kg-1, w.w. and 202 Bq kg-1, w.w. in ringed seal muscle and kidneys, respectively. 210Po concentration
ratio for edible parts increases in the order bladderwrack (Fucus Vesiculosus), northern shrimp (Pandalus
borealis), blue mussels, and from fish species to ringed seal and polar bear. 210Po distribution in fish, ringed
seal, and polar bear follows a general pattern, the lowest concentrationswere inmuscle, and the highest concen-
trations were in the organs involved in metabolism. The derived 210Po annual absorbed dose in edible parts of
studied marine organisms are several orders of magnitude lower than the recommended dose rate screening
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value of 10 μGy h-1. Effective doses from intake of 210Po to Greenland average children (1.4 mSv y-1), and high
seafood and marine mammal consumers (2 mSv y-1 for adults and 3.6 mSv y-1 for children) are higher than
the world average annual effective dose due to ingestion of naturally occurring radionuclides.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Comparing with the anthropogenic (137Cs) and other naturally oc-
curring radionuclides (226Ra, 228Ra, and 210Pb), polonium - 210 (210Po)
is the major contributor to the public annual effective dose via seafood
consumption (Aarkrog et al., 1997; UNSCEAR, 2000; Dahlgaard et al.,
2004; Nielsen and Joensen, 2009; Chen et al., 2017; AMAP, 2015;
IAEA, 1995; Komperød et al., 2020).

In the marine environment, 210Po originates from atmospheric de-
position of 210Pb and 210Po, in situ decay of 226Ra dissolved in the
water column, and the decay of 222Rn released from sea sediments. Ad-
ditional sources of 210Po to the marine environment include discharges
from industrial activities such as phosphate industry, mining and mill-
ing, and oil and gas extraction (Varskog, 2003; UNSCEAR, 2008a;
Hosseini et al., 2012; AMAP, 2015). Soluble 210Po in marine water may
adsorb to surfaces of organic particles or phyto- and zooplankton, and
further transfer to subsequent trophic levels (Fowler, 2002, 2011;
Skwarzec and Fabisiak, 2007; Carvalho, 2011; Henricsson et al., 2012).
Studies conducted on 210Po activity concentrations inmarine organisms
report high activity concentrations and wide range variability of 210Po
(Aarkrog et al., 1997; Fowler, 2002, 2011; Dahlgaard et al., 2004;
Skwarzec and Fabisiak, 2007; Carvalho, 2011; Henricsson et al., 2012;
IAEA, 1995, 2017; Hansen et al., 2020; Komperød et al., 2020).

Seafood and marine mammals are an important part of the tradi-
tional Inuit diet (Bjerregaard et al., 2013). Measurements of 210Po activ-
ity concentrations in Greenland seafood and marine mammals are
relatively few. There is a general lack of information on the activity con-
centrations and transfer behaviour of 210Po through Greenlandic food
chains leading to the human consumer. Data on 210Po in seafood and
fish is important due to the food group's role in the Inuit traditional
diet and because Greenland plays an important role in the worldwide
seafood industry.

When no 210Po field data is available, internationally tabulated
whole-body 210Po concentration ratio (CR is the ratio of a contaminant
concentration in an organism to that in the surrounding water), values
are used to estimate the activity concentration and associated radiation
dose to specific organisms. Ideally, when interpreting the exposure of
organisms to internally distributed radionuclides, we would account
for the accumulation, biological half-life, absorbed dose in particular or-
gans, and sensitivity of those organs and interpret this information in
terms of risk. However, this is impossible, as there is not much informa-
tion available on what exposure for a given organ means in terms of a
given effect on individual-level endpoints. ERICA (Environmental Risk
from Ionising Contaminants: Assessment and Management), IAEA (In-
ternational Atomic Energy Agency), and ICRP (International Commis-
sion on Radiological Protection) approach restrict risk assessments
and look only at organisms whole-body exposures. Knowing that the
highest 210Po concentrations occur in marine biota in organs involved
in digestion andmetabolism, e.g., liver, the organ 210Po CRwill be higher
than the 210Po CR for thewhole body. The sameapplies to the dose rates,
as they are proportional to the activity concentrations. Furthermore,
when 210Po data are not available, from a human health standpoint, in-
take of 210Po through consumption of seafood and marine mammals is
directly linked to their CR, which determine the level of 210Po in seafood
andmarinemammals for a given ambient water concentration. Recom-
mended 210Po CR values derived from other areas of the world may not
be directly applicable to the arctic environment in Greenland.

In the present study, wemeasure 210Po background activity concen-
trations in edible parts of Greenlandic seafood andmarinemammal and
2

tissue distribution of 210Po in Arctic char (Salvelinus alpinus), ringed seal
(Pusa hispida), and polar bear (Ursus maritimus). We derive tissue-
specific concentration ratio (CR) and the annual absorbed dose due to
210Po in analysed edible parts and tissues. We derive the annual effec-
tive dose to average Greenlandic adults and children and to themost ex-
posed persons defined as the upper 10% consumption percentile
exposed to 210Po via seafood, and marine mammal ingestion.

2. Materials and methods

2.1. Sample collection

Sixty-five samples consisting of bladderwrack (Fucus vesiculosus),
northern shrimp (Pandalus borealis), bluemussel (Mytilus edulis), Arctic
char, shorthorn sculpin (Myoxocephalus scorpius), redfish (Sebastes
norvegicus), Atlantic cod (Gadus morhua), Greenland halibut
(Reinhardtius hippoglossoides), ringed seal, and polar bearwere sampled
between 2017 and 2020 from twelve locations across Greenland
(Fig. 1). The sampling was designed to cover a wide range of the tradi-
tional Inuit diet and to analyse differences between ecological niches
and tissue types. The blue mussel flesh was separated from the shell
and the entire soft tissue was used for analysis. All samples were frozen
at−20 °C upon collection until analysis. Additional information on sam-
ple type, size, sampling date, location name, and coordinates is given in
Table 1. Marine mammals’ samples were obtained from the legal tradi-
tional indigenous hunt for this scientific purpose. All necessary permits
were obtained from the Ministry of Fisheries, Hunting, and Agriculture
in Greenland. Edible parts, organs, and tissues were frozen at −20 °C
upon collection and until analysis. Samples sent to Denmark for the
chemical analyses for protected species such as polar bears were
shipped with the legal CITES Export and Import permits.

2.2. Polonium-210 analysis

210Powas determined in aliquots of fresh samples by alpha spectrom-
etry according to a slightly modified version of the method described by
Chen et al. (2001). 209Po tracer was added to the fresh sample. After
treating the sample several times using aqua regia, hydrogen peroxide
(H2O2), hydrochloric acid (HCl), water (H2O), and hydroxylamine
hydrochloride NH2OH.HCl, polonium was plated onto a silver disk and
measured for 168 h with an ORTEC Alpha Ensemble spectrometer.

Activity concentrations were decay-corrected to the sampling date
and expressed as Bq kg-1 wet weight (w.w.) ± standard deviation
(SD). The SD is the observed experimental standard deviation within
each analysed sample set. Analytical quality was monitored using an
alpha spectrometry calibration source (Americium-241, Curium-244,
and Neptunium-237), blank samples, and a 209Po tracer. The minimum
detectable activity (MDA) was 0.02 Bq kg-1. The average recovery of
209Po for plating was 56 %. Counting uncertainty (2 sigma) were
0.4 Bq kg-1 (Table 2, Supplementary Material- SM 1).

For a limited number of samples, the solution remaining after plating
was passed through a short anion exchange resin (Dowex 1-x 8 resin,
Cl− form) to adsorb residual Po and transferred to a bottle for storage
to allow 210Po ingrowth. Following an ingrowth time of approximately
one year, 209Po tracer was added, and the plating on the silver disk
was repeated. Lead - 210 (210Pb) activity concentrations in these
analysed samples (Supplementary Material- SM 1) can be calculated
based on results from 210Po deposition using the formula (Aastrup and
Hansen, 1989):
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Fig. 1. Sampling sites in Greenland.
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APb ¼ APo, 2
λPo

−
APo, 1 e −λPo�Δtð Þ

λPo

� �
� λPo− λPbð Þ

e −λPo�Δtð Þ − e −λPb�Δtð Þ� �

APb is the 210Pb activity concentration
APo,1 is the activity concentration of 210Po obtained at the first

deposition
APo,2 the activity concentration of 210Po after ingrowth time, Δt, and

λPo and λPb are the decay constants of 210Po and 210Pb, respectively.

