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the 21Po exposure level, separate samples of each of the
13 food categories in Yokohama were prepared. All of
these samples were tested without further processing after
they were initially cooked. For the evaluation of exposure
to gamma-emitting nuclides, those individually cooked
samples of each of the 13 food categories were freeze-
or heat-dried, followed by 24-hr ashing at 450°C, to yield
test samples. Drinking water (100 1) was evaporated to
dryness for test samples.

Radioanalytical procedure of 21°Po

Mixed samples were analyzed to evaluate the amount
of 219Po ingested in all foodstuffs. The 2'°Po were ana-
lyzed by using Sr-Spec™ (Eichrom Technologies, Lisle,
IL, USA) resin column with an alpha spectrometry (Miura
et al., 2003). From the sample for analysis, 30 g (wet
weight) was taken and spiked with 2Po tracer for the
correction of the chemical yield. The mixture was digest-
ed with conc. HNO,, concentrated followed by degrada-
tion. After degradation, the solution was concentrated and
filtrated. The filtrate was concentrated by heating, digest-
ed with 4 M HCI, and then heated. After cooling, the res-
idue was filtrated, and the filtrate was passed through Sr-
Spec™ was followed by eluting with 6 M HNO,, and the
eluate was concentrated by evaporation. The concentrat-
ed eluate was digested with 0.5 M HCI and dissolved by
heating. The thus prepared test solution was combined
with ascorbic acid, and Po was electrodeposited on a
stainless steel disk. The stainless steel disk was washed
with distilled water and ethanol and dried to yield sam-
ples for measurement. The samples were subjected to
measurement for 80,000-160,000 s with an alpha spec-
trometry system equipped with the Si detector (Canberra,
Meriden, CT, USA). Fig. 1 shows the alpha spectrum iso-
lated from a mixed food sample. On the basis of the net
reading from each sample, the counts of tracer **Po for
the yield correction and the amount of sample subject-
ed to analysis, the 21°Po radioactivity level was calculat-
ed. The results of analysis were corrected for decay time
according to the date of sample preparation. The average
chemical recovery of 2Po in this method was found to
be 74%. When this analytical method was applied to the
reference samiple-sediment (JAEA-368), the 2°Po analyti-
cal value of 24 + 1.6 Bq/kg was identical to the reference
value (23.2 Bg/kg).

Individual food category samples were analyzed to
evaluate the amount of 2%Po intake derived from each
food category. The radioanalytical procedure was without
an electrodepositing technique (Tolmachyov, 2001). From
each food category, 30 g of cooked sample was taken
(freeze-dried samples equivalent to 30 g of cooked sam-

ples for fishi/shellfish, meats and eggs) and spiked with
208Pg tracer for the yield correction. The samples were
digested with conc. HNO, and H,0,. The sample solu-
tions were concentrated to a level close to drying, and
then decomposed with 10 m!l of conc. HCI. It was then
concentrated to a level close to drying. The sample solu-
tions were subsequently decomposed with 50 ml of 0.5
M HCI and heated. If a residue was formed, the solutions
were filtrated. A silver disk with a Teflon tape attached
to one side and ascorbic acid were added to the filtrate
in a plastic bottle, followed by Po sedimentation on the
silver disk. The silver disks were washed with distilled
water and ethanol, followed by drying to yield samples
for measurement. The samples were subjected to meas-
urement for 200,000 s with an alpha spectrometry system
equipped with the Si detector (EG&G Ortec, Oak Ridge,
TN, USA). On the basis of the net reading from each
sample, the counts of tracer *Po for yield correction, and
the amount of sample subjected to the analysis, the level
of 21Po radioactivity in the prepared sample was calculat-
ed. The results of analysis were corrected for decay time
according to the date of sample preparation. The average
chemical recovery of #Po in this method was found to
be 72%.

