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Even though many studies have shown that radioactive caesium levels in fish caught outside of Japan were below experimental
detection limits of a few Bq kg21, significant public concern has been expressed about the safety of consuming seafood from the
Pacific Ocean following the Fukushima-Daiichi nuclear accident. To address the public concerns, samples of commonly con-
sumed salmon and groundfish harvested from the Canadian west coast in 2013 were analysed for radioactive caesium. None of
the fish samples analysed in this study contained any detectable levels of 134Cs and 137Cs under given experimental setting with
the average detection limit of ∼2 Bq kg21. Using a conservative worst-case scenario where all fish samples would contain 137Cs
exactly at the detection limit level and 134Cs at half of the detection limit level (to account for much shorter half-life of 134Cs),
the resulting radiation dose for people from consumption of this fish would be a very small fraction of the annual dose from expos-
ure to natural background radiation in Canada. Therefore, fish, such as salmon and groundfish, from the Canadian west coast
are of no radiological health concern.

INTRODUCTION

Releases of radioactive contaminants, especially the
long-lived radioactive caesium-137 (137Cs), into the
Pacific Ocean following the Fukushima-Daiichi
nuclear accident in 2011 have raised public concerns
about seafood safety. The contaminated ocean water
plume propagates eastward towards the west coast of
North America(1, 2). There were simulations project-
ing that the contaminated water plume will reach the
northwestern American coast by early 2014, and
137Cs in shelf waters north of 458N will reach a peak
concentration of a few tens of Bq kg21 (1). It is well
known that many fish species can migrate long dis-
tances in the ocean. Therefore, public concerns about
the safety of consuming seafood have extended to
seafood caught off the west coast of Canada far away
from the east coast of Japan.

Radiation surveillance in Canada has been signifi-
cantly enhanced since the 1986 Chernobyl Nuclear
Power Plant accident by virtue of Canada’s participa-
tion in, and access to the International Monitoring
System of the Comprehensive Nuclear-Test-Ban
Treaty Organisation (CTBTO)(3), the expansion of
Health Canada’s Canadian Radiological Monitoring
Network (CRMN)(4) monitoring stations and the
creation of a nationwide real-time Fixed Point

Surveillance Network (FPSN)(5), and the integration
of Environment Canada’s atmospheric transport
modelling capability into Health Canada’s operation.
Environmental surveillance activities from the 26
monitoring stations of the CRMN, the 76 monitoring
stations of the FPSN and the 80 globally distributed
monitoring stations of the CTBTO (including 4
situated in Canada) provide sensitive and comprehen-
sive coverage for radionuclide detection and impact
assessment in Canada. Notably in the case of the
Fukushima-Daiichi nuclear accident the FPSN pro-
vided in situ determination that there was no perceptible
change in measured Canadian background radiation
levels (total air kerma doses) despite the detection of
spikes in concentrations of some anthropogenic radio-
nuclides originating from the Fukushima accident.

A small amount of airborne radioactivity was con-
sistently detected in Canada for �1 week after the
Fukushima-Daiichi nuclear power plant accident and
remained detectable for another week before becom-
ing too small to be measured. The associated radi-
ation dose during this period was indistinguishable
from the background radiation dose attributable to
natural sources measured by Health Canada(6).

Fisheries and Oceans Canada established a moni-
toring programme to detect the arrival of Fukushima

# The Author 2014. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Radiation Protection Dosimetry (2015), Vol. 163, No. 2, pp. 261–266 doi:10.1093/rpd/ncu150
Advance Access publication 2 May 2014

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/163/2/261/1650499 by guest on 10 April 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/


radioactivity in the water columns of the eastern
North Pacific and Arctic Ocean(7). While trace
amounts of 134Cs and 137Cs have been detected, the
measured radioactivity levels were very low, well
below historical levels resulting from the atmospheric
nuclear weapons testing in the 1950s and 1960s, and
orders of magnitude less than Health Canada’s
Guidelines for Drinking Water(8). Despite recent
reports about ongoing leaks from the Fukushima-
Daiichi site, the levels of environmental radiation
measured in Canada are consistently within the range
of radiation levels normally detected, and therefore
are not a public health concern for Canadians.