2.3. Data analysis

All statistical analyses were performed using the software R version
3.6.1 (R Core Team, 2019). Activity concentrations values were log-
transformed prior to the statistical analysis to approach normality and
homoscedasticity. Analysis of variance (ANOVA) and Tukey's HSD post
hoc tests was performed to test for inter-species (based on muscle con-
centrations), geographical, tissue, and organs differences in the 210Po
concentrations. For pairwise comparisons, we report adjusted P values
3

(Padj). Pearson's correlations coefficient test statistics was applied to
test for possible associations between muscle concentrations of
different fish, tissues, and organs of Arctic char and muscle, kidneys,
and liver of seals and polar bears. We set alfa.=. 0.05 as the statistical
significance level.

2.4. Dose assessment

The annual absorbed dose to analysed edible parts and tissues of
studied marine organisms due to 210Po exposure was calculated as:

AD ¼ A210Po � Eap � Ecf � s

AD is annual absorbed dose (μGy) to edible parts and tissues of studied
marine organisms

A210Po is activity concentration of 210Po (Bq kg-1 w.w.) in the edible
parts and tissues

Eap is the energy of the emitted alpha particles (MeV)



Table 1
Seafood and marine mammals for analysis of 210Po.

Common name Latin name Sampling date Sampling location Coordinates Sample tissue na

Bladderwrack Fucus vesiculosus August 2019 Kangerluarsunnguaq Fjord, Nuuk 64.1634° N, -51.5906° W Edible parts 2a

Bladderwrack Fucus vesiculosus September 2017 Narsap Ilua Fjord, Narsaq 60.9251° N, -46.0768° W Edible parts 3a

Northern shrimp Pandalus borealis September 2019 Davis Strait 64.6615° N, -54.5692° W Edible parts 2a

Whole 2a

Blue mussel Mytilus edulis August 2019 Kangerluarsunnguaq Fjord, Nuuk 64.1634° N, -51.5906° W Edible parts 2a

Blue mussel Mytilus edulis September 2017 Narsap Ilua Fjord, Narsaq 60.9251° N, -46.0768° W Edible parts 2a

Arctic char Salvelinus alpinus September 2018 Kangerluarsunnguaq Fjord, Nuuk 64.1634° N, -51.5906° W Viscera 2
Bone
Liver
Gill
Muscle

September 2017 Narsap Ilua Fjord, Narsaq 60.9555° N, -46.0109° W Muscle 6
September 2018 Isortoq 60.9842° N -47.5159° W Muscle 10

Shorthorn sculpin Myoxocephalus scorpius May 2018 Qeqertarsuaq 69.5671° N, -54.6485° W Muscle 8
Golden redfish Sebastes norvegicus October 2019 Narsaq 60.9238° N, -46.0589° W Muscle 4
Atlantic cod Gadus morhua August 2019 Maniitsoq 65.4344° N, -54.3473° W Muscle 3
Greenland halibut Reinhardtius hippoglossoides September 2019 Upernavik 72.7868° N, -56.2683° W Muscle 4
Spotted wolffish Anarhichas minor September 2019 Sisimiut 66.9265° N, -53.8570° W Muscle 3
Ringed seal Pusa hispida May 2018 Qeqertarsuaq 69.198858, -53.649285 Kidney 6

Liver
Muscle

Polar bear Ursus maritimus June 2018 Ittoqqortoormiit 70.488102, -21.945180 Kidney 5
Liver
Muscle

Polar bear Ursus maritimus February 2019 Nanortalik 60.145281, -45.248399 Muscle 1

a pooled sample n = 20.
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Ecf is the energy conversion factor fromMeV to J (1.60×10-13 JMeV-1)
s is the number of seconds in one year.
The unit for absorbed dose is gray (Gy), which is one J absorbed per

kg from ionising radiation.
The annual average effective dose to adults, children, and most ex-

posed persons in Greenland due to ingestion of 210Po in fish, seafood
and marine mammals were estimated as following:

ED ¼ DCC�∑
i

A210Po � ARCið Þ

ED is annual average effective dose (μSv)
DCC is the dose conversion coefficient for 210Po ingestion for the av-

erage adult (1.2 × 10-6 Sv/Bq, ICRP, 2012) or the five years old child
(4.4 × 10-6 Sv/Bq, ICRP, 2012).

A210Po is activity concentration of 210Po (Bq kg-1 w.w.) in the
organism. The minimum, maximum, and average 210Po activity
concentrations in the edible parts were used to assess the effect of
natural variations on the annual average effective dose.

ACRi is the annual consumption rate (kg y-1) of seafood and marine
mammals for the average adult, or children, or most exposed person.

Greenlanders had completed a food frequency questionnaire with
47 food items, of which 13 were locally harvested. Seal muscle and
fish consumptionwere estimated from theGreenland population health
survey in 2018 (Larsen et al., 2019). The consumption of polar bearmus-
cle and liver and kidneys of seal and the polar bear was estimated from
theGreenland population health survey in 2005-2010 and adjusted by a
factor of 0.67 due to the decreased consumption of marine mammals
(Bjerregaard and Dahl-Petersen, 2008). Consumption rate results were
weighted according to age, sex, and region to the population of Green-
land (Table 4). The general adult mean and the mean for the upper
10% consumption percentile were used for the annual dose calculation.
Themost exposed person is defined as the upper 10% consumption per-
centile. The upper 10% group is defined as those participants who con-
sumed more than the 90% percentile of fish and marine mammals
(seal). Information was not available for blue mussels and seaweed.
Based on work by Bertelsen (1937), Uhl (1955), and Olesen (2021, per-
sonal communication), the annual consumption rate of mussels and
4

seaweed were assumed to be 1.9; 2.0 kg y-1 and 0.05; 0.1 kg y-1 for
the adult and 10% group respectively. The children's consumption rate
was estimated to be 50% of their parents (Table 4) (Nordic Nutrition
Recommendations, 2012).

2.5. Concentration ratios

Concentration ratios (CR), as the ratio of a contaminant concentra-
tion in an organism to that in the surrounding water, describe the up-
take and accumulation of a specific radionuclide in aquatic organisms.
In this study, 210Po CR for marine biota were calculated as:

CR ¼
activity concentration of 210Po in organism Bq kg−1 w:w:

� �

activity concentration of 210Po in water Bq L−1
� �

CRwere calculated from the dissolved 210Po concentration of 1 mBq
L−1 in the North-East Atlantic (Carvalho, 2011).

3. Results and discussion

The results of 210Po and CR for tissues and organs are summarized in
Table 2 and Supplementary Material SM 1. Mean 210Po activity concen-
trations in edible parts of all studied marine organisms increase in the
following order bladderwrack, shrimp, and mussels, and from fish spe-
cies to seal and polar bear (ANOVA, P < 0.001).210Po distribution in fish,
ringed seal, and polar bear follows a general pattern, the lowest concen-
trations were observed in muscle, and the highest concentrations were
in the organs involved inmetabolism. In all studied organisms, 210Po ac-
tivity concentrations ranged from 0.02 Bq kg-1, w.w. in Greenland hali-
but muscle to 78 and 202 Bq kg-1, w.w. in ringed seal muscle and
kidneys, respectively. 210Pb concentrations in analyzed samples were
lower than 210Po concentrations (Supplementary Material SM 1).

210Po annual absorbed doses in the edible parts and tissues of stud-
ied marine organisms are shown in Table 3. It is seen that the annual
absorbed dose values are several orders of magnitude lower than the
recommended whole-body screening dose rate (ERICA tool, UNSCEAR,
2008b and the derived consideration reference levels by ICRP, 2008).



Table 2
Number of samples, mean (±SD), minimum, maximum and counting uncertainty (2 sigma in Bq kg-1) of 210Po (Bq kg-1 w.w.) and mean (±SD), minimum, maximum of CR.

Latin name Sampling Location Sample type na 210Po
mean ± SD

210Po
min.–max.

Counting
uncertainty

CR
mean ± SD

CR
min.–max.

