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ABSTRACT

Milk and milk products constitute a substantial portion of the human diet and

represent one of the principal means by which food-borne radionuclides are

ingested. The Chernobyl accident and subsequent widespread contamination

demonstrated clearly that the dairy industry is highly sensitive to air-borne

pollution. In this report, the results of a project to study the transfer of

radiocaesium from whole milk to a wide range of milk products manufactured by

the Irish Dairy Industry are presented together with a review of the relevant

literature.

It is evident from the data obtained in this project that the behaviour of

radiocaesium conforms closely to expectation. Radiocaesium follows the skim

portion of the milk (9351) with very little going with the cream {17.). The

percentage of the original radioactivity is even less in the butter (0.85%)

as the fat content is higher. Casein, extracted from the skimmilk, carries

with it little caesium (0.32%). Whey, the by-product from casein production,

contains ~9O% of the activity in whole milk. Lactose, which crystallizes out

of the whey, carries ~1% of the activity, leaving the remainder in the

by-product, termed delactosed whey. Demineralized whey retains 6% of the

original activity, whilst cheddar cheese incorporates between 2 - 11% of the

activity in the whole milk depending on the type of cheese. Thus, in the

event of milk becoming contaminated it is recommended that production be

directed away from the 'drying to powder' of milk, skimmilk, whey and

delactosed whey, and should instead be directed towards the production of

demineralized and fat containing products. When milk products in the normal

diet are to be substituted by others with a lower radioactivity content,

consideration should be given to dietry intake requirements e.g., protein and

calorie intake, especially where young children are concerned.

Finally, in the light of recent E.C. regulations on permissible radioactivity

levels in foodstuffs following a nuclear accident, together with E.C.

radiological protection criteria for controlling doses to the public in the

event of accidental releases of radioactive material, guidelines and

recommendations for the industry and national authorities are presented which

may help to facilitate a prompt response in the event of such an incident.



1. INTRODUCTION

Milk, a white coloured fluid of low viscosity and slightly sweetish taste, is

a complex mixture of proteins, fats, carbohydrates, salts and water. Some of

its constituents such as milk-fat, sugar and protein are not found elsewhere,

either in the body or in nature. The quantity of the main constituents of

milk can vary considerably between cows of different breeds and individual

cows of the same breed. Therefore, only limit values can be stated for the

variation. Typical values for milk composition are given in Table 1. The

dairy industry is unique in producing from a single raw material a complex

range of products. Nowadays, variations in the composition of milk from one

country to another are usually quite small. International Standards proposed

by the International Dairy Federation, the Food and Agriculture Organization

of the United Nations, and the World Health Organization have done much to

standardize dairy products throughout the world.

Milk is a perishable raw material which must be stabilized against

bacterial spoilage and which can be converted into consumable products

through a multiplicity of processing procedures. Pasteurization and more

rigorous heat treatments, such as sterilization, are required for

microbiological control in the interest of public health. Other processes,

such as homogenization, concentration, dehydration, freezing, renneting and

churning, are employed to modify the composition of milk en-route to the

production of the myriad of dairy products available to the consumer.

Radioactivity of milk transferred through the food chain via forage and water

intake by ruminants is a good indicator of the degree of environmental

contamination post accident. Milk and its products constitute a substantial

portion of the human diet and represent one of the principal means by which

food-borne radionuclides are ingested. The Chernobyl accident and subsequent

widespread contamination demonstrated clearly that the dairy industry is

highly sensitive to air-borne pollution. Consequently, much attention has

been given to possible ways of limiting the transfer of environmental

contaminants to man via milk. Three methods of approach offer themselves: (a)

prevention or reduction of the entry of radioactivity into milk; (b)

identifying those milk products with least contamination with a view to
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expanding their production; and (c) removal of radionuclides from milk by

appropriate ion exchange techniques.

The second option was addressed in detail in this study whose overall

objectives were as follows:

1) To conduct a thorough and systematic search of the published

literature with a view to:

(i) compiling a comprehensive bibliography of relevant

publications;

(ii) carrying out a critical review of this corpus of

knowledge; and

(iii) identifying shortcomings in our present understanding and

making recommendations regarding possible future research.

2) To carry out detailed field studies of the transfer of radiocaesium

to dairy products following the processing of contaminated whole

milk with particular emphasis on transfer coefficients; and

3) To formulate guide-lines for the dairy industry which will enable the

industry and Public Health Authorities to respond promptly in the

event of contamination following a nuclear accident.

2.



2. LITERATURE REVIEW

There has been considerable interest over the years in the possibility that

contaminated milk can be processed into a less contaminated food with a

consequent reduction in the radiation doses received by consumers. Published

reports date back to the sixties following research conducted in the

aftermath of the atmospheric weapons testing programmes of the late 1950s and

early 1960s. Since then few data have been published until recently, when

there has been renewed interest due mainly to the Chernobyl accident. Few

attempts have been made to review this literature [2, 3, 4].

The comparability of data is hindered by the variety of definitions used in

the literature to define changes in the radionuclide content of food [2]. In

the case of milk the situation is not as acute as only two definitions have

customarily been used, namely:

a) the total amount of a radionuclide in processed food divided by

the total amount of this radionuclide in the original raw food. Known

as Fp, this fraction of the radionuclide which remains in the

food after processing is often expressed as a percentage; and

b) The ratio of the radionuclide concentration as measured in the raw

and the processed product.

The Fp or 7. transfer value is thought to be the best way to define changes

in radionuclide content because (i) much literature data is already

defined in this way, and (ii) conversion to Fp values appears to be possible

for nearly all collected literature data.

In most of the early studies the milk was obtained from animals artificially

fed on radioactive materials and the products were prepared on a small-scale

batch basis in the laboratory. Few studies were carried out on samples

containing environmental levels of radioactivity which had been obtained from

commercial milk processing plants.

Radiostrontium, radioiodine and radiocaesium are amongst the few

radioelements whose behaviour under dairy processing has been studied to a

significant extent. Indeed, in the early work more emphasis was given to

radiostrontium than radiocaesium. Post-Chernobyl research has focussed mainly
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on iodine-131 and radiocaesium.

As early as 1957, Booker 15] measured the radiocaesium and radiostrontium
levels in dried milk. In this paper the method used for measuring 'fallout'
caesium-137 and natural potassium is described and the caesium~137
concentrations observed during the period 1954-1956 are compared to the
strontium-90 concentrations in the same samples.

The method chosen to determine caesium-137 and potassium-40 activity was by
gamma analysis using a 3" x 3" Nal(Tl) crystal and five channel analyser.
Skimmed dried milk samples dating from 1953 to 1957 were analysed. Potassium
levels were found not to vary significantly between samples but the
caesium-137 activity showed a sharp increase by a factor of 3. A similar
increase was noted for the strontium-90 content of milk [6J, and was
associated with the observed sharp increase in the rate of fallout in May
1955 [7]. The increase may also have been related to the fact that at about
the same time cattle normally change from winter feed (harvested in the
previous summer) to 'contaminated' summer feed. A similar, but less marked,
step was detected in 1956.

In regard to studies conducted to investigate the transfer of radionuclides
to milk products in the course of processing, one of the earliest was in 1960
by Demott and Cragle [8], who examined the distribution of strontium-89 and
calcium-45 in skimmilk, cream, Cheddar cheese and whey from milk obtained at
various times following ingestion of these nuclides by Jersey cows. They also
looked at how this distribution compared for products made from dosed milk as
opposed to dosed cows. In the former case they found that the concentrations
of these nuclides in cream (407. fat) were approximately half those in the
whole milk from which it was separated, whilst the concentrations in skimmilk
were slightly higher. The concentrations in the cream separated from dosed
milk were also halved. They further observed that cream containing
strontium-89, after repeated washings by dilution and reseparation, resulted
in a product essentially free of this nuclide. Variations in strontium-89
concentration in cream after separation were greater for cream from dosed
cows. This can be partially explained on the basis of the time lapse between
dosing of the cow and the separation process.

4.
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Cheddar cheese produced from milk containing strontium-89 and calciun-45

showed a slightly larger ratio of strontium-89/calcium-45 than did the milk

from which it was made. Fourteen vats of cheese made from dosed

milk were examined and shown to have a mean

strontium-89/calcium-45 (cheese)
strontium-89/calcium-45 (milk)

ratio of 1.23 ± 0.28, whilst four vats of cheese made from the milk of dosed

cows showed a ratio of 1.06 ± 0.12. The strontium-89/calcium-45 ratio in whey

was less than in the milk. These results indicate that cheese contains

more strontium per gram of calcium than does the milk from which it is

made, a point worth noting if considering the manufacture of cheddar

cheese from milk contaminated by strontium.

Lengemann [9] studied the distribution of strontium-85 and caesium-137 in a

range of common dairy products produced from milk obtained from Holstein cows

being given daily oral doses of these nuclides. The milks were divided into

whole milk, skimmilk and cream. The cream was then used to produce an

unsalted sour cream butter, the whole milk an unwashed cheddar curd and the

skimmilk a washed cottage cheese curd. Lengemann also quoted the weight of

the materials and the moisture content of the products so that a comparison

can be made between these laboratory products and their commercial

counterparts. He observed that about 93% and 7% of the strontium-85 activity

present in the whole milk was transferred to the skimmilk and the cream,

respectively. The figures for caesium-137 were almost identical at 94% and

6%, respectively. Soxplet extraction of the cream indicated that no

radioactivity was associated directly with the fat and explained the low

degree of transfer from whole milk to butter. All researchers appear to be

agreed on this point. Indeed, Assimakopoulos et al. [10, 11], in a

comparative study of the transfer of iodine-131 and radiocaesium from sheep's

milk to cheese (Gruyere) products following the Chernobyl accident,

demonstrated that caesium showed a preferential concentration in aqueous

by-products, doubtless, due to its considerably greater solubility in aqueous

media. To further emphasize this point Lengemann found that 3.6% of the

radiostrontium in cream was recovered in the butter. This translates into a

0.6% transfer from the whole milk. Similarly with the radiocaesium, 5.1% of

the activity was transferred from the cream, which amounts to 0.3% of the

5.
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activity in the whole milk.

The transfer of strontium-85 from whole milk to cottage cheese, at 2.7%, was

much less than for the cheddar cheese (49%). This is not surprising given the

relative calcium contents of the two types of cheese and the fact that Demott

and Cragle [8] demonstrated that only minor differences exist in the

behaviour of calcium and strontium during cheese manufacture. Much less

caesium than strontium was recovered in the cheddar cheese (7.7%), which

probably reflects the degree of association of these nuclides with the

protein. Also, only a very small fraction (1.1%) of the caesium was found

in the cottage cheese.

Similar results to those obtained by Demott and Cragle [8] and Lengemann

[9] for radiostrontium were arrived at by Buma and Meerstra [12], who

studied the transfer of fallout strontium-89 and strontium-90 from raw milk

to Gouda cheese and whey. Buma and Meerstra concluded (from the results

obtained by Demott and Cragle, and Lengemann) that the manner in which the

strontium-tracer is introduced into the milk may influence the transfer of

this isotope from the milk to the cheese. Accordingly, in order to study the

movement of fission products through the food-chain, they considered that it

was preferable to measure the 'fallout' strontium activity in milk and its

products. In a period of relatively high strontium radioactivity, weekly

samples of raw milk and the curd, whey and cheese (Gouda) made from it, were

taken from a cheese factory and measured for radiostrontium. The mean value

of the

strontium/g calcium in (cheese)
strontium/g calcium in (milk)

ratio was 1.18 ± 0.08, whilst the corresponding whey/milk ratio was 0.68 +

0.04. Both values are in close agreement with those found by Demott and

Cragle for cheese made from dosed milk.

Dubrovina and Belova 113] examined the relative transfer of calcium, stable

strontium and strontium-90 from bovine milk during standard processing to a

wide range of dairy products including cream, skimmilk, casein, butter,

buttermilk and cottage cheese. They found that the relative content of

strontium-90 per gramme of calcium and per milligramme of stable strontium

6.
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was practically the same in all these products and that only 4 - 57. of the

strontium-90 passed from milk to cream and less than 1% to butter, in

agreement with Lengemann's results. The absolute content of strontium was not

uniform in the various products, it was highest in casein - the protein

fraction of milk - and lowest in cream. In terms of percent transfer from

whole milk, between 20 - 257. of strontium and calcium were recovered in the

casein and 60 - 70% in buttermilk. Ohmomo and Tsugo [14] reported that when

whole milk was separated into skimmilk and cream about 90% of added

strontium-89 and caesium-134 were transferred to the skimmilk component.