Nonetheless, significant public concern has been
expressed about the safety of consuming seafood from
the Pacific Ocean, specifically with regard to fish caught
off the west coast. The Canadian Highly Migratory
Species Foundation tested samples of Northern Pacific
Albacore Tuna, a highly migratory species that spend
their lives roaming the North Pacific Ocean, obtained
from 2010 (from storage, pre-Fukushima), 2011, 2012
and 2013 for radioactive contamination(9). For all
samples tested, no radionuclides of man-made origin
were detected at or above the experimental detection
limits.

Based on the Japanese Fisheries Agency’s monitor-
ing data reported in July 2013(10, 11), radioactive caesium
concentrations in fish products from Fukushima and ad-
jacent prefectures in Japan were evaluated(12). The study
provided the upper boundary dose, and subsequent risk
estimates if individuals only consume fish caught from
Fukushima and adjacent prefectures in Japan. Even in
this extreme circumstance, there is no radiological health
concern.

Many other studies have shown that radioactive
caesium levels in fish caught outside of Japan were
below the minimum detectable concentration (MDC)
of �2 Bq kg21. These findings are summarised in the
document, Preliminary Dose Estimation from the
Nuclear Accident after the 2011 Great East Japan
Earthquake and Tsunami prepared by the World
Health Organisation(13). To complement these findings
from a Canadian perspective, more than 60 fish samples
harvested from the Canadian west coast by Fisheries
and Oceans Canada in 2013 were provided to Health
Canada for radiological analysis. The results of these
radioactivity measurements are reported here.

FISH SAMPLES AND RADIOACTIVITY
ANALYSIS

Fish samples harvested from the Canadian west coast
by Fisheries and Oceans Canada included adult salmon
and groundfish. Adult Coho Salmon (Oncorhynchus
kisutch) and Chum Salmon (Oncorhynchus keta) were
obtained from two hatcheries located on the east coast
of Vancouver Island, British Columbia (Puntledge
Hatchery and Big Qualicum Hatchery). Both species

spawn in freshwater late in the fall. Their eggs incubate
in the gravel over winter. Once the eggs hatch, the fry
remain in the gravel for a few weeks. Chum Salmon fry
will then migrate to sea and rear in the near-shore envir-
onment for several weeks. They then migrate northward
along the continental shelf and rear in the Northeast
Pacific Ocean for 3–5 y prior to returning to their natal
rivers to spawn. Coho Salmon fry generally spend a full
year in freshwater prior to initiating their downstream
migration to sea. They remain within a few hundred
kilometres of their natal river where they feed on a
mixture of zooplankton and fish. Migration to open
waters is highly variable for Coho Salmon, with indivi-
duals remaining their entire life on the shelf and others
rearing in the Northeast Pacific Ocean, even within a
single population. Coho Salmon only spend 18 months
in the ocean, and as a consequence, do not migrate as
far west in the Northeast Pacific Ocean as Chum
Salmon. Coho Salmon tend to be at a higher trophic
position than Chum Salmon and typically feed on a
mixture of zooplankton and fish, compared with zoo-
plankton and jellyfish for Chum Salmon(14).

In 2013 tissue samples were collected from three
species of groundfish. Eleven Pacific spiny dogfish
(Squalus suckleyi) samples were collected in Hecate
Strait between 31st May and 14th June, at depths of 95–
169 m. Pacific Spiny dogfish is a small shark that inha-
bits temperate waters off the west coasts of North
America. They are a long-lived species with a maximum
age in the Pacific population of between 80 and 90 y
and a maximum size of 130 cm. They are ovoviviparous
with a gestation period of 2 y. Females produce 2–16
pups, on average, between 26 and 27 cm in length at
birth. Juvenile dogfish pass through a pelagic phase
before taking up bottom residence. Spiny dogfish are
capable of impressive migration distances. An extensive
tagging project by the Department of Fisheries and
Oceans undertaken from 1978 to 1988 found that spiny
dogfish tagged off the west coast of Canada migrate as
far as the coasts of Japan and Mexico(15).

