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Background: Management of an agricultural food product system following a nuclear accident
is indispensable for reducing radiation exposure due to ingestion of contaminated food. The
present study analyzes the effect of agricultural countermeasures on ingestion dose following a
nuclear accident.

Materials and Methods: Agricultural countermeasures suitable for domestic farming environ-
ments were selected by referring to the countermeasures applied after the Fukushima accident
in Japan. The avertable ingestion doses that could be obtained by implementing the selected
countermeasures were calculated using the Korean Agricultural Countermeasure Analysis Pro-
gram (K-ACAP) to investigate the efficiency of each countermeasure.

Results and Discussion: Of the selected countermeasures, the management of crops was ef-
fective when radionuclide deposition occurred during the growing season of plants. Treatment
by soil additive and topsoil removal was effective when deposition occurred during the non-
growing season of plants. The disposal of milk was not effective owing to the small contribution
of milk to the overall ingestion dose. Clean feeding of livestock was effective when deposition
occurred during the growing season of fodder plants such as pasture and rice-straw. Finally, the
effect of food restriction increased with the soil deposition density of radionuclide. The practical
effect of countermeasures was very small when the avertable ingestion dose was absolutely low.

Conclusion: The agricultural countermeasures selected to reduce the radionuclide ingestion
dose after a nuclear accident must be made appropriate by considering the accident situation,
such as the soil deposition density of the radionuclide and the deposition date in relation to
farming cycles.

Keywords: Nuclear accident, Agricultural countermeasures, Avertable ingestion dose,
K-ACAP

Introduction

The large-scale nuclear accidents such as those at Chernobyl and Fukushima bring
about the release of large amounts of radioactive materials into the environment. The
released materials are long lasting in the environment and have harmful effects on
people and wild ecosystems through various exposure pathways.

The response to a nuclear emergency varies with the time that has passed since the
accident. For the early phase of an accident, rapid public protection actions such as
evacuation and sheltering are implemented. From the moment when the environmen-
tal release of radioactive materials no longer occurs, actions for post-accident recovery
such as the decontamination of residential areas and agricultural land begin so that
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people may return to their normal life and economic activi-
ties as soon as possible. After the Chernobyl accident in 1986,
there was a particular focus on remediation measures for
animal products [1]. Radical improvement of agricultural
land by such as plowing, reseeding, and fertilizing was exten-
sively implemented in the first five years [2, 3]. The proper-
ties attributable to these agricultural countermeasures are
described in detail in a handbook [4]. In addition, a decision
support system to estimate the radiological consequences of
contamination of agricultural production, along with the ef-
fectiveness and costs of countermeasure strategies, were also
developed [5]. Moreover, after the Fukushima accident in
2011, studies on the decontamination of agricultural land
and the safety of agricultural products have been carried out
extensively in Japan [6-9]. In particular, various decontami-
nation countermeasures such as topsoil removal and potas-
sium fertilizer application have been focused upon as steps
to reduce the activity concentration of rice, which a staple
crop in Japan [10-12]. The management of the agricultural
food product system is very important for reducing radiation
exposure by ingestion of contaminated food after a nuclear
accident.

At present, a Korean decision support system is being de-
veloped to manage a contaminated agricultural food system
after a nuclear accident. This requires information on the ef-
fectiveness of indispensable agricultural countermeasures.
The purpose of the present study was to analyze the effec-
tiveness of agricultural countermeasures through estimation
of the ingestion dose that could be avoided by implementing
each countermeasure following a nuclear accident.

Materials and Methods

1. Agricultural countermeasures

Many agricultural countermeasures would be needed to
manage an agricultural food system following a nuclear ac-
cident, and many have been derived from the European ag-
ricultural responses after the Chernobyl accident [2-4]. In
this study, agricultural countermeasures were selected by re-
ferring to the agricultural countermeasures applied after the
Fukushima accident in Japan, which has farming character-
istics similar to those in Korea. Table 1 shows the selected
agricultural countermeasures and calculation conditions
used for each countermeasure.