Washing was found to remove both nuclides from the cream. Little or no

radioactivity was detected in the fat fraction of the butter, whilst most of

the caesium-134 ended up in the whey fraction. Approximately 45% of the

strontium-89 in the original milk was found in Gouda-type cheese and proved

quite difficult to remove.

Calapaj and Ongaro [15] carried out laboratory and semi-industrial

investigations on the passage of strontium-90 and caesium-137 from fallout

contaminated milk to butter and cheese with results which confirmed previous

studies. Both strontium and caesium were present in butter to less than 1.5%.

On the other hand, in rennet coagulation the strontium-90 in the coagulum

ranged from 80% to about 20% of that present in the milk and decreased with

increasing acidity in a similar fashion to calcium. The caesium-137 in

coagulum was always less than 10% and was independent of the acidity.

Kirchmann et al. [16] evaluated the possibilities of using milk products made

from milk contaminated with strontium-85, iodine-131 and caesium-134 at

levels in excess of the standards prescribed for direct human consumption

and, like Demott and Cragle [8], examined whether the distribution of these

nuclides was identical in products made from milk contaminated in vivo and in

vitro. The products studied were manufactured on a laboratory scale geared to

the technological processes used in the dairy industry. The mode of

contamination was found to have little influence on the distribution of these

nuclides in skimmilk, cream, butter and buttermilk with the exception of

iodine-131 in butter, which differed by a factor of at least 2 depending upon

the mode of contamination. Furthermore, radiostrontium contamination of

cheese-type products made from milk contaminated in vivo was very strongly

7.
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influenced by the mode of coagulation, whereas it would appear to be of

little importance in the case of milk contaminated in vitro. Kirchmann also

compared the uptake of radionuclides in the various products and examined the

possibility of using milk contaminated by fission products with particular

emphasis on the effect of technological processing on the distribution of the

radionuclides in certain products. This last point was also investigated by

Dubrovina and Belova [13], Calapaj and Ongaro [15], and Micic et al. [17,

18]. The former two recommend acid coagulation for cheese production as the

strontium concentration in the coagulum decreased with increasing acidity.

The latter demonstrated that biochemical composition and technological

procedures in milk processing can contribute to a reduction in potassium-40

levels in milk products and, by extension, caesium-137 levels.

Lagoni et al. [19, 20], in a survey of the distribution of weapons fallout

strontium-90, iodine-131 and caesium-137 in milk products, reported that

strontium and caesium were only detected in the non-fat constituents of milk,

whereas part of the radioiodine was also present in the milk fat. They

measured the strontium-90 levels in acid and rennet casein and obtained a

transfer from the whole milk of 6.3% and 84.751, respectively, confirming the

results of previous studies. The distribution of caesium and strontium across

the products were found to be similar except for casein and cheese. Iodine,

on the other hand, though behaving in a similar fashion to caesium, is

present in butterfat (2.1%). The mode of coagulation for casein production

appears to affect the iodine distribution (3.9% and 2.0 % for acid and rennet

casein, respectively), though the difference is not as marked as for

strontium.

Reavey [21, 22] investigated the distribution of strontium-90, iodine-131 and

caesium-137 in samples of whole milk and milk products obtained from two

processing plants serving the Boston area in the U.S. The levels of the

radionuclides observed were those present in the environment due to weapons

testing fallout. Under these conditions the behaviour of the radionuclides

would be representative of actual field conditions, unlike most previous

studies where the milk was obtained from cows fed on contaminated feed and

the products then manufactured on a laboratory scale. Reavey, in accordance

with previous studies, observed that the relative distributions of

8.
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strontium-90 and caesium-137 in milk and milk products were similar, with

cottage cheese, heavy cream and butter retaining by far the smallest

concentrations. He also investigated the stable calcium and potassium content

and found that the strontium-90 to stable calcium ratio and caesium-137 to

stable potassium ratio showed little variation and concluded that

strontium-90 follows calcium and caesium-137 follows potassium in each of the

separation processes examined.

Reavey also looked at the distribution of iodine-131 in milk products. He

observed that in the cream, in contrast to caesium and strontium, the

specific activity of iodine-131 was twice that of the original whole milk.

This translates into a 20% transfer (cream is 10% by weight of whole milk),

as opposed to an approximate 67. transfer for caesium-137. The iodine-131

concentration in evaporated skimmilk (a concentrate containing 407. milk

solids) was about 25% greater than that in the original whole milk. However,

given the weight loss by evaporation, ~80%, the iodine-131 content amounts to

only about 307. of that in the original sample. This indicates a direct loss

of iodine-131 in the evaporation process. Continued evaporation to produce

non-fat dry milk reduced the iodine-131 content still further, to 87.. This

finding is in disagreement with that of Raymond and Williams 123], who

reported no loss of iodine-131 content in the preparation of evaporated whole

milk and only a 407. loss in preparation of non-fat dry milk. Reavey suggested

that this discrepancy could have been due to the different manufacturing

processes employed.

In 1984, Kerkhof Mogot et al. [24] investigated the extent of iodine-131

losses during the processing of contaminated whole milk into milk powder.

Unlike previous researchers [21, 22, 23], who obtained milk from milk

processing plants, Kerkhof Mogot et al. used milk from a cow to which a known

quantity of iodine-131 was administered orally on each of 4 successive days.

The milk was pasteurized, concentrated by evaporation and spray dried.

Samples of milk taken before and after pasteurization were analysed for

radioactivity content, as were samples of the milk concentrate and distillate

to determine any possible losses of radioiodine.

The results of the study demonstrated that in the manufacture of whole milk

9.
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powder no loss of radioactive iodine in volatile form occurred, neither

during pasteurization and evaporation of the milk, nor during drying of the

concentrate in the spray drier. This conclusion was based on the observation

that throughout the whole process the radioactivity per kg of dry matter was

almost constant. With regard to the evaporation process, this conclusion is

confirmed by the absence of radioactivity in the distillate. This result is

in reasonable agreement with that obtained by Raymond and Williams who found

some loss of radioactivity in drying. This loss could possibly be attributed

to the fact that in the drying tower the powder may not be completely trapped

in the cyclone and a proportion of the powder may be left behind on the wall

of the drier. With regard to the pasteurization step, Demott and Easterly

[25J have shown that iodine-131 is not volatile when milk is heated to 70°C

in a vacuum.

Mayes White and Moghissi [26], in order to evaluate the potential radiation

exposure of man, studied the transfer of iodine-131 from in vivo and in vitro

labelled cows' and goat' milk to cheese. Like all previous studies on the

transfer of radionuclides to cheese, the results displayed a strong

dependence on the type of cheese manufactured [16]. Mayes White and Moghissi

observed that for in vivo labelled milk the percent transfer was 7.9.7. for

goats milk (80g cheese/litre of milk), 117. for milk from a Holstein cow and

17.77. from a Jersey cow. The corresponding results for the in vitro labelled

milk were 6.27. (66g cheese/litre of milk), 117. and 157.. Evidently the mode of

contamination does not greatly influence iodine distribution. However storage

time of the milk before cheese manufacture does, with increased transfer

occurring for a longer storage time.

Little was published after 1965 until the Chernobyl accident when Kandarakis

and Anifantakis [27] examined the distribution of iodine-131, caesium-134 and

caesium-137 in products produced from ewes milk by different processes. The

percentage transfer of the three nuclides from the raw milk to the products

were found to be 4%, 3% and 3%, respectively, in the case of cream, 177., 10%

and 97. in cheese, 57., 47. and 47. in myzithra, and 45%, 38% and 347. in strained

yogurt.

Other studies, carried out in this period by Everitt and Paulsson [28],

10.
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Assimakopoulos et al. (10, 11], Antila et al. [29], Kankare et al. [30, 31]

and Pirhonen et al. (32], confirmed that caesium is mainly found in the

non-fat constituents of milk, while some of the iodine is also present in

milk fat. In cheesemaking, 5 - 10% of the caesium is transported to cheese

and the rest to whey [28, 29]. Assimakopoulos et al. [10, 11] highlighted

an interesting feature regarding the ripening time of cheese during which

period there occurs a 30% loss in weight (presumably dehydration) resulting

in an increase in specific radioactivity. It is important to appreciate

that Assimakopoulos' study was conducted on sheep' milk and Gruyere cheese,

unlike previous studies which examined cows' milk and cheddar/cottage cheese.

Furthermore the "cream" referred to was separated from the whey rather than

from the whole milk. This would account for the very low percentage transfer

of approximately 0.3% compared to about 5% for the normal separation in

cows' milk. However, the percent transfer of caesium to cheese is in good

agreement with that obtained by Lengemann for cheddar cheese produced from

cows' milk.

Wilson et al. [33] and Wood et al. 134] investigated the transfer of

radiocaesium from milk collected in Cumbria, U.K. to a range of commercially

available dairy products produced on a pilot/laboratory scale. Their data

showed clearly that radiocaesium concentrates in the aqueous fractions during

separation and thus high fat fractions and high protein fractions are

relatively depleted in radiocaesium. Furthermore, it was confirmed that

caesium is comprehensively removed from whey during ion-exchange

demineralization. They demonstrated that from a commercial viewpoint, the

products containing least radioactivity on an 'as sold' basis are the

cheeses, high fat products and demineralized whey powders.

Small differences in actual percentage values for the transfer of a

particular nuclide can be accounted for by differences in the methods of

processing and the composition of the milk itself. Although the processing

schemes are, in principle, similar, no two creameries conduct a process in

exactly the same way. This is the case particularly for cheese production

which varies considerably in the different creameries. The composition of

the milk will also have a bearing on transfer ratios, e.g., the fat content

of the cream is known to affect the amount of activity that is transferred.

11.
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As caesium favours the aqueous fractions, it follows that the higher the fat

content of the cream the lower the activity transferred from the whole milk

to the cream.

Pappas et al. (35] adopted a slightly different approach and investigated the

transfer of radiocaesium from ovine milk to feta cheese in a series of

experiments in which modifications were made to the standard cheesemaking

procedure. Not surprisingly, they found that the percentage transfer of

radiocaesium during feta cheesemaking was practically independent of the

factors entering the production stage, e.g., percentage of culture employed

and coagulation temperature of milk. Arising from this, their subsequent

experiments focused on the possibility of a reduction in radiocaesium

concentration during the storage phase. The experiment involved periodic

replacements of the storage medium (brine). With each replacement of the

brine both the cheese and the removed liquid were measured for radiocaesium

content. A reduction of caesium-137 concentration was observed and the

results satisfactorily validated the predictions of the simple

two-compartment model simulating the diffusion of an ideal gas through a

bi-directional membrane. The final product was examined with regard to

alterations in composition and palatability. Though some changes did occur,

the product in all cases was found to be acceptable.

Further published work pertaining to radionuclides in milk and milk products,

though not addressing directly the transfer of radioactivity during

processing, will be addressed in Section 4 of this report.

Data, from the studies reviewed above, on the percentage distribution of

radiocaesium in a wide range of dairy products, are summarized in Table 2.

It is evident from an examination of this table that there are gaps in our

knowledge regarding the transfer of caesium to certain milk products.

Although the percentage transfer to cream and skimmilk and then to butter is

well established, few studies have been conducted on the transfer of

radionuclides to whey and its derivatives, a point also brought out by Giese

[361. This is not surprising given that in the past whey was usually

considered a waste by-product and it is only in recent years that whey and

12.
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its derivatives have been manufactured on a commercial scale. The few data
that are available indicate that approximately 90% of the activity ends up in
the whey fraction.

13.



3. METHODOLOGY

The flow diagram in Fig. 1 illustrates the principal milk processing

pathways. This is typical for a large European creamery. The end products in

this diagram are, for the most part, those produced in the greatest

quantities. Many of these end products are in turn often used as ingredients

for other dairy products and foodstuffs in general (Table 3). The importance

of understanding, in a quantitative way, how radiocaesium (and indeed other

fission and activation products) are transferred from whole milk to an

extensive range of milk products is therefore evident.

Having identified the principal milk processing pathways and the major dairy

products, the choice remained as to which creameries would be the most

suitable from which to obtain samples. Three of the largest Irish producers

were chosen principally because of their wide range of products. A systematic

method of sampling was devised which incorporated all the principal

processing pathways.

