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ABSTRACT 

A monitoring programme was drawn up to study the radloecologlcal 
situation of the Black Sea basin following the Chernobyl NPP accident, 
with studies being carried out from May 1986 onwards to determine the 
levels of radioactive contamination In various parts of the Black Sea, 
the Sea of Azov and the Aegean Sea, Including the estuaries of major 
rivers (Dnieper, Danube, Dniester and Don) and shelf areas of the Black 
Sea and the Sea of Az¢v. 

The work focused on long-1 lved radlonucl Ides c90sr and 137cs), with 
the migration dynamics of these radlonuclldes In the aquatic 
environment, bed sediments and aquatic biota (Including Plants. 
molluscs, crustacea and fish) being studied. We compared the behaviour 
of radlonuclldes In the aquatic environment of the Dnieper reservoirs 
fol lowing the Chernobyl accident (our data) with the behaviour of 
radlonucl Ides In lakes In the Urals fol lowing the Kyshtym accident 
(publ lshed data). As In the case of the lakes In the Urals, the Dnieper 
waters contain substantial concentrations of 90sr as a result of the 
Chernobyl accident, and 90sr therefore enters the Black Sea with the 
Dnieper waters. The paper compares the contribution of the Chernobyl 
accident to radioactive contamination of the Black Sea with that of 
g loba I fa I lout. 
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Radloecologlcal research has been carried out In the Black Sea Basin by 
staff of the Southern Seas Institute of Blo103y since the beginning of 
the 1960s (Marine radloecology, 1970 1 ; Pollkarpov et al., 
1970 15; Sokolova, 1971 19; Kulebaklna, Zesenko, 1984 8). 

Thus, when the news of the Chernobyl accident first broke, we started 
to take samples In the Sevastopol rayon (district) and later, as part 
of a more extensive programme of radloecologlcal monitor Ing, In the 
BI ack Sea, the Sea of Azov and the Aegean Sea, the estuar I es of the 
Danube, Dniester, Dnieper and Don Rivers and In the small Inland basins 
and rivers of the Crimea. The main components of the ecosystems (water, 
bed sediments, aquatic plants, molluscs, crustacea and fish) were 
analysed. This paper presents the results of observations made between 
1986 and 1989 of the main long-lived, blologlcally significant 
radlonuclldes c90sr and 137csJ. 

Gamma-spectrometry measurements were carried out using Al-1024 gamma 
analyzers with Nal(TI) crystals (150x100 mm) and, from 1988 onwards, 
Ge(LI) detectors with a volume of 98 cm3, A low-background UMF-1500 
unit with SBT-13 counters was used for beta-radiometry. The 
radiochemical methods used and the radlometrlcal measurements taken 
were subjected to International calibration. 

In the aftermath of the Chernobyl accident the maximum 137cs 
concentrations In the surface waters of the Black Sea reached 815-840 
mBq·1-1 In the summer of 1986. Prior to the Chernobyl accident the 
137cs concentration In the Black Sea water amounted to 19.61±1.11 
mBq· 1-1 (Vakulovsky et al., 1980). In the course of 1986 
considerable heterogeneity was observed In the distribution of the 
137cs concentrations In surface waters of the Black Sea: the values 
ranged from 18.5 to 815-840 mBq· 1-1 (Pol lkarpov, Kulebaklna, 1989). 
Between 1986 and 1989 hydrophyslcal and biological processes led to 
redistribution and migration of 137cs Into the depths of the water 
which led, In turn, to a reduction In the maximum 137cs concentration 
and an Increase In Its minimum level In the surface waters of the Black 
Sea (FI g. 1 ) • 

Other scientists who carried out radloecologlcal studies ln the Black 
Sea In 1986 produced similar data on the concentration of 137cs In 
surface waters: 518 Bq·m-3 In the eastern area of the Black Sea and 
250-340 BQ·m-3 north of the Bosphorus (Nlkltln et al., 1988; 
Livingston et al., 1986; Buesseler, 1987). 

The Irregular, "patchy" distribution of 137cs In the surface waters 
of the Black Sea, which was observed In 1986, tended to obscure the 
latitudinal reduction In 137cs fallout levels from north to south 
which was clearly seen In 1987 (Fig. 2) and 1988. 

However, as early as 1989 the concentrat Ion of 137cs In the surface 
waters of the shallow north-west area of the Black Sea was lower than 
In the southern area around the Bosphorus (Fig. 2). This can be 
explained by the flow of the Danube and Dnieper Rivers which had lower 
137cs concentrat Ions than those of the water In the Black Sea and 
therefore diluted the 137cs contamination of the Black Sea. 

In the Lower Danube ( town of VI I kovo) the concent rat Ions of 137 Cs 
between 1986 and 1989 ranged from 7.4 to 25.9 mBq· 1-1 , the maximum 
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concentration being 55.5 mBq· 1-1 (Kulebaklna, Pol lkarpov, 1990). In 
the Lower Dnieper (town of Kherson) the 137cs concentrations In the 
water ranged from 3.7 to 18.5 mBq·1-1. The maximum concentrations 
(92.5 and 181.3 mBq· t-1) were observed dur Ing the spr Ing flood of 
1987. The 137cs concentration In the estuaries of these rivers 
therefore fell between 1986 and 1989 (Fig. 3). The Influence of river 
waters ts also confirmed by the direct correlation between sat lnlty and 
the 137cs concentration (Fig. 4). 

Throughout this period the maximum concentrations In the surface waters 
of the Black Sea decreased and the minimum concentrations Increased. 
The histograms (Fig. 5) show the percentage distribution of 137cs 
concentrations In the years concerned. They Indicate that, In the 
autumn of 1987, 34" of the sample c • 0.54) had a concentration of 
between 77.7 and 92.5, In the autumn of 1988 36" C • 0.60) of the 
sample had a concentration of between 59.2 and 74.0 and In the spring 
of 1989 51" C • 0.33) of the water had a concentration of between 40.7 
and 55.5 mBq· 1-1. Irregular •patchy" contamination of the area of 
water as a result of atmospheric fallout In 1986 was also observed In 
the On leper-Bug Estuary Cl Iman) where 137cs concentrations ranged 
from 3.7 to 470 mBq· 1-1. Prior to the Chernobyl accident the 137cs 
concentration In this area ranged from 3.7 to 7.4 m8q· 1-1 
(Vlntsukevtch, Tomi I In, 1987). 

The maximum 137cs concentrations In the water of the Lower Dnieper 
were observed In the 1987 spring flood (March-May) as a result of the 
removal of sol I particles with adsorbed radlonucl Ides from the upper 
areas of the Dnieper River basin situated In the most contaminated 
area. In the autumn of 1988 we mapped the radloact Ive contamlnat Ion 
level of the Dnieper Waters (Fig. 7), from the cooling pond of the 
Chernobyl NPP (10-km zone), down the Dnieper and through al I the 
Dnieper reservoirs to the Dnieper-Bug Estuary. 

The results of this research showed that the 137cs concentration 
levels remained high In the upper areas of the Dnieper (Fig. 7). 

In 1988 the concentrations of 137cs and 134cs In the Chernobyl 
cooling pond were 21.7 Bq·t-1 and 2.8 Bq·1-1 respectively, the 
figures for the Prlpyat River (settlement of Kopachl) were 3.1 and 0.44 
Bq·t-1 respectively, while In the Kiev and Kremenchug reservoirs the 
figures were 0.188 and 0.033 Bq·1-1 respectively. Further towards the 
BI ack Sea the Dn I eper reservo Ir system fac II I tated the sett I Ing of 
suspended particles with adsorbed radlocaeslum, thereby affecting the 
level not only of 90sr (Pollkarpov, Tlmoshchuk, Kulebaklna, 1987), 
but also In particular of 137cs, since 137cs Is typically found In 
the form of compounds of low solubility (Kuznetsov, Generalova, 1989) 
and the majority of the radlocaeslum In the Chernobyl NPP zone In the 
pluvial runoff period migrates In solid form (Perepelyatnlkova et al., 
1989). 

Between 1987 and 1989 the 137cs concentration ranged from 3.7 to 
18.5 mBq· 1-1, higher levels being observed only during the spring 
floods. An Increase In the 137cs concentration tn rivers as a result 
of the spring flood was also observed for global radionuclide fallout 
prior to the Chernobyl accident (Bochkov et at., 1983). 

Atmospheric fallout contaminated bed sediments with radlonuclldes 
fairly quickly. Radioactive contamination of bed sediments In the shelf 
area of the Black Sea and the lower part of the Dnieper River was also 
of a "patchy" nature: the concentrat Ions of 137cs In 1986 ranged from 
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3 to 122 Bq·kg-1 wet mass. The 137cs concentration level In Black 
Sea bed sediments Increased In certain places by two orders of 
magnitude In comparison with the level observed prior to the Chernobyl 
accident (Kulebaklna, Zesenko, 1984). 

Radlocaeslum passed rapidly through the waters onto the bed because the 
Chernobyl accident produced a high level of fuel particles and 
aggregated forms of radlonuclldes (lnformatslya, 1986). This was 
recorded by direct observations using traps In the Black Sea and the 
Mediterranean Sea (Buesseler, 1987; Fowler et al., 1987). Thus, 
although, In the case of global fallout, an Increase was observed In 
the specific activity of 137cs In bed sediments with depth (Yegorov 
et al., 1986), our observations revealed the opposite, namely a 
decrease In 137cs concentration In bed sediments with depth (Fig. 8). 
"Patchy" contamination of bed sediments was also observed In the lower 
part of the Dnieper (from Zaporozhe to the Dnieper-Bug Estuary). 
137cs concentrat Ions of between 2.44 and 38.18 Bq·kg-1 were 
observed In the Kherson area from June to September 1986. 

Subsequently we observed horizontal and vertical migration of 
radlocaeslum In bed sediments (Fig. 9). 

Of all the aquatic biota In the Black Sea, green and red algae are 
among the blolndlcators of radlocaeslum. Observations of the change In 
the 137cs concentration In sea lettuce (U!ya rigldal showed that the 
maximum 137cs concentrations observed In macrophytes In the summer of 
1986 were between 12. 76 and 22. 2 Bq · kg-1 of wet mass and qu I ck I y 
decreased after a fall In the 137cs concentration In water. In 1988-
1989 the 137cs concentrations In Black Sea algae ranged from 0.67 to 
6.74 Bq·kg-1, the levels In cvstosaira crlolta brown algae being 
higher than In Uiya rigida green algae. This can be explained by the 
fact that Cystosajra Is a perennial alga, whereas sea lettuce Is an 
annua I. 

Some 140 varieties of plant grow In the Dnieper reservoirs and the 
Lower Dnieper, 69 of which are higher aquatic plants (Korelyakova, 
Gorblk, 1989) which differ In their ecological and biological features. 
We studied various representatives of the ecological and biological 
groups: submerged plants (parrot feather, hornwort, pondweed), plants 
with vegetative organs which float on the surface of the water (cow 
Illy, naiad, wild celery) and amphlphytes (common reed, great bulrush). 

The h lghest 137cs accumulat Ion coeff le lents were observed In 
thorowort pondweed cpotamogeton oertol latusl (750 - 1 164 - 2 005), 
Canada parrot feather CMyriophvilum vectlcl I iatum) (983 - 1 006 - 1 143 
- 2 508) and fennel-leaved pondweed cpotamogaton oectinatum> Cl 053 -
1 000). 

Prior to the Chernobyl accident the 137cs concentrations In aquatic 
vegetation (cladophora, pondweed, cat's-tall, duck's-meat) of the 
Yuzhny Bug River ranged from 0.12 to 7.94 Bq•kg-1 (Vlntsukevlch, 
Tomi I In, 1984), with higher 137cs accumulation being recorded In the 
case of thorowort pondweed. 

The dynamics of the 137cs concentration In Dnieper plants between 
1986 and 1988 (Figs. 10, 11) reflected the dynamics of the 137cs 
concentration In the water of the Dnieper River. We have no data on the 
137cs concentrations In Dnieper plants prior to the Chernobyl 
accident. 
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After the Chernoby I ace I dent an Increase was observed In the max I mum 
concentrations of 137cs In plants of the Yuzhny Bug Estuary: 60 times 
In the case of amphlphytes (bulrush, cat's-tall, reed), seven times In 
the case of pondweed and 10 times In the case of cladophora. 

It was essential to record not only the visible differences but also 
the ecological and blologlcal differences In radlocaestum accumulation 
In aquatic plants. In 1986, the highest 137cs concentrations were 
recorded In amphtphytes (up to 138 Bq·kg-1 for great bulrush (Sclprus 
1acust[ls) or 24.67 Bq·kg-1 for the common reed <Phragmltes 
austral Is)), this direct plant contamination being caused by 
atmospheric fallout. 

The same factors may account for the high concentrations 
1986 tn common duckweed (Lemna minor> (77 Bq·kg-1>. 
submerged plant but has leaves floating on the surface. 

of 137cs In 
which Is a 

Subsequently, when aquatic plants accumulated radlonuclldes primarily 
from water, submerged plants displayed the greatest capacity for 
radlocaeslum concentration. 

137cs accumulation In molluscs and fish of the Black Sea and the 
Dnieper River was of a more complex nature than that In plants. In the 
case of Black Sea mussels, the 137cs concentration In 1986 reached 
55.5 Bq·kg-1 In soft tissue and 14.8 Bq•kg-1 In whole molluscs. 
Subsequently, after the 137cs concentration In mussels fell In 1987, 
It began to rise again In 1988 (Fig. 12). 

The same dynamics of 137cs accumulat Ion were noted In the case of 
Black Sea fish (Fig. 13), and In Dnieper molluscs (Fig. 14) and Dnieper 
fish (Fig. 15). A wide range of values was recorded, ranging from 
minimum values (of the order of 0.5 Bq·kg-1) corresponding to the 
137cs concentration level In Black Sea fish prior to the Chernobyl 
accident (Kulebaklna, Zesenko, 1984), to maximum values 
(30 Bq·kg-1), which are 60 times higher than the pre-Chernobyl 
values. An analysis of the dynamics of the 137cs concentration for 
particular species of fish (Fig. 16) shows how this process Is 
dependent on the trophic level of fish In the food chains: an Increase 
In the trophic level Increases the 137cs accumulation: In the case of 
first-degree consumers (annular bream <Plplodus annularls), sprats 
csorattus sprattus sprattus), Mediterranean scad (Trachurus 
medlterraneus eux1ous) etc.) the ratio between the 137cs 
concentrations and 40K ranged from 0.024 to 0.135; In the case of 
second-degree consumers (whiting COdontoqadus mer1angus), goby (Goblus 
S,D...), peacock wrasse cereal labrus tlnca), stingray cpasyatls pastlnaca) 
etc.), the ratio ranged from 0.154 to 0.203; In the case of third
degree consumers (scorpion fish cscorpaena porcus), shark (SgyaJys 
acanthlus) and Blacksea turbot cscophthalmus maeot1cus maeotlcys)), the 
ratio ranged from 0.272 to 0.834. 

In addition to 137cs, we also studied 90sr, another long-lived 
radionuclide. As a result of nuclear explosions In the atmosphere, the 
quantity of 90sr released In 1980 (6.04·1o17 Bq) was almost the 
same as that of 137cs (9.6·1o17 Bq) (Sources, 1988). 

The Chernobyl accident 
atmosphere (lnformatslya, 
than the quantity of 

released 8.1-1015 Bq of 90sr Into the 
1986), which Is one order of magnitude less 
137cs released. The blogeochemlstry of 
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radlostrontlum In aquatic ecosystems and Its biological action differ 
from the behaviour of 137cs. 

In 1986 the 90sr concentrat Ions In surface waters of the Blaclc Sea 
following the Chernobyl accident ranged from 16.6 to 157 mBq·1-1. The 
maximum concentrations of 90sr we recorded In June were five times 
lower than those of 137cs. In the Dnieper-Bug Estuary and the Lower 
Dnieper In September 1986 the concentrations of 90sr ranged from 21.1 
to 20.4 mBq· 1-1 (translators note: sic) and were usually higher than 
the concentrations of 137cs. 

Fol lowing the Chernobyl accident the concentrations of 90sr In the 
surface waters of the Blaclc Sea decreased between 1986 and 1989, but 
the dynamics of this process for 90sr differed from those for 137cs 
(Fig. 17). As a result, there was a change In the ratio between the 
concentrations of 137cs and 90sr, as shown In Fig. 18 for the area 
of water near the coast of the Crimean peninsula. This can be explained 
by differences In the blogeochemlcal behaviour of 90sr and 137cs In 
the aquatic environment. 

In this period a gradual Increase In the concentration of 90sr In the 
water was observed In the lower part of the Dnieper River as a result 
of the arrival of more highly contaminated water from the upper part of 
the Dnieper (Fig. 19). The maximum concentration of 90sr In the water 
of the Lower Dnieper occurred during the spring flood of 1987 (Fig. 20) 
when the maximum concentrations of 90sr In the Kalcllovlca reservoir 
amounted to 910-992 mBq·l-1. The gradient of 90sr concentration 
from Zaporozhe (the uppermost point of the Kalchovlca reservoir) to the 
Dnieper-Bug Estuary remained the same. In 1988-1989 we recorded a 
reduction In the concentration of 90sr In the lower part of the 
Dnieper River and Its virtually uniform distribution between Zaporozhe 
and Kherson. In 1988 the 90sr concentration In the water of the Lower 
Dnieper ranged from 281 to 397 mBq· 1-1, whl le at the end of 1988 It 
ranged from 192 to 289 mBq· 1-1; In 1989 It ranged from 211 to 282 
mBq· 1-1 In the Kalchovlca reservoir, and from 290 to 341 mBq· 1-1 
near the town of Kherson. However, It Is essential to talce account of 
the fact that the upper section of the Dnieper River, which formed part 
of the area of maximum 90sr contamination fol lowing the Chernobyl 
accident, will continue to be a source of 90sr uptalce further down 
the Dnieper to the Blaclc Sea (Fig. 21). Although In the area of the 
Blaclc Sea adjacent to the Dnieper Estuary the 90sr concentrations In 
1986-1987 were comparable to those at other points In the north-western 
part of the Blaclc Sea, there was an Increase In the 90sr 
concentration In this area as early as 1988 as" a result of removal with 
Dnieper waters (Fig. 21). 

According to our calculations (Table 1, Fig. 22) based on data on the 
mean monthly flow of the Dnieper and the dynamics of the 90sr 
concentration In the water of the lower part of the Dnieper, In al I 
39.7·1012 Bq 90sr entered the Blaclc Sea with Dnieper waters between 
1986 and 1989, which amounts to approximately 0.5% of al I the 90sr 
released Into the atmosphere during the Chernobyl accident. Maximum 
90sr removal toolc place during the spring flood of 1987 (Fig. 23) due 
to 90sr concentrations In the water and water flow being at their 
highest. 

In the lower part of the Dnieper we observed movement of 90sr 
downstream to the Blaclc Sea with bed sediments as well (Fig. 24). 

The max I mum 90sr concentrations recorded by us In the spr Ing of 1987 
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In the water of the Lower Dnieper were accompanied by the highest 
levels of 90sr In bed sediments (Fig. 25). 

As for accumulat Ion of 90sr by Blacle sea aQuat le biota, we observed, 
above all, an Increase of several times In Its concentration In algae 
In comparison with pre-Chernobyl levels (Kulebalelna, 1970 1; 
Parchevsley, Kulebalelna, Soleolova, 1971 12; Sokolova, 1971 19), and 
Its dynamics In the brown alga Cystoselra corresponded to the dynamics 
of the 90sr concentration In water. Of all the plants In the Lower 
Dnieper which we studied, the ones with the highest 90sr accumulation 
levels were members of the pondweed faml ly (up to 52.5 BQ·kg-1), 
hornwort and common cat 's-tal I. The 90sr concentrat Ion In the plants 
of the Lower Dnieper also reflected the dynamics of the 90sr 
concentration In the water, maximum values being observed In 1987 (Fig. 
26). 

The 90sr concentrations In Black Sea mussels reached their highest 
levels In 1986, after which they fel I In 1987 and Increased again 
sltghtty In 1988 (Fig. 27). 90sr accumulation was observed In Dnieper 
molluscs between 1986 and 1988 (Fig. 28). The maximum 90sr levels In 
prelssenacea were observed In 1988 (432.4 BQ·kg-1 of wet mass). The 
pre-Chernobyl 90sr concentration levels In Black sea mussels and fish 
Increased several-fold In 1986 (Fig. 29), this Increase varying for the 
different species (Fig. 30). The maximum 90sr levels for Blacle Sea 
animals were recorded In 1986, whl le 90sr accumulat Ion In Dnieper 
fish and molluscs rose from 1986 to 1988 (Fig. 31). 

It can be assumed that 90sr accumu I at I on In mo I I uses and f I sh ta lees 
place not only from water but also via food although, In contrast to 
137cs, no clear relationship was observed between 90sr accumulation 
and the trophic level of the aQuatlc biota. 

The following general conclusions can therefore be drawn from the four
year radloecologlcal research carried out In the Blacle Sea Basin: 

1. The main contamination of the Blacle Sea ecosystems following the 
Chernobyl accident resulted from atmospheric fallout, and 137cs 
Is mainly to blame (long-ltved radlonuclldes). 

2. 90sr enters the Black Sea with water from the Dnieper River. 
137cs movement Is restricted by Its non-soluble compounds In 
sol ls and bed sediments. 

3. The 90sr accumu I at I on process Is cont I nu Ing In the mo I I uses and 
fish of the Dnieper River. 

Given the high levels of contamination of the upper 
Basin with long-lived radlonuclldes, there Is still 
radlonuclldes will move Into the Blacle Sea 

part of the Dnieper 
a danger that these 
via river flow. 



- 615 -

BIBLIOGRAPHY 

I. L. P. Bochkov, s. M. Vakulovsky, A. I. Nlkltln, et al.: 137cs 
content In surface waters of dry land; Meteorologlya I gldrologlya, 
1983, No. 8, pp. 79-83. 

2. S. M. Vakulovsky, I. Yu. Katr lch, Yu. V. Krasnopevtsev: Spat la! 
distribution and balance of 3H and 137cs In the Slack sea In 
1977; Atomnaya Energlya, 1980, vol. 49, Issue 2, pp. 105-108. 

3. N. V. Vlntsukevlch, Yu. A. Tomi I In: Distribution of radlonuclldes 
In the water system (cooling pond of the NPP - river - llman); 
Ekologlya, 1987, No. 6, pp. 71-74. 

4. Yu. A. Yegorov, s. V. Kazakov, N. v. Staurln: The effect of water 
bOdy depth on radionuclide content In bed sediments, In "Radiation 
safety and NPP protection"; Moscow, 1986, No. 11, pp. 75-80. 

5. Information on the Chernobyl accident and Its consequences, 
prepared for the IAEA; Atomnaya Energlya, 1986, vol. 61, Issue 5, 
pp, 301-320. 

6. 

7. 

V. A. Kuznetsov, V. A. 
features of the migration 
the Prlpyat Marshes; 
Radloblologlcal Congress, 

Generalova: Landscape and ecological 
of strontium and caesium radlonuclldes In 
proceedings of the First Al I-Union 
Pushchlno, 1989, vol. 11, pp, 465-466. 

L. G. Kulebaklna, Distribution of 90sr In 
the blocenosls of Cystoseira; Morskaya 
Naukova Dumka, 1970, pp. 164-168. 

the main components of 
Radloekologlya, Kiev, 

8. L. G. Kulebak Ina, A. Ya. Zesenko,: Dynamics of 90sr and 137cs 
levels In the water and aquatic biota of the Danube delta and the 
adjacent area of the Black Sea, In "Marine radlochemoecology and 
the problem of contamination"; edited by G.G. Pollkarpov, Kiev: 
Naukova Dumka, 1984, pp. 16-40. 

9. L. G. Kulebaklna, G. G. Pollkarpov: Results of multi-annual 
radloecologlcal studies In the Danube Estuary and the adjacent area 
of the Black Sea; report of the Ukrainian Academy of Sciences, 
series B, 1990, No. 3, pp. 68-71. 

10. Marine radloecology; edited by G. G. Pollkarpov, Kiev, Naukova 
Dumka, 1970, 274 pp. 

11. A. I. Nlkltln, V. I. Medlnets, 8. v. Chumlchev, et al.: Radioactive 
contamlnat Ion of the Black Sea fol low Ing the Chernobyl accident 
(situation at October 1986); Atomnaya Energlya, 1988, vol. 65, 
Issue 2, pp. 134-137. 

12. v. P. Parchevsky, L. G. Kulebaklna, I. A. Sokolova, 90sr In 
aquatic biota of the Black Sea; Morskaya Radloekologlya, Kiev, 
Naukova Dumka, 1970, pp, 159-164. 

13. L. v. Perepelyatnlkova, v. s. Prlster, N. P. Omelyanenko, I. Yu. 
Voroshllov, Horizontal migration of radlocaeslum as a result of 
water-erosion processes In the Chernobyl NPP zone; Proceedings of 
the First All-Union Radloblologlcal Congress, Moscow, 21-27 August 
1989, vol. 1, Pushchlno, 1989, pp. 497-498. 



15. G. G. Pol lkarpov, Yu. 
Radloecologlcal studies 
Dumka, 1970, 229 pp. 

- 616 -

P. Zaytsev, L. G. Kulebaklna et al., 
of the Mediterranean Sea, Kiev, Naukova 

16. G. G. Pollkarpov, L. G. Kulebaklna: Radloecologlcal studies In the 
Black Sea Basin fol lowing the Chernobyl accident; Proceedings of 
the First All-Union Radloblologlcal Congress, Moscow, 21-27 August 
1989, vol. 1, Pushchlno, 1989, p. 502. 

17. G. G. Pollkarpov, v. 1. Tlmoshchuk, L. G. Kulebaklna: 90sr 
concentration In the aquatic environment of the Lower Dnieper 
towards the Black Sea; report of the Ukrainian Academy of Sciences, 
series 8, 1988, No. 3, pp. 77-79. 

18. Vegetation and the bacteria population In the Dnieper and Its 
reservoirs; Kiev, Naukova Dumka, 1989, 229 pp. 

19. I. A. Sokolova; Calcium, 90sr and strontium In marine organisms; 
Kiev, Naukova Dumka, 1971, 239 pp. 

20. K. 0. Buesseler: Chernobyl: Oceanographic studies In the Black Sea; 
Oceanus, 1987, vol. 30, No. 3, pp. 23-30. 

21. S. W. Fowler, P. Buat-Menard, Y. Yokoyama, et al.: Rapid removal of 
Chernobyl fallout from Mediterranean surface waters by biological 
activity; Nature, 1987, vol. 329, No. 6134, pp. 56-58. 

22. H. Livingston, w. Clorke, s. Hon)o, et al.: Chernobyl fallout 
studies In the Black Sea and other ocean areas; EML-460, 1986, pp. 
214-223. 



/{)
00

 

/0
()

 

20
 

• 

F
iq

, 
I:

 
D

y
n

am
ic

s 
o

f 
th

e
 

c
o

n
c
e
n

tr
a
ti

o
n

 
o

f 
C

s-
1

3
1

 
in

 
s
u

rf
a
c
e
 

w
a
te

rs
 

o
f 

th
e
 

B
la

c
k

 
se

a
 

(1
9

8
6

-1
9

9
0

) 

. •\
 

. "
\ 

•• 

• • • • • • 

1~
1 
(5

 I 

' \ • 

•• • •• 

' m
6

i f
l 

• 

' .,
 

• •
 

/.
 :
, 

. , 
• ••

 
• 

•••
 

... 
' 

.. 
..,, 

• 
.. .

 
. . 

..,, 
• 

... 
• 

• 
• 

• 

/ 
. :.

 
\ .:,

 • 
• 

• 
• 

••
 

' 
• •

 
• 

• 
•••

 • •
 ••

 
• 

• 
.. 

•••
 

• 
.:

, 
. 

• 
• 

• 
... 

• 
• 

... 
• 

' 
• 

• 
• 

• 
• 

••
 

• 
• 

• 
• 

• 

' 
• •

 
•••

• 
., • 

• 
• 

, ... 
, ..

. 
• 

.. 
• 

•• ... 
• 

• 
,.:

 • 

• 
• • ••

••
 • • . .. 

• 
•• 

• •
 

•• 
• • 

•• 
o

r
 

••
 • 

• 
• • ••

 
• •

 .. 
I
•
•
•
 

• • .. --
--'-

-
- -

. .. : ... • • 
••

 
• f, 

• 
...

 
• • --•• • 

• 
• • 

• • 
'"'

 
. 

~-
-

• • 
-....

.... -
.
-
-
-
.
-

I 
.
.
.
 

I 
·:.c

::·
 .

 
. 

. 
I 

• 
I 

I 
•
•
 

I 
•
•
•
 

I 
I 
•
•
 

I 
• 

I 
• 

I 
I 

• 
I 
•
•
•
 

i 
• 

I 
' 

•
•
 

I 
• 

I 
• 

/9
J

'6
 

!!.
J 

!9
cf

i' 
x_

[i 
/S

t!'
t! 

Xf
f 

/.!
!"

9 
Xl

f 
l'.

9.
9&

 "' .... ....,
 



... 
- 618 -QJ 

0 
QJ .... 
" Q 

QJ 

.!:. .. 
E 
0 ... 
'-

"' QJ 

"' .,. 
<.) 

"' -c:, 

QJ 

.!:. .. '9 ('-.. 0) 

.... QO Oo co 
0 = .:,., '3) 

"' ~""~ ~ QJ 

~ 
... 
"' 
" _..Nk"> -· ... I ' ' 
QJ • • • • .. 
"' QJ 

3 • QJ 

-~ ~ .!:. ... 
" ~ .... - ,• 

~ "' r- "' / "" "' \:i - -• • "'i1 ./ -~ "' '° u "' 
"' '-) 

I '- - <:::) o- • 
~ 

• ~ " "' 0::, ·- ... • 

~i-
.. 0 

~ ::, .!:. 
~ c. 

~ ... .... "' • ... 0 .. "' ~ "' .... QJ 

~ -0 .!:. .. 
':::» -"'0 

~ ~ " .. 
~ ~ .... 

-0 >· 
::, ... ~ .. "' .... ::, .... 
"' "' ...l QJ 

N 

CJ' .... 
"-



F
ig

. 
3

: 
D

v
n

am
ic

s 
o

f 
th

e
 

c
o

n
c
e
n

tr
a
ti

o
n

 
o

f 
C

s-
1

3
7

 
in

 
th

e
 

a
re

a
s 

a
ro

u
n

d
 

th
e
 
e
s
tu

a
ri

e
s
 

o
f 

th
e
 

D
n

ie
p

e
r.

 
D

n
ie

st
e
r 

an
d

 
D

an
u

b
e 

ri
v

e
rs

 
an

d
 

th
e
 

T
a
rk

h
a
n

k
u

t 
p

ro
m

o
n

to
rv

 
(C

ri
m

ea
>

 
in

 
1

9
8

6
-1

9
8

9
 

S
l(

:J
' -1
 

m
.i

f .e
 

l2
2 

11
/8

 

11
/ 0 
.-

--
--

--
--

""
'-

-.
.J

 
C

ii
m

ea
. 

O
ni

es
l-e

r 
. 

.JJ
11

i4
"e

.'¥
 

.l/
aA

U
~

6 

,.v
 

-/-
fo

11
 I 

19
8 

,,s'
 

"' .... "' 



- 620 -

"' "' "' -
> .., 
·~ 
c: 

"' "' ... 
"' .., 

0 

~ 
"' :,: .. 
"' .J::. .., 
-c 
c: ... 
c: 
0 ·~ .., 
"' ... ~ .., 
c: ~ 
"' " ~ c: 

l,Q -
0 

" 

• 

" 

,._ ~ 
"' - ~ • 
"' ts -u ·~ "' ~ 

.J::. • .., \.'.Q er-
c: ~ 

"' E 
"' -:,: "1 .., 
"' (.) 

IC') -

.i:, "" '" <> - - '° c-1 cD ~ 
,a: 

:r • cri • -'° ~ 
,..: 

"- '° v, :::r ..., 
·~ 
.J::. 

"' :r: c: -0 -·~ .., 
... 

"' a: 

... 
CT• ·~ 
"" 



"' (1) 
V) 

""' 0 

"' :< 
(1) 

" "' ""' ... 
::, 
V) 

c -~ 
"' c 
0 

.., 
"' ... .., 
c 
(1) 

" c 
0 

" 
-' "' u 

""' 0 

c 
0 -~ .., 
::, 
.,:, 
·~ 

(1)""' 
.0: c 
.., "' 
""" "' 
0 "' 

"" "' -e 
"' . ... ,._ 
" "' 0"" .., -
"' ·- c :,: -~ 

~ 
.... ... 

' 

0 

. I • • • • 

- 621 -

,.... 

~ 
~ 

·~ " ....... 
\e, -~ 
.:... 
• 

~. 
~ 
""" "' 

~ 
• . I I . • .I " I 



a 

-.622 -Fig. 6: The Dnieper reservoir svstem 

reservoir 

6(1 Mkm 

$ 

re~e<v0ir 



2
: 

J 
: 

4
: 

5
: o:
 

I:
 

9
' 

IO
: 

I 
I:

 
U

: 
l 

l 
: 

l 
4 

: 

I 
t,

 :
 

1 
'/

: 
J 
8

: 

P
ig

. 
7

: 
C

s-
1

3
7

 
c
o

n
c
e
n

tr
a
ti

o
n

 
in

 
th

e
 

w
a
te

r 
o

f 
D

n
ie

p
e
r 

ri
v

e
r 

b
et

w
ee

n
 

th
e
 

c
o

li
n

g
 

o
o

n
d

 
o

f 
th

e
 

C
h

er
n

o
b

y
l 

N
PP

 
(I

I 
an

d
 

th
e
 

D
n

ie
p

e
r-

b
u

g
 

e
s
tu

a
rv

 
(1

6
-1

8
1

 

P
ri

p
v

a
t 

ri
v

e
r 

K
o

o
ac

h
i 

P
ri

p
v

a
t 

ri
v

e
r 

C
h

er
n

o
b

v
l 

K
ie

v
 

re
s
e
rv

o
ir

 
G

le
b

o
v

k
a 

K
ie

v
 

re
s
e
rv

o
ir

 
K

ie
v

 
K

an
ev

 
re

s
e
rv

o
ir

 
B

o
b

ri
ts

a
 

K
re

m
en

ch
u

q
 

re
s
e
rv

o
ir

 
M

ak
si

m
o

v
k

a 
ll

n
ie

p
e
r 

re
s
e
rv

o
ir

 
D

n
e
p

ro
p

e
tr

o
v

sk
! 

K
ak

h
o

v
k

a 
re

s
e
rv

o
ir

 
Z

ap
o

ro
zh

e 
N

ik
o

p
o

l 
Z

o
lo

ta
v

a
 

B
a
lk

a
 

N
ov

av
a 

K
ak

h
o

v
k

a 
L

ow
er

 
D

n
ie

p
e
r 

K
h

er
 s

o
n

 
D

n
ie

p
e
r 

e
s
tu

a
rv

 
R

v
b

al
ch

e 
G

er
o

v
sk

o
v

e 
P

o
k

ro
v

sk
iv

e
 

K
h

u
to

ra
 

201
 ·10

' 
IS

 

10
 ...L

 
30

Tt
D

2 

2
~

 
11

aT
-1

ot
 

75
 

50
 

25
 

13
1 Cs

,m
Bq

 -t
-1 

0 

·,
 

. ._/
i. 
!"

 
/j

--
.,

_
 

.. 
a·o

o 
.11

 
.11

 
Li

i 
60

0 
.10

 

• I • I I I 1!1
 

., _
_

_
_

_
 

11 

----
-1 

I 
11 

---
-::

l · '
 ' ' ' t

:.1,
· ' 

' ls
' 0 

l:.~l~
m 



- 624 -
Fig. 8: Relationship between the specific activitv of Cs-131 

in bed sediments of the shelf area of the Black sea 
and depth 
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Fig. 9: Ovnamics of the concentration of Cs-137 in bed 

sediments <solid lines) and water (dotted linel 
in the Dnieper River (Khersonl 
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Fig.JO: Dvnamics of the concentration of Cs-137 in 
aouatic plants of the Dnieper River 11986-1989) 
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Dvnamics of the Cs-137 concentration 
the Kakhovka reservoir (1-3) and the 
Dnieper (4-5) 

I Canada parrot feather 
(Myriophvllum verticillatum) 

2 Fennel-leaved pondweed 
(Potamogeton pectinatusl 

3 Thorowort pondweed 
(Potamogeton perfoliatus) 

4 = Canada oarrot feather 
(Myriophyllum verticillatum) 

5 Thorowort pondweed 
(Potamogeton perfoliatus) 

in plants of 
lower 
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fiq.12: Ovnamics of the concentration of Cs-137 in 
Black sea mussels (1986-1989) 
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Fiq.13: Dynamics of the concentration of Cs-137 in 

Black sea fish (1986-1989) 
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Fig.18: Ratio between the concentrations of Cs-137 and Sr-90 

in the water around the Crimean peninsula (1986-1988) 
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Fig.19: Sr-90 concentration in the Kakhovka reservoir 

(Dnieper) in 1986 
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fiq.21: Uvnamics of the Sr-90 concentration near the estuaries 

of the Dnieper. Dniester and Danube rivers and near 
the Tarkhankut oromontory (Crimean peninsula) in 1986-88 
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Fig.22: Sr-90 removal into the Biack sea with Dnieper Water 

(1986-1989) 
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Fiq.24: Dvnamics of the sr-90 concentration in bed sediments 

of the lower Dnieper 
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Fig.25: Sr-90 concentration in the water and bed sediments 

of the Dnieper river at Kherson (1986-1989) 
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Fiq.26: Sr-90 concentration in Dnieper plants (1986-1989) 
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Fig.27: Sr-90 concentration in Black sea mussels (1986-1988) 
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Fig.28 Sr-90 concentration in Dnieper molluscs (1986-1989) 
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Fiq.30: Sr-90 Concentrations in Black sea fish before and 

after the Chernobvl accident 
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ABSTRACT 

The problem of making predictions was solved using a box balance model 

of the Black Sea based on average annual parameters, account being 

taken of precipitation and evaporation above the sea surface, vertical 

mixing processes, factors I inked to radionuclide concentration in 

aquatic organisms and sorptive interaction at the water/bed-sediment 

interface. The rate of vertical mixing of waters was evaluated assuming 

a stationary water salinity profile by depth. The model was verified 

using the results of measurements of 137cs content in the Black Sea 

between 1986 and 1990. To i I lustrate how the model is used, the paper 

presents forecast changes in 137cs content in water and bed sediment, 

including an assessment of the rate of vert lea! migration and of 

changes in the amount of 137cs stored in the Black Sea over a period 

corresponding to three half-I ives of the radionuclide. 
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The urgency of evaluating and forecasting the radioactive contamination 

of the Black Sea fol lowing the Chernobyl accident stemmed from the 

wide-scale utilization of its recreational and biological resources. 

According to the latest estimates, 37·1015 Bq of 137cs and 

s.1-1015 Bq of 90sr were deposited In the environment after the 

accident.4 Some of this fell in river basins, and from 4 to 6.5% of 

the total release was deposited In the form of aeolian fallout on the 

Black Sea surface.6, 9 

Initially, the 90sr and 137cs radlonuclldes were very unevenly 

spread in the surface waters, but the differences noted in our 

observations later decreased due to horizontal mixing and vertical 

migration of the radionuclides, which mainly depended on the physical 

processes occurring over a period of time commensurate with the 

radioactive half-I ife of 90sr and 137cs. 

The aim of our study was to devise a mathematical balance model 

reflecting the large-scale impact of the main abiotic processes on the 

migration and residence time of long-lived radionucl ides (e.g. 137csJ 

in the Black Sea. 

Fig. 1 shows the structure of our model of large-scale contamination of 

the Black Sea, which is arbitrarily divided into layers in I ine with 

the model's box-type structure. 

This is a closed model with respect to the water and salt balance and 

the radioactive contamination of the environment. The equation 

expressing the water balance is based on the assumption that the level 

and volume of the Black Sea did not change during the period studied. 

Therefore, 

(1) 

The salt balance equation is: 



- 652 -

tor I ayer No 1 (surface waters): 

tor the other layers: 

(3) 

The rate of change in the amount of radionuclldes In the surface layer 

of the Black Sea was determined as follows: 

;t :c c~ ( A - ~1) + CF F t CR~ ..- \JJ ~ cl{ f"'4 + J,1 [}. - ( li: Ge, +) \/1 t K\ ~(1) ,-~I() C1 

( 4) 

The radionuclide balance for the intermediate layers (i) is obtained 

from the correlation: 

~; Ci ,I , . -;- c. • f. . ;- CHcl.: QH t- Kb ((_1 P,r,._,) - Ci: P!,c,,) t JI:: - ] l·o,A. tt J<tA,A. , "'-

(5) 

For the benthlc layers: 

~ ::. C1f1, t ~ ( (1 Pt (A\ - CsP'o(s)) -tv<'11 (c1 A1 - c8 Aa) t Sm ( r ~r:i, )-Cg\lf(fci~) 

(6) 

and for the bed sediments: 
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The symbols used in the above stand for the fol lowing: S with a 

subscript salinity of the i-layer of the Black Sea waters; 

respectively salinity of the Sea of Azov 

waters, river flows, precipitation and lower Bosphorus current; v with 

subscripts - volume of the i-layer of the Black Sea waters; jKA and 

fAK respectively - annual ingress of water from the Sea of Azov Into 

the Black Sea, and from the Black Sea Into the Sea of Azov via the 

Strait of Kerch; - portion of the average annual flow of the lower 

Bosphorus current entering the i-layer; f with two subscripts - rate of 

ingress of water from the layer designated by the first subscript into 

the layer designated by the second subscript; qi and Ci 

radionuclide content and concentration in the layer designated by the 

i-number; CA, CF, CR, CK and Cq respective I y rad ionuc Ii de 

concentration in allochthonous suspensions, river flow, precipitation, 

water of the Sea of Azov and Black Sea bed sediments; Ai and Pl.Ci) 

respectively - al lochthonous and biogenic sedimentation flows egressing 

from the i-layer; KA and Kb coefficient of rad ionuc Ii de 

accumulation by a I I och t honous and blogenic suspensions; ) 

radionuclide decay constant; m - bed sediment boundary layer mass; 

re, r and r~ respectively rate constants for sorptlon, 

desorption and remobi I isation processes during Interaction of bed 

sediments with water masses. 

In the above equations, the volumes, areas of layers, water 

balancecomponents and salinity of layers were determined from published 

data, while the rate of vertical exchange between the water layers was 

calculated. The parameters of radionuclide concent rat ion by 

allochthonous and biogenic suspensions, plus the sorptive interaction 

of the radlonucl ides with the bed sediments and the aqueous medium, 

were obtained from experiments Involving radioactive tagging and in

situ observations. The intensity and vertical profiles of sedimentation 

were obtained from exi~·'~g literature, with the trophism of the Black 

Sea waters being taken into account. The radionuclide content of the 

Black Sea surface and Its horizons was obtained from our own data plus 

existing Information. 
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In specific terms, our research Involved the following: 

empirical loading of the model with the findings from hydrological 

and hydrochemlcal observations, and estimation of the rates of 

vertical exchange of the Black Sea waters based on large-scale 

temporal averaging; 

verification of the model by comparing the results from 

calculations with observed findings; 

using the model to study and forecast the main features of large

scale distribution, and evaluation of the residence time, of long

llved radlonuclldes of 90sr and 137cs contaminating the Black 

Sea as a result of the Chernobyl accident. 

Table 1 sets out the components making up the Black Sea water balance 

(for various flow percent Iles In the Danube and Dnieper rivers). The 

relationship between river flow volume and salt content In the Black 

Sea Is Illustrated In Fig. 2 (assuming stationary conditions). It shows 

that the amount of salt currently In the Black Sea corresponds to a 

mean annual 30 percent lie flow for the Danube and Dnieper. 

To estimate vertical water exchange It was assumed that Ingress of salt 

waters from the Sea of Marmara Into the deep layers of the Black Sea 

was of equa I probab 11 I ty. Assum Ing th Is, and that the BI ack Sea's 

vertical sal lnlty prof lies remained stationary, the Type 1 and 2 

equations were solved for the parameters representing the rate of 

vertical water exchange on the basis of large-scale temporal averaging. 

Table 2 shows the basic data used In these calculations, the 

distribution of the lower Bosphorus current In the Black Sea layers and 

estimates of Inter-layer water exchange. 

our analysis showed that, when calculating the Intensity of vertical 

water exchange on the basis of the rate of water flow from the surface 

to the bed, the period for complete vertical mixing of the Black Sea 

waters was 101 years, equivalent to 0.7·1o-4 cm·s-1 on average. 

When calculating the period of vertical mixing on the basis of 

replacement of the water In each layer via exchange with adjacent 

layers, we arrived at a figure of 51 years, equivalent to 1.5·10-4 

cm·s-1. These values generally tallied with those found In the 

I lterature.1 
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Figs. 3 and 4 show the profiles of the vertical mixing coefficients and 

the stationary prof lies of Black Sea salinity for different river-flow 

percentiles. We can see here that the stationary profile of salinity 

change by depth tal I led with that naturally observed only for a 

vertical water exchange commensurate with the 30 percentile flow of the 

Danube and Dnieper combined. Thus, In order to predict the large-scale 

vertical transport of 137cs and 90sr In the Black Sea, we used the 

estimates for the water mixing processes (by depth) using the 30 

percentile flow. 

We verified the degree of model appl lcablllty (Fig. 1) In making 

predictions by comparing computed and observed data on the 

dlstrlbutlonof 137cs In the Black Sea from 1986 to 1990. 

Fig. 5 shows the vertical distribution profiles of 137cs from 1986 to 

1989 and the figures obtained from modelling Its vertical migration 

(starting from the Initial radioactive contamination of the waters In 

1986). The observed prof Iles of 137cs vertical distribution were 

obtained from 6, 9 and from our own data gathered during field work 

between 1986 and 1989. We averaged out the vertical distribution 

patterns In the various parts of the sea for each corresponding year, 

and calculated the total and average 137cs content In each separate 

layer. Confidence Intervals were calculated for a significance level of 

0.,. 

As Fig. 5 shows, the model reflected the dynamics of 137cs vertical 

transport In the Black Sea with a sufficient degree of accuracy. 

Extending the results of these numerical experiments over a longer time 

Interval (Fig. 6) showed that after the Chernobyl accident the amount 

of 137cs. In the Black Sea decreases exponentially with a time 

constant of 17 years (Fig. 6a), and will reach the pre-accident level 

In 13 years. 

Analysis of the radioactive caesium flow, as governed by various 

mechanisms, revealed that the 137cs flow deposited In bed sediments 

via sedimentation processes did not exceed 8-15% of the 137cs 

radioactive decay rate, even given extreme estimates of the Intensity 

of sedimentation and concentratlonal ability of the sediments. The 

amount of 137cs In the bed sediments was considerably lower than 1% 

of the amount In the aQueous medium, and the Ingress of radloact Ive 
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caesium Into the water via remobilization processes was insignificant, 

even for extreme estimates. 

The function relating to changes in the amount of 137cs in the 

biologically active layer (0-200 m) of the Black Sea was also 

exponential In character (Fig. 6b), the time constant for this process 

being 12.5 years. In the surface layer (0-50 m), the mechanism of 

change in 137cs content displayed a double exponential character, 

with time constants of 2.3 and 12.5 years (Fig. 6c). The contribution 

of the exponent reflecting the mechanism of the faster-attenuating 

processes was 57%. Annual removal of radioactive caesium through the 

straits did not exceed 3% of Its amount in the 0-50 m layer. 

In order to verify the model over a large-scale time Interval we 

compared a) the trends we had obtained with b) already existing data on 

changes in 137cs content in the 0-50 m and 0-200 m water I ayers of 

the Black Sea which had been recorded after atmospheric nuclear weapons 

testing had ended and prior to the Chernobyl accident. Fig. 6 shows the 

data for 1964 5 and 1977 3 expressed In relative units, adjusted to 

when readings for the 0-200 m layer began and relating to the 

exponential function reflecting the slower processes involved in 

reducing the 137cs concentration in the 0-50 m layer. We concluded 

from this that from 1964 to 1977 the impact of abiotic and biotic 

processes on the field of radionucl ides led to rates of reduct ion in 

the amount of 137cs similar to the expected change in the content of 

this radionucl Ide in the Black Sea after the Chernobyl accident. This 

proves the adequacy of the model, and allows us to conclude that the 

mechanisms as predicted by the model reflect the large-scale impact of 

hydrophysical and biogeochemical processes on the migration of 

radioactive caesium in the medium, regardless of from where it 

originates and how much of it enters the Black Sea surface waters. 

Thus, our studies using the model showed that as a reaction to the 

radioactive contamination occurring at Individual sites, the combined 

impact of hydrophysical and blogeochemlcal processes (plus that of 

radioactive decay) leads to a time-related exponential reduction in 

137cs content in the Black Sea and Its Individual layers. An 

isotope's residence time in any system is usually taken to be five 

times its time constant of decay or elimination. Therefore, 

calculations based on the model led us to conclude that 137cs 
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residence time in the 0-50 m and 0-200 m layers wi II not exceed 63 

years, with the corresponding figure for the Black Sea as a whole 

85 years. Comparing these estimates with the "lifetime" of 

being 
137cs 

atoms (150 years) showed that hydrophysical and blogeochemical 

processes halve the residence time of 137cs in the Black Sea waters. 

We know that the Chernobyl accident contaminated the Black Sea not only 

with 137cs but also 90sr. In contrast to caesium, strontium does 

not become lodged in soils to any great extent. Therefore, In addition 

to the aeolian deposition which occurred immediately after the 

accident, river flow is a significant factor in 90sr contamination of 

the Black Sea. Therefore, the mechanisms involved In formation in the 

Black Sea of the radioactive field caused by 90sr radiation depend 

not on I y on I arge-sca le processes, but a I so on geophys i ca I processes 

occurring on a smaller temporal and spatial scale of averaging. 

90sr has many features in common with 137cs, which make for 

identical rates of migration in the Black Sea. Both 90sr and 137cs 

are accumulated by al lochthonous and blogenic suspensions, bed 

sediments and aquatic biota (with low accumulation coefficentsJ.8 The 

radioactive half-lives of these radionucl ides are practically the same. 

That hydrophysical and biogeochemical processes have a similar effect 

on the movement of these radioisotopes, is demonstrated by the fact 

that the 90sr;137cs ratio In the depths of the World Ocean does not 

change.5 Therefore, we can expect that the large-scale migration 

trends seen in connection with 137cs will fully reflect those of 

90sr too. 

Thus, our research leads us to draw the following conclusions. 

Fol lowing contamination of the Black Sea waters by the Chernobyl 

accident, 137cs content decreases in the 0-50 m layer in I ine with a 

double exponential function with time constants of 2.3 and 12.5 years; 

in the biologically active layer C0-200 ml it changes exponentially 

with a time constant of 12.5 years; while the decrease in the amount of 

137cs in the Black Sea as a whole changes exponentially with a time 

constant of 17 years. Under the impact of hydrophysical and 

biogeochemlcal processes the residence time of long-lived 90sr and 

137cs radionucl ides in the Black Sea waters is 63 to 85 years, i.e. 

it is halved compared to the average lifetime of the atoms in these 

radionucl Ides (150 years). 
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BlacK Sea salt balance equation 

for layer No 1 (0-50 m): 

Js., 
Tb = ( 1) 

for the I-layers (2-8) beneath the surface horizon: 

where 

Si and v1 

fKa and SK 

F and SF 

Rand Soc 

f with subscripts 

faK 

I-layer salinity and volume; 

annual ingress and salinity of water from 

the Sea of Azov: 

river flow and salinity; 

precipitation 

precipitation; 

and salt content in 

water ingress from layer designated by the 1st 

subscript into the layer designated by the 2nd 

subscript; 

upper and lower Bosphorus currents; 

port Ion of flow of the lower Bosphorus 

current entering the I-layer; 

salinity of the waters of the lower 

Bosphorus current; 

flow from BlacK Sea into Sea of Azov. 
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Equation covering radionuclide balance in the benthlc layer: 

(5) 

Equation covering radionuclide balance in bed sediments: 

where 

m 

gm 

bed sediment boundary layer mass: 

radionuclide concentration in the bed sediment 

boundary layer; 

indicators of rate of sorptlon, desorption and 

remobilisation processes during interaction of 

bed sediments with water masses; 

amount of radionuclide in the Black Sea bed 

sediments. 
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Equation covering radionuclide balance In the Black Sea waters: 

For layer No 1 (0-50 ml: 

For the Intermediate I-layers: 

JJi. : C.,:- 1Ji-1,, + Cc1-,J(,1,( -t C1-1o1i((H ,- l.(.r(G-.1 r.ru.,1 -C:Poa)] 

(4) 

where 

qi 

Ci 

A and Ai with subscripts 

w 

!\-With subscripts 

amount of radlonucl Ide In i-layer; 

radionucl Ide concentrat Ion In l-

layer water; 

radionuclide concentration in 

a I lochthonous suspensions. In 

river flow water, in aqueous 

precipitation over the Black 

Sea and in the water Of the Sea 

of Azov; 

radionuclide decay constant: 

al lochthonous flows of radlonucl ide 

onto the Black Sea surface and flows of 

removal from layers Indicated by the 

subscripts; 

aeolian fallout of radionuclide over 

the sea surface; 

rate of elimination of biomass from the 

layer designated by the subscript; 

coefficients 

accumulation by 

of radionucl Ide 

al lochthonous and 

blogenic substances; 

radionucl Ide concentration in the water 

of the lower Bosphorus current. 
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In the past decades, one of the major anthropogenic factors with a 
growing impact on the main European watercourses has been radioactive 
contamination as a direct consequence of the development of atomic 
energy. Two nuclear plants - at Balakova and Kallnin - are currently 
operat Ing in the Volga basin. And while 10 nuclear plants were in 
operation in the Danube basin In 1978, there wil I be a total of 29 in 
the year 2000 with an aggregate output of 14 800 MWt.4,9,10 

The Rovensk, Khmelnlts, Zaporozhe, Chernobyl, Kursk and Smolensk 
nuclear plants are located In the Dnieper basin. The South Ukrainian 
nuclear plant at Yuzhny Bug continues to increase Its output. 

Studies on the content of radionuclldes In water, suspended particles, 
bed sediment and aQuatic biota of different trophic levels relate to 
different periods and regions and suggest that our knowledge of the 
radiological situation in Europe's largest rivers varies considerably. 
1,3,5.8,11 Radioactive contamination of the Danube has been studied 
in greatest detai I - a corollary of the Intensive development of 
nuclear energy and of international interest in radioecological 
problems in this region. 

Here we present the results of studies of Sr-90 and Cs-137 - the 
ecologically most significant artificial radionuclides - in aquatic 
biota of different trophic levels in the Volga, Danube and Dnieper. 
The studies were carried out in 1988. 

Methodology 

Samples were taken from the Volga over a distance of 3 085 km ranging 
from the estuary to the city of Tver during the "Complex Expedition" 
organized by the Aquatic Problems Institute of the Academy of Sciences 
of the Ukrainian SSR In August and September 1988 on the research 
vessel 'Akvatoriya'. During an expedition on the research vessels 
'Akademll< Vernadsl<y' and the 'A. V. Topachevsky', belonging to the 
Institute of Hydrobiology of the Ukrainian Academy of Sciences, samples 
were taken from the Soviet stretch of the Danube (from the estuary to 
the city of Reni, a distance of 163 km); samples were also taken from 
the Dnieper in the Kiev, Kanev and Kremenchug reservoirs and in the 
Dnieper-Bug Estuary. 

In order to determine radionucl Ide content, the aquatic biota were 
first ashed at temperatures of not less than 450'C. The radionucl ides 
were separated from the samples using radiochemical methods.2,6 Sr-
90 was determined through its daughter yttrlum-,90, while Cs-137 was 
determined through the final product Cs3Sb219 with the aid of a low 
background UMF-1500M plus SBT-13 end-window counter and an Al-4096/A-90 
ampl ltude analyser with semiconductor detector. Sr-90 and cs-137 
content was determined in green fi I I form algae, 20 species of higher 
aquatic plants, 14 species of molluscs and 13 fish species. Content Is 
expressed in Bq/kg in vegetation (dry mass) and in animals (wet mass). 

Note that the investigations were carried out two years after the 
Chernobyl accident of 26 Apri I 1986. The uranium fission fragments 
ejected during the reactor explosion were also distributed in the 
basins of the Investigated rivers. Since the accident the short-I lved 
radionuclides had disintegrated and so it was essential to determine 
the content of the more dangerous, long-lived radionuclldes, i.e. sr-90 
and Cs-137, in aQuatic biota. 
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Findings 

The difficulties of a comparative analysis of the level of radioactive 
contamination of the ecosystems of such major rivers as the Volga, 
Danube and Dnieper are conditioned by the great disparities in the 
physical and geographical characteristics of the river basins, the 
seasonal and long-term dynamics of water runoff, and the peculiarities 
of their hydrochemical and hydroblological regimes. Added to this were 
the comp I !cat ions In synchronizing the collect ion of samples, 
determining the ecological classification of the biotopes and the 
growth characteristics of the aquatic biota. However, radioactive 
contamination of the river basins Is mainly caused by nuclear power 
plants, and by accidental releases in particular. 

Both for the ablotlc (water, bed sediment) and biotic (aquatic biota of 
different trophic levels) components, quantitative estimates of 
radionuclide content in bed sediment and aquatic biota constitute the 
most objective indicator of the radioecological situation in aquatic 
ecosystems It is this that reflects the Intensity of biotic 
migration of the radionuclides and the risk of radioactive 
contamination for aquatic ecosystems as a whole. 

For comparison purposes let us examine the mean figures for Sr-90 and 
Cs-137 content in aquatic biota of the three rivers (Table 1). 

Volga: 

In the green fl I I form algae Cladophora glomerata the recorded 
concentration of Sr-90 ranged from 0.4 to 9.7 Bq/kg, with a mean of 6.1 
Bq/kg, While for Cs-137 the figures ranged from 9.3 to 24.5 Bq/kg. 
Mean specific radioactivity of algae was 15.4 Bq/kg for Cs-137 - two 
and a half times that of sr-90. Of the 16 species of higher aquatic 
plants examined, the smallest quantity of Sr-90 was found In Butomus 
umbelatus (0.9 Bq/kgJ and Typha latlfolla (1.5 Bq/kg), while the 
maximum was found in Potamogeton natans (18.5 Bq/kg) and P. perfol iatus 
(32.6 Bq/kg). For cs-137 the range was somewhat wider - from 0.6 Bq/kg 
for B. umbelatus and 1.6 Bq/kg for Phragmltes austral is to 23.0 Bq/kg 
for Potamogeton perfol iatus and 40.7 Bq/kg for Spirodel la polyrhiza. Of 
the B species of molluscs, sr-90 concentration was least In Lymnaea 
ovata (4.9 Bq/kg) and Unio pictorum (5.2 Sq/kg), and greatest in 
Dreissena polymorpha (16.5 Bq/lcgJ. For Cs-137, concentrations ranged 
from 2.2 Sq/kg for Viviparus vlvlparus to 21.6 Sq/kg for Anodonta sp. 
In the 9 fish species investigated, the limit values for Sr-90 were 
considerably lower than for algae, higher aquatic plants and molluscs 
(Table 2). Accumulation was lowest In the sturgeon family: Acipenser 
guldenstadti (0.2 Bq/kg), A. ruthenus (0.6 Bq/kg), A. stellatus (0.7 
Sq/kg). Against this, sr-90 content reached 1.4 Bq/kg in Perea 
fluviati I Is and 1.6 Bq/kg in Cyprlnus carpio. 

Scatter was quite low for Cs-137 in fish, the measurements ranging from 
1.1 Bq/kg in Abramis brama to 3.2 Bq/kg in Cyprinus carplo. 

Danube: 

Mean concentrations of both radlonucl Ides were higher than In the Volga 
tor green filiform algae, molluscs and fish. Only in the case of 
higher aquatic plants was the concentration range of Sr-90 lower than 
In the Volga (Table 2). The mean quantity of Sr-90 In the alga 
Cladophora glomerata was 17.0 Bq/kg, while for Cs-137 the corresponding 
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figure was 39.6 Bq/kg. Of the 7 higher aquatic plants, sr-90 was lowest 
in Typha latifolia (0.8 Bq/kg) and highest in Gliceria sp. (5.0 Bq/kg). 
The corresponding figures for Cs-137 were higher, ranging from 6.3 
Bq/kg for Phragmites austral is to 93.6 Bq/kg for Potamogeton tucens. 

The concentration of Sr-90 in molluscs ranged from 3.5 Bq/kg for Unio 
tumidus to 64.1 Bq/kg for Lymnaea stagnalis, and of Cs-137 from 3.3 
Bq/kg for Unio pictorum and Viviparus viviparus to 11.7 Bq/kg for Unio 
tumidus and 11.B Bq/kg for Lymnaea stagnal is. A unique quantity of sr-
90 was measured in the fish species Ruti !us rutilus and Cyprinus carpio 
(1.3 and 1.6 Bq/kg respectively), fished both in the Volga and in the 
Danube. And while for Stizostedion lucloperca mean Sr-90 concentration 
was 0.9 Bq/kg in the Volga, it was 2.3 Bq/kg in the Danube. 

For al I 4 Danube fish species studied, cs-137 concentrations were 
higher than Sr-90, ranging from 10.7 Bq/kg to 16.9 Bq/kg. For aquatic 
biota, therefore, radioactivity in the Danube exceeded levels in the 
Volga by the following factors: 

Sr-90: 2.8 (algae); 4.4 (molluscs); 1.9 (fish)Cs-137: 2.6 (algae); 6.5 
(fish). 

Dnieper: 

Here the impact of radioactive contamination of the river following the 
Chernobyl accident was clearly visible from the measurements. 
Accumulations of Sr-90 and Cs-137 in Dnieper populations were far in 
excess of those found in the corresponding organisms in the Volga and 
Danube. Cs-134 was constantly identified in samples taken in 1988, 
while in some samples ruthenium-106 + rhodium-106 and cer ium-144 were 
also recorded. However, a significant contribution of these 
radionucl Ides to total radioactivity was established only in aquatic 
biota from the Kiev reservoir (Table 3). 

The mean concentrations of Sr-90 and Cs-137 in green fi I iform algae 
were 292.3 Bq/kg and 1 110.0 Bq/kg respectively. For the higher 
aquatic species listed in Table 1, Sr-90 concentrations ranged from a 
minimum of 92.1 Bq/kg in Ceratophyl lum demersum to a maximum of 440.3 
Bq/kg in Elodea canadensis. For cs-137, the concentrations were far 
higher, ranging from 133.2 Bq/kg in Typha angustifolia to 3 034.0 Bq/kg 
inc. demersum. 

Of al I the •quatic flora and fauna studied, the highest concentration 
of sr-90 was found in molluscs from the Dnieper. Moreover, Sr-90 levels 
in these biota are in most cases far higher than those of Cs-137. This 
is because sr-90 is absorbed as an analogue to calcium in the 
structural tissue that forms the shells of these organisms. For 
Dnieper molluscs, Sr-90 concentrations ranged from 28.0 in Anodonta sp. 
to 4 329.0 in Sphaerium sp. For Cs-137 the concentrations range from 
33. 3 for Anodonta sp. to 351 . 5 Bq/kg for Lymnaea aur i cu I aria. If Sr-90 
predominated in the case of molluscs, for fish it was Cs-137, with 
concentrations ranging from 161.9 Bq/kg in Rut! lus ruti lus to 1478.0 
Bq/kg in Esox lucius. 

The results give us a picture of Sr-90 and Cs-137 concentrations in the 
aquatic biota of the three rivers at different trophic levels. Table 2 
shows that Sr-90 concentrations are lowest in Volga biota, ranging from 
0.2 Bq/kg to 32.6 Bq/kg. In the Danube, concentrations of Sr-90 were 
higher, ranging from 0.2 to 64.0 Bq/kg. The highest concentrations 
were found in the aquatic organisms of the Dnieper reservoir Cascade -
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from 5.9 to 4 144 Bq/kg. In all rivers the concentrations were highest 
in molluscs, with means of 7.6, 33.7 and 2 075.7 Bq/kg In the Volga, 
Danube and Dnieper respectively (Table 2). Besides, in the Volga Sr-90 
concentrations were particularly high in higher aquatic plants. 

Depending on the sampling point and the species-specific 
characteristics of the organisms, cs-137 levels ranged from 0.6 to 58.8 
Bq/kg (Volga), 2.6 to 93.6 Bq/kg (Danube) and 9.6 to 44 400 Bq/kg 
(Dnieper). cs-137 accumulation was highest in green fi I iform algae and 
in higher aquatic plants. Specifically, mean concentrations in the 
Volga were (in descending order) 15.4 Bq/kg (green fi Ii form algae), 9.6 
Bq/kg (higher aquatic plants), 7.2 Bq/Kg (molluscs) and 2.1 Bq/kg 
(fish). This regularity in the accumulation of Cs-137 as a correlate 
of the level of evolutionary development was not as marked in the 
Danube and On i eper. For the Danube the sequence was: higher aquatic 
plants, green fi I iform algae, fish, molluscs; for the Dnieper it was: 
green fil iform algae, higher aquatic plants, fish, mol !uses. A 
comparison of the results shows that mean Sr-90/Cs-137 contamination of 
biota in the Danube and Dnieper was higher than in the Volga by factors 
of 4. 5/7 and 21-272/11-250 respect Ive I y. However, concentrations of 
radionucl ides in individual samples, particularly in the upper 
reservoirs of the Dnieper, can exceed the mean by over 4 orders of 
magnitude. 

One distinctive characteristic of radioactive contamination of the 
Dnieper's ecosystem is the steady decrease in concentrations in a 11 
categories of organisms from the Kiev reservoir to the Dnieper-Bug 
Estuary. Sr-90 accounts for 28% of total radioactivity in green 
fi I iform algae in the Volga, 29% in the Danube, and 29% in the Dnieper. 
For higher aquatic p I ants the cor respend i ng figures are 50%, 17% and 
34% (Table 4). In the case of molluscs, Sr-90 predominates, with mean 
concentrations ranging from 51% in the Volga to 91% in the Dnieper. In 
the case of fish, however, cs-137 was the main radionuclide, accounting 
for 67% (Volga), 87% (Danube) and 91% (Dnieper) of total radioactivity 
in these organisms. 

Conclusions 

We studied the content of the artificial radionuclides Sr-90 and Cs-137 
in the aquatic biota of different trophic levels in Europe's major 
rivers: the Volga, Danube and Dnieper. The data indicate that the 
content of Sr-90 in the Volga's aquatic biota ranges from 0.4 to 
9.7 Bq/kg (algae, Cladophora glomerata), 0.4 to 32.6 Bq/kg (higher 
aquatic plants), 2.3 to 28.1 Bq/kg (molluscs) and 0.2 to 2.2 Bq/kg 
(fish). The corresponding figures for the Danube are: 3.9 to 30.1 
Bq/kg (green fi I iform algae), 0.2 to 5.7 Bq/kg (higher aquatic plants), 
3.5 to 64.0 Bq/kg (mol !uses) and 1.4 to 2.3 Bq/Kg (fish), while for the 
Dnieper they are: 92.1 to 525.4 Bq/kg (green fil iform algae), 25.5 to 
1 165.5 Bq/kg (higher aquatic plants), 6.5 to 4 144.0 Bq/kg (molluscs) 
and 5.9 to 120.6 Bq/kg (fish). For Cs-137 in the Volga the figures 
were: 9.3 to 24.5 Bq/kg (green fi I iform algae), 0.6 to 58.8 Bq/kg 
(higher aquatic plants), 0.9 to 35.6 Bq/kg (molluscs) and 0.8 to 5.1 
Bq/Kg (fish). 

The correspending figures for the Danube were: 8.9 to 69.6 Bq/kg (green 
fi I iform algae), 2,6 to 93.6 Bq/kg (higher aquatic plants), 3.3 to 11.8 
Bq/kg (molluscs) and 10.7 to 17.0 Bq/kg (fish). The Dnieper figures 
were: 259.4 to 2 479.0 Bq/kg (green filiform algae), 10.1 to 5 920.0 
Bq/kg (higher aquatic plants), 9.6 to 148.0 Bq/kg (molluscs) and 15.5 
t.o 44 400.0 Bq/KG (f,sh). The accumulation of artificial radionucl ides 



in aquatic biota 
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is mainly determined by the quantity of such nuclides 
components, their uptake via the food chain and the 
physiological specifications of the organisms' 
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ABSTRACT 

The impact of the Chernobyl accident on continental aquatic ecosystems. 

This synthesis has been produced by contract with the Commission of the European 

Communities (DG XI) and the International Union of Radioecologists. 117 reports from 

19 countries have been studied. 

Collecting information on water, sediments, aquatic vegetation and fish provides data 

concerning transfers in rivers and lakes which must be identified. There is a direct 

relation between radioactivity and the deposit level which is mainly in wet form. Beyond 

the areas near the accident, it is particularly noticeable in Scandinavia, Central Europe, 

northern Italy and in the north-west of the United Kingdom. Wide variations occur from 

one station to another in a same region. The radioecology of each site must be taken 

into consideration. 

Seven radionuclides have been detected in significant amounts 

103 + 106Ru, 134 + 137 Cs, llOmAg. 137 Cs predominated very quickly. 

The main characteristic lies in the acute nature of the contamination in comparison with 

the more chronic one brought about by nuclear testing between 1959 and 1963. The 

resu Its show the speed of the radionuclide transfer and fixation process and the rapid 

return to former levels, except for 137 Cs. 

Fish provide the best means of comparing radionuclide concentrations through time and 

space. In rivers, the values are less than or equal to 400 Bq kg-l w. w. of 137 Cs. In the 

lakes of the regions which were affected the most by the fall-out, we find 1000 Bq kf 1 

w. w., and up to 131,000. The effective half-life in situ is approximately 200 days in 

rivers and 500 in lakes. 

Some elements will also be given for comparing the impact of Chernobyl to that of fall

out from nuclear tests. 
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INTRODUCTION 

The aim of this paper is to provide as complete an understanding as possible of the 

impact of the Chernobyl accident on aquatic ecosystems and a deeper understanding of 

the radionuclide transfer process. The growing number of publications has created a 

need for a bibliographical synthesis to make the findings more accessible. To do this, the 

Commission of the European Communities (DG XI) signed a contract with the 

International Union of Radioecologists. The first report has been written. 117 documents 

from 19 countries have been studied. The text is open to all information or corrections. 

A certain number of indications concerning water, sediments, vegetation and fish are 

presented here. 

Among the radioactive isotopes that were released on April 26, 1986, some are highly 

visible in aquatic environments. Large amounts of 1311, 13~e. l03+l06Ru were found, as 

was 134+l37cs, which rapidly became predominant everywhere. Strontium and cerium 

were found in lesser amounts, except for the area immediately surrounding Chernobyl 

where 241Am, 125sb and 154+155Eu were also found. The composition of the 

radionuclides varies over the affected areas, as do chemical forms, particularly the 

quantities of particle forms (Cs, Ru, Ag, Ce .... ) and dissolved forms (Te, I, Ru, Cs ... ). 

There are cationic forms, which are not very mobile and are highly fixed (Cs+, RuN03 ... ), 
and anionic forms, which are mobile and only slightly absorbed (I, Sb, HTe04, Ru02 ... ) 

[1.2J. 

The ecosystems in which the influence of Chernobyl is most evident are those where the 

deposits were most intense [31 (fig.1). It is most noticeable in Scandinavia, Central 

Europe, northern Italy and in Cumbria in the United Kingdom. Fall-out occurred with 

rainfall and was therefore closely related to atmospheric precipitation. This accounts for 

major differences in radioactivity levels in adjacent regions. With this variety, a separate 

study would be needed for each site to be able to understand the kinetics of the 

phenomena. 

A first assessment can be made of the figures obtained, making a distinction between 

running water and lakes, which have different reactions. An approach comparing the 

impact of Chernobyl and the impact of nuclear explosions between 1959 and 1963 can 

be used. 
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1. DATA ON WATER RADIOACTIVITY 

Two rainwater fall-out periods can be distinguished, the first on April 26 and 27, 

followed by a drop in radioactivity before a new increase on May 4 and 5. After 

Chernobyl, the activity of rainwater reached a level around ten times higher than after 

the atmospheric weapons tests. 

Rainwater measurements generally showed considerable variations. The same phenomena 

were observed in continental water systems. The amounts which fell directly into surface 

water through precipitation accounted for most of the pollution during the first few 

hours following the accident. Later, more appeared through the effects of soil leaching 

and the movement of suspended matter [4}. Radioactivity was always very low in 

drinking water supplies due to the decontaminating role of water treatment facilities. 

It is difficult to determine precisely how the radioactivity evolved with time in rivers 

and lakes. Because of the acute contamination mode, continuous and immediate 

radioactivity measurements were indispensable. This was only possible where permanent 

measurement stations were in operation. More often, field samples were only taken after 

the initial radioactivity peak had already subsided. Dilution in flowing water was yet 

another reason for taking samples immediately. The samples also had to be filtered in 

order to allow for differences in suspended matter content, making the process even 

more complicated. Unless it is known whether the measurement concerned raw water or 

filtered water, it is exceedingly difficult to compare the results obtained at different 

sites. Finally, because of the low radioactivity level, the measured values were often at or 

below the detection threshold, and thus of little use in radioecology research. 

In lakes the radioactivity level dropped more slowly than in rivers, depending on various 

factors, including the water renewal ra\•.s, the presence or absence of a thermocline or 

the surface area to volume ratio. 

Table 1 shows some typical values for rivers and lakes. Table 2 shows the maximum 

values observed in west German rivers [ 15]. 

Figures 2, 3 and 4 provide examples of the decrease of radioactivity in water. The 

radioactivity peak in river water occured very soon after the accident and lasted only a 

short time, after which the radioactivity level rapidly declined because of dilution. The 

time it takes to come back to the situation that existed before the accident, however, 

may be quite long. At the end of 1987, for example, in the Elba, the values were still 
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higher that those of 1985, which were approximately 3 mBq i-1 of 137 Cs [4). Hubel [ 16) 

reports that for lakes, the half-life is 1.5 days for filtered surface water and 300 days for 

the total body of water. 

2. RADIOACTIVITY IN SEDIMENT 

Suspended matter and sediment deposits quickly absorbed contamination from the water 

because of their high radionuclide fixation capacity, notably for caesium. This 

accumulation was enhanced as activity settled on the bottom, while new activity reached 

the surface water as it was leached from the soil. The 137 Cs peak is clearly visible in the 

top centimeter of sediments on the lake bottom, and can be compared with the activity 

values in lower layers corresponding to fall-out from atmospheric weapons testing. 

The results (table 3) show the often high values observed. However these results must be 

analysed from the standpoint of hydrographic systems, drainage basins and lake 

structures. For example, the deposits tend to migrate downstream in rivers. A general 

process of sediment contamination is suggested by the data collected. 

Particle influx 

by drainage 

Radioactivity peak !n the water 

'"'" ,m..,~ o< ~"•"L,~ W mott•• io '"'"""'"" 
(the concentration of suspended matter in the water is very 

important in this regard) 

Sedimentation 

(grain size is an important factor) 

1 
Migration 

Figure 5 shows the kinetics of the phenomena in the Meuse downstream from nuclear 

power plants. Chernobyl caused a concentration of 137 Cs which was twenty times higher. 

The return to the previous situation took about 26 months, with a half-life of 210 days. 
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Conkic [23) gives a half-life of 234 days for 137 Cs and 144 days for l06Ru in the 

Danube. 

3. RADIOACTIVITY IN AQUATIC PLANTS 

Llttle data is available concerning aquatic plants, although they are excellent 

radioactivity Indicators. They react quickly to radioactivity in the water, providing a 

relatively accurate estimate of qualitative and quantitative fluctuations (table 4). In 

particular, note the interest of aquatic mosses and their Importance in monitoring 

pollution (table 5). Algae of the Cladophora genus are also very good radioindicators. In 

the Danube, 137cs went from 50 Bq kg- 1 d.w. to 1,900 in May, 1986 [26). 

4. RADIOACTIVITY IN FISH 

Fish play an important role in radioecological research because of their position in the 

aquatic food chain and in human consumption. Fish provide a satisfactory comparison 

of radioactivity levels at different stations and monitoring of radioactivity variations in 

time. This comparison is made easier by the fact that the same species are found in most 

European rivers and lakes. 

4.1. River Fish 

Differences were observed among species of river fish, with a strong tendency toward 

higher values in carnivorous fish. In order to evaluate the Chernobyl effect, river sections 

unaffected by liquid waste discharges from nuclear power plants had to be examined. 

After Cnernobyl, 11 Om Ag. 106 and 103Ru were found in some fish ; the increase in the 

radioactive strontium concentration was slight. The most interesting observation was the 

rate of contamination by 134+ 137 Cs. Tables 6, 7, 8 show some examples. 

For the reasons already noted concerning the evolution of radioactivity levels in water 

the 137 Cs concentrations observed in river fish were low in all cases (table 9). The fish 

were subjected to high radioactivity levels in the water for only a short time. This made 

it possible to determine in situ effective half-lives of the radionuclides involved. 

Estimates include 1 day for 132Te, 4 for 1311 and 10 for l03Ru. Several authors [1, 18, 

31, 33, 34) reported a long half-life of 100 to 300 days for 137cs in agreement with 

experimental findings. In the Rhone, the situation returned to normal 2.5 years after the 

accident [33). 
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4.2. Lake Fish 

The problem is different with lake fish. The radioactive contamination levels in the fish 

differ more sharply among lakes and regions, and even among different species of fish. 

Each lake is a special case, but everywhere the radioactivity levels depended on the fall

out zones ; this was especially visble for 137cs. Table 10 gives a clear view of the 

maximum values obtained. 

The effective in situ half-life for 137 Cs is considerably longer than in rivers. It was never 

less than 100 days in herbivorous fish (2] and reached several years in some carnivorous 

species. The authors site half-lives of more than one year ( 1, 4, 6, 35, 43, 44, 45, 46]. 

Kinetics depend on several factors : level of fall-out, structure of the lake, chemical 

composition (role of K+), temperature, nature of the species, age ranges and food chains. 

In a mountain oligotrophic lake, a half-life of 3.4 years was observed for trout (43]. 

Carnivorous species have slower contamination and decontamination speeds and higher 

concentration factors. Fish raised on fish farms have lower concentrations due to their 

artificial food (4]. Figure 6 gives a diagram of this process. 

These phenomena were observed in Finland, Sweden and also in northern Italy. The 
137 Cs concentrations in fish were highest in small lakes with concentration factors of 

500 to 3,000. In the pelagic or shoreline portions of lakes, plankton-eating or carnivorous 

species showed the highest concentration factors. 

In the Cumbrian district of the United Kingdom, the 137 Cs concentrations varied among 

the fish species in decreasing order as follows : Perch --> Pike --> Brown trout --> Eels. 

The main parameters that must be taken into account for radionuclide tranfer studies in 

lakes are summarized in figure 7. 

This ecological variability makes it very difficult to give an overall statistical approach. 

The peak values obtained and the half-lives observed do, however, make it possible to 

form an evaluation of decontamination speeds and the time needed to return to the 

former situation. 

In rivers where, before tt.- _ccident, fi.h contained 1 Bq kg-l w.w. of 137cs (4, 19] and 

where the maximum values are from 20 to 400 Bq kg- l w.w, it takes 2.5 to 4.5 years to 

return to the former levels, based on a half-life of 200 days. We have more precise data 

for lakes which are given in figure 8. There is a gap of at least one year between the 

peak activity of the fall-out (47] and that of carnivorous fish. In 1964, a maximum 

concentration of 880 Bq kg-l w.w. in perch was observed (48] ; eight years later, the 

values were between 10 and 100 Bq kg-l w.w. (18, 39, 49]. For 1987, Hakanson (33) gave 



- 686 -

an average of 9,800. With a half-life of 2 years, it will take approximately 13 years to fall 

back to former levels. This is an average. It wlll be longer for cold oligotrophic lakes 

where the peak concentration for fish is higher ; on the other hand, in lakes which are 

rich in salts and for plankton-eating fish it will be much shorter. 

DISCUSSION 

After the Chernobyl accident, the contamination of aquatic ecosystems could be seen as 

far away as Western Europe. Its level was directly related to the intensity of the fall-out 

connected to rainfall, and varied greatly depending on the local ecological conditions. In 

particular, I, Te, Ru, Sb and Cs were detected. 

137 Cs has the most lasting impact. All contamination processes were swift. After a peak 

of a few hours, activity in water decreased rapidly, but stayed at a level that was higher 

than before due to soil leaching. Radionuclides are mainly stored in sediment. Plants, in 

particular mosses and algae, are the best radioindicators. Fish are rapidly contaminated 

in direct relation to the fall-out. Caesium is transferred through the food chains. The 

date of contamination is an important parameter, since in winter metabolic processes are 

slowed. In rivers, activity is weaker because of rapid dilution. In lakes, activity is much 

stronger because of the time it stays in the lake and the nature of the food chains. The 

effective half-life of 137 Cs in fish can be as long as three years or more. Carnivorous fish 

have the highest concentration, concentration factors and half-lives. 

The important role of fish in the human diet must be taken into consideration. Fish 

consumption accounts for up to 40 % of the total quantity of 137 Cs ingested by the 

human population in Finland. In Sweden radioactive contamination of fish was higher 

than for other plant or animal SPf!<:ies of the region (29). 

Observations made after 1963 have proven correct. The main difference lies in the 

chronic aspect of contamination by fall-out from nuclear tests, and the acuteness of the 

Chernobyl fall-out. The levels of 137 Cs reached in aerosols, rainwater and fish after the 

accident were approximately 10 times higher. It may take from 2 to 15 years for the 

level in fish to return to its former level, depending on the region, the ecosystem and the 

species. 

This synthetic approach allows us to present an initial overview of our knowledge in this 

area and raises the question of methodology. It is still necessary to ensure that 

consistent techniques are used throughout the cycle of radioecological studies 
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(Sampling --> Sample preparation --> Analytical methods --> Presentation of results -- > 
Data interpretation and management). It is often difficult to compare data from one 

publication to that of another. We should point out the lack of information on strontium 

and a emitters. 

The availability of reference data is indispensable to assess the radioecological impact of 

nuclear facilities. Field and laboratory studies are fully complementary and must be 

further developed. Control measurements are not enough to interpret the mechanisms 

and intensity radionuclide transfer. The Chernobyl accident demonstrates the importance 

of water channels in the contamination process. 

As the diversity of the bibliographical sources amply demonstrates, this approach 

requires the development of scientific cooperation. The efforts undertaken by the EEC 

and the IUR are a step in this direction. 
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Table 1 : Examples of some radionuclides concentration in water of different rivers 
and lakes for 1986 

1-131 Cs-137 Ru-103 

R Pripiat [5] 16 000 18 000 8 900 
I Finland [6] 5 200 2 000 
v Denmark [7] 2 800 
E Sweden (8] 6 900 4 100 2 100 
R Elbe [9] 22 000 4 000 
s Switzerland [ 10] 22 200 1 200 1 900 

Danube (11] 22 500 500 4 500 

Denmark [7] 21 000 
L Bavaria [ 12] 32 000 10 100 14 100 
A Come (Italy) [ 13] 11 000 2 600 4 800 
K Muggelsee (east 
E Germany) (41 11 000 10 000 
s Esthwaite (United 

Kingdom) (14] 280 

Table 2 : Radionuclides concentration in raw water of west Germany rivers (2 - 8 
May 1986) 

1-131 Cs-137 Ru-103 

Danube 193 000 6 100 30 000 
lnnerste 110 000 10 000 30 000 
Weser 40 000 8 000 20 000 
Elbe 22 000 4 300 
Moselle 20 000 1 000 3 000 
Rhine 5 600 2 000 4 000 
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Table 3 : Maximum values of some radionuclides concentration in sediment of 
different rivers and lakes for 1986. 

(Bq kg-l d.w) 

Cs-134 Cs-137 Ru-103 Ru-106 

R French [19) 320 970 400 420 
I Elbe [20) 640 1 570 2 800 
v Rhine [21) 1 000 2 500 4 700 
E Danube [20) 7 000 400 2 000 
R Meuse [22) 500 1 100 
s 

L Chernobyl• 1 600 12 000 900 
A Bavaria [ 12) 2 120 4 070 2 200 
K Orta (Italy) [ 17) 1 200 3 700 
E Windermere (U.K) [14) 1 620 3 700 7 500 
s Lowester (U.K) [ 18) 140 300 30 170 

• Values obtained for May 1990 on a sample taken by ourselves. 



- 695 -

Table 4 : Maximum values of some radionuclides concentration in aquatic plants. 

(Bq kg-l d.w) 

Station Species Cs-134 Cs-137 Ru-103 Ru-106 

Po (24) Water milfoil 120 240 1 040 450 
Pondweed 100 220 525 180 

France (25) 
Tavignano (Corse) Pondweed 26 52 52 86 
Moselle Pondweed 39 85 95 170 

Ruhr [ 15) Ranunculus 12 24 2 26 
Loweswater U.K. Pondweed 150 310 
[ 18) 

Table 5 : Maximum values of some radionuclides concentration in aquatic mosses 
(Fontinalis - Cinclidotus) after Chernobyl accident. 

(Bq kg- 1 d.w) 

Nuclide South-East France Ruhr Cumbria (U.K.) 

Cs-134 170 670 2 510 
Cs-137 500 1 500 5 420 
Ru-103 500 20 1 490 
Ru-106 1 010 290 3 730 
Ag-llOm 5 
Sb-125 10 230 
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Table 6 : Radionuclides concentration in freshwater fish in France before and after 
Chernobyl accident [ 19] 

(Bq kg-1 W.W.) 

Radionuclides Before Chernobyl After Chernobyl 

Cs-134 0.1 to 20 
Cs-137 0.05 to 0.5 0.07 • 43 
Ru-103 • 13 
Ru-106 • 9 
Ag-llOm • 2 
Ce-144 • 0.5 
Sr-90 0.4 to 2 0.3 • 2 
H-3 27 to 80 5 • 60 

Table 7 : Radionuclides concentration in Danube fish before and after Chernobyl 
accident [ 27 J 

Radionuclides 

Cs-134 
Cs-137 

(Bq kg- l W.W.) 