Ten Pacific Halibut (Hippoglossus stenolepis) samples
were collected, also in Hecate Strait, between 12th and
20th June at depths of 39–95 m. Pacific Halibut are the
largest member of the flatfish family Pleuronectidae;
they are found on or near the continental shelf through
much of the North Pacific ranging from California to
the Bearing Sea and south again to the Sea of Japan.
Pacific Halibut are generally found at depths between 10
and 300 m but have been found as deep as 1200
m. Pacific Halibut are long lived with a maximum
reported age of 55 y, a maximum length of 267 cm and
a maximum weight of 363 kg. Most spawning is
believed to occur in Alaskan waters with an ontogenetic
migration southwards along the west coast of North
America. Tagging studies have shown this species under-
takes extensive east and westward migrations along the
west coast of North America, as such the entire eastern
Pacific Population is considered to be a single stock.
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Seven Sablefish (Anoplopoma fimbria) samples were
collected in Queen Charlotte Sound between 11th
and 21st July, at depths of 302–368 m. An additional
20 were collected between 9th and 15th November in
Portland Inlet, Chatham Sound, Gil Island,
Milbanke Sound and Fitzhugh Sound. Sablefish are
found along the eastern north Pacific coast from Baja
Mexico to Alaska, along the Aleutian Island chain,
and the continental slope in the Bering Sea. In the
western north Pacific, they occur from Siberia in the
Bering Sea to the Commander Islands in Japan.
Adult sablefish are found near bottom over soft sub-
strate, living at depths of up to 2700 m; juveniles
migrate inshore for several years, where they can be
found in shallow waters, and then migrate offshore as
adults. Sablefish are long lived with a maximum
reported age of 95 y, a maximum length of 118 cm
and weight of 25 kg. Tagging studies carried out by
Canadian and US agencies since the late 1970s show
that Sablefish undertake extensive movements, includ-
ing onshore-offshore, along shelf, shelf to seamount
and basin-scale movements from British Columbia
waters to the Bearing Sea and Baja California.

To address radiological concerns about fish con-
sumption, only the edible portion of a fish is of inter-
est. Therefore, skin and bone were first separated from
the flesh before a homogenised sample was prepared
for radioactivity measurement.

Radioactive caesium (134Cs and 137Cs) has been
released to the environment due to the Fukushima ac-
cident. Both 134Cs and 137Cs emit beta and gamma
radiation(16). 134Cs has a radioactive half-life of 2.06
y, yielding one beta particle per transformation with a
mean energy of 0.157 MeV. It also emits an average of
2.23 gamma rays per transformation with a mean
energy of 0.698 MeV. 137Cs has a half-life of 30.17 y,
yielding one beta particle per transformation with a
mean energy of 0.188 MeV. It decays to 137Ba by emit-
ting a gamma ray of energy of 0.662 MeV in 89.8 %
of transformations.

Homogenised samples were fully packed in PVC
vials (60 mm in diameter and 55 mm in height), and
then scanned for gamma-emitting radionuclides by
counting on a Gamma Analyst Integrated Gamma
Spectrometer (GAM-AN2) coupled with a BEGe
detector. The detector was designed for broad energy
coverage (3 keV–3 MeV), with enhanced detection
efficiency ,1 MeV. The gamma spectra were collected
by placing the fish sample directly on top of the BEGe
detector and counting for several hours. Selected
samples were counted up to 24 h in order to achieve a
MDC of ,1 Bq kg21. When the results of the 24-h
counting did not show any activity concentration of
caesium, most other samples were counted for 2 h.

To put radiation doses from radioactive caesium
intake into perspective, more recent samples were
measured for radioactive polonium (210Po) commonly
found in fish(17). 210Po is a naturally occurring

radionuclide, a decay product of 210Pb in the 238U
decay chain of the uranium series. It has a half-life of
138.38 d(14). 210Po decays to 206Pb by emitting alpha
particles with energies of 5.3044 MeV (100 %) and
4.5166 MeV (0.00122 %)(16). For each sample harvested
in November 2013, 20 g of wet sample was acid
digested in a microwave digestion system prior to
counting by alpha spectrometry for 210Po, with 209Po
added as a tracer to determine the chemical recovery
for the method. Results of radioactivity concentra-
tions are given in the units of Bqkg21 of wet sample
weight.