The following is a brief outline of the pathways studied:

STARTING PRODUCT > END PRODUCT

(A) Whole milk —> Whole milk powder

(B) Whole milk > Cheese + Cheese whey

(C) Whole milk > Skimmilk + Cream

(D) Skimmilk —> Skimmilk powder

(E) Skimmilk > Casein + Casein whey

(F) Cream —> Butter/Butteroil +Buttermilk

(G) Whey —> Whey powder

(H) Whey > Lactose + Delactosed whey powder

(I) Whey —> Demineralized whey (Demin whey)

(J) Whey —> Lactose + Partially demineralized

delactosed whey (Demindelac)

(K) Demin whey —> Demin whey powder

Sampling of the above pathways, facilitates the determination of

14.
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Methodology

radiocaesium transfer from whole milk to any dairy product. For example, the

transfer behaviour of caesium from whole milk through to lactose can be

determined by examining paths B, C + E and H (Fig. 2).

The milk production cycle in Ireland, as indicated by the percentage monthly

milk intake by creameries, is given in Fig. 3 and highlights the untimeliness

of the Chernobyl accident, occurring as it did at the beginning of peak

production. In the aftermath of the Chernobyl accident, radiocaesium levels

in Irish milk declined steadily from approximately 200 Bq/kg in early May to

about 3 Bq/kg by late October 1986 [37, 38]. By December 1986 mean levels had

risen to about 10 Bq/kg, as farmers reverted to winter feed harvested the

previous summer when levels of contamination were higher.

Given the distinct pattern of production throughout the year, it was decided

to initiate sampling at the onset of peak production and to continue sampling

periodically to the end of the year, by which time many creameries cease

production of milk products. In this study, a total of 400 samples of milk

and milk products were taken at three creameries over identical seven-month

periods in 1988 and 1989. The timing and the number of samples collected from

each creamery is given in Table 4.

Two high resolution gamma spectrometers were employed in the present work.

The first, a lithium-drifted germanium detector linked to a Silena 8K MCA

equipped with digital spectrum stabilisation and interfaced to a VAX 11/785

computer, and the second, an ultra-low background intrinsic n-type germanium

detector linked to a P/C based MCA. Both detectors were heavily shielded with

aged lead and spectra were analysed using modified versions of the gamma

spectra analysis programme SAMP080 (39). Before any measurements were

conducted and specific activities determined, an efficiency calibration of

each detector was performed using a certified malti-line source whose

emission rates per gram of solution were known. In this study the standard

used was the Reference Material SRM-4276, supplied by the National Institute

of Standards and Technology (NIST). It is composed of Sb-125 + Te-125m,

Eu-154 and Eu-155 in solution and provides 19 useful calibration points

between 27 keV and 1596 keV. This solution was used to prepare laboratory

standards identical in geometry and density to the samples being analysed.

16.
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The calibration spectra were recorded for ?A hours and efficiency functions

determined for each of the different geometries used.

Samples were measured for periods ranging from 1 - 4 days depending on the

activity. A typical spectrum is shown in Fig. 4. Reliability and traceability

to the NIST, was established by the use of the above mentioned

mixed-radionuclide standard (SRM 4276). The laboratory also participated in a

number of international intercomparison exercises. The one most relevant to

this project was the Asfalec ring test on the radioactivity content in dried

milk powder, organised in 1987 by the Netherlands Controlling Authority for

Milk and Milk Products. Satisfactory agreement, within the overall

uncertainties, was achieved in this test.

19.
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4- RESULTS & DISCUSSION

The results of the analyses of the various pathways considered in this study

are presented in Tables 5 - 2 5 . The caesium-137 concentrations in whole milk,

though low, were relatively uniform throughout most of the study period, with

values ranging from 0.2 Bq/1 to about 1.1 Bq/1 (only one sample measured

greater than 1 Bq/1). By way of comparison, prior to the Chernobyl accident,

the mean caesium-137 concentration in Irish whole milk was 0.09 Bq/1 [40].

The near steady-state situation which prevailed was not without advantage in

the determination, under commercial/industrial rather than controlled

laboratory conditions, of representative transfer factors. The calculation of

the percentage transfer of a particular radionuclide from starting material

to end product is straightforward, requiring only the concentration of the

radionuclide in both materials together with the yield of the relevant end

products, i.e., the quantity of starting material required to produce 1 kg of

end product. The latter can and does vary from creamery to creamery depending

upon the particular processing method employed and the composition of milk

(Table 1), which can change considerably according to season and weather

(Figs. 5 & 6).

The distribution of caesium-137 in the different products analysed in the

present study, expressed as a percentage of the activity in the starting

material of the particular pathway, is presented in Table 26. The

percentage activity transferred from whole milk to each product is presented

in Fig. 7 and detailed in Tables 27 & 28. It is evident from these data that

the behaviour of caesium-137 conforms closely to expectation with the bulk of

the activity following the skim fraction, leaving the fat fraction relatively

free. The measurements indicate that, on average, 937. of the activity remains

in the skimmilk, well within the range of 85 - 997. observed in previous

studies. [9, 14, 19, 20, 21, 22, 29, 30, 33, 34}. Wilson et al. [33] and

others [10, 11, 27, 28, 29, 30, 31] have demonstrated that caesium, a highly

soluble monovalent cation, has a strong tendency to concentrate in the more

aqueous fractions during physical separation, whilst the fat fractions and

high protein fractions are relatively depleted in caesium. The data from this

study is in excellent agreement with these findings; for example, the

7.1.
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Results and Discussion

percentage transfers to cream and cheddar cheese are 6.57. and 6.9% ,

respectively.

The percentage activity transferred to cream depends on its fat content,

which explains the wide range of values found in the literature (3 - 16%).

In this study, the fat content of the cream was typically 40%.

The caesium-137 concentration in cheese depends significantly on the type of

cheese made and the processing method used. Kirchmann 116] demonstrated this

clearly by measuring the activity transferred to a wide variety of cheeses;

hard, soft, acid or rennet. This is reflected in the wide range of values

reported in the literature. In the present study, an average transfer of 6.9%

was observed. In certain cases the activities measured were below detection

limits and could not, therefore, be used to determine the percentage

distribution. Overall, 91% of the caesium was found in the cheese whey.

The bulk of the activity that remains in the skimmilk is transferred to the

casein whey (~83%). The levels of activity in the casein itself were so low

that only MDA's could be reported. The highest obtained, <2.6%, which

translates into <2.87. of the activity from whole milk, falls within the range

found by others (1.8 - 7.7%) [16, 19, 20, 30, 31].

As with the casein, a similar problem was encountered with certain butter

samples: no activity could be detected and consequently only MDA's could be

determined. Approximately 66% of the activity in the cream ends up in the

buttermilk, which is equivalent to 4.3% of the activity from the original

whole milk. Assuming no loss of caesium (as there is no waste product), it

can be inferred that about 34% of the activity goes to the butter, which

amounts to 2.2% of the activity in the whole milk. These values are in

agreement with those reported in the literature for butter (0.3 - 2.2%) and

buttermilk (2 - 13%), (Tables 2 & 28).

A small number of butteroil samples were also analysed. Since butteroil is

99.9% milk fat, it was not surprising that little or no caesium activity

could be detected. Previous studies have indicated that essentially no

radioactivity is associated directly with the fat [14, 19, 20, 30, 31]. Our
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results confirmed this with <1.2% of the activity from the whole milk

transferred to the butteroil.

Powdered samples of whole milk, skimmilk and whey were analysed and it was

found that the activities of caesium-137 present, exceeded thai of the whole

milk by factors of 7, 13 and 12, respectively. These are as expected -

caesium is not lost in the course of the drying process. An examination of

the results in Table 26 confirms this to be the case. With regard to the

drying of whey powder, there might at first glance appear to be some loss of

caesium. However, the errors quoted are one standard deviation and the 100%

transfer falls within this range. The apparent/real loss of caesium may be

explained by some powder remaining on the walls of the drying tower and some

being lost to the atmosphere during the drying process. Concentrations in

whole milk powder lay between 1.8 Bq/kg and 3 Bq/kg, almost two orders of

magnitude lower than the levels detected in some milk powders produced within

the 2 - 3 week period following the 3rd May 1986, when caesium-137

concentrations in ground level air peaked over Ireland [37].

The remaining samples analysed were all whey derivatives. This is a

relatively new area in the dairy industry and may explain why few studies

concerning the measurement of caesium transfer +.o whey products have been

reported to date [33, 34, 36]. Some practical problems in the area of sample

collection were encountered here: certain techniques had not yet been fully

optimized by the creameries and they sometimes had difficulty manufacturing a

product to required specifications. A 'line' could therefore be discontinued

or altered 'en route' to produce a different product. Consequently it was

sometimes difficult to obtain samples of particular products. Secondly, in

the routine production of some whey products, e.g., lactose and delactosed

whey powder, another problem was encountered. The starting point of the

pathway is whey, a mixture of both cheese and casein whey, the exact

proportions of which could not be ascertained with any accuracy. The whey is

collected and stored for several days until a large enough quantity is

available to evaporate down and permit lactose crystallization to occur. The

process continues over several days making it extremely difficult to collect

samples following on directly one from the other, e.g., the sample of

delactosed whey powder collected at the finish may not reflect the sample of
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whey taken in at the start. In addition, for administrative purposes, many of

the whey samples were collected by creamery staff and not by the author

herself.

In spite of these difficulties it was, nevertheless, possible to obtain

useful information regarding the transfer of caesium to whey products. About

907. of the caesium activity ends up in the whey, of which 94% by weight is

water. Since caesium is a constituent of the mineral content of whey, one

would expect a reduction in caesium activity following demineralization. This

is, in fact, what was observed. The percentage caesium retained in the (907.)

demineralized whey lay between 5 and 10%. Assuming 100% transfer of caesium

in the drying of demineralized whey, one should expect to see the same

percentage transfer of caesium to demineralized whey powder. The percentage

transfer from whey to demineralized whey powder lay between 0.5 and 4.5%

which is 60% less than the transfer observed from whey to demineralized

whey. A loss of this magnitude in the drying process could not be attributed

to the possible sources of loss discussed above and can only be explained by

errors in sample collection. In conclusion, what is observed is that a

substantial reduction of caesium does occur following demineralization and

that at most only 107. of the activity is retained.

Lactose, the sugar component of milk, is crystalized out of the whey. The

by-product, known as rennet mother liquor or delactosed whey, when dried, has

a relatively high specific activity. The activity for this powder ranged from

5.6 - 22.0 Bq/kg compared to a range of 0.23 - 0.86 Bq/1 for the

corresponding liquid whey samples. This translates into 72% being

transferred from whey to the delactosed whey powder, corresponding to 63%

from whole milk. Thus, lactose, with its low activity, retains less than 2%

of the activity in the whole milk.

Some industries, e.g., the baking industry, use the delactosed whey powder as

a protein supplement. However, a lower mineral content is also required.

Attempts were made to produce demineralized delactosed whey from the (90%)

demineralized whey. Problems were encountered in producing the specified

product, so samples from this pathway could not be collected. An alternative

product was manufactured. The whey was evaporated and lactose crystallization
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took place. The by-product, the rennet mother liquor, was then partially

demineralized (507. demineralization), and referred to as partially

demineralized delactosed whey (PDDWY). This was then dried to a powder, known

as, partially demineralized delactosed whey powder (PDDWP). The percentage

activity retained in this powder was found to be between 22 and 507.. For the

PDDWY samples a range of between 4.4 and 117. was transferred, again

highlighting the discrepancy which appears to occur in the drying of whey

powders. For an accurate determination of the transfer values, accurate yield

values are also required, i.e., how many litres of X are required to produce

1 1 or 1 kg of product Y. In the case of the partially demineralized whey

products, the yield was calculated on the basis of the total solids content

in each of the different products and is, therefore, a purely theoretical

value. Despite, this however, it is interesting to note that for the

delactosed whey powder, 727. transfer of caesium from whey was measured,

whereas only 337. was observed for the PDDWP.

In Fig. 8 the specific activities of four different whey powder products

collected at various times of the year are shown (Table 29). The

pattern of the results is as expected. The delactosed whey powder (DLW) has

the highest concentration, whilst the partially demineralized delactosed whey

powder (PDDWP) contained half that of the DLW. Both powders have higher

specific activities than the whey powder, the DLW by a factor of four and the

PDDWP by a factor of two. The activities in the demineralized whey powder

(DWP) are considerably lower, being approximately 10% that of the whey

powder.