Before Chernobyl 

0.2 to 0.5 

After Chernobyl 

11 to 32 
24 to 71 

Table 8 : Radioactivity in Finland river fish - May September 1986 [28] 

Species 

Pike : Esox Lucius 
Roach : Rutilus rutilus 
Perch : Perea fluviatilis 

(Bq kg- l W.W.) 

Cs-134 

1 to 43 
3 to 27 
2 to 210 

Cs-137 

5 to 91 
7 to 53 
7 to 230 
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Table 9 : Maximum values for Caesium 137 in rivers fishes after Chernobyl. 

Countries 

Sweden [29] 
United Kingdom : Cumbria [ 18] 
Finland : Loviisa (28] 
Germany : South Bavaria [ 12] 
ltlay : Po [ 30] 
Czechoslovakia : Danube (27] 
Switzerland [ 1] 
France : South-east (19 J 

(Bq kg- 1 w.w.) 

Germany : Rhineland - Palatinate (31 J 
Austria [32] 

Concentration 

i400 
i400 
i 230 
i 100 
< 80 
< 70 
< 70 
< 50 
< 30 
< 20 

Table 10 : Maximum values for caesium 137 in lakes fishes after Chernobyl. 

Countries 

Sweden [35] 
Norway : Eastern [ 36] 
Finland : Central and eastern [ 37 J 
East Germany [ 4 J 
Italy: Viverone lake (38] 

(Bq kg-l W.W.) 

United Kingdom : Loch Dee Scotland [ 39] 
Austria : North [ 40 I 
West Germany : Bavaria South [ 12] 
Hungary : Balaton lake [ 26] 
Switzerland : Constance lake [ 1] 
Ireland: North (41] 
France : North Corse [ 25 J 
Holland : Northern (42] 

Concentration 

131 000 
55 000 
16 000 
5 400 
4 000 
3 000 
2 500 
1 600 

700 
400 
270 
180 
50 
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Fig. 1 : Zones the most affected by the fallout 
after Chernobyl accident 

(Decreasing radioactive density from 1 to 6) 
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Fig. 7 - Main parameters necessary for studies on the radionuclide transfers in lakes. 
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Abstract 

A study has been made of the 134cs and 137cs content of sediments from 

Ponsonby Tarn, a shallow nutrient-rich lake situated 1.5 km east of 

Sellafield in Cumbria. Previous work in the area has estimated the 

deposition of 137cs resulting from the 1957 fire at Windscale (now 

Sellafield) nuclear weapons tests and the Chernobyl accident in the area. 

Sedimenc cores obtained from the tarn in 1988 were dated and 

cross-correlated using ZlOpb and compared with the results obtained from 

previous studies in 1980 (Eakins and Cambray, 1985) and 1986 (Bonnett and 

Cambray, in press). 

Sediment from the tarn displayed marked changes between 1980 and 1988. 

Chernobyl-derived 134cs inventories increased four-fold between 1986 and 

1988 whilst the inventory of weapons test and Sellafield derived 137cs 

showed only modest increases. 

Radionuclide and palaeoecological (diatom and pollen analytical) data 

suggest that complex sediment accumulation patterns, hydraulic flushing 

and sediment focussing may account for some of the features evident in the 

tarn. 
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Introduction 

Lake watershed ecosystems and in particular the lake sediment record 

constitute a convenient geographical unit for examining the localised 

impact of anthropogenic pollutant deposition and transfer. The surface of 

a lake and its surrounding catchment area is a system subject to the flux 

of both natural and artificial radionuclides. In suitable circumstances 

lake sediments provide an integrated record of direct atmospheric input to 

a given area (the lake surface) and indirect input via weathering and 

subsequent transport. 

Ponsonby Tarn, a small nutrient rich lake in West Cumbria has been 

extensively studied due to its proximity to the Sellafield Nuclear 

Establishment (Eakins and Cambray 1985; Bonnett and Cambray, in press; 

Bonnett et al., 1990). This area of Cumbria also experienced some of the 

highest deposition of l37cs and 134cs due to the Chernobyl accident (Clark 

and Smith, 1988; Jackson, 1989). 

The tarn therefore provides a useful opportunity to compare the impact 

from and significance of releases from Sellafield (formerly Windscale), 

Chernobyl and nuclear weapons tests. 

Studv Area 

Ponsonby Tarn (National Grid Reference NY046045) lies on the border of the 

Lake District National Park -1.s km east of Sellaf~eld and -3 km inland 

from the Irish Sea (fig.l). The tarn is an artificial lake constructed 

towards the end of the nineteenth century by the widening of Newmill Beck 

which rises on Ponsonby Fell -15 km to the east. 

The area is underlain by Permian and Triassic (New Red) sandstone. The 

tarn is underlain by Quaternary alluvium. On the higher part of the 

catchment there are peat deposits, and some Pleistocene fluvio~glacial 

sands and gravels are exposed in the northerrunost area of the catchment. 

(Institute of Geological Sciences, 1978). The tarn is surrounded by 

managed woodland, conifers and rhododendrons with slopes adjoining the 

tarn being clear felled between 1981 and 1986 (E Y Haworth, 1988 pers. 

comm.). Other catchment characteristics are given in Bonnett and Cambray 

(in press). 
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Methods 

Sampling 

The first sediment core (PTl) was obtained in 1980 at location 1 in Fig. 1 

using a Gilson corer (Macan, 1970). Three further cores (PT862, PT863, 

PT861) were obtained in October 1986 from locations 2, 3 and 4 and one in 

December (PT882) at location 5 using a short pneumatically driven 

Mackereth corer (Mackereth, 1969) of diameter 6.3 cm. Sediments from PT862 

and PT863 were extruded using a hydraulically driven piston (Mackereth, op 

cit.) and sectioned at intervals of one to two centimetres. Core PT861 was 

analysed as a bulk sample. Soil cores to a depth of 15 cm were taken from 

two separate locations (PSl and PS2), near the tarn. 

Analysis 

137cs (half-life 30.0 years) and 134cs (half-life 2.06 years) were 

determined in samples of dried and ground sediment by gamma ray 

spectrometry. The techniques of analysis used are described by 

Salmon et al., (1983) in greater detail. 

210Pb and PT and PT863 was determined by dry distillation of its 210Po 

daughter using the method set down by Eakins and Morrison (1978). 226Ra 

in sediment was determined by a method similar to that described by 

Pennington et al., (1976) using 133Ba as a yield tracer. ZlOPb analysis 

of PT882 was carried out by low background direct gamma assay (Appleby et 

al., 1986). 

Percentage weight loss on ignition was calculated by heating pre-weighed 

sub-samples in a muffle furnace for two hours at 550°c. 

Diatoms in the top 14 cm of core PT862 were analysed using the method 

described in Batterbee (1986). A Leitz SM-LUX microscope with 1250x 

magnification was used to ~~~~tify 200 valves from each sample. 

Identification was aided by reference to Krammer and Lange-Bertalot 

(1986). Pollen analysis of PT882 was undertaken using the methods 

described in Faegri and Iversen (1975) and Moore and Webh (1978). 

All pollen and spores were counted using a Nikon (L-Ke model) microscope 

at a magnification of x400, with xlOOO oil immersion for critical 

I 
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determinations. Counts were made in complete traverses at regular 

intervals across 22 x 22 mm coverslips. When it was not necessary to 

count whole slides traverses were spaced to include representative areas 

of the slide thus minimising problems due to the possible non-random 

distribution of pollen grains on slides. 

The pollen diagram (Faegri and Iversen, 1975) was calculated on a pollen 

sum of dry land pollen. Pollen of obligate aquatic plants and all spores 

were excluded in accordance with palynological convention. In addition, 

taxa of doubtful dry land origin such as Gramineae where there is 

incomplete identification (only to family level) and those with a wide 

habitat tolerance such as Alnus, for which unusually high pollen counts 

were made for each sample, were excluded from the pollen sum. Percentages 

for pollen types not included in the basic pollen sum were calculated as a 

percentage of the basic pollen sum plus the sum of that particular type. 

For example, percentages for Gramineae were calculated as a percentage of 

the total pollen sum plus the sum of Gramineae pollen. 

Results and Discussion 

The short lived isotope 134cs is derived almost entirely from Chernobyl 

fallout. Using the 134cs;137 cs ratio in Chernobyl fallout of -0.6 

(Cambray et al., 1987), 134cs activities have been used to partition the 

total 137cs activity into a Chernobyl derived component and a component 

derived from sources other than Chernobyl. 

In order to assess the environmental significance of events such as the 

Chernobyl and Windscale accidents it is essential to establish the 

estimated contribution from these sources. From the data quoted in Booker 

(1962) and Cambray et al. (1987) the notional 137cs deposit at Ponsonby 

Tarn up to October 1986 (corrected for decay) is thought to stem from four 

major sources namely:-

i) Sellafield discharges prior to 1957 1530 Bq m-2 

ii) Windscale fire of 1957 285 Bq m-2 

iii) Fallout derived from atmospheric weapons testing 4320 Bq m-2 

iv) Chernobyl-derived l37cs 9865 Bg m- 2 

Total -16000 Bq m- 2 
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It is apparent that the 137cs content of the sediment in 1986 is dominated 

by the Chernobyl release with discharges from Sellafield (both routine and 

accidental) contributing only ca. 12% of the total sediment inventory. 

The total deposition of 137cs directly onto the surface of the tarn by 

1986 is thus estimated at -16 000 Bq m- 2 . At the time of the previous 

study of the ta,n in 1980 (Eakins and Cambray, 1985) the total deposit was 

-7100 Bq m- 2 of 137cs whilst in 1988 total deposition is estimated at 

-14 680 Bq m-2. 

These figures are in reasonable agreement with other estimates of local 

deposition based upon soil sampling in the catchment in 1986 (mean value 

17 400 Bq m-2) and nearby sampling under deciduous woodland by Hursthouse 

(pers. comm. 1989). 

However, examination of the radionuclide content of the 1980, 1986 and 

1988 cores reveals considerable variation from the expected baseline 

inputs. Radionuclide inventories also vary temporally (Table 1). In core 

PTl the total 137cs inventory is in close agreement with that expected 

from weapons fallout and Sellafield discharges. In core PT862 the 

inventory from these sources is only -80% of the expected value. Core 

PT863 has an inventory from weapons fallout and Sellafield discharges 

twice the expected value. In contrast, Chernobyl derived l34cs 

inventories are markedly below expected values in cores PT862 and PT863 

but 134cs values in PT882 are approximately rw, times greater than 

estimated. 

These anomalies may be due to a number of factors: 

1) Marked changes in the atmospheric flux of radionuclides to the 

catchment. 

2) Catchment inputs to the tarn. 

3) Hydraulic flushing. 

4) Spatial patchiness of sediment deposition and or sediment focussing. 

The variation evident cannot be attributed to changes in atmospheric 

deposition. During the period 1980-1988 fallout of 137cs was negligible. 

Natural radioactive decay will have reduced the 137cs inventory by -20%. 
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Inputs of radionuclides from the catchment in particle associated form 

possibly resulting from ground disturbance due to tree planting and 

harvesting might account for the elevated weapons test and Sellafield 

derived inventories in the 1986 sediment record. However, as can be seen 

in Fig. 2, the pollen record contained in the tarn appears to describe 

only minor changes in the surrounding vegetation over the last 150 years. 

Whilst documented occurrences of afforestation are reflected in slight 

increases in the pollen frequencies of the taxa involved (eg the increase 

in Ouercus from -25-30 cm relating to the 1911 planting of oak in the 

catchment), there are no changes in the pollen record which could account 

for the large increase in radionuclide inventories evident in core PT882. 

A summary total diatom concentration curve calculated on a count of 400 

valves is shown in Fig. 3. This shows no evidence of the marked 

fluctuations in diatom concentrations commonly associated with the 

episodic inwash of catchment material resulting from catchment disturbance 

(Battarbee and Flower, 1984) which might, in part, account for the 

radionuclide inventories seen in the 1986 cores (Kreiser, pers. comm., 

1988). 

Palaeoecological data in the form of diatom and pollen analysis does not 

therefore, appear to indicate any significant input of catchment derived 

material to the tarn. Similarly the stable loss on ignition values of 

cores PT862, PT882 and PT883 (Fig. 4) indicates that the physical 

characteristics of the sediments are homogeneous down core and suggests 

the lack of episodic inwashes of either organic or minerogenic material 

from the catchment. The balance of evidence would appear to suggest that 

both the changing radionuclide inventories evident in the 1986 and 1988 

cores, together with the marked increase in sediment accumulation rates in 

1988 are the result of processes other than catchment derived inputs of 

material. 

Whilst the mean residence time of water within Ponsonby Tarn is not known 

it is conceivable, given the size and depth of the tarn, that it may be 

quite short. Hydraulic flushing during high flow conditions would reduce 

this further and may account for the lower than expected 134cs inventories 

if this process occurred between initial deposition of Chernobyl 

radionuclides (May, 1986) and sampling of PT862, PT853 (October, 1986). 

Hilton et al., (1989) estimate that hydraulic flushing of dissolved 
134

cs 
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and 137cs resulted in 34-66% of the initial deposition onto the surface of 

Windermere and Esthwaite Water being transported out of the lake system 

before it became adsorbed onto the lake sediment. These figures are 

similar to those quoted by Santschi et al., (in press) for Lake Zurich 

(<50%) and Lake Constance (<10%) due to such flushing. Some of the 

Chernobyl derived radiocaesium may, therefore, have been transported out 

of the system before scavenging by settling particles occurred in 1986. 

However, such a flushing process cannot explain the large increase in 

Chernobyl radiocaesium evident in core PT882. This feature, together with 

differences in the weapons fallout and Sellafield derived 137cs 

inventories apparent between PTl, PT861, PT862 and PT863 may reflect the 

complex sedimentation patterns noted in other small lakes, (eg Davis, 

1976; Dearing, 1983). Such patterns may, in part, be due to the natural 

variability in deposition of sediments in lacustrine environments. Downing 

and Rath (1988) examined the spatial patchiness of sediment 

characteristics in central, bathymetrically uniform sites in eight lakes 

and concluded that 11 sediments are spatially heterogeneous in ways that are 

unrelated to depth gradients, sediment focusing or other large scale 

redistribution processes" (p.454). 

Heterogeneity may therefore partly account for the variable radionuclide 

inventories. The complex patterns of sedimentation may also be due to 

sediment focusing (Lehman, 1975; Hilton, 1985). Such focusing could 

account for the variable inventories present in the 1980, 1986 and 1988 

cores with differences between the cores reflecting differencs in the 

intensity of sediment focusing and redistribution at each site. A 

variable sediment flux at the different sample sites is also suggested by 

the differing sediment accumulation rates calculated from different cores 

(Table 2) and the rapid increase in accumulation rates in core PT882 in 

recent years. 

Conclusions 

The significance of Chernobyl-derived and weapons test/Sellafield derived 

radiocaesium vary markedly in the sediments of Ponsonby Tarn oVer time. 

The radionuclide inventories of the tarn in 1980, 1986 and 1988 may be 

regarded as being a product of the natural variability of sediment 

deposited over the tarn basin together with hydraulic flushing and 
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spatially and temporally variable sediment focusing. Whilst it is 

tempting to ascribe the increased Chernobyl component in core PT882 to 

catchment inputs resulting from tree harvesting evident within the 

catchment, neither the pollen nor the diatom record contained within the 

sediment shows any evidence of this. 
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Table 1 

Radionuclide inventories in the sediment cores 

137cs (Bq/m2) 

Core Total Pre -Chernobyl Chernobyl 

PTl 6100 6100 

PT861 21000 14500 6500 

PT862 >9700 >5000 4700 

PT863 16800 13000 3800 

PT882 26850 12050 14800 

Estimated 
Deposition 

1980 7100 7100 

1986 -15800 6130 9700 

1988 15250 6050 9200 

11 >" Figures signify base of core not reached 

Results corrected for decay to 3 May 1986 

134cs ( Bq/m 2) 

Chernobyl 

4600 

2800 

2300 

8880 

5800 

,; 5L"t: 
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Table 2 

Sediment accwnulation rates in Ponsonby Tarn 

(Derived from 210Pb dating) 

1980 Study 

0.60 cm/yr or 0.082 g/cm2/yr 

1986 Study 

1.11 cm/yr or 0.20 g/cm2/yr 

1988 Study 

Year g/cm2/yr cm/yr 

1988 0.40 2.9 
1987 0.27 1. 7 
1986 0.27 1.5 
1985 0.26 1.15 
1981 0.25 1.1 
1976 0.19 0.8 
1972 0.24 0.9 
1965 0.10 0.4 
1957 0.09 0.3 
1937 0.09 0.25 
1912 0.06 0.15 
1866 0.04 0.08 



0 Metres 500 

b>> '' I Plantation Forestry 

!"'""'! Area of tree fellng 

- - - Catchment Boundary 

- Input/output Stream 

1 Lake Sampling Location 

PS 1 , Soil Core Location 



P
O

N
S

O
N

B
Y

 T
A

R
N

, 
C

U
M

B
R

IA
 

(P
T

8
8

/2
) 

u 
<

 
z 

., 
w

 
0 

Q
. 

<
 

w
 

>-
..

J 
,_ 

<
 

w
 

w
 

w
 

,_ 
0 

w
 

<
( 

u 
(!

} 
<

 
(!

} 
:::

, 
(!

} 
u 

w
 

(!
} 

C
l 

•<
 

w
 

<
( 

:::
, 

z 
:::

, 
<

 
u 

z 
..

J 
<

 
..

J 
(!

} 
(!

} 
u 

(!
} 

..
J 

a:
 

-
<

( 
,_ 

)
(
 

:::
, 

::
, 

::
, 

)(
 

a:
 

>-
)
(
 

w
 

<
 

:::;
 

w
 

z 
u

, 
::

, 
a:

 
-

:::;
 

z 
<

 
w

 
a:

 
..

J 
u 

<
 

a:
 

::E
 

,_ 
z 

w
 

IL
 

-
<

 
w

 
-

..
J 

::
, 

..
J 

a:
 

u 
0 

<
 

>-
a:

 
a:

 
w

 
..

J 
::

, 

m
 

Q
. 

::
, 

0 
<

 
u

. 
<

 
u 

U
) 

u 
w

 
C

l 
u 

Q
. 

a:
 

0 
,-

-
-

n 
-

f
-
-

-
-
1

0
 

-
-

-
-
l
 

-
-

-

2
0

 
-

-
-

-
-
l
 

-
-

/ 
I 

\ 
3

0
 
-
~

 
-

-
-

-
I 

I 
~
 

-
-

-
4 

0 
-
-

,
-

-
-

i 
\ 

I 
' 

r 
' 

I 
I 

' 
' 

' 
I 

! 
• 

I 
' 

' 
' 

' 
. 

' 
. 

' 
' 

' 
C

M
 

O
 

1
0

 
2

0
 

1 
0 

1 
0 

1
0

 
2

0
 

3
0

 
1

0
 

2
0

 
1 

0 
1

0
2

0
3

0
4

0
5

0
6

0
7

0
8

0
 

1
0

 

%
 

P
O

L
L

E
N

 
S

U
M

 

fi
q

1
1

re
 

2
. 

R
e
la

ti
v

e
 

p
o

ll
e
n

 
tJ

ia
ar

am
 

ro
r 

P
o

n
so

n
b

y
 

T
ar

n
 

c
o

re
 

P
T

ti
tJ

/2
. 

P
o

ll
e
n

 
fr

e
q

u
e
n

c
ie

s 
a
re

 
e
x

p
re

ss
e
d

 
as

 
a 

p
e
rc

e
n

ta
g

e
 

o
f 

a 
Jr

y
 

la
n

d
 

p
o

ll
e
n

 
su

n1
. 

w
 

w
 

<
 

a:
 

<
 

0 
a:

 
0 

..
J 

..
J 

... -
... 

..
J 

-
:::

, 
..

J :::
, 

Il
l 

CJ
 

:::
, 

-
,_ 

..
J 

Q
. 

Q
. 

,, ::E
 

0 
0 

'.
) 

u 

w
 

<
 

w
 

u <
 

..
J 

::E
 :

:E
 

:::
, 

:::
, 

:::
, 

u
z
-

Z
 

CJ
 O

 
::,

 <
 ix

 
z 

:c
 w

 
<

 I
L

 ,
_

 
a:

 0
) 

IL
 

--
-
-
-
-
-

,-
-.

--
1

 

._, 1-
-' "' 



:::; 
u 

a 
c 

1J 
ZJ 
- I :1 
= I :J 
- I :1 
SJ 
1 () J 
1 i J 
PJ 
,: J 
,~ J 
15 J 

Fig. 3 

- 720 -

2 J. 6 s 1 iJ 1: .. ,.,. 
I I I 



•• - z 0 H
 ,- H
 z <l
.l 

H
 z 0 ,n
 

U
J 

D
 

...
J 

30
 r

-
-

-
/ 

.....
. 

--
_.

 
.....

... 

--
~
 

2
5

 \
_ 

20
 1

-

15
 ·

-

10
 ,

_ 

5 
,_ 

0 
[ _

_ 

0
.5

 
2

.5
 

4
.5

 
6

.5
 

B
.5

 

·~
 ....

....
. .:_

 -
-..:

-
? 

.,,.
 _

....
.., 

I 
,,,-

....._
 

/ 
\ 

I 
/ 

.....
. 
-

/ 
', 

? 

' \ 
\ 

I I 

\ 

'-
~
 

-
? 

\ 

1
0

.5
 

1
2

.5
 

1
4

.5
 

1
6

.5
 

D
E

P
TI

-I 
(c

m
) 

11
3.

 5
 

2
0

. 
5 

2
2

. 5
 

2,
1.

 5
 

2
6

. 5
 

2
8

. 5
 

F
ly

. 
4-

L
o

ss
 

o
n

 
lg

n
l t

lo
n

 
v
a

lu
e

s
 

(P
TO

G
2,

 
P

T
08

2 
a

n
d

 
P

T
O

O
J)

 

P
T

B
B

2 

\ 

P
T

B
B

3 

P
T

B
62

 

-.
J "' .... 



\ 
- 722 -

\ 



- 723 -

Session VI 

RADIOLOGICAL IMPLICATIONS 
FOR MAN AND HIS 

ENVIRONMENT 



- 724 -



- 725 -

Mathematical Modelling of 
Radionuclide Dispersion in 

Surface Waters after the 
Chernobyl Accident to 

Evaluate the Effectiveness of 
Water Protection Measures 

M.I. ZHELEZNYAK, O.V. VOYTSEKHOVICH 
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This report presents the results (obtained by the "V. t,L Glushkov" 
Institute of Cybernetics of the Academy of Sciences of t~e Ukrainian 
SSR and the Ukrainian National Hydrometeorologlcal Research Institute 
of the Soviet State Committee for Hydrometeorology) In assessing the 
effectiveness 
30-km zone, 
radlonucl Ide 

of water protection counter-measures In the Chernobyl NPP 
using mathematical model I Ing methods to simulate 

migration In water and drawing on field data and 
laboratory research. 

I. Water protection measures In the Chernobyl NPP zone 

Immediately after the accident, work started on devising measures to 
reduce, and If possible prevent, radioactive fallout products from 
being washed out Into surface and ground waters. Dozens of kilometres 
of water-protection embankments and earthern dykes were constructed to 
stop pluvial runoff from contaminated areas entering the rivers around 
Chernobyl. In summer and autumn 1986 dozens of regulating dams, 
Incorporating fl lterlng sorptlve materials, were bul It on streams and 
smal I rivers In the zone, whl le areas of highly radioactive sl It on the 
bed of Pr I pyat RI ver channe Is and bends were covered over. Severa I 
traps In the form of pits were dredged In the Prlpyat River channel to 
facl I ltate sedimentation of radioactive load (suspended and bed load) 
out of the river flow. Most of this work was done during a very 
difficult period, when sufficiently rel lable data on the main sources 
of river contamination were not aval lable. Neither did we have a 
detal led picture of the mechanisms and processes Involved In the 
migration of the various physlco-chemlcal types of radioactive fallout 
In the catchment areas and water bodies In the radioactively 
contaminated territories of the combined Pripyat-Dnleper river basin. 
What Is more, the amount of work Involved was enormous. Therefore, 
from as early as the summer of 1986 we started evaluating the measures· 
effectlveness.1-4 This Included experimental observations on rivers 
to evaluate the actual Impact of such structures on cleansing the 
waters and reducing the radlonucl Ide migration rate, plus work to 
opt lmlze the effect of the var lous water protect Ion measures on the 
basis of mathematical models simulating radlonucl Ide migration 
processes In aquatic systems after Implementation of the proposed water 
protection measures. 

Experimental and theoretical evaluation of the Impact of the water 
protection measures In river channels, and an analysis of their 
effect I veness, Indicated 1-5 that given the vast scale of the 
radioactive cont am I nat Ion on the flood-prone territories, local 
counter-measures had hardly any Impact. For Instance, assessment of 
the overal I Impact of all the measures taken from 1986 to 1989 on small 
rivers In the Chernobyl NPP 30-km zone and In the Prlpyat River to 
restrict the removal of radioactive caesium, showed that such measures 
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held baclc less than 10% of the total amount entering Kiev Reservoir 
with the river flow. The Impact was even less marlced for 9Dsr. 
Thus, the water protection structures - not counting the river channel 
traps for radioactive load - held baclc no more than a few percent of 
the water runoff from the contaminated areas, given that In the past 
few years up to 70% of the 137cs flow (but on I y 30-40% of the 9Dsr 
flow) has come from outside the 30-lcm zone. It was shown 
experimentally that the only way to significantly change radlostrontlum 
migration conditions In the flood-prone areas of the contaminated zone 
was either (I) to Isolate the landscape source of radlostrontlum 
migration, or (I I) slow down the process by which Its non-exchangeable 
forms convert to exchangeable and water-soluble forms. The most 
effect Ive natural cleansing process for l37cs, which binds strongly 
to sell and load part lcles, Is Its co-preclpltat Ion with load In 
sedimentation zones. Therefore, given the different hydrological and 
geochemical migration conditions, water protection engineering needs to 
be based on rapid assessment of a contaminated water body's reaction to 
the Introduction of a given technical solution. This report provides 
examples of such an approach In evaluating the effectiveness of, and 
optimising, measures talcen In river channels (traps dredged In the 
channel to facll ltate co-deposition of radlonuclldes out of the flow 
and onto the bed together with load) and on the floodplain landscape 
(Isolating and covering the floodplain area). 

2. ASSESSMENT OF THE EFFECTIVENESS OF MEASURES TO PREVENT 
CONTAMINATION BEING WASHED OUT FROM THE PRIPYAT RIVER FLOODPLAIN 

Because of the high levels of radioactive contamination found on the 
Prlpyat River floodplain In the area near the Chernobyl NPP (from the 
vi I lage of Benevlca to Yanov Station railway bridge), we had to analyse 
In detal I the different degrees of radlonucl Ide washout which might 
occur during Inundation of the floodplain by flood events of various 
volumes. Experimental research In this area yielded Information on the 
amounts and forms of local radioactive contamination. Analysis of 
different scenarios relating to the river's hydrological regime In this 
area Indicated there was a real danger of the highly mob I le 
radlonucl Ide 9Dsr being washed out of the floodplain sol ls Into the 
river waters. The conseQuences of radionuclide washout from the area 
were predicted (for various flood-volume scenarios) by mathematically 
modelling the radionuclide migration processes In the sol I-water system 
for typical water dynamics over the floodplain surface. The Initial 
model ling stages Involved a) calculating the flow pattern of river 
waters In the channel and on the floodplain, and the characteristics of 
mass exchange between water flow and exchangeable-phase radlonucl Ides 
In the contact layer, and bl calculating the dispersion of radioactive 
substances entering the main flow of the river along Its whole length 
to the river mouth, and further on down through the Dnieper Reservoir 

cascade. 
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2.1 Basic equations used for modelling. Over the past decade the 
main trend In development of mathematical models to simulate the 
dynamics of radlonuclldes In water bodies has been a switch from simple 
dimensionless compartmental models In favour of large models processed 
by computer and based on f In I te d I fferences and f In I te e I ements. 6-8 
A series of models of various dimensions was devised at the "V. M. 
Glushkov" Institute of Cybernetics of the Ukrainian Academy of Sciences 
1,3,9 for use In connect Ion wl th water contamlnat Ion prob I ems 
fol towing the Chernobyl accident. A two-dimensional model, based on 
flow parameters averaged over depth and on contamination 
characteristics, was used to study the dynamics of contamination on the 
Inundated floodplain. The model of the task In hand Included the main 
hydrodynam I c and hydrophys I ca I factors de term In Ing the I ntens I ty of 
radionuclide migration, I.e. flow pattern, transport of suspended load, 
advectlve-dlffuslve movement of the soluble and suspenslon-sorbable 
forms of contamination, the adsorptlve-desorpttve exchange of soluble 
forms with suspensions and bed load, and redistribution of 
contamtnat Ion In the water-bed system result Ing from bed erosion and 
sett ting of suspensions. 

The distribution of the depth-averaged components of the flow 
velocities on the floodplain - u1 and u2 - Is represented by Saint 
Venant's equations 

2;!i_ (1 dc..l' -:i., - i uj 1u1 + f..(--1 + cl .;Jx .. cil: ;) X,< cT,i 
( 1) 

l(l 
+ ;;)(~ Uc<) - 0 

dt: -
JXv: 

(2) 

where k • 1,2, J • 1,2, <fl• free surface elevation above the horizontal 
level of the smooth water surface, H - depth at this water level, h. 
H+ • tot a I depth, and c - Chezy' s coeff I c I ent. Here and I ater we 
employ summation with regard to the recurrent subscripts. To calculate 
Chezy's coefficient we use Manning's formula, c • h1/6/n, where n -
floodplain roughness coefficient. 

In calculating steady flows, the stationary form of the continuity 
equation (2) means we can Introduce the stream function~ 

( 3) 
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EQuatlon (2) Is then dealt with In the same way. As evaluations of the 
order of the Individual terms In the displacement eQuatlons show 
(1),(2), the convective terms In these eQuatlons may be omitted If the 
condition L >> h/l Is met, where L • characteristic scale of change In 
the datums of the free surface, and).. g/c,h • bed friction 
coeff lclent. 

The above condlt Ion Is met In most Instances for the sect Ion of the 
floodplain under study. If one omits the convective terms, cross 
differentiation of eQuatlons (1) and (2) with respect toy and x and 
subtraction of the former from the latter eQuate to zero. 

(4) 

The boundary conditions at solid boundaries are 

(5) 

where Q - volume flow rate of the particular flood calculated, and 
~~.t, • stream function values on the left- and right-hand boundaries 
of the flood flow. 

At IIQuld boundaries 

(6) 

where N • normal to the boundary, subscript B Is the flow's upper and 
subscript H Its lower boundary. 

Changes In the mean concent rat I on by depth of the suspens Ions In the 
flows are expressed by the eQuatlon for advectlve-dlffuslve movement: 

Here, B • the relation between the benthlc concentration of the 
suspens Ion and the mean concentrat Ion by depth assumed to be s Im 11 ar 
for al I cross-sections of the flow, w0 • the particles' sett I Ing 
velocity, s •• the eQulllbrlum concentration of the suspension In the 
flow (transporting capacity) determined In the present model by 
BIJlcer's formula 10, Ei1c • the coefficient of horizontal dlsperslo1, 
related to the coefficients of longltudlnal De and transversal Dp 
dispersion by the correlations 



E.,,, =- De co:/ lf1 + DP s,,/ip 
E1t ::. ( De - Dr) co5 ~ s, n f 
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Eu :: Oe 51nl if -i- hp co5
1 tf (8) 

The coefficients De and Dp are precisely determined subject to a 
constant across depth h, and the modulus of dynamic velocity v. by 
Eider's formulae 11. De e 1v.h, Dp • e, V*h, where 
e1 • 5.93 and e2 • 0.23, the last parameter being determined with 
significant scatter. 

The change In the thickness of the bed sediment layer (Z•) Is 
expressed by the equation for bed deformations 

(9) 

Here, the vertical flows of the suspension are determined by the 

correlations 

rw, ( s-s.) w ~ere s) s. , r"-1, ( ,. S.) .(.,. , < ,. 
q~ =- 1 " (10) 

0 v.>~«e s < s,. 0 \),,) ~e<t. 5)5,. 

The equation for the mean concentrations by depth of soluble 
radlonucl Ide forms c. taking Into account the main hydrodynamic and 
hydrophyslcal processes described above, Is given by 

where cs • mean concentrat Ion by depth of radlonucl Ides on suspended 
load, cb - concentration of radlonucl Ides In bed sediment averaged 
over thickness Z* of the active layer, Kd coefficient of 
equilibrium dlstrlbs,tlon of radlonuclldes In the water-load system, 
a1, 2 and a1, 3 coefficients of the velocity of the exchange 
between (I) solution and suspension and (I I) solution and bed sediment 
respectively, and ~ • decay constant. The corresponding term In 
equation (11) Is omitted when calculating movement of long-I lved 
radlonucl Ides. 

The mean concentrat Ion by depth of rad lonuc 11 des on suspens Ions Is 
given by the equation 

_J_ ( hc&.s) + 2- ( ul(h5C.5
) :: 1- h E1 -<1- ( sc.5)- ~ 11sc. + 

;; I; 'cl)(,< tl><,: fJ X1 
( 12) 

t a. 5( f{JC - C 5 ) + C\,1b - (•q 5 
1,l, 
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Contamination of the bed sediment layer Z* Is determined by the 
equation: 

( 13 l 

The model's radiological block includes four constants -
Kd, a1 , 2 , a1 , 3,), determined from experimental data. 

For numerical integration of equation (4) we 
method based on the orthogonalization of 
according to Galerkin's method.12 

used the finite elements 
the approximation error 

The method used for numerical solution of the equations for advective
diffusivion of suspended sediment transport (Bl and radionucl Ides 
transport (15),(16) had to be designed so that the numerical diffusion 
conditioned by approximation of advective transport was considerably 
lower than physical diffusion. This condition can be met by using 
f In i te difference schemas of high order of accuracy to describe the 
advective transport processes. 
equations 
processes. 13 

(7),(11),(12) are 
The finite difference approximations of 

based on splitting by physical 
For the 

difference scheme with 
advective step we use an exp I icit finite
fourth order of accuracy close to that proposed 

in 14, while for the diffusive step we use an exp I icit schema of 
second order of accuracy. In the third and final step of spl ittlng the 
ordinary differential equation is solved for sources terms. 

The site covered by our calculations (10 250 m x 3 750 m) is located in 
the railway bridge backwater zone. The left-hand boundary of the site 
passes along the dyke protect Ing the po Ider network. The right-hand 
boundary fol lows a I ine passing through the bui It-up area of the town 
of Pr ipyat and the sett laments of Novo-Shepel ichi and Benevka. The 
inflow boundary runs perpendicular to the dyke 10 km from the axis of 
the railway bridge, in whose vicinity the outflow boundary of the site 
under study is located. 

We calculated the velocity fields and distribution of contamination on 
the floodplain for maximum discharges of extremely high floods, i.e. 
with probabilities of 0.01, 0.1 and 0.25 (6 BOO, 3 400 and 2 100 
m3/sec respectively). The roughness coefficient n of the channel was 
taken to be 0.013, and that for the floodplain 0.02. 

Calculations of the flow velocity pattern showed that, for a 
probabi I ity of exceeding the flod equal to 0.01,flow velocities on most 
of the floodplain lie in the 0.4-0.B m/sec range, with the bulk of the 
total discharge - some 5 000 m3/sec - occurring on the right-bank 
floodplain and in the main channel of the Pripyat River. 
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For a 0.1 probabll Jty flood the section of the floodplain covered by 
our calculations Is also completely Inundated by water, with a peal< 
water level 1 m lower than the peal< of the 0.01 probabl I Jty flood. In 
this case, the pattern of the flow field Is considerably more 
changeable. Compared to a 0.01 probabll Jty flood, velocities of up to 
0.4 m/sec occur on a larger portion of the floodplain area. 

Fig. 1a shows the results of calculating the velocity pattern of the 
flow on the Inundated floodplain for a maximum flood discharge with a 
0.25 probabl I Jty, shown In the form of vector fields of specific .... discharges u. The left-hand corner of the Fig. gives the scale of a .,.. 
specific discharge, corresponding tolUI• 5 m.tsec. The h - 3.5 m depth 
lsol lne delineates the main elements of the channel network at the site 
studied. The water level at the Inflow station was calculated using 
backwater curves based on analysis of data accumulated over several 
years of observations. 

Para I lei to calculating the fields of flow on the floodplain under 
natural conditions, we also simulated the hydrodynamic regime on the 
Inundated floodplain after Introducing water protection measures. Fig. 
1b shows the distribution of the specific discharges for a 0.25 
probabl I lty flood after construction of a dyl<e preventing flooding of 
the left-bani< floodplain, which Is the worst contaminated. A 
significant Increase Is noted In the flow velocities on the right-bani< 
floodplain and In the Prlpyat Creel< region. 

The calculated velocity values were used In computer slmulat Ions of 
removal of radlonucl Ides from the Krasnensl<y floodplain during high 
water. The first series of calculations evaluated the Impact of only 
the sorptlve exchanges In the water-bed system, neglecting the 
processes connected with rol I Ing and sett I Ing of contaminated load. 
This representation of the process Is admissible for evaluating the 
removal of 90sr, most of which Is carried along In dissolved form. 
Here the concentration can be calculated by eQuatlon (11), omitting the 
term relating to water-suspension Interaction and Ignoring decay. 

To determine the cb concentration of radlonucl Ides In the top layer 
of the Inundated sol ls on the f loodplaln and In the bed sediment, we 
used data on the level of radioactive contamination of the floodplain 
by cerlum-144 and strontlum-90 radlonucl Ides. The total amount of 
90sr on the section of the left-bani< floodplain studied Is some 
10 000 Cl, with a max I mum contamlnat Ion of over 1 000 Cl/l<m_~. Because 
this zone Is 3-15 l<m north of Unit JV of the Chernobyl NPP the specific 
composition of the contamination Is that of fuel particles formed from 
uranium oxides. Since the accident we have observed an Increase In the 
exchangeable forms of radlonucl Ides due to transformation of the fuel
type fallout. According to data for 1990, as much as 50-60% of the 
90sr Is In exchangeable form, 95% of the activity being concentrated 
In the surface layer of thickness z* • 10 cm. 
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In the model adopted (slml lar to the FETRA model 7), the Intensity of 

exchanges In the water-bed system Is determined by the coefficient of 

Inter-phase exchange a1,2 (referred to below without the subscripts). 

Its value was calculated from exper lmental and pub I I shed data. Study 

15 contains a synopsis of data on the velocity of diffusive exchange 

In the water and bed sediment system and on the exchange velocity 

coef f I c I ent f - a Kd, and reconvnends a va I ue for f of O. 6 m/annum. 

Correspondingly, In the series of calculations performed, the 

coeff I c I ent was def I ned as f /Kd, where f - 3 · 1 o-8 m/sec. In our 

case the main variable calcu·latlon parameter Is the sorptlve 

distribution coefficient Kd· Measurement of strontium concentration 

In solution and on suspensions In Prlpyat River conditions yields mean 

Kd values close to 100. Computer simulations taking Into account the 

possible varlabl I lty of Kd (depending on geochemical factors) yielded 

values for this parameter ranging from 50 to 1 000. 

A series of computer simulations was performed for a 90sr 

concentration at the Inflow station of approximately 50 pCl/1, which 

corresponds to the extreme values for 90sr washout condlt Ions In the 

studied scenarios of runoff formation In the Prlpyat's catchment areas. 

The purpose of these ex per lments was to de term I ne the Increment In 

90sr concentration at the outfal I station due to the egress of 90sr 

from the flooded sol ls of the floodplain. The calculations Indicate 

that In the event of a 100 year flood on the part of the floodplain 

studied, the strontium concentration In the water near the outfal I 

station Increases to 65-70 pCl/1 at Kd - 100, and to 70-80 pCl/1 at 

Kd • 50. 

A decrease In the depth of flooding on the floodplain In the event of a 

0.1 probabll lty flood leads to an Increase In the concentration In the 

water. The extreme case for the range under study (Kd - 50) Is given 

In Fig. 2a. At the outfal I station the strontium concentration exceeds 

100 pCl/1. In the event of a further decrease In the level of 

Inundation on the floodplain and a reduction In flow velocity (0.25 

probability flood), the strontium concentration In the water on the 

section studied Increases by over threefold. 

We concluded from this that, going by the criterion of concentration 

level In water, the most dangerous floods may be those with low levels 

of floodplain Inundation. These variants should be studied more 

closely In subsequent computer simulations, as should the effects of 

sedlmentatlonal-eroslonal exchange of contaminated load with the bed. 

Simulation findings, data obtained by the Institute of Experimental 

Meteorology (of the Soviet State Committee for Hydrometeorology) on the 

kinetics of 90sr egress Into water when floodplain sol ls are 

Inundated, plus research carried out on the site In question In 1990, 

made It poss Ible to dev I se a sys'tem of water protect Ion measures for 
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the territory under study. Taking several variants for local lzatlon of 
radlonucl Ides, we evaluated by mathematical model I Ing the 
effectiveness of partially or totally covering the floodplain area with 
sand from the river channel bed (by hydraul le placing), as wel I as the 
variant Involving completely Isolating the worst-contaminated part of 
the floodplain by means of a high, sand dyke. 

The simulation results (Figs. 2a and 2b) show the effectiveness of the 
proposed construction of an earth dyke along the river, thus preventing 
radlonucl Ide substances from being washed out of the floodplain Into 
the Prtpyat River al I In one go, and providing an opportunity to 
regulate the removal of 9Dsr from the floodplain Into Kiev Reservoir. 

The relative effect of this measure on al I 
Dnieper Cascade was evaluated using a 
radlonucl Ide migration 9,16, In which the 

the reservoirs In the 
compartmental model of 
Inflow of contamination 

from the Prtpyat River Into Kiev Reservoir was calculated on the basis 
of the above-mentioned computed estimates for the floodplain. The 
results of the calculations (Figs. 3a and b) Indicate that bul !ding a 
dyke along the floodplain In the Chernobyl NPP near zone (where some 
20% of the total amount of 90sr In the landscapes of the 30-km zone 
has concentrated) wll I In years when the condl t Ions Involved In 
formation of the Prlpyat and Dnieper flow Into the Kiev Reservoir are 
the worst possible - reduce the predicted contamlnat Ion levels by a 
factor of five or more In the post-hlghwater period. 

3. TRAPS FOR CONTAMINATED SUSPENSIONS IN THE PRIPYAT RIVER 

As Indicated earl ler, In order to reduce the Intensity of radionuclide 
flows on suspended matter, pits were dredged In the river bed In the 
first few months after the accident. It was assumed that the 
protective Impact of this measure would I le In Intensive "self-burial" 
of radioactive load at these sites. Since many contaminants are 
carried In river flow and deposited with load, experiments to optimize 
the specific dimensions of such bed traps, Justify their construction 
and evaluate their effectiveness under operational conditions are of 
Interest, both for resolving the water protection tasks In the lower 
reach of the Prlpyat River and for drawing up recommendations for 
measures connected with accidental contamination of surface waters. 

To calculate the dynamics of radlonucl Ide accumulation In bed sediments 
In areas where there are abrupt changes In depth, we used a vert teal 
two-dimensional model 9 and a one-dimensional model slmutat Ing the 
partial case described In the previous chapter based on the two
dlmenstonal depth-averaged model. Let us now look at the block In the 
first of these models describing the velocity pattern of the flow and 
movement of suspended load. 
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Assuming that pressure Is distributed over depth according to the law 
of hydrostatics, the equations covering displacement and continuity In 
the zone -H(x) < z < ?(x,t) are expressed by 

dU. LL Ju \l.) d {J =- - ~ d"l -t" 
A -;;zu +1. ,L\ 3 dU = 0 -1- + 

;)/: Jx a,_ Jx 1 Jxl Ji az. ( 14) 

;) u 
+ ~uJ = 0 ( 15) 

i) )( ai 

where u,w - horizontal and vertical components of flow velocity, "]• 
elevation of the free surface above the level of the unperturbed depth 
of the fluid H(x), A1 - coefficient of horizontal turbulent viscosity 
assumed to be constant, A3 ( x, z, t) coeff I c I ent of ver t I ca I 
turbulent viscosity. 

To close the system (14),(15) we use Prandtl 's hypothesis 

( 16) 

where 1 • scale of turbulence, for which we take Montgomery's formula 

( 17) 

where II! - 0.4 • Karman's constant, h - H +1) , z0 , z"} - the 
parameters of roughness and free surface respectively. 

In describing the displacement of a two-phase flow, use of the closure 
method (16),(17) developed for a single-phase' flow Is based on the 
assumption that the presence of suspension has I lttle effect on the 
characteristics of turbulent exchange. As shown In 17 this 
hypothesis Is correct for the concentrations of suspensions observed In 
river flows. 

The boundary conditions at the bed are the conditions of adhesion 

z - -H + Z•: u • 0, w • 0 

on the free surface of the fluid z - "1 we adopt the kinematic condition 

( 19) 

and assume that shear stress equals zero. 
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The dynamics of the suspension are expressed by the equation for 
advective-diffusive movement: 

A 'J !5 'J ( J\ ? 5 ) 
... 1 -- ~ ,,- ,, " - ,,-J xl 'IL <1Z. (20) 

where s(x, z, t) • concentration of suspended particles with mean 
settling velocity w0 . 

For the boundary condition on the free surface it is assumed that the 
vertical flow of toad is equal to zero 

(w-vJo)S "' (21) 

The diffusive flow of the suspension on the bed is adopted to be equal 
to the sedimentational equilibrium flow. Then the boundary condition 
is expressed as 

(22) 

where s. benthlc equilibrium concentration of the suspension 
corresponding to the transport capacity of the flow. 

To calculates. we use methods of describing the suspended load based 
on linking its benthlc concentration with overstated actual values for 
benthic shear stress 'C'=f'u; ~ f' A~ ft above the threshold value 
'(c corresponding to the beginning of mass movement of bed particles. 
We used van Rijn's formula 19, together with Bijker's formula 10 
(mentioned earlier) based on some other principles. 

Accumulation of radionucl ides in bed sediments Is influenced by two 
processes: deposition of contaminated suspensions and 
di ffus i veexchanges at the water-bed boundary. The ro I e p I ayed by the 
first of these factors Is significantly greater in the bed traps, and 
therefore this paper looks at their impact only. 

For numerical solution of the equations with corresponding boundary 
conditions, we used an explicit-implicit finite difference schema with 
a scattered chessboard layout for u and h (or s) in the x-t plane. 
Here the implicit block approximates vertical turbulent mixing. 
Vert i ca I advect i ve movement was approximated using an exp I I cit schema 
of directed differences of the first order of accuracy. The resultant 
computed diffusion for the estimates Is far less than physical vertical 
turbulent diffusion, which makes it possible to use the simplified 
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schema mentioned earl ler. Due to the large vertical gradients of the 
unknown functions, we used a non-uniform grid for the vertical 
coordinate. 

The models proposed were validated using data from laboratory 
experiments; we also used measurements of distribution of flow 
velocities and suspended load above an underwater pit in the sandy bed 
of a laboratory flume 19 (Fig. 4 shows the pit layout and Its 
vertical dimensions). In this particular experiment the suspension 
parameters were w • 0.013 m/sec and D • 0.00015 m, while for the flow 
at the inflow station u - 0.5 m/sec and h - 0.4 m. 

Figs. 5a and 5b compare the horizontal velocity distributions obtained 
from the two-dimensional model (unbroken curve) and the suspension 
concentrations (broken curve) with exper imenta I data 19 Cc ire !es and 
triangles respectively) for the verticals. The values for suspension 
concentration are normalized to its value when depth z • 0.1H at the 
inflow station. Numerical experiments indicated that horizontal 
turbulent diffusion has very I ittle impact on the calculation results 
in this particular study, and therefore the calculations assumed that 
A1 O. It should be noted that the calculated curves for the 
distribution of the suspension concentration along the vertical, 
obtained by using different formulae for the equi I ibrium bed 
concentration s, are - within the accuracy I lmits of the graphs -
practically indistinguishable at distances from the bed exceeding 0.01-
0.02 of the depth, and for this reason they are not given separately in 
Fig. 5. However, the difference observed in the benthlc concentrations 
of suspensions may produce significant differences when calculating the 
total vertical flow of suspension q, which is the main feature of 
water-bed exchanges. 

If we use Bijker's formula in the two-dimensional model, the calculated 
sedimentation velocities tally more or less with the values computed 
when determining s using van Rijn's formula. However, the erosive 
flow at the pit exit is 50-100% lower In the case of the former. 

The models were used to evaluate the deposition of suspensions In two 
underwater pits In the Pripyat River. The first is near the settlement 
of Otashev. our calculations were based on the fol low Ing pit design 
parameters: length - 100 m, depth - 12 mat a river depth of 4.8 m in 
the pit approach. The calculations assumed that the mean diameter of 
the suspensions was 0.05-0.01 mm. It was also assumed that upstream of 
the trap turbidity In the flow corresponded to the flow's transport 
capacity. 
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Our calculations show that the most active accumulation of sediment 
takes place on the front slope of the trap, and that the rear slope Is 
slowly eroded, mainly by movement of large suspensions. The length of 
the active sedimentation zone Increases with decreasing particle size, 
and when D • 0.01 mm and velocity - 0.2 m/sec or over It exceeds the 
length of the pit. The sharp decline - revealed during simulation 
experiments - In the pit's effectiveness In capturing suspensions as 
particle size decreases meant a detailed analysis of the radiological 
processes was necessary. 

A factor determining the effectiveness of the bed traps In capturing 
contamination Is the distribution of the radlonucl Ides In the flow on 
different suspension fractions. Studies of the Prlpyat River showed 
that over 70% of the caesium radioactivity carried along by suspensions 
Is bound to particles under 0.1 mm In size. It Is precisely these 
fractions which predominate In the granulometrtc composition of the 
suspended load In the Prlpyat River, with 40-60% of the caesium carried 
along by suspended load being bound to the fraction under 0.05 mm. 

These findings on the transport of radioactivity on suspensions were 
confirmed by an analysis of radlonucl Ide accumulation In the bed 
sediments of the largest protective structure In the channel of the 
Prlpyat River - the lvanovsky pit; this Is situated two kl lometres 
downstream of the town of Chernobyl and has the fol lowing parameters: 
length• 850 m, maximum depth• 16 m, maximum width• 400 m, which Is 
twice the mean width of the river channel. It was completed by the 
time the 1987 spring high water began. 

Data from In-situ eQulllbrlum studies covering a year of mean water 
volume show that the caesium accumulated via sedimentation of 
contaminated suspended particles Is some 10% of the total amount of 
caesium conveyed past the pit Inflow station with Prlpyat River 
sediment discharge. This accumulated activity Is reflected In an 
Increased caesium concentration In the sl It sediment In the pit (500 -
2 000 pCl/g), which Is 1-2 orders of magnitude greater than the 
contamination found In sandy bed load In adjacent areas of the river 
channel. It should be noted that In areas of the Prlpyat mouth where a 

natural Increase In sedimentation 
backwaters), the caesium concentrat Ion 
and sometimes higher, than In the pit. 

occurs (creeks, deep pools, 
In bed sed I men ts Is the same, 
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Conclusions 

1. Our analysis of measures to reduce the Intensity of radlonucl Ide 
movement with surface waters confirmed the advantages of adopting 
an approach combining mathematical model ling with a detal led 
analysts of the hydraut le and physlco-chemlcal processes In water 
flows In order to select the most effective water protection 
methods. 

2. In the conditions obtaining after the Chernobyl accident the most 
effective measure may be to bul Id a cut-off dyke to prevent 
floodwaters from washing radlonucl Ides out of the worst
contaminated area of the Prlpyat River floodplain In the Chernobyl 
NPP near zone. 

3. Dredging bed pits to trap radioactive load had no significant 
effect on overal I removal of radlonucl Ides from the Prlpyat River 
Into Kiev Reservoir, due to their relative Ineffectiveness In 
capturing the fine fractions of suspended load. The pits did play 
a decisive role In capturing fuel particles, which are associated 
with relatively large load fractions. 

4. Theoretical and experimental studies should be further pursued 
along these lines for the purpose of elaborating - on the basis of 
analysing the Chernobyl accident consequences - recommendations for 
water protect Ion measures after rad lonuc I I des ace I dent a 11 y enter 
aquatic systems. 

We, the authors, are greatly Indebted to our mentors V. s. 
Mlkhalevtch, A. A. Morozov and V. s. Makslmov - for their constant 
Interest In our work and their useful advice. We also thank our 
co I I eagues - R. I . Demchenko, Yu. I . Kuzmenko, P. V. Tka I I ch, s. L. 
Khursln, V. M. Demchuk, G. V. Laptev and V. V. Kantvets - for their 
decisive contribution to the theoretical studies and In-situ 
measurements In the Chernobyl accident zone. 
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Fig.2: COMPARATIVE ANALYSIS OF Sr-'9o 7A1.HOUT FROM THE FLOODPLAIN 
IN THE CHERNOBYL NPP NEAR ZONE UNDER THE NATURAL CONDITIONS 
OF EXTREME (10%) HIGH WATER AND IN THE EVENT OF CONSTRUCTION 
OF A WATER PROTECTION DYKE FOR THE WORST-CONTAMINATED PART 
OF THE FLOODPLAIN ON THE LEFT BANK OF THE PRIPYAT RIVER 
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Fio.3: Comouted concentrations of"Stt&iitium-90 in the reservoirs of the 
Dnieper cascade in the event of extreme washout of radionuclides 
from the floodplain in the Chernobvl NPP near zone given a 25 % 
frequencv hiqh water 
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ABSTRACT 

The report briefly sets out the main features Involved In the 
accidental releases of radioactive substances at Chernobyl, Kyshtym and 
W i ndsca I e, and the rad i at ion cond it Ions deve I oping as a resu It. We 
out I ine the dynamics of the transfer of radioactive substances via the 
"soi I-plant-animal-man" food chain, and compare the processes involved 
in internal and external exposure of the people who stayed on in the 
radioactively contaminated regions. In the Chernobyl and Windscale 
nuclear reactor accidents iodine and caesium were mainly responsible 
for irradiation of the local population. In contrast, the explosion at 
the storage facility for liquid radioactive waste In the Urals 
contaminated the area with a mixture of one-year-old fission products, 
and the long-term ecological effects stem mainly from the presence of 
strontium-90 in foodstuffs. The report traces the true dynamics of (and 
predicts future l Ind iv i dua I and co I I ect Ive doses to Russi a· s 
inhabitants. The latest radiobiological data are used to estimate the 
inc i de nee of I ong-term stochast I c effects of a care i nogen i c, genetic 
and teratogenic nature. 
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The one thing common to the worst radiation accidents in the history of 
mankind - the Kyshtym and Wlndscale accidents in 1957 and the Chernobyl 
accident in 1986 - Is the fact that they involved medically significant 
contamination of the environment with radionucl ides and consequent 
irradiation of the population. Large-scale measures were taken to 
protect the population from radiation after all three accidents. Since 
two involved destruct ion of operational nuclear reactors, while the 
third involved the explosion of a tank containing high-level 
radioactive waste, the corresponding differences In the isotopic and 
physico-chemical composition of the radlonuclides released also meant 
there were differences in the way the general pub I ic was irradiated. 
This report compares the irradiation processes affecting the people 
staying on In the accident zones and estimates Individual and 
collective doses, with most attention being paid to the more recent 
situation in the controlled zone of the Chernobyl accident, where the 
author regularly works. It does not examine irradiation of staff 
working at the facll ities involved, nor does It analyse the long-term 
medical effects of Irradiation of the populace, since such effects have 
not yet appeared among the population, and the coefficients of possible 
radiation risk required for medical forecasting are under review at 
this very moment. 

Table 1 contains figures, based on data 1-7, indicating the amounts 
of the nuclear fission products, most significant from a radiation 
point of view, which were accidentally released into the atmosphere. 
The Kyshtym cloud contained no short-I ived radionucl ides of iodine 
whatsoever and the portion of caesium was insignificant, whereas cerium 
and zirconium radionucl ides, which do not carry very far, and their 
daughter products dominated. The most ecologically mobile and long
I ived radionuclide is strontium-90 (2.7% of the mix), which also 
determines the radiation situation In the long term 6,5 The 
Windscale 1 and Chernobyl 2,3,4,7 reactor accidents released a 
larger amount of volatile radionucl Ides of iodine and caesium, together 
with noble radioactive gases (not in the Table). The high-temperature 
heat-up of the stricken Chernobyl unit also mobi I ized less volatile 
isotopes of strontium, cerium and zirconium, etc., which are 
concentrated more in the area near the Chernobyl NPP. The bottom row 
shows the amounts released at Chernobyl as estimated by Soviet 
specialists 2,3,4 and by scientists at the Livermore Laboratory in 
the USA 7. It is clear from this that the Chernobyl emission of 
volatile radionucl ides of iodine, caesium and ruthenium was three 
orders of magnitude greater than that a_t Windscale, despite the similar 
nature of the ace I dents. The Kyshtym and Chernoby I re I eases of non
vo I at i le strontium, zirconium and cerium radionuclides are of 
comparable magnitude, but in the latter case these nucl Ides are of 
secondary importance only. 

Tables 2 and 3 set out In qua I itatlve terms the main population 
irradiation factors in the first year and in the longer term. The 
number of plusses in the grid expresses the expected individual 
external or internal irradiation dose to the critical population group 
and the need to introduce protective measures. 

Thus, the inhabitants of the worst affected settlements fol lowing the 
Kyshtym accident were evacuated urgently because of the danger of 
external gamma radiation (+++). The second most important factor here 
was irradiation of the gastrointestinal tract (GIT) due to surface 
contamination of food with radionucl Ides of low solubl I ity (Table 2). 
The main long-term factor for individuals remaining in the 
radioactively contaminated zone is irradiation of the red bone marrow 
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(RBM) and bone tissue by Incorporated strontium-BO (Table 3). In 
quantitative terms the dose formation process Is as follows. 

During the first phase of the Wlndscale accident possible 
radiologically significant irradiation of the population was associated 
with the emission of iodine-131 and Its accumulation In the thyroid 
gland, as wel I as with external gamma-radiation. 

The Chernoby I ace i dent i nvo I ved - to varying degrees - a number of 
radiation factors, as shown In Tables 2 and 3. The critical factor in 
the initial phase was external and internal irradiation of the whole 
body (caesium radionuclldes) and, more particularly, of the thyroid 
gland by radionucl ides of iodine. Later on, the dominant factor was 
external and internal irradiation from caesium-137. 

We will now look at the dose formation processes involving the factors 
mentioned above. 

Fig. 1 shows (in relative terms) how the gamma-radiation dose rate In 
the air depends on time. In the initial period after the Kyshtym 
accident, 80% of the dose rate was due to radiation from zirconium-95 
and niobium-95 and therefore fell quickly - by almost 20 times In the 
first year. In the following four years the reduction in the dose rate 
in the air occurred by periods of approximately one year and then 
slowed down when It reached a level just 0.2% of the initial one. We 
took the concentration of the most long-1 lved component in the mix, 
strontium-BO, as an indicator of the level of radioactive contamination 
of the countryside. Given strontium-BO soil contamination of 37 GBq (1 
Ci) per km2, the mean dose rate In the air soon after deposition of 
the cloud from the Kyshtym blast was 1.3 µJ.y/h. 

Fol lowing deposition of Chernobyl fallout in the town of Novozybkov, 
Bryansk ob last (region), 200 km northeast of Chernobyl and with 0.6 
TBq/km2 of caesium-137 on the ground, the initial gamma-radiation 
dose rate in the air of some 40 ~y/h fel I over two months to 2 µGy/h 
due to decay of the short-I ived radionucl ides, and then by only one 
half during the following four years. At present over 90% of the dose 
rate comes from radionucl ides of caesium, and the reduction rate has 
slowed down. 

Fig. 2 shows the dynamics of intake of iodine-131 (in the absence of 
protective measures) into the body of inhabitants via food and air, as 
well as the thyroid gland radionuclide content from protracted Intake. 
According to our data, in the Bryansk and other oblasts of Russia the 
greatest intake was via local milk, while the contribution from also 
inhal Ing short-lived Isotopes of iodine did not exceed 10% of the dose. 
I. Zvonova's paper looks at the radioiodine problem in depth. 

Fig. 3 shows (In relative unit terms) the dynamics of caeslum-137 
content in food produced In the radioactively contaminated zone in 
Bryansk ob I ast. The specific act iv I ty of each product in kBq/kg has 
been normal lzed in relation to i.e. been divided by sol I 
contamination in TBq/km2, to give 10-9 km2/kg. 

As the chart shows, the level of aerogenic contamination of leafy 
vegetables by radionucl ides fel I by 2-3 orders of magnitude over 
several months. In contrast, the caeslum-137 content in potatoes and 
root crops Is low but changes little in the course of three years. The 
figures for an Ima I products reflect the processes of in it i a I 
accumulation of surface contamination on vegetation and soi I, metabolic 
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cleansing and seasonal variations in radlonucl ide content in feed. The 
caesium-137 concentration In mi lie decreases In an undulating manner, 
with a one-year variation period. 

Multiplying the caesium-137 content In food products in each month by 
the mean consumption of such products by rura I inhabitants of the 
Bryansle oblast prior to the Chernobyl accident 9, gives the function 
of alimentary intake of this radlonucl ide into the body, assuming no 
changes In diet after the accident (Fig. 4, band 1). In actual fact, 
thanks to the protective measures taken, consµmpt Ion of loca I food 
products .was reduced considerably in the control led area 9, as a 
result of which intake fel I to the range shown In Fig. 4, band 2. The 
upper and lower boundaries of each band correspond to intake in 
individuals with different eating habits. 

The convolution integral - for the Intake functions in Fig. 4 and the 
standard function for caesium retention In the human body (ICRP-30) -
predicts the function of radlonucl ide content in the bodies of rural 
inhabitants, for both normal and "protective" diets (Fig. 5, bands 1 
and 2). Fig. 5 also shows the real caesium-137 content as measured 
among the inhabitants of three settlements with the aid of 
transportable whole-body counters. The curves showing actual 
radlonucl Ide content in the inhabitants' bodies (3) are similar in 
shape to those ca.lculated (1 and 2), but are at a somewhat lower level. 
In sutisequent years the activity of the incorporated cae.sium 
radionucl ides falls by a period of 1-2 years in general. 

Following one-off contamination of the area by strontium-90, the 
initial content of this radionuclide in surface-contaminated plant 
products and in animal products falls very sharply in the course of 1-3 
years thanks to migration of the nucl Ide into the soil and a decrease 
in ·resuspension. In keeping with observations made in the Urals 6 
three years or more after the accident, intake of·strontlum-90 into the 
body with food is associated almost exclusively with root transfer from 
the sdi I. The period for subsequent decrease in the content of this 
nuclide in food is estimated to be around 10 years. The model. Used in 
the USSR for strontium-90 metabolism and dosimetry in individuals of 
different ages, including children, was devised by the Chelyabinsk 
authors M. o. Degteva and v. A. Kozheurov B; It is based on an 
analysis of world I iterature on the ecology of global strontium-90 and 
was verified against Kyshtym accident material. 

The structure and dynamics of irradiafion of the population I iving in 
the Kyshtym accident zone are given in Fig. 6, these being based on 
data from 5,6 and expanding on Table 2. In I ine with the isotopic 
composi_tion of the radioactive contamination In each area given in 
Table 1, during the first year after the accident the inhabitants 
exper.ienced whole-body exposure to external gamma-radiation, whl le the 
wal Is of their gastrointestinal tract received beta-radiation from 
radionucl ides ingested with surface-contaminated food products and then 
weakly absorbed into the blood. Fig. 6 contains quantitative 
assessments of the dose based on strontium-90 soi I contamination of 37 
GBq (1 Ci) per km2 In the absence of active measures to protect the 
population against radiation. In units of equivalent dose, the GIT 
irradiation level is almost one order of magnitude higher than that for 
the whole body. In the very first year after the accident the dose of 
stront ium-90 and yttr ium-90 in the red bone marrow and bone tissue 
eel Is was similar to the gamma-radiation dose, but after more than 
three years, when the external radiation dose and the dose to the GIT 
were more or less finally formed, any further increase in the effective 
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dose is due to radiation from.osteotropic strontium-90 and yttrium-90. 
The effective whole-I lfe dose for people living in podzol ic soi I areas 
with strontium-90 contamination of 37 G8q/km2, is put at 10-15 msv on 
the basis of the data in 5,6. 

The structure and numerical est I mates of the irradiation dose to the 
population in the Chernobyl accident zone are shown in Fig. 7 and Table 
4 con the basis of our own observations). The quantitative assessments 
expand on Tab I.es 2 and 3 on the basis of caesium-137 soi I contamination 
of 370 GBq (10 Ci) per km2 in the absence of active protection 
measures. In the initial one or two months after the accident the most 
significant dose equ i va I ent was received by the. thyroid g I and (fr.om 
0.1 Sv in adults to 0.5-1 Sv in children up to 7 years of age). During 
this time a dose of 1-2 msv accumulated in the whole body from external 
gamma-radiation, with a somewhat smaller one to the whole body 
resulting from internal irradiation by caesium radionucl ides (caesium-
134 and -137). The processes i nvo I ved In - and the I eve I of - chronic 
internal irradiation of inhabitants by caesium radionucl ides ingested 
with local food very much depend on the properties of the soil. Thus, 
on the Bryansk obiast's podzoi ic soi Is the internal irradiation dose is 
simi iar to, or si ightly above, the external irradiation dose (Fig. 7, 
curve 1), while in Tula oblast, where chernozem soi I predominates, this 
dose ratio lasted for the .first year only, when radionuci ide surface 
contamination of food products played a major role. in subsequent 
years the chernozem soils firmly fixed the caesium (and strontium), as 
a result of which the internal irradiation dose was several times lower 
(by as much as an order of magnitude) than in Bryansk obiast (Fig.· 7, 
curve 2). The dose level after 1 600 days is derived from the results 
of personal dosimetry of external and internal irradiation of the 
population. We then extrapolated the dose over 70 years on the basis 
of the fol lowing safe-side assumptions: a) the dose rate in the air 
w i I I dec.rease main I y as a resu It of caes ium-137 decay over a period of 
approximately 30 years; b) cleansing of the biosphere and the food of 
the local population from caesium radionucl ides wi I 1· occur over a 
period of 10-15 years. on this basis we estimate the mean effective 
70-year dose to people in sett laments in an area with podzoi i'c soi.I and 
caes'ium-137 contamination of 370 GBq/km, to be about 0.1 Sv. In the 
far-off Chernobyl accident zone, where the mean 
strontium-90/caesium-137 activity ratio is around 1%, the strontium~eo 
and yttrium-90 contribution to the effective dose of the critical group 
- those who were children at the time of the accident - is estimated to 
be somewhere between 1 and 10% (in Fig. 7 - 3%). 

To illustrate the actual irradiation level for the population in the 
Chernobyl accident zone, Table 4 gives some figures from our 
Inst itute's data base cover Ing the control led area (over 0.6 TBq/km, 
caesium-137) in Bryansk oblast. Ali the mean doses, apart from those 
predicted, are based on the findings of se I ected ind iv i dua I 
measurements of caesium and iodine radionuclide content in inhabitants' 
bodies, as wel I as measurements of external gamma-radiation dose using 
thermoluminescent dosemeters. The dose received by the inhabitants is 
related to the caesium-137 level on the ground, but also depends on a 
number of other factors. For example, in the town of Novozybkov over 
half the population I ive in brick houses which shield them from gamma
radiation, as a result of which the mean dose is correspondingly lower 
than in settlements. The consumption of a number of local food 
products was forbidden sufficient I y ear I y throughout the zone, and 
these were replaced by other·s imported froni the "clean" zone; as a 
result, over the past four years the contribution of internal 
irradiation to the effective dose is somewhere between 13-25% instead 
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of the 50-70% to be expected In the given natural conditions. What is 
striking is the great dependence of the thyroid gland dose on the age 
of the Inhabitants In one and the same populated area. The ratio 
between the dose in children up to 7 years of age and that in adults is 
6, due to th.e difference in body mass and m 11 k consumption. In the 
1986-1990 period the mean dose did not exceed the established levels in 
any of the populated areas In Bryansk oblast. However, the inhabitants 
of the Zaborye and Svyatsk settlements, where the mean whole.,-1.ife dose 
might exceed the 35 rem I imit at some stage in the future, are 
current.ly being resettled to ot.her parts of Bryansk oblast where 
radiation is at natural levels. 

To compare the radiological consequences of the three accidents 
correctly Table 5 contains separate assessments of t.he collect Ive dose, 
i.e. for iodine radionucl ides to the thyroid gland and for the 
effect Ive dose equivalent. The Windscale accident figures are taken 
from 1; those for Kyshtym are our ·own· assessment based on 5,6; 
those for Chernobyl cover Ing .the control led area and the European part 
of the USSR come from us and our co-authors 4, while those for 
Eurasia are taken from 2 and supplemented by us. We should start by 
noting the massive scale of the Chernobyl accident.compared to.the 1957 
accidents, the difference in the collective effective dose equivalent 
being some two orders of magnitude and more. Assuming a I inear 
uni imited "dose-effect" relationship, we can thus expect there to be a 
correlation with ·the number of fatal i I lne.sses. secondly, we would 
stress the differ.ences in irradiation localization and in .the expected 
medical consequences. In the case of the Kyshtym accident, in which a· 
significant contribution to the effective dose equivalent came from 
osteotropic radlonuclides in addition to whole-body Irradiation, 
increased attention should be paid to the number of .ma I ignant diseases 
of. the blood system. The mai·n factor in the Windscale accident. was 
ra.d ioact i ve iodine, which cou Id I ead to a h I gher incidence of tumorous 
pathologies of the thyroid gland. This factor also played a role in· the 
Chernobyl accident, but to a significantly greater extent and in 
conjunction with external and internal irradiation of the whole body. 
Consequently, medical. attention should focus on the condition of the 
thyroid gland and on the whole spectrum of long-term stochastic 
effects, whether carcinogenic, genetic or teratogenic. We should not 
forget the enormous psychological Impact of the stress to which the 
accident zone population has been subjected for four years now. This 
factor,.which is playing an increasing role in the USSR at the present 
time, can qu I te eas i I y· have an adver.se affect on the hea I th of the 
population. This paper does not make any quantitative forecasts about 
the possible radiogenic medical effects, for the reasons set out in the 
introduction. 

In conclusion, we should note that the analysis, contained in this 
report, of the radiat.ion factor in major pub I ic accidents is not yet 
finished. The Chernobyl accident revealed gaps in the studies of 
several major Questions concerning ecological dosimetry, such as: 

long-term forecasting of external and internal 
the population, .taking the particular soi I 
account; 

the radiological role of "hot particles"; 

the radiological role of actinides. 

i rrad i at ion of 
features into 

Research into these phenomena, plus an assessment of the role played by 
radon in the accident zone, is currently of vital importance. 
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Table 2: Main factors in irradiation of the population in the first vear 

after the accident 

Internal irradiation 
Accident & 
year External Whole bodv thyroid GIT RBM. 

irradiation gland 

Kyshtym 1957 +-+:+ - - ++ 

Windscale 1957 + - + -

Chernobyl 1986 +++ +++ +++ + 

Table 3: Main factors in long-term irrad_iation of the populatton 

Internal irradiation 
Accident. & . 

year External Whole body RBM. bone 
irradiation 

. Kyshtym 1957 + - ++ 

Windscale 1957 - - -

Chernobyl 1986 ++ ++ + 

bone 
! 

++ 

-

+ I 



T
ab

le
 4

: 
M

ea
n 

p
o

p
u

la
ti

o
n

 
ir

ra
d

ia
ti

o
n

 d
o

se
s 

fo
r 

so
m

e 
p

o
p

u
la

te
d

 a
re

as
 

in
.t

h
e
 

B
rv

an
sk

 o
b

la
st

 a
ft

e
r 

th
e 

C
he

rn
ob

yl
 a

cc
id

en
t 

D
th

. 
cS

v 
T

ow
n.

 
se

tt
le

m
en

t 
C

s-
13

7 
(i

o
d

in
e-

1
3

1
) 

(p
o

p
u

la
ti

o
n

) 
<T

B
q/

km
•)

 

<
 ·1

 
y

ea
rs

 
7-

16
 y

ea
rs

 
>

 1
6 

y
ea

rs
 

T.
 

N
ov

oz
yb

ko
v 

(4
6 

th
o

u
sa

n
d

s)
 

0
.6

 
40

 
20

 
' 

7 

T.
 

Z
ly

nk
a 

(6
 

th
o

u
sa

n
d

s)
 

1.
 0

 
40

 
20

 
7 

S
. 

S
v

y
at

sk
 

(6
32

) 
1

.8
 

80
 

40
 

20
 

S
. 

Z
ab

or
ye

 
(1

06
5)

 
2

.5
 

12
0 

70
 

50
 

D
w

b.
 

cS
v 

(1
96

6-
19

89
) 

I 

e
x

t.
 

in
t.

 

1.
 ~
 

0
.5

 

3
.0

 
0

.7
 

6
.6

 
0

.7
 

9
.4

 
1

.5
 

D
ef

f.
 

cS
v 

(1
98

6-
20

56
) 

. 

5 
-

l O
 

10
 

-
15

 

30
 

-
40

 

40
 

-
60

 

I 

-.
J 

u
, '° 



T
ab

le
 

5:
 

E
xp

ec
te

d 
c
o

ll
e
c
ti

v
e
 d

os
e 

fo
ll

o
w

in
g

 
th

e 
m

aj
or

 
ra

d
ia

ti
o

n
 a

cc
id

en
ts

 
(t

ho
us

an
ds

 o
f 

m
an

-S
vl

 

C
o

ll
ec

ti
v

e 
do

se
 

A
cc

id
en

t 
&

 y
ea

r 
A

re
a 

P
o

p
u

la
ti

o
n

 
m

il
li

o
n

 
J-

13
1.

 
E

ff
ec

ti
v

e 
pe

op
le

 
th

y
ro

id
 g

la
n

d
 

K
ys

ht
ym

 
19

57
 

U
ra

ls
 

0.
27

 
-

4 
-

6 

W
in

ds
ca

le
 

19
57

 
E

ur
op

e 
-

18
 

1
.3

 

"C
o

n
tr

o
ll

ed
" 

0.
27

 
70

 
56

 

C
he

rn
ob

yl
 

19
8.

6 
E

ur
op

ea
n 

p
a
rt

 o
f 

U
SS

R 
75

 
46

0 
33

0 

E
ur

op
e,

 
A

si
a 

-
10

00
 

60
0 

-
70

0 
_, "' 0 



- 761 -

Fiq,l: Kerma rate in air Im above virgin area of soil after the 
kyshtym and Chernobyl accidents. 
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Fiq.2: Daily intake (Al and content (Bl of iodine-131 in the thvroid 
gland of residents after the Chernobyl accident (pattern) 
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Fig.3: Caesium-137 content in local agricultural produce in Bryansk 
oblast normalized to soil contamination 1.evel 
<BC1/kgl/(TBq/km 2 > = 10-.3 km'/kg 
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Fiq.4: Daily intake of caes°ium-137 into the body of adult rural residents 
given usual (A) and protective (2) diet. 
Caesium-137 soil contamination level - l Tbq/km 2 
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Fig.5: Mean caesium-137 content in the bodv of adult rural residents 
calculated for usual (1) and protective (2) diets. plus that 
actuall:t measured in residents of three settlements in the 
Bryansk oblast (3). 
Caesium-137 soil contamination level - 1 Tbq/km' 
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Fig.6: Dynamics of dose accumulation in adult rural residents after 
the Kyshtym accident. 
Strontium-90 soil contamination level - l Ci or 37 Gbq/km 2 
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Fiq.7: Dvnamics of dose accumulation in adult rural residents after 
the Chernobyl accident. 
caesium-137 soil contamination level - 10 Ci or 370 Gbq/km' 
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Medical Consequences of the . 
Kyshtym Radiation Accident of 

29 September 1957 . 

. L.A. BULDAKOV, S.N. DEMIN, I.K. DIBOBES, M.M •. KOSENKO, 
LI. PANTELEYEV, G.N. ROMANOV, A.M: SKRYABIN, 

Z.B. TOKARSKAYA, V.L. SHVEDOV, B.I. SHUKHOVTSEV 
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ABSTRACT 

As a result of the accidental release of long-I ived radionucl Ides,. the 
gamma-radiation dose rate In the near zone of the trai I reached tens of 
cGy per hour and, in a number of populated· areas in the open 
countryside, 0.1 cGy x hour-1. The evacuation of 10 730 people 
reduced· the possible radiation doses by 2-24 times. 

Examination of people who had received the highest. effective dose 
equivalents prior to evacuation (2.3-52 cSv) revealed, in the first two. 
years, .instabi I ity in leukocytes- and thrombocytes (used as ind.icators), 
·but this did not exceed normal fluctuations. 

The structure of morbidity and mortality among the adult and chi Id 
populations and the Incidence of congenital pathology and infant 
mortality do not differ from the control. The proportion of fami I ies 
with children born ·of parents aged between 10 and 30 at the time of the 
accident does not differ from the same indicators for. the whole of the 
USSR, and, in the case of those aged between o and 9 years at the time 
of the accident, this proportion Is 
5-10% · 1ower than control values, although the number of people who 
married is considerably higher than in the control group. In addition, 
the standardized birthrate coefficients in the study group (31.8 x 10-
3} are considerably higher than in the control group (18.4 x 10-3). 
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On 29 September 1957 a malfunction in the cooling system of a 300 m, concrete 
tank containing highly active nitrate-acetate waste caused the waste to 
explode, resulting in the release of radioactive fission products into the 
atmosphere and their subsequent dispersal and deposition on parts of the 
Chelyabinsk, Sverdlovsk and Tyumen oblasts (regions). Approximately 
2 x 106 Cl (7.4 x 1016 Bq) was released Into the atmosphere.3,4 · The 
composition of the.mixture is.shown in Table 1. 

In the case of 90sr contamination of 0.1 Ci/km2 (twice the level of 
global r·adloactive contamination), the maximum length of the radioactive 
tral I was 300 km, whi (e in the case of 90sr contamination .of 2 Ci/km2, 
the length of the trai I was 105 km (the width of the trai I being 
8-9 lcm).2,3 The number ·af square ki iometres with the various 
contamination levels is shown in Table 2. 

The presence of gamma-em It ting nuc I ides in them i xture resu I ted in externa I 
irradiatfon of the population and the environ.ment. In the initial period 
the dose rate was approximatel·Y 150 µA/hour for 90sr c·antamlnation of 1 
Ci/km2, with maximum values of around 0.6 R/hour in the front·part of the 
.trai I where the contamination level reached 500 Ci/km2 for 90sr. 

The fol lowing measures were taken to protect the population: 

evacuation (resettlement) of the population; 
decontamination of part of' the agricultural ar.ea concerned; 
monitoring of radioactive contamination levels in agricultural 
produce and .food supplies, and rejection of produce with levels 
exceeding the permissible I imits; 
restricted use of the contaminated area; 

-. reorganization of agriculture .and forestry· with the creation of 
. specialized State agricultural farms and forestry enterprises 
working to special recommendations. 

The dynamics o·f the evacuation of the population and the doses received 
are shown in Tables 3 and 4. 

Immediately after the acciden.t (7-10 days) 1 054 people were evacuated 
from the nearest populated areas, while a further 9 000 people were 
evacuated in the fol lowing 112 years. A total of 10 790 peopl·e were 
evacuated. The maximum mean irradiation doses received prior to 
evacuation were 17 rem for external irradiation and. 52 rem for .the 
effective dose equivalent (150 rem to the gastrointestinal tract). 
These doses may be daub I ed given the I ack of uni form i ty in the 
contamination level and radiation conditions. 

Mass screening of the local population was conducted for one year after 
the accident (involving paediatricians, therapists, neuropathologists, 
gynaecologists and otolaryngologists), and included an analysis of the 
morphological and biochemical composition of peripheral blood and a 
measurement of the person's height and weight. 
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. CHARACTERISTICS OF THE RADIONUCLIDE MIXTURE 

IN THE ACCIDENTAL RELEASE 

I 
Contribution Radioactive Type of I 

I to the hat''f-!ife radiation 

I 
activity of 

the tni:{ture, >' 

I ~1 
' 

Traces 51 days 

5.4 28.6 years 

i 2~ .9· 65 days. 
I. 

3.7 1 year 

0.036 30 years 

S6 284 d'ays 

Traces 2.6 years 

Traces 5 years 

Traces 

TABLE 1 

Nature of 

r'adiological 

I hazard 

I 
I ! 
I I 

I 

I I 
! nterna I I 

I ' 
i r rad i at ion I 

I I (skeleton) ! I 
' External ' I i'rrad i at ion I 
I I 

External ' I 
irradiation 

E·x terna I and 

internal 

i r r ;id i at ion 

external· 

i rrad i at ion 



- 773 -

TABLE 2 

Size of the areas affected by different contamination levels5 

90sr contamination Size of area, 
level, Ci/lcm2 1cm2 

0.1-2 15 000-23 000 

of which: 

2-20 600 

20-100 280 

100-1 000 100 

1 000-4 000 17 

TABLE 3 

DYNAMICS OF EVACUATION OF THE POPULATION AND 

RADIATION DOSES RECEIVED BY THE POPULATION PRIOR TO EVACUATION3,4 

Name of each Mean Evacuation Mean dose received prior 

group and cont am i nation periods to evacuation, cSv 

number of of the area, 

people Ci 90sr External Effective 

concerned Ci n 1cm2 i rrad i at ion dose 

thousands) equivalent 

A 1.054 500 7-10 days 17 52 

B 0.28 65 250 days 14 44 

c 2.0 18 250 d.ays 3.9 12 

D 4'. 2 8.9 330 days 1.9 5.6 

E 3. 1 3.3 670 days 0.68 2.3 

Tota I: 10.73 
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The population which had received the·highest level of radiation (group 
Al was rel at lvely young: 45% between O and 17 years, 39% between 18 
and 49 years and 16% over 50 years. 

Clinical examination of the population did not reveal any cases of 
radiation sickness. In the Initial study period some of those 
irradiated were found to have lower levels of leukocytes in the.ir 
peripheral blood. However, the mean levels of thrombocytes ·(236-280 x 
10911), leukocytes (7.2-7.5 x 109/t) and neutrophlles (4.1-4.7 x 
10911) in adults did not differ from the control indicators. The 
distribution function of these indicators in Irradiated subjects in the 
initial examination period was standard with respect to median values, 
but nevertheless a· considerable percentage displayed double-sigma 
deviation from the mean. Thus 17-19% of those examined had more than 
9 x 109 leukocytes per I itre and 7-8% had more than 3,50 x 109 
trombocytes per litre. 

The reaction of the cardio-vascular system .to exposure in the persons 
examined was assessed in terms of arterial pressure level and .heart 
rate. 

Results fo~ · 75% of the more or less healthy persons in group A show 
(Table 5) that there is no systematic increase in the deviation 
frequency of .these indicators from standard distribution and radiation 
dose. 

Of those examined 25% had general somatic diseases, more than half of 
whom. (as can be seen in Table 6) had pathology of the cardic:i-vascular· 
system and almost 30% a disease of the respiratory organs. 

Thus, medical examination of the inhabitants of the populated areas in 
the front part of the trai I did not reveal cl inlcal. symptoms of 
radiation pathology. It can be assumed that a limited deviation in the 

. distribution of blood indicators is connected with a haematological 
.reaction to irradlati.on observed i'n the early periods (leukopenia, 
relative lymphopenia and left shift in neutrophile count). 

A considerable time after the accident medical examinations were 
carried out on people who possibly belonged to the critical group; 
these were people who received radiation whl le they were growing, when 
the radiation levels were at their highest (group A in Table 4). 

One third of these people were more or less healthy. A thorough 
examination of the rest revealed areas of non-aggravated chronic 
infection (18% - chronic otitis, 13% - chronic tonsi 11 itis, 16% -
chronic gastritis and cervicitis). The incidence of osteochondrosis 
increased with age. Three people had epilepsy because of alcohol ism 
and skul I trauma. In comparison with the control group, no 
pecularities were discovered in the morbidity of those who had been 
irradiated. 

The peripheral blood indicators fel I within generally accepted I imits. 
The older the subject, the higher the frequency of dystrophic changes 
on the ECG (classes 4, 5 and 9, Minnesota Code). The frequency of 
class o ECGs (no changes) in i·rradlated subjects was no lower than in 
the control. 
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TABLE 5 

FREQUENCY OF DEVIATIONS IN ARTERIAL PRESSURE AND 

HEART RATE IN GROUP A SUBJECTS 

Indicator Percentage-of subJei:ts 

with the given indicator 

Tachycardia (heart rate of 90 per min. J (5.5) 4-7.4 

Bradycardia (heart rate of 6D per min.). (8.5) 0-14.1 

Arterial hypertension (arterial 

pressure of 160/96 mm Hg) (3.3) 1.1-4.0 

Marginal hypertension (arterial 

pressure of 140/90-159/94 mm Hg) ( 10) 7.5-14.5 

. 
Hypotension carter ial pressure of 

100/60 mm Hg) (16.4) 10.8-24 

- -

. 
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TABLE 6 

NATURE AND INCIDENCE OF DISEASES IN THE SUBJECTS EXAMINED 

Class of diseases and nosological 

uni ts 

Parasitical, helminthiasis 

Gangl iform goiter and thyrotoxicosis 

Mental disorders, neurasthenia 

Diseases of the blood circulation system: 

· Rheuma t i c heart d I seas.es 

Hypertonic disease 

lschaemic disease 

Coronary and cerebral arteriosclerosis 

Varicose veins 

Diseases of the respiratory organs: 

Acute nasopharyngitis 

Bronchitis 

Emphysema 

· Percentage of people 

diagnosed as having this 

disease 

. 

0.6 

0.5 

1.9 

1 ,8 

2.5 

3.3 

5. 1 

1 .0 

5.3 

2.3 

0.7 

13.7 

8.3 
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The concentrat Ion of cholesterol (mi 11 imol/ I) In the serum of 
irradiated subjects did not differ from the control, and amounted to 
4.78 ± 0.1 for those up to 29 years of age, 5.25 ± 0.06 for those up to 

. 39 years of age, 5.41 ± 0.06 for those up to 49 years of age and 
5.69 ± 0.06 for those over 50 years of age. 