Measurement of gamma-emitting nuclides

Individual food category samples were subjected to
measurement to evaluate the amount of K and other
gamma-emitting nuclides ingested in each food category.
Ash samples from each food category were placed indi-
vidually into cylindrical plastic containers (100-ml capac-
ity) and sealed with a silicone sealing. The containers
filled with samples were left to stand for about 2 weeks,
to yield samples for measurement, Because fats and oils
are difficult to ash, they were placed into Marinelli con-
tainers (1-L capacity) to yield samples for measurement.
Each sample was subjected to determination for 80,000~
300,000 s with a gamma spectrometry system equipped
with the high-purity Ge detector (Canberra, Eurysis, or
Oxford). The nuclides measured were natural radionu-
clides (40K, 214Pb, 214Bi, 212Pb, 22%A¢ and 2*T]) and artifi-
cial radionuclides ('37Cs). The reliability of data yielded
from this gamma spectrometry was certified in a previous
report (Sugiyama ef al., 2007).

RESULTS
The amount of daily intake of 2¢Po from ingestion of
the foods for adults in 7 major cities of Japan was inves-

tigated. Daily 2'%Po intake was calculated from the ana-
lytical data on each mixed sample of 13 food categories
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Fig. 1.

Alpha spectrum of polonium separated from a mixed food sample.

5.305 MeV for *%Po (half life; 138.4d), 4.877 MeV for **Po (half life: 102y).

excluding drinking water and data on food consumption
in each city. Table 1 shows the results in the present study
and data reported in the literature. The amount of dai-
ly 2P intake by adults in the 7 cities ranged from 0.34
to 1.84 (mean * o: 0.66 = 0.53) Bq/d. Levels showed an
ascending order of 0.34 in Fukuoka, 0.37 in Yokohama,
0.38 in Sapporo, 0.45 in Osaka, 0.58 in Sendai, 0.69 in
Niigata, and 1.84 in Kochi. It was thus largest in Kochi.
The amount of daily intake of each of the 13 food cat-
egories excluding drinking water for 29Po was investigat-
ed in Yokohama. The amount of 219Po intake in each of
the 13 food categories was calculated on the basis of ana-
lytical data and data on food consumption in Yokohama.
210Po was determined for 5 food categories (other vege-
tables, mushrooms, and seaweeds; beverages; fish and
shellfish; meat and poultry, eggs; and seasoning and spic-
es). The detection limit of 2'®Po for each food categories
was 0.05, 0.04, 0.04, 0.03, 0.04, 0.03, 0.04, 0.07, 0.006,
1.4, 0.04, 0.02, 0.06, and 0.002 mBqg/g in order according
to the category. The intake of 219Po in these five food cat-
egories was 37.5, 3.8, 130.0, 2.2 and 18.7 mBq/d, respec-
tively. When the percentage of each food category among
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the total daily 2'°Po intake was evaluated, as illustrated in
Fig. 2, it was shown that about 70% of the total 2'"Po was
derived from fish and shellfish and 20% from other vege-
tables, mushrooms, and seaweeds.

The amount of daily intake of gamma-emitting radi-
onuclides was calculated on the basis of data from the
measurement of individual samples of 14 food categories
as well as data on food consumption. K is generally abun-
dant in food. The percentage occupied by the natural radi-
onuclide 4K, one of the isotopes of K, is 0.0117%. It is
known that foods contain high levels of K radioactivi-
ty. In the present study, K in all food categories exclud-
ing some fats and oils was determined. Table 1 shows the
total daily intake of “K in 14 food categories for adults
in 7 cities. The total intake of K in 14 food categories
for adults in 7 major cities of Japan (Bg/d) was 68.5 in
Fukuoka, 78.2 in Sendai, 78.7 in Kochi, 79.4 in Osaka,
81.4 in Sapporo, 90.5 in Yokohama, and 94.2 in Niiga-
ta. It averaged 81.5 Bg/d. When analyzed for each food
category, the amount of 4K intake in each of the 7 cities
was particularly large from other vegetables, mushrooms
and seaweeds (Category VIII), at 8.8-29.1 Bg/d. After
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this category, the amount was large from grains/pota-
toes/seeds, green/yellow vegetables, meat/poultry/eggs
and fish/shelifish. The levels of nuclides belonging to the
uranium and thorium series (214Pb, 2Bi, 212Pb, 28Ac, and
208T]) were less than the detectable limit or very low. The
amount of these nuclides ingested daily was very small,
with the maximum being: 21*Pb < 0.14 Bq/d, “Bi < 0.16
Bqg/d, 28Ac < 0.32 Bg/d and 22Pb < 0.13 Bq/d. 2T] was
not detected in any food tested. 3’Cs (an artificial radio-
nuclide originating from past atmospheric nuclear weap-
on tests and the accident at the Chernoby! nuclear power
plant) was found to have been ingested with fish/shellfish,
meat/poultry/eggs, and other vegetables/mushrooms/sea-
weeds, with the maximum amount daily intake being 0.03
Bg/d (Osaka).