Fucus vesiculosus Kangerluarsunnguaq
Fjord, Nuuk

Edible parts 2 1.3 ± 0.1 1.2–1.3 ±0.2 1.3 × 103 ± 7.7 × 101 1.2 × 103–1.3 × 103

Fucus vesiculosus Narsap Ilua Fjord, Narsaq Edible parts 3 3.3 ± 1.7 2.7–5.9. ±0.3 3.3 × 103 ± 1.7 × 103 2.7 × 103–6.0 × 103

Pandalus borealis Davis Strait Edible parts 1 0.9 ± – – ±0.1 8.6 × 102 –
Whole 2 21.0 ± 2.7 19.1–23.0 2.1 × 104 ± 2.6 × 103 1.9 × 104–2.3 × 104

Mytilus edulis Kangerluarsunnguaq
Fjord, Nuuk

Edible parts 2 84.0 ± 20.3 69.3–98.0 ±8.7 8.4 × 104 ± 2.0 × 104 7.0 × 104–9.8 × 104

Mytilus edulis Narsap Ilua Fjord, Narsaq Edible parts 2 116.4 ± 4.6 113.1–120.0 ±12.0 1.2 × 105 ± 4.6 × 103 1.1 × 105–1.2 × 105

Salvelinus alpinus Kangerluarsunnguaq
Fjord, Nuuk

Viscera 2 7.0 ± 6.4 2.5–11.6 ±0.4 7.0 × 103 ± 6.4 × 103 2.5 × 103–1.2 × 104

Bone 4.7 ± 0.6 4.3–5.1 4.7 × 103 ± 5.7 × 102 4.3 × 103–5.1 × 103

Liver 3.1 ± 0.3 2.9–3.3 3.1 × 103 ± 3.2 × 102 2.9 × 103–3.3 × 103

Gill 2.1 ± 0.9 1.5–2.7 2.1 × 103 ± 8.9 × 102 1.5 × 103–2.7 × 103

Muscle 0.3 ± 0.2 0.2–0.5 ±0.06 3.2 × 102 ± 2.1 × 102 1.7 × 102–4.8 × 102

Narsap Ilua Fjord, Narsaq Muscle 6 0.4 ± 0.2 0.1–0.6 ±0.07 3.7 × 102 ± 2.0 × 102 7.8 × 101–6.4 × 102

Isortoq Muscle 10 0.1 ± 0.1 0.03–0.5 ±0.03 1.3 × 102 ± 1.4 × 102 2.8 × 101–4.6 × 102

Myoxocephalus
scorpius

Qeqertarsuaq Muscle 8 0.2 ± 0.1 0.1–0.4 ±0.05 2.0 × 102 ± 1.4 × 102 8.6 × 101–4.5 × 102

Sebastes norvegicus Narsaq Muscle 4 0.8 ± 0.3 0.3–0.9 ±0.02 7.7 × 102 ± 2.5 × 102 3.5 × 102–9.3 × 102

Gadus morhua Maniitsoq Muscle 3 0.8 ± 1.7 0.2–3.4 ±0.09 8.1 × 102 ± 1.6 × 103 2.2 × 102–3.3 × 103

Reinhardtius
hippoglossoides

Upernavik Muscle 4 0.1 ± 0.08 0.02–0.2 ±0.02 1.0 × 102 ± 7.6 × 101 1.7 × 101–1.6 × 102

Anarhichas minor Sisimiut Muscle 3 0.05 ± 0.02 0.05–0.08 ±0.02 5.3 × 101 ± 1.7 × 101 4.6 × 101–7.8 × 101

Pusa hispida Qeqertarsuaq Kidney 6 124.3 ± 47.0 88.0–202.0 ±10.7 1.2 × 105 ± 4.6 × 104 8.8 × 104–1.8 × 105

Liver 116.0 ± 19.0 101.0–143.2 1.2 × 105 ± 1.8 × 104 1.0 × 105–1.4 × 105

Muscle 34.4 ± 21.0 22.0–78.0 3.4 × 104 ± 2.1 × 104 2.2 × 104–7.7 × 104

Ursus maritimus Ittoqqortoormiit Kidney 5 100.2 ± 54.4 27.0–180.0 ±3.5 1.0 × 105 ± 5.4 × 104 2.7 × 104–1.8 × 105

Liver 33.4 ± 17.0 32.1–64.0 3.3 × 104 ± 1.6 × 104 3.0 × 104–6.0 × 104

Muscle 1.1 ± 0.4 0.7–2.0 1.1 × 103 ± 4.7 × 102 7.2 × 102–1.9 × 103

Ursus maritimus Nanortalik Muscle 1 1.0 ± –1.0 ±0.2 1.0 × 103 –
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The annual consumption rate and the annual average effective dose
due to the ingestion of 210Po in seafood andmarinemammals to the av-
erage adult, child, andmost exposed persons in Greenland are provided
in Table 4. It is seen that the annual average effective dose due to the in-
gestion of 210Po to average children (1.4 mSv y-1) and high seafood and
marine mammal consumers (2 mSv y-1 (adult) and 3.6 mSv y-1 (chil-
dren)) is higher than theworld average annual effective dose due to in-
gestion of naturally occurring radionuclides.
Table 3
Number of samples, mean (±SD), minimum, maximum of derived annual absorbed dose (μGy

Latin name Sampling Location Tissue

Fucus vesiculosus Kangerluarsunnguaq Fjord, Nuuk Edible
Fucus vesiculosus Narsap Ilua Fjord, Narsaq Edible
Pandalus borealis Davis Strait Edible

Whol
Mytilus edulis Kangerluarsunnguaq Fjord, Nuuk Edible
Mytilus edulis Narsap Ilua Fjord, Narsaq Edible
Salvelinus alpinus Kangerluarsunnguaq Fjord, Nuuk Viscer

Bone
Liver
Gill
Musc

Narsap Ilua Fjord, Narsaq Musc
Isortoq Musc

Myoxocephalus scorpius Qeqertarsuaq Musc
Sebastes norvegicus Narsaq Musc
Gadus morhua Maniitsoq Musc
Reinhardtius hippoglossoides Upernavik Musc
Anarhichas minor Sisimiut Musc
Phoca hispida Qeqertarsuaq Kidne

Liver
Musc

Ursus maritimus Ittoqqortoormiit Kidne
Liver
Musc

Ursus maritimus Nanortalik Musc

5

Data on correlation between 210Po activity concentration and short-
horn sculpin length (cm), seal sex, polar bear sex, and age, as well as
limited data on 210Po biomagnification from seal to polar bear, is in-
cluded in the Supplementary Material, SM2. Due to limited existing
data, it is impossible to draw a solid conclusion on the correlation of
210Po activity concentration with sex, age, body length, and
biomagnification along the food chain. Hence, further investigations
are required.
) to seafood, fish and marine mammals.

na Absorbed dose mean ± SD Absorbed dose
min.–max.

parts 2 35.1 ± 2.1 34.0–37.0
parts 3 89.0 ± 47.0 89.0 –160.0
parts 2 24.0 –

e 2 574.0 ± 73.0 522.1–625.1
parts 2 2286.0 ± 555.2 1893.0–2678.1
parts 2 3179.0 ± 126.0 3090.1–3268.0
a 2 192.4 ± 176.1 68.0–317.0

129.0 ± 16.0 118.0–140.0
84.4 ± 9.0 78.1–91.0
58.0 ± 24.4 40.3–75.0

le 9.0 ± 6.0 5.0–13.0
le 6 10.2 ± 5.6 2.1–17.4
le 10 3.5 ± 4.0 1.0–13.0
le 8 5.2 ± 4.0 2.3–12.2
le 4 21.2 ± 7.0 10.0–25.3
le 3 22.1 ± 45.0 6.1–92.0
le 4 2.8 ± 2.1 0.5–5.0
le 3 1.5 ± 0.5 1.3–2.1
y 6 3396.1 ± 1271.0 2394.0–5505.3

3161.1 ± 510.0 2754.0–3913.0
le 941.0 ± 573.2 602.0–2116.3
y 5 2738.0 ± 1487.0 728.4–4910.0

912.3 ± 453.0 817.0–1738.0
le 30.2 ± 13.0 18.0–52.0
le 1 28.0 –



Table 4
Annual effective dose (μSv) due to ingestion of 210Po to adult, child and most exposed person (10% percentile).

Latin name Consumption
(kg y-1)

High
consumption
(Kg y-1)
10 %
percentile

210Po (Bq kg-1 w.w.) 210Po Ingestion DCC
(ICRP) adult Sv/Bq

Adult, Annual effective
dose

Adult, Annual effective
dose, High Consumption,
10 % percentile

210Po Ingestion
DCC child
(5 years old)
(Sv/Bq) (ICRP)

Child, Annual effective
dose

Child, Annual effective
dose, High consumption,
10 % percentile

Adult Child Adult Child Median
± SD

Min.–Max. Median
± SD

Min.–Max. Median
± SD

Min.–Max. Median
± SD

Min.–Max. Median
± SD

Min.–Max.