Certain diseases considered risk factors for the development of 
oncopathology in Irradiated subjects ·were no mor11 common than in the. 
control. Thus, chronic gastritis, endocervicltis and erosion of the 
neck of the uterus were detected in 2.3, 11.1 and 11.1% of 28-year-old 
subjects respectively, and in 9, 20 and 0% of 50-year-old subjects 
respectively. 

e·arryctiTfd mortal lty and abnormal it.ies in intra-uterine development 
are two of the most sensitive criteria of damage due to Ionizing 
radiation. 35 cases of death from congenital abnormalities were 
recorded in descendants of the population In the radioactive trail area 
over a period of 35 years. In group 1 there were 10 cases among 
1 o 270 peop I e exposed to 90sr I eve Is of 1-2 c I /km2, and in group 2 
there were 25 cases among 23 230 people exposed to 90sr levels of 
0.1-1 Ci/km2. Among the 21 537 people in. the control group (CG) 
there were 39 deaths (<0.1 Ci/km2 90sn. Mortality from development 
defects accounted for 0.36-0.67% of overal I mortal i.tY (see Table 7). 

As Table 7 shows, the differences In the groups are statistically 
uncertain. Nor were there any differences In the. first two years 
after the accident. 

Highly specific data were obtained from the analysis of early chi Id 
mortality in the initial years after the accident (Table 8). 

Table 8 shows that there is no fundamental difference between the level 
of early chi Id mortal lty in the three· groups even though total 
mortal lty was high in those years. In addition, ear.ly chi.Id mortality 
is not I Inked to the levels of radiation exposure but apparently stems 
from the differences in medical care provided to infants. 

In order to determine the long-term consequences of the irradiation of 
the population, the Irradiated and control groups were studied at the 
same time. Table 9 shows the results of radiological exposure in the 
most highly irradiated group. 

In the most highly irradiated group, intensive mortality .indicators in 
groups A, 1, 2 and CG were present in 272, 2 760, 6 578 and 5 873 cases 
respectively, and the corresponding mortal lty coefficients were 9.5, 
11.5, 11.0 and 10.9 (al I x 10-3) respectively. There is clearly no 
difference between the irradiated groups and the control. 

In addition, up to the age of 4 and over the age of 60 the age 
indicators of mortality deviate significantly from the control. 
However, it Is not possible to establish a I ink between this and the 
radiation dose received. Thus, in groups A, 1, 2 and CG the mortality 
coefficients up to the age of 1 year were 91, 32, 63 and 52 
respectively, between the ages of 1 and 4 years they were 13.7, 1.7, 
5.0 and 3.3 respectively, and over the age of 60 years they were 39.2, 
50.4, 43.1 and 46.9 respectively. For all other ages there was no 
difference between the groups and the control· regarding mortality 
indicators and mortal lty coefficient. 
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Table 7 

INDICATORS OF MORTALITY DUE TO CONGENITAL DEVELOPMENT ABNORMALITIES 

Population group Extensive I ntens·i ve indicators 

indicators 30 years 

I 105 10-3 

jpopulation infants 

! 
i - ' I 1 1. 02 ,0 270 people 0.36 4.2 

2 - 23 230 people 0.38 4.2 1. 93 

CG - 21 537. people 0.67 7.4 2.66 

Che I yab·i nsk ob last 

, 1965 0.53 3.6 2.3 

1986 0.23 2.2 1 . 3 

Tab i,~ 8 

CHILD MORTALITY UP TO THE AGE OF 1 YEAR FRC~ 1957 TO 1961 

(?ER 1 000 INFANTS) 

cause Trai I zone Control Control No. 2 

No. 1 on the a cons i derab.1 e 

boundary of distance from 

the tra i I tra i I boundary 

Al I causes 27.7 31 .4 38.6 

Dietary disorder 15.2±2.8 12.3±3 5±1 

Pneumonia 1 . 7±1 . 0 3.1±1.5 16.1±1.8 

Infections 1. 6±0. 9 2.3±1 .3 3.0±0.8 

Infant diseases 8.7±2.2 13.8±3.2 14.5±1.7 

over 

at 

the 
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It should be noted that, for the 272 deaths in group A, oncological 
diseases were the third, rather than the second, most frequent cause 
after cardio-vascular diseases and trauma/accidents. The fact that 
mortality due to infectious diseases was more common than mortality due 
to diseases of the respiratory organs Is another particular feature. 

The analysis of mortality due to mal lgnant tumours is of prime 
interest, in that over a longer period it Is the main symptom of 
previous irradiation. The most certain mortal lty Indicators were 
observed In inhabitants of group 1 (see Table 10). However, the sample 
was not large enough to al low us to confirm that there is a significant 
difference between the values observed. 

Of al I the neoplasms detected throughout the observation period,. one of 
the most frequent Is cancer of the digest Ive organs and., in particular, 
of the oesophagus (see Table 11). Apparently there is a trend towards 
an increase in the incidence of oesophagus cancer in the population 
group which received the highest dose (group A) although this increase 
is not statistically certain. 

The fatal I ties due to neoplasms of the lymphatic and blood-forming 
tissue should be noted. The mortality coefficient In dose group A was 
13. 2 x 10-5, In comparison w.i th 4. 7 x 10-5 in the other groups. 
Although the differences are uncertain (given that they are ·based on 
three deaths) the reader should note.that the effective dose equivalent 
in this group was 52 csv, which ·is close to the critical ·dose for the 
induction of leukoses. 

Table 12 shows the level of mortal lty due to malignant diseases by 
decade for the zone of influence of the trai I, compared with intensive 
indicators for neighbouring obiasts (No. 1 - Chelyabinsk and No. 2 -
Sverdlovsk). The table shows that there is an .increase in mortality 
with each successive decade. In al I, mortality increased from 145.8 to 
160.7 ± 25 per 105 people in the zone of influence of the radioactive 
trai I and where nuclear industry enterprises are situated, and to 167.6 
± 3.2 and 159.4 ± 6.6 per 105 people in oblasts 1 and 2 respectively. 
Mortality increased to only 105 ± 12.7 in the closest populated area, 
even though it received a higher dose of radiation. The lower figure 
Is merely a result of the younger age of the population in this area. 

Analysis of the causes of morbidity due to malignant neoplasms 
connected with the accident al lowed us to classify the incidence of 
initially diagnosed tumours in relation to several external exposure 
factors. Chelyabinsk oblast morbidity data revealed a) no connection 
between increased morbidity and a rise in radiation dose; b) an overal I 
correlation between the incidence of diseases and releases of so2 
into the atmosphere. Although so2 is not a carcinogen, it is highly 
suitable as an indicator of general chemical pol lutlon. Actual data 
show that the annua I morb Id i ty I eve I per 105 peop I e is 225 if no 
so2 Is re I eased, whereas it Is 250, 275 and 300 for re I eases of 50, 
100 and 150 thousand tonnes of so2 per annum. Thus, the incidence of 
mortality due to malignant diseases on a map of the Chelyabinsk ob last 
correlates not with the trai I of radioactive contamination, but with 
the location of metallurgical and chemical industry plants. 

Considerable attention was paid to the state of the reproductive 
function in the irradiated subjects of various ages. Table 13 shows 
that it is not possible to detect systematic deviations of this highly 
important demographic indicator in subjects who received the highest 
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Table 9 

MORTALITY INDICATORS 

Size. of Total x 10-3 

population deaths 

Total Up to between 

per the age 1 & 4 

year of 

1 year 

1 054 272 9.5 91 . 13. 7 

10 270 2 760 11. 5 32 1. 7 

23 200 6 578 11 . 0 63 5.0 

21 537 5 873 10.9 52 3.3 

Table 10 

Extensive(%) and intensive (x 10-5) indicators 
of mortality due to malignant tumours over 30 years 

Population Number of " · x 10-5 ·confidence 
group cases intervals, 

95% 

A 25 11. 7 115.9 75-165 
1 376 13.6 · 157 .4 142-174 
2 775 11 . 8 129.2 120-139 
CG 707 12.0 131 .9 122-142 

. 

Over 60 

39.2 

50.4 

43.1 

46.9 
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Table 11 

Structure of mortality due to malignant neoplasms 

. 

Main locations International Irradiated subjects CG 
nomenclature 
code A 1 2 

Oesophagus 150 26.5 8.2 11 . 3 12. 1 

Stomach 151 35.3 45.1 32.4 44.3 

Other digestive 152-159 a.a 30.7 20.9 22.4 
organs 

Respiratory organs 160'-163 17.7 29.5 24.9 26.4 

Bones 170 0 3. 1 0.9 2.4 

SIC in, oral 140-147 0 7.5 1. 4 4.5 
cavity 172-173 

Mammary gland 174 4.4 4.4 2. 1 4.2 

Body and necle 180-182 0 13. 1 9.6 10.8 
Of the uterus 

Other urino- 183-189 4.6 9.4 6;6 7.6 
gen i ta I organs 

Lymphatic and 200-209 13.2 5.0 5.2 4.7 
b I ood-form i ng 
tissue 
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dose of radiation. However, a lower rate of marriage up to the age of 
27 (and a corresponding lower number of children in such fami I ies) was 
detected In those people who were infants at the time of the accident. 
In the case of the older subjects, however, the marriage rate was 
higher than in the control group, and the number of children either did 
no't differ from that of the control group or was slightly lower 
(persons up to 9 years of age at the time of the accident). In 
addition, as Table 14 shows, the dynamics of the birthrate coefficient_s· 
over time per thousand population are higher than for the oblast as a 
whole. 

It would seem that the living conditions of, and social factors 
relating to, the population evacuated earlier are somewhat better than 
for the rest of the rural population In the region. It may be that 
some other factors, such as ethnic factors, play a role here; 

In conclusion, it should be emphasized that our stUdy of the state of 
health, morbidity and mortality of the population exposed to radiation 
from the accident (effective dose equivalents of between 1 and 52 csv, 
irradiation of· individual organs up to· 150 cSv) did not reveal any 
deviat Ions· with · respect to the same indicators for non-Irradiated 
subjects. 
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Table 12 

Level of mortality due to malignant neoplasms 

For the zone 

of influence 

as a whole 

In the nearest 

populated 

area* 

In Chelyabinsk In Sverdlovsk 

ob last ob last 

1970-1980 145.8 146.6 

1980-1987 160.7 ± 2.5 105 ± 12. 7 167.6 ± 3.2 159.4 ± 6.6 

* See Table 8 .for explanations 

Table 13 

Perc·entage of marriages and births for irradiated parents 

Groups Age at the Number of Percentage of Percentage of 

time of subjects people who people who had 

the accident married chi I dren 

Infants up to 1 year old 56 91(82-97) 84(73-92)* 

Children 1-9 years 295 93(89-96)* 90(86-93)* 

Adolescents 10-19 years 203 93(89-96)* 93(89-96)* 

Adu I ts 20-29 years 201 95(92-98)* 91(87-94) * 

Adu I ts 30-59 years 308 98(96-99)* 98(96-99)* 

Contra I , USSR 81 .9-82.6 94.6 

* differences are certain, in comparison with the control 
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Table 14 

Dynamics of birthrate coefficients among the evacuated population (X 10-'3) 

Years after 

the accident 

!Number Of 

children 

Birthrate 

coefficient 

\Standardized 

j·coeff i c i ent~ 

Birthrate 

coefficients 

for the 

Chelyabinsk 

ob last 

1 

51 

37.4 

40 .4 

24.1 

5 10 15 

271 ~91 717 

42.2 30.2 27.5 

48.7 31 .3 26.9 

20.8 14.8 16.0 

20 .25 30 1-30 

I 
960 1 . 242 1 586 ·1 616\ 

I 

26.4 27 .8 30.0 31 .8 

24.8 26.2 25.6 31. a I 
I 

' I 
I 

16. 7 19.8 16.7 18.4 



- 786 -

BIBLIOGRAPHY 

1. L. A. Buldakov, S. N. Demin, N. A. Koshurnikova, I. A. Ternovsky, 
v. L. Shvedov: Radiation safeguards for the population living In ari 
area containing nuclear industry enterprises; Atomnaya Energiya, 
1989, vol. 67, issue 2, pp. 81-83. 

2. A.. I • Burnazyan Ced i tor): Study cone lus ions and ex per I ence in 
deal Ing with the .iftereffects of accidental contamination of the 
environment with uranium fission products; Moscow, 1974, publ.lshed 
by the USSR Ministry of Health Protection, 143 pp. 

3. B. V. Nikipelov, G. N. Romanov, L. A. Buldakov, N. s. 8abayev, Yu. 
B. Khollna, E. I. Mikerin: The Southern Urals accident of 29 
September 1957; Information bulletin of the Inter-Departmental 
Counci I for Informing the Pub I ic about Atomic Energy, 1989, 30.06, 
11 PP. 

4. B. V. NI k I pe I ov, G. N. Romanov, L. A. Bu I dakov, N. s. Babayev, Yu. 
B • .Khol ina, E. I. Miker in: The radiation accident in the Southern 
Urals In 1957; Atomnaya Energiya, 1989, vol. 67, issue 2, pp •. 74-
80. 

5. G. N. Romanov, ·· A. S. Voronov: The post-ace i dent radiation 
situati.on; Priroda, 1990, No. 5, pp. 50-52. 

6. G .. N. Romanov, L. A. Buldakov,. v. L. Shvedov: Irradiation of the 
popu I at ion. and post-ace I dent med i ca I consequences·; Pr I roda, 1990, 
No. 5, pp. 63-67. 



- 787 -

The . Results of Medical 
Research in the 30 km Zone of · · 

the Chernobyl NPP 

K •. DUSHUTIN 

Pripyat Association, Chernobyl, USSR 

.-i 



- 788 -

The Chernoby I NPP ace i dent is regarded as a g loba I disaster by its 
economic and soc i a I damage as we I I as med i ca I and eco I og i c 
consequences. 

As is known, during the first three post-accident months the main 
biologically active dose-contributing radionucl ides were the Iodine 
isotopes. The .rate of human and animals' thyroid exposure ·1s attr ibued 
to these isotopes; The most significant 1-131 contamination was 
detected on vast areas (dozens of thousand square km) in 39 regions of 
the RSS, UkrSSR and BSSR. This was the reason why effective radimetric 
and dosimetric surface contamination pattern determ.inatlon was so 
difficult at that time. 

Later the main dose· contributing agents were the long-I ived nucl ides. 

The activities on the elimination of the Chernobyl NPP accident 
aftereffects carried out in a series of sequential stages served both 
for decision of immediate operational tasks and for forming a basis· for 
subsequent activities. Medical. and biological research .in the 
a I i enat ion area were started from the first steps· of the ace i dent 
aftereffects elimination. The ·most.urgent. tasks were : 

acute atomic diseage treatment among the operational personnel and 
firemen; 

general medical examination of ·the population 1.n· the accident area; 

working out of medical recommendations for the ·evacuees from the 
contaminated regions; 

detailed study of radioactive fal I-out composition and structure; 

study of the degree of radiological contamiat ion· of air,. water, 
soi I and vegetation; 

study of radifonucl ide migration paths in soi I, water and 
vegetation; 

study of .the main radionuclide accumulation in food; 

study of the immediate.radiation effects on flora and fauna and 
working out' of remote aftereffect predictive estimates;. 

Medical research during the first .two years were focussed mainly on 
population health in the strict control areas. The results of these 

. activities are summarized in the documents of the scientific conference 
"Medi ca I aspects of the Chernoby I NPP ace i dent"; the resu I ts show the 
absence of any sign if I can• changes 'n hea I ~h of the "ace i dEtnt" regions 
population due to the effect of radiation as compared to the control 
groups (Refs.1,2). 

The conference recommended "to pay special attention.to working-out and 
refining the medical and biological concept of long-tprm I lving of the 
population (commensurable with man's lifetime) on contaminated 
territories without disturbing traditional tenor of I ife and activities 
(Ref.3). 

Concurrently, activities on medical examination of personnel working on 
elimination of post-accident consequences in the 30-km area were 
carr led out. this professional group was .. cal led afterwards "the 
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el imlnators". Work on the eliminators' health assessment are carried 
out under the guidance of the Institute of Biophysics (the USSR 
Ministry of Health) and the al I-Union scientific Center of Radiological 
Medicine (the USSR Academy of Medical Sciences). 

The main resu I ts of the 4-'year work car.r I ed out by the Institute .of 
Biophysics and the Scientific Center of Radiological Medicine show the 
changes in health of the post-accident effects eliminators. The 
multifactorlal pattern of combined effect leads to stress and over
stress of. the adaptation mechanisms which results In creation of 
preconditions for accelaration of the aging process, and increases risk 
of central. nervous, cardlovacular, · alimentary and musculoskeletal 
system diseases. There are direct results showing increased numbers of 
alimentary and musculoskeletal system diseased among the post-accident 
effect elimination personnel, among persons older than 40 years in 
particular. 

Remote aftereffects of smal I ioni.zing radiation doses for personnel 
working in the 30-km zone wi 11, evidently, not lead to an increase of 
oncogenic diseases but to health damage resulting in a decreased 
capacity to work and shortening of lifetime (Refs. 4,5). 

Of course all the research work Is based and shall be based on the data 
collected by Soviet· and foreig·n radlobiologists dur Ing the nuclear 
weapon tests in the years. 1940-50 as we I I as during the nuc I ear . 
accidents aftereffects elimination In the Southern Urals, Windscale and 
Three Mi le Island NPP. 

At the same time direct application of radiobiological findings at the 
Chernobyl NPP conditions is not possible due to some specific features: 

first, the environmental contamination has acquired a highly 
heterogenous character by composition and concentration of the most 
dangerous· radionuclides; 

second, a wide range of physico-chemical radioactive fa.I I-out 
properties (dlsperslvity, solubility, etc.); 

third, the accident region displays the unconventional geological, 
mineralogical and meteorological conditions affecting radlonucl ide 
migration through the environment. 

The complexity of the Chernobyl NPP accident is attributed to the 
physico-chemical properties of the radionucl ides in the fal I-out, 
especially, soluble forms of transuranium elements, which comp I icates 
the prediction of its behaviour pattern in the environment. This is the 
reason why the radiological experience of the Chelyabinsk accident 
cannot be used in Chernobyl. 

To our opinion the Chernobyl NPP 30-km zone is not only a unique 
testing ground, but a potential source of radiation hazard - there are 
4 mi 11 ion m3 of rad i.oacti ve waste at BOO sites of tempora I 
radioactive waste immobilization in the 30-km zone; besides, according 
to our assessments, the total radionucl ides stock in the 10-l<m zone 
comprises 110.000 Ci of Caesium-137, 100.000 Cl of Strontium-SO and 800 
Ci of Plutonium-239, 240. 

It is considered expedient to continue work on the assessment of 
radioactive contamination on environmental objects : 
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development and improvement of a system of radiation monitoring of 
environmental objects In the 30-km zone - air, water, soil, flora, 
fauna; 

study of morphology and radionuclide composition of fal I-out; hot 
particles included; 

work Ing-out of an integrated system to· reduce the exposure doses 
for the personnel taking part in post-accident effects elimination; 

assessment of the effectiveness of protection means for personnel 
working for post-accident effects elimination; 

pred let ion of 
biocenosis. 

remote ra".lioactive aftereffect in Polessye 

To our mind the top priority trends in medical research during lhe 
nearest years should be as fol lows : 

sanitary assessment of the effectiveness of protective measures for 
personnel working for post-accident effects el imJnation, especially 
on· the territories where the radioactivity level exceeds 200 
c l/km2; 

Improvement of indlv_idual radiation monitoring means, creation. of. 
new dose-meters, ;ind of an integrated system and data bank of 
individual radiation monitoring for eliminators;· 

health examination of personnel working In the 30-km zone, 
·determination of critical. groups, thorough medical examination 
using immunolog i ca I, endocr i nologica I, cytogen ic and b iochem ica I 
methods as ·wel I as assessment of the risk of possible plutonium 
penetration; 

working-out of -the eliminators rehabi I itatron methods; 

creation of therapeutic and preventive diets as wel I as food 
products with addition of radioprotective agents and absorbents; 
possible inclusion of transuranium elements should be considered; 

creation of automatic informational system for the eliminators 
health examination. 

It is considered expedient to create a rehab ii itatlon centre with the 
aim to keep steady capacity for work and emo_t Iona I comfort of personne I 
working in 30-km zone. 

The main goal of integrated programmes should be the creation of 
scientifically grounded and practical recommendation for the protection 
of personnel, population, flora and fauna from the ionizing irradiation 
effects, full-scale testing of new methods, technologl-es and means for 
post-accident effects elimination and area decontamination as wel I as 
practical demonstration of the ways to return contaminated areas to 
normal exploitation. 
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ABSTRACT 

Fol lowing the Chernobyl accident radioisotopes of Iodine constituted 
the main dose-forming factor among the people who stayed on in the 
radioactively contaminated areas, and in a number of places the 
effective doses to the thyro.ld gland were up to two orders of magnitude 
higher than the whole-body dose stemming from uniform internal and 
external irradiation. We consider the mechanisms involved in the 
radioiodine contribution to the doses 1n· the human organism, depending 
on intake path, life style and social and ecological factors. We 
i I lustrate, by means of examples, thyroid gland dose distribution for 
various age groups in the population, and discuss the medical effects 
and. predict the long-term risks for the population of exposure to· 
radioisotopes of Iodine.· 
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Chernobyl showed once again that when a nuclear reactor accident occurs 
radioisotopes of iodine pose the greatest hazard for man as regards 
contamination scale, biological avai labi I ity and size of dose formed. 
It is estimated that 600-1 300 PBq 1,2 of 1311 - the biologically 
most significant isotope - were re I eased into the atmosphere as a 
result of the accident, together with a large amount of short-I ived 
isotopes ( 132, 133, 1351) and their precursors, inc I ud i ng an amount of 
132Te put at 400 PBq.1 

The complex meteorological conditions - including strong winds which 
changed direction, turbulence and precipitation caused the 
radioactivity to travel great distances and led to the formation of 
"patches" of radioactive contamination in distant and unexpected 

·Places. Nine ob lasts (regions) of the Ukraine, Byeloruss+a---and --the 
RSFSR, ·accounting for a population of some 1.5 million people, were the 
worst contaminated with radioisotopes of iodine. 

Radioiodine entered people's bodies through inhalation In the first few 
days after the accident, and then via food (mainly milk) in the 
subsequent weeks. The health and epidemiological services monitored 
contaminated food products for total beta-activity from early May, when 
1311 accounted for some 80-90% of the radionuclide concentration in 
milk and dairy products. According to the T. Nedvetskayte group from 
Vilnius, 1321 was not discovered in. mi II< dur·ing this time, even when 
1321 and 132Te were recorded in the air. 

Fig. 1 shows measurements·of radionucl iile concentration by total beta-' 
activity in mi II< in May 1986 in the Bolkhov rayon (district) in Orlov 
oblast, where low-level activity fallout occurred on 28 and 29 Apri I, 
mainly In precipitation. Radiochemical analysis of the samples showed 
that up to about the final week of May no less than 80% of the activity 
was due to· 131 I. The radionuclide concentration in milk remained 
more or I ess constant up to 15-20 May and then decreased with an 
effective period of 5 days. 

Intake of 1311 by the pub I ic in the areas contaminated after the 
Chernoby I ace i dent is estimated fair I y we I I by the mode I of uni form 
intake of radloiodine over 15 days, with subsequent exponential 
reduction of the daily activity intake (Fig. 2). For mass calculations 
we used a simpl if led model of uniform intake over 20 days whose 
estimates, in numerical terms, are more or less the same as those 
calculated using the earlier model. 

The dose absorbed by the thyroid gland (TG) was calculated from 
measurements of 1311 content therein, taking into account age-related 
parameters for iodine exchange (Table 1) and the length of time people 
had spent in the contaminated zone.3 

The contr I but ion of the in.ha lat ion and peroral radionuclide intake 
pathways to formation of TG dose varies according to the amount of time 
people spent In the contamination zone and the protective measures 
taken (I imiting mi II< consumption, iodine prophylaxis, etc.). For 
example, the inhabitants of the town of Pripyat, evacuated on 27 Apri I 
1986, received their internal irradiation dose via inhalation only, and 
their thyroid glands were found to contain 1321 and 1351, in 
addition to 1311. But in people who remained in the contaminated 
area, inhalation accounted for less than 10% of the TG dose. 
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In May and June 1986 TG radiometry of the population was carried out in 
the oblast hospitals' radlodlagnostlc laboratories· and oncological 
clinics, as was rapid mass testing using the non-specific radiometers 
SRP-68, DP-5 and DRG-03. · The measurement methods included prior 1311 
calibration of the instruments, measurement of background radiation, 
TG, and th·i ghs or another part of the body In order to take into 
account extrathyrold exposure to 134, 137cs, which are uniforml.y 
distributed in the human body. The lack of one of these measurements, 
the presence of surface contamlnat ion or the absence of informat Ion 
about the ,novement of people out of the contaminated area Increased the 
error In dose determination, sometimes making it impo·ssible. Al I the 
measurements· made in May and June 1986 were subsequently examined· by 
e·xperts to assess their rel iabi I ity. 

The method used· to determine TG _dose was the same for a 11 the 
contaminated areas · in the Soviet Union, with some _ Insignificant 
differences in the computer processing methods used. 

The largest TG irradiation doses were received by people I iving In the 
Khoyniki rayon of Gomel oblast, Byelorussia. In some settlements where 
the inhabitants had been evacuated by 5 May 1986 mean doses in children 
of pre-schoo I age were up to 4 Gy, with some Ind iv i dua_l s receiving· 
doses · -in the Order of 30-40 Gy. Lack of evacuat Ion might have 
increased these doses two- to threefold. In the ·unevacuated 
settlements in the .Gome I, Bryans!< and Kiev ob lasts the mean doses among 
children in the youngest age group were as high as 150-200 rem. F-rom 
early May, in al I the worst-contaminated· areas locally produced mi II< 
was banned, establishments for children were suppl led with dried mi II< 
or mi II< imported from clean areas, and iodine prophylaxis measures were 
carried out. it should be noted that, apart from the town of Pripyat 
and populated areas in the 30-km zone, these iodine prophylaxis 
measures were generally carried out with some delay in rural areas - no 
earlier than ·10 May - which reduced their effectiveness, of course. 

Al I the protective measures taken reduced the TG irradiation dose by 
two- to fivefold ·on average· in comparison with_ the maximum possi.ble 
(depending upon contamination level). HOwever, in each area there were 
Individuals who.received higher doses, i.e. 3-6 times higher than the 
mean values. 

In the analysis of the distribution of the doses received, the 
populated areas were divided into Urban and rural ones and their 
inhabitants into six age groups: up to one year, 1-2, 3-6, 7-11, 12-16 
and over· 16. Dose distribution within each age group was mostly close 
to the lognormal, but approximated to the normal in some cases, due 
main I y to consumption of more homogeneous - in terms of radioactive 

. contamination - ml II< products from mi 11<-processing plants. The ratio 
of the maximum doses to the mean was 3-6. 

The corre I at ions between mean doses in urban and rura I inhabitants Of 
various ages are given in _Fig. 3. Given identical levels of 
contamination of the surroundings, the mean doses absorbed by adults in 
settlements were approximately 2-3 times higher than those absorbed by 
town dwellers. The largest doses in towns were received by infants. 
In rural areas the largest doses were observed in children aged from 1 
to 3, who had the highest proportion of dairy products in their diet. 
This dose correlation reflects not only specific age-based metabolic 
featur_es in dose formation, but also different eating habits and the 
observed difference between radioiodine concentrations in centrally 
supp·lied milk (a blend frnm va.rious farms) an,j that from priva.te 
ho Id i ngs •· 
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Using the weighted mean values for the dose ratios In the various age 
groups It is possible to estimate, for each populated area, the mean 
dose received by inhabitants of al I ages once it has been determined 
for one population age group in the specific town or settlement. By 
taking Into account the age structure of the population In the RSFSR it 
is easy to calculate that the mean TG dose to the total urban 
population is twice the dose for adults CD • 2·D(<16)), and 1.5 times 
higher In settlements. In both categories of population the mean dose 
is three t Imes lower than that In children from 1 to 6 years of age, 
whose diet contains more milk: ii'• 0.3·D(1-6). 

Given the mass Ive sea I e of the ace I dent, the inadequate measuring 
equipment and organizational difficulties, it was not possible to carry 
out TG radiometry of al I Inhabitants in the contaminated areas. 
Methods were devised of reconstructing the mean and individual TG 
irradiation doses from the obtained thyroid dose correlations with the 
concentration of 1311 in mi'lk from 10 to 15 May 1986 (Fig. 4) and 
with the level of background gamma radiation on dairy catt.le pasture 
near a given populated area (Fig. 5). Both correlations were derived 
from studies in the Tulsk, Bryansk and Or lov obl.asts of the RSFSR and 
were statistically certain. In populated areas where consumption of 
local milk was not restricted and no iodine prophylaxis measures were 
introduced unti I mid-May, the mean TG dose in children from 1 to 6 
years was calculated as fol lows: 

o C1-6l - 1.5 
D (1-6) • 0.5 

Cm(10-15.05), Gy 
Pi(10-12.05), Gy 

(1) 

(2), 

where CmC10-15.05) µCi/I is the mean concentration of iodine-131 in 
milk from 10-15 May, and Pi)' (10-12.05) mR/h is the mean level of 
background gamma radiation near a populated area from 10 to 12 May. 
For populated areas where protective measures were taken In good time, 
a corrective coefficient ·has to be added to equations (1) and (2) to 
reflect the measures taken In each populated area. 

Individual TG doses were established on the basis of the mean-age dose 
values In a populated area, taking into account the correlation of the 
doses obtained by measuring 131 I in the TG with the mean daily 
consumption of milk (in volume terms) in May 1986 or the content of 
134, 137cs in the human body in the summer of 1986. G. Ya. Bruk and 
N. F. Karel ina analysed the TG radiometry measurements of May 1986, the 
whole-body radiocaesium content measur~ments of August-September 1986 
and the findings of a survey of the way in which over 300 Bryansk 
ob last inhabitants had I ived during this period. On the basis of these 
data we obtained the fol lowing correlations: 

Di. - D ( a..+'o. (:,) 

where Dj, D are the individual and mean-age dose values; 
Vi, v are the levels of individual and mean milk 

~ 
consumption in a populated area; 

Ti , T are the individual and mean dates on which 
consumption of local milk was discontinued. 
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The coefficient "b" reflects the amount of radioiodlne ingested with 
milk, whl le "a" represents al I other intake pathways (inhalation, with 
vegetables, etc.). In the western areas of Bryansk oblast no less than 
80% of the activity was Ingested with milk, the correlation coefficient 
for the various age groups being between 0.6 and 0.8. 

The I ink between TG dose and caesium content in the 
measurement periods was statistically certain (r· • 
individuals over 7 years of age: 

body in later 
0.7-0.9) for 

Di - K (T) • Acs 

where K(T) is the coefficient· dependent upon age T. 

The dose estimates reconstructed by both methods have 
in the range of 1/3 D1 3 o 1. However, for 
pinpointing groups for medical observation even this 
helps reduce the uncertainty of dose characteristics 
use of mean indicators. 

(4) 

a degree of error 
the purposes of 

level of accuracy 
as compared to the 

We evaluated separately the radiation doses to new-born children, 
irradiated within the womb, and breast-fed children who ingested 
radioiodine via their mother's milk. By measuring 1311 content in 
the thyroid gland of mothers and of their breast-fed children we 
established that · 1n May 1986 1311 content in the thyroid gland of 
infants was four times lower, but the absorbed dose three times higher, 
than ih their mothers. This dose correlat Ion was u.sed to evaluate the 
dose in the thyroid gland of a breast-fed child on the basis of that in 
its mother. 

To estimate the irradiation dose to foetuses we used the intrauterine 
irradiation model for single 1311 intake from the work of J. R. 
Johnson.5 Applying this to prolonged intake we obtained correlations 
between the doses to the foetus and the mother, wh I.ch rose from O in 
the 11th week of pregnacy to 3 by the 24th-26th week, decreased to 1 by 
the 35th-37th week, and then increased in the subsequent weeks to .2.5 
on account of 1311 intake with mother's milk after the chi Id was 
born. 

By using all the methods for estimating individual and mean doses we 
estimated the collective dose for thyroid gland irradiation of the 
population in the worst-contaminated oblasts of the RSFSR, the Ukraine 
and Byelorussia (Table 2). In the nine worst-contaminated oblasts 
(with a total population of 15.6 mi I I ion people) the collective dose is 
estimated at 35·104 man-Sv.6 In the 27 · worst-contaminated 
districts in these oblasts (with a population of 772 000) the 
co I I ect i ve dose is equa I to 22 · 104 man-Sv, and in di st r i cts under 
str let control - the ""ontrol led" area, where 137cs contamination 
exceeds 15 Ci /km2 and where 273 000 peep I e I i ve - . the co I I ect i ve dose. 
is around 8·104 man-Sv. 

The same table contains estimates of possible long-term consequences of 
thyroid gland irradiation for the population groups studied. The risk 
coefficient for contracting cancer of the thyroid gland for the 
population in the contaminated areas was estimated mainly in I ine with 
the assumptions and assessments contained in report No 80 of the USA's 
NCRP.4 The whole-I ife morbidity coefficient for cancer of the 
thyroid gland for the demographic structure· of the population in the 
irradiated territories, calculated for two different. periods of 
possible manifestation of the radiation risk (40 years and total 
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rema1n1ng I ife span), Is put at 13 and 18 cases per 104 man-sv 
respectively. The spontaneous level of morbidity of the thyroid gland 
w I th cancer for the USSR Is 25-40 cases per year per m I I I I on peop I e. 
On this basis It can be expected that in the controlled territories 
who I e-1 i fe morb Id I ty for cancer of the thyroid g I and resu It i ng from 
irradiation wi 11 Increase by 20-30%. If one considers that children 
and adolescents (some 25% of the population) are approximately twice as 
sens It Ive· to lrradiat ion as adults, and that they account for 50-60% of 
the col lectlve dose, it Is quite possible that once the latent period 
is over we wi 11 see .an even greater increase (up to 2-3 times) in 
morbidity in this age group compared to the spontaneous level. Close 
medical observation of the irradiated individuals and timely treatment 
of the i I lnesses ar Ising should lower the ha.rmful effect of thyroid
gland Irradiation in specific Individuals. If they are treated in good 
time there.will be no change in the life expectancy of this section of 
the population. 
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Fig.l: Changes in radionuclide concentrations in milk (total 

c 

beta-activity) in may 1986 in the region with cs-137 
surface contamination in the range of 5-15 Ci/km'. 
Radiochemical analysis of milk showed that about 80 % of 
beta-activity was due to 1-131. 

µCi , 1- 1 

10-• 
M I L K ( tot,,\ (,) 

"'" I 
..c-.- - - - ...... , . .. "l ":! ~·g0 Qs nr ; --, ... cc tr ... • ... 

0 .,...- - -,. .._ • •I D e e 
O JJ' ...... ... • .l. a ............. • 
" ,o a, ... 

10-e ' 

M A .y 1 9 8 6 

26. 04 1 10 20 

:::::: 80% 

0 

' ' 
30 5.06 



- 805 -
Fig.2: al Pattern of I-131 intake in inhabitants of the contaminated 

region. 
bl The I-131 intake models used for thyroid dose estimates 

after Chernobvl accident. 
cl I-131 thyroid retention according to accepted models of 

radioiodine intake. 

ct. ~In 
-f 

day I I . ~ 

\ ! Mlek ·~. 
~ ~.~ 

f'Jnhafatlon ·~ 
5 15 20 25 

-------, 
30 35 t, days 

0 5 10 15 20 25 30 · .35 · l, days 
C. O.tn 

rce. u.n. 

0 5 is 20 25 30 35 t, days 



- 806 -
Fig.J: Relative aqe-dependence of mean thyroid dose for rural and 

urban population in settlements with the same radioactive 
contamination. The dose in the qrouo of urban adults is 
taken as l. 
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Fig. 4: Correlation between mean thvroid dose i.n children ( 1-6 years 

oldl and mean 1-131 concentration in milk from 10-15 mav 1986. 
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Fig.5: Relationshio between mean thvroid dose amonq children 1-7 

years old and the dose rate in the air for a qiven settlement 
from 10-12 may 1986. 
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The · Consequences of the 
Kyshtym Accident for Flora and 

Fauna 

D.A. SPIRIN, G.N. ROMANOV, F.A. TIKHOMIROV, E.G. SMIRNOV,. 
L.1. SUVOROV A, V .A. SHEVCHENKO 
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ABSTRACT 

.Flora and fauna irradiated In areas radioactively contaminated by the 
Kyshtym accident accumulated the bulk of their dose more or less in the 
first year, with the irradiation being at its most intensive in autumn 
1957 and the winter of 1957/58, when plants and many animal species 
were in the physically dormant state. During the "acute" phase the 
maximum doses absorbed (at a contamination level of 4 .000 Ci 
90sr/km2J were as fol lows (in krad): mouse-type rodents and fish ·4, 
birch bud meristems 20, pine bud meristems 40, pine needles 80, dormant 
leaf buds and gramineae seeds on the soi I surface 160. The main 

.radiobiological effects appeared in the spr Ing of 1958 and were 
observed· for several years after; subsequently, in the presence of 
chronic irradiation at a low dose rate, predominantly genetic effects 
were observed, conifers being the most radlosensitive among the. plants. 
At doses over 0.5 krad (40 Cl 90sr/km2) we observed radiation 
damage· (ranging from partial to severe) in crowns; doses over 3-4 krad 
(over 180 Ci 90sr/k.m2J led to pine die-back in the autumn of 1959 
over a total area of s.ome 20 km2. Birch stands. died over an area of 
some 5 km2 at a dose of ·20 krad (4 ooo Ci 90sr/km2J. 

Changes in the structure of herbaceous communities - due to the death 
of perennial species whose leaf buds were located above the soi I 
surface - occurred at doses over 20 krad (1 500 Ci 90sr/km2J. In 
subsequent years we observed ·changes in the structure and numbers of· 
fish . and. mouse-type rodent popu I at ions. The rad loacti ve cont am i nation 
caused an .increase in the rate of mutational ·processes in plant and 
animal populations. However, for populations as a whole the .Iner.eased 
frequency observed. for most mutations (chromosome aberrations, chemical 
mutations) did not play a major role, since they were speedily 
eliminated by natural selection. No deformities of a genetic nature -
i.e. in progeny, clear-cut pathological deviations from traditional 
external appearance and behaviour -· were found on the contaminated 
territory. In the . 30 years since the accident the biological 
characteristics of the contaminated area have not differed (except for 
coniferous forests) from those of· the surround.Ing reg ions. Natura I 
ecosystems are very radloresistant, and extremely high doses are needed 
to damage them seriou.sly and irreversibly. 
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The intensive radioactive contamination of the environment fol lowing 
the 1957 accident had radiobiological conseQuences ·for the natural 
flora and fauna populations and communities. The studies undertaken 
immediately after the trail of radioactive fallout was deposited in the 
Eastern Urals showed that irradiation of natural ecosystems involves 

.not .only primary radiation effects but also secondary, delayed 
conseQuences. The ecosystems' resistance to ir.radi.ation largely depends 
on the relatronshlp between these primary and secondary effects. 

I. Dose formation characteristics 

Three factors determined the doses received by flora and fauna in the 
contaminated territory of the Eastern Urals: 

.1. The bulk of the radiation from the fallout mix was beta-radiation 
(up to 75%) which penetrates several centimetres ·into biological 
tissues. Therefore, the distribution of the dose burdens in the 
different biogeocenoses closely matched the distribution of the 
radioactive substances therein. 

2. Short-I ived radionucl ides c95zr, 106Ru, 144ce) wer.e the main 
con tr i bu tors to the activity in the fa I lout, thus engendering· an 
'acute' period of some 1-1.5 years in which most of the absorbed dose 
formed, fol lowed by a period of long-term or chronic irradiation of 
considerably lower radiation intensity. · 

3. The radioactive contamination proper and a large part of the 'acute' 
phase occurred while plants and many animal species were in the 
physlologicafly dormant state, during which the processes of radiation 

· damage arid regeneration were slowed down. Therefore, the degree· of 
radiat lei:, damage dep·ended not ·only on the Intensity and dynamics of the 
i·rradiat ion processes, but als.o on the Integral dose accumulated by the 
time the next period of phys.iological activity· began, 

With· the exception of genetic effects, al I the other radiobiological 
conseQuences resulted mainly from the dose accumulated in the autumn of 
1957 and the winter of 1957/58. Genetic effects may also .have been 
caused by subseQuent chronic irradiation at a 10.w dose rate. 

The doses received by plants and animals during the 'acute' period are 
given in Table 1. The maximum absorbed doses correspond to 
cont am i nation of 4 ooo c i /km, of 90sr for ter rest r i a I organisms and 
1 ooo Ci/km, of 90sr for aQuatic organisms. 

During the 'acute' period the maximum irradiation was received by pine 
trees, whose needles retained for a long time the fallout deposited on 
them, as did the "renewal" (or leaf) buds and generative shoots of 
plants on or near the soi I surface. Maximum doses were absorbed by 
dormant leaf buds and gramineae seeds (up to 160 krad), pine needles 
(up to 80 krad), pine bud mer i stems (up to 1 O krad) and birch bud 
mer istems (up to 5 krad). Soi I invertebrates received considerable 
irradiation, .with doses ranging from 1-80 krad depending on their 
habitat (sol I or I itter). Among mammals and birds the maximum doses 
were absorbed by those In which a large, if not the main, contribution 
came from irradiation of the gastro-intestinal tract through eating 
contaminated food. Mammals and birds can be classified as fol lows in 
ascending order of dose received: migratory birds, carnivorous mammals, 
wintering raptors, wintering granivorous birds, large herbivores, 
mouse-type rode.nts. The maximum dose absorbed by mouse-type rodents was 
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4 krad. Simi iar irradiation doses were also typically found in fish 
I iving in the two most contaminated bodies of water. 

Fig. 1 shows the dynamics - over 30 years - of irradiation dose 
formation in biota in the contaminated territory of the Eastern Urals. 
Almost all the irradiation dose was formed by 1960, the highest doses 
being absorbed by organisms located on or Inhabiting· the surface of the 
soi 1-vegetat ion cover o'r of bed sediments·; and the Lowest by those 
I iv i ng in water. 

I I. Effects of radiation on flora 

Conifers were the most radiosensitive species, and .this was later 
confirmed after the Chernobyl accident. The first radiation effects 
were observed in pine trees in spr.ing 1958, .1 .e. yei lowing of needle 
tips and withering of .the top and lateral buds. This led to the dea.th 
of some or all .of the needles and to the transformation of the 
surviving buds into short and thick bundles of shoots· with elongated 
·needles. Pine die-back-was observed in the autumn of 1959 and occurred 
at an absorbed dose in the needles of 3-4 krad (over 180 Ci/km, of 
90sn. Some 20 km, of pine trees died in al I (Table 2). 

The fol lowing effects were observed over two years at doses of between 
0.5 and. 3 krad (over 40 Ci/km, of 90sn: yell.owing,. drying-up and 
fal I of needles, defects In the development of new needles, reduced 
growth of shoots and stems, var·i ous phys I o,log I ca I and inorpho I og i ca I 
i r r egu I a r i t i es , reduct ion I n the v i ab i I i t y .of .seeds and po I I ens , and 
phenologlcal. changes. 

BI rch · forests were much more resist ant to radioactive cont am I nation. 
They totally died out only In areas with a maximum contamination level 
of 4 000 Ci/km, where bud meristems received a dose exce'eding 20 krad 
during the 'acute' phase. At lower doses t.he top layer of the birch 
crowns dried out and the leaves were underdeveloped, and phenological 
changes were recorded in the first four years after the ace i dent 
(retarded appearance Of leaves and delayed fiowenng, premature ieaf
fai'I). Radiation damage to birches was observed over aff area of 17 km 2 • 

The different levels of damage recorded in pine and birch forests due 
to radioactive contamination can be explained by the higher radio
sens It iv i ty of p Ines, and by the I arge dose absorbed by their crowns 
due to prolonged residence of radioactive materials in the needles. In 
general, birch die-back was observed when contamination was 70 t Imes 
higher than that at which pines died. 

Among gramineae, those that suffered most .were perennials with leaf 
buds located not far above the soi I surface.. In areas with 
cont am i nation of over 1 500 CI /km, ( dose absorbed in buds dur Ing the 
'acute' period exceeding 20 kradl, these species disappeared and wer·e 
replaced by plants with leaf buds in the soi I. This process lasted 3· to 
4 years, and was then followed by a slow reverse process. 

At contamination levels below 1 000 Ci/km, adult plants did not die, 
but the seeds of many species had a reduced germinating capacity. 
Moreover, morphological changes were observed in certain plant species 
over 2-3 years: gigantism, chlorosis, blueing and twisting of 1e·aves, 
and reduction in the number of seed grains in the ear. 



- 813 -

Whereas in meadow communities of a simple structure the changes 
resulted mainly from the direct impact of irradiation (primary 
effects), in forest communities they resulted from the combined action 
of primary and secondary effects. In areas where trees died after their 
crowns had dr led out, the microcl I mate beneath their canopy changed, 
with more I ight and moisture gett Ing through. Therefore, in severely 
damaged mixed forests there was a five-fold increase in the amount of 
I ight and a 1.5-2-fold increase 1.n the amount of moisture reaching the. 
soi I. Furthermore, in spring the day I ight period was co.nsiderably 
lengthened in the lower layer of the forest. due to the retarded 
appearance of birch leaves. Al I this led to intensive multiplication of 
the herbaceous vegetation, its mass increasing by a factor of 3-5 
compared to uncontaminated forests. 

Delayed effects occurred ·1n plant communities also in the form of 
replacement of the customary herbaceous· plants by others (e:g. weeds 
growing in meadows or photophll ic plants developing under the canopy of 
thinned-out forest). Two years after the accident we .noticed an 
explosion in the prol iteration of entomic pests in damaged forests 
(e.g. gypsy moth). Except for the dead coniferous stands, practically 
alt the plant communities managed to regenerate in the course of time, 
and today their succession and productivity are no different from those 
of neighbouring communities. 

I I I, Effects of radiation on fauna 

Among the fauna in the contaminated territory invertebrates constitute 
the most numerous group. A reduction in population and death fol lowing 
irradiation were noted only in species .with a long I ife cycle and an 
extended phase of .development in the forest I itter, turf or top soi I 
layer. These effects were at their strongest .in earthworms·, myriapoda 
and mites with hardened plates at contamination levels above 1DD Ci/km, 
(dose exceeding 600 rad during the •acute' period): 

Significantly less marked radiation-induced changes were observed ·in 
flying insects capable of ·quickly dispersing ovei a vast territory, and 
in invertebrates with a casing. In particular, we did not note any 
adverse radiation effect on ants, although they spend most of their 
life on the surface of the forest I itter. 

It is calculated that birds and mammals received lethal doses in autumn 
and winter 1957 /58 on I y if they I i ve<;I permane·nt I y in areas where 
contamination exceeded 1 000 Ci/km,. 

Since the vast majority of birds in the contaminated territory are 
migratory species and the ace i dent occur red in autumn, it can be 
assumed that the radioactive contamination did not start to.affect them 
unt i I spr Ing 1958 when· the dose rate in tree crowns ·had. already 
decreased by a factor of 10.· It is calculated that in the summer of 
1958 and of 1959 the dose absorbed by birds did not exceed 100-200 rad, 
i.e. considerably less than the lethal doses (800-1 000 rad). In these 
and fol towing years we did not record any bird deaths, nor did their 
numbers depend on contamination level. 

As for mammals I iving in the. contaminated territory, the most 
variegated radiation effects were observed in mouse-type rodents. At 
contamination levels exceeding 1 000 Ci/km, (.dose rate in the 'acute'. 
period above 10 rad/day) mortality increased and I ife ex~ectancy 
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decreased in Individual cases. These primary irradiation effects, 
observed over 10-15 years, Induced secondary irregularities, e.g. 
changes in population structure and weakening of defence mechanisms. 
For example, in the first few years fol lowing the accident there was an 
increase in the number of blood-sucking exoparasites carried by mouse
like rodents, and the animals' mobility decreased. 

However, after 15 years. - i.e. some 30 animal generations later - their 
populations In the contaminated territory were comparable to those of 
all o.ther animals, judged by al I indicators, and the radioreslstance of 
the populations living in the contaminated territory of the Eastern 
Urals had increased (du.a to 'radioadaptation'), ·as demonstrated In 
special experiments involving additional irradiation. It was observed 
that the lethal doses for an.imals I iving in the radioactive territory 

· were 1.3 times higher than for the controls. 

No siml lar radiation effects were observed ih other mammal populations 
(elk, deer, wolf, lynx, hare). It is possible that their numbers 
decreased during the 'acute' period in highly contaminated areas, but 
this supposition has not been confirmed experimentally. 

The most vulnerable I ink in aquatic ecosystems are herbivorous fish · 
(carp, crucian): they spend the winter in the silt, which leads to 

· additional irradiation of their bodies. Dose· burdens observed In the 
roe of such fish reached lethal leve·ls (> 1 krad), causing a temporary 
drop· (2-3 years) in their reproduction.·· Control catches of carp· and 
crucians, started in 1960, did not reveal any decrease In their numbers 
or any significant Irregularities in their·population structure. 

No deleterious Irradiation impact was found among the .remaining, less 
sensitive, I inks in the aquatic ecosystem (plankton, vegetation, 
invertebrates). 

IV. Genetic effects. 

The studies undertaken convincingly showed that the radioactive 
contamination provoked an Increase In the rates. of mu tat iona I 
processes, both in plant and anima·1 populations. As the absorbed dose 
rate decreased, the slower Were the mutational processes, some of which 
- ·in particular chromosomal aberrations (structural damage) - soon 
stabi I ized at a stationary level, whereas others - e.g. biochemical 
mutations (changes in the structure of- individual proteins) - have not 
yet reached. the above-mentioned level to this date, which confirms the 
lengthy nature of genetic restructuring processes. 

For the population in general the increased frequency of most mutations 
Is not significant, given their rapid disappearance in the course of 
natural selection. However, some genetic changes may accumulate from 
one generation to another, particularly in the case of prolonged 
chronic irradiation at lo.w doses. In the contaminated territory this 
phenomenon was discovered in two types of p I ants: greater knapweed 
(Centaurea scabiosa) and Scotch pine· (Pi nus sylvestr is) growing in 
areas where contamination ranged from one Ci/km, to several dozen 
curies per km,. At sufficiently high dose rates in the generative 
organs of these plants (up to several tenths· of a mrad/day) the 
frequency of biochemical mutations increased several-fold compared to 
the natural level, although this frequency did not increase in direct 
proportion to the absorbed dose. Increased frequency was observed at 
the smallest dose rates in the range studied. It is difficult for the 
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moment to give a definitive explanation for this phenomenon. In animals 
with a quick reproduction rate (e.g. field mice) I iving in areas with 
contamination of from 100 to 1 000 Ci/km,, the mutation frequency also 
Increased by a factor of 1.5-2 compared to spontaneous levels. 

The question remains open as to the consequences of the biochemical 
mutations sti 11 accumulating in flora and fauna even today in some 
parts of the radioactively contaminated area, since population genetics 
has not yet provided an answer. All we can say is that in the 
contam·inated territory we did not detect any deform it les of a genetic 
nature, i.e. in progeny, clear-cut pathological deviations from 
traditional external appearance and behaviour. 

V. Radlo'resistance of the environment 

Data from many years spent observing the reactions and condition of 
ecosystems irradiated after the Kyshtym and Chernobyl accidents, as 
wel I as additional ecosystem-level experiments, enable us to evaluate 
the quantitative criteria relating to the radioresistance of typical 
ecosystems. Given the need for the integrity of al I the ecosystems 
studied to be preserved, I.e. for the course of natural succession to 
be maintained and continued in conditions of radiation exposure, we can 
assume that. the integrity of an ecosystem ·depends mainly on the 
wel !being of the dominant component therein. Therefore, it is suggested 
that the radlose·nsltivity of the dominant be used to· measure the 
radioresistance of a given· system. Table 3 gives the Ecological Dose 
Limits (EDLs) for individual ecosystems, expressed in the form of the 
corresponding doses determining the radiosensitivity of the dominant. 

If the EDLs are reached, not on I y is the dominant component of an 
ecosystem damaged and ki I led, but the ecosystem's net primary 
productivity is altered too, reflect.ing a change in efficiency in 
harnessing the solar energy absorbed. Each phase of development in an 
ecosystem depends on a relatively stable level of net primary 
productivity;· if this is reduced by the effects of radiation, then the 
integrity of the ecosystem Is disrupted. Analysis of the available data 
shows that the highest mean value for the dose absorbed by an ecosystem 
in one year, equal to 1 krad, Is a minimum I imlt which does not cause a 
reduction In net primary productivity in cases of uniform chronic 
irradiation during a given stage of succession. 

In practice it is quite difficult to- evaluate the irradiation doses 
received by flora and fauna. Therefore, where wel I-founded, sound 
estimates exist for irradiation doses to the human population in 
accidents, these can be used to forecast irradiation of plants and 
animals. An example Is given in Table 4; the main conclusion to be 
drawn from it is that the dose limit used to protect humans is 
sufficient to ensure protection of flora and fauna. 

The results obtained during 30 years of research In the radioactively 
contaminated territory of· the Eastern. Urals show that natural 
ecosystems possess a high degree of radioresistance. Serious and 
Irreversible disruption of communities requires doses far above those 
which are lethal to any type of individual organism. The total 
regeneration of al I the damaged communities and ecosystems (coniferous 
forests excepted) in the contaminated territory is direct proof of the 
environment's strong regenerative capacity. 
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Table 1 

Doses absorbed by plants and animals in the radioactively 
contaminated territory of the Eastern Urals 

during the first 1-1.5 years 

Organism 

/Plants: 

dormant leaf buds 
and gramineaa seeds en 
soi I surface 

pine needles 

pine bud meristem 

birch bud meristem 

tree seeds ln crowns 

Animals: 

soi I invertebrates 

fish 

fish roe 

birds 

mouse-type rodents 

Maximum absorbed 
dose, lcrad 

160 

80 

40 

20 

' " ,o 

1-80 

4 

> 1 

0.1-0.2 

-4 
I 

I 

Norma Ii zed 
absorbed dose, 

.rad 
c i 90sr /km,. 

;nax. 40 

max. 20 

max. 10 

max. 5 

max. 4 

0.25-20 

4 

> 1 

0.025-0.050 

-1 

Table 2 

Radiation-induced demise of plant communities 

Contamination Lethal dose 
Community level, absorbed by buds Area, \cm, 

c i /km, 90sr in 'acute' period 

Pine forest 180 4 20 
Birch forest 4 000 20 5 
Meadows ( in part) 1 500 20 15 
Meadows (total) 4 000 150-200 5 
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Table 3 

Ecological Dose Limits (EDLs) for typical ecosystems 

Ecosystem Dominant EDL, krad 

- Coniferous forest Trees 2-4 
- Broad-leaved forest Trees 30-40 
- Herbace.ous (meadow) Mixed gramineae 40-50 
- Pasture Sown gramineae 8-10 
- Crops Monocu I tu res 5-6 
- Fr~sJJwater 30-50 - Phytoplankton 

I 
I 

-

Table 4 

Ratios between doses absorbed by ecosystem components and the 
effective dose equivalent of irrc1diaticn of the hurnan 
population during the first' year fol lcwlng· accidental 

contamination of the environment, rad/rem 

Ecosystems, components Kyshtym Chernobyl 
accident accident 

Coniferous forest 
I trees (crowns) 27 -47 

i I ' 
lsroad-leave~ fotest 

I I 
I 

trees (crowns) 14 40 
grass cover 30 50 

Herbaceous (meadow) 
vegetative phytomass 17 45 
leaf buds 77 92 -

Ground zoocenoses 
sma 11 rodents 28 30 
large herbivores 16 -

Freshwater 
bed-dwe I I i ng aquatic biota 2.6 -
ichthyofauna .1 . 4 -
fish roe 0.4 -
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Figure ·J: Dynamics of irradiation dose format ion for various 
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Introduction 

1. The problems concerning the action of ionizing radiations on 
natural populations and communities a~e highly topical. The 
topicality of these problems is dictated by the development of the 
entire complex of mining and mi 11 ing of urani.um ores, processing, 
uti I ization and storage· of nuclear fuels and nuclear fission 
products. The problems of the action of natural increased 
radioactivity on plant and animal populations are not of minor 
importance either. Clearig up of these problems can be obtained bi 
studing of ecological consequences .of l)lajor n.uclear accidents for 
example Kyshtym accident. 

2. The strategy of studying ecological consequences of the action of 
ionizing radiations should. include the :analysis of genetic 
processes in natural populations a·s one of the main elements. Such 
analysis involves a number of key tasks and has methodological 
features, the knowledge of the latter being necessary to estimate 
the risk of environmental pollution and to forecast its genetic 
consequences. 

The object .of ttie present review is to consider some problems in 
radiation genetics of natural populations reported earlier /1-5/ 
and to reveal problems which are of key importance, in the author's 
opinion, in monl·toring irradiated natural populations. 

ln connection with this object, the fol lowing problems should be 
.considered: 

a) to forecast remote genetic consequences of the action of 
ionizing rad i at ions on commun i t i es and bi ocenoses, evidence on 
radioresistance of different species composing communities is 
required as we! I as information on factors responsible for 
different radioresistance of species; it is necessary to carry 
out the purposeful search of natur:ii objects characterized by 
high sensitivity to mutagenic factors and suitable to be used as 
test systems in monitoring genetic orocesses in plant and animal 
populations; 

b) it is necessary to study the dependence of the yield of genetic 
changes on radiation dose and rate under conditions maxima 11 y 
approximating to the real situations of irradiation of natural 
objects; special attention should be paid to estimation of 
genetic efficiency of low doses and dose rates of ionizing 
radiations; 

cl the mutation level in irradiated populations and their structure 
should be studied as important genetic criteria for estimating 
the effect of ionizing .radiations on natural populations; it is 
necessary to study the mutation dynamics in successive 
generations of irradiated populations and the process of genetic 
load formation in populations of species differing in the degree 
of panmixia and in populations cycle characteristics; 
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d) it is important to study possible ways of population adaptation 
to the chronic action of ionizing radiations, the degree of 
expression and the tempo of adaptation changes in different 
species depending on their initial radioresistance, modes of 
reproduction, ploidity and other biological characteristics; 

e) the role of the most significant ecological factors in mutation 
formation in irradiated natural populations of different species 
should be analysed; 

f) it i& .. dcessary to assess the role of radiation qua I ity and 
irradiation geometry in the formation of absorbed doses received 
by critical organs of plants and animals due to the action of 
incorporated radionuclides; 

h) it is necessary to carry out a comparative study of 
mlcroevolutionary processes in populations of different plant 
and animal species exposed chronically to mutagenic factors. 
Differences in the mutation dynamics and in the tempo of 
adaptation changes in populations of different species can serve 
as one of the main genetic criteria in estimating possible 
consequences of environmental pollution. The most important 
problem is the study of the relationship between genetic chantes 
induced in populations under the chronic action of mutagens and 
possible ecological shifts. To reveal ecological shifts 
determined by genetic processes is one of the bases for 
ecological rationing of environmental pol Jut ion. 

On Comparative Radioreslstance of Species 

3. Determination of comparative radioresistance of species Is 
important in estimating biological consequences of the action of 
ionizing radiations on natural populations of different species and 
their communities. Comparative radioresistance of species can be 
determined using a number of criteria, such as the survival rate of 

· microorganisms, plants and animals exposed to acute irradiation, 
and cytogenetic tests. The factors affecting species 
radiosensitlvity Include cel I ploidity, nucleus size, chromosome 
number, DNA amount in nuclei, effective number of chromosome arms, 
repair efficiency, level of endogenous radloprotectors, etc. Thus, 
numerous studies on radioresistance of different objects show that 
the use of the target theory /6, 7 I has proved to be f ru It fu I in 
estimating radiosensitivity of species. This is most completely 
demonstrated In the works of Sparrow et al. /8,9/. They have shown 
that cel 1 radlosensitivlty (D0 ) is inversely proportional to the 
chromosome volume in interphase. This has been proved for a large 
group of organisms, from the most elementary to the most complex 
forms. The relationship between D0 and an average chromosome 
volume In these organisms is graphically expressed in the 
logarithmic scale by series of eight regression lines (radiotaxa) 
with a slope of -1. Preobrazhenskaya and Timofeyev-Ressovsky 
/10, 11/ point out to another important aspect of the problem of 
comparative radloresistance of organismes. 
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Having studied radiosensitivity of seeds of 660 plant species the 
authors note that the degree of species radiosensitivity de~ends on 
the position of species in the phylogenetic system: all coniferous 
plants stu1ied are radiosensitive; over half of species among 
monocotyledonous plants are radiosensitive and only one species is 
radioresistant; among dicotyledonous plants about half of species 
are radioresistant and only several are radiosensitive. 

Estimation of Genetic Efficiency of Low Dose Irradiation 

4. The dose of ionizing radiation (Dl is equal to I ·t, where is 
the dose rate and t is the irradiati ion time. 

In its documents /12,13/ UNSCEAR assumes the I inear character of 
the induction of one-shot genetic damages in case the dose Is the 
fuctlon of irradiation time. Proceeding from this assumption, an 
expected damage per gamete per dose unit is estimated (direct 
method) and a dose doubl Ing the natural mutation level is 
calculated (indirect method). 

It is emphasized in the UNSCEAR documents that the hypothesis of 
I inear dependence Is an unproved assumption which is In agreement 
with a vast body of experimental and epidemiological material. It 
should be added that most of the material has been obtained 
provided the dose is the fuction of irradiation time. 

5. In case of radioactive environmental contamination populations 
are exposed to different radiation dose rates. Thus, total absorbed 
doses In the eel lularm ontogenetic and populatlonal cycles of 
development are the fuctlon of irradiation intensity. There are 
data indicating that the yield of mutations per cGy Is higher at 
low intensities of ionizing radiations (about several cGy per day) 
than at higher dose ratesm i.e. there is no I inear dose response 
relationship. This has been demonstrated in experiments with 
chlorel la (Chlorel la vulgar is Beijer., strain Larg-1), beans (Vicia 
fabam Russian Black variety), wheat (Triticum aestlvum, Skala 
variety), barley (Hordeum vulgare, Maya variety), wi Id herbaceous 
plants (Plantago media L., Veronica tenerium L., Vlcla cracca L., 
Centaurea scablosa L.) and loach (Mlssquarnus fossl lus L.) exposed 
to radlonucl Ides of strontium -so-, yttrium-90 and promethlum-147 
/14-16/. It fol lows that the analysis of the mutation process in 
chronically irradiated natural populations requires an additional 
study of dose-response relationships. 

6. The experimental materials have been reported in detai I in 
another review. Here, the typical results are presented. Thus, In 
particular, the frequency of chromosome aberrations In roots of 
beans (Vicia fabal grown for 10 days In regions with different 
concentrations of strontlum-90 - yttrium-90 has been determined 
(Fig.1). The prevailing types of chromosome aberrations in 
anaphases of mitosis under the mentioned irradiation regime were 
single fragments and bridges. The portion of these types of 
aberrations did not change significantly with the dose rate. In 
other words, one-shot genetic changes were mainly observed at the 
dose rates used in the experiment. 
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Fig.1 shows in the logarithmic scale the data with and without 
(induced mutagenesls) regard for the natural mutation level. Taking 
into account the strictly I inear character of the curve for induced 
mutagenesism It is possible to determine an expected number of 
induced mutations at dose rates lower than 0.005 Gy/day (i.e. et 
doses lower than 0.05 Gy) by extrapolating the regression I lne 
towards low irradiation intensities. In this case an "observed 
effect" curve in the range of low irradiation intensities can be 
bui It up by summing up an expected induced effect and the natural 
mutation level. This curve wi I I asymptotically approximate to the 
natural mutation level. The results obtained permit a conclusion to 
be made that there is a I lnear relationship between the logarithm 
of the number of induced mutations and the dose logarithm (Fig.2). 
This relationship can be expressed by the eQuatlon: 

;j=o<(!),n (1), 

where is a starting point, for example the point of crossing of 
the regression I ine and the I lne corresponding to the natural 
mutation level; D - a dose (dose rate x Irradiation time); n - an 
index describing the regression I ine slope. 

In the above case the slope angle of the regression I ine is less 
than 45 , i.e. n<1. It fol lows that rad lat ion efficiency per dose 
unit reduces with increasing dose rate. As a result, an inverse 
correlation Is observed between the mutation frequency and the dose 
rate at comparatively low irradiation intensities (0.001-0.1 Gy/day 
for plant populations). 

7. In another experiment the -radiation (yttrium-90) dose influence 
on the chromosome aberration frequency in the first and second 
anaphases of meiosis in Hordeum vulgare was studied. On an area of 
0.8 hectars an experiment has been performed in which barley crops 
(Maya variety) were sprayed with yttrium-90 solutions during the 
main eight phases of plant development /16/. 18.5·1012 Bq 90y 
was used in the experiment. The formation of absorbed radiation 
doses was studies using thermoluminescent LIF-dosimeters. 
Dosimeters were placed inside plants directly in the point of a 
critical organ (in the point of growth, ovary, etc). Heterogeneity 
of dose distribution over the dosimeter volume (phantom of a 
critical organ) did not exceed !7%.- The variance between the values 
shown by dosimeters at each plot was !10%. 

Fig.3 presents the relationship between the chromosome aberration 
frequency in the f I rst and second anaphases of meiosis and 
radiation doses absorbed by the vegetative cone in different 
developmental phases. This relationship Is I inear in the 
logarithmic scale, which permits Its approximation by the power 
function equation (1). The use of the equation (1) makes It 
possible to describe satisfactorily the dose response relationship 
for a wide dose range from several cGy to several hundreds Gy (the 
initial dose rate varying from n·10-4 to n·Gy/h). 
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8. The dose-response relationship suggests that a dose doubl Ing the 
natural mutation level is not constant for a given object and 
depends on the dose rate. The doubling dose grows with Increasing 
irradiation intensity. This conclusion is supported by the 
experimental data obtained in the zone of Kyshtym accident 
presented in Fig.4. In al I cases a convnon regularity has been 
revealed: the doubling dose is the increasing function of 
irradiation Intensity. It fol lows that the "doubling dose" 
criterion can be used to estimate genetic consequences of exposures 
of natural populations to ion,z,ng radiations only if al I 
complexity of an observed situation is fully understood. 

9. The data presented in Fig.3 indicate that the same relationship 
between genetic effects and dose rates wi I I be always observed when 
populations are exposed to increased irradiation levels due to 
environmental contamination by radionucl ides. In case the dose is 
the function of irradiation intensity the hypothesis of non-I inear 
dose-response re I at ionsh i p may be suggested. It shou Id be noted 
that the material presented in Fig.4 was analysed at different 
periods since the beginning of the experiments. This period was 
equal to one day for ch lore I la, and to several days and months for 
leach, Vicia faba, and barley, For natural populations of wi Id 
herbaceous plants it was equal to several months. In veiw of 
sufficiently long radiation exposures in these experiments, the 
fol lowing explanation can be put forward for the observed 
relationship: the dose rate increase Is accompanied by activation 
of repair systems reducing the yield of genetic damages. This 
inducible repair system apparently worlcs as SOS-repair, its 
activity being the dose rate function. 

Mutation Dynamics in Irradiated Populations 

10. In the previous chapter data for comparatively short-term 
exposures of different objects to ~-radionucl Ides have been 
considered. A question arises what the dynamics of induced genetic 
changes in growing populations is. Since a detailed study of the 
mutation dynamics In natural irradiated populations Is impeded, 
such studies are carried out on model objects, mainly on Drosophila 
/17/. In our experiments we anarysed the mutation dynamics in 
laboratory and natural populations of unicellular green algae /18-
21/. The experiments have shown that the dynamics of induced 
mutation process in populations of Drosophila and unicellular algae 
is similar In general. At the same time, the short reproduction 
cycle of algae permits us to study the mutation dynamics in many 
generations for a sufficiently short period of time. The studies 
have shown that laboratory populations of unicellular green algae 
( lower plants) are the simplest model objects for studying the 
mutation process in populations of higher plants and other 
organisms. 

A ser !es 
populations 
reinhardi i, 
(USA). 

of laboratory experiments was carried out with 
of Chlorel la vulgar is Beijer, Larg-1 and Chlamydomonas 
strain pf(+) from the collection of Dr. R.P. Lewin 
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The mutation process was studied in algal populations (an aggregate 
of pigmental and morphological mutants) in which the exponential 
growth phase was maintained. The fol lowing irradiation regimes were 
used: acute ( ~-rays), chronic ( ~-particles of 90sr-90y, 
147Pm) and prolonged (a mixture of radionucl ides imitating 235u 
fission products of different age). These experiments have revealed 
the main parameters of the mutation dynamics which are necessary 
for mathematical model I ing. 

11. Experiments with acute irradiation of continuously exponentially 
growing algal populations have permitted an estimation of the 
select ion pressure against induced mutant clones (population 
genetic load). Each mutant clone t.4i arising in a population due 
to the mutagenlc activity and subjected to negative selection has 
been proved to be eliminated from a constantly reproducing 
population in successive generations according to the exponential 
law /18/. An aggregate of visible mutants resulting from acute X
ray Irradiation of cultures is eliminated from a population 
according to the power function law: 

where f(x) is the law of elimination of mutant individuals, t.4 - the 
initial number of induced mutants, p - a coefficient characterizing 
the slope of the elimination curve in case of graphical 
representation of lg t.4 as the function of lg x (the number of 
generations). This can be ii lustrated by the data on the tempo of 
elimination of X-ray-induced mutants from a populat Ion of haploid 
Chlamydomonas reinhardi i eel Is (Fig.SJ. 

A total number of mutant eel Is in a population in a given 
generation after irradiation f(x) is equal to the number of 

1 - f(X) 
of eel Is of mutant clones remaining in the population by this 
generation, i.e.: 

J(x) 
1 - J(x) 

With n ..... "" (the number of mutant clones Is rather high) let us 
pass on to v<0 - K', -'>\T , where O ~ u ~ 1,(0 ( I<'(; and v<. -growth 
rate coefficients for mutant and normal clones). Thus, 

,( -J t1o ( \J) e.-vx Ju = 
0 

-r 
Mx 

1- ri;r 
An important conclusion fol lows from this equation: M0 (v) has the 

exponential character, i.e. in real populations there is an 
exponential relationship betzeen the relative growth rate of mutant 
clones ar1s1ng in a population after irradiation and the 
probabi I lty of occurrence of such clones /18/. 

12. Chronic irradiation represents an additional environmental factor 
in a complex of factors influencing a population through induction 
of a number of mutations in each generation. After therir 
phenotypic expression these mutations are subjected to the action 
of selection; as a result, we have curves describing accumulation 
of mutations in a series of successive generations. 
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In the case of irradiation at a constant dose rate an equi I ibrium 
between mutation pressure and selection is established. Due to 
this, the level of mutations in a population is stabi I I zed. such 
results have been obtained using irradiated laboratory populations 
of Drosophila /17/. Similar data have been obtained in the 
experiments with chronically irradiated algal populations (Fig.6). 
On the basis of such experiments we can study the relationship 
between the mutation level and irradiation intensity. The number of 
mutant individuals in a population has been proved to increase in 
proportion to the dose rate. It is possible to present a 
mathematical description of the mutation dynamics in populations of 
haploid microorganisms chronical IY exposed to ionizing radiations 
/18,21/. 

13. The data available make it possible to determine the greatest 
lethal damage with which an algal population can sti II exist. The 
maximum level of lethal IY damaged eel Is in a population with which 
it can withstand the damage under chronic exposure conditions makes 
up about 90%, the maximum level of mutant eel Is being about 35% 
/21/. It should be noted that in contrast to these data the level 
of recessive lethals in irradiated Drosophila populations can 
amount to 100%, the viabi I ity of the populations being practical IY 
similar to the control /17/. So, there are essential differences in 
the mutation capacity of irradiated haploid and diploid organisms. 

14. When populations are irradiated for a sufficiently long time 
their radloresistance increases /2-4,22/. In our model experiments 
the resistance to chronic UV-ray exposures increased in the 
40- 10th cycles of culture density doubling, the level of mutant 
eel Is being reduced and the level of viable eel Is being increased. 
The period of transition from one resistance level to another 
covers 30-40 cycles of density doubling. 

The stage at which the population resistance to chronic radiation 
exposures Is increased is followed by the stage of population 
stabi llzation on a new radioresistance level. The amount of mutant 
eel Is in the population is also stabi I ized on a .new level. In 
radloreslstant populations visible mutations occur also in 
radloresistant cells, which determines quantitative and qualitative 
changes in the mutation process ·at this stage. In the case of 
chronic exposures to Ionizing radiations the population resistance 
is Increased later than under the act ion of UV-rays: about 150 
cycles of density doubling are required since the beginning of the 
experiment for a fr act ion of rad iores i st ant c I ones to appear in a 
population /23/. 

15. To give a complete picture, the case should be considered when 
irradiation intensity reduces in time - such regime of population 
irradiation is most probable in real situations, for instance, 
after nuclear explosions. The mutation process in Chlorella 
populations exposed to a mixture imitating fresh 235u fission 
products ( E& • 0.33 Mev) was studied. Mixtures containing nuclear 
fission products (NFP) of different age were used: 10-14-hour-old, 
2- and 20-days-old /19/. 
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The radioactivity of the products decreased in time according to 
the power function law providing for different tempoes of dose rate 
reduction for fission products of different ages. 

The level of mutant eel Is in the populations exposed to a NFP 
mixture is proportional to the dose rate (Fig.7). When a mixture of 
20-day-o Id nuc I ear fission products, in which main I y I ong-1 i ved 
radionucl Ides remain by this time, is used in experiments the 
character of mutation dynamics is siml lar to that at chronic 
exposures of Ch lore Ila cultures to radionucl ides with a long half
I ife c90sr-90y and 147pm) /19/. 

Some experiments with NFP mixtures dealt with populations exposed 
to irradiation with a complex character of dose rate formation in 
time due to the presence in a mixture of numerous radionucl ides 
with different half-I ife lengths. In this connection, it was of 
interest to study the mu tat ion dynamics under the act ion of a 
radionuclide with a comparatively short haif-1 lfe. Therefore 
experiments with 90y (T112 • 2.5 days, • 0.95 Mev) were 
carried out. the character of population damage induced by 90y is 
similar to the mutation dynamics for 2-day-old NFPs /19/. It 
fol lows that 90y as the first approximation can be a NFP imitator 
in studying the mutation process in populations. 

16. Let us compare effects induced in the populations of unicellular 
algae by Ionizing radiations from different sources. Taking into 
account the fact that the character of dose rate formation in time 
for the radiation sources used is different, the comparison wi I I be 
based on the maximal levels of mutant and lethally damaged eel Is 
observed in the first phase of the experiments: these maximal 
levels have place with al I sources of ionizing radiation. 

A reduction in genetic efficiency is observed as radiation energy 
is increased: (,-radiation from 147pm ( E~: 0.06 Mev) has the 
highest efficiency, t',-radiation from 90y ( E1,• 0.93 Mev) has the 
lowest efficiency. This observation Is most obious if the 
relationship between maximal levels of mutant and lethally damaged 
eel Is and an average energy of (!,-particles is considered (Flg.8). 
The results of different experimental variants are presented for a· 
dose rate of 1 Gy/day. It can be asserted that mutagenic and lethal 
effects of radiations in the populations of unlcel iuiar algae per 
equa I dose rates and therefore per equa I accumu I ated doses per 
volume unit are reduced as an average energy of ~-radiation Is 
increased. The level of lethally damaged cells for al I ~-radiation 
sources is on the average 4-6 times higher than the level of mutant 
cells /21/. This regularity in the general form will be probably 
observed under the action of other kinds of ionizing radiation. It 
may be expected that this regularity is specific of not only 
uni eel lular algae. 
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Genetic Processes in Chronically Irradiated 

Natural Populations after Kyshtym accident 

17. Using natural populations of microorganisms, plants and animals 
chronical IY exposed to ~-radiation from 90sr-90y after Kyshtym 
accident contaminated areas the effect of ionizing radiations on 
the mu tat Ion level in these populations was studied 
/2,4,5,15,21,22/. The experiments with chronic Irradiation of 
natural populations have been carried out for about 20 years. 
During this period 90sr-90y have joined in the turnover of 
substances In biocenosis and the concentration parameters of these 
radionuclides in different elements of blogeocenosis have reached 
the stationary level. Accumulated doses are received by various 
biological objects from the external exposure of these objects to 
the contaminated soi I and vegetation and from incorporated 
radionucl ides. Irradiation intensity reduces in time due to 90sr 
decay. Accumulated doses were determined by means of 
thermo luminescent dosimetry, photocassettes and estimated 
proceeding from the concentration of the radionuclides In various 
biological tissues. No essential differences between dose values 
obtained by these methods have been revealed. 

Below there are data on genetic variabi I ity and radioresistance 
of natural populations of higher and lower plants and several 
animal species In areas with Increased environmental radioactivity. 
It can be bel leved that the results of analysis of dose-response 
curves for a number of objects and the data on the mutation 
dynamics in model populations presented In the preceding chapters 
wi II serve to more profound understanding of genetic processes in 
chronically exposed natural populations in which a detailed 
analysis of the events observed is not always possible. 

a) Increase in radioresistance of chronically irradiated Ch lore I la 
vulgarls populations 

18. Various forms of Ch lore I la vulgar is were obtained from soi I 
samples collected in isolated experimental areas in the zone of 
Kyshtym accident. 90sr-90y concentrations in these areas were 
in the range of 3.7·104 13·10-7 Bq/m2 permitting 
exposures of algal populations at dose rates from 1·10-4 to 
0.13 Gy/day. The material was collected 5, 6 and 11 years following 
the contamination of the soil. The samples were placed in a 
nutrient medium, the Isolated Chlorella clones were purified of the 
concomitant mlcroflora, and radloresistance of the control and 
chronically exposed algal populations. was analysed /2/. The cell 
survival rate in Chlorella strains additionally exposed to X- or 

i-rays at a dose of 300 Gy was estimated. I al I, 316 ch lore I la 
strains were Isolated. The calculations show that after the 
accident over 100 generations had passed In the Chlorella 
populations by the last time the natural material was collected 
/21/. 
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The Ch lore I la forms obtained from samples taken in areas with 
different 90sr-90y contents are samples from isolated 
populations, therefore an average radioresistance of such groups of 
clones adequately reflects radioresistance of the populations under 
study. 

The Ch lore I la forms Isolated 5 and 6 years after the accident 
were additionally exposed to X-rays at a dose of 300 Gy. The data 
on the average radioresistance of the strains isolated in areas 
with different concentrations of the radionucl ides in the soi I are 
presented in Fig.9. The data for al I isolated forms including those 
that are relatively nonresistant to radiation (for Instance, 
pigmental mutants) have been included in the analysis. 

A noteworthy fact is an increase in radioresistance of the 
Ch lore I la forms at al I levels of environmental radioactivity 
maximum is observed at medium levels of soi I radioactivity. At the 
highest levels of environmental radioactivity the radioresistance 
of Ch lore I la is gradually reduced. Thus, there is an optimal level 
of environmental radioactivity for radioresistance selection in 
Chlorel la. At radioactivity levels exceeding the optimal one the 
genetic load in the population probably increases due to 
accumulation of a great number of mutations reducing the general 
vlabi I lty of the population. 

LD50 calculations indicate that radioresistance of Ch lore I la 
populations under Increased radiation conditions is 1.5-2.0 time 
higher on the whole than that of the control population. 

The irradiated populations show an increased yield of visible 
mutations (mainly pigmental mutations) which Is proportional to the 
dose rate of chronic irradiation. Pigmental mutants isolated from 
areas with high 90sr-90y concentrations in the sol I are, as a 
rule, more radioreslstant than the control Ch lore I la strains but 
less resistant as compared to the Chlorella strains with the normal 
phenotype isolated from the same areas. This indicates that 
pigmental mutants In areas with high 90sr-90y concentrations 
take their origin from those radioreslstant forms which have 
already occupied these areas. 

19. The same Ch lore I la populations were examined 11 years after 
accident /21/. The isolated algae forms were additionally exposed 
to 137cs Y-rays at a dose of 300 Gy and the surv i va I rate of 
Chi ore I la eel Is at this dose was determined (Table 1). Again al I 
irradiated populations displayed Increased radioresistance. Along 
with the Increase in the average survival rate in the irradiated 
populations there Is an increase in population radloresistance on 
the whole with increasing 90sr-90y concentration; it manifests 
itself in an increase of the minimal and maximal survival rates in 
the strains of the irradiated populations at an acute dose of 300 
Gy. No marked increase in the survival variance ( 15 ) is observed, 
and thus the variation coefficient reduces from 84.5 to 45 as the 
level of radioactive environmental contamination Is increased. 
These data suggest the selective action of increased radiation 
levels. 
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The fact that there are simi tar results for al I three periods of 
material collection Indicates to radioresistance stabi I ization in 
the populations already by the 5th years after the accident. 

The data presented show that there is an exponent i a I increase in 
radloresistance of the populations with increasing level of 
environmental radioactivity. The curve slopes are slmi lar and 
correspond to a 25" increase in population resistance with a 10-
fold Increase in the dose rate. 

20. It was of interest to find out If radloresistance of the 
chronically exposed algae populations changes depending on the 
season. Ch lore I la forms were isolated in two seasons - in June when 
intensive reproduction of algae begins, and in October when algae 
popu I at ions pr act i ca I I y stop reproducing /20/. It has turned out 
that poou1atlons essential ty change their radioresistance in autumn 
as com,, d to that in summer (Fig.10). The following conclusions 
can be ived from the data considered: 1) almost al I plgmental 
mutanh J wel I as phenotypical ty normal but radiononresistant 
forms d,cappear from populations in autumn; 2) an autumn population 
represents an aggregate of phenotypical ty normal radioresistant 
form. The observed cycle in the mutation intensity in Ch lore I la 
populations is related with periodicity of the reproduction of the 
algae in nature. In the winter period, due to the absence of 
reproduction, the population accumulates a large dose (up to 
200 Gy) during the cell cycle in areas with the maximal content of 
90sr-90y. Therefore examination of the populations In spring 
reveals a much higher yield of mutants than In autumn when a large 
part of mutants Is already eliminated in accordance with the 
dynamic regularities considered above. The cycle observed in the 
mutation load level In natural populations probably plays a 
decisive role in acceleration of selection of radioresistant forms. 
A critical moment is the winter period when accumulated doses per 
eel I cycle can achieve the level which is sufficient for lethal 
damages of most Individuals in the population, particularly of 
radiosensitlve ones. 

21. Experiments have been carried out to study the nature of 
increased radioresistance of Chlorella forms from the exposed 
populations. Experiments with repair Inhibitors, analysis of dose
response curves for low-ionizing and high-ionizing radiations, as 
well as direct estimation of repair activity have led to the 
conclusion that radioresistant forms have more active repair 
systems as compared to the control /21/. 

bl Effect of Ionizing radiations on natural populations of 
herbaceous plants after Kyshtym accident 

22. A high content of radlonucl ides in the environment induces the 
mutation process in populations of various organisms, the intensity 
of this process being proportional to the dose rate of chronic 
irradiation. As a result, a high mutation level is constantly 
maintained in populations /4,15,22/. 
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Increased freQuencies of genetic changes have been revealed using 
the following tests: chromosome aberration freQuency in mitotic 
divisions In root merestems, chromosomi, aberration freQuency in 
anaphases of meiosis, freQuencies of chlorophyl I mutations, 
embryonal lethals and biochemical mutations. 

23. The data on Draba nemorosa L. can give an idea of the damaging 
effect of chronic irradiation in natural plant populations after 
Kyshtym accident. The germinating abi I ity of seeds, ferti I ity of 
pods, the level of chlorophyl I mutations and embryonal lethals in 
plants grown from seeds collected in the control and several 
chronically exposed populations were determined (Table 2). It is 
evident that the experimental populations, except one, do not 
differ by the germinating abi I ity of seeds. However, the 
chronically irradiated populations are characterized by increased 
levels of chlorophyl I mutations and embryonal lethals. 

24. Centaurea scabiosa L. populations in the zone of Kyshtym accident 
were analysed for variations in the electrophoretlc mobi I ity of 
leucinoamlnopeptidase (Lap), a highly polymorphic enzyme 
(Shevchenko et al., 1982). In addition to the analysis of 
isoenzymes in plants growing in radiocontaminated areas, isoenzymes 
in the offsprings of these plants were analysed. This permlted the 
genotype of the parental forms to be specified and the character of 
i nher I tance of Identified a I I e I es to be stud I ed. Spec I a I studies 
revealed invariabl I lty of the plant genotype In morphogenesis as 
well as identity of allelic combinations in tissues of different 
organs of the same plant /24/. 

Two experimental and one control populations of Centaurea 
scabiosa with siml lar ecological conditions were examined. The dose 
rates of chronic irradiation were 0.6·10-2 Gy/day (population 
II) and 1.2·10-2 Gy/day (population Ill), respectively. All 
three populations have proved to be polymorphic for the locus under 
study and characterized by eQual levels of homozygosity (about 
0. 5). The Lap synthesis has been found to be contro 11 ed by one 
locus with three basic alleles. There are also mutant alleles. 
Their freQuency was 0.4% in the control population, 6.6% in 
population I I, and 4.5% in population I II. Thus, the freQuency of 
mutation events in the control population was by an order of 1 
lower than in the chronically exposed populations (P 0.001). The 
same situation is observed by the test of chlorophyl I mutations 
detected In seedlings grown in a thermostat in Petri dishes 
(control - O; population II - 052; population Ill - 1.56%). It 
should be noted that the variabi I ity related to a whole class of 
chlorophyl I mutations control led by hundreds of loci. This is 
probab I y due to the fact that mutant Lap variants do not cause 
essential changes in the vlabi I ity of Individuals. It is also 
probable that new Lap variants result from recombination processes 
(due to intragenic non-reciprocal recombinations). it should be 
noted In this connection that the variabi llty for monomorphic loci 
in C.scabiosa and in other chronically to an expected effect 
calculated from the standard freQuency of gene mutations per dose 
unit. 
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25. To test regions with populations of wi Id herbaceons plants 
chronically exposed to 90sr-90y in the zone of Kyshtym 
accident, the Tradescantia clone 02 was used. This test system is 
known to be one of the mos sensitive to mutagenic factors /25,26/. 
Pots with Tradescantia plants were placed on sites contaminated 
with the radionucl ides, and the mutation level in atamenfi lament 
hairs (SFH) was studies for 30 days. Dose measurements were made 
with thermoiuminescent dosimeters placed on a level with 
Tradescantia floscuies. In the present experiment only external 
exposure of p I ants to ~ -rays was per formed. Fig. 11 presents 
summarized data for all experiments. The experimental materials 
permit a conclusion that in the SFH system there is significant 
Increase In mutagenesis beginning from a dose rate of 1.3·10-2 
Gy/day. Lower dose rates do not al low a significant mutagenic 
effect to be revealed. It should be noted that in these areas wi id 
herbaceous plants are exposed to irradiation by incorporated 
radionucl ides and to external irradiation, the specific weight of 
the internal exposure being higher than that of the external one. 
This is probably why mutagenic effects in wi Id plant populations 
are higher than in Tradescantia. 