Some whey protein concentrate {WPO pathways were also measured, although

only one WPC powder sample was obtained. Unfortunately insufficient

information regarding these samples was available to determine exact

percentage transfers. However, it does appear that a relatively small

percentage (<107.) of the original caesium ends up in the WPC, This

corresponds with the trend for other high protein samples, e.g., cheese and

casein, and agrees well with the 6.6% activity transfer quoted in the

literature 133, 34].

As discussed in the literature review, Reavey [21, 22} reported that products
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low in caesium-137 were also low in stable potassium, with the ratio of

potassium-40 to caesium-137 showing little variation. This is to be expected,

given that the ratio of potassium-40 to stable potassium is fixed in nature

at 0.01177. 141], A similar trend was observed in this study. A close

examination of Tables 5 - 25, where potassium-40 concentrations and

potassium-40/caesium-137 ratios are given, demonstrates the consistency of

this relationship within each pathway. Where an increase in caesium-137

activity occurs in a product, it is accompanied by an increase of the same

magnitude in potassium-40 activity. This suggests that potassium-40 is a

useful analog for radiocaesium, particularly when the concentrations of the

latter are low.

In those samples where only an MDA value is reported for the caesium activity

and hence the potassium-40/caesium-137 ratio can not be calculated, it is

possible to determine the caesium concentration and the percentage activity

transferred by using the average potassium-40/caesium-137 ratio for the other

products in the same pathway. This has been done for a number of of different

products, e.g., butter, cheese, casein and demineralized whey (Tables 29 -

32), and the results are found to be in excellent agreement both with those

obtained for similar samples in this study (Tables 9, 12, 14, 17) and

those reported in the literature (Tables 2 & 28).

Measured potassium-40 activities in whole milk were found to be fairly

constant (~40 Bq/1) throughout the study. This results in a decrease in the

potassium-40/caesium-137 ratio with increase in radiocaesium activity.

Caesium-137 concentrations in milk products relative to 1 Bq/kg in whole milk

are shown in Fig. 9 (Table 33). The results are expressed as Bequerels of

caesium per unit weight of product and are relative to liquid milk containing

one Bequerel of caesium per unit volume. These data demonstrate how the

radioactivity content of milk would be represented in typical dairy products

and powders derived from a particular batch of milk. Measurements presented

in this format are invaluable to administrators forced to handle an emergency

such as Chernobyl, in that it facilitates the interdiction of a particular

milk product or products when caesium-137 contamination levels in whole milk

exceed previously agreed thresholds. In terms of specific activity (Bq/kg),
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products found to have incorporated the least cacsium-137 include butter,

cream, buttermilk, cheddar cheese, lactose and demineralized whey.

To minimize the level of radiocaesium in dairy products manufactured from

contaminated milk, production should be directed away from milk powders,

owing to the high concentration factors involved. For short-lived nuclides,

an obvious option is storage in product form (usually powder) until

radioactive decay has rendered it fit for consumption. This is not a

practicable solution for long-lived radionuclides such as strontium-90 or

caesium-137. Moreover, Giese [36] has shown that a very expensive operation

was required to reduce the caesium content in the whey powder and convert it

to a usable form. Where possible, production should be directed towards

cream, butter, buttermilk and demineralized products. The resulting skimmilk

can be used to make cottage cheese, which Wilson et al. [33] and Wood et at.

[34] have shown contains less than 57. of the activity in whole milk.

Reduction of milk intake by the large-scale substitution of other foods would

result in a substantial detriment to nutrition. In practice the intake of

strontium-90 cannot be reduced by elimination of milk and milk products from

the diet because other foods have, in general, a higher strontium-90 to

stable calcium ratio than milk.

From a practical standpoint, it is of interest to consider whether there is

any benefit to be gained by the consumption of foods manufactured from

contaminated whole milk as compared to consumption of the whole milk itself.

For this purpose, the relative contribution of radiostrontium and

radiocaesium to the diet by cheddar and cottage cheese has been calculated

using the data of Table 35 and tables of food composition provided by Hawk

[421. The radioactivity contribution of cheese to the diet is compared to

that of contaminated fresh whole milk when the cheese is supplied in

quantities that provide the necessary amounts of either calcium, protein, or

calories. The calculations (Table 36) show that when the substitution is made

on the basis of the calcium contribution to the diet, the provision of

cheddar or cottage cheese in place of the parent fresh whole milk would not

alter the amount of radiostrontium ultimately incorporated. The calculations

assumed a calcium concentration of 0.87% and 0.05% for the cheddar and
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cottage cheese, respectively. The unchanged strontium contribution is to be

expected on the basis of the chemical similarity of calcium and strontium,

especially during the cheese making process [8]. The radiocaesium intake,

however, would be markedly reduced by the use of the substituted products.

When the substitution is based on either an equivalent protein or calorie

supply, again no reduction in the radiostrontium intake would be effected by

the use of Cheddar cheese; cottage cheese, on the other hand, would produce a

marked lowering of the radiostrontium intake. The radiocaesium intake would

be greatly reduced using either cheddar or cottage cheese to substitute for

the whole milk on the basis of equivalent protein or calorie supply (9, 43).

These examples demonstrate that simply changing the form in which milk is

incorporated into the diet would not automatically lead to a reduction in the

intake of radiocontaminants by the human population. The manufacturing

process can produce marked changes, as is shown by the values for

radiostrontium and radiocaesium in cottage cheese. This suggests that

manufacturing techniques could be worked out that would make it possible, if

necessary, to utilize most of the food potential of contaminated milk in a

form significantly lower in radionuclide content than the parent whole milk.

Reavey [21, 22] has pointed out that the substitution of cottage cheese for

whole milk in the diet would render it deficient in calcium, whilst Garner

[44] has asserted that the effect of substituting other foods for whole milk

must be considered in relation to their ability to act as alternative sources

of calcium, particularly where young children are concerned. For the same

reason, butter is no substitute for whole milk in the human diet, even though

the percentage transfer of radiocaesium to butter does not exceed 17. .

The distribution of caesium-137 in the various products appears to follow

closely that of strontium-90. As was the case with the strontium-90 to stable

calcium ratio, the ratio of caesium to stable potassium showed very little

variation within the various products. Because of the need for calcium and

the greater radiotoxicity of strontium-90, it would appear that if, in times

of emergency, the radiocaesium contamination were accompanied by significant

radiostrontium (as was the case for weapons fallout), increased hard cheese
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production and substitution would not effect a reduction in radiostrontium

intake, and any decision as to the utilization of milk or milk products would

be based on calcium requirements in the diet. Furthermore, in an emergency it

would also be advantageous to expand the production of demineralized whey

powders given the proven efficiency of ion-exchange techniques in the removal

of radiocaesium and other radioelements from separated whey.

Attempts to remove radionuclides directly from whole milk by the use of

ion-exchange resins have met with considerable success [48-60], the main

problem to overcome being how to treat the milk without affecting its

palatability and nutritional value. An ion-exchange method was developed by

analogy with the removal of calcium and strontium from blood to skeleton in

the human without altering the net calcium concentration in the former 145,

46, 47]. Strontium was removed from milk by means of a cation exchange resin

in a calcium form. The process involved contaminated milk passing through a

bed of synthetic resin charged with a mixed solution of metallic ions

(calcium, potassium, sodium and magnesium) which are present in milk. An

important feature of the process is that the acidity of the milk is adjusted,

before passing it through the resin column, from its normal pH of 6.6 down to

5.3 or 5.4. At the normal pH of milk, most of the strontium is bound by other

milk constituents and is slow to be exchanged. Passing 25 resin bed volumes

of milk at normal pH through the column removes an average of less than 50%

of the strontium. At low pH, strontium is largely converted to a soluble and

more readily exchangeable form [48].

As early as 1954, Nervik et al. [49] used a cation exchange resin in a sodium

form to remove both calcium and strontium from milk. This method necessitates

the replacement of the calcium content. In 1959, Clueckauf et al. [50],

employed an anion exchange resin in the chloride form to remove iodide, and

suggested that radiostrontium could be removed by passing the milk through a

cation exchanger bed, which could be regenerated with a mixture of. calcium

and sodium chloride. Migicovsky [46] adopting this approach, investigated the

removal of strontium and caesium from milk. He found that the same resin

could remove both radionuclides but was more efficient for strontium than for

caesium. No change in the calcium, potassium or sodium content of the milk,

was detected and 86.07. of the strontium was removed by one treatment with
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resin. A panel of experts could not detect any change in flavour of the milk

as a result of the resin treatment.

Glascock and Bryant [51] have demonstrated, using a pilot cation exchange

plant with a capacity of 2,300 1/d [52], that it is feasible to remove

radiocaesium from milk with good efficiency under appropriate conditions.

Efficiencies in excess of 90% were achieved provided not more than 15 resin

bed volumes were treated. However, the effluent milk had to be neutralized

prior to consumption. Glascock and Bryant also found that the processed milk

retained its nutritional value, with an appreciable deficiency in only one

vitamin, thiamine, whose concentration could be restored by the addition of

this vitamin afterwards.

Easterly et al. investigated the removal of strontium and calcium using two

different methods: reverse-flow ion exchange [53] and batch ion exchange

[54]. In the former case they found that the calcium form of each resin was

more effective in removal of the nuclides than was the sodium form. Between

707. and 807. of strontium-89 and calcium-45 in the skimmilk was removed from

the second 100 ml passed through the column. Resin preference of strontium

over calcium was also shown. For the latter method, namely, batch ion

exchange, a study of dosed milk-resin ratio showed that as the ratio

increased, the percentage of the removal of strontium-89 and calcium-45

decreased. The percentage removal ranged from a high of 94 and 93 for

strontium-89 and calcium-45, respectively, at a milk/resin ratio of 2, to a

low of 217. strontium and 167. calcium at a milk/resin ratio of 200.

Marshall et al. [55], using a large scale fixed bed ion-exchange system for

removal of strontium and iodine found removal efficiencies averaged 98.9%

for iodine-131, 94.67. strontium-85 and 90.0% for strontium-90. They also

looked at the removal of caesium and found that the resin removed 66% of

caesium-137. Tests conducted on the processed milk indicated some decrease in

flavour score, particularly in the first milk passed through the anion resin

column. Bacterial studies indicated that a slight increase in psychrophil

counts occurred during processing. Heinemann et al. [56] also found a slight

decrease in flavour score along with minor compositional changes in freezing

point, curd tension, titratable acidity and ash. There was an increase of
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0.367. in concentration of potassium citrate, due to acidification and

neutralization of the milk. Insignificant changes were observed in the other

components tested. The same group operated the plant over a ten month period

[57] and found that the milk was organoleptically acceptable. The processed

milk was spray dried and utilized for animal feed. They concluded that in the

event of environmental contamination exceeding safe tolerances, this process

is a reasonable and practicable means for substantially reducing the levels

of strontium-90 in milk.

Murthy [58] employed standard procedures to make cultured milk, butter and

Cheddar cheese from resin-treated milk and reported that (i) with properly

selected cultures, cultured milk could be prepared satisfactorily from the

treated milk; (ii) butter made from resin-treated milk had better keeping

quality at room temperature and (iii) other than a slight improvement in

flavour, there were no significant differences in some of the observed

physical and chemical properties of control and treated Cheddar cheese

samples. Murthy et al. [59], in their investigation of the removal of

iodine-131 from milk found that approximately 98 ± 2% was removed from

120-130 resin bed volumes and that all the iodine-131 was removed except the

protein-bound iodine-131, which was not available for ion-exchange. Although

the protein-bound iodine in milk may vary for individual cows (0 - 10%), it

is negligible in market milk contaminated by fresh fallout.

Isaacks et al. [601 undertook a chemical analysis of processed milk for

nutritional evaluation. A comparison of results obtained on control and

resin-treated milk samples showed no significant change in total solids,

butterfat, protein, flavour quality and vitamins A and B12. The ash,

potassium and citric acid content of the resin-treated milk increased by

approximately 14%, 80% and 100%, respectively, whilst the thiamine, niacin

and vitamin B6 content of the processed milk decreased by 50%, 27% and 15%,

respectively. The data indicate that 86% of the free thiamine and 20% of

the bound thiamine are removed from the milk by the resin treatment, in

agreement with the results reported by Glascock and Bryant [51].

