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SUMMARY

This report considers the effects on agricultural exports

from Now Zealand which might result from an accidental release

of radioactive material from a nuclear power plant. An

accident occurred at Windscale in Britain in 1957? and has
2)

been discussed in another report in this series; ' this

released 20,000 curies of iodine-131 over southern England and

parts of Europe and led to temporary restrictions on the

distribution of milk owing to its contamination by iodine-131

(half-life, 8 days). Small quantities of other fission

products were released, including caesium-137 which could just

be detected on the ground and in cows1 milk at two miles from
31)the reactor, ' but no long-term hazards or restrictions

resulted from these small quantities. Nevertheless, long-term

contamination could have effects greatly exceeding those due

to iodine-131 in the case of a serious release, and the major

purpose of this report is an attempt at estimating these

effects from information on the entry of radioactive fallout

from nuclear weapon testing into agricultural products. Some

degree of confidence may be placed in the effects estimated for

periods up to a year after any release, but such estimates are

unavoidably speculative beyond this period, and it must be

emphasised that they are intended only as a rough guide.

The most widespread immediate agricultural effect of a

release would be the contamination of pasture and hence of

milk by the radioactive nuclide iodine-131 mentioned above.

This could lead to the impoundment of milk over a sector

downwind of the reactor as far as the coast line in the case

of a major release, but such restrictions would be temporary,

probably lasting less than two months, and the iodine

contamination in milk and dairy products produced in any area

not excluded for human occupation after an accident would fall

to undetectable levels in less than six months.

One season's growth of grain and vegetable crops may be

rendered valueless over a more limited area, owing mainly to

contamination by iodine-131, but also by other fission products.
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The greatest risk from long-term ground contamination

would come from caesium-137 (half-life, 30 years) and

caesium-134 (half-life, 2 years). Stx-ontium-90 is equally

long-lived (half-life, 28 years) but less hazardous for several

reasons. Penetrating gamma radiation from the caesium isotopes

would prohibit the occupation of land for human health reasons

over an area, taut the entry of this radioactive material into

food pr-oducts would be more widespread and could render these

unsuitable for export over several years.

Information on the behaviour of fallout radionuclides

and their concentrations in milk, dairy products, and meat,

has been used to estimate the probable degree of contamination

of these foods after an accidental release from a nuclear

reactor. These estimates have been made for periods of two

months, two years, 10 years, and 30 years, after a release and

those for caesium-137 are summarised in table 5 appended to

this summary. The entry of caesium into animals and milk is

greatest in the first year after a release as it arises from

direct contamination on foliage. Once it enters the soil

its entry to plants is greatly impeded;but a small fraction is

absorbed through their roots, and this may continue to a

limited extent for 30 years or more as caesium is fixed

fairly permanently in clay soils and migrates downwards only

very slowly. Caesium is much more available to plants (and

also migrates more rapidly) in soils lew in potassium such as

those in Taranaki. This would cause much higher concentrations

in dairy products, beef and mutton for the first few years

after an accidental release in Taranaki, and to a lesser

extent in Waikato and Auckland, than in the South Island.

Possible criteria of acceptability of foods contaminated

by radioactive materials have been considered for export

purposes based on (a) 15» of those levels which would give

radiation doses to their consumers up to the limits regarded

as acceptable for members of the public by the International

Commission on Radiological Protection, and (b) 10?& of the

average level of radioactivity due to potassium-40 which occurs

naturally in all foods. These 10$ of potassium-40 levels are

typically a tenth of those corresponding to (a) above, and may

be a hundredth of those in some cases. Natural concentrations
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of potassium-^0 in individual foods vary from their average for

such foods by approximately 10$, so any criterion more

restrictive than (b) would have little practical significance.

By combining these suggested "acceptable" levels with the

estimates of contamination levels given in table 5 which cover

a range up to 10 times higher, and by considering the likely

spread of contamination on the ground resulting from an airborne

release, very approximate estimates have been made of the range

and areas over which export restrictions might bo anticipated

after various types of reactor accidents. These are shown in

table 8 which is appended to this summary. These ranges depend

on the weather conditions at the time of release and those

quoted should only be considered as a guide,appropriate to

adverse weather.

The following conclusions may be drawn from this report:

(a) A very limited release of 0.002^ of the iodine in a

reactor core and 0.001̂ 0 of its caesium, such as might result

from a core melt accident without breach of the reactor's

outer containment above ground, is unlikely to cause health

hazards or affect foods beyond 5 to 10 km from the reactor.

This release is about a twentieth of that which occurred at

Windscale in 1957.

(b) The worst conceivable release involving rupture of the

containment of a 1000 Mff(e) power reactor and release of most

of its volatile constituents would have disastrous consequences

if the prevailing wind spread the released activity over lande

It is conceivable in the worst case that a considerable

fraction of the North Island's normal beef and mutton exports

(particularly those from Taranaki) could be restricted for

periods up to 10 years, depending on the criteria of

marketability which may be adopted. If so, the cost might

exceed $1,000-million which is greater than the estimated

damage to the reactor, but much less than the maximum property

damage estimated to result from a similar accident in a heavily

populated country like the USA. The two major uncertainties

in reaching this conclusion are firstly, in estimating the
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uptake of caesium-137 from soil into plants which, is very

unpredictable beyond two years and is not normally attempted;

and secondly, in assessing likely criteria of acceptability

for export markets. One of these criteria ((b) above), is

considerably more restrictive than that based on health hazards

and it may be regarded as unrealistic.

(c) An intermediate case is the release of 0.5$ of the

caesium, iodine, and other volatile radionuclides in a power

reactor. If we apply the most stringent export criteria to

tho case of a release over Taranaki, then restrictions on the

export of beef and mutton might apply over a maximum area of

6,000 km for two years and 900 km for 10 years. In this

case, the cost would be a fraction of that of the damage to

the reactor.

(d) The expoi-t foods most likely to suffer long-term export

restrictions are beef and mutton. Milk powder and grain crops

(if exported) could bo effected comparably, but the risk for

cheese and particularly for butter, is much less. Effects on

fruit appear unlikely, but would be long lasting if they

proved significant.

The probabilities of occurrence of the accidental releases

mentioned above are considered elsewhere, and are extremely

remote. The WASH-1400 study estimates the probability of the

limited release in (a)as about 1 in 25,000 reactor years, and of

the worst conceivable release in (b)as about 1 in 120,000 reactor

years. Intermediate releases are unlikely for PWR reactors

but the limited release in (c) is estimated to have a

probability of occurrence of about 1 in 500,000 reactor years for

BVR reactors. This limited release may also have some

relevance to CANDU reactors. These releases could cause the

effects considered above only if they occurred at particular

sites with exceptional wind directions and weather conditions.

The routine operation of nuclear power plants in the USA

and the UK does not appear to have caused any readily detectable

increase in radioactivity in natural food products obtained

from the terresti-ial environment, in excess of that due to

natural radioactivity or to fallout from nuclear weapon
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testing. Fish and other foods growing in water near the

effluent from nuclear power plants do acquire detectable

radioactivity which can be controlled within acceptable limits

for hutnsji consumption, but could conceivably prevent their

export,



Table 5» Estimated concentrations of caesium-137 in foods at various
times after an accidental release of radioactive material
in comparison with background concentrations, and those
which mipj-ht be acceptable for export purposes.

2 months after release

2 years after release - Taranaki
South Island

10 years after release - Taranaki
South Island

30 years after release - Taranaki
South Island

T°/o of ICRP maximum limits, giving
0.005 vem per year to consumers

Present background concentration due
to fallout (B)

10c/o of natural concentration of
potassium-4o

Milk
pCi/1

200,000

4,000
800

640
320

. 6+B
40+B

400

Cheese
pCi/kff

140,000

3,000
500

400
200

4+B
30+B

6,000

Butter
pCi/kff

18,000

400
70

6+B
3+B

B
B

3,000

Beef and Mutton
pCi/kp

1,200,000

24,000
5,000

4,000
2,000

. 40+B
240+B

2,000

1-50

120

1-50* 0-10* 5-250*

200

These concentrations are estimated to occur at the occupational limit, i.e.,
from land which has been contaminated; initially, with 10 |iCi/m of caesium-137.

* Estimated from observed background concentrations in milk.



Estimated ranges of occupational and agricultural restrictions
following release of radioactive materials in reactor accidents

Type of Radioactivity
Accident released (Ci)

Agricultural restrictions

Cs-137 1-131

Occupational
restriction

range area*rang
(km)

Two-month milk
impoundment

range area*
(km) (tan*)

Two-year res-
triction on meat
exports
Criterion (a)'

range area*
(kra) (km2)

Criteri.-n

range
(km)

area*
(km2)

Ten-year res-
triction on meat
exports

Criterion (a)+

range area*
(km) (Ion2)

Criterion

range
(km)

PVR 2 2.3x10
(5054)

Taranaki
South

BWH 4

Island

2.3x10
(0.5%)

Taranaki
South Island

6x10'
(70%)

150 6000 >2000
380 38000

>2000
2000

300 24000
150 6000

>2000
1000

7x10
(0.08%)

IV 30 60 1000 44
18

500
84

160
65

6000
1000

16
11

70
30

60
41

900
400

PWR 7 47 1700
(0.00156) (0.00256)

Taranaki
South Island

0.4 1
0.5

Adverse weather is assumed as defined in the text.
Some ranges and areas are quoted to two figures for comparative purposes, but the estimates are very
approximate particularly beyond 1 year, are subject to wide variations in different weather conditions,
and are intended only as guides.

* Areas are estimated as 30° sectors of radius equal to the range.

+ Criterion (a) corresponds with 1$ of those levels giving radiation doses up to the limits
recommended by the ICRP for members of the public.

•{••(• Criterion (b) corresponds with 10$ of radioactivity naturally occurring in foods
due to potassium-40.

<
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1. INTRODUCTION

This report attempts to estimate the effect on agricultural

exports from New Zealand which might result from the operation

of .nuclear power. By far the most serious of these would

result from an accidental release of radioactive material,

find the likely effects of such releases are considered both

in the first year after an accident and in the future.

Previous assessments of this type have concentrated attention

on pi-operty damage and on the health hazards which might

result to consumers of contaminated food in the first year or

two after a release. In this report the emphasis is on

exported foods to which different criteria might apply, and

some very approximate estimates are made of long-term

implications. To a large extent these can be described only

as speculations, but they may have some value as a guide. No

analogous report has been found in the open literatux-e from

other countries, and this particularly includes Denmark which

has much in common with New Zealand in this regard.

The possible effect of routine operation of nuclear

power on food exports is also briefly considered.