RESULTS AND DISCUSSION

Results of radioactivity measurements are sum-
marised in Table 1. To date, radioactive caesium in all
fish samples measured was below the MDC. The
MDCs averaged over all samples were 1.9 Bq kg21 for
134Cs and 1.8 Bq kg21 for 137Cs. It is worth mention-
ing that the intervention level for 137Cs in food follow-
ing a nuclear emergency is 1000 Bq kg21(18).

In comparison, a 1978 fish survey in various
Canadian lakes measured radioactivity in a total of
422 fish samples(19). The 137Cs concentration, attrib-
utable to historical nuclear weapons testing, varied
from non-detectable to 135 Bq kg21. Averaged over
all 422 samples, the mean concentration of 137Cs was
15 Bq kg21, which is significantly higher than the
detection limits applied in this study for 137Cs.

In view of historical contamination from nuclear
weapons testing, 137Cs could still be present in fish
harvested in Canada if a much lower detection limit
can be achieved for gamma spectroscopic analysis.
Although 137Cs concentrations in fish could be well
below the lowest MDC shown in Table 1, i.e. ,0.2 Bq
kg21, one could assume in the worst-case scenario
that all fish samples would contain 137Cs exactly at
the detection limit level (i.e. at the MDC). Due to the
short half-life of 134Cs, there is no reason to assume
the presence of historical 134Cs in fish harvested in
Canada, although trace amounts from the Fukushima-
Daiichi accident might be present based on the ocean
water sampling data(2, 7). Considering also the observa-
tion that 134Cs concentrations in fish products from
Fukushima and adjacent prefectures in Japan were less
than half of 137Cs concentrations(12), it is therefore
assumed in the worst-case scenario that all fish samples
would contain 134Cs at exactly half of the detection
limit level, i.e. MDA/2.

Naturally occurring 210Po was measured in most
samples, but significantly lower than the average con-
centration of 30 Bq kg21 for generic marine fish
reported in the literature(20). Since 210Po are always
present in fish in varying concentrations, a more prac-
tical assumption was applied to fish samples with un-
detectable 210Po, i.e. samples with undetectable 210Po
having, on average, a 210Po concentration at half of
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Table 1. Results of radioactivity measurements of fish samples from Canadian west coast.

Fish Harvested 134Cs activity
(Bq kg21)

134Cs MDC
(Bq kg21)

137Cs activity
(Bq kg21)

137Cs MDC
(Bq kg21)

210Po activity
(Bq kg21)

210Po MDC
(Bq kg21)