26. At a sufficiently high dose rate the radioactive radiation 
becomes an effective factor of selection acting in favour of 
radioresistant forms of organisms. In the final analysis, a dynamic 
equilibrium is established in populations between the mutation 
process and selection determined by usual ecological conditions and 
by conditions of radioactive contamination. 

It has been demonstrated that plants growing in areas with 
90sr-90y radioactive contamination become more radioresistant 
/15,22/. Radioresistance was determined by the level of chromosome 
aberrations in root meristem cells of seedlings from the 
contaminated and control areas after an additional gamma
irradiation of the seeds. 

Higher radioreslstance manifests itself in the fact that in 
plants from the contaminated areas the level of chromosome 
aberrat Ions at the same i rrad I at ion dose Is lower than in p I ants 
from the control areas (Fig.12). This phenomenon, cal led 
radloadaptatlon, is observed in many species of wt Id herbaceous 
plants. 

27. Let us consider some features of the radloadaptation phenomenon. 
The level of radioresistance in plant populations growing for a 
long time in the environment with a high concentration of 
90sr-90y depends on the content of the radionucl ides In the 
environment (Fig .. 13). The highest radioreslstance is displayed by 
plants growing in areas with the maximal 90sr-90y 
concentration. 
An Increased radioresistance Is detected over the whole dose range 
of additional gamma-irradiation (Fig.14). 
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28. The structure of Centaurea scabiosa L. populations from two areas 
with a high concentration of 90sr-90y in the soi I (3.7·107 
and 13.7·107 Bq/m2) and from one control area was studied 
with respect to the radioresistance character. Radioresistance was 
estimated by the level of chromosome aberrations in anaphase of the 
first division of embryo root meristem eel Is after an additional 
exposure to t-rays at a dose of 20 Gy. The results are presented 
in Fig.15. 

It is evident that the distribution of plants for radioresistance 
in the experimental and control populations is different (30-35 
plants from each population and 10 seed I ings from seeds of each 
plant were analysed). In plants from the experimental populations 
an average level of radioresistance is higher about 2-fold as 
compared to the control. Moreover, the range of plant distribution 
for radloresistance in the experiment is wider than In the control. 
The range of variabi I ity in the experimental populations was 
extended due to the appearance of new classes of radiosensitive and 
radioreslstant individuals. No such individuals were found in the 
control. 

29. A more detailed study of the increase in radioresistance under 
conditions of chronic irradiation has been carried out using pure 
barley I ines, Maya variety /24/. To this end, plants 250 closely 
related fami I ies were grown in Kyshtym areas contaminated with 
90sr-90y (5.6·107 Bq/m2, 0.6 c Gy/day) and in the control 
area The fami I ies were reseeded during several years. A random 
sample from the yield of each family was taken in each reseeding. 

Fig.16 presents the levels of chromosome aberrations in anaphase 
of meiosis in a series of generations of the reseeded barley 

fami I ies. It is seen that in M1 the frequency of chromosome 
aberrations in plants from the chronically exposed fami I ies is 
significantly higher as compared to that In the control. In M2 
differences are smaller, and in M4 the frequency of structural 
chromosome mutations in the experimental material is reduced to the 
natural level. In M2 the frequency of visible mutations 
(chlorophyl I and morphological ones) was analysed. The level of 
mutant plants in the chronically irradiated fami I ies exceeded by 3 
times that in the control families. In the subsequent generations 
the level of mutant plants in t!le irradiated fami I ies was not 
higher as compared to that in the control famll ies. 

Seeds from M4 plants were additionally exposed to 
different doses to determine radioreslstance by the 
criteria: survival rate and chromosome aberration level 

(-rays at 
fol lowing 

in the 1st 
mitosis. The material from the irradiated families has proved to be 
more resistant as compared to the control by the both criteria. 

30. The results of examination of the irradiated populations of wild 
herbaceous plants and the reseeded barley fami I ies show that the 
levels of radioactive contamination considered here are an 
efficient factor of selection for radioresistance and that the 
dynamic equi I ibrlum between the mutation process and selection 
establ lshed after the accident in the plant populations growing on 
the contaminated soi I is shifted towards the reduction of the 
natural level of mutagenesis. 
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31. It Is important to find out if increased radioreslstance in 
chronically irradiated natural plant populations is a stable 
character. To determine herltabi I ity of increased radlore~lstance, 
the frequency of chromosome aberrations was ana I ysed after 
irradiation of plants from the control and irradiated populations 
grown for 2 years in the control area /4/. The data for frequencies 
of chromosome aberrations in Agrlmonis eupatoria L. leaf meristems 
obtained in this experiment are presented In Fig.17. The same 
figure shows the level of chromosome aberrations in the same 
material but when it is grown for 2 years in the area with a high 
content of 90sr-90y_ The level of chromosome aberrations was 
estimated after an additional exposure of the plants to 137cs 

¥-rays at a dose of 15 Gy. It is seen that the level of 
chromosome aberrations in leaf meristems of plants grown from seeds 
collected in the experimental areas is lower than In plants from 
the control area. Hence, the level of radloreslstance established 
in plants due to selection under chronic irradiation conditions 
does not change when the same mater i a I is grown for 2 years in the 
control area or in the area with the highest 90sr-90y 
concentration in the soil. Thus, genetic stability of a newly 
acquired character - increased radioresistance of plants - can be 
asserted. 

32. It may be assumed that the intensity of selection for 
radioresistance wi II be different for different species depending 
on their initial radioresistance. This assumption is confirmed by 
the experiments with populations of wi Id herbaceous plants /4/. It 
has been demonstrated that the highest radiosensitivity is 
displayed by plant species whose eel Is have the largest nuclei. An 
additional exposure to 6-rays Induces more chromosome aberrations 
per 1 Gy in such plants than in plants with smal I eel I nuclei 
(Fig.18). Similar results by the "survival rate" test have been 
obta;ned in the works of Sparrow et al. /8,9/. 

In populations of radiosensitlve species the selection for 
increased radloresistance Is more intensive than in populations of 
radioresistant species, the result being a more essential increase 
in radioresistance in the former than in the latter ones. The most 
radiosensitive species, such as Vicia angustlfolia, growing under 
high radiation condition after Kyshtym accident Increase their 
radloresistance 3.4-fold. Resistant clover T.montanum, on the 
contrary, has not practically changed the degree of radloresistance 
(only 1.2-fold increase). In the most radloreslstant plant species 
the selection for Increased radloresistance wi II be, probably, more 
intensive at higher dose rates than those used in the experiment. 

33. To explain the nature of radloadaptatlon, a suggestion has been 
put forward that higher radloresistance of the experimental plants 
is determined by the more efficient work of their repair systems. 
To check this suggestion, experiments with Centaurea scabiosa were 
performed in our laboratory to study the influence of acrlflavln, a 
repair inhibitor, on the effect of additional irradiation of seeds 
from the control and experimental areas. Seeds of several tens of 
plants from the experimental (11.1·107 8q/m2, 90sr-90Y) 
and control areas were used in the experiments. 
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Seed I ings from seeds of irradiated plants appeared to be twice 
more resistant to Ionizing radiation as compared to the control. 
Moreover, the relative effect of acriflavin in the case of 
irradiation of experimental seeds was higher than in the control 
families. The level of chromosome aberratior, under the action of 
acriflavin by 40% in the control material and by 109% in the 
experimental material (irradiation dose - 30 Gy). These data 
permeit a conclusion that in radioresistant forms the repair 
systems function more efficiently. 

c) Effect of ionizing rcdiation on animal populations 
living in the zone of Kyshtym accident 

34. The influence of radioactive 90sr-90y contamination and 
natural selection factors on Lymnea stagnal is freshwater gasteropod 
mollusk populations has been studied /15/. Three isolated 
populations were used: I - a control population of large size; I I -
a control population living in a shallow lake lagoon which is 
periodically dried up and frozen through to the bottom; Ill - an 
experimental population I iving in an undrying and unfreezing water 
basin contaminated with 90sr-90y (11.5·103 Bq/1) 
(irradiation for about 20 years). Al I populations were studied by 
polyacrylamide gel electrophoresis. An analysis for 13 enzyme 
systems was carried out. Al lei ic frequencies for each enzyme system 
were calculated. The frequencies of mutant alleles were 001 (I), 
0.01 (II) and 0.02 (111), respectively. It is seen that there are 
no essential differences in the mutation level between the 
populations. An average level of heterozygosity was: I - 0.38; I I -
0. 24; I I I O. 27. A deficit of heterozygotes is observed, 
especially in population structure more efficiently than 
radioactive environmental contamination, If the intensity of their 
action is sufficiently high. 

35. A cytogenetic analysis of pike (Esox luclus L.), perch (Perea 
fluviatilis L.), roach (Rutilus rutilus lacustris L.) and mollusk 
(Lymnea stagnal is L.) develop Ing eggs was carried out in a series 
of generations in an experimental reservoir In the zone of Kyshtym 
in which water activity for 90sr-90y was equal to 5.9·103 
Bq/1/28/. Eggs were collected on- spawning sites in the closely 
located experimental and control (water activity n·10-12 Ci/I) 
reservo I rs. The eggs were incubated to the I arva I stage and the 
cytogenetlc analysis was carried out with the larvae. The results 
of the cytogenetic analysis are given in Table 3. It is seen that a 
significant increase in the yield of aberrant anaphases as compared 
to the control is observed only in the pike larvae. However, the 
significance of differences with the control may be explained by 
the fact that the spawing of pike proceeded in the experimental 
reservoir at 1s·c and in the control reservoir at 5-1o·c, and this 
could result In an increased yield of aberrant anaphases as shown 
In experiments on loach eggs with temperature modifications. The 
authors make a conclusion that a maximum permissible concentration 
of 90sr-90y in water reservoirs is n·102 Bq/1 for 
herbivorous fishes and n·104 Bq/1 for predators, but these 
values wi I I vary depending on hydrochemical characteristics of 
reservo I rs. 
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36. Populations of redbacked vole Clethr ionomys rut I lus and common 
field mouse Apodemus sylvaticus were studied in regions of Kyshtym 
accident with artificially added 90sr-90y (3.7-5.6 and 
6.7-12.6·107 Bq/m2) and in a control region /4/. 25-30 
generations passed in the populations in the experimental areas 
from the time of contamination ti 11 the start of the studies. 
Increased frequencies of chromosome aberrations and aneuploid 
karyotypes were observed in the irradiated animals (Table 4). No 
karyotypes with hereditary changes were found in the animals 
examined, which would be an indication of the cumulation of genetic 
effect in the generations. The data show that a chronic exposure 
suppresses prol iteration of bone marrow eel Is. The mutation level 
in bone marrow eel Is of the chronically irradiated animals is 
higher than in the control. Genetic damages Increase with 
increasing irradiation intensity. 

37. To study comparative radioresistance of animals from the control 
and chronically irradiated populations, groups of animals from 
these populations were given single doses of 90sr-90y (14.8; 
26.9 or 37·104 Bq/g b.w.) and the survival rate of the animals 
was analysed for 30 days /4/. An injection of 37·104 Bq/g b.w. 
caused the death of al I experimental voles from the irradiated 
populat Ion 1 day after the isotope inject ion. Al I animals in the 
group from the control population also died but during 25 days. An 
injection of 26.9·104 Bq/g caused 10% death in the group of 
control animals and 60% death in the group of chronlcal ly 
irradiated animals. Common field mice are characterized by higher 
resistance to ~-irradiation as compared to voles. An injection of 
90sr-90y at a concentration of 37·104 Bq/g b.w. resulted in 
70% survival rate in the group of control animals and 30% survival 
rate in the group of irradiated animals. At a concentration 
26.9·104 Bq/g b.w. the survival rate was 100% and 50%, 
respectively. Thus, animals from the control populations are more 
radloreslstant. 

38. To study comparative radioreslstance of bone marrow eel Is In 
voles from the Irradiated and control populations, experiments were 
carried out for studying mutation dynamics in bone marrow cells 
after a single Injection of 14.8·104 Bq/g. In animals from the 
chronically irradiated population there was a shift In the dynamics 
of 90sr-90y accumulation in bone tissue towards reduction of 
the time of accumulation and towards a significant Increase In the 
level of isotope concentration in the skeleton. These differences 
are Indicative of higher reactivity of metabolic processes in the 
organism of voles from the irr.adiated population. At the same time, 
the effect of additional 90sr-90y irradiation in bone marrow 
eel Is of these voles Is weaker as compared to that in the control 
animals (Table 5). 

A relative mutation tempo, determined by a ratio between the 
percentage of chromosome damages in the experiment and that In the 
control, In voles from the control population Is higher than in 
an ima Is from the i rrad lated population. There Is no corre lat Ion 
between general radlosensltivlty of animals and radlosensltlvity of 
the chromosome apparatus of bone marrow cells. 
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This fact suggests, that the problem of animal adaptation to 
chronic irradiation is very complicated and that radioresistance of 
individual tissues of the organism is not always indicative of 
general adaptation of animals to irradiation. 

Criteria for estimating genetic consequences 
of irradiation of natural populations 

39. The results presented and their analysis permit us to draw some 
general conclusions characterizing the damaging effect of ionizing 
radiation on natural populations of microorganisms, plants and 
animals. These general conclusions fol low from the study of the 
relationship between the yield of genetic changes and the 
irradiation dose and intensity as wel I as from the analysis of the 
mutation dynamics in chronically irradiated populations. Besides, 
the comparison of a number of objects for radiosensitlvlty and a 
number of genetic tests for their resolving abi I ity plays an 
important role. 

40. Dose-response curves for one-shot genetic changes (point 
mutations, chromosome breaks) induced by irradiation of human, 
plant and animal populations at a constant dose rate (dose - the 
function of irradiation time) are I inear /6,7/. Correspondingly, 
the frequency of mu tat ions per dose un It and the doub I i ng dose 
level are constants. UNSCEAR shares these conclusions /12,13/ 
which, probably, reflect the true picture of mutagenesis at such 
irradiation regime. 

41 . 

Dose-response curves for the same genetic changes under a not her 
irradiation regime, when a dose is the function of irradiation 
intensity, are non-I inear. As the first approximation, this 
relationship can be expressed by a power function equation with an 
index n < 1. As a result, there is an inverse correlation between 
the mu tat ion frequency and dose rate at comparative I y low 
irradiation Intensities (0.001-1.0 Gy/day) for plant populations. 

This conclusion is confirmed by the I iterature data on mice /29/ 
and human peripheral lymphocytes 130/. Therefore, low irradiation 
intensities Induce more point mutations and chromosome aberrations 
per 1 gy as compared to high irradiation intensities. When the 
damage Is significant, the inducible repair system is switched on 
reducing the relative efficiency (per dose unit) of radiation as 
the dose rate is increased. 

It follows from the above-said that 
function relationship between the yield of 
and radiation dose can be formulated on 

a hypothesis of power 
one-shot genetic changes 
the basis of the dose-

response curves presented by us for cases when a dose Is the dose 
rate function. The mathematical aspect of the hypothesis is thus 
expressed. 
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According to the essence of the occurring and assumed processes tne 
hypotheses may be called activational Implying that within a 
sufficiently wide range of dose rates, as they are increased, tne 
activation of repair systems increases, the degree of activation 
being the dose rate function (up to a dose rate at which maximal 
activation Is observed). 

42. It is necessary to emphasize an important role of the natural 
mutation level in determining the resolution of a test system. An 
increase in natural variabi I ity of a research object is equivalent 
to a reduction in its radiosensitivity since the natural mutation 
level determines the size of a sample from a population required 
for statistical estimation of an induced genetic effect. This is 
true of low irradiation intensities at which the level of an 
induced effect is comparable to the natural mutation level. 

Taking into consideration that natural populations are I imited in 
size, it is always possible to determine a dose rate at whicn the 
genetic effect in a given I imited population is practically 
indetectable. Undetectability of a genetic effect in natural 
populations is aggravated by the fact that samples used to estimate 
genetic efficiency of ionizing radiations are also characterized by 
an increased level of information noise due to intrapopulation 
variabi I ity and differences in ecological conditions. 

43. in experiments with chronicai ly irradiated populations the 
detectab i Ii ty of a genet I c effect depends on a test used. The 
methods most frequently used in radiation genetic include the tests 
of recessive lethals, dominant lethals, visible mutations, 
chromosome aberrations in anaphase or metaphase of meiosis and 
mitosis, specific-locus point mutations. In the recent years works 
have appeared in which induced mutations were detected by 
electrophoresis of proteins and enzymes in polyacrylamide and other 
gels. Special experiments of Valkovick /12/ on detection of 
mutations in offsprings of irradiated male mice by protein and 
enzyme electrophoresis have shown that in this case the frequency 
of mutations per locus per rad is the same as in Russel l's 
experiments using the test of specific locus mutations. It fol lows 
that these two methods of detection of point mutations result in no 
principal differences and may be considered together. 

44. Proceeding from the target theory /6,7/ one may expect that the 
resolutions of the chromosome mutation method and the method of 
specific locus mutations wi 11 be different. Indeed, the break of 
any chromosome ,n the eel I is enough to cause chromosome 
aberrations, i.e. in this case the target for radiation is the 
entire genome, while the Induction of a mutation at a specific 
locus requires the damage of this very locus, i.e. a rather small 
part of the genome. It is assumed at present that there are about 
1·104-1-105 structural genes in the animal genome. Assuming 
that the probabi I ity of induction of a chromosome break and gene 
mutation by ion1z1ng radiation is approximately equal, the 
probabl I ity of detect Ion a gene mutation at a specific locus is 
lower by 1·104-1.105 times than the probability of 
detection a chromosome aberration. 
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This can be proved by comparing experimental data on induction of 
chromosome aberrations and gene mutations in mice. As it follows 
from the materials In the UNSCEAR 1977 report /12/, dominant 
mutations in mice resulting mainly from translocations occur with a 
freQuency of 1.1·10-4 per gamete per c Gy in males 
(spermatogonia) and 1.5·10-3 in females Coocytes). The 
freQuency of induced specific locus mutations is eQual to 
0.3-3.0·10-7 locus/c Gy (the data of several authors). It 
fol lows that chromosome aberrat Ions occur at least 103-104 
times more often than specific locus mutations. If 10 loci are 
analysed, the difference Is, accordingly, reduced by an order of 1. 
An analysis of recessive mutations (lethals) in autosomes and sex 
chromosomes involves thousands of genes, therefore the freQuency of 
recessive lethals is high enough (,.:,i1·10-4 per gamete per c 
Gy). 

Several conclusions follow from the presented calculations which 
could be supplemented with hte materials for other objects, such as 
Drosophila, fishes and plants. Thus, it can be concluded that the 
probability of detecting chromosome aberrations induced by 
radiation (for example, in sex eel Is) is higher by 10-3-10-4 
times than the probability of detectiong a specific locus mutation 
in the same sample. In other words, specific locus mutations can be 
detected in a sufficient number of cases only at doses (sublethal 
or even lethal) Inducing a great number of chromosome aberrations. 
This conclusion can be i I lustrated by our data on natural 
populations of Lymnea stagnalis living in an experimental reservoir 
artificially contaminated with 90sr and 137cs /15/. While no 
increased freQuency of new protein variants is observed in the 
contaminated reservoir as compared to the control ones, the number 
of chromosome aberrations In eel Is of developing Lymnea stagnal is 
embryos tends to increase in this reservoir (Table 3). 

45. However, the data on high induced variability of 
leucinaminopeptidase in c.scabiosa seem to refute this thesis. The 
polyporphic locus Lap displays the same variabi llty level as that 
revealed for a whole class of chlorophyll mutations. It may be 
supposed that the high variability for Lap locus is due to 
intragenic recombinations. As a result of intragenic recombinations 
between several alleles of the locus, the probabil lty of occurrence 
of mu tat Ion-I ike events In heterozygotes is essentially Increased 
/31/. The principle "polymorphism generates higher polymorphism" is 
realized. 

With a sufficiently low Intensity of selection against new 
biochemical var I ants in success ice generat Ions the level of such 
variants may be substantially increased. As for monomorphic loci, 
their varlabll lty due to chronic irradiation will be on the level 
of standard gene freQuencles. 

It is important that cross-pollinating plants have a high 
percentage of polymorphic loci, whereas self-poll inatlng and self
pol llnating plants wl 11 be different. Varlabl I ity for monomorphic 
loci will include exclusively gene mutations, while in variability 
for polymorphic loci a great role, growing with accumulation of 
gene mutations, Is played by intragenic recombinations which 
markedly increase variability of polymorphic loci. 
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46. As It follows from the above discussion, the most sensitive 
criterion of detecting the effect of ionizing radiation (by the 
frequency per dose unit and per biological unit - eel I, organism) 
is the chromosome aberration test. This criterion permits 
estimating the effect of ionizing radiations on such complex 
characters as productivity and steri I ity. There is a high negative 
correlation between the chromosome aberration frequency in 
vegetating barley plants exposed to 90y ~-particles and the 
crop capacity of these plants. The methods of recessive lethal 
mutations, embryo lethals, and visible mutations (e.g. pigmental 
mutations In barley) also have sufficiently high resolutions. 
Analysis of genetic changes by these methods involves hundreds and 
thousands of genes constituting a large part of the genome. 

It is possible at present to forecast radiosensltivity of a 
species on the basis of Its genome characteristics (the number of 
nucleotides per genome, an average chromosome volume). This fol lows 
from the works of Sparrow et al. /8/. Frequencies of gene mutations 
in species can be also forecasted on the basis of the genome size, 
as It fol lows from the works of Abrachamson et al. /32/. 

47. We have analysed the materials on the mutation dynamics in 
irradiated populations, on dose-response relationships and on 
genetic effects of irradiation in chronically exposed populations. 
Now the criteria for estimation of genetic effects in populations 
should be considered. The main attent Ion should be paid to the 
choice of the most universal criteria permitting a maximally 
adequate estimation of genetic events_ in irradiated populations. We 
suppose that the criteria used by UNSCEAR to estimate the risk of 
irradiation of human populations /13/ should be taken as a basis. 
These criteria have been approbated, they proceed directly from the 
main quantitative regularities of natural and induced mutagenesis. 
The criteria are as follows. 

1. Mutation frequency per dose unit. 
2. A dose doubling the natural mutation level. 

Taking Into account the fact that the dose-response relationships 
in the exper lments considered here are non-I inear, the mu tat ion 
frequency per dose unit and the doubling dose are variable values 
depending on the dose rate. 

The both criteria concern mutagenesls within one generation. When 
considering population processes, a stationary mutagenesis level 
observed under the chronic action of Ionizing radiation and other 
mutagenlc factors may be used as the main parameter. As we have 
shown, the stationary level varies In proportion to the dose rate. 
A detailed analysis shows that there is a non-I lnear relationship 
between the stationary level of mutagenesis and the dose, i.e. the 
same non-linear dose-response relationship is observed with respect 
to the stationary level of mutagenesis as for the yield of one-shot 
genetic effects In irradiated populations. Thus, the following 
er I ter I a may be used to estimate genetic consequences of 
irradiation when population events are considered. 
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3. The change in the level of mutagenesis related to the dose 
rate change by a certain magnitude taken as a unit. 

4. A dose rate at which the natural mutation level in a 
population is doubled. 

48. The criteria presented point out changes in the yield of genetic 
damages but do not permit us to estimate a total detriment to which 
these changes lead in a population. To estimate ecological 
consequences of the action of different factors it is necessary to 
have a criterion which makes it possible to assess a total 
detriment in populations from induced mutations. In this 
connection, of high importance is the question of long-term 
maintenance of some mutations in populations and of potential 
hazard of some mutations for viabil lty of the organism. Naturally, 
chromosome aberrations in root mer istems are much less dangerous 
for viabi I ity of a species than, for example, mutations leading to 
sterility and malformations. Proceeding from the abovesaid, it can 
be considered expedient to use the fol lowing criterion of 
estimating genetic consequences of irradiation: 

5. Genetic detriment from irradiation. The criterion of genetic 
detriment Integrally includes the product of frequencies of 
al I types of mutation multipl led by their relative viabi I ity, 

The genetic detriment from irradiation for populations of higher 
plants wi II be determined by a portion of embryo lethals, 
chlorophyll mutations, mutations causing sterility, visible 
mu tat Ions, recessive and other mu tat ions and by a relative (as 
compared to the norm) con tr i but ion of these mutant forms to the 
format ion of future generations The genet le detriment caused by 
irradiation is an Induced population genetic load which is realized 
phenotypically in successive generations under particular 
ecological conditions. It should be assumed that estimation of 
ecological shifts in irradiated communities must take into account 
genetic detriments of irradiation for different species composing a 
community. 

49. It becomes clear that various ecological factors play a very 
Important ro I e In the format Ion of a definite mutation I eve I In 
natural irradiated populations. Here the influence of seasonal 
conditions on the Intensity of mutation process in natural 
chlorella vulgaris populations and the influence of drying up of a 
reservoir on Lymnea stagnal is populations is considered. In the 
natural environment ionizing radiation affects populations together 
with other extreme factors determining in complex the act ion of 
natural selection. It Is important to know the specific weight of 
ionizing radiations in the total influence of various ecological 
factors on natural populations. It is clear that over a 
sufficiently, wide dose rate range radiation-Induced effects may be 
"hidden" due to the action of other strong environmental factors. 
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50. In this connection, it would be useful to consider the problem of 
the effect of low ionizing radiation doses on natural populations. 
It follows from ,he above analysis of dose-response relationships 
that at low irradiation intensities the yield of genetic changes 
per dose unit may be higher than at high dose rates. This 
conclusion is of primary importance for human populations. For most 
natural plant and animal populations of large size an increased 
efficiency of low radiation doses does not seem to be of great 
practical value. At dose rates at which an increase of radiation 
efficiency is observed the contribution of induced mutations to the 
general variation of the population size and viability (on the 
background of a co Iossa I reproductive capacity of natura I 
populations an on the background of a strong modifying influence of 
various ecological factors) is insignificant. 

51. In analysing the influence of an increased radiation level on 
populations and biocenoses it is difficult to estimate 
radioresistance of populations of different species without the 
concept of integral population radioresistance. Populations consist 
of individuals at different stages of ontogenesis. Moreover, 
populations undergo Qua I itative changes related to seasonal cycles. 
Sensitivity of eel Is and organisms also changes with variation in 
the degree of influence of ecological factors. Finally, each eel I, 
organism or population has natural I imits of radloresistance 
variabi I ity which can be considered as the radioreslstance norm 
(Shevchenko, 1967, 1979). The radioresistance norm is an Integral 
sum of possible radioresistance levels of a given genotype which 
depend on environmental conditions and on eel lular, ontogenetic and 
other cycles. In course of chronic irradlat ion of populat Ions of 
different species their fate in the community wi I I depend on 
integral radloresistance determined by radiosensltivlty of all 
phases of ontogenesis and by the specific weight of the phases in 
the formation of succeeding generations. 

52. In analysing genetic processes in chronically Irradiated natural 
populations It is necessary to take into account that in addition 
to the damaging effect on populations ionizing radiations induce in 
populations the process of adaptation to this new environmental 
factor. The phenomenon of radloadaptation Is regarded as an 
Increase In rad iores i stance of ind Iv i dua Is composing chron i ca I I y 
irradiated populations to additional irradiation by high doses. 

Microorganisms, plants and animals are ail involved in the 
process of adaptation to chronic irradiation. There are two ways to 
increase population radioresistance. First, it may be the result of 
selection in an irradiated population of radloresistant forms 
occurring spontaneously or due to Irradiation. Such way of 
increasing population radloresistance has been demonstrated for 
natural Chloreila populations. An increase in radioresistance is 
accompanied by a reduction in the level of induced mutations, which 
has been demonstrated for chromosome aberrations in developing 
cells of barley plants and some wild herbaceous plants growing for 
several years under chronic irradiation conditions. Thus, it can be 
considered that the mutation dynamics in chronically irradiated 
populations consists of 4 stages: 1) an increase in the mutation 
level at the start of the experiment; 2) stabii ization of the level 
of mutant individuals; 
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3) rearrangement of the population structure due to an increase in 
the concentration of radioresistant fvrms; 4) stabi I ization of the 
population at a new level of mutagen~sis and radloresistance. 
Second, in addition to selectior. of radioresistant forms, 
population radloresistance can increase due to activation of repair 
processes wh I ch has a modifying nature. As a resu It, of repair 
activation, organisms may display Increased radioresistance for a 
rather long period of time. Moreover, this effect may be expressed 
in future generations, but in a weakened form. It is difficult to 
separate these two ways of radioresistance increase in higher 
organisms - this is a task of future studies. In our analysis it is 
important that this phenomenon causes 2-fold reduction of the 
radiation-genetic damage in populations. Two other ways of 
population adaptation to chronic irradiation are possible. 
Adaptation may be achieved through selection of preexistent forms 
character I zed by higher radioresistance, for example, of biennial 
forms against annual ones. Adaptation may be also the result of 
compensation of a lethal damage of a part of the population due to 
an increase in ferti I ity. such way, called ecological 
radioadaptation, was observed in mammals (wi Id mice) /34/ and 
gambusia /35/. 

An increase In radioresistance should be considered as an 
important element in forecasting remote consequences of exposures 
of natural plant and animal populations to ionizing radiation. It 
may be suggested that selection of radioresistant forms in 
populations of different species wi I I be most efficient under 
chronic irradiation conditions which lead to an optimal for a given 
species combination of the induced mutation pressure and the 
pressure of selection against the genetic load. It should be 
pointed out that selection of radioresistant forms proceeds on the 
background of strong genetic damage of populations. 

53. On the basis of Kyshtym accident it is possible to try to present 
a general picture of observed genetic and ecological changes in 
irradiated communities when the dose rate of chronic irradiation is 
changed (Fig.19). A dose rate range in which irradiation of natural 
communities is really possible covers 9 orders of magnitude. As the 
dose rate increases, we see changes in plant and animal populations 
including chromosome aberrations, visible mutations, biochemical 
mutations, el lmination of sensitive species, and, as the most 
serious result, - degradation of the community. The beginning of 
the arrow In Flg.21 corresponds to a minimal dose rate at which a 
given effect Is first observed (the length of each arrow Is of no 
real importance). A dose rate zone c10-6-10-4 Gy/day) 
characterized by irregular detection of genetic effects can be 
distinguished. At higher dose rates some effects are registered 
clearly enough. An Increase in species radioresistance (according 
to the data for unicellular algae and higher plants) is observed 
beginning from a dose rate of 5-10-4 Gy/day. Detection of 
genetic effects of short-term (for several days or weeks) exposure 
to an Increased ionizing radiation level (for example, in 
Tradescantia, beans, barley, etc) requires dose rate which are 1-2 
orders of magnitude higher than those required for detection of 
mutagenesis under the action of radiation in a series of 
generations. 
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Elimination of sensitive species is observed beginning from a dose 
rate of ~10-2 Gy/day. A further dose rate increase is accompanied 
by gradual aggravation of the damage in the community. The data 
presented agree, In principle, with the data of US researchers 
studying conseQuences of Irradiation of various communities from 

i-ray point sources /36-38/, although the main attention In our 
experiments is paid to genetic effects and in the studies of the 
authors cited - to problems of general species radiosensit ivity. 
There are differences, however, In absolute values of dose rates at 
which different effects are revealed. The study of genetic effects 
in chronically Irradiated natural populat Ions permits using tests 
which are by several orders of magnitude higher in sensitivity 
(judging by a dose rate scale) than the criterion of general 
species radiosensitivlty determined by the lethal apparently begin 
from a dose rate causing el imlnation of the most radiosensitive 
species. Beginning from a dose rate, so to say, an ecological shift 
is observed in the ecosystem. According to our data, such 
ecological shift in case of chronic Irradiation of communities may 
occur at dose rates over 10-2 Gy/day. 

54. Under chronic irradiation conditions, blocenoses (on the level of 
which the evolution In the biosphere Is going on) wi 11 undergo 
essential changes resulting In biomass reduction, complete or 
almost complete elimination of some radiosensltive species from the 
community, substitution of basic species and, due to this, 
rearrangement of the blocenosis structure. In course of these 
changes, the Intensity and degree of which wl 11 depend on the 
irradiation dose rate, the mutagenic action of Ionizing radiations 
wi I I cause radloresistance mutations In populations, and the 
selective action of the radiation background wll I promote selection 
of such mutations, formation of new genetic systems with new forms 
of gene coadaptation, new balanced polymorphism systems, etc. The 
succession of such changes will be related with a gradual increase 
of the norms of population radioreslstance. The mutation process 
for each of the species composing a community wi II be characterized 
In successive generations by specific time parameters of the 
succession of the main phases of the mutation dynamics, which wi 11 
manifest itself In the change of the structure of Irradiated 
communities as compared to the control ones (Fig.19). A new 
structure of biocenosls will depend on what the reserves of 
evolutionary homeostatic reactions In individual species of the 
community are. 
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Tab 1 e .3. 
The yield of aberrant anaphases upon incubation 

of eggs of some hydrobionts from the experimental 
and control reservoirs 

r------
Species 

r-------
I Pike 
I Perch 

Dose rate 
Gy/day•10-4 

13,0 
9,7 

I Roach 8, 7 
I Lymnea 
I stagnalis 1o,o 
I_ - - - - - - - - - - - - - -

Number of 
particle hits 
in chromosomes 
per 1 hour 
- - - - --T -

3,4•10 
1,6°10-1 

1,5°10-1 

* Numerator - experimental reservoir 
Denominator - control reservoir 

-------, 
5,4/2,1 I 
2,6/2,0 I 
6,2/5,6 

.3,2/1,9 I 

- - - - - - - ...I 
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T a b l e 5. 
Relative mutation tempo in bone marrow cells of redbacked 

voles from the irradiated and control populations after 
a single injection 

- - - - - ---------- - - - - - ----------Time af- Control Time after Experimental area I area 
ter 90sr- % of aber- fa Ex;e. 

903r_90y 
% of abe ! E!J21 90y . injection in- rations % Control rations % Control I jection 

'----- - - - - - - - - - - - - - - - - - - - - - - -
I 10 h 17,96 2,2 10 h 8,69 0,9 

1 day 16, 27 2,07 1 day 9,0 0,84 
2 days 17,88 2, 21 2 days 14,68 1,37 
7 days 24, 13 2,98 5 days 17,0 1,58 
14 days 23 ,J 2,88 6 days 14,6 1,36 
21 days 16, 11 1, 99 7 days 12, 13 1, 15 
28 days 11,76 1,45 8 days 11, 65 1,08 

35 days 11, 35 1 ,40 9 days 9,73 0,95 
42 days 7,38 0,92 10 days 9 ,64 0,89 
Control 8,08 Control 10,73 

- - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Relationship between the frequency of chromosome abe~ra
tions in cells of Vicia faba growing poihts and the dose 
rate of 90sr-90Y p.., -radiation. 

' 1 - observed chromosome aberrations; 2 - induced mutagene-
sis; J - cell sample required (99% confidence interval); 
4 - control. 

..l>(ft) -l)(f.J) 

fslJ(ft) ~l)(f]) 

F.3. l 
Relationship between the frequency of one-shot genetic 
changes (point mutations, chromosome breaks) and the ioni
zing radiation dose (scheme). Two irradiation regimes used: 
dose as the function of· irradiation time (a) and dose as 
the function of irradiation intensity (b). 
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Pig. 3. Chromosome aberrations in anaphase I of meiosis in barley 
after irradiation with strontium-90 beta-particles at the stages 
of germination (I), 3 - 4 leaves (II), bushing (III) and tubulation 

(IV). 

:,., 
. "' N 
I 
0 

1000 

..- 100 

10 · 

I n r, 

1 10 100 7000 

DOSE RATC:, 1 o-2cy/DAY 

Pig.~. The doubling dose for natural mutability as a function of 
dose rate for various biological systems: 1 - Plantago media (Ar 
of' meiosis), 2 - Veronica tenerium (Ar of meiosis), 3 - Vicia 
6racca (Ar of meiosis), 4 - Centaurea scabiosa (Ar of meiosis), 
5 - Chlorella ( visible mutations), Vicia faba (roots, chromosome 
aberrations), 7 - barley (shoots, AI of meiosis), 8 - barley, bu-
dd_ng , Ar of meiosis), 10 - leach ( embryos, chromosome aberra-
tions), 



0 c,'-... 5 

3 

2 

(.0 

0,5 ... 
(l3 --------.---- ..... --

•. • .3 
0,2.__ ______________ _.. 

I 2 J 5 10 20 YJ 50 

GElillPJ\ TIOllS 

Fig.5. Dynamics of elimination of mutant cells from the Chlamydo
monas culture after acute X-ray irradiation at a dose of 
1 00 ( 0) and 200 Gy ( !.:, ) • 
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Fig.6. Relationship between the number of mutant cells in Chlo
rella cultures and the number of density doubling cycles 
under chronic ~ -irradiation in 90sr-90y solutions of 

" different activity: x - control; A - 2.85 Gy/day; 

o - 5. 7 Gy I day; • - 14. 25 Gy I day. 
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Fig.7. Mutation dynamics in Chlorella cultures under the action 
of nuclear fission 
)7•105 Bq/ml ( • 

products with an initial activity of 
) and 185•105 Bq/ml ( o ) (the age 

of nuclear fission products - 10 h); 4 - an accumulated 
dose per density doubling cycle in the culture with an 
initial activity of 37.105 Bq/ml; A - the same for the 
culture with an initial activity of 155.105 Bq/ml. 



- 859 -

so 
• 

10 . " c, 

. 
Cl] $ e::i 
,-.::i " r·~ 
0 

" ,-.::i )( 

< ::c 
£--, 

;j • 
e:i 
:a,; 
< )( 

O,S )( 
I £--, )(. 

~~ " r< «: )( )(. • £--, 

" :::, 
:a I 

2 • 
)( 

)( 

0,/ " x 

" qo7 
0,/ q:z QJ_ o,, qs ad q, ~ o.• 10 

Ey,Mev 

Fig.a. Maximum numbers of mutations (1) and lethally damaged 
cells (2) depending on the energy of f-,-particles from 
different radiation sources (data of experiments with 
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Relationship between radioresistance of natural 
populations 5 years (1, X-ray) and· 6 years (2, 
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after the start of the experiment and the level of soil 
radioactivity in the areas of inhabitance of isolated 
offsprings. Radioresistance o~ t~e strains was detennined 
at a dose of 300 Gy. 
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Fig.10. The results of tests of Chlorella vulgaris strains isola
ted in the summer (a) and autumn (b) periods for resis
tance to 9°sr-90Y p-radiation. 

' 1 - phenotypically normal forms; 
2 - pigmental mutants • 

.(0 

u<. 
~ 

U) 2.0 
:,:,; 
0 
H 
8 1.0 <!! 
8 
:::, 
:a; Qj 

i 
I -

1 T -
I 

f/2 I l 

l 
QI 

a1 0.2 {l5 to P.O j,0 fQ,0 .?IJO 51/0 100 iW 

DOSE RATE 10-3 Gy/DAY 

Fig.11. Relationship between the mutation frequency in stamen 
filament hairs of Tradescantia clone 02 and the dose 
rate of external 90sr-90Y f -radiation. Exposure dura
tion - JO days. 
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Pig.12. Comparative radioresistance (by the chromosome aberra
tion frequency in meristems of growing points) in a num
ber of wild plant species growing in areas with an in
creased 90sr-90y concentration in the soil. 
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Fig.13. The number of chromosome aberrations in j;he first mito
sis of Centaurea scabiosa rootlets in areas with diffe
rent 90sr-90Y concentrations after an additional expo
sure to 6 -radiation at a dose of 10 Gy. C - control; 
1 - J.7•104 Bq/m2 ; 2 - 5.6•104 Bq/m2 ; J - 1).7•104 Bq/m2• 
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Fig.14. Dose-response relationship for the level of chromosome 
aberrations in the first mitosis of Centaurea scabiosa L. 
rootlets from the control (1) and chronically irradiated 
(2) populations. 
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ABSTRACT 

.Fol lowing the Urals and Chernobyl accidents 60 to 90% of the 
radioact Ive fallout was retained by the above-ground part of forest 
stands. In the Urals the period for semi-removal of contamination from 
crowns ranged from 6 to 8 months, compared to around one month in the 
Chernoby I reg ion - due to different seasona I conditions during the 
fallout period. The bulk of the dose burden in woody plants' critical 
organs bui It up over one to six months. The minimum lethal dose for 
pine tree needles in the Urals was around 50 Gy, and 25 Gy for the 
apical meristem; the corresponding figures for Chernobyl were 100 Gy 
and 25-30 Gy. At lower doses we observed morphological disturbances, 
reduced growth and suppressed reproductive capabi Ii ty in pines. The 
resistance to radioactive contamination of deciduous forest was 10-20 
times greater than that of conifers. 

We studied the irradiation doses of the different groups of organisms 
I iving in the various forest storeys, and the effects of irradiation 
(changes in species composition, prevalence and productivity) in 
communities of herbaceous plants and sell invertebrates. Specific 
examples are given to high I ight the secondary changes in these 
communities stemming from radiation damage in species sensitive to 
radioactive contamination. 

We studied the dynamics of dispersion and migration of the long-I ived 
radionucl ides 90sr and 137cs In the various components of the 
biogeocenoses and in the network of geochemically interconnected forest 
landscapes, and their content in forestry produce. 

Some six to ten years after the deposition of radioactive fallout in 
forest ecosystems the radlonucl ides were more or less evenly spread 
throughout the soi I-woody plant system. Thus, overal I 90sr content in 
the arboreal storey amounts to 1-2% In coniferous forests, and 5-10% in 
deciduous forests (Urals accident), whiJe the corresponding figures for 
137cs (Chernobyl accident) are 2 to 3 times higher. 
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There are three main tasks Involved in studying the consequences of 
radioactive contamination in forest ecosystems: 

1. Determining the quantitative indices for primary distribution and 
subsequent migration of radionucl ides in forests; 

2. Assessing the Influence of dose on the various ecosystem 
components; 

3. Identifying the effects of Irradiation at various levels in the 
biological hierarchy. 

A primary requirement for these tasks is information on radionuclide 
distribution and migration. This is essential for assessing absorbed 
doses in the various ecosystem components. This in turn makes it 
easier to interpret the observed effects of radiation and permits 
forecasting of the long-term consequences of forest contamination. 
such information also provides a scientific basis for developing a 
forestry management system for areas with high I eve Is of radioactive 
contamination. 

Our investigations, i nvo Iv i ng a comprehensive se I ect ion of soi I and 
forest vegetation samples from sites in the Kyshtym accident zone, 
began in the summer of 1959. Thus, the initial period, when 
radionuclide migration and redistribution processes were more 
intensive, was excluded from the observations, but we have 
reconstructed this initial phase on the basis of data from other 
researchers. 

We have been conducting our work in the forests in the Chernobyl 
accident zone since July 1986. 

I. INITIAL RADIONUCLIDE DISTRIBUTION IN FORESTED AREAS 

A radiometric survey of areas within the zones contaminated by the 
Kyshtym and Chernobyl accidents, carried out directly after radioactive 
fallout occurred, showed that most of the radlonucl Ide fallout over the 
forest was retained by the crowns of trees. The radionuclide 
retention coefficient for trees varied as follows, depending on actual 
cond i t I ens I : 

Pine forest, 25 years old, 
crown density 0.8 

Coniferous and deciduous 
forest, 50-60 years old, 
crown density 0.7-0.9 

Kyshtym accident 1957, fallout 70-90% 
of particles up to and including 
100 µm in diameter 

Radioactive fallout, particles 60-90% 
up to and including 20 µm, Chernobyl 
accident, 1986 

Arboreal vegetation has a greater capacity for retaining radioactive 
fallout than does herbaceous vegetation, the mean retention coefficient 
for which is 25%.2 Overal I, the retention coefficient for 
radioactive fallout in the arboreal storey may be regarded as equal to 
the crown density. The exception to this Is deciduous forest during 
the period In which the trees have no leaves. At such times the 
retention capacity of the arboreal storey is approximately 3 times 
less. 
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Within a few kilometres of the radioactive contamination release point 
the "forest edge" effect, as it Is known, Is wel I pronounced. This is 
characterized by an increase (2-5 times) in radionuclide deposits in 
the crowns of trees along forest edges on the windward side facing the 
contamination source, whl le forest edges on the leeward side shield 
adjacent tree less areas from radioactive fa I lout. After the Kyshtym 
and Chernobyl accidents this effect was observed some 20-50 m from the 
forest margin. At greater distances from the release point, where 
fallout consisted of finely dispersed particles deposited mainly as the 
result of turbulent diffusion, the forest edge effect was not observed. 
In general, a tendency was noted for increased deposition of 
radlonuclides over tracts of forest in comparison with adjacent 
unforested areas. However, the difference does not exceed 20-30%. 

2. VERTICAL MIGRATION OF RADIONUCLIDES 

Vertical migration of radioactive fallout in forests begins immediately 
after deposition, with the result that radionuclides move from the 
upper sections of the crown to the lower sections, then down below the 
forest canopy onto the surface of the forest I itter and finally down 
into the soi I. Experiments Involving the spraying of woody plants with 
solutions of radioactive 89sr established that migration speed was 
generally I inked to speed of growth.3 The latter depends primarily 
on seasona I conditions and, to a I esser degree, on the amount of 
atmospheric precipitation. In spring, I.e. during the active growth 
period, this process accelerates; during the dormant phase (autumn and 
winter) it slows down markedly. This shows that radlonuclldes migrate 
down below the forest canopy mainly In solid form, in waxy leaf scales, 
in the covering scales and caps of buds, and In bark. Thus, the more 
active the growth process, the faster the rate of transfer of 
radioactivity from the crowns. This is what occurred after the 
Chernobyl accident. The time required for semi-removal of above-ground 
forest contamination, i.e. the t lme taken for 50% of the total amount 
of rad ionuc Ii des to transfer from the crowns to the forest I it ter 
surface, was 3-4 weeks in the Chernobyl NPP area, or approximately 2 
weeks if radioactive decay Is taken into account. Three months after 
the accident, some 80% of the radlonucl Ides had migrated down below the 
forest canopy (Fig. 1). 

After the Kyshtym accident, in contrast, the autumn conditions resulted 
in a slower rate of transfer from the crowns. Under these conditions, 
the period required for semi-removal of contamination from the above
ground pine forest stratum was no less than 6 months. In deciduous 
forest, leaf-shedding meant that over 50% of the radioactivity in the 
crowns migrated to the surface of the forest I itter during the first 
two weeks following the accident. 

In general, the migration and redistribution of radionucl ides among 
forest stand components may be divided Into two stages. In the first 
stage, I ast i ng up to four years, cont am I nat Ion of the various forest 
components was mainly linked to the initial deposition of airborne 
radionuclides onto tree crowns. During this st~ge, the highest 
contamination levels were characteristically found In the structural 
elements having an exposed surface - branches, bark, perennial needles 
(Fig. 2). The radionucl Ide content of their phytomass was identical to 
that of the radioactive fallout. Structural elements protected from 
radioactive fallout (wood, phloem) contained significantly lower levels 
of contamination, their radionuclide composition depending on the 
initial composition of the radioactive fallout. 
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In the area affected by th~ Urals accident the radioactive fallout 
contained radionucl Ides with a low capacity for baslpetal movement in 
plants (90sr, 95zr, 144ce and their daughter products). Thus, 
contamination levels in wood and phloem In the years immediately 
fol lowing the accident were relatively low. In contrast, the most 
significant long-I ived radionucl Ide in the fallout in the Chernobyl 
accident zone was 137cs, which is capable of penetrating the surface 
of leaves and other organs and contaminating the vascular system, where 
it can then move easily in any direction within the plant. This was the 
reason for the appearance immediately after the Chernobyl accident of 
caesium radionuclide contamination not only externally but also within 
trees, including in the phloem and the wood (Table 1). 

The subseQuent radionuclide distribution dynamics, traced over four 
years, revealed a correlation between the deactivation processes in the 
above-ground section of tree stands and radionucl Ide redistribution 
among their structural elements. Figure 2 shows that radioactivity in 
branches, phel logen, needles, leaves and wood decl lned during the first 
four years fol lowing the Kyshtym accident, reflecting the trend towards 
vertical movement of radionucl ides from the arboreal storey to the 
surface of the forest I itter. Beginning from the third year, however, 
there was an increase in the concentration of 90sr in the vascular 
layer (phloem) of barlc as the result of uptalce from the soi I. Root 
uptalce increased as the result of decomposition of the forest litter 

.and entry of 90sr into the mineral fraction of soi I, and the fifth 
year after the accident saw the beginning of the second stage, in which 
root uptalce of this radionuclide played an increasingly significant 
role. The result was that, 10-12 years after the accident, equi I ibrium 
had been reached between the processes of deact ivat Ion of tree stand 
components and root assimi lat Ion of 90sr, and its concentration in 
the structural elements of forest stands became stable. 

Under these conditions, the total content of 90sr in the above-ground 
phytomass of the arboreal storey in the Kyshtym accident zone was 
approximately 1% in coniferous forests and up to 5% in deciduous 
forests. 

A similar pattern was observed in the Chernobyl accident zone. Less 
time was reQuired (some two years) to achieve near-eQulllbrium, owing 
to the high mobility of caesium-137 in woody plants. Deactivation of 
forest stands was especially rapid in the summer of 1986. During the 
three months fol lowing the accident, the radionucl Ide content in the 
arboreal storey fel I from 60-90% of overal I contamination to 13-15% 
(Fig. 1). After a year it had fallen to 6-7%, where It remained for the 
fol lowing two years, although there was also some redistribution of 
caesium radionuclides between the various structural elements of woody 
plants. Figure 3 shows the distribution and flows of caesium-137 
between forest ecosystem components in the Chernobyl NPP zone in 1989. 

Table 2 shows that 90sr and 137cs content In various forestry 
products differs substantially. The lowest contamination levels are 
normally found In the stem timber and products derived from It 
(turpentine, resin), whl le the highest levels are found in mushrooms. 
There are sign If I cant interspecies differences In rad I onuc I I de 
concentrations In phytomasses of slml lar types. These vary by a factor 
of 10-15 for the overground phytomass of herbaceous plants, and by a 
factor of 100 for mushrooms; 90sr and 137cs concentrations in the 
wood of various woody species differ by 2-3 times. It has been 
established that, In the Chernobyl accident zone, caesium-137 
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contamination of al I types of 
I andscapes is approximate I y one 
eluvial landscapes (Table 3). 

3. Forest damage by radiation 

forestry products in hydromorphic 
order of magnitude greater than for 

Analysis of the radloecological information we obtained shows that, of 
al I natural ecosystems, coniferous forests are the most sensitive to 
radioactive contaminat Ion. After the Kyshtym accident pine trees in 
mixed pine-and-birch forest declined and died over an area of 
approximately 20 km,. Deciduous species covering a total area of 2-5 
km, were badly damaged. In the Chernobyl NPP zone the corresponding 
areas were twice as big. The actual amount of dead forest was 
significantly smaller, however, particularly In the Chernobyl NPP zone, 
since in many areas which received lethal levels of contamination there 
were no forests (translator's note: sentence as in original). 

The low resistance of coniferous forest to radioactive contamination is 
due to a combination of factors. Firstly, It is I inked to the 
extremely high sensitivity of conifers to radiation, and secondly to 
the high dose burden in their vital organs - needles, reproductive 
system and ap i ca I mer i stem tissue. 1 The I at ter is due to the I arge 
capacity of the crowns of woody plants to retain radioactive and other 
types offal tout. The essential factor in the formation of dose burdens 
is the long period of time radionucl ides spend in the crowns, together 
with their relatively slow decontamination rate (particularly during 
the physiological rest period). Another Important factor in dose burden 
formation in plants Is the particular morphological characteristics of 
their overground organs, particularly the dimensions of needles and 
leaves. They are commensurate with the penetration range of the beta 
particles emitted by radlonuclides, and al I tissues in these organs are 
available for beta uptake. They absorb a significant amount of beta 
radiation. Thus, It is beta rather than gamma rad lat ion which is the 
dominant factor in the formation of external irradiation doses in the 
vital organs of plants (in contrast to large animals and human beings) 
in radioactive fallout conditions (Fig. 4). Where the fallout is a 
mixture of fission products, the contribution of beta radiation to the 
dose burden in needles amounts to 90-99% of the full absorbed dose, and 
the size of the absorbed dose itself in these organs, other conditions 
being equal, ts 1-2 orders of magniJude greater than the external 
irradiation dose for large mammals. In external irradiation of the 
camb i a I mer I stem, dormant buds and root system, wh I ch are sh I e I ded 
from radioactive fa I lout by the phe I logen or by soi I, the beta 
radiation contribution is considerably tower. 

In the Urals accident, our estimate of the minimum lethal dose for a 
moribund pine tree was 50 Gy in the needles and 15-25 Gy in the apical 
meristem tissues. The values given are close to the harmful doses 
associated with acute irradiation. In the particular case we studied, 
these doses were accumulated over the seven winter months fol towing the 
accident, i.e. the irradiation was chronic in nature. It Is known that, 
when subjected to chronic Irradiation, growing plants withstand dose 
burdens an order of magnitude higher than those resulting from acute 
irradiation.5 The question therefore arises as to the degree of 
correspondence between the above-mentioned lethal dose values and those 
given in the literature. The answer is that after the Kyshtym accident, 
the chronic irradiation of woody plants took place during their 
p~ysiological rest period, when their metabolism was suspended and 
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healing processes were at a low level. The dose therefore accumulated 
in the plant tissues throughout the winter. Upon the resumptiol"f of 
metabolic activity In the spring, the entire accumulated dose had an 
impact similar to that of an acute irradiation dose. The main damage 
was to the apex, this being the most radiation-sensitive organ. 
Seed I ings, protected by the crowns of their parent trees, suffered less 
damage. 

In the Chernobyl NPP zone, where radioactive fallout occurred during 
the physiologically active phase, the lethal effects of pine forest 
irradiation became apparent at doses of 10 Gy and above.6 According 
to our assessment, however, based on the results of field observations 
and calculat Ions, the datfi on lethal doses set out in 6 evidently 
take into account only external gamma radiation and are understated by 
several times. If one includes the contribution of beta radiation in 
the absorbed dose, the lethal dose in the pine needles of moribund pine 
forests was approximately 100 Gy; the corresponding dose accumulated in 
the apical meristems of buds was 25-30 Gy. 

Thus, the lethal effects In pine forests In the Chernobyl NNP zone 
occurred in growth sites (the apical meristem) at approximately the 
same absorbed dose values as in the Urals accident. In the former, 
absorbed doses in the needles of moribund pine forests were 
approximately twice as high as in the latter. This indicates that 
coniferous forest is more resistant to radioactive fallout during the 
growth per lod than during the physiological rest period, despite the 
fact that its radiosensitivity as such is significantly higher in the 
former. 

It was approximately two years before the ful I effects of radioactive 
contamination in forests in the Kyshtym and Chernobyl accident zones 
became apparent. The first signs of radiation damage to pine crowns in 
the Chernobyl NPP zone appeared In the first few weeks fol lowing the 
accident over an area of approximately 100 hectares close to the 
reactor, where dose burdens In the needles and apical meristems 
exceeded 500 Gy. The area of forest destroyed by radiation subsequently 
continued to expand, although the situation stabi I ized towards the end 
of the summer of 1987. Helicopter and ground observations of the 
condition of pine forests allowed us to classify them into four zones 
as regards radioactive damage (Table 4). 

Where there was partial damage to crowns caused by sub-lethal 
i rrad i at ion doses, I rrad I at ion gave -rise in a 11 observed cases to 
physiological and morphological disturbance in newly formed shoots. The 
frequency of double growth increased - buds forming on shoots began to 
grow during that same year, and shoots grew twice within a year. Also, 
new shoots formed not only at the end of the secondary shoot but also 
in the needle axils. During the following growth period, these shoots 
formed so-cal led "witch's brooms" - bunches of up to 40 shoots. In 
addition, some of the newly formed buds changed their shape and 
orientation with regard to the shoot axis. By the beginning of the next 
growth period some of these buds had died, and the survivors put out 
bunches of needles or short thick shoots with twisted and enlarged 
needles; many of the bunches had three needles instead of the usual 
two. No new buds formed on these shoots. Sub-lethal irradiation doses 
also retarded the growth of needles and shoots, and restricted the 
number of lateral shoots (particularly in the lower part of the crown) 
formed in the year after the fallout occurred. such morphological 
disturbances were only temporary, however. Two years later, these trees 
were growing completely normally and there was almost no difference 
between them and the controls. 
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Comparing the radioresistance of coniferous and deciduous trees srowed 
that when fallout occurred during the spring and summer (Chernobyl), 
the differences stenvned mainly from the species' different levels of 
sensitivity (deciduous species being 5-10 times more resistant than 
coniferous ones). When fallout occurred in the autumn (Urals), the 
difference was approximately 20 times greater; this was I inked to the 
reduced retention capacity in the crowns of deciduous trees (and 
conseQuently lower irradiation doses) where fai lout occurred after 
defol lat Ion. 

A comparison of the extent of radiation damage shows that the area of 
forest damaged in the Chernobyl zone was approximately twice the size 
of the area affected In the Kyshtym accident zone, although in terms of 
radioactive releases the corresponding ratio was 25 to 1. This 
discrepancy may be explained by the more compact distribution of 
fallout resulting from a single (momentary) release of radionuci ides in 
the Urals, as compared with the protracted release in the Chernobyl 
zone and the conseQuent distribution of radionuci ides over a wider 
area. Another reason is that longer-I ived radionucl ides were present in 
the material released at Kyshtym, and their effect has been felt over a 
longer period. 

A comparison of our and other pubi ished data shows that beta radiation 
from radioactive contamination damages woody plants at approximately 
the same doses as caused by gamma radiation from pinpoint sources.1 
In addition, a map of radiation damage to woody plants from fallout 
shows some specific characteristics, caused by changes over ti me and 
space In the distribution of radiation sources and, In conseQuence, a 
corresponding change in dose fields. A particular example of this is 
the greater resistance to radioactive fallout of the topmost shoot in 
comparison with the remainder of the crown. In addition, when fallout 
occurs In winter, the differences in resistance to radioactive 
contamlnat ion between coniferous and deciduous species are-, as noted 
above, significantly greater than the difference in their 
radiosensitlvity, due to the fact that in winter deciduous tree crowns 
retain fewer of the atmospheric contaminants deposited .. 

4. THE EFFECTS OF RADIATION IN HERBACEOUS COMMUNITIES 

The radioblologlcal reactions of different species of herbaceous plants 
to radioactive contamination vary- widely, depending on the 
radiosensltivity of the individual species, their vegetative 
propagation capacity and the location of young buds with regard to the 
soi I surface as an irradiation source. 

From the results of geobotanical observations in the Kyshtym zone and 
dosimetr ic assessmentsB, it can be taken as proven that, where dose 
burdens in seeds on the sol I surface exceed 200 Gy, their germinative 
capacity is, In many species, lost. Thus many therophytes disappeared 
from the plant community. A similar development was observed among the 
hemicryptophyte and chamaephyte groups, which have their buds near the 
soi I surface. Their place was taken by plants whose buds are buried in 
the soi I (Fig. 5). This process continued over 3-4 years. SubseQuentiY, 
the process slow I y reversed i tse If. These changes in species 
composition appeared not only in communities of meadow plants but also 
in herbaceous forest plants. However, while changes in the species 
composition of meadow communities were caused by direct Irradiation 
only (primary effects), secondary effects played an important role in 
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forest communities. What happened was that in forests, wh..re 
irradiation damage to tree crowns was severe, there were significant 
changes in microcl lmatlc conditions underneath the forest canopy, The 
combination of irradiation and changed microcl imate brought about a 
change not only In the species composition but also in primary 
productivity. In forest stands where the pine trees died and the 
birches were damaged, the overground phytomass of the herbaceous 
community increased by 3 - 5 times as compared to uncontaminated 
forests of similar type (Fig. 6). 

Thus, in the Kyshtym accident zone, changes in the species composition 
of herbaceous plants in forest and meadow communities initially (i.e. 
during the first 3 - 4 years) took the form of a decline in the number 
of species of hemicryptophytes and the complete disappearance of 
chamaephytes. Their p I aces were taken by cryptophytes such as 
Calamagrostls eplgeios, which regenerates by means of rhyzomes 
protected from beta radiation by a thick layer of soil. Photophilic 
species such as r.irsium setasum and Chamaenerion angustifol ium, 
{pioneers with powerful root systems, a significant proportion of which 
occupies uncontaminated soi I layers) became dominant. Although related 
to the hemicryptophytes, these species have a short short I ife span 
(two years), and they propagate mainly by means of seeds, which may be 
carried by the wind over long distances and can therefore be brought in 
from uncontaminated territory. 

Four to six years after formation of the radioactive trail, herbaceous 
communities began to return to their former state in terms of species 
composition as the irradiation dose fell to 10ll: of its original level. 
These changes were reflected In an increase in the proportion of 
hemicryptophytes and a decline In cryptophytes. However, at least 20 
years were required for the plant community to be completely restored 
to its original state. 

In the Chernobyl zone, on the other hand, no substantial disturbances 
in herbaceous plant communities were observed, with the exception of a 
smal I area in the immediate vicinity of the reactor, where irradiation 
doses exceeded 500 Gy. According to A. I . Taskayev, the first seeds 
produced after the accident In this area were virtually no different in 
terms of viability from the seeds of control populations. The 
explanation for the high radloresistance of herbaceous plants In the 
Chernobyl NPP zone in comparison with the Urals may be that the initial 
irradiation of the mother plants occurred during the active growth 
phase. In this situation, where irradiation took place over a long 
period of time, the effects (at equal doses) were less apparent than 
those ar1s1ng from Irradiation during the physiological rest phase, 
which in terms of impact is equivalent to acute irradiation. 

CONCLUSION 

The Kyshtym and Chernobyl accidents differ in many aspects which 
determine the ecological consequences of radioactive contamination of 
adjoining forest areas, such as the overall quantity of radionucl ides 
In the materials released, their radlonucl Ide composition and 
persistence and the seasonal, soi I and ecological conditions (Table 5). 
Differences In radionuclide composition and, consequently, in the rate 
of radioactive decay, meant that the dynamics of absorbed dose 
formation In the crowns of trees differed over time. Their 
physiological status, I inked to seasonal conditions at the time the 
main dose burdens were formed, influenced the radlosensitivity of 
critical organs and the radlobiological impact of the dose during 
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chronic I rrad i at Ion. The particular pers I stence 
rad i onuc I ides re I eased In either case de term I ned the 
with levels of contamination lethal to forest stands. 

and amount of 
extent of areas 

The soi Is in the Kyshtym zone were mainly semi-loamy leached 
chernozems, whl le In the Chernobyl zone they were sandy, soddy-podzol ic 
and peat-bog soi Is. In the former case the long-term factor I lmi ting 
the use of forestry products is 90sr, while in the latter it is 
137cs. 

Despite the differences mentioned, however, the radioecological 
consequences of the Kyshtym and Chernobyl accidents for forest 
ecosystems were in many respects similar. The areas with radioactive 
contamination levels lethal to trees are siml lar In extent. The dose 
burden values causing the various degrees of tree damage also coincide, 
as do the trees' reactions to irradiation as a function of the dose 
absorbed. There are similarities in the dynamics of the appearance of 
radiation effects over time and In the subsequent recovery of forest 
stands. The concentration values for the critical radionucl ides 
c90sr, 137cs) in the main types of forestry products are also 
similar. This is largely due to the fact that, although many different 
factors are involved Inducing manifold effects, they give rise to 
slmi lar results. In particular, we find siml lar levels of 
contamination (strontium-90 in the Kyshtym zone, caeslum-137 in the 
Chernobyl zone), in identical types of forestry products, since the 
mobl I ity of caesium-137 In sandy soi Is Is comparable to the mobl I lty of 
strontium-90 In chernozem. Other radioecological effects were 
explained in the text. 

On the whole, the negative ecological consequences of radioactive 
contamination for forest ecosystems were confined to relatively smal I 
areas in both the Kyshtym and Chernobyl accident zones. Forest damage 
on this scale is not uncommon, often being observed in the vicinity of 
major industrial complexes which are sources of chemical pollution. The 
full radioecological effects on forest ecosystems only become apparent 
after several years. Subsequently, the processes of recovery and 
adaptation to Increased background radiation come to dominate. 
Removing the anthropogenic pressures on ecosystems In areas taken out 
of economic and other types of use due to their high levels of 
radioactive contamination leads to an improvement in ecological 
conditions for many plant and animal species. This helps to restore 
the diversity and size of populations and the appearance, in 
radioactively contaminated areas, of rare and vanishing plant and 
animal species. 
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Absorbed 

Needles, 
leaves 

> 500 -

> 100 -

20-100 

20-50 

10-20 

- 881 -

Table 4 

Effects of radiation in contaminated forests, summer 1987 

dose, Gy 

Apical 
meristem 

> 100 -

> 25 

15-25 

5-10 

3-5 

Effects of radiation 

Severe crown damage in deciduous trees, 
die-back of pines 

Die-back of pine forests (some 500 ha). 
Morphological disturbances in deciduous species 

Severe damage to pine forests: shrinkage in part of 
forest stand; up to 90% damage to crowns of 
remaining trees; hardly any growth in 1987 
(approximately 200 ha) 

Moderate damage to pine forests. Damage to needles 
in lower part of crown. No growth sites formed 
in 1986. Growth processes in 1987 associated with 
awakening of lateral dormant buds; restricted growth; 
changes in shape and dimensions of needles and shoots. 
Complete suppression of reproductive capabi I ity; 
evidence of genetic damage 

Light damage to pines: reproductive capabi I ity 
inhibited during 1987; increased frequency of gene 
mutations 

I 



T
a
b

le
 

5
: 

F
a
c
to

rs
 

d
et

er
m

in
in

<
1

 
th

e
 

c
o

n
se

q
u

e
n

c
e
s 

o
f 

ra
d

io
a
c
ti

v
e
 

c
o

n
ta

m
in

a
ti

o
n

 
o

f 
fo

re
s
ts

 
in

 
th

e
 

K
y

sh
ty

m
 

an
d

 
C

h
e
rn

o
b

y
l 

a
c
c
id

e
n

t 
z
o

n
e
s 

FA
C

TO
H

S 
K

Y
SH

TY
M

 
C

H
ER

N
O

B
Y

L 

Q
u

a
n

ti
ty

 
o

f 
ra

d
io

n
u

c
li

d
e
s
 

re
le

a
s
e
d

 
IO

 1
6

 
by

 
a
c
c
id

e
n

t 
7 

B
q

 
2 

IO
 1

8
 

B
q

 

S
e
a
so

n
a
l 

c
o

n
d

it
io

n
s
 

A
ut

um
n 

S
pr

in
<

1 

F
a
c
to

r 
o

f 
re

ta
rd

a
ti

o
n

 
o

f 
ra

d
io

a
c
ti

v
e
 

a
e
ro

s
o

ls
 

b
y

 
p

in
e
 

cr
o

w
n

s 
0

.7
 
-

0
.9

 
0

.6
 

-
0

.9
 

T
im

e 
fo

r 
a
c
c
u

m
u

la
ti

o
n

 
by

 
w

oo
dy

 
p

la
n

ts
 

o
f 

so
%

 o
f 

to
ta

l 
ra

d
ia

ti
o

n
 

d
o

se
 

6 
-

8 
m

o
n

th
s 

I 
m

o
n

th
 

' 

L
e
th

a
l 

d
o

se
 

fo
r 

p
in

e
: -n

e
e
d

le
s 

z 
50

 
G

y 
1

0
0

 
G

y 

-a
p

ic
a
l 

m
e
ri

st
e
m

 
I 

5 
-

25
 

G
y 

?. 
25

 
G

y 

A
re

a 
o

f 
c
o

n
ta

m
in

a
ti

o
n

 
le

v
e
l 

le
th

a
l 

fo
r 

p
in

e
 

fo
re

s
t 

20
 

km
' 

50
 

km
• 

C
h

an
g

es
 

in
 

h
e
rb

a
c
e
o

u
s 

c
o

m
m

u
n

it
ie

s 
C

h
an

q
es

 
in

 
s
p

e
c
ie

s
 

C
h

an
g

es
 

a
re

 
a
ff

e
c
te

d
 

by
 

ra
d

ia
ti

o
n

 
c
o

m
p

o
si

ti
o

n
 

in
s
ig

n
if

ic
a
n

t 

co
 

co
 

N
 



"1
00

! I ,,- 4 
·-

3 t 

1
0

' 8 
-~ 

6 
...1

1 
-
L

l " 
~ 

E
 ::n
 

) 

~
 

t 
~
 

'-
-'

 
.-

, 
'IO

-t
 

c
,,

I 
;;;-

--
' 

E
 

' 4 

0 
3 

., . 
1 

\.
. 

v
)
 

1
0

1 6 ' ; 
,_ 

3 l 

0 

F
ig

.2
: 

D
v

n
am

ic
s 

o
f 

S
r-

9
0

 
in

 
s
tr

u
c
tu

ra
l 

p
a
rt

s
 

o
f 

p
in

e
 

(A
l 

an
d

 
b

ir
c
h

 
(B

l 

\ 
br

a<
1c

he
5 

I I 
!;'

 I
 I ·. 

0 ' I 
·. \. 
"·

· h
.,

l 

A
. 

P
in

e
 

1Y
 

0
"
-
. 

,\
 

·
,
 0

 
~
 

·. 

\ 
'-

..
 

o 
_ 

':;
_ 

~ 
,-

-
_ 

ph
\o

~ 
0 

u
· 

"'"·
 

-·
-·

 
I 

-
-
-
-
-
-

o 

\ 

-·
·o

...
.. 

_,.,
..,,.

.,,,.
. 
-
~

 . 
,
/
/
 

8...
 

,,,.,
/ 

. 
--

0
--

..d
 

t,«
 

0 

\
~

/
 

Q
 

...
...

.. 
..

 ..
 .

. 
. .

..
..

. 
,· ..

..
..

. .
 

W
o

o
o

 
o 

\ 
/ 

);{
 

··o
· 

t..
 

4 
' 

8 
1

0
 

1
l 

1
~

 

T
im

e 
a
ft

e
r 

fa
ll

o
u

t 
o

f 
S

r-
9

0
. 

y 

1
0

° _, 
ao

 

----
- t 

~
 

_..
., " E n ~
 

&
 ' 4 3 t a ' \ 3 I 

'--
--

·L
 

...
,1

0 

-
&

 
--..

._ 
' 

c
J
 E

 
4 3 

0 
t 

tr
)
 • <.n
 10

-~
 8 ' ~ 3 z. ,

_ 

0 

0 
0 

0 
.o

 

·. 
0 

0 
:>:

-::_
--

I 
..._

__ 
' 'o..

. I
 

B
. 

B
ir

c
h

 

Le
o.

v<
S

 
1 

·, 
0 

ph
lo

em
_.

 1
 

_ 
-·

 -
.-

9
. 

-
·
-
·
-
·
 

--..
._ 6.

, '::
__

 . 
3 

0 
0 

-
.. 
__

__
__

 
Q

._
. .-

ol
'-'

0.
...

 
0 

-
b 

O
 

O
 

O
 

-
0

-
-

.'.
?·

~
~

 
4 

o·
 

..
..

..
..

. 
-

-
-

-
-

-
-
-
-

w
oo

d 
5 

0 
ll
 

0 

0 

ci 2 
'1 

6 
8 

1
0

 
1

t 
14

 

T
im

e 
a
ft

e
r 

fa
ll

o
u

t 
o

f 
S

r-
9

0
, 

v 

0
0

 
0

0
 

w
 



- 884 -

Fiq.3: Flow diagram for Cs-137 migration in the forest ecosvstem 
(1989) 
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Fiq.4: ovnamics of absorbed dose rate from~- and t radiation in 

pine needles. Chernobyl zone 
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Fig.5: Dvnamics of crvptophvtes and hemicrvptophvtes in herbaceous 
plant community 
Contamination level - 150 MBq Sr-90/m• <Kvshtvml 
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Fiq.6: Change in overqround phvtomass of herbaceous plants in pine 
forest depending upon the radiation dose accumulated in pine 
needles (Kyshtym) 
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Non-classical Phenomena in 
Contemporary Radioecology 

Y. KUTLAKHMEDOV 
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The accident at the fourth unit of the Chernobyl NPP triggered a 
radioecological abnormality unique in character, dose burdens and 
scope. Powerful radiation dose fields caused the acute death of 
conifers ("red forest"). In an area in the Novoshepel ichi forest the 
death of young fir trees was observed in 1986. "Chimera formations" -
i.e. morphological changes such as pine-like shoots, multi-branching 
shoots, and other anomalies - were observed in 1987-1989. 

The formation of powerful and - above al I - heterogeneous dose fields 
in the 30 km zone around the Chernobyl NPP was typical. 

We carried out a series of measurements using thermoluminescent 
detectors (Tl.Os) which showed that the dose distribution over a 100 
m2 plot ranged from 17 to 90 rad for the overground parts of plants, 
and from 3 to 24 rad for plant root systems (6-8 fold scatter with mean 
dose rate of 2-3 mR per hour), because of the considerable 
heterogeneity of the radiactive contamination. 

There was a wide scatter (30-fold) in Ce-144 content in conjunct ion 
with a tai I in the distribution due to the presence of "hot" particles. 
Ru-106 varied in asimilar fashion and also had a "hot" tai I. 

Substantial vertical distribution of radionucl ides was observed in the 
soi I. Initially (1986-1987) the distribution fol lowed an exponential 
pattern, while in 1988 "creep" through the soi I profile was observed. 
This is a heterogeneous, non- I i near rad ioeco I og i ca I process resu It i ng 
from high dose burdens. 

Plant biomass growth stimulation was observed in nature and in 
experiments. This is I inked to suppression of the generative function 
accompanied by a compensatory increase in the growth of vegetative 
biomass. 

The high dose burdens (uncharacteristic of other radioecological 
situations) led to an increase in plant biomass production, and - what 
is very important - high doses engender an increase in radionuclide 
removal. It appears that the irradiation dose promotes an additional 
afflux of radionucl ides and plant biomass. We observed this phenomenon 
in a field experiment in which plants grown from irradiated seeds 
removed 1.5 to 3 times more radionucl ides than the controls did. 

High concentrations of radionucl ides in soi I solutions have significant 
radioecologlcal effects. Thus, our experiments to estimate the 
relative speed of maize growth - (a) on washout from contaminated sol Is 
and (b) after acute gamma irradiation - showed that the relative 
biological effectiveness of chronic irradiation (the dose being 
assessed by calculation and with the aid of TLDs) was considerably 
higher (by a factor of 4 to 10) than that of acute irradiation. 

A key feature of the radioecological situation after the accident was 
the sign if I cant increase in rad i onuc I i de remova I over ti me. Remova I 
with biomass constituted around 1%-3% in 1986-87 and 3-7% in 1988, 
while in 1989 under optimal experimental conditions we obtained 20-30% 
radionucl Ide removal from the soi I. This points to a sharp increase in 
the mobil lty and solubi I ity of the radionucl ides over time. 

Theoretical radloecology 
radiobiological phenomena. 
promote the development of 

sti II lags behind the theory of 
The problems are indeed legion. We need to 

non-I inear radiobiology and radioecology. 
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The main problem is that dosimetry is difficult because of the 
heterogeneous topology of the dose fields. This in turn is due to the 
radlonucl ide mix and to radionuclide accumulation coefficients of 
changing dynamics in complex landscapes. 

To faci I itate prediction work, we consulted the study by Agre and 
Korogodin, which sets out the Idea, method and concept of 
radiocapacity. We applied this approach to the Dnieper Cascade 
reservoir system. 

The notion of a radiocapacity factor was advanced in connection with 
assessment of the radiocapacity of an isolated body of water: 

F • kh I H + kh 

where: 

k-j.;.J-( (translator's note: unclear characters photocopied from 
original) 

h: thickness of the bed sediment layer sorblng the radionucl ides 
H: depth of body of water 

The factor indicates which proportion of the radionucl ides is contained 
in bed sediment and which in water (1-F). 

An analysis of the situation after the accident showed that this method 
of assessing radiocapacity could be applied to the Dnieper Cascade. 
The summation formula for estimating the cascade's radiocapacity is: 

Fk • 1- ".11. (1- r,) 
h1 

The estimate showed that while the radiocapaclty of the individual 
reservoirs ranges from D.6 (Kanev) to 0.8 (Kremenchug), the total 
radiocapacity of the entire system is 0.996 for Cs-137 and 0.6 for 
Sr-90. 

Actual measurements of caesium in the bed sediment 
reservoir even now show activity in the region of 
6Cl/kg, which undoubtedly involves substantial dose 
benthon and zoo- and phytoplankton. 

of the 
10-5 to 
burdens 

Kiev 
10-
for 

We created a radiocapacity model based on the Ukraine's agroecocenosls. 
The model includes: biomass yields, ·accumulation coefficients, the 
influence of irradiation on the removal of radionuclides, etc. This 
model takes into consideration Irrigation using water-body waters and 
its impact on root removal of radionucl ides and - in particular - the 
influence of the radioactively contaminated water on the removal of 
radionucl ides from plant biomass in the areas under irrigation. 

This means of assessing radiocapacity involves long and painstaking 
calculations. By applying this model to the assessment of dose flows 
to the population of the Ukraine we were able to calculate the basic 
contributions to the collective doses of various elements in the diet. 

To this end we made use of: 

1. Estimates of the dose from foodstuffs in regions with different 
levels of sol I contamination, ranging from 10 to 0.02 Ci/km2. 
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2. An estimate and forecast of contamination of the Dnieper reservoirs 
under different regimens and different flood intensities (Institute of 
Cybernetics of the Ukrainian Academy of Sciences). 

3. Crop harvests in different regions, the degree of irrigation and, 
particularly, the proportion of agricultural products in the Dnieper 
Cascade irrigation zone, which for certain oblasts amounts to 27-30%. 

With the aid of the dose values for different radionucl Ides we 
calculated the expected collective doses from food intake for one year 
of I ife in real and predicted conditions. 

The estimates predicted a total initial collective dose for the Ukraine 
through food intake alone of about 2 mi I I ion man-rem. Given the actual 
behaviour of the cascade in 1986 the dose through food intake alone was 
up by 14%, while extreme flooding would lead to a 26% increase in the 
dose. The mi Id flooding of 1989 increased the initial collective dose 
by 2.3%. 

Additional radionuclide runoff from the River Pripyat floodplain, which 
is highly contaminated with sr-90, could add 12% to the initial 
collective dose. The construction of cutoff dykes could lower this to 
8%. 

A further extreme ejection of radionucl ides from the fourth unit could 
lead to a 32% increase in the expected annual collective dose through 
food intake. 

In the presence of high collective doses for a population of 30-35 
mi I I ion the problem of variabi I lty In individual radiosensitlvity 
assumes major importance in quantitative radioecology. Radiobiological 
data show that Individuals vary greatly in their response to radiation. 
Thus, in drosophila individual radiosensitlvlty varies by a factor of 
10 or more, the distribution having an assymetric log-normal character. 
In Switzerland an investigated human population also showed a ten-fold 
variabi I ity in sensitivity (depending on sex, age, I iving conditions, 
etc.). 

A close examination of the quantiles in this assymetric distribution 
shows that given a mean dose of 1 rad over a population of 1 mi I I ion, 
the col tective dose amounts to approximately 3.2 mi I I ion man-rem. This 
is a serious prob I em: how do we pinpoint and account for popu I at i ens 
w i th high ind iv i dua I sens it iv it y?. For such popu I at i ens even I ow doses 
of 1 rad may equa I 10 rem or more, and th is may lead to somatic and 
genetic effects in these groups (al I factors considered the collective 
dose probably I ies between 2 and 12 mi I lion man-rem). 

have sketched just some of these new problems of quantitative 
radioecology that need to be described and solved, viz.: 

1. Detailed dosimetry of dose flows among blologlcal objects, plants, 
animals and man in the radioecotogical ly anomalous zone (paying special 
attention to hot particles). It Is clear that the dose to aquatic and 
terrestrial flora greatly exceeds the dose to man. 

2. Estimation of radionuclide migration processes in the environment. 

3. Investigation of Individual radiosensitivlty of the population in 
the zone affected by the accident. 
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This is something one might cal I "judicious radioecology" - to use 
Timofeyev-Resovsky's phrase - in the circumstances arising after the 
Chernobyl accident. 
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ABSTRACT 

We studied the le,el of structure.I mutagenesis In the reproductive and 
somatic cells of .,quatic biota of various taxa from natural populations 
of neustic and be11thic communities In the Black and Aegean Seas and the 
Dnieper and Dam:be rivers between 1986 and 1989. The cytogenetic 
research covered "mbryos, I arvae and adu It worms of Nere i dae, Na id I dae, 
Tubiflcidae and Turbe I !aria, adult Sagitta setosa, young Bivalvia 
molluscs, embryos of Mysidacea, and growing roe of Engraul is 
encrasicholus, Sprattus sprattus, Diplodus annular is, Mullus barbatus, 
Trachurus trachu:-us, Scophthalmus maeot icus, Abram is brama, Bl icca 
bjoerkna, Ruti lus ruti lus and Stizostedion lucioperca. 

It was establ ishtd that aquatic biota in the open waters of the Black 
and Aegean Seas had a lower level of chromosome mutagenesis than 
representatives of the fluvial communities. The intensity of 
mutagenesls was ,.ompared with the data pub I ished in the I iterature on 
radioactive cont,mination/chemical pollution of the aqueous medium in 
these areas. 

The paper sets out statistical regularities in chromosome mutagenesis 
(inter-individual variability in the chromosome aberration rate and 
distribution of ;hromosome damage in eel Is), noting different patterns 
of chromosome ab,rration distribution among eel Is. On the basis of a 
large quantity o. our own data from field and experimental cytogenetic 
studies involvinr aquatic biota, the paper considers the possibility of 
using - for th,, purposes of radiochemical-ecological monitoring 
chromosome damag3 distribution in cells as an indicator of whether 
mutagens are radiation-related or not. 
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From 1986 to 1990 a study was made of the level cf chromosome 
mutagenesis in the eel Is of 37 species of aquatic biota belonging to 
various taxa (worms, molluscs. echinoderms, chaetognaths, crustaceans, 
fish) in the natural populations of the neustonic and benthic 
communl ties of the Black Sea, the Aegean Sea and the Danuta and Dnieper 
Rivers. The organisms in the neustonic and benthic co,nmunities are 
inhabitants of contour biotopes, which are regarded as the main 
"ecological targets" in aquatic ecosystems (Zaytsev, 1988:. 

The somatic tissues of aquatic biota at various stages c,f ontogenesis 
(embryos, larvae, fry) together with the generative tissuns of sexually 
mature individuals served as the material for our research. Chromosome 
aberrations in eel Is at the anaphase-telophase stages cf mitosis and 
the anaphase-telophase stages I and 11 of meiosis wer.i analysed. A 
total of 43 samples were studied. 

Fig. 1 shows generalized data on the level of mutagenesi; in the eel Is 
of aquatic biota of various taxa. It can be seen from this that aquatic 
biota in the open waters of the Black Sea and Aegean s,a had a lower 
level of chromosome mutagenesis than representatives cf the fluvial 
communities. 

Some 60% of the samples from the sea had a mean level of chromosome 
mutagenesis of up to 2%, whereas in rivers the corresponring figure was 
approximately 20% of samples. 

Data on the mean level of chromosome mutagenesis do not qive a complete 
picture of the intensity of the mutation process in pop, lat ions. It is 
therefore important to assess the heterogeneity of natu, al populations 
with respect to the rate of chromosome anomalies, whicl might testify 
a) to the stochasticity of interaction between mutagen, in the medium 
and living organisms, and b) to the individual sensiti•'ity of aquatic 
biota stemming from their latent genetic mutabi I ity. Ne checked the 
normality of the distribution of the aquatic biota sampl"s with respect 
to rate of chromosome aberrations. 

In the majority of marine samples there Is substantial deviation from 
normal distribution, whereas .in rivers a large degree of concordance 
with normal distribution is observed. 

Analysis of the material available shows that the mar in< populations of 
aquatic biota generally have a low mean rate of chromos<•me aberrations, 
high dispersion and variation coefficient values, a,d asymmetrical 
distribution of individuals in terms of chromosome mutagenesis level. 
In rivers, in addition to an elevated mean level of chromosome 
rearrangements, we find low variation coefficient value,, because of the 
more homogeneous response of ind iv i dua Is to cont am i nation, and their 
distribution is near normal. 

As is wel I known, an analysis of the distributior of chromosome 
rearrangements among the cells of aquatic biota can y,eld substantial 
information on the way mutagens in the medium interact with hereditary 
structures. 

According to the target theory (Li, 1963), under the action of 
infrequently ionising external radiation (gamma and X-rays) primary 
damage to chromosomes should be randomly distributed among cells in 
accordance with Poisson's law. A rn1mber of works on I adiation-induced 
mutagenesis in a culture of human lymphocytes and n the cells of 
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plants do, in tact, contain data showing good correspondence between 
the eel I distribution of chromosome aberrations and the theoretical 
Poisson distribution (Li, 1963; Lllchnik, Bochkov, Sevankayev, 1969; 
Ganassi, Lyamin Aptikayeva, Eydus, 1971). However, other research 
involving the c, I ls of Crepis, Tradescantia and peas (Catchside, Le, 
Thodey, 1946; LLchnik, 1968; Mitrofanov, Olimpienko, 1980) found that 
the distributior of chromosome rearrangements deviated substantially 
from random distribution. Some authors (Luchnik, 1968; Mitrofanov, 
01 impienko, 19801 attribute this phenomenon to the processes involved 
in the incidence of, and recovery from, primary damage. 