2. ACCIDENTAL RELEASE OF RADIOACTIVITY

Health hazards must be considered first, as agriculture

is impossible in areas forbidden for human occupation.

2.1 Health hazards

The most important health hazards resulting from

a major release of radioactivity from a nuclear power reactor

are summarised below.

Radiation received during the release could cause death

within a year to those persons within a limited "lethal"
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of the reactor. This is duo to external irradiation

from a passing cloud of radioactivity, supplemented by a

comparable internal dose resulting from inhalation of airborne

radioactivity.

At greater distances, inhalation of airborne radioactive

material could lead to increased incidence of cancer .10 to ^0

yours after tho release. Iodin.e-131 causing thyroid cancer and

ruthenium-106 causing lung cancer are particularly significant

in this respect. '

Deposition of radioactive material from the cloud onto

tho ground could cause effects which vary with time and

distance as follows:

Contamination of pasture which is consuinod by cows loads

to production of contaminated milk. Initially this is mainly

due to iodine-131 which decays with a half-life of eight days.

Restrictions on tine consumption of this milk might be required

for some weeks and would extend over a greater area than that

due to any other health hazard. Milk may also be contaminated

by other longer-lived radionuclidos of which caesium-137>

caesium-13^, strontium-90> and strontium-89> are the most

important and could cause hazardous contamination over a

limited area for many years after the release. Contamination

of grain and vegetable products could cause hazards comparable
1 2)

with those from contaminated milk. ' '

External irradiation from fission products deposited on

the ground poses a health hazard to persons living in the

contaminated area. The major long-term sources of this

hazard are caesium-137 and caesium-13'<-» both of which emit

penetrating gamma radiation in the course of their decay.

The most important effect of sub-lethal doses of

radiation is increased incidence of cancer in later life.

From available data one can estimate doses and corresponding

contamination levels in food which lead to a degree of risk

of delayed cancer which could be regarded as acceptable in

case of an emergency, though higher than normally permitted.

These are called emergency reference levels, and they

correspond to a dose commitment of approx. 10 rem whole body

radiation. ' Regions of occurrence of health hazards following



3.

a reactor accident may be represented in terms of those

emergency reference levels (EEL) in the following simplified

diagram:.2)

D

Reactor 0-

Prompt
death
(>500 rad)

I Cancer from
i external
I radiation
i from ground

Thyroid
cancer by
inhalation
of 1-131

Impoundment
of milk to
prevent
thyroid
cancer
1-131

from

J_ - Ranges of health hazards.

2.2 Contamination of milk by iodine-131

With the exception of the region terminating at B,

health effects arise from radiation received during the release,

or from contamination by iodine-131 with a half-life of eight

days. Although restrictions on milk might occur at distances

of 200 km downwind ' following a release of a million curies

of iodine-131,which is 1.2% of the inventory of a 1000 MW(e)

power reactor, and as far downwind as the N.Z. coast line in the

case of a 5°% release, the resulting contamination due to

iodine-131 in milk would be short lived. It would fall from

its emergency reference level of 0.26n Ci/l for children ' to

its lowest detectable level of approximately 1 pCi/l (1 pCi =

10~ p.Ci) in 20 weeks. About two months of decay would be

required for the milk impoundment zone to be reduced from its

initial limit shown as D in fig. 1 to that of longer-lived

contamination terminating at B.* Thus although iodine-131

he ground deposition of Cs-137 corresponding to limit B is
~5 Ci/m2 as shown later. The 1-131 inventox-y in a typical

The
10-5 /
reactor is 15 times that of Cs-137 and it falls out about three
times more rapidly, so its.deposition at B might be 50 x 10""->
Ci/m2. Decay to 1.5 x 10"° Ci/m2 (the ERL for milk) requires
nine half lives or 10 weeks.



contamination might affect a significant fraction of the domestic

and export trade in milk and milk products, these effects

would be temporary and could not extend beyond six months as

an upper limit even if the criterion of acceptability is

basod on limits of detection of contamination by iodine-131)

rather than danger to health.

2.3 Long-term ground contamination

This report is chiefly concerned with long-lived

contamination of the ground persisting for yeara or1 more, and

it will be convenient to discuss this in terms of the following-

diagram:

G

F

E

Reactor

Permanent
or long-term
exclusion

I Acceptable ' Occupation-
for occup- i ally accept-
ation after , able, but

' decontamination questionable
' for export
I agriculture

Fig. 2 - Ranges of agricultural hazards

No restrictions

We begin by considering a region terminating at F beyond

which permanent occupation can be envisaged with acceptable

health hazards. Limited decontamination might extend this

region nearer to the reactor to the point designated E, The

major subject of the discussion which follows is the region

beyond F and terminating at G, in which agricultural products

may be contaminated sufficiently to prevent or impede their

salo as export products, although presenting only a limited

health hazard which might be regarded as acceptable for

domestic consumption,

A central featux-e of this model is the occupancy limit, F,

which can be regarded as equivalent to B in .fig. 1, and which

is the reference point for subsequent discussion.
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2.3•1 - The occupational limit, F -

2.3•1•1 - External radiation from contaminated pound;

The British Medical Research Council recommend a

whole body dose of 10 rem as the emergency reference level

(ERL) acceptable in accidental situations. ' The WASH-1*100

report considers a whole body dose commitment of 10 rem in 30

years as a suitable criterion for defining an occupancy limit

for ai'eas of low population density, ' and the appended

calculation* shows that this dose commitment would result from

*The external dose rate without allowing for shielding by

buildings due to Cs-137 deposited on the ground at 1 Ci/m is

given by D, = Dn f(t) = D f (t) exp(-0.693 t/TjJ where D is

the initial dose rate, quoted at 0.12 x 10 (rem/yr) per

(Ci/m ) in the APS report, ' and calculated at 0.093 x 10 similar
7)units from data in Beattie and Bryant. '

f (t) is a weathering factor which allows for the decrease

of external dose rate due to slow incorporation into soil, and

is estimated in WASH-I4oo"' as

f (t) = O.63 exp(-0.69 t/0.61) + O.37 exp(-0.69 t/92.6),

where t is in years. This is a much slower rate of decrease

(with half-lives of 0.6 years and 92.6 years) than that

discussed later to express the weathering of surface

contamination, i.e., its reduced availability for ingestion.

The integrated dose to infinity is then

D (^ f(t) = K D ,o \ v ' oc o)o
where K^ = 12.64 year for Cs-137 with TJL = 30 years. This

compares with K^ = 43.4 year if no allowance is made for

weathering. Over the first 30 years K Q n =7.6 year for Cs-137
2

after allowing for weathering, so that 10 [iCi/m of Cs-137

gives a 30-year dose commitment of 7»6 x 1.2 or 9 rem, to

people who live constantly above this contaminated ground

without shelter.
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external i^adiation from caosium-137 deposited on tho ground

initially at 10 |j.Ci/m~. Following a suggestion made in the

draft version of WASIl-1'tOO, but not in the final report which

favoured the 10 rem dose commitment noted above, the

American Physical Society consider an initial deposition of

100 nCi/m of caesium-137 as that above •which evacuation

would be made, ' but this seems too high for permanent

occupation. Boattie and Bell of the UK favour 10 nCi/m as

the occupational limit for external gamma irradiation. '

Fairly long-lived radionucj ides such as caesium-13'l (half-life,

2 years) and ruthenium-106 (half-life, 1 year) which would

accompany caesium-137 in a n accidental release also contribute

to the external dose rate from tho ground, and so also does

1-131 over the first few weeks. Their total contribution to

the 30-year dose commitment by external irradiation is not

likely to exceed that due to Cs-137 by more than three-fold,

and one could envisage this as being reduced by a similar

factor by shielding from buildings, etc., for which the

American Physical Society1s study allows a reduction factor

of 0.3. Human occupation inside F is not envisaged for two

months after an accident, to allow decay of 1-131. Cs-137

at 10 nCi/m gives an unshielded external dose rate of initially

1.2 rem per year at 1 m above ground level, ' and this would

be accompanied by a comparable initial dose i-ate from Cs-13^.

2.3.1.2 - Health hazards from contaminated food.

These hazards must also be considered in comparison

with those of external irradiation. Extensive data are

available on the radiation hazards resulting from foods

contaminated with strontium-90 and caesium-137 in fallout

from nuclear weapon testing. An important pathway to man for

this radioactivity is (a) deposition on pasture, (b) ingestion

by cows and transfer to milk, and finally (c), human ingestion

of milk. The British Medical Research Council reviewed the

data available on these topics in 1975 and calculated

emergency reference levels (ERL's) of deposition expressed in

microcuries per square metre (|.iCi/in ) of pasture which would

lead by this pathway to irradiation of the whole body at the

emergency reference level of dose (10 rem) in the case of

Cs-137, and to irradiation of the bone marrow at tho ERL of

10 rem in the case of Sr-89 and Sr-90. ' Cs-137 emits

penetrating gamma radiation in the course of its decay which
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ir-radiatos the whole body either externa] ly , or after ingestion

of Cs-137. Sr-89 and Sr-90 emit beta rays of maximum range

7 mm and 2 mm in tissue and these cause maximum local damage

in the bone and bone marrow where strontium accumulates. Some

years ago the hazards associated with ingestion of strontium

isotopes were over-estimated because of uncertainties regarding

their distribution and effects in bone tissue. In 1968, the

International Commission on Radiological Protection re-

oxamined this question and identified the tissues at greatest

risk as the endosteal cells and bone marrow. '

Taking account of these conclusions, the British MRC

raised their former estimates of emergency reference levels

for strontium isotopes by nearly a hundred-fold, ' and these

revised recommendations are listed in table 1. This shows

that the hazards of nuclear fallout via the milk pathway are

comparable for Sr-90 and Cs-137 when deposited at equal

densities on the ground, whilst the hazard from Sr-89 is much

less. The ERL for Cs-137 due to external irradiation from

the ground has been estimated above at approximately 10 |iCi/in

which implies from table 1 that this hazard exceeds that due

to milk contamination.

Table 1. Emergency reference levels and relative
hazards for strontium and caesium isotopes
deposited on tho ground at equal density.

Radionuelide

Cs-137

Cs-137

Si-90

Sr-89

Type of hazard

external irradiation

milk pathway
n n

it ii

(|iC
adult

10

36

26

6,400

ERL5

i/m )
child

18

6.6

190

Relative
hazard to
adult for
same
deposition

1

0.3

o.h
0.0015

Strontium is much less volatile than caesium and it is

estimated in the WASH-1 'f00 report that its fractional release

in a nuclear reactor accident involving a core melt is likely

to be loss than a tenth of that of caesium in most situations.