The committed effective dose of 2'*Po and *K from
ingestion of foods for adults was calculated from the
amounts of daily 2°Po and *K intake. In the present
study, a relatively simple method, usually used for envi-
ronmental radioactivity monitoring around atomic power
facilities, was employed for dose evaluation. The method
used for calculation was described elsewhere (Sugiyama
et al., 2007). The dose conversion coefficients for adult
persons (2'Po: 1.2 x 10-¢ Sv/Bq, ¥K: 6.2 x 10 Sv/Bq)
were obtained form ICRP Publication 72 (ICRP, 1996).
The results are shown in Table 1. The committed effec-
tive dose (mSv) of 2%Po for adults in the 7 cities was as
follows (in ascending order): 0.15 in Fukuoka, 0.16 in
Yokohama, 0.17 in Sapporo, 0.19 in Osaka, 0.25 in Send-
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Daily intakes of 2'*Po from fourteen food categories for adults in Yokohama city, Japan.

ai, 0.30 in Niigata, and 0.81 in Kochi. The mean £ ¢ of
the 7 cities was 0.29 £ 0.24 mSv. Thus, the committed
effective dose in adults was higher in Kochi than the oth-
er 6 cities. When the committed effective dose from indi-
vidual food categories in Yokohama was calculated, it
was high in the descending order of fish/shellfish, other
vegetables/mushrooms/seaweeds, seasoning/spices, bev-
erages and meat/poultry/eggs, similar to the order of the
amount of daily 29Po intake in this city. The committed
effective dose (mSv) of ¥K was as follows (in ascending
order): 0.16 in Fukuoka, 0.18 in Sapporo, 0.18 in Sendai,
0.18 in Osaka, 0.18 in Kochi, 0.20 in Yokohama, and 0.21
in Niigata. The mean + ¢ for the 7 cities was 0.18 = 0.02
mSv. Thus, this amount differed little among the 7 cities.
Fig. 3 shows the contribution of 14 food categories for
the committed effective dose to the daily intake of 4K for
adults of 7 cities in Japan. As shown in Fig. 3, although,
the values of the committed effective dose excluding
those of other vegetables/mushrooms/seaweeds (Category
VIII) among 7 cities were relatively similar levels (0.13-
0.16 mSv), but it was found that the contributions of the
4K dose of Category VIII to those doses showed a very
high rate (14.7-44.6%). As described in the evaluation of
the amount of daily intake, the level of radioactivity of
other natural radionuclides (2¥Pb, 214Bi, 212Pb, 2%Ac, and
208T1) excluding “K was low in each food category, and
the committed effective dose was also low, with the max-
imum effective dose (uSv) being: 24Pb < 0.002, 21Bi <
0.007, 212Pb < 0.279, and 222Ac < 0.051. Dose calculation
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Contribution of fourteen food categories for commitied effective doses to intakes of “K for adults of seven cities in Japan.

I: Rice; II: Grains, potatoes, seeds and nuts; [1I: Sugar and preserves, sweets; I'V: Fats and oils, V: Legumes; VI: Fruits;
VII: Green, yellow vegetables; VIII: Other vegetables, mushrooms, seaweeds; IX: Beverages; X: Fish and shellfish;
XI: Meat and poultry, eggs; X1I: Milk and dairy products; XII1: Seasoning and spices; XIV: Drinking water.

for 28T was not undertaken because **T1 was not detect-
ed in any food tested. In the present study, the contribu-
tion of natural radionuclides excluding ?®Po and “K to
the human exposure level was shown to be very small.