Edmondson et al. [48] described a pilot plant process developed in 1962 for

strontium removal. While a great deal of research went into the development
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of the plant, improvements were necessary and still are today, to assure

nutritionally satisfactory milk, to evaluate possible sanitation problems and

to reduce the cost. This last point was also highlighted by Migicovsky [61],

who raised the question as to whether the process could be used on a

commercial basis in the event of an emergency. Its economic viability remains

a point of debate even today, although, under extreme conditions, such a

course of action might be essential.
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The pasture-cow-milk-man pathway is highly sensitive to air-borne pollution

as was exemplified by the Windscale and more recently the Chernobyl accident,

when much of the milk produced in Europe was contaminated - mainly by

radiocaesium and radioiodine.

Iodine, with its relatively short half-life of 8 days, ceases to be important

after 7-8 weeks following a pulsed release. Caesium, on the other hand, with

a half-life of 30 years, can be measured in milk and its products for decades

following ground contamination.

An extensive literature survey revealed that a considerable amount of work

had been conducted concerning uhe transfer of radionuclides from milk to its

products. The principal nuclides investigated were strontium, iodine and

caesium, with more emphasis on strontium, as this constituted the greater

hazard following the nuclear weapons testing in the late 1950s and early

1960s, which signaled the onset of this line of research.

Studies carried out prior to Chernobyl concentrated on activity transfers

from whole milk to skimmilk, cream, butter and cheese, with little else being

investigated, as these were the principal commercial products for human

consumption. It was demonstrated that caesium and strontium behave similarly,

except in the manufacture of cheese, where most of the strontium is

transferred to the cheese and only about 107. of the caesium. The studies

revealed that caesium travels with the aqueous fractions, e.g., skimmilk

(94%), leaving the fat fractions relatively depleted in caesium, e.g., cream

(67.) and butter (~2%). Products with a high protein content also receive

little of the caesium present in the whole milk. Some researchers also looked

at the behaviour of calcium and potassium and found that they behaved

similarly to strontium and caesium, respectively.

Post-Chernobyl research confirmed the findings of the 1960s but also

highlighted gaps in our knowledge as the dairy industry had developed

extensively and many new products were now being produced in commercial

quantities. This was the case especially for whey and its products which up
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until about IS years previously had been considered a waste product. In this

study emphasis was given to this area of the dairy industry.

The findings of this study are in close accord with previous work (Table 28).

These demonstrate that about 90% of the caesium in whole milk ends up in the

whey which, when further processed, yields a product, known as delactosed

whey powder, whose specific activity is more than 20 times that of the whole

milk.

The expansion of the whey industry is by no means complete, with further

development of new products and their uses envisaged. Consequently, it will

be necessary to complement the existing database as these products reach the

market place.

With regard to the more traditional milk products, the picture is clear. The

drying of powders merely serves to increase the radionuclide concentrations

and is of little value unless the contaminants have short half-lives. In this

case, the storing of powders until the activities have decayed to the

permissible levels decided upon by the relevant authorities following an

accidental radioactivity release, would be a useful course of action. If the

contaminants have long half-Jives, e.g., caesium or strontium, different

counter-measures will be necessary the nature of which will be determined by

the levels of contamination involved.

Shortly after the Chernobyl accident, the Community was faced with the

problem of contaminated foodstuffs. In May 1986, following the accident, the

Council of the European Communities adopted Regulation (EEC) No. 1707/86 [62]

governing imports of agricultural products originating in third countries

following the accident at the Chernobyl nuclear power static* This

Regulation set maximum levels of 370 Bq/kg, total caesium, for milk and

foodstuffs intended for infants under 6 months, and 600 Bq/kg for all other

products. The Regulation was extended on 30 September 1986 by Regulation

(EEC) No. 3020/86 [63] and further extended by Regulation (EEC) No. 624/87

[64] until 31 October 1987.

On 22 December 1987 two Regulations were adopted by the Council: Regulation
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(Euratom) No. 3954/87 [65] and Regulation (EEC) No. 3955/87 [66]. The former,

is a regulation to be invoked in the event of a future accident or

radioactive contamination of foodstuffs. It lays down maximum permitted

levels of radioactive contamination of foodstuffs and of feedingstuffs

following a nuclear accident or any other kind of radiological emergency. The

latter, is a further extension until December 1989 of the original Regulation

(EEC) No. 1707/86, and states that "without prejudice to Council Regulation

(Euratom) No. 3954/87 of 22 December 1987 the Community must continue

to ensure, with regard to the specific effects of the accident at Chernobyl,

that agricultural products and processed agricultural products intended for

human consumption and likely to be contaminated are introduced into the

Community only according to common arrangements".

In July 1988, by Council Regulation (EEC) No. 1983/88 [67], rules were laid

down for the application of Regulation (EEC) No. 3955/87. In December 1989

this Regulation was further extended to 31 March 1990 by Regulation (EEC)

No.4003/89 [68]. On 22 March 1990 Council Regulation (EEC) No.737/90 [69] was

adopted which extends the 370 Bq/kg and 600 Bq/kg, total caesium limits, for

milk and baby foods, and other foodstuffs, respectively, until 31 March 1995.

This Regulation was adopted without prejudice to the possibility of resorting

where necessary, in the future, to the provisions of Council Regulation

(Euratom) No. 3954/87 of 22 December 1987 [65] as amended by Regulation

(Euratom) No. 2218/89 of 18 July 1989 [70] and further amended by Regulation

(Euratom) No. 770/90 of 29 March 1990 [71]. The maximum permitted levels for

babyfoods, dairy produce, other foods except minor foodstuffs, liquid

foodstuffs and feedingstuffs as laid down by this Regulation, for future

emergencies, are given in Table 37.

The maximum permitted levels for dairy products, as laid down in Regulation

No. 3954/87, are calculated on the basis of the reconstituted product as ready

for consumption. This facilitates a decision as to which lines of production

can be pursued following contamination of milk. It is important also to bear

in mind which radionuclides are present owing to their different behavioural

patterns during milk processing and the different hazards associated with

each. Account must also be taken of dietry requirements when replacing one

dairy product with another.
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If the level of contamination in milk exceeds the permissible limits, direct

decontamination may be necessary. Before this latter option is adopted, an

evaluation of alternative processes would have to be carried out to justify

the expenditure. However, the production of demineralized whey products could

be expanded as these facilities are available in many creameries.

It is not possible to state categorically what procedures ought to be adhered

to following the contamination of milk, as each situation is likely to be

different with many factors coming into play. What this study has served to

do, however, is to demonstrate how caesium behaves in the course of

processing and, in particular, to provide realistic transfer factors from

milk to a wide range of milk products. The latter enable the relevant

authorities to make decisions as how best to optimize the use of milk in the

event of it becoming contaminated.

A final point worth mentioning, is that the levels incorporated in any

Community system must have public and political credibility bearing in mind

the very high level of public concern which is likely to prevail. One major

aspect of this credibility, is the relationship of the levels set by the

Community to those in use elsewhere in the world. These should be harmonised

to the greatest degree possible.

In conclusion, this and previous studies have shown that caesium concentrates

in the aqueous fractions of milk leaving the fat fractions relatively

depleted of radioactivity. In the event of milk becoming contaminated,

production should be diverted away from powders. Production should

concentrate on the demineralized whey products as the caesium is removed

along with other minerals in the demineralization process. If the milk is

heavily contaminated and if the accident is of such a widespread nature that

alternative dietary substitutes are also heavily contaminated, consideration

should be given to direct decontamination of the milk. When replacing one

milk product in the diet with another, it is necessary to ensure that the

nutritional dietary requirements are met.
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TABLE 1

Quantitative Composition of Milk (1)

Constituent

Water

Total solids

lat

Proteins

I .artosc

Minerals

Limits of Variation

%

85.5 - 89.5

10.5 - 11.5

2.5- (>.()

2.9- 5.0

,'5.(i- 5.5

O.(j- 0.9

Mean Value

%

87.5

MO

3.9

3.4

•1.8
0.8
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TABLE 2
Summary from Literature Review of the Percentage Transfer of Radiocaesium to a Range of Dairy Products

Product

Whole Milk

(«-eam

Skiiiiinilk

liullci

Buttermilk

Rtnteri;il

Cheese I Rennet]

Cheese Whey

Sour Cheese

Sour Cheese Whe\

Outage Cheese

Oitlagc Cheese Whe\

Arid Ciiesin

AcidCiiesin Whey

Whey Proteins

Deproteini/ed Acid Whey

Rennei (iiesin

Rennei Ciiesin Whey

Rennet Whey Proteins

Oeproteirit/cd Rennci Whei

Deininerali/ed Whi\

Whey Protein Coii<enii;iie

Permeate

Yoghurt (Skiinmilk)

Antila
VI ill
|29 |

100

!M

0.7

11

8!»

J2

88

Assimakop
oulos e/ al

[10,111

100

7.1'

711'

Cialapaj
& Ongaro

|15|

100

<i.r.

<10

Everitt &
Paulsson

|28|

100

f>

Kandarakis
& Anifantakis

|27|

101)

s

9'

•I'1

3-1

Kankare
eial
130,311

nm
:>.<)
!M

O.rt

.5.1

0

1.0

90

1.0

5.7

88

O.fi

Kirchntann
el al

[16 |

100

:>-23<

77-9S'

12

88

7S

1

81

89

7.7

77

88

Lagoni
etal
119.20]

100

Hi

8">

2.2

13

0

1.6

83

1.-1

1.8

83

2.1

80

Lcngcmann

|9|

100

ti

<M

0.3

7.7

1.1

82

Ohmomo
k Tsugo

|I4)

100

7

92

0

!).(i

m

1.7

70

Pirhonen.
elaJ

|32|

100

<>

Reavey

121.221

\m
fi

91

< l

1

S2

Wilson
el at

|33)

100

2.7

'M

0.1

2.3

•1.5

93

95

<l.5

6.B

fi.8

Range

:i-u,

«;>-y<)

0.3-2.2

2-13

0

1-23

7I-Wi

12

KH

1-5

70-95

1-1

83-90

1.0-1.1

82-89

1.8-7.7

77-88

0.6-2.1

80-88

<1.5

(i.fi

«.«

31

;ti (.iu\cic Cih<-t-<>r (K\vc\ milk)
b) Wh(> ;illn ii'tix^iil of < tenn
f > kc(;i[oi\M C'iirrsr

i\> M\/iihi,t i\Vht'\ Chtcsci
vi Diffrrctit values Un difh-ii-nt f\jjcsn|



TABLE 3

Dairy Products as Food Ingredients

Pitxliul

IS,il>y I'CHHIS

liiikm (IIHHI\

Bexeiiison

Gmliiiionaiv

DfSMttS

Dieli'tii KIMHIS

» » Mists

1) V (.11'dlM

Ptwsseil Mt';ii>

S<HI|>N Sauco

I'll.ii iiiacruiu.il

Bulk
Butter

V

•/

V

<j

V

•/

Rutlt'r
Oil

V

V

V

Bulk
Clime

Whole
Milk
Powder

</

«<

Skim
Milk
Powder

•i

</

«•

</

Fal
Filled
Milk

•/

•/

•j

•/

•/

•/

•j

j

•/

</

Whey
Powder

•/

•/

•j

•j

•/

V

Bulter
Milk
Powder

•

Casemate

•/

•/

%^

•/

•/

Chocolate
Crumb

•

•j

•j

Frozen
Cream

v"

•/

•/

.SOIIKC: An B<ml Haiiinc Oiaiv. Bold Biiinnc. l)nl)lin. 1988

TABLE 4

Number of Samples Collected at each Creamery1*

Creamery

Month

February
March
April
May
June
July
Augusl
September
October

A

1988 1989

— 16

30 —

38 16

14 16

12 19

31 16

B

1988 1989

38 27

23 —

— 20

22 —

C

1988 1989

— 9

- 12

11 —

— 12

14 3

*A. B .mil (! ;nr code Inters for the three creameries used in the present study
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TABLE 5

Cs-137 and K-40 Concentrations in Whole Milk and Skimmilk and the Percentage Transfer
of Cs-137 from Whole Milk to Skimmilk

Product

Whole Milk
Skimmilk

Whole Milk
Skimmilk

Whole Milk
Skimmilk

Whole Milk
Skimmilk

Whole Milk
Skimmilk

Whole Milk
Skimmilk

Whole Milk
Skimmilk

Cs-137 (Bq/1)

I.I ±0.2
1.1 +0.2

0.31 ± 0.07
0.30 ± 0.05

0.21 ± 0.05
0.32 + 0.01

0.23 + O.().r>
0.23 + 0.05

0.25 + 0.13
0.21 + 0.05

0.23 + 0.08
0.24 ± 0.02

0.28 ±0.12
0.24 ± 0.06

% Cs-137
transfer

91 + 18

79 ±21

139 ±38

89 ± 27

76 + 44

95 ± 34

78 + 39

K-40 (Bq 1)