The I iterature :Joas not contain much data on eel I distribution of 
aberrations in he case of chemical mutagenesis. The rare data which 
are aval I able m, inly concern the distribution of chromosome breaks in 
eel Is when hur,an lymphocytes are subjected to the action of 
ant ineoplast ic I reparations (phosphamide, thiophosphamide, mi tomycin, 
dipin and photrin) (Bochkov et al., 1972; Yakovenko, Azhayev, Bochkov, 
1974; Bochkov, :hebotarev, 1989). These show a consistent deviation 
from the random law in the cell distribution of chromosome breaks. It 
is shown that ir, the case of phosphamide, thiophosphamide and mitomycin 
the eel I distr but ion of chromosome breaks conforms very wel I to 
geometrical distribution, whereas in the case of dipin and photrin it 
conforms to inve;-se binomial distribution. 

In experiments FJecially set up by us to induce chemical mutagenesis in 
aquatic biota, W9 analysed the nature of the distribution of chromosome 
aberrations amor g ce I ls under the act Ion of mutagens such as DDT and 
chlophene wide Ir found in the aquatic environment. The experiments 
i nvo I ved br i I I embryos and the amph i poda Gammarus o I iv i i , the data 
obtained being shown in Table 1. It can be seen that the empirical 
distributions d,viate substantially from the Poisson distribution but 
concord wel I wi'h the geometrical distribution. 

Our data show, en the other hand, that in the case of aquatic biota the 
empirical dist, ibutions of chromosome aberrations almost always 
correspond to tte theoretical Poisson distribution (Table 1) under the 
action of both, xternal and incorporated irradiation (apart from a few 
individual cases}. 

We also set out to see how the distribution of chromosome aberrations 
among eel Is of aquatic biota from marine and fluvial populations 
corresponded to the theoretical Poisson and geometrical distributions. 
The results obt;, ined are shown in Table 2. Greater concordance with the 
Poisson dlstrib•ction was observed in only three species of fish from 
the Dnieper an i the Dnieper-Bug estuary (or I Iman). In the other 
species of aqu, tic biota the distribution corresponded more to the 
geometrical dis,ribution. 

It is useful to compare the data obtained with the level of radioactive 
contamination a id chem I cal pollution in the areas inhabited by the 
populations stu, ied. According to s. A. Patin (1979), concentrations of 
organochlorine ;ompounds, mercury and lead in inland seas already 
exceeded the mi 1imum toxic and threshold concentrations for the most 
sensitive speci ,s of aquatic biota as much as 20 years ago. And in 
rivers the cont ,mination gradient is even higher. Studies carried out 
during the Firs' International Danube Expedition - when our cytogenetic 
data were obt 1ined revealed high concentrations of mercury, 
chi or inated hycl ocarbons and oi I in the water, and more so in the bed 
sediments (Pol, arpov et al., 1989, Tarasova et al., 1989). After the 
Chernobyl acr:id nt, according to G G. Pol ikarpov et al. (Pol ikarpc•v 
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Kulebakina, Timoshchuk, 1989), in 1986 the ccncentratlons of 
strontium-90 in surface waters of the northwestern pirt of the Black 
Sea ranged from 29.99 to 129.63 mBq· 1-1, while thos~ of caesium-137 
ranged from 12.59 to 185.18 mBq·i-1. In 1987 the concentrations of 
strontium-90 and caesium-137 in the surface waters had fallen, as a 
result of migration processes, to between 18.52 and f,2.96 mBq· 1-1 and 
between 33.33 and 137.04 mBq· 1-1 respectively. The highest 
concentrations of st ront i um-90 ( 333 and 571. 3 mBq · 1- l were noted by 
these authors at two stations in the western part of tl,e Black Sea. 

In the Aegean Sea the mean concentration of stront ium-90 in the water 
was 19.6 mBq· 1-1 (Pol ikarpov, Kulebakina, Timoshchuk, '.989). 

In spring and summer 1986 the concentration of strontium-90 in the Kiev 
Reservoir was equal to 1 800-5 180 mBq· 1-1 ( lzrael e: al., 1987). In 
spring 1988 it had fallen to 666 mBq· 1-1. The caasium-137 
concentration was 185 mBq·1-1 (Polikarpov, Kulebak,na, Timoshchuk, 
1989). 

In spring 1988 the mean concentrations of strontium-9C and caesium-137 
in the Danube waters were 11.85 and 14.88 mBq·i-1 respectively. The 
maximum concentrations of strontium-90 (16-20 mBq· 1-li were 
discovered along the lower reach of the Danube (20-255 km), while those 
of caesium-137 were found along the river·s upper reach and amounted to 
29.25-37.04 mBq· 1-1 (Kulebakina, Pol lkarpov, 1989). The highest 
concentrations of caesium-137 and caesium-134 in the oed sediments of 
this river were found In the upper reach (In the Gabchikovo area), and 
amounted to 950 and 3 000 Bq/kg dry mass (Rank et al., 1989). 

These levels of radioactive contamination are far below those capable 
of inducing chromosome aberrations in aquatic biota, including the most 
sensitive among them - the embryos of sea fish (Ts;tsugina, Risik, 
Lazorenko, 1973; Shekhanova, 1983). 

It is therefore clear that in the overwhelming majority of cases damage 
to the chromosomes of aquatic biota in situ may have been caused by 
chemical pollution of the medium. with - as has boen shown - the 
distribution of chromosome aberrations corresponding more to the 
geometrical distribution. Exceptions to this were the roe, located on 
the bed, of two species of fish in the Kiev Reservoir and one species 
of fish in the Dnieper-Bug estuary. These cases, particularly the 
latter, concorded more with the Poisson distribution, which - as has 
been shown experimentally - occurs unaer the impact d radiation. It 
should be noted here that a hot particle of ruthenium-103 was found in 
the bed sediment of the Dnieper-Bug estuary at the ver; spot where roe 
of Rutilus rutilus heckeli with a very high leve of chromosome 
mutagenesis (30.5%) were collected (Tsytsugina, Lazorenko, Radchenko, 
Skotnikova, 1990). It is possible that in this case radiation from hot 
particles could have induced ch,omosome aberrations in the fish 
embryos. 

Our analysis of the data found ,n the I iterature and of our own 
experimental and field data leads us to deduce that tt,e nature of the 
eel I distribution of chromosome damage may serve, for the purposes of 
radiochemical-ecological monitorinq, as an indicator of whether 
mutagens are of a radiation-related nature or not. 

In conclusion, I wish to express my thanks to V. N. Zl,ukinsky and his 
team for collecting the samples and establishing the species of the 
fish from the Kiev Reservoir. 
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Table I: Distribut_on of chromosome aberrations in the cells of 

aquatic biota (experimental data) 

1i--- I X' correspondence of I ,, 
Mean numb.of Theori tical distribution \\ 

\i Species aberrations l ~ 
!l per cell poisson I qeometrical I 
!, -

I Ii Scophthalmus 
" !l macot icus 0. L23 20. 19 3. 95 
'I I I !i Gammarus oliv1i 0.048 6. 19 

I 
0 .93 I 

I 
11 Scoro~1ena porru~ 0. 138 6. 13 I 17. 17 I ;, 

I I 
\\ .. 0. 188 5.27 I 10.04 I 
ii I I I 
I' .. I I 11 0.207 0.74 5.26 
'I I. ol ivii ii G. 0.065 0.08 I. 27 

ii 
.. 0. 120 5. 11 20.26 

.. 0. 146 I 3.01 17.96 
' 
I 
I .. 0 .156 2.24 12. 11 

I I 
I lci.otea bal tic a 0. I 03 0. 10 I . '> 5 I ii 
i I (; . 0 ! I Vii 0.089 I. 09 3.81 I 
H " 0 .164 I 0. 42 5. 4 5 I 
11 I Scorpaena porcus 0. 145 I. 84 7.53 I 

q I 
!1 .. 0. 151 2.56 I 7 . '>O ! 

' 
11 

Mutaqen 11 
!I 

11 
DDT II 

JI 
PCB JI 

II 
Y-91 II 

JI 
C-14 11 

ii 
JI C-14 

II Sr-90 
' 

Sr-90 
I 

Sr-90 'I 
It 

Sr-90 JI 

II 
Sr-90 I! 

II 
-irrad. 11 

-irrad. 
11 .I 
I 

-irrad. ! 
! 

-irrad. I 
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'I able 2: Distribution of cnromosome aberrations in the ce i ls of 

aquatic biota (field data) 

' r 
I I Mean numb,of 
: Spc•cies aberrations 

! per eel l 
I 
~ 

BLACK SEA 
' 

Diolodus annular is 0,020 

: 
Scophthalmus 

i macot icus 0,028 

i 
Mui lus barbatus 0.019 

I ! Trachurus trachurus 0.035 

. 
i DANUBE 
I I 
i Sphaerium corneum 0.052 
: . 

Nais sretscheri 0 .077 . 
' 
l Na1didae 0.062 
! 

i i 
' DNIEPER I 
I I I 
' ' Bl i cca b1oerkna 0.049 
i 
' Stizostedium I 
' I lucioperca 0.066 

I 
i Rutilus rutilus 0.041 

I Abrami s brama 0.028 

I Rutilus rutilus 
I I hecke l i 0.319 

" 
[ j Monodacna caspia 0.092 ., 
:; 

correspondence of1 - I X' 
Theoritical distribution contaminants! 

11 
I 

pois son I 

0,022 I 

0. 011 

13.00 I 

21. 60 

0.019 

0. 18 

0.070 I 

I 
9.89 I 
0.23 

0. 11 

6.87 

-l. 308 

0. 4 ~.3 

d discovered I 
qeomet, 1cal 

I 
I 
I 
' I 

0,0006 

0. 01) 1 

5, l4 

'I. ,16 

0. •)5 

O.Ol9 

0.007 

l.?2 

0.67 

I. 08 

l. 22 

50. 467 

0.003 

I I I 
I 

I 

I 

I 

I 

(Hg' PCB7 ) 
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I 
I 
I 
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(Department of Dosimetry and Radiation Hygiene, 

All-Union Scientific Center of Radiation Medicine of USSR AMS,Kiev) 

In the middle of 

of exposure doses to the 

plant can be divided 

1990 the whole problem of the assessment 

population living near the Chernobyl 

into several separate pr·oblems: 

storage, handling,organization and primary analysis 

of direct measurement results of external and internal doses to 

the people; 

- usage of the available information for the models of 

retrospective reconstruction of the past exposure doses and for 

prediction of possible future doses; 

-verification and validation of mentioned models by means 

of constant comparison of calcJtation results received on their 

basis to ~he results of current instrumental monitoring. 

Three problems mentioned above are solving in the 

laboratory of mathematical models and radiation prediction• in 

dosimetry and radiation hygiene department of AUSCRM USSR AMS. 

The given report presents the description of the first 

results of this work. 

1. THE SYSTEMATIZATION OF DOSIMETRIC AND RADIOECOLOGICAL DATA 

The Central Dosimetric Register (CDR) created at All-Union 

Scientific Center of the USSR Academy of Medical Sciences is the 

informational base for the estimation of individual and collective 

doses of public exposure as well as for radiation dosimetric 

assessment of ecological situation on the territories contaminated 

as a result of the Chernobyl accident. 

The CDR structure is shown in Fig.1. 

The primary storage of the information is provided in the 

so called Local Data Bases (LDB), which are formed in 
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accordance with main types of data. The second level is 

generalization of LDB data and creation of the radiation dosimetric 

territorial data base. 

The main coordinating part of CDR is analytical section which 

consists of specially created software and provided 

input,assessment, systematizing and generalization of 

information as well as development of mathematic 

calculation of doses. 

the primary 

models for 

Currently CDR contains 9 LOB of radioecologic and dosimetric 

types: 

Radioecologic LDBs 

RED - information on level and temporal variations of 

exposure dose in the territory; 

SOIL data on radionuclide composition of soil 

depositions; 

FOOD data on radionuclide compcisition of foodstuffs 

contamination ( experimental gamma-spectrometric data); 

SR information of radiostrontium content in the 

environment a 

The volume of radioecolog~cal LDBs is currently 46 000 

records. 

LDBs of individual dosimetry . CDR consists of 2 LDBs ~~ith 

information on individual doses of internal and external 

exposure from radiocesium: 

LOB TLD keeps information on results of direct 

of individual external exposure 

termoluminescent (TL) dosimeters 

doses made 

LOB WBC includes data on results of direct 

measurements 

with use of 

measurements 

of radiocesium content in the body made with use of whole-body 

counters (WBC) and on values of individual internal irradiation 

doses calculated on the base of these measurements. 

Each LOB includes the data on the man under examination. 

LOB TLD includes currently detailed information on results 

of 25 000 measurements of external irradiation doses made in UkSSR 

in 1987 1990. LOB WBC stores information on measurement 

results and annual doses calculated on their base for 175 000 

people living mostly on Ukrainian territories. 100 000 of them was 
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m<~de in 1986. 

Other LDBs shown on fig.1 contains the following 

dosimetric infor1natior1: 

-J incluc:!e:6 the 151 000 records for the r-es;u 1 ts of 

tnPc.1surernF:.'n t:.~':; o· f thyr<lid activity and calculated 

aune 1986). 

i.ndividual 

thyroid doses (May 

- ' 1Pripjat-Chernobyl'1 inclt1des data on 63 000 people evacuated 

from Pr-ipjat and Chr?n1obyl 

dosirnetry. 

and approximately 

It's tas~c is to 

40 000 results 

of retrospective pet-son i ·f i ca ted 

retr-ospective restore doses of external exposure received before 

the ev<J.CL\i:1tion (d.L1r·ing ~56 hours after tt,e accident) on the base 

of mass requesti.ng and selfin·terviews; 

-
11 8ackground 11 is a special date, base. It's main task is to 

pr·ocess ir1for1nation and to calculate radiation doses 

natural sources which are not associated wi.th Chernobyl accident. 

E:c:oloqici-~-\l and dosi.metric territorial data base. 1c:ac h 

information ur1its (IU) of the CDR second level contains certain 

i.",ypE?S C)f r·adioecologic: and dosimetric information on a given 

settle1nent.Information is conibined in 10 large 

IU 1 - 3 include reference information: 

JU (fig.1). 

1 gE!Oqra pt"'1iC::Ell IU contains detailed administrative 

descriptior1 o·f a settlement and its geographical coordinates; 

2 -popu l aticln IU incl udf.:?S data 

adults population (according to Central 

Ul,SSR); 

on chi lrJren 

Statistic Office 

and 

(CSO) 

3 - Ill ''Pro·tective actions 11 ~eeps information on n1onitoring 

level in a given settlement and takes account of limitation and 

pr-otective acti.ons; 

HJ 4 6 store generalized information on environmental 

contamination level in a given settlement. 

4. RED 1nclLtdes generalized information on level 

v2riations of exposure dose rate in a given settlement and 

ne:i.qhborho<:Jd!:19 

in .its 

5.Contamin. density concerns information on 

radiocesium cor1tamination density of the territory. 

sL1rface 

6. Contamin. of foods represents generalized information on 

specific radionuclide contamination of dif·ferent components of 
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rat1c1n (mill(, mil~~ products, nieat, vegetables, 

and so on). 

fruits, must1rooms~ 

IU 7 - 9 are intended for the generalized 

public doses in a given settlement in 1986-1990. 

7. External exposure keeps information on 

information on 

quantity and 

r-esults of direct measurements of individual external exposure 

values doses made with Ltse of Tl .. dosi.meters as well as mean 

and para1neters of dose distribution in different occupation, 

age and sex groups. Besides results of direct dosimetry this ILJ 

contai.ns calculated values of external exposur·e doses made on 

tt1e base of REM values measL1red 

pe~iods of time. 

i.n a settlement in different 

8.Internal exposure is intended for the information on the 

vali.te and parameters of individual internal 

dose distributions in different 

gr·oups,receive with help of direct 

calculation methods. 

occupation,sex 

measurement 

e>:pos1Jre 

and 

{WBCs) 

age 

and 

9.Total exposure is created for the information on value and 

ct1aracter of total doses distribution 

internal 

i.ncluded). 

irradiation and their 

(doses of exterr1al 

relationships 

and 

are 

Inforr11ation of 4-10 IU is the result of the treatment ot,_.the 

CDR lower LOB information level. 

10.Prediction is of peculiar importance (see 10 in fig.1). It 

contains the results of predicted doses of external and internal 

irradi.ation calculations for the coming 70 years for the people 

living in a given settlement. The assessments of expected dose are 

made with help of methods providing different level of 

conservativeness. 

Ecological arid dosimetric territorial data base ~ceeps 

cur·r·ently the information on 62 000 settlements situated mostly 

on the U~crainian territory and on the russian and bjelortJssian 

territori.es suffered from the accident. 

It qoes without saying, that the deqree of information 

quar1ti.ty for each region, district and settlement is clifferent. 

First of all, it depends on the degree the accidental influence on 

a given settlement. 
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Further we show the n1ain l c\WS c,f individuc1l and 

interr1al exposure doses ·formatiori received as a r-esult o·f an2tlysis 

and handling of ac cLttr1u l 2:1 ted in CDR during 

1986-1990.They considered as a bases for the assessment of doses to 

population living in a gtven settlement. 

2.DOSES OF EXTERNAL IRRADIATION 

1·he niost adequate source c,f intor1nation on e:-: ter-na 1 

to population are the results of di rec: t 

measurements with use o·f TL-dosin1eters. c1ccc,untin!J for-

tt1e tact that it is impossible to make such measurement to 

the whole population and that in Ukraine they have been made only 

since 1987,t~ie iriformation on temporal var·iations of 

exposure source (gamma-ir·radiation from contaminated surface 

from radj.oactive cloud which was passing in May 1986)) i.s of 

extreme importancew 

UlE< RED (fig.1) ceintain in forrria tion c,n r-ad.ionuclide 

composi.'f.ion cii: irradiating surface and on measured levels of 

made in 10 000 exposur·e dose rate (1 m above the soil surface) 

different points on the territory of Kiev and 

during 1987-1989. 

Zhitomir regions 

The bulk of poirits corresponding to the value of monthly dose 

E!J.: pos;ur-f:? ( open ar·ea) the unit of r i.:i..d .i oc: E!<.:.:i i um 

cor1·tamina·tion densi.ty, Dy/a ,calc~lated with use of these data is 

c.Jiven in firJ ~ The character r·f D chancJe in time is essenti"ally ....•. ,:.... (:;; . • .J y/a 

dif·ferent in the first 15 months after the accident and .in 

peri.ods. As the statistic analysis of data gave shown, this 

df:?pr~nd!:c?ncf2 cr.:1n ,:::i.n;.,, 1 ··,ti.c<:.1 l l y b1;.~ p1'"est2ntE~d .in tl,e fol lo~·Ling 

<::1pp(::?€:1!E:ir1Cf?: 

-o, 7 ,0 

- ,, 
10 ,c:Sv/mon 

Ci/km
2 

- ,, 
10 ,cf3v/mon 

Ci/kn.2 
15mon. < t <~ 42mon. 

1mon.<= t <= 15mon. 
(1) 

9,27-0,006*t, 

where tis time (in months) after the accident" 
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It must be stressed that empirical dependence (1) is based on 

the resu1.ts of direct measurements RED It's means that 

ir1clude the natural bac~~qround as the constant dose- component. 

D 
y!a 

lf 

the average means of natural background change from 10,6 to 14,3 

µ1~/l1our {or 6,1•10-~ - 8,2•10- 5 cSv/month) the effective half- time 

decreasing o·f external. dose rate which is induced by l'"adioactive 

tracf( - T ctiange 
,;,!' 

from 30 to 10 years. That rr1E•ans of T 
"f 

is 

conr1ected with the Chernobyl accident. Although that estimation is 

too rough it shows that from the 15 months after accident the 

decreasir1g of RED 

Cs-137~ 

is deter·<ninE·d by the physical half-time of 

l"lec:\n ir·,d:i.vi.dual close of e:.:ternal e}: pc,sur~e in a 

certain settlement, D (Tl for the time t=T is determined in the 
wxt ' · 

1 

D 
<> x t (Tl= Ktld/y * Dy/a (Tl * a ( 2) 

D (TI 
yla 

dE.-.:osc r· i bed by relc.'ttionship (l); 

a.i.s conta1nination density with Cs-137 in a given settlement; 

K is a shielding factor which determines the 
l l cl /y 

relat.i.on 

cJ1' individLJal external dose measured with TL-dosimeter to the 

dose (D (T)*o) in the open area for the same time interval T. y/a 
Tl,e value KLld/y arid its distribution are calculated witt) use 

of data on di.rect measurements of individual external exposure 

doses made on the Ukrainian territpry which are kept in LOB TLD 

("f.i_g.l) 

Fi.g.3 shows the distribution of Ktld/y values for adLtlt 

populatior1 in 1987~ 1988, 1989 as .well as information generalized 

for 3 years. ·rt1e ar,alogous results for children are given in 

·fiqure 4. 1·~1e value of KLld/y is c:hanging in a rather wide interval 

from 0,01 to 0,4 for children and from 0,01 to 1 for adults. 

It re·flects the individual character o"f children and adult 

(time spent in- and out- of cioor~type of room 

well as occ:Ltpatior1al peculiarities o·f adult population. 

Tt1e generalized information, i. e. total statistics and 

F't-?SU 1 t!:5- Of log-nc)rrnal approximation of parameter distribution 
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KLld/y is showr) in fig~ 5. 

It must be stressed that i.nformation given in fig,3~4 and in 

tt,e table of ·fig.5 is related to the territorj.es with contamination 

density ,nore than 5 Ci./kn12. It is due to the fact the 

·territories with lower lr::-~V<·:::..·ls o·f radiocesitJrn contamination tt,e 

contribution of i.nternal exposure natural garnma irradiation 

which is not associated with accident fal 1-·oLtts (natur-al 

gamma background, ir-r€:\Cliation from building materials) hi~1hl y 

For assessn1ent of external exposure dose in a given settlement 

of random f i<JLtres 

simulating experimental distribl1tion Ktld/y (fig~3,4) is used for 

N inhabi.tants, living in a given settlement. The value of 90% 

quantile of simulated distribution is used in (2) as a valur! of 

I< 
l l d /y 

3.INTERNAl. EXPOSURE 

The ro~-tin !'-:;c)urces c,i' inforn1~1tion t1n dc)sE·S of interni:.'tl 

t.n p<Jpul,::1t:i.on l.iving ort ttie C<Jntaminated territories are the 

measure1nents o·f radiocesium content in the hu1nan body made with Ltse 

of WBCs. These data are kept in LDB WBC (fig.1) 

Fiq.6 shows the dependence of .ind.iv.idtJal annLta I dose of 

internal exposure (averaged value over settlement) registen,d 

in 1986 from radiocesium contamination density of the territory. 

The analog ir1formation ·for children and adults measured with 

WBCs in 1988 and 1989 is presented in fig.7 and 8. Since 

1987 the limitations on consumption of local foods were entered 

in a number of Ukrainian settlements in ordered to reduce doses of 

internal exposL1re. So tt1e information on the sett 1 emc~n ts 
11 under- strict radiation control 11 and on the 

settlements where the limitations were not officially entered is 

given separately i11 fig.6 and 7. 

foods consump·tion were not 

J. ir1,itc:1t . .i.c}r·1~:, tool,: plac:1:::!). 

The dependence of indi.vidual 

(Thougt1 

off.ic.ially 

l imi t.~1t.ions on local 

f:?n t f.~ reel ~ thE! ~:c:>.l f 

deise of 

exposure D. fr·om a approximated 
t nt 

by the function Of the 

following appearance: 
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D. =a+ b * a , nt 
where a and bare the parameters. 

of a and b determined 

each postaccidental year for children and adult population living 

in the settlen1ents with different 1 E?VeJ. of radiation control 

are given in table 24 

Cot-:i·ff.ic::i.ent b <;Jiven in 

char-acte~izes additi.onal dose on the unit of contaminatinn 

c: ui::::· 'ft .1.c: ic: .. n t 
-,:; 

a (10 ,cbv) dose of internal 

exposure which is co1nmon for· all te1""ri tories (
11 controlled 11 

01"" 

"unc1Jntrol 1E·cl") 2"1nd of population 

(childr·en.adults). This dose is not dependent on contamination 

density in a given settlement. It reflects the existence of 

~:i()Urce c1f int~2rr1al e:-iposure i.-,hich is comrr1on 

terri.tories ar)d cr·eates a common ''dose pedestal''. 

for 

It C.c,n 

all 

be 

explained by the process of distribution and mixing of foodstuffs 

delivered fr-um the territories contaminated with radiocesium. 

A£:> can be seen tron1 ·fig.6-8 and 9, the essential dependence 

of iriternal exposure dose fro1n contamination density was observed 

or, 1 y in 1986 and was practically absent in 1987-1989.Jt is 

cl-1<J.r-.-::1ctr::>r-i.<:.;tic that ti-1c-:? mf:?i::\11 va!Ltf.:? of individual annLta 1 

r-r~1T1i::1in~.;, pr·i:'tc.tic::al ly unchanqf:~cl ( for ''c:ontrc:il led'1 and "uncontrolled" 

ter-ritories) in 1987-1989. 

The absence of temporal vt:\l'"'it::\tions of int.f:::rnal E'J·i posurr::, 

for the settlements s tr-.ic t 

t-adiat.ion C(Jnt.t'"'c.:rJ. 1
', is an evidence of relatively high efficiency 

cJf protective actions. 

Information presented in the table of f].q .9 is thE? 1nc1i.n 

expos1Jt'"'e dose value ir1 

settlenients si.ttJated on ttie territories suffered as a result of 

tt1e Chernobyl accident. 

•f .. LI FTT l I'll°: DUSl: 

J. t tt·1e rnain in ·f or1ni:-\ ti c.Jn soLtrces 

dosi,netric situation in a given settlement in 

years are ttie results of di.rect dosimetry 

the 

(TLD 

assessment of 

'first 

and WBC), 

ttien the only way to estimate dose which could be received in 

futur-·1::_;< ( '' .l .i-fF•ti1ne c/c1st-:! 1
' for 70 years) is the usage 
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n1c1del wt1ich describes the possible d1~veJ.opmer1t o·f r <::<.c:l .1. c,ec: c, l DC! .1 c:: E1 l 

and dos1rne·tric situation in future. 

two types are ust•d for thj.s ~lLtrpose~ l. E:. 

conserv~ti.ve mode]. with determinist:ic values 

(D ~s a predicted dose esti.mated t1y this model) 
d rnp 

stochastic demographic model (D 
ssm 

J.s a dose estimated by this 

Conservative model was accepted by working group of LJSSR 

NCRP (Barkhudarov R.M., LichtarJov I.A., Savkin M~N. et al .. ) in 

19813 in kiev and was officially used 

predic:ted doses to population. 

for the assessment of 

·rt\e main sot.trees of conservativeness in the assessment of 

i,.;ome ,Jric:p D -,r-... -•-· d!Yip !:: r;;; 

the u.saqr.:.! mc:1:<.irrrurn c:IE· t:F:.\r·m i. n .i. s; t .i.c VD. J. \...tf:.\S,:. 

met~·bo.l1c ~Jar-ameters w~1i.ct1 are not age·-dependent~ 

1··ht:! u~:-,<:,i.qr:· of cc:,ri!Star1t. and i::1c:;_1E-z.-· i.nclepc,ncl:i.1···1q 

exposure dose or1 thc-2 un .it of 

contami.nation density; 

'
1 !~;t.,Jr·t.'' vc: ... lUf.::> c)i' 

r-..:·ci.d .i oces~ .i urn !SO.i 1 

''start'' value of radiocesi.um concentr·ati.on :i.n 

mill{ pr·oduced in a given settlement which is the mean value 

mu J. tip .l .11::.:d to 1.7 (this coefficient determir1es 90% - quarltile of 

d:i..~:c.t:.r·.t.b1 . ..tt:i.(:;r1) t:.:i.l!:so st.tqqF!~st.ion abcJut· i.ndt?_pr:::ndenc:e r)·f rad iocf:si.urn 

contarni.nation of vegetable part of diet from radiocesium soil 

conta,ni.nation density; 

a common deterministic dai.l y int.a kt? of milk and 

veqetables which is not depending on age; 

- usage o·f maximum value of the parameter that c~1aracterizes 

ptJrification of foodstuffs from radiocesi1_1m 

- t~ie assumption thEit ,nE::<nihE)I'" c)-f cr.i.tj_c::a.l qroup 

(c:hildrer·1 borr1 in 1986) live on the contaminated territory for 70 

Certai.nly ~ttie values of D can 
· dr11p 

to rf.'.-:•CE.'iVe SC•ffif.:.? 

p1r·iff1a.1'-y ''upp1.2r'' 13.ppr-o>:im<-~te esti1nc.,tes (Jf e:-:pr2ctf?d do!..;e. l-/01,-Jever, 

thE· c·~stirn,::1t.e~; 1r·E:CfE•i.vE1d in suc:h a way CiVE'rf:?!::ti:imr.:ite thF: vc:ilUE:~s <]f 

1r·.isk. Th:i.~.s. val1.-1<:: ca.n not bfc:--:i USf?d in th£~ prrJceclur-E-? c,'f' "co!;t-lJE~nef.i t" 

ar1alvsi.s to estimate the acceptability of p~o·tective actior1s 

''uni.t of conservativeness'' unjusti.fied incl1Jded .ln 
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could highly incr·ease the costs. 

S1_ml1latiori stochastic demographi.c model i~ Cir'' the 

n·f ]. :i .. ·f(?t: .l.i1iF" d E,•v el Ci pE:d 

inci.:l.vicfuEil II 1 :i. -ft?.timE:.• CID!:)E.''.:~-'' 

group c1f people. 

H0re the foll!Jwi.ng factors m1Jst be taken into accourit 

K 
1 

C hE(t-r.~C: t.E·l'") 

the ~;tat.is tic distribution 

p!)ramt~tE·r·s c har<::\C ter j_ z inq 

(con t<::1m .i r1 <c1. ti 1.:Jn f f.)Od <;,;, t.u ·ft s, t hF~ .i. r dd.i l y 

·f <:::ir dn 

of 

behavioral. r·egirne of people,etc) age-deperidence and variability of 

metabolic par-ameters; 

K ,o 
2 

Et(JE! 5 true t.L.tre E1nd cJync:1m.ic:s 

popLtlatJ.on (subpopula·tion), living on contaminated territory; 

K is 
9 

more real value of ecological half life (of foodsttJ·ffs 

Ci'f r· c,d .1 CiCl:.-:~!5i .i. U.IT1. 

Tt1e r·eJ.ationship o·f received with use of 2 models 

is determined as: D = D I K 
Q ~ Yf1 d Ytrp 

where K = K * K * K 
1 2 9 

T"he o.ppl ic:-::1 tiCJn ,:::, "f the· 

c:,l ".I. i fc:t.11T1F.:: 1.n the critical group t1as given the 

valL1es of tJ1e factors: 

correspc1nc1s to the value 

1. 7 .: K 
2 

1.1; K 
9 

2 .1 

o·f the conser'lative factor K = 4.1 Fc:,r 

tt,e estimai.1.011 of K the values of 95%-quantile of ind.iv:.Ldual dost::? 

rt·ie refusal from milk (contaminated more than 10 nC:i./1) 

assures ·the value of K equal to 6.2 

I t. . "t.1.::i ncJte all vaILtes of commc,n i::ifl c.1 

C'.". c.,n SE•!,-··/C:1 t :i. \/E}r'J E·$~; CDE?1° f ic i. E•n ts 1nenti.r.:.ned 2"1 bOVE:-? must 

considered only as illustrative estimations. They mear1s only one of 

1'-r::-a l i z.i::1ticin J.n the; volumE:· c,f !:::.i.muli::it:ti··ici 

pDfJLtlat1c)11 eqtJal to 8 000 people. Tl1at's why now ';·f 

mulJ0l tor- r·eceivir1q of statistical distributi.ons Ki on 

si.=e tJf si1nulati.ng pop11lation and dif·ferent r·e 1 i::I t .i.c:Jn sh .i ps bt?t:wE~C:"n 

lr1 conclusi.on i·t m11st be :i.n th i '5 rf:?peirt. 

of cor·iservativeriess (Con SE: l'".\/€:i t .1 VE? 

coeffic1.er1ts KL could not. estiff,<=\te in!::itancE-? 

conservative coefficients which are cased dr:?p+::ndencE:: c:1nd 

stochastic ct1aracter-s human .i fl unun.ique fi.c;)d of 



- 916 -

exterr1al e>;posure or dependence of internal dose from unmilk part 

of diet. Preliminary estimations showed that this factors can still 

decrease the sj.gnificar1ce of prediction dose per life. 
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The methods and means of direct continuous gamma-spectrometr ie 
measurements were used side by side with traditional methods of 
radiation control of environmental objects (sampl Ing of soi I-plant 
cover and water for further analysis) in the works related to the 
mitigation of the accident consequences at the Chernobyl NPS. 

Being installed on different vehicles (hel !copters, river research 
vessels, cars) or used in stationary conditions they al lowed data on 
the dose rate and its anomalies in the different space-time scales to 
be obtained with high efficiency and proximate manner, to determine the 
different radionucl ides contents in soi I or their concentration in 
water "in situ" to control the quality of decontamination of the 
settlements etc. 

Based on data from the cont lnuous measurements (except the operat Ive 
control) it was also possible to discover the space-time structure of 
radioactive contamination, to correct and refine the maps of 
radioactivity distribution plotted on the basis of interpolation of 
sample measurement results, to take representative samples according to 
gamma-survey results etc. 

An advantage of the direct methods is also the possibi I ity of direct 
data input into computer units to process, file systematize and store 
the data. 

Gamma-quantum detection Is mainly used for "in situ" continuous 
measurements of environmental parameters since beta- and alfa-radiation 
has a low penetrabl I ity even in air. Taking Into account the occurrence 
of different scales of contamination it is obvious that the gamma
radiation field Is more uniformous as compared to beta-radiation since 
the non-uniformities of the local distribution are averaged over a 
considerably larger volume or area as a result of the larger free path 
of gamma-quanta. This also results in that, in contrast to the sampling 
method which is a differential method, the "in situ" measurements are 
able to yield at once the averaged estimates i.e. they are an integral 
method. 

The quantum nature of gamma-radiatian enables (after carrying out 
calibration actions for the used measurement geometry) the radionuclide 
contaminants structure to be assessed using the spectral composition of 
the gamma-field. As to such radionucl ides as beta-emitting strontium-90 
or alfa-active plutonium, their concentration with known initial ratio 
can be estimated from radionucl Ide activity of gamma-emitters /1/. 

Never the I ess direct methods for contra I over soi 1-p I ant cover 
contamination with alfa-activity are also under development which is a 
subject discussed in the present work. 

In this study we attempted to generalize five years of experience on 
the use of methods and means of direct continuous control of 
radioactive contaminants in the environment after the accident. 
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As an example of the use of these methods In stationary conditions we 
are considering here a stationary control of the radioactivity of the 
Pripiat' river water (1986-1989) and the use of direct methods of 
control of the water treatment cycle of the Dnieper water supply 
station (Kiev) in conditions of water input with Increased content of 
technogenic radionuclldes Into the treatment faci I ities (1987-1988). 

The use of direct continuous gamma-spectrometric measurements on the 
mobile control means is considered on the basis of experience In the 
use of a car complex. 

A. Stationary use 

1. The continuous gamma-spectrometric control over the Pripiat' river 
water 

The main purpose of the control consists in solving two problems : 
- specific activity determination of gamma-emitters In water (in 

the first place iodine-131 and caesium-137) 
- assessment of radionuclide deposition In water of the Kiev 

reservoir, a main water supply source for Kiev. 

1.1 Gamma-radiation detection 

As a result of the accident and contamination of the water 
catchment area, twenty radionucl ides-gamma-emitters were Input into 
the Priplat' river water. In these conditions it would be optimal 
to use immersible semi-conductors (HPSD), for example, "SHP-1" type 
manufactured by "ORTEC". However it is obvious that control must be 
concentrated on the most radioactive nuclides (iodine, caesium, 
strontium, plutonium). On the other hand the working conditions did 
not allow the detection equipment to be placed nearer than 200-
300 m but in this case the use of HPSD is technically difficult. 
Also it is difficult to provide I lquid nitrogen supply and 
production in field conditions. 

To obtain source gamma-spectrometry information detection units 
based on sodium iodide crystals with different volume having high 
efficiency of gamma-quantum detect ion and accept ab I e energ: 
resolution were used. 

Just note two features of the direct measurement of the 
radioactivity level of natural waters 
- measurements are carried out in the emitting-dispersing medium 

which is water; 
- measurements are general IY carried out at smal I depths of natural 

pools (2-5 m). 

The first feature leads to sharply increasing Compton's part of 
spectrum of any radionuclide. If there are some radionuclides with 
approximately equal specific activity in the water medium this 
results in sharply increasing total Compton's part of spectrum in 
its "soft-part (~ 500 KeV) which deteriorates the "effects-to
background" ratio for this range where in particular the photopeak 
of iodine-131 occurs. 
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Water influence is also reflected on deterioriation of energy 
resolution. This is shown in Fig. 1 by means of the example of 
measuring point and distribute sources of zlnc-65. 

The second feature consists In that the pulse quantity Nf 
measured with the detector at a certain depts is the sum of some 
components : 

actual radioactivity of water; 
cosmos component d is tr i but ion on 
background (h-const, Nc•const); 
own background of the nature; 
contribution of bottom natural 
radioactivity. 

the detector's own 

and technogenic 

The bottom radioactivity is a serious problem in measurements made 
In shallow water. In /2/ it is shown that when measuring with 
water-distributed cobalt-60 sources 98% of the gamma-quantum flux 
on to detector Is created by radiation from a spherical source 65 

cm in radius. Thus the presence of a water column of 2-2,5 m can be 
considered as an acceptable screen against the bottom natural and 
technogenlc radioactivity. 

In the initial period (just after localization of accident 
ejection) water activity was high enough (up to 3.10-8 c1.1-1) 
and Nf"" Nm, however, these components begin to play an 
essential role, when Nm<< Nc+Nb+Nn. 
Just this limits the use of the direct methods. 

This I imitation, as it Is known, is quantitatively expressed by the 
sensitivity limit of the detection method which Is determined as 
the minimum activity that can be measured in present conditions : 

£ 
t,_ -

lis -
s 
T 

A min• \fZ.t,<.Elf 
Ii. S. T 

basic error, 
Student's test, 
standard deviation of background measurement, 
measurement method sensitivity, 
measurement time. 

For each radlonucl ide the value S for the detector sensivity is 
defined for this radionucl Ide In the considered measurement 
geometry (source uniformly distributed in water) and the valuec;5.w.; 
is measured in a radiation-free reservoir at the same depth. 

These values were obtained by us when carrying out cal I brat ion 
actions on the basis of radiochemical analysis of water samples. 
When calculating total specific activity a value obtained for the 
observed set of radlonucl Ides is defined as S~. 

It Is clear that as the composition of radionuclides changes, S£ 
needs correction. 
In Tables 1 and Fig. 2 are given results of the determination of 
the value Sze for a sodium iodide 80x80mm detector in the energy 
range of 0,15-1,8 MeV. 



Date 

28.05.86 
22.07.86 
27.03.87 
27.09.87 
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Table 1 

Ji, imp. sec -1 
Ci .1-i 

1.6 .1011 
1.3 .1011 
0.86.1011 
0.51.1011 

Decreasing gamma-activity of the Pripiat' river water resulted in 
need of using detectors with large values s. However It should be 
realized that increasings leads to growth of mass of detector i.e. 
to grownth of Nb. Our experience has shown that detectors of 
square sect ion show better perspact i ves in this term as compared 
with the ones of rectangular section. 

Taking into account the mean effective energy of fission products 
gamma-radiation amounted to 0,7-0,9 MeV for the initial period and 
then decreased to 0,6-0,8 MeV, these detectors are more "efficient" 
in increasing senslvlty (S/m, m-detector mass) as compared with 
detectors of rectangular shape. 

Note also that detectors were placed into hermetically sealed 
capsules from radiation-free stainless steel. In order to reduce 
radionuclide sorbt Ion on the capsule surface removable PVC covers 
ware put on them. 
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1.2 Control, measuring and data processing equipment 

The detector impulses were transferred through cable with low wave 
resistance*> to the input of the continuous measurement equipment 
and multi-channel analyser. 

Continuous measurement equipment consisted of the pre I iminary 
processing and documentation unit as wel I as a personal computer. 

The preliminary processing and documentation unit comprised four 
ports to each of which one detector can be connected. 

Each port included an input control led spectrometric amplifier, 
four working differential discriminators as wel I as two-digit 
counters with I iquid crystal indicators which can be connected to 
any discriminator. 

The unit had a device for setting astronomical time, exposure time; 
comparator unit for setting the level "ALARM" as well as a numeric 
pr inter enabling to output actual information ( in form of impulse 
amount for exposure time) with reference to astronomical time onto 
paper(tape) medium. Every path had also analogue data output from 
one of the discriminators (see Fig. 3). 

Equipment operates in cycle mode preset with exposure time. 
lmpluses from all the differential discriminators go into computer 
in para I lei. 

Its avai !able software al lows data to be processed in real time 
with any averaging base. It also al lows to convert automatically 
information into specific activity units, to command for triggering 
of mu It i-channe I ana I yzer (when exceeding I eve I "ALARM" or by 
cycles). 

*) single-circuit scheme of low voltage supply to detector and pulse 
transfer was used 
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Thus taking into consideration the specific conditions of operation 
the continuous control equipment could operate both with computer 
and without it (in case of fai lureJ*l. 

Energy "windows" of discriminators can be readjusted accord Ing to 
the changing radiation situation. Fig.4 gives an actual gamma
spectrum of the Pripiat' river water on 25.05.86 and indicates the 
fixed energy bands of detection: "iodine", 11 caesium 11

, 
11 integral 11

• 

Exposure time was varied depending on the radiation situation. So 
T•60 sec. used in the initial period 
"overshoot" of activity with value of 0,04 
dropped the exposure time was increased up 

al lowed to control an 
Ci. Later on as activity 
to 600 sec. 

Placing the detectors on anchored buoys al lowed the measurements to 
be conducted in winter too (under ice). 

Threshold sensitivity of the method using sodium iodide crystals of 
aoxaomm in size at the depth of 2 m amounted to o,1.10-11c; .1-1 
with exposure of 60 sec. and o,2s.10-lc1.1-1 with exposure of 
600 sec. 

The use of crystals with size of 80x400 mm al lowed this value to be 
reduced twice. 

The use of the direct continuous control equipment enabled 
of iodine-131 to be determined down to 3.10-10c1 .1-1 
basic error of ± 30%, total radiocaesium down to 
11Ci .1-1 with basic error or± 25%. 

activity 
with a 
s.a.10-

This equipment without any essential modifications was placed on 
the river vessels used for the mobile monitoring. 

*J in this case part of operations are carried out by hand. 
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2. Control over operation of treatment faci I ities of the Dnieper water 
supply station 

The accident at the Chernobyl NPS resulted in radioactive 
contamination of the Kiev water reservoir and Dnieper river, the 
main sources of drinking water supply for Kiev. Here in the initial 
period radioactive contamination of the Kiev water reservoir took 
place both by way of activity fall-out on its surface and by way of 
input of contaminated waters of the Pripiat river, Uzh river a.o .. 
Subsequently only the second source contributed. 

According to data /3/ in May 1986 the maximum activity of iodine-
131 in water of the reservoir amounted to 3.10-8c1 .1-1 (1100 
Bq.1-1), in June 1986 it reduced up to 4,3.10-10c1.1-1. In 
June 1986 activity of caesium-137 amounted to 4,9.10-10ci .1-1, 
strontium-90 - 3.5.10-11ci. 1-1. 

Continuous control equipment similar to the one used on the Pripiat 
river was installed on February 1987 at the treatment faci I ities of 
the Dnieper water supply station for the fol lowing purposes 
- control over gamma-activity level of drinking water, 
- effectiveness assessment of treatment system operation, 
- assessment of dynamics of radionuclide accumulation on the used 

sorbents. 

Detector units (sodium iodide, 80x80mm) were placed so that al I the 
basic stages of water treatment could be control led 
- in receiving bowl - control over input water, 
- in settler of fine filter - control over filter-cycle, 
- in fine filter material - control over dynamics of radionuclide 

accumulation if filter, 
- in pure water tank - control of output water. 

From the standpoint of interpretation of the measurement results a 
difference from the use on Pripiat' river consisted in 
experimentally measuring the value S for the detector located in 
the filter material (zeol ite). 

To extend caesium-137 accumulation in zeolite the filter detector 
was substituted by a detector of smaller size (40x40mm). At the end 
of 1987 the output water activity was at the sensitivity limit of 
the method (3.10-11ci.1-1J. 

B. Use of continuous control methods in cars 

Besides what was mentioned, the use of direct methods of gamma
spectrometr le control In cars has a number of further advantages 
discovered during operation in contamination areas : 

possibi I ity of operation both in mobile and in stationary 
conditions by quickly changing control means location depending 
on s i t ua t ion; 

- intercal ibration of stationary means; 
- aerogamma-survey results correction; 
- operative assessment of horizontal migration of radionuclides on 

the control routes; 
-· possibility of detailed inspection of settlements and assessment 

of decontamination effectiveness. 
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3.1 Car complex for control and study on radionuclide composition of 
environmental contaminants 

A block-diagram of apparatus part of complex is given in Flg.4. The 
technical means of complex enabled : 
- to carry out the continuous measurements of gamma-field intensity 

and spectrum composition with two collimated scinti llatlon 
detectors placed on the car top (on the two gates at height of 
2ml; 

- to carry out continuous measurements of gamma field intensitiy 
with non-col I imated scintillation detector-discover placed on the 
car top; 

- to obtain data on radionuclide contents in 
spectrometry on the foot by using an 
scinti I lat ion or semi-conductor detector; 

soil by direct gamma
outboard collimated 

- to determine the basic 
specific gamma-activity 
immersible scinti I lat ion 

composition 
of surface 

detector. 

of radionuclide or total 
waters by means of the 

Al I the detectors and equipment 
ones used In the stationary 
measurement unification.*) 

are completely unified with the 
conditions in order to ensure 

Surveying procedure did not considerably differ from that accepted 
in the surveying nuclear geophysics /4/. 

The procedure of the carried out measurements of gamma-field 
characteristics consisted in recording, processing and topographic 
referencing of its intensity and spectrum composition data 
transferred from the col I imated detectors and in recording of 
counting rate from the detector-discover as wel I. 

Interpretation of gamma-field intensity data has some features when 
obtaining them in motion. 

As it is known that essential characteristics of the mobile 
continuous control means are a "I inear resolution" value**) of 

*J In the car there was used mult i-'channel (pulse-height) analyzer 
LP4900B (AFORA, Finland), which has shown high rel iabi I ity when 
operating in the conditions of the strong environmental and 
mechanical effects. 

**) for aeroplans - "area resolution". 
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measurements process; this value is determined by a constant of 
information collection time (using ofn or RC-integrators) and a 
car motion speed (VJ, on the one hand, and by the minimum required 
change detect ion of dose rate on the route areas from which the 
information is integrated, on the other hand. Properly speaking, 
just this characteritic determines a possiblity of surveying with 
a certain extent of detai I and control means efficiency as wel I. 
The use of the RC-integrators requires the readings of intenstity I 
and coverage of anomaly W (see Fig.SJ to be regenerated, to get rid 
of inertial abilityVf:'(wherer-integration time). We used 
-integrators with a smaller quantization time of 10 sec. This 
enabled the intensities of anomalies with coverage of 40m and 20m 
to be detected with an accuracy of 5% and 25% respectively when 
moving at a speed of 4 km/h. 

Estimates of "inertial" length<lX showed that it doesn't exceed 50m 
at a speed of 40 km/h and Sm at a speed of 4 km/h. 

3.1.1 Measuring with the collimated gate (site) detectors 

These detectors are used for carrying out measurements of gamma
f ield intensity and qualitative assessments of the spectrum 
composition. 

The measurement scheme and basic measured and preset va I ues are 
given in Fig.6. 

Dose rate in point A as it is known is calculated from the ratio 

P,i. = (K~-5 L(l[1,-(:) 1
] 

K ( - gamma-constant of radionuclide; 
~ - radionuclide contents. 

For the case of the uniform gamma-quantum flux from al I the sides a 
collimator thickness is determined from the condition D./ ~!( F «1 , 
where F•attenuation coefficient. Taking into account the mean 
effective energy of fission products of 0,7-0,9 MeV, the lead 
thickness of 3cm enabled this ration to be met. 

The collimator was a lead cup with length exceeding the dimensions 
of scinti I lat ion crystal placed inside a length equal to the 
crystal size. This provided 10% of gamma-qunata fal I ing into the 
collimator surface to reached the crystal the open cavity. 

In the side wall of the collimator there was a slot coinciding with 
the detector crystal position and ensuring detection within sol id 
angle fl ·1'/3, which enables to "refine" measurement geometry. 

The collimator mounting on the top enabled to fix the collimator 
slot at angles 1°'·30'; 45· and 50· with the vertical. In this case 
(with -0constJ the detector readings will be related to 
contaminant contents with simple correlation and wi I I not depend on 
distance from soi I surface : 

111·'1 = A . a. fl.. t>. 
(l cos \..I 
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A- calibration coefficient depending on detector arrangement and 
spectrum composition. 

Thus when using averaged spectrum it is possible to estimate fof 
the individual radionucl ides, in the first place the long-I ived 
radionucl ides of caesium-134, 137. In the course of continuous 
gamma-survey at a motion speed of 5-40 km/h a set of gamma-spectra 
provided data on the spectrum composition of the gamma-field 
averaged over a section of 1,5-10 km (in linear representation) to 
be obtaned within 103 sec. 

The need to obtain the spectral information was related to the 
existence of three types of contamination differing i,i caesium-134, 
137 contribution in the total contaminant contents. 

On that ground the coefficient of transfer from counting rate to 
exposure rate was different for the different contamination types. 
The use of a unified coefficient resulted in 50% error. 
This problem is considered in more detai I in the section concerning 
calibration of the technical means of the complex. 

Another difficulty in the interpretation of tho measurement 
results was that it failed to find an acceptable I inear regression 
equation between counting rate and dose rate for the whole range of 
exposure rate of 0,04-20 m R.h-1 existing during the first year 
after accident; it is generally characteristic of the use of sodium 
iodide for dose rate measurement. For the indivictual subranges 
(0,04-0,4; 0,7-5mR.h-1 etc.) such linear equations were obtained 
and used in calculations. 

3. 1 .2 Measuring with outboard detector 

When the data obtained in motion show a significant change*) in 
dose rate or spectrum composition of the ga1nma-field the 
quantitative determination of the radionuclide contents was carried 
out standing still using the outboard scinti I lat ion detector with 
collimator (sodium iodide, 40x40mm or 63x63mm). The collimator is 
made in form· of lead cylinder with open face part and wal I 
thickness of 5 cm. 

The measurement are carried out while protective means and detector 
are instal lated on the fixing support so that gamma-quantum 
"collection" takes place from an ·area of 1 m2 which faci I itates 
the interpretation of results in the units Bq.m-2. 

*J "Thresholds" for such decision depended on the problem to be 
solved. 
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In the early stage of the accident situation when a large 
radionuclide nomenclature was found a HP Ge-detector with volume of 
70 cm3 in the same geometry was used. 

The measurements are occasionally fol lowed by sampling of soi I in 
the layer of 0-10 cm from measurement site for the further 
determination of strontium-90 and plutonium content. 

The measurements made with immersible detector did not differ from 
the ones for the stationary location and were discussed above. 

3.1.3 Cal lbration measures 

The development of the calibration procedure for the complex means 
and their regular testing were very important for the proper 
interpretation of the results. 

The calibration was carried out on specially chosen and pre I iminary 
studied sites being representative in landscape-geochemical 
respect. There were three sites of such kind in the area of the 
fuel-type contaminants (with different contents), three sites - in 
the areas of the contaminants with sharply fractionated nature 
(with different contents as wel I) and two sites - in the areas of 
contaminants with intermediate nature. The calibration was carried 
out stationary using both sampling from the collimator "lightened" 
surface of site (not less than 5) and tested means for measuring of 
dose rate ~sad as the controls. 

Also the value of the conversion coefficient between surface 
activity of caesium-137 and dose rate created with caesium-134, 137 
for the di 0 ect measuring means was estimated. 

The dose rate change caused by shifting source center into dee soi I 
was also estimated. 



- 939 -

Measuring "I inear resolution" and minimum required change of dose 
rate is carried out during motion of the car in the different 
detection conditions either when driving over the br'dge above the 
water surface where dose rate is decreased or when d'-iving through 
the cross-roads where activity on the asphalt is le~s than on the 
sideways. 

In 1990 the joint calibration of technical means of c~mplex and the 
contamination direct measurement equipment repres~nted by the 
Japanese specialists (sponsor of works is company cf NHK, Japan) 
was conducted on the sites of sharply frac1 ionated type 
contaminants. The works are conducted under the atove mentioned 
scheme and also included a comparison of radiochemicnl methods for 
determination of strontium-90 and plutonium in the samples. As a 
who I e, the direct measurement equipment showed a good coincidence 
of results. On completion of results processing those wi 11 be 
pub I i shed in form of a Joint report. 

The carried out metrological measures have shown that a basic error 
of caesium-137 determination in the range of 0,05"50 Ci/km2 by 
means of the scintillation detector changes from 50% for the lower 
I imit up to 15% for the upper I imit (for HPSD- 30% and 5% 
respectively). 

An error of caesium-134 determination In the range of 0,3-15 
Ci .km2 is also close to these values. 

Time of gamma-spectrum measurement here amounted to 103 sec.*. 
The error of Ru-106 determination changing within the· range of 1-4 
Ci/km2 is close to 100% for the scintillation detector and 
amounts to 30% for HPSD. 

Large value results in decreasing control efficiency. 
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Cerium-144 determination with a basic error 
when the value exceeds 10 Ci/l<m2, 
contamination does not exceed 5 Ci/km2. 

of 30% is possible only 
provided the caesium 

As an example Fig. 7 shows the determination of the dose rate and 
contents of some radionucl ides along the control route and the 
results of the continuous measurements of dose rate. Mora detail 
for assessdng the horizontal migration on the same route is given 
in Fig. 8. 

3.2. Car complex for radiation surveying and control over environment 

The experience of using the car complex discussed in 2.1 indicated 
that resolving the practical problem of quick collection of 
information on the exposure rate with simultaneous referencing to 
the basic radionuclide composition of fall-out (in order to obtain 
assessments of the radiation impact on the inhabitants) is often 
difficult because of the used measurement geometry. In the 
contaminated areas there is a complex spatial structure of activity 
"spots" of different size (up to meters) some of which have 
radionuclide contents exceeding tens and hundreds of times a mean 
level and not getting into the field of vision of the col I imator in 
the process of gamma-survey. 

On the other hand so cal led "unapproved" radiation sources which 
have reached environment for different reasons (radioactive waste, 
sources ol radioisotope diagnostics etc.) are found in the many 
settlements of the USSR. 

Their sea,ch requires means with high efficiency and high spatial 
selectivity. 

Solving these problems with use of the above discussed complex is a 
difficult matter. 

It is clear that these difficulties are mainly related both to the 
assessment of dose rates from volume-area extended sources when 
using the collimated detector and to the impossibility to discover 
in motion a direction of maximum radiation rate indicating the 
source having a main contribution to dose in the given place. 

The car complex which was developed to solve these problems 
combined the process of continu6us measurements of gamma-field 
intensity and use of the gamma-location principle (crude estimate 
of space part direction from where maximum gamma-quantum flux fat Is 
down on to detector) and gamma-bearing principle (estimate of 
maximum radiation source direction). 

The sensitive part of the gamma-locator comprised 6 sodium iodide 
crystals with hexahedral section (63x250 mm) arranged close to each 
other on the generating I ine of a cylinder with diameter of 8 cm 
(Fig.9) made of tungsten. 

Between a.Jjacent faces of crystals there was a lead "shady" screen 
device of triangular section. Such scheme created a certain angular 
sensitivi :y for each detector. This part of the locator was placed 
on the ca,· top at a height of 1 ,5 m. 



- 941 -

Pulses from each detector were transferred independ,,ntly to input 
of board computer, analyzed according to conversion of the counting 
rate into dose rate and represented in analogous and digital form 
to the operator on the display screen (Fig.10). 

For the operator's convenience a car mimic panel with vector 
indicated a direction of maximum radiation source (s.pace part) in 
the corner of screen. 

For an accurate estimate of the source direction it w,s possible to 
use one of two alternatives 

- simultaneous connection of any of three adjacent detectors into 
operation mode of computer according to program of "Pe Ieng" 
(bearing); 

- use of four detectors (sodium iodide, 63x63 mm) with collimator 
in form of semi-cylinder placed on the car bumper at height of 1 
m with base of 1 ,5 m. 

The especially developed computer programm of "Pe Ieng" enabled also 
(after proper calibration against a point source) to estimate the 
distance to the maximum radiation source. To correct a car motion 
according to results of gamma-location a set of equipment included 
a I so a sma 11-s i ze ta lecamera with monitor. The vi dee-image of the 
locality also displays the result of data processing under programm 
of "Peleng" in analogous form (stroke with height prnportional to 
dose rate positioned at the location of maximum radiation source) 
(Fig. 9a) . 

During continuous surveys information on dose rate is recorded on 
magnetic floppy-disk and video-information - on the video tape 
recorder. 

Composition of radionuclide contents is analyzed by means of "in 
situ" portable HP Ge-detector with col I imator. 

In case of need this detector can be p I aced on th" car top for 
continuous gamma-spectrometric survey. 

4. Direct measurement ofo(- activity soil cover 

The labor involved 
radionuclide contents 

in the radiochemical detHmination of 
has st imu I ated works for thn creation of 

means for the direct assessment of the total activiti0s. 

Difficulties in the development of such techniques are well known 
and the existing means don't enable.c- particle flux to be 
determined remotely. 

In conditions of soil cavered with dense vegetation the use of the 
use of the contact means is practically impossible. 
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development of such means the 
remote direct de termination 

activities for an «-particles flux of J0,5 part * 
Cfflt ~f'L 

task was 
of tot a I 

The physics of direct measurement process was based on the 
principle ·:>f detecting not <>(-particles themselves which have too 
short paths in air but "clusters" (or "tracks") originating in air 
during it,; ionization byo(-particles and retained there for 
considerable time (until 15 min.). The problem consists in 
"pulling-in" the "cluster" aeroions by means of magnetic field or 
air eddy tiow into a measuring counter. 

In our modnl**l we have realized the second principle. 

The detection unit in the working position is located at distance 
of 30 cm to soil surface. Circulating flow transfers aeroions from 
areas of 0,26 m2 to a detection unit of original development 
which is a gas-discharge counter to which aeroions are transferred 
by means of special transporting and ion-focusing electrodes. The 
detector is opened to atmosphere which enables to reduce the 
sensitivity threshold of the detector and to achieve energy of 
detected ~-particles of 100 KeV. 

,,..,- accepted threshold for boundary of settle off zone (0,1 Ci/km2 
with plutonium) 

**) jointly Wi'h Moscow Engineering-Physical Institute 
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Fig.11 indicates a dependence of aeroions counting rate and 
detection effectiveness of aeroions from ~-particles of plutonium-
239 on the distance to the source .. One can see tha' the detector 
perceives the aeroions from a source with an activity of 250 Bq at 
a distance up to 65 cm which shows the perspectives offered by the 
solution which we have chosen. 

The accident at the Chernobyl NPS has stimulat,d works for 
development of field means for radiation monitoring for different 
purposes (5,6) in many countries. 

Our experience in the development and use of such me;ins as well as 
the experience of other researchers /7/ has shown that one of the 
main problems remained improving the accuracy of obrained results 
and the unification of calibration procedures or the special 
testing grounds. 
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ABSTRACT 

The formation of the Eastern Urals radioactive trai I meant it was 
necessary to take a series of .urgent and planned (or longer-term) 
measures to protect the pub I ic from radiation. The urgent protective 
measures included evacuation in the first 7-10 days of 1 100 people 
from the four villages nearest to the plant, since their external 
irradiation dose might have exceeded 100 rem in the first month. This 
evacuation, which later proved to be resettlement, prevented 91% of the 
potential 30-year dose. Parallel to this, the population was subjected 
to a number of hygiene measures, and dosimetric monitoring was 
introduced. Given that 90sr played the leading radiological role, a 
90sr contamination I imit of 2 Ci/km2 was introduced for the area, 
and higher levels required implementation of longer-term measures to 
protect the populace from radiation. Such longer-term measures included 
monitoring radioactive cont am i nation of produce and agr i cu I tura I 
products (where contamination was below 2 Ci 90sr per km2J, their 
rejection and replacement by non-contaminated produce, restricting 
public access, banning economic activity, and decontamination of rural 
populated areas/arable land. Rejection and replacement of produce came 
late, were difficult to implement and had I lttle effect on reducing 
90sr intake via food. For this reason, the longer-term measures 
included subsequent, add it i ona I reset t I ement of 9 600 peop I e from a 
further 19 villages some 250-670 days after the accident. This measure 
prevented 20-38% of the potential 30-year dose, and from a modern 
radiological point of view was not wholly justified. Protection of the 
non-evacuated population exposed to contamination below 2 Ci 90sr per 
km2 mainly involved reducing the 90sr concentration in the milk of 
cows be I ong i ng to the rura I popu I ace, this being achieved by banning 
the use of natural pastures and hay meadows. This measure reduced by a 
factor of 2 the 90sr intake into humans. Agricultural production was 
restored in areas with contamination levels ranging from 2 to 100 Ci 
90sr per km2; this involved setting up state farms specialising in 
meat production (beef, pork), which turned out produce containing 2.5-5 
times less 90sr than in surrounding farms. 
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The deposition in the Eastern Urals of a trail of radioactive fallout 
made it necessary to implement a series of measures to protect the 
pub I ic from radiation, which - according to their aims and periods of 
execution - can be divided into a) urgent measures, and b) planned or 
I ong-term measures. The urgent measures were taken to prevent I arge 
doses of external whole-body irradiation and of internal irradiation of 
the gastro-intest inal tract of the inhabitants In the populated rural 
areas closest to the nuclear installation. As for the pub I ic I iv,ng 
further afield and in areas of low-level radioactive contamination, the 
planned protection measures were intended primarily to reduce the 
intake of 90sr into the human body via locally produced food, and to 
prevent late stochastic (oncological) effects. Many of the long-term 
measures were combined with the restoration of agricultural production 
as a means of rehabi I itating the contaminated territory. 

The effectiveness of these steps - measured either In terms of a 
reduction in irradiation dose to the public or of a decrease in 90sr 
concentration in the produce obtained - varied, and we can now select 
the most efficacious measures and reject the other, less effective 
ones. 

Of the urgent pub I ic radiation protection measures, the most effective 
in lowering the pub I ic irradiation dose was evacuation during the first 
7-10 days (Table 1). This prevented 87% of the potential 30-year dose 
of external irradiation and 91% of the effective dose equivalent. As 
the evacuation periods increased, the effectiveness of this measure, 
which was now planned evacuation, was reduced, and - from a modern 
radiological point of view - evacuation carried out 330-670 days after 
an accident is a crude, superfluous measure which does not warrant the 
socio-economic and psychological drawbacks involved. 

Irradiation doses prevented by evacuation, 
% of potential 30-year dose 

Irradiation Evacuation times 
patnway 

urgent 250 days 330 
evacuation 
7-10 days, 

Table 1 

days 670 days 

1 100 pers. 2 250 pers. 4 200 pers. 3 100 pers 

External 
irradiation 87 18 17 17 

lrradiat ion of 
gastro-
intestinal tr act 84 23 23 9 

Irradiation of 
bone and red 
bone marrow 99 88 49 40 

Effective dose 
equivalent 91 38 28 20 
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Other urgent measures (Table 2) were directed at reducing external 
irradiation of the evacuated population through hygiene measures, and 
also at preventing further irradiation of non-evacuated members of the 
pub I ic in the event of their uncontrolled presence in highly 
contaminated areas or their use of produce and goods in populated areas 
abandoned after evacuation. The effectiveness of I imiting pub I ic 
access to contaminated areas and banning the use of produce and goods 
does not lend itself to analysis, since these measures are of a 
preventive nature. 

Table 2 

Additional urgent measures to protect the pub I ic from radiation 

Measures 

1. Hygiene measures 
involving evacuated 
population 

2. Ban on bringing 
out property and 
produce from the 
evacuated populated 
areas 

3. Limiting access 
to contaminated area 

Purpose of introducing 
measure 

To remove radioactive 
contamination from surface 
of body and clothing 

To prevent further spread 
of radioactive substances 
and use of contaminated 
produce 

To prevent further 
irradiation of non
evacuated population 

Time of 
introduction 
and scope of 
measure 

1957; 
1 100 pers. 

1957; 
4 populated 
areas 

1957; 
approx. 
200 km, 

The p I anned or I ong-term measures, which began to be introduced in 
1958, covered both the contaminated areas of the Eastern Urals in which 
the population continued to live, as well as the territory from which 
the population had been rapidly evacuated. In the zone where people 
stayed on (where, In 1958, maximum contamination was 100 Ci/km, 90sr 
and the m1n1mum 1 Ci/km, 90sr), monitoring of the radioactive 
contamination levels in food and fodder was made compulsory (Table 3) 
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Tab le 3 

Long-term measures in the area where the pub I ic stayed on 

Measures 

Radiation monitoring 
of food and 
agricultural produce; 
rejection of produce 

Provision of fodder 
base for privately 
owned I i vestock 

Time of introduction 
and scope of 
measures 

1958; 1 000 km,, 
3 years; 100 ooo 
analyses; rejection of 
some 10 000 t of produce 

1961 

Effectiveness of 
measures 

10-20% reduction 
in dose to pub I ic 

90sr 
concentration in 
milk reduced by a 
factor of 2 

in most of the populated areas (covering a total area of some 1 000 
km,), and accompanied by rejection and substitution of produce in cases 
where established permissible I imits were exceeded. 

The need to create eight special monitoring laboratories, provide 
technical equipment and train staff for them, led to substantial delay 
in initiating mass radiation monitoring everywhere, and in actual fact 
monitoring did not get under way fu I I y unt i I summer /autumn 1958 when 
the bulk of the most contaminated produce from the 1957 harvest had 
been consumed by the population or farm animals. Neither was it 
possible in practice to monitor al I produce or replace al I the rejected 
produce. This measure proved insufficiently effective and may be 
assessed as having reduced the dose to the public by 10-20%. The low 
efficacity of this measure led to further evacuation of the population, 
even as late as 670 days after the accident. 

Whether the non-evacuated population was able to stay on for a 
prolonged period depended on the dose accumulated in bones and red bone 
marrow as a result of ingesting 90sr in food. Intake of 90sr with 
cows' milk plays a leading role in formation of the 90sr dose. Some 
70-80% of the daily 90sr intake via food comes from milk. This 
predetermined one of the measures, namely the need to change the 
composition of the fodder fed to privarely owned cattle by changing the 
fodder base. This involved excluding to the maximum the use of natural 
pastures and hay meadows, the produce of which contains 5-10 times more 
90sr than that from cultivated land. Changing the composition of the 
fodder base in a number of populated areas reduced 90sr concentration 
in the milk of privately owned cows by a factor of 2. 

A health protection zone, in which both residence and agricultural 
exploitation were forbidden, was set up in the part of the contaminated 
area from which the population had been evacuated by 1959 (Table 4). 
After the decision was taken tore-establish agricultural production on 
80% of the previously abandoned territory, the health protection zone 
was reduced in area from 700 km2 to 200 l<m2. Besides the creation 
of the health protection zone, the abandoned farmlands were ploughed as 
usual over a two-year period. This reduced the concentration of 
radioactive substances in the air above such I and by sever a I dozen 
percent. 
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Long-term measures in the evacuation zone 

Measures 

Creation of health 
protect ion zone 
(2 Ci 90srtkm,) 

Decontamination of 
agricultural areas 

Organization of 
specialized state 
farms and forestry 
undertakings 

Time of introduction 
and scope of 
measures 

1958 - 700 km, 
1962 - 200 km, 

1958-1959; 
20 000 ha arable 
land 

1961; 
9 state farms, 
3 forestry undertakings 

Table 4 

Effectiveness of 
measures 

Prevention of 
further irradiation 
of non-evacuated 
population 

Decrease in 
resuspension of 
radioactivity 

Concentration of 
90 Sr in meat and 
dairy produce 
from specialized 
state farms 2.5-5 
times lower than 
that in produce 
from other state 
farms and private 
holdings 

As shown above, the planned radiation protection measures in the 
evacuation zone were combined with agricultural rehabilitation of this 
territory. The main task, namely to get agricultural production going 
again and obtain produce with a 90sr concentration not exceeding 
established permissible levels, was achieved, and depended both on 
local levels of radioactive contamination and on the specific 
characteristics of 90sr transfer into the various kinds of 
agricultural produce. The lowest 90sr concentration is typically 
found in poultry, pork and beef, while the greatest is found in natural 
grasses, straw, si I age crops and- root crops. The fol lowing 
contamination levels, in curies of strontium-90 per square kilometre, 
were taken as permissible: food grains 2, beef 20, pork 100. Nine 
specialized state farms were set up in 1961 geared to meat production, 
and they are currently exploiting 85% of the land previously taken out 
of use, where the contamination is 2-100 Ci/km, of 90sr. This land 
makes up 10-15% of the area exploited by state farms. Having the state 
farms concentrate on meat production, while avoiding use of natural 
land as far as possible and adopting new methods, has resulted in 
produce 2-5 times "cleaner" than that from "unregulated" farming. 
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Several methods of reducing 90sr accumulation in produce were tried 
out. The most effective involved optimized land use based on 
classifying and using areas in I ine with their radioactive 
contamination levels, on the basis of the correlations between the 
established permissible levels of 90sr concentration in specific 
I< inds of produce and the observed actua I 90sr concentrations in such 
produce measured in terms of a common contamination unit (Table 5). 
Through ski I lful ly al lotting food and fodder crops to areas with 
varying contamination levels it is possible to reduce 90sr 
concentration in produce by almost 200 times as compared with 
unregulated al location. Of the other measures, decontaminating soi I by 
removing the contaminated top layer is also effective, reducing 90sr 
accumulation in produce 5 to 15-fold, but due to the high cost of this 
method it is best restricted to smal I areas, e.g. those under 

Influence of agrotechnical measures on 90sr 
concentration in agricultural produce 

Table 5 

Method Reduction of 90sr concentration 
as compared with customary 
practice 

Optimization of land use 
(classifying farmlands according to 
their radioactive contamination 
level, the permissible 90sr 
concentration in a given type of 
produce, and the observed 
coefficient of 90sr transfer 
into produce) max. 200-fold 

Decontamination of farmlands by 
removing the top (5-10 cm) 
layer 5 to 15-fold 

Deep ploughing and burying the 
top layer below the tillable 
horizon 2 to 7-fold 

Physico-chemical improvement of 
soi Is by means of immobi I izing 
substances max. 2 to 4-fold 

Increasing crop yields max. 1% for each percentage point 
increase in yield 

Selection of crop varieties max. 4-fold 

Removal of surface contamination 
from biomass during cultivation 
and harvesting 
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vegetables. Deep ploughing and burying the contaminated top layer at a 
depth of more than 50 cm reduces 90sr transfer into produce several
fold. Al I the other methods are less effective; for example, physico
chemical improvement of soi Is by adding substances which immobi I ize 
90sr uptake into the roots in particular lime, sulphates, 
phosphates and silicates results in an approximately two-fold 
reduction in 90sr accumulation in produce. Agrotechnical methods, 
most of which reduce 90sr uptake 2 to 4-fold, are suitable where 
actual produce contamination levels are close to the permissible 
levels, but wi I I have no substantial impact in cases where the 
permissible levels are significantly exceeded. 

In I ivestock farming (Table 6) the most sensible measure is to alter 
the composition of the fodder ration, which should be optimized both 
from the angle of its nutritional value and of including feed with a 
very low 90sr concentration. In th is connect ion the rat ion must not 
contain any fodder from natural land, since this is the most 
contaminated. In pr act ice this measure reduces 90sr transfer to milk 
and meat by several dozen percent. Another recommended measure is to 
maintain meat cattle on clean fodder for several months before 
slaughter. This reduces the 90sr concentration in produce by a 
factor of 2 or more. 

Tab I e 6 

Influence of zootechnical measures on 90sr 
concentration in livestock produce 

Method 

Selecting optimum composition 
of fodder ration 

Increasing the yield of dairy 
cattle 

Keeping fattening I ivestock 
on clean fodder before slaughter 

Reduction of 90sr concentration 
as compared with customary practice 

In conclusion, it can be said that, of the above-mentioned measures and 
methods to reduce irradiation of the public In the event of radiation 
accidents (the latter phase of which may be marked by what is known as 
the "strontium hazard"), only a few have a really marked effect. The 
most radical measure is evacuation of the population, provided this is 
done in the very early phase of the accident. As for ensuring that 
people can continue to I ive safely in areas contaminated with 90sr, 
there are hardly any measures with an effectiveness factor of more than 
2-4 which could be applied to private holdings. In state and other 
large farms optimization of land use and decontamination of farmland 
can be effective measures. 
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ABSTRACT 

In the zone of the Kyshtym radiation accident, with its leached clayey 
loam chernozem soi I (pH 5.6, exchangeable ca++ 31.6 mg-equiv./100 g), 
the lowest 90sr concentration - expressed in terms of contamination 
level ( in units of Bq/kg per Bq/m2) - was observed in the grain of 
mi I let, maize and wheat and in potato tubers, varying for this group of 
crops from 0.051 to 0.234 x 10-3 m2/kg. The largest bui Id-up was 
found in oil-bearing crops (flax, mustard) and root crops (carrots, 
beet, swede, turnip) - (0.73-1.37) x 10-3 m2/kg and (1.23-4.15) x 
10-3 m2/kg respectively. Leguminous crops (peas, beans, French 
beans) occupied the middle section of this scale - (0.165-0.35) x 
10-3 m2/kg. Values for individual crops varied by a factor of 2-4 
in different years in I ine with seasonal agro-meteorological 
conditions. 

A 37-40% reduction in 90sr build-up in the grain and stalks of vetch 
and oats was observed after deep ploughing to a depth of 50 cm. 
Transfer to the grain and vegetative organs fell by a factor of 2-4 in 
comparison with the control when mineral fertilizers (NPK) were added -
in doses of 9 g/m2 of each element - to the upper soi I layer after 
deep ploughing. The addition of Na3Po4 to the surface of soi I 
containing 90sr in quantities equivalent to 100, 200 and 300% of 
exchangeable ca++ content, and then ploughing this layer under to a 
depth of 50 cm, reduced transfer to wheat grain by a factor of 2.5-12. 
The addition of Na2Si03 in corresponding quantities proved less 
effective. Adding colophony or furfural-anal ine to this soi I layer at 
the rate of 2% of layer mass, fol lowed by ploughing to a depth of 
50 cm, reduced the transfer to wheat grain and peas by a factor of 2-5, 
and by a factor of 4-B when higher doses of colophony were applied. 
Adding colophony to the soi I led to a decrease in 90sr bui Id-up in 
the fol lowing year's crops as wel I. 
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The Kyshtym accident in 1957 radioactively contaminated a considerable 
area, including forest tracts and cultivated land. There was an urgent 
need to study the behavioural processes of radionucl ides in various 
parts of the biosphere, including the system of soi Is and plants, and 
to draw up practical measures for limiting uptake into biological and 
food chains. Given that a considerable part of the deposited 
radioactive mixture comprised 90sr, the researchers focused their 
attention on this biologically dangerous radionuclide. 

fhere was also great scientific and practical interest in determining 
the 90sr accumulation levels in various species and varieties of 
plants in order to show which agricultural crops had the lowest 
accumulation levels when harvested. 

Given the above, and because of the acuteness and importance of the 
problem at the time, our research had to cover the fol lowing points: 1) 
the uptake of 90sr into crops and the accumulation level in the 
harvest after tilling (in various ways) and applying mineral 
ferti 1 izers In field experiments; 2) the effect of applying sodium 
silicate, sodium phosphate, a furfurai-anal lne mixture and colophony to 
the soi I on 90sr accumulation in harvested crops in small-scale field 
experiments; 3) the differences In 90sr accumulation in various 
species and varieties of plants harvested. 

Large and small-scale field experiments were carried out between 1959 
and 1966 on leached clayey loam chernozem sol I (pH 5.6; exchangeable 
ca++ 31.6 mg-equiv./100 g). The 90sr contamination density of 
areas used for field experiments varied between 0.63 and 2.4 MBq/m2, 
the maximum value for the small-scale field experiments being 
150 MBq/m2. A wide range of agricultural plants was studied In the 
research project. NPK fertilizers were applied to the upper soil layer 
at the rate of 90 kg/ha of each element. 

Experiments involving ploughing the soi I at various depths and applying 
NPK mineral ferti I izers to the upper sol I layer led to a considerable 
reduction in 90sr accumulation only in the grain and straw of vetch 
and in the grain of oats (Table 1). NPK had a less marked effect on 
wheat (17-40%) and virtually no effect on barley and maize. 

When the soi I contaminated with 90sr was ploughed to varying depths 
and no fertilizers were applied, the uptake of 90sr from the soil 
into crops varied within a relatively narrow range. In comparison with 
'control• ploughing to a depth of to cm, deep ploughing (50 cm) 
reduced the concentration of the radionuclide only in the grain and 
straw of vetch and the straw of oats (37-40%). some variants showed a 
trend towards an increase In the 90sr content per unit mass of 
matter. 

However, 
produced 
increase 
practical 
90sr. 

applying mineral fertilizers to leached chernozem soil 
substantial harvests of cereals and other crops without an 
in the 90sr concentration, which is an extremely important 
consider at ion when growing crops on land contaminated by 
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In addition to tilling the soil in various ways and applying mineral 
fertillrnrs, various chemical substances (sodium phosphate and 
si I lcate, a furfural-anal ine mixture and colophony) were used to 
improve the soi Is contaminated with 90sr. The research was carried 
out in smal I-scale field experiments (using bottomless boxes measuring 
50 x 50 x 50 cm placed in the soil). 

It was established that application of tribasic sodium phosphate to 
leached chernozem soi I in quantities equivalent to 100, 200 and 300% of 
the content of exchangeable calcium, combined with ploughing-under of 
the treated soi I layer to a depth of 50 cm, considerably reduced the 
level of 90sr in the wheat crop (Table 2). An increase in the 
phosphate dose resulted in a greater reduction. Application of sodium 
silicate in the same quantities was less effective than sodium 
phosphate (Table 3). 

Overall, we concluded that addition of the above-mentioned reagents Is 
reasonably effective in reducing the transfer of 90sr from sol I to 
plants without a significant reduction in the harvest or any 
deterioration in the chemical properties of the soi I. 

The idea behind application of the furfural-anal ine mixture and 
colophony to the leached chernozem soil was to create a closely bound 
sol I layer in which the 90sr was in a form which plants could not 
assimilate easily. Moreover, the fact that these reagents have 
hydrophobic properties and are toxic for p I ant root systems may, in 
add it ion, I imit the spread of roots In a soi I layer treated with this 
reagent, and consequently reduce 90sr uptake into plants. 

The results of the studies (Table 4) showed that treating the soil 
layer contaminated by 90sr (5.5 kg) with the furfural-anal ine mixture 
(in the ratio of 1:2) or with colophony (at the rate of 2% of soil 
mass), fol lowed by ploughing-under to a depth of 0.5 m, considerably 
reduced (by 50-60%) 90sr accumulation in the wheat and pea crops as 
against the control. Application of colophony proved to be more 
effective than the furfural-anal ine mixture in reducing the 90sr 
concentration in the crop. Adding colophony in quantities 
corresponding to 2% of soil mass reduced the 90sr concentration in 
wheat and pea crops by 2-5 t i mes, and by 4-8 t i mes when higher doses 
were used. Treating the soi I with colophony significantly reduced 
90sr content in plants in the second year as well. 

The results show that treating the soir with chemical compounds able to 
fix 90sr in poorly accessible forms is generally a reasonably 
effective way of reducing 90sr uptake into crops. Although it is not 
possible to recommend the use of furfural, anal ine and colophony in 
agricultural production because of their scarcity and relatively high 
cost, the results show that appropriate substitutes with similar 
properties should be sought. At the same time, when evaluating similar 
reagents, it is above al I essential to take into account the effects of 
the additives on the crops, how long they remain effective in reducing 
90sr uptake into plants and the outlay needed for soil improvement 
measures of this nature. 

An important factor determining 90sr uptake into agricultural and 
other plants is their biological characteristics (the structure of 
their root system, how deep their roots spread in the soi I profile, and 
their absorption of macroelements and microeleraents, in particular of 
calcium, whic>, is the chemical analogue of strontium). For scientific 
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and practical reasons, it was therefore extremely important to study 
90sr uptake into various taxonomic groups of plants, which would 
indicate which crops had the lowest 90sr accumulation levels. To 
this end, multiannual field experiments were set up (from 1959 to 1966) 
on leached chernozem soil with a wide variety of agricultural plants. 
The contamination density of the area was 2.4 MBq/m2 of 90sr. 

Of al I the plants studied (Table 5), the lowest 90sr concentration in 
the marketable part of the crop (grain, roots, tubers) was observed in 
the grain of cereals (millet, maize and wheat), sunflowers and potato 
tubers. The highest concentration was found in oi I-bearing crops (oi 1-
bear i ng f I ax, fa I se f I ax and mustard) and in root crops. The 90sr 
concentration in leguminous crops I las between the values for these two 
groups. The 90sr content per unit mass of matter was much higher in 
vegetative organs than in grain. 

The results lead us to the conclusion that ploughing to varying depths 
(between 20 and 40 cm) with standard equipment was ineffective in 
lowering the 90sr contamination of agricultural crops. Applying 
mineral fertilizers (NPK) - at the rate of 90 kg/ha of -each element -
to the upper soil layer, together with ploughing at various depths, 
especially deep ploughing, reduced the concentration of 90sr in the 
grain and vegetative organs of agricultural crops by 2 to 4 times. 

Chemical substances used to improve soi Is contaminated with 90sr 
varied in their effect on 90sr uptake into various agricultural 
crops. 

Applying sodium phosphate and colophony to soil contaminated by 90sr, 
with subsequent ploughing-under of the contaminated layer to a depth of 
50 cm, was more effective in reducing the concentration of 90sr in 
the crop than adding furfural-anal ine and sodium si I icate. 

Study of a broad selection of crops revealed considerable differences 
between varieties and species as regards radionuclide accumulation in 
the harvest. 
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1. I. V. Gulyakin, E.V. Yudintseva: Uptake of fission products and 
their accumulation in the harvest ·after the application of lime, 
humus and potassium ferti I izers to the soi I. Bui let in of the 
Tlmiryazev Agricultural Academy, No 2, 1957. 

2. I. V. Gulyakin, E. V. Yudintseva: The effect of radioactive fission 
products on plants and their accumulation in the crop given 
differing distribution in the soi I. Bui let in of the Timlryazev 
Agricultural Academy, No 3, 1957. 

3. M. K. Melnikova, L.D. Kudelya: Interaction in the soil of very 
smal I quantities of strontium with phosphates of alkaline metals 
and the absorption of strontium by plants; in the book entitled 
Methods of Determining the Radioactivity of Soils, Moscow, 
published by Nauka, 1966. 



D
ep

th
 

o
f 

p
lo

u
g

h
in

g
, 

cm
 

20
* 

30
 

40
 

50
 

(D
ee

p 
P

lo
u

g
h

in
g

) 

T
ab

le
 

1 

T
he

 
e
ff

e
c
t 

o
f 

NP
K 

an
d 

th
e 

d
ep

th
 

o
f 

p
lo

u
g

h
in

g
 o

n 
9

0
sr

 
ac

cu
m

u
la

ti
o

n
 

In
 

th
e 

h
ar

v
es

t 
o

f 
v

et
ch

 
an

d 
o

a
ts

 

O
at

s 
V

et
ch

 

E
x

p
er

im
en

t 
g

ra
in

 
st

ra
w

 
g

ra
in

 
st

ra
w

 
v

a
ri

a
n

t 
9

0
sr

, 
%

 a
s 

9
0

sr
, 

%
 a

s 
9

0
sr

, 
%

 a
s 

9
0

sr
, 

%
 a

s 
a
g

a
in

st
 

a
g

a
in

st
 

a
g

a
in

st
 

a
g

a
in

st
 

'1
c

o
n

tr
o

l 
II

 
"c

o
n

tr
o

l"
 

"
c

o
n

tr
o

l"
 

"c
o

n
tr

o
!

11
 

p
lo

u
g

h
in

g
 

p
lo

u
g

h
in

g
 

p
lo

u
g

h
in

g
 

p
lo

u
g

h
in

g
 

C
o

n
tr

o
l 

10
0 

10
0 

10
0 

10
0 

NP
K 

5
6

.9
 

6
5

.3
 

4
6

. 
1 

4
1

.9
 

\Ii
i t

h
o

u
t 

fe
rt

 i 
1 

i z
e
rs

 
12

9 
7

7
.2

 
12

5 
11

4 
NP

K 
8

9
. 

1 
7

0
.2

 
50

 
4

8
. 

1 

W
it

h
o

u
t 

' 
fe

rt
il

iz
e
rs

 
19

7 
7

1
. 2

 
1

1
5

 
10

6 
NP

K 
51

. 6
 

6
0

.3
 

5
9

.6
 

6
2

.9
 

\Ii
i t

h
o

u
t 

fe
rt

i 
1 
iz

e
rs

 
8

3
.8

 
6

0
.3

 
6

3
.4

 
6

1
. 7

 
NP

K 
2

4
.7

 
5

2
.4

 
3

8
.4

 
3

9
.5

 

.. 
T

he
 

co
n

tr
o

l 
in

v
o

lv
ed

 
p

lo
u

g
h

in
g

 
to

 
a 

d
ep

th
 

o
f 

20
 

cm
 

w
it

h
 

no
 
a
p

p
li

c
a
ti

o
n

 
o

f 
fe

rt
il

iz
e
rs

 

\0
 

_, N
 



T
ab

le
 

2 

E
ff

e
c
t 

an
d 

a
ft

e
r-

e
ff

e
c
t 

o
f 

tr
ib

a
si

c
 

so
di

um
 p

h
o

sp
h

at
e 

on
 

9
0

sr
 

ac
cu

m
u

la
ti

o
n

 
in

 
th

e 
w

he
at

 
cr

o
p

 

F
ir

st
 

y
ea

r 
S

ec
on

d 
y

ea
r 

V
ar

ia
n

t 
P

ar
t 

o
f 

th
e 

p
la

n
t 

9
0

sr
. 