DISCUSSION

At present, data on the 21Po radioactivity level in foods
are scant in both Japan and other countries. Only a limited
number of reports are available on evaluation of the 21°Po
exposure level. UNSCEAR 2000 contains reference data
on *1%Po levels contained in foods (15-2,000 mBg/kg).
According to that report, the 219Po level is the highest in
fish products and the level is below 100 mBg/kg in leafy
vegetables, grains, meats, root vegetables/fruits, and dairy
products. Examples of reports showing high 2'°Po levels
in marine products are cited below. Cerastoderma glau-
cum and Tapes Philippinarum, which are seafoods col-
lected in Venice, Italy, had 219Po levels of 51.6-108 Bg/kg
and 37.3-72.0 Bg/kg fresh weight, respectively (Jia et al.,
2001). Crops harvested in Syria had 21%Po levels < 0.1-15
Bq/kg dry weight, with the highest level recorded in pars-
ley (Othman and Yassine, 1995), clearly lower than the
levels of the above-mentioned marine products. Accord-
ing to a study in Goa, India, the #°Po level was higher for
fishes and prawn, at 1.60-9.65 Bg/kg wet, as compared to

vegetables and rice (0.05-0.26 Bg/kg wet) (Avadhani ef
al., 2001). In the same study, the level in leafy vegeta-
bles was higher than that in other vegetables. Representa-
tive data from Japan pertain to the analysis of 2"Po in fish
and shellfish collected in the north-east region of Japan
(Yamamoto ef /., 1994). In that study, the 21%Po level was
0.6-26.0 Bg/kg wet in fishes and 0.5-220 Bg/kg wet in
molluscs, echinoderms and chordatas. Among others, the
internal organs of shellfish had high levels of **Po, and
the level tended to be higher in fish such as Preumaoto-
phous japonics, Thunnus thynnus, Sardinops melanostic-
tus, and Hippoglossoides dubius (14.4-25.8 Bg/kg wet).
The level in algae was not very high (2.8-4.3 Bg/kg wet).
Recently, new data were reported on 2'°Po contained in
foodstuffs distributed in Japan. According to that report,
the 29Po level was high in fish and shellfish (0.02-120
Bg/kg fresh weight), and it was particularly high in dried
sardines (Ota et ai., 2009). In the present study, 2'°Po in
each food category was analyzed using samples from
Yokohama, revealing that the 2/'Po level was highest in
fish/shellfish (1.60 Bq/kg), followed by seasoning/spices
(0.20 Bg/kg) and other vegetables/mushrooms/seaweeds
(0.19 Bqg/kg). In Osaka, the *"Po level was 5.40 Bq/kg
in fish/shellfish and 0.12 Bqg/kg in other vegetables/mush-
rooms/seaweeds. These results indicate that the 219Po lev-
el in fish/shellfish is higher than that in other foodstuffs in
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Japan, similar to the findings reported from overseas. The
amount of annual 2*Po intake (UNSCEAR, 2000) is larg-
er in Japan (220 Bg/y, equivalent to 0.6 Bg/d) than in any
other country (22 in USA, 18 in Argentina, 68-130 in Chi-
na, 40 in Italy, 44 in Poland, 40-55 in Russia, and 28-44
Bq/y in the UK). In the present study, the amount of dai-
ly 2"Po intake was 0.34-1.84 Bq/d (imean: 0.66), approxi-
mately equal to the amount reported by UNSCEAR 2000.
On evaluation of the amount of daily 2“Po intake from
each of 13 food categories in Yokohama, the contribu-
tion was the greatest from fish/shellfish (68% of the total
intake). This percentage is much higher than that report-
ed for seafood in Ireland (45%) yielded by a similar eval-
uation of the contribution of each food category (RPII.:
2008). Yamamoto reported that the amount of >'*Po
ingested in fish/shellfish caught in the north-east region
of Japan was 0.48-0.69 Bq/d, indicating high levels of
exposure to 2°Po from them. The large amount of daily
210Pg intake by Japanese people seems to reflect their die-
tary habits, characterized by a larger consumption of fish/
shellfish, which tend to contain high 2“Po levels, as comn-
pared to people in Western countries.