The British MRC consider a hundredth/realistic. ' An average

of y/a will be assumed in this report. Table 2 compares the '

11)
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hazards of important radionuclides in an accidental release

aftor allowing for their- inventory in the reactor, their

likely fractional release, and their pathway to 'man via milk

and other food routes arising from contaminated pasture and

foliage. The numbers in this table are obtained from

Appendix VI of WASH-1^00, which gives estimates of E9 the

number of curies ingested by man via milk and other routes

for a deposition of 1 curie per squai-e metre of foliage or
12 \

pasture, ' and also of F, the radiation dose committed or

incurred in tho most critical organ of the body per- curie

ingested. ' Column G in this table gives the dose commitment

by all routes per unit deposition (i.e., G = F (E + Eb)) and

column H compares the estimated hazard for each radionuclide

by means of numbers -which are proportional to the product

CDG. The estimated hazard from external whole body irradiation

from Cs-137 on the ground is also shown for comparison, and it

is seen that this is comparable with that due to Cs-13^ and

Cs-137 by food contamination routes, but groatly exceeds that

due to food contamination by strontium isotopes.

For these reasons and those given in section 2.3.1.1, we

regard the occupational limit F as that corresponding to tho

initial deposition of 10 [iCi/m of Cs-137 and other associated

radionuclides, and for reference purposes we consider

occupation to begin at two months after an accident. Food

contamination hazards decrease greatly as the radioactivity

mixes with the soil, whilst the external gamma irradiation

hazard declines only slowly and is expected to halve in about

two years and thereafter nearly follow the 30-year half-life
14)of Cs-137^ It is therefore unnecessary to consider the

contamination of foods intended for export from regions inside

the reference limit F, as external irradiation will prohibit

the use of such ground.

2.4 Uptake of radioactivity into foods

Information on this subject comes mainly from

studios on fallout from nuclear weapon testing and has been

reviewed in 1966 in the book "Radioactivity and Human Diet",

edited by Scott Russell,1'' in 1971 by R.J. Garner in an

article which is a sequel to Scott Russell1s book, '



TabXe 2. Estimated human dose coirnnltinonts and relative hazards of
radionuclides likely to be released in a reactor accident.
It is assumed that the release fraction of strontium is
3% of that of caesium.

A B
Radionuclide Half-life

(years)

C D
Reactor Release and
Inventory deposition
(mega curies) relative to

Cs-137*

E F
Curies ingested Dose commit-
per unit deposi- ment per
tion curie to
(a) (b) critical

milk other routes organ (rem)

r+ Htt
Dose commit- Relat-
ment in 30 ive
years for hazard
unit deposit-
ion (retn)

Cs-137

Cs-134

Sr-90

Sr-89

Cs-137

30
2

28

0. 143

30

4.7
7-5
3.7
94

4.7

1.0

1.0

0.03

0.03

1.0

4.2

4.2

0.59

0.40

8.4
8.4

0.50

O.40

(10 iiCi/m~ give

5-5 10"

7.1 x 10Z

2.7 x 10-

5.3 10:

69
82

29
0.4

X

X

X

X

10

10

'10

10

32X10-3

61X1O5

0.32

0. 11

47x1O5

* The fractional release of Cs-137 in the worst conceivable accident
might be approximately 0.5

t

•ft

G =
H = CDG

Eb)

vo
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in 1975 in Appendix VI of the WASH-I'l00 report, ' and in

reports of tlio United Nations Scientific Committoo on the

Effects of Atomic Radiation (UNSCEAIl). 17' U> ' Most of the

estimates which follow are basod on these reviews and they

relate firstly to uptake directly from contaminated pasture

into animals and milk, and secondly, to long-term uptake from

the soil into plants, animals, and milk. Considerable

information is available on uptake into cows' milk and this is

the starting point of most estimates,

2.4.1 - Uptake from contmiiiriatod pasture

Fallout from nuclear weapon testing and presumably

also that which falls or is rained out from a cloud of airborne

radioactivity following a nuclear accident, lodges initially as

fine particles on the surface of grass or foliage. About

25 to 50/'o of this is retained on vegetation whilst the

remainder enters the plant base or soil. ' ' The portion

retained is removed subsequently by weathering processes

involving rainfall, wind, plant death, etc., and slowly enters

tho soil beneath. Removal by weathering occurs with a half-

life of approximately 14 days for several radionuclides on

pastui'es during the growing season, but more slowly under poor
19)growing conditions as in winter. ' After a few weeks this

weathering becomes slow and it is estimated that about 15?° of
21 )

the initial deposit is retained over a longer time scale.

Most of that which has been removed remains in the plant base

or soil, and this contributes partially to that consumed by

cows and sheep, as these animals ingest appreciable amounts of
22)soil with their green food. ' For approximate purposes we

assume that 155° of the total deposition is available for

consumption by animals two months after a release, and that

this available contamination persists for some months before

it enters tho soil and becomes less accessible.

Cows and sheep consuming this pasture transfer the

radioactivity to their intestines. Both strontium ' and
23)

caesium ' are readily transferred to the animal's blood

stream, and from there to other organs or to milk. Caesium

resembles potassium in its chemical behaviour and moves fairly

freely through the body appearing mostly in the muscle tissue;

once absorbed it is not retained for ever, but is lost by



11.

various processes from animals and man at a rate which can be

expressed approximately by a half-life of 100 days for man '
2'3)

and 30 days for a cow. "' This moans its concentration in

the body tissue is halved over this period of time.

Consequently, caesium ingested at a given consxant rate will

build up to a steady or equilibrium concentration in the body.
This equilibrium concentration per kilogram of body tiscue

or muscle has boon estimated to correspond with about kc/a of
2*5 )

the cow's daily intake, Jl whilst approximately 0.7$ of the
2ri)daily intake appears per litre of cow's milk. ' A cow

derives its daily intake from a grazing area of approximately

20 m , so the concentration of caesiuin-137 in the cow's

muscle which results from grazing pastui-e contaminated initially

at 10 Ci/m" (10 (iCi/m ) is estimated to be 0.04 x 20 x 10 or

8 jiCi/ky. After two months of wcat .ering, this concentration

is expected to decline to 15'' or about 1 HCi/kg for cow's

musclo. The corresponding estimate for milk is 0.15 x 0.007 x

20 x 10 or 0.2 |iCi/l, and this is in reasonable agreement with

a further estimate that the deposition density on pasture in
o

(iCi/m~ is 6 to 17 times the resulting- concentration in cow's
/ 29)milk in |iCi/l. ' From the numbers given above, we estimate

0.15 x 10/0.2 = 7.5 for this ratio. These estimates of

1 |iCi/kg in beef and 0.2 [iCi/l in milk conform with Aakrog's

observations that the concentration of caesium-137 duo to
30)

fallout in beef are five times those in milk. Concentrations

of caesium-137 i'1 milk products can be estimated by assuming

these are proportional to their potassium content which is

1.6 g/kg for milk, 0.21 g/kg for butter- and 1.2 g/kg for

cheese.

Corresponding estimates for lamb and mutton are not so

well established. On the one hand, it is estimated that 8°/o of

the sheep's daily intake of caesium-137 (as compared with k°/o of

the cow's) appears per kg of tissue after continual constant

feeding. ' Since a sheep's daily intake of green food is about

a tenth of a cow's,'" ' one might expect the caesium concentrations

in mutton to be a fifth of those in beef. However, the reports of

the British Agricultural Research Council show that caesium-137

concentrations in nutton and lamb resulting from nuclear
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fallout are generally about 50?» higher than those in beef
l̂ 7 _ /(9 )

from animals grazing on roughly comparable; pastures. ' Ve

shall therefore assume for simplicity that the estimates given

above for beef also apply to mutton and lamb.

Strontium resembles calcium chemically and is retained

for lone periods in the bones of animals and man, once

incorporated into them. However, a fraction of the strontium

consumed by a cow is excretfitl in its milk, PO the concentration

of strontium in cow's milk also rises to an equilibrium level

with constant rate of intake. This concentration in |iCi/l is

estimated to be about a fiftieth of the deposition donsity of
25)

strontium on the pasture on which the cow is grazing. ' This

estimate was obtained for Sr-89 but should also apply to Sr-90.

Concentrationsin milk, butter and cheeso are assumed to be

proportional to their calcium contents which are 1.2 g/kg for

milk, 0.16 g/kg for butter, and 8,5 g/kg for cheese. No

information appears to be available for estimating strontium

concentrations in cow and sheep tissue in the manner given

above for caesium, but the many detailed studies of Aakrog

and Lippert in Denmark show that the concentration of Sr-90

from nuclear fallojt in Danish meat (beef and pork) averages
30)about a fifth of that in milk, ' We assume the same fraction

applies to mutton. Concentrations in bone would be expected

to be much higher because of their ZQf/o content of calcium

which is 1,500 times that in beef, but strontium in bone is

retained for many years and equilibrium conditions are not

likely to be attained. ' Concentrations in the bones of deer,

resulting from fallout, are about 1,000 times those in deer
70)

muscle. ' Recently absorbed strontium accumulates in newly
formed bone, but does not spread rapidly to older bone tissue.

Allowing for the yield and likely release fractions of

Sr and Cs isotopes as listed in table 2, the reasoning given

above leads to the following approximate estimates of radio-

nuclide concenti-ations in foods which would result from

animals grazing on pasture at levels of contamination

corresponding to the reference or occupancy limit point F in

fig. 2. These are based on an initial deposition of 10 |jCi/m

of Cs-137 with corresponding quantities of other radionuclides.
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These quantities are assumed to decrease by weathering

processes to 15/̂  of the initial deposit after two months, and

to remain nearly steady at this level for some months.

Table 3.

Initial ground

Concentration
(|iCi/l)

it

n

it

Estimated levels
pasture- ant.
accidental
limit "K",
deposit of

deposition

in milk

" butter
11 cheese

" beef and
mutton

1 in I'
Tl'lf'.'.l

c o r.t'i-

10 |.<:

Cs- 1

10

0

0

0

1

of :
nods
s t> u

spniT

i./m^

37

.2

.C18

.14

.2

rad ioac tivity
two months a

t tiif occuiiat

• o n

J.'ter an
iunal

ding to ar initial
O f C £11! IS ill 111- i37.

CP-134 SI—90

16

0.3

0.27

0.21

1.8

0.23

0.0007

0.0001

0.005

0.0001

Sr-S9

6

0.

0.

0.

0.