Fucus vesiculosus 0.05 0.025 0.1 0.05 2.7
± 1.9

1.2-6.0 1.2E-06 0.2 ± 0.1 0.07-0.4 0.3 ± 0.2 0.1-0.7 4.4E-06 0.6 ± 0.2 0.3-1.3 1.2 ± 0.4 0.5-2.6

Pandalus borealis 3.8 1.9 4.05 2.03 1.0 ± 1.2E-06 4.6 5.0 ± 4.4E-06 17.0 ± 18.0 ±
Mytilus edulis 1.9 0.9 2.0 1.01 105.6

± 22.4
69.3-119.6 1.2E-06 240.4

± 51.0
316-272.4 257.0

± 54.4
168.4-291.0 4.4E-06 882.0

± 94.0
579.0-999.0 941.0

± 100.0
618.0-1066.0

Sebastes
norvegicus

1.4 0.7 6.3 3.2 0.8
± 0.3

0.3-0.9 1.2E-06 1.3 ± 0.4 0.6-1.6 6.0 ± 2.0 3.0-7.0 4.4E-06 5.0 ± 0.8 2.2-5.8 22.0
± 4.0

10.0-26.0

Anarhichas minor 1.4 0.7 6.3 3.2 0.05
± 0.02

0.05-0.08 1.2E-06 0.1
± 0.03

0.08-0.1 0.4 ± 0.2 0.4-0.6 4.4E-06 0.3 ± 0.1 0.3-0.5 1.5 ± 0.2 1.3-2.2

Reinhardtius
hippoglossoides

4.5 2.3 18.1 9.1 0.1
± 0.08

0.02-0.2 1.2E-06 0.6 ± 0.4 0.09-0.9 2.2 ± 2.0 0.4-3.6 4.4E-06 2.0 ± 0.8 0.3-3.2 8.2 ± 3.0 1.3-13.1

Gadus morhua 5.8 2.9 21.7 10.9 0.8
± 1.7

0.2 -3.4 1.2E-06 5.6
± 11.6

1.6-23.3 21.0
± 43.4

6.0-87.4 4.4E-06 21.0
± 21.2

5.7-86.0 77.1
± 80.0

21.3-320.4

Myoxocephalus
scorpius

1.4 0.7 6.3 3.2 0.2
± 0.1

0.09-0.4 1.2E-06 0.3 ± 0.2 0.15-0.8 1.4 ± 1.1 0.6-3.4 4.4E-06 1.2 ± 0.4 0.5-2.8 5.3 ± 2.0 2.4-12.3

Salvelinus alpinus 4.1 2.0 14.3 7.2 0.2
± 0.2

0.03-0.6 1.2E-06 1.0 ± 0.9 0.1-3.1 3.4 ± 3.3 0.5-11.0 4.4E-06 3.5 ± 1.7 0.5-11.4 12.4
± 6.0

1.8-40.1

Pusa hispida
muscle

5.3 2.7 20.0 10.0 34.4
± 21.0

22.0-77.5 1.2E-06 219.0
± 133.4

140.1-493.0 827.0
± 504.0

529.0-1859.2 4.4E-06 803.0
± 245.0

514.0-1806.4 3031.0
± 923.2

1939.0-6817.2

Pusa hispida liver 1.03 0.5 2.9 1.4 115.7
± 18.7

101.0-143.2 1.2E-06 143.3
± 23.1

124.8-177.3 400.0
± 65.0

348.4-495.0 4.4E-06 525.3
± 42.4

458.0-650.2 1466.2
± 118.3

1277.3-1815.1

Pusa hispida
kidneys

1.03 0.5 2.9 1.4 124.3
± 46.5

88.0-201.5 1.2E-06 154.0
± 57.6

108.5-250.0 430
± 161.0

303.0-696.4 4.4E-06 564.3
± 106.0

398.0-859.2 1575.1
± 295.0

1110.3-2553.4

Ursus maritimus
muscle

0.04 0.02 0.07 0.03 1.1
± 0.4

0.7-2.0 1.2E-06 0.05
± 0.02

0.03-0.1 0.1
± 0.03

0.1-0.2 4.4E-06 0.2
± 0.04

0.1-0.3 0.3 ± 0.1 0.2-0.6

Ursus maritimus
liver

0.005 0.003 0.005 0.002 33.4
± 16.6

32.1-64.0 1.2E-06 0.2 ± 0.1 0.2-0.4 0.2 ± 0.1 0.2-0.4 4.4E-06 0.8 ± 0.2 0.7-1.4 0.7 ± 0.2 0.7-1.3

Ursus maritimus
kidneys

0.005 0.003 0.005 0.002 100.2
± 54.4

27.0-180.0 1.2E-06 0.6 ± 0.3 0.2-1.1 0.6 ± 0.3 0.2-1.0 4.4E-06 2.3 ± 0.6 0.6-4.0 2.1 ± 0.6 0.6-3.8

Total μSv y-1 771.1
± 89.0

697.0-1228.1 1953
± 245

1364-3461.2 1410
± 326

980-2220 3580
± 898

2490-6340
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3.1. Macroalgae

Macroalgae (kelp) situated at a lower trophic position of the food
chain accumulate polonium from seawater via adsorption onto the thal-
lus surface and provide food for various species at higher tropic posi-
tions, such as crustaceans, molluscs, and fish, among others (Carvalho,
2011; Uddin et al., 2017). In this study, bladderwrack samples displayed
210Po activity concentrations lower (1.3-3.3 Bq kg-1 w.w.) than those
observed in the blue mussels (84.0-116.4 Bq kg-1 w.w., p < 0.002). No
spatial differences were observed (p = 0.06) in 210Po concentrations
between samples collected from Kangerluarsunnguaq Fjord
(Kobbefjord) (range 1.2-1.3 Bq kg − 1 w.w.) and Narsap Ilua (Ilua
Fjord) (range 2.7-5.9 Bq kg − 1 w.w.), respectively (Table 2, Fig. 1).
This range is consistent with reported values elsewhere (Supplemen-
tary Material, SM4). Carvalho (2011) noted small differences in 210Po
activity concentrations (average 4.8 Bq kg-1 w.w. and range 1.6-
1.9 Bq kg-1 w.w., with the highest 210Po concentration of 9.1 ±
0.3 Bq kg−1 w.w. in bladderwrack) between macroalgae species from
the intertidal zone of the Portuguese coast, North of Cascais, northeast
of Atlantic Ocean. Uddin et al. (2017, 2019) reported 210Po activity con-
centrations in different macroalgae species from Kuwait waters with
concentrations ranging from 0.9 to 6.7 Bq kg−1 w.w. Kim et al. (2017)
analysed 210Po in two different macroalgae species (Porphyra tenera
and Undaria pinnatifida) from the Korean coast and reported a range
of 0.9 -1.4 Bq kg−1 w.w.

Spatial differences in 210Po activity concentrations (0.9 - 3.7 Bq kg-1

w.w. (3–22 Bq kg-1 dry weight)) in bladderwrack samples collected
from different sites on the Pirou in the English Channel, was associated
with local polonium sources, e.g., past phosphoric acid production
(Germain et al., 1995).

The recommended 210Po CR values for macroalgae are 7.1 × 102

(ICRP, 2009), 1.0 × 103 (IAEA, 2004; Brown et al., 2003), and 2.8 × 103

(ERICA). The measured 210Po CR in the bladderwrack samples from
Greenland ranged from 1.2 × 103 to 6.0 × 103 (mean 1.3 × 103;
3.3 × 103) (Table 2) and were higher (Table 2) than recommended
values. Higher 210Po CR values of 0.5 × 104 - 1.2 × 104 were reported
for macroalgae (Sargassum boveanum and Sargassum oligocystum) col-
lected from Kuwait, northern Gulf during January 2013 (Uddin et al.,
2015).

The estimated 210Po annual absorbed dose in bladderwrack samples
from Greenland are several orders of magnitude lower (Table 3) than
the recommended screening dose rate (ERICA tool, UNSCEAR, 2008b
and the derived consideration reference levels by ICRP, 2008).