Chum November 2013 ,MDC 0.6 ,MDC 0.6 1.2 0.3
Chum November 2013 ,MDC 2.1 ,MDC 2.2 0.5 0.2
Chum November 2013 ,MDC 2.2 ,MDC 2.2 1.2 0.3
Chum November 2013 ,MDC 2.1 ,MDC 2.2 1.0 0.3
Chum November 2013 ,MDC 2.2 ,MDC 2.2 1.2 0.3
Chum November 2013 ,MDC 2.2 ,MDC 2.2 0.7 0.3
Chum November 2013 ,MDC 0.6 ,MDC 0.6 0.7 0.2
Chum November 2013 ,MDC 2.0 ,MDC 2.0 0.8 0.2
Chum November 2013 ,MDC 2.0 ,MDC 2.0 0.6 0.2
Chum November 2013 ,MDC 2.2 ,MDC 2.1 1.4 0.3
Chum November 2013 ,MDC 2.3 ,MDC 2.3 ,MDC 0.3
Chum November 2013 ,MDC 2.2 ,MDC 2.1 1.2 0.3
Coho November 2013 ,MDC 2.2 ,MDC 2.1 0.3 0.2
Coho November 2013 ,MDC 0.6 ,MDC 0.6 ,MDC 0.2
Halibut June 2013 ,MDC 2.3 ,MDC 2.2 x
Halibut June 2013 ,MDC 7.3 ,MDC 6.2 x
Halibut June 2013 ,MDC 2.7 ,MDC 2.6 x
Halibut June 2013 ,MDC 6.1 ,MDC 5.5 x
Halibut June 2013 ,MDC 3.3 ,MDC 3.1 x
Halibut June 2013 ,MDC 2.7 ,MDC 2.4 x
Halibut June 2013 ,MDC 2.8 ,MDC 2.5 x
Halibut June 2013 ,MDC 2.6 ,MDC 2.2 x
Halibut June 2013 ,MDC 2.5 ,MDC 2.3 x
Halibut June 2013 ,MDC 2.3 ,MDC 2.1 x
Sablefish July 2013 ,MDC 2.3 ,MDC 2.1 x
Sablefish July 2013 ,MDC 2.2 ,MDC 2.1 x
Sablefish July 2013 ,MDC 2.2 ,MDC 2.1 x
Sablefish July 2013 ,MDC 2.5 ,MDC 2.3 x
Sablefish July 2013 ,MDC 2.7 ,MDC 2.4 x
Sablefish July 2013 ,MDC 2.6 ,MDC 2.2 x
Sablefish July 2013 ,MDC 2.4 ,MDC 2.2 x
Sablefish November 2013 ,MDC 0.3 ,MDC 0.2 0.6 0.2
Sablefish November 2013 ,MDC 0.2 ,MDC 0.2 0.2 0.2
Sablefish November 2013 ,MDC 0.2 ,MDC 0.2 0.3 0.2
Sablefish November 2013 ,MDC 0.6 ,MDC 0.6 ,MDC 0.2
Sablefish November 2013 ,MDC 0.5 ,MDC 0.5 0.3 0.2
Sablefish November 2013 ,MDC 0.3 ,MDC 0.4 0.4 0.2
Sablefish November 2013 ,MDC 0.6 ,MDC 0.4 3.5 0.2
Sablefish November 2013 ,MDC 0.5 ,MDC 0.5 0.4 0.2
Sablefish November 2013 ,MDC 0.4 ,MDC 0.6 ,MDC 0.2
Sablefish November 2013 ,MDC 0.9 ,MDC 1.0 0.2 0.2
Sablefish November 2013 ,MDC 0.7 ,MDC 1.0 0.4 0.2
Sablefish November 2013 ,MDC 0.6 ,MDC 0.4 0.6 0.2
Sablefish November 2013 ,MDC 0.4 ,MDC 0.4 0.6 0.6
Sablefish November 2013 ,MDC 0.5 ,MDC 1.0 0.9 0.2
Sablefish November 2013 ,MDC 0.7 ,MDC 0.3 0.3 0.2
Sablefish November 2013 ,MDC 0.4 ,MDC 0.4 0.4 0.2
Sablefish November 2013 ,MDC 1.0 ,MDC 0.8 ,MDC 0.7
Sablefish November 2013 ,MDC 0.4 ,MDC 0.4 0.2 0.2
Sablefish November 2013 ,MDC 0.3 ,MDC 0.4 ,MDC 0.2
Sablefish November 2013 ,MDC 0.3 ,MDC 0.3 0.3 0.2
Spiny dogfish June 2013 ,MDC 2.7 ,MDC 2.5 x
Spiny dogfish June 2013 ,MDC 2.5 ,MDC 2.2 x
Spiny dogfish June 2013 ,MDC 3.0 ,MDC 2.5 x
Spiny dogfish June 2013 ,MDC 5.2 ,MDC 4.7 x
Spiny dogfish June 2013 ,MDC 4.9 ,MDC 4.1 x
Spiny dogfish June 2013 ,MDC 2.4 ,MDC 2.1 x

Continued
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the detection limit, i.e. MDC/2. The measured 210Po
activity concentration averaged over 34 fish samples
harvested in November 2013 was 0.63 Bq kg21.

Radiation doses are calculated for one fish meal of
150 g and several fish meals up to 1 kg. Results are
summarised in Table 2. They are estimated doses based
on the measurements and assumptions described
above, for children (5-y old) and adults, respectively.
Even in this assumed worst-case of 134Cs and 137Cs
contamination, the resulting radiation doses would still
be much less than radiation doses from naturally occur-
ring radionuclides commonly found in fish. Doses
from naturally occurring 210Po are �92 times higher in
children and 18 times higher in adults than the 137Cs
and 134Cs combined doses.