%
 a

s 
a
g

a
in

st
 

th
e 

9
0

sr
, 

%
 a

s 
a
g

a
in

st
 

th
e 

co
n

tr
o

l 
th

e 
co

n
tr

o
l 

S
oi

 I
 

+
 9

0
sr

 
(c

o
n

tr
o

l)
 

G
ra

in
 

10
0 

10
0 

S
tr

aw
 

10
0 

10
0 

S
oi

 1
 +

 9
0

sr
 

+
 

N
a3

P0
4 

G
ra

in
 

44
 

12
6 

(1
00

%
 

ex
ch

an
g

ea
b

le
 C

a)
 

st
ra

w
 

43
 

11
5 

s
o

1
1

+
9

0
s
r+

 
N

a3
P0

4 
' 

G
ra

in
 

<
8

 
72

 
(2

00
%

 
ex

ch
an

g
ea

b
le

 C
a)

 
st

ra
w

 
9 

79
 

S
oi

 1
 +

 9
0

sr
 

+
 

N
a3

P0
4 

G
ra

in
 

<
8 

44
 

(3
00

%
 

ex
ch

an
g

ea
b

le
 C

a)
 

S
tr

aw
 

2 
49

 

·-
-
-
-
-
-

·-
-
-
-
-
·~

.-
~

 

"' -.J w
 



v
a
ri

a
n

t 

S
oi

 I
 +

 
9

0
sr

 
(c

o
n

tr
o

l)
 

S
oi

 I
 +

 9
0

sr
 

+
 

N
a 2

si
o

3 
(1

00
%

 
ex

ch
an

g
ea

b
le

 C
al

 

So
i 

I 
+

 
90

sr
 

+
 

N
a2

Si
03

 
(2

00
%

 
ex

ch
an

g
ea

b
le

 C
a)

 

S
oi

 1
 

+
 

9
0

sr
 

+
 

N
a2

S
i0

3 
(3

00
%

 
ex

ch
an

g
ea

b
le

 C
a)

 

E
ff

ec
t 

an
d 

a
ft

e
r-

e
ff

e
c
t 

o
f 

so
di

um
 s

i 
I i

ca
te

 
on

 
9

0
sr

 
ac

cu
m

u
la

ti
o

n
 

in
 

th
e 

w
he

at
 

cr
o

p
 

F
ir

st
 

y
ea

r 
P

ar
t 

o
f 

th
e 

p
la

n
t 

9
0

sr
, 

%
 a

s 
ag

ai
n

st
 

th
e 

co
n

tr
o

l 

G
ra

in
 

10
0 

st
ra

w
 

10
0 

G
ra

in
 

16
3 

S
tr

aw
 

15
9 

G
ra

in
 

3
5

.0
 

S
tr

aw
 

3
9

.0
 

. 
G

ra
in

 
7

.0
 

S
tr

aw
 

1
4

.0
 

T
ab

le
 3

 

S
ec

on
d 

y
ea

r 

9
0

sr
, 

%
 a

s 
ag

ai
n

st
 

th
e 

co
n

tr
o

l 

10
0 

10
0 

10
2 93
 

90
 

91
 

63
 

56
 

"' -.J .,,. 



V
ar

ia
n

t 

C
o

n
tr

o
l 

(S
oi

 1
 

+
 9

0
sn

 

9
0

sr
 

+
 f

u
rf

u
ra

l-
a
n

a
li

n
e
 

(2
%

 
by

 
w

ei
g

h
t 

o
f 

th
e 

tr
e
a
te

d
 

so
i 

I)
 

9
0

sr
 

+
 c

ol
op

ho
ny

 
(2

%
 

by
 

w
ei

g
h

t 
o

f 
th

e 
tr

e
a
te

d
 

so
i 

I)
 

9
0

sr
 

+
 

co
lo

p
h

o
n

y
 

(5
%

 
by

 
w

ei
g

h
t 

o
f 

th
e 

tr
e
a
te

d
 

so
i 

I l
 

E
ff

ec
t 

an
d 

a
ft

e
r-

e
ff

e
c
t 

o
f 

ap
p

ly
in

g
 

co
lo

p
h

o
n

y
 

an
d 

fu
rf

u
ra

l-
a
n

a
l 

in
e 

on
 

9
0

sr
 

ac
cu

m
u

la
ti

o
n

 
in

 
p

ea
 

an
d 

w
he

at
 

c
ro

p
s,

%
 a

s 
a
g

a
in

st
 

th
e
 

co
n

tr
o

l 

W
he

at
 

P
ar

t 
o

f 
I 

th
e 

p 
I a

nt
.s

 
F

ir
st

 
y

ea
r 

S
ec

on
d 

y
ea

r 

G
ra

in
 

10
0 

10
0 

S
tr

aw
 

10
0 

10
0 

G
ra

in
 

51
 

70
 

S
tr

aw
 

41
 

10
0 

G
ra

in
 

41
 

7
3

 
S

tr
aw

 
34

 
61

 

G
ra

in
 

24
 

49
 

S
tr

aw
 

20
 

45
 

T
ab

le
 

4 

F
ir

st
 

y
ea

r 

10
0 

10
0 48

 
41

 

30
 

22
 

17
 

13
 

P
ea

s 

I 
S

ec
on

d 
y

ea
r 

10
0 

10
0 

12
5 

12
9 77

 
7

3
 

60
 

52
 

"' -.J "' 



- 976 -

Table 5 

Standardized concentrations of 90sr in the 
agricultural crops harvested in field 

experiments, 10-3 m2/kg 
(average for 1959-1966) 

90sr 
Crop 

I Grain Straw 

Lytestsens-62 spring wheat 0.174 1.72 
Winer barley o. 142 1.94 
Golden rain oats 0.187 2.26 
Kazan millet 0.051 4.40 
M-2 green bristle grass 0.171 3.23 
Vyatlca winter rye 0.095 1.56 
Anakhoyskaya spring rye 0. 110 2.01 
Argayashkaya buckwheat 0.323 9.53 
Voronezh-76 maize 0.108 3.23 
Moscow-3 maize 0.054 3.64 
Kap ital pea 0.266 13. 1 
Nemchinovski-51 pea 0. 171 8.01 
Broad bean 0.354 -
Horse bean 0.155 -
Green bean o. 184 -
Oi I-bearing f I ax o. 731 6.30 
Penzenskaya mustard 1. 37 3.78 
False f I ax 0.972 5.73 
Saratovski-169 sunflower 0.149 -
Fodder sunflower 0. 111 -
Lorkh potato 0.234 0. 101 
Sugar beet 0.127 4.15 
Nantskaya ca,·rot 1.23 8.32 
Osterzundomski turnip 4 .15 13. 2 
Krasnoseiskaya swede 2.43 10.9 

I 
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Measures (and their 
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Radioecological Situation 
Given the Particular Features of 
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I.S. FEOOTOV, 111.N. MISHENKOV 



- 978 -

There are more fundamenta I differences than s im i I ar it i es between the 
world's two major radiation accidents which occurred in the Soviet 
Union. 

The Kyshtym accident was caused by a cooling system failure which led 
to the thermal explosion of a concrete tank containing high-level 
radioactive waste (comprising a soluble mixture of nuclear fission 
products low in caesium isotopes). The explosion led to the 
instantaneous release and subsequent dispersion and deposition of 
radionucl ides over parts of the Chelyabinsk, Sverdlovsk and Tyumen 
oblasts (regions) of the RSFSR. 

A classic cigar-shape trai I of radioactive fallout formed; it had a 
very high contamination intensity gradient cross-wise but a relatively 
small gradient length-wise (in the wind direction), particularly far 
away f,om the centre of the explosion (Fig. 1). 

In the Chernobyl accident, the reactor cooling system fal lure led not 
only to thermal explosions, but also to subsequent prolonged release of 
dispersed spent nuclear fuel, graphite and constructional materials. 
The initial release contained isotopes of highly volatile elements 
primarily in steam and gas phase form, while those of refractory metals 
were in fuel matrix composition form (uranium dioxide). 

Prolonged dispersion of the radioactive clouds and jets emanating from 
the unit was accompanied - in line with the thermodynamics of this very 
comp lex process by sorpt ion and co-condensation of volatile 
radionucl ides in the steam-gas phase onto the surfaces of sol id aerosol 
particles, and by subsequent diffusion of these radionucl ides into the 
particles; all this led to an extremely complex, but fairly regular, 
pattern of radioactive contamination forming over an enormous area in 
various directions from the Chernobyl NPP's stricken Unit IV (Fig. 2). 

The complexity of the contamination pattern is not just due to its 
consisting of superimposed layers stemming from the different types of 
release, but also to the fact that individual sections of the 
contamination zone may differ substantially from one another in terms 
of overall fallout density, size of deposited particles, radionuclide 
composition, radionuclide ratios, and even of the biological 
availability of radionuclides (particularly strontium-90 and caesium-
137) apparently changing over time. 

The Chernoby I ace i dent differs from tl\at at Kyshtym not on I y because 
the release and contamination area involved were vastly greater, but 
also because the release included more or less al I the radionucl ides 
found in the spent fuel (uranium-235,238 plus the products of nuclear 
fission and neutron activation) and, what is more important, plutonium 
and other transuranic elements (Table 1). 
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TABLE 1 
General characteristics of the major Soviet 

radiation accidents 

I Characteristic 

Release of 
radionucl ides into 
environment, MCi 

Kyshtym 
29.09.57 (autumn) 

2. 1 

Chernobyl 
26.04.86 (spring) 

50 

Area where Sr-90 1 000 20 000 
contamination over 
2 Ci/km, 

Radionuclide Mixture of radioactive 
composition fission products low 

in Cs-137 (one year 
old) 

Soi I-climate Forest-steppe, leached 
conditions chernozem, evaporat

ive mechanism 

Time over which trai I 11 hours 
formed 

Main dose-forming Sr-90 
rad ionuc Ii des 

Form of radionuclide Soluble nitrate-
occurrence in release acetate salts 
composition 

Distribution of 
radionucl ides over 
area 

Steady decrease 
length-wise along 
trai I, high gradient 
cross-wise 

U-235,238, radio
active products of 
fission and 
neutron activation 

Byelorussian-Ukrain
ian Polesye, soddy
podzol ic soi Is, 
eluvial mechanism 

35-40 days 

1-131, Sr-90, 
Cs-137, Pu-238,240, 
Am-241, etc. 

Combination of 
soluble (condensed) 
and insoluble (fuel 
matrix composition) 
forms 

Highly irregular 
throughout area 

Total population in 
contaminated area, 
mi I I ion persons 

0.27 27, including 2.5 
children 

Population evacuated, 
thous. persons: 
immediately 
in subsequent years 

10 116 
50-70 



- 980 -

Figure 1: Sr-90 contamination (Ci/km') at Kyshtym 

0 

10 50 iOD /(,'{ 

Fig~r8 2: Sr-90 contamination (Ci/km') at Chernobyl 
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The essential difference between the two accidents is not just that 
they occurred at different times of the year, but also that the soil
cl imate conditions in the two accident zones differ. 

The Kyshtym ace i dent reg ion is in a forest-steppe zone with fert i I e 
grey forest soils and leached chernozems with an evaporative soil 
formation mechanism. 

The Chernobyl NPP 
(Pripyat Marshes), 
predominate with a 
mechanism. 

is located In the Byelorussian-Ukrninian Polesye 
where infertile soddy-podzolic, mainly sandy, soi Is 
low exchange capacity and an eluvial soil formation 

As far back as the early sixties, which was a period of intense global 
radioactive fallout, it was established that the Polesye region was the 
most vulnerable, radioecological IY speaking, compared to other parts of 
the country. Suffice it to say that, even at that time, the 
concentrations of strontium-90 and caesium-137 in agricultural products 
quite often exceeded the permissible I imits. Thus, the complexity of 
the Chernobyl accident was aggravated by the fact that it occurred in a 
region where the biological avai labi I ity of the most dangerous dose
forming nucl ides - strontium-90 and caesium-137 - is greatly enhanced. 

The most effective emergency measures taken to protect the population 
against acute over-exposure to radiation after both t11e Kyshtym and 
Chernoby I ace i dents were the s I aughter of pr I vate I y ov,ned Ii vestock, 
and the evacuation of the inhabitants of the worst-contaminated places 
to uncontaminated regions where they were given housing and work. This 
prevented acute radiation sickness among the population. 

Given the specific radionuclide features of the Kyshtym contamination, 
there was no official evacuation of the populace, and ,,oon afterwards 
abandoned dwel I ings and other bui I dings were destroyed. 

In the Chernobyl case, after the short-I ived nucl ides '1ad decayed and 
the dose rate had fallen to safe levels, it was decidecJ to al low some 
of the evacuees to go back to a number of settlements. The radiation 
conditions obtaining in the remaining (guarded) settlements temporarily 
abandoned by the inhabitants continue to prevent a deci, ion being taken 
on al lowing them to return, although we know of cases in which people 
have gone back to their homes without official permiscaion (people of 
advanced age usually). 

Over 1 000 such unofficial returnees are already again I iving just in 
the 30-km zone a lone ( in its least-contaminated sectors,. 

Fol lowing the Chernobyl accident there was a need - in contrast to 
Kyshtym - to pay serious attention to reducing the concentration of 
radionucl ides in the air (given the presence in the colltamination of a 
substantial quantity of plutonium isotopes to whicn strict norms 
apply). A large fleet of road-spraying vehicles and uven helicopters 
were deployed for this purpose, thus helping to reducn dust formation 
on roads and in places where there were people. 

However, dust suppression often involved applying a whole series of 
polymer-forming agents - such as sulphite-alcohol r,,ix, latex, oil 
slurry, preparation MM-1, etc. - whose use was not jt,,stified at all. 
As a result, quite a few road accidents occurred, ,,nd use of such 
agents in areas of increased dust formation (quite often far away from 
places where there were people) - on a sandy plateau, tor example - ~ad 
llasical tr no efl'ec:t or was even detrimental, given that resourc,~s. 
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I abour and mater i ,si s were expended sens I ess I y. 

The truth is th1t the engineering and technical posslbi I I ties of 
rapidly improvin!I the radiation situation over large areas are 
incomparably min,scule compared with natural processes (washout by 
precipitation, blowoff by wind, vertical migration in the soi I and 
binding by soi I a<1d p I ants). The benefit of using engineering measures 
was therefore more psychological than real in improving the situation 
on agricultural J.,nd and in forests. 

A similar conclue:ion can be drawn from the measures to decontaminate 
the town of Pr i Jyat by removing so 11 from I awns and wash Ing down 
asphalted streets and concrete-covered areas with special agents. 
Fig. 3 shows the change in the gamma background on two sites in one 
part of the towr, soi I having been removed from one site, While no 
measures were taken at the other. 

In add it ion, as ,,ur studies have shown, the presence of radionucl ides 
in particles of fuel matrix composition of increased density (over 
9 g/cm,) resulted in a very low value for the coefficient of 
redeposition (er, even in the initial period after the accident (in 
June 1986 the er for the town of Chernobyl was 2.5 x 10-B). 

Concentrc-tion of radionuclide In air, Bq/m, 
c r .... ------------------------------------------------------------

Leve I of soi I contaminat Ion by the same radionuclide, Bq/m, 

Fol lowing this, as fallout particles penetrated deeper into the soi I 
the er value continued to fall rapidly, and by mid-1988 had stabilised 
at between n x 1,i-9 and n x 10-10 (Table 2). 

TABLE 2 

Cnefflcient of redeposition (5-10 km zone) 

Before accident 1. 4 x 10-7 L. A. Buldakov et a I. 1981 

----------------------- ---------------- ---------------------------
After accident G. N. Shinn, D. u. Wi Ison 
In it ia I period 1 .0 x 10-4 1974 

----------------------- ---------------- ---------------------------
June 1986 2.5 x 10-8 

1987 3.4 x 10-9 Experimental data 
1988 1 .8 x 10-10 

1989 1 . 1 x 10-10 

---------------- -------- ----------------- ---------------------------
1989 1 . 1 x 10-10 Calculated data 
1990 1.0 x 10-10. 

Individual valw,s vary within a range of two orders of magnitude. 

The pre-accidenc er value in the Chernobyl NPP region was 1.4 x 10-7 
(different type of fallout). This value (or an even higher one) was 
used in officia, estimates of the importance of dust formation, and led 
to considerable over-estimation of the role played by the inhalation 
pathway in rad onucl ide intake by man when calculating the possible 
,rradiatio~ dos, equivalent. 
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TABLE 3 
Livestock farming: various aspects involved fol lowing 

the two accidents 

Kyshtym 29.09.57 (autumn) Chernobyl 26.04.86 (spring) 

1. End of grazing season 

2. No "iodine hazard" 

3. Decreasing biological 
impact (eventually to 
zero) with increasing 
distance from sources 

4. Slaughter and burial of 
animals In just three 
populated areas along the 
fa! lout trai I 

5. Absence of clinical forms 
of radiation pathology in 
animals in all populated 
areas except the three 
above 

6. Normal province in respect 
of microelement composition 
of soi I 

1 . 

2. 

3. 

4. 

5. 

6. 

Start of grazing season 

"Iodine hazard" almost 
everywhere 

Possible increase In degree 
of radiation damage with 
increasing distance from 
source 

Slaughter of animals and 
scrapping of meat products 
at distances of up to 100 km 
from source 

Signs of radiation damage 
In animals in many populated 
areas, with symptoms of 
athyroidlsm, hypothyroidism, 
leukaemia 

Endemic (depleted) province 
in respect of soi I 
microelements 
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Fig. 3, Change in gamma background fol towing decontamination, 
Pr i pyat town 
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The branch of farming most vulnerable to large-scale radiation 
accidents is I ivestock farming, for which Table 3 shows the various 
aspects involved fol lowing the Kyshtym and Chernobyl accidents. 

The most effective protective measures in the livestock farming field 
after both the Kyshtym and Chernobyl accidents, was rapid removal of 
cattle from contaminated pastures and putting them into sheds or 
evacuating them elsewhere (if no stocks of fodder were available). 
Timely selection and culling (slaughter and burial) of animals with a 
high level of radiation damage helped reduce economic losses 
considerably (Table 4). 

After both accidents the approach adopted was to keep animals not 
showing signs of radiation pathology on "relatively clean" fodder, 
which gives rise after several months to animal products within the 
provisionally permissible contamination levels. 

Unfortunately, lack of fodder stocks severely I lmited appl !cation of 
this method fol lowing the Chernobyl accident. 
Furthermore, a considerable number of animals were slaughtered not just 
for radiological reasons but on organisational and economic grounds as 
we 11. 

When the acute radiation hazard is over a start can be made - in the 
second stage of overcoming the accident consequences - on gradually 
restoring agricultural production as a whole on the basis of ploughing 
(including special types of ploughing) and recultivation of 
contaminated arable land. 

A substantial proportion of the accident zone areas are covered by 
forest (Kyshtym 20%, Chernobyl 50-60%). Experience in both cases has 
shown that the forestry measures taken adequately ensured both 
effective ecological protection of forest stands and radiation-health 
protection of people who stayed on locally (Fig. 4). 

Determining the boundaries of contaminated 
forests (ground and aerial gamma-surveys) 

I I ··-

Guarding, banning the Determination of 
use of products forest die-back zone 

Scientific research and 
biotechnical work 

. 

Protection against fire Removal and storage 
and pests of trees 

I 
Recultivation of areal Reafforestation I 

Figure 4: Measures in contaminated forests 
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TABLE 4 
Protective measures connected with agricultural 

production after the radiation accidents 

Kyshtym 29.09.57 (autumn) Chernobyl 26.04.86 (spring) 

STAGE 1 

1 . Grazing stopped, Ii vestock 1. Grazing continued, no 
kept inside stocks of fodder 

--------------------------------- ----------------------------------
2. Evacuation of cattle from 2. Evacuation of cattle from 

two populated areas hundreds of thousands of 
only hectares in evacuation zone 

--------------------------------- ----------------------------------
3. Cul I ing and burial of 3. Cul I Ing with subsequent 

severely damaged and compulsory slaughter of more 
contaminated animals (about than 300 thousand head of 
200 head of cattle and 300 cattle/sheep/pigs, meat kept 
~heep) in refrigerated stores 

--------------------------------- ----------------------------------
4. Delaying slaughter of 4. Animals maintained on 

several thousand animals, "relatively clean" 
Glaughter, boning of meat fodder, slaughter for 
and its sale (bones buried) meat, with subsequent 

processing before sale 

STAGE 2 

1 . •)rganisat ion of crop 1. Organisation of crop 
farming and fodder farming and fodder 
production on ploughed production after recultl-
soi Is vat ion of land via special 

soi I ti I I Ing methods, appl i-
cation of improvers and 
organic substances 

--------------·------------------- ----------------------------------
2. Restoration of agr i cu I tura I 2. Partial restoration of 

production on 80% of agricultural product ion wher 
contaminated land contamination low 
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The radiation accidents led to complete die-back of pine stands in some 
sectors of the contamination zones, thus Increasing the fire hazard and 
the I ikelihood of substantial dispersal of radlonuclldes in smoke over 
considerable distances. 

At Kyshtym the dead forest (mostly located in a seldom-1requented part 
of the zone) was felled, stacked at a sufficient distance from the 
intact stands and covered with soil, after which it gradually 
decomposed more or I ess comp I ete I y. Back in the c I ear: ng, a deposit 
formed on which thick herbage grew. Various crops were subsequently 
planted on part of the deposit, and these took very wel I 

At the Chernobyl NPP, where the dead forest was located right next to 
the three undamaged uni ts read led for start-up, the deau stand and the 
top 10-20 centimetres of contaminated sol I were - agains: the advice of 
radioecologists - buried in unlined trenches to improve the radiation 
situation. 

These areas are cal led "sites for temporary localisation of radioactive 
waste" or STLRW, and the intent ion was to remove the waste from the 
trenches at a I ater date and re-bury it e I sewhere. Acopt ion of this 
approach in the area around the Chernoby I NPP, wh I ch hi,s a high water 
table (1-3 m) and sandy soils, meant that over 900 ha of such sites 
were created, with the result that the exposure dose rate fel I to 
10 mR/h (early 1988). 

Whereas in cohesive soils it takes some 10 years beforo radionuclides 
in the buried waste start to escape from unlined trenches, In the 
above-mentioned case substantial concentrations of radionuclides, 
including Pu, were detected after only 2 to 3 years, especially in 
groundwater near the trenches. It became clear that, in the Chernobyl 
NPP context, the STLRW sites gave rise to the additional and 
technically complex problem of preventing long-I ived racionucl Ides from 
migrating out of the trenches into the hydrographic netvork. 

It is hoped that an optimum solution to this problem wil I emerge from 
current research into radionuclide migration rates, w:sys of creating 
art if i c i a I geochemi ca I barriers a long radionuc Ii de migration routes, 
and also various methods of regulating the level of ~roundwaters, or 
even of cleaning them of radlonuclides, as an alternative to the 
extremely expensive complete "exhumation" and re-burial of STLRW waste 
elsewhere. 

Burying the "red" forest and the fertile layer of sc,il in the area 
around the Chernobyl NPP left a sandy wasteland facilitating dust 
formation and prone to deflation, where the residual ex:Josure dose rate 
on the surface exceeded natural background radiation by up to three 
orders of magnitude. There was therefore a pressing ne~d to reduce the 
amount of dust formed in the area. 

At first, hopes were pinned on the use of polymer-forning agents, the 
main rivals here being sulphite-alcohol mix, latex and preparation 
MM-1. However, it became clear very quickly that when trying to reduce 
dust formation over a substantial area of land (one thousand ha. 
roughly), biological methods are second to no,1e as regards 
effectiveness, rel iabi I ity, economic expediency and ecological 
appropriateness. 

The essence of these methods was to restore soil fertility by applying 
an improver ( I iming of acidic soi Is) and mineral an,' organic (peat) 
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fert i I isers in ,,ccordance with agrochemical norms, and subsequent 
sowing of perennial grasses under a cover of winter and spring cereals 
(rye, oats). 

Research by many science laboratories has shown that restoration of the 
vegetative cover is 4 to 8 times more economical and effective than 
using polymer-forming chemical reagents. 

Furthermore, there are indications that polymerised latex Intensifies 
the radionuclide redeposition process and prolongs air contamination 
because the fi Im it forms soon breaks down. When this happens, air 
currents transpoit the fuel particles - now equipped With "wings" of 
their own - over very large distances. 

A comparison of curves showing the decrease In the concentration of 
radioactive aero,;ols in the air at three sites at different distances 
from the stricken Chernobyl NPP unit (Prlpyat 3 km, Chernobyl 16 km, 
Zarin 36 km) in 1987 shows them to be identical. This proves that 
decreases in cmcentration do not depend on the scale of the 
decontamination or technical engineering measures undertaken (these 
having been carried out at the first two locations, but not at the 
settlement of Zorin). 

The first stage in recultivatlon of the industrial site area and part 
of the health protection zone (HPZ) - involving restoration of soil 
fertility and s>wing of perennial grasses - meant that as early as 
autumn 1988 the hazard of increased dust format Ion and subsequent 
transport of ra,Jioactive dust in the Chernobyl NPP environs had been 
more or less el minated, since almost all the above-mentioned area was 
covered by fairly thick grass (Fig. 5). 

It should be no•.ed that completion of the first stage in recultlvation 
of land in the !IPZ coincided with the start of the period in which the 
value of the coafficient of redeposition of radionuclides in the air
soi I system Witl·in the 30-km zone stabi I lsed at a fairly low level 
(2 x 10-10), eouivalent to a concentration of radioactive aerosols in 
the air over 1 uoo times lower than the permissible I imits. 

This stabi I isat,on in radionuclide concentration in the air was not due 
primarily to t:1e decontamination and technical engineering measures 
employed, but t,J a number of natural factors, although it did coincide 
with comp I et ion of work to remove the "red" forest and subsequent 
recultivation of the HPZ area. 

A further example of unsuccessful technical engineering measures in the 
Chernobyl NPP ::o-km zone was the construct ion of over 130 protective 
dykes, aimed, according to those responsible, at preventing 
radionuclides 1rom being washed out of the contaminated area and into 
the hydrographic network. 

Given the elu"ial nature of the local soi Is and the presence of 
radionuclides ,n matrix composition form, the most perceptible result 
of this measure was a rise in the water table and the demise of several 
thousand hecta·es of forest stands. These dykes had no substantial 
effect on the ,cale of surface run-off of radionucl ides. 

A comparison cf the sequential nature of the measures undertaken to 
eliminate the consequences of the Kyshtym and Chernobyl accidents 
clearly reveal, a common set of post-accident measures (Fig. 6). 
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Figure 5: Plan of recuttivation work in 1P89 
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RETURN OF POPULATION 

Figure 6: System of post-accident measures 
in evacuation zone 
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These cover two objective stages: Stage 1 ("hot" stage , when the aim 
is to prevent people and animals from dying and damag, being done to 
property and to localise radioactive contamination, fol lowed by Stage 2 
(restorative stage). 

Depending on the specific radiological and economic situation, the time 
interval between the said stages can vary, and both ,he unavoidable 
dose-related costs and the extent of the economic lose caused by the 
accident wi 11 depend on how long this interval is. Thus, correct 
assessment of the interval, taking account of social-psychological and 
other relevant factors, is of cardinal importance. 

The time needed to stabi I ise radionucl Ide redeposition rrocesses In the 
soi I-air system can serve as an important guide for decision-makers. 

It is quite natural that, in the second stage, the most important 
production units - whose shutdown increases the economic losses caused 
by the accident - should be the first to be revived (Al, together with 
the communications, transport and housing facilities for the personnel 
required to get these units restarted and operating normally again (B). 

The next phase in the restorative stage Is the experimentally based 
economic "re-occupation" and exploitation of the !erst-contaminated 
agricultural and forest lands, fol lowed by gradual expansion to areas 
with higher contamination levels (C). 

The final stage here is the return of the evacuated people to populated 
areas previously readied for this purpose (D). 

Practical implementation of these post-accident measure,; at Kyshtym and 
Chernobyl has revealed the fol lowing: 

1. Full and rapid elimination of the consequences of major radiation 
accidents is impossible at present because the required faci Ii ties 
and methods are lacking. We can speak only of implement Ing a 
rational system of accident counter-measures to limit the negative 
consequences of an ace I dent, and this in two st.1ges: the "hot" 
stage (acute radiation hazard) and the restorative ,stage. 

2. The "hot" stage includes the imperative tasks of caving the I ives 
of personnel, population and animals and protecting them from 
radiation, and of guarding (and protecting from fir-e) the accident 
zone with al I the property and natural resources it contains. This 
has to be seen to rapidly. 

3. When implementing the restorative stage and improving the 
radioecological and radiation-health situation in vast areas, we 
must take into account not just radioactive dec,•y but also the 
trends and dynamics of the potent processes of radionuclide 
redistribution (particularly in the soi I-air and soi I-groundwater 
systems) as governed by natural factors. 

4. The main requirement for any protect Ive post-ace i clent measures in 
the environmental field Is their ecological appro,,r iateness, with 
priority being given to agro-biological measures over technical 
engineering solutions. 

5. Restoration of economic activity in the Chernobyl ~PP accident zone 
must be preceded by scientific and experimental checking of the 
planned methods and by pi 1,,t-scalA trials of the same, since the 
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experience gained following 
directly to the Chernobyl 
chemical features of the 
contamination. 

the Kyshtym accident cannot be applied 
situation, in view of the physico
rad,onucl ides in the Polesye region 

6. When deciding to apply the devised methods on an industrial scale, 
it must be remembered that when used in actual conditions they wi I I 
be substantially less efficient, due to the imperfections of the 
technical equipment involved and the virtual lmpossibi I ity of 
achieving the same quality of results as in experiments. 
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Obtaining 'Clean' Produce from 
livestock Reared in Areas 

Contaminated by the 
Chernobyl Accident 

R.G. ILYAZOV, S.K. FIRSAKOVA, A.F. KARPENl(O 



- 994 -

ABSTRA('.T 

Considerable are,s of Byelorussia devoted to intensive livestock 
farming were contaminated as a result of the accident at the Chernobyl 
NPP. The problen of furnishing livestock produce meeting Soviet 
Ministry of Hea th reQuirements (provisionally permissible levels) 
first arose immediately after the accident and is just as pressing 
nowadays. 

The ma:n aims 01 the studies were, In the long term, to devise and 
implement measur,,s for the fodder/animal/I ivestock-produce food chain 
which would resu t in the maximum reduction of radionuclide levels in 
livestock produce. 

It was establ ishod that the coefficients of radiocaesium transfer from 
the daily fodder ration varied from 0.004 to 0.016 for milk, from 0.03 
to 0.06 for bee• and from 0.10 to 0.11 for sheepmeat, which tallies 
with previous fi1,dings. 

A procedure for producing meat from cattle reared in a contaminated 
environment was developed to provide "c I ean" produce from Ii vestock 
farming. It was astabl ished that the rate of radiocaesium removal from 
muscle tissue is an exponential function with two periods of 
semi-elimination - 14 and 80 days. Scientific and experimental data 
were used to dr,w up practical recommendations for final fattening of 
cattle with "cl·,an" fodder, thus allowing fodder stocks to be used 
rationally. 

Ever since the accident occurred, ml lk with a high concentration of 
radiocaesium ha~ been processed Into butter. The standard method used 
to make cream bLtter reduces by a factor of 6 the radiocaesium content 
in the end prodltct as compared to the original milk; and when melted, 
the butter contains hardly any traces of radlocaesium. 
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Consider ab I e areas of Bye loruss i a devoted to i nter,s i ve I i vestock 
farming were contaminated as a result of the accident it the Chernobyl 
NPP. The problem of furnishing I ivestock produce meeting Soviet 
Ministry of Health requirements (provisionally permissil le levels) from 
contaminated holdings first arose immediately after the accident and is 
just as pressing nowadays. currently livestock produce is contaminated 
primari IY by the radionuclides of caesium (134, 137cs) which are 
biologically dangerous in the event of internal intake into the human 
body in diet. 

The main aims of the studies war" to devise and implement measures for 
the fodder/animal/I ivestocl<-produce food chain which would result in 
the maximum reduction of radionuclide levels In I ivestc,ck produce. It 
is known that the ratio between the content of radincaesium in the 
daily diet and 1 kg of animal muscle tissue (transfer coefficient) 
ranges from 0.04 to 0.06, which made It possible to plan animal diets 
and to establish I imits for radlocaesium content In fod<ler. 

A comparative analysis was carried out of the speed of removal of 
radiocaesium from the body of fattening livestock when summer feed and 
two types of winter feed were used. It was e,.tabl I shed that 
radiocaesium was removed most effectively by fresh mass grown on arable 
land and, of the winter food types, by sl lage-co11centrate. When 
animals with an original muscle tissue contamination level of between 
11 and 22 kBq/kg are transferred to "clean" feed (3.0-1,.6 kBq/day) the 
speed of radiocaesium removal from muscle tissue is 1escribed by an 
exponential function with two periods of seml-elimina·ion: 14 and 80 
days (Fig. 1). Thus after 47 days, the original activity of muscle 
tissue had fal Ian by 4.6 times according to data from I ifetime 
dosimetry. 

Ex per imenta I data were used to work out pr act ica I rec,,mmendat ions for 
the final fattening of cattle, in the first and second stages of which 
the radiocaesium content in feed is not standardized 1nd in the last 
stage of which animals are transferred to "clean" fodde: (si I age maize, 
concentrates). 

If these recommendations are followed, rational use can be made of the 
fodder stocks with a high radiocaesium content. 

A scientific experiment was carried out to obtain "clea," milk on farms 
with various levels of radioactive contamination. An outline of the 
experiment and the indicators of specific activity in m, lk are shown in 
Table 1, which shows that when cows are kept on "cleat," fodder (11.0-
26.0 kBq/day), within four or five days the radiocaesium content in 
milk fal Is by 3 - 4 times in comparison with the originil level. 
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Ever since the accident occurred, milk with a high concentration of 
radiocaesium has been processed into butter. The standard method used 
to make cream butter reduces by a factor of 6 the radiocaesium content 
in the end product as compared to the original milk; and when melted, 
the butter contains hardly any traces of radiocaesium. 

In addition to natural physical and environmental factors, the 
agricultural and I ivestock measures taken to reduce the transfer of 
radionuclides into I ivestock produce considerably reduced the amount of 
produce with contamination above permissible levels. For example, four 
years after the accident the proportion of "dirty" ml lk and meat 
produced on farms in the Gome I ob last (region) fel I, In comparison with 
1986, by 55 and 95 times respectively (Tables 2 and 3). 

The mul t i-facetted programme to deal with the consequences of the 
Chernobyl accident is designed to obtain only clean I ivestock produce 
from agro-industrial production. Beef can be produced on natural 
grazing land with a contamination level of over 15.0 Ci/km2 by 
introducing specific breeds of beef cattle. Under this approach, beef 
production must be in two stages, as it is now: in the first stage 
using contaminated fodder from natural grazing land, and in the final 
stage using fodder grown on arable land or returning the herd to clean 
meadow,;. The development of migratory horse breeding for meat may also 
be a solution. If cattle with these levels of contamination are kept on 
pasture in the summer and the winter, it wi II be possible to avoid the 
production of "dirty" milk and at the same time to produce high quality 
meat. Branches of livestock breeding such as pig and poultry breeding 
should also be developed. In each contaminated rayon (district) it 
would oe advisable to set up a study farm with highly qua I ified staff 
( I ivestock experts, vets, radiologists) who would be responsible for 
spreading sci ent if i ca I I y based approaches to I i vestock farming 
appropriate to the given radiation conditions. 
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1986 (4th 
quarter) 

1987 
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1989 

1990 (2nd 
quarter) 
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Table 2 

Coeff IC lents of rad iocaeslum transfer 

Into I lvestock produce 

TYPE OF PRODUCTION 

Ml lk 
Beef 
Mutton 

0.0043 - 0.0147 
0.030 - 0.047 
0.10 -0.11 

Table 3 

Production of milk on farms 

In the Gomel oblast after the accident 

Production Production with a 
(tonnes) . cont am I nat Ion 

level above the 
prov Is Iona I ly 
permissible level 
(tonnes) 

450.1 299.3 

813.5 235.9 

860.5 146.3 

853.5 49.2 

457.8 5.6 

Percentage of 
produce 
contaminated 
(%) 

66.5 

29.0 

17.0 

5.7 

1 . 2 



Year 

1986 (4th 
quarter) 

1987 

1988 

1989 

1990 (2nd 
quarter) 
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Table 4 

Beef production on farms In the 

Gomel oblast after the accident 

Production Production with a 
(tonnes) contamination level 

above the 

341 .0 

842.0 

2 055.0 

2 244.0 

385.6 

prov Is Iona I ly 
permissible level 
(tonnes) 

64.8 

71.0 

24.0 

10.0 

0.7 

Percentage of 
produce 
contaminated 
(%) 

19.0 

3.8 

1. 2 

0.5 

0.2 
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of the Emergency Reference 
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Introctuction 

vhe Windscale accident was the first large-scale 

accid~ntal release of radioactive nuclides from a nuclear 

reactor and as might be expected it had a profound effect on 

thinking in relation to protection of the public in such 

circurnstances. 1311 was the most significant radionuclide 

released and it remains the case that for any operating or 

recently operating reactor from which there is an accidental 

release the isotopes of iodine will, at early times, be a 

significant, if not the most significant, hazard. It is 

tl1ere[ore appropriate to consider the response to that 

accident, how it influenced future events in radiological 

protection and to ask whether there are still lessons to be 

learnPd. 

Histo,~l perspective 

The accident to pile No. 1 at Windscale on 10-11 October 

1957 occurred at a time before intervention levels or 

counter-measures for accidents to nuclear reactors had been 

formalised. The circumstances of the accident have been 

extensively described (1) and the release of radionuclides 

estimated (2). The release of particulate material was small 

and JHSt three nuclides dominated the release, namely 1311, 

132Te and 133xe, no other isotope constituting much more than 

10% ot the 1311. Because the reactor had been shut down from 

normal operation on the 7th October and had only been 

operated at a very low power for two short periods (to induce 

nuclear heating to release Wigner·energy), the greater part 

of the shorter-lived isotopes of iodine had decayed. 

Neither 132Te or 133xe are metabolically active thus, in 

the early stages of the release 1311 presented the major 

hazard to the general public. This was recognised early on 

in th0 course of the accident, as was the fact that the major 

route of intake would be ingestion through drinking fresh 

milk. Thus an intervention limit of 3700 Bq/1. (0.1 µCi/1.) 

was imposed in the vicinity of Windscale and between 11 and 

13 Oc•ober milk production in an area of 520 km2 was banned 

for human consumption. This ban lasted up to 25 days when 

131r 'evels had fallen below the intervention limit. 
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Crick and Linsley (3) estimate that this countermeasure 

saved 3.5 x 103 man Sv to the thyroid glands of the 

population of Cumbria who received, as a result of the 

accident, 3.2 x 103 man Sv to the thyroid. Estimates of 

thyroid doses made by Baverstock and Vennart (4) using the 

data of Clarke (2) on integrated activities of 1311 in air 

are in good agreement with measured values for adults, 

suggesting that the milk ban was effective and that thyroid 

dose derived primarily from inhalation of 131r. However, 

it is noted (4) that for children the predicted doses are 

considerably smaller than those measured, suggesting that as 

well as inhalation the ingestion route was important and the 

milk ban not completely effective. 

Largely in response to the Windscale accident, the 

concept of an Emergency Reference Level (ERL) was derived 

(MRC 5,6,7,8). 

Emergency Reference Levels 

The ERL of dose, as it was originally perceived in the 

U.K. (8), is a complex concept. It is not a limit but rather 

a minimum dose to individuals at which action to reduce 

exposure of the public should start to be considered. What 

action would be taken would be determined by a balance 

between the extent of dose reduction that could be achieved 

by particular countermeasures and the risks incurred in 

taking such countermeasures. 

The rationale for such an approach lies at least 

partially in the particular circumstances that apply to 

accidents to the type of reactors used in the U.K., namely 

graphite cored, gas cooled reactors. Such reactors have a 

large core volume and thus a relatively low energy density in 

the core. Furthermore the pressure in the coolant circuits is 

relatively low. In the event of an accident leading to a 

release of radioactive materials, the situation tends to 

evolve over several hours rather than minutes as would be the 

case where energy densities and coolant pressures were 

higher. Thus it is reasonable, in the early stages of an 

accident to make sequential assessments of radioactivity in 
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the local environment to monitor how the situation is 

developing regarding doses to the public, while concentrating 

attention primarily on measures to limit the further release 

of radioactive material, thus optimising the chances of 

reducing the ultimate consequences of the accident, full 

attention having to be given to the public only when the ERL 

of dose is likely to be exceeded. 

'Phus, ERLs were specifically designed for application in 

the first few hours of the accident when resources at the 

accident site were likely to be scarce, and to apply to 

relatively small populations close to the source of the 

release. Table I summarises the ERLs of dose for the whole 

body and the thyroid recommended by the MRC (8) in 1975. 

In 1977, responsibility for setting ERLs passed to the 

NRPB (9) who largely retained the principles but subsequently 

specified two levels of ERL applicable to three specific 

counter-measures, i.e. evacuation, sheltering and 

administration of iodine tablets (10). At the lower level 

action may be desirable but not essential, but at the upper 

level countermeasures should be introduced whatever the 

circumstances. In other words, the ERL became a dose limit in 

the true sense of the word and countermeasures were 

specified. This was a clear departure from the MRC 

philosophy which described the ERL of dose as ''not a firm 

action level but as a dose where the responsible authorities 

should judge whether countermeasures should be introduced, 

full account being taken of the disadvantages and risks these 

countermeasures might create" (8)~ Thus the NRPB made the 

judgement on the disadvantages and risks implicit in the 

range of ERLs of dose specified. However, the transitory 

nature of ERLs was retained and indeed spelled out (10). The 

lower ERLs of dose adopted by the NRPB are either equal to or 

lower than those that were recommended by the MRC (1975); see 

Table 1. 

In 1984 the ICRP published advice on the subject of 

unplanned releases (11). Up to that date the ICRP had taken 

the view that intervention levels were a matter for national 

authorities because individual circumstances in countries 

were so different that no universal guidance could be given 
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(12). The general principles for implementating counter

measures outlined in 1984 placed emphasis on dose to the 

individual and on the balance between risk saved and risk 

Lncurred. The ICRP divided the temporal evolution of the 

accident into three phases, early, intermediate and late. 

In the early phase they proposed there was a need for 

procedures on the initiation of intervention to be included 

Ln emergency plans for any appropriate facility. These 

should anticipate the likely public exposure depending on the 

condition of the plant and the prevailing meteorological 

conditions. In an appendix the ICRP gives a table of dose 

equivalent levels for early phase countermeasures (see Table 

II). They give upper and lower limits for low risk counter

measures, sheltering and administration of stable iodine, and 

for higher risk countermeasures such as evacuation. For the 

low risk countermeasures, the lower level is made equal to 

the annual dose limit for the public, at that time 5 mSv, and 

the upper an order of magnitude greater. For the higher risk 

countermeasures, the values are 10 times higher. 

For later phases the main body of the report assumes 

that the opportunity for consultation with an expert group 

will enable decisions to be made in the light of the 

prevailing circumstances. However, in the appendix a further 

table specifying dose equivalent levels for intermediate 

phase countermeasures is given. In this case the low risk 

countermeasures concern control of foodstuffs and the higher 

risk, relocation of population. The dose limits are 

numerically the same as the low and high risk countermeasures 

in the early phase. 

In 1988 the NRPB initiated discussions on revising the 

ERLs for the U.K. (13). A number of modifications to the 

concept are proposed. Firstly, that dose limits for the 

public should not have any substantial influence on the 

setting of intervention limits. Secondly, primary 

consideration is given to the various countermeasures and 

then the time phases (early, intermediate and late) in which 

they might be appropriate. Table III summarises the proposed 

limits. 

t:omrnentarv 
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In 1957 the Windscale accident highlighted the need for 

a means of decision-taking in the early stages of an 

accidental release of radionuclides to the environment and 

the concept of ERLs was subsequently born. Thirty or more 

years later the concept has evolved and its application 

broadened - for example ERLs were used to justify the absence 

of countermeasures to limit 131r intake through milk in the 

U.K. at the time of the Chernobyl accident (14). 

In general, ERLs of dose have been reduced and, at the 

same time, the time scales over which they are applicable and 

the sizes of population to which they might apply have been 

increased. They have evolved from levels at which action 

should be considered, if dose can be saved, to formal dose 

limits. The revised concept leaves much less room for action 

determined by the individual circumstances of the accident. 

Are these changes to be welcomed? 

In part the answer to this depends on whether it is a 

realistic assumption that accidental releases can be 

controlled at source. If they can, then the initial 

concentration of scarce resources to that purpose must be of 

value. The somewhat greater risk to a few is compensated by 

the benefit of a reduced overall impact of the accident. It 

should be noted here that the lower the values of ERL the 

less the opportunity for gaining this benefit is available. 

If the assumption is false then nothing is to be gained by 

not turning attention directly to the safety of the public 

and the risk-benefit equation concerns only the dose to be 

saved and the risk incurred by the countermeasures. 

The use of the ERL concept as a dose limit without 

reference to dose saved is surely to be regretted, 

particularly where some risk might be attached to the 

introduction of a countermeasure. 

We should also ask whether as rigid a regime of inter

vention limits, as has evolved, best serves our interests. 

The ci~cumstances of an accident are highly variable and what 

can be done to minimise exposure varies from accident to 

accident, depending on numerous conditions that might apply 

in a specific location or at a specific time. The risks 

incurred by counter-measures also varies from place to place 
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and situation to situation. 

Thus the value of treating each accident on its merits 

should not be under-estimated. To take just one example. In 

the U.K. no intervention measures were taken at the time of 

the Chernobyl accident to reduce the doses from 1311. In the 

Netherlands when 1311 was detected in milk a ban on outdoor 

grazing of cattle for 4 to 5 days was introduced. This single 

measure is estimated to have reduced thyroid doses to the 

critical group by 50% (15). In none of the documents 

discussed above relating to ERLs is this countermeasure 

considered, yet for minimal cost and no risk whatsoever to 

the population, a significant dose saving was made. If the 

principles outlined by the ICRP are taken at face value, this 

is the kind of action we should expect. 

Whether it was appropriate to use ERLs in the context of 

Chernobyl in European countries is questionable. There was 

no decision to be made between implementing countermeasures 

and mitigating the consequences of the accident. According 

to the main body of the ICRP report (11), a balance between 

saving dose to the individual and incurring risk from 

countermeasures should have been struck after the 

circumstances had been assessed by an expert group. If there 

are effective countermeasures (i.e. ones that significantly 

reduce doses to individuals) that incur no risk and are not 

inordinately expensive or disruptive without reference to the 

annual dose limits to the public. There will of course be 

doses too small for savings to be effective. It is thus to 

be regretted that the ICRP chose,. in the appendix to tbe 1984 

report (11), to give intervention levels for the intermediate 

phase of accidents; these, like the response of countries 

outside that in which the accident happened, should be a 

matter for action in the light of the prevailing 

circumstances. 

The existence of a rigid regime of intervention levels 

does not preclude unanticipated action being taken if the 

circumstances suggest it would be beneficial. However, the 

existence of an apparently comprehensive system of regulation 

does not encourage actions beyond those that satisfy tbe 

regulations. It often seems to be the case that 
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recommendations by bodies like the ICRP are given biblical 

status and little thought is given to whether, in any 

particular circumstances, some modified or alternative 

respo11se might not be more appropriate. It should be 

remembered that the ICRP's primary role is to make 

recommendations concerning the planning of exposure and not 

to provide a basis for assessing the actual consequences of a 

given exposure. It is therefore to be hoped that in future 

less rigidity is incorporated into the criteria for 

intervention and more emphasis is placed on developing 

strategies for dose reduction most appropriate in the 

circumstances of a particular incident. 
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Tabler 

A comparison between ERLs recommended 
by the MRCa and NRPBb 

Organ MRC 
mSv 

Whole body 100 

Thyroid 300 

a taken from reference 8 
b taken from reference 10 

NRPB (dose equivalent 
Evacuation Sheltering 

{ 
500 5 
100 25 

{ 
1500 250 

300 50 

mSv) 
Iodine 

-

--

250 
50 
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Table 2 

Dose-equivalent levels for early phase countermeasures 

Dose equivalent (mSv) 

Organ Lung*, thyroid and any 
Whole body single organ prefer-

Countermeasur:e entially irradiated 

Sheltering and stable 
iodine admini.stration 

upper dose level 50 500 
lower dose level 5 50 

Evacuation 

upper dose level 500 5000 
lower dose level 50 500 

• In the event of a-irradiation of the lung, the numerical 
values apply to the product of RBE and absorbed dose in mGy. 
This RBE is expected to be subtantially less than 10. 

Taken from reference 11 
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Table III 

Summary of proposed dose levels for the introduction of 
countermeasures to protect the public 

Dose Equival3nt (mSv) 
Countermeasure Organ Lower level Upper level 

Sheltering Whole body/ 3 30 
effective 

Thyroid 30 300 

Evacuation Whole bocty/ 30 300 
effective 

Thyroid 300 3000 

Distribution Thyroid 30 300 
of stable 
iodine tablets 

Relocation Whole body/ 3 30 
effective 

Restrictions Whole body/ 1 10 
on food and effective 
drinking water Thyroid 1 0 100 

Taken from reference 13 
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ABSTRACT 

On 10 Octobe1 1957 one of the two air cooled reactors on the Windsc:::ile 

site, Cumbria UK, caught fire resulting in an uncontrolled release of 

activity to atmosphere, which lasted until the fire was quenched by wuter 

during the morning of 11 October 1957. Subsequent dispersion of activity 

was widespread. The most important nuclides, with respect to potential 
. 131 210 

health problems to the general public, were I and Po. Significant 

. . f 90 d 13 7 1 1 d quant1t1es o Sr an Cs were a so re ease . 

A decision was taken to implement a ban on the distribution of milk 

con ta i_ning more than 3700 Bq 1 
- 1 

of 1311. The consequent restri_ctiuns 

covered of 518 km 
2 

extending an area 
' 

from St Bees in the north to Barrow 

peninsula in the south. The. ban lasted from 2.5 to li4 days wit'hill t'!1i 

area, during which time some 3 million litres of milk were disposed 0£.. 

Monitoring of other foodstuffs and nuclides was undertaken, but no further 

countermeasures were considered necessary. 

In the most heavily contaminated areas the maximum dose equivalent to a 

child's thyro i.d was estimated to be 160 mSv. 

absence of any countermeasure, was 360 mSv. 

The predicted dose, in t-_he 

Since that time, both the estimated inventory of activity released in the 

incident and the basis for limitation of radiation doses to members of the 

public (result:ing from routine or accidental releases) have been yc_,viewod 

several timC"S, Based on current recommendations for off-site 

countcrmeasur(·s required in the event:- of abnormal rele~1s0s of activity to 

;1tmosphere, the actions undertaken following the 1957 Windscale Fi [e ;ire 

l~eapp raised. 

It is concluded that the milk ban area would have been extended 

substantially. Limited action to restrict consumption of locally produced 

green vegetables and, probably, free range eggs would have been appropriate 

also. Greater emphasis on sampling of meat products, particularly from 

upland areas, would have been prudent. Notwithstanding this, the actions 

undertaken reduced both individual and collective doses arising and wcrt:

c.onsiscent with the radiation protection standards then in place. 



- 1017 -

INTRODUCTION 

The accident at the Windscale works of the UK Atomic Energy Authority 

occurred on 10 and 11 October 1957. Some of the uranium fuel within one of 

the two air cooled reactors became white hot and there was an emission of 

fission products, especially those which are volatile or have volatile 

compounds. The course of events has been described in the Report of the 

Committee of Investigation [l]. The accident occurred during :i cont 1·0.l lPd 

release of Wigner energy, which had become stored in the graphi le 

moderator of the pile as a result of normal operations. The immediate 

cause of the accident was a second nuclear heating applied, before it was 

necessary and at too rapid a rate, because it was thought that the Wigner 

release was dying away and that parts of the graphite structure would 

therefore escape being annealed. The instrumentation of the pile was not 

sufficient in quantity or in distribution to enable a reliable judgement to 

be made and it is probable that this heating caused the failure of one or 

more uranium fuel cartridges. 

The radioactivity was emitted to atmosphere from the 120 m stack of' Pill' 

No. l, beginning some time before 14.00 (GMT) on 10 October and conti.lluini: 

to about 11.00 on 11 October 1957. Peaks in emiss Lon occurred about 

midnight on 10 October and again during the period 09. 00 to 11. 00 on 11 

October when water was used to put out the fire. Water was actually turned 

on at 08.55 11 October and turned off at 15.10 on 12 October, by which time 

the pile was cold. During the earlier part of the release, the wind at the 

height of the stack-top was light and mainly from the SW. With the passage 

of a cold front over Windscale about 61.00 to 02.00 on 11 October, the wind 

veered to NW and became much stronger. An inversion existed some h1111drc-·cl 

metres or so above ground level and winds above this inversion diltered 

quite markedly from the ground winds. 

Shortly after midnight on 10 October, the Chief Constable of Cumberland was 

warned of the possibility of an emergency and men in the f2ctory were 

instructed to .stay indoors and wear face masks. No action was advised in 

the district. 



- 1018 -

Neither the total activity released nor the variation in rate of ('mission 

is known from measurements at source but estimates have been made, both .-it 

the time and later [eg 1, 2, 3, 4, 5]. The principal nuclides rele,1sed ai·e 

listpd in Table 1. The physical and chemical nature of many of the f'mi ! t 1·d 

radionuclides remains uncertain. Some 5% of the total activity rele.-ist~d 

may have been associated with graphite particules, up to 15 µmin diameLer, 

found in the neighbourhood of the pile after the accident [6]. 

During the course of the accident there was patchy rainfall througltout 

north-west England. The highest totals (8-lOmrn from 09.00 10 October Lo 

09.00 11 October) were recorded in the Furness peninsula. From records of 

a rainfall recording gauge at Barrow it is known, however, that most of 

this fall occurred between 17 .00 and 19 .00 on 10 October, about 6 hCJurs 

before the passage of the front and before the active cloud had reached t!ie 

area. Traces of rain between 01.00 and 02.00 on 11 October, about the time 

of the passap.e of the front, were recorded at Silloth and it is likf·ly ! 11:it 

any rain assDciated with the front was heavier on the hills. The £1c>11l 

became very weak as it passed south and there was no rain associated VJit.h 

it in the Midlands and southern England [7]. 

ENVIRONMENTAL SURVEYS AND COUNTERMEASURES UNDERTAKEN 

Environmental surveys carried out after the accident have been reported by 

Chamberlain & Dunster [ 6 J and Dunster et al. [ 8]. As soon as it was 

realized that there wa·s a considerable release of activity to atmosphere, 

there were three possible hazards req~iring immediate evaluation. 

i External radiation. 

ii Inhalation of activity. 

iii IngPstion of activity from contaminated food and water. 

At about 15.00 on 10 October a survey van was sent out to the south of Lhe 

factory, with a second van sent out about 17. 00 to the north. These ; wo 

vans maintained continuous patrols throughout the night and next d:;y. 

During the period of release, and after, air activity measurements wt·re 

made both on the site and in the district. 
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- 1 
The highest radiation level measured was 40 µSv hr (against a normal 

-1 
background of 0.1 µSv hr ) at a point approximately 1.6 km downwind on the 

-1 
coast. Radiation levels were generally 1.5 to 2 µSv hr in the area 3-5 

km south of the factory and much lower in other directions. Expo.sui-1·.•; from 

radiation were assessed as small and insufficient to warrant proLective 

action [8]. 

-3 
Levels of activity in air on site rose from a norm of 3 to 5 Bq ~ m to 50 

-3 
m during 11.00 to 14.00 on 10 October, eventually rising to 850 Bq fJ Bq fJ 

-3 
m 

4 -3 
with peaks up to 1. 5xl0 Bq fJ m on the morning of 11 October. The 

-3 
around 150 Bq fJ m average activity in air throughout the incident was 

3 
In the district the highest value measured was lxlO Bq 

-3 fJ m , during the 

night of 10 October, at a point about 3.2 km south-east of the factory. In 

general, values reported were much lower than this and from 12. 00 on 

11 October fell away rapidly. Air contamination was assessed to have risen 

to 'worrying' but not dangerous levels, and no action was taken [SJ. 

Deposition of activity to ground was measured, or inferred, inilin'J1_y from 

three methods: gamma spectrometry of grass; gamma spectrometry of 

soil/root matt; and ground level gamma dose rate surveys [ 6, 8, 9 J . The 
. . 90 131 137 

ground gamma measurements and estimated deposition of Sr, I and Cs 

in north-west England are presented in Fig. 1. Peak concentrations were 

reported along the coastal and inland regions south east of the site to the 

Duddon estuary and Furness peninsula. In addition, enhanced deposition is 

apparent running towards the Wasdale, Eskdale and Duddon valleys. 

Deposition of activity close to Windscale is swnmarised in Table 2. 

By noon on 12 Oct.oht~r thl' first milk analyses werP av;lilablc (frnrn milli.. 

Oc Lober and t.he morning,/l~ve11 i tlf, o I cn! l(•ct{•d during the eve11i11g of LO 
131 

11 October). Levels of I ranged 
4 -1 

from traces to 1. 8xl0 Bq l . The 

higher readings were exclusively for milk obtained on the evening of 

11 October. Analysis of the Seascale morning milk of 12 October was 

15 .00 and 
4 

Bq 1-1 By about 21. 00 12 October, completed at showed 3xl0 on 

arrangements were made to ban milk containing more than 3. 7xl0 
3 

Bq 1311 1-1 

and deliveries from suppliers within a 3. 2 km radius of Windscale were 

withheld. As analyses were completed throughout 13 to 15 October, the 

restrictions on distribution were extended in stages to cover an area some 
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40 km long, 16 km wide at t:he south and 10 km broad at the north (Fig. 2); 

including the Barrow peninsula to -10 km north of Windscale. This amounted 

to 518 km
2

. 

Samples were taken further afield, from the Lancashire coast, the north 

Wales coast, the Isle of Man, Yorkshire, Westmorland and the soutl t of 

Scotland. By 19 October surveys had extended to Northern Ireland and the 

south of England. Milk restrictions were not extended into these areas. 

The i.ntensity of milk monitoring initially placed special emphasls on the 

fringe of the restricted zone. On 16 October, for instance, 58 milk 

samples were collected from outside the area and only 7 inside. By 

22 October, when 260 samples were collected in one day, 230 were obtained 

from the restricted area with only 30 from outside, since by this time the 

area concerned had been defined clearly. A total of 3000 samples (250,) 1) 

of milk were analysed in the period inunediately following the accident. 

Analytical results for milk (Table 3) confirmed that the main ingestion 

hazard resulted from 
1311. Other foodstuffs were also rnonitoi:-e<l, 

particularly vegetables, meat (including thyroids and bones), eggs nnd 

water. Peak concentrations recorded for iodine and strontiwn are presented 

in Table 4. No restrictions were placed on these. Soil, root m~tt, 

herbage and, occasionally, cattle dung were also monitored. 

The rate of decrease of activity in milk and grass is illustrated in Fig -5. 

Milk restrictions were first relaxed in the eastern region (31 Octobe!r), 

followed shortly afterwards by the south. By 4 November, the restriction 

was limited to a coastal strip extending 19 km south of Windscale, which 

persisted until 23 November 1957. The total period of restriction was thus 

about 8 weeks, latterly due to cautious assessment of the 
90 1 l 7 , Sr and Cs 

131 
levels rather than I. During this time some 3 million litres of 1ni lk 

were dispose<l of through drains to sea [12]. 
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REI\PPR/\1 SI\!. OF COUNTEIUll•:ASURES REQUIRED 

Countermeasures employed following the Windscale fire have been 

reappraised, based on emergency reference level 11 ERL2 11 values ( 14, 15 J 

(which superseded the advice of the MRC [3, 16, 17, 18]) and the most 

recent advice from the NRPB [ 13] . Further guidance from the CEC is 

referenced [ 19] and the effects of the draft proposals of the ICRP [ 20 J 

are considered. 

Atmospheric concentration of radioactivity 

Data for air concentrations off-site are generally restricted to total j3 
-3 

activity which suggest an upper limit of 1000 Bq m in the district, with 
-3 

a lower limit of perhaps 150 Bq m (based on peak district concentraLions 

and average prevailing site concentrations respectively [8]). This 

information can be supplemented by appropriate modelling. The relative 

proportions of beta/ga1nma emitters in the release are well characterised as 

are the air samplers available at the time. It can thus be assumed that 

the total f measured 

such as 
99

Mo, 
103

Ru 

effectively by filter 

in air was 
137 

and Cs. 

dominated largely 
132 

Both Te and 

by particulate activity 
131r are retained less 

papers and a 20% retention factor may be appropriate 

[ eg 34]. 

present at 

20% of the 

Retention of 
3
tt was probably negligible. Strontium-90 was 

about O. 5% of the 
137 

Cs. Concentrations of 
210

Po were around 
137

c::; component. The integrated air concent 1·ation 1h1·ou1·,l1out 

the 24 hr release period can thus be estim,ated, as presented in Table '). 

As an independ0nt model, the integrated concentration of each nucl idt' can 

be predicted from atmospheric dispersion models [ 1lj, based on best 

estimate releases and meteorological conditions prevailing. It is probably 

reasonable to assume Pasquill category D weather throughout the incident 

and all activity being blown into a se~tor of 60° width, to the south-east 

of the release source. The thermal bouyancy of the release introduces 

considerable uncertainty in determining an effective stack height. For 

simplicity, and probably somewhat conservatively, the actual stack he i t>,ht 

of 120m is used. Results obtained are presented j n Table .J and ;ire 

in all cases encompassed by the range of air concentrations derived from 

total f activity. Such good agreement may be fortuitc us, since the model 

is quite dependent on the assumed effective stack heigh - , but does sugg,:,.:-:t 
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that results available are representative of the area of peak impact. 

Comparison with ERLs for sheltering the local populace, Table 5, shows 

( . . 11 by l3lI even under the most restrictive criteria limited pr1nc1pa y 
210

Po), and assuming the highest estimated airborne concentration, 

rh:1t 

a11d 

110 

immediate action was required. Issue of iodate tables, to restrict the 

thyroid dose from 
131r, would normally be recommended under the :c:a111e 

criteria as sheltering the population and hence, again, this countermea::u1·e 

was not required. Thus, eiren in retrospect, it can be concluded that t!te 

appraisal at the time of the incident was probably correct, l h;it 

atmospheric concentrations rose to "worrying" but not "dangerous 11 level~:. 

External radiation levels 

The peak recorded district radiation level following the Windscale fire w:1s 

1,0 11.Sv hr-l which probably includes a component from cloud gamma domin.itcd 

by noble gases (Xe mainly). Nonetheless, i.n isolation, Lhis could ]1;1\'{' 

prompted a requirement to decontaminate some areas. However, such levels 

did not persist in 
-1 

exceed 2 µSv hr 

the environment. 

and decayed with 

Generally external radiation did not 

a half-life of 8 to 9 days. No 

protective actior1 was recommended, nor would such measures be taken on 

current criteria. 

Activity in milk and other foodstuffs 

Grass and soil samples collected 

.. f. d . . f 1311 905 s1gni 1cant epos1t1on o , r, 

from 

l37c 
s' 

around Sellafield indicc:; t.ed 

103+106R d 95 2 ( T bl " u an r eg a e "-

and Fig 2). Peak levels of activity recorded on grass are compared in 

Table 6 to modelled predictions. These are in reasonable agreement, ap~1rt 

from strontium where measured deposition at the site boundary was greatly 

in excess of modelled values (which predict a peak at 1. 5 to 5 km from 

site). This can be explained by discharges of particulates from the 

Windscale piles prior to 1957 [ 35], and is consistent with data presenc_·ed 

· 1· bl 4 h · h · f 90s · f h , · .tn a e s owing t at concentrations o r were uni orm t rougtl turt11-p 

tops and 

from root 

tubers from a local 
89 

uptake) whereas Sr 

farm ( indicating a substantial contribut i.011 

was present in turnip tops at more than ti. v~~ 

times the level in the tubers (indicating foliar deposition). 
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Formal ground contamination DERLs for sheltering of thE' population have not 

been proposed, although it has been suggested [?:3] that sheltering rnny act 

to reduce significantly dose uptake from ground contamination. Appropriate 

DERLs can be scaled from published advice on the reqt:irement to evacuate 

the population [ 24 J . Again, however, it can be seen from Table 6 that 

there was no requirement for shelter based on ground contamination. 

By contrast, deposition of 
131r exceeded those levels established for the 

introduction of milk bans and, to a lesser extent, restrictions on green 

vegetable consumption. Modelled deposition levels suggest this milk ban 

would exceed 100 km (Table 7), although uncertainties i11 modelling preclude 

prediction beyond this distance. Advice to restrict green vegetable 

consumption may have extended about 20 km but would depend very much on 

local crops and availability for harvesting. The duration of any such 

restriction could be expected to mirror that for milk and wou1d be 

dominated by physical decay and biological loss of 
131

1 (teff -4d). Levels 
137 

of Cs also exceeded the more limiting values at whic:1 a restriction may 

be imposed on milk and could have led to greater persistence of the ban in 

local areas. 

Measured concentrations of 
131

1, recorded in milk on 13 October, confirm 

the greater extent of restrictions which would be advised currently 

(Fig 2), particularly if based on the recommendations of the CEC [19]. 

Information for other foodstuffs can also be compared to DERLs. 

. f 131 concentration o I reported in drinking water was l. 7 to 

The 

lJ Bq 

fH'ak 
- l 

I . 

This is well below current long term DERLs for substitt:tion of frcsliw.-1lc'1· 

supplies [cg 13, 19, 24]. At the time of the incident th(' m.:iximum 
131 -1 

recommended concentration of I in drinking water was 220 Bq 1 , which 

is actually more restrictive than the 400 Bq 1-l currently proposed by the 

CEC [ 19 J • An 131r concentration of 1050 Bq 1-l was, recorded in the 

R. Calder immediately downstream of the Windscale drain but elsewher<' the 

peak level was 85 Bq 1-l in Linbeck (near Devoke water). Neither of these 

sources provide drinking water. Data relating to conce11trations in fresh 

rainwater are not available. 
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Reported levels of 90sr in vegetation, presented in Table 4, were well 

below current limits for the introduction of restrictions on consumption. 

131 Data for Lare rather more extensive, particularly for leafy vegetaLl('s. 

The peak re,-;orded concentration in cabbage outer leaves was -23,000 Bq 
-1 

kg from .,1 farm near Holrnrook on 17 
-1 

kg 

October [ 33 J • This implies an 

initial peak value of >30,000 Bq which would be close to current ,, 
3.2xl0 Bq values for withdrawing green vegetables 

-1 

5 4 
( 1. lxlO , 2. 2xl0 and 

kg respectLvely for ERL2, [13] and [13Jmod). A decontamination factor of 

10 to 50 was assumed at the time, for normal food preparation processes of 

washing and removing outer leaves [33]. This is in accordance with rf:'cent 

statements [ 24] and confirms that any advice to withdraw fresh vegetc;bles 

would be limLted in area and timescale. 

Loss of act.1vity from vegetables through October i!> presented in Fig I+. 

Generally, the highest concentrations were recorded in outer leilve:; of 
lH 

brassica (eg cabbage, lettuce, sprouts and kale). Lowest levels of " I 

were recorded in edible parts of root crops and were not generally .'..lbove 
-1 -1 

400 Bq kg The single highest value (of 27,750 Bq kg ), was recorded on 

swede leaves from Barrow on 21 October. 

showed very little activity. 

Samples to the north of the site 

Seaweed sampled from the local coast south of Windscale had initially high 

. f 131 ( . 4) concentratio~s o I Fig . 

The peak concentration of 
1311 in locally produced eggs was 

Bq 

-1 
54,000 Bq kg 

-1 
kg [33). By al though ger·erally values were not greater than 25, 000 

-1 
4 November v,lues had declined to les·s than 1, 000 Bq kg (Fig5). Th,· CEC 

currently recommend restricting all minor foodstuffs containing more than 

30,000 Bq 
-1 - 1 

kg For other foodstuffs a general limit of 3, 000 Bq kg is 

suggested [~-,9]. Depending on the status assigned to egg consumption 

locally, this could imply a restriction being imposed for up to 15 day.'.:::. 

Fewer data ·:1re available in meat products, and relate to 

lowland areas. 
-1 

Nonetheless, peak recorded values of 85 Bq 

all 
-1 

kg in trout, 

590 Bq kg in salmon roes (from the R. Calder and the Ravenglass estuary) 
-1 

740 Bq kg in mutton and 3, 367 Bq 
-1 kg in beef ( from around Sease ale c:ncl 

Drigg), implf that there was no widespread uptake requiring restrictio11s. 
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Data for sheep thyroids (Fig 6), 

Whitehaven abattoir, indicate a 

obtained from animals 

1 f 1311 . . oss o act1v1-1 y 

slaughtered at the 

with a biological 

half-life of 3-4 days. This is in line with rat es noted for loc.:1 l 

foodstuffs above and again suggests that peak concentr.:.tions recorded would 

not have persisted for long periods. As a prudent measurv, lio1v1..•ve1-, 

greater emphasis would be applied currently to samplinp upland areas. 

Estimate of dose averted 

Average radiation doses to the thyroid in local residents were 5-20 mSv in 

adults and 10-100 mSv in children; the maximwn dose inferred from measured 

activity in the thyroid was 160 mSv to a child. For adults, the data 

suggest that the prime route for intake of 
131r was inhalation (Table 8) 

but for children there is a discrepancy between assessed dose and estimated 

inhalation dose, indicating a contribution from ingestion. Without a milk 

ban, thyroid dose levels were expected to reach 70 ms,, in adults and 360 

mSv in children. The prompt introduction of restricticns on milk supplies 

thus reduced ingestion doses to the local population. Generally, sonH~ 75% 

of the estimated child ingestion dose was averted (T.sble 8), falling to 

around 55% for the most exposed child. For adults the proportion of dose 

averted was greater. These data are in accord with est:imates that imposing 

a milk ban within 2-4 days of a release of activity should avert 65% to 85% 

of the dose which would otherwise be incurred via this pathway [29]. 

Doses incurred via other pathways (eg consumption of fresh vegetables) do 

not appear to contribute substantially to adult doses incurred locally. 

Uptake of other radionuclides was - detectable (eg Table 9) but doses 

incurred were generally small by comparison to 
131r. 

Collective doses following the incident have been assessed elscwhe r1_· [ ~), 

3/]. Correctinr, for the age distribution of the populat.on, the co]lt>ct ive 

e f feel i ve dose equi val('nt commitment: from all pathways \<as about I. '.jO w:inSv 

to Cumbria, 1900 manSv to the UK and 2000 manSv to No :thern Europe. Of 

this about 23% in Cumbria was due to inhalation (mainly : lOPo and 
131

1) and 

59% from milk consumption (mainly 
131

1). For this region it was estimated 

that a further 108 manSv was averted by introduction of the milk ban. 

Elsewhere, only 30% of the dose derived from milk consu1nption (due to the 

much lower levels prevailing) and -50% derived from inhalation. 



- 1026 -

CONCLUSIONS 

In the light of those data which are available, had protective measures 

following th~ Windscale pile fire been based on current criteria, actions 

other than the implementation of a milk ban would be limited to a 

restriction ".probably short term) on local green 

b bl b d · · 1 131r 1 1 pro a yegg,, ase pr1mar1 yon eves. 

vegetable consumption and 

Under current criteria the 

area to which the milk restriction applied would be considerably gre:1ter 

than adopted at the time. Further emphasis would also have been placed on 

gathering da:a for fresh rainwater and upland meat products. Nonethel~ss, 

actions unde -:-taken at the time reduced significantly both individual and 

collective d )Se uptakes and were consistent with the radiation protection 

standards th(n in place. 
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TABLE 1. Estimate of principal nuclides released [3, 5, 26, 36] 

Nuc I ide Total release Nuclide Total release 
TBq THq 

3 5000 129"'T 
89H 129 e 25 
90Sr 5.1 131 Te 25 
95Sr 0.22 

132
1 600 lOOOa 

95Zr 7.5 134Te 600 1000 

99Nb 7.5 137Cs 1 2 

103Mo 36 144Cs 22 94b 

106Ru 40 14fe 4 0 

lllRu 5.9 210Pm 2 3 

ll5Ag 0.52 239Po 8 Sc 

Cd 1.6 Pu 0 0016 

a Crabtree [ 26] estimated that his figure ( of 1000 TBq) cou1±13
2
be in 

error by a factor of 1. 5 either way. An equal release of Te is 
assumed. 

b The upper end of this range is considered most prol-able [36]. 

210 13 L 
c Data from Stewart & Crooks [7] suggest a Po/ I release ratio of 

1: 38. 

TABLE 2 Activity Deposition to Grast 

Activity deposition (Bq 
-2 a 

IJ, ) 

Distance Bearing from 
137 Cs 1311 103+106Ru 95Zr sosr 89Sr (km) stack Total o 

0.4 270° 592 
1.0 320° 370 1110 740 :6 278 
2 .4 160° 2960 1110 3885 If, 1417 276 
3.2 140° 7215 370000 7030 10915 75 8 7'l 167 
6.h JI, 70 '106'> 2238'i0 7710 /1070 
B.B 11.r. 

0 
'.,920 74000 /1/•'•0 71,0 

l 6 150° 4625 6105 3700 
28 152° 185 19610 2960 1850 

a Data from [ 8] and [ 33] ; samples taken 18 October 19'7. 
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TABLE 3. Radionuclides in Milk from two Farms near Windscale 

Activity Concentration (Bq 1·1) 

Total 
239Np 141, 137 Cs 1311 106Ru 103Ru 95Zr 95Nb 90Sr Date a Ce 

Form 1 a 

12.10.57 135 nd 74 26 <74 <74 <llO 
l:l.10.57 135 nd llO 30 <74 <74 37 
'.'8.10.57 <83 233 <67 25 50 120 

Farm 2b 

2'.}. 10.57 <33 696 3700 <67 <25 <25 <2 0.85 

a Farm 1. 6 km Jfil of Windscale nd, not detected. Data from [ 8 J and [ 33) . 

b Farm 3.2krn Si of Windscale Data from [ 33) . 

TABLE 4 Strontium and Iodine in Foodstuffs Other than Milk 

Material Peak Activity Recorded (Bq kg·l) a 

Turnips ( tub,,rs) 
(top;) 

Potatoes 
Cabbage (out,,r leaves) 
Kale 
Rape 
Carrots 
Swede (tubers) 

(tops) 
Lettuce 
Sprouts (out,!r leaves) 

River Water 
Lake Water 
Drinking Wat,or 

Eggs (free r,nge) 

Meat (beef) 
(mutton1 
(fish) 

1311 90Sr 89Sr 

260 100 195 
100 1330 

150 87 113 
22,940 27 
15,926 60 600 

60 
220 
llO 

27,750 
3,890 
9,075 

1,036 
85 
37 

53,700 

3,370 
740 
590 

s9sr 

13 

a Data from [8) and [33]; various locations and dates (13-25 Octolwr ]'IC.I) 
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TABLE 5 Integrated atmospheric concentrations of at:tivity and ERLs 
requiring sheltering of the public 

-3 
Integrated Activityb(Bq s ,,. ) 

From measured Modelled peak ERL2 [L Jc [13] d 
nuclide f) cone. 

a 
[21] modified 

3 
1. 6E8- l. OE9 7 .lES 5.4Ell 3. 2 Ell 3. 2Ell 

89
8 

90Sr l.4E5-9.2E5 7.lES 3.6E9 2. 2E9 
Sr 5. 9E3-4. OE4 3.1E4 2.8E8 2.0E8 2.5E8 

9~!Jb;95zr 4.1E5-2.7E6 2.1E6 2.8E9 1. 7 E9 

103Mo 9. 7E5-6.5E6 5.0E6 3.9E9 2. 3E9 

106Ru l.1E6- 7. 2E6 5.6E6 5.6E9 3 .4 ,9 

131Ru 1. 6E5- l.1E6 8. 3E5 l.1E8 6. 6 ,7 
I 2. 7E7-l.5E8 8.4E7-l.4E8 3.9E8 2. 3 ,8 3 J,J<:8 

132. 
2. 7E7-l.5E8 8.4E7-l.4E8 2.2E9 1. 3 ,9 D7re 

210~:a 
2.4E6-l. 7E/ 3 .1E6-l. 3E7 1. 7E9 1. 0 ;9 l.OE9 
2 .4E5-l.6E6 1. 2E6 7.2E6 4. 3,,6 1. 8E7 

a Based on total beta activity in air measured on-r1f(~ and in thr
32 

district) f 8] , and assuming a release of 800 TBq , ; 800 TBq Te; 
90 TBq Cs. 

b Lower level of intervention only; based on 5 mSv CEDE or 50 mSv single 
organ dose ( including skin), Upper levels are Sx tl,.ese values. 

c Lower level of intervention only; based on 3 mSv CELE or 30 mSv skin or 
thyroid dose. Upper levels are lOx these values. 

d Modified using dose effectance from ICRP [20 25] and assuming 
intervention based on 3 mSv CE. 

Values for ERL are calculated assuming that 
210

1)0 

submicron particles of oxide material, which cc:,n 
inhalation class IJ [ 5, 22 J . If inhalation class W 
following intervention levels would apply: 

ERL2 
[ 13] 
[13] (mod) 

Bq s n 
6. 9Et> 
4. lE, 
s. rn,; 

-3 

was presc1it 

be modelled 
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TABLE 7 Predicted activity deposition with downwind distance 

Distance (km) 
Nuclide 0.5 0.7 1.5 5.0 10 100 

89 3.3E2 9.6E2 l.4E3 90Sr 7.7E2 3.3E2 l .4E2 

13!~a 
l.5El 4.4El 6.4El 3.5El l.5El 6.4EO 
2.6E3 8.0E4 l.1E6 6.4E5 2.6E5 l.2E4 

137Csb 6.lEl l.9E3 2.6E4 l.4E4 5.9E3 2.6E2. 

a. Based on a mean release estimate of 800 TBq. 

b. .Based on a best release estimate of 90 TBq. 

TABLE 8 Estimated doses to thyroid from 1311 following the Windscale 
accident, 1957 

Thyroid dose (mSv) 

131
1 in_ ,ir 

Estimated [l8 ] Measured 
Place Distance from Inhalation Thyroid activity 

Windscale (km) (Bq s m ) Adult Child Adult Child 

Seascale 3 3 OE8[ 4 ,l3 J 18 36 5(3] 8(3] 

Drigg 6 3. 3E8[ 4 ,l3 J 21 42 14 [ 3 l 39[ 3 ] 
Holmrook 7 3°0E8[ 4 ,l3 J 18 36 14[ 3 ] 

u,13i Ravenglass 9 2°6E8[ 4 ,l3 J 16 32 I 3 J 
l.5E8[ 4 ,l3 J 18[3] . [ 3 I 

Bootle 18 9 18 11, [ 3 J 60 . · 
Mi llom 31 7.4E7[ 4 ,l3 J 5 10 4 

UJverston 37 3. 7E7[ 4 ,l3 ] 2 4 ' [ 3 J 44 [ 3 j 
J [ 3 J 

Barrow 38 3. 7E7[ 4 ,l3 J 2 4 3 
L('eds 150 l

0

lE6[ 2 ,l3 ] 0.07 l 5118,27] 

London 400 1:3E6[ 3 •26 ] 0.08 0:4(28] 0.8(28] 

TABLE 9 137 Whole-body Cs in subjects-from the Windscale area [33] 

Date Number of Bq 137 Cs per g K 
subjects 

Mar - Sept 1957 4 3.6 ± 0.7 
Jan 1958 3 11.8 ± 1.4 
Mar 1958 1 16.6 
Apr 1958 1 7.7 
May 1958 1 6.8 
July 1958 2 10.1 
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C·r.ummock .. ~ / ~~--
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· Haweswater 

!RISH SEA 

~ 

}

l~ke 

iinderme~e 

Kendal 

0 5 10 20 

km 

ii) 9°Sr, 1311 AND 137Cs DEPOSITIQNb 

OCTOBER 1957 
Bq m-2 

1a1 1 90Sr 1a1cs 

111111111111 >3.7E5 >7.4E3 >7.4E3 

1!!!1!1111111111!111 > 1.9E5 >3. 7E3 >3. 7E3 

12?7M >3.7E4 <3.7E3 >7.4E2 

I(' \\J>1.9E4 >3.7E2 

! j >3 7E3 >7.4E1 

~--~<3.7E3 <7.4E1 

:e Sheffield 

NOTES: 

a) DATA FOR 13 OCTOBER 1957 [8] 

b) FROM CHAMBERLAIN & DUNSTER [6], 1311 AND 
BODKEA(10], 90Sr AND 137Cs, DATA FOR 1J7Cs 
ARE CORRECTED TO EXCLUDE WEAPONS TEST 
FALLOUT AND WINDSCALE RELEASES PRIOR TO 
OCTOBER 1957. DEPOSITION OF 90$r WAS 
ESTIMATED FROM 137Cs, BASED ON DATA OF 
ELLIS ET AL, [11]. 

Figure 1 Ground Gamma Radiation and Activity Deposition in 
North West England following the Windscale 
Accident, 1957 
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)18500 

I . 

c=J 
L~J 

DER Ls 

ERL 2 

[ 13] 

[ 13] (mod I 

CEC 

9250 - 18500 

3700 - 9250 

225 - 3700 

(225 

Bq!-1 
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km 

Workington 8 

ii) gosra,b 

MEASURED MILK CONCENTRATION 

Bq 1- 1 

• )1.1 

* 0.75 - 1.1 

• 0.25 - 0.75 

(0.25 

NOTES: 

al FROM DUNSTER ET Al, [ 8]. MILK RESTRICTIONS 
WERE BASED ON THE 3700 Bq 13111-1 lSOPLATH 

h) AN 09Sri90Sr RATIO OF ""5·10 WAS MEASURED 
BY ELLIS ET AL ( ! 1] 

Keswick 

*' Grasmere 

C-, 150 metre contour 

0 5 10 20 

km 

Figure 2 Maximum Activity Concentrations in Milk and Extent 
of Restrictions Instigated following the Windscale 
Accident, 1957 
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Bq 131 1 kg- 1 

100000 

10000 

1000 

x 
x 

x 

KEY: 

• BRASSICAE !OUTER LEAVES} 

BRASSICAE (INNER LEAVES} 

x ROOT CROPS (TUBERS} 

x ROOT CROPS (TOPS} 

• 

FUCUS SPP !FRONDS) 

t,, = 4 DAYS 
!BRASSICAE. 
OUTER LEAVES) 

n=25 n=36 n:oSO n=60 n=20 n=SO n=45 n=34 n=1 
,oo~-,--,3,-,..,1~4-r-,-s---,--,-s....,.~,7,-,..--,a~..--,-9-.--2-o....,..-2-,"'-T~22--,~23-'-..--2-4-,--2-s....,..-2-s--,.~27...., 

OCTOBER 

APPROXIMATE AREA OF VEGETABLE SAMPLING: 
WINDSCALE TO MILLOM (BASED ON PEAK LEVELS) 
SEAWEED FROM SEASCALE TO RAVENGLASS 
n = TOTAL NUMBER OF SAMPLES FOR EACH DAY 

Figure 4 Upper Levels of 1311 in Vegetables and Seaweed 
South and East of Windscale, October 1957 
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Sq 13 11 kg- I WHOLE EGG. KEY: 

• SEASCALE 

100000 x CORNEY 

' 

• • • • 
• • • x 

10000 

' 

• 

1000 

t,, "' 4 DAYS 

' 

1oo~-.,1~2r1~3r1~4T1~sT1~s"""1?""'°1s,,..,.19"'"'2~or.2~1r.2~2r.2~3~2~4T2~s'"""'2s"""27:-.-,2~sr.2~9r.3~or.3~,,...,..,i-=-2i-=-3-,--,-4.,..,,5~ 
OCTOBER NOVEMBER 

• DERIVED FROM ORIGINAL DATA[33] ASSUMING A STANDARD 
WHOLE EGG WEIGHT OF 60g. 

Figure 5 Concentration of 1311 in Free Range Eggs from the 
South and East of Windscale, October-November 1957 
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THYROID (SHEEP)' 

Bq kg- I 

10• 

10' 

10• 

105 

• • 

• 
• 

• 
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• • •• 
• • 

• 

15 20 25 31 5 10 15 20 

OCTOBER NOVEMBER 

• SHEEP FROM WHITEHAVEN ABATIOIR 
ERROR BARS OMITIED FOR CLARITY. 
EFFECTIVE LOSS RATE BASED 
ON INITIAL MAXIMA VALUES. 

KEY: 
• 1311 

• 

• • 
• 

• • 
!,,, • 4 DAYS 

25 30 5 10 15 20 

DECEMBER 

Figure 6 Loss of Iodine from Sheep Thyroids October · December 1957 
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Abstract 

The accidents at Windscale in 1957 and at Chernobyl in 1986 both 

gave rise to contamination levels in the UK for which 

countermeasures were considered necessary. Restrictions on the 

consumption of milk were imposed following the Windscale Fire, 

with the aim of reducing exposure to iodine-131. Following 

Chernobyl, members of the public were advised to avoid drinking 

rain water, and restrictions on the sale and distribution of 

sheep were imposed to reduce doses from caesium-137. The 

countermeasures which followed the Windscale Fire reduced the 

effective dose to the most exposed individuals by 80% and the 

corresponding reduction in the collective effective dose to the 

UK population was around 12%. The countermeasures imposed 

following Chernobyl resulted in a reduction in the maximum 

individual effective dose of 25% and the collective dose of 

around 3%. These differences are discussed. The countermeasures 

which followed each accident would have been more extensive had 

they been based on the radionuclide levels given in the present 

European Community regulations, but large additional dose savings 

would not have been achieved. 
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Introduction 

This paper provides a discussion of the different characteristics 

of the releases from the Windscale and Chernobyl accidents and 

their effect on the collective and individual doses received by 

the population of the UK. The countermeasures imposed as a result 

of these accidents are described and their effectiveness in 

reducing doses are assessed. 