The survey results on *K levels in foods are present-
ed. According to the above-mentioned study in Syria,
the #K level in agricultural products was 128-1,800 Bq/
kg dry weight, with the highest level recorded in marrow
(Cucurbita pepo) (Othman and Yassine, 1995). In a sur-
vey of natural radionuclide levels in 5 kinds of fish/shell-
fish caught in the north-east region of Japan, the levels
of “K were 61.9-119 Bg/kg wet (Yamamoto et al., 1994).
Thus, these two studies yielded similar results, as already
pointed out above. A study on natural radionuclides con-
ducted in Korea in 1998-2000 and 2005 involved the
detailed analysis of daily %K intake. In that study, rep-
resentative Korean foodstuffs were divided into 8 cate-
gories, and the total amount of daily *K intake was cal-
culated on the basis of the results from the analysis of
individual food categories and the amount of food con-
sumed. The amount of daily 4K intake was 39.41 Bq/d,
accounting for an overwhelming majority of the total dai-
ly intake per day (39.46 Bg/d). The contribution to dai-
ly *K intake was highest with rice (5.72 Bq/d) among all
foodstuffs analyzed. The amount of daily “K intake in
Korea was smaller than that in other countries or shown
in the ICRP report (ICRP, 1975; Choi ef al., 2008). In that
survey, 2!°Po was not evaluated.

In the present study, the level of “K intake by Japa-
nese adults was 68.5-94.2 (mean: 81.5) Bq/d, which was
much larger than the levels in Korea. The amount of K
intake was particularly large from other vegetables/mush-
rooms/seaweeds (Category VIII; 8.8-29.1 Bq/d), followed
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by grains/potatoes/seeds/nuts, and green/yellow vegeta-
bles, differing from the tendency seen in Korea. The total
of committed effective dose of 21"Po and K in 7 cities
of Japan was 0.47 mSv. This dose is higher than the glo-
bal average of effective dose (0.29 mSv/y), but is with-
in the typical range (0.2-0.8 mSv/y; UNSCEAR, 2000).
The mean for 219Po was 0.29 mSv, which was much high-
er than the global average for the uranium and thorium
series (0.12 mSv/y). The mean dose of *K in the 7 Jap-
anese cities was 0.18 mSv, which was comparable to the
global average (0.17 mSv/y; UNSCEAR, 2000). We may
therefore say that the large contribution of ?"Po is a char-
acteristic of the dietary exposure for adult Japanese. In a
similar way, a recent report showed that the effective dose
of 8 nuclides (23U, 232Th, 22¢Ra, 219Pb, 21¢Po, %Sr, 137Cs and
239+240Py) derived from the diet among adult Japancse was
higher than the value shown in UNSCEAR 2000, and that
210Pg contained in marine products made a large contribu-
tion (Ota ef al., 2009). A study conducted in Goa on veg-
etarian and non-vegetarian meal is noteworthy. For the
vegetarian meal, the 2'°Po level was 0.08 Bq/kg wet and
the committed effective dose was 49.1 uSv/y, while the
non-vegetarian meal had a 2%Po level of 0.18 Bq/kg wet
and a committed effective dose of 94.6 uSv/y (Avadhani
et al., 2001). In the above-mentioned study in Korea, the
total annual internal dose from ingestion of food samples
was 110 pSv/y, of which 101 uSv/y came from *K. This
value was lower than that in Japan.

These results indicate that differences in dietary hab-
its affect the exposure level to two major natural radi-
onuclides (3'°Po and “K). Some of the previous reports
involved evaluation of the exposure level on the basis of
the analysis of foodstuffs, on the other hand, in the present
study, 21%Po and 9K radioactivity levels were determined
from dietary food samples (prepared by cooking food-
stuffs), thus yielding data on exposure levels close to the
levels prevailing under practical settings. The findings of
a large amount of daily *°Po intake and high committed
effective dose can be viewed as reflecting dietary habits
unique to Japanese people, who prefer fish and shellfish.
To make the relationship between the kind of food and
level of 219Po intake or exposure level more clear, it would
be desirable to conduct this kind of analysis for each food
category involving more survey areas in Japan.
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