For an adult who consumes 50 kg of fish per year,
the assumed worst-case dose from potential exposure
to 134Cs and 137Cs will be 2 mSv, which is ,1/1000 of
the annual natural background radiation dose in
Canada(21), and of no radiological health concern.
The 210Po dose from consuming 50 kg of similar
fishes studied here would be 38 mSv. Even though
much higher than 2 mSv from assumed 134Cs and
137Cs contamination, the resulting 210Po dose is still a
very small fraction of the annual dose from exposure
to natural background radiation. Therefore, fish, such
as salmon and groundfish, from Canada’s west coast
are of no real health concern for both radiation con-
taminants and naturally occurring radionuclides.
Similar conclusions were obtained for marine biota
collected off Japan and California(17, 22).

CONCLUSIONS

None of the fish samples analysed in this study con-
tained any detectable levels of 134Cs and 137Cs under
given experimental setting with a detection limit of
�2 Bq kg21. Fish (such as salmon and groundfish)
from the Canadian west coast are of no health
concern for both radiation contaminants and natural-
ly occurring radionuclides.

As simulations predicted, in the near future, the
radioactive water plume could reach the areas where
these fish are rearing(1). Even in this case, it is expected
that levels of radioactive contaminants in fish will
remain well below Health Canada guidelines for food
and likely still below the detection limit of a few Bq
kg21. Nonetheless, further monitoring of 134Cs and
137Cs, especially the long-lived 137Cs, in ocean water
and seafood will help confirm these assessments and
ensure public safety.
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England, M. E. Multi-decadal projections of surface and

Table 1. Continued

Fish Harvested 134Cs activity
(Bq kg21)

134Cs MDC
(Bq kg21)

137Cs activity
(Bq kg21)

137Cs MDC
(Bq kg21)

210Po activity
(Bq kg21)

210Po MDC
(Bq kg21)

Spiny dogfish June 2013 ,MDC 2.6 ,MDC 2.2 x
Spiny dogfish June 2013 ,MDC 2.5 ,MDC 2.3 x
Spiny dogfish June 2013 ,MDC 2.6 ,MDC 2.3 x
Spiny dogfish June 2013 ,MDC 2.3 ,MDC 2.2 x
Spiny dogfish June 2013 ,MDC 2.5 ,MDC 0.8 x
Average ,1.9 1.9 ,1.8 1.8 0.63

x: alpha spectrometry analysis not performed.

Table 2. The assumed worst-case radiation doses for children (5 y old) and adults due to intake of one fish meal (150 g) and
several fish meals up to 1 kg.

Assumed concentration (Bq kg21) DC (nSv Bq21) mSv (from 150 g) mSv (from 1 kg)

Children Adults Children Adults Children Adults

134Cs 0.95 13 19 0.0019 0.0027 0.012 0.018
137Cs 1.8 9.6 13 0.0026 0.0035 0.017 0.023
210Po 0.6 4400 1200 0.42 0.11 2.77 0.76

RADIOACTIVITY MEASUREMENTS OF FISH SAMPLES

265

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/163/2/261/1650499 by guest on 10 April 2024



interior pathways of the Fukushima Cesium-137 radio-
active plume. Deep-Sea Res. I 80, 37–46 (2013).

2. Buesseler, K. O. et al. Fukushima-derived radionuclides
in the ocean and biota off Japan. Proc. Natl Acad. Sci.
109, 5984–5988 (2012).

3. Environmental and Workplace Health. Available on
http://www.hc-sc.gc.ca/ewh-semt/contaminants/
radiation/nuclea/index-eng.php (accessed 20 February
2014).

4. Canadian Radiological Monitoring Network. Available
on http://www.hc-sc.gc.ca/ewh-semt/contaminants/
radiation/crmn-rcsr/index-eng.php (accessed 20
February 2014).

5. Fixed Point Surveillance Network. Available on http://
www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/
surveill/index-eng.php (accessed 20 February 2014).

6. Health Canada’s Radiation Monitoring Data. Available
on http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/
data-donnees-eng.php (accessed 20 February 2014).

7. Smith, J. N., Brown, R. M., Robert, M., Williams, W. and
Nelson, R. Radionuclide transport from Fukushima to
Eastern North Pacific. Available on http://www.pices.int/
publications/presentations/PICES-2013/2013-MEQ/
MEQ-1700-Smith.pdf (accessed 20 February 2014).