008

001 1

056

0016

These estimates of Si—90 and Cs-137 concentrations in milk

are about a fiftli-to-n-tenth of the maximum concentrations

?o)
observed by Bruce" ' a few days after exxDerimental depositions,

and shown in fig. 3 as concentrations per unit of original

deposition ( 1 |iCi/m ) . They are about 2.5 times higher than

those obtained from equations given in Appendix I as averages

over the first year following deposition, estimated from

fallout data. The estimated Cs-137 concentration in milk

(0.2 nCi/l) for an available deposit on vegetation of 15$ of

10 uCi/m .(i.e., 1.5 |iCi/m ) is in good agreement with the few
31 )observations on Cs-137 reported after the Windscale accident. '

Four days after this accident, the deposit of Cs-137 on grass
p

two miles from the reactor was approximately 0.02 [lCi/m whilst

its concentration in milk was about 0.004 (iCi/l. For a deposit

of 1.5 \iC±/m , this corresponds to 0.3 (iCi/l, as compared with

0.2 |iCi/l estimated above.
2.4.2 - Uptake from soil to plants in the first two years.

Once the deposited radioactivity has reached the

soil its route to vegetation and foods is impeded and the

resulting contamination in milk and other foods is considerably

reduced. Plants "concentrate" strontium to a greater extent

than caesium and typically contain I to 100 times more
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Fig. 3» The contamination of milk with, radioactive strontium
and caesium at variou§ intervals after the
deposition of 1 jiCi/m'" on pastures.

(From ref. 20))

strontium per gram than the soil in which they grow. ' For

caesium this concentration ratio is typically 0.01 to I.2 '

Strontium-90 concentrations in milk resulting from

fallout have been shown to arise (a) from directly contaminated

pasture as discussed above, (b) from fallout in the latter

half of the previous year (partly via uptake from the plant

base), and (c) by transfer from soil to plants.15'16' Analysis

of the fallout data as given in Appendix 1 leads to the

conclusion that the concentration in milk resulting from the

soil pathway (c) two years after an accidental release might

be approximately 5$ of that estimated at two months via (a)

and (b), and that this would decline subsequently at about

'\6% per year as the strontium becomes less accessible owing

to migration in tho soil, as discussed in the next section.
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Once absorbed in plants through their roots, cawsiuin is

normally fairly mobile and migrates as does strontium to all

sections of their tissue. ~' Caesium usually occurs in higher

concentration in the roots than in foliage abovo ground artor
33)absorption from the soil, ' However, caesium does not

readily enter plant roots from the soil, but instead is

strongly held in clay-bearing soils containing potassium.

Concentrations of caesium-137 in milk attributed to the soil

pathway (c) abovo are normally much smaller than those of

strontium, and the effect of this pathway is too small for

reliable estimation from fallout data. ' '

Estimates of its contribution two years or more after an

accidental release are attempted in Appendix 1, and these lead

to the conclusion that the resulting concentrations in milk two

years after an accidental release might be O.kfo of those

estimated in table 3 at two months, for average soils such as

occur in the South Island of Now Zealand. It should bo.

emphasised, again, that these estimates ax-e necessarily .

speculative for periods beyond a year, especially for Cs-137-

The reader is urged to consult the appendix for details of

the reasoning and assumptions underlying these estimates.

However, caesium concentrations in milk vary considerably

with the type of soil, whilst strontium concentrations do not.

In a given country, variations of ten-fold in the concentration

of caesium-137 l n milk are common. The high concentrations are

found in areas where the soils are low in potassium and high

in organic content whilst low concentrations predominate in

temperate regions where caesium is fixed in cjay-bearing

soils. ' This behaviour is clearly evident in New Zealand
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as shown by the following data obLained by staff of the

National Radiation Laboratory (XRL). *'>:>' Whilst the strontium

concentrations are largely determined by rainfall as shown in

fit;, 'l those of caesium ai-o particularly high in Taranaki as

shown in fig. 5. The ratio of Cs-'I37 to Sr-°0 is shown in

fie. 6 for Tarmuiki and Vaikuto and annual averages of this

ratio are summarised in table 'l.

Staff of N!JL have measured tlu> exchange capacity £OY

caesium and strontium of Now Znalnud soils and find that the

high values of the caesium/strontium ratio in milk arise without

exception from those soils which have a relatively low ability

to fix caesium thus making it more available for uptake by

grass. ' This conclusion is supported by the nature of the

Turarniki soils which ai-o yollow-brown loams low in potassium -

bearing micaceous clay, but high in organic content, whilst

those of the more normal regions in the South Island have

higher contents of micaceous clay. Comparable effects are

observed in the Faroe Islands which have weakly weathered

soils derived from basalt with low potassium content, and give

very high Cs-137/Sr-9O ratios in Faroose milk. '

In consequence the caesium-137 (and caesium-13^ )

concentrations in milk two years after Em accidental release

are expected to bo higher in Taranaki and to a lesser extent

in Waikato and Auckland than the South Island, This topic is

considered further in the next section.

2.4.3 - Long-term bohnviour of radioactivity in soils

Radioactivity added experimentally or in the form

of nuclear fallout is retained for very long periods in soils. '

Caesium becomes entrapped in the crystal lattices of clay

minerals over a period of one to three years and thereafter
37 )migrates downward only very slowly. ' Thirty years after

contaminated waste effluents were deposited on a flood plain

in USA, practically all the soil Cs-137 was still within

60 cm of the soil surface and most of it was 12 to 22 cm deep. '

The relative distribution of Cs-137 between plants and soil

did not change significantly from that reported 15 years earlier.
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TABLE h. CAESIUM-137/STHOHTIUH-90 RATIOS IN MILK •- ANNUAL AVERAGES
(pCiCs1?? per g K,/pCiSr'U per g Ca)

Taranaki
Vaikato
Auckland
Northland

Remaining
Stations

Average
All Stations

Average excluding
Taranaki and Waikato

1963 1964 1965 1?66 I967 I968

12,8 10.8 11.2 11.7 12.2 13.0
9.6 9.0 9.0 9.9 10.8 9.2
6.7 5.7 5.9 5.6 5.2 4.9
5.5 k.6 5.3 5.7 5.1 3.6

2.5-3.** 2.5-3.0 2.4-3.3 1.9-3-0 1.6-2.5 0.8-1.5

5.8 5.1 5.1 5.0 4.8 4.1

4.0 3.5 3-6 3.3 2.8 2.1

(From rcf. 35))
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Very small fractions of the total soil caesium appear in plants,

with a typically 10 times higher concentration in routs than

in vegetation above ground.-'-'' Strontium is slightly moi-o

mobile; relatively small amounts are fixed in a rion-excliangealile

form by soils, and the fraction of soil strontium which

is available to plants is higher tlia.11 for caesium as shown in

the fallout data discussed in Appendix 1. From one experiment

this fraction is estimated to be less than 2'i£ in all, over 16

years, and to average about 0.2 to 0.3/° per year over the
TCI )

first five years.- J> The illative mobility of some rndio-

nuclides in soil is as follows: Sr-90 > Ru-106 > Ce-i'i4 >

Cs-137.*O)

This behaviour is illustrated in the following figures.

Fig. 7 is from Squire and Middloton's report in 1966, and

relatesto several soil typos studied over six years. Figs 8
rt(.) \

and 9 are fx-om Cline and nickard1 s ' studies of the movement

of experimental additions of Sr-90 over 16 years, and of Cs-137

over eight years, in soils which irero cultivated (fig. S) or

left undisturbed (fig. 9)» Cultivation has moved most of the

caesium from the top 5 cm of soil to a depth of 8 to 15 cm

and has caused the strontium to be spread fairly uniformly

down to 20 or 30 cm.

The behaviour of caesium depends on the clay content of

the soil as noted above, and it may be much more mobile in

those organic or low potassium soils which give high caesium

concentrations in milk as a result of fallout. Unpublished

measurements on soil profiles from Taranaki and South

Canterbury have been communicated to the writer of this report

from the Director of the National Radiation Laboratory, '

and they confirm this expectation, indicating caesium

movement down to 60 cm in Taranaki, but to less than 15 cm

in South Canterbury.

The implications of these observations in case of an

accidental release of activity are considerable. If the

radioactivity in the soil is high enough to contaminate foods

by absorption into plants, then this contamination may persist

for 30 years 01- more. Strontium is likely to migrate slowly,
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5 10

nCi/g
15

Fig. 8. Distribution of strontium-9-0 and caesium-137
in the soil profile of a tilled plot. From
Cline and Rickard (1972).

(From ref. 39))

10 20
nCi/g

30

Fig. 9. Distribution of strontium-90 and caesium-137
in the soil profile of an untilled plot. The.
soil profile for strontium-90 was measured 16 •
years after surface contamination. The soil .
was silt loam: 66fo sand, 28?£ silt, and 6% clay.
The soil pH was 8.2, with an organic matter
content of 1$. From Cline and Rickard (1972).

(From ref. 39))
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becoming progrossiveJ y loss accessible to plants at a rate

which lias becm estimated to be about 1*1$ per year or 1 &/o if

oni.' also allows for its radioactive decay. Estimates beyond

two years are speculative, but are made in Appendix 1 by

assuming the same annual 16% loss continues indefinitely.

Caesium in South Island soils is expected to migrate even more

slowly and to give very low contamination levels in foods for

2 0 yoars or more. From Taranaki soils its transfer to food

vill be initially greater, but in time this will presumably

be compensated by faster downward migration.

Speculative estimates of concentrations in milk based on

this model are given in Appendix 1, and these may be applied

to other foods as described in section 2.̂ 1.1. The conclusions

are summarised in tables 5 and 6 for caesium-137 and strontium-90,

as those are the only radionuclides of significance beyond

five years. Additional data in these tables are included to

facilitate later discussion.

2.5 Acceptable levels of contamination - criteria
for domestic ami export trade

There do not appear to be any regulations or

requirements for agricultural products exported to other

countries which specify unacceptable levels of contamination

by radioactive materials. The Delany amendment to the

American Federal Food, Drug and Cosmetic Act (introduced in

1957) forbids the use of any carcinogenic food additive, and

radioactive materials or chemical species produced by their

radiation are included in this definition. ' However, this

act applies to additives used in food processing and it is not

considered to be applicable to primary products such as meat.

It would be practically impossible to apply any such general

prohibition to foods, as these all contain small detectable

quantities of radionuclides arising naturally and from global

fallout.

Nevertheless, some standards of acceptability or market-

ability would certainly be applied to contaminated foods

intended for export or domestic use, and the following might

be considered.



Table 5« Estimated concentrations of caesium-137 in foods at various
times after an accidental release of radioactive material
in comparison with background concentrations, and those
which might be acceptable for export purposes.