The efficiency of agricultural countermeasures on inges-
tion dose varies depending on various factors such as the soil
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Table 1. Selected Countermeasures and Calculation Conditions

Code Countermeasures Calculation conditions
Co No action Reference case
C1 Disposal of all plants  Set the activity concentration of all
in accident year plants to zero value until the next
harvest
c2 Disposal of growing  Set the activity concentration of
plants at the time of ~ growing plants at the deposition time
accident to zero value until the next harvest
C3/C31  Application of sail Set the soil-plant transfer factor to 0.2
additive (CB) or 0.9 (C31) of reference value
C4/C41  Removal of surface Assumption of 80% (C4) or 20% (C41)
soil removal of radioactivity in surface soil
C5 Ban of milk ingestion  Set the activity concentration of milk to
for one year zero value for one year after accident
C6 Clean feeding of Set the activity concentration of all
livestock fodder plants to zero value for one
year after accident
C7 Restriction of food Set the ingestion activity concentration
exceeding standard  of foodstuffs exceeding standard
(100 Bakg for radioactive cesium) to
zero value
C8 Enhance of Set the ingestion activity concentration

intervention level of of foodstuffs exceeding half of
(074 standard (50 Bg/kg for radioactive
cesium) to zero value

deposition density, accident date, and the growth stage of
crops at the time of deposition. In this study, the efficiency
(E) is defined as the ratio of the 10-year accumulated inges-
tion dose of an adult exposed without any countermeasures,
against the 10-year accumulated ingestion dose of an adult
who could avoid some exposure due to the countermeasures
implemented.
10—year avertable ingestion dose

E= x 100% (1)

10—year ingestion dose without countermeasure

Efficiency of 100% for a countermeasure indicates that an
adult could avoid all ingestion doses by implementing the
countermeasure. The efficiency and avertable ingestion dose
for the selected countermeasures were calculated using the
Korean Agricultural Countermeasure Analysis Program (K-
ACAP) [13], which was designed to estimate the effects of ag-
ricultural countermeasures. The K-ACAP makes use of the
Korean food chain model to calculate the ingestion dose af-
ter a nuclear accident [14, 15].

2. Scenario

Radioactive cesium (**’Cs and '**Cs) was assumed to be
deposited on the ground with a deposition density in the
range 1x 10" to 3x 10° Bq-m™ by referring to a result of the
Fukushima accident [16]. Twelve different deposition dates
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Fig. 1. Accumulated ingestion dose for the case of no-action (A) deposition density: 3x 10° Bg-m?and (B) deposition density: 1x 10* Bg-m.

were investigated to show the effect of deposition date on the
agricultural countermeasures. The growth stage of plants for
each deposition date was taken from the K-PUBDOSE [14].

Results and Discussion

1. Reference case (CO)

Figure 1 shows the accumulated ingestion dose of an adult
for two different deposition densities when countermeasures
are not implemented. For the case of deposition during the
growing season of plants (the deposition cases of June 2 to
November 2), most of the ingestion dose occurred during
the first year after the accident. This result was attributed to
the high activity concentration of plants arising from direct
deposition on the plant surfaces. On the other hand, when
deposition occurred during the non-growing season of
plants, plants were contaminated through the pathways of
root-uptake following percolation into the root zone soil. In
general, the activity concentration of plants is low when
there is no direct deposition. Irrespective of the deposition
density, most of the ingestion dose occurs within a few years
after deposition. This indicates that the management of food
within the first few years after an accident becomes a very ef-
fective action for public protection by reducing the long-
term exposure dose.

Because the ingestion dose varies with time, the 10-year
accumulated ingestion dose was used as the reference dose
for each deposition date and soil deposition density. The cal-
culated reference doses are summarized in Table 2. These
values are used as the denominator to calculate the efficien-
cy of each countermeasure.

10 www.jrpr.org

Table 2. Reference Dose for Calculating Efficiency of Countermea-
sures (MSv)

Soil deposition density

Deposition date

3x10° Bg-m? 1x10* Bg-m?
1/2 11.10 0.04
2/2 12.16 0.04
3/2 13.48 0.04
4/2 15.66 0.05
5/2 19.22 0.06
6/2 136.41 0.45
7/2 322.94 1.08
8/2 872.73 2.91
9/2 1,649.60 5.50
10/2 2,003.50 6.68
11/2 2,670.20 8.90
12/2 6.37 0.02