39 ± 2
33 ± 2

13 ± 1

17 ± 1

I 8 ± 1

19 ± 1

40 + 1
31 ± 1

13 ± 1
12+ 1

15 ± 1
42 ± 1

50 + 3
46 ± 1

K--W Cs-137

35 + 5
30+ 5

127 + 25
i (i() + 27

85 + 20
152 + 21

172 + 38
1 17 ±31

172 ±91
198 ± Hi

197 ± 18

179 ±77
190 ±49

TABLE 6

Cs-137 and K-40 Concentrations in Whole Milk and Cream and the Percentage Transfer
of Cs-137 from Whole Milk to Cream

Preduci

Whole Milk
Cream

Whole Milk
Cream

Whole Milk
Cream

Whole Milk
Cream

Whole Milk
Cream

Whole Milk
Cream

Whole Milk
Cream

Cs-137 (Bq/1)

1.1 ±0.2
0.64 ±0.18

0.34 ± 0.07
0.18 + 0.05

0.21 + 0.05
0.26 ± 0.04

0.23 ± 0.05
0.15 + 0.09

0.25 ±0.13
0.16 + 0.04

0.23 ± 0.08
0.20 ± 0.02

0.28 ±0.12
0.16±<).04

% Cs-137
transfer

5±2

5 ±2

11 ±3

6±4

6 + 4

8 ± 3

5 ± 3

K-40 (Bq/1)

39 ±2
14 ± 1

43 + 1
23+ 1

18+ 1
26 ± 1

40 ± 1
19 ± 1

43 ± 1
22 ± 1

15 ± 1
27 ±2

50 ± 3
21 ± 1

K-40/Cs-137

35 ± 5
22 ± 6

127 ± 25
128 + 37

85 + 20
10! ± 17

172 ±38
133 ±78

172 ±91
137 ±37

195 ± 68
133 ± 16

179 ±77
130 + 33
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TABLE 7

Cs-137 and K-40 concentrations in Whole Milk and Whole Milk Powder and the Percentage
Transfer of Cs-137 from Whole Milk to Whole Milk Powder

Product

Whole Milk
Whole Milk Powder

Whole Milk
Whole Milk Powder

Whole Milk
Whole Milk Powder

Whole Milk
Whole Milk Powder

Whole Milk
Whole Milk Powder

Whole Milk
Whole Milk Powder

Whole Milk
Whole Milk Powder

Cs-1!$7
(Bo, kg) or (Bq/I)

o.3o±o.ir>
2.3 ±0.5

0.21 + 0.07
1.9 ±0.2

0.21 + 0.03
1.8 ±0.3

0.14 + 0.10
3.1 ± 0.3

0.39 ± 0.22
2.2 ±0.2

0.28 ± 0.0!)
2.1 ±0.2

0.5 1 ± 0.06
3.0 ±0.4

% Cs-137
transfer

97 + 52

99 + 33

96 ± 20

87+21

71 ±11

95 ± 29

69+ 12

K-40
(Bq/kg) or (Bq/1)

46 ± 2
359 + 4

47 + 2
373 + 4

52 ± 2
370 + 4

50 ± 6
3821- 7

42 + 2
310 ±6

55 ± 3
301 ± 6

68 ±3
374 + 4

K-40/Cs-137

154 1 78
157? 31

194 ±60
197 + 20

218 ±28
205 ± 33

115 ±25
125 ±13

107 ± 60
140 ±11

195 ± 60
143 ± 11

126+16
127 ±15

TABLE 8

Cs-137 and K-40 Concentrations in Skimmilk and Skimmilk Powder and the Percentage
Transfer of Cs-137 from Skimmilk to Skimmilk Powder

Product

Skiminilk
Skimmilk Powder

Skimtnilk
Skimmilk Powder

Skinunilk
Skitmnilk Powder

Cs-137
(Bq/kg) or (Bq/1)

0.38 ±0.19
4.4 ±0.4

0.30 ± 0.05
3.6 ±0.3

0.32 ± 0.04
5.2 ±0.4

% Cs-137
transfer

104 ±52

110 + 21

147 + 24

K-40
(Bq/kg) or (Bq/1)

24 ± 1
508 ± 5

47 ± 1
485 + 5

49 ±1
498 ± 5

K-40/Cs-137

62 ±30
116 ± 9

159 ± 27
135 ±11

152 ±21
96 ± 7
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TABLE 9

Cs-137 and K-IO Concentrations in Cream and Butter and the Percentage Transfer
of Cs-137 from Cream to Butler

Product

Cream
Built')

Cream
Butter

Cream
Butler

Cream
Butler

Cream
Butter

Cs.137
(Bq kg) or (Bq 1)

0.46 + (I.Of)

0.28 ± 0.04
<0.4

0.29 ± 0.06
<0.1

0.15+ 0.0-1
<0.2

0.23 ± 0.0.5
<0.4

"iCvl.-Jy
transfer

<29

<6I

<r>8

<r>3

<83

K-40
(Bq kg) or (ll(i »

IS + 1

(i.() + 0 .8

L'l ± 1
7.7 ± 1.2

2.'5 ± 1
13 + 1

21 +2
5.8 + 0.6

9 | + 2
< 2

K-10 Cs-137

10 ±.r>
>21

HI + 1 )
>22

79 + 17
>3<i

l")(i±39
>i).S

92 ± 18
>1

TABLE 10

Cs-137 and K-40 Concentrations in Cream and Buttermilk and the Percentage Transfer
of Cs-137 from Cream to Buttermilk

Product

Cream
Buttermilk

Cream
Buttermilk

Cream
Buttermilk

Cream
Buttermilk

Cs-137 (Bq/1)

0.46 ± 0.05
0.47 + 0.11

0.28 + 0.04
0.47 ± 0.05

0.29 ± 0.06
0.25 ± 0.05

0.15 ±0.04
0.26 ± 0.05

% Cs-137 transfer

51 ± 13

84 ± 16

44 ± 12

85 + 28

K-40 (Bq/1)

18+1
31 ±2

21 + 1
30 ± 2

23 ± 1
39 ± 1

24+ 1
14 ± 1

K-40/Cs-137

•10 ± 5

67 ± 17

84 ± 14
61 + 7

79 ± 17
151 +28

156 + 39
168 + 35
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TABLE 11
Cs-137 and K-40 Concentrations in Cream and Butteroil and the Percentage Transfer

of Cs-137 from Cream to Butteroil

Product

('.team
Btilleroil

Cream
Buiteroil

(.'ream
Buiteioil

Cs-137 (Bo/1)

(),()« + 0.03
<0.0S

0.15 + 0.0!)
<0.01

O.lli ±0.01
<0.0l

% Cs-137 transfer

<18

<13

<!2

K-40 (Bq/1)

12+1
<2

19±1
<2

21 ±1
<2

K-40/Cs-137

144 + 55
>75

133 ± 78
>43

130 ± 33
>44

TABLE 12
Cs-137 and K-40 Concentrations in Skimmilk and Casein and the Percentage Transfer

of Cs-137 from Skimmilk to Casein

Product

Skimmilk
Casein

Skimmilk
Casein

Skiiiimilk
Casein

Skitmnilk
Casein

Skiminilk
Casein

Cs-137
(Bq/kg) or (Bq/1)

1.0 ±0.1
<0.2

0.55 ± 0.23
<l

0.26 ± 0.03
<0.2

0.24 ± 0.02
<0.2

0.21 ± 0.06
<0.1

% Cs-137 transfer

<0.5

<0.7

<2

<3

<1

K-40
(Bq/kg) or (Bq/1)

3 4 + 2
2.4 ± 0.6

68 ± I
13 + 1

43 ± 1
5.4 ± 0.5

47 ± 1
4.8 ± 1.5

46 ± 1
4.3 + 0.6

K-40/Cs-137

34 ±3
>14

124 + 51
>101

165 ±21
>30

197+18
>23

190 + 49
>43
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TABLE 13
Cs-137 and K-40 Concentrations in Skimmilk and Casein Whey and the Percentage Transfer

of Cs-137 from Skimmilk to Casein Whey

Product

Skimmilk
Casein Whey

Skiiinnilk
Casein Whey

Skimmilk
Casein Whey

Skimmilk
Casein Whey

Skimmilk
Casein Whey

Cs-137 (Bq 1)

1.0 +0.1
0.69 + 0.0(5

0.55 ± 0.23
0.39 ± 0.90

0.26 ± 0.03
0.27 ± 0.05

0.21 ± 0.02
0.28 + 0.08

0.24 + 0.06
0.28 ± 0.05

% Cs-137 transfer

65 ± 8

67 ±31

•)8 ± 22

110 + 32

i i o + :?:,

K-40 (Bq 1)

31 + 2
11+2

68 +
17 +

13 +
12 +

17 +
19 +

16 +
13 +

K-10 Cs-137

3 1 + 3
:><> + <>

121 ±:>i
120+ 2S

K u l I'll
I.V) + 2S

1!I7 + IS
1 7."> + 1!)

190 + III
151 + 2 9

TABLE 14
Cs-137 and K-40 Concentrations in Whole Milk and Cheese and the Percentage Transfer

of Cs-137 from Whole Milk to Cheese

Product

Whole Milk
Cheese

Whole Milk
Cheese

Whole Milk
Cheese

Whole Milk
Cheese

Whole Milk
Cheese

Whole Milk
Cheese

Whole Milk
Cheese

Whole Milk
Cheese

Cs-137
(Bq/kg)or(Bq/l)

0.63 ± 0.09
<0.3

0.35 + 0.07
0.38 ±0.12
0.37 ± 0.03

0.29 ± 0.02
<0.3

0.26 ± 0.07
<0.3

0.18 ±0.03
0.30 ± 0.07

0.18 ±0.06
0.31 +0.07

0.25 ± 0.07
<0.3

0.18 ±0.06
0.17 ±0.07

% Cs-137 transfer

< 5

11 + 1
10 ±2

< 3

< 3

5.0+ 1.4

").l ± 1.9

< l

2.7 + I..5

K-40
(Bq/kg) or (Bq/I)

40 ± 3
30 ± 2

10 + 2
22+ 1
23 ± 1

43 ± 2
20 + 2

46 ± 1
23 ± 1

11 + 1
11 ± 1

11 ± 1
23 ± 3

15 ± 1
16 + 2

41 + 1
19 ± 1

K-40/Cs-137

63+ 10
>99

111+22
57 ± 18
(>2± (i

l l « ± 13
>61

176 + 16
>82

216 + 31
115 + 33

225 ± 70
71 ± 16

179 ± 50
>52

221 + 75
116 + 51

61.



TABLE 15

< Is-137 and K--40 (.'omentrjiiioii.s in Whole Milk and Cheese Whey and the Percentage Transfer
of Cs-137 from Whole Milk to Cheese Whey

Product

Whole Milk
Cheese Whe\

Whole Milk
Cheese Whe\

Whole Milk
Cheese Whey

Whole Milk
Cheese Whe\

Whole Milk
Cheese Whey

Whole Milk
Cluvse Whey

Whole Milk
Cheese Whey

Whole Milk
Cheese Whey

Cs-i:i7(IJ(| 1)

0.63 + (1.0!)

O.liO + 0.02

o.:sr> + o.o7
0.38 ± 0.0!)

0.2!) + 0.02
0.26 ± 0.0!)

0.26 + 0.07
0.2;"> ± 0.05

0.18 + 0. OS
0.1!) ±0.01

0.18 ±0.06
0.16 + 0.01

0.25 ± 0.07
0.10±0.0()

0.18 ±0.06
0.21 ±0.07

"ids-137 transfer

!)2± 13

103 + 31

85 ± 18

!)l +29

K)0±2r>

81 ± 31

(i0 ± 28

10!) ±51

K-40

10
11

10
10

•13
13

16
•15

•11
11

-11
38

15
32

-!1
10

(Bq/1)

+ 3
+ 0

+ o

+ 2

± 2
+ 1

+ 1

± !

± I
+ 1

±1
±2

+ I
+ 1

+ 1
±1

K"10/Cs-137

63 +
68 +

111 +
106 +

118 ±
165 ±

176 ±
181 ±

246 ±
231 +

225 ±
235 ±

179 +
200 +

221 ±
325 ±

10
3

22
27

13
83

46
33

34
49

70
59

50
76

75
107

62.