3.2. Crustaceans

210Po concentration in northern shrimp sampled fromDavis Strait of
West Greenland were 0.9 Bq kg−1 w.w. in edible parts (n = 1) and
21.0 ± 2.7 Bq kg − 1 w.w. in whole shrimp (n = 2) (Tables 1 and 2,
Fig. 1). Swift et al. (1994), and Cherry and Heyraud (1981) reported
210Po to distribute non-uniformly in shrimp. The highest 210Po concen-
trations occur in organs involved in digestion and metabolism, such as
hepatopancreas, and the lowest in tail muscle (Swift et al., 1994;
Cherry and Heyraud, 1981). Activity concentrations of 210Po in shrimps
analysed in the present study were consistent with those reported for
other regions (Supplementary Material, SM4). For example, Komperød
et al. (2020) reported 210Po activity concentrations in the range of
0.72 – 0.85 Bq kg−1 w.w. (n= 3) in edible parts of northern shrimp col-
lected in April-May 2018 from the Icelandic coast. The study also
showed higher concentrations of 2.1- 30.0 Bq kg−1 w.w. (n = 2) for
samples collected in August-September 2018 from the Norwegian Sea
and Kattegat-Skagerrak area. Young et al. (2002) reported a range of
210Po activity concentrations of 1.2 – 30.0 Bq kg−1 w.w. (n = 18) in
whole brown shrimp (Crangon crangon) collected throughout March
to September 1999, 2000, and 2001 from different locations around
the coastline of England and Wales. Aarkrog et al. (1997) reported a
7

global average 210Po activity concentration of 6.0 Bq kg-1w.w. in crusta-
ceans. Cherry and Heyraud (1981) determined 210Po concentrations in
more than 30 marine shrimp species collected in the years 1977-1980
from the Mediterranean Sea near Monaco, Kuwait, South Africa, the
USA, and Great Britain. They observed increased 210Po concentrations
from estuarine to coastal to pelagic to deep-sea whole shrimp depend-
ing on shrimp species, diet, and 210Po chemical speciation in the marine
water. 210Po in shrimporiginate from their diet (e.g., consumption of co-
pepods and detritus material) and depends on its concentration and
chemical speciation (e.g., particle bound, inorganic species) in the ma-
rine water and in the prey of shrimp, available food sources, biological
factors, species of shrimp (Cherry and Heyraud, 1981; Heyraud et al.,
1988; Swift et al., 1994; Young et al., 2002).

210Po CR in the northern shrimp in this study were 8.6 × 102 (edible
part) and 1.9 × 104 – 2.3 × 104 (whole shrimp), respectively (Table 2).
The recommended whole shrimp 210Po CR is 4.2 × 103 (ICRP, 2009),
2 × 104 (IAEA, 2004), and 2.1 × 105 (ERICA tool). 210Po annual absorbed
dose in edible parts of northern shrimp was 24.0 μGy (edible part) and
5.2 × 102 – 6.3 × 102 μGy (whole shrimp) (Table 3). These absorbed
dose values are several orders ofmagnitude lower than the recommended
whole-body screening dose (ERICA tool; UNSCEAR, 2008b; ICRP, 2008).

3.3. Molluscs

Blue mussels are filter feeders and accumulate large amounts of
210Po (Young et al., 2002; Carvalho, 2011; IAEA, 2017). In this study,
210Po concentrations were significantly elevated in blue mussels rela-
tive to bladderwrack and northern shrimp (p < 0.002) (Table 2,
Fig. 1). No spatial differences (p=0.38)were observed in 210Po concen-
trations in blue mussels collected from Kangerluarsunnguaq Fjord
(mean 84.0 ± 20.3 Bq kg−1 w.w., range 69.3 – 98.0 Bq kg−1 w.w.,
n = 2, pooled sample n = 20 per sample) and Narsap Ilua (mean
116.4 ± 4.6 Bq kg−1 w.w., range 113.1-120.0 Bq kg−1 w.w., n = 2,
pooled sample n = 20 per sample) (Tables 1 and 2, Fig. 1). The blue
mussels in this survey were collected in September 2017 and August
2019, respectively (Table 1). Due to the limited sample numbers col-
lected, no reliable time trend results can be analysed. The results of
this study comparewith 210Po concentrations inmussels sampled in au-
tumn from other regions but are relatively higher than in mussels sam-
pled in spring (Table 5), as well as the global average mussel 210Po
activity concentration of 15.0 Bq kg-1 w.w. (Aarkrog et al., 1997). Liter-
ature studies have reported mixed results for temporal and spatial var-
iations in 210Po concentrations in different mussel species, including
blue mussel (Table 5 and Supplementary Material, SM4).

210Po activity concentrations in the range of 5.8 - 283 Bq kg-1 w.w.
were observed in soft tissues of different species of mollusc collected
in the intertidal zone of the Portuguese coast, North of Cascais, North At-
lantic (Carvalho, 2011). Clams (Tapes decussatus), winkles (Littorina
littorea), and the filter- feeding Mediterranean mussel (Mytilus
galloprovincialis) soft tissues displayed higher 210Po activity concentra-
tions (283.0 ± 10.0, 152.0 ± 19.0, and 132.0 ± 5.0 Bq kg-1 w.w.), in
comparison with 210Po activity concentration of 11.6 ± 0.3 Bq kg-1 w.
w. in the soft tissue of herbivore mollusc (Patella aspera) feeding upon
seaweeds grasped from the rock surface (Carvalho, 2011). Likewise,
Pearson et al. (2016) observed 210Po activity concentrations of 81.6 ±
105.7 Bq kg-1 w.w. (range of 2.7–283.5 Bq kg-1 w.w.) in different mol-
lusc species collected from six New Zealand fishing regions.Young
et al. (2002) reported 210Po activity concentrations in the range of
19.4–52.1 Bq kg-1 w.w. in blue mussels’ soft tissue collected throughout
May to September 1999, 2000, and 2001 fromdifferent locations around
the coastline of England and Wales. Spatial variations in 210Po concen-
trationswere 37.0 - 73.0 Bq kg-1w.w. in bluemussel soft tissue collected
from Kattegat/Skagerrak (Mollösund) and Norwegian Sea (Troms), re-
spectively (Komperød et al., 2020).

Guy et al. (2020) observed no temporal variations but reported spa-
tial variations in 210Po activity concentrations (4.7 – 324.0 Bq kg-1w.w.)



Table 5
Mean (±SD), minimum, maximum of 210Po (Bq kg-1 w.w.) reported in studies of mussels (edible parts) overseas compared with mussels collected from Greenland.

Species 210Po
mean ± SD

210Po
min.–max.

Sampling date Sampling location Reference

Mytilus edulis 84.0 ± 20.3 69.3–98.0 August 2019 Kangerluarsunnguaq Fjord, Nuuk, Greenland This study
Mytilus edulis 116.4 ± 4.6 113.1–120.0 September 2017 Narsap Ilua Fjord, Narsaq, Greenland This study
Mytilus edulis 37.0 (149,0 dry wet) June, July, September 1993 and May

1994
North Sea, the Fjords, Kattegat, the Belts and the
western Baltic, Denmark

Dahlgaard, 1996

Mytilus edulis 7.5 Baltic Sea, Finland Komperød et al., 2020
Mytilus edulis 61.0 ± 1.7 May 2018 South-Western coast of Iceland Komperød et al., 2020
Mytilus edulis 73.0 ± 5.4 August 2018 Norwegian Sea, Troms, Norway Komperød et al., 2020
Mytilus edulis 37.0 ± 1.0 June 2018 Mollosund, Kattegat/Skagerrak, Sweden Komperød et al., 2020
Chlamys
islandicus

14.5 (82.5 dry wet) June 1997 Southern Spitsbergen, Svalbard (Stepnowsk and
Skwarzec, 2000)

Mytilus edulis 22.0 – 34.0 (156.2 –
275.0 dry wet)

2003-2005 French coast, Western English Channel Connan et al., 2007

Mytilus edulis 38.0 19.4–52.1 July 1999 to August 2001 Coastline of England and Wales, UK, Young et al., 2002
Mytilus
galloprovincialis

Ostrea edulis

51.2 ± 1.8
57.0 ± 1.8

Spring 2007 Slovenian part of the Adriatic Sea Štrok and Smodiš,
2011

Mytilus
galloprovincialis

Ostrea edulis

106.2 ± 3.5
125.0 ± 5.0

Autumn 2007 Slovenian part of the Adriatic Sea Štrok and Smodiš,
2011

Patella aspera
Mytilus
galloprovincialis
Littorina littorea
Gibbula
umbilicalis
Ensis silique
Cerastoderma
edule
Tapes decussatus
Cassostrea
angulata