Figure 2 shows the effect of foodstuffs on the accumulated
ingestion dose for the reference case. The contribution of
foodstuffs on the ingestion dose is different depending on
the deposition date. When the deposition occurred on April
2, in the non-growing season of plants (Figure 2A), the con-
tribution of foodstuffs appeared in the order of vegetables,
fruit, rice, beef, milk, pork, chicken, and eggs. When the de-
position happened on November 2, in the growing season of
vegetables (Figure 2B), the influence of vegetables on the in-
gestion dose was dominant owing to its high activity concen-
tration by direct deposition. All other plants except for vege-
tables had been already been harvested by the time of depo-
sition; therefore, they started being contaminated by root
uptake after the next year of planting, and new plant produc-
tion had low activity concentration. In the case of November
deposition, the contribution of foodstuffs to the ingestion

https://doi.org/10.14407/jrpr.2019.44.1.8
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Fig. 2. Effect of foodstuffs on accumulated ingestion dose (A) deposition date: April 2 and (B) deposition date: November 2.
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dose appeared in the order of vegetables, rice, fruit, pork,
beef, milk, chicken, and eggs.

2. Effectiveness of countermeasures C1 to C8
1) Efficiency and avertable dose

Figures 3 and 4 show the efficiency and avertable doses for
countermeasures C1 to C8, respectively. Countermeasures
C1 and C2 (disposal of plants) appeared to be very effective if
deposition occurred during the growing season of crops.
These countermeasures dispose of the crops with high activ-
ity concentration arising from direct deposition, and conse-
quently, they can reduce much of the ingestion dose. Coun-
termeasure C3 (application of soil additive) appeared to be
effective in the case of deposition during the non-growing
season of plants. The application of fertilizer to the soil leads
to the reduction of the root uptake of radioactive cesium

https://doi.org/10.14407/jrpr.2019.44.1.8

through competitive absorption of the potassium and calci-
um in fertilizers, rather than the cesium. For the case of de-
position during the growing season of plants, Countermea-
sure C3 appeared not to be effective because the effect of di-
rect deposition was much greater than that of root uptake.
Countermeasure C4 (topsoil removal) cannot be carried out
during the growing season of crops; thus, the effect of C4 ap-
peared to increase when the number of plants growing at the
time of deposition was small. For the case of the deposition
during the non-growing season of plants, the efficiency of C4
was proportional to the removal fraction of surface soil ra-
dioactivity. Countermeasure C5 (disposal of milk) was not
effective irrespective of deposition date because the contri-
bution of milk to the total ingestion dose was very low. Coun-
termeasure C6 (clean feeding of livestock for one year after
an accident) was effective when the activity concentration of

www.jrpr.org 11
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Fig. 4. Avertable ingestion dose according to deposition date (A) deposition density: 1x 10* Bg-m? and (B) deposition density: 3x 10° Bg-m2.

the original fodder (grasses, rice-straw, and corn) was higher;
therefore, Countermeasure C6 appeared to be effective when
deposition occurred in the growing season of the fodder
plants.

On the other hand, the efficiencies of countermeasures C1
to C6 were not affected by the soil deposition density be-
cause the estimated ingestion dose for the countermeasures
is proportional to the soil deposition density, as shown in
Figure 3. Even though the efficiency of a countermeasure is
high, the effectiveness of the countermeasure can be very
low if the dose that is avertable is absolutely small (i.e., there
is not much to ingest). For example, as shown in Figure 4A,
when the soil deposition density is low, the activity concen-
tration of the crops is absolutely low; therefore, the avertable
dose for 10 years is not more than 8 mSv. Thus, the practical
effect of such countermeasures would be very low. In this
case, the cost for implementing the countermeasures is
much higher than the public health benefit that could be ob-
tained from avoidance of such doses. These conditions
might not satisfy the justification criteria (benefit> cost),
which is one of the three principles of radiation protection.
On the other hand, if the deposition density is high, as shown
in Figure 4B, the ingestion dose to be avoided could be up to
2,670 mSv. High soil deposition density leads to high activity
concentration of foodstuffs. Therefore, Countermeasures C7
and C8 (restriction of food intake) could be most effective for
reducing the ingestion dose irrespective of deposition date.

2) Effect of deposition density on countermeasures C7 and
C8

Figure 5 shows the effect of the soil deposition density on
the efficiency of countermeasures C7 and C8. The efficiency

12 www.jrpr.org
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Fig. 5. Effect of soil deposition density on the efficiency of Counter-
measure C7 and C8.