TABLE 16
Cs-137 and K-40 Concentrations in Whey and Whey Powder and (he Percentage Transfer

of Cs-137 from Whey to Whey Powder

Product

Whev
Whey Powder

Whev
Whey Powder

Whey
(concentrate)
Whey Powder

Whey
Whey Powder

Whev
Whey Powder

Whey
Whey Powder

Whey
Whey Powder

Cs-137
(Sq/kg) or (Bq/1)

0.5-1 ± 0.06
7.2 ± 0.1

0.32 ± 0.10
6.9 ± ..()

3.9 ± 1.0
5.8 ± 0.5

0.29 ± 0.16
3.5 ± 0.2

0.28 ± 0.05
3.3 ± 1.1

0.25+ 0.01
2.1 ± 0.1

0.11 + 0.06
6.6 + 0.7

% Cs-137 transfer

71 ± 10

119+10

82 ± 20

66 ± 37

66 ± 30

•17 ± 1

90 ± 17

K--10
(Bq.-kg) or (Bq/1)

3li+ 1
653 + 7

17 ± 1
991 ±20

501 + 10
(i79± 7

32 ± 2
(>I7± 6

13 ± 1
617 + 13

•15 ± 1
562 ± 11

M + 1
681 ± 11

K--iO/Cs-l37

66 ± 8
91 ± 5

I16± 11
1 15 ± 22

127 ±29
117+11

1 1 1 ± 62
176 + 12

151 ±29
191) ±80

178 ± 9
265 ± 16

107 + 17
101 + II

TABLE 17
Cs-137 and K-40 Concentrations in Whey and Demineralized Whey and the Percentage

Transfer of Cs-137 from Whey to Demineralized Whey

Product

Whey
Demineralized

Whey
Demineralized

Whey
Demineralized

Whey
Demineralized

Whey
Demineralized

Whey

Whey

Whey

Whey

Whey

Cs-137 (Bq/1)

0.37 ± 0.06
<0.06

0.29 ±0.16
<0.01

0.40 ± 0.03
0.02 + 0.01

0.20 ±0.01
0.02 ± 0.01

0.25 + 0.11
0.02 ±0.01

% Cs-137 transfer

< I 2

5 ± 3

9 ± 3

91 ±8

K-40

16
2.1

(Bq/1)

± 1
±0.2

32 ± 2
0.33 ± 0.03

51
2.8

53
2.3

•15
3.5

± 1
+ 1.7

± 1
± I.I

± 1
± 0.2

K-40/Cs-137

123 ± 18

151 ±86
>9

137 ± 11
138 ±68

26-1 ± 13
127 ±39

178 ± 9
161 ±31
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TABLE 18

Cs-137 and K-40 Concentrations in Whey and Demincralized Whey Powder and the Percentage
Transfer of Cs-137 from Whey to Demincralized Whey Powder

Product

Whtv
Dnnin. Wlu%\

Wlu-y
Dnnin. W h o

Winy
IVinin. Whey

Whey
Deinin. Whey

Winy
IVmin. Whey

P< rndet

Powder

Powder

Powder

Powder

Cs-lS7
(Bq k S )or(Bq/ l )

0.2!) + 0.l(i

0.25 ±0.01
0.26 ± 0.02

0.28 + 0.05
0.22 ± 0.0!)

0.10 ± 0.03
0:07 ± 0.02

0.20 ±0.01
0.11 ± 0.03

% Cs-137 transfer

<2

1.5 ±0.1

3.5 ± 1.6

0.80 ±0.18

2.1 ±0.6

K-40
(Bq/kg) or (Bq/1)

32 ± 2
22 ± 1

15 ± 1
101 ± 2

13 ± 1
33 ± 2

51 + 1
33 ± 1

53 ± 1
28+ 1

K-40/Cs-137

i51 + 86
>I77

178 ±
391 +

151 +
151 ±

137 ±
•177 +

264 +
255 +

9
27

29
63

11
105

13
51

TABLE 19

C Is-137 and K-40 Concentrations in Whey and Rennet Mother Liquor (RML) and the
Percentage Transfer of Cs-137 from Whey to RML

Product

Wlu-v
RM:.

Whcv
RML

Whrv
RML

Whev
RML

Whcv
RML

WIM-V
RML

Cs-137 (Bq/1)

0.86 ±0.15
8.3 ±0.3

0.52 ± 0.25
1.1 ±0.2

0.31 ±0.10
3.3 ±0.2

0.57 ± 0.07
3.2 ±0.5

0.23 ± 0.09
2.3 ±0.2

0.10 ± 0.03
1.7 +0.1

% Cs-137 transfer

56 ± 10

50 ± 21

57 ± 18

32 ± 6

60 ± 2

119+ 10

K-40 (Bq/1)

46 ± 2
501 ± 25

35 + 2
41 ± 2

45 ± 1
465 ± 9

45 ± 1
494 ± 15

33 ± 1
355 ± 7

54 ± 1
689 ± 14

K-40/Cs-137

53 ± 10
6 1 + 4

67 + 33
93 ± 6

132 ±40
141 ± 8

7 9 + 9
156 + 23

141 ±55
152 ± 1 2

137 ± 1 1
145 ± 4
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TABLE 20

Cs-137 and K-40 Concentrations in Whey and Lactose and the Percentage Transfer
of Cs-137 from Whev to Lactose

Product

Whey
Lactose

Whey
Lactose

Whey
Lactose

Whey
Lactose

Whey
Lactose

Whey
Lactose

Whey
Lactose

Whey
Lactose

Whey
Lactose

Cs-137
(Bq/kg) or (Bq/I)

().8(i ±0.15
().r>8 ± 0.09

0.52 ± 0.25
0.23 1 O.Ofi

0.3410.10
<0.2

0.57 ± 0.07
<0.1

0.23 ± 0.09
<0.1

0.28 + 0.08
0.29 + 0.06

0.24 1 0.01
0.0510.01

0.40 ± 0.03
0.09 ± 0.02

0.25 ± 0.01
0.04 ± 0.01

%0137 transfer

2.0 ±0.5

1.3 ±0.7

<1

« >

< l

2.9 1 1.0

0.6010.13

0.66 + 0.17

0.40 + 0.12

K-H)
(Bq ,kg)or(Bq 1)

Hi + 2
21 1 1

35 1 2
I7± 1

15 1 1
H i ! 1

•15 ± 1
121 1

33 ± 1
181 1

19 1 1
15+ 1

50 1 1
151 1

54 1 1
10+ 1

45 1 1
1011

K 10 Cs-137

;>.•{ ± i d
35 1 (i

<i7 1 33
71 + l<>

1321 10
>IO7

79 + 10
>97

111 +55
>22()

1751 19
51 1 12

211 + 13
321 1 67

137+ 11
106128

1781 9
250 1 75
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TABLE 21
Cs«l'i7 and K-10 Concentrations in Whey and Delactoscd Whey Powder (DLW) and the

Percentage Transfer of Cs-137 from Whey to DLW

Product

WIU'Y

1)1 AV

Whoy
1)[.\V

Wlu>y
1)1 AV

\\h<\
1)1 AV

Winy

1)1 AV

Whey ( com)

1)1 AV

Cs-137 (Bq/I)

0.86 + 0.15

22 ± 1

0.2:5 + 0.0!>
(i.7 ± I.I

0.28 ± 0.08
7.1 +1.3

0.21 ±0.01
5.6 +0.2

0.10 + 0.03
7.2 +0.1

2.8 +0.1
8.1 +0.5

% Cs-137 (ransfcr

73+ 13

81 ± 3I>

73 ± 21

68 ± 5

52 ± 5

82 ±(i

K-40
(Bq/kg) or (Bq/1)

•16 ± 2

I3«7±27

33+ 1
12-10 ± 12

19+ 1
1308+ 13

50 ± 1
1220 + 2!

51+ 1
1009 + 21

158 ± 9
1391 ±28

K-40/Cs-137

53 ± 10
62 + 2

111 +.W
18-1+31

175+19
181133

211 ± 13
217+ 9

137 + 11
149+ 9

161 ± 8
171 + 10

TABLE 22
Cs-137 and K-40 Concentrations in Whey and Partially Demineralized Delactosed Whey

(PDDWY) and the Percentage Transfer of Cs-137 from Whey to PDDWY

Product

Wlu-v
1MM)\VY

Wlu-v

pnnwv
Wht-v

pnnvvv

Cs-137 (Bq/ l )

0.25 + 0.01

0.18 + 0.02

0.10 + 0.03
0.30 ± 0.02

0.21 +0.02
0.31 +0.02

% Cs-137 transfer

11 ± 1

•1.1 ± 0.5

8.6 ± 1.0

K-40 (Bq/1)

•15 ± 1
90 + 2

55 + 1
15 + 1

15 ± 1
72+ 1

K-40/Cs-137

178+ 9

188 ± 8

137+11
151 + 12

210 + 21
231 ± 16

66.



TABLE 23
Cs-137 and K-40 Concentrations in Whey and Partially Demineralizcd Ddat losed Whey

Powder (PDDWP) and the Percentage Transfer of Cs-137 from Whey to PDDWP

Product

Whey
PDDWP

Wluv
PDDWP

Whev
PDDWP

Cs-137
(Bq/kg) or (Bq/1)

0.25 ± 0.03
4.4 +0.3

o.4o ± o.o:;
8.1 ±0.1

0.21 ±0.02
2.1 ±0.1

% Cs-137 transfer

50 ± I

2l> ± l)

28 ± :i

K-40
(Bq/kg) or (Bq 1)

15+ I
7(>5 ± 8

51 ± 8
lf)l + !)

15+ 1
185+ 10

K-tO Cs-137

I7K+ 0
I7:i± 12

137 + 11
1 1.') ± (i

210 ±21

TABLE 24
Cs-137 and K-40 Concentrations in Whey and Whey Protein Concentrate (WPC)

Product

Whey
WPC

Whey
WPC

Whey
WPC

Cs-137
(Bq/kg) or (Bq/1)

0.29 ±0.16
0.35 ± 0.05

0.20 ± 0.01
0.97 ±0.31

0.30 ± 0.02
0.09 ± 0.01

K-40
vBq/kg) or (Bq/1)

32 ± 1
39 ±1

53 + 1
239 ± 5

51 ± 1
25 + 1

K-40/Cs-I37

111 + 62
118± 15

264 + Ifi
246 ± 10

171 ± 12
263 + 26
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TABLE 25

Cs-137 and K-40 Concentrations in Whey and Permeate

Produu

Wlu\
Permeate

Whev
Permeate

Whev
Permeate

Cs-137 (Bq/1)

0.29 + 0.16
1.3 +0.1

0.20 ± 0.01
0.21 ±0.02

().;{() ± 0.02
0.27 ± 0.02

K-40 (Bq/1)

32 + 1
171 ±3

.53 ± 1
51 ± 1

51 ± I
r>7 + 1

K-40/CS-137

111 ± 62
136 ± 12

264 ± 16
239 ± 22

171 ± 12
217±l.r>

TABLE 26

Percentage Transfer of Cs-137 from Starting Product to End Product

Pathway

Whole Milk - Skinnnilk
Whole Milk - Cream
Whole Milk - Whole Milk Powder
Skimniilk - Skiimnilk Powdei'
Cream - Butter
Cream - Buttermilk
Cream - Butteroil
Skimmilk - Casein
Skimmiik - Casein Whey
Whole Milk - Cheese
Whole Milk - Cheese Whey
Whey - Whey Powder
Whey - Demineralized Whey
Whey - Deminerali/.ed Whey Powder
Whey - Rennet Mother Liquor (RML)
Whey - Dela< tosed Whey Powdei (DIM')
Whey - Lactose
Whey - Partially Demimrali/ed Delnctosed Whey (PDDW)
Whey - PODW Powdei

Cs-137 9
Mean

93 ± 35
65 ± 3
88 ±30

120 ±32
•13

G6 +17
<18
*0.35

90 ± 25
6.7 ± 2.2

91 ±33
76 ±24
7.4 ± 2.1
2.3 ± 0.6

51 ± 16
72 + 15
1.3 ± 0.4
8.0 + 0.7

33 + 3

o transfer

Range

77 - 139
4.8 - 11

69 - 99
104 - 147
11 - 17
51 - 85

-
0.15 - 0.60

65 - 110
2.7 - 10.5

84 - 109
47 - 119
5 - 10
0.5 - 4.5

32 - 60
52 - 84
0.4 - 2.9
4.4 - 11

22 - 50

C.il< ul;ii<<l m i n i ; K-10 ( A-137 M l i o s l in |>icului is ill l l ic s a m e p n l h u n y (sec TuhU's 2!) MIKI .SO)
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TABLE 27
Percentage Transfer of Cs-137 from Whole Milk to Milk Products

(See Fig. 7)

Milk Product

Whole Milk Powder
Skitnmilk
Cream
Cheese
Cheese Whey
Skimmilk Powder
Casein
Casein Whey
Whey Powder
Butter
Buttermilk
Butteroil
Demineralized Whey
Demineralized Whey Powder
Delactosed Whey Powder
Partially Demineralized Delactosed Powder
Lactose

Percentage Transfer
of Caesium-137

S.S ± .SO

9.) + .'I.")