5.8-283.0 Portuguese coast, north –eastern Atlantic Ocean Carvalho, 2011

Mytilus coruscus
Crassostrea gigas

48.0 ± 6.0
46.3 ± 7.1

November 2013 Korean coast Kim et al., 2017

Perna canaliculus
Paphies
subtriangulata

57.0 ± 72.0 4.7-324.0 Sampled bimonthly from March 2018
to February 2019

New Zealand Guy et al., 2020
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in green shell mussels (Perna canaliculus) and tuatua (Paphies
subtriangulata), collected between March 2018 and February 2019
from 14 different locations across New Zealand. Štrok and Smodiš
(2011) reported temporal variations in 210Po activity concentrations
(56.7–124.6 Bq kg-1 w.w.) in two bi-valve mollusc species (Mediterra-
nean mussel and the European flat oyster (Ostrea edulis)) from the
Slovenian part of the Adriatic Sea collected in spring and autumn in
2007. Similarly, Wildgust et al. (1998) reported the highest 210Po activ-
ity concentrations in autumn and winter compared with spring/sum-
mer in blue mussel collected at monthly intervals over one-year
(1996-1997) site on the North coast of Wales. These differences may
correlate to differences in species, mussel's length, body weight, condi-
tion index, diet, polonium sources, and its concentration and chemical
speciation in the marine environment (e.g., particle-bound), and other
biological processes, such as spawning (Wildgust et al., 1998,
Dahlgaard, 1996, Young et al., 2002, Carvalho, 2011, Štrok and Smodiš,
2011, Akozcan and Ugur Gorgün, 2013).

The recommended 210Po CR values in edible parts of blue mussels
are 6.0-6.4 × 104 (Brown et al., 2003; ERICA tool) and 2.0 × 104 (IAEA,
2004). In this study, 210Po CR values in blue mussels (Table 2) were
higher than recommended values. 210Po annual absorbed dose in blue
mussels (soft tissue) ranged from 1.9 × 103 to 3.3 × 103 μGy (Table 3).
These absorbed dose values are several orders of magnitude lower
than the recommended whole-body screening dose (ERICA tool;
UNSCEAR, 2008b; ICRP, 2008).

3.4. Fish

In this study, 210Po concentrations were determined in six fish spe-
cies from different locations in Greenland (Tables 1 and 2, Fig. 1). Our
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results show an inter-species variation of 210Po muscle concentration
(p = 0.001). Muscle 210Po concentrations ranged from 0.02 Bq kg-1 w.
w. (n = 4) in Greenland halibut to 3.4 Bq kg-1 w.w. (n = 3) in Atlantic
cod (Table 2, Fig. 1).

Food ingestion accounts for more than 99% of 210Po intake in fish,
and therefore the inter-species variations can be attributed to differ-
ences in diet, 210Po content in the prey and prey ingestion rate
(Carvalho and Fowler, 1994; Dahlgaard, 1996; Carvalho, 2011; Fowler,
2011; IAEA, 2017; Kim et al., 2017). Other factors that may explain the
inter-species variations are body size and metabolic rates of species,
the degree of fullness of the stomach, 210Po absorption efficiency and
its biological half-life in fish, sampling season and location, biological
processes such as growth rate, spawning, etc. (Skwarzec, 1998,
Carvalho and Fowler, 1994, Komperød et al., 2020). In the present
study, it was not possible to measure the length, weight and perform
stable isotope analyses of all analyzed fish species. The highest 210Po
muscle concentrations were found in Arctic char, Atlantic cod, and red-
fish, while Greenland halibut and spotted wolfish displayed the lowest
concentrations (Table 2, Fig. 1). Arctic char and redfish have lower
body weight and length than Greenland halibut and spotted wolfish
(Gulseth and Nilssen, 2001; Mecklenburg et al., 2018), and this may ex-
plain the observed high concentration of 210Po in these species (Supple-
mentary Material, SM3). 210Po concentrations in marine organisms
decrease with increasing organism mass has been reported previously
(IAEA, 2017). Arctic char is anadromous and is a pelagic species living
near the coast and feeding on capelin and crustaceans (Gulseth and
Nilssen, 2001). Golden redfish is an epi- to mesobenthopelagic species
living in fjords and on the shelf-breaks where it feeds on krill (small in-
dividuals) and fish (large individuals) (Mecklenburg et al., 2018). Atlan-
tic cod is a demersal to pelagic species and resides on the shelf and in
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fjords, and its diet consists of fish, crustaceans, and other invertebrates
(Mecklenburg et al., 2018). Spotted wolffish is a demersal species living
in coastal and shelf waters feeding on crustaceans and echinoderms
(Mecklenburg et al., 2018). Greenland halibut is a demersal and
benthopelagic species feeding on fish and shrimps (Mecklenburg
et al., 2018).

The activity concentration of 210Po in themuscle of Atlantic cod sam-
pled fromManiitsoq, West Greenland, ranged from 0.2 to 3.4 Bq kg-1 w.
w. (Table 2, Fig. 1). These results are comparable to those reported in the
literature (Supplementary Material – SM4). Young et al. (2002) and
Komperød et al. (2020) reported a range of 210Po of 0.1-1.4 Bq kg-1 w.
w. in cod muscle collected from the North Atlantic Ocean, Norwegian
Sea, North Sea, Kattegat/Skagerrak, and Baltic Sea (Bornholm) during
July – August 1999 and February – March – August 2018-2019, respec-
tively. Skwarzec (1998) measured 210Po concentration of 2.0 ±
1.0 Bq kg-1 w.w. in cod muscle collected from the Baltic Sea. Dahlgaard
(1996) and Leppänen et al. (2013) recorded 210Po in the cod muscle of
0.2-0.35 Bq kg-1 w.w. in the North Sea, Kattegat, the Baltic Sea (Born-
holm), and theBarents Sea, during 1991–1994 andAugust 2009, respec-
tively. In contrast, cod muscle 210Po concentrations in this study
(Table 2) are 5 to 85 times higher than the reported muscle value of
0.04 Bq kg-1 w.w. in Atlantic cod in the Northeast Atlantic Ocean col-
lected in August 2008 (Štrok and Smodiš, 2011).

Redfishmuscle 210Po (Table 2, Fig. 1) concentrations are comparable
to those reported by Komperød et al. (2020), who recorded muscle
210Po in redfish of 0.2 Bq kg-1 w.w. in the Coast of Norway (Supplemen-
tary Material- SM4).

Our results indicated spatial differences (p = 0.04) in 210Po muscle
concentrations (Table 2) between samples of Arctic char from Narsaq
River and Isortoq (Table 2, Fig. 1). Arctic char muscle 210Po activity con-
centrations ranged from 0.03 to 0.6 Bq kg-1w.w. (Table 2). These results
are comparable with those reported elsewhere (Supplementary Mate-
rial, SM4). Komperød et al. (2020) reported a range of muscle 210Po of
0.02 - 0.2 Bq kg-1w.w. in Atlantic salmon (Salmo salar) and farmed rain-
bow trout (Oncorhynchus mykiss) in the Baltic Sea (Bornholm) and the
Norwegian Sea (Stokmarknes, Nordland) during 2018 and 2019, re-
spectively. Likewise, Štrok and Smodiš (2011) reported a range of mus-
cle 210Po of 0.06–0.1 Bq kg-1 w.w. in freshwater rainbow trout and
brown trout (Salmo trutta) sampled in September 2019 from the
Brebovšcica, Poljanska Sora, and Selška Sora streams, an area affected
by past uranium mining and milling activities in Slovenia. Chen et al.
(2015, 2019) reported a range of muscle 210Po activity concentrations
of 0.3-1.4 Bq kg-1 w.w. and 0.3–4.7 Bq kg-1 w.w. in Pacific salmon
(Oncorhynchus species) collected between 2013–2016 from the East
coast of Vancouver, British Columbia coastal and inland waters and
Yukon River. Aarkrog et al. (1997) reported a global average 210Po activ-
ity concentration of 2.4 Bq kg-1 w.w. in fish.