is affected greatly by the soil deposition density because the
number of plants exceeding the intake standard of food in-
creases with the deposition density. As the soil deposition
density increases, more agricultural products that exceed the
intake standard for food (100 Bg- kg™ for radioactive cesium)
are produced irrespective of the deposition date. Therefore,
even though deposition occurs during the non-growing sea-
son of plants, if the amount of radioactivity released is large,
most of the ingestion dose can be avoided by implementing
Countermeasures C7 and C8. However, in the case of low
soil deposition density, the agricultural products exceeding
the intake standard of food will be very small. Consequently,
the restriction of food intake will not lead to the practical re-
duction of the ingestion dose. In this case, there is no practi-
cal difference in the ingestion (avertable dose) between the
case of no action (C0) and the countermeasures of food re-
striction (C7 and C8).

https://doi.org/10.14407/jrpr.2019.44.1.8



Effect of Agricultural Countermeasures on Ingestion Dose Following a Nuclear Accident

30
25
23\ —m— TF 80% reduction T
'\. —®— TF 10% reduction
= 201 .
< L]
> \
3 L]
5 15+
Q
i
10
5 - cst
"—“’\0\_.\-: /
oL ‘ ‘ ) ) | —1 - in I

1/2 2/2 3/2 4/2 5/2 6/2 7/2 8/2 9/2 10/2 11/212/2
Deposition date
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3) Effect of soil-plant transfer factor on Countermeasure C3

The purpose of Countermeasure C3 is to reduce the root
absorption of radionuclides by the application of soil addi-
tives such as lime or potassium fertilizer. The application of
soil additives reduces the root uptake rate of radionuclides
by plants and consequently leads to a low value of the soil-
plant transfer factor (TF). Figure 6 shows the effect of TF on
the efficiency of Countermeasure C3 when the TF is reduced
to 80% (C3) and 10% (C31) of the reference value, respective-
ly. The highest efficiency, 24% and 3% for C3 and C31, re-
spectively, was obtained when the deposition occurred after
the harvest of all crops (the case of the deposition date: De-
cember 2). The ratio of the reduction of dose against that of
the TF values was about 0.3 at the maximum, indicating that
indirect measures, such as the application of soil additive,
are likely to be less effective compared to countermeasures
that remove radioactivity directly from the food production
system, such as surface soil removal.

4) Effect of removal of radioactivity in surface soil on

Countermeasure C4

The effect of the removal of radioactivity in surface soil on
Countermeasure C4 (surface soil removal) is shown in Fig-
ure 7. The higher removal of radioactivity in the surface soil
results in less contamination of the root zone soil, and subse-
quently less activity concentration of plants. When root-up-
take is the dominant pathway to contaminate plants, which
is the case of deposition during the non-growing season, the
decrease in activity concentration of plants is proportional to
the removal fraction of radioactivity in surface soil.

On the other hand, in the present study, it was assumed

https://doi.org/10.14407/jrpr.2019.44.1.8
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Fig. 7. Effect of the removal of radioactivity in surface soil on the effi-
ciency of Countermeasure C4.

that the surface soil was not removed during the growing pe-
riod of crops. This assumption led to low efficiency of Coun-
termeasure C4 when deposition occurred during the grow-
ing season of plants (the cases of deposition during June 2-
November 2). For the case of deposition during the growing
season, the radioactivity of the surface soil is reduced by the
mixing effect of soil owing to plowing and also to the trans-
port of radioactive substances into the root zone soil (perco-
lation process). Consequently, the efficiency of C4 was rela-
tively lower in the case of deposition during the growing sea-
son than for deposition during the non-growing season.

Conclusions

The effectiveness of agricultural countermeasures was an-
alyzed through estimation of the avertable ingestion dose for
each countermeasure. As the result of the analysis results,
the management of crops was effective when deposition oc-
curred during the growing season of plants, and the manage-
ment of soil such as the treatment of soil additive and the
topsoil removal was effective when deposition occurred dur-
ing the non-growth season of plants. The disposal of milk
was not effective owing to the small contribution made by
milk to the ingestion dose, and clean feeding of livestock was
effective when deposition occurred during the growth sea-
son of fodder plants such as pasture and rice-straw. The ef-
fect of food restriction increased with the soil deposition
density of radionuclide. Irrespective of soil deposition densi-
ty and deposition date, the practical effect of countermea-
sures was very small when the ingestion dose that could be
averted was absolutely low.

www.jrpr.org 13
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In conclusion, agricultural countermeasures to reduce the
dose of radionuclide ingestion after a nuclear accident can
be effective when they are selected appropriately by consid-
ering the specific accident conditions, such as soil deposition
density of the radionuclide and the deposition date. In the
future, this study will be extended to investigate the com-
bined effect when multiple countermeasures are applied in
parallel or in series.
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