2 months after release

2 years after release - Taranaki
South Island

10 years after release - Taranaki
South Island

30 years after release - Taranaki
South Island

V/o of ICRP maximum limits, giving
0.005 rem per year to consumers

Present background concentration due
to fallout (B)

10% of natural concentration of
potassium-40

Milk
pCi/l

200,000

4, ooo
800

640
320

6+B
40+B

4oo

Cheese
pCi/kfC

140,000

3,000
500

400
200

4+B
30+B

6,000

Butter

18,000

400
70

6+B
3+B

B
B

3,000

Beef and

1,200,

24,
5,

^,
2,

2,

Mutton

000

000
000

000
000

40+B
240+B

000

1-50

120

1-50*

90

0-10* 5-250*

200

These concentrations are estimated to occur at the occupational limit, i.e.,
from land which has been contaminated, initially, -with 10 |iCi/m~ of caesium-137«

* Estimated from observed background concentrations in milk.



Table 6. Estimated, concentrations of strontium-90 foods at the
occupational limit, F, corresponding to an irixinl deposit of
10 uCi/m^ of Cs-137, and 0.23 uCi/m^ of Sr-QO at various
times after an accidental release of radioactive material.

Concentrations which vould cause 1fo of ICHP recominended limits
of annual dose to adult members of the public are ahovn for
comparison. Present background concentrations of Sr-90 and
of K-40 are also shown.

2 months after release

2 years after release

10 years after release

30 years after release

1% of ICRP maximum limits, giving
0.005 rem per year to consumers

Present background concentration due
to fallout (B)

1Q5& of natural concentration of
• potassium-40

Milk

pCi/l

700

70+B

10+B

B

40

1-20

120

Cheese

pCi/k^

5,000

500

70+B

3+B

400

5-100*

90

Butter

pCi/ks

100

10+3

B

B

200

0-5*

8

Beef and Mutton
(excluding bone)

pCi/kp

140

14+B

B

B

130

0-8*

200

*Estimated from observed concentrations in milk.
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2.5.1 - ICRP limit for members nf the public

The International Commission on Radiological Protection

recommends that tho annual dose to tiny member of the public

arising from man-i:iade radioactivity should not exceed 0.5 rem

to the whole body or bone marrow. ' The British Medical

Research Council estimate the dose commitment to the whole

body of an adult at 0.046 rem per microcurio ingested of

Cs-137, {' whilst VASIJ-1'lOO estimates 0.073 rom/|iCi for Cs-134.52)

From tho revised data on strontium mentioned in section 2,3.1.2,

tho British MRC estimate dose commitments to the bone- marrow

of individuals aged over 10 years at 0.7 rem/|iCi of ingested

Sr-90 and approximately 0.015 rem/ilCi of Sr-89.'' Assuming

that an individual consumer obtains all his daily requirements

for any one food from contaminated sources at the rates listed

below, then the corresponding permissible concentrations of

radionuclides in these foods are estimated as shown in table 7.

Table 7. Concentrations of

Assumed

ICRP
t h e

da i ly con-
sumption (grams)

Cs-137

Cs-134

Sr-90

Si—89

((iCi/kg)
11

it

tt

np; annual dose
periiiiF.sib.lc 1

p u b . l i e r.i'ved o v

Mi. Ik

5 0 0

0.059

O.O36

0.0039

0. 18

rath onuclid v
coniiiiitments

iinii's for !»<.'
or 10) years.

P in foods
equal to

iiibei-s of

Butter Cheese

100

0.30

0.19

0.026

0.90

50

0.60

0.38

0.039

1.8

Meat

1

0 .

0 .

0 .

0 .

150

,20

, 12

,013

,61

Emergency reference levels in milk are 5.4 p.Ci/l for

Cs-137 and 0.14 [iCi/l for Sr-90. ' These are 30 to 100-fold

higher than the limits in table 7» The reasons are - firstly,

that the ERL refers to the maximum level observed a few days

after a release, whilst these ICRP levels refer to an average

over the whole year, and secondly, that the ERL relates to

a 10-rem dose commitment in 30 years of which most is incurred

in the first year, whilst the ICRP levels relate to a

continuing steady level.

The health hazards associated with ICRP permissible levels
3)of radiation are discussed in NIP report 4, ' and are estimated



as.

to increase the average individual's probability of later

death from cancer from I in 670 to less than 1 in 632. It is

not envisaged that those 1CRP levels of contamination would

be acceptable for export foods though they might find a

domestic: market after an accident. Possibly V/u of these

levels vould be acceptable for export and these \°/o levels are

listed in tables 5 and 6.

2.5.2 - Detect.able and background levels

The limiting criterion is set by the possibility

of detection above background levels, regardless of health

hazards. By its very nature radioactivity is extremely

readily detectable, although laborious techniques involving

previous chemical separations may be needed to assay Sr-89

and Sr-90 as individual radionuclidos rather than as

contributors to total radioactivity. The detection and

identification of Cs-137 and Cs-13̂ 1 by means of their gamma

radiation are more readily accomplished using sophisticated

physical techniques without the need for chemical separation.

Present levels of Cs-137 ancl Sr-90 occurring in New Zealand

milk as a result of fallout are shown in figures 4 and 5» and

these range from 1 to 50 pCi/kg. Concentrations in other

foods have been estimated from those in milk, and are shown in table

5 & 6. Shortly after the peak period of weapon testing in

1963 and 1964, these levels were much higher (as illustrated

in figs h and 5), and in Denmark they exceeded a quarter of

the V/o ICRP levels in some cases. '

The very long-lived radionuclide potassium-4o (K-4o)

occurs naturally in all substances containing potassium at

a concentration of 750 pCi per gram of potassium.* Potassium-40

occurring in the human body contributes about 20°/o of the

average background or natural radiation dose rate to which

man is exposed, and most of this is due to the beta rays
53 )emitted by this radionuclide. ' It also emits readily

* 1 gram of ordinary potassium contains sufficient K-'tO to
emit 28 beta particles per second and 3.^ gamma rays per
second.5l) One curie equals 3.7 x 10 1 D disintegrations per
second so a gram of potassium contains 750 pCi of beta
emitting material and 92 pCi of gamma emitting material.
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detectable; gnnniia rays but at ] over intensity, equivalent to 'J2 pCi

pei' cram of natural potassium. These gamma rays can be distinguish'-'

from those omitted by Cs-137 and Cs-13'K Potassium occurs in beef

and mutton at about 3 £ P o r kg and in milk at 1.6 g/l so tho nature-.]

radioactivity in these foods amounts to 2,200 pCi/kg and 1,200

pCi/l, respectively, of beta radiation, and 270 pCi/kg and 150

pCi/l of gamma radiation. However, these average concentrations

are subject to individual variations of approximately 6

Background levels are thus somewhat arbitrary, but it is

scarcely credible that objections could be raised to radioactivity

levels below the natural variation of the averages mentioned above,

i.e., below 10$ of tho average beta radioactivity arising from

naturally occurring potassium-4o. These 10^ K-40 levels are

listed in table u.

2. 6 rinnf'-p of health and agricultural hazards

The dispersion of airborne radioactive material and

its subsequent deposition are complex processes which depend

on weather conditions. Methods of predicting the probable

deposition density (curies per square metre) of such material

at increasing distances from the point of release have been

developed from the original "Gaussian plume" ' model of '

Pasquil to various degrees of complexity. A simplified

graphical method of presenting these predictions under various
7)weather conditions is given by Beattie and Bryant , and

these graphs or simplified analytical equations which express

thorn will be used for tho approximate purposes of this report.

Essentially, the model has the following features: The

airborne release is assumed to spree.d downwind, and to be

nearly contained in a 30-degree sector. Particles are rained

out or fall out from this cloud to give a density of deposition

on the ground beneath whichvaries with tho weather conditions,

being greatest at low wind speeds in conditions where a low

lying temperature inversion holds the cloud in a nearly

stagnant state near the ground. The deposition density

decreases with increasing distance from the point of release

in a manner expressed by the relation

Deposition density = kvQ/r ' ...(A)

where k depends on the weather conditions, Q is the quantity
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or number of curios released of any airtorne material, v is

the velocity of fall of tJie airborne particles, r is I ho

distance from the reactor or release point EUHI tho number or

exponent n is estimated to be 1.82. ' This means that the

deposition density is decreased ten-fold when r is increased

about 3.6-fold. This simple relation might bo expected to

apply for a few tens of kilometres from the release point.

Beyond this the deposition density is highly unpredictable,

but it is likely to decrease less rapidly with increasing

distance. ' In a report issued by tho American Physical

Society (APS report), a simplified wedge model is used to

predict behaviour beyond 50 km, and this assumes that n

approximately equals one in tho above equation, i.e., the

deposition density is inversely proportional to distance (but

vith a correction to allow for cloud depletion). ' A further

complication arises with very large releases when these are

accompanied by considerable heat. This causes the plume to

rise initially and reduces its effects near the release

point. ' For this reason, Beattie and Bell restrict their

use of equation (A) to releases up to a million curias of

iodine-131 or a tenth of a million of Cs-137i whereas the

maximum possible release could be 20 times th<?se values.

However, this plume rise effect may not alter very greatly

the deposition density beyond 100 km, and for the approximate

purposes of this report we shall employ equation A and the
7 )graphs of Beattie and Bryant for all releases up to 150 km,

and assume that n = 1 for greater distances.

On this basis a release of half the Cs-137 in a 1000 MW(e)

s
2

reactor (half of 4.7 x 10 Ci) in adverse weather conditions

is estimated to result in a deposition density of 10 |iCi/m

of Cs-137 at 150 km from the reactor.* The meaning of

"adverse" is given below. From table 5 the estimated

concentration of Cs-137 in beef two years after a release in

the South Island is 5,000 pCi/kg at the occupational limit

corresponding to an initial deposit of 10 \iC±/m~. This exceeds

1$ of the ICRP permissible limit of 2,000 pCi/kg by 2.5-fold,

so grazing restrictions designed to meet this 1?» limit would

* see next page
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bsing Beattie and Bryant's lnetiiods, we have

D(r) = deposition density at range r = xQv

whore x = cloud dosage (Ci-s/m per Ci released)

Q = curies released

v = deposition velocity

For the- release considered in weighted, mean weather,
o

x = 1.7 x |0~ at r = 50 km from fig. 5 of Beattic and
Bryant.,7' v = 2 x 10" 3 m/s for Cs-I37, 5 7^ and Q = 2.35 x 106

Ci. Hence, J^(r) = 80 \iC±/m • From equation ( A ) in tlie
1 ft? P

text, D(r) •< r~ " . Hence D(r) = 10 |iCi/m" at r = 150 lcin.