Although 210Po muscle concentrations vary widely between fish
species (Skwarzec, 1998; Dahlgaard, 1996; Carvalho, 2011), 210Po distri-
bution in the whole fish follows a general pattern. The lowest activity
concentrations are consistently found in muscle, and the highest con-
centrations are found in the organs involved in metabolism (Cherry
et al., 1994; Fowler, 2011; Leppänen et al., 2013; IAEA, 2017; Kim
et al., 2017). Skwarzec (1998) reported 210Po activity concentrations
in Baltic cod about 231 times higher in the digestive organs
(463.0 Bq kg-1 w.w.) than in the fish's muscle (2.0 Bq kg-1 w.w.). Simi-
larly, Leppänen et al. (2013)measured a ten times higher concentration
of 210Po in the liver (9.2 Bq kg-1 w.w.) than in the haddock
(Melanogrammus aeglefinus) muscle (0.8 Bq kg-1 w.w.).

This study investigated the 210Po distribution in the Arctic char
caught in Kangerluarsunnguaq Fjord (Table 1, Fig. 1). In the Arctic
char, the highest activity concentration of 210Po of 7.0 ± 6.4 Bq kg- 1

w.w., (n = 2) were found in the viscera (intestine, stomach, and stom-
ach content) and the lowest in the muscle 0.3 ± 0.2 Bq kg-1 w.w. (n =
2), (padj = 0.002) (Table 2). The high 210Po concentration in the viscera
may be related to whatever food the fish has recently ingested.
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Skwarzec (1998) correlated high concentrations of 210Po in the fish
digestive organs with stomach repletion. The concentration of 210Po
decreased when food was lacking. Digestive organs of a replete cod
constituting ca. 10% of the wet body weight contained ca. 75% of the
total 210Po fish inventory. In contrast, the digestive organs of non-
replete European flounder (Platichtys (Pleuronectes) flesus) constituting
ca. 5% of the wet body weight, contained ca. 18% of the total 210Po fish
inventory. Furthermore, Skwarzec (1998) noted that the residence
time of 210Po within the digestive system of fish is short, with 210Po
liver and intestine concentrations decreasing rapidly when the stomach
is empty being a situation that may occur during spawning.

As 210Po is non-uniformly distributed within the Arctic char
analysed here, a wide range of 210Po CR values was observed for the tis-
sues and organs (Table 2). Similarly, Skwarzec (1998) reported for Baltic
cod a range of 210Po CR of 2.0 × 103 (muscle) to 4 × 105 (intestine). The
210Po CR in themuscle of fish species analysed in this study ranged from
1.7 × 101 to 3.3 × 103. The recommended 210Po CR values for whole-
body fish were 8.0 × 104 (benthic fish, ERICA tool), 5.3 × 103 (benthic
fish, Brown et al., 2003), 3.3 × 103 (pelagic planktotrophic fish, Brown
et al., 2003), and 6.0 × 102 (pelagic carnivorous fish, Brown et al.,
2003), and 2.0 × 103 (IAEA, 2004).

210Po annual absorbed dose in fish muscle ranged from 0.5 to 92.0
μGy (Table 3). The annual absorbed dose from 210Po in different tissues
of Arctic Char ranged from 5.0 μGy (muscle) to 317.0 μGy (viscera)
(Table 3). These absorbed dose values are several orders of magnitude
lower than the recommended whole-body screening dose (ERICA
tool; UNSCEAR, 2008b; ICRP, 2008).

3.5. Mammals

3.5.1. Ringed seal
210Po is non-uniformly distributed within ringed seals (p < 0.002),

with the highest activity concentrations found in the liver and kidney,
while the lowest inmuscle (Table 2, Fig. 1), being in accordancewith re-
sults reported in the literature (Supplementary Material, SM4)
(Dahlgaard et al., 2004; Gwynn et al., 2006; Nielsen and Roos, 2006;
Chen et al., 2017). We found mean 210Po activity concentrations of
34.4 ± 21.0 Bq kg-1 w.w. (range 22.0–78.0 Bq kg-1 w.w.), 116.0 ±
19.0 Bq kg-1 w.w. (101.0 - 143.2 Bq kg-1 w.w.) and 124.3 ±
47.0 Bq kg-1 w.w. (88.0 – 202.0 Bq kg-1 w.w.) in muscle, liver, and kid-
neys of juvenile ringed seals from Qeqertarssuaq collected in May
2018 (Table 2, Fig. 1). 210Po activity concentrations in a similar range
of 8.0–45.0 Bq kg-1 w.w., 43.0–297.0 Bq kg-1 w.w., and
83.0–107.0 Bq kg-1 w.w. were reported for muscle, liver, and kidneys,
respectively, in ringed seals from Disco Fjord, Central West Greenland
from May 2001, Bylot Sound, Thule, Northwest Greenland in August
2003, Spitsbergen, Svalbard in 2003, and Western Hudson Bay, Canada
in 2014 (Dahlgaard et al., 2004, Gwynn et al., 2006, Nielsen and Roos,
2006, Chen et al., 2017). Hamilton et al. (2008), Chen et al. (2017) re-
ported 210Po activity concentrations in the range of 12.0–29.0 Bq kg-1

w.w. (muscle), 102.0–396.0 Bq kg-1 w.w. (liver), and
113.0–142.0 Bq kg-1 w.w. (kidneys) in bearded seal (Erignathus
barbatus) from the Bering Sea, Alaska (1996), and Western Hudson
Bay, Canada (2014), respectively. In contrast, Ciesielski et al. (2015)
measured lower 210Po in the muscle (5.0 Bq kg-1 w.w.), liver
(22.4 Bq kg-1 w.w.), and kidneys (12.0 Bq kg-1 w.w.) of ringed seal col-
lected from the Polish coast of the Baltic Sea in March 1999. The differ-
ences in 210Po activity concentrations in seals and other marine
mammal specieswere previously related to age, sex,weight, and length,
diet habits, geographical and seasonal differences in 210Po activity con-
centrations in their prey (Hamilton et al., 2008; Ciesielski et al., 2015).
Hamilton et al. (2008) observed higher activity concentrations of
210Po in females (n = 1) than bearded seal males (n = 1) collected
from the Bering Sea, Alaska, in 1996. Ciesielski et al. (2015) found he-
patic 210Po concentrations strongly correlated with body mass, body
length, and age of harbor porpoises collected from 1999 to 2003 from
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several locations of the Polish coast of the Baltic Sea. We found a higher
210Po muscle concentration in male (n= 1) than in females (n= 5) ju-
venile ringed seals from Qeqertarsuaq collected in May 2018 (Supple-
mentary Material, SM3). In contrast, Chen et al. (2017) found no
correlation between 210Po concentration in muscle and liver of ringed
and bearded seals and the total body weight.

In this study, the 210Po CR values ranged from 2.2 × 104 to 7.7 × 104

(muscle) to 8.8 × 104 to 2.0 × 105 (kidney), respectively (Table 2). Simi-
larly, Hamilton et al. (2008) reported CR values of 2.7 × 104 (muscle),
2.06 × 105 (liver), and 2.08 × 105 (kidney). Gwynn et al. (2006) reported
210Po CR values for the ringed seal of 2.1 × 104 (muscle), 9.9 × 104 (liver),
8.3 × 104 (kidney), and 5.9 × 105 (bone). Field-derived CR values for dif-
ferent tissues and organs of seals are higher (this study, Gwynn et al.,
2006, Hamilton et al., 2008) than the internationally recommended
210Po CR values for use in risk assessments for whole body mammals:
2.1 × 103 (Brown et al., 2003), and 7.7 × 104 (ERICA tool).

210Po annual absorbed dose in seal ranged from 6.0 × 102–2.1 × 103

μGy (muscle), to 2.4 × 103–5.5 × 103 (kidney) (Table 3). These absorbed
dose values are several orders ofmagnitude lower than the recommended
whole-body screening dose (ERICA tool, UNSCEAR, 2008b, ICRP, 2008).

3.5.2. Polar bear
As for the ringed seals, the highest 210Po concentration was found in

the liver and kidney, while the lowest inmuscle (Padj= 0.002) (Table 2,
Fig. 1). Mean, min., and max 210Po activity concentrations were 1.1 ±
0.5 Bq kg-1 w.w. (0.7–2.0 Bq kg-1 w.w.), 33.4 ± 17.0 Bq kg-1 w.w.
(32.1–64.0 Bq kg-1 w.w.), and 100.2 ± 54.4 Bq kg-1 w.w.
(27.0–180.0 Bq kg-1 w.w.) in the muscle, liver, and kidneys,
respectively (Table 2, Fig. 1). Similarly, 210Po CR ranged from
7.2 × 102–1.9 × 103 (muscle) to 2.7 × 104 to 1.8 × 105 (kidney), respec-
tively (Table 2). The recommended CR values for whole-bodymammals
were 2.1 × 103 (Brown et al., 2003) and 7.75 × 104 (ERICA tool) and are
lower than in the field-derived values in this study. No other studies are
available on 210Po in polar bears from Arctic regions, so these data are
the first reported.