The effectiveness of these countermeasures in reducing doses is 

compared with measures based on current emergency intervention 

criteria and with each other. The aim was not to criticize what 

was done with the benefit of hindsight, but to determine whether 

these comparisons have implications for emergency planning in the 

future. 

A Description of Effects of the Accidents in the UK 

Windscale 

The Windscale Fire resulted in a release of radioactive material 

into the environment, which was dispersed over parts of England, 

Wales and northern Europe. The main release continued from noon 

on 10th October until noon on 11th October 1957. The estimated 

quantities of radionuc1ides released 11
•

21 are presented in 

Table 1. 

In the period directly following the accident, iodine-131 was 

identified as the radionuclide of immediate concern. A ban on the 

distribution of milk was imposed with the aim of reducing 

exposure to this radionuclide. Restrictions were introduced if 

the concentration of iodine-131 in milk exceeded 3700 Bq 1-1 with 

effect from 11th October. The intervention level was based 131 on 

the decision to control the consumption of milk to avoid doses of 

greater than 200 msv to a child's thyroid, which was a factor of 

ten below the level at which there was known to be evidence for 

the induction of thyroid cancer in children. 



- 1044 -

The restrictions on milk which followed the accident continued 

for a period of 25 days within most of the affected region, and 

up to 44 days in the area close to the site. The maximum area 

restricted was 520 square kilometres. The levels of iodine-131 in 

foods other than milk were also monitored 141 , and were estimated 

to give rise to doses below the criterion described above. 

Chernobyl 

The Chernobyl accident occurred on 26th April 1986. The rate of 

the release of activity had reached relatively low levels by 6th 

May, by which time the main contaminated air mass had passed over 

southern Germany, Italy, Greece, eastern Europe and over the 

British Isles 151 • The release estimates are presented in Table 1. 

Iodine-131 and caesium-137 were identified as the radionuclides 

of most importance. On 5th May 1986, three days after the plume 

from Chernobyl reached the South East coast of England, advice 

was issued to avoid drinking undiluted rain water, with the aim 

of reducing exposure to iodine-131. This advice was based on 

predetermined levels published by NRPB 161 • Later, restrictions 

were imposed to control exposure to caesium-137. In the middle of 

June, restrictions on the movement and slaughter of sheep 

containing total radiocaesium levels in excess of 1000 Bg kg- 1 

were imposed in areas of Cumbria, North Wales and Scotland. These 

restrictions are still continuing, four years after the accident, 

although only 25% of the area originally affected continues to be 

restricted (August 1990). This represents a total of 647 ,000 

sheep and 757 holdings 17 1. 

The Assessment Methodology 

The conclusions drawn in this paper are largely based on the 

radiological assessments of the two accidents which have been 

performed at the NRPB 12 •51 • It is recognised that the models used 

in these assessments are likely to underestimate the contribution 

of livestock grazed on upland pasture to the collective effective 

dose. However, in general the individual doses from ingestion in 
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the areas of high deposition are likely to be overestimated 

because of the assumption that food is consumed locally. In the 

UK foods are distributed over wide areas and individuals in an 

area of high deposition are unlikely to consume only locally 

produced foods. However, these assessments still provide a useful 

basis for comparison and the relative effectiveness of each 

countermeasure strategy has been estimated in terms of the 

ptedicted individual and collective dose reduction. 

The main aim of each of the assessments was to estimate the 

impact of the accidents on the population as a whole and, as a 

result, emphasis was placed on the calculation of the collective 

effective and thyroid dose equivalent commitments. Representative 

individual doses were also calculated. For adults, the dosimetric 

techniques used in both assessments were consistent with those 

recommended in ICRP Publication 30 181 ; for infants and childen, 

doses were calculated taking account of differences in body size 

and biokinetic parameters. 

For the assessment of the Windscale Fire, a detailed spatial 

matrix of the distribution of activity was constructed. These 

data were applied to a radial grid, centred on Windscale, with 

distance bands increasing in size with increasing distance from 

the site. The population distribution was also arranged in this 

way and the calculations of collective dose were performed with 

this resolution. For the Chernobyl assessment, the UK was divided 

into seven regions which reflected the distribution of the 

deposition of activity, and which largely followed the pattern of 

rainfall during the passage of the plume. Collective doses were 

calculated on the basis of the population of the region, and 

activities in environmental materials which were assumed to be 

representative of the whole region. 

The Individual Doses 

Following the Windscale Fire, various estimates of the typical 

doses received by the local population were published 19 • 10 • 111 • 

Potential doses were predicted to be in the range of 5 to 20 mSv 
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for adults and 10 to 60 msv for children. The maximum measured 

thyroid dose equvalent to a child was 160 mSv 1' 1 ; the 

corresponding maximum effective dose would have been 9 mSv taking 

account of all pathways and nuclides. The NRPB estimates of 

committed effective dose equivalent 1'l are presented in Table 2. 

These results indicate that the restrictions on milk would have 

reduced the effective dose equivalents to the most exposed 

infants by around 80%, and to the most exposed adults by around 

50%. 

The effective doses to critical groups of adults and infants 

arising from the Chernobyl accident are also given in Table 2. 

The restrictions on the consumption of lamb are estimated to have 

reduced the dose to a critical adult by 25% and to an infant by 

about 10%. Drinking 

the predicted dose 

rain water had the potential of increasing 

to a critical individual by around 35%. 

However, since it is not certain whether this pathway would have 

affected any individual, this dose and the dose saving associated 

with the advice not to drink rain water, have not been included 

in Table 2 or the discussions of the effectiveness of 

countermeasures which follow. 

The Collective Doses 

The collective effective and collective thyroid dose equivalents 

to the UK population which arose from each accident are presented 

in Table 3. The effective dose from Chernobyl is 50% greater than 

that from Windscale, while the thyroid dose is under half of the 

Windscale value. This demonstrates the greater relative 

importance of the exposure to iodine-131 following the Windscale 

Fire. 

The contributions of each pathway to the collective effective 

doses are given in Table 4. The inhalation pathway was dominant 

following the Windscale accident, while contributing only 3% to 

the collective effective dose from Chernobyl. This is a 

consequence of the the greater relative importance of iodine-131 

and the release of polonium-210 during the Windscale Fire. rt 
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also reflects the fact that the Windscale accident occurred in 

the UK and that the inhalation pathway would be expected to be 

significant immediately following the accident in the area 

surrounding the site. Following the Chernobyl accident, caesium-

137 was relatively more important, as reflected in the importance 

of the external exposure pathway and foods other than milk to the 

collective effective dose equivalent. 

A Comparison of the Effectiveness of Countermeasures 

The restriction on the distribution of milk following the fire at 

Windscale was more effective in reducing both individual and 

collective doses than the countermeasures imposed following 

Chernobyl. This is largely a result of the differing nature of 

the accidents. Following Windscale, the effects of the accident 

were fairly localised. It was possible to implement 

countermeasures to reduce potentially high individual doses which 

also formed a significant fraction of the collective dose; around 

12% of the total pose was estimated to have arisen within 50 km 

of the windscale site 12 >. Following Chernobyl, large areas of the 

UK were affected. The effects of the accident were widespread and 

were not restricted to a particular set of individuals, although 

higher levels of deposition occurred in parts of Cumbria, 

Scotland and North Wales. 

There have been significant developments in emergency planning 

since the accident at Windscale occurred. Pre-defined 

intervention criteria have now been established. In the UK, the 

NRPB have derived emergency reference levels of dose 112
•
13

> for use 

in the early stages of an accident. In addition, following the 

accident at Chernobyl, the Council of European Communities 

(Council) have issued a series of directives 114 • 15 • 161 on the 

maximum permissible levels of various radionuclides in foods. It 

is interesting to explore the dose reductions which could have 

been achieved if present criteria had been adopted. 

The Council level for iodine-131 in milk is 500 Bq 1-1
• The use 

cf this level following the Windscale accident would have 
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resulted in milk restrictions extending to a distance of almost 

twice that actually affected. It has not been possible to make 

precise estimates of collective dose recuctions from the data 

included in reference 2. The use of Council intervention levels, 

would have had the effect of further reducing maximum individual 

doses by a factor of two. However, since this means that the 

total reduction in dose would be 90%, rather than the 80% 

achieved by the 1957 bans, this does not reflect a very 

significant change. In addition, the measurements of iodine-131 

in green vegetables 1" exceeded Council criteria. However, the 

amount of vegetables grown during October 1957 is likely to have 

been limited, and this countermeasure is unlikely to have been 

very effective in reducing doses as a result. 

Following the Windscale Fire, inhalation was the most important 

contributor to collective effective dose. However, individual 

inhalation doses are unlikely to have exceeded those at which 

current, and proposed, NRPB recommendations 112 • 131 would indicate 

that evacuation would be appropriate. The dose to the thyroid are 

likely to have been lower than the level at which the 

administration of stable iodine is likely to have been justified. 

However, since individual doses may have approached the lower ERL 

for sheltering, to be included in Reference 13, it is likely that 

if this accident had occurred under present conditions, 

precautionary sheltering and administration of iodine may have 

taken place. It is difficult to predict how much effect these 

measures would have had. 

Following the Chernobyl accident the most important routes by 

which the population were exposed have been identified as the 

ingestion of milk and other foods and external irradiation from 

deposited activity. The level of caesium-137 at which sheep have 

been restricted is only slightly more restrictive than the level 

which would now be adopted and so the alternative criterion would 

have had little effect on either the individual or collective 

doses. The consumption of milk gave rise to a significant 

proportion of the collective effective dose. The peak 

concentration of iodine-131 in milk exceeded the Council levels 
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in the areas of maximum deposition 151 • It has not been possible 

to predict the reduction in collective dose which would have 

resulted from application of Council levels. However, restriction 

at these levels may have reduced the dose to the most exposed 

individuals by around 6%. 

The countermeasures most appropriate to reduce doses from 

external irradiation are decontamination and the interdiction of 

land. current ICR? advice 1171 would suggest that relocation would 

be appropriate where the projected whole body doses in the first 

year were in the range of 50 to 500 mSv. The deposition levels in 

the UK did not give rise to levels in this range and these 

countermeasures would not have been appropriate. 

Conclusions 

The restrictions on milk which followed the Windscale accident 

resulted in a reduction in the effective dose equivalent to the 

most exposed individual of around 80% and continued for a maximum 

period of 44 days. Following the Chernobyl accident, the 

application of restrictions on the consumption of lamb resulted 

in a maximum reduction in individual effective dose of the order 

of 25%. These restrictions are continuing four years after the 

accident. The estimated reductions in the collective effective 

dose to the population of the UK are 12% and 3% for the Windscale 

and Chernobyl accidents respectively. The application of current 

countermeasure criteria are likely to have had a limited effect 

on the levels of dose received. 

The countermeasures imposed in the UK following the Windscale 

Fire were more effective in reducing individual and collective 

doses than those which followed the arrival of the plume from 

Chernobyl. They were also shorter in duration. The duration of 

the restrictions is a result of the different radionuclides of 

importance and the shorter half life of iodine-131 relative to 

caesium-137. The differences in dose reduction are largely the 

effect of the differing nature of the two accidents. The 

Chernobyl accident occurred overseas; its plume passed over large 
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areas of the UK and a large population were exposed to low doses. 

The Windscale Fire was more localised in its effect and action 

was taken to reduce potentially high doses to a small number of 

people. These conclusions suggest that it may be worthwhile to 

review the implications of applying countermeasures to reduce 

collective exposure, particularly for overseas accidents. 

Decision aiding tools, such as RADE-AID 1181 would help in this 

process. 

The continuation of restrictions on sheep following the Chernobyl 

accident result from difficulties in 

withdrawing countermeasures. Social 

deciding on criteria for 

and political judgements 

have an impact on these decisions and, as a result, a measure of 

the overall effectiveness of a countermeasure should include its 

cost and impact on society. An analysis of this sort is beyond 

the scope of this paper. However, it is worth noting that a 

system such as RADE-AID 1181 may be used to analyse these factors, 

and could be applied to decisions on the withdrawal of 

countermeasures on due course. 
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Table 1 

Quantities of radionuclides released from the Windscale and 

Chernobyl accidents (TBq)(9) 

Radionuclide Windscale Chernobyl 

9 (;Sr 0.07 8,000 
1osRu 3 58,000 
131! 740 260,000 
13 2Te 440 48,000 
t J JXe 12,000 1,700,000 
131Cs 22 38,000 
2 1 op

0 8.8 -
2 J 9pu 0.0016 25 
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Table 2 

Individual committed effective dose equ.'.valents 
following the Windscale and Chernobyl accidents (mSv) 

Windscale 1 Chernobyl''' 

Adult Infant Adult Infant 

No food restrictions 8.2 36 1.1 0.9 

With food restrictions 4 .2 7.1 0.8 0.8 

1. Estimated at the point of maximum deposition density of iodine-131. 

2. Representative of doses in the Cumbria and S.W. Scotland areas, where 
levels of deposition were highest. 

3. These data do not include the drinking of rainwater pathway. This pathway 
had the potential of increasing the dose to critical individuals by as much 
as 0.3 mSv, a dose which would have been reduced by the advice to avoid 
drinking rain water. 
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Take 3 

Collective doses to the UK population arising from the 1,'indscale and 
Chernobyl accidents' (man Sv) 

Effective Thyroid 

Windscale 2 10 3 2.6 10 4 

Chernobyl 3 10 3 1. 2 104 

1. These estimates include an allowance for the countermeasures imposed. 
In the absence of countermeasures, the collective effective dose from 
Windscale would be about 12% higher and that from Chernobyl around 3% 
higher. 

Table 4 

Contributions of each pathway to the collective effective dose 
equivalent commitment(%) 

Windscale Chernobyl 

Inhalation 50 3 

Milk 30 37 

other foods 10 27 
-

external 10 33 
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ABSTRACT 

In 1989, an evaluation of the countermeasures taken for the recovery 

of rural areas was made, This evaluation was based on the analysis of the 

available information about eleven different scenarios where, in the past, 

an accident has taken place or a nuclear test has been done, and also on 

the information about laboratory and other field researches on the 

application of the countermeasures for land recovery. 

In this evaluation, the Windscale (UK) and Chernobyl (USSR) accidents 

were considered too. At the end of this evaluation, important information 

was available about the accident that took place in Kyshtym (USSR) and, 

now, it is possible to extend this evaluation and to make an assessment of 

the countermeasures taken, especially in the three areas where a major 

accident has ocurred (Windscale, Chernobyl and Kyshtym), 

This work intends to compare the kind of countermeasures taken for 

the recovery of rural areas contaminated by radioactivity and their 

effectiveness. Considering the significance of the large volume of waste 

generated following the implementation of the countermeasures (i.e. 

removal of crops or other vegetation and of superficial soils), we have 

taken steps to gather all relevant information in order to include it in 

our evaluation and to indicate, also in this work, the effort required for 

the management of the generated waste in the three accidents mentioned 

above. 
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INTRODUCTION 

An evaluation of the countermeasures taken for the recovery of rural 

areas contaminated by radioactivity was made in 1989 which constitutes a 

part of the Spanish contribution to the CEC Post-Chernobyl Action [1,2]. 

This evaluation was based, on the one hand, on the analysis of the 

available information about eleven different scenarios where, in the past, 

a release of radioactivity took place impacting, with more or less 

strengh, in some rural areas and, on the other hand, it was based on the 

information about laboratory and other field researches on the application 

of the countermeasures for the recovery of contaminated land. The 

scenarios reviewed were: 

- Accidents: ~indscale (UK, 1957), Rocky Flats Plant (USA, 1958) 

Palomares (Spain, 1966), Thule (Denmark, 1968) and Chernobyl (USSR, 

1986). 

- Nuclear tests: Bikini Atoll (1946-1958), Enewetak Atoll (1948-1958) 

and Nevada Test Site (1951-1975) (USA). 

- Others: Hiroshima and Nagasaki (Japan, 1945) and Los Alamos (USA, 

1942-1965). 

The major accidents of ~indscale and Chernobyl are included in the 

evaluation above mentioned. About the accident which took place in the 

southern Urals (Kyshtym, USSR), enough information was only available when 

the evaluation of those eleven scenarios had already been finished. 

Nowadays, it is possible to include, also, this last case and the present 

paper tries to compare the countermeasures taken in the three acciC:ents 

(Kyshtym, ~indscale and Chernobyl), considered with a major impact in the 

rural areas, taking into account the kind of contamination produced and 

the different countermeasures applied, stressing their advantages and 

disadvantages with respect to their efficiency and feasibility. 

THE CONTAMINATION 

First of all, a brief description of the three accidents and the 

levels of contamination originated by the release of radionuclides in 

these cases are presented: 

Kyshtym: In September 1957, 7.4xlo16 Bq of radioactivity was released 

from a military facility, where nuclear weapons were produced. The 

accident was due to a break down in the refrigeration system used in the 
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concrete tanks which contained residue of highly active nitroacetates. 

Sr-90 was the main contaminant released and three provinces of the USSR 

were affected. 15000 Km2 reached a level of contamination higher than 

3.7xl09 Bq/Km2, 1000 Km2 of them more than 7.4xlo10 Bq/Km2 and 120 Km2 

about 3.7xlo12 Bq/Km2 (3]. 

Vindscale: In October 1957, one of the two natural uranium reactors, 

graphite moderated, was affected by fire during a deliberate release of 

stored Vigner energy. The fire was quenched by pumping water on to the 

core during 

12xl014 Bq) 

20 hours; during this period fission products activity (about 

involved 

amounts 

was discharged to the atmosphere. The 
14 were I-131 (7.4xl0 Bq) and Te-132 

of Cs-137 (2.2xlo13 Bq), Sr-89 (3xlo12 

two major radioisotopes 

(4.4xlo14 Bq) and less 

Bq) and Sr-90 (7.4x10lO 

Bq). The higher value of radiation level mesured on the ground was 400 

times superior to the normal background and an area of approximately 520 

Km2 was established for milk consumption restriction, during 6 weeks [4]. 

Chernobyl: In April 1986, an explosion happened during a test being 

carried out on a turbogenerator, at the time of a normal scheduled 

shutdown of the reactor (one of the four graphite moderated pressure tube 

type reactors). During 9 days radioactive products of fission (estimated 

up to 2xlo18 Bq) were released from the fuel during the accident, not 

taking into account Xe and Kr. The main radionuclides were I-131 (2.6xl017 

Bq), Cs-137 (3.Bxlo16 Bq) and Sr-90 (0.8xl016 Bq). About half of this 

radioactivity remained in a radius of 30 km around the nuclear power 

plant, but this accident also affected a great area of the USSR, reaching 

some part of Europe too [SJ. 

THE COIJNTERHEASURES 

The main countermeasures applied in the three scenarios were: 

Kyshtym 

- Ploughing of 20000 Ha in a traditional way. 

- Deep ploughing (more than 50 cm in depth) in an area of 6200 Ha. 

- 106000 Ha of agricultural production was blocked for a minimum of 4 

years, giv:ng way to it progressively afterwards. 

- Setting up state farms for the control of the animal feedstuff 

contamination and the production of foods with low radioactivity. 

- Restriction of food consumption like meat and milk. 

- Limitation on the land use where the Sr-90 contamination was 
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superior to 7.4xl0lO Bq/km2 

llindscale 

Restriction of milk consumption, where the contamination of I-131 

exceeded 3.7xl03 Bq/1, since the third day after the accident until 

six weeks later. 

Chernobyl 

- Removal of vegetation (i.e. 400 Ha of forest around the nuclear 

plant was felled and buried). 

- Removal of surface soil. 

- Addition of a layer of non contaminated soil from far away areas. 

- Deep ploughing and application of chemical products. 

- Application of lime, zeolites, clay or other soil amendments and 

fertilizers and afterwards a normal ploughing. 

- Application of fixatives (i.e. special foams). 

- Use of contaminated products, after their storage, as food for the 

cattle. 

- Use of contaminated products as raw material in industrial 

processes. 

Restriction in the consumption of contaminated food, 

- Prohibition on the use of the land for agricultural production 

where Cs-137 contamination was higher than 1.48xl0
12 

Bq/km
2 

COMPARISON OF THE COUNTERMEASURES 

A comparison of the main countermeasures applied in the three 

scenarios is intended by the analysis of their advantages and 

disadvantages with respect to thei~ efficiency and feasibility. The 

outstanding information about the three accidents is gathered in table 1. 

Removal of crops and vegetation 

Concrete information about the application of this countermeasure is 

referred only for the case of Chernobyl and in relation to natural 

ecosystems, composed mainly 

decontamination works of the 

by 

400 

coniferous forest. 

Ha of "red forest", 

In fact, 

where trees 

the 

and 

shrubs were felled and covered by soil, was obtained an average level of 

gamma-radiation 35-40 times lower that the initial one and, in some more 

contaminated spots, this rate became up to 1000 times lower [6), 

It seems that devegetation work was made, also, after the accident of 
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Kyshtym, between 1959 and 1963, in a heavily contaminated zone of the 

Chelyabinsk region where pine, fir and other conifer species died from 

chronic internal and external radiation [7], but this information is not 

very clear. 

However, in rural areas an average of 50% of contamination could be 

reduced by this action, but its effectiveness depends on the kind and 

density of vegetative cover, on the growing state of crops and on the kind 

of deposition of the contamination. Decontamination factors, also, depend 

on the period of time between contamination and cutting-taking away, that 

is why devegetation must start after deposition as soon as possible. 

The main advantage is that the soil layer and its productivity are 

not disturbed, but the application of this countermeasure could create a 

big amount of waste, produce resuspension of the contaminants during the 

operations and involve an environmental impact. 

In the case of forests, devegetation needs the use of special 

machinery and decades will be required for revegetation; nevertheless, it 

seems to be very efficacious. 

Removal of surface soil 

This decontamination method was applied in the near area of Chernobyl 

plant by mechanical means. The most effective procedure was scraping the 

contaminated soil by bulldozers and, also, by other building machinery 

(loaders, scrapers and graders) (8]. But clear information about the 

application of this technique is not available in relation to the 

agricultural lands, in areas far from Chernobyl or far from the location 

of the other two accidents considered. 

However, the complete removal of .soil layer (aproximately 10 cm) 

seems nearly 100% effective, not excessively costly and can be done 

quickly. Its practicability depends on the type of soil and the topography 

of the area; that could impose conditions related to the kind of motorized 

equipment to be used. 

The main disadvantages involve the use of special machinery, generate 

a loss of fertility, create a big amount of waste, produce resuspension 

have a very 'mportant ecological impact (i.e. native animals would be 

although the,· would be replaced in time from adjoining areas). 

and 

lost 

After this remedial action was applied, fertilizers, organic matter 

or clean soil might be required. 

The revegetation could be extremely difficult, but would became 
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easier if, during the soil removal, a part of the vegetation remains in 

situ. 

In areas where the remaining of vegetation is interesting to ~e kept 

and the top soil is easily loosened, the use of vacuum-type cleaners could 

be practicable. In this case the total volume of the collected radioactive 

material can be reduced greatly in comparison with conventional 

earthmoving techniques. 

Normal and deep ploughing 

In Kyshtym, 20000 Ha were ploughed in a traditional way from 1958 to 

1959 and during the two years later 6200 Ha were deep ploughed in depth 

superior to 50 cm. By deep ploughing (aproximately 1 m) the gamma-dose was 

reduced by a factor of 10, it was an effective method for soil treatment 
[ 3] . 

In Chernoby: a range of agrotechnical measures was implemented in 

contaminated regions of the Ukrainian SSR, Byelorussian SSR and Russian 

SFSR in 1986 and 1987, including deep ploughing. By simultaneous use of 

agrochemical products in the first year following the implementation, 

these measures have reduced the levels of radioactivity in agricultural 

products by a factor of 1.5-3 [9]. However, information about the 

surface ploughed and the kind of plough used is not yet available. 

The normal ploughing can be made by conventional farm machinery and 

procedures, and it is one of the cheapest methods. However, in the case of 

deep ploughing, special machinery is needed and the fertility of the soil 

can be altered. 

The 

although 

plants. 

main disadvantage of ploughing is that 

being greatly diluted, are still available 

Application of fertilizers and others amendments 

the radionuclides, 

to be uptaken by the 

Large quantities of inorganic fertilizers were applied to hundreds of 

thousands Ha of contaminated land in Chernobyl. Steps were taken to reduce 

the transfer of radioactive substances from the soil to the crops by 

applying lime, phosphoric and potassic fertilizers and certain sorbents 

(zeolite) to the soil [9]. 

The reduction of radionuclides uptake could be achieved by providing 

cations competit:on. The chemical similarity between Sr and Ca means that 

the use of calcic amendments could reduce the radiostrontium uptake by the 
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crops. That could probably be the reason of the use of this kind of 

fertilizers in the case of the recovery activities in the state farms at 

Kysh tym [ 3] . 

The main advantage of this treatment is the good feasibility in 

comparison with other actions for contaminated land recovery. Also, it 

could allow a selective uptake reduction of radionuclides and corrects the 

fertility and acidity of the soil. 

However, none of the soil amendments are highly effective at the same 

time for all the radionuclides. Their use depends on the type of soils, on 

the kind of radioactive contamination and on the availability in situ of 

large amount of the amendment to be applied. 

Application of fixatives 

After the Chernobyl accident, special polymers foams were applied to 

fixate the radionuclides onto the contaminated surfaces [8] and, possibly, 

onto the contaminated agricultural land. The use of this treatment was 

probably made, also, in Kyshtym, but clear information about the 

application of fixatives in rural areas is not available. 

The application of foam, asphalt, road oils, etc. stops the 

resuspension and the spreading of contaminants, and could increase the 

effectiveness of the later operations which involve the removal of the 

contaminated surface, i.e. the application of 5 cm of polyurethane foam 

can absorb almost 85% of the activity. This method could be used as an 

initial step for further decontamination operations 

investigations (CEA-France) have produced promising results. 

l.'hen fixatives are just applied, without removal, 

and recen ts 

no wastes are 

generated, it could last many years an~ their usage may be less expensive 

than other treatments. However, its main disadvantages, related to 

agricultural areas, are that the land is almost useless during the period 

of cover, water would not penetrate into the soils and some drainage is 

needed. 

Restrictions of land use and food consumption 

In 1958, 59000 Ha were taken out of the normal agricultural use in 

the Chelyabinsk region and 47000 Ha in Sverdlovsk region as consequence of 

the Kyshtym acc:dent. At the begining of 1961 these soils had been 

progressively rehabilitated for agricultural production by the creation of 

nine state farms and in 1989, 40000 Ha of the land restricted in 
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Chelyabinsk came back for normal agricultural uses [3]. 

The goal of these specialized farms was the control of the animal 

feedstuff contamination and the production of meat and milk with minimum 

concentration of Sr-90. The efficiency of this agricultural system, 

evaluated in the basis of the reduction of Sr-90 concentration into the 

products made in these farms, is expressed with reduction factors of 2-7 

for meat and 3-4 for milk. 

In the case of Vindscale, at the time of the accident there was not 

prescribed emergency reference level aplicable to milk contamination with 

radioiodine and an emergency value was derived, restricting the 

distribution of milk 

exceeded 3.7xl03 Bq 

from 

per 

applied was extended in an 

those areas where the contamination of I-131 

litre. The zone within which this milk ban was 

area of 520 Km2 . During the period from the 3rd 

day to the 6th week after the accident, farmers whose milk was restricted 

from human consumption were paid compensation of a total amount of about 

60000 pounds [10]. 

In relation to the Chernobyl accident, where Cs-137 contamination was 

higher than 148xlo10 Bq/km2, a prohibition was imposed on the use of land 

for agricultural production, It has been recommended that such land should 

be transferred to the Soviet State Forest Administration for organization 

of a special forest preserve. In zones with a lower level of 

contamination, agricultural production is permitted with various 

limitations and recommended procedures, depending on the nature and level 

of contamination. These procedures include a change in crop structure and 

type of animal husbandry, and implementation of the agrotechnical and 

agrochemical measures above mentioned [11]. 

Food processing 

The information available about this countermeasure, related to the 

accident of Kyshtym, is only the creation of state farms where a 

controlled production of feedstuff, meat and milk was made [3] but, it is 

not clear if some activities in food processing were started at the same 

time. 

There is no information about milk processing in the case of 

Vindscale. 

After the accident of Chernobyl, depending on the level of 

radioactive contamination of foodstuffs, changes were made in methods of 

storage, processing and ways of utilization (11]. 
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Nowadays, the removal of radionuclides from contaminated products and 

crops is 

Ion-exchange 

reduce its 

possible by special treatments in industrial processing. 

treatment of milk, fruit juices, purees and vegetable could 

radionuclide content perhaps more effectively than other 

decontamination treatments. However, in this example, some essential 

nutrients are, also, removed. 

GENERATED llASTE 

In the case of the llindscale, a direct information, about the volume 

of milk poured into the Irish sea [12], is actually available by the 

British Milk Marketing Board, referred to 187 millions litres [13]. An 

estimation could also be possible on the basis of the total cost of the 

compensation paid to the farmers which was of the order of 60000 pounds 

(price referred in 1969 but it is not clear if it concerns the year of the 

accident) [10]. 

A volume of 4000 m3 of trees was generated during the decontamination 

activities of the 400 Ha "red forest" near the west side of Chernobyl NPP. 

This forest in 1987 was surronded by soil bank of 2-2.5 m high, trees and 

shrubs in it were felled and covered by soil layer of 1 m high. Layer of 

rich soil was filled up and grass was sowing [6]. 

In the case of soil removal a big amount of waste is produced 

because, removing only 5 cm of surface soil in 1 km2 , a volume of 50000 m3 

of waste is created. About two millions m3 of low-level radioactive waste 

would be generated for management, if it is assumed that only an area of 

40 km2 needs to have removed soil. 

DISCUSSION 

The real decontamination methods of rural areas are the removal of 

soil surface (5-10 cm) and the removal of vegetation with effectiveness of 

95-100% and about 50% respectively. Both need special machinery, could 

produce a loss of fertility and productivity of the soil and an 

environmental impact. 

The plough'.ng, normal or deep, produces a dilution of the 

contamination and could reduce the radionuclides uptake by the crops, the 

levels of external radiation and the resuspension. It can be made by 

traditional practices and machinery but the radionuclides are still 
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available to be up taken by the plants. llith ploughing it could be 

envisaged the simultaneous use of products to control the roots absort ion 

and growth. Recent efforts try to place the contaminated soil layer (0-5 

cm) deeper than the root layers (about 60 cm) to avoid the uptake of 

contaminants by the plants, without disturbance of the 5-60 cm profile. 

However, the correct application of this method requires the improvement 

of the equipment and machinery actually available. 

The application of fertilizers is an easy method although none 

product can be considered highly effective for general application. 

However, by simultaneous application during ploughing could be 

efficacious. 

The use of fixatives stabilizes the contaminants until decisions for 

land recovery are made. Some special foams could be spraied and its later 

removal, in elastic solid form, could result real decontamination, 

The temporal restriction of food consumption depends on the 

characteristics of the contamination and the agricultural products. If the 

main contaminant has a short half-life (as I-131 with no more than 8 days) 

and is susceptible to entry into important products of daily consumption 

(as milk), it seems reasonable, like in the case of llindscale, to apply 

this countermeasure. 

The processing of the contaminated foodstuffs could contribute to 

reduce the loss of crops and other agricultural products affected by 

radioactivity. The efficiency on this reduction depends on the general 

acceptance to consume the processed products, that is why special 

education in this sense is needed. 

There are some alternatives to mechanical or chemical treatments of 

rural areas as the change of the ma~agement of the contaminated land, 

incluiding modification of the soil uses and the farming practices. In 

fact, in contaminated areas, it seems possible to grow some crops, with 

low transfer of the radionuclides through the food chain, or introduce in 

the normal practices, one of he countermeasures above mentioned. 

Finally, an important point to bring out, closely related to the 

application of countermeasures, is that the most effective of them, which 

is the removal of vegetation and soil, generates the biggest amount of 

waste. The management of this waste must be considered a very important 

problem, so additional research is needed to be done in order to look for 

effective , pract;.cal and economical solutions within this field. 
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ABSTRACT 

Determinations made after the Chernobyl accident on 

rain water collected under spruces and oaks show that there 

.1s a good correlation between the deposition fluxes of both 

radiocesium and stable potassium, at least under spruces, 

suggesting that potassium could be used as an indicator of 

the behaviour of 1 3 7 Cs in contaminated trees. Four years 

after the accident it seems that a short-term (1-3 yr) equi

librium has been realized in the contaminated trees and that 

radiocesium is now transfered by trees to the soil mainly via 

throughfall. Estimation of the global contamination of the 

different compartments of the forest is given. 
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INTRODUCTION 

The accident of Chernobyl as a pulse inJection provi

ded an opportunity to study the behaviour of radionuclides in 

the environment and particularly in forest ecosystems which 

have been affected as trees are effective aerosol intercep

tors (1, 2, 3). In this particular ecosystem, radiocesium is 

of special interest because of its long radioactive half-life 

and because of its easy availability to biota and food 

chains. 

Rain gauges have been installed in 1982 in a spruce 

forest (Eastern Belgium), in order to collect chemical pollu

tants in clearings and under canopies. The observations made 

in 1986 emphasized the role of canopies which are able to 

efficiently accumulate air pollutants during dry periods (4). 

In the case of the radioactive aerosols from Cherno

byl, deposition occured mainly as a consequence of a rain 

episode which took place on May 4th and which was responsible 

for a solubilisation of radiocesium and for a direct transfer 

of this radionuclide into tree leaves. By comparison with 

the radioactivity collected in clearings, it was deduced that 

about 80% of radiocesium had been retained by the foliage 

while about 100% of the other detected radionuclides (1° 3Ru, 

1,1r, 1,2r, 132Te and 140La) had been leached to the ground 

( 5 ) . 

Determinations made on tree samples collected during 

the autumn 1986 showed that radiocesium was present in the 

leaves of all species and particularly in spruces needles 

although buds were not yet open at the time of the accident. 

In autumn 1986, new needles radiocontamination in 1,111, 4cs 

is about 50% of the levels observed in pre-1986 needles. 

This confirms that radiocesium had penetrated into existing 

older leaves after deposition (in May) and that a certain 
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translocation had already occured into younger needles/leaves 

a few months thereafter. 

Because of this very important transfer, we decided to 

follow two years after Chernobyl the behaviour of radiocesium 

in the same forest (under spruces and oaks). 

EXPERIMENTAL PART 

Tree and throughfall water samples were collected 

initialy in three different forests in southern Belgium. 

However, because of the too low levels observed in two of 

these forests, we decided to concentrate mainly on the most 

favourable case ( the "Grand Bois de Vielsalm"). Vegetation 

and throughfall waters are collected at regular intervals and 

determined for radiocesium and stable element content. 

Sample preparation and analytical procedure may be describe 

as follow: 

- rain water is sampled under trees and in 

by means of 0.28 m2 plastic collectors. 

laboratory, the 10 to 20 litres samples 

filtered (Schleicher & Schuell - folded 

clearings 

Back to the 

are first 

- rapid -

385 mm paper filters) in order to eliminate plant 

debris and particles collected together with rain 

water. This fraction is oven-dried and counted for 

radiocesium content. I~ is referred to as 

"insoluble fraction". The filtrate (containing 

soluble cesium) is then extracted by stirring (1,5 

hours) with a suspension of 2 g of copper hexacya

noferrate which is able to retain Cs very effi

ciently. The precipitate is collected on a filter 

and this solid matter is gently charred overnight at 

450'C in order to reduce its volume to a fraction of 

cm3 . This procedure allows a much better counting 

geometry during the radioactivity determination (80 

cm3 Ge-Li detector coupled with a 4096-channel 
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analyser Canberra Series 35 Plus). Soluble 

potassium was determined by ion chromatography 

(Dionex ion chromatograph 10) of filtered rain water 

aliquots (detection limits are of the order of 0.5 

ppm). 

- plant organs are isolated in the laboratory after 

collection and weighted as fresh matter and as dry 

matter. If necessary, plant samples are charred to 

provide reproducible counting geometries and reduce 

counting times. 

EXPERIMENTAL RESULTS 

Radioactivity was measured in different tree samples 

and it was observed that: 

- 13 7 Cs contamination is higher in spruce needles than 

in oak leaves of the same age: around 80 to 120 Bq/g 

of dry weight for needles and around 60 to 80 Bq/g 

of dry weight for oak leaves (if sampled in autumn). 

- new shoots were more contaminated with about 210 and 

120 Bq/g of dry weight for needles and oak leaves 

respectively in spring 1990. In the same time 

radioactive levels of older needles decrease to 

around 50 to 90 Bq/g dr~weight. These results 

reflect radiocesium translocation phenomena. Highs 

levels observed during growing period are an arte

fact due to the higher water content of younger 

tissues (~ 90%): if we consider data per g of fresh 

weight, levels of contamination decrease to 50 and 

23 Bq/g fresh weight for needles and oak leaves 

respectively. 

- 13 'Cs contamination is of the same order in older 

needles, twigs wood and bark of spruces and oaks. 



- 1080 -

Contamination of wood itself is very low during 

growing season, if not undetectable. During winter 

1990, in spruce trunk samples, we detect 13 Bq/g dry 

weight in alburn and 3 Bq/g dry weight in duramen. 

On the other hand, in a spruce stand, needles consti

tute the main reservoir of potassium (44%), trunk (wood+ 

bark) comes second (34%) and branch wood third (22%) (6). If 

the distributions of radiocesium and potassium follow the 

same pattern in trees, one has to conclude that, at the pre

sent time, leaves are the principal reservoir of 1 37 Cs in 

trees contaminated in May 1986. Twigs are probably to be 

taken into account, but it is difficult to estimate their 

relative importance in the global contamination of the tree 

and in the contamination of leaching rain water. 

Given needles and leaves are the main reservoir of 

leachable Cs (and K), they are the main source of transfer of 

radioactivity from trees to soil in a forest. After the 

radioactivity has been redistributed into the biologically 

active regions of the plant, rain operates as an external 

transfer agent: leaves are washed and radioactivity is pro

gressively transfered from the leaves to the soil. 

This is observed in throughfall waters collected under 

trees. Figure 1 shows the results of measurements made 

between the end of 1988 and the b~gining of 1990 (deposition 

fluxes in Bq.m2 ). Each bar on the graph represents the mean 

from 4 determinations under spruces and oaks (results are 

given for soluble and insoluble 137Cs). For comparison, the 

graph shows the activity collected in clearings (due to 

resuspension) which is negligible. 

mm of rain. 

Rainfall is presented in 

we observed that throughfall radioactive levels are 

variable in relation to time. Witkamp and Frank, 1964 (7), 
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on 1 3 7 Cs tagged forest show that leaching is variable, this 

is partially attributed to varying Cs content of leaves. 

FIGURE 1 

137 Cs activity of particulate and soluble phases in 

throughfall waters collected under spruces {Sp), oaks (Ok) 

and in clearings in the forest of Vielsalm (Belgium). 

Rainfall is expressed in mm. The abscissa gives the sampling 

dates and the time intervals {d) between two samplings. 

1.0 -

0.5 -

0 . 0 J/,J.U,..~ 

9:-12 

1988 

62 

' 
: f 

' ., 
'. 

·-.:::-:----

Sp 

soluble 

Particulate 

- 100 

-0 

f'"7; ., 
' 

2/01 27/0t 14,-"0313/04 f.,06 20/0722,0919:'1028/ll 2Di1216/0l 9.··02 dates 

1989 1990 

24 25 -1,e 30 -rn 6-1- 27 -t-0 22 27 2-1 time 

intervals (dJ 

We tested different correlations to explain the rea

sons for these variations of the washing rates. Table I pre

sents the non-parametric correlation coefficients (rs Spear

man coefficients) which have been calculated for different 
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pairs of variables (137 Cs and stable K+ fluxes vs rainfall). 

Over a whole year, very poor correlations are observed under 

both spruces and oaks. 

TABLE I 

Non parametric correlation coefficients Rs: 137Cs vs rainfall 

and stable K vs rainfall under spruces and oaks (whole 

observation period: December 1988 - February 1990). Values 

are given as: Rs, (level of significance%) and N of 

observations. 

Cs VS rainfall K vs rainfall 

Spruces 0.48 ( 90. 2) 13 0.25 ( 5 9 . 5 ) 13 

Oaks 0.13 (33.2) 13 -0.19 (47.0) 13 

On the contrary, as shown in table II, there is a 

highly significant correlation (non-parametric) for spruces 

and a somewhat poorer for oaks, between radiocesium and its 

chemically related potassium especially during winter. 

TABLE II 

Non parametric correlation coefficients Rs: 137Cs vs stable K 

under spruces and oaks for whole observation period (December 

1988 - February 1990) and as a function of the seasons. 

Values are given as Rs, (level of significance%) and N of 

observations. 

I 
i 

Spruces Oaks 

Whole period I 0.92 (99.99) 51 0.48 (99.97) 52 I i 

Winter j 0.97 (99.99) 20 0.83 (99.99) 20 i 
Spring I 0.92 (99.99) 12 0.85 (99.96) 12 I 
Summer I 0.96 (99.95) 7 0.35 (60.07) 8 I 
Autumn 0.92 (99.99) 12 -0.17 (40.80) 12 I 
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This is presented in figure 2A and 2B where linear 

regressions are suggested, merely as a working tool. Corre

lations are evident for both species, but a much weaker slope 

is observed for oaks and this could be interpreted as 

follows: 

- four years after the accident, contamination by 

radiocesium could be less in oaks because, at the 

time of the Chernobyl event, oak buds were not yet 

open. By now, at the time of bud opening, contami

nation is about equal in oak leaves and in spruce 

needles, but with the advancement of the growing 

season, it significantly enhances in spruce needles. 

- potassium content in oak leaves is greater: this was 

shown by measurements made in our laboratory 

(confirmed by Nys and al. ( 6 ) and by Cole and Rapp, 
( 8) ) : 

oak leaves: 12 mg K/g DM 

spruce needles: 6 mg K/g DM 

- in general, potassium is washed at higher rates 

under deciduous trees (Cole and Rapp (8), measured 

21 kg K+ ha- 1 a-1 under oaks against 12 kg under 

spruces). 

Whatever the explanation fur the differencies between 

oaks and spruces, potassium seems to be a good indicator of 

the current washing rate of radiocesium from leaves. Seaso

nal variations of potassium in leaves are reported by several 

authors: Olsen, 1948 in Duvigneaud (9), show that the K pool 

increase in spring, stabilize in summer to decrease in 

autumn. This autumnal decrease of K level in leaves is atti

buted part to washing off and part to translocation to trunk, 

branchs, roots ... (10). On the other hand, Ranger and al. 

(11), observe that 74% of the potassium necessary to the bio

mass production (new leaves, new age rings of tree) comes 
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FIGURE 2 

Relationship between 137 Cs and stable Kin throughfall waters 

collected under spruces (A) and oaks (B) in the forest of 

Vielsalm (Belgium). 
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from older part of the tree (p,eexisting wood, needles). 

Opposite movement is observed at the end of summer and in 

autumn when foliar potassium is redistributed into woody part 

of the tree. During this period of dormancy (decrease of 

cell activity) cellular potassium leaves the cell (12). 

The existence of a potassium cycle in trees and the 

correlations observed between radiocesium and potassium lead 

us to suspect that radiocesium and potassium movements are 

bound. Some experiments are now conducted in Vielsalm forest 

to quantify cycles of cesium and potassium in spruce needles 

and to determine the washing off availability of these two 

elements. 

Our forest samples allow us to make a rough estimation 

of the distribution of radiocesium in different part of the 

spruce stands. Table III shows that the maJor part of the 

137Cs (88.3%) is fixed in the soil. Tree vegetation retain 

about 3% of the total ecosystem activity. 

TABLE III 

Estimation of the distribution of 137 Cs activity in 

contaminated forest of Vielsalm (Belgium). 

Needles 
Twigs 
Bark 
Wood alburn 

duramen 
i 

Biomass 
103 kg/ha 

18 
21 
10 
55 
55 

Bq/kg DM 

56 
58 
60 
13 

3 

137Cs 
103 kBq/ha 

1.01 
1. 22 
0.60 
0.71 
0.16 

% 

3.03 

; 

i ! 
Roots 34 80 2.72 2.23 I 

Litter 

Soil 0/0Ah 
Ah 
B 

48 

180 
910 

1312 

165 

270 
55 

7 

7.92 

48.60 
50.00 
9.18 

6.48 

39.80 
40.94 

7.52 

I 

I 
' 
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CONCLUSIONS 

137 Cs is a long-term threat in contaminated forests 

and it is of prime importance to have a good knowledge of its 

behaviour in order to employ realistic counter-measures 

following an accident. 

After deposition and washing of the leachable fraction 

of radiocesium deposited onto plant surfaces, ' 37 Cs 

penetrates into leave tissues and translocation begins to 

operate since spring 1986. At the same time, transfer begins 

between tree foliage and soil. 

Seasonal cycles are important in translocation pheno

mena and three years of measurements do not demonstrate any 

significant decrease of the contamination levels in tree tis-

sues. Trees represent a non negligible reservoir (more than 

5% including root system). This reservoir ensures, up to 

now, a rather constant supply of radiocesium. All these 

observations suggest that a mid-term steady state has been 

attained by now in the trees and that radiocesium is now 

washed away at a rate determined by the physiological acti

vity of trees. This rate will slow down with time as radio

cesium becomes depleted in trees at the expense of soil. 

This rate will also vary with time as root system uptake will 

become significant after radiocesium will be more or less 

trapped by organic matter and clay. 

Long-term observations are still necessary to confirm 

these assertions as well as the similarity of behaviour bet

ween potassium and radiocesium. If confirmed, this simila

rity could greatly enhance our knowledge of contamination 

pathways in forest ecosystems. 
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ABSTRACT 

After the Chernobyl accident, the radioactive fallout 

have put forward the high capacity of forest ecosystems to 

catch radionuclides and particularly, the strong retention of 

radiocesium on.soil surface. 

Forest floor is characterized by the surperposition of 

purely organic (organic horizon: 0) and readily mineral 

(hemiorganic (Ah) and mineral (B) horizons) materials. The 

migration capacity of radiocesium through such a profile as 

well as the influence of the different layers on the 

retention and remobilisation processes of the radionuclide 

is, by now, few understood. The importance of radiocesium 

bioavailabili ty and the dynamic of its biological cycle 

depends from the transfer or storage possibilities of cesium 

into the different soil layers. 

The migration possibilities of cesium in forest soil 

columns (undisturbed profile} following a surface 

contamination and also· the redistribution of the radionuclide 

through the profile have been investigated. The radiocesi um 

bioavailability in the different layers was estimated by 

activity measurements in the soil solution and from different 

extractions of the solid phase oz the soil. 
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INTRODUCTION 

The reactor accident in Chernobyl and the following 

radioactive fallout have put forward the high interception 

rate of radionuclides by forest canopy and the long-term sto

rage in soil surface after deposition (1). Cesium-137, with 

a half-live of 30 years, was an abundant radioactive consti

tuent in Chernobyl fallout even if Cs was partly incorporated 

into undissolved forms (2). 

During the last four decades, studies concerning the 

behaviour of radiocesium in forest soils have been nearly 

inexistent although investigations into agricultural soils 

and mineral clays have received much more attention. It was 

found that 1 37Cs partitioned largely with clays (3) and that, 

depending upon the type of soil, 40 to 80% was unexchangeable 

( 4) . I lli te was the most effective sorbent by "fixation" in 

the wedge zone of clay minerals (5). The Cs availability was 

also influenced by the concentration of exchangeable potas

sium (6). 

Results obtained at Oak Ridge National Laboratory on 

the behaviour of long-lived radioisotopes in three forest 

ecosystems (Eastern Tennessee) indicate that over 90% of the 

radiocesium is still in the soil 30 years after soil contami

nation (7). The percentage of 13;Cs was found to be a linear 

function of organic matter content of the soil samples. 

The recent post Chernobyl observations (8-9-10) have 

confirmed that the forest soils strongly retain radioactive 

Cs in the upper organic rich layers. The availability of 

radiocesium seems however to be low, particularly in deeper 

hemiorganic layers (11). The variability observed is in re

lation with the humus type and could be explained by some 

particular factor as potassium amounts. In the upper mineral 

soil, the 137Cs content was correlated to the% of the orga-
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nic carbon which suggested that organic matter plays an 

important role in the retention of this radionuclide (12). 

Unlike agricultural soils, forest floor is a superpo

sition of purely organic (Of - Oh horizons) and readily mine

ral material (Ah - B horizons) with variable conditions of 

humus type. By now, only few data obtained "in situ" give 

information about the availability of radiocesium or of any 

dynamic process that may influence it through the various 

compartments of a forest soil profile. The interpretation of 

activity measures with soil depth is often difficult because 

of the numerous controlling factors (phycical and chemical) 

and their high s~atial heterogeneity. 

Therefore, laboratory leaching experiments in soil 

columns were designed to better understand the physico-chemi

cal aspects of the phenomena governing the vertical movement 

of radiocesium and its availability evolution through the 

profile. 

The aim of this paper is to discuss several ways of 

expressing the radiocontamination of a forest soil profile 

and to compare the radiocesium behaviour with Kin different 

phases of the soil with regard on their bioavailability. 

MATERIALS AND METHODS 

Two soil cores (undisturbed profile) were sampled, 

both from a Brown Acid Soil developped under a Norway spruce 

(Picea abies (L.) Karst) in belgian Ardennes. Some important 

properties of the various soil layers of the profile are 

shown in table 1. 
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to selectively displace the 134Cs linked to organic fraction. 

Extractions are made on air-dried soil at a 1/10 soil-solu

tion ratio by shaking for 24hrs, followed by centrifugation 

at 10000 rpm for 10 minutes. 

Before characterization, all extracts (except for NaOH 

extracts) were filtered at 0.45 µm (polysulfone membrane) in 

order to remove the colloidal material and microorganisms. 

Radiocesium activity in extracts was measured in a NaI 

detector (PACKARD-Minaxi Auto Gamma: 5000 series) and K 

concentrations by atomic absorption spectrophotometry. 

RESULTS AND DISCUSSION 

The migration of 134Cs in the forest profile seems 

extremely slow in spite of the daily leaching during eight 

months. The effluents of both columns were collected every 

week but no radioactivity was detected. 

The distribution of radiocesium in the various hori

zons (Fig. 1) shows that, as expected, 72% of the total acti

vity remain in the top layers of the columns (0-6,3 cm), 

consisting mainly of raw humus (Of horizon) and soil rich in 

organic matter (OAh horizon). 

As pointed out in the introduction, there are several 

reasons why discrepancies might occur when information about 

the contamination of a forest soil is expressed by weight 

(Bq/g soil). As the migration of radiocesium proceeds 

through very different soil layers, it is thus reasonable to 

assume that the volumic expression (Bq/cm3 soil) gives a more 

realistic information. In our case (Fig. 2), the results 

expressed by weight overestimate by a factor 4 the contamina

tion of the upper organic layers (Of-OAh horizons), compara

tively to the other layers (Ah - B horizons). 
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Figure 1 

Distribution of radiocesium as a function of the soil layers 
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In these conditions, the use of the retention factor 

(Kd) for the prediction of the radionuclide movement or 

transfer can be misleading, especially from forest soil 

horizons, rich in organic matter, where plant root systems 

are particularly developped. 

According to Adams (13), the soil liquid phase mediate 

between the plant root and the solid phase. The measure of 

the radioactivity in soil solution can thus be used to give a 

first indication of the mobility and of the bioavailability 

of radiocesium (Fig. 2). The Kd values (ratio of Cs-134 

present in the solid phase and in the soil solution) were 

calculated using the soil activity expressed by weight or by 

volume. The coefficient distributions obtained in these ways 

are shown in Fig. 3. 

Figure 3 
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The comparison of these values yields the following 

results: 

+ In the Of OAh horizons (humus layers), the Kd values 

obtained from massic activity of the soil are 

considerably higher (factor 2 to 10) than those 

+ 

obtained from volumic activity. In the hemiorganic 

horizon (Ah), the difference become, however, much 

smaller (at most a factor 1.5). In deeper mineral 

layers (B horizon), the two expressions yield 

essentially the same Kd values. 

Kd values obtained for the upper organic layers (Of 

horizon) are much more smaller than the values 

obtained in deeper horizon but increase rapidly with 

depth. 

The transfer from one horizon to the next one should 

thus result in a decrease in the rate of migration of the 

radiocesium or of its bioavailability. Our results confirm 

that the highest sorption occurs in the deeper mineral soil 

layers, especially in B horizon. However, Kd values suggest 

a more rapid evolution of the sorption process, already 

active in deeper organic layer (OAh: 2.4 - 6.3 cm) and then a 

relatively high bioavailability limited to raw humus layer 

(Of: 0 - 2.4cm). 

As shown in table 2, the percentage of NH4Ac extracted 

cesium in organic layers don't exceed 20% of total Cs 

content; the minimal value is found in OAh horizon where the 

total Cs content is, nevertheless, the most important. Rela

tive highest values are found in deeper horizons. A compa

rable distribution of values is found for CaCl2 extraction 

but with a lower order of magnitude. These values were com-

pared with measures of K concentration made from the same 

extracts. 
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Table 2 

Proportions of the extractable 134Cs and K 

% of NaOH, NH4Ac and CaClz µg/g soil of NH,Ac 
extracted radiocesium and CaClz extracted 

potassium 

horizon NaOh NH,Ac CaClz NH,Ac CaClz 
( 1 ) ( 2) ( 3) (3)/(2) ( 4) ( 5 ) (5)/(4) 

Of1 2.83 20.58 6.95 33.7 281 272 96.8 
Ofz 0.87 10.63 2.71 25.5 227 190 84.0 

OAh1 0.27 1.89 0.21 11.0 172 171 99.3 
OAhz 0.56 0.57 0.04 7.2 109 72 66.2 

Aho- s 0.88 1.92 0.08 4.1 72 45 63.4 
Ahs-9 1. 28 10.37 0.55 5.3 48 26 54.0 

AhB 2.14 23.71 0.54 2.2 30 15 50.0 
Bo - s 2.75 38.81 0.57 1.4 26 13 50.0 
Bs-10 2.41 44.21 27 12 4.4.4 
B1 o - 1 s 53.84 27 11 40.7 

Quantities of K removed from both solvents are very 

similar in organic horizons (Of - OAh), thus subjecting that 

the great majority of the available K ion does not occupy 

specific sites on the substrate of the organic layers; to the 

opposit, NH4+ remove more important quantities of exchan-

geable K in deeper mineral horizons (Ah - B) . According to 

Bo.Lt. and al. ( 14) , Ca ions are very ineffective in removing K 

from sepcif ic "edge-interlattice" sites on clay minerals. In 

contrast, poorly hydrated cation such as NH,• is highly com

petitive for the same ion-exchange sites. 

As for exchangeable Kin mineral layers, the diffe

rence in organic layers between the extractibility of Cs by 

NH.Ac and by CaCl2 suggest a high selective sorption, indica

ting special reaciion mechanisms other than non specific 

adsorption. If we take into account the existence of such 

~pecific exchange-sites for Cs on mineral clays (15), the 

discontinuous presence of a mineral fraction alone or combi-
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ned with organic collolds (16) should explain partly the high 

sorption process at the surface soil of the column. Indeed, 

Cs extraction by dissolution of the organic fraction (NaOH 

extract) (table 2) don't show preferential retention on orga

nic matter. 

CONCLUSIONS 

Our study has put forward the risk to mislead the 

interpretation of activity measurements for forest soils if 

based on expression by weight. 

In other way, the calculation of Kd ratio between the 

soil solution activity and the "volumic" soil activity gives 

a realistic indication for the evaluation of the bioavailabi

lity and of the mobility of radionuclides in a multilayered 

soil as a forest soil profile. 

The results obtained for Cs speciation suggest that 

mineral components combined with the organic fraction in the 

upper organic horizons could play a role in the high Cs 

retention at the surface of the soil. 

Part of this accumulation might also be due to micro

bial immobilization but this assumption was not tested in our 

study. 
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ABSTRACT 

Wide scale deposition of radionuclides over Europe from the Chernobyl accident has 

required detailed investigations of the effected regions. Our initial studies of generic 

forest ecosystems revealed a lack of understanding of the transfer and cycling of 

radionuclides and their resulting risks to man. To assess the radiation hazard from the 

forest ecosystem pathway we must determine if the forest acts as a source or sink for 

deposited radionuclides. This paper presents our progress on a systems approach used to 

evaluate pathways of radionuclides deposited on forest ecosystems. The approach considers 

relevant pathways and processes required in assessing the radiation dose risks to man. 
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INTRODUCTION 

Deposition of natural radionuclides, nutrient and trace elements is part of the 

hydrogeobiochemical cycle that redistributes materials on earth. Pollutant elements from 

industrial sources and artificial radionuclides from nuclear weapons tests and from the 

Chernobyl reactor accident in the USSR, has illustrated the importance of assessing 

transfer functions to determine appropriate population dose exposures. The wide scale 

deposition of radionu.clides over natural and seminatural ecosystems of Western Europe 

has permitted the development of new models to evaluate some of the monitoring data taken 

to protect the population living in the path of the fallout. However, the monitoring data 

often has been confusing because of the lack of an overall approach to the chemical, 

biological and geological mechanisms responsible for the radiation dose delivered to man. 

We question the importance of the forest in the overall dose received by man. Is the forest 

a sink or a secondary source for radionuclides which, in time and under certain conditions, 

may contribute to the future radiation dose to man? We believe that it is important to 

synthesize and evaluate an overall or "global" picture of the factors that may influence the 

dose delivered. Only then can realistic models be constructed and validated. 

The goal of this study is to assess the risk .to man from an accidental release of 

radionuclides into forest ecosystems. This is not only important from an environmental 

safety point of view but also from an economic one. The forest is a source of lumber, 

game, assorted vegetables, berries and herbs which if contaminated, may have a 

significant economic impact on the region affected. Given a set of policies on the use of 

contaminated forests, this study will address three main questions: 

( 1 ) What are the important radionuclide pathways through the forest to man? 

( 2 ) How long does the contaminated forest remain a risk to man? 

( 3 ) What is the level of this risk over time? 
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CONCEPTUAL RISK MODEL 

This study is concerned with estimating the risk to man from an accidental deposition of 

radionuclides into forest ecosystems. The components necessary for this risk assessment 

are given in Figure 1 below: 

Forest Dose 
Assessment 
Model 

Health Risks 

Dose Effects 
Model 

Risk Abatement 

Economic Risks 

1--a.i Policies Regarding 
the Use of Forests 

Figure 1 Risk Assessment Components 

Acceptable 
level of 
Risk 

The first component in Figure 1 is a forest dose assessment model. The goal of this 

assessment model is twofold: (1) to estimate the radiation dose contributed directly to 

man through the food chain and direct gamma radiation shin'e subsystems and (2) to 

estimate the flow of radionuclides out of the forest through the resuspension and aquatic 

pathways. In order to accomplish the above objectives, it is essential to understand the 

transfer and transport of radionuclides into and out of the forest ecosystem. 

Once an assessment is made of the dose to man from the forest the health risks of such 

contamination needs to be estimated by a dose effects model. Thus, inhalation, gamma shine 

and ingestion doses obtained from the forest must be converted into increased incidents of 

cancer or other health effects. The dose to man is affected by policies regarding the use of 

a contaminated forest in the determination of an "acceptable" level of risk. 

SYSTEMS APPROACH 

A systems approach has been used in both defining and formulating the relevant pathways 

of radionuclides to man through the forest. Figure 2 sets up the global perspective on the 

direct and indirect pathways to man through the four subsystems: Urban, rural, aquatic 

and marine. Using this global perspective, a schematic model has been formulated which 

delineates the pathways into and out of the forest ecosystem. The boxes in bold along with 
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the bold arrows in Figure 2 show the important pathways and subsystems interacting with 

the forest and its eventual effect on man. The focus is on those pathways entering or 

leaving the dotted box along with the interactions within this dotted box. The only 

radionuclide flow into the forest ecosystem is from the source deposition. The source 

deposition originates mainly from the initial accident fallout but also includes those 

radionuclides resuspended from both urban and rural systems. Radionuclides. deposited on 

the forest may take two jndjrect pathways to man: (1) runoff to the aquatic subsystem or 

(2) resuspension. Precipitation in the form of rain or snow results in infiltration and 

overland flow of radionuclides into the aquatic subsystem which may reach man through 

drinking wells and the aquatic food chain. Resuspension by fires, wind and floral 

pollination also may reach man through deposition to both urban and rural systems from 

the source. Radionuclides deposited into the forest from the source may take two diJ:ec1 
pathways to man via: (1} the consumption of contaminated food from the forest and (2) 

direct gamma radiation shine. This radiation dose pathway may occur through residence in 

and exposure to contaminated forests or lumber. Using a systems approach, 
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the potential pathways of radionuclides from contaminated forests to man have been 

defined. To assess the contribution of each pathway however, the cycling of radionuclides 

within the forest must also be examined. 

forest Ecosystem 
Based on forest physiognomy and the hydrogeobiochemical cycle that redistributes 

nutrients and trace elements throughout the forest, the forest ecosystem is partitioned 

into four major components: (1) the overstory, (2) the understory, {3) the ground and 

( 4) animals and insects. Figure 3 examines the interactions between these components 

along with the source term which is external to the forest subsystem. 

UNDERSTORY 
(PLANTS, MUSHROOMS ... ) 

AQUATIC SYSTEM 
MODEL 

FIGURE 3 Forest Ecosystem 

FOOD CHAIN 
MODEL 

ANIMALS & 
INSECTS 

The overstory or canopy consists of the high standing trees; the understory consists of low 

lying plants, fungi and herbs; the ground consists of the forest litter and soil; and the 

animals and insects consist of all the wildlife of the forest. Furthermore, the source term 

describes the input of radionuclides into the forest over time. The arrows (which are not 

in bold) in Figure 3 show the pathways of cycling and interaction between the four 

components. For example, the overstory trees may interact with the ground component by 

transferring radionuclides through shedding foliage, or through root exchanges. In turn, 

the overstory trees may receive radionuclides from the ground by root uptake. The bold 

arrows in Figure 3 show the interactions of the forest components with other external 
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subsystems. For example, the ground component within the forest may contribute 

radionuclides to man through the aquatic subsystem by watershed runoff, to source· 

deposition through the resuspension subsystem or directly to man through the direct 

gamma radiation shine subsystem. 

Source of Contamination 
Radionuclides from. nuclear accidents may be deposited into the forest by two means: (1) 

precipitation and (2) dry deposition. Precipitation in the form of rain or snow may carry 

airborne particles (aerosols) and deposit them on the forest ecosystem. Interception of 

these aerosols may be by the overstory, the understory, animals or the ground. Dry 

deposition may be intercepted by the same forest subsystems as wet deposition. 

The aerosols constitute the major reservoir of pollutants in the atmosphere. The nature of 

radioactive aerosols produced from anthropogenic sources depends on the mechanism by 

which the radioactivity is released. In the Chernobyl reactor accident, which involved 

both the nuclear fuel melting and a graphite fire, aerosols were generated by the accident. 

The maximum plume altitude reached approximately 1500 meters for transport by the 

prevailing winds. The chemical form of the material released was variable and included 

graphite from the reactor core and boron carbide, lead, dolomite and clay which was 

dropped on the accident, which produced particles observed to range in size from less then 

one micrometer to tens of micrometers (1 ]. Following the formation of these radioactive 

aerosols, the late of the radionuclides became the fate of the carrier aerosols [2]. Thus, 

emergency measures taken in an attempt to control the reactor, impact the transport, 

deposition and ultimate fate of released radionuclides. 

Consequently, the formulation of realistic predictions of the impact of accidentally 

released radionuclides requires information on the characteristics of these aerosols and on 

their retention by foliage in relation to the species and in relation to the growth status of 

the plant and the climatological conditions. The following processes can be distinguished: 

( 1 ) Wet deposition by rain or snow. 

( 2 ) Impaction of aerosols. 

( 3 ) Impaction of mist, fog, cloud droplets. 

( 4 ) Absorption of gases. 

( 5 ) Reemission. 
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Overstory 
The overstory pathway component consists of the tree portion of the forest, Figure 4. 

Radionuclides can be transported in either direction, from roots to foliage or foliage to 

roots through the Xylem and Phloem transport systems [3]. 

ANIMALS 
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(LITTER) 

TiaEE 
TRUNK 
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DIRECT GAMMA 
SHINE MODEL 

=~ L-,--,........1 $.: 

FINE 
R:XJTS 
~ 

Fk3.URE 4 OVER&TOAY 

GROUND 
(HUMUS & SOIL) 

The bold arrows in Figure 4 signify the transport of radionuclides out of the overstory 

components to either other. forest subsystems or to subsystems outside of the forest. For 

example, radionuclides may be transported within the forest by pathways from the leaves 

component to the ground by annual shedding of leaves or to animals by herbivore or 

omnivore consumption. Transport may proceed out of the forest subsystem by a pathway 

from the leaves component to the resuspension subsystem by aerial travel by wind or lire. 

The most important characteristics of the overstory that influence the interception, 

transfer and transport of radionuclides within and out of the forest include: The type and 

behavior of overstory leaf component, the process of adsorption and leaching of 

radionuclides from the canopy, and the characteristics of the root system and its process of 

exchange of radionuclides with the ground component of the forest. 
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Understory 

The understory pathway consists of radionuclide interaction with the low lying bushes and 

plants as shown in Figure 5. In this Figure bold arrows signify transport out of the 

understory either to other forest subsystems or out of the forest. Similar t o  the overstory 

component radionuclides can be transported between the root system and the vegetation. Of 

particular importance are the food sources such as berries, herbs, and mushrooms. 

GROUND 
(LITTER) 

Ground 
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MODEL 

DIRECT GAMMA 
SHtNE MODEL 

GROUND 

(HUMUS S. SOlL) 

FIGURE 5 UNDERSTOAY PLANTS 

The ground pathway consists of radionuclide interaction with the litter, humus and 

inorganic soil compartments as shown in Figure 6. This pathway includes the complex 

interactions of the root, soil and litter system where uptake and deposition proceed on an 

annual cycle in temperate zones. Some of the most important characteristics of the ground 

system relative to  radionuclide transport include its chemical composition (I.e. clay 

c ontent), its organic concentration, and its nutrient level. 
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The animal pathway includes birds, animals and insects as shown in Figure 7. This is at 

the top of the food chain leading to man and could include a significant source of radiation 

dose through the dietary patterns of a critical group of a potentially exposed population. 

FOOD CHAIN 
MODEL 

OVERSTORY I UNDERSTORY 
(LEAVES & VEGETATION) 

CAANIVORES 

FIGURE 7 ANIMALS 

MODELING APPROACHES 

GROUND (LITTER) 

The approach to modeling the forest system is to first define those factors that strongly 

influence the behavior of radionuclides in each forest subsystem. For example, the 

transfer of radionuclides within and out of the ground subsystem may be affected by such 

factors as clay or sand content of soil, the potassium and ammonium concentration, the pH, 
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the organic content of the litter, etc. Data for the inclusion of all the factors in the 

complex forest ecosystem may be unavailable and even may be unnecessary in our first 

approach model. Thus, the approach taken in formulating those ·most important• factors 

influencing radionuclide behavior· is the use of •expert opinion." Experts in such fields as 

plant physiology, soil chemistry and forestry will be given a questionnaire in which they 

will be asked to judge the importance of different factors on the radionuclide cycling 

within and transport out of the forest. By using the psychometric technique of paired 

comparisons it may be possible to arrive at a general consensus of which factors are 

deemed to be the most important. The result of such an analysis will reveal both the order 

of importance of each factor and its relative importance to an absolute zero weight. 

Once descriptive models are constructed for the components of the forest ecosystem and the 

"most important" factors are chosen, a mathematical model will be developed for the 

behavior of radionuclide cycling within the forest over time and subsequent contribution 

to the dose to man (forest dose assessment model). Two other models will also be created, 

one for the affect of a given policy on both the associated economic and health risks (policy 

risk model) and another to relate radiation dose to health effects (dose effects model). The 

policy risk model will be developed based on a scenario approach for different policies 

effecting the usage of contaminated forests. Thus, different policy scenarios will be 

developed and presented to decision makers along with the associated health and economic 

risks. The mathematical model translating radiation dose to health effects will be taken 

from literature. 

Forest Dose Assessment Model 
The goal of a forest dose assessment model is to estimate over the long term the dose 

received by man given specified policies on the usage of contaminated forests. The model 

will include the following processes: 

( 1 ) The transfer and transport of radionuclides within and out of the forest. 

( 2) The regeneration, growth and death of forest biomass. 

( 3 ) The interaction of man with the forest given selected usage policies. 

The approach to mathematically assessing the transfer of radionuclides within and out of 

the forest ecosystem is based on: (1) the descriptive models of radionuclide transfer 

within and transport out of the forest and (2) the conservation of mass principal. Due to 
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the long term nature of several radionuclldes, 11 is also necessary to consider the behavior 

of forest biomass over this time horizon. Several events may occur in forests over the 

long term (i.e. years) including fires, growth, death and human deforestation. The 

modeling of the processes of regeneration, growth and death of forest biomass (i.e. forest 

succession) over time has been studied by several authors [4]-(7]. In order to capture 

the interactions of man and wild animals with the forest, a spatial model of the forest will 

be constructed. Such a spatial model will consist of a three dimensional representation of 

the forest components: Overstory, understory, and ground. Semi-imposed at each point in 

space (where there exists a forest component) will be the mathematical model 

representing this component. Some of the goals of such a spatial model are to capture the 

spatial heterogeneity of the forest, to capture the lateral interactions and flows oi 

radionuclides, and to create the ability to execute different scenarios of forest use by man. 

DATA REQUIREMENTS 

In order to calibrate the forest dose assessment model time dependent data regarding the 

level of contamination in different lores! compartments is required. These compartments 

have been specified in our systems approach and include such processes as: 

( 1 ) Atmospheric transport and deposition. 

( 2) Interception by the forest canopy. 

( 3 ) Transport and translocation in the canopy. 

( 4) Forest litter interception - precipitation and throughfall. 

· ( 5 ) Root uptake and discharge of radionuclides in soil. 

( 6 ) Infiltration and evapotranspiration induced mobility. 

( 7 ) Rates of transport through the root zone. 

( 8 ) Rates of loss to the water table. 

In order to obtain the required data we will rely on several sources. These sources of 

experimental measurements include published and unpublished studies on: 

( 1 ) Fallout from nuclear weapons tests deposited on forests. 

( 2 ) Releases at weapons production plants to nearby forests. 

(a) Releases of nuclear waste to soil. 

( b ) Atmospheric releases from waste concentration operations. 
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( c) Atmospheric releases from nuclear fuel production and power reactors. 

( d) Subsurface releases to unconfined aquifers where re-emergence at 

springs occurs. 

( 3 ) Resuspension to and from forests. 

We believe that an additional source of information for the model application can be 

obtained from "expert opinion" using an appropriately designed Questionnaire. The data 

resulting from such a survey can establish ranges of values, the relative importance of 

different parameters and can guide us to critical data requirements. 

DISCUSSION 

By using a systems approach we have defined the potential pathways for radiation 

contamination of man through forest ecosystems, and the. connection of these pathways with 

particular forest compartments. In order to determine the level of risk to man over time 

it is now necessary to construct a mathematical model of the cycling of radionuclides 

within the forest and the transport of this contamination through the defined pathways to 

man. The models used to date for radionuclide cycling in forests have implicitly lumped 

the entire forest into several compartments (i.e. litter, leaves, and soil) without regard 

for spatial heterogeneity [8]-[17). This heterogeneity of radionuclide distribution among 

forest elements along with its location in space may have a large effect on the dose to man. 

For example, the potential ranges of dose to man from direct gamma shine is certainly 

effected by the spatial location of radionuclides in relation to man and the concentration of 

these radionuclides at that particular emitting location. Lateral interaction among forest 

components may also play a role in the redistribution of radionuclides among forest 

components and possibly out of the forest. Such processes as leaching of the canopy, wind 

blown litter and ground dispersion may redistribute radionuclides laterally among the 

different elements of the forest. Using a spatial model these movements may be captured. 

Finally, by using a spatial model, different policies regarding forest use may be tested. 

For example, a possible estimation of the dose to man from a walk through the forest may 

be accomplished by randomly choosing walking routes and then applying the direct gamma 

shine model to calculate the subsequent dose. By randomly generating walking routes a 

probability distribution as a function of dose can be estimated. The same type of analysis 

may be accomplished in order to estimate the dose to wild animals by the consumption of 

contaminated vegetation. 
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To calibrate the proposed models it is necessary to obtain data collected over time from 

different forest compartments. Some of this type of data does exist from current and past 

studies [18)·[24) however quite possibly there will be gaps. In order to determine the 

affect of these gaps on our data requirements both sensitivity and uncertainty analysis will 

be employed. Sensitivity analysis allows one to estimate the sensitivity of the final 

answer (i.e. risk to man) with respect to a particular parameter estimate while 

uncertainty analysis allows for the description of how this estimate impacts the confidence 

placed in our final answer. This is important in defining areas in which a lack of data may 

be critical and more research and measurements must be done or in fact further resources 

to estimate the impact of this parameter may be wasted and unnecessary. The question of 

how critical each parameter is to the final estimate of risk and how much uncertainty this 

parameter introduces will be a useful tool in analyzing for "acceptable" data sets. 

CONCLUSIONS 

Due to the Chernobyl nuclear reactor release in 1986 and subsequent radiation 

contamination of surrounding forest ecosystems, the question of what hazards this 

contamination· poses to man is of current concern. At present there does not exist a 

framework useful for the assessment of risk from the release of radionuclides into 

forested ecosystems. Thus, our work will contribute to the development of such a 

framework, to include the structural elements and processes of the forest ecosystem, the 

factors affecting policy decisions and the interactions between deposited radionuclides in 

the forest, effect on man, and policies regarding forest usage. The development of such a 

framework will require a multidisciplinary approach integrating current knowledge and 

methodologies from such fields as Chemistry, Meteorology, Radiation Health, Forestry and 

Operations Research. The integration of such different expertise is essential and the 

authors welcome and appreciate constructive criticism and suggestions. 
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ABSTRACT 

Preliminary predictions of the 137cs contamination of upland lambs in 

west Cumbria resulting from the Vindscale and Chernobyl accident are 

presented. The predictions are made using the RUINS model and are 

tentative, particularly for the Vindscale accident given the paucity 

of data available with which the model can be tested. For a typical 

scenario, whereby upland lambs are fattened on lowland pasture and 

slaughtered during February 137cs activity concentrations in the first 

year after deposition of 8000 Bq m-2 are predicted to have been in the 

region of 8.8±3.5 - 28.8±11.52 Bq kg-l FY for the Yindscale accident 

and 1.1±0.5 - 2.8±1.2 Bq kg-l FY for the Chernobyl accident depending 

upon grazing pressure. If an earlier slaughter date is assumed then 

the values increase for the Yindscale accident to 240±96.0 - 290±116.0 

Bq kg-l FY, but there is little effect for the Chernobyl accident. 

For lambs fattened upon upland pasture, currently unusual, but which 

did occur in 1957: mean 137cs activities in 1957/58 have been 

estimated to be in the range 2320±928.0 - 2800±1120.0 Bq kg-l FY. 

In west Cumbria in the first year after each 

fire is concluded to have resulted in 

concentrations of upland sheep for human 

accident the 

higher 137cs 

consumption 

Yindscale 

activity 

than the 

Chernobyl accident. This was principally due to the timing of the 
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accidents, but could have been exacerbated significantly by 

differences in farming practice. However, "deposition from the 

Chernobyl accident was more widesprea~ therefore affecting a greater 

number of sheep. 

INTRODUCTION 

West Cumbria in the United Kingdom is probably unique in having 

received similar pulses of 137cs deposition from two separate nucle~r 

accidents; the Windscale fire in 1957, and the Chernobyl explosion 

and fire in 1986. The object of this study is to compare the relative 

impact of these two incidents in terms of 137cs contamination of lambs 

for human consumption. 

Caesium-137 from the Windscale fire was principally dry deposited and 

the actual amount deposited in different areas was influenced by 

distance from the plant. The distribution and nature of the fallout 

is reported by Booker (1958) and deposition values, both for typical 
-2 hill farming areas and lowland pastures, are quoted as 8000 Bq m 

Chernobyl 137cs fallout in west Cumbria was wet deposited and 

exhibited a high degree 

This is possibly due 

of spatial variability (Beresford et al 1990). 

to variations in rainfall intensity 

enable a 

and/or 

direct surface water movement, ie runoff/runon. To 

comparison to be made we have taken a single deposition value of 8000 

Bq m-2 137cs for both incidents and pasture types. 

Much of the area is upland where the major agricultural activity is 

sheep farming. Under normal practice lambs are born in late spring 

(typically May) and will graze on the open fell during the summer. In 

early to mid-autumn (eg October) all the sheep are generally moved 

onto improved upland pasture in the vicinity of the farm buildings. 

Those lambs selected for slaughter are then removed to lowland pasture 

for fattening over winter. Most will be slaughtered before late 

spring, typically in February. 
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There were differences in farming practice at the time of the 

~indscale fire. Some lambs were fattened at the upland farm rather 

than being removed to the lowlands. Furthermore the grazing density 

was generally lower than that currently used (Thompson & Kirby 1990). 

These two factors, together with the timing of the two accidents, 

will lead to differences in the contamination of lambs for human 

consumption. 

The RUINS Model 

In this paper the use of the RUINS model to calculate 137cs activity 

concentrations in lambs' muscle following the two accidents is 

described. The development and testing of this model has been 

described elsewhere (Crout et al 1990, in press, pers comm, Galer et 

al 1990) and only particular points worth mentioning are p·resented 

here. 

It should be emphasised that the vegetation sub-model is simplistic. 

In particular the effect of grazing is modelled simply by an increase 

in vegetation turnover, and thereby an increased rate of 137 Cs loss. 

In particular the use of a simple rate constant, modified only by 

rooting density, to describe root uptake can only be justified by the 

lack of data to support a more sophisticated approach. Experimental 

work to develop this aspect of the model is currently underway. 

The RUINS package can be used to generate crude confidence limits on 

its predictions based upon uncertainties in the input parameters. 

Previous experience suggests that uncertainties on the predictions 

here will be approximately ±40% 1 year after deposition rising to ±60% 

4 years after deposition. Nevertheless, whilst there may be some 

uncertainty in the absolute values predicted, the overall trends and 

differences between scenarios are unlikely to be significantly 

affected. 
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SCENARIOS 

In order to compare the two accidents several farming practice 

scenarios were used and 137cs activity concentration in lambs at 

slaughter were calculated in each case. Two times for slaughter were 

used, December and February. Slaughter in February would be normal 

and is representative for most lambs originating from the uplands. 

Comparatively few lambs would be slaughtered in December. However this 

slaughter month has been included to provide an an example of an early 

slaughter time for upland lambs. 

Two types of pasture were considered, a typical lowland pasture and a 

improved upland pasture. Parameter sets to enable the model to 

simulate these types of pasture have been developed previously from 

experimental work (Crout et al 1990, pers comm). In each case no 

consideration was given to the nature or contamination level of the 

lambs' previous pasture. This simplification was possible because the 

biological half life of 137cs in lambs is relatively short at about 11 

days (Howard et al 1987) and therefore any influence of earlier 

grazing will be negligible, even at the earlier slaughtering date of 

December. 

Interception values assumed in the model for lowland pasture were 0.25 

for the deposition from the ~indscale accident (Simmonds et al 1979) 

which agrees with the figures given by Chamberlain (1970) for a 

herbage density of approximately 100 g m-2 

0.12 

(D~). For wet deposition 

was used for the lowland from the Chernobyl accident a value of 

pasture (Fulker 1987). For the upland pasture 0.32 was used based on 

data from Livens et al (pers comm). Retention on vegetation was 

assumed to have a half life of 14 days (Simmonds et al 1979). 

Two levels of grazing density were used, 

other low. The values used differed for 

one nominally high, the 

the upland and lowland 

pastures, reflecting the nature of the pasture and are given in Table 

1. 
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Table 1. Grazing Densities (sheep ha-1) 

Stocking Upland Lowland 

rate 

High 10 16 

Low 2 5 

These scenarios are intended only to demonstrate the influence of 

various farming options on the contamination of lamb by 137cs as 

calculated by the model. They are not intended as a definitive 

statement of farming practice either currently or in 1957. 

RESULTS 

The calculated mean lamb muscle 137cs activity concentrations are 

presented in Tables Z(a) and Z(b) for the Windscale accident and 

Tables 3(a) and 3(b) for the Chernobyl accident. Results are 

presented for· up to 4 years after each accident. For each scenario 

the calculated mean 137cs activity concentrations in lamb at the first 

slaughter after the Windscale· fire are higher than those after the 

Chernobyl accident. 

Lambs fattened on upland pasture are predicted to be consistently more 

contaminated than those grazed on lowland pasture. Whilst lambs 

fattened on lowland pasture are virtually uncontaminated one year 

after both accidents, lambs fattened on upland pasture still remain 

significantly contaminated 4 years later. There is also a consistent 

difference between the contamination of lamb from intensively and 

lightly grazed pasture. In general intensively grazed vegetation is 

predicted to be less contaminated resulting in lower lamb 137cs 

activities. There is, however, an exception to this in the December 

slaughter of lamb fattened on upland pasture in the first year after 

the Windscale fire. 
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Table 2 Predicted 137cs activity concentration 

the Windscale accident, assuming deposition of 

different scenarios 

for lamb muscle after 
-2 d 8000 Bq m , base on 

a) 137cs activity concentrations of lambs fattened on lowland 

pasture (mean± 95% confidence limits Bq kg-l FW) 

Year Time of slaughter 

1957/58 
1958/59 
1959/60 
1960/61 

DECEMBER FEBRUARY 
stocking rate stocking rate 

High Low High Low 

240±96. 0 290!116.0 8.8±3.52 28.8!11.52 
1.0±0. 47 2.0±0.94 1. 0±0. 47 2.0±0.94 
1.0±0.54 2.0±1.18 1. 0±0. 54 2 .0±1.18 
1. 0±0. 60 2.0±1.20 1.0±0.60 2.0±1. 20 

b) 137cs activity concentrations of lambs fattened on upland 

pasture (mean± 95% confidence limits Bq kg-l FW) 

Year 

1957/58 
1958/59 
1959/60 
1960/61 

Time of slaughter 

DECEMBER 
stocking rate 

High Low 

2800±1120 2320±928 
390±180 480±2266 
330±179 370±199 
310±188 340±206 

FEBRUARY 
stocking rate 

High Low 

1860±750 1900±76 
360±171 440±210 
330±180 360±194 
310±186 340±204 
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Table 3 Predicted 137cs activity concentration 

the Chernobyl accident, assuming deposition of . 
different scenarios 

for lamb muscle after 
-2 8000 Bq m , based on 

a) 137cs activity concentrations of lambs fattened on lowland 

pasture (mean± 95% confidence limits Bq kg-l FW) 

Year 

1986/87 
1987/88 
1988/89 
1989/90 

Time of slaughter 

DECEMBER 
stocking rate 

High Low 

1. 2±0. 5 5.0±2.2 
1. 2±0. 6 1. 9±1.0 
1. 2±0, 7 1. 8±1.1 
1. 2±0. 7 1. 8±1. 2 

FEBRUARY 
stocking rate 

High Low 

1.1±0.5 2.8±1. 2 
1.1±0. 6 1. 9±1.0 
1.1±0. 7 1. 8±1.0 
1.1±0. 7 1.8±1. 2 

b) 137cs activity concentrations of lambs fattened on upland 

pasture (mean± 95% confidence limits Bq kg-l FW) 

Year 

1986/87 
1987/88 
1988/89 
1989/90 

Time of slaughter 

DECEMBER FEBRUARY 
stocking rate stocking rate 

High Low High Low 

792±356 1008±453 557±250 780±327 
356±188 406±214 348±184 492±207 
331±201 363±220 327±198 359±218 
315±213 343±231 311±210 339±229 
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DISCUSSION 

We should emphasise the tentative nature of the results presented 

above. They are.model predictions and no more reliable than the model 

itself. Whilst this has shown encouraging preliminary agreement with 

field data (Crout et al pers comm) it has not been fully tested in all 

respects. 

One clear conclusion of this work 

following the Windscale accident 

lambs originating from the 

is that in the December or February 

the 137cs activity concentrations in 

uplands were higher than in the 

corresponding months after the Chernobyl accident. The reason for 

this is clear. It is simply that more time elapsed between the 

deposition of Chernobyl 137cs and slaughtering than was the case after 

the Windscale fire. Vegetation 137cs activities therefore had longer 

to decline. 

For Chernobyl even in the 'worst case' scenario for lowland pasture 

(of a low grazing pressure and lambs slaughtered in December) sheep 
137c · · · d 1 h 10 k -l s activity concentrations are predicte to be ess t .an Bq g 

FW (fresh weight), which is well below the UK action level of 1000 Bq 

k -l F" ( 1 rad· · ) I h f b 1 d d h · g • tota iocaesium. t cant ere ore e cone u e tat in 

the case of the Chernobyl accident there would be few problems with 

lowland pastures. Indeed no lowland farms in west Cumbria are 

currently restricted following the Chernobyl accident. 

The situation in 57/58 was 

are predicted to have had 

Bq kg-l FW depending upon 

would have declined to 9 

different. Animals slaughtered in December 

mean 137cs concentrations between 240 - 290 

grazing pressure. 
-1 - 29 Bq kg FW .. 

By February this range 

These values are all at 

least 6 times higher than for the Chernobyl situation. Had current 

regulations been in force in 1957 restrictions may have been placed 

upon lowland farms in the affected area. This is because the model 

calculates mean 137cs activities. Current UK regulations require that 

no single sheep above 1000 Bq kg-l FW should be slaughtered. Within a 
137 flock there can be great variability in Cs levels, some animals 

consistently maintaining a higher level than their counterparts. 
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Therefore a mean level of 240 - 290 Bq kg-l FW does not guarantee that 

no action will be required. One or two animals may be found at or 

above the 1000 Bq kg-l FW limit. In subsequent years contamination 

levels are predicted to have been negligible, being consistently below 
-1 f IO Bq kg FW. This fall is due to the large fixation capacity o 

most lowland soils for caesium, rendering it unavailable for plant 

uptake. 