It may be shown that the above method gives approximately

the same result as that described in the APS report for

r = 50 km, but at other distances the two must differ for
— 1 ftp

one assumes D(r) *< r " whilst the other assumes D(r) a

exp(-z)/r where exp(-z) allows for cloud depletion.



Table 8. Estimated ranges of occupational and agricultural restrictions
following release of radioactive materials in reactor accidents

Type of
Accident

Agricultural restrictions
Radioactivity
released (Ci)

Cs-137 1-131

Occupational
restriction
(to limit F)

range
(km) (tan8)

Two-month milk
impoundment

range
(km) (kn.2)

Tvo-3'ear res-
triction on meat
exports
Criterion (a)'

range area*
( km ) ( km2 )

Criterion

range
(km)

area*
(km2)

Ten-year res-
triction on meat
exports

Criterion (a

range
(kra)

area*
(kn,2)

Criterion

range area
( km ) ( kni

pwn 2 2.3x10

(50%)
6x10'

Taranaki
South Island

150 6000 >2000 >2000
380 38000

>2000
.2000

300 24000
150 6000

>2000
1000

BWR 4 2.3x1CT7x10
{0.5%) (0.0854)

Taranaki
South Island

11- 60 1000 44
18

500
84

160
°5

6000
1000

16
11

70
30

60
41

900
400

PWR 7 47 1700
(O.OOI56) (0.002%)

Taranaki
South Island

0.4 1
0.5

Adverse weather is assumed as defined in the text.

Some ranges and areas are quoted to two figures for comparative purposes, but the estimates are very
approximate particularly beyond 1 year, are subject to wide variations in different weather conditions,
.and are intended only as guides.

* Areas are estimated as 30° sectors of radius equal to the range.

I Criterion (a) corresponds with 1$ of those levels giving radiation doses up to the limits
recommended by the ICRP for members of the public.

••j- Criterion (b) corresponds with 10$ of radioactivity naturally occurring in foods
due to potassium-40.
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extend to a distance of 2.5 times 150 km or 1375 km. This is

estimated by assuming n = 1 for distances exceeding 150 km.

For .smaller distances vhore n = 1.82, the distance or

restriction range would bo x times the occupational limit
1 . 8 9

distance where x = 2.5.

Proceeding in this manner, the Following table of

restriction limits and corresponding areas has boon drawn up

for each of three hypothetical releases in adverse weather

conditions. "Adverse" in this context means, an average

between the worst or Pasquil F conditions which include a low

wind speed of 2 rn/sec and low lying inversion, and average

or Pasquil C-D conditions which occur for 6O'/o of the time in

ant

n- 7)
Britain, with wind speeds of 5 ni/sec. Beattie and Bryant

refer to this "adverse" weather as "weighted mean weather".

The worst or Pasquil F conditions might increase the

deposition density about three-fold over that in adverse

conditions and extend the restriction limits less than two-fold

in consequence. Strong winds would decrease the hazards and

restriction limits considerably.

The major uncertainty in these speculative estimates of

long-term restrictions arises in estimating the availability

io plants of caesium in the soil. The estimated ranges of

occupational restriction due to Cs-137 and of milk «

impoundment due to 1-131 are in reasonable agreement with

those in fig. 3 of Beattie and Bell's publication. '

The three accidental releases in table 8 correspond to

three categories of accidents to light water reactors

considered in the WASH-1400 report. '

2.6.1 - PVTR 7 accident - Most .likely result of core melt

This sequence is considered to be the most likely

result of a core melt and involves a slow release over about

10 hours of volatile radioactive materials from the outer

containment, and from the underlying soil which the

molten fuel is assumed to penetrate. Its probability of

occurrence is estimated to be slightly loss than that of a

core melt, or once in about 25,000 reactor yearsJ^'. The effects

of this relatively small release arc likely to be confined to
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li'Ss than 10 kilometres as shown in table 8, and no significant

.lung-term agricultural hazards are envisaged beyond 10 km.

Tlris reloaeo is about, a twentieth of that which occurred at

VJ.indscalo in Britain in 19*37) and which caused temporary milk
31 )restrictions up to 5O km downwind, but no long-term health

hazards or agricultural restrictions,
2.6.2 - PKU 2 Accident - Worst conceivable accident

This release (PWU 2) is typical of the worst

conceivable accident in which the containment barrier is

broached following a core melt, and most of the volatile

radioactive materials escape in a puff lasting about 30

mimites. WASll-I'lOO estimates its probability of occurrence

at about five times loss than that of PVR 7 or once in about 120,000

reactor years.' ' If the wind direction at the time should

blow the radioactive cloud over agricultural country under

adverse weather conditions then the results would be disastrous.

The estimated range of occupational restriction given in

table 8 is 1.50 Ian downwind, and if this lies over inhabited

land then the corresponding area is that of a 30-degree sector

of this radius, i.e., 5)900 square kilometres or 2,300 square

miles. This is comparable with the maximum "decontamination"

area of 3,200 square miles estimated in WASH-1400 as the

maximum area which might require decontamination following the

worst conceivable accident, in order to permit subsequent

human occupation. Long-term agricultural effects could

extend well beyond this range, as indicated in table 8.

Clearly it is unlikely that ranges beyond two or three hundred

kilometres would concern New Zealand because of its limited

size, but if a reactor accident occurred, e.g., near Auckland,

and a slow wind carried radioactive material towards

Taranaki then it is conceivable that a considerable fraction

of the North Islands beef and mutton exports could be affected

for 10 years, depending on the criteria adopted for

marketability. The cost of such an event is difficult to

assess but might be related to the value of 10 years' meat

production over the affected area, which could be of the order

of a thousand-million dollars.* This exceeds the likely cost

of damage to the reactor. The probability of occurrence of

such a disaster is of course very much less than that of the

release of radioactivity which could cause it, as it could '

* see next page
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The gross farming Income of Now Zealand's mutton, lamb

and beef production In 1975 was $619-million. ' Approximately

a fifth of this might come from a 3°-degree sector from

Auckland to the Taranaki area, so its value over 10 years

might be about $ 1,000-million.

This is much less than the maximum conceivable property

damage estimate of $14,000-million given in WASH-1400,'°' but

most of this is assumed to arise from the cost of rehabilitating

a very large number of people and not from agricultural

damage. Beattie and Bell consider this cost of rehabilitation

might be Ji.5,000 per person in UK, and their total estimate

for this alone, as a result of a release of a million curies

of iodine (similar to BWR 4) is i5 x 10 . This bears very little

relation to population densities in New Zealand.
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occur only at certain sites and in exceptional wind and

veuthor conditions.

2.6.3 - DVK 4 Arcident. - RI'ICMSE of 0. V/o of caesium
inventory

An outstanding conclusion of the WASH-1U00 report is

that accidental releases between the two extremes considered

above are unlikely for pressurised water reactors.J

However, a slow leak from tho containment of a 1000 MV(e)

boi.iing water reactor following a core molt has been

considered although it is regarded as very unlikely,

and is estimated to release 0.57?' of tho caesium-137

0.08^ of iodine radionuclides in the reactor, with an estimated

probability of occurrence of once in about 500,000 reactor
59)years. ' This is the second category considered in table B

(entitled DTO 'I) and it may possibly have some relevance to

the CANDU pressurised water reactors, for which a major release

such as in PTO 2 appears to be extremely unlikely although

not yet analysed by WASH-1*100 methods.

Ranges and areas of long-term agricultural restrictions

which could result from such an accident are shown in tab"! ••• S,

and these considerably exceed those for occupational

restrictions. If we consider the most stringer. . export

requirements (lÔ o of K-kQ background), together with a release

over tho Taranaki area, then the maximum area of restriction
2

is estimated to be about 6,000 km up to two years, and
2

900 km up to 10 years. The likely effect would be to divert

produce from pastoral farming to the domestic market for the

period of restriction, or to change from pastoral to other

types of farming where possible. The cost could scarcely

exceed a twentieth (a fourth of the area for a fifth of the

time) of that considered for the PWR 2 release, which is

$50-million. Alternatively, one might consider the cost of

diverting 900 km* or 2.5,000 acres of farm land for 10 years

at $200 per acre, which also totals $50-million. This figure

should be regarded as a very approximate guess at an upper

limit. The sum so estimated is indeed considerable, but it

is a fraction of the likely cost of damage to the

reactor which would accompany such an accident.



2. 7 Other agricultural effects of a x'na.i-1 or accidoi• t

This report has focussed attention on the contamination

(jf beef and mutton by caesium-137 as a possible result of a

reactor accident, because this appears to be the major long-

term risk. Numerous other effects have been considered

including the following:

2.7.1 - Plutonium

It was shown in NIP report no. 3 that the number of

curies of plutonium-239 and of p.1 utoniuni-238 in a nucloar

powor reactor are together less than Z'/<, of those of caesium-137»

whilst the fractional release of plutonium in a core melt

accident is unlikely to exceed O.'l;o, or a hundredth of that
2 )

of caesium. ' Further, the hazards of plutonium are almost

entirely confined to those resulting from its inhalation as

an airborne dust, resulting either from its dispersion as a

fine particulate aerosol, or its re-susponsion from a deposit
'+1 )

which may have occurred on the ground. Animals inhaling

plutonium would retain it, and in the course of many years

some of this inhaled plutonium might migrate to their liver
41 )

and bones, but not significantly to muscle tissue. '

Neither humans nor animals absorb plutonium by ingestion in

food, as less than about 3 x 10 of that consumed is

absorbed from the gastrointestinal tract. ' Plants also

discriminate against plutonium absorbed by their roots so

that its concentration per gram of plant tissue is typically

a ton-thousandth to a millionth of that in the soil in which

they grow. ' '

For these reasons even although plutonium is very long

lived and toxic when absorbed, it is not likely to be a

significant food contaminant after a reactor accident. Its

hazard in this respect would be many orders of magnitude

lower than that due to caesium-137•

2.7.2 - Strontium isotopes

From tables 5 and 6 given above, it is clear that

contamination due to Sr-90 in milk, milk products, and moat,

is unlikely to be comparable with that due to caesium

isotopes. However, strontium resembles calcium and concentrates
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in the bone. A3 though this would not. bo a health hazard to

lmnians consuming meat, it is conceivable that Sr-90 might be

detectable in sheep or cow bones sonio years after an

accidental releaso. It appears unlikely that this contamination

would be as detectable as that due to Cs-137 i» meat.