210Po annual absorbed dose in polar bear ranged from 28–52 μGy
(muscle) to 7.3 × 102–4.9 × 103 (kidney) (Table 3), respectively.
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These absorbed dose values are several orders of magnitude lower
than the recommended whole-body screening dose (ERICA tool,
UNSCEAR, 2008b, ICRP, 2008).

3.6. Dose assessment

The mean annual committed effective 210Po dose via seafood and
marine mammals consumption was 771 ± 89 μSv (adult), and
1410 ± 326 μSv (child, five years old), respectively (Table 4). For cul-
tural reasons, in Greenland, the 10-percentile Inuit population having
the highest consumption rate of local marine and wildlife food
(Table 4) live in the settlements. Consequently, the annual committed
effective 210Po dose via seafood and marine mammals ingestion to the
most exposed adult and child range from 1364 to 3461 μSv and 2490
to 6340 μSv, respectively (Table 4). The 210Po dose from seals accounted
for 67-85% of the median total dose to average and most exposed per-
sons, even though they accounted for 23-25% of the total seafood and
marine mammals’ consumption. Similarly, the 210Po dose from blue
mussels accounted for 31-13% of the median total dose to average and
most exposed persons, even though they accounted for only 6-2% of
the total seafood and marine mammal's consumption. This is due to
the higher 210Po activity concentrations in these species than all the
other analysed species (Tables 2 and 4).

The annual effective ingestion dose depends on the concentration of
210Po in seafood and marine mammals and the annual consumption
rate of these dietary products. The consumption rate of traditional
Inuit Greenland foods has decreased considerably in recent years and
is lower than the rates of consumption reported previously in the liter-
ature (Nielsen and Joensen, 2009; Komperød et al., 2020). Nevertheless,
the estimated annual committed 210Po dose to adults and children in
Greenland is relatively higher (Table 4) than those previously reported
in the literature (Fig. 2). Komperød et al. (2020) estimated the annual
committed effective adult dose from naturally occurring radionuclides
210Po, 210Pb, 226Ra via seafood ingestion to the Nordic population.
Their results show that 210Po contributes about 80-90% to the estimated
total dose. IAEA (1995), Aarkrog et al. (1997), Nielsen and Joensen
(2009), Leppänen et al. (2013), Pearson et al. (2016), AMAP (2015),
a, Chen
., 2017
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Chen et al. (2017, 2019) reported that the dominant contribution to in-
gestion dose derives from 210Po in seafood, and marine mammals and
that the contribution from anthropogenic 137Cs is negligible.

210Po dose to adults and children in Greenland via ingestion of sea-
food, and marine mammals estimated in this study is higher than the
world's average annual effective dose due to ingestion of naturally oc-
curring radionuclides, excluding 40K, of 120 μSv (UNSCEAR, 2000). For
planned industrial activities (planned exposure situations), the Interna-
tional Commission on Radiological Protection (ICRP, 2007) recom-
mends for the public exposure an annual limit of effective dose of
1 mSv (1000 μSv), above background levels. International Atomic En-
ergy Agency (IAEA) recommends that food exposure should be no
higher than approximately 1 mSv y-1 (IAEA, 2014). The adults and chil-
dren in Greenland are exposed to more than 1 mSv y-1 via ingestion of
210Po in seafood, and marine mammals, although this is classified as a
background source (Table 4). Other seafood and marine mammals
sources’ contribution to the annual committed effective dose to adults
and children in Greenland needs to be further considered.

All samples collected for this study were fresh. 210Po is volatile at
around 80 °C, and it may be lost if seafood and marine mammals are
grilled, baked, or boiled (Uddin et al., 2019). Štrok and Smodiš (2011)
found that grilling of fish at 90 °C does not cause a significant loss of
210Po due to its possible volatilization. Comparing with uncooked sam-
ples, Uddin et al. (2019) showed a considerable loss of 210Po from vari-
ous fish species and shrimp due to the cooking method. The authors
noted that the loss of 210Po depends on the cooking method and
analysed species. For example, within fish, the lowest loss (6%) was ob-
served in grilled longtooth hairtail (Eupleurogrammus glossodon) and
highest (55%) in grilled five lined snapper (Lutjanus quinquelineatus).
No loss was observed for boiled yellowfin tuna (Thunnus albacores).
For whole shrimp, 25% of 210Po was lost during grilling and 51% during
boiling (Uddin et al., 2019). A review showed an increase (up to 94%)
and a decrease (> 80%) in 210Po concentrations in seafood due to food
preparation methods such as grilling, boiling, and baking (Komperød
et al., 2020). The observed increase of 210Po in seafood may be due to
water loss from the tissue, while the decrease may be due to its
volatilisation during heating. Due to mixed results reported in the liter-
ature, and no information on the cooking methods applied in
11
Greenland, no adjustment in 210Po concentrations due to cooking
were made in the dose assessment for Greenland adult, child, and
most exposed persons.

210Po has a relatively short half-life of only 138 days. If the seafood
and marine mammals are not consumed just after the catch, some
210Po will be lost due to the decay in time between catch and consump-
tion. Aarkrog et al. (1997) and IAEA (1995) compiled activity concentra-
tions of 210Po in seawater and seafood from all regions of the world's
oceans. They estimated the collective dose to the world population
resulting from 210Po consumed in the seafood. In its study, Aarkrog
et al. (1997) used a correction factor of 0.6 based on an estimated
time of 90 ± 20 days between catch and consumption. In this study,
we applied a factor of 0.6 (Aarkrog et al., 1997) to account for the time
elapsed between catch and consumption (Fig. 3). However, in Green-
land, there is no information available on how the food is cooked or
the time between catch and consumption, and therefore no adjust-
ments were made in the dose assessment for Greenland adult, child,
and most exposed persons. This lack of information introduces uncer-
tainties in the derived dose from 210Po ingestion, therefore a study on
the effects of cooking and additional sampling and analysis may be the
scope of later work in Greenland.

4. Conclusions

The present study results show an inter-specific variation of 210Po
activity concentrations in all studiedmarine organisms. Activity concen-
trations of 210Po increase in the following order bladderwrack, shrimp
and, mussels and from fish species to seal and polar bear.

The 210Po CR values increase from seaweed (2.6 × 103) to shrimp
(2.1 × 104) tomussel's (1.1 × 105).Within the investigated fish andma-
rine mammals, the 210Po CR values for muscle increase in the order:
spotted wolfish (5.3 × 101), Greenland halibut (1.0 × 102), shorthorn
sculpin (2.0 × 102), Arctic char (2.0 × 102), golden redfish (7.7 × 102),
Atlantic cod (8.1 × 102), polar bear (1.1 × 103), and ringed seal
(3.4 × 104). 210Po CR values for liver increase from Arctic char
(3.1 × 103) to polar bear (3.3 × 104) to ringed seal (1.2 × 105). Similarly,
210Po CR values for kidney increase from Arctic char (7.0 × 103) to polar
bear and seal (1.0–1.2 × 105). Field, 210Po CR values for tissues and
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organs are higher than the ERICA, IAEA and ICRP recommended whole
body CR values. Unfortunately, due to limited available data, it is impos-
sible to draw a solid conclusion on the 210Po biomagnification along the
food chain, and therefore further investigations are recommended.
210Po is non-uniformly distributed in fish, ringed seals, and polar
bears. The lowest levels were in muscle, and the highest concentrations
being found in the organs involved in metabolism.

The derived 210Po annual absorbed dose values in the edible parts,
muscle and liver, and kidneys of the analysed seafood andmarinemam-
mals are several orders of magnitude lower than the recommended
whole-body screening dose.

Conservative committed effective doses from 210Po ingestion to the
average adult, children, and most exposed persons in Greenland are es-
timated in this study. The doses are higher than other reported conser-
vative values in the literature, including the world average annual
effective dose due to ingestion of naturally occurring radionuclides.
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