8. Health Canada. Guidelines for Canadian drinking
water quality (2011). Available on http://www.hc-sc.gc.
ca/ewh-semt/water-eau/drink-potab/guide/index-eng.
php (accessed 20 February 2014).

9. Canadian Highly Migratory Species Foundation.
Radioactive contamination in seafood—specifically
Northern Pacific Canadian Albacore Tuna (2013).
Available on http://www.canadianalbacoretuna.com/pdf/
2014-Radioactive-web.pdf (accessed 20 February 2014).

10. Tokyo Electric Power Company. Nuclide analysis results
of fish and shellfish (the ocean area within 20 km radius
of Fukushima Daiichi NPS). 16th August 2013. Available
on http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/
2013/images/fish02_130816-e.pdf (accessed 19 August
2013).

11. Japanese Fisheries Agency. Results of the inspection on
radioactive materials in fisheries products (press releases
in July 2013), 14th August 2013. Available on http://
www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
(accessed 19 August 2013).

12. Chen, J. Evaluation of radioactivity concentrations from
the Fukushima nuclear accident in fish products and asso-
ciated risk to fish consumers. Radiat. Prot. Dosim. 157,
1–5 (2013).

13. The World Health Organization. Preliminary dose esti-
mation from the nuclear accident after the 2011 Great
East Japan Earthquake and Tsunami (2012). Available
on http://apps.who.int/iris/bitstream/10665/44877/1/
9789241503662_eng.pdf (accessed 20 February 2014).

14. Quinn, T. P. The behavior and ecology of Pacific salmon
and trout. University of Washington Press (2005).

15. McFarlane, G. A. and King, J. R. Migration patterns of
Spiny dogfish (Squalus acanthias) in the North Pacific
Ocean. Fish. Bull. 101(2), 358–367 (2003).

16. Firestone, R. B. Table of isotopes, eight edn. Wiley (1996).
17. Fisher, N. S., Beaugelin-Seiller, K., Hinton, T. G.,

Baumann, Z., Madigan, D. J. and Garmier-Laplace, J.
Evaluation of radiation doses and associated risk from the
Fukushima nuclear accident to marine biota and human con-
sumers of seafood. Proc. Natl Acad. Sci. 110, 10670–10675
(2013).

18. Health Canada. Canadian guidelines for the restriction
of radioactively contaminated food and water following
a nuclear emergency (2000). Available on http://www
.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/
pubs/contaminants/emergency-urgence/01_254_hecs-
sesc-eng.pdf (accessed 20 February 2014).

19. Elliott, S. E. M., Burns-Flett, C., Hesslein, R. H., Brunskill,
G. J. and Lutz, A. Cesium-137, radium-226, potassium-40
and selected stable elements in fish populations from Great
Slave Lake (N.W.T.), Louis Lake (Saskatchewan), and ex-
perimental lakes area (Northwestern Ontario). Canadian
Data Report of Fisheries & Aquatic Sciences No. 293.
October 1981. Available on http://publications.gc.ca/
collections/collection_2013/mpo-dfo/Fs97–13-293-eng.
pdf (accessed 20 February 2014).

20. Hosseini, A., Beresford, N. A., Brown, J. E., Jones,
D. G., Phaneuf, M., Thørring, H. and Yankovich, T.
Background dose-rates to reference animals and plants
arising from exposure to naturally occurring radionuclides
in aquatic environments. J. Radiol. Prot. 30, 235–264
(2010).

21. Canadian Nuclear Safety Commission. Natural back-
ground radiation. January 2013. Available on http://
www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-
Sheet-Background-Radiation-eng.pdf (accessed 20
February 2014).

22. Madigan, D. J., Baumann, Z. and Fisher, N. S. Pacific
bluefin tuna transport Fukushima-derived radionuclides
from Japan to California. Proc. Natl Acad. Sci. (2012).
Available on www.pnas.org/cgi/doi/10.1073/pnas.
1204859109 (accessed 20 February 2014).