The lack of data on sheep 137cs contamination following the Windscale 

fire makes it difficult to comment on the validity of the models 

predictions. However from data in Booker (1958) we have calculated 

the 137cs activity concentrations in lamb from 137cs levels in 

vegetation quoted in February for a pasture at Seascale. Taking 

Bookers' value of 78 Bq m- 2 and assuming a vegetation biomass of 100 g 
-2 m (DW), a transfer coefficient for year old lamb muscle of 0.33 

(Howard 1989) and a daily herbage intake of 1 kg DW, we calculate an 

equilibrium 137cs value for lamb of 260 Bq kg-l FW. This is ·higher 

than our predicted range of 9 29 Bq kg-l FW and may be due to 

differences in the soil type at Bookers' sample site compared with the 

soil used in our experiments to produce the mode~. Alternatively the 

underprediction of the model may be due to the use of interception and 

retention half-lives on vegetation which are too low. However, the 

high activity of vegetation found by Booker may partly be due to 

contamination of vegetation by soil. For pastures around Sellafield, 

soil has been shown to account for up to 50% of the dry weight of 

vegetation samples in winter months (Beresford & Howard pers comm). 

The difference between the consequences of the two accidents is due 

largely to their relative timing. The Chernobyl accident occurred in 

late April, which is almost the ideal time for standard UK 

hill-farming practice. The Windscale accident occurred in October and 

was therefore much closer to t.he times of slaughtering. Even so its 

consequences were mild compared with the potential impact of a 

comparable accident occurring when fattened lamb is slaughtered, 

between December and April. However, our analysis has been confined to 

upland sheep and we should bear in mind that lowland lambs would be 

slaughtered earlier. 
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The scenario envisaged whereby lambs would be fattened on upland 

pasture is not a common agricultural practice nowadays and therefore 

the valu~s given for the Chernobyl accident in this case are unlikely 

to be of much significance. However some lambs may have been fattened 

in this way during the period when the Windscale accident occurred and 

these will be relevant. In this case the high availability for uptake 

of 137cs from these upland soils with a comparatively high organic 

content means that 137cs levels in vegetation, and hence sheep, 

decline more slowly than in lowland pastures. 

As the model is presently constructed it predicts that animals from 

intensively grazed pasture will 

partially utilized pasture. 

be less contaminated than those from 

This is because 137cs activity in 

in the model, removal by grazing 

death. The fraction of vegetation 

vegetation has two loss mechanisms 

and loss by tissue senescence and 

loss via senescence falls as grazing increases. At full utilization 

the rate of vegetation removal is greater than at zero grazing and 

therefore the rate of 137cs loss from the vegetation compartment 

increases with increasing grazing pressure. As the rate of uptake 

from soil solution is constant in the model increasing grazing 

pressure results in a lower 137cs content in the vegetation 

compartment. This effect is partially masked when vegetation activity 

is expressed as a concentration. An intensively grazed pasture will 

have less standing biomass than an ungrazed pasture and this is 

accounted for in the model. Nevertheless the model suggests a general 

decrease in vegetation 137cs activity concentrations for a given site 

as grazing intensity increases. This is illustrated in Fig 1 which 

shows vegetation activity concentration resulting from an arbitary 1 
-2 . Bq m deposition event for a pasture with several levels of grazing. 

Whilst these results are somewhat surprising there is experimental 

field evidence to provide qualitative support (Salt & Mayes in press). 

However it MUST be emphasized that these aspects of the model are the 

least well developed and further work is in progress. At this stage 

of the model development these results should therefore be treated 

with caution . 

• 
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The results in Table 2(b) show an exception to the general rule that 

high grazing pressure leads to lower lamb contamination in the 

scenario where lambs are fattened on upland pasture during the first 

year after the Windscale accident. This is because slaughtering is 

assumed to have occurred only shortly after the accident and therefore 

some initial deposit may still be present on vegetation surfaces. Such 

deposit may be less available for absorption by the sheep (Howard 

1989). For a given amount of deposit any situation which results in a 

higher ratio of initial deposit to root uptake of 137cs into 

vegetation should result in lower sheep 137cs activity concentrations. 

In the period following deposition high grazing pressure will 

accelerate the removal of initial deposit increasing the rate at which 
137cs becomes available for root uptake, recycled via faeces and 

urine. This mechanism leads to the anomalies in Table 2(b). 

CONCLUSIONS 

These results must be considered as only tentative, but taking them at 

face value we can draw the following conclusions. 

1. For a typical scenario whereby upland lambs are fattened on 

lowland pasture and slaughtered during February 137cs activity 

concentrations in the first year after deposition are predicted to 
-1 have been in the region of 9 - 29 Bq kg FW for the Windscale 

accident and 1.1 - 2.8 Bq kg-l FW for the Chernobyl accident depending 

upon grazing pressure. If an earlier slaughter date is assumed then 
-1 the values increase for the Windscale accident to 240 - 290 Bq Kg 

FW, but there is little effect for the Chernobyl accident. 

2. For lambs fattened upon upland pasture, currently unlikely, but 

which occurred in 1957: mean 137cs activities in 1957/58 have been 

estimated to be in the range 2320 2800 Bq kg--l FW depending upon 

grazing pressure. 

3. For both accidents the 137cs levels remain higher for longer for 

the lambs fattened on upland pasture compared with those fattened on 

lowland pasture. 
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4. In west Cumbria in the first year after the accident the Windscale 

fire is concluded to have resulted in higher levels of contamination 

in sheep originating from the uplands than that due to the Chernobyl 

accident. This was principally due to the timing of the accident, 

but could have been exacerbated significantly by differences in 

farming.practice. However, Chernobyl contamination was more widespread 

over the United Kingdom and therefore affected a greater number of 

sheep. 

Whilst the RUINS model is still undergoing development it is already 

clear that mechanistic models of this type could play a very useful 

role in identifying agricultural management practices which can help 

reduce the radionuclide contamination levels in foodstuffs. For 

brevity we have concentrated here on upland sheep systems, but the 

model can be equally well applied to the case of lowland sheep, beef 

and milk production. It could also be readily extended for other 

animals, such as goats and deer which are important elements in the 

food chain in other countries. 
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ABSTRACT 

Radioactivity measurements and dose assessments in Hungary after 

the Chernobyl accident have shown t.hat the consumption of 

baker's ware contributes significantly to the internal dose of 

man. Flour and bread have been contaminated mainly due to 

radiocaesium deposition onto the of cereals at the end of April 

and beginning of May, 1986. 

Because of the different seasonal and growing conditions of 

biomass, the interception fraction of the standing winter wheat 

became higher than that of the summer wheat. Therefore, the 

contribution of g:-ain to the internal dose was re'iat.ively high 

in Hungary where near to 90 per cent of flour and bread is 

produced from winter wheat in comparison with other countries. 

The average concentration of 137Cs in winter grain harvested 

in summer 1986 was 32 Bq/kg with a range of 11-140 Bq/kg, 

The bran contained almost half of the total radiocaesium of the 

grain with about 20 per cent of the weight. The 40K 

concentration of grain was 149 Bq/kg. The l37Cs concentration 

in white bread commonly used in Hungary was 22 Bq/kg in 

average. 

The concentrations found in bread samples from the whole country 

showed a high variation due to the uneven deposition of 

radioactive substances. The l37Cs concentration in winter grain 

was 0.0075±0.0017 Bq/kg normalized to 1 Bq/m• deposition 

density. The 137Cs concentration in grain harvested in 1987 or 

later became less than 1 Bq/kg, It suggests that the root uptake 

of radiocaesium by cereals must be very small. 

The per caput committed effective dose equivalent due to 

consumption of baker's ware was estimated as 50 micro-Sv. 
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INTRODUCTION 

Following the accident at the Chernobyl nuclear power plant in 

April, 1986 the contamination of the vegetation was mainly due 

to the deposition of radioactive substances from the air to the 

surface [1,2]. Therefore, the plants with higher interception 

factor during the first post-accident days contained greater 

radioactive contamination than those with less interception. The 

difference between the interception ratio of the standing winter 

and that of the summer wheat has influenced mainly the 

radiocaesium activity in the grain and in the baker's ware, too. 

Other pathways for contamination of the grain may be the 

rainsplush and the root uptake. Both of them were negligible in 

comparison with the direct deposition onto the plants, in 1986. 

The human intake of the radiocaesium and the committed effective 

dose equivalent due to the consumption of baker·e, ware are 

determined on the basis of the radiocaesium concentration in the 

foodstuffs and the consumption ratee,. 

METHODS 

Grain, flour and bran samples in the period of 1986-90 were 

taken from mill-works round the whole country partly by the 

National Institute of Food Hygiene and Nutrition and partly by 

the Trust of Grain Industry. The 137Cs concentratione, of the 

samples were measured by semiconductor-detectors in Marinelli 

beakers. The total deposition of 137Cs on the ground surface was 

determined by in situ gamma-spectrometry and by concentration 

measurements in soil samples [3,4,5]. To estimate the per caput 

committed effective dose equivalent. the AGEDOS age-dependent 

methodology [6] was used. The consumption rates were taken from 

the Year-Books of the Hungarian Bureau of Statistics. 
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RKSlJLTS 

Deposition of the radiocaesium was strongly inhomogene in 

Hungary, depending mainly on the local rainfall. Therefore, we 

have normalized the contamination of the winter wheat, flour and 
bran to the site specific deposition density of 137Ce. Figure 1. 
Bhowe the 137Cs concentration in the grain in relation to the 

deposition density together with the confidence intervals (65 

and 95 %-age). The slope of the simple regression line is 

6.50±1.46, the interception is 10.5±7.1 and the correlation 

coefficient is r=0.536. The elope differs from zero 

significantly wlth a probability level of 

interception does not (p=0.15). 

p<0.001, but the 

The distribution of 137Cs contamination in different components 

of the grain is presented in Table I. 

According to 
the largest 

dietribution 

the mean values, it seems that the bran contains 

part of the radiocaesium, similarly to the 

of potassium, in spite of the fact that the weight 

of bran represente only about 20 % of the total weight. The 

regression analysis shows a week correlation between the 111cs 
concentration (normalized t.o the unit deposition) and the 40K 

concentration in the wheat (r=0.435). 

The concentration of radiocaesium in the rey (harvested in 1986) 

was similar to that in the presented winter wheat. The samplee 

of out and maize sown in spring contained 137Cs concentrations 

of 1-1~ Bq/kg. All the grain samples harvested before the 

Chernobyl accident and after 1986 show concentrations of 1s1cs 

lees than 1 Bq/kg , while the soil in the root zone contains it 

in a range of 10-150 Bq/kg. 

The comi tted effect.ive dose equivalent was calculated based on 

the 137Cs concentration in bread and the consumption rate of 

bread. Figure 2. shows t,he dose contribution of the cereals, 

mainly from winter wheat, in comparison with other exposure 

pathways The dose due to the radiocaesium fallout and 

assessed from activity concentrations in and consumption rates 

of foodstuffs has overpaszed the dose calculated from the whol~ 
body 137Cs measurements, by a factor of near to 2. 



- 1141 -

REFERENCES 

1. Generic Models and Parameters for Assessing the Environmental 

Transfer of Radionuclides from Routine Releases. Safety 

Series No. 57., IAEA Vienna, 1982. 

2. Coughtrey, P.J.: Overview on environmental transport studies 

prior to and following the Chernobyl accident. Paper of the 

SCOPE-RADPATH Meeting, Univ.Essex, UK, 1989. 

3. Bir6, T., Feh6r, I., Sztanyik, B.L.: Radiation consequences 
in Hungary of the Chernobyl accident. Int. Agrophys. 
2. 291-314, 1986. 

4. The Chernobyl Data File from Hungary. Provided by the 

Hungarian Atomic Energy Commission to the UNSCEAR Report of 

1988. 

5. Nikl. I., V6gv6ri I.: In situ gamma-spectrometric measurement 

(in Hungarian), Report of the Hungarian 

Development Program No. G-ll-PK-9.09. 1988. 

Research and 

6. Leggett, R.W., Eckerman, K.F., Dunning, D.E., Cristy, M., 

Crawford-Brown, D.J., Williams, L.R.: On estimating dose 

rates to organs as a function of .age following internal 

exposure to radionuclides. ORNL Rep. No. TM-8265, 1984. 



- 1142 -

128 

111!! 

.. • 
~ 1111 
t 

"' v . 
; " u 

" .. 
48 ft 

• g 

211 

8 

t········· ....... , ................. : ................. t-·············r·::~·;>··:-
. ! v' 

--- _[ __ ~~<::'/,Ct~~:::: 
. . ,.r: a . . .. . 

,,, : ,"t ,.,. . , . .,f"/ . ,, . 
. ,,..,. : ! ; ,'a 
·._ . ._,,,. ............................................... r •..... 
;,..,.... : : Ill ,,'! 
: : ,,,, : 

.~ ................ i ... v .. ·····~·e;.~,"~····tr'"~-:~ ..... : ...... ~ ................ ~. 
• ,..,.,, • ,.11r"' ! . ; 

.,,.J:., ...... • : • 
. .,,.,.,.. . ,,i • .. .... ; 
:,...... . ,, i : • : ,,,.,"' 

'°i'''e,,,,I: •••••• ; ....... I\ ...... ! .. , ............ ,;,.,#, ............ ;. .,, . . ,,... . . 
':I•· :,,,. .. : . 

,,'' . . . . ,... . 
: ,, : : ,.;," 
~ ..... .,/" ......... ~ ............... ~ ....... ,, ..... ; ................ ; ................ ;. 

' 

2 4 8 

Figux·e 1. The !37Cs concentration in winter wheat (Bq/kgi 

d~p~nclin~ ~h th~ i~?C~ cl~p~~ition (kBq/m~). Samples 

taken from twenty different regione of Hungary 

) 
00 
I 

800 

600 

~ 400 
u 

•,4 

e 
200 

·················································································· 

····11· .. ··············· 
,, 1,, ~ 

z z , 1 
0'--~~~~~~~~~ 

y-15 

I inhal 

I veget 
I milk 

~ meat 

II cereal 

Figu1·t: 2. The average values c)f the co1nmi tted t::ffective dose 

equivale11td (µSv) received on vari(,~~ intake pat~)way~ 

by different age groupc (1-. 5-. HJ-. 15-year:c. old) 
of children and adults 



- 1143 -

Table I. The mean values and standard deviations of 40K and 
137Cs concentrations in whole wheat, flour and bran. 
(In brackets the number of samples) 

wheat-grain wheat,-flour wheat-bran 

40K(Bq/kg) 149±42 45.8±16.6 397±17 
(75) (27) ( 8) 

137Cs(Bq/kg:kBq/m'l 9.04±4.77 4.41±1.83 26.3±10.4 
( 51) ( 27 l ( 9) 

ratio of mean 
values 16 10 15 
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ABSTRACT 

Experiments with 134cs and the fish Tinca tinca Linnaeus (fam.Cyprinidae), 

as a part of a more extensive work, concerning a simplified freshwater 

trophic chain using water from Fratel dam, (at Tejo River), were undertaken. 

The whole work concerns the Contracts (CCE) n2 BI6 - B - 198 - P and 

n2 BI6 - 0245 - P. 

Direct uptake from water, during a period 

kinetics expressed by the power function: 

of about 30 days, leads to a 
0.781 

CF(t)= 0.58 t (tin days), 

the concentration factor (CF) referred to wet weight. 

Retention study, showed the existence of two biological half-lives, Tb
1
= 7 

134 days and Tb 2= 87 days, which might concern respectively, the Cs desorp-

tion from the transit organs and the loss of the assimilated isotope from 

the storage organs. The retention function(%) is: 

R(t)= 25 e-O.l04t+ 75 e-O.OOBt (tin days). 

In the accumulation through the food chain, using planktonic crustacean 

Daphnia magna Straus (Cladocera) as prey, a transfer factor (TF) related 

to wet weight of both fish and prey, is estimated through the power 

function: TF(t)= 0.022 t 0 •578 (tin days). 

Finally, the retention study following the food pathway contamination, 

stresses the existence of one long term component, with hal-life Tb= 61 

days. Retention function(%) is expressed by one single exponential: 

R(t)= 87 e-O.OllJt (tin days). 

The transfer factor kinetics seems to point out to a rather slow process, 
134 

leading to lower Cs concentration values, than the contamination 

through the water. 

134 
The loss of the assimilated Cs, uptakenthrough both pathways, water or 

food, is a slow process. The longer biological hal-life is very important 

in Radiological Protection, once it may be attributed to the radionculide 

loss from the muscular masso 
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separating fecces from the water and then filtering all 

paper filter, retaining the non-ingested material where 

tent was also determined. 

the water through 
134 total Cs con-

134 
At the end of experiment, retention factor, i.e., the ratio total Cs 

content in fish I total 134cs ingested, was 0.0364 ~ 0.0219. The transfer 

factor (TF) defined as the ratio 134cs concentration in fish 

( 
-1 I 134 -1 Bq g , w.w.) Cs concentration in food (Bq g , w.w.), shows a 

kinetics represented in Figure 4 according to power function: 
0.578 

TF(t)=0.022 t (tin days). 

In a bibliographic review concerning radioactive cesium transfer factors 

in freshwater fish [16], the following data are referred: Lebistes reti

culatus I Daphnia magna - 0.67 (D.magna contaminated through the water); 

Lepomis macrochirus I D.magna - 0.06 and 0.44 (D.magna contaminated 

respectively through water and labelled food); Cyprinus carpio I D.magna-

0.29 and 0.001 (D.magna contaminated through water). 

The transfer factor kinetics seems to point out to a rather slow process, 

leading to lower 134cs concentration values, than the contamination 

through the· water. On the other hand it is referred that the contamina

tion through the throphic transfer is a more efficient process [6]. The 

reluctance that fish showed for the acceptance of dried daphnids as food, 

may have affected the transfer factor evaluation. 

+ However, the evaluated retention factor is very close to 0.034-0.004, 

obtained in similar experimental conditions, dried daphnids given to 

carps [7]. 

3.2.2 Retention 

Retention and loss data refer only to three fishes, although the contami

nation period has been initiated with more specimens, some of them having 

died. The mean CF in fish was 0.026 at the end of a 13 days uptake period, 

through labelled dried daphnids, meaning a cesium concentration in fish of 
-1 

5.1 Bq g , for 9.7 g of total weight. The loss experiment lasted for 45 

days. 

Although no significant concentration of the radionuclide in the fishes 

was observed, it remained strongly attached and only a single half-life 

has been determined, Tb=61 days. 
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1. INTRODUCTION 

The radieocological assessment studies made for the case of the normal 

operation of the nuclear power plants or for the case of an accident, 

which purpose is the evaluation of the effective dose equivalent to man, 

are based on the concentration and transfer factors in the terrestrial and 

aquatic ecosystems. The knowledge of the specific site factors is of the 

upmost importance. Our interest on the Fratel dam in Tejo River, only a 

few kilometers from the river entrance in Portugal, comes from the fact 

that in Spain there are three nuclear power plants at tejo River banks or 

tributaries. Therefore, a CEC Contract (n2BI6-B-198-P) on the study of the 

Radioecology of Tejo River was settled. Besides this problem, under the 

scope of the CEC programme "Post-Chernobyl Actions", the contract (CEC) n2 

BI6-0245-P was established, whose objective was the study of the 

radiocesium transfer in that particular freshwater ecosystem. 

134 
Cs was chosen, because of the importance it presented following the 

Chernobyl acc.ident, and because it may also be present in the liquid 

effluents from the nuclear power plants equiped with pressurized water 

reactors~ 

134 
An experimental study concerning the Cs uptake and loss in a simplified 

trophic chain (a microalgae, a small filter feeding crustacean and an 

omnivorous fish) in Fratel dam water was undertaken, a radioecological 

model being the finnal purpose 

134 This paper concerns the Cs transfer from water and from food (crusta-

cean Daphnia magna Straus) to the fish Tinca tinca Linnaeus. Retention 

processes were studied and biological half-lives were evaluated. 

The 
134

cs transfer from water to the microalgae Selenastrum capricornutum 

Printz (Chlorophyceae), as well as the transfer from water and food 

(S.capricornutum) to the planktonic crustacean D. magna (Cladocera), have 

been subjected to former studies [l), [2]. 
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2. METHODOLOGY 

The fish concerned in the experimental food chain under study is Tinca 

tinca Linnaeus (Sub-class Teleostei, family Cyprinidae), an omnivorous 

species. The tenches used in the experiments were young fishes of about 

one year old. 

The planktonic crustacean Daphnia magna Straus (Cladocera), a filter 

feeder that may reach 5 mm in lenght [3], was used as prey organism. 

The water used in the experiments was collected from the Fratel dam and 

its chemical composition is 

content, determined by INAA, 

presented in Table 1. The stable cesium 
-5 -1 was 6xl0 mg 1 [4]. For the experiments, 

water was filtered through ashless cristalyne retention paper. 

134
cs was used under the form of cesium chloride, therefore at the ionic 

+ form Cs • 

+ 0 . The experimental basins were kept at the temperature of 20 - 2 C; aeration 

through an air pump and a 15 hours day-light period, were provided. 

134 In the uptake experiments through Cs labelled water, the tenches were 

fed five days a week with 30 frozen daphnids per fish. Food was quickly 

eaten, therefore its contamination in the radioactive water was avoided. 

The water radioactivity was kept stable by the addition of destilled 

water, when necessary, to compensate any evaporation. Fecces were regular

ly removed to avoid their ingestion as cesium labelled material. 

134 The uptake experiments through the Cs labelled food, D.magna, were 

carried out keeping fish into individual basins with l liter of inactive 
134 water and feeding them with four meals a week, consisting of Cs label-

led dried daphnids. Water was renewed each time a new meal was fournished 

and also before each weekend. 

In what concerns the retention experiments, fishes followed previously a 

contamination period, through the water or the food, being afterwards 

transfered into basins with inactive water, which was renewed five times a 

week. They were regulary fed with non-contaminated daphnids. 

At each sampling time, tenches were previously washed in inactive water, 

then 

(0.5 

they were anesthetized in a MS222 (SANDOZ) aquous solution 
-1 g l ), and weighed. Specimens were put in individual plastic contain-
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ers, filled with water to avoid asphyxia, for the radioactivity measure

ments. The fish radioactivity was evaluated in relation to a standard of 

similar geometry. Water radioactivity was determined in soluble and in 

particulate phases by filtration through 0.45 µ m Millipore membranes. 

The detection system consisted on a 4"x 4" well type NaI(Tl) detector 

(the well is 1 1/4" x 2 1/2") connected to a multichannel analyser. 

3.RESULTS AND DISCUSSION 

3.1 Contamination through the water 

3. 1. 1 Uptake 

The experiment was carried out in two aquaria. In aquarium A 6 tenches 

were 

3.1 x 

1. 32 

kept in 12 liters of water with an initial radioactivity 
4 -1 

10 Bq 1 ; 2.63 g was the average fish weight, resulting 
-1 

g 1 of initial biomass. In aquarium B 8 tenches were kept 

the same water, whose initial radioactivity was 

of 

in 

in 

of 8 liters of 

4.0 x 104Bq 

mass 4.09 g 

-1 
1 ; the average fish weight was 4.09 g and the initial bio-

1-1. The experiment runned for 32 and 34 days respectively. 

Concentration factor (CF), defined as the ratio 134 Cs concentration in 
-1 134 fish (Bq g , wet weight) I Cs concentration in water (Bq ml- 1

), was 

evaluated. At the end of the experiment CF equilibrium has not 

reached in any of the two fish groups. 

been 

Figure 1 shows the CF kinetics for the aquarium A and each point repre

sents the mean value from three fishes sampled at random, while for the 

aquarium B, Figure 2, all fishes were measured at each sampling time, 

each point being a mean of eight values. The individual differences are 

rather evident. A certain fluctuation in the water radioactivity was 

observed, which might have been due either to the adsorption on the ba

sins surface or to the evaporation effect, besides the radioactive 

transfer into the fish. 

The adjustment of data to 

CF = 0 31 t 0 •695 
d CF (t) . an (t)= 

and aquarium B, (tin days). 

a power function model 
0.707 0.75 t , respectively 

[5], led to 

for aquarium A 

Due the similarity of the experimental conditions and results, an adjust

ment was done using the simultaneous values from both cases and a joint 
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1 1 ( ) 0 58 t
o. 1s1 

analityca mode was estimated for t=31 days: CF(t)=, 

According to a bibliographic study [6] concerning the radioactive cesium 

transfer studies in freshwater fish, the concentration factor in the whole 

body ranges from 0.3 to 17, where the values we determined are well fit

ted. 

The accumulation of the radioactive cesium is dependent on the potassium 

content either in water or in fish, because 

similar, following the same metabolism. The 

those elements are chemically 
+ K concentration in Fratel 

dam water (Table 1) is higher than other values in the literature, 1.1 to 
-1 -1 

2.1 mg 1 in Rhone River [7], and 1.7 mg 1 an average value for the 

European rivers [8); the K+ concentration evaluated in Cyprinidae from 
-1 Fratel dam presents a mean value of 1.97 mg kg (w.w.) [9], very similar 

-1 -1 
to the values 2 mg kg for tenches and 1.9 mg kg for carps (both w.w.) 

given respectively in [7] and [10]. 

Therefore, very likely, the 
134 competition with the Cs, 

+ K content in water might act on a chemical 

decreasing its accumulation in the organism. 

Another important physiological aspect is that the internal medium of 

freshwater fish is hypertonic in relation to the water, therefore they do 

not drink much water and the ionic absorption at gills and skin is very 

reduced [ 11] . 

3 .1. 2 Retention 

This experience, with 4 specimens whose initial mean weight was 9 g 

(7.0 to 10.9 g), lasted for 92 days. In Figure 3 is shown the evolution 

of the retention, in percentage of the initial radioactivity concentra-
134 f h tion, each point representing the mean Cs retention of the four is es. 

The retention analysis, showed that data fit to an exponential model with 

two -0.104t -0.00St 
rate functions: R(t)=25 e +75 e (tin days). 

134 The compartment of low retention (25%), where Cs half-life is Tb =7 
1 

days, may be interpreted as corresponding mainly to the transit organs 

(blood, digestive tract, kidneys, gills and liver) and also to the skin 

where the radionuclide is accumulated by a simple adsorption process~ The 

compartment of high retention (75%), Tb2=87 days, might correspond to the 

storage organs, mainly the muscular tissue, where the metabolized radio-
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nuclide was concentrated. This situation has already been recognized by 

several authors [7], (12], (13], (14], (15]. 

From a bibliographic study [6] in experiments where the contamination 

pathway was the water, the following range of values was compiled: Tb 1 
from 2 to 25 days and Tb

2 
from 20 to approximately 400 days, where the 

weight of the individuals and water temperature played an important role. 

The biological half-life increases with the age and with the decreasing 

temperature. 

3.2 Contamination through the throphic transfer 

3.2.1 Uptake 

A group of 10 tenches about 1 year old, with an initial mean weight of 

2.5 g (0.7 to 3.7 g) was set up into individual containers for a conti

nued ingestion of 134cs labelled dried daphnids. 

The contamined daphnids were collected, dried, weighed and their radio

activity measured. A conversion factor of 1/13.89 was experimentally 
134 -1 

determined (2] to obtain Cs concentration in Bq g wet weight, from 

the dry weight measurements. Portions were prepared to serve as labelled 

fish meals. Each portion was first suspended into 1 liter of water, for 

about 3 hours, and its radioactivity was measured before being supplied 

to a fish. With this previous operation, about 90% of the total cesium 

concentrated in the dried daphnids was lost to the water, the remaining 

10 % being premanently retained. So, the water in the individual contain-

ers never became contaminated. 

The ingestion of dried daphnids has shown to be accepted with reluctance. 

Cases have been where an individual meal stayed untouched for more than 

one day. Also, some times much of the material was rejected after having 

been taken into the fish mouth; as a result a general weight decrease, 

along the experiment, was observed. Wide individual differences concern

ing food intake. and cesium uptake were noticed. 

The mean daily ingestion was of 0.435 ~ 0.183 g (wet weight), while the 
134 + -1 mean Cs concentration in food was of 98.7 - 13.7 Bq g (w.w.). 

The cesium concentration in the fishes was regularly measured, along with 

the determination of the previously ingested material. This was made by 
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Scattering of experimental points is wide, which may be due to the relati

vely low radioactivity in fish. So, these values led to a rough adjustment 

(r=0.729), Figure 5, which is expressed by the retention function: 

R(t)= 87 e-O.Oll)t (tin days). 

According to a literature review [6], regarding the throphic transfer of 

radioactive cesium in fish, some authors stated that a short-term compo

nent was practically inexistent, while others mentioned a quite evident 

multicompartmental system. The recognition of one single retention com-
137 

partment has been mentioned [5] for Cyprinus carpio fed with Cs label-

led dried daphnids, the biological half-lives in two parallel experiments 

being 25 and 45 days. 

Nevertheless, the evidence of only one long term retention component may 

be admited, because a redistribution of the radioactive cesium may happen: 

some organs, like the digestive tract, may very likely loose radioactivity, 

which may be concentrated in other organs mainly the muscles [17]. 

4.CONCLUSIONS 

134 It is evident from the present results that the direct Cs uptake from 

water, is more important than the food chain pathway, when dried daphnids 

are used as a prey. Actually this is what generally happens in short-term 

experiments. 

The biological half-lives evaluated in this paper are well fitted within 

the bibliographic values. 

134 The loss of the assimilated Cs, uptaken by both pathways, water or 

food, is a slow process, the evaluated longer half-lives being respecti

vely 87 and 61 days. 

Therefore it appears that the assimilation would be the more important 
134 

Cs concentration mechanism. 

The longer biological half-life is very important in Radiological Protec

tion, once it may be attributed to loss of the radionuclide from the mus

cular mass, as it behaves like a strong retention compartment. 
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Table 1 

Characteristics of the water from Fratel dam (1987-1989) 

Chemical 
components 

Ca 2 • 
Mg2• 
Na• 
K• 
NH,• 
Cl-
so,. 2 -

NOc,-
N0 3 -

P:zO..,-
Total Fe 
Total p 

Total N 

Total Hardness 
(in mg 1- 1 ) 

pH 

Concentration (mg 1- 1
) 

Geometric mean Minimum - maximum 

44.0 25.0 67.0 
12.0 7.9 22.0 
20.3 9.3 27.0 

2.69 0.90 6.5 
0.299 0.034 - 0.772 

28.8 11.0 48.0 
58.8 25.0 97.0 

1.05 Q .. 272 - 2.46 
0.003 0.002 - 0.014 
0.35 0.88 0.32 
0.116 0.029 - 0.340 
0.564 0.380 - 0.95 
3.31 0.92 12.0 

133.0 56.0 - 238.0 

7.8 6.9 8.8 
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ABSTRACT 

An investigation was carried out in Sweden aimed at studying the impact of 

the Chernobyl fallout on the environment. Wild small mammals ( orders Rodentia 
and Insectivora) were used as biological indicators of radioactive 

contamination of a region of south-eastern Sweden. The animals were captured 

in three differently contaminated areas, and for control, in an area with 
negligible fallout. The results obtained show that the activity in the 
captured animals was correlated with surface deposition. The differences 

between the species investigated and the influence of feeding habits on the 

contamination levels are discussed. 
A mutagenicity test (bone marrow micronucleus test) was also performed on 

the rodents in order to verify the occurrence of a genetic damage. A positive 

correlation between the increase of genetic damage and both 137Cs content in 

muscle and surface contamination in trapping sites was found. The estimated 

doses absorbed by the investigated animals were too low to explain the 
obtained effects. An explanation of this discrepancy between dose and 

measured biological effect is not available, yet similar results have been 
repeatedly reported after the Chernobyl accident and should be matter of 

further discussions. It is possible that an increased frequency of 
chromosomal aberrations might occur already at minimal dose gradients. 
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INTRODUCTION 

The radioactive fallout following the Chernobyl accident in 1986 caused an 

extensive contamination of the environment in several European countries. The 

fallout levels recorded in the Swedish territory ( among the highest in 

western Europe) involved mainly upland pastures and forests, with 

consequences for grazing ruminants and wildlife [ 1] and in particular small 
mammals, which are particularly exposed to ground-deposited fallout through 
direct contact with and ingestion of radioactive food. 

For this purpose, a study was carried out aimed at examining the 
contamination in Sweden of wild rodents and insectivores two years after the 
Chernobyl fallout and the possible genetic damage present in rodents living 
in differently contaminated areas. Mutagenicity tests have been employed with 

success on wild populations to evaluate the biological effects of ionizing 

radiations (2, 3). This paper reports the activity of 137Cs recorded in the 

captured animals and discusses the variations exhibited in the trapping sites 

with possible relationship to feeding habits. The results of a mutagenicity 

test (bone marrow rnicronucleus test) used to investigate the extent of 
low-dose damage, showed the existence of a correlation between environmental 
radioactivity and somatic cell damage. 

MATERIALS AND METHODS 

The investigation was performed in undisturbed areas of south-eastern 

Sweden mainly covered by coniferous forests mixed with deciduous species. 
Three sites at different contamination levels and, for control, one with 

negligible ground deposition, were considered. The fallout contained several 

radionuclides, but this study focused on radiocesium which constituted by far 

one of the greatest sources of radioecological concern. Fig. l shows the 

location of the experimental sites, with the soil deposition as mapped by 
aircraft (4]. Since the fallout exhibited extreme local variations and the 

resolution of this aerial mapping was considered too poor, more accurate 
local measurements were performed. The ground deposition in the trapping 
· d "db · h r 134es d 131es· sites was eterrnme y measunng t e contents o an m 

homogenized soil cores (5.5 cm diameter, 10 cm deptlt) collected from 

surrounding areas. After subtraction of old fallout-cesium present in the 
deeper profile of the collected soil cores, the ground deposition of 137Cs 
(at the time of the investigation) resulted in 1800 Bq m·2 at site 1 
(control}, 22000 Bq m·2 at site 2, 90000 Bq m·2 at site 3 and 145000 Bq m·2 

at site 4. The ratio 134Cs;137Cs was constant throughout, 0.26. 
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The trapping sites were selected with great care far from roads and 

industrial or domestic settlements. In order to assess the eventual 

occurrence of heavy metals with known mutagenicity, the soil contents of As, 

Cd, Cr, Hg and Pb were determined with atomic absorption spectrometry 

(Perkin-Elmer 5000) after dissolution in HNO . The captures were performed in 
3 

July-August 1988 with live traps using high-quality, uncontaminated baits. 

Altogether 104 wild rodents (Clethrionomys glareolus Schreb.) and 64 

insectivores (Sorex araneus L) were collected. Sex and somatic features were 

determined in each animal, whereas age was determined only in C. glareolus. 

After removal of skulls and digestive organs, the carcasses were weighed, 

homogenized and placed into plastic containers for activity determination. 

The-radiometric analyses were performed through gamma-spectrometry using a 

HPGe-detector (ORTEC, rel. eff. 37.3 %, FWHM 1.88 keV at 1.33 MeV), 

surrounded by a shielding consisting of 1 mm copper, 5 cm iron and 10 cm 

low-active lead in a special low-background laboratory. The output signal of 

the detector was fed through a linear amplifier (ORTEC 572) into a 

computerized 4096-channels analyzer for gamma-spectrometry (ORTEC Adcam). 

For the bone marrow micronucleus test, both femurs were dissected and their 

marrow cells were flushed out with fetal bovine serum and pipetted several 

times. The cell suspension· was centrifuged at 800 rpm for 5 minutes and the 

cell pellet was resuspended in a small amount of fetal bovine serum and 

smeared on a clean glass slide. The slides were air dried, fixed with 

methanol for 5 minutes, and stained with May-Grunwald and Giemsa for 

microscopic examination [5]. The samples were randomized and scored blind on 

codes, and the frequency of micronucleated polychromatic erythrocytes (MPCEs) 

in 2000 polychromatic erythrocytes (PCEs) per individual was counted by the 

same analyst. 

RESULTS AND DISCUSSION 

The 137 Cs contents in the collected animals are presented in Table 1. Wide 

fluctuations of 137 Cs activity were observed, even in animals trapped at the 

same site. Nevertheless, Pearson correlation analysis showed that the 
137

Cs 

contents were fully correlated with ground deposition ( C. glareolus r = 0.78, 

P < 0.001; S. araneus r =0.76, P < 0.001). These results, which are clearly 

dependent on the diet of the captured animals, also reflect the habitat of 

the trapping sites. Several studies have described the diet of C. glareolus 

as composed of mixed vegetable food, such as mushrooms, shrubs, mosses, seeds 

and vegetative parts of the plants and of animal food, mainly invertebrates 
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(6, 7]. Mushrooms, in particular, constitute an important part of their diet 
(8, 9]. The ready uptake of radioactive substances by mushrooms and their 
accumulating properties is established [10, 11, 12, 13], and after the 
Chernobyl fallout the content of 1370; in mushrooms has been found to be 
elevated both in Sweden (14] and in other countries [15, 16]. Even though the 
contribution of other contaminated food cannot be excluded, it is likely that 

mushrooms, as suggested for other animals [17], constituted the major 

component of the radioactive contamination of C. glareolus. 

The total mean 137Cs concentration in S. araneus (2445±348) was lower than 
in C. glareolus (3493±524) and exhibited a more limited variability ( cf. 
standard deviations). This reflects both the elevated metabolism and the diet 
of this animal, based on insects [18, 19] originating largely from deeper 
soil layers less contaminated by the Chernobyl fallout. 

The results of the bone marrow micronucleus test performed on the 
individuals of C. glareolus are shown in table 2. The frequency of MPCEs/1000 

PCEs differed significantly among sites (ANOVA, P=0.007) and Pearson 

correlation analysis showed that the average frequency of MPCEs/1000 PCEs of 

each population was significantly correlated with both ground deposition 

(r=0.99, P=0.012) and body burden (r=0.97, P=0.020). 

The soil contents of heavy metals in the trapping sites were rather low, 
with the following ranges: As 0.9-4.6 ppm, Cd <0.5 ppm, Cr 3.8-16 ppm, Hg 
0.05-0.36 ppm and Pb 13-47 ppm. These values were far below the levels found 

in Swedish polluted areas [20, 21] and, also in this case, statistical 

analysis did not reveal any significant correlation between these results and 

the frequencies of MPCEs/1000 PCEs. 

The whole-body dose rates due to the chronic exposure to 134Cs, 137 Cs and 
natural background received by the investigated rodents were also estimated. 

The external beta contribution, assumed to be self-absorbed, was not 

considered, while the external gamma contribution was determined using the 
data of Beck and De Planque (22] on the exposure rate for infinite plane 

sources ( exponential distribution in the soil profile, relaxation length 3 cm 

and soil density 1.6 g/cm3). It was also assumed that the rodents were in 

contact with the contaminated surface layer, without taking into account the 

time spent in deeper soil locations, which throughout the year is limited to 

only 10-30 % of the time [23]. For the external contribution due to 

background exposure to naturally occurring radionuclides, it was used the 

value of 4.0 µGy/d (24]. 
The internal beta dose rates were calculated from our data using the values 
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of mean energy emitted per time integral of activity (ll.) tabulated by NCRP 

[25]. Since the range of beta particles was small relative to the dimensions 

of C. glareolus, the beta energy was assumed to be entirely absorbed. The 

internal gamma dose rates were determined using corresponding ll.-values [25] 

with absorbed fractions for photon sources determined for a mass of about 20 

g (26]. For internal dose rate calculations, uniformly distributed 

radiocesium was assumed. The results, listed in Table 3, were in good 

agreement with those obtained by others for rodents [27, 28]. 

If, for simplicity, the daily dose was assumed to be sustained for one year 

( which can be considered the expected mean age of this species), the total 

absorbed doses ranged between about 1.5 and 14.4 mGy. These values were 

significantly correlated with the average frequency of MPCEs/1000 PCEs of 

each population (Pearson, r = 0.98, P = 0.021 ). Fig. 2 shows the linear 

regression of this correlation. 

CONCLUSIONS 

The good agreement between body burdens and ground deposition, frequency of 

micronucleated cells and estimated doses, provides reasonable evidence for a 

biological effect of the Chernobyl fallout, even at very low doses. Such an 

indication was obtained in a previously published study [29] on the induction 

of genetical damages in wild Mus musculus domesticus as a consequence of the 

Chernobyl fallout in Italy. In this study, the content of 137 Cs and the 

frequency of chromosomal aberrations exhibited a statistically significant 

increase during and after the Chernobyl fallout, Fig. 3. 

Both these results reveal a measurable cytogenetic effect at very low 

exposure levels, undoubtedly beyond expectation in C. glareolus, a species 

considered as the most radio-resistant among wild rodents [30, 31]. We are 

aware that the doses absorbed by the investigated animals appear too low ( if 

compared with extrapolated results of laboratory experiments) to explain the 

measured biological effects. However, both in the aftermath of Chernobyl [32, 

33, 34] and in studies on the environmental exposure near nuclear 

installations (35], there have been reports of several observations of 

low-dose effects not compatible with values extrapolated from high-dose 

measurements. 

An increased frequency of genetic damages might occur already at minimal 

radioactive gradients and the genetic effects reported in this investigation, 

more than a conclusion, should constitute a basis for further discussions and 

investigations in other areas in Europe. 
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TABLES 

Table 1. Concentration of 137 Cs in the animals collected in the four trapping 

sites. Number of animals (N), mean (x), minimum (Min), maximum 

(Max), standard deviation (SD) and standard error (SE). 

Site 137Cs Species N 
137Cs, Bq kg"1 

dep. 
2 Bq m· x Min Max SD SE 

1 1800 C. glareolus 22 39 2 254 54 11 
S. araneus 5 48 2 133 50 22 

2 22000 C. glareolus 22 1031 38 2744 636 136 
S. araneus 25 751 2 2092 582 116 

3 90000 C. glareolus 22 5119 800 11100 3315 707 
S. araneus 25 3233 217 7015 1726 345 

4 145000 C. glareolus 38 7784 631 32330 8169 1325 
S. araneus 9 6289 1397 12520 4471 1490 

Table 2. Frequency of micronucleated polychromatic erythrocytes (MPCEs/1000 

PCEs) in the bone marrow of C. glareolus. 

Site N 

1 22 
2 22 
3 22 
4 38 

MPCEs/1000 PCEs 

x SD SE 

1.3 1.4 0.3 
1.5 1.2 0.3 
1.9 1.7 0.4 
2.6 1.4 0.2 

Table 3. Estimated total whole-body dose rates from external ('y ) and internal E 
('y

1
) gamma, internal (r3i) beta, total (Tot) irradiation from 

134 
Cs 

and 137 Cs and natural background (Bg). 

Site Dose rates (µCiy/d) 

134Cs 
137Cs Bg TOT 

'YE 'YI r3. Tot 'YE 'YI 131 Tot Tot 

1 0.04 0.01 0.02 0.07 0.05 0.01 0.10 0.16 4.0 4.23 
2 0.49 0.17 0.61 1.27 0.65 0.25 2.66 3.56 4.0 8.83 
3 1.88 0.82 2.96 5.66 2.65 1.27 13.21 17.13 4.0 26.79 
4 3.06 1.31 4.70 9.07 4.28 1.92 20.09 26.29 4.0 39.36 
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Fig. 1. Aerial survey of 137Cs ground deposition and trapping sites. 
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Fig. 2. Linear regression of the frequency of MPCEs/1000 PCEs (with standard 
error bars) on total estimated doses received by the investigated 
individuals of C. glareolus. 
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Fig. 3. Content of 137Cs (with counting error bars) and frequency of 
MPCEs/1000 PCEs (with standard error bars) in Mus m. domesticus as 
observed in the four trapping periods: 1) before the Chernobyl 
accident, Oct 1981; 2) during the fallout, May 1986; 3) 6 months 
later, Oct 1986; 4) 1 year later, May 1987 (29]. 
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Abstract 

The paper summarises the countermeasures taken by the Ministry of 

Agriculture Fisheries and Food after the Chernobyl accident to prevent 

radioactivity reaching man through the food chain. The effectiveness of 

these countermeasures is discussed, as are some aspects of the Research 

and Development work carried out within the past four years. A summary 

of research carried out on possible remedial measures to reduce the 

impact of the Chernobyl accident, and any future major nuclear accident, 

on agriculture and the food chain is also given. 

A duplicate diet study was carried out in June 1966 in order to gain a 

clearer indication of actual radiation doses received in different parts 

of the country from the consumption of contaminated foodstuffs. The 

maximum dose received was calculated to be 0.1 mSv. The study showed 

that traditional methods of dose assessment resulted in a significant 

over-estimate of actual doses received in high deposition areas. 

The "Mark and Release Scheme", an intervention system for sheep 

developed by the Ministry to prevent sheepmeat above the action level 

from entering the foodchain whilst minimising the impact on the 

agricultural community, is described. A summary of results of 

live-monitoring over the past 4 years before movement out of restricted 

areas is given. Results from a 2-year study at a farm in the restricted 

area are presented, which show that the levels of contamination present 

in sheep show very similar trends on a yearly basis, and overall are 

only dropping slowly. 

Research has shown that the contamination of land by radiocaesium in 

certain areas of England and Wales may continue to be a problem for some 

time. A main priority of our research is therefore to find ways and 

means of releasing the currently restricted areas from control. Land 

management techniques and chemical treatment of both soil and sheep are 

currently being investigated: preliminary results of some aspects of 

this work are presented. 
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Introducticn 

'!he Ministry of Agriculture Fisheries and Food (MAFF) has a statutory 

duty to ensure the safety of the foodchain and protect the public 

fron the a:nsumpticn of ccntaminated foodstuffs. After the Chernd:,yl 

accident in 1986 certain measures had to be taken to make sure no 

foodstuff ccntaminated to an unacceptable level reached the public 

and thus to ensure that no member of the public received an 

unacceptable radiaticn dose through the i.ngesticn pathway. 

'Ihls paper describes the countermeasures undertaken by MAFF to 

discharge oor statutory respc:nsibilities and then goes en to look at 

S011e aspects of the research work which has been undertaken in the 

past 4 years. 

Initial Response 

Inmediately after the accident, MAFF initiated an extensive 

mcnitoring progranme for fresh foodstuffs of all types across the 

whole UK. Within a few days, the results of this programne showed 

that levels of radioactivity in the foodstuffs were belCM acceptable 

limits and that no restricticns were necessary; in the case of sheep 

in certain upland areas of the UK where soils lacked the mineral 

a::ntent to bind radiocaesiun and prevent its uptake by sheep, data 

fron oor rrcnitoring progranme showed that restricticns were required. 

A p:rogramne of re-assurance rrcnitoring for items such as milk, grass 

and a wide range of foodstuffs has nevertheless ccntinued ever since 

with the emphasis being en those areas that received the greatest 

arrounts of a::ntaminaticn. '!he results of this progranme of mcnitoring 

have been published and are freely available (1, 2). 

Duplicate Diet study 

In additicn to this routine nonitoring of foodstuffs, MAFF decided to 

carry out a duplicate diet study in order to determine, in actual 
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diets consumed by members of the population, the radionuclide 

contamination resulting fron the a=ident. '!his allowed a clearer 

indication of actual radiation doses received by the population 

rather than relying on predicted doses calculated using rronitoring 

data and ccnsurnption rates. (3) 

'!be study was carried out in three different parts of England: 

1 . A rural area of West Cunbria which represented an area of 

high deposition. 18 diets were collected. 

2. A rural area of South West England which represented an area 

of low deposition. 16 diets were collected. 

3. An urban area in West I.a1dcn representing an area with a=ess 

to food fron a wide range of di verse sources. 16 diets were 

collected. 

Participants in the studies were selected on the basis of their 

ccnsurnption of locally-produced food, and so their diets reflected 

the extent of contamination of foodstuffs in each area, particularly 

in 1 and 2. 50% of participants were adults, the remainder being 

children between the ages of 3 and 5. 

'!he mean Cs-137/134 ratio of 1.84 for all diets indicated that the 

majority of the activity was Chernobyl derived although slightly 

higher values were observed in Cumbria ( 1 . 91) . '!he ocmnitted 

effective dose equivalents to age 70 fron intake of radiocaesiun 

during the study week were calculated. '!he average of all data showed 

a dose of< 0.34 uSv, the range being< 0.03 to 1.9 uSv. 

'!be intake for a full year following the a=ident is approximately 50 

times that for the study week, leading to a maximum dose of O. 1 mSv 

with the average dose to the populatioo being 0.02 mSv. 
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A o::mpariscn of theoretical values, calculated fran m::ru.toring data, 

with those fran the diet study is shown in Table 1. This o::mpariscn ! 

highlights the large overestimate of dose obtained in the 

high--depositien area using the indirect method of dose assessrrent, 

and CCl1finns the need to obtain direct measurements of radionuclide 

ccncentrations in foodstuffs when accuracy is required. 

The maxinn.mi dose of 0.1 mSv resulting in consunptien of foodstuffs in 

an area of high depositien is cnly a small fraction of the aimual 

limit and well below the average dose of 0.3 mSv calculated to be 

received fran natural radioactivity in food and drink. 

Restrictions en the rrovement and slaughter of sheep 

As noted earlier, a programne of sheep nonitoring showed that, in 

certain upland areas of the COlllltry, caesiun levels ranained 

unacceptable, and as a result of this, the rrovement and slaughter of 

sheep within certain well-defined areas of Wales, CUmbria ard 

Scotland was restricted towards the end of Jnne 1986 with sore 4.2 

rnillien sheep out of the naticnal flock of 24.6 rnillien being 

affected. 

Despite irost holdings being released fran centrals within 3 m::nths, 

certain areas still remained under restriction, and in August 1986, 

a ''Marl< and Release" scheme was introduced by MAFF. This scnane 

allows sheep to be live-m::nitored within the restricted areas, and 

has two main advantages in that all animals can be noni tored to 

ensure that they are below the actien level before going to slaughter 

and that those over the limit can be identified, rroved out of the 

restricted area en to clean grazing, causing activity levels to fall 

rapidly, and remJnitored before being cleared for slaughter. 

The use of colour marking with indelible paint to indicate the status 

of the sheep that have failed still allows the sheep to be rroved for 

breeding or fattening. Marked animals that pass when re-nonitored are 

eartagged and released fran slaughter centrals. 
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Restrictic:ns are still in force, and Table 2 gives a sumnary of 

results up to the end of April 1990 for the CUmbrian restricted area. 

'Ihe figures for failures are those for the initial m:initoring of the 

animals noving out of the area, and do not take into account the 

passes en subsequent re-m:initoring. 

Centrals under the Marie and Release scheme ensure that contaminated 

meat is prevented fran entering the market, and give confidence that 

the foodchain is being fully protected. Further details have been 

published elsewhere ( 4) • 

Research Programne 

In additien to this continuing natltoring, MAFF has an extensive 

research and developrent progranme related to the study of the 

novement of radiocaesiun in the envircnnent with particular emphasis 

en the soil and plant types found in the problem areas, and the 

subsequent plant-to-animal transfer of the radioactivity. 'Ihe problem 

is greatest in upland areas where the soil has a low mineral content 

and the caesiun is fixed in the soil sufficiently well that it 

remains close to the surface. 'Ihe caesiun is taken up by grass and 

other plants and is therefore made available to grazing animals. 

Research has shown that there is considerable seascnal variatien in 

the levels of contaminatien. Overall, levels are falling steadily at 

present, however this trend will fall off as the physical decay of 

radiocaesiun becanes the main factor in the reductien of activity 

concentratic:ns. At sane locaticns within the restricted area, levels 

are falling at a much slower rate. 'Ihis can be illustrated by the 

results of an experiment carried out en a CUmbrian fann within the 

restricted area over the period fran July 1988 to June 1990. 

50 ewes fran the fann were eartagged and live natltored every 2 

weeks. As many of the tagged animals as possible were gathered and 

rronitored en every visit. Infonnatien en any supplementary feeding 

throughout the winter, and en the novement of the sheep within the 

fann was noted. Samples of supplementary feed were =llected and sent 

for analysis. 
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Figure 1 highlights the variation in activity levels thrcughout the 

year, and indicates the location of the sheep and when supple,rentary 

feeding took place. Both the maximum and mean activity levels are 

shown. Figure 2 presents the mean activity levels found in the 

sheep, and superUliJOSe5 the results for each year showing that the 

pattern is very similar. '!he increasing activity in the sunmer rrcnths 

coincides with the time the ewes spend grazing on the fell. 

Superimposed on this sunmer increase are two sharp decreases when the 

ewes are briefly taken off the fell for shearing then sorting and 

dipping. '!he activity starts to decline in the autumn with decreased 

caesium levels in the vegetation. 'Ihis trend oontinues when the ewes 

are taken off the fell in December reaching the lowest point in May. 

After lambing, the ewes and lambs are returned to the fell and the 

sequence is repeated. Earlier data on m::nitoring of radiocaesium 

levels in sheep has been published elsewhere ( 4, 5, 6) . 

'Ihis information has shown how levels of oontamination in animals 

grazing in the restricted area change throughout the year and has 

been used to identify the periods during which activity in sheep is 

at the maximum and rnininun. 'Ihis in turn has lead to nore efficient 

use of m::nitoring resources and advice to fanners ooncerning sales of 
' 

sheep. 'Ihis work has also indicated that the problem is long tenn and 

the areas may remain under restriction for sane time to cane unless 

sane means of reducing caesium activity in herbage is found. 

Other research work (7) has oonfinned that the problem is long tenn. 

Initially it was ooncluded that a significant difference existed in 

the behaviour of caesium deposited fran Olemobyl ~ed with that 

already present prior to the accident, with Chernobyl-derived caesium 

exhibiting a higher degree of transfer (8,9). fbwever, nore recent 

wo:rk (7) has shown that the availability of aged and dlernobyl 

radiocaesium fran the top 4 an soil layer is now similar. Table 3 

shows the transfer ratios calculated at two sites within the 

restricted area of West Cl.nroria. 
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'Ihese findings agree with results of other areas of work and show 

that in the absence of remedial measures, the physical decay of 

radiocaesium is likely to be the main factor in the reduction of 

activity cx:ncentrations in uncultivated areas. 

Although the Ministry is <Xnfident that the public is being protected 

by the controls in existence, the fact that nearly 600 farms in 

England and Wales are still under restriction orders continues to be 

a problem. 'Iheref=e, a maj= priority in our research progranme is 

to identify possible ways to reduce the radioactivity levels by means 

of intervention; by treabnent of either the sheep or the soil in 

order to bring about the derestriction of these areas m:ire quickly. 

'Ihe effects of land management on caesium recycling and retention in 

cultivated upland ecosystems have been investigated (10) with a view 

to using this inf=mation as a basis for understanding the 

agricultural :unplications of radiocaesium deposition post-Olernobyl 

and following any future accidental events. 

5 techniques were examined: liming, application of canpound 

fertiliser and manure, drainage and reseeding, at three sites with 

known histories of land management before and/or after the <llernobyl 

accident. 'Ihis work showed that land management practices do affect 

radiocaesiun transfer. It was concluded that practices such as 

canpound fertiliser application and drainage reduce transfer, 

whilst reseeding significantly in=eased transfer of both aged and 

<llernobyl caesium. 

Work is also being undertaken to look into chemical methods of 

reducing soil to plant transfer of radiocaesium. Two approaches have 

shown considerable premise: addition of agents to bind the caesium 

thus making it unavailable to plants, and additicns of potassiun 

fertiliser, which affects the readiness of plants to absorb caesium. 

Large scale field tests are cu=ently underway to test the adequacy 
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of this rrethod under realistic conditicns and to detennine the impact 

any treabnent may have en the environment ( 11 ) . Prussian Blue, 

bentonite, clinoptilolite and potassium salts will be used en small 

plots of land within the restricted area of West Cunbria. '!:his work 

will establish whether any of the likely treabnents has the desired 

affect of reducing radiocaesium uptake by plants, and hence sheep. If 

the work is successful, it may finally lead to a possible means 

whereby the restricticns can be lifted. 

A further approach is to investigate reductien of the transfer of 

radienuclides to sheep. '!he additien of bentonite to feed has been 

found to reduce the caesium activity in the meat significantly (5), 

but the use of Prussian Blue, administered in the farm of boli, seems 

the rrost effective treabnent. '!he results of preliminary work with 

Prussian Blue boli shown in Table 4, look pranising and ccnsequently 

this work is currently being followed by larger-scale field trials in 

Northern Ireland ( 12) . 

Conclusicns 

After the Chernobyl accident, MI\FF carried out an extensive 

rraritoring programne and a duplicate diet study, and imposed 

restricticns en the movement and slaughter of sheep where necessary 

to ensure the safety of a::nsumers. 

Despite the success of the controls imposed, research has shown that 

the problem is ccmplex and lcng tenn. 'Iherefore, ene of the main 

priorities of our research programne is to identify ways and means of 

releasing the currently restricted areas fran control. 

Much has been learnt fran the research carried out, and the 

information gained is valuable in giving a greater understanding of 

the behaviour of radionuclides in the envirannent, the effects they 

have en the foodchain, and what we could do to reduce the impact in 

the event of a future nuclear accident. Although no method of 

treabnent has yet been identified, which "-Ollld ensure that all 
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sheepneat fran the affected areas was below the limit of 1000 Bq/kg, 

and enable the restrictioos to be lifted, pranising lines of research 

are cxntinuing with this aim. 
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Table 1 

Comparison of theoretical dose estimates with those made 
from the diet study for an area of low and high deposition 

Location Dose Estimate µSv ( 1) 

Theoretical Diet Study ( 2) 

High 5.60 0.77 
Deposition 

Low < 0.40 < 0. 12 
Deposition 

(1) Both theoretical and actual values are CEDE 
to age 70 from intake over study week 

(2) Mean values 
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Table 2 

Summary of live-monitoring results for sheep moving out of the 
Cumbrian restricted area under the "Mark and Release" Scheme 

1986 ( 1 ) 1987 1988 1989 

No. of 
animals 28490 73156 92878 104861 

No. of 
failures 3526 2372 739 326 

\ Failure 12 3.2 0.8 0.3 

Highest 
Reading 3089 3379 2594 1624 
Bq/kg 

(1) Sept - Dec 1986, form the start of the scheme 
(2) Up to the end of April 1990 

1990 (2) 

18235 

3 

0.01 

932 ( 3) 

(3) Animals beneath 1000 Bq/kg may occasionally fail because 
of safety margins built into the monitoring technique 

Total 

317620 

6966 

2.2 
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Table 3 

Transfer ratios for aged and Chernobyl radiocaesium 
(Cs-134/137 ratio= 0.53) 

Area No. of samples Transfer Ratio 

Chernobyl Aged 

1 12 0.41 +/- 0.09 0.42 +/-

2 30 0.38 +/- 0.07 0.37 +/-

0. 15 

0.07 

* Values taken from ITE project report Radiocaesiurn deposition 
and uptake by vegetation in West Cumbria, May 1990 
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Table 4 

% reductions in tissue levels of Cs-137 in sheep 
from the use of AFCF Bali under experimental and 
and field conditions 

No of boli % reduction of Cs-137 levels 

Experimental Field Trial 

1 39 23 

2 65 37 

3 79 -
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ABSTRACT 

Comparison of the early estimates of effective dose equivalents 

to the Czechoslovak population due to the Chernobyl accident presented 

in the report to the UNSCEAR has shown that the model calculations based 

on environmental and food activity measurements give considerably higher 

estimates than the more direct ones based on whole body activity 

measurementSo 

Later analysis was aimed at assessing the validity of both approaches 

and the reasons of differences in the resulting estimates. 

The validity of model calculations was studies on the data provided 

by the monitoring network of Czech and Slovak Federal Republic. The model 

calculations for cesium started from the activity deposition on the earth 

surface data supported by the activity concentration in the air data 

as well as from the foodstuff activity data. The results of calculation 

were compared with the data on activity content in the human body. 

The validity of the whole body measurement in the reference group 

of persons used in the comparison as representative for the CSFR was 

studied using also results of urine measurement in samples of Czechoslovak 

population. 

The discrepancies can be explained among other by generally occuring 

of not spending the foodstuff in full, by substantial delay in foodstuff 

consumption, by spontaneous discrimination of some food by inhabitants 

after the accident as well as by lower absorption of cesium in the 

intestine than considered in modelso 



- 1197 -

INTRODUCTION 

Contamination of the environment due to the Chernobyl accident has 

been extensively monitored over the whole territory of CSFR. In later 

periods after the accident only the cesium radioisotopes have been of 

interest. More than ten thousand measurements of different components 

of the environment as well as the whole body measurements have been made 

in the laboratories of the Czechoslovak Monitoring Network since the 

accident. (1, 2) These data offered the possibility to compare, validate 

and improve different approaches used for assessment. of· the committed 

effective dose equivalents to the Czechoslovak population in the years 

1986-1989. In principle three basic approaches are used: 

1. whole body counting in a reference group of inhabitants 

2. model calculations starting from data on contamination of food

stuff (Model 1) 

3. transport model starting from data on cumulative fallout on 

the territory of the country (Model 2). 

The early estimates of committed effective dose equivalents based 

on model calculations, as presented in the report to the UNSCEAR (1), 

gave considerably higher estimates than the more direct ones based on 

whole body measurements. This was the reason for the study aimed at 

obtaining more accurate values of input parameters used in models and 

at evaluation of parameters not taken into account in previous 

calculations. 

WHOLE BODY MEASUREMENTS 

Systematic study of internal contamination of people began 

immediately after the first passage of contaminated air masses from 

Chernobyl over the Czechoslovak territory. On the whole body counter 

(WBC) of the Centre of Radiation Hygiene of the Institute of Hygiene 

and Epidemiology in Prague equipped by a semiconductor detector a 

reference group of 40 volunteers (21 women aged from 24 to 65 and 19 

men aged from 31 to 63) living in Prague and its vicinity has been 

measured repeatedly from May, 1986 to the present. The monitoring interval 

was one month up to September, 1986 then it was extended to two months 

(3). Since the second half of June 1986, only Cs 134 and Cs 137 have 

been measurable. 

The representativeness of results gained in the reference group 
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for the whole Czechoslovak populations has been tested by comparisons 

with persons living in various parts of the country excluding Prague. 

Persons not living in Prague were measured already since May 1986 parallel 

to the reference group and the results were compared repeatedly for 

selective time periods. Significant differences in. internal contamination 

between Prague and the rest of Czechoslovakia were not found. In order 

to get information on various groups of population including people from 

remote places and people with different nutrition habits, four nation-wide 

surveys of internal contamination by Cs 137 based on measurements of 

its activity in 24-hours urine (4) were carried out in years 1987-1990. 

Number of samples in individual surveys varied from 85 to 293. The time 

course of Cs 137 retention in the reference group is shown in Fig. 1, 

where also the results of surveys based on urine measurements are shown 

for comparison. 

FOOD CONSUMPTION MODEL {MODEL l) 

This model (5) starts from the specific and volume activity in the 

agricultural products which were measured at many units of the 

Czechoslovak Monitoring Network, namely in laboratories of hygienic 

stations and some research institutes. Results were collected and 

evaluated in the Centre of Radiation Hygiene of the Institute of Hygiene 

and Epidemiology in Prague, being charged with the function of Centre 

of Czechoslovak Monitoring Network. 

The number of analyzed samples was adjusted to the expected 

contamination level and production in individual regions of CSFR. 

FOODCHAIN MODEL (MODEL 2) 

This model describing the transport of radionuclides in foodchain 

- which will be described elsewhere (6) - starts from experimental data 

on surface contamination gained soon after the accident. These data are 

representative since about 1300 samples of bare surface soil layer were 

taken in CSFR between 16 and 18 June 1986 and measured with mean value 

of Cs 137 surface activity 4,2 kBq/m2
• The distribution of fallout over 

the CSFR territory is demonstrated on Fig. 2 (1, 2). The fallout occured 

in the beginning of the growing season of plants important both for direct 

consumption by man (cereals) and for feeding of farm animals (fodder 

crops). 
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Direct transport of radionuclides from the air into cereals and 

fodder crops is simulated using two procedures; 

model describing the dependence of the fraction of cesium 

transported from the fallout to the grain on the time interval between 

the fallout and the harvest (7), 

application of interception factor according to Chamberlain (8). 

Transport via root uptake was not taken into account in the first 

vegetation period after the accident, but only in the next periods. 

Because the terrHory of . CSFR is from the pedologic point of view a 

mixture of various soil species and types, the mean value of transport 

factors according to Ng et al. (9) is used for calculation. 

The level contamination of milk and meat was estimated using the 

concentration factor method assuming steady-state conditions resulting 

ici proportionality of the intake by contaminated feed to the specific 

activity of respective product. In the case of pigs where the long lasting 

steady-state can generally not be supposed the dynamic model according 

(10) was used. 

The data on production quantities, feeding quantities and 

distribution of cesium into wheat products and milk products used in 

model calculations are summarized in Tab. 1, 2, 3 and 4 respectively. 

It is presumed that the time between production and consumption 

of meat is about 25 to 30 days, of milk about 4 days. 

CONSUMPTION OF FOODSTUFF 

The food consumption rates used in both models and summarized in 

Tab. 5 originate from trade balance data (11). At least two factors may 

lead to their overestimation: 

estimate of consumption of home produced food which is based 

on questionnaire surveys of households; 

assumption of full consumption of food bought which is in fact 

partly not used and thrown off or used for feeding domestic animals. 

Consumption of flour and flour products starts in Czechoslovakia 

normally in November of the year of harvest. For fruits and vegetables 

the continuous consumption during the year after the harvest is supposed. 

RESULTS 

The intermediate results of calculations by model 2 are presented and 
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The second main reason for overestimating the real retention by 

models seems to be the overestimated value of cesium fraction absorbed 

in human gastrointestinal tract, i.e. f
1 

= 1 (12). To show the influenc,e 

of using a more realistic lower value the retention estimated wit'1 

f 1 = 0,7 is also shown in Fig. 3. This is in agreement with our earlier 

speculations on absorption of cesium biologically incorporated in food 

(3) as well as with data of Moiseev (13) and Piechowski (14) who is 

reporting the range from 0,5 to 0,9 for f 
1

• Due to the similarity in 

physiology and metabolism of pig and man our choice can be supported 

by the analysis of Cs 137 transport in pig by Kliment (10) ·which resulted 

in estimate f 
1 

= 0, 72 for pig. In the first year, however, even lown 

absorption is to be considered because of surface contamination of son1e 

foodstuff by aerosol particles with hardly leachable cesium (3). 
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Tab.1 

ProduotiDn ol oorsa/s and foddar 

6peclee Vegetation Crop ylelde 0 

p"!lrlod 

!di (kg/m 1 ) 

Wheat 100 0.44 

Barley 100 0.46 

Corn for silage •• 4.0 

Foddev 111.rable • a, 
Clover 1. reaping 60-65 9.11 65 ... 

•• reap Ina 35-40 ..... 
Alfalfa ,. reaping 89-GO ...... 

•• reaping 40-48 9.1 
20 ... 

•• reaping 315-40 20 ... ... reaping. l•I 46-GO . ... 
Paature greamee ,. reaping 63-60 4.6 so ... 

2. reaping 60-88 40 .. 
Foddti arable 1 • 10-100 ••• 

Note. • In harveated weight 
• In climatic favourable yeare 

Tab.2 

Cattle 

Dairy oattfe Bear oattte 
Feed !kg,L/dl 

Summer Winter Summer Winter 

Green lod- 48 - •• -
Siiage • •• 7 •• 
Ensilaged hoy • • • • 
Hay - 4 - • 
Strew 3 3 • • 
Cereal• • • ••• ••• 

Note. 

Pigs 

Cereal• mre mosUy a mixture of feed wheat and barley. ratio 
1: 1; the feti1dlng of cereal• atarted approiclm,.tely In November of 
the ytllor of harvest. 
Green foddGf' obtelned by about June 30 le from 1 et reeplng. by 

July 3 1 from 2nd reaping. and by October 3 0 rrom 3rd and fwthar 
reaplnqo. 
2 /3 of onallaged hay and hay la obtained In 
and 1 /3 In 2nd oyole. 

1 •t reaping oyolo 

Siiage I• ueunlly a mhcture of gren oom and beet (leave• and 
cuttning). 
Winter period contlnuea from November till April. 

Month of feedlna: 1 2 • 4 8 
Feed (kg,L/d) " Wheat 0,4 0.4 1.1 1.1 1.3 

Barley 0.3 0.3 0.75 0.0 , .. 
Dried milk till 0.1 0.08 - - -
Whey - ••• ••• ••• • •• 

Pnullry 

Laying ht<1no 1 1 O g/d , broiler a 11 5 g/d oereaha end oroeta 

6 

1.3 

• •• -
••• 
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compared in Tab. 6 with the data gained by foodstuff monitoring used 

in model l. The final results of both models in terms of time course 

of intake supposing full consumption (gross intake) are in Fig. 3. 

The annual time intergrals of Cs 137 content in humans in consecutive 

years after the accident are presented in Tab. 7 and compared with the 

respective whole body counting results. 

The time course of cesium retention in adult person estimated by 

model 2 is demonstrated in Fig. 4 supposing full absorption in GIT 

(f 
1 

= l) and incomplete absorption (f 
1 

= 0, 7) as well; for comparison 

the whole body measurement results are also included. 

DISCUSSION 

The comparison of the time courses of gross intakes estimated by 

food consumption model l and foodchain model 2 in Fig. 2 gives evidence 

of good validity of the model 2 and parameters used in it underestimating 

the gross intake by approx. 30% only. It has to be reminded that in both 

models full consumption of foodstuff as shown in Tab. 6 is supposed, 

however. 

The comparison on Fig. 3 of retention estimated by model 2 with 

the retention determined by whole body counting of the reference group 

validity of which was verified by nation-wide surveys 

sat is factory. 

is less 

One of the main reasons of overestimating the real retention is 

the difference between the gross and real intake which we are not able 

to quantify yet. The foodstuff and cesium in it is not ingested entirely 

due to losses at food at-home-storage like premature molding and rotting 

and losses at food preparation like scraping, leaching, etc., as well 

as losses due to not consuming the prepared food in full and buying some 

foodstuff for domestic animals feeding. In adition to it the reason for 

real retention being lower namely in the first time period after the 

accident could be some self-limitation in consumption of fresh food being 

supposed by inhabitants to be contaminated. 

The overestimation by foodchain model in the first and the second 

year followed by underestimation in the third year suggests the possible 

influence of rather long delay in food consumption after production which 

is, however, not supported by our information on this delay in market 

network. 
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Tab.3 
Dis trlbuf/on ot cesll.11'11 In lhe by-producta of wheat ml/ling 

(f; h1 lhtt ratio of 111pecUlo aollwlly IA the mllllno produ<:tt I end In •h••t tteforo l'ft(lllt\9, 

Ash Weight 
Product contribution I• • 

(mm) ('J!,) 

eemolina 0.46-0,48 2 0.40 
wholemeal flour .0.40-0.46 1 7 0.43 
medium flour 0,60-0,65 27 0.49 
fine-ground ti our 0.70-0.75 4 0.49 
bread flour 0.90-1.70 19 0.67 

edible fraction 0.40-1.70 69 0.52 
feeding fraction 1.6 - 3.3 3 1 2.06 

Tab.4 
Oisfribuli'on of Ct1SIUITI 

,.,, tha milk by-products 

h ! la the r11llo of apaoltlo or '<tolume aotlwl1y In tho produol I and ln tho paateurll:ad rnilkl 

Annual consumption (kg, LI 
• 

Product converted to ,. 
milk product 

pnAteurized milk 1 11. 1 1 1 1 .1 1.00 

cream 4.S 4.5 0.53 

curd 26.0 3.7 1.06 

che'3Ree 52.5 6.3 1.06 

frozen products 1.S 2.8 0.53 

mllk powder 30.5 3.2 9.50 

evnporated milk 4.5 1.7 2.56 

other 1 7 .8 17 .8 1.00 
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Tab.5 

Anrn,s/ oonsumption of chic,/ /rinds of foodstuff In aot.,,1131 
In Czechoa/ov6lc/11 

Foodeluff Conaumptlon Foodatuff Conaumptlon 
(kg,LJ lku.LI 

Milk {5} 178.8 Fruit (U 4115.0 
Beef {1) 21.15 Potatoe 80.0 
Po,k (1) 39,8 Vegetable (3) 78.0 
Poull,.y 12.0 Eag {4) 17,3 
Other meat {1) 3.7 Fat 26.0 
Wheat (8} 48.3 Sugnr S7.& 
Flye (5} 14.1 0111 .... foodstuff• 7.1 

Not~ 1 - In net weight lnoludlng vlaooera 
2 .... without frulte of troploel and aubtroploal zonee 
3 comprlee 24" leafy. 34'M. root and 421' other vegetable• 
4 - ln net weight 
6 effective consumption rate dglven ·bY the proc:tuot of !"hyelcal 

ooneumpUon and datributlon footor of cesium between dairy 
pro due ts and milk and between mllllng produota and oereals 
before mllllng 

Tab.6 

Summary of ealactod mads/ and monitored values of spaci"C activity In agrl-
CtHlura/ prc>d'uola /Bq/JtgJ and a, time lntegrMa of 41pecllio sat/rlty In oontl-

nuously p,roduoad foodstuff flcBq.y/ltf,Jl,,L/ In lhrt1t1 real ysnra sitar Iha 111ccldsnt 

Product Specific actlvlty {Model 2 I Monitor) 
1.year 2.yenr 3.year 

Wheat 10.4/16.0 0.3/0.8 0.2,0.1 
BRrl&y a.a, 7,2 0.3/0.7 0.3/0,4 
Vegetable 3.1/ G.3 2,2/1. I 1.3/0,4 
Pote toe 2.e, 0.0 0.5/0.3 0.4/0.t 
Fruit 29.2/23.5 2.7/3.5 1.4/1.8 

Foodatuff Time Integral (Model 2 I Monitor) 
1.y&Ar 2.y.,.nr 3.yeer 

Milk. 4.06/3.90 0.36/0,75 0.03/0.15 
8oof 13.00/8.94 2.7 5/3.3 1 0.15/0.58 

Pork l'J.98/7.46 3.62/3,62 0.17/0.38 

Number of ....... -
aured eamplea 4734 2412 1544 
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Tab.7 

"""""' tlma ln"1grll/ Oi' CII , :I,. "°"'""' In liumlttln6 In 

MrH """"" an• th#I 4/ICddant 

Annual time lnteoral [Jd!lqJ 

- -p .... 1oc1 Model 1 Model a --body 
lllllUlGUl"fllffMftta 

1, ,, ..... 12,119 12.84 7 .18 
111/WBC 1.110 1.711 -

a. year 11.118 11,31 'l'.93 
111/WBC 1,81 1.43 -

s. year 2.91 2.114 3.48 
111/WBC 0.84 0.73 -

Note. Parameter M/WBC d•notaa the ratio of model value 
to wee one 
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Time course of Cs 13 7 retention as mea
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Fig.3 Intake of Cs 131 by humans 
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Fig.4 Retention of Cs 131 in humans 
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Rapporteur Summary of Poster Sessions 

by W.R. Schell, C. Vandecasteele and V.F. Demin 

Overview 
The poster session of 12 posters provided an opportunity for investigators and 

delegates to discuss in detail, at a more leisurely pace, the new and slgnillcant findings and 

plans which are developing in their fields. This poster session certainly fulfilled the role 

of interchange of information between interested participants. Dr. Vandecasteele and Dr. 

Demin supplied excellent summaries which are Included here. As usual, the diversity of 

the posters captured the essence of the recent work being done in radioecology on the 

effects of the accidents. Our Soviet colleagues should be encouraged, in future meetings, to 

present additional posters which can be discussed. 

The posters and the papers, which will be included in the proceedings, presented 

new information on forest ecosystems, both new data on throughlall, chemical speciation 

and organic composition, and computational models attempting to organize such data into a 

prediction formal. Other posters Included important information on soil to plant studies, 

studies on winter wheal contaminated before harvesting and placed into the pathway: 

cereal ,. bread ,. man, studies on the uptake by sheep grazing on contaminated upland 

pastures, uptake of Chernobyl radionuclides by small mammals and rodents in 

contaminated zones, transfer of 134, 137 Cs in aquatic ecosystems, remediation studies on 

ways to reduce animal-man uptake through feeding by time and by chemical additions to 

the diet which remove Cs, studies on the evaluations of some reasons why radioprotection 

models overestimate the uptake to man during the first two years and underestimate the 

dose the third year alter Chernobyl, discussions of the counter measures being introduced, 

and finally sewage treatment plants as the repository of man's waste material in two 

contaminated ctties where information on the dose lo man can be evaluated. 

An overview of the symposium, as encapsulated in the posters presented, might be 

interpreted in the context that we are living In a global laboratory of radionuclide 

contaminants and that man's activities, including the nuclear accidents, have increased the 

natural levels of radioactivity that can effect the total biota. II is important to realize that 

man is simply one omnivore which must survive under unusual conditions. Unlike the 

other herbivorous and carnivorous animals, man has the ability to understand and then to 

take action to control our environment. We must learn as much as possible from accidents 
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such as these discussed at this symposium. We must increase the studies on nuclear safety 

and we must prepare prediction models on radionuclides in the environment which can be 

used to estimate radiation dose in our efforts to protect all life forms. In addition to our 

goals of predicting and protecting all life forms, we must consider the cost-benefit of 

remedial action by decontaminating and by counter measures which may be necessary in 

large zones and/or by Isolating certain regions and permitting natural processes of 

radioactive decay over time to reduce levels to acceptable "living• level standards. 

PQSTEB REY)EW: 
Radloloolcal Studies and Modeling, part 1 • forest Ecosystems 

Our understanding of the Interception and cycling of radionuclides in the forest has 

been limited, prior to this week's Seminar where a wealth of new information was 

presented by our Soviet colleagues. However, investigators In other countries also have 

made certain advances which treat specific problems and ecosystem mechanisms which 

now can trace mineral nutrients using the radioactive tracers available from the 

Chernobyl accident. 

We have expected and have tested that the 137 Cs would follow stable potassium in 

the cycling through the forest, since they are chemically similar elements. However, the 

137 Cs tracer has been used by the Belgian scientists Sombre and colleagues to evaluate the 

seasonal cycle of nutrient transfer in spruce and oak forest ecosystems. This group 

collected forest vegetation and throughlall waters In the forest, and rainfall In cleared land 

located nearby. The radioactivity and stable element concentrations were determined In 

the particulate and soluble fractions. Alter the Chernobyl deposition in 1986, the 

radiocesium has been more strongly retained by coniferous forest than by deciduous forest 

and has, alter four years, penetrated into the several tree compartment reservoirs. 

Leaching of the vegetation by the throughfall waters collected under the trees confirmed 

the differences between conifer and deciduous trees. On the other hand, radiocesium 

contamination measured in the different tree components has not yet demonstrated any 

significant overall decrease in the total radioactivity. In spring, new shoots are 

contaminated with radiocesium and at the same time, radiocesium levels of the old needles 

have decreased due to translocation phenomena. In autumn, the radiocesium levels return 

to the levels measured in the previous year. Some correlations have been tested In order 

to understand why the leaching of radioceslum is variable with season. No significant 

correlations were found between 137cs and rainfall amounts. However, highly slgnifica 

correlations were found under the spruce stand between 137 Cs and stable K in the solubl 

fraction of throughfall waters, particularly during autumn and winter. An explanation of 

these findings is proposed that during the dormancy season, K and Cs are translocated to o 
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leaves, trunk and branches. As a consequence, K and Cs are more available to be leached 

from the vegetation by precipitation. During the growth season, K and Cs are translocated 

to meristematic tissues where they become wm available to be leached. The radiocesium 

that is leached lrom the lree foliage is deposited on the upper layer ol soil for storage. 

The temporary reservoir is the contaminated tree tissues which leach slowly by 

precipitation and transfer 137 Cs to the upper soil layers !or storage. These radionucildes 

will be available, alter several years delay, for uptake by the roots. The lores! soil 

ultimately is the sink for the once deposited radionuclides. The question asked by Thiry 

and Myttenaere Is "how do you express Iha availability ol radionuclldes for uptake by the 

root system of forests?" This term is essential In the modeling of forest ecosystems. A 

common unit used is the distribution coefficient, Kd, which is defined by the ratio ol 

soluble concentration/particulate concentration. In the forest soil the values can differ 

greatly with depth because the organic content changes gradually to Inorganic soil. In 

addition, an equilibrium exists between the pore water and these soil lractlons. Kd ratios 

were calculated using activity of the solid phase expressed as both mass and volume and the 

activity in the soil solution. The expression ol Kd values in the soil horizons show wide 

variations when expressed in the normal way ol grams sediment. The top organic humus 

layers expressed in mass activity are considerably higher, 2-10 times, than that 

expressed as volume activity; In the transition layer with increasing mineral content the 

difference is smaller, 1.5 times; In the mineral layer the same values are obtained. 

Extraction using NH4Ac and CaCl2 gave the biologically availability amount and the surface 

lattice exchangeable amount of Cs by ion exchange. The clay lattice of illite has ideal 

dimensions for Cs adsorption and thus the bonding In such clays is very strong. The 

difference between results ol Cs extraction with NH4Ac and with CaCl2 suggests that the 

mineral components present in the upper organic layers play a role in the high Cs 

retention of the surface soil layers. 

The volume rather than mass expression of data provides a better indication of 

bioavailability. The combination ol Cs adsorption on different matrix material provides 

information on the availability of Cs to tree roots in the forest. Mobilization ol Cs may be 

mitigated by microbial activity in the organic rich litter and humus layers. 

Radiological Studies and Modeling Pan 2, Aquatic and Terrestrial Ecosystems 
The information presented by Gil Corisco and Vaz Carreiro deals with lreshwater 

ecosystems where the results ol a laboratory study on the contamination by radiocesium of 

a bottom feeder fish, the tench or Tines tinca, were obtained. Two contamination pathways 

have been investigated and compared. When Iha source of contamination was water the 

concentration ratio, expressed on a fresh weight basis between fish and water, reaches a 
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value ol about 10 after one month. When radiocesium was provided to lhe fish as labeled 

food, Daphnia magna, the concentration ratio between fish and prey, on a fresh weight 

basis, reaches a value of about 0.2 alter one month; the authors conclude that the direct 

uptake of Cs from water is more important than the food pathway regarding the 

contamination of fish in the short term. The kinetics ol the retention ol accumulated 

radiocesium has also been Investigated; when contamination occured through the water, 

one component ol about 7 days and a second component ol 87 days hall-time were 

measured. Alter ingestion of cesium through contaminated food, only one component could 

be discerned, characterized by a hall-lime of 61 days; this was similar lo the 87 day 

hall-lime estimated for the long term retention of contamination from water. All the data 

reported in this poster are in good agreement with the previously published data related to 

the metabolism of Cs in fish. 

Cesium contamination In Hungarian cereals alter the Chernobyl accident has been 

investigated by Kanyar, et al. The radioceslum contamination of winter wheat which was 

standing during the accident was found to be proportional to the total deposit; about 1 % of 

the deposited activity was transferred into the grain. The distribution of radiocesium 

within the grain was also investigated and the results show that most of the activity, 

approximately 60%, Is associated with the bran which represents 20"k of the mass of 

whole grain. This distribution is comparable to the distribution of potassium-40, which 

is not surprising since Cs and K are known to behave similarly and since the contamination 

of grain is not the result of direct deposition but mainly arises from translocation of 

activity deposited on the leaves which were present at the time ol the accident. Other 

cereals were also considered: rye that was, at the time of the accident, In a stage of 

development comparable to that of winter wheal gives similar results while oat and maize 

which had been sown shortly before the accident showed lower contamination levels. The 

summer wheat is much lower in 137 Cs concentrations in Hungary. The committed 

effective dose equivalent for the population has been estimated for different age classes. 

The cereals, vegetables and milk are the most important contributors lo the dose. 

Sandalls raises questions about the behavior of the Chernobyl radlocesium In 

upland pastures and also may provide some of the answers. The results show that Iha 

migration ol radiocesium in soil is limited: three years alter the accident, the peak ol 

activity is found in the 2 to 4 cm layer and all the Chernobyl radiocesium is still located in 

the top 9 cm. The concentration in herbage was shown to decrease significantly between 

1987 and 1988 !or soils characterized by an organic mailer content lower than 40% but 

no statistically significant difference could be observed !or soil with the higher organic 

matter content. He also reports a cyclic variation of radiocesium in the vegetation that 



parallels the cycle of potassium, with an increase in spring and a decrease during winter 

due to leaching.from senescent vegelstion. A direct proponionality is also observed 

between radiocesium transfer !actors and the soil organic content on one hand and between 

transfer factors and exchangeable potassium on the other hand as could be expected. 

Impact Assessment and Remedial Action 
Information presented by Crow and co-workers gives preliminary predictions of 

the radiocesium contamination ol upland lambs resulting from Iha Windscale and 

Chernobyl accidents. These predictions were obtained using an improved version of the 

RUINS Model. Several scenarios were considered, namely regarding the grazing density, 

the time ol slaughter and the lact that lambs oould be lattened on upland pastures, which is 

currently unlikely but has been the case for the Windscale accident. The delay between the 

accident and the time of slaughter In the first year Is certainly a key factor in explaining 

the higher activities which were predicted in lamb meat alter Windscale than alter 

Chernobyl. This conclusion is valid for lambs fattened on lowland pastures but also lor 

those that could have been fattened on upland pastures. However, radiocesium levels 

remain higher in lambs fattened on upland rather than lowland pastures. A finding of note 

is the concentration levels expected In lambs fattened on upland pastures alter the 

Windscale accident would have required consumption restrictions, ii the same Chernobyl 

action levels would have been used. In 1957, however, sheep were not considered as a 

critical pathway lor dose to man and no measurements of these products were made. The 

model shows that there Is no significant decrease in the radiocesium oontamination level in 

lamb meat four years alter Windscale and alter Chernobyl. 

McDonough et al. has suggested remedial measures to be taken to minimize the 

contamination lrom contaminated food stulls. For sheep, a mark and release scheme is 

proposed using live monitoring methods for lhe radiocesium. The results show that there 

is little reduction in activity over the past four years. 

Elucina and oolleagues found that the lood chain model overestimates the input of 

dose the first and second year and underestimates it the third year. Their data in 

Czechoslovakia included repeated whole body measurements of a given population group. 

They suggest two reasons lor the observations. There may be a storage time !or important 

food stulls causing a delay in consumption, and there is a possibility of overestimation of 

the radiocesium fraction adsorbed in the GI tract. In the USSR, overestimation ol radiation 

doses by two times could result in additional relocation of thousands of paople. 

Erlandsson presented a fascinating data set on how radionuclides transfer through 

human ecosystems ol major cities. Lund and Gotheburg were chosen, where area 

contamination was about 2 kBq/m2 and the sewage treatment sludge was measured. The 
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total yearly activity has decreased exponentially from 900 MBq to 100 MBq from 1986· 

1989. The urban effective half-time for decay of the radiocesium was found to be about 

0.9 years. 
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