()..") ± 2.7
(i.7 ± 2.2

91 ±.S.S

I I I ± f>2

0.32
8S + :*«)
(>(i ± :i.s

0.8.">

1.3 ± 2.1
<l.2

(). 1 ± 3.">
2.0 ± 1.0

(S3 ± 32

29 ± 11
1.1+ ().(>

TABLE 28

Percentage Distribution of Radiocaesium to Different Dairy Products

Product

Whole Milk
Cream
Skimmilk
Butter
Buttermilk
Cheese
Cheese Whey-
Rennet Casein
Rennet Casein Whey
Demineralized Whey (90%)

Literature Review
(Range)

100
3 - 16

85 - 99
0.3 - 2.2
2 - 13
4 - 23

74 - 96
1.8 - 7.7

77 -88
<1.5

Present Work

100
(>.">

93
0.8')
•1.3
6.7

91
0.32

83
(i.l '"

" The difference in ihe [X'nentage transfer factors foi ifemincrali/ed whev mu\ be adiibutcd
lo the fact that the piixliu ts disc usseti in the lilii .nuic were maimlai lured on a
laboratory scale unlike those in this Much ul i idi uvir o l i o ml diiedlv Iron) ihriieaineM.

G9.



TABLE 29

Calculated Cs-lS7 Concentrations in Butter and the Percentage Cs-137 Transfer from Cream
iBused on the Average K-10 Cs-137 Ratio for Cream and Buttermilk in the same Pathway)

Product

(arum
UuiUtmilk
UuiUi

(„..„„
Buttermilk
l»utu-i

Cioani
Buiirinulk
lilltlCI

Cs-l'i?
(Bq kg)»r(Bq 1/

o. hi + o.o;>
0. Hi + 0.11
**O.I2

0.2S ± 0.01
0.17+0.0")
**O.IO

0.1")+ 0.01
0.2(i + O.O")
**().()!

Citkulad'd %
Cs-l'J7 (lansfei

12

17

11

K-
(Bq/kg)

18

21

so
7.7

21
11
;").«

10
OI

+
+
+

+

+
+

+
+
+

(Bq/I)

1
2
0.8

1
2
1

1
1
0.(5

K-JO/Cs-137

•10 ± ">

« 7 ± 1 7

81 + 11
(vl ± 7

*71

K58 +;}.r)
* l ( 5 0

* ,iv< i . i ! ; r K - 1 0 Cv- l . ' tT i . u i u I M M < I o n i . i i n i I m o i l u i p i i u l i u I-. i l l I h e s a u u 1 | ) ; i l h n . i \
" i ,il< u l . H i i l ( \ l : > 7 , m i \ i l \ IKIM'II i>n . i s M i i u c i l K - 1 0 ( . V l . ' i ? u n i o ;ti i(l i i K a s u i c d K - 1 0 t ' i i l u r
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TABLE SO

Calculated Cs-187 Concentrations in Casein and the Percentage Cs-137 Transfer from Skimmilk
(Based on the Average K-10 Cs-137 Ratio for Skimmilk and Casein Whey in the Same Pathway)

Product

Skiminilk
Casein Whey
Casein

Skimmilk
Casein Whey
Casein

Skiinmilk
Casein Whey
Casein

Skimmilk
Casein Whey
Casein

Skimmilk
Casein Whey
Casein

Cs-137
(Bq kg)or(Rq 1)

1.0 + 0.1
0.69 ± 0.06
**0.05

0.55 ± 0.23
0.39 ± 0.08
**0.11

0.26 ± 0.03
0.27 ± 0.05
**0.03

0.24 ± 0.02
0.28 ± 0.08
**0.03

0.24 ± 0.06
0.28 ±0.05
**0.03

Calculated"«
Cs-137 transfer

0.1")

0.60

0.38

0.30

0.30

K-10
(Kq kg)or(Bq 1)

:u ±2
11 ±2
2 . 1 ± ().«»

l>8 ± 1

17 ± 1
13 ± 1

13 ± 1

12 ± 1

">.l ±0.5

17 ± 1
19 ± 1

1.8 ± l.:»

46 + 1

43 ± 1

1.3 ±0.6

K-40 Cs-1.17

:i 1 + 3

.V) ± I)

*I7

121 ±.")1
120 + 28

* 120

lln ± 20

155 ±28

•mo

197 ± 18
175 ±19

* 185

190+19

151 ±29

*I7O

* average K-40 Cs-137 ralio based on mtio [or olliei products in the s;iiiic pulhiviiy
** calculated Cs-137 activity based on asMiincd K-10 Cs-137 ratio ami measured K-10 value
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TABLE 31
Calculated Cs-137 Concentrations in divest* and the Percentage Cs-137 Transfer from Whole Milk
(Rased on the Average K-IO Cs-137 ratio for Whole Milk and Cheese Whey in the Same Pathway)

I'rotlutt

Whole Milk

( Hurst1 Whey

Clur.se

Whole Milk

Clurse Whcv
(ilurse

Whole Milk
durs t ' Whey
(llu't'St'

Whole Milk

d u r s t ' Whey

C 3iee.se

Cs-lS7
(Bq kg)or(Bq 1)

0.03 ± 0.09

(UK) + 0.02

**O.I6

0.2!) + 0.02

0.26 ± 0.09

*•<).) 3

0.26 + 0.07

0.2') ± 0.0.r)

•*().! 3

0 3 + 0.07

0.16 ±0.66

0.09

Calculated %
Cs-137 transfer

7

•1

f>

3

K-40
(Bq/kg)or(Bq/l)

10 ± 3

11 ±2
30 + 2

13 ± 2

13 + 1

20 + 2

16 + 1

15 + 1

23 + 1

15 + 1

32+ 1

I 6 ± 2

K-40/Cs-137

63 ± 10

(58 ± 3
•65

148 ± 13

165 + 83

*157

176 ±46

181 +33

*178

179 + 50

200 ± 76

190

* .iMiiijii- K-10 (\- l . f7 tilliii IKIM'II on r;iiio for otlu-r prniluris in the SUIIM- pathway
" (,ill ul,mil Cs-l.'iT iiiti\ii\ II.IMII mi .issunud K-10 (is-l.'i/ laiio.uul incasimd K-lOvainc

TABLE 32
Calculated Cs-137 Concentrations in Demineralized Whey and the Percentage Cs-137

Transfer from Whey using the K-40/Cs-137 Ratio for Whey

Product

Wlu-y
DcmiiuTuliicd Whey

Whcv
neminerali/eil Whey

Cs-137
(Bq/I)

0.37 ± 0.06
**0.02

0.29 ±0.16

**0.002

Calculated
Cs-137 transfer

">.4

6.8

K-40
(Bq/1)

46 ± 1
2.4 ±0.2

32 ±2
0.33 ± 0.03

K-40/Cs-137

123 ± 18
*123

154 ±86
•154

" K - l i l ( \ - \ ' l l i . H I D I m U I I I A i n i i u s l i m - p i l l l i w ;•>
" < a l i c i h i K c l C s - I . ' ! 7 ; i c t i \ i i v I I . I M I I m i . i s s i n n ; . . ! K - H I C N - 1 . ' < 7 l a i i o a n d m e a s u r e d k - 1 0 v a l u e
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TABLE SS
Comparison of Specific Activities (Bq kg) in Different Whey Powders

at Different Times of the Year (See Fig. 8)

Month Collected

Juno

August

November

Whey Powder

2.1 + 0.1

0.73 ± 0.01

Deinineralized
Whey Powder

0.2(5 ± 0.02

0.07 i 0.02

Delat lost <l Whey
Powder

8.1 +(!.•)

7.2 + 0.1

2.") ± 0.1

Partially
Deminerulued

Delia losed Whey
Powder

1.1 ± 0..S

:i I + (i. I

2.1 + 0 . 1

T4BLE 34
Normalized Cs-137 Specific Activities (Bq/kg) in Milk Products

(See Fig. 9)

Whole Milk
Whole Milk Powder

Skimrnilk

Skiminilk Powder

Cream

Butter

Buttermilk

Buueroil

Cheese

Cheese Whey

Casein

Cheese Whey

Whey Powder

Demineralized Whey

Demineralized Whey Powder

Rennet Mother Liquor

Delactosed Whey Powder

Lactose

Partially Demineralized Delartosed Whey

Partially Demineralized Delactosed Whey Powder

1.0

7.0

1.0

11

0.72

0.8(5

0.95

<0.27

1.2

0.96

<0.89

0.89

12

0.09

0.17

8.7

2.'5

0.11
l.S

11
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TABLE 35

Transfer of Rudiostrontium and Radio* acsium from Whole Milk to Milk Products [9]

Product

Rariiostioniium
BlKUT

Cheddar Cheese
Collage Cheese

Radiocaesium
Butler
Cheddar Clurso
Collage Cheese

Wcight of
starting
material

kg

(>.5">
6.97
$M

()..r)2
5.81
">.2I

Wei|;hi of
product

kg

0.29
0.50
0.27

0.17
0.(51
0.3fi

1

Product
moisture
content

%

31
39
78

13
•11
56

Activity in
starling
material
c/m/g

17.(5
2-1.3
2(5.2

153
201
216

Activity in
product

c/m/g

1.2
166

9

24
141
35

Transferred
from milk

%

0.06
49
2.7

0.03
7.7
1.1

TABLE 36
Radiostrontium and Radiocaesium Intake from Whole Milk and Cheese on the basis of

Calcium, Protein and Calorie Requirements!!?]

Product

Whole Milk

Cheddar Cheese

Cottage Cheese

Basis of Substitution

Calcium

Sr-85

100

94

89

Cs-137

100

10

33

Protein

Sr-85

100

100

8

Cs-137

100

10

3

Calories

Sr-85

100

120

30

Cs-137

100

12

10
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TABLE 37
Maximum Permitted Radioactivity Levels for Foodstuffs and Feedingstuffs (Bq/kg)

[66. 71.72]

Radionuclide

Isotope of strontium,
notably Si-90

Isotope of iodine,
notably 1-131

Alpha-emitting isotopes
of pluloniuni and
Iransplutonium
elements, notably
Pu-239. Am-2II

All other nuclides of
half-life greater than 10
days, notablvCs-13-1,
Cs-137 (6)

Baby
Foods

(1)

75

150

1

100

Dairy
Produce
(2) (3)

125

500

20

1000

Other
Foodstuffs

except Minor
foodstuffs (4)

750

2000

80

1250

Liquid
Foodstuffs

(5)

125

500

20

1000

Feeding
Stuffs

(7)

(7)

(7)

pigs 1250
(8)2500

other 5000

1I) Baby foods are defined as those loodsluffs intended for the feeding of infants during (he first four to six months of life,
which meet, in themselves, the nutritional requirements of this category of person and are put up for retail sale in
packages which are dearly identified atid labelled 'food preparation for infants'.

(2) Duiiy produce is defined as milk 'ailing within headings Nos 0-1.01 and 01.02 of the Commons Customs Tariff, and the
corresponding headings of the combined nomenclature as from I January 1988.

l.'i) The level applicable to concentrated or dried product* shall be calculated on the basis of the reconstituted products as
ready for consumption.

(I) Minor foodstuffs and the corresponding levels to be applied to them will lie as defined in accordance with Article 7.

(">) Liquid foodstuffs as defined by Chapters 20 and 22 of the Commons Customs Tariff and by the corresponding Chapter
of the combined nomene lalurc as from I Januan l!)88. Values are calculated taking into account consumption of lap-
water and the same values should be applied to clunking water supplies at the discretion of competent authorities in
Member States.

(lil Carbon II and tritium are not inc hided in this group.

(7) For these ladionuc licles no maximum permitted levels have been laid down because of the low animal transfer factors of
the strontium and alpha-emitting isotopes and the short-half-life of I-I.'il.

(Hi Poultry, lambs and cukes.
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