J. CHEN ETAL.

266

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/163/2/261/1650499 by guest on 10 April 2024

http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/nuclea/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/nuclea/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/nuclea/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/nuclea/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/nuclea/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/nuclea/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/nuclea/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/nuclea/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/crmn-rcsr/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/crmn-rcsr/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/crmn-rcsr/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/crmn-rcsr/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/crmn-rcsr/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/crmn-rcsr/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/crmn-rcsr/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/crmn-rcsr/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/contaminants/radiation/surveill/index-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/data-donnees-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/data-donnees-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/data-donnees-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/data-donnees-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/data-donnees-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/data-donnees-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/data-donnees-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/data-donnees-eng.php
http://www.pices.int/publications/presentations/PICES-2013/2013-MEQ/MEQ-1700-Smith.pdf
http://www.pices.int/publications/presentations/PICES-2013/2013-MEQ/MEQ-1700-Smith.pdf
http://www.pices.int/publications/presentations/PICES-2013/2013-MEQ/MEQ-1700-Smith.pdf
http://www.pices.int/publications/presentations/PICES-2013/2013-MEQ/MEQ-1700-Smith.pdf
http://www.pices.int/publications/presentations/PICES-2013/2013-MEQ/MEQ-1700-Smith.pdf
http://www.pices.int/publications/presentations/PICES-2013/2013-MEQ/MEQ-1700-Smith.pdf
http://www.pices.int/publications/presentations/PICES-2013/2013-MEQ/MEQ-1700-Smith.pdf
http://www.pices.int/publications/presentations/PICES-2013/2013-MEQ/MEQ-1700-Smith.pdf
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.hc-sc.gc.ca/ewh-semt/water-eau/drink-potab/guide/index-eng.php
http://www.canadianalbacoretuna.com/pdf/2014-Radioactive-web.pdf
http://www.canadianalbacoretuna.com/pdf/2014-Radioactive-web.pdf
http://www.canadianalbacoretuna.com/pdf/2014-Radioactive-web.pdf
http://www.canadianalbacoretuna.com/pdf/2014-Radioactive-web.pdf
http://www.canadianalbacoretuna.com/pdf/2014-Radioactive-web.pdf
http://www.canadianalbacoretuna.com/pdf/2014-Radioactive-web.pdf
http://www.canadianalbacoretuna.com/pdf/2014-Radioactive-web.pdf
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/2013/images/fish02_130816-e.pdf
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/2013/images/fish02_130816-e.pdf
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/2013/images/fish02_130816-e.pdf
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/2013/images/fish02_130816-e.pdf
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/2013/images/fish02_130816-e.pdf
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/2013/images/fish02_130816-e.pdf
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/2013/images/fish02_130816-e.pdf
http://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/2013/images/fish02_130816-e.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://www.jfa.maff.go.jp/e/inspection/pdf/eigo250814.pdf
http://apps.who.int/iris/bitstream/10665/44877/1/9789241503662_eng.pdf
http://apps.who.int/iris/bitstream/10665/44877/1/9789241503662_eng.pdf
http://apps.who.int/iris/bitstream/10665/44877/1/9789241503662_eng.pdf
http://apps.who.int/iris/bitstream/10665/44877/1/9789241503662_eng.pdf
http://apps.who.int/iris/bitstream/10665/44877/1/9789241503662_eng.pdf
http://apps.who.int/iris/bitstream/10665/44877/1/9789241503662_eng.pdf
http://apps.who.int/iris/bitstream/10665/44877/1/9789241503662_eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/emergency-urgence/01_254_hecs-sesc-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://publications.gc.ca/collections/collection_2013/mpo-dfo/Fs97&ndash;13-293-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
http://www.nuclearsafety.gc.ca/eng/pdfs/Fact_Sheets/Fact-Sheet-Background-Radiation-eng.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1204859109
www.pnas.org/cgi/doi/10.1073/pnas.1204859109
www.pnas.org/cgi/doi/10.1073/pnas.1204859109
www.pnas.org/cgi/doi/10.1073/pnas.1204859109
www.pnas.org/cgi/doi/10.1073/pnas.1204859109
www.pnas.org/cgi/doi/10.1073/pnas.1204859109

	INTRODUCTION
	FISH SAMPLES AND RADIOACTIVITY ANALYSIS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /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)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


