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1. INTRODUCTION

Long-term radiation doses received by the inhabitants after the Chernobyl accident have been

evaluated according to the surface contamination levels on the ground surface. The health effects have

also been discussed by comparison between the surface-contaminated area and the uncontaminated control

area. Selected protective measures were carried out in accordance with the contamination level of

surface soil. These have been based on the 'surface contamination concept' which assumes that the

radiation risk to inhabitants is proportional to the level of ground-surface contamination. The observations

collected in regions around Chernobyl, however, show that the internal radiation doses to the inhabitants

poorly correlate with the surface contamination level [1]. This fact poses a question on the suitability

of dose evaluations and interventions based on this concept.

Such a non-linear relationship in the observations can be explained partly by the variation of

transfer characteristics from soil to agricultural products [2,3]. Already in large variabilities of the

soil-to-plant transfer factor (Tf) have been reported [4-8] as related to the difference in environmental

conditions such as soil properties. The author and Uchida [2] have pointed out that an apparent

concentration-dependency of transfer factors between soil and agricultural products [9,10] is attributable

to the spatial variation of soil sorption characteristics. Other numerical simulation results showed that

radiocesium concentrations in crops would be unrelated to those in soils when the spatial-scale of

contamination was large [3]. These findings suggest that previous procedures for dose evaluation,

based on the surface contamination concept, need to be reconsidered for their suitabilities in case of a

regional-scale contamination like the Chernobyl accident.

Environmental variability is an important but problematic subject when making decisions on

intervention to agricultural activities. The maximum level of ground-surface contamination which can

be considered safe should be derived differently for each site corresponding to its peculiar environmental

features. However, it is difficult to determine site-specifically a derived intervention level for cultivation

(DILC) for each field because such a variable criterion would give mental stress to the inhabitants who

are eager to be equally treated. The DILC should be the same in despite of the environmental non-

uniformity which is inevitable on a regional scale. It is desirable to resolve this controversy with the

clear principle of doing more good than harm [11] by setting persuasive and effective framework for

DILC determination, which cannot be found in previous studies dealing with post-accident intervention

philosophies [12,13].
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2. PROCEDURE OF DILC DETERMINATION

In general radiological assessments [14], radionuclide concentration in crop edible parts

[Bq kg1] has been predicted by assuming a proportionality with the concentration in the soil as follows:

Ccrop = T{ ' Cjofl (1)

where C ^ is the radionuclide concentration in the soil at harvest [Bq kg"1]; and Tp the soil-to-plant

transfer factor [Bq kg-crop1 per Bq kg-soil1]. Accordingly, the annual radionuclide intake by a

consumer (I ) [Bq y 1 man1] can be calculated by

Iy = I c-C c r o p = I c T f - C s o i l (2)

where Ic is the annual crop consumption by a consumer [kg y 1 man1].

The I calculated by eq.2 is unavoidably associated with uncertainties due to the potential variabilities

of Ic and T r However, the DILC should be deterministic. For the purpose of protecting consumers'

health, the DILC is desirably as low as possible. Conversely, many farmers would prefer a high DILC

to avoid excessive socio-economic damages coming from loss of their jobs. Production of sufficient

local food is a benefit also for consumers. A clear principle which must be persuasive for both

consumers and farmers needs to be newly defined.

Therefore, the author proposes the following principle focusing on the responsibility of a farmer to

the consumers' health:

'No farmer makes a consumer exceed the limit of intake'

This statement can be expressed in a different way as 'Cultivation is allowed for the farmer who does not

make a consumer exceed the limit of intake'. This principle is expected to balance the consumers'

health risk and the farmers' socio-economic needs and be accepted by both parties. According to this

principle, the DILC is determined flexibly corresponding to the number of farmers and the yield of

agricultural products in the respective area.

In addition, the following three assumptions are given to determine the DILC:

1. The DILC is given as one deterministic value for the whole contaminated area.

2. Potential variabilities of environmental parameters are the same as the spatial variabilities of them

collected in the area concerned.

3. Variation of internal doses among the inhabitants reflects the potential variation of the environmental

parameters.

Here, as an unstable parameter, only a Tf is considered for its variability because the reported Tf values

have a relatively large variation range [8]. Although variations of Yc and Ic are possible, they are

assumed here to be constant for calculational expedience.

In accordance with these assumptions, the number of consumers (Nn [man]) who will exceed the

annual limit of intake for a consumer (ALIe [Bq y 1 man1]) per fanner is calculated as

N « = P o t -N c (3)

where ?ex is the potential probability of exceeding the ALIc (I >ALIc) for a consumer; N^ the number of

consumers per farmer [man]. The P^ can change to a large extent depending on the variational

characteristics of the T^s.

Based on the principle already proposed, the N K should be less than one man. That is, cultivation

is permitted when
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N O C < 1 (4)

The DILC is defined as the value of C ^ at N^ =1.

The N in eq.3 is calculated by

I. (5)

where Y is the annual crop yield per fanner [kg y 1] .

In the following section, sample procedures to determine the DILCs for '"Sr and m C s are shown

for two crop species (cabbage and spinach) and two soil types (loam and sand). The annual limit of

intakes for workers (ALIs) [15] have already been given for major radionuclides. The ALI was

defined here as one-tenth the quantity of the ALI because the averaged dose limit for workers is ten times

higher than that for the general public [11]. The ALI for ^Sr is 6.0X105 [Bq y 1 man1] and that for U7Cs

is l.OxlO6 [Bq y 1 man1] when the fractions of Sr and Cs reaching the body fluids following ingestion are

assumed to be 0.3 and 1, respectively [15]. The variation characteristics of Tp have been examined

using the data collected by the International Union of Radioecologists [16]. The probability distributions

of TjS for ^Sr and U7Cs are shown in Fig. 1. Each of these distributions was approximated by a log-

normal distribution, not by a normal one [8]. Their geometric means and standard deviations °f the

common logarithm are shown in Table I. The geometric means decreased in the order of sand, loam+sand,

and loam for all the cases. For Ic [17] and Yc [18], the averaged values in Japan were adopted (Table II);

in the calculation, these values were converted to those on a dry-weight basis assuming that the wateT

content was 0.9 [7]. It should be noted that all the values are specimens.
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Fig. 1 Probability distributions of soil-to-plant transfer factor values on a dry-weight
basis [8] collected by the International Union of Radioecologists [16].
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Table I. Statistical values of soil-to-plant transfer factors on a dry
weight basis [8] taken from the IUR Vth report [16].

crop

cabbage

spinach

soil

loam+sand

loam

sand

loam+sand

loam

sand

31

17

14

48

28

20

Sr
geometric

mean

4.10

3.77

4.55

2.43

2.08

3.00

std. dev.
com. log.*

0.347

0.289
0.414

0.184

0.130

0.210

40

23

17

68

40

28

Cs
geometric

mean

0.063

0.031 "
0.166

0.409

0.342

0.527

•

std. dev.
com. log.a

0.594

0.218

0.294

0.320

0.333

0.269

• The standard deviation of the common logarithm.

Table II. Parameter values relating to agricultural production
and consumption.

crop

cabbage

spinach

cultivated area
[m2]

4.04xl08

2.73xlO8

annual crop intake
per consumer *
l
c f

ks y 1 m a n l ]

7.48

5.22

annual crop yield
per farmer b

YJkgy1]

l.loxlO5

4.26x 10*

number of consumers
per fanner

Nc [man]

1.55 xlO4

8.16xlO3

• On a fresh weight basis [17].
' Averaged values in Japan [18] which was calculated by dividing the total crop

yield by the tolal number of farmers.

3. RESULTS AND DISCUSSION

The relationships between C ^ and I are shown in Fig. 2 for '"Sr and Fig. 3 for U7Cs. These are

shown for three T{ values: 5,50, and 95 percentiles. Large variation ranges of Iy were obtained in all the

cases, although each pattern differed. The degree of the variation corresponded to that of the TjS. The

Njs derived are plotted as a function of C ^ in Fig. 4 for ""Sr and Fig. 5 for l37Cs. Although the N^s

increased with C , the curves were not linear; they gradually approached the maximum value, i.e. the

number of total consumers. The slopes tended to be more gentle in sand than in loam, which is due to

the difference in the distributional patterns of the Tp.

The values of DILC obtained as C^., at Na=l are shown in Table III. A large value was

determined when the T,s had a smaller variability (std. dev. com. log. in Table I). The order of

magnitude of the DILC values did not necessarily correspond to that of the geometric means of the TjS.

For example, the DILCs of U7Cs for cabbage and spinach were larger in sand than in loam+sand; oppsite

results would be obtained if only the geometric means were considered. These findings suggested that

information on the potential variability of each parameter is primarily important when determining the

DILCs based on the proposed principle, i.e. farmers' responsibility for consumers. If a parameter had

a large uncertainty due to lack of information, the DILC should be small enough to protect consumers
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Fig.2. Plots of calculated annual intake of '"Sr per consumer (I ) versus
the concentration in soil ( C )
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Fig. 5. Estimated numbers of consumers who would ingest U7Cs above the ALIc

as a function of the nlCs concentration in soil.

Table HI. Derived intervention levels for cultivation (DILCs)
using the reference values shown in Tables I and II.

crop

cabbage

spinach

soil type

loam+sand

loam

sand

loam+sand

loam

sand

DILC
WST

9.2xlO2

1.7xlO3

4.6xlO2

7.9xlO3

1.6x10"

5.0xl03

[Bqkg1]
137 Cs

l.lxlO4

6.3X105

6.0x10*

2.1x10*

2.2x10*

2.7 xlO*

from the potential health risk. As a result, a large area would be restricted for cultivation and the

farmers would suffer from excessive socio-economic disruption. Conversely, if sufficient observations

were obtained, a suitable DILC should be set and a large number of fanners could avoid such damages.

After determining the DILCs, it is necessary to compare those values with the derived intervention

levels of other protective measures such as evacuation and relocation. The DILC might not be necessary

when other countermeasures are justified. IAEA [12] has reported that the derived relocation level

(DILR) of^Si and that of U7Cs deposited on the ground are 3xlO8 [Bq nr2] and 4xlO6 [Bq nr2], respectively.

Assuming both radionuclides are uniformly distributed in a surface soil having a density of 240 [kg nr2]

[19], the DILCs obtained here (Table III) were revised as 6.8X105 - 3.8xlO7 [Bq m2] for ""Sr and 1.3x107

- 1.2x10' [Bq nr2] for u7Cs. By comparing these values with the DILCs obtained (Table III), the DILC

for "'Sr is necessary for protecting consumers because it is much smaller than the reference relocation

level. Whereas the DILC for ^ C s seems to be less important because farmers would be relocated at

lower levels. It must be recognized, however, that the DILC for each radionuclide would change with

crop species, soil properties, and eating habits. The DILC should be smaller when other contaminants

exist in the soil. Dilution through market flow and removal by food preparation processes would
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reduce the radionuclide intake by consumers and allow a higher DILC to be set; these can be considered

as other protective measures. Available countermeasures should be investigated regarding their

possibilities with a thorough consideration of environmental, social and economic aspects.

It should be recognized that the DILCs shown in Table III are specimen values. A peculiar DILC

needs to be determined for each situation using the information locally obtained. This study presented

a framework for DILC determination which can be adopted flexibly to various contamination situations.

Although more efforts to collect environmental parameters and to clarify their variabilities are needed

for a reliable DILC determination, this framework is expected to protect people more suitably against the

total damages resulting from a large-spatial scale contamination like the Chernobyl accident.
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