2.7.3 - Grain and other crops

These have been omitted from detailed consideration

because they comprise only a small fraction of New Zealand's

food export trade. Contamination of crops actively growing

or maturing at the time of an accident might well require

thoir sacrifice. Several radionuclides may contribute to

this, especially iodirio-131 over a tiuio scale of two ox1 three

months, and it is envisaged that the sacrifice of one season's

crops might extend over an area appreciably less than that over
64)

which milk impoundment became necessary. ' Caesium-137 would

enter grain^years after an accident by the pathways discussed

above in sections 2.4.2 and 2.4.3» but consideration of its present-

concentration in grain due to fallout, combined with the

quantity of grain annually consumed in human food indicates

that its health hazard would be less than that due to

contaminated meat. Table 9 lists the observations of Aakrog
30}and Lippert in Denmark in 1975, which suppor-t this conclusion. '

Consequently, it seems likely from the estimates of meat

contamination given in table 5 that caesium-137 contamination

in grain would not prevent its domestic consumption for more

than a year after an accident in any inhabitable area except

possibly in Taranaki.

2.f.k - Dairy products

Temporary restrictions on the distribution of milk

due to contamination by iodine-131 have been discussed above

in section 2.2. The data in table 5 suggest that cheese and

butter made from su ch milk might be acceptable on the domestic

market in the first year after an accident, whilst export

restrictions for cheese and butter are unlikely after two

years for any inhabitable area except in the case of cheese

produced in Taranaki. There is a big difference between the

two suggested criteria for export for these products and

particularly so for butter which contains little potassium,
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a 9. (From ref. 30))
Estimate of the moan content of 137Cs i n
t h e humf-ui d i e t i n Denmark i n l?J74.

Type of food

Milk and creain

Cheese

Grain products

Potatoes

Vegetables

Fruit

Meat

Eggs

Fish

Coffee and tea

Drinking water

Annual
quantity
in kg

164.0

9.1

80.3
73.0

43.8

51.1

54.7

10.9

10.9

5-5
548

pCi 37Cs
per kg

7.3

5.3
12.8

6.3

1.9

4.0

29.3

3.0

73.0

36.9
0

Total
pCi 137cs

1197

48

1024

460

83

204

1603

33
796

203

0

Percentage of
total pCi ^"Ci
in food

21.2

0.8

18. 1

8.1

• 1 . 5

3.6

28.4

0.6

14.1

3.6

0

Total 5651
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but .it is difficult to believe that objections could be raised

to contamination levels bolow 0.1% of 1CRP permissible limits,

even if these exceed 10% of natural potassitim-^lO levels. lor

these reasons it seems highly unlikely that the export trade

in butter would be seriously impaired by a reactor accident,

except for the tomfiorary iodine-131 restrictions noted above.

2.7.5 - Fruit, and otlmr foods

The Danish data in table 9 above illustrate the

extent to which cuosium-137 in fallout contaminates various

foods, and contributes to human health hazards in consequence.

A significant export item which has not been mentioned is

fruit. It is extremely difficult to assess the effect of a

reactor accident on this item. Whilst long-term contamination

by Cs-137 seems most unlikely, nevertheless it would occur for

many years if uptake from the soil proved significant.

Decontamination of orchard, soil means removing the trees, so

it would be extremely costly, if necessary,,

Caesium in feed also accumulates in the muscle, liver and

kidneys of poultry, and it is estimated that up to four times

the daily intake of a fowl appears per kilogram of muscle

after continuous feeding on caesium containing foods. ^ This

is 100 times higher than for cows. However, the feed given

to poultry can be controlled and kept free of contamination.

2.7.6 - Radiation hazards to animals and plants

Table 5 shows that the concentration of Cs-137 in

cows and sheep would be about 1 (lCi/kg- of tissue at the

occupational limit two months after the accident, whilst the

average concentration over the first year would be about half

this. If all the gamma radiation omitted by this radionuclide

were wholly absorbed in the animal (more than 20% is

practically impossible), the resulting dose rate for a steady

body burden of 1 [iCl/kg would be about 12 rad per year.* An

experimental observation on sheep containing 1 mCi or about

8 jiCi/kg indicated a dose rate of 17 rad per year in
66)

reasonable agreement. ' Such dose rates continuing for a

year or two would not have any significant effect. Effects

on growth and productivity have been observed on animals

* see next page
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At first sight this calculated dose rate seems surprising

because a man continually consuming beef contaminated at

1 |iCi/kg, would receive about five times the ICRP limit of

dose rate, i.e., 2.5 rad per year, whilst a cow containing

1 nCi/kg receives about the samo dose rate. However, the man

consumes about 70 kg and hence 7° l̂ Ci of Cs-137 por year,

and if ho does so indefintely his Cs-137 level is estimated

to rise to about O.'l |iCi/kg, which is comparable with the

cow1s burden*



receiving some thousands of rads to their intestines as a

result of experimental administration of large quantities of

simulated fallout radionuclides, but this scale of dosage

greatly exceeds anything vliich could be contemplated beyond

the human occupation limit.

The dose to animal thyroids resulting from iodine-131

could be considerable, and this topic warrants further

consideration. Radiation effects on plants are also

insignificant at dose rates of 1 to 10 rad per year, but

damaging effects are observed after acute irradiation of a
67)

few thousand rads. '

2.8 Decontamination

The only really effective method of decontamination

of land is the rapid removal of the vegetation and topsoil to

a depth of three or five centimetres. If this was carried

out soon after contamination it would probably remove 99/'° of

the radioactive material, and good land with deep soil would

recover in time from this treatment. ' ' However, its cost

both in finance and energy expenditure - would probably prove

prohibitive on a large scale, and there are obvious problems

associated with inaccessible areas and subsequent migration

of residual contamination from these.

Conventional ploughing and cultivation would hasten the

entry and mixing of radioactive material into the soil over a

depth to which plant roots have access. This would reduce

the external gamma dose rate perhaps two or three-fold. It

would also reduce contamination levels in green growth in the

following season, and hence in milk and animals, to a

somewhat greater degree than would result from merely leaving

the ground untouched for a year. Figures 6 and 7 in section

2.4.3 illustrate thci result to be expected. '

Deep ploughing and grading are possible methods of

burying most of the surface contamination at depths of more

than 70 cm. ' ' Trials have shown that this is possible, but

costlv.68)

The following table 10 extracted from Appendix VI of WASH-

gives estimated costs and effect:

methods of decontamination of farm land.

go \
TtOO ' gives estimated costs and effectiveness of these



Tabl e 1 0; Cost and effectiveness of farmland decontamination
68)

Condition
of land

Tilled soil

Technique

Scrape surface and
dispose of it

Bury surface soil
in place by
grading

Reduction in .
contamination^ aJ

R (50

99

94

Decontami
Factorvb)

100

17

nation
DF

Unit cost
($/acre)

520-810

47-120

Grazing land

Orchards

Bury surface soil
in place by
deep plowing

Bury surface soil
in place by .
deep plowing^ '

Scrape surface
soil and
dispose of it

95.5

95.5

99
(e)

22

22

100

75

320

3OOO-5OOO

(a) Percentage reduction in amount of contaminant per unit of surface area.

(b) DF = 1OO/(1OO-R)

(d) Includes restoring land by reseeding grass.

(e) Includes (i) removing and replacing the plantings and (2) loss
of harvest for 5 years.



Chemical treatment of soil to reduce the uptake of

contamination into plants does not appear feasible on a

useful scale, although it has been considered. '• '

The limited decontamination of land and buildings inside

the occupational limit (i.e., between points E and F in Fig. 2)

is a somewhat different proposition. The major purpose of this

would be to wash off or remove easily removable contamination,

and to reduce external gamma radiation to levels which are

acceptable fox1 occupation. Tho WASH-1*100 report considers

that decontamination to about a twentieth of the original
5)level might be feasible, ' but the methods applied would

depend very much on the circumstances. Long1-term agricultural

hazards in this region would be severe and, on tho basis of

this report it appears conceivable that they might persist for

30 years unless decontamination proves effective.

3. ROUTINE OPERATION OF NUCLEAR POWER PLANTS

The radiation dose1- received by the public as a result

of routine emissions from nuclear power plants have been

considered very fully in numerous publications, and are
2)

summarised in a report in this series. ' Clearly, this is the

important criterion in assessing risks to human health, and

such risks can fairly be described as small or even trivial

under routine operation, as discussed, elsewhere. ' However,

the effect of nuclear power plant operation on food exports

might conceivably be assessed in terms of detectable rather

than dangerous levels of contamination by radioactive materials,

as discussed above in section 2.^.2, and it is therefore

necessary to examine records of radiological surveillance

studies at nuclear power stations. It has proved quite

difficult to obtain access co these, but three such reports

relating to American plants have been obtained, ' and

similar reports relating to Atomic Energy Commission

establishments in the USA are published routinely. ""'-^ The

following brief report is based mainly on those publications.

Routine omissions which might be detectable in foods

include iodine-131 i« gaseous emissions, and tritium (ll-3),

Cs-137i 03-134, Sr-90, Si—89, Ru-106, in liquid effluents
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together with a number of so-called activation pi'oducts

produced by neutron irradiation of reactor materials which

slowly corrode away and appear in the coolant stream. These

particularly include Co-60, Zn-65 and Ac-110m. Routine

analyses for these radionuclid.es in the aquatic environment

are carried out in river water, sediments, fish, shell fish,
77 7K \

and in seaweed. ' ' Readily detectable concontrations are

found; e.g. , of Zu-65 and Aff-110m in oysters, Cs-137 in frosh-

vator fisli, Ru-IOG in seaweed. '' Tn 1971, tritium occurred

in surface water near reactor sites in tho USA at an average

concentration of 0.6 nCi/l, with concentrations at some sites

of up to 7 nCi/l. ' In several cases, most of the small

dose received by nearby populations as a result of routine

effluents is due to tritium in water or to contaminated fish
2)

or seaweed. ' The possibility of this contamination of fish

and shell fish should be taken into account in siting a

reactor as it could conceivably affect local export markets

in these products.

The entr-y of radioactivity from routine emissions into

the terrestrial environment is more limited. The following

table lists some of the data given in surveillance reports:

Table 11. Radionunlide concentrations in various
natural products at sites near (less than
5 km) and remote; from nuclear povor
facilities and AKC nuclear facilities
in the USA

1-131 in milk (pCi/l)

Dresden (film) (^9
Yankee (PWH) (1971) J) 7n\
Haddam Neck (PWR) (197O) '
Hanford (AEC) (1969)'^

I-131 in bovine thyroids (pCi)

Yankee (POTi) (1971)~?{
Dresden (BWR) (1970)' '

Cs-137 in milk (pCi/l)

Dresden ( 9
Yankee ( 1 9 6 9 ) ^ 7O\
Haddam Neck (197O)' '
Savannah River (AEC) (197O)

Near sitcss

< 0.71
< 3
<; 3
< 1.3

< 2,21
• 31

7-13
50
19-32
11-33

Remote sites

< 0.71
< 10
< 10

< 3
< 7

19
22
1-50*



Table 11 (ctrl)

Cs-137 in deer and wild-life
muscle (pCi/kg)

Haddam Nock (1970)
70 )

Dresden (1969)7 ' '

Sr-90 in muscle of deer (pCi/kg)

Haddmu Neck (

Sr-90 in milk (pCi/l)
70)
69)1970

19(-.9
I96S

71)

Haddam Nock
Yankee
Dresden
Argorme (AEC) (iyuyj • ~p\
Savannah Hiver (AISC) (1970)'"'

Sr-90 in corn kernels and
husks (pCi/g)

Dresden (1968) kernels
11 husks

Tritium (11— 3) in snow and
milk (nCi/l)

ry -1 \

Dresden (snow) '
S avannah R iv er (AEC) ( 19 7 0 )
(milk)'''2)

Near sites Remote sites

1320,2550
60,90

2,3.6

2030,3740
'19,69

8.4,8.8

10-16
13,17

2.4-7.4
5-4

7-21

^0,1
0.7

0 . 5

0.4-1.4

8-10
8,8,11

"similar"
6*
2-10*

< 0. 1
O.(\

0 . 6

smaller*

*Kstinmtod from remarks in the report, or from background
levels reported for similar areas in the USA.

Iodine concentrates in the thyroid glands of cows as it

does in humans, and this fact makes analyses of bovine thyroids

a more sensitive test for releases of iodine-131 than analyses

in milk.' ' ' All the data available show that radioactivity

due to iodine-131 can only just be detected in milk at points

very near the site of release from nuclear power stations,

and then only if analysed soon after collection.

The data listed above appear to support the claim made

by the monitoring organisation of the Central Electricity

Generating Board in UK, ' namely, "there is no evidence that

(terrestrial) environmental radioactivity has arisen from

(nuclear power) station operation; all the activity being

accounted for by natural activity or nuclear weapon debris".

This statement relates to the situation up to 1964. As a

result surveillance monitoring procedures in UK have now

changed somewhat with the emphasis on direct monitoring of

airborne particles rather than routine analyses of milk. '
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There are some instances, notably in the case of Sr-90

in milk, whore a small increase above background levels

appears to hnve arisen from nuclear plant emission but such

increases are only just discernible. There appears to be no

reason for concern OVLT the effect that any such increase

might have on an export food market.



APPKNDTX X. Uptake of fallout radionuclidos into milk.

F.artlett, Scott Russell and Jenkins *' reported in 1972

that the concentration of Sr-90 in milk may be expressed by

C = p. F + po F ! i + po \_F ., „ exp(-1.2 5 k)n 1 n 2 n-1 ,b • j l— n- I , a l -^ '
+ F „ exp(-2 k) + F o exp (-3 k) + . . . Ji

where C is the annual ratio of Sr-90 to calcium in milk in pCi
n ^ *

Sr-90 (gCa)~ in year n; F. , P .. — are the deposits of Sr-90

in year n, n-1, etc., corrected for decay of Sr-90, in mCi
-2km ; the subscripts a and b denote the first and second

halves of year n-1 ; p., p 2 and p_ arc proportionality factors,

and exp(-k) gives the annual decrease in uptfike of Sr-90

from the soil, after1 allowing for radioactive decay. For UK

up to 1969, P-, = 0.70, p 2 = 1.41, p 3 = 0.2, and exp(-k) = 0.86.

If the deposit is the same every year so that F = F .. =

F „ = 1, but F 1 . = F , =0.5, then the contributions
n-2 ' n-1,b n-1,a '

to C for successive years given by this equation are as

follows:
Year n n- 1 n-2 n-3 n-10 n-30

C 0.7 0.713 0.147 0.127 0.044 0.002

Cdeca °*7 O.698 0.141 • 0.118 0.034 0.001

where C, allows for an annual Zfo loss by decay.

From these data we estimate that a single deposit of

Sr-90 of 10 (lCi/m would be expected to give an average

concentration in milk over the following year- of 0.007 to 0.014

|iCi(gCa)" or 0.008 to 0.016 (iCi/l. The upper estimate is

twice that calculated in table 3 for two months after

deposition (10 x 0. 15/50 = 0.030 [iCi/l). Estimates of

contributions from soil in succeeding years are as follows

for an initial deposit of 10 (iCi/m~, assuming \6°/o loss of

availability per year including radioactive decayj

lwo months Average
after release over
as in talkie first year

nCi/litre 30 16 1.6 0.3 0.009

Fraction
o f B

 2Q.
 2 1 0.1 0.02 0.0006

Bruce" makes similar estimates for the first and second
years.
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Aakrog ' in 1971 used simpler expressions, without
allowing for decay or increasing lack of availability from

soil,to express strontium and caesium concentrations in milk in

Denmark and the Faroes as follows:

For Denmark, where the ratio pCi Sr-90 (gCa)~ /pCi

Cs-137 (gK)" in milk is typically 2 to 3 :

C = 0.92 F + 0 . 6 1 F + 0 .13 F
Sr n n-1 x

C = 3.65 F + 1.59 F + 0 .057 F

C s 11 n - 1 x

For tVio Faroes, where the same ratio is typically 5 to 6,

Cs concentrations in milk are typically 10 to 3Q times these

in Denmark, and Sr concentrations are typically six times

those in Denmark s
Co = 2.43 F + 2.09 F , + 0.30 FSr n n-1 x
C^ = 10.6 F + 11.5 F , + 2.08 F
Cs n 21-I x

In these expressions F , F - , and F are the deposits

in year 11, n-1, and the sum of all yeai's before n-1, whilst

Cg is in pCi Sr-90 (gCa)~ and C C g is in pCi Cs-137 (gK)"
1.

From the first or the sum of the first two terms in these

expressions for Danish soils, wo estimate the average Cs

concentration in milk over the first year after a single
Q 1

deposition of 10 [iCi/m as about. 0.005 |.iCi (gK)" x 1.6 g K

per litm or 0.008 nCi/l. A similar conclusion is reached

by Bruce, ' using the data of Bartlett and Russell. •* This

yearly average estimate is about 2.5 times less than that

estimated in table 2 for the concentration two months after a

release.

It is not possible to estimate soil contributions after

a single deposit directly from these data, but they provide

useful comparisons. Since FJv is 0.141 for Sr, and O.OI56

for Cs in the "normal" soils of Denmark, we might expect the

second year soil contribution for Cs in milk to be O.015/O.i4i

or about a tenth of that estimated above for strontium. This

was a tenth of the previous year's average, so the contribution

to the caesium level in milk two years after a release might

be 1$ of the first year's average; Bruce estimates less than

0.1/6.0 (less than 1.4^o).20^ UNSCEAR29' in I969, estimate

that recent deposition contributes 33 times more to concentrations
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in milk than do earlier depositions, per unit of deposition.

This implies thut the second year soil contribution for

caesium might be 3c/& instead of the '\°/o estimated above. However,

this conclusion was reached by regarding a total of three

years as "recent" and the same analysis based on 1-J- "recent"

years before the caesium reaches the soil (as assumed elsewhere)

would lead to factors much higher than 33 quoted above.

If the same reasoning is applied to the Faroese soils

which somewhat resemble those in Taranaki with regard to

Cs/Sr ratios in milk, then we estimate (F /F ) / (F/F) =

1.6, as compared with 0.11 for Danish soils. Hence the

second year soil contribution could be as high as I65&, though

this seems unlikely. Wo shall assume 5% for Taranaki soils

as compared with Vh for those in the South Isltind, but this

is offset in later yeax-s by the faster migration of caesium

belov the plant root level. For this we allow Z.O<jb annual loss

of availability as compared with 10% for South Island soils.

These estimates and future speculations based on them

are summarised below for an initial deposition of 10 jiCi/m

of Cs-137:

A B C D E
2 months Average over 2nd 10th 30th
after release first year Year Year Year
as in table 2

South Island soils
nCi/l
Fraction of 13

The 10th and 30th
availability per

Taranaki soils

The 10th and 30th
availability per

200
2.5

year estimates
year.

200
2.5

year estimates
year.

80
1

assume

80
1

assume

0.8
0.01

10^ loss of

4
0.05

20$ loss of

0.3
0. 004

0.6
0.008

0.04
0.0005

0.006
0.0000

It is not possible to compare these estimates with those

made in WASH-1 400, f 01" this report employs a different approach.

The transfer rate from soil to pasture assumed f.r caesium is

0.23/5 or 4,6$ of that assumed for strontium. Much higher

rates of loss of availability are assumed in this report

$ per year for Cs; 10> for Sr).



KEY TO REFERENCES

Many reports have been listed as letter codes. The
following list gives the publication source for these

AAEC - Australian Atomic Energy Commission (Sutherland, NSW)

ACRL=ARCRL - Agricultural Research Council Radiological
Laboratory (Risley, UK)

AEC - U.S. Energy Research and Developement Agency
(Washington, DC)

AECL - Atomic Energy of Canada Ltd (Ottawa, Ontario)

AERE - Atomic Energy Research Establishment (Harwell, UIC)

ANL -
BNWL -
BRH/DER -
CONP -
DBE=BRH/DBE -
EPA -
ERDA -

UoS. Energy Research and Development Agency
(Washington, DC)

DSIR Report NIP- See NIP

EUR - European Atomic Energy Community (Brussels)

IAEA/STI -
IAEA/INFCIRC -
IAEA/WHO -

International Atomic Energy Agency (Vienna)

ICRP -

IEEE -

INFCIRC

INSL -

LA -
LA-UR

NCRP -

NIP -

NRC -

NRL -

NRPB -

-1

International Commission for Hadiological
Protection (UK)

Institute of Electrical and Electronics Engineers
(New York)

- See IAEA

held by the library, Institute of Nuclear Sciences
(Lower Hutt)

U.S. Energy Research and Development Agency
(Washington, DC)

National Council on Radiation Protection and
Measurement (USA)

"Nuclear InPut" - file held at the Institute of
Nuclear Sciences, DSIR (Lower Hutt). The six-digit
number following some references is the abstract
number in the NIP file (e.g., OOO398)

U.S. Energy Research and Development Agency
(Washington, DC)

National Radiation Laboratory (Christchurch, NZ)

National Radiation Protection Board (UK)

OECD/NEA - Organisation for Economic Co-operation and
Development, Nuclear Energy Agency (Paris)

ORNL -
0R0 -
RD -
USAEC -
WASH -

U.S. Energy Research and Development Agency
(Washington